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ABSTRACT 

 

In this work is performed a numerical study of the main operational principle of a VAWT 

(Vertical Axis Wind turbine) and the influence of the distance between two aligned turbines over 

their power coefficient. The main aims here are to evaluate the applicability of the numerical 

model studied here in further optimization studies of VAWT and evaluate the effect of the 

distance between turbines (d) on the device power coefficient. To achieve these goals, it is 

considered an incompressible, transient and turbulent flow on a two dimensional domain with 
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two fluid zones, one being rotational representing the rotation of the blades. The time-averaged 

mass conservation equations and momentum are numerically solved using the finite volume 

method, more precisely with the software FLUENT. For the approach of turbulence is used to 

classical modeling of turbulence (RANS) with standard model k - ε. Other geometric parameters: 

turbine radius (R), the airfoil profile (NACA0018) and chorus were held constant. The 

verification results showed a good agreement with those presented in the literature, even 

employing a simplified domain. It was also observed that the distance (d) directly affects the 

power of the second turbine. For the best case, with d =10m, the downstream turbine showed an 

approximate 50% drop in power coefficient in comparison with that obtained for the upstream 

turbine. While in the worst case, with d =2m, the power coefficient for the downstream turbine 

decreased two hundred times in comparison with that achieved for the upstream one. It was also 

noted that there is a great possibility of disposal area optimization of turbines in future studies. 

 

Keywords: Vertical Axis Wind turbine, Numerical study, Power coefficient, turbine distance. 

 

INTRODUCTION  

 

The search for solutions that meet the current energy demand, comply with 

environmental laws and not interfere with the natural flow of the environment has been a major 

challenge for researchers and companies operating in the energy sector. Renewable energy 

sources are, measures used in order to have a power production with minimal environmental 

impact possible. A very important alternative is wind energy. The global wind energy potential is 

classified by an atlas where there are several regions that hold large concentrations of winds, and 

they own locations for the installation of wind farms aimed at energy production in commercial 

levels. 

Wind turbines have been historically known to be mounted in open rural areas. 

However, in recent years, there has been an increasing interest in the deploying these turbine in 

urban areas. The  chief objective is to generate energy on site there by cutting cables cost and 

reducing transmission loses (Mertens, 2006). Horizontal Axis Wind Turbines (HAWTs) have 

long been utilized in large-scale wind farms, for they are known to be more efficient than 

VAWTs insteady winds. Small scales HAWTs have also been increasingly implemented in built 
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environments. However, various recent studies have shown that Vertical Axis Wind Turbines 

(VAWTs) perform better in urban areas when compare to HAWTs (Mertens, 2006; Ferreira et al., 

2007; Hofemann et al., 2008; Stankovic et al., 2009). These advantages are mainly due to various 

reasons, the most important fact is the VAWTs’ ability to work in a multidirectional flow of wind 

that could continuously change in residential areas. Unlike HAWTs, VAWTs do not need a yaw 

control mechanism and  respond instantly to change in wind speed and direction, which in turn 

makes them more efficient in turbulent flow regions (Elkhoury et al., 2015). 

These studies show the importance of the study related to the constructive type of each 

generator, taking into account characteristics that directly affect the production of energy. Use 

among residential, especially if used in conjunction with other renewable energy sources such as 

solar energy, represents a technological breakthrough for the region. Remember that the 

distribution of winds in residential environments is not uniform, i.e., there is a frequent change of 

direction and intensity, with the same suitable for implementing a VAWT. Studies have been 

conducted in relation to VAWTs, numerically and experimental. 

Elkhoury et al.(2013)  assessed  the influence of various turbulence models on the 

performance of a straight blade VAWT utilizing a two-dimensional CFD analysis. With similar 

experimental and computational setup to the currently considered test cases, over-estimations of 

power coefficients were predicted by fully turbulent models, as scenario that was considered to 

be due to laminar– turbulent transition. 

Lee and Lim (2015) studied the performance of a Darrieus-type vertical axis wind 

turbine (VAWT) with the National Advisory Committee for Aeronautics (NACA) airfoil blades. 

The performance of Darrieus-type VAWT can be characterized by torque and power. Various 

parameters affect this performance, such as chord length, helical angle, pitch angle, and rotor 

diameter. To estimate the optimum shape of the Darrieus-type wind turbine in accordance with 

various design parameters, they examined aerodynamic characteristics and the separated flow 

occurring in the vicinity of the blade, the interaction between the flow and the blade, and the 

torque and power characteristics derived from these characteristics. The results showed that the 

use of the longer chord length and smaller main diameter (i.e., higher solidity) increased the 

power performance in the range of low tip-speed ratio (TSR). In contrast, in the high TSR range, 

the short chord and long-diameter rotors (i.e., lower solidity) performed better. 
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The main aims in the present simulation are to evaluate the applicability of the 

numerical model studied here in further optimization studies of VAWT and evaluate the effect of 

the distance between turbines (d) on the device power coefficient, for that ,it is considered an 

incompressible, turbulent and unsteady flow, using a rotational grid for simulates the turbine 

rotor. The simplified domain is chosen due to the large number of required simulations for the 

complete optimization of the problem. The time-averaged conservation equations of mass, 

momentum are numerically solved using the Finite Volume Method (FVM), more precisely the 

CFD software FLUENTTM (Patankar, 1980; Versteeg e Malalasekera, 2007). To tackle with 

turbulence it is used the Reynolds Averaged Navier-Stokes (RANS) classical modeling which 

consists in the application of a time average operator in the conservation equations of mass, 

momentum (Wilcox, 2002). To solve the closure problem of the time-averaged equations it is 

employed the standard k – ε model (Launder e Spalding, 1972). 

 

MATERIALS AND METHODS 

 

GAMBIT® was used to compute the computational domain, geometry and meshes of the 

present work. 

The simplified domain is chosen due to the large number of simulations required for a 

complete optimization of the problem. The conservation equations are solved numerically using 

the finite volume method (FVM), more precisely FLUENT® software (Patankar, 1980; Versteeg 

and Malalasekera, 2007). In order to deal with the turbulence, a classical Reynolds Navier-Stokes 

(RANS) model, which consists of a mean time operator in mass conservation and momentum 

equations (Wilcox, 2002), is used. To solve the problem of closing the equations, the standard k-ε 

model is used (Launder and Spalding, 1972). 

 

Computational domain 

 

The dimensions of this domain are described in Fig. 1. The case configurations is similar 

to those studied in Elkhoury et al. (2015) which used a length 11 times the diameter of the rotor. 

The inlet boundary was placed in a distance 3 times the diameter upstream of the rotor, and the 

pressure outlet boundary was situated 16 rotor diameters downstream of inlet boundary. A 
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NACA 0018 airfoil blades are used with c = 200 mm (chorus) with the rotor diameter D = 800 

mm. 

 

Boundary conditions 

 

For the boundary conditions, it is used similar conditions imposed by Elkhoury et al. 

(2015), as showed in Fig. 1. The inlet boundary is assigned an inlet velocity according to the 

simulated case (V∞ = 8m/s). For the pressure outlet it is assigned a value of 0 Pa, which stands for 

the value of the pressure of air at the exit of the outer domain. The other two boundaries 

surrounding the VAWT were assigned a symmetry boundary condition and in the turbine walls it 

is imposed a no-slip and impermeability boundary condition. 

 

 

Figure 1 – Computational domain 

 

To avoid deformation of the rotational mesh it is imposed an interface condition between 

the rotational mesh and the external mesh to the rotor (which is static) generating a slip region 

without damaging the mesh around. The main aim of the experiment is to reproduce a simplified 

way rotation of the rotor in order to further studies related to the rotor position relative to the 

other turbine. 

In the rotational grid it is employed an angular velocity, representing the rotation of 

VAWT. For the tip speed ratio (TSR) equal 1, the angular velocity is 20 rad/s. 
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For comparison of the results obtained, the torque coefficient is analyzed for different 

angles of rotation, where the same can be expressed by: 

 

         (1) 

 

where Q is the torque generated by the VAWT at respective angle (N.m), ρ is the air density 

(kg/m³), A is the air operating area (m²), R is the radius of VAWT (m) and v is the air velocity 

(m/s). 

 

 

 

Mathematical modeling 

 

The time average conservation equations of mass and momentum (Wilcox, 2002) as 

follows: 

 

           (2) 

 

      (3) 

 

where  and  are the mean and fluctuating parts, respectively, of the velocity component, ui, in 

the xi-direction. In addition, p is the mean pressure, ρ is the density, and ν is the viscosity. The 

fluctuations associated with turbulence initiate additional stresses in the fluid, so-called Reynolds 

stresses, , which need to be modeled to mathematically close the problem. The term fi 

represents body forces (forces per unit volume), such as gravity or centrifugal force; these forces 

are ignored in the present simulations. 

The RNG k-ε turbulence model was used for the present simulation. The transport 

equations for the RNG k-ε turbulence model and the turbulent viscosity are presented as 

Equations (4) - (6). 
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          (4) 

 

  (5) 

 

 

(6) 

 

In these equations, Gk represents the generation of turbulence kinetic energy owing to 

the mean velocity gradients; Gb is the generation of turbulence kinetic energy owing to buoyancy; 

YM represents the contribution of the fluctuating dilatation in compressible turbulence to the 

overall dissipation rate. The quantities αk and αε are the inverse effective Prandtl numbers for k 

and ε, respectively; Sk and Sε are user-defined source terms, and the others constants are showed 

on table 1. 

 

Table 1. Constants used on model RNG k – ε, Eqs. (4-6). 

Cμ Ce Ce 

0.0845 1.42 1.68 

 

The conservation equations that model the problem, Eqs (2) - (3) and the differential 

equations of RNG k - ε turbulence model are solved using the finite volume method (FVM), 

more accurately using the FLUENT software (FLUENT, 2007). The solver used is pressure based 

and all the simulations employed advection scheme 2nd Order Upwind and SIMPLE method for 

coupling pressure speed. Further details about the FVM can be found in Patankar (1980) and 

Versteeg and Malalasekera (2007). 

Numerical simulations were performed on a computer with 12 cores process i7-4960 and 

16 GB of memory RAM. The processing time for the simulations was approximately 1.4 × 104 s. 

The simulations were considered converged when the residuals for mass, velocities, turbulence 

kinetic energy and its dissipation between two consecutive iterations are smaller than 10-6. An 
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unsteady model was used, with Δt = 1.745 × 10-3 s for each time step, that represents 2º in 

azimuthal angle. In all simulations were employed 300 iterations per time step and a mesh 

independence test was performed to define the most suitable mesh to be used in this type of 

problem. This study will be presented after the problem definition (next section). 

 

RESULTS AND DISCUSSION 

  

First, it held a mesh independence study on employed computational domain. In all 

cases the domain was divided into rectangular and triangular finite volume. In the external zone 

was used a square mesh and on rotational area (turbine) was used a mesh refinement employing a 

triangular mesh type. The meshes investigated were divided in the following number of volumes: 

11838, 23860, 36488, 50696, 96046, 110244. For all cases are adopted a TSR = 1.0 with a wind 

speed of 8 m/s. The power ratio shown in each case is shown in Fig. 2, which is made a relation 

between the torque and the azimuthal angle. 

The difference between the best and worst mesh is approximately 115%. The difference 

between the mesh with 96046 elements and highest refined one (110244 elements) was less than 

0.02%. Then, the mesh adopted for posterior evaluation is the one with 96046 elements. In the 

Fig. 3 was showed the mesh employed and both zones, one with triangular nodes and another 

with rectangular nodes, separates by two zones. The zone with the turbine blades and triangular 

nodes is a rotational zone and the other zone is an external zone which is a static zone. 

The average power ratio obtained for the independent mesh selected is Ct = 0.1428, 

which compared to the study of Elkhoury et al. (2015), whose Ct = 0.1621, is approximately 

12%. This difference can be related with the simplification imposed, since the model Elkhoury 

(2015) uses a 3D mesh model and an in this study it is used a two-dimensional domain (2D) with 

a refined mesh. This difference in the modeling associated with natural difficult to simulate this 

kind of flow can generate the deviation superior to 10 %. 
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Figure 2 – Mesh Independence test 

 

 

Figure 3 – Detailed meshes zones employed. 
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The next step of the study, after the mesh definition, was to employ the model to define 

the iteration of the velocity field and turbulence for two identical turbines arranged at certain 

distances as seen in Figure 4, thus verifying that the variation of the power coefficient between 

them. 

 

Figure 4 – Distance between two turbines intruded in the computational domain. 

 

As can be seen in Fig. 5, the increase in distance between the turbines creates a smooth 

rise of the power generated in both turbines, mainly in the downstream turbine which suffered a 

lower influence of vortical structures generated behind the upstream turbine. This is due to 

interaction of the velocity field between them. Note that after passing through the first turbine, 

there is a drop in the velocity field, also causing a large pressure loss. When there is moving 

away from generator, there is a slight increase in power due to less interference of the velocity 

field of the first generator in relation to the second generator. The difference between the both 

turbines varies according to the distance, which for the first case where the distance is 2m, the 

second turbine has a power coefficient equivalent to 0.5% of the first turbine. As for the case 10m 

away, the power of the second turbine is around 56% of the first turbine, i.e., with increasing 

distance has increased by more than 100% of the power from the second turbine. 
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Figure 5 – Effect of distance between generators on power coefficient 

 

In Figure 6 it can be seen the velocity field for the worst (Fig. 5a) and the best case (Fig. 

5b), obtained respectively for d = 2.0 m and 10.0 m, showing the interference generated between 

fields. After the first generator the fluid dynamic field becomes unstable and with a low pressure, 

thus disturbing the air flow for the second generator. With the distance the velocity field has a 

more stable behavior reaching at the downstream turbine with more intensity impose movement. 

Then, in the first case, for a short distance, there is no sufficient area to the velocity field 

stabilizes, therefore creates a low-power on the second generator. 
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b) 

Figure 6 – Velocity fields obtained as function of distance from upstream and downstream 

turbines: a) d = 2m; b) d = 10m. 

 

CONCLUSION 

 

In this paper presented a numerical study to investigate the main operational principle of 

a Darrieu wind turbine. It was investigated the influence of the distance between two consecutive 

turbines in the power coefficient. The main objectives here were to evaluate the applicability of 

the numerical model for future theoretical recommendations of the most effective positioning for 

the layout of the turbines. In all cases it was considered as a compressible flow, turbulent, 

transient, two-dimensional domain and two fluid zones, where one of them is rotational and 

includes the turbine in its domain. The mass conservation equations and momentum are solved 

numerically using the finite volume method, more precisely with the FLUENT software 

            a) 
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(FLUENT, 2007; Patankar, 1980; Versteeg and Malalasekera, 2007). For the approach of 

turbulence is used to classical modeling of turbulence (RANS) with model k - ε (Launder and 

Spalding, 1972). 

The results showed that even simplifying the flow into a two-dimensional domain results 

obtained were similar to those obtained in Elkhoury et al. (2015) for the simulation of a VAWT, 

mainly for power coefficient available of the turbine. Thus, this model is recommended for future 

optimization studies of the type TEEV devices. 

Subsequently it was studied the influence of the distance between two consecutive 

generators. The results show that the efficacy of a VAWT positioned downstream of another 

VAWT significantly reduces its power ratio, requiring the use of a minimum distance for a brief 

power increase, for example, in cases where d = 2m the power coefficient for the downstream 

turbine decreased two hundred times in comparison with that achieved for the upstream one. 

However, as the distance increased this difference decreases, for example, for d = 10m, the 

difference between the first and second turbine was reduced more than 50%. Based on this study 

it was found that targeting the residential environment, it is not interesting to use two successive 

turbines, since there is a great loss of power in the second turbine. Further studies can be 

conducted to the perfect layout for use in residential environments. 
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