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Wind energy is among the most cost-effective renewable energies. Till date, 

turbines with different configurations had been designed to harness wind 

power, each having unique superiorities. Darrieus turbines are one of the 

mostly investigated vertical axis wind turbines using either experimental or 

numerical methods. Experimental analyses are time consuming works which 

requires high amount of effort and expenses. Thus, computational fluid 

dynamics (CFD) methods have been commonly used by scientists and 

engineers in order of obtaining detailed performance and illustration of the 

fluid flow. Contrary to the horizontal axis machines, Darrieus turbines are 

difficult to be analyzed by CFD algorithms due to high pressure and velocity 

variations which arise from extreme changes in the angle of attack beyond 

the stall condition at different azimuthal position of the blades. Therefore, 

more simplified numerical models are generated employing double multiple 

streamtube (DMS) theory together with additional improvements. QBlade is 

one of the mostly used numerical methods based on the lifting line free 

vortex wake method developed for calculating rotor aerodynamics. The main 

scope of this study is to design a straight bladed Darrieus turbine (D=1028 

mm, H=1460 mm, N=3) and to verify the double multiple streamtube theory 

and QBlade algorithm with the experimental and computational works. 

Analysis results represented good agreement with the previous studies 

especially at lower TSR ranges. Compare to the experimental results, an 

overestimation in the power coefficient is obtained at low free stream speed 

and high TSR ranges after exceeding the peak point. Sensitivity of the model 

to the Re number variations have also been outlined.  

Key words: VAWT, Darrieus, experiment, CFD, validation, numerical, 

QBlade 

1. Introduction 

After the industrial revolution, global energy consumption has been exponentially increased. 

The reason behind this increment is mainly per capita energy use and population growth. Today, more 

than 79-80 % of total global energy use is covered from fossil resources [1]. Extreme oil, coal and gas 

use resulted high carbon dioxide and other greenhouse gas releases. Annual carbon dioxide emission is 
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still rising to be above 39.5 Gtons [1]. Global climate change and global warming are the main 

detrimental consequences of increasing greenhouse gas intensity in the atmosphere. Huge amount of 

research is provided by scientists and governmental units to solve the climate change problem. 

Accordingly, majority of the studies reported that the solution is mainly based on decreasing fossil fuel 

burning, diversification of energy supply [2] and finding more alternative and renewable solutions for 

energy production. High availability, low cost, sustainability and cleanness of renewable energy 

resources [3] such as wind, hydro, biomass and solar energy increased attention of researchers to make 

more R&D and technical feasibility studies.  

Wind is defined as moving air that is produced as a result of uneven temperature distribution 

which is originated from solar radiation and earth’s rotation [4]. It is characterized as renewable, 

interminable environmental friendly source of energy, delivering high power outputs [4]. Today, wind 

energy is considered as the most cost effective solution among other renewables leading its installed 

capacity being increased day by day [5]. According to the projections, the global installed capacity of 

wind energy is estimated to exceed 800 GW, in the next couple of years [5]. 

Wind energy is mainly classified into two groups according to the orientation of the central 

shaft. These are vertical axis (VAWT) and horizontal axis wind turbines (HAWT). Horizontal axis 

turbines are generally preferred for larger-scale applications and commercial installations [6]. On the 

other hand, vertical axis turbines are employed either for domestic use or at the places where classical 

HAWTs are not suitable for application, in terms of efficiency or high cost. Basically, literature 

studies unveil larger power coefficient scores of HAWTs relative to VAWT machines. However, 

VAWT have several unique advantages over horizontal axis machines. These systems have a number 

of blades rotating around a central shaft which is perpendicular to the free stream. Therefore, vertical 

axis devices can produce energy at various and diffuse velocity conditions [7]. Thus they are 

independent from the flow direction and yaw angle [8]. On the other hand, cyclic variations in the 

pressure and velocity, high fatigue loads, vibration and noise problems are among the main 

disadvantages of vertical axis wind turbine configurations [9]. Also, VAWTs have relatively higher 

cut-out wind speed values which makes them to be practical in majority of the turbulent and harsh 

flow environments [10]. Again, so called Betz limit can be exceeded in vertical axis machines [11].  

VAWT technology can be categorized in two classes, namely drag and lift type of devices. The 

most popular drag type turbine is known as Savanious turbines having a number of (semicircular) 

buckets which is activated by the impact of drag force that is driven by the flow [12]. Similarly, 

Darrieus turbine have been invented by G. J. M. Darrieus to be used for residential purposes at remote 

zones in order to overcome blade size and rotational speed limits [13]. Unlike the Savanious turbines, 

Darrieus rotors are mainly activated by the combination of aerodynamic lift and drag forces generated 

on 2D blade sections (airfoils). Basically, Savanious turbines have relatively lower cut in speed than 

Darrieus turbines [12]. On the other hand, Darrieus turbines deliver higher efficiency ranges than 

Savanious turbines. However, the efficiency still remains below the horizontal axis machines [14]. 

Detailed representation of power coefficient of various horizontal and vertical axis free flow turbines 

with respect to their tip speed ratio is illustrated in Fig. 1.  

There have been various studies on the aerodynamic performance of Darrieus wind or 

hydrokinetic turbines. The performance of straight bladed Darrieus turbines have been analyzed by  

Castelli et al. [16]  by comparing the computational fluid dynamics (CFD) results with traditional 

blade element momentum (BEM) theory. Similarly, another study of Castelli et al. [17] provided a 

model for determining optimal spatial grid node distribution of Darrieus turbines for CFD analyses. 
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They also validated the numerical simulation results with the experimental data from wind tunnel. 

Ferreira et al. [18] emphasized the complexity of modelling vertical axis turbines by computational 

ways due to high velocity and pressure variations at different azimuthal positions of the blade. 

D’Alessandro et al. [19]  developed a mathematical model which analyzes the interaction between 

flow area and turbine blades in order to analyze the complex flow field around Savanious wind 

turbines. Scungio et al. [13] investigated wind tunnel performance of a straight bladed micro-scale 

Darrieus wind turbine at low wind speeds which made of auxiliary airfoiled blades. Rainbird et al. [14] 

investigated the effect of flow curvature on the performance of Darrieus turbines and they suggested a 

virtual chamber correction for low order simulation models. Khadir and Mrad [20] numerically 

investigated the aerodynamic performance of Darrieus wind turbines considering the magnus effect. 

Ghazalla et al. [21] analyzed Darrieus turbines inside flanged diffuser in order to improve the 

aerodynamic performance considering different blade sections. Wakui et al. [22] studied on the hybrid 

configuration of Darrieus and Savanious turbines for standalone wind turbine generator system. 

Consul et al. [23] investigated the effect of solidity on the performance of vertical axis turbines using 

numerical approach. Brusca et al. [24] studied the effect of aspect ratio on the performance of straight 

bladed Darrieus turbines reporting that higher aspect ratios reduces the overall performance.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Comparison of vertical and horizontal axis wind turbines in terms of efficiency (Figure is based on [15]) 

 

Abovementioned studies reveal that the flow around the Darrieus turbines is quite unsteady 

necessitating high efforts for CFD modeling. Therefore, employment of more simple numerical 

models for performance prediction would eliminate the computational effort and expenses of CFD 

algorithms. QBlade software [25] is a numerical code that have been developed for the design and 

simulation of horizontal and vertical axis wind and hydrokinetic turbines based on the BEM and 

double multiple streamtube (DMS) algorithms [26]. The code is developed by Hermann Föttinger 

Institute of TU Berlin and distributed under General Public License. [27] The model is based on the 

lifting line free vortex wake (LLFVW) method for calculating the rotor aerodynamics [28]. QBlade 

runs integrated with the XFOIL code within the graphical user interface and is capable of evaluating 

airfoil polars and extrapolating the polars for various angles of attack [26]. In the literature, many 

studies utilized QBlade code for performance analysis or validation of the existing models. 

Mahmuddin [29] developed a computational method which is based on BEM theory for performance 

prediction of horizontal axis wind turbines considering tip and root losses by validating the developed 
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model with QBlade software. Bianchini et al. [28] implemented the virtual camber transformation into 

the QBlade algorithm. Suresh and Rajakumar [30] reported the aerodynamic analyses for a 2kW small 

scale HAWT using QBlade algorithm considering different airfoil sections. The effect of Re number 

on a two bladed HAWT employing QBlade software has been analyzed by Rahimian et al. [31]. Good 

agreement between BEM and CFD model has been reported. The algorithm has also been used  by 

Akour et al. [32] for determining the power coefficient of a micro wind turbine working under low 

average wind speed. The code has also been used for verification of 5 MW NREL wind turbine by 

Barooni et al. [27]. Sensitivity analysis of a Darrieus turbine using Gurney Flaps for power 

augmentation has been provided using QBlade software for TSR and power curve prediction as a 

LLFVW model. Smooth and more realistic application of DMS model at uniform interference factors 

have been attained using QBlade algorithm by Bangga et al. [33]. Consequently, LLFVW model 

which is applied by QBlade software have been noted to solve accuracy and convergence problems 

encountered in VAWTs [34].  

The main scope of the present study is to model a three bladed H-shaped (straight) Darrieus 

turbine via QBlade software and to compare the model outputs with the experimental and 

computational fluid dynamics results of literature studies [16,17,35,36] employing the similar 

geometry. For this purpose, the turbine geometry that is generated from NACA 0021 86.5 mm chord 

length airfoils having radius of 515 mm and height of 1460 mm has been analyzed by QBlade at 

different free stream speed and tips speed ratio intervals. The modeled geometry and dynamic 

properties of flow domain are selected to be similar to the abovementioned studies for providing a 

better comparison and verification.  

2. Theory and method 

2.1. QBlade and XFOIL algorithms 

QBlade is an open source code that is developed for design and simulation of vertical and 

horizontal axis wind and hydrokinetic turbines. The model utilizes DMS algorithm for VAWT 

analyses. The employed blade sections’ lift and drag characteristics are evaluated by the XFOIL 

software which is integrated with QBlade [26]. XFOIL is also an open source interactive algorithm 

developed for design and analysis of 2D airfoils employing the speed and accuracy of high order panel 

methods with fully coupled viscous and inviscid interaction method [37]. The performance parameters 

such as lift, drag, pressure coefficient, etc. of 2D blade sections are evaluated by the XFOIL algorithm. 

It is a general accepted code that is widely used by the scientific community for aerodynamic analyses 

[38–40]. In majority of the cases, it becomes impossible to deliver the performance coefficients at high  

angles of attack beyond the stall conditions using XFOIL, due to the convergence problems. Thus  

missing data are completed by QBlade software making extrapolations [26] to find out the airfoil 

performance within 0°-360° angles of attack in which the airfoils stand at different azimuthal 

positions.  

2.2. Aerodynamics forces on Darrieus turbines 

A typical vertical cross section of the straight bladed Darrieus turbines is shown in Fig. 2. The 

relative velocity (w) is one of the most important parameters that affects the performance of the 

complete rotor which is the resultant of both free stream velocity (U∞) and blades’ tangential velocity 

(Ut).  It varies as a function of the azimuth angle (θ), which is defined as the angle between the blade 
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and the horizontal axis. Relative velocity acted at an angle of attack (α) at different azimuthal position 

of each blade section generates aerodynamic lift and drag forces which are represented by CL and CD. 

Drag force is parallel to the relative velocity vector, while the lift force is at the perpendicular 

direction. Then, the normal and tangential components of both lift and drag forces can be written as;  

 
Figure 2. Representation of forces and velocity vectors generated on a typical vertical Darrieus rotor section 

21
( )

2
N nF w hc C=  (1) 

21
( )

2
T tF w hc C=  (2) 

 

where, FN is the normal force to the airfoil chord, FT is the tangential force, ρ is the density, w 

is the relative velocity, h is the blades’ height, c is the chord length, Cn is the normal force coefficient, 

and Ct is the tangential force coefficient. Consequently, normal and tangential force coefficients can be 

written as follows;  

cos( ) sin( )L DnC C C = +  (3) 

sin( ) cos( )L DtC C C = -  (4) 

2.3. DMS theory 

In order of being a new and emerging technology, the very first attempts of wind turbine 

methodology is mainly based on classical propeller theories. Blade element momentum (BEM) 

method which is originally developed to assess the performance of classical airplane propellers by 

Glauert [41] has been widely used in the scientific community at the first turbine designs works. Then, 

single streamtube model has been developed by Templin [42] and it has been extended to be parallel 

dependent streamtubes by Strickland [43] which is called multiple streamtube theory [44]. 

Aerodynamic streamtube models are generated considering the conservation of momentum equations 

and the forces on the turbine blades which are equated to vary in streamwise direction [45]. Contrary 

to the single streamtube model, DMS theory assumes that the entire rotor is produced from a number 

of adjacent streamtubes [45]. Double Multiple Streamtube theory is developed as a combination of 

multiple streamtube method and double actuator disk theories [46]. The method is firstly introduced by 

Paraschivoiu [47,48]. Multiple streamtube method analyzes the flow considering momentum balance 

of each streamtube which allows velocity variations at perpendicular directions to the free stream [46]. 
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However, as a disadvantage, multiple streamtube theory is unable to separately analyze upstream and 

downstream regions. Thus, double actuator disk theory has been proposed which assumes that two 

actuator disks has been placed sequentially which are connected at the center of turbine [46]. Then, 

both theories have been combined as double multiple streamtube (DMS) theory. Consequently, the 

velocity variations can be taken into account between upstream and downstream part of turbine (Fig. 

3). The detailed representation of the DMS theory can be provided based on Biadgo at al. [46] as 

follows;   

 

Figure 3. Understanding the DMS theory at a vertical cross section of rotor 

 

DMS assumes that, the streamflow enters to the frontal blades with velocity Ui and the velocity 

is induced to the Ui′ at the rear blades. Similarly, U∞ is the free steam speed, Ue is the flow velocity at 

the center of the turbine and finally Uw′ is the stream speed after the rotor. The induced velocities can 

be written as; 
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  The relative velocity vector (w) which is primary responsible velocity vector from the 

turbine’s performance becomes a function of turbine’s angular velocity and the induced speed. Thus, 

two different relative velocity functions can be written for the upstream and downstream halves of the 

rotor, respectively as follows;  

2 2 2(( sin( )) ( cos( )) )i iw u u R      (7) 

' 2 2 2(( 'sin( )) ( 'cos( )) )i iw u u R      (8) 

 

 Finally, the thrust, torque and power coefficients which are solved for w and w′, separately, 

can be represented as follows;  
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  where; CT the thrust coefficient, B is the number of blades, R is the rotor radius, w is the 

tangential velocity component, U∞ is the free stream velocity, Ct is the tangential force coefficient, Cn 

is the normal force coefficient, D is the turbine diameter, CQ is the torque coefficient and λ is the tip 

speed ratio.  

2.4. Numerical setup 

The model setup for the present study is produced based on the experimental and CFD analyses 

provided by Castelli et al. [16,17], Castelli and Benini [35] and Battisti et al. [36]. Details of 

geometrical and dynamic configurations of abovementioned studies and present study were listed in 

Tab. 1. The experimental and computational domains that have been reported by Castelli et al. (2010) 

[17] and  Battisti et al. (2018) were illustrated in Fig. 4.  

 
Table 1. Geometrical and dynamic details of the model and literature studies for experimental, computational and 

numerical validation 

Features/type 

Sym. 
Battisti et al. 

(2018)  [36] 

Castelli et al. 

(2010) [17]  

Castelli et al. 

(2011) [16] 

Castelli and 

Benini (2012) 

[35] 

Present study 

 

Wind tunnel 

experiment 

Wind tunnel 

experiment 
CFD analysis CFD analysis 

Numerical 

analysis 

Rotor diameter (mm) D 1028 1030 1030 1030 1028 

Rotor height (mm) H 1460 1456.4 1030 1030 1460 

Airfoil type - NACA 0021 NACA 0021 NACA 0021 NACA 0021 NACA 0021 

Number of blades N 3 3 3 3 3 

Chord length (mm) c 85 85.8 85.8 85.8 85 

Aerodynamic center - 0.5c 0.5c 0.5c 0.5c 0.5c 

Rotor solidity σ 0.25 0.25 N/A N/A 0.25 

Frontal area (m2) A 1.5 N/A N/A N/A 1.5 

Rotational velocity (rpm) Ω 400 N/A N/A N/A 400 

Free stream velocity (m/s) U∞ 6-16 9 m/s 9 m/s N/A 6-16 

Tip speed ratio λ 3.8-1.4 0.6-1.2 0.8-3.3 2.6-4.1 3.8-1.4 

3. Results and discussion 

Castelli et al. (2010) [17] studied on the numerical validation of a straight bladed Darrieus 

VAWT (Tab. 1) and they provided experimental results for a wind tunnel having 4000 x 3840 mm 

continuous test section which can be used for verification of numerical analyses (Fig. 4a). 

Experimental results were reported for free stream speed of 9 m/s at various tip speed ratios 

considering no blockage correction. CFD analysis results were provided for the same geometrical 

details by Castelli et al. (2011) [16] using SST k-ω turbulence model at various y+ values for different 

wall functions. Again, Castelli and Benini [35] were provided CFD analyses at different tilting 

conditions. Model 0 of the abovementioned study which having zero tilt angle were used for validation 

of this study.  
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Figure 4. Illustration of experimental and computational setup reported by Castelli et al. (2010) [17] (a)  

and  Battisti et al. (2018)  [36] (b) 

Consequently, Battisti et al. [36] reported wind tunnel experiment results of a straight bladed 

Darrieus turbine  (Tab. 1) inside an open test section (free-jet configuration) at low turbulence 

intensity (<1 %) wind tunnel facility (4000x3840x6000 mm) in order to provide experimental 

benchmark data for researchers. Turbine’s performance at steady 400 rpm rotational speed for the 

freestream velocity varying between 6-16 m/s were provided. The geometrical blockage ratio is 

defined as 1.5 % by Battisti et al. [36]. However no blockage correction was reported for the 

experimental analysis. All experimental analyses are reported to be provided at Bovisa’s low 

turbulence facility and Politecnico di Milano wind tunnel which is situated in Milan. CP-TSR curves 

facilitate to compare the behavior of analyses that is provided using different methods eliminating also 

the geometrical considerations. The dynamic properties of the flow environment that is inputted to the 

QBlade software is summarized in Table 2. Comparison of power coefficient vs. tip speed ratio 

relationships of abovementioned literature studies and the present study has been provided in Fig. 5. 

It should be noted that, both experimental studies [17,36] have similar behavior together with 

slight changes at the turbine geometry that is reported in Tab. 1. The discrepancies are estimated to be 

sourced from the wind tunnel characteristics and sensitivity of the measurement equipment. The 

experimental analysis that is delivered by Battisti et al. [36] exhibits very low power coefficients at 

higher values of TSR (3-4), while the behavior of other computational and numeric analysis are 

consistent approximating to about 0.2-0.3. CFD analysis that is reported by Castelli et al. (2011) [16] 

shows relatively higher overall pressure coefficients (which is provided at Re=300x103) while the 

shape of CP-TSR curve (bell shape) is very similar to the experiment that is conducted by [36]. It is 

predicted that, this behavior is a result of higher Re number which has also been discussed later.  

In this study, various numerical analyses have been performed at different Re numbers.  The 

green dotdash line represents the analysis at multiple Re number in which the blade sections have been 

assigned different Re numbers which is based on Battisti et al. [36]. Numerical results that are 

provided by QBlade for this curve is quite consistent at lower TSR (<2.5). However, QBlade analyses 

for multiple Re numbers exhibit deteriorating performance at higher TSR ranges, for this study. 

Therefore, the performance of the rotor at Re=80000 and Re=100000 has also been included in Fig. 5. 

It is observed that, more or less consistent results have been provided by QBlade software especially at 
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low Re number (Re=80000). Consequently, we reveal that, the suitable and accurate representation of 

Re number is significantly important while making numerical analysis with QBlade algorithm.  

 
Table 2. Dynamic properties of QBlade analyses of present study  

Property Parameter QBlade view 

Free stream velocity 6-16 (m/s) 
 

Rotational speed 400 (rpm) 

TSR 1.4-3.6 

Reynolds number 80x103-200x103 

Viscosity 1.55 10-5 (m2/s) 

Air density 1.155 (kg/m3) 

 

 
Figure 5. Efficiency comparison of experimental, computational and numerical (present study) results at different 

TSR 

 

On the other hand, while experimental and computational studies have a bell-shaped CP-TSR 

curve, QBlade analyses deliver rather straight or inclined linear behavior at right hand side of the 

curve. It has also been observed that, QBlade have overestimations in which the maximum CP value is 

shifted toward to the right side at higher TSR values relative to other experimental and computational 

studies.   

The power output vs. free stream speed curves for experimental analysis [36] and present study 

have been provided in Fig. 6 for 400 rpm rotational velocity. The peak power for both analyses having 

similar geometric and dynamic configurations are approximating to each other where, the right and left 

side of the curves should be more discussed. Right hand of P-U∞ curve (U∞>10 m/s) represents smaller 

TSR amounts (<2.15) having very low power coefficient ranges for all analysis types (experimental, 

computational, numerical) which is less important than the region U∞<10 m/s. It is obvious that, lower 

free stream speed ranges at LHS deliver high efficiency ranges of Darrieus turbines which should be 

noticed for higher power output. We realized that, 5<U∞<10 velocity range is very important at 400 

rpm rotational velocity in which TSR is between 2.15 and 4.3. In this region CP-TSR curves which are 

discussed above can provide more accurate information for validation of QBlade analyses.   
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Figure 6. Output power vs. free stream speed comparison of experimental work [36] and this study 

 

In order to assess the sensitivity of Reynolds number, Darrieus turbine performance results of QBlade 

algorithm for various Re numbers have been provided and summarized in Fig. 7. Again, it is observed 

that, higher Re numbers increases the overall power output and efficiency of Darrieus turbines by 

shifting the P-U∞ and CP-TSR curves towards upward direction. Also, the maximum CP is observed at 

slightly higher TSR values.  

 

Figure 7. P-U∞ and CP-TSR curves of QBlade analyses at various Re numbers 

 

Generated torque is a function of blade length. Therefore, the geometry having the same rotor height is 

needed for comparison the algorithm’s output with reference studies. None of the above studies 

explicitly mention from the torque values for 1460 mm rotor height, thus we could not provide a 

detailed comparison for torque values. Nevertheless, QBlade algorithm outputs for torque fluctuations 

of overall three blades at different azimuthal position have been illustrated in Fig. 8. It is observed 

that, at 9 m/s steady wind speed, higher Re number shows explicitly higher torque outputs, as 

expected. Also, importance of the azimuthal position is clearly seen from the figure, in which, negative 

angles of attack deliver deteriorating performance. Thus, pitch regulation mechanism is suggested to 

maximize the power output from each blade by rotating the blades around their own axis to capture 

ideal angle of attack.  
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Figure 8. QBlade algorithm outputs for torque fluctuations of three bladed rotor 

4. Conclusion 

In this paper, the DMS theory which is exploited by QBlade algorithm in order of finding the 

performance of vertical axis wind turbines has been tested and verified comparing with the 

experimental and computational results of similar rotor geometry. The proposed turbine geometry has 

been numerically analyzed by the QBlade code at different free stream and rotational velocity 

conditions. Overall, the analysis results have been found to have a good agreement (Fig. 6), however 

special attention should be made at suitable specification of Re number. Because higher Re numbers 

increases the overall power output and efficiency of Darrieus turbines (Fig. 7). QBlade algorithm has a 

module facilitating to introduce Re number for each blade segment. On the other hand, the rotor 

geometry analyzed in this study at the specified free stream conditions exhibited relatively higher 

power coefficient at high TSR values after the maximum power coefficient (Fig. 5). Authors suggest 

that, special attention should be paid for the results generated at this region of CP-TSR curve at 

relatively lower free stream speed values. Consequently, P-U∞ curves are also found to be consistent 

together with non-significant discrepancies.  
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