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ABSTRACT  

Vertical Axis Wind Turbines (VAWTs) are steadily continued to gain more attention from both academia 

and governments as they can provide promising solutions for harnessing wind energy in locations with 

modest wind speeds as well as varying wind directions. In spite of all of the flexibility in working conditions 

as well as low installation costs and ease of maintenance associated with the VAWTs, their lower efficiency 

levels significantly obstruct their competiveness in the wind energy field. Therefore, enhancing the 

performance of such turbines is very critical in exploiting their full potential. Accordingly, this paper 

proposed a mechanical mechanism which is mainly consists of gears and timing belt that are specially 

designed to effectively enable the turbine blades to instantaneously reorient themselves to face the wind 

direction. Also, the proposed turbine is enclosed in a specially designed cage with a rear blade attached to it. 

This rear blade, as affected by the wind, is responsible for making the cage redirect itself such that its inlet is 

facing the wind direction. To test the validity of the introduced concept, a VAWT prototype with the 

proposed mechanism has been manufactured and tested using wind tunnel. The test results demonstrated the 

self-oriented capability of new design that guaranteed maintaining a continuous perpendicular position 

between the affecting wind direction and the blade surface. The experimental results also confirmed the 

expected efficiency improvements and the assessed natural theoretically frequencies ensured that the 

developed turbine can safely rotate with considerably high angular speeds with no resonance risks. 

  

Keywords: Gears and Timing Belt Mechanism; Self-Oriented Blade; Vertical Axis Wind Turbine (VAWT); 

Finite Element.   

 

1. Introduction 

The contemporary civilization can be essentially 

attributed to the availability of energy resources as 

one of the critical enablers of development in 

different life sectors. With the currently increased 

awareness of environmental issues accompanied with 

the unsustainability of conventional energy resources, 

there is an inclusive consensus on the importance of 

renewable energy sources in coping with the 

increased energy demand while managing ecological 

and economical challenges [1, 2].  Particularly, the 

world is threatened by an expected global climate 

crisis that has to be rationally managed. Since the 

energy sector is one of the major contributors to the 

pollution and the global warming, the deployment of 

renewable and clean energy should be widely 

considered to help in protecting the environment and 

mitigating the effects of the accelerated climate 

changes [3]. According to the British Petroleum (BP) 

statistical review of world energy (2020) [4], an 

ongoing encouraging growth of renewable energy has 

been declared. Specifically, it has been reported that 

renewable sources have their largest increase in 

energy terms on record (3.2 EJ) during 2019. 

Besides, renewable sources enhanced its share in the 

energy mix from 4.5% in 2018 to 5% in 2019 [4]. 

Despite the reported growth, the contribution of 

renewable sources in the energy mix is still relatively 

small. Therefore, more governmental and academic 

efforts should be focused to help in exploiting 

renewable energy sources more effectively. 

Generally, there are some research publications that 

addressed the opportunities of renewable energy 

transition and highlighted on technology 

improvement and innovations to facilitate accelerated 

transitions [5]. However, others focused on 

developing models for selecting the most appropriate 

systems or sources of generating renewable energy in 

particular locations based on multiple criteria [6-11]. 

Reviewing the recent reported growth with respect to 
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renewable energy source, the BP statistical review of 

world energy affirmed that wind generation has 

provided the largest share in the reported growth (1.4 

EJ), followed closely by solar energy (1.2 EJ). 

However, with respect to the countries contributed to 

that growth, China was the largest contributor to 

renewable energy growth (0.8 EJ), followed by the 

US (0.3 EJ) and Japan (0.2 EJ) [4]. Typically, Egypt 

is one of the countries with substantial opportunities 

in renewable energy generation [12-16].  Despite the 

conspicuous growth rate in renewable energy 

generation (in terawatt-hours TWh) that has been 

reported in Egypt from (3.5 TWh) in 2018 to (6.5 

TWh) in 2019, oil and gas are still its main energy 

sources. This recorded growth in Egypt is mainly 

attributed to solar energy firstly, followed by wind 

energy [4].  
All over the world wind energy has been categorized 

as a promising clean and renewable source of energy; 

particularly in Egypt as it has encouraging 

opportunities due to the natural aspects as well as the 

governmental interest [17]. Generally, wind turbines 

are mainly used for converting the kinetic energy of 

moving air into a rotating mechanical energy to be 

converted into electrical one via generators [18]. 

Wind turbines can be basically classified, with 

respect to the configuration and orientation of their 

axis of rotation, into Horizontal Axis Wind Turbines 

(HAWTs), and Vertical Axis Wind Turbines 

(VAWTs) [19]. Several studies have focused on 

comparing these two types of turbines as well as 

highlighting the advantages and limitations of each 

type [20-22]. Essentially, higher energy efficiencies 

can be achieved using HAWTs and hence reducing 

the cost of power generated, but this can be realized 

only with high wind speeds. Further, high wind 

turbulence, variations, or excessive directional 

variability can result in substantial problems in using 

HAWT. On the other hand, VAWT have 

demonstrated an ability to fulfill certain energy 

generation requirements that cannot be generally 

fulfilled by HAWTs [22]. 

Despite the lower efficiency as well as the varying 

output associated with the VAWTs, researchers 

highlighted various advantages of the VAWTs that 

might outweigh their limitations particularly in some 

circumstances. Specifically, VAWTs are almost 

capable to harness the wind from all directions so that 

it can function with any wind direction. Besides, 

these turbines do not necessitate high wind speeds to 

produce power. Hence, these can be installed in 

locations with modest wind speeds and can be also 

installed close to the ground level which results in 

easier maintenance and control. In addition, because 

they generate lower forces on their support structure, 

they have simpler structural design and they also 

result in lower levels of noise [21].  Further, VAWTs 

can provide promising solution for power generation 

in distinct locations far from the integrated grid 

systems [23].  

Basically, there are various VAWTs design variations 

according to the working principles as well as the 

blade shapes and their configurations. A 

comprehensive review of these different types and 

their performance has been introduced in [23, 24]. 

Generally, the VAWTs can be classified into two 

main categories. The first one is the Savonius type 

which is a drag-driven turbine, while the other is the 

Darrieus which is a lift-driven turbine [20]. Despite 

the simplicity and higher starting torque of the drag-

based turbines as opposed to the lift-based ones, the 

drag-based are characterized by lower efficiency 

levels [25, 26]. Accordingly, researchers have 

investigated the design of a combined Savonius-

Darrieus turbine for exploiting the advantages of both 

types [27-30].  
Performance assessment and improvement of 

VAWTs have been extensively addressed by several 

researchers during the last two decades. The 

performance of different designs and configurations 

of the VAWTs as well as the effect of different 

design parameters have been investigated using 

different approaches. For instance, VAWTs have 

been experimentally tested using wind tunnels [31-

33]. Besides, Computational Fluid Dynamics (CFD) 

simulations have been effectively employed in 

investigating the mechanical performance of the 

VAWTs [25, 32, and 34]. Other researchers have 

utilized field experiments to study the effect of wind 

characteristics such as wind speed, wind direction 

and turbulence intensity [35, 36]. While, with 

considering VAWT performance improvement, 

different design modifications and optimization as 

well as innovative design ideas have been introduced 

in the literature. Typically, the effect of blade shape 

parameters on the self-starting capability and power 

extraction efficiency has gained the focus of 

researchers [37-40]. However, others have focused 

on enhancing the performance through using 

composite blades [41, 42]. Further, the effect of the 

number of blades utilized in particular VAWTs has 

been also investigated [36, 43]. Besides, some 

researchers had focused on using different 

configurations of the turbine blades such as cross axis 

turbine proposed in [31, 44]. While, others have 

promoted boosting the turbine using different wind 

guiding devices for enhancing the performance such 

as guide vans, wind shields, and deflectors. A 

comprehensive review of such devices and their 

effect on the self-starting capability as well as the 

generated power was provided in [45]. 



Khaled M. Khader "Improving the Performance of Vertical Wind Turbine..............." 

                                 ERJ, Menoufia University, Vol. 43, No. 4, October 2020  315                     

It is evident that VAWTs airflow controlling 

attachments can significantly improve its 

performance. Basically, the ultimate performance of 

the VAWTs can be attained as long as the active 

wind direction is perpendicular to its blade surface. 

Even with wind boosters, this perpendicular position 

cannot be continuously maintained during a complete 

cycle. Definitely, as soon as the wind starts to rotate 

the turbine blade, the angle between the wind 

direction and the blade surface will start to deviate 

from the perpendicular position. Specifically, this 

angle may vary from 0
o
 to 180

o
 along the turbine’s 

complete rotation. Accordingly, the ultimate 

objective in designing a VAWT is being capable of 

perpetually maintaining the perpendicularity between 

the affecting wind direction and the blade surface. 

However, reviewing the literature unveils that most 

of the research publications concerned with VAWTs 

performance improvement are mainly focused on 

either using different blade shapes, materials, 

configurations or employing wind guiding devices. 

Generally, there is a distinct lack of research 

considering instantaneously redirecting the blades to 

promptly face the wind direction. On the other hand, 

a few of research presented novel ideas for 

continually reorienting the blades to face the wind 

direction as in [46], rather than focusing on using 

wind guiding devices or other design parameters 

commonly addressed. Accordingly, this paper is 

concerned with introducing a new concept for the 

VAWTs; in which the main objective is continuously 

redirecting the turbine blades to completely face the 

air during the whole cycle of rotation. The proposed 

VAWT design is mainly composed of four flat self-

oriented blades for harnessing the most of wind 

energy potential more efficiently. These blades are 

capable of reorienting themselves through an 

innovative mechanical mechanism that is attached to 

the turbine. This mechanism mainly relies on gears 

and timing belt mechanism that is specially designed 

to guarantee that the blade surface and the affecting 

wind direction are perpendicular all the time during 

the turbine rotation. The VAWT proposed design 

presented in this paper is theoretically justified and 

supported by equations for calculating the power 

coefficient. Besides, a prototype of this introduced 

designed has been built and tested using wind tunnel 

for validating the concept and for experimentally 

assessing the power coefficient, as well. Finally, in 

order to ensure that hazardous resonance conditions 

are avoided, the developed prototype is utilized for 

assessing the theoretical natural frequencies of the 

proposed design. 

 

 

 

2. Theoretical Basis of the Proposed VAWT 

Design 

A novel idea has been presented in [46] for 

enhancing the VAWT design which necessitates 

using self-oriented flat blades for improving the 

efficiency of the VAWT. Khader and Nada in [46] 

proofed analytically that, the introduced novel design 

has 57% increasing rate of VAWT power coefficient 

compared with the usage of the traditional VAWT 

that has the same number of Savonius blades. 

Mainly, this novel design relies on employing a 

Crank-Crank mechanism that is effectively capable 

of providing a self-oriented ability for the turbine's 

flat blades. This self-oriented motion guarantees a 

continually perpendicular orientation between the 

blade surface and the direction of the affecting wind. 

Besides, this novel design depends on utilizing a self-

oriented cylindrical rotary cage to enclose the 

turbine. This cage has an inlet for airflow in order to 

diminish the negative drag on the turbine blades. 

Also, the cage rotates by self-motion through its rear 

blade for orienting its inlet towards the affecting 

wind direction without using an auxiliary motor.  

This paper presents another new idea for improving 

the VAWT design, which requires using self-oriented 

flat blades for enhancing the VAWT efficiency. 

Mainly, this novel design depends on using gears and 

timing belt mechanism that is efficiently capable of 

affording a self-oriented motion for the turbine's flat 

blades. This self-oriented motion assures a 

continuously perpendicular orientation between the 

blade surface and the affecting wind direction. Also, 

this design relies on using a self-oriented cylindrical 

rotary cage (barrel) to enclose the turbine as shown in 

Fig. 1. Half of this barrel has been removed for 

creating an airflow inlet to diminish the negative drag 

on the turbine blades. Furthermore, this cage is 

provided with a rear blade which can give a self-

motion depending on the affecting wind direction for 

orienting the cage inlet towards the wind direction. 

 

 

Figure 1- The Proposed Design of VAWT Using Flat 

Blades   
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The idea of this new suggested design consists of two 

parts. The first part is depending on the cage's rear 

blade for adjusting the cage inlet towards the 

affecting wind direction in addition to 

instantaneously reorienting the turbine's flat blades 

for orthogonally facing the affecting wind as shown 

in Fig. 2. The rear blade has been fixed with the cage 

to continuously redirect the cage inlet to be facing the 

wind stream. The redirection of the cage inlet can be 

attained when the wind stream hits the side of the 

cage's rear blade meanwhile the affecting wind force 

rotates the cage till the wind stream can go freely 

beside the cage's rear blade. On the other hand, the 

orientation motion of the turbine's flat blades for 

orthogonally facing the affecting wind depends on 

the connecting rod in addition to the arrangement of 

the timing belt which engaged with gears (timing 

belt's pulleys) as shown in Fig. 2. The connecting rod 

is fixed between the middle gear and the cage. The 

connecting rod is mounted with the cage, where the 

connecting rod is collinear with the direction of the 

cage' rear blade. Also, the flat blades rotating axes are 

fixed with a suitable timing belt's pulleys which are 

engaged with the timing belt. These flat blades are 

assembled to be perpendicular to the connecting rod 

and the cage's rear blade. When the cage rotates 

towards the affecting wind by the cage's rear blade 

with a rotation angle (β), the connecting rod can 

rotate the middle gear with the same rotation angle 

(β). Hence, the middle gears can move the timing belt 

which can also rotate the outer two gears (timing 

belt's pulleys) with the same rotation angle (β) where 

the middle and two outer timing belt's pulleys have 

the same diameters. Thus, the flat blades can rotate 

around their axes with the same rotation angle (β) to 

keep the orthogonal orientation with cage's rear blade 

and at the same time to keep the orthogonal 

orientation with the affecting wind direction as 

shown in Fig. 2. 

 

 

 

Figure 2- The Adjusting Motion of the Cage Inlet towards the Affecting Wind Direction  
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The second part of the suggested design's idea deals 

with generating the self-orientation ability for the flat 

blades of the turbine. This orientation ability can 

always redirect the turbine blades to fully face the air 

through the whole cycle of rotation. To do so, the 

connecting rod can keep the middle gear in an 

immobile situation after attaining the adjusted 

position of the cage inlet towards the wind direction. 

Hence, the contact between the timing belt and the 

stationary middle gear can cause a rotation motion for 

the two outer gears with a same value of the turbine 

rotation angle as shown in Fig. 3. This figure 

indicates two successive orientation positions of the 

timing belt and the engaged gears related to the 

turbine's rotation angle ( ). The centers of the two 

outer gears are (Oa0 and Ob0) at the first position and 

these centers become (Oa1 and Ob1) at the second 

position. Also, the initial contact point between the 

timing belt and the middle gear is (C0), while the 

other contact point between the timing belt and the 

middle gear is (C1) at the second position. 

 

 

 Similarly, two points (a0) and (a1) are denoting two 

corresponding adjacent contact points between the 

timing belt and the first outer gears, respectively; 

while (b0) and (b1) are the similar points which are 

owing to the second outer gear. The contact situation 

between the timing belt and the stationary middle 

gear can cause a rotating motion for the outer gears' 

axes. This rotation motion has the same value of 

rotation angle ( ) of the turbine because of the length 

of the arc (C0 C1) is equal to the length of the arc (a0 

a1) and is also equal to the length of the arc (b0 b1), 

where the diameters of the three gears (timing belt's 

pulleys) are equal. 

 

 

 

 

 

 

 

 

 

Figure 3- Self-Orientation Motion of the Turbine's Flat Blades
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3. Detailed Mechanical Design of the Self-Oriented 

Blades 

The proposed design for enhancing the VAWT 

performance depends on the usage of four flat blades 

in addition to an arrangement of timing belts and 

gears (timing belts' pulleys) beside a suitable rotary 

cage. This design has an ability to redirect the four 

blades orientation towards the affecting wind 

direction during the whole rotation time of the 

turbine. This directed motion can assure the 

orthogonality position between the affecting wind 

direction and the blades' surface for improving the 

VAWT performance. Two units of timing belt and its 

gears which are shown in Fig. 4 can be used to 

guarantee the required self-oriented motion. The four 

flat blades' surfaces are assembled parallel to each 

other, as well as the cage must be assembled over its 

support under an important condition which is the 

cage's rear blade is perpendicular to the blades' 

surfaces. Hence, this assembly arrangement assures 

the required cage self-oriented motion for adjusting 

the cage inlet towards the air direction and at the 

same the blades can be oriented to face the wind 

direction with the needed orthogonal position. Two 

units of timing belt and its gears (timing belts' 

pulleys) have been used in this suggested design. 

These two units are assembled under an important 

condition which is the two timing belts are 

perpendicular to each other. Also, the two units are 

assembled in two different levels for avoiding the 

interference between the timing belts as shown in 

Fig. 4. Each unit of timing belt and its gears consist 

of a timing belt and two outer gears (timing belts' 

pulleys) in addition to a middle gear. A common 

middle gear is used for the both two units of the 

timing belt and its gears. This common middle gear 

which is fixed with the cage (via connecting rod) can 

rotate to adjust the flat blade surface towards the cage 

inlet and the affecting wind direction. After adjusting 

the cage inlet towards the wind direction, the 

common middle gear becomes immobile gear for 

giving the blades the required orientation motion 

during the rotation motion of the turbine as discussed 

in the previous section of this paper. 

 

4. The System Modeling of the VAWT Proposed 

Design 

The maximum power (Pmax) which can be transmitted 

from the wind stream to the turbine is;  

)1(5.0 3

max VAP s

 

Where: (ρ) denotes to the air density which equal to 

(1.225 Kg/m3), (V) is the affecting wind speed and 

(As) is the total swept area of the turbine's rotor which 

is exposed to the affecting wind stream. This area is a 

function in the turbine blade area in addition to the 

radius of rotation of the blades axes around the 

turbine axis. This radius of rotation (r) can be also 

defined as the turbine rotor arm. The turbine blade 

area is the multiplication of the width (W) of its blade 

with the length (L) of the blade. 

Mostly, the overlap ratio of the turbine blades is the 

main effective factor for evaluating the swept area 

(As) of the VAWT as discussed by Jian et al., [47]. 

The swept area (As) depends upon the ratio (), 

which equal to the blade width (W) divided by the 

radius (r). This ratio can be selected within the range 

(1≤  <√2) for avoiding the interference between the 

rotating blades as recommended in [46]. The swept 

area (As) can be formulated as follows; 

)2(
2
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The theoretical turbine's power coefficient (CP) at 

(=1) of VAWT which has four flat blades can be 

formulated as in [46], as follows;  
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Where: values of (CPj, j=1,2,..,6) can be expressed as 

follows; 
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pC
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Where: 1=0.5236, 2=1.57, 3=2.355, 4=2.616, 

5=3.14, and 6=0.785 rad.  

Hence, the theoretical power coefficient (CP) of the 

proposed VAWT design is equal to (0.44996) which 

can be considered as a promising value. 
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Figure 4- The 3-D and 2-D Views of the Proposed Design 

 

 

5. Prototype of the VAWT Proposed Design 

An appropriate prototype is manufactured to validate 

the suggested idea of improving the VAWT 

performance using self-oriented flat blades in 

addition to rotary cage. First of all, a comprehensive 

three dimensional model has been created for the 

proposed VAWT mechanical design as shown in Fig. 

4, using the Solid-Works Software. In addition, a 

VAWT prototype of four flat blades has been built as 

shown in Fig. 5. Experimental testes have been 

performed using this prototype to validate the 

capability of the proposed design for achieving the 

VAWT blades' self-oriented motion, and to compare 

the experimental results of the VAWT power 

coefficient with theoretical ones. Suitable materials 

have been used for manufacturing this prototype such 

as; a wooden base in addition to a light plywood 

cylinder which is provided with a metal rear blade. 

This light plywood cylinder can be used as a self-

oriented cage. Also, a mild steel sheet of 1 mm 

thickness has been used for forming the flat turbine 

blades. Where the length of each turbine flat blade is 

equal to 300 mm and its width is 170 mm. Moreover, 

these four metal flat blades are organized on a circle 

of radius equals 170 mm, means that (r =170 mm). 

Hence, the ratio () equals to one. Also, these blades 

have been assembled between two suitable wooden 

disks of 650 mm diameters. Furthermore, a turbine 

shaft which has 30 mm diameter has been assembled 

between the two wooden disks. This turbine shaft in 

addition to eight short bars are fabricated from 

Acetal, which has shear strength equals (55 MPa) and 

tensile strength is equal to (61 MPa). These short bars 

can be used as the blades' axels. Four of these bars 

are fixed with the timing belt's pulleys as shown in 

Fig. 6.   

Pilot runs of the VAWT prototype have been 

performed using wind stream which is generated 

from a wind tunnel. The used wind tunnel can 

generate wind stream with an approximately wind 

speed equals 12 m/sec at its square outlet which has 

dimensions (450x450 mm). Also, this wind tunnel 

body has been fabricating from a mild steel sheet of 

(1 mm) thickness. This tunnel has length equals 1500 

mm as shown in Fig. 7.  

The performed pilot runs reveal that the proposed 

design is capable of performing the required self-

oriented motions of the cage and blades. In Fig. 8, 

three successive positions related to the cage's rear 

blade of VAWT prototype are demonstrated. These 

three positions indicate that the rotation motion of the 

cage by its rear blade's effect can directly readjust the 

blades' surfaces to be perpendicular to the cage's rear 

blade, hence, VAWT blades' surfaces can be directly 

face the wind stream direction. Also, Fig. 9 shows 

four successive rotating positions of the VAWT 

prototype after attaining the correct orientation of the 

cage's outlet towards the air direction. These four 

positions indicate that the self-oriented motion of the 

turbine's flat blades can be attained, where the gears 

and timing belts can rotate the flat blades around their 

axis with the required motion. This self-oriented 

motion always guarantees a continuously orthogonal 

orientation between the affecting wind direction and 

the blades' surfaces. 
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Figure 5- Prototype of the Flat Blades' VAWT  

 

 

 

 

Figure 6- Gears and Timing Belt Mechanisms of the 

VAWT Prototype  

 

 

Figure 7- Wind Tunnel 

 
 

 

 

 

Figure 8- The Cage's Self-Oriented Motion 
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Figure 9- The Flat Blades' Self-Oriented Motion 

 

 

 

6. Finite Element and VAWT Prototype Natural 

Frequencies Analysis 

The usage of The Finite Element (FE) method can be 

considered as an effective tool which can be used 

with ANSYS software for analyzing and simulating 

many of mechanical systems such as the VAWT [48]. 

Some of the published works analyzed the wind 

turbines' performance using the (FE) as presented in 

[49, 50]. Furthermore, a wind turbine's numerical 

simulation is implemented via an appropriate modal 

in ANSYS for studying the dynamic behavior of the 

turbine's structure as in [50]. The risks of the 

dangerous resonance circumstances and the sudden 

failures can be avoided by analyzing the turbine 

vibration behavior in addition to considering its 

natural frequencies as discussed in [51, 52].  

ANSYS software has been used in this paper for 

creating a numerical modal analysis dealing with FE 

to get the turbine's rotor natural frequencies and the 

associated mode shapes. This modal analysis is based 

on the details of contact elements arrangements of the 

VAWT prototype's blades and disks. Furthermore, an 

active analysis can be accomplished via refining the 

mesh (No. of elements: 29175, Nodes: 92276 and 

Minimum Edge Length: 1.e-003 m) of the (FE) 

model to guarantee the suitable results accuracy. 

 

7. Results and Discussion 

The VAWT prototype's power coefficient has been 

evaluated through measuring the rotating angular 

speed of the turbine shaft and the corresponding 

torque during a different affecting wind speeds. 

Consequently, the corresponding turbine power can 

be evaluated by multiplying the angular speed by the 

corresponding measured torque. This torque can be 

assessed by applying an appropriate resistance 

coupling torque around a pulley which is mounted 

with the turbine rotating shaft using a rough rope. 

This rope can be turned around the shaft's pulley and 

it can be attached with weights and to digital scale 

(with accuracy: ±0.5 g). Also, the digital DT2236B 

laser photo tachometer (with accuracy: ±0.05%+1 

digit), can be used for measuring the corresponding 

angular speed of the turbine. Thus, the corresponding 

power can be calculated by multiplying the resistance 

torque by the corresponding measured angular speed. 

Therefore, this evaluated power can be divided by the 

total input power (0.5 AsV
3
) for evaluating the 

experimental power coefficient. Hence, the 

experimental power coefficients can be compared 

with the evaluated theoretical power coefficients. 

Both of these theoretical and experimental power 

coefficients are shown in Fig. 10. These presented 

experimental and theoretical power coefficients have 

the same trend. Also, the variances between these 

experimental and theoretical values of power 

coefficients are reasonable differences related to the 

mechanical losses in the moving mechanical 

components such that the timing belts and gears. 
The theoretical natural frequencies and the associated 

mode shapes of the VAWT prototype have been 

evaluated. These mode shapes are shown in Fig. 11. 

Furthermore, the theoretical natural frequencies of 

the VAWT prototype are shown in Fig. 12. These 

theoretical natural frequencies have high values. 

Thus, this VAWT can safely rotate with angular 

speeds lower than the values of these evaluated 

frequencies for avoiding the scenarios of the 

dangerous resonance. 
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Figure 10- Theoretical and Experimental VAWT 

Power Coefficients   

 

 

Figure 11- First Five Mode Shapes of VAWT 

Prototype 

 

 

Figure 12- lgtjmt.oere Natural Fmti.tjeot/ 

 

8. Conclusions 
To assist in exploiting the full potential of the vertical 

wind turbine (VAWT) in harnessing wind energy, 

this paper introduces a VAWT that is capable of 

instantaneously reorient its blades to keep the 

orthogonality between the blade surface and the 

affecting wind direction, which can be maintained 

during the full cycle of turbine rotation. The proposed 

VAWT design mainly relies on a specially designed 

mechanical mechanism that is attached to four flat 

blades. The developed mechanical mechanism is 

basically composed a set of gears and a timing belt 

designed to provide the blades with the ability to be 

self-oriented to just continually face the hitting wind 

direction. The VAWT presented in this paper is 

particularly designed to be enclosed in self-oriented 

rotating hollow cylindrical container with special 

opening. The expected power coefficient for such a 

turbine has been mathematically assessed using the 

mathematical model developed in [46], and the 

obtained values are promising compared with other 

VAWTs. To check the validity of the proposed 

VAWT design, a prototype has been developed and 

tested using a wind tunnel. Pilot runs of the 

developed prototype have successfully proofed the 

ability of blades to effectively reorient themselves via 

the attached mechanism. Subsequently, the developed 

prototype has been employed to experimentally 

measure the power coefficient for the sake of 

comparison with theoretically assessed values. The 

obtained results demonstrate the same trend for the 

calculated values of theoretically power coefficient 

and experimentally ones. Besides, these results 

exhibit an improved performance of the proposed 

design as opposed to other VAWTs. Further, it 

should be pointed out that the flat blades utilized in 

the proposed design have the advantage of ease of 

manufacturing which can significantly reduce the 

production costs. The improved performance as well 

as the ease of manufacturing can enhance the chances 

of commercially producing this proposed turbine and 

using it in diverse applications, particularly in low 

investment cases. To ensure that the developed 

VAWT will not be subjected to the risk of resonance 

in its application domains, the theoretical natural 

frequencies have been assessed considering the first 

five mode shapes. The results reveal that the assessed 

values of the natural frequencies have high values. In 

addition, it has been confirmed that the developed 

VAWT is capable of safely rotating with no risk of 

resonance at considerably high speeds in different 

domains where the angular speeds are expected to be 

far lower than the values obtained for the mode shape 

frequencies. 
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