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Abstract 

Increasing energy demand, rising per capita energy use, growing climate problems and other detrimental 

consequences of energy and environmental issues have prompted scientists and engineers to conduct more studies 

on the technical feasibility and efficiency of renewable energy conversion systems. Free flow (wind and 

hydrokinetic) turbines are one of the mostly investigated renewable energy technologies and Darrieus turbines 

have an exceptional place especially for smaller scale and domestic applications. Many experimental and 

computational studies have been provided on the performance of Darrieus turbines. However, the number of 

numerical studies which are more time and cost effective than computational and experimental works are quite 
limited in the literature. The main objective of this study is to analyze Darrieus turbines at different geometrical 

and dynamic configurations using numerical QBlade software. In this study, the effect of airfoil selection, number 

of blades, chord length, solidity and helicity are analyzed in terms of delivering higher performance at straight 

bladed Darrieus turbines. It has been found that NACA 0020 profile performs better relative to other symmetrical 

blade sections in vertical axis turbines. Better performance and wider TSR range is obtained for three bladed 

turbines. Also, increasing chord lengths delivered maximum power at lower tip speed ratio (TSR) ranges. This 

study is expected contribute site-dependent Darrieus turbine design works at different dimension and dynamic 

scales for both wind and hydrokinetic applications. 
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Geometrik ve Dinamik Parametrelerin Darrieus Türbin Performansı 

Üzerindeki Etkisinin Araştırılması: QBlade Algoritması ile Sayısal 

Optimizasyon 
 

 
Öz 

Artan enerji talebi, kişi başına düşen enerji kullanımı, çevresel problemler ve bunlara bağlı diğer olumsuz sonuçlar 

bilim insanlarını ve mühendisleri yenilenebilir enerji sistemlerinin verimliliği konusunda daha fazla çalışma 
yapmaya sevk etmiştir. Serbest akışlı (rüzgâr ve hidrokinetik) türbinler, üzerinde en çok araştırma yapılan 

yenilenebilir enerji teknolojileri olup Darrieus türbinleri özellikle küçük ölçekli ve lokal uygulamalarda önemli bir 

yere sahiptir. Darrieus türbinlerinin performansı hakkında birçok deneysel ve hesaplamalı çalışma yapılmış 

olmasına rağmen, zaman ve maliyet açısından nispeten çok daha elverişli olan numerik çalışmaların sayısı oldukça 

sınırlıdır. Bu çalışmanın temel amacı, farklı geometrik ve dinamik konfigürasyonlara sahip Darrieus türbinlerinin 

QBlade yazılımı kullanılarak analiz edilmesidir. Mevcut çalışmada, düz kanatlı Darrieus türbinlerinden daha 

yüksek performans elde edilmesi amacı ile kanat profili, kanat sayısı, kord uzunluğu, solidite ve sarmallığın 

performansa etkisi analiz edilmiştir.  Bu çalışmada NACA 0020 profilinin, dikey eksen türbinlerde diğer simetrik 

kanat kesitlerine nazaran daha iyi performans gösterdiği bulunmuştur. Üç kanatlı türbinlerin daha geniş TSR 

aralığında çalıştığı ve yüksek performans sergilediği tespit edilmiştir. Ayrıca, kord uzunluğu arttıkça maksimum 

güç katsayısına daha düşük uç hız oranında (TSR) ulaşıldığı tespit edilmiştir. Bu çalışmanın hem rüzgâr hem de 
hidrokinetik uygulamalar için farklı boyut ve dinamik ölçeklere sahip Darrieus türbini tasarımı çalışmalarına 

katkıda bulunması beklenmektedir. 
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1. Introduction 

 

Life is a continuous process of energy conversion and transformation [1]. Many scientists and engineers 

are in consensus on the irreversible detrimental impacts of fossil fuels such as coal, gas and oil. 
Additionally, non-renewable primary energy resources are not expected to respond increasing energy 

demand in the future [2, 3]. Therefore, in the last years research, development and investments on 

renewable and alternative energy systems have been exponentially increased. The oldest and most 
popular renewable energy resource is known as hydropower. According to the statistics of the year 2018, 

the total global installed power capacity of renewables (including hydropower) is around 2378 GW [4]. 

By the end of the same year, the hydropower capacity reported to correspond around half of the total 
renewable power capacity [4]. Another half of the renewable power is generated from wind, solar, 

geothermal and ocean power resources which are also known as modern renewables. Wind energy has 

an exceptional place among other modern renewables with around 591 GW total installed capacity world 

widely [4].  
 Aerodynamics and hydrodynamics of fluid environment (water and air) becomes crucially 

important for renewable power generation. The physical properties of the flow environment have direct 

effects on the geometric shape of the preferred turbines. Conventional hydroelectric power plants utilize 
classical type of turbines such as Francis, Pelton or axial flow turbines for energy production [5]. These 

turbines have either impact or reaction mechanism in which the energy is produced by the hydrodynamic 

drag and lift forces or a combination of these loads. Conventional hydro turbines concentrate the flow 
through nozzles in order of generating high capacity of power [6]. Therefore, their efficiency is relatively 

larger approximating to 90 % [7, 8]. However, modern wind and hydrokinetic turbines directly convert 

the kinetic energy of the fluid into electricity without constraining or pressurizing it [9, 10]. Therefore, 

they are also called as free flow turbines.  
 Contemporary free flow turbine technology is greatly based on the conventional hydropower 

turbines, ship propellers and airplane rotors [11]. However, there is a great deal of difference between 

the classical and modern turbine technologies. The efficiency of the contemporary wind and 
hydrokinetic turbines varies at different configurations and it is typically between 0.1 and 0.5 [12, 13]. 

Theoretically, the overall aerodynamic/hydrodynamic efficiency of any free flow turbine cannot exceed 

59 %, which is also known as Betz limit [14]. This ratio can be increased using a suitable augmentation 

structure to pressurize the fluid flow around the propeller [15, 16].  
 Free flow wind and hydrokinetic turbine technology is mainly classified based on orientation of 

the central shaft in which the propeller rotates around it [17]. These are horizontal axis and vertical axis 

mechanisms [12]. Majority of commercial scale free flow turbines are oriented to be horizontal axis 
[18]. The main advantage of horizontal axis systems is delivering higher power coefficients (CP) which 

can exceed 0.5 [9]. The reason behind having relatively higher efficiency is based on the orientation of 

blade profiles (which are also called as airfoils or hydrofoils). The twist and pitch distributions of 
horizontal axis machines prevent aerodynamic stall. However, this case is not valid in vertical axis 

turbines which are also called as cross flow turbines [19]. These turbines (fixed pitch systems) receive 

the incoming fluid at an axis which is perpendicular to the central shaft. Additionally, they provide very 

advantageous power output at turbulent and skewed flow conditions [20]. In these systems, together 
with the azimuthal position changes, the airfoils experience very high angles of attack, resulting 

aerodynamic stall thus delivering deteriorating performance. Therefore, the typical efficiency of vertical 

axis machines becomes around 0.1-0.35 [12, 21].  
 Cross flow turbines have different configurations such as, straight bladed (H-shaped) Darrieus 

turbines [22], Gorlov helical turbines [23], troposkien [24], Achard [25] and spherical turbines [26, 27], 

all having vertical axis mechanism. Together with delivering lower efficiency rates, they have several 
advantages over the horizontal axis schemes. They do not need yaw regulation mechanisms having 

advantage of converting the fluid energy at any direction, even at the reversal currents. Also, simplicity 

of production and the configuration of generator above the water level are among the other advantages 

of cross flow turbines [28].  
 H-shaped Darrieus turbines are known as the most simple and one of the oldest configurations 

of cross flow machines [29]. The first Darrieus type of turbine design has been proposed by French 

engineer Darrieus to harness wind energy [1]. These systems have typically 3-5 blades in which the 
airfoils are oriented to have identical angle of attack along the blades’ longitudinal direction without 
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having any helicity or twist angle. The blades are connected to the central shaft using suitable type of 

struts. Although having extensive amount of research on the aerodynamics of Darrieus turbines, their 

performance is still complicated due to especially dynamic stall problem.  

 Bachant and Wosnik [30] investigated the near-wake region of the cross flow turbines by 
experimental analyses and remarked the need of parameterized engineering models for accurately 

prediction of near-wake physics of cross flow turbines. Dabbagh and Yuce [31] investigated and 

compared the performance of straight bladed and vertical hydrokinetic turbines using computational 
tools. It has been reported that, helical turbines are more efficient than the same sized H-shaped Darrieus 

turbines in terms of power coefficient, especially at high tip speed ratios (TSR). Kirke [32] analyzed the 

effect of duct around the helical and straight bladed Darrieus turbines concluding that, the power output 
can be increased by a factor up to 3 using a suitable type of diffuser. Also, straight bladed turbines 

experienced to have violent vibrations due to high dynamic loads. It is also noted that, turbine shaking 

problem is greatly solved by using helical type of blades. Kirke and Lazauskas [28] reported the main 

limitations of fixed pitch Darrieus turbines. They noted that, the efficiency can be increased and 
vibration and shaking problems which are encountered in H-shaped classical Darrieus systems can be 

resolved using an active pitch mechanism which will also increase the complexity and cost as a 

disadvantage. Cheng et al. [33] provided computational analyses on the aerodynamic behavior of helical 
cross flow turbines. It is reported that, helical systems exhibit better aerodynamic performance and less 

noise emission rates comparing to the straight bladed machines. Mohamed [1] investigated the 

performance of straight bladed Darrieus turbines employing different airfoil shapes (both symmetric and 
non-symmetric) using 2D computational fluid dynamics simulations for maximizing the power output. 

It has been reported that, the performance can be substantially increased using suitable type of blade 

section. Balduzzi et al.  [20] investigated the energetic sustainability of H-shaped Darrieus turbines for 

the rooftop installation of a building at different wind profiles and skew employing a computational 
approach. They reported around 12 % energy increase can be attained at skew angles of 15-35°. 

Longhuan et al. [34] analyzed the experimental performance of the Darrieus turbines at different solidity, 

blade profile, pitch angle and aspect ratio distributions. Importance of the blade’s span angle on the self-
starting capability of the turbine is outlined. The unsteady behavior of the Darrieus turbine aerodynamics 

have been remarked by Rezaeiha et al. [35]. The effect of blade camber and curvature on the 

unsymmetrical blade profiles used in Darrieus turbines has been investigated by Sengupta et al. [36]. 

The experimental performance of Darrieus turbines have been investigated by Battisti et al. [37]. Finally, 
low speed wind tunnel performance of H-shaped Darrieus turbines were analyzed by Scungio et al. [38].  

 Majority of the abovementioned studies examine the performance of Darrieus turbines at 

different geometrical and dynamic configurations using mainly computational and experimental tools. 
Experimental studies are rather time consuming and expensive works. Similarly, the unsteady behavior 

of Darrieus turbines at various azimuthal position of the blades due to the stall problem have been 

reported in many studies [33, 39-41]. The need for parametric engineering models have also been 
outlined in the previous studies [30]. Therefore, detailed study of various geometrical and dynamic 

conditions of Darrieus turbines using numerical algorithms which employ the physical models generated 

for the vertical axis turbines (Actuator disk, BEM and MST and DMST theories) becomes substantially 

important in order of providing a practical approach [42]. The main objective of this study is to analyze 
Darrieus turbines at different geometrical and dynamic configurations and to investigate the effect of 

airfoil selection, thickness, solidity, number of blades, chord length and helicity on the performance of 

straight bladed Darrieus turbines using numerical QBlade algorithm. Various different configurations 
have been tested, their performances were compared and the optimum design specifications were 

outlined to contribute Darrieus turbine design studies. The main findings were discussed with existing 

literature studies in details. 

 

2. Materials and Method 

 

2.1. QBlade 
 

QBlade is an open source code that has been developed for horizontal and vertical wind turbine design 

analyses and simulations by the Hermann Föttinger Institute (Berlin) [43]. The algorithm have capability 
of extrapolating the airfoil polars through 360°, interface for inputting turbine’s geometrical parameters, 
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calculating the rotor’s performance at various dynamic conditions and estimating the overall 

performance using the DMST (Double Multiple Stream Tube Theory) [44]. The performance of two-

dimensional blade sections are evaluated using the XFOIL software which is known as the most popular 

airfoil panel code [45, 46]. Turbine blades are defined to be combination of a number of airfoil segments 
having specified span lengths. Geometric modifications such as twist, helicity, chord length, azimuthal 

angle, etc. are defined for each of the blade segments. Then, the dynamic properties of flow such as, cut-

in and cut-out velocities, tip speed ratio, free stream speed, etc. are defined [43]. QBlade algorithm’s 
basic working mechanism is illustrated in Figure 1. 

 

 
Figure 1. QBlade algorithm running mechanism (modified from [43]) 

 

Validation of the QBlade algorithm had been provided by [43] using the experimental [47] and 
numerical outputs of double multiple stream tube theory. Satisfying results were reported  exhibiting 

quite similar behavior with the numerical DMST code that is originally proposed by Parachivoiu [48] 

until the peak power. It should be noted that, QBlade shows slightly higher results compare to the 

Parachivoiu’s double multiple stream tube model, after the rated power. Also, QBlade algorithm has 
been validated with Sandia turbine [47] having 17 m longitudinal length delivering effectual results and 

providing good agreement compare to the experimental analyses [43] (Figure 2). 

 

 
Figure 2. Validation of QBlade algorithm (Modified from [49]) 

 

2.2. Vertical axis turbine theory 

 
The extractable power of a free-flowing stream inside a cross sectional area of A is given in Equation 

1. It should be noted that, the power output of any free flow turbine is proportional with the cube of free 

stream speed (U∞). Thus, velocity regime of the turbine domain becomes substantially important. On 
the other hand, free flow devices can harness a certain amount of energy inside the flow domain based 

on their efficiency (η) which is an output of rotor geometry and aerodynamic/hydrodynamic properties 

of flow around the turbine blades. 

 
30.5 (1)P ρAU η¥=  

where, P is the extractable power, ρ is the fluid’s density, A is the cross-sectional area normal to the 

free stream velocity, U∞ is the free stream speed and η is the overall aerodynamic and mechanical 
efficiency of the rotor.  

 The free stream speed (U∞) is modified by aerodynamic induction factors [48] and converted 
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into local velocity components in x and y directions (Figure 3). A resultant velocity is obtained (Ur)  

from the combination of Cartesian velocity components and the rotational velocity of the turbine blades 

(Uθ) [50]. Aerodynamic (lift and drag) forces generated on the blade sections are formed as a result of 

the relative velocity component acted at an angle of attack (α) which is the angle between the airfoil 
chord and applied velocity vector (Ur).  

 

 
Figure 3. A conceptual Darrieus turbine and velocity vectors and loads generated on the longitudinal rotor 

section (Modified from [50]) 

 

 Accordingly, lift and drag forces generated on each blade section can be defined as follows; 
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where, L is the lift force, D is the drag force, Ur is the relative velocity vector, b is the span length of 
each blade segment, c is the chord length of the blade profiles, CD is the coefficient of drag and CL is 

the coefficient of lift of employed airfoil sections.  

 During the rotation, after 180° azimuth angle, the blade sections are exposed to negative angle 

of attack values. The direction of the lift force is varied in this case. However, the resultant lift force is 
always produces positive torque at a unit length of the blade [50]. The blade’s angle of attack can be 

written as a function of induced velocity and relative velocity at different azimuthal position as [51]; 
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 Torque is the most important parameter that is required for power production of rotor. Resultant 

torque per unit length of the blade can be written as a function of lift and drag forces and turbine’s 

geometrical parameters as follows [50];  

 
( sin cos ) (5)Q NR L a D a= -  

where, Q is the total torque, N is he number of blades, R is the rotor radius.  
 Detailed illustration of one dimensional momentum theory, blade element momentum (BEM), 

double actuator disk concept and double multiple stream tube (DMS) theories are provided by 

Muratoglu [52], Demir [53], Consul [50] and Paraschivoiu [24, 54].  
Tip speed ratio and solidity terms are also important for characterizing the turbine’s dynamic and 

geometrical conditions. Both parameters are frequently used by many of the literature studies as a 

common criterion for comparison among the generated designs. Tip speed ratio (TSR, λ) is known as 

dimensionless parameter that shows the ratio of the blades’ tangential velocity to the free stream 
velocity (Equation 6). On the other hand, solidity (σ) is parameter of number of blades, chord length 

and radius which is defined as the ratio of the total blade planform area to the swept area (Equation 7).  
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(7)
2

cN
σ

R
=  

 

where, λ is the tip speed ratio, ω is the rotational speed, R is the turbine radius, U∞ is the free stream 

velocity, σ is the rotor solidity, c is the chord length, N is the number of blades.  
 

3. Result and Discussion 

 

3.1. Investigation the Effect of Airfoil Selection on the Performance  

 

Selecting a suitable airfoil shape is the most important parameter to maximize turbine efficiency [55]. 

In this section, various airfoils that are frequently employed in H-shaped Darrieus turbines are 
compared. The geometrical illustration of symmetrical and asymmetrical airfoils that are analyzed in 

this study are given Figure 4. Their aerodynamic performance (CL-α and CL/CD-α curves) which is 

calculated by XFOIL software are provided in Figure 5. Also, numerical QBlade analysis outputs of 

the straight bladed Darrieus turbines that are designed using these airfoils are reported in Figure 6.  

 

 
Figure 4. Geometric illustration of symmetrical and asymmetrical airfoils analyzed in this study 

 

Figure 5. Performance analysis of some symmetrical and asymmetrical airfoils (Re=0.33x106) 

 

 
Figure 6. H=Darrieus turbine performance comparison using symmetrical and asymmetrical airfoils (H=1.5 m, 

R=0.5 m, c=0.2 m, N=3) 
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 Many studies report that, blade profiles having symmetrical cross-section perform much better 

than asymmetrical profiles at negative angles of attack [50, 56]. Although asymmetrical blade sections 

have relatively higher lift/drag performance in positive angles of attack, their performance deteriorates 

in negative α values relative to symmetrical sections (Figure 5). Accordingly, superior performance of 
Darrieus turbines modeled using symmetrical turbines can be clearly identified in Figure 6. In this study, 

turbines having the symmetrical airfoils of NACA 0012 and NACA 0015 represented considerably 

higher power coefficient than asymmetrical airfoils of NACA 6412 and NACA 4415. 
 The type of employed airfoil which is mainly characterized by per cent thickness is another 

important design criterion for high performance. There have been different literature studies 

investigating the effect of thickness on the CP-TSR curve. Subramanian et al. [57] compared the 
performances of blade profiles having different % thicknesses for vertical axis turbines and reported 

that, thinner airfoils such as NACA 0012 have higher CP at high TSR values while, thick profiles such 

as NACA 0030 perform better at low TSR values (<2). Thus, thinner airfoils have the CP-TSR curve 

shifted to the right-hand side.  A similar consequence has also been observed by Rezaeiha et al. [58]. 
Mohamed [1] investigated the performance of straight bladed Darrieus turbines made of various 

different airfoils having both symmetric and non-symmetric body using CFD methods reporting that, 

symmetric S-1046 section delivered maximum power coefficient. Similarly, Brinck and Jeremejeff [59] 
analyzed H-shaped Darrieus turbines using DMST model and proposed that S-1046 section delivered 

highest performance with unfavorable oscillating torque. Again, Feng et al. [56] highlighted high 

performance of S-1046 airfoil relative to non-symmetrical S809 profiles. In the present study, similar to  
Mohamed [1], Brinck and Jeremejeff [59] and Feng et al. [56], the maximum CP was obtained using S-

1046 airfoils with slight differences. However, maximization solely the power coefficient would not be 

sufficient especially in stall regulated turbines. Delivering high CP at relatively a wide range of TSR is 

also a desired property. Also, similar to Subramanian et al. [57] and Rezaeiha et al. [58], thicker blade 
profiles represented better performance at low TSR values.  Consequently, in this study, NACA 

0020 blade profile has been found to be more suitable for straight bladed vertical axis turbines because 

of especially its high performance in low TSR values and having wider TSR range. Also, the present 
study highlights that, similar to Brusca et al. [60] and Subramanian et al. [57], Darrieus turbines designed 

from symmetrical airfoils should be operated in the TSR range of 2-3 (Figure 7). 

 
Figure 7. Performance comparison of symmetrical airfoils (H=1.5 m, r=0.5 m, c=0.2 m, N=3) 

 

3.2. Effect of Solidity, Number of Blades and Chord Length 

 
Solidity varies as a function of turbine diameter, number of blades and chord length (Equation 7). In 

literature, the effect of solidity on VAWT has been investigated in two different ways; depending on 

the number of blades and the length of the chord. Qamar and Janajreh [61] tested the effect of solidity 

on the performance and reported that, the maximum performance is obtained at N=3 and σ=0.45. 
Similarly, Delafin et al. [62] proposed that, the maximum power coefficient is proportional with the 

number of blades at the same chord length. Again, Subramanian et al. [57] stated that the maximum 

power coefficient is obtained at lower TSR values and higher number of blades. In the present study, 
we compared Darrieus turbine performance for different blade numbers and chord lengths (Figure 8 

and 9). We obtained that, the maximum power coefficient characteristics are quite similar except some 
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slight differences. Four-bladed turbine represented the maximum power coefficient in this study. 

However, as the number of blades increases, the TSR range delivering maximum power coefficient 

become narrower. On the other hand, similar to Delafin et al. [62], Qamar and Janajreh [61], Rezaeiha 

et al. [58], we observed that, increasing blade number shifts CP-TSR curve to the left side (Figure 9).  
 

 
Figure 8. Different number of blades modeled in this study 

 

 
Figure 9. Comparison of blade number on the performance of Darrieus turbines (H=1.5 m, R=0.5 m, c=0.2 m) 

 

 Eboibi et al. [63] reported the better performance at σ=0.34 relative to σ=0.26. Rezaeiha et al. 

[58] stated that the maximum power coefficient increases when solidity increases up to 0.36. On the 
other hand, Roh and Kang [64] highlighted the maximum CP is increased up to a solidity number of 

0.3. Accordingly, in this study the performance at different chord lengths of NACA 0020 section (N=3) 

is compared (Figure 10). It can be observed that similar to Rezaeiha et al. [58], Roh ve Kang [64] and 
Eboibi et al. [63] the maximum CP increased until a chord length of c=0.12 m (σ=0.36). However, 

further increments of chord length are observed to have reduced CP. Also, the optimum TSR range 

delivering high performance expands which is a desired property. At low TSR values, the turbine 

performs better as the chord length increases parallel to the Sheikh [65]. At higher TSR values, the 
performance deteriorates as the cord length increases which is also supported by Winchester and Quayle 

[66].  

 
Figure 10. Effect of chord length on the performance of Darrieus turbines (H=1.5 m, R=0.5 m, N=3) 
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3.3. Effect of Blade Helicity 

 

The first helical turbine was developed to solve the vibration problems of Darrieus turbines [9]. These 

turbines are formed by rotating the blades around their longitudinal axes to give a helical structure. 
Several studies [67, 68] proposed that, straight bladed turbine deliver higher power than helical turbines. 

However, Al-Dabbagh and Yuce [31] found the efficiency of helical turbines to be slightly higher. 

Nevertheless, according to Battisti et al. [69] maximum power coefficient of both type of turbines are 
very close to each other, where the helical turbine showed high performance in a wider TSR range. It 

can be said that, existing literature studies are not agreed on positive contributions of the helicity for 

power maximization. However, reduced load fluctuations and prolonged life of helical turbines are a 
topic of common estimates. In the present study, three different turbines have been designed at different 

helicity angles (0, 45, and 60 degrees, Figure 11) and their performance is compared using DMST 

method. Parallel to existing works, the power coefficients and average torques of straight and helical 

bladed turbines were found to be the same. However, when the instantaneous torque graph is analyzed 
(Figure 12), the torque oscillation of the helical turbines is observed to be lower than that of the straight 

bladed turbines parallel to the studies of Niblick [70], Marsh et al. [67], Moghimi et al. [68] and 

Winchester and Quayle [66]. 
 

 
Figure 11. Straight bladed turbine (a), 45⁰ helical turbine (b) and 60⁰ helical turbine (c) 

 

 
Figure 12. Comparison of helical and straight bladed Darrieus turbine 

 

 Helical turbine blade segments are exposed to various different angles of attack at an 

instantaneous timestep. Nevertheless, each blade of straight bladed Darrieus turbines experience 
constant angle of attack at a specific azimuthal position. Therefore, torque fluctuations are reduced in 

helical turbines compare to the straight bladed designs. Consequently, in parallel to the previous works 

the basic findings of this study outline that, straight bladed and helical turbines generally perform 

similar in terms of power maximization, where helical turbines represented less torque oscillations. 
 

4. Conclusion  

 
In this study, the effect of airfoil type, number of blades, chord length, solidity and helicity which are 

the most important design parameters for the performance of vertical axis turbines have been 

investigated using QBlade code which employs DMST algorithm. Accordingly, vertical axis turbines 
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with symmetrical blade profiles provide optimum performance in the TSR range of 2-3. Among 

symmetrical blade sections, the NACA 0020 profile is found to be more suitable for vertical axis 

turbines. As the number of blades increases, the range of TSR in which the turbine is efficient is 

narrowed. Three blades have been found to be optimum for sufficient performance and reduced cost in 
straight bladed vertical axis turbines. At higher chord length and solidity values, the TSR value 

delivering maximum CP is decreased. A concrete relationship showing the effect of helicity on CP has 

not been attained. However, torque oscillations are observed to be reduced at increased helicity angles.  
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Appendix:List of Abbreviations  

A : Cross-sectional area 

α :Angle of attack 

b :Span length 
 c :Chord length 

CD :Drag coefficient 

CL :Lift coefficient 

CP :Power of coefficient 
D :Drag force 

H :Rotor height 

L :Lift force 

N :Number of blades 
P :Power 

R :Rotor radius 

Ur :Rolative velocity 

Uθ :Rotational velocity of the turbine blades 

U∞ :Free stream velocity 

Q :Torque 

λ 

(TSR) :Tip speed ratio 
ρ :Density 

η :Efficiency of the rotor 

θ :Azimuth angle 
ω :Rotational speed 

σ :Solidity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


