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ABSTRACT 

There is wind energy in urban and rural areas that is not being used sufficiently; 

since the wind in these areas tends to be turbulent and slow. For this reason, this 

study is focused on the design and analysis of a vertical axis wind turbine based on 

the Darrieus type, which seeks to improve self-starting, since it is one of the main 

problems of this type of turbine. To achieve this, the study focuses on the first stage 

of self-starting, also known as static torque, which occurs at an angular velocity 

close to zero. This stage is essential for reaching the second stage of self-starting, 

known as dynamic torque. To do this, a two-blade 9W Darrieus-type turbine is 

designed and compared with the new blade design called “flow concentrator” 

considering the maximum height, maximum diameter, and chord of both as 

constants. The analysis is performed using the Double-multiple stream tube theorem 

(DMST), computational fluid dynamics (CFD), and by carrying out experimental 

tests. The results obtained are analyzed at different wind speeds, from 3 to 8 m/s, 

and at different azimuthal angle positions (0°, +45°, -45°, 90°), where a considerable 

improvement in self-starting of up to 100% is observed in its most optimal position. 
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1. INTRODUCTION 

The production of electrical energy has undergone 

significant changes since the industrial era (Mueller, 

1991). Using machines known as windmills to generate 

electricity has helped to significantly reduce the 

environmental problems of the time, and has also ushered 

in a wide range of improvements and revolutions not only 

in windmills but also in aircraft blades (Manwell, et al. 

2009).  

There are mainly two types of wind turbines, 

horizontal axis wind turbine (HAWT), which are known 

and used mostly for their high-power generation, but 

require areas with high wind speed, which are later 

converted into wind turbine farms but are scarce 

worldwide (Saad & Asmuin, 2014). On the other hand, 

there are also vertical axis wind turbine (VAWT) which 

work at low wind speeds (Saad & Asmuin, 2014). 

However, due to the low energy production compared to 

HAWT and their poor self-starting, they have been left 

aside in recent years, but new studies have shown that they 

have great potential in and around urban areas (Zibat 

Tasneem, et al. 2020) . 

Within the VAWT there are 2 types in particular, the 

Savonius turbines, which work under the concept of drag 

forces, also have a very good self-start but have very low 

efficiency (Zemamou, et al. 2017), on the other hand, there 

are Darrieus type turbines which have two main 

configurations: curved blades and straight blades, called 

Darrieus type H (Willy, et al. 2015). The Darrieus type 

turbines, it presented very high efficiencies but have a very 

poor self-start (Paraschivoiu, 2002).  

Several authors highlight the complexity of studying 

vertical turbines, since the constant change in angle of 

attack not only complicates the analysis of the operation 

but also the calculations of the turbine’s self-start 

depending in its initial orientation. 

The self -starting calculation is mainly defined as the 

torque required to overcome the moment of inertia, where 

the calculation of the torque in the self-starting is 

fundamental and can be classified as static self-starting 

and dynamic self-starting. The static self-starting 

performance refers to the torque generated at the initial 

azimuthal angle in which the turbine is located with  

an angular velocity close to zero, as shown in the study 
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NOMENCLATURE 

c chord  R radius in the middle area of the turbine 

CD airfoil drag coefficient  Reb local Reynolds number of the turbine 

CL airfoil lift coefficient  Ret turbine Reynolds number 

CN airfoil normal coefficient  S swept area 

CT airfoil tangential coefficient  T torque 

D diameter  Tdown downstream torque 

𝑓𝑑𝑜𝑤𝑛   downstream function  Tup upstream torque 

𝑓𝑢𝑝  upstream function  u interference factor 

H half the height  V local wind velocity 

N blades number  V∞ Wind stream velocity 

r local radius  𝜔  rotational speed 

W relative wind speed  π Pi 

X tip speed ratio  α local angle of attack 

𝜂  
relation between the local radius and middle 

radius 
 δ meridian angle 

𝜌∞  density of the wind stream  θ azimuthal angle 

𝜁  
relation between the local height and the 

middle height 
   

 

(Xu, et al. 2024; Paraschivoiu, 2002 Wind turbine design 

with emphasis on Darrieus concept) for the Darrieus-H 

and curved blade VAWT. 

On the other hand, the dynamic self-start performance 

is defined as the time it takes for the wind turbine to start 

rotating. Where (Yunus, et al. 2022; Lunt, 2005) conducts 

a study on a Darrieus-H VAWT where he reports that by 

having a TSR≥1, the turbine was in steady state and did 

nor reach the starting point. Khalid et al. (2022) analyzed 

the improvement of the dynamic self-start of a single and 

double Darrieus-H VAWT, for different wind speeds, 

where they show that two stage turbines reach the steady 

state faster compared to single-stage turbines. However, 

he mentions that its orientation significantly affects the 

self-start performance.  

That is why there are researchers who have focused 

on studying the behavior of the Darrieus turbine in order 

to improve the self-start of the turbine through different 

aerodynamic profiles and their orientation (Douak & 

Aouachria 2015). 

At the same time, these authors refer to the 

aerodynamic study through a two-dimensional analysis 

for Darrieus-H turbines, since as mentioned in (Li, et al. 

2019; Xu, et al. 2024) it is suitable for the determination 

of the aerodynamic components. However, as mentioned 

by the author (Paraschivoiu, 2002, Wind turbine design 

with emphasis on Darrieus concept) a two-dimensional 

study is not suitable for a curved Darrieus turbine since the 

diameter of the section varies with the height, unless each 

section is analyzed individually as is the case with the 

DMST model. 

Other researchers focused on the combination of 

Savonius turbines with Darrieus turbines looking for the 

most suitable configuration to improve the self-starting of 

the turbine, while maintaining an adequate Power 

Coefficient (Siddiqui et al. 2018). Other studies that have 

been carried out to improve self-starting are through the 

use of J-type aerodynamic profiles, demonstrating some 

improvement, but experimental tests have not yet been 

carried out due to the complexity of manufacturing these 

geometries (Zamani, et al. 2016). 

In a recent study, a different blade geometry is 

proposed for a horizontal axis wind turbine, with the aim 

of improving the self-starting and the nominal power of 

the turbine, where thanks to this new geometry a jet effect 

is created that considerably improves the power and self-

starting of the turbine (Casillas Farfán, et al. 2022). 

Therefore, the purpose of this study is to attack the 

problem of self-starting of a Darrieus type VAWT, using 

a similar but different effect such as the nozzle effect, 

since the behavior of a vertical turbine is different because 

its angle of attack is constantly changing due to the 

rotation of the turbine. 

For this reason, the problem is attacked by designing 

a new blade geometry, considering different analysis tools 

such as the theoretical model of the double multiple stream 

tube (Paraschivoiu, 2002), computational fluid dynamics 

CFD (ANSYS, 2024), and the experimental test (Xin, et 

al. 2015). 

2. PROBLEM DESCRIPTION AND GEOMETRY 

This study is focused on improving the initial torque 

of a Darrieus-type vertical axis wind turbine by creating a 

blade geometry Fig. 1 and 2, but, keeping the parameters 

of the maximum height, the maximum diameter, the 

chord, and the aerodynamic profile constant Fig. 4. For 

this purpose, the geometry of a Darrieus type blade is 

design and analyzed with respect to the new blade design 

called “Flow concentrator” using three analysis tools, 

through the double multiple stream tube theorem (DMST), 

computational fluid dynamics (CFD) and through 

experimental tests. The numerical modeling and 

simulation are carried out with the help of computer 

programs such as SolidWorks software, which is focused 

on the design of complex geometric parts such as wind 

turbines; Qblade software, to obtain the lift coefficient 

(CL) and drag coefficient (CD); and ANSYS software,  

to be able to analyze the computational fluid dynamics  
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Fig. 1 Side view of blade geometry a) Darrieus blade 

b) Flow concentrator blade c) Middle section 

 

 

Fig. 2 Front view of blade geometry a) Darrieus blade 

b) Flow concentrator blade c) Middle section 

Table 1 Geometrical characteristics of the turbine 

Characteristic Amount 

Diameter [cm] 29.35 

Radius [cm] 14.675 

Heigh [cm] 29.48 

Chord [cm] 4 

Aerodynamic profile Naca 6412 

Number of blades 2 

Wind speed [m/s] 3 – 8 

Solidity 0.587 

Density [kg/m3] 1.225 

Viscosity [kg/(m∙s)] 1.7894e-05 

 

(CFD) of the turbine. 

The geometric dimensions of the reference Darrieus 

turbine are determined by the Sandia-type blade design 

specified in (Paraschivoiu, 2002), where the geometric 

characteristics of the turbine can be seen in Table 1. Where 

the dimensions of the wind tunnel are taken into account, 

these being of 60 cm high x 60 cm base, located at the 

University Michoacana de San Nicolas de Hidalgo. 

3. METHODOLOGY 

 The analysis carried out is to determine the self-start 

of a two-blade 9W Darrieus type vertical axis wind turbine 

(VAWT) by calculating the initial torque and thus, 

designing, analyzing, and improving the self-start with a 

new blade geometry called “flow concentrator”. This 

study is carried out in three parts, one using the double 

multi-stream tube theorem (DMST), then ANSYS Fluent 

software is used to carry out the study using computational 

fluid dynamics (CFD) and finally, the experimental tests 

are carried out.  

3.1 Doble Multiple Stream Tube Model 

The DMST is a numerical analysis model that 

consists of determining the upstream and downstream 

aerodynamic loads separately for a Darrieus and H type 

VAWT, Fig. (3), to calculate 2 induction factor constants, 

through an iterative process (Paraschivoiu, 2002), and thus 

consider the variation of the upstream and downstream 

power. 

This method mentions that it is necessary to first 

define the geometry of the turbine to be designed, taking 

into account the initial parameters such as the maximum 

height, the maximum diameter, the number of blades, the 

chord, and the aerodynamic profile, as well as the wind 

speeds at which the analysis for the turbine’s self-start is 

considered. These data can be seen in Table 1. 

Once the design parameters have been chosen, the 

local Reynolds number of the turbine is determined, as 

shown in the Eq. (1) (Paraschivoiu, 2002). 

𝑅𝑒𝑏 = (𝑅𝑒𝑡𝜂 ∕ 𝑋)√(𝑋 − sin 𝜃)2 + cos2 𝜃 cos2 𝛿          (1) 
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Fig. 3 Top view of the Darrieus rotor, in terms of two 

actuator disks 

 

 

Fig. 4 Side view of the Darrieus rotor, in terms of two 

actuator discs 

 

Where (X) is the ratio of the specific speed at the tip, 

Eq. (2), which is a function dependent on the rotational 

speed of the turbine and the wind speed. This rotational 

speed can also be represented as the revolutions per 

minute of the turbine; since the case of interest is self-

starting, the value of the tangential speed (𝜔) equal to 0.1 

rad/s is used to avoid errors in the calculations because 

there is no tangential speed before starting the turbine and, 

finally, the local radius (r) is used to finish the calculation. 

𝑋 =
𝑟𝜔

𝑉
                                                                           (2) 

Subsequently, with the determination of the local 

Reynolds number, the most optimal angle of attack (α) 

observed in the aerodynamic graphs of the selected profile 

is chosen. Where, after the first iterative process, the angle 

of attack is defined by Eq. (3) where (𝜃 𝑎𝑛𝑑 𝛿) are the 

azimuthal angle and the meridian angle respectively 
(Paraschivoiu, 2002). 

𝛼 = sin−1 [
cos 𝜃 cos 𝛿

√(𝑋−sin 𝜃)2+cos2 𝜃 cos2 𝛿
]                                (3) 

With the help of the Qblade software, the values of 

the lift coefficient (CL) and the drag coefficient (CD) are 

obtained, where Eq. (4) is then used to obtain the 

coefficient normal (CN) and the coefficient tangential (CT) 

of the aerodynamic profile (Paraschivoiu, 2002). 

𝐶𝑁 = 𝐶𝐿 cos 𝛼 + 𝐶𝐷 sin 𝛼                                              (4) 

𝐶𝑇 = 𝐶𝐿 sin 𝛼 − 𝐶𝐷 cos 𝛼 

Continuing with Eq. (5), the upstream function is 

calculated with which a new induction factor is obtained 

(Paraschivoiu, 2002). 

𝑓𝑢𝑝 =
𝑁𝑐

8𝜋𝑅
∫ (𝐶𝑁

cos 𝜃

|cos 𝜃|
− 𝐶𝑇

sin 𝜃

|cos 𝜃| cos 𝛿
) (

𝑊

𝑉
)

2

𝑑𝜃
𝜋∕2

−𝜋
2⁄

      (5) 

To obtain the new induction factor, Eq. (6) is used in 

order to repeat the entire iterative process until the 

difference between the new and the previous induction 

factor (u) is as small as possible (Paraschivoiu, 2002). 

𝑓𝑢𝑝𝑢 = 𝜋𝜂(1 − 𝑢)                                                         (6) 

When the iterative process is finished, the upstream 

relative velocity is calculated with Eq. (7) and with it the 

torque of a blade is obtained with Eq. (8) (Paraschivoiu, 

2002). 

𝑊2 = 𝑉2[(𝑋 − sin 𝜃)2 + cos2 𝜃 cos2 𝛿]                      (7) 

𝑇𝑢𝑝(𝜃) =
1

2
𝜌∞𝑐𝑅𝐻 ∫ 𝐶𝑇𝑊2(𝜂 ∕ cos 𝛿) 𝑑𝜁

1

−1
                 (8) 

Therefore, the average torque of the upstream half 

cycle is obtained by Eq. (9), ending the calculation in this 

section of the turbine (Paraschivoiu, 2002). 

�̅�𝑢𝑝 =
𝑁

2𝜋
∫ 𝑇𝑢𝑝(𝜃)𝑑𝜃

𝜋
2⁄

−𝜋
2⁄

                                               (9) 

Finally, the downstream calculation is obtained in the 

same way as mentioned in this section, but the initial data 

to perform the calculation are the final upstream data. 

Once both torques (�̅�𝑢𝑝) y (𝑇̅̅
�̅�𝑜𝑤𝑛), are obtained, they are 

added together to obtain the initial torque or the theoretical 

self-start of the reference Darrieus type VAWT, shown in 

Fig. (1 and 2). 

3.2. Computational Fluid Dynamics 

3.2.1. Computational Domain and Boundary 

Conditions 

In this study, a three-dimensional model is used for 

the CFD analysis because the Darrieus-type reference 

blade design chances the maximum radius with respect to 

the height, as does the “flow concentrator” type blade 

design, which, although is easier and in the case of H-type 

vertical turbines the analysis in two dimensions (Li, et al. 

2019; Xu, et al. 2024), it would not be a more precise 

analysis, so it was decided to carry put the study in three 

dimensions. 

As observed in (Alqurashi & Mohamed 2020) the 

orientation of the blades with respect to the wind is an 

important factor to consider when measuring self-starting 

because an initial orientation where the angle of attack is 

positive generates a positive torque, benefiting it. For this 

reason, four orientations are analyzed, these being the 

azimuthal angles of the turbine (0°, 45°, - 45°, 90°), with 

respect to the wind direction. As shown in Fig. (3 and 5). 

With the help of SolidWorks software, the Darrieus 

turbine blade geometry, and the flow concentrator blade 

geometry are designed, shown in Fig. (1 and 2), where the 

parameters for these geometries are observed in Table 1. 

Later, with the help of ANSYS software, two analysis 
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Fig. 5 Top view of conventional Darrieus Blade 

oriented at 0° respect to the wind speed in ANSYS 

 

 

Fig. 6 Rotating zone 

 

zones are created, which were called the rotation zone, 

Fig. (6), this being a cylinder that covers the turbine, 

which represents the turning zone of the same. 

The other zone is called the wind tunnel, which has a 

quadrangular prism shape that contains the rotation zone 

and indicates the inlet and outlet flow of the wind, Fig. (7). 

Where the dimensions of the rotation zone and the wind 

tunnel are shown in Table 2, these dimensions are taken 

by considering the real distance between the wind tunnel 

and the turbine at the time of carrying out the experimental 

tests, and in this way, there will not be much variation 

between the results, as well as avoiding turbulence coming 

from the wind tunnel itself when simulating. 

The other zone is called the wind tunnel, which has a 

quadrangular prism shape that contains the rotation zone 

and indicates the inlet and outlet flow of the wind, Fig. (7). 

Where the dimensions of the rotation zone and the wind 

tunnel are shown in Table 2, these dimensions are taken  

Table 2 Geometry of the analysis areas 

Rotation zone Wind tunnel 

Diameter 

[cm] 

40 Heigh [cm] 500 

Heigh [cm] 60 Base [cm] 500 

 Distance upstream [cm] 400 

Distance downstream 

[cm] 

60 

 

 

Fig. 7 Computational domain and boundary 

conditions 

 

by considering the real distance between the wind tunnel 

and the turbine at the time of carrying out the experimental 

tests, and in this way, there will not be much variation 

between the results, as well as avoiding turbulence coming 

from the wind tunnel itself when simulating. 

In order to compare simulation results with 

experimental tests more effectively and thus obtain more 

realistic results, certain boundary conditions are defined in 

the simulations. First of all, the dimensions of the wind 

tunnel and the rotation zone are the same for each 

simulation. 

When performing the simulations, certain conditions 

are taken into account, such as the flow is incompressible, 

the front wall of the wind tunnel is considered as the 

entrance to the domain, or velocity inlet, where the airflow 

is always constant throughout the simulation. The back 

wall of the wind tunnel is considered as the outlet of the 

flow, or pressure outlet, the top and bottom sides are 

subjected to symmetry conditions, and the blade surface 

inside the rotating zone is set as wall boundary. 

The CFD solver used is a turbulent flow solver, this 

being the SST model considering the curvature 

corrections, which was developed by Menter, which 

combines the formulations of the k-ω model in the near-

wall zone and the k-ε model in the far region. This allows 

to improve the accuracy in the prediction of turbulent 

flows and the separation of flow under adverse pressure 

gradients (Menter, 1994; ANSYS, 2024), which is used by 

several authors in wind turbine studies due to its high 

quality of results obtained with respect to experimental  



M. A. Carlos Alberto et al. / JAFM, Vol. 18, No. 10, pp. 2488-2503, 2025.  

 

2493 

Table 3 Mesh analysis 

Face sizing – 

surface blade (mm) 

Number of 

elements 
Torque (N∙m) 

50 289260 0.01002 

25 288890 0.01000 

10 289222 0.01004 

5 301219 0.00996 

2 1159203 0.01239 

1 3980190 0.01314 

0.5 14552878 0.01342 

 

data (Casillas Farfán, et al. 2022; Xu, et al. 2024; 

Mohamed, 2019). 

3.2.2. Governing equations 

 It is well known that the behavior of air around a 

VAWT is more complicated to understand, and in the case 

of a Darrieus-type turbine, it becomes even more 

complicated due to the change in cross-section relative to 

the height of the analysis. This region of airflow is 

governed by the Navier-Stokes equations, which describe 

wind motion based on the principle of conservation of 

mass and momentum. 

 The fluid flow is considered incompressible. 

Therefore, the simplified Navier-Stokes formulation for 

the conservation of mass and momentum is expressed as:  

𝛻 ⋅ 𝑢 = 0                                                                      (10) 

 Where “𝑢” is the velocity vector (𝑢, 𝑣, 𝑤) in the spatial 

directions (x, y, z). 

 The momentum equations indicates that changes in 

fluid velocity depend on the applied forces. In its general 

form, it is expressed as: 

𝜕𝑢

𝜕𝑡
+ (𝑢 ⋅ 𝛻)𝑢 = −

1

𝜌
⋅ 𝛻𝑝 + 𝜈𝛻2𝑢 + 𝐹                         (11) 

 Where, 𝜌 is the air density, p is the fluid pressure, 𝜈 is 

the kinematic viscosity, F is the external force. These 

equations are solved using ANSYS Fluent software (Inc., 

2024). 

3.2.3. Meshing and Sensitivity Study 

The mesh can be represented as a net that covers the 

entire area to be analyzed. Each of the sections of this net 

is called elements and the unions are called nodes, while 

finer is the net, better is the results. For this reason, the 

complications when simulations depend on the number of 

elements, the number of nodes, and their quality since they 

will increase both the time required and the computational 

resource. 

The quality of the mesh depends on the geometry to 

be studied and is also limited mostly by the computer 

equipment. A very good quality mesh can have several 

thousand or millions of elements, which the computer 

equipment must solve mathematically one by one, which 

considerably increases the analysis time. That is why mesh 

analyses are carried out where the final result obtained is 

analyzed with respect to the number of elements and with 

this a decision is made as to whether the results are valid. 

 

Fig. 8 Grid details for the domain 

 

 

Fig. 9 Mesh validation 

 

The mesh has a maximum element size of 100 mm for 

the analysis in the wind tunnel section. We use a “Face 

sizing” with a maximum element size of 0.5 mm for the 

analysis in the blade surface section, that is in the rotating 

zone; the curvature analysis it’s used with a maximum size 

of 0.5 mm and the curvature is taken into account from 1 

degree, it can see in Table 3. The meshing method for the 

rotating zone is a patch conforming composed of 

tetrahedral elements, as shown in Fig. (8). 

In Fig. (9) the graph corresponding to the mesh 

validation is observed, where different mesh 

configurations are compared. The “Mesh tunnel” curve 

takes into account only the total element size for the entire 

analysis as an equal where the torque obtained with the 

variation of the mesh element from 456 mm to 25 mm is 

evaluated, the latter having a torque value equal to 0.0116 

Nm. For “Mesh-Face sizing” curve, where an element size  
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Fig. 10 a) Design of the base for the torque meter 

b) Mounting the base 

 

 

Fig. 11 Isometric view of the assembling the 3D-

printed turbine for “Flow concentrator blade” 

 

in the tunnel of 100 mm is maintained and refining only in 

the turbine area from 5 mm to 0.5 mm, where for the last 

case a torque of 0.0133 Nm is obtained. For the case of 

“Mesh-Face sizing (1)-Curvature” curve, the above is 

analyzed, but adding the mesh to the curvature of the 

turbine from 10 mm to 1 mm, observing a final torque of 

0.0131 Nm and for the case “Mesh-Face sizing (0.5)-

Curvature” curve, the curvature is refined from 10° to 1°, 

observing a final torque of 0.01337 Nm. 

Obtaining a variation between the last-mentioned 

cases of curvature of 2%, achieving the independence of 

the mesh in the numerical calculation. 

 

 
Fig. 12 Orientation of the “flow concentrator” turbine 

at 0° with respect to the wind tunnel 

 

3.3. Experimental tests 

In order to compare the theoretical and simulation 

results obtained from the reference Darrieus type blade 

against the new blade “flow concentrator”, the 

experimental tests are carried out with the aid of a 

specialized measuring instrument, being a PCE-TM 80 

torque meter, which has a resolution of 0.01 kgfcm. 

Since the torque meter has a horizontal orientation, a 

base is designed in Fig. (10) capable of holding the turbine 

Fig. (11) to the torque meter and reorienting it vertically, 

to later mount it on a steel pillar. The design of the 

necessary parts for the turbine is done with SolidWorks 

software and they are manufactured with the help of a 3D 

printer, Creality 5 plus, in PLA material, with the intention 

of speeding up the process and keeping the costs low for 

self-starting tests, since what is sought is not to calculate 

the resistance of the turbine with respect to extreme 

conditions, but to obtain the aerodynamic moment. 

As in the tests carried out using theoretical and 

simulation solutions, different experimental tests are 

carried out where the turbine is oriented at different 

azimuthal angles with respect to the wind tunnel (0°, 90°, 

+45°, -45° or 315°). In Fig. (12), the flow concentrator-

type turbine is shown oriented at 0°, this being the case 

when the blade is perpendicular to the exit plane of the 

wind tunnel. These tests are performed for wind speed 

ranges from 3 m/s to 8 m/s, with increments of 1 m/s. To 

perform each test, the wind tunnel is turned on and the 

wind speed is first measured in the middle of the tunnel, 

which has a dimension of 60 cm base x 60 cm height, with 

the help of an anemometer as shown in Fig. (13). 

Once the wind speed coming from the wind tunnel is 

obtained, the entrance is covered and then released so that 

the flow is completely free and even throughout the blade 

section. These tests are measured with the torque meter 

and are repeated several times at each marked speed as 

well as for each azimuth angle, in order to finally have a 

range of torques and so that the average of these results is 

as partial as possible. 

4. RESULTS AND DISCUSSIONS 

As mentioned in other sections of this research, the 

purpose of the study is focused on improving self-starting, 

so in this section, the different models, DMST, CFD,  

and experimental tests of the conventional Darrieus type  

b) 

4.64 cm 

14.55 cm 

6.5 cm 

a) 
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Fig. 13 Measuring of the wind with an 

anemometer 

 

 

Fig. 14 Theoretical torque at 0 rad/s of the blades 

separately for the Darrieus turbine 

 

turbine against the new blade geometry called “flow 

concentrator” are analyzed. 

4.1. DARRIEUS TYPE BLADE 

To make the comparison between the two blade 

geometries, it is first necessary to have the reference data 

of the conventional Darrieus-type blade and thus, establish 

a starting point. The Fig. (14), shows the graph of the 

initial torque for the Darrieus type vertical turbine, for 

which, the analysis is first performed using DMST, where 

the tangential velocity (𝜔) is set equal to 0.1 rad/s since, 

due to the equations, when designating the tangential 

velocity as 0, these would not be solved. 

The results obtained are shown in Table 4, which 

shows the torque calculated for each of the speeds of 

interest and for each blade separately, it can be observed 

graphically Fig. (14). Likewise, the total torque for the 

turbine is oriented at an azimuthal angle of 0°, which is 

perpendicular to the wind tunnel as shown in Fig. (12). 

Using the CFD model, the results are obtained 

through computational simulations using the Ansys Fluent 

software, which can be seen in Table 5. 

Table 4 DMST model results for the Darrieus-type 

blade turbine 

Speed m/s 
Torque 

blade 1 (J) 

Torque 

blade 2 (J) 

Total 

torque (J) 

3 0.00068 0.00050 0.00118 

4 0.00186 0.00080 0.00266 

5 0.00356 0.00124 0.00480 

6 0.00350 0.00166 0.00516 

7 0.00685 0.00216 0.00902 

 

Table 5 CFD results for the Darrieus-type blade 

turbine 

Speed (m/s) Total torque (N.m) 

3 0.00095 

4 0.00171 

5 0.00268 

6 0.00387 

7 0.00545 

8 0.00715 

 

Table 6 Experimental tests for the Darrieus-type 

turbine blade 

Speed (m/s) Total torque (N.m) 

3 0.00068 

4 0.00181 

5 0.00283 

6 0.00408 

7 0.00560 

8 0.00720 

 

 
Fig. 15 Torque at 0 rad/s for the turbine with 

conventional Darrieus type blade, oriented at 0° 

 

Finally, as written in the previous section, the tests 

carried out in the wind tunnel were to obtain the 

experimental data, which can be seen in Table 6. 

In the graph shown in Fig. (15), the results obtained 

by DMST, CFD, and by experimental tests, used to obtain 

the initial torque of the turbine, can be observed. It is 

worth mentioning that these studies do not prove that the 

turbine will begin to rotate at any of these values, however, 

it can be deduced which torque tends to be generated. 
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Table 7 Torque obtained for the blade-type flow 

concentrator 

Speed m/s 
Total torque (J) - 

CFD 

Total torque (J) - 

Experimental 

3 0.00187 0.00195 

4 0.00344 0.00340 

5 0.00556 0.00559 

6 0.00822 0.00849 

7 0.01145 0.01325 

 

The graph also shows that the data obtained using the 

model double multiple stream tube (DMST) tend to be 

above the experimental data, which was expected since 

this model considers ideal conditions. 

It is worth mentioning that since the Reynolds number 

ranges between 1x10-4 to 1x10-3, the analytical process is 

complicated because the lift coefficient and the drag 

coefficient are obtained through graphs obtained in the 

Qblade software, which show certain anomalies due to the 

software’s algorithm with respect to low Reynolds, 

leading to the hypothesis that the ideal conditions of the 

model and the anomalies of the coefficients due to low 

Reynolds generate a percentage variation of the model 

(DMST) with respect to the experimental tests of 27% to 

a maximum of 75%. 

On the other hand, the curve in the graph 

corresponding to the CFD results is smoother and more 

uniform with respect to the wind speeds, where almost a 

convergence between the experimental and simulation 

results is observed. Having a minimum percentage 

variation of -3% for the analysis at 7 m/s and a maximum 

variation of -6% for the analysis at 4 m/s. The temperature 

and humidity during the experimental tests are recorded, 

observing that there was no considerable variation 

between tests, thus ruling out that the variation in the 

results was due to this cause. Another possible reason 

could be due to the turbulence model used in the software 

which in the same way was the one that gave the results 

closest to the experimental tests. 

4.2. BLADE-TYPE FLOW CONCENTRATOR 

Once the results of the different analytical models for 

the Darrieus type blade have been obtained, it was possible 

to have a reference point when carrying out the tests for 

the flow concentrator type blade geometry. Subsequently, 

the tests were carried out using CFD, which uses the same 

meshing considerations, shown in Table 3. 

In the Table 7, it shows the comparison between the 

different torques obtained using the CFD method and 

experimental tests, shown in Fig. (16). When analyzing 

the results, a considerable improvement can be seen 

compared to the results seen in Table 6. 

The double multiple stream tube model (DMST) 

cannot be solved because the equations shown in the 

previous section (3.1) are not suitable for this type of blade 

geometry, since the cross-section considered in this model 

in the middle part of the blade could be considered double 

and parallel to the external section of the same, causing it  

 

Fig. 16 Torque at 0 rad/s for the turbine with a blade-

type flow concentrator, oriented a 0° 

 

 

Fig. 17 Comparison of Torque at 0 rad/s at 0°, 

between the two blade geometries 

 

to be generalized and a variation between the angles 

existing between the two profiles cannot be obtained. 

The Fig. (17), shows the comparison of the CFD 

models and the experimental tests for the turbine type 

Darrieus and the flow concentrator type. Both turbines are 

analyzed under the same conditions and at the same times 

to avoid significant differences due to temperature and 

humidity, keeping the experimental tests as homogeneous 

as possible. 

When analyzing the results obtained for both turbines 

using the CFD model, which are references for an 

orientation at 0°, it is observed that the turbine with a flow 

concentrator type blade presents a quite significant 

improvement in the initial torque, well above what was 

expected since at 3 m/s there is an improvement of 96% 

with respect to the conventional Darrieus type turbine, and 

improving this percentage to a maximum of 113% at 6 

m/s, where it subsequently declines but still having an 

improvement of 98% at 7.5 m/s.  

The experimental results confirm this great advantage 

between the new design and the conventional since there 

is a 100% improvement at 3 m/s, where it subsequently 

drops to 88% improvement at 4 m/s, but it increases again  
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Fig. 18 Comparison of Torque at 0 rad/s at 90°, 

between the two blade geometries 

 

to 108% at 6 m/s and ends with a 100% of improvement 

at 7.5 m/s. These experimental results show a favorable 

improvement in the initial torque at different wind speeds, 

from 3 to 7.5 m/s, for an orientation at 0°. 

The Fig. (18), shows the graph of the experimental 

results obtained from the two turbines oriented at 90° with 

respect to the wind direction, where it can be seen that the 

turbine with the flow concentrator blades has a low initial 

torque between 3 and 5 m/s, unlike the turbine with the 

Darrieus blade. However, from 7 m/s onwards, an 

improvement can be seen for the blade flow concentrator. 

This indicates that despite having a lower initial torque at 

low wind speeds, from 6 m/s onwards it begins to increase 

drastically, where it would be necessary to carry out a 

study at higher wind speeds to analyze if this phenomenon 

continues to increase at higher speeds, which would be a 

fundamental factor when choosing the blade geometry for 

the different turbine sizes. 

The Fig. (19), shows the graph of the results obtained 

with the tests carried out experimentally and by CFD at 

+45°, from 3 m/s to 8 m/s. 

Where it can be observed that for the results with CFD, 

at all wind speeds the results referring to the flow 

concentrator blade type show a quite notable improvement 

of up 2450% at 3 m/s, however, although it is a quite 

favorable result and no change or error is found in the 

parameters of the CFD method, it is deduced that it is due 

to the software’s algorithm at low Reynolds. 

To rectify the above, we proceed to analyze the 

experimental data where a 25% improvement is shown for 

the turbine with a flow concentrator blade compared to the 

Darrieus type turbine at 3 m/s and obtaining a maximum 

improvement of 71 % at 5 m/s. Where a quite favorable 

result is noted experimentally and this orientation must be 

taken into account at higher Reynolds numbers. 

To analyze why the results at +45° by CFD are 

separated from the experimental results, a simulation is 

carried out from 0° to 360° at 7 m/s for the Darrieus type 

turbine where Fig. (21) shows the data obtained where it 

is observed that this behavior is normal and is not an 

anomalous peak at the +45° orientation. On the other hand,  

 
Fig. 19 Comparison of Torque at 0 rad/s at +45°, 

between the two blade geometries 

 

 

Fig. 20 Comparison of Torque at 0 rad/s at -45°, 

between the two blade geometries 

 

 

Fig. 21 Comparison of Torque at 0 rad/s at +45°, 

between the two blade geometries 

 

in (Sheldahl, 1980) it is mentioned that the DMST model, 

which uses the Ansys Fluent program, is not the most 

suitable for turbines with high solidity; although in the 

case study, there is a solidity of 0.6, being below 1 as 

indicated by the author. In (Moghimi, & Motawej 2020) 

they use an approximation of the DMST model due to 

this problem, but for a turbine with a maximum height of 

6 meters by a maximum radius of 3 meters. 
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(a) (b) 

Fig. 22 Cross section of the blade type Flow concentrator, oriented at 0° 

 

In (Radu Bogateanu, 2014) a study is made for 

VAWTs where it is presented that at low Reynolds 

numbers anomalies due to wind turbulence are observed. 

Due to all these factors, it is deduced that the data 

obtained in Fig. (19) and also observed in Fig. (21), where 

the results at +45° by CFD, are due to the low Reynolds 

number, being this of 1 x 103 at the ends up to 1 x 104 in 

the central area of the turbine. It is worth mentioning that 

the data experimentally obtained in this orientation are of 

great importance to further investigate the methodology of 

vertical turbines at low wind speeds and low Reynolds 

numbers.  

The negative torque observed in the graph of Fig. 

(21), for the angles of 90° and 270°, is due to the fact that 

in this azimuthal position, the blades are parallel to the 

wind flow direction, the blade, when in this azimuthal 

position, is not generating any lift force, so the slight 

surface impact generates this negative torque. For the 

angles of 45° and 225°, the negative torque is due to the 

fact that blade 2 generates a torque greater and opposite to 

that obtained by blade 1. This behavior was observed only 

for the reference Darrieus turbine, a situation that is not 

observed for the “flow concentrator” blade. 

In Fig. (20), the results obtained from the CFD tests 

for both turbines analyzed at an orientation of -45° are 

shown, where at 3 m/s there is an improvement in the 

initial torque of 30% up to a maximum of 44% at 7 m/s, in 

this case, it is shown how the performance of the turbine 

with the flow concentrator type blade improves with 

respect to the increase in the analyzed wind speed. In the 

case of the experimental tests, the same behavior is 

observed, starting with a 24% improvement at 3 m/s and 

having a constant increase until reaching 46% of 

improvement at 7 m/s. 

4.3. PRESSURE DIFFERENTIAL 

The previous section (4.2) shows that the turbine with 

a flow concentrator blade presents a considerable 

improvement in the starting torque for all the wind speeds 

analyzed. However, there were some doubts regarding the 

effect generated between the profiles, where it was 

considered that this intermediate hollow section could 

behave like a nozzle and generate an extra impulse effect 

due to the pressure differential that exists between the 

front and backside of the airfoil. For this reason, a study is 

carried out to be able to make a cross-section of the turbine 

and determine what is happening in this section. 

In Fig. (22) part (a), shows a cross-section of the 

turbine with the blades-type flow concentrator oriented at 

0°, where the airflow goes from the left side to the right 

side of the plane, analyzed at 7 m/s, where shows the 

different pressures produced in the wind tunnel and most 

importantly in the rotation zone. 

In Fig. (22) section (b) shows in “zone 1” the pressure 

of 30 Pa, generated by the wind when impacting on the 

exposed surface of the upper surface of both profiles. In 

“zone 2” a vacuum pressure gradient located in the hollow 

area of the channel formed between both profiles “P1, P2” 

is shown. The vacuum pressure formed shows a pressure 

of -60 Pa unlike the rest of the plane, “zone 3” where the 

predominant pressure is between -11 Pa to -17 Pa, which 

also shows us a generation of a vortex that tends to induce 

the flow through the channel. By analyzing this point 

through the velocity vector flow, Fig. (24) section (b), it is 

conforming that vacuum pressure observed in “zone 2” 

Fig. (22) section (b) generates a vortex which is inducing 

an increase in the speed of the air that passes through the 

channel, the direction of the flow goes from the trailing 

edge, “zone 2, back”, towards the leading edge of both 

profiles, “zone 2, front”. 

The vacuum pressure confirms that the wind speed inside 

the channel increases, causing an increase in the static 

torque due to the pressure gradients between both zones, 

generating up to 100% improvement shown in Fig. (17). 

  

P2 
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(a) (b) 

Fig. 23 Cross section of the blade type Darrieus, oriented at 0° 

 

  
(a) (b) 

Fig. 24 Velocity vectors for the blade 1 type flow concentrator, oriented at 0° at 7 m/s 

 

 In Fig. (23), shows the cross section for the Darrieus 

type turbine oriented at 0°, where the airflow goes from 

the left side to the right side of the plane, analyzed at 7 

m/s. When analyzing the pressure graph for the Darrieus-

type turbine, we observe in section (b) a pressure gradient 

from 30 Pa, on the upper surface, "zone 4", to a pressure 

of -7 Pa located on the lower surface "zone 5". When 

comparing the pressure gradients between the flow 

concentrator-type blade and the Darrieus blade, a greater 

pressure gradient is observed, which justifies the increase 

in static torque of the new blade geometry.  

 In the Fig. (25) section (a) shows the cross section of 

the flow concentrator type turbine, referring to blade 2, 

which is the rear part of the turbine oriented at 0°. The air 

flow goes from the lower surface “zone 6” to the upper 

surface of the “zone 8” profiles. 

In Fig. (22) section (a) no vacuum pressure is 

observed in the channel formed by both profiles of blade 

2, as was observed in blade 1, because blade 1 generates a 

wake that prevents the flow from acting on the hollow area 

blade 2. 

When observing the plane of the velocity vectors, Fig. 

(25) section (b), a vortex is generated on the upper surface, 

“zone 7, front”, for the profile “P3”, which triggers an 

induction of the air flow into the channel from the leading 

edge “zone 7, front” of both profiles “P3, P4” towards the 

trailing edge “zone 7, back”, again increasing the speed of 

the air in the channel as a result of the contraction. 

In Fig. (26) section (a), the velocity vector field of 

blade 1 is shown, produced by the free speed of 7 m/s for  
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(a) (b) 

Fig. 25 Velocity vectors for the blade 2 type flow concentrator, oriented at 0° at 7 m/s 

 

  
(a) (b) 

Fig. 26 Velocity vectors for the blade 2 type flow concentrator, oriented at -45° or 315° at 7 m/s 

 

the flow concentrator type turbine oriented at -45° or 315°, 

where the flow that goes from zone 1 to zone 3, does not 

produce a considerable impact on the middle zone of both 

profiles, zone 3, as observed in Fig. (24) for the orientation 

at 0°. However, it can be observed that the wake behind 

both profiles, zone 3, is wide, thus obtaining the expected 

pressure differential for the rotation of the turbine. In 

section (b), the velocity vector field for blade 2 is shown, 

where the most relevant is located in the middle zone of 

both profiles, zone 5, where a vortex is visualized in the 

leading edge, of both profiles, which unlike Fig. (25) 

section (b), the incident flow is of very low speed which 

verifies a lower static torque in this orientation as opposed 

to 0°. 

In Fig. (27) in section (a) the velocity vector field of 

blade 1 is shown, for the turbine oriented at +45°, where 

the main observations are found in zone 2, where it is 

observed that the incident flow between both profiles is 

considerable but causes two vortices to form, one in the 

leading edge of profile P1 and another in profile P2, which 

are rotating in opposite directions, deducing that this effect 

reduces the pressure differential causing the final static 

torque at this orientation to be much lower than in the case 

of the turbine oriented at -45°, as also shown in the graphs, 

Fig. (20, 21). In section (b), the air flow for blade 2 is 

shown, where it is observed that the speed of the vectors 

passing between both profiles, zone 5, increases the speed 

at the free air speed. 

In Fig. (28) the velocity vector field for blades 1 and 

2 is shown, oriented at 90°, however, due to the chosen 

aerodynamic profile and the orientation of the blades, the 

air flow passes relatively parallel to the profiles, which 
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(a) (b) 

Fig. 27 Velocity vectors for the blade 2 type flow concentrator, oriented at +45° at 7 m/s 

 

  
(a) (b) 

Fig. 28 Velocity vectors for the blade 2 type flow concentrator, oriented at +90° at 7 m/s 

 

does not generate a pressure differential and would explain 

why in the graph, Fig. (18), there are no striking changes 

in the static torque of the turbine. 

5. CONCLUSION 

It was possible to improve the self-starting of a 

turbine for small dimensions and low wind speeds. 

To achieve this objective, a study of a Darrieus-type 

turbine was carried out, which is designed under the 

considerations mentioned in (Paraschivoiu, 2002) , and 

serves as a reference point to compare with the new blade 

geometry called “Flow Concentrator”. 

From the CFD simulations and experimental results 

for both turbines, it is concluded that: 

• The same meshing conditions cannot be considered, 

due to the observed and mentioned turbulences. 

• The experimental results show an improvement in the 

starting torque or torque static for the new blade 

geometry called flow concentrator in the four 

azimuthal angle orientations analyzed, having a 

greater impact at 0°, +45° and -45° for low wind 

speeds achieving an improvement between 25% up to 

108%, taking as an average a 65% of improvement 

between the percentages of 25% and 108%, because 

this percentage will change depending on where the 

turbine is oriented with respect to the wind direction. 

• In the middle section formed between the two 

aerodynamic profiles of the blade-type flow 

concentrator, a low-pressure zone is formed, causing 

a greater gradient pressure, which would indicate that 

more wind energy is being used for the same 

maximum dimensions as the reference Darrieus-type 

turbine. 
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• When analyzing the behavior of the velocity vectors, 

it is observed that the air current does indeed pass 

through the channel formed between both profiles for 

both blades, depending on the position it generates 

low-pressure zones that prevent a greater entry of the 

flow, so future research will seek to optimize the 

blades. 

• The channel formed between both aerodynamic 

profiles is of interest to improve the design of the new 

blade geometry that uses a nozzle concept, which 

takes advantage of this negative pressure that proves 

to be an extra impulse and in the same way for future 

research to analyze the effect that it could generate 

with other conditions. 
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