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ABSTRACT: In the present study, a Gorlov Vertical Axis Wind Turbine (VAWT) in small 

dimensions was numerically simulated using the Computational Fluid Dynamics (CFD) method. 

The purpose of this study is to investigate the effect of design and operational parameters  

on the Gorlov VAWT performance. In order to evaluate the efficiency of this turbine, two 

parameters of power and torque coefficients are calculated, and their values are compared  

in the different tip speed ratios (TSR). This paper investigates effective parameters namely inlet 

wind velocity, blade chord length, helical angle, aspect ratio, and blade airfoil profile.  

 The results show that the turbine with V=15(m/s), c =0.25(m), ψ =30(deg), φ= 2.3 increased 

maximum Cp by 75%, 273%, 30% and 250%, respectively. In order to find optimal conditions 

 to achieve a higher value of Cp, the Kriging optimization method is provided. The results of Cp 

show that the highest efficiency of Gorlov VAWT is related to an inlet wind velocity of 15 (m/s),  

the aspect ratio of 2.3, helical angle of 30 degrees, chord length of 0.25 (m), and NACA0018 

airfoil profile at TSR of 1.8. Also, sensitivity analysis indicates that blade chord length and 

helical angle have more effect on mentioned VAWT performance. The Cp and Cm in the mentioned 

conditions are high enough thus it helps self-starting capability.  

 

KEYWORDS: vertical axis wind turbine; Gorlov wind turbine; power coefficient; torque 

coefficient; CFD simulation; tip speed ratio. 

 

INTRODUCTION 

Rising concerns about global warming and pollution of 

the environment have boosted interest in renewable 
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energy. Renewable fuel sources such as wind energy, solar 

energy, hydropower, geothermal energy, and biomass are 
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good alternatives to fossil fuels. In the meantime, wind 

energy in some areas can be the appropriate alternative 

energy and also, in some regions hybrid systems can provide 

claen energy[1, 2]. Significant growth in wind energy  

in 2009 became a world record. This amount increased 

from 37 GWh to 158 GWh[3]. Today, wind turbines are coupled 

with solar panels and fuel cells and have been popular with 

the public by producing electricity with minimal emissions 

and optimal efficiency[4]. Wind turbines are classified  

into different perspectives. One of the most common 

classifications of wind turbines is based on the type of 

rotating shaft. This view divides wind turbines into two 

categories: Vertical Axis Wind Turbines )VAWT) and 

Horizontal Axis Wind Turbines (HAWT) [1]. Today, most 

commercial wind turbines belong to HAWTs. The 

advantages of these types of wind turbines include high 

efficiency and high extractable power[5]. One of the 

disadvantages of HAWTs is their very complex control 

systems which are very expensive and their technical 

analysis requires complex calculations[6]. On the opposite 

side, VAWTs have many advantages; they are not 

sensitive to wind stream direction; therefore, they have a 

simpler structure and do not require a yaw system. Because 

the generator, gearbox, and other major components of the 

turbine can be mounted on the ground, the design and 

construction of the structure become very simple, thus 

reducing the cost of the turbine[7]. The maximum practical 

height is limited because the wind turbine shaft is only 

supported at one end at ground level. Due to their lower 

efficiency, only a small percentage of wind turbines are 

VAWTs. However, they can potentially develop[8]. 

Several types of VAWTs are utilized in the industry, 

including Darrieus, Savonius, and Gorlov turbines, to 

name but a few. The Darrieus wind turbine, known as the 

egg stirrer, was invented in 1931 by George Darrieus. The 

Darrieus consider as a high-speed, low-torque machine 

designed to generate power. Darrieus turbines typically 

require starting torque to start rotating, and it is considered 

one of the disadvantages of this type of wind turbine. This 

turbine operates with the help of lift force [9]. Savonius 

turbine is a VAWT that Sigurd Savonius invented in 1925, 

which works based on drag forceb[10]. This turbine is 

generally composed of two buckets, concave and convex. 

The turbine's operation is such that the wind applies a force 

in its direction to the turbine blades; the reason for the 

rotation of the rotor is that the post-wind force in the 

concave part is more than the convex part. Due to its high 

torque, it is suitable for applications such as pumping 

water from wells[11]. Another advantage of this type of 

rotor is that they do not need initial torque[12]. Many 

design parameters, including the arc angle of the buckets, 

overlap ratio, buckets spacing and shape factor affect the 

performance of this turbine[13]. One of the common 

studies performed is the construction of hybrid vertical 

axis wind turbines. In this method, a Savonius turbine  

is combined with a Darrieus  turbine or even a Gorlov and 

a spiral to increase the overall efficiency and by installing 

the Savonius turbine the initial torque problem is solved. 

This study has been done to optimize performance in 

medium-low wind regimes and result shows that combined 

turbine performance improved in low TSRs[14,15]. 

Another vertical axis wind turbine that is very popular 

today is the Gorlov vertical axis wind turbine, which works 

like a Darrieus  turbine with lift force[16]. Gorlov helical 

turbine was designed in 1995 by Russian researcher 

Alexander Gorlov to reduce the periodically unsteady 

torques compared to the Darrieus type and increase turbine 

efficiency[17]. This power generator was first used  

as a cross-flow water turbine and was used as a tidal turbine 

to extract hydropower from the tidal energy of water 

stream waves[18]. This cross-flow water turbine was also 

used as a water turbine in shallow running water and rivers. 

For example, in India's Mahatma Gandhi hydroelectric 

power plant, Gorlov water turbines were used to generate 

power[19]. The hydrodynamic performance of the Gorlov 

turbine as a water turbine was investigated numerically 

and experimentally in a water tunnel, and the power 

coefficient and torque coefficient were considered.  

The results showed good efficiency for this turbine[20].  

In an numerical simulation nine Gorlov VAWTs with  

the height and diameter of 0.6(m) which was installed  

in shallow water as micro-hydropower system was examined 

and acceptable power was harvested[21]. The most 

important advantage of this turbine is that the unfavorable 

vibration is reduced compared to H-rotor Darrieus VAWT, 

and also self-starting ability improved remarkably[19]. 

Also, a configuration similar to the structure of the Gorlov 

turbine in the path of water pipes was used. The name of 

this cross-flow turbine that worked with a fast flow of 

water inside the pipe was Lucid[22]. A comparison between 

hydrodynamic and geometric parameters of a Gorlov helical 

hydrokinetic turbine and a Lucid spherical turbine  



Iran. J. Chem. Chem. Eng. Akhlagi M. et al. Vol. 42, No. 7, 2023 

 

2288                                                                                                                                                                  Research Article 

has been investigated by adopting experimental and 

numerical approaches; the result indicated that the Gorlov 

turbine was more efficient for marine applications [23]. 

The 3D investigation was performed to determine  

the difference between the straight and helical blade 

accurately, and the result proved that in low TSRs, the helical 

turbine had better behavior [24].Different solving 

methods, namely 2D LES, 2D, and 3D U-RANS,  

were compared, and the 3D-URANS approach was best fitted 

to the experiment results [25]. To solve the starting 

problem in low TSRs, optimal blade weight was considered 

and manufactured by a 3D printer [26]. For this purpose, 

in the construction of the Gorlov turbine, parameters such 

as. Chord length, blade height, helix angle, aspect ratio, 

and airfoil profile were considered[27]. A smooth rotor 

surface significantly enhanced turbine efficiency and 

obtaining pitch angle at the starting point improved 

performance [28]. Experimental tests require special 

facilities and sometimes high costs, so researchers study 

the parameters of various wind turbines using methods and 

numerical modeling, including CFD 2-D or 3-D solutions 

and DMST and MST solutions[29]. For example, the 

DMST solution was performed on a Darrieus turbine 

called Sandia, which was 17 meters height, and the 

extractable power of this turbine at different wind 

velocities was investigated  [30]. DMST solution was also 

performed on a Gorlov turbine, and the effect of different 

geometrical parameters such as helical angle and aspect 

ratio on power and torque coefficients was investigated [17]. 

Also, using the same solution, a parametric study was 

performed on a Darrieus and Gorolv turbine, and their 

efficiency and performance were compared [31]. On the 

other hand, with experimental studies in different wind 

tunnels, it was found that turbulent and wake flows behind 

the turbine significantly affect the efficiency and performance 

of wind turbines [32]. CFD-based solutions and LES-based 

codes have also been shown to model turbulent and wake 

flow behind the turbine, providing more accurate answers 

for efficiency and parametric studies[33, 34]. The effect  

of turbulent flow and turbulence intensity is so important 

and effective that different turbulence models can 

dramatically effective; the results indicate that k-epsilon 

and k-omega models are suitable methods [35].  

An experimental study has been performed to show  

the effects of the wake flow regime behind each wind 

turbine on the array of wind turbines. It has been stated that 

the distance between wind turbines in wind farms should 

be a certain value[36]. In a numerical simulation, two 

VAWT rotors with a certain distance and different 

rotational directions were investigated. The results showed 

that their rotational direction (co-rotating and counter-

rotating) and the wake flow created in the downstream 

section of them significantly affect the Cp values [37]. 

Also, to show the importance of wind velocity in the region 

on the performance of wind turbines, a VAWT was 

evaluated in unsteady wind flow in the wind tunnel, and its 

performance was increased by increasing wind velocity  

at any TSRs[38]. About wind tunnel test, by installing  

a diffuser in the opening of the wind tunnel, the performance 

of the wind turbine was improved, by directing wind flow 

additionally by changing the values of the angles and 

length of the diffuser, an optimal diffuser was provided  

for installation in the exit opening of the wind tunnel [39]. 

Also dynamic stall can effect VAWTs aerodynamic 

performance, in a numerical study by delaying dynamic 

stall, exergy destruction decrease, and subsequently, 

turbine efficiency improved [40] . Different chord length 

and helical angle values were obtained and Cp  of optimal 

geometry was 13.7% greater than base geometry [41]. 

Index of revolution which is the ratio between height and 

pitch of helical blades has been studied and the results 

show that index of revolution of 0.25 gave highest 

generated power [42]. Increasing number of blade from 

two to three remarkably declined tourqe value at all TSRs, 

also increasing number of blade from three to four, further 

reduced tourqe value at low TSRs with constant solidity 

[43]. The results showed that in TSR less than four, 

turbines equipped with blades with larger chords give 

higher power coefficient values however, in high TSRs the 

opposite result is achieved [44]. Also, in a numerical study, 

the dynamic stall, which is caused by massive flow 

separation and the creation of unfavorable vortices on the 

turbine blade, has been reduced by optimizing the chord 

length size and tangential force [45]. Effect of aspect ratio 

and Reynolds number on the performance of a Darrieus 

VAWT was numerically studied and the values of power 

coefficient increased by raising mentioned values[46].  

In another study, changes in the geometry and structure  

of the airfoil were examined and slotted airfoil was used  

to improve performance of a H-type Darrieus [ 47]. Also, 

by making another change in the geometry of the airfoil 

and considering a dimple at the lower edge of the airfoil,  
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Fig.1: Schematic of the 4 blade Gorlov VAWT studied 

 

the performance of the Darrieus  wind turbine was 

improved[48]. Increasing solidity in Darriues VAWT by 

number of blade to 5 showed higher tourqe and power 

values in low TSRs however 2 blade turbine had better 

performance at high TSRs [49]. The effect of airfoil profile 

on the performance and efficiency of vertical axis wind 

turbine for NACA0012 and NACA4415 airfoils was also 

evaluated to determine the best type of airfoil for designing 

a VAWT. It should be noted that a wide range of airfoil 

types for turbine blades can be considered [50]. For information 

and general specifications of airfoils, refer to X-foil 

commercial software which contain useful parameters such 

as lift coefficient and drag coefficient[51]. In helical 

VAWTs such as Gorlov wind turbine the effect of the of 

the helical angle on the performance can be investigated [52]. 

Many studies have worked on optimizing turbines, the main 

purpose of which has been to find an optimal geometry for 

a turbine. One of the common methods has been to use 

genetic algorithms [53]. To optimize airfoils and hydrofoils, 

a combination of genetic algorithm and hierarchical fair 

competition model can be used and their performance can 

be evaluated with conventional airfoils such as 

NACA0012 [54]. Also the influence of artificial 

intelligence on different configurations of Savonius 

turbine blades has been investigated and the best twist 

angle and shape factor for this model have been presented 

through artificial intelligence[55]. Another method that 

has been used to optimize the performance of wind 

turbines has been the Taguchi method in association with 

modified additive model. This method has been used with 

upper and lower deflector to find propper instaltion[56]. 

Another method used to optimize VAWTs is the Particle 

Swarm Optimization (PSO) method, which optimizes 

according to a certain known model (Surrogate model). 

The certain known model is obtained using the Kriging 

method, which can show the optimized Cp in different 

operating conditions[57, 58]. Another optimization 

method is Design Of Experiment (DOE) and the purpose 

of the DOE is to select each design parameter to describe 

the shape design space well. Considering the rather 

negligible number of control points, a factorial method  

is suitable in this approach[59]. In fact for optimization 

with DOE methods, there are optimization techniques 

including Mixture design, Taguchi, and Response Surface 

Methodology, the first one is for formulation, the second 

one is for process conditions, and the third one has 

simultaneous application for process and formulation 

changes[60]. However the RSM method has two 

techniques. One is Central Composite Design (CCD), 

which can simultaneously model and optimize 2 to 9 

factors (independent variable) with a large number of 

responses (dependent variable). The other is Box-Behnken 

Design (BBD), which can model 3 to 7 factors with a large 

number of responses. (dependent variable) models and 

optimizes[61]. 

Regarding the literature mentioned above review, a 3D 

numerical study of the effect of various parameters such as 

wind velocity, blade chord, aspect ratio, helical angle and 

blade airfoil profile on the efficiency of the Gorlov 

VAWT, which is a lift-based turbine and its performance 

is better than a simple straight blade Darrieus VAWT,  

has been rarely investigated. The CFD analysis  

was conducted by finite volume commercial software, 

ANSYS CFX based on the U-RANS equation to evaluate 

the influential parameters. Finally, using the Kriging 

method, which is a reliable approach, the optimal geometry 

and operating condition was selected to aquire highest 

performance. 
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Table 1: Dimensions and specifications of the simulated turbine 
 Quantity Value 

1 Number of blade 4 

2 Profile of blade NACA0018 

3 Length of chord 0.1 (m) 

4 Radius of  rotor 0.21 (m) 

5 Helical angle 70° 

6 Height of blade 0.54 (m) 

7 Wind velocity 9 (m/s) 

8 Rotational speed 55-99 (rad/s) 

9 Solidity 1.9 

10 Swept area 0.23 (m2) 

 

Table 2: Dimensions of the domain or stator 
 Quantity Value 

1 Length of stator 21(m) 

2 Width of  stator 3(m) 

3 Height of stator 5(m) 

 

THEORETICAL SECTION 

Problem description and solution strategy 

In the present study, for numerical simulation, a type 

of Gorlov vertical axis turbine is considered a prototype. 

This turbine consists of four helical blades, and its helical 

angle is assumed to be 70 degrees. In this analysis, the 

arms and shaft are not considered to have more 

concentration on the aerodynamic behavior of the blades 

and facilitate meshing and reduce the calculation time. The 

schematic of the studied Gorlov turbine is given in Fig.1. 

Dimensions and characteristics of turbine and 

geometry are given in Table 1. 

In this numerical simulation, a large rectangular cube 

is considered a computational domain called the stator. 

The dimensions of the comparative domain or stator are 

given in Table 2. 

 

Fluid mechanics, aerodynamic, and turbulence flow  

equations 

In CFD analysis, the Navier-Stokes equation simulates 

the flow around the Gorlov turbine rotor. In this section, 

Reynolds averaging is used, and the speed is divided into 

two terms, 𝑢̅ and 𝑢, which are called the average term and 

the fluctuating term. Also, equations 3 and 4 represent the 

Unsteady Reynolds Average Navier Stokes (URANS)[29]. 

𝑢 =
1

𝑇
∫ 𝑢(𝑡)𝑑𝑡

𝑇
[29] (1) 

𝑢′ = 𝑢 − 𝑢 [29] (2) 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 [29] (3) 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕2𝑥𝑗
2 − 𝑢𝑗

′ 𝜕𝑢𝑖
′

𝜕𝑥𝑗
 [29] 

(4) 

Where u is the velocity of fluid flow  (m/s) component, x is 

the direction (m) component, p is pressure (Pa), and ρ 

(kg/m3) is the fluid density.  

Turbulent flow equations are another fundamental 

governing equation that is very important and remarkably 

impacts CFD modeling and solving. Two turbulence 

equation models have been widely used over the years 

and have been accepted as a suitable compromise 

between accuracy and computational cost. These two 

models are called k-ε and k-ω. Both models use the 

Boussinesq assumption shown in Eq. (5) for Reynolds 

stresses [62]. 

𝜏𝑖𝑗 = 2𝜇𝑡 (𝑆𝑖𝑗 −
1

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) −

2

3
𝜌𝑘𝛿𝑖𝑗  [62]  (5) 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) [62]  

(6) 

The k-ε model was used in this study. One of the 

advantages of using this model is the reduction of 

computational costs for modeling turbulent flows. Also, 

this approach is widely used for modeling the flow around 

turbomachines. Additionally, the k-ε equations for 

applications near wall regions are suitable [63]. Finally, 

this turbulence model has the capability of predicting 

boundary layer separation and capturing dynamic stall, 

which are important features to indicate Gorlov turbine's 

advantage over straight-blade turbines [45]. These models 

are based on transport equations for the turbulence kinetic 

energy, k, and its dissipation rate ε. The model uses the 

following transport equations: 

𝐷𝑘

𝐷𝑡
=

1

𝜌

𝜕

𝜕𝑥𝑘
[

𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑘
] +

𝜇𝑡

𝜌
(

𝜕𝑈𝑖

𝜕𝑥𝑘
+

𝜕𝑈𝑘

𝜕𝑥𝑖
)

𝜕𝑈𝑖

𝜕𝑥𝑘
− 𝜀 [62] (7) 

𝐷𝜀

𝐷𝑡
=

1

𝜌

𝜕

𝜕𝑥𝑘
[

𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑘
] +

𝐶1𝜇𝑡

𝜌

𝜀

𝑘
(

𝜕𝑈𝑖

𝜕𝑥𝑘
+

𝜕𝑈𝑘

𝜕𝑥𝑖
)

𝜕𝑈𝑖

𝜕𝑥𝑘
− 𝐶2

𝜀2

𝑘
[62] (8) 

The turbulent viscosity is assumed from the below 

equation: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
 [62] (9) 
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Table 3: values and constants of the RNG k-ε model [35] 

𝐶𝜇 𝐶𝜀1 𝐶𝜀2 𝜎𝑘  𝜎𝜀  

0.0845 1.42 1.68 0.7194 0.7194 

 

The other parameters of the above equation are 

obtained from Table 3. 

After understanding the equations related to turbulent 

flow modeling and U RANS, the governing equations of 

the Gorlov wind turbine model and the mathematical 

relations that can be used to study its performance and 

efficiency are considered. For vertical and horizontal axis 

wind turbines, the tip speed ratio is defined as the ratio 

between the rotation (ω) of the blade tip and the actual 

wind speed (Vw). The following mathematical relation is 

established for the tip speed ratio if the tip velocity is 

exactly equal to the wind velocity [29]. 

𝑇𝑆𝑅 =
𝑅×𝜔

𝑉𝑤
 [29] (10) 

Where R(m) is the radius of the turbine rotor, 

ω(rad/s) is the rotor angular velocity, and Vw(m/s) is the 

inlet wind velocity. 

Another operating parameter is the overall torque  

of the turbine, which results from a complete rotation  

of the blade [29]. Two other important parameters for wind 

turbines are power coefficient (Cp) and torque coefficient 

(Cm), which are appropriate criteria for checking the 

turbine's efficiency. 

𝐶𝑝 =
𝑃

0.5×𝜌×𝐴×𝑉𝑤
3 [64] (11) 

𝐶𝑚 =
𝑇

0.5×𝜌×𝐴×𝑅×𝑉𝑤
2 [64] (12) 

Where ρ (kg/m3) wind densities, Vw (m/s) is wind 

speeds entering the turbine, T (N.m) is turbine torque, P (W) 

is the extractable power, and A (m2) is the swept area.  

The swept area is calculated from the following 

equation[64]. 

𝐴 = 𝐷 × 𝐻 [64] (13) 

Where D(m) is rotor diameter and H(m) is turbine height. 

The following mathematical relation is also assumed 

between the extractable power and the turbine torque. 

Equation 14 also shows the relation between the number 

of turbine rotations and the angular velocity[64]. 

𝑃 = 𝑇 × 𝜔 [64] (14) 

𝑁 =
30×𝜔

𝜋
 [64] (15) 

Where N(rpm) is the number of turbine rotation. 

The aspect ratio that is considered for the design of 

vertical axis wind turbines is defined as a mathematical 

equation. This mathematical relation indicates that the 

aspect ratio depends on the height and radius of the 

turbine rotor. 

𝜑 = 𝐻/2𝑅[31] (16) 

Another critical parameter in the design of wind 

turbines is called solidity. This quantity depends on the 

number of turbine blades, chord length, and radius. This 

quantity is defined as follows. 

𝜎 = 𝑛𝑐/𝑅 [31] (17) 

In this equation, n is the number of blades, and c(m) is 

the blade chord length. 

 

Numerical modeling and simulation 

 Model design, meshing, and boundary condition 

The geometries mentioned in Figs. 1 and 2 are coupled 

for numerical modeling. The turbine is inside a computing 

domain that can be the test section of a wind tunnel or an 

open region. The turbine and the computing domain have 

been grided. Meshing is done in ANSYS Meshing 

software. For generating mesh an unstructured grid was 

chosen for both rotor and stator. Also, the all triangles 

method was used for the rotor and stator domains. In order 

to more precise CFD results and to capture the effects of 

flow separation around the leading and trailing edges of 

blades, a suitable grid size and boundary layer mesh, which 

contains 8 layers with a growth factor of 1.1, were adopted. 

And as the k-epsilon turbulence model has some problems 

in flow behavior prediction around blades, the accurate 

boundary layer mesh prepare acceptable y+ value which 

helped to gain more accurate CFD results and flow 

behavior prediction around blades. The meshed geometry 

is then entered into the finite volume analysis software 

ANSYS CFX. At this stage, the boundary and initial 

conditions for analysis are defined. For the boundary 

conditions governing the problem, the front side of the 

rectangular cube is considered the system wind flow; thus, 

it is defined as the boundary condition of the velocity inlet 

and inlet velocity of 9(m/s) was considered as initial 

condition. Other sides of the rectangular cube are regarded  
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Fig.2: Rotor and Stator set with boundary conditions 

 

 
Fig.3: Cp values obtained with CFD solution compared with 

the results of the experimental study 

 

as the opening condition in which air flows out, and 

because that is far from the turbine, and in these areas 

that are in direct contact with the free airflow, a pressure 

of 1 atmosphere is considered. Also, based on the inlet 

velocity value and the dimensions of the prototype, 

Reynolds number is 60000; therefore turbulent flow 

regime is adopted for this simulation. The interfaces 

were defined between rotor and stator. Fig.2 shows the 

rotor and stator assemblies. The black arrows are for the 

velocity inlet condition, and the blue arrows are for the 

opening condition. 

Also, as the position of rotor changed in different 

time steps, in this 3D simulation transient approach has 

been adopted. The high resolution selected for 

advection scheme and second order backward Euler 

adopted for transient scheme with RMS convergence 

criteria for solver settings. 

 

Validation and grid independence 

After meshing and applying the boundary conditions, 

it is essential to validate the designed model and the 

numerical analysis with an experimental study that has 

already been done. For this purpose, an experimental study 

performed on a four-blade Gorlov turbine is selected. This  

 
Fig.4: Cp values at the tip speed ratio of 1.17 in different grids 

 

experimental test was performed inside a wind tunnel with 

an inlet velocity of 9 m/s, according to the considered 

TSRs and the inlet wind velocity in the study of Cheng et 

al. [25]. And considering equations 10 and 15, the value of 

angular velocity ω (rad /s) and the number of rotations N 

(rpm) were obtained. The software must give these values 

calculated for five different TSRs to enable the analysis 

and calculation of extractable power. By knowing the 

amount of wind turbine output power and using Equation 

11, the amount of Cp can be calculated.  

The number of rotations and the angular velocity were 

determined at five different TSRs. With the help of data 

extracted from software and numerical analysis performed 

on the turbine, the amount of power that can be extracted 

for each of these five modes is obtained by  using 

mathematical equation 11, which was proposed to 

calculate the power coefficient; these critical coefficient 

values are calculated in each of the five modes and then 

compared with the results obtained from the experimental 

study. The comparison results for Cp is shown in Fig.3. 

As shown by the results in Fig.3, the study results and 

numerical simulation show acceptable agreement with the 

experimental study and the maximum error value was 

evaluated about 5%, so the method of numerical analysis 

is considered reliable. Another essential step that has been 

taken for the validity and of the solution is the grid 

independence solution. For performing this study, the Cp 

values in different grid numbers are evaluated at an 

arbitrary angular velocity and TSR. The number of grids 

considered for the four different modes was 2.6, 3.6, 4.6, 

and 5.6 million, and the value of the Cp in the tip speed 

ratio of 1.17 and angular velocity 50 (rad/s) in these four 

modes was investigated. The results can be seen in Fig.4. 

As shown from the diagram in Fig.4, the values 

obtained for Cp are not significantly different in four 
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different cases, so the numerical solution does not depend 

on the number of meshes. From this perspective, numerical 

simulation is acceptable. 

 

RESULTS AND DISCUSSION 

In this section, the results obtained from turbine 

simulation are analyzed. As mentioned, several parameters 

are effective in the performance and efficiency of wind 

turbines. Some of them are considered in this study and are 

analyzed numerically. The prevailing wind speed of the 

region, helical angle, the chord length, which is effective 

in the solidity of the turbine, and the aspect ratio depends 

on the changes in radius and height are examined. 

 

Effect of prevailing wind speed  

The performance and efficiency of wind turbines are 

highly dependent on the system's wind speed. And with 

different values of wind flow speed, turbine efficiency will 

also change. Therefore to show the effect of wind speed on 

turbine performance, the mentioned Gorlov wind turbine 

was evaluated under three different wind speeds of 9(m/s), 

12(m/s), and 15(m/s). The value of TSR is considered 

constant, and the input wind speed is regarded as a variable 

in five different TSRs. Obviously, according to equation 

10, the value of angular velocity and the number of turbine 

rotations will be changed due to the constant radius of the 

rotor and TSR. It is noteworthy that with increasing wind 

speed and paying attention to not changing the radius and 

TSR, the values of angular velocity and number of 

rotations increase significantly. 

Such as the validation section was analyzed in CFX finite 

volume analytics software. After numerical simulation,  

the power and torque coefficient values in specific TSRs  

were calculated at inlet wind speeds of 12(m/s) and 15(m/s)  

and compared with the results related to the input wind speed 

of 9(m/s), which had been previously calculated. The results  

of comparative graphs related to the values of Cp and Cm  

at different wind speeds are presented in Figs. 5 and 6. 

As can be seen from Figs. 5 and 6, as the input wind 

speed increases from 9 (m/s)to 12 (m/s) and then 15 (m/s), 

the values for Cp and Cm increase. It should be noted that 

the two parameters, Cp and Cm, indicate the efficiency and 

performance of wind turbines. On the other hand, both 

forms indicate that the values of Cp and Cm do not always 

increase with increasing TSR, or in other words, with  

the increasing number of rotations, and from a certain  

 

Fig.5: Cp Values at different wind speeds 

 
Fig.6: Cm Values at different wind speeds 

 

onwards, the amount of efficiency decreases.  

As a result, to design a wind turbine, one design point  

is considered optimal operating conditions. In the above 

turbine and the existing operating conditions, the 

maximum efficiency of the turbine is obtained in TSR 

= 1.8 . It is clear from Fig.5 that the maximum value of 

Cp,which is related to the wind speed of 15)m/s), is 

about 0.43, which was 75% higher than Cp value of  

Vw=9(m/s). Also, the highest value of Cm was related  

to wind speed 15(m/s), which occurred at TSR= 1.8,  

and its value was calculated to be equal to 0.068. Finally, 

considering the power coefficient values, it should be noted 

that the efficiency difference in low TSRs is not 

significantly Sensible. Still, with the increase of TSR,  

this difference in efficiency due to the rise in the inlet  

wind speed becomes more visible. To illustrate flow 

behavior around Gorlov VAWT contour plots are given  

in Fig.7. 

Based on Figure7, as clearly seen by increasing inlet 

velocity, wake flow and low-velocity regime around 

blades decreased, and blade-to-blade interaction, which 

highly affects turbine power generation ability, reduced 

significantly. Additionally, the wake flow regime in the  
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Fig.7: Velocity contour plots for different prevailing wind speed values 

 

 
Fig.8: Cp values at different blade chords 

 

rotor downstream section declined significantly. Also,  

the turbine with lower inlet velocity caused the formation 

of flow stagnation at the upstream zone, resulting in the 

turbine's lack of access to a clear flow stream, and high-

velocity regions near blade edges were more remarkable 

when the inlet velocity value grew. 

 

 Effect of blade chord length 

As mentioned earlier, the solidity of turbine blades 

significantly affects wind turbine efficiency. Considering 

the mathematical equation 17, this parameter depends on 

the values of chord length and the number of blades. In this 

section, the effect of changing the values of blade chord 

length on power and torque coefficients and its impact on 

the efficiency and output power of the turbine is 

investigated. The chord length is changed from 0.1(m) to 

0.25(m); consequently, the solidity value increases from 

1.9 to 4.8. Other relevant and effective parameters such as 

tip speed ratio and inlet wind speed, are assumed to be 

constant. The results obtained for the power and torque 

coefficients values in different TSRs concerning chord 

length changes are shown in Figs. 8 and 9.  

 
Fig.9: Cm Values at different blade chords 

 

As it is clear from the results, the amount of power 

and torque coefficients have increased remarkably with 

increasing the length of the chord. The maximum values 

of Cp and Cm again are obtained at TSR = 1.8, and their 

values are calculated to be around 0.462 and 0.098, 

respectively corresponding to the chord length of 

0.25(m), which was 273% higher than Cp value of  c 

=0.1(m). Also, this analysis applies to small-sized 

turbines with low TSRs (less than 4), and in this case, 

wind flow involved with a larger cross-section of the 

turbine blades, which has resulted in higher wind 

turbine efficiency. Also, with increasing chord length 

and increasing Cp and Cm values in small TSRs, it is 

determined that with increasing chord length, the 

amount of initial torque for self-starting decreases, 

which in turn improves the optimal design of a vertical 

axis wind turbine. To illustrate flow behavior around 

Gorlov VAWT contour plots are given in Fig.10. 

Regarding Fig.10, low-velocity area and wake flow 

regime between blades decreased significantly in the 

turbine with higher blade chord length; however, wake 

flow in the downstream section and around the turbine is 
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Fig.10: Velocity contour plots for different chord length values 

 

 
Fig.11: Cp Values at different helical angles 

 

more intensive in configuration with c=0.1. Additionally, 

the turbine's high-speed area near blade walls was more 

substantial, with c=0.25(m). Taken together, favorable 

flow distribution between blades in the rotor with higher 

chord length was more visible. 

 

Effect of helical angle 

In this section, the helical angle of the Gorlov vertical 

axis wind turbine blades was changed to investigate its 

effect on the power and torque coefficients, and a suitable 

helical angle was provided for the design of the four-

bladed Gorlov wind turbine. All values related to boundary 

conditions and geometric detail except the helical angle  

are considered constant. To analyze the effect of blade 

helical angle on the performance of the vertical axis wind 

turbine in this phase of numerical simulation, two helical 

angles of 30 and 110 degrees were examined next to the 

initial state. The results of the numerical solution for Cp 

and Cm at each helical angle are shown in Figs. 11 and 12.  

 
Fig.12: Cm Values at different helical angles 

 

The numerical simulation results, shown in Figs. 9 

and 10, show that the maximum Cp and Cm were related 

to the helical angle of 30 degrees, which is equivalent to 

0.151 and 0.031, respectively; which was 30% higher 

than Cp value of  ψ =70(deg). Therefore, it can be claimed 

that the optimal helical angle in the existing operating 

conditions for the Gorlov turbine was the helical angle  

of 30 degrees. With the increase of this design parameter, 

the efficiency of the mentioned turbine has decreased.  

On the other hand, due to the more favorable values of Cp 

and Cm in low TSR in the case where the helix angle had 

its minimum value, it is assumed that the initial torque 

for self-starting was less than the other two modes.  

To illustrate flow behavior around Gorlov VAWT 

contour plots are given in Fig.13. 

Based on Fig.13, lower wake flow is obtained by  

the higher helical angle between the blades. However,  

the turbine with ψ =30 (deg) has the ability to produce 

more power due to its geometric proximity to a turbine  
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Fig.13: Velocity contour plots for different helical angle values 

 

 
Fig.14: Cp Values at different aspect ratios 

 

with straight blades. It is also essential to consider the 

limitation of high helical angle turbine construction and 

operation condition. 

 

 Effect of aspect ratio 

In this section, the aspect ratio parameter has been 

studied, the value of which has been calculated from the 

mathematical relation 16. Changing this parameter has 

required changes in the height and radius of the turbine. 

However, it is necessary to assume the turbine's swept area 

to be constant to calculate different aspect ratios. 

According to this assumption, the appropriate radius  

and height values were calculated for the new aspect ratios. 

In this study, the initial aspect ratio value, according  

to the geometric information in Table 1, is equal to 1.3. 

Subsequently, the values of 1.8 and 2.3 were considered 

according to the mentioned assumption to evaluate  

the effects of the aspect ratio on the turbine efficiency.  

For numerical analysis and simulation, fixed TSR values 

are considered, so according to the new radius, the values 

of angular velocity (rad/s) and the number of rotations (rpm) 

change. It should be noted that the radius and height   

 
Fig.15: Cm Values at different aspect ratios 

 

obtained for φ = 1.8 are equal to 0.188(m) and 0.644(m), and 

for φ = 2.3 are equal to 0.158(m) and 0.728(m), while other 

geometric parameters, as well as boundary conditions, remain 

unchanged. The results obtained for Cp and Cm in each aspect 

ratio were shown in Figs. 14 and 15. 

The results from numerical simulations showed that the 

power and torque coefficients increased significantly with the 

aspect ratio. The highest values of Cp and Cm were related to 

φ = 2.3, which were 0.483 and 0.076, respectively, which was 

250% higher than Cp value of  φ= 1.3. Also, in TSR = 1.8, 

maximum values for power and torque coefficients have 

occurred. Therefore, as a result, the turbine will have better 

performance with the increasing aspect ratio. Considering  

the increase of these two crucial coefficients in low TSRs, 

 it can be concluded that the turbine needs less initial torque 

to start. The increase in efficiency and performance improvement 

in the Gorlov turbine is due to the increase in aspect ratio  

in small TSRs (less than 4) and small samples. As a result, 

efficiency increases due to aspect ratio may not occur in large-

scale turbines operating at high speeds. To illustrate flow 

behavior around Gorlov VAWT contour plots are given  

in Fig.16. 
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Fig.16 Velocity contour plots for different aspect ratio values 

 

 
Fig.17: Cp Values at NACA airfoil profiles 

 

As shown in Fig.16, the higher aspect ratio increases 

the turbine's height, which causes more turbine blade area 

to be involved with the incoming wind flow, improving 

turbine performance. However, it causes trapping wake 

flow between the rotor because of the lower rotor diameter. 

As the aspect ratio increases, the solidity of the turbine will 

increase, which will help turbine performance. It should be 

noted that high aspect ratio turbines have manufacturing 

considerations and mechanical limitations. 

 

 Effect of airfoil profile 

The last section investigates the effect of airfoil 

profiles on the performance and efficiency of the Gorlov 

turbine. For this purpose, two airfoil profiles, NACA0015 

and NACA0012, and NACA0018, which were initially 

used as blade profiles, were numerically simulated.  

The results obtained for power and torque coefficients  

are shown in Figs. 17 and 18. 

The results showed that the performance and efficiency 

of the Gorlov turbine were minimal when the NACA0012 

airfoil profile was selected for the design and the values of 

Cp and Cm were equal to 0.009 and 0.0012, respectively. 

Due to the small values of Cp and Cm in the initial TSRs, it 

 
Fig.18: Cm Values at NACA airfoil profiles 

 

can be concluded that the mentioned Gorlov turbine with 

the NACA0012 airfoil profile requires high initial torque 

for self-starting, which indicates that the NACA0012 

airfoil profile should not be chosen for designing. To illustrate 

flow behavior around Gorlov VAWT contour plots are given 

in Fig.19. 

Based on Fig.19, there is no significant difference  

in wake flow between the different airfoils. However, the 

turbine with NACA 0018 profile has a higher thickness 

which results in the increased power production of the 

turbine. Furthermore, the wake in the downstream section 

of the rotor with NACA0012 airfoil profile was slightly 

more intensive than in other configurations. Also, 

unfavorable flow separation, which affects turbine 

performance at the leading edge of the blade, was more 

significant than rotor with the NACA0018 and 

NACA0015 airfoil profiles. 

 

OPTIMIZATION            

For the optimization process, the experiment needs  

to be designed first. Since the experiment was pre-designed  

and the effect of various parameters was investigated,  

The DOE method was set to the custom mode. Following this,  
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Table 4: Goodness of fit 

Model Coefficient of Determination Root Mean Square Error 

Kriging 1 5.4758e-9 

 

  
Fig.19: Velocity contour plots for different NACA airfoil profiles 

 

 
Fig.20: Cp based on TSR and different aspect ratios 

 

in the response surface section, different approaches were 

tried. According to the examination of the existing errors, 

the Kriging method with variable Kernel variation type 

was the best and most optimal mode. 

 All the parameters examined numerically to perform 

the optimization process are considered. However, since 

the NACA0018 airfoil profile has had the best 

performance in any different operating conditions, the 

impact of the type of airfoil profile has been omitted . 

Subsequently, various diagrams were obtained based on 

the Kriging method, which is shown in Figs. 20 to 23. 

According to the above diagrams, the best power 

coefficient was illustrated at about 0.486. 

 
Fig.21: Cp based on TSR and different chord lengths 

 

 
Fig.22: Cp based on TSR and different helical angles 
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Fig.23: Cp based on TSR and different inlet velocities 

 

 

 
Fig.24: Local sensitivity 

 

The sensitivity coefficient of the parameters was 

obtained, and that is shown in the below pie chart.  

Looking at Fig.24, the chord length has the highest, and 

the helical angle has the most negligible effect on the 

power coefficient of the turbine at 28% and 4.88%, 

respectively. This means that in the examined geometry, 

the effects of changes in the chord length design parameter 

values have significantly changed the performance and 

efficiency of the turbine. On the other hand, changes in the 

helical angle values have less effect on the results of the 

turbine efficiency and Cp. As a result, the investigated 

turbine is sensitive to the chord length and should be given 

more attention during design. 

Finally, the optimal operating conditions were determined 

after the optimization process with the mentioned method, 

which are given in Table 5. 

The optimal geometry was implemented in SolidWorks 

designing software. Then it was imported to Ansys Meshing, 

Table 5: Operating Conditions of The Optimal Geometry 
 

Quantity Value 

1 Aspect Ratio  2.2976 

2 Chord Length 0.2495 (m) 

3 Velocity Inlet 14.9140 (m/s) 

4 Helical Angle 31.0690° 

5 TSR 1.8907 

6 Airfoil  Profiles NACA0018 

 

and the appropriate mesh was created, and then it  

was simulated in Ansys CFX. After that, the power 

coefficient was calculated at 0.486, which was 305% 

higher than the previous configuration. 

Also, in order to determine the effect of the varying 

parameters over the performance of the system and 

whether they are significant or insignificant, analysis  

of variance (ANOVA) was also performed. The results  

 

of ANOVA are shown in Table 6. 

In Table 6, first row is the analyzed parameters namely 

inlet velocity, blade chord length, helical angle, aspect 

ratio and blade airfoil profile and cases represent different 

values of each parameter. Regarding the details of Table 6, 

as F is larger than Fcrit and P is smaller than 0.05, the individual 

parameters and the cases and their interactions are the influential 

factors on the Cp, and the test is significant. Also as P is much 

smaller than 0.05, the mathematical results are valid. 

 

CONCLUSIONS 

In this study, a numerical solution and simulation based 

on computational fluid dynamics methods were performed 

on the design parameters namely inlet wind velocity, blade 

chord length, helical angle, aspect ratio, and blade airfoil 

profile of a small-scale Gorlov vertical axis wind turbine 

using CFX finite volume software. The effect of these 

sensitive geometric and operational parameters on the 

performance and efficiency of Gorlov VAWT was done by 

calculating and studying the two parameters of power  and 

torque coefficient and the diagram of these two dimensionless 

coefficients in terms of TSR was drawn in the simulation 

stage. It should be noted that all numerical simulations, 

mesh independent solutions, and validation of the results 

were performed with data based on the experimental study, 

which showed the appropriate accuracy of the simulation. 

In this article, the use of the Kriging optimization 

method, which is one of the most reliable optimization 
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Table 6: ANOVA for simulating the CFD numerical results 

Source of variation SS df MS F P-value F crit 

Parameters 0.214204 4 0.053551 8.683081 1.35E-05 2.525215 

Cases 0.91079 2 0.45539 7.384012 0.001359 3.150411 

Interactions 0.153346 8 0.019168 3.10805 0.005302 2.096968 

Within 0.370037 60 0.006167 - - - 

Total 0.828666 74 - - - - 

approaches, determined the optimal geometrical and 

operating conditions based on the obtained CFD results for 

the prototype, which is an innovative design of the H-rotor 

VAWT. In addition, the sensitivity of the studied geometry 

to mentioned design parameters has explained. 

The main conclusions and summary of the study are  

as follows : 

• The first operational parameter that was evaluated was 

the effect of inlet wind speed on the efficiency of the 

Gorlov wind turbine. For this purpose, the impact of 

three inlet wind speeds of 9(m/s), 12(m/s), and 15(m/s) 

on Cp and Cm was investigated. The results showed that 

by increasing the inlet wind speed, the power and torque 

coefficients increase significantly, increasing efficiency 

and improving the turbine's performance. Also, with 

increasing wind speed, the initial self-starting of  

the turbine became more proper. 

• Another parameter whose effect on the performance of 

the Gorlov turbine was studied was the chord blade 

length, which affects the rotor blade's solidity. For this 

purpose, three different chord lengths of 0.1(m), 0.2(m), 

and 0.25(m) were examined. The results showed that Cp 

and Cm increased with increasing chord length, 

indicating that in small-scale Gorlov turbines, efficiency 

increases with increasing chord length. Self-start 

condition also has improved with increasing Cp and Cm. 

Finally, this performance improvement applies to low 

TSRs in small-scale turbines operating at low rotations. 

• Another design parameter that was evaluated was the 

Gorlov turbine winding angle. Three different helical 

angles of 30°,70°, and 110° were examined for this step. 

The results showed that the turbine's efficiency 

decreased with increasing helical angles at an angle of 

30° degrees, where Cp and Cm values are higher in low 

TSRs. The initial torque required for self-starting is less. 

 

• Another important parameter that was considered to 

evaluate the efficiency of wind turbines was the 

aspect ratio. The radius and height of the rotor were 

changed according to the constant value of the swept 

area. Therefore values of 1.3, 1.8, and 2.3 were 

assumed as aspect ratios. The results showed that in 

the small-scale Gorlov turbine studied, the Cp and Cm 

values increased with the rising aspect ratio, and the 

turbine performance improved. According to the 

results, the turbine started with less initial torque, and 

the regular behavior increases Cp and Cm when the 

turbine is operating at low TSRs. 

• The last parameter that was numerically simulated  

was comparing the performance and efficiency of three 

different airfoil profiles, NACA0012,  NACA0018,  and 

NACA0015. The results showed that the NACA0018 

airfoil has the highest efficiency.  

• In the reference article [25], the highest power 

coefficient was evaluated at 0.116; in this section was an 

attempt to optimize it and obtain a higher power 

coefficient. Due to the change of various parameters and 

the optimization process, the best possible geometry was 

obtained. Its power coefficient was equal to 0.486. This 

value was calculated due to a numerical simulation, and 

the Also as all of the numerical and CFD simulations, 

which are based on the U-RANS equations, there is 

some lack of predictions specially in low Reynolds 

number flow regimes and that is suggested to study the 

aerodynamic performance of Gorlov turbine with more 

complicated and accurate approaches like LES method 

or experimentally in a low-speed wind tunnel. In 

addition, to enhance the self-starting capability of this 

lift-based turbine, it can be coupled with Savonius drag-

based turbine in further studies. 
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Nomenclature 

Symbols  

V Inlet flow velocity (m/s) 

N Number of rotation (rpm) 

M Torque (N.m) 

P Output power  (W) 

R Rotor radius (m) 

H Rotor height (m) 

A Swept Area (m2) 

Cp Power coefficient 

Cm Torque coefficient 

c Blade chord (m) 

n Number of blades 

Greek  

µ Viscosity (Pa.s) 

ψ Helical angle 

ω Angular velocity (rad/s) 

ρ Density (kg/m3) 

φ Aspect ratio 

σ Solidity 

  

Subscript  

t Turbulence 

w Wind flow 

Abbreviations 

VAWT Vertical axis wind turbine 

HAWT Horizontal axis wind turbine 

CFD Computational fluid dynamic 

DMST Double multi-stream tube  

URANS Unsteady Reynolds averaged Naive Stokes  

TSR Tip speed ratio 
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