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ABSTRACT                                  
In this paper, a theoretical investigation of the 

impact of varying the blade inclination angle β on 
the power coefficient of vertical-axis wind turbines 
equipped with straight blades has been demonstration, 
where the inclination angle was modified from 
twenty-five degrees to eighty-five degrees. Within 
the framework of this study, the term SS-VAWT was 
assigned to refer to the rotor which is the subject of the 
research. The “Multi Stream Tube-MST” mathematical 
model was used after some of its equations were 
modified to be consistent with the geometrical shape 
of the SS-VAWT rotor.

A computer program was designed using the “Microsoft Visual Basic” programming 
language as an application of the mathematical model used, which led to the effectiveness of this 
program and compared its final results with previous experimental results from other studies, 
this work was carried out on twelve obligatory SS-VAWT, which are classified into four namely 
H group which is characterized by rotor high change effect, R group which is characterized by 
diameter effect, N group which is characterized by number of blades effect and C group influenced 
by the length of blade chord line. 

The results are represented by power curves as a function of tip speed ratio. The behavior 
of the curves for each case was verified and compared to determine the optimum case. All results 
were taken in the small range of tip speed ratio λ0 extending from 0.0 to 2.8. Since the Cp coefficient 
and the λ0 coefficient are dimensionless values, the results can be applied to large-sized air rotors, 
provided that there is geometric similarity. Because they found that the feather’s 45-degree tilt and 
location reduce the problem of starting self-motion.
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دراسة تأثير زاوية ميل الريشة على »مشكلة بدأ الحركة الذاتي« لتوربينات الرياح ذات 
المحور العمودي 

هاشم ابراهيم ابوسنوقة . 

ملخص: تم في هذا البحث دراس��ة تأثير زاوية ميل الريش��ة على »مش��كلة بدأ الحركة الذاتي« لتوربينات الرياح ذات المحور العمودي 
المس��تقيمة الري��ش، تم تعدي��ل مي��ل الزاوي��ة م��ن 25 درج��ة إلى85  درج��ة، بمق��دار 20 درج��ة. في إط��ار ه��ذه الدراس��ة، تم تخصي��ص 
مصطل��ح  SS-VAWT للإش��ارة إلى ال��دوار موض��وع البح��ث. تم اس��تخدام النم��وذج الرياض��ي »Multi Stream Tube« بع��د أن تم 
تعدي��ل بع��ض معادلات��ه لتتماش��ى م��ع الش��كل الهندس��ي لل��دوار SS-VAWT، تم تصمي��م برنام��ج حاس��وب باس��تخدام لغ��ة البرمج��ة 
»Microsoft Visual Basic« كتطبيق للنموذج الرياضي المستخدم، للتحقق من فعالية هذا البرنامج تم مقارنة نتائجه النظرية 
م��ع النتائ��ج التجريبي��ة الس��ابقة م��ن دراس��ات أخ��رى، تم تنفي��ذ ه��ذا العم��ل عل��ى اث��ي عش��ر تكوينً��ا ل��� SS-VAWT، وال��ي تم تصنيفها 
  N و هي مختصة بتأث��ير القطر ، مجموعة R وه��ي مختص��ة بتأث��ير تغ��ير ارتف��اع الدوار، مجموع��ة  H إلى أرب��ع فئ��ات وه��ي مجموع��ة
المختص��ة بتأث��ير ع��دد الري��ش و مجموع��ة C المختص��ة بتأثير طول وتر الريش��ة. يتم تمثيل النتائج بواس��طة منحني��ات القدرة كدالة 
في الس��رعة النس��بية الطرفي��ة، حي��ث تم التحق��ق م��ن س��لوكيات المنحنيات ل��كل حالة و المقارنة و المفاضلة فيم��ا بينها لتحديد الأمثل.  

كل النتائ��ج أس��تخلصت في م��دى λ0  م��ن 0.0 الى 2.8 و ذل��ك للتركي��ز في مش��كلة ب��دأ الحرك��ة. 
و بم��ا ان المعام��ل Cp و المعام��ل  λ0 ه��ي قي��م لا بعدي��ة فإن��ه يمك��ن أن تنطب��ق النتائ��ج عل��ى دوارات هوائي��ة كب��يرة الحج��م بش��رط تحق��ق 
التش��ابه الهندس��ي. م��ن أه��م النتائ��ج له��ذا البح��ث أن مي��ل الريش��ة بزاوي��ة 45 درج��ة له��ا فائ��دة تقلي��ل مش��كلة ب��دء الحرك��ة الذاتي��ة. 

1. INTRODUCTION

Within the context of the wind rotor’s rotational motion, determined by the rotation angle (θ), it’s 
important to note that the rotational speed of the wind rotor blade (ω*R) does not align with the 
speed of the wind (V) flowing through the rotor blade, where ω is angular velocity and R is rotor 
radius. This disparity between (ωR) and (V) gives 
rise to what is referred to as the relative velocity 
(W), resulting in the generation of an angle of attack (α). Consequently, the tip speed ratio 
(λ0) which is equal to (ωR/V) plays a pivotal role in influencing (α), as it is a well-established 
principle in aerodynamics that increasing the angle (α) at which wind flow begins to separate 
on the blade airfoil enhances the “Lift to Drag” forces ratio (L/D). Consequently, the ratio 
(ωR/V) significantly impacts the (L/D) ratio of the rotor blade. To achieve optimal aerodynamic 
efficiency, it is imperative to maintain consistency among the values of (ωR/V), (α), (θ), and 
(L/D). It is noteworthy that the aerodynamic efficiency of vertical-axis wind turbines exhibits 
weaknesses at both high and low (ωR/V1) ranges, leading to performance disparities in both 
scenarios [2][3][4][5]. In contrast to horizontal-axis wind turbines, today’s vertical-axis wind 
turbines encompass a diverse array of engineering designs. These prototypes compete in terms of 
aerodynamic efficiency, development potential, and production cost [6][7][8][9][10]. Following 
are a few examples of engineering designs for vertical-axis wind turbines (VAWTs). Darrieus-
VAWT, characterized by its parabolic shape, derives its rotational force from lift pressure, but it 
suffers from several notable drawbacks. Its reliability remains relatively poor, with an efficiency 
not surpassing 35%, and it is prone to severe vibrations, which, in turn, contribute to an elevated 
production cost due to excessive structural support requirements for the rotor system [11][12]
[13][14].  An attempt was made to improve upon this design with the H-Darrieus variant, but it 
still faces challenges, including significant losses at the blade tips and high bending stresses [15]
[16][17][18][19]. Similarly, the helical turbine, while intriguing, incurs prohibitive production 
costs due to the spinning of its blades, and its peak power coefficient falls short of its counterparts 
[20][21]. All previous iterations of vertical-axis wind turbines shared a common issue known 
as the self-starting problem [22][23][24][25]. These models were even marketed globally as 
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horizontal wind turbines but gained limited traction [26][27]. Figure 1 illustrates the schematic 
variables of the SS-VAWT turbine, encompassing parameters such as height (2H), diameter (2R), 
and blade inclination angle (β). This work primarily focuses on evaluating the impact of these 
variables, along with blade cord length (C) and the number of blades (N), on the self-starting 
problem of the SS-VAWT.

Figure 1: Schematic geometry of SS-VAWT.

2. METHOD

In this analysis, the Multi-Stream Tube Method (MST) was employed with specific adjustments 
tailored for optimal utilization in the context of the SS-VAWT. This particular modeling 
approach was selected for its remarkable ability to predict the overall power production of the 
rotor while being recognized for its efficiency and ease of application when investigating the 
influence of geometric shape variables on rotor performance. For a concise understanding of 
this model, as provided by Strickland [28], a brief overview is presented. In this model, the rotor 
is replaced by what is referred to as an “imaginary actuator disk.” This disk is enveloped by a 
series of “stream tubes,” which can be envisioned as tubular structures. The top surface of each 
stream-tube corresponds to a streamline, ensuring that the velocity vector is tangential across 
its entire surface. The air’s velocity as it traverses these stream tubes undergoes variation, akin to 
the transition from the “free velocity” value, denoted as V1 in front of the disk, to the air velocity 
value “V” at the disk’s position, and eventually to a velocity of “V2” within the wake area behind 
the disk. This continuous alteration in disk velocity occurs as a portion of the kinetic energy from 
the flow it intercepts is extracted [29]. The software underwent rigorous testing using previously 
gathered experimental data from wind tunnel tests. This software was developed for the analysis 
of three distinct types of vertical-axis wind turbines: the Darrieus parabolic rotor (Darrieus-
VAWT), the straight blades rotor (H-VAWT), and the slant straight blades rotor (SS-VAWT), 
with the latter being the primary focus of this research paper. The detailed program methodology 
is elucidated in Figure 2.
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Figure 2: Detailed software methodology.

The study encompasses twelve distinct SS-VAWT configurations, each subjected to an in-depth 
investigation of their efficiency characteristics, all meticulously documented in Table 1. To express 
the aerodynamic efficiency while accounting for geometrical variables such as blade inclination 
angle (β), wind rotor height (2H), wind rotor diameter (2R), number of rotor blades (N), and 
airfoil chord line (C), power factor curves, often referred to as Cp-curves, were derived from the 
analysis of these twelve configurations. The rationale for presenting the findings in the form of 
Cp curves lies in the fact that rotor output data is commonly presented in    a non-dimensional 
format, allowing for the utilization of such data regardless of the scale of the wind rotor, provided 
that geometrical consistency is maintained across different-sized rotors. Consequently, power 
coefficient curves in relation to the tip speed ratio λ0 are recognized and employed in the range 
of small initial values of λ0, in order to reach the goal of this study and verify the problem of the 
self-starting problem of SS-VAWT rotor. Below, several significant equations from the utilized 
model are presented for reference.

Table 1: SS-VAWT geometric dimensions.
“H” Group  “N” Group

N R H C N R H C
3.0 1.0 0.5 0.12 2.0 1.0 1.0 0.12
3.0 1.0 1.0 0.12 3.0 1.0 1.0 0.12
3.0 1.0 1.5 0.12 4.0 1.0 1.0 0.12

“R” Group “C” Group
N R H C N R H C
3.0 0.5 1.0 0.12 3.0 1.0 1.0 0.06
3.0 1.0 1.0 0.12 3.0 1.0 1.0 0.12
3.0 1.5 1.0 0.12 3.0 1.0 1.0 0.18
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• SS-VAWT geometry equation which generated specifically for this research: 

( )
( ) ( )1

180

1 .........(1)
TanH

R

Z
Hr

R πβ

    = +  × ×    

• The power P is given by:
2

0 0
............(2)

2 sin
H tCNCP W r d dz

π ωρ θ
π β

= ∫ ∫

• Tip speed ratio relation is:

0 .............(3)R
V
ωλ =

• The mathematical formula of the power coefficient, Cp, is:
2

00 0
......(4)

sin
H t

p
CNC W rC d dz

A V R
π

λ θ
π β

 =  
 ∫ ∫

Whereas: 
r/R is radius ratio, z/H is Height ratio, ρ  is air density and Ct is coefficient of tangential force.

3. RESULTS AND DISCUSSION

All results were taken in the small range of tip speed ratio λ0 extending from 0 to 2.8 and This will 
become clear in the following four figures. This is for the purpose of examining the pattern of Cp 

curves in the region related to the problem of self-starting.

3.1. Verifying the Behavior of Cp When Both β and H Change. [H Group]

Figure 3 illustrates a design group specializing in the study of the impact of changes in β on H.          
[β=65 H=0.5], [β=65 H=1], [β=85 H=1.5], [β=85 H=1] and [β=85 H=0.5] failed to reduce the 
movement onset problem, as zero or negative Cp values were recorded along the λ0 values. 
The [β =65 H=1.5] case achieved relative superiority over the previous cases when it reached λ0 

equal to 2, as the Cp values increased significantly. 
However, the problem of movement starting became apparent when λ0 values were less than 2. 
Looking at the two cases, [β=25 H=1.5] and [β=25 H=1], it appears at first glance that there is a 
good increase in the Cp values at the lower values of the lambda. 
However, the Cp values continue to rise and then fall quickly, and Cp Max does not exceed 0.22, 
where this pattern is not appropriate to generate electricity, as it reminds us of the Savonius wind 
turbine, whose rotation depends on the drag force. There are 5 cases left for comparison: [β=25 
H=0.5], [β =45 H=1], [β= 45 H=1.5], [β=45 H=0.5] and [β=65 H=1.5], The curves for these cases 
then take a similar pattern, with growth Cp values increasing directly with increasing λ0 values. 
These curves form an acceptable similar to the well-known ideal situation for vertical wind 
turbines with the highest benefit from significant growth in the market, however it continues to 
[β =45 H=1.5] is an advantage, as the Cp values versus the smallest values of the λ0 are greater 
than the Cp values in the other four cases. 
For example, when λ0 equals 1.8, the Cp values are 0.004, 0.039, 0.19, 0.24, and 0.27, since the last, 
highest value was taken from case [β =45 H=1.5].
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Figure 3: power coefficient behavior in case the angle β changes with the change in height for [H group]

3.2. Verifying the Behavior of Cp When Both β and R Change. [R Group]

In Figure 4, The three cases of β = 85 had negative Cp values in the λ0 range from 0.0 to 2.0 The 
optimal engineering configuration were identified as [β = 45 R = 1.5] and [β = 45 R = 1] With 
the superiority of the latter in terms of, Cp values is higher along λ0 range, for example Cp equal 
to 0.2 at λ0 = 1.8. 

Figure 4: power coefficient behavior in case the angle β changes with the change in radius [R group].
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3.3. Verifying the Behavior of Cp When Both β and N Change. [N Group]

Within Figure 5, a distinct classification of curves emerges, delineated by N values of 2, 3, and 4, 
each subgroup containing four curves corresponding to angles β of 85, 65, 45, and 25 degrees. 
A group of β equal to 85 shows the exacerbation of the self-starting problem as the Cp values are 
negative along the λ0 values from 0.0 to 3.0 The β=65 group changes the value of N, which does 
not affect the pattern of the curves much as they are close. 
This group is relatively better than the β=85 group in terms of high Cp, but it does not help the 
problem of starting the movement. In a group of β equal to 25, there is a rapid rise in the Cp values 
corresponding to very small λ0 values, and this works in the interest of reducing the problem of 
starting the movement, but unfortunately the cycle of the curve is completed quickly in a small 
λ0 range, where the curves reach the peak and fall quickly, and this pattern is not possible to 
generates electrical energy. 
The β group equals 45 combines two features: the continuation of the rise in Cp values directly 
with increasing λ0, and the occurrence of an increase in Cp values early at small values of λ0.

Figure 5: power coefficient behavior in case the angle β changes with the change in blades number        
[N group].

3.4. Verifying the Behavior of Cp When Both β and C Change. [C Group]
The results regarding the influence of C shifts on rotor efficiency are depicted in Figure 6. Remarkably, 
the patterns observed in the Cp curves in this instance closely resemble and are nearly identical to those 
seen in the Cp curves discussed in the preceding section, as illustrated in Section 3.3. Figures 5 and 6 
can be characterized as exhibiting a high degree of similarity.
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Figure 6: power coefficient behavior in case the angle β changes with the change in cord line [C group].

4. CONCLUSION                                                      

In vertical-axis wind turbine with straight-bladed, the best angle of beta is around 45 degrees, as 
this condition contributed to reducing the problem of the self-starting as explained in the results 
section.
Within the scope of this research, the results showed that the effect of changing the number of 
blades (N) is very similar to the effect of changing the blade cross-sectional length (C) in case that 
the geometric and aerodynamic conditions are similar. Accordingly, when studying the behavior 
of the power coefficient curves of vertical wind turbines with straight blades and inclined angle 
theoretically, it is advisable to combine the variables C and N as one variable. Not to mention 
that they are outside the integration process in equations 2 and 4. Therefore, the number of 
calculations and the time of analytical operations will be reduced.
This prototype saves effort and money and shortens time during research operations conducted 
on vertical axis wind turbines, because it is dimensionally variable, meaning it is multi-geometric, 
and therefore there is no need to manufacture a model for each case study. 
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