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Abstract 
 

With simple construction and mechanism, Vertical Axis Wind Turbine (VAWT) is the most 

promising renewable energy resource in the modern era. A two-dimensional analysis on the 

aerodynamic behavior and performance of five bladed VAWT is investigated. The study is 

systematically focused mainly on parameters such as turbulence modeling, temporal 

discretization and mesh refinement to figure out the certainty of the unsteady flow behavior 

and stability of the scheme. All these parameters have a direct impact on the exactness of the 

simulation result, which is analyzed and presented. Later on, CFD validation is done by 

comparing with experimental five bladed data based on the aerodynamic behavior and 

performance. Lastly, it is observed from the numerical analysis that turbulence modeling, time 

step and mesh refinement has a high impact on the accuracy of the simulation results in 

understating the unsteady flow phenomena around and through the vertical axis wind turbine. 

It is very important to develop a fluid-solid integrated model towards understanding of energy 

production by varying different parameters of wind machine. It is believed that the present 2D 

work can be extended to 3D without much difficulty and can produce useful results before 

developing a prototype and making it viable for green energy production. 

 

Keywords: Vertical axis wind turbine, Turbulence Modeling, Time Stepping, Mesh 

Refinement, performance. 

 

Introduction 

To comprehend unsteady flow physics of Darrieus turbine the free vortex approach turn out to 

give a better picture to figure out the wake formulation around the rotor. These wake 

formations plays a vital role for calculating the force and moment on the blade. Forces on the 

turbine are examined by the pressure acts on the blades and the moment using wake vortices 

impulse. Further this method is suitable only for rotor with single straight bladed with no 

inclusion of stall effect and extravagant [1]. Later on a model which incorporates dynamic 

stall effect in free vortex wake has been modeled to validate three dimensional vertical axis 

wind turbine. A time marching schemes is developed which computes the strength of the 

bound vortex and wake using Kutta-Joukowski law. In order to probe the effect of dynamic 

stall an indicial stall model is used which derives the stall effect with a physical 

approximation [2]. To figure the improved efficiency of vertical axis wind turbine a high 

fidelity model is developed to examine unsteady, 3D, viscous flow around the rotor. Solving 

RANS equation using spectral discretization, the model tend to study about solidity and tip 

speed. The exactness of the system relay on Fourier representation in time because unsteady 

flow always remains periodic thus gaining computational time by just extracting few number 

of modes [3].  

Also, the complex flow behavior around the turbine due to unsteady flow field and varying 

angle of attack causes dynamic stall on the blades at low tip speed ratio tends to the formation 

of eddies. This hysteresis eddies traced from the blade surfaces are due to the impact of vortex 

shedding, main reason behind the lift reduction in the trailing edge and strong increase of drag 
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[4]. Further, to simply the physics of flow around the turbine using discrete vortex method, 

with an assumption that the boundary layer separation is not considered and applicable only 

for higher tip speed ratio. The method is built upon conformal maps, later solved using 

Fourier transformation with kutta condition to get the final solution. The model can be further 

developed to calculate additions effects such as skin friction drag, number blade effect and 

unsteady calculation of force [5]. 

The rotation of the turbine in CFD is imitated using the sliding mesh technique, data transfers 

transpire between the two interfaces. Suitable coupling through interface is made between the 

steady fixed domain and the unsteady rotating domain. Theses coupling data will be updated 

at each time step and stable exchange of fluxes between the two domains. When the turbine 

rotates the blades experience different angle of attack, so at each time step new set of transient 

aerodynamic parameters will be updated and calculated at each time step [6].The 

authentication of CFD data are validated against the flow field observed from a Particle image 

velocimetry (PIV), the system measure the upwind and downwind stall to predict the power 

coefficient [7].    

CFD simulation on the effect of increasing the number of blades show that five bladed 

vertical axis wind turbine provides higher power coefficient at lower tip speed ratio which is 

of 20% greater than that of a three and four bladed turbine. The frequency of oscillation 

torque get reduced leads to an increase in torque coefficient at lower tip speed ratio. To add 

on increase in blades achieves a marginal reduction of peak radial force (Fr) which may cause 

structural damage [8]. 

Another major problem which hits the vertical axis wind turbine is its no self-starting 

aerodynamics, 2D weak coupling model is generated to analyze the interplay between the 

rotor and the inducing air. Discussion is made on parameters such as solidity and fixed pitch 

angle which reveals solidity in the range of σ = 0.6 – 1.0 provides a minimum self-start at 

t=0.8s. Delay in the start is influenced by the separated flow vortex with minimum lift [9]. 

Coupled pressure based solvers with k-ε turbulence modeling turn out to be comparably 

efficient solver setting which favors with accurate result in modeling periodic flow field. So 

considering all the research fact above understanding and characterizing the unsteady flow 

nature around the turbine is complex [10]. The fluid dynamics around the blade surface falls 

on the effect of tip speed ratio, affected by flow separation and wake created by its own and 

also from other rotating blades. All these unsteady physics get coupled and affects the 

performance of the turbine. Understanding all these above discussed details research in this 

works is spotlighted on culling most advisable time step, mesh refinement and turbulence 

modeling to harvest an exceptional performance of the turbine. Finally all these desired 

properties are conjoined to estimate the self-starting behavior and power coefficient actualize 

from different wind speed and tip speed ratio.     

 Methodology 

Design Parameters 

 

A five bladed 2D model of vertical axis wind turbine was designed in SolidWorks and 

reviewed in ANSYS Fluent, 2D model was preferred to cut down the computation time and to 

clearly understand the unsteady aerodynamics around the turbine blades. Numerical analysis 

is carried out with the turbine blades and neglecting hub and the supporting arm.  Straight-

bladed Darrieus rotor is characterized byNACA0018symmetric blades with a chord length(c) 

of 0.2 m, diameter of the turbine (D) 2.5m with an aspect ratio of 12.5 has been taken into 

account [11]. The geometry of the turbine is branched by a rectangular outer domain and 

circular inner domain. The rectangular domain host the inlet, far field wall and outlet, rotor is 

place in the center of the domain. Both inlet and outlet are placed at a distance of 25m from 



the center of the rotor in order to capture the wake vortices formulation and the width of the 

domain is 20m. The inner circular domain with an interface boundary condition has a 

diameter of 3m mounts the turbine blades. To mimic the rotation of the turbine sliding mesh 

technique in FLUENT is adopted, which is a time-periodic technique suitable of analyzing 

rotating parts. The model is developed ideal for moving frame of reference problems or 

rotating object in a domain. The rotor mesh slides with respect to the fixed mesh surface in 

the interface region. The mesh from both the domains should match each other to transfer data 

through interpolation [12]. 

 

 
Figure 1.Turbine geometry and boundary condition 

 

 
Figure 2. Rotating domain geometry 

Table 1. Specification of the geometry 

Design Aspects 

Number of blades 5 

Domain 50 X 20 m 

Blade position 72 degree apart 

Chord Length (c) 0.2 m 

diameter of the 

turbine (D) 

2.5m 

Interface 3m 

 

Simulation and Discretization Parameters 

 

A uniform velocity distribution is set along the x-direction at the velocity inlet. No-slip (U=0) 

condition obliged on the blade surface, top and bottom of the domain and in the outlet 

pressure outlet (∆p=0) boundary condition is imposed. Standard atmospheric air density and 

viscosity measures were chosen for the flow properties. A 2D, coupled, pressure based, 

transient, incompressible solver setting has been urged for the study. Pressure-Based solver 

has been applied with Gauss node based Interpolation Methods is used to discretize pressure 

gradients with second order accuracy which is more suitable for triangular mesh, same 

discretization is adopted for the turbulence equation. The pressure-velocity is set as coupled 

algorithm implicit discretization, which is highly effective scheme towards single phase flow 

and performs superior than the other segregated solvers [13]. The scheme is potential strong 

while dealing with large time step. 

 

Turbulence modeling and solver setting  

 

The Navier-strokes equation is solved by finite volume method, to measure the unsteady flow 

properties around the turbine blades. Selecting an equitable turbulence model to figure an 



accurate result depends on the domain, nature of the flow and shape of the model. A fully 

developed turbulent flow encounters with high velocity fluctuation, infinite degree of 

freedom, highly nonlinear, three dimensional and riotous [14].So selecting an elegant model 

reduces computation time and benefits accurate result. Classical turbulence model based on 

Reynolds Averaged Navier-Stokes (RANS) advisable for 2D flow simulation tabbed for the 

study are: Standard, RNG, Realizable k-ε turbulence model Standard k-ω turbulence model 

and SST model. The above discussed model are two equation models except SST model with 

two PDEs to represent the turbulent kinetic energy and the turbulent dissipation rate with a 

turbulence intensity of 0.5% [15]. So five set of simulation are formulated and analyzed to 

resolve the exact model. 

 

Time step sensitive review  

 

Subsequently three case were setup to optimize the sensitivity of time step in which the flow 

property change with time in a simulation. Time step is more sensitive while solving the 

governing equation for rotating motion and for turbo machinery [16].Rotating motion hatch 

unsteady flow and is time periodic, so acceptable time step has to been chosen to get preferred 

convergence, lesser computational time and good accuracy of results. Taking this in account 

three different time steps has been inspected Δt = 0.001, Δt = 0.003, Δt = 0.005. And the Max 

iteration for each time step is set to 20, finally appropriate time step is chosen for getting 

accurate result and lesser computational resource. 

 

Grid Refinement Survey  

 

Complex aerodynamic flows around the turbine can be solved only with reliable mesh 

generation which adversely won’t affect the factualness of the investigation. Improper grid 

resolutions leads to numerical error and incorrect results in the simulation [17], so mesh 

quality definitely has a huge influence on simulation accuracy. Grid dependency test was 

carried for three different mesh qualities: course with one lakh elements, medium with five 

lakhs element and fine with one million elements. Y-plus value less than 30 has been adopted 

for all the study with wall functions. To accurately visualize the wake formulation and flow 

separation from the turbine blades dense fine unstructured mesh triangular mesh refined on 

the surface of blades. The region of detect are both the blades and interface were meshed with 

edge sizing while the outer domain with structured rectangular mesh. Maximum skewness 

around 80 and aspect ratio around 23 has been maintained in the study. 

 

 
 

Figure 3. Detailed mesh discretization 

around the blade and rotor interface 

 

Table 2. Detail of grid elements and 

simulation time 

 

Refinement  Number of 

elements 

Simulation 

time  

Coarse  169430 6 h and 

43min 

Medium  510482 13h and 38 

min 

Fine  1036249 25 h and 54 

min 

 

Result and discussion  



 

All the above observations are examined with a speed of U ͚ = 5m/s and tip speed ratio λ = 3, 

the reason to pick the particular tip speed is that from several published data’s the 

performance of the turbine is hit its peak at between λ = 3. To interpret the correct selection of 

grid is a huge obstacle, to point out the ideal mesh quality three different mesh refinements 

were made namely coarse, medium and fine. Finally the primary goal was to select a pertinent 

mesh resolution to reduce cost, resource of computation and mainly veracity result. Figure 

shows torque generated along the unit length of single blade for one complete revolution. 

 
 

Figure 4. Grid refinement survey for 2D turbine 

Varying results obtained from the three different mesh models, comparing all the three 

meshes both fine and medium mesh show very close results with little difference. The coarse 

grid provides much vague results which is unsuitable for further simulation. But better 

arrangement has been seen in both medium and fine mesh form 0 degree to 60 degree later on 

little dissimilarity subsequently. In general from the both the medium and fine mesh figures 

the more accurate positive peak torque between 0o to 150o, further negative torque below 150o 

till 360o. Positive torque falls on the upstream side while negative torque is generated in the 

downstream. Eventually from all the three mesh study to get an accurate result from a 

computational analysis reckon on the number of mesh elements. From the overall view the 

mesh study with one million elements is consider for all the forthcoming simulation as it is 

accurately predicting the torque despite it takes computational time. 

Time step is another variable which may perturb the numerical result for a little extend, so 

three different time steps were carefully chosen for the time periodic study notable Δt = 

0.001s, Δt = 0.003s and Δt = 0.005s. Torque generated from unit length of the blade is 

observed from each time step as shown in fig 6 along unit length of the blade which points out 

Δt = 0.001s is suitable for the study as the generated data in that particular time step is more 

precise. But time step, Δt calculation for turbo machinery and rotating simulations are 

proposed as [16] 

 

Time step, Δt     (1) 

The above equation yields a time step off, Δt = 0.033s for a ω = 12rad/s and radius, r = 1.25m. 

Validations is simulated for the calculated time step which predicts the minimal value of peak 

torque and has a huge dissimilarity when compared with the other probed time steps. So for 

better accuracy the time step is set to Δt = 0.001s throughout the entire 2D simulation.  

Five different RANS based turbulence modelling were considered in this numerical analysis 

namely standard k–ε model, Realizable k-epsilon model, RNG k-epsilon model,  standard k–



ω modeland SST model. For this case the fine mesh and time step Δt = 0.001s were selected 

from the above study. Fig 6 shows the torque force generated from a single blade for one 

rotation for each turbulence models analyzed. From the plot its shows that both standard k–ω 

model and SST model under predicts the torque in the upstream flow while both Realizable k-

epsilon model and RNG k-epsilon model shows a good argument with higher torque 

generation in the upstream flow, also lesser dissimilarities in the downstream. 

From the previous study it shows both realizable k-epsilon model and RNG k-epsilon model 

predicts more accurate and similar results and also simulates the detailed vortices during 

dynamic stall[18]. So realizable k-epsilon model has been chosen as the baseline model for all 

the postliminary simulations. The main prospect in choosing realizable k-epsilon model is that 

it performs well for large boundary layer separated flows and also for swirl or rotating flow 

withadverse pressure gradients which can be visualized during turbine operation. 

 

 
Figure 5. Time step sensitive study for 

the turbine 

 

 
 

Figure 6. Turbulence modeling study for 

the turbine

Flow driven Characterization  

Acceleration of the turbine about its own axis influenced by the induced air flow is simulated 

for free load condition considering the moment of inertia of the turbine, I and Aerodynamic 

moment, Cm generated by the incident air.  

From Newton’s second law of motion, the revolutionary motion of the flow drive turbine is 

measured as: 

Iα = Cm      (2) 

Where α is the angular acceleration of the turbine. 

From equation (2) the revolutionary motion of the flow drive turbine is calculated as: 

ω =       (3) 

Where, ω angular velocity of the turbine 

Similarly as the turbine starts to rotate the experience varying azimuthal angle, hence the 

equation is transformed to  

θ =       (4) 

Hence the above loop the passive rotation of the turbine for free load condition is achieved, 

Fluid driver structure coupling defines the torque generated by the turbine, calculating the 

shear stress and the pressure developed by the aerodynamic moment and also constraining the 

turbine rotational direction. 

The torque generated by the turbine under free load condition for all blades and single blade is 

show in fig 7 and fig 8. The term free load defines the capability of turbine to accelerated 

about its own axis by the impact of the induced air without any counter torque been supplied 

[19]. The moment of inertia and mass of aluminum is considered for the study with an 



induced flow velocity of U ͚= 5m/s with passive motion. Peak fluctuating torque around 11Nm 

has been obtained from the turbine during the accelerating period but after t=2s starts the ideal 

equilibrium period with a peak value of torque around 5Nm. Turbine attains its equilibrium 

state much prior if the induced flow velocity is higher but at lower wind speed the turbine 

poses “start and stop loop” because the turbine won’t be able to overcome the inertia leads to 

low self-starting performance of straight bladed turbine [20]. This shows the passive model 

study accurately predicts the self-start efficiency of the turbine under no-condition.  

 

 

 
Figure 7. Flow driven torque generated 

by the turbine 

 

 
Figure 8. Flow driven torque generated 

on single blade

CFD validation 

 

Realistic study of straight bladed turbines was compared against the numerical setup, the main 

purview was justify whether simulation falls in the right direction with that of experimental 

data. So more admissible empirical study has been considered, experimental setup figured by 

Qing ’an LI [21] was more promising and most significant for validation. The main 

benchmarks considered are: Straight five bladed Darrieus turbine, airfoil chord, symmetrical 

airfoil, diameter and solidity. The following considerations are listed below in the table 3. 

 

Table 3.  Comparison between the two 

turbines 

 

Framework 2D 

simulation 

Experimental 

Number of 

blade 

5 5 

Airfoil 

profile 

NACA 

0018 

NACA 0021 

Airfoil 

chord (m) 

0.2 0.265 

Turbine  

diameter 

(m) 

2.5 2 

Blade pitch 

angle (β) 

0 degree 10 degree 

Solidity(σ) 0.8 1.325 

 

 
Figure 9. Power coefficient comparison 

between two turbines



 

Numerical simulation is performed with the same aerodynamic conditions applied in the 

experimental set up with a constant wind velocity of 8m/s and tip speed ratio 1.39.  The figure 

9 shows the validation for coefficient of power (Cp) versus Azimuthal angle for unit length of 

single blade, Comparison results of both the plot shows a promising trend with a discrepancy 

factor of 2, with a more similar curve. Both the experiment and numerical results show a 

maximum coefficient of power (Cp) at θ≈ 100o. Peak Cp of around 0.45 for the computational 

simulation and around 0.32 for the experimental study. The slight dissimilarity between the 

results are due to the effect of blade profile, blade pitch angle and also the effect of wing tip 

vortices visualized in the experimental study which is not observed in the 2D simulation. All 

the above numerical simulation is able to predict the physical behavior of the vertical axis 

wind turbine.   

 

Dynamic stall  

 

Another parameter to look into while investigating unsteady aerodynamic behavior of the 

turbine is to compute the lift and drag coefficients, as the turbine rotates the flow parameters 

such as the Reynolds number and angle of attack vary which tend to occur dynamic stall on 

blade surface with drag and lift hysteresis[16]. The lift and drag coefficients are probed over 

one rotation of the turbine for five different tip speed ratios from λ = 2 to λ = 4 as shown in 

figure 10 and 11. It figures that the tip speed ratio λ is directly proportional to that of lift and 

drag coefficients on the airfoil. As the tip speed ratio increases both lift and drag increases 

durably.  Stall effect on the blades are characterized by vortex formation in the leading edge 

which leads to separation of flow and finally get detached to the trailing edge [22]. This 

progression generates huge hysteresis of flow with unsteady lift and drag coefficients.

 
Figure 10. Lift coefficient vs. azimuthal 

angle for one rotation 

 

 
Figure 11. Drag coefficient vs. azimuthal 

angle for one rotation 

Table 4.Stall at different TSR 

Λ CL stall θ stall 

2.5 -0.69 59.956 

3 -0.77 60.073 

3.5 -0.96 63.438 

4 -1.45 74.902 

 

Performance Analysis 

 

The power coefficients computed in this numerical simulation for different tip speed ratio 

were based on acknowledging the results obtained from the mesh, time step and turbulence 



modeling research. According to simulation results fine mesh with time step Δt = 0.001s and 

realizable k-epsilon model were considered for the Performance analysis. The power 

coefficient analysis is formulated for four different tip speed ratio with three different wind 

velocity U ͚  4, 6 and 8 (m/s). A total of 12 simulations were carried out with a computational 

of 3 days for each simulation with 10 interactions loop per time step. 

Fig 12 shows the average power coefficient obtained from three different wind flows, all the 

three curves follows the same trend for the considered wind speeds. The maximum power 

coefficient is achieved at λ = 3 for the three different incident wind velocity, with a maximum 

Cp around 0.3 at 8 m/s. This figures that higher the wind velocity the value of Cp increases for 

the particular tip speed ratio,  further increase in tip speed ratio the graph shows a sudden drift 

in the Cp and it tend to decrease at λ = 3.5 and generates negative torque at λ = 4.  

Fig 13 shows average torque coefficient at three different wind velocity as a function of Tip 

speed ratio. The plot shows a good argument with similar trend for all the three wind velocity, 

it is seen that as the tip speed increases the turbine achieves its maximum steady peak at λ = 

3and later on decreases linearly as the tip speed ratio increases. As the wind velocity increases 

there will be a steady increase in the turbine torque. Even here all the three curves follows the 

similar trend , coefficient of torque increases with TSR and later decreases after reaching a 

peak at λ = 3. 

 

Table 5. Flow conditions for the performance analysis 

 

 
 

Figure 12.Power coefficient versus TSR 

at different wind velocity 

 

 
 

Figure 13. Torque coefficient versus 

TSR at different wind velocity 

Velocity U ͚ 

(m/s) 

 

λ = 2.5 λ = 3 λ = 3.5 λ = 4 

Angular Velocity (ω) rad/s  

4 8 9.6 11.2 12.8 

6 12 14.4 16.8 19.2 

8 16 19.2 22.4 25.6 



 

 
Figure 14. Torque generated at λ = 3 for three  

     different wind speed on single revolution 

 

Fig. 14 shows the torque obtained at λ = 3 for one complete revolution, as the velocity 

increase positive peak torque is achieved earlier. At 4 m/s the positive peak is obtained around 

250o but as the velocity increases the peak torque is shifted more forward so at 8m/s peak 

torque is obtained around 70o. On an average the torque falls in the positive note also it states 

that the turbine won’t be able to self-start at minimum velocity of airflow and also at certain 

azimuthal angle. As we have seen from the plot negative torques falls at lower induced wind 

flow and also minimum torque at certain azimuthal angle. Overall all the three curves follows 

similar trend with slight variation. 

 

 
 

Figure 15. Velocity plot for TSR = 3 at 

4m/s 

 
 

Figure 16. Vorticity magnitude for TSR 

= 3 at 4m/s 

Conclusion 

 

In this research a detailed examination is carried out to simulate the unsteady flow around a 

rotatory turbine. Characterization is performed in such a way is to select a reasonable grid 

resolution, convenient time step and favorable turbulence modeling for a sequential numerical 

simulation in order to conclude with accurate result. Aerodynamic coefficients generated in 

the simulation of the rotating turbine relay on the validated turbulence modeling and fine 

mesh resolution. Irregularities in probing the aerodynamic coefficients cause the simulation 

with weaken peak torque and invalid performance result. All these combined parameters 

predict that the wind energy harvested by the turbine lay on the upstream with net negative 

torque in the downstream. This also leads to the low self-staring behavior of the turbine as it 

poses gradual fluctuation in net torque and the turbine has to overcome the mass and inertia 

force acts on it. CFD validations is performed against a five bladed turbine with similar 

configuration shows a similar trend in result. Form the performance point of view maximum 



Cp and torque is generated at higher wind speed and also at higher tip speed ratio and 

minimum power at low TSR which again proves that the turbine is not a self-starting.   
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