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Abstract  

Nowadays, small VAWT are receiving more consideration due to their appropriateness in 

micro-electricity production. Different techniques have been used to improve the efficiency of 

power. Presently parametric study of leading-edge slat size and placement parameters is 

conducted to achieve optimum aerodynamic and acoustic performance of VAWT. To validate 

the methodology, CFD results of 2D AEOLOS VAWT at Tip speed Ratio (λ) of 2.094 are 

compared with that of OEM provided performance data. Afterwards, acoustic analysis was 

carried out and results are in good comparison with the technical specification of AEOLOS 

(1kW) VAWT. Coefficient of Moment Cm, and Coefficient of Power CP, are studied in Ansys 

Fluent® using unsteady Reynolds- averaged Navier-Stokes (URANS) and turbulence is 

modeled using improved three equation transition (SST) model. The noise (A- weighted 

Sound Pressure Level) radiated from VAWT is calculated using the FW-H acoustic codes. 

Results of the study indicate that minimum overlapping between the main and slat aerofoil is 

desirable and   slat placement angle (β) must be selected less than 15°. As far as slat size is 

considered there must be a tradeoff between desired aerodynamic performance and acoustic 

noise level. 

Keywords: CFD, Tip Speed Ratio, Solidity, Leading Edge Slat  
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1. Introduction  

 1.1  Wind Turbine  
  

World is facing major energy challenges. Due to the rising pressure on energy resources world is 

shifting form fossil fuel to renewable energies. Wind energy is abundantly available resource. 

Wind turbines mainly are of two types: vertical axis (VAWT) and horizontal axis (HAWT). 

HAWT are the most common type of wind turbines built across the world. VAWT is a type of 

wind turbine which have two or three blades and in which the main rotor shaft runs vertically.   

  

1.2 Vertical Axis Wind Turbine  
  

The most popular type of turbine is vertical axis turbine people are adding to make their home 

source of renewable energy is Vertical Axis Wind Turbine (VAWT). They are not as common as 

HAWT however, due to their compact size they are getting more attention. VAWTs are mostly 

of two types: 

 

• Savonius  

• Darrieus  

 

a. Savonius Turbine. It has slowed rotating speed and high torque. It is used in highly 

relable and have low in power efficiency. They mostly use airfoil shape lift generating blade to 

rotate the rotor, the Savonius uses drag and therefore cannot rotate faster than the approaching 

wind speed.  

b. Darrieus Turbine. It was named after its inventor Georges Darrieus who invented it 

in 1931. It has high rotational speed and low torque turbine. Due to its low starting torque it 

requires manual push to start turning it rotor. 

  

2. Literature Review  
Nowadays performance of wind turbine is measured using two approaches 1) Observational / 

Experimental Approach 2) Numerical / Simulation Approach. Experimental Approaches include 

physically sensing the performance parameters of the wind turbine. Second one uses 
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computational tools for measuring the performance parameters it also reduces the man hours. 

CFD simulations results are validated by experimental results. It can solve complex flow behavior 

and same can also be visualize for better understanding. Such techniques will provide better 

prediction for improvement of design. Literature provides an insight about wind turbine as this is 

the field which requires former results to validate CFD results and simulation.  

There are numerous kinds of CFD models being used for the simulating complex flow physics of 

wind turbine. These models are generally known as CFD models. Input and boundary conditions 

can be sued from the mesoscale. Turbulence model parameterized and it depends on the CFD 

model: LES, hybrid URANS/LES, URANS or steady RANS.  

VAWTs have gained interest due to their compactness and adaptability for urban installation (1–

3). Despite low power generation, Vertical Axis Wind turbine are gaining more suit ability for 

installation in urban area due to compact size and easy to install in urban area. The omni 

directional capability, low installation and maintenance cost are few of the main advantages of 

Vertical axis turbine over their Horizontal Axis counterparts. VAWT have certain disadvantages 

such as low power efficiency and self-starting issues as compared to HAWT.  

For improving the aerodynamic performance of VAWT number of studies have been conducted 

by employing various flow control devices such as gunnery flap, leading edge slot etc for 

improving the power coefficient of turbine. Improving the performance of Vertical Axis Turbine 

using high lift devices is the area of interest these days. Previously Gauana et al (4) studied the 

aerodynamics characteristic of double element aerofoil on HAWT. The result of study indicates 

a considerable increase in the coefficient of lift, however the acoustic analysis of VAWT has not 

been initiated. 

It is noteworthy that the acoustic pollution is the major disadvantage of wind turbine for their 

usage in the developed area. Noise radiated from wind turbine is divided in to two categories. 

First category is mechanical noise, it is produced by auxiliary equipment, cooling fans, yaw 

drives, generator, and gearbox and aerodynamic noises which are dependent on interaction of 

turbulence with the blade surfaces (5). It is important to study the noise radiated from the blades 

of turbine. With the advancement of Computational Fluid Dynamics tools, accurate prediction 

of VAWT simulation is possible. Tadamsa and zangneh (6) has accurately predicted the 

aerodynamics and noise emitted from the HAWT using RANS approach and transition 

turbulence model coupled with Ffowcs Williams -Hawaking (FW-H) equation. The result of this 
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study has correctly predicted the relation between intensity of radiated noise and rotational speed 

of turbine.  

Due to the limited information about the design and placement of slat for employment on VAWT 

for enhancing its performance. In present paper a parametric study is conducted on the slat design 

parameters i.e slat size, slat placement angle (β) and distance of slat trailing edge from the leading 

edge of main aerofoil XTE. Slat of various sizes have been selected and their aerodynamic 

behavior is studied on different slat placement parameters. Similarly, acoustic analysis has also 

been carried out for selecting the optimized slat size for its employment on VAWT. The study 

has been conducted at one tip speed ratio λ (2.094). 

Accurate prediction of aerodynamics performance of VAWT using computational fluid 

dynamics require appropriately fine azimuth increase (dθ) and resolution of grid to capture the 

important flow details. In present study, 2D aerodynamic analysis of Aeleos (1kW) VAWT is 

carried out and validated with experimental data of Aeolos (1kW) VAWT and baseline case of 

(7). Good agreement has been observed in calculated and experimental value of power 

coefficient. In comparison to Cp value of baseline case of (7) 3.3% improvement in calculated 

Cp value has been observed by employing improved turbulence model and fine Azimuth 

increment (dθ) of 0.5° to capture the flow dynamics at tip speed ratio (λ) 2.094. Acoustic behavior 

Is captured by Ffowcs Williams -Hawaking (FW-H) equation. Total of 108 receivers have been 

placed in circular array (36 receiver each) at distance x/R = 1.25, 1.75, 2 from turbine rotor. 

Methodology employed in validation study have been used for studying the aerodynamic and 

acoustic behavior of slat. To achieve the accurate results of CFD azimuth augmentation, size of 

domain and criteria of convergence defined by Rezaeiha et al. (8,9) were used. 

3. Numerical Setting 

3.1. Geometry and Technical Details of VAWT 
Performance analysis of H-type Aeolos-V (1kW) VAWT is conducted by utilizing CFD tool. 

The diameter (D) of turbine is 2 m and diameter of shaft is 0.36 m. The shaft and turbine rotate 

counterclockwise and have similar speed of rotation. The free stream velocity (U∞) 10 m/sec is 

used in current study. Chord base Reynolds Number Rec is 670,000. The Aeolos-V (1kW) turbine 

has solidity (ϭ) of 0.675, aerofoil chord length (c) of 0.45 m. Current study is performed at fixed 

turbine rotational speed (Ω) 20 rad/s or 200 RPM, which leads to the tip speed ratio (λ) of 2.094. 

Equation 1 and 2 are used for defining the Tip speed ratio and solidity of turbine. Key 

geometrical, operational and technical characteristics of the Aeolos-V (1kW) turbine are defined 
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in Table 1. These characteristics are same as provided by OEM. The assembly drawing and 

commercially available Aeolos-V (1kW) VAWT is depicted in Figure 1. 

 

 

Λ = RΩ/ U∞         (1) 

 

 

Ϭ = nc/ d         (2) 

 

n is the number of blades; c is the chord length of aerofoil and d is the diameter of turbine. 

 

 

 

 

 

 

 

Figure 1: Assembly Drawing of Aeolos -V 
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Value Parameter   Value  Parameter 

6.22 Blade Aspect Ratio (H/c) 3 Number of Blade (n) 

0.36 m Shaft Diameter (ds) 2 m Diameter (d) 

2.094 Tip Speed Ratio (λ) 5.6 m 2 Swept Area (A) 

10 m/s Free Stream Velocity (U∞) OEM Provided Aerofoil 

5% Turbulence intensity  450 mm Aerofoil Chord (c) 

20 rad/ sec Rotational Speed 0.675 Solidity (ϭ) 

1.844 *10-5 

kg/ms 

Viscosity 1.1845 Kg/ m3 Density (ρ) 

Table 1: Geometrical, Operational and Technical Characteristic of Aeolos-V  

3.2. Slat Design 
Presently parametric study of slat size and slat positioning parameters on the performance of the 

VAWT is studied. Slat aerofoil of same aerodynamics characteristic as of main aerofoil is 

chosen. The working principle of slat and main aerofoil is based on multi-element aerofoil 

knowledge and is described in detail in (4,10). Slat size in the current study are chosen in 

accordance with the result of (1). 

Table 2: Detail of Slat Chord 

Details of slat chord length is tabulated in Table 2. The placement of the slat trailing edge (TE) 

& angle of slat aerofoil are the critical factors of slat design. 

 

 

SNo  Cs /Cm Chord of Main Aerofoil (Cm) mm Chord length of Slat Aerofoil (Cs) mm 

1 0.3 450 135 

2 0.4 450 180 

3 0.5 450 225 
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 The placement of the slat aerofoil trailing edge (TE) & angle of slat aerofoil regarding main 

aerofoil are two critical factors of slat design. These design factors are defined by three important 

parameters which are defined below and illustrated in Figure 2. 

• X-orientation of slat aerofoil trailing edge (TE) is denoted by (XTE)  

• Y-Orientation of slat aerofoil trailing edge (TE) is denoted by (YTE). 

• The angle of the slat aerofoil chord with X-direction is represented by Slat placement 

angle (β). Nose up direction is positive.  

Slat placement parameter are chosen as per the result of (4,10). Behavior of VAWT with Slat 

was studied by placing the Trailing Edge (TE) of slat aerofoil at 10.5 %, 12.5% and 15.5 % of 

chord length of main aerofoil (Cm) respectively. In present study a total of 27 cases each were 

formulated for analyzing the effect of slat size and placement parameters on the performance of 

VAWT. Details of parameters is tabulated in Table 3 

 

 

 

 

 

 

 

Table 3: Details of Slat Placement Parameters  

3.3. Numerical Domain and Grid 
In this study two-dimensional (2-D) domain is utilized as illustrated in Figure 3. Note that on the 

basis of comprehensive study and sensitivity analysis of 2 D and 2.5 D computational domain of 

(8,9) a 2D computational domain is selected. This domain is selected on the midplane of turbine 

to minimize the 3D tip effect (12). Aeolos VAWT has blade aspect ratio of 6.22. It was inferred 

S No  X TE (mm) β (deg) 

a 47.25 -10 

b 47.25 -15 

c 47.25 -20 

d 56.25 -10 

e 56.25 -15 

f 56.25 -20 

g 69.75 -10 

h 69.75 -15 

i 69.75 -20 

Figure 2: Illustrating of Slat Placement Parameters 
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from the finding of previous CFD simulations of VAWTs that a minimum domain width of 20d 

is required for minimizing the effect of blockage ratio and side boundaries (to less than 5%) same 

is discussed in detail at (9). For 2-D simulations blockage ratio is defined as d/W where d is the 

diameter of the turbine and W is the domain width. In present study a minimum domain size of 

20 d was employed whereas the diameter of the rotational core (dc) is selected as 1.5 d on the 

basis of the results of (9). The sliding grid interface is employed to join the rotating core with the 

surrounding fixed domain. Undermentioned computational parameters are employed in this 

study: Distance of domain inlet to the turbine center is represented by (di)  

• Similarly, distance of domain outlet (do) for the current study are 5D, 25D, 

respectively.  

• Plane of rotation of the blades is defined as per the finding of (12) as shown in 

Figure 3. Everywhere the computational grid is made up of triangular cells. The 

maximum value of cell skewness in the grid is 0.65 and the minimum orthogonal 

quality is 0.35. The y+ values is maintained to ≤ 1, The total number of cells for 

reference case are approximately 3.4 million. Figure. 4 & 5 shows the 

computational grid and parameters are mentioned in Table 4.  

• The uniform velocity inlet, pressure outlet, symmetry sides and no slip walls 

boundary condition is selected. The turbulence length scale at inlet and outlet is 

selected on the basis of length scale of interest in this case it is equal to turbine 

diameter 2m.  

  

 

 

 

 

  Figure 3: Domain Sizing 

 

 

Parameter  Value  

Diameter (D) 2 m 

Domain Inlet (di) 7.5 D 

Domain Outlet (do) 25 D 

Width (W) 20 D 

Domain Rotating (dc) 1.5 D 

Table 4: Domain Size 
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Computational grid near the rotating zone and near aerofoil for the reference case and cases of 

slatted VAWT is shown in Figure 4 and Figure 5 respectively. 

   (a)        (b) 

Figure 4: Computational Grid (a) near Rotating Zone (b) near aerofoil 

   (a)        (b) 

Figure 5: Computational Grid (a) near Rotating Zone (b) near aerofoil and slat 

3.4. Solution Methods and Controls 
Based on results of (8,9) in-compressible un-steady Reynolds Averaged Naiver Strokes 

(URANS), simulations were completed utilizing CFD Commercial version of ANSYS Fluent 

16.1 is used. Algorithmic is set based on results of (8). schemes of second-order are used for both 

spatial and temporal analysis. For pressure and velocity coupling, SIMPLE scheme is employed. 

Three equation transition SST- turbulence model is utilized for modelling turbulence in 

accordance with result of (13), which is an improved version over the two-equation k-ω SST 

turbulence model. Laminar-to-turbulent transition model using specified intermittency-based 

models have shown successful results as shown by Suzen et al.(14,15), Walters and Leylek (16), 

Cutrone et al. (17) and Genç et al.(18–22) on aerofoils flow, which further enhances the 
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confidence for these model application. The increment of azimuthal (dθ) used for the validation 

case are 1°, 0.5°, 0.1° and 0.03°. Present study is performed at an azimuth increment of 0.5°. 

Scaled residual of < 1x 10 -5 and 20 iterations have been conducted per time step. Coefficient of 

moment is calculated on 21st revolution of turbine, same values are used for calculating the 

turbine coefficient of power values are presented in Table 9. 

3.5. Acoustic Modeling 
 Aerodynamic noise is either broadband or tonal in nature. They both are strongly dependent on 

the aerofoil sectional shape, rotor geometry and its surrounding flow conditions. When the 

airflow passes over the blades aerodynamic noise is typically generated. They can be further 

categorized into three noise categories: low frequency, Aerofoil self & turbulent inflow noise. 

The contact between blades and the atmospheric turbulence resulted into turbulent inflow noise 

which existed in the form of pressure fluxes. Hence responsible for broadband type of noise. 

Various aerofoil self-noise mechanisms, involving its broadband and tonal and broadband 

characteristic, (23) are as following: 

• Stall Noise 

• Noise due to Tip vortex  

• Turbulent-boundary-layer trailing edge noise 

• Trailing-edge-vortex-shedding noise 

Main aim this study is to carry out the comparative analysis of slat size and slat placement angle 

with respect to aerodynamic & acoustic behavior of the VAWT. In this regard numerical 

methodology is developed and validated for foreseeing the far-field radiated noise from the 

turbine blades and comparing the noise level with that of VAWT with slat. The numerical 

methodology defined earlier is used for predicting aerodynamics and aerodynamic noises and 

their propagation to far field is calculated using Ffowcs Williams-Hawking (FW-H) model. This 

model was selected based on available input parameters of the Aeolos-V (1kW) VAWT and 

results of (24,25). The noise is modeled based on the results of (26). The most generic form of 

Lighthill acoustic Analogy i.e FW-H equation as presented in (27) is accurate for predicting the 

arbitrary moving rigid bodies. The inhomogeneous wave equation also called FW-H is deduced 

from the continuity and Naviere Stokes equations and is explained in detail at (28,29). As per the 

commercially available data of Aeolos-V (1kW) VAWT, it has a noise level of ≤ 45 db (A). In 

present study, empirical model assuming nonstationary source positions is used in accordance 
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with (25) for predicting the far field sound pressure level for VAWT. Logarithmic ratio of sound 

intensity to reference value is calculated by the equation 3. 

 

SPL. =L p=10log[I/I ref]=20log[p/p ref]      (3) 

 

where I = sound intensity, and equal to prms2/(ρc)0; p = root mean square sound pressure, its 

reference value for air is 20 µPa; (ρc)0 is the specific acoustic impedance of the fluid. Though 

the model was developed to assess SPL for flows over fixed aerofoil, it is also applicable to 

rotating blades that operate at high Reynolds number. For all noise sources the empirical relations 

use directivity angles to represent the directivity and to account for relative position of receiver 

with respect to trailing or leading edge of aerofoil (30,31). These directivity angles are aligned 

in azimuth and polar directions of rotor plane and depend on the shifted coordinate system  

(30–32).  

4. Validation Study 
In order to finalize the methodology, 2D CFD results of Aeolos-V VAWT are compared with 

experimental data of the Aeolos-V (1kW) Vertical Axis Wind Turbine Above-mentioned 

computational setting are used for the validation of reference case. The grid sensitivity analysis 

was performed for the case. Domain Size, azimuthal angle parameters were selected based on 

(8). In section 4-6 after adding the slat, gird sensitivity analysis was re -performed and 

computational setting are defined same as that of the reference case. In present study behavior of 

VAWT is analyzed on one tip speed ratio. Rotational speed is altered to adjust the faced velocity. 

4.1. Verification and Validation of Solution 
Validation study is performed for VAWT in accordance with result of (8), a numerically steady 

state result was obtained after 20th –21st turbine revolution. The study is performed for validation 

case mentioned in Section 2.5. Details of the same are mentioned below. 

• A Mesh sensitivity analysis was performed by selecting coarse, medium, and fine 

mesh size. The study was based on the percentage difference in CP values for each 

grid size. Details of mesh sensitivity analysis are presented in Table 5. Based on the 

result fine mesh was employed in current study. 
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Quality Mesh Elements Reference Case CP 

Coarse 203584 6440.3  

Medium 278810 0.3416 

Fine 335235 0.3408 
Table 5: Mesh Independence study for Reference Case 

• A time-step independence analysis is carried out which revealed an azimuth 

increment of 0.5° is enough. Further refinement of the time-step to 0.1° had small 

effects on CP values and requiring high computational power. 

 

SNO 
Revolution / Time 

step 

Reference Cp 

Value 

Error % 

1 1◦ 0.3408 - 

2 0.5◦ 0.3389 0.55% 

3 0.1◦ 0.3356 1.5 % 

4 0.03◦ 0.3342 1.93% 

Table 6: Time Step Independence Study for Reference Case 

To validate the methodology, results of CFD of the reference case are compared with that of 

operational parameters of Aeolos-V (1kW) VAWT at tip speed ratio (λ) of 2.094. The CFD 

results and experimental data at lower tip speed ratio (λ) 2.094 showed a good agreement, at 

which dynamic stall causes a complex flow over the turbine blades.  

 

 

 

 

 

 

(a)       (b) 

Figure 6 (a): Coefficient of Moment as a function of Azimuth Angle for VAWT. (b) Coefficient of moment of single 

blade as a function of Azimuth Angle 

Figure 6a show the coefficient of moment of VAWT for one complete revolution in polar 

diagram and 6b represent the coefficient of moment of single turbine blade in polar diagram The 
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maximum of this function is attained at three different angular positions i.e 104°, 224°, 344 °. It 

can be inferred from the polar plot of Single blade that turbine has maximum coefficient of 

moment at azimuth position of 104°. At this point blade of turbine face a free wind flow which 

subsequently resulted into maximum torque coefficient. Experimental value of coefficient of 

power and CFD based coefficient of power of Baseline case of (7) and current study are tabulated 

in Table 7. There is an overprediction of 9.3 % in current CFD results due to non-capturing of 

3D flow effects. The nonconformity between the CFD and experimental data are extensively 

discussed in (9,33).  

Table 7 Comparison of Coefficient of Power  

4.2. Acoustic Validation  
 The polar plot of sound pressure level with azimuth angle are depicted in Figure 7a, which 

indicate that the radiation of noise is high in the leeward, up & down wind direction (90° ~ 270°) 

and low in the crosswind (0°~180°) direction of the observer. The maximum value of the SPL 

achieved for the reference case is 41 db A which is a good agreement with available noise data 

of Aeolos-V VAWT. In current study for analyzing the effect of TSPL frequency range of 

spectrum from 0 to 1200 Hz is selected.  TSPL data indicate that maximum sound pressure level 

at rotor distance of 1.25, 1.75 and 2 is 102 db, 92 and 89 db respectively.  

 

(a)        (b) 

Figure 7 (a) SPL as function of Azimuth Anlge, and (b) TSPL as function of Frequency 

The data also indicate that the intensity of sound varies logarithmic with distance and has same 

behavior as of (23). The acoustic results also indicate that intensity of noise decreases by varying 

Coefficient of 

Power 

CFD Result  Baseline Case (7) Experimental 

0.3389 0.3500 0.3102 
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the distance of receiver from turbine however overall behavior of the sound propagation remain 

same. TSPL curve presented in figure 7 b indicate the peaks in the noise intensity level which 

decrease with distance from turbine, however the behavior of the intensity curve remains same. 

The maximum peak of the noise occurred at the lower frequency (30~90 hz) range, results are as 

per the study of (25). The computed results also showed good agreement with operational noise 

data of Aeolos -V (1kW) VAWT. 

5. Aerodynamic and Acoustic behavior of VAWT with Slat  
The aerodynamic behavior of Vertical Axis Turbine with Slat has been discussed in succeeding 

paragraphs. 

5.1. Numerical Setting  
Parametric study on slat size and slat positioning parameters is conducted to achieve optimizes 

slat size and slat position with overall good aerodynamics and acoustic performance. Study is 

conducted at tip speed ratio of (λ) 2.094. Grid Sensitivity analysis was reperformed, uniform 

reforming of grid is carried out by selecting three grids of coarse, medium and fine quality and 

values of respective CP values.  

Quality Mesh Element CP of VAWT with Slat 

Coarse  262747 0.1603 

Medium 359835 0.1496 

Fine 432495 0.1440 

Table 8 : Mesh independence Study for VAWT with Slat 

Other computational parameters are kept same. Total number of cells for the VAWT with slat is 

4.3 million elements approximately. Slat of three chord length as defined in Table 2 are chosen 

for CFD analysis. CFD analysis of each slat size is conducted with respect to nine positing 

parameters described in Table 3. During analysis achieved value of Coefficient of moment of 

each case of slat size are compared. 

5.2 Aerodynamics of Slated VAWT 
Each slat size is analyzed with respect to nine positioning parameters. The coefficient of moment 

of VAWT, Blade and Slat for each configuration is studied at corresponding azimuth angle. 

Figure 8, 9, 10 indicate the coefficient of moment of VAWT with slat, single blade and slat for 

one complete revolution. Said data indicate that turbine gain maximum instantaneous moment 
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coefficient three times in one revolution. It has been inferred that behavior of moment curve is 

largely dependent on the slat placement angle (β) however, amplitude of moment curve is 

dependent on the slat size and distance of the trailing edge (TE) of the slat aerofoil form leading 

edge of main aerofoil along the local X-direction. The average moment coefficient achieved for 

each case is tabulated in Table 9. Maximum value of the CM achieved is 0.1094 for slat size 

180mm at slat angel 10° and XTE 47.25 mm.  
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(C) 

Figure 8: Coefficient of Moment at different Slat angles and XTE as function of azimuth angle (A) Slat size 135 

mm, (B) Slat Size 180 mm, (C)Slat Size 225 mm  
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Slat Chord X TE mm Angle Total CM SPL db (A) 

Cs = 135 

47.25 

10 0.09384 39 

15 0.071251 39 

20 0.0941 43 

56.25 

10 0.1025 39 

15 0.0734 39 

20 0.1013 43 

69.75 

10 0.1091 39 

15 0.0726 39 

20 0.1053 43 

Cs =180 

47.25 

10 0.1094 40 

15 0.0870 41 

20 0.0874 45 

56.25 

10 0.1061 40 

15 0.0817 40 

20 0.0872 44 

69.75 

10 0.1090 38 

15 0.0700 40 

20 0.0850 44 

Cs =225 

47.25 

10 0.0996 40 

15 0.0740 39 

20 0.0999 42 

56.25 

10 0.1049 41 

15 0.0725 39 

20 0.0923 42 

69.75 

10 0.1090 41 

15 0.0773 40 

20 0.0968 42 
Table 9: Average value of Moment Coefficient and Maximum value of Sound Pressure Level (SPL db A) at x/R 1.25  

5.3 Acoustic of VAWT 
Based on acoustic validation study of VAWT without slat. Comparative analysis of  

A- weighted Sound power Level of 1/3rd octave band of slated VAWT has been carried out. No 

momentous variation in the acoustic performance of the VAWT with Slat is observed. Said data 

indicate that the intensity of noise radiated from the turbine is higher in the upwind, downwind 

leer wind direction (90° ~270°) and lower in case of the crosswind direction of the observer and 

are same as of the study of (3). The total Sound Pressure level (TSPL) as function of frequency 

at rotor distance x/R =1.25, 1.75 and 2 is depicted in Appendix A. The max value of Sound 

pressure level at 1.25 of rotor distance is shown in Table 9. The TSPL data at different distances 

from the turbine indicate a maximum peak value of noise at frequency range of (40~100 Hz). It 

has been noted from the TSPL curve of VAWT with slat that a small peak in noise at frequency 
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range of 600~800 Hz similar behavior is noted in all cases. The intensity of noise decreases with 

increasing the distance from rotor however the behavior of Sound intensity remains the same. 

5.4. Performance Analysis of VAWT with Slat 
In order to optimize the slat size, slat angle and slat placement parameters a comprehensive 

analysis of the available aerodynamic and acoustic results has been carried out. On analyzing the 

behavior of CM curve for one slat size and XTE it is found that pattern of coefficient of Moment 

curve is largely dependent on slat angle (β). On changing the XTE the amplitude of moment curve 

changes. It has been noted that main aerofoil is generating more lift whereas slat is generating 

some amount of negative moment in addition to the positive moment due to stall and wake 

interaction thus, affecting the overall moment of VAWT. Similarly, the maximum value of A-

weighted Sound Pressure Level is also varying with change of Slat Size, Slat angle and XTE.  
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(C) 

Figure 9: CM & SPL (db A) as a function of Slat Angle (A) Slat Size 135, XTE =47.25, 56.25, 69.75 mm, (B) Slat 

Size 180, XTE =47.25, 56.25, 69.75 mm, (C) Slat Size 225, XTE =47.25, 56.25, 69.75 mm 

Therefore, average CM value of VAWT, main aerofoil and slat along with corresponding 

maximum values of A-weighted Sound Pressure Level are plotted as a function of slat angle for 

each XTE and slat size.  The detailed graphs are shown in figure 9 (A, B, C). Abovementioned 

plot indicate that CM and SPL have overall good value at slat angle < 15°. On increasing the slat 

angle beyond 15 ° the CM of slat decreases exponentially, and SPL increases logarithmically. It 

has also been noted that total CM of VAWT increases by increasing slat size (Cs), moreover, 

corresponding maximum SPL also increases. From same slat size coefficient of moment 

decreases by increasing distance between trailing edge of slat aerofoil and leading edge of main 

aerofoil in X-direction (XTE) i.e increasing the overlap of main and slat aerofoil causes decrease 

in amplitude of coefficient of moment. The aerodynamic and acoustic behavior of VAWT with 

slat is explained in succeeding paragraphs. The analysis of instantaneous coefficient of moment 

curve of main aerofoil, slat and slatted VAWT along with the CM and SPL curve revealed 

following facts about aerodynamics and acoustic behavior of turbine. 

5.4.1 Behavior of Instantaneous Moment Curve 
On analyzing the behavior of CM Curve of VAWT it has been observed that in some cases CM 

curves have single amplitude peak whereas in few cases curves has dual amplitude peak. Behavior 

of slat and main aerofoil of these cases is discussed in detail in succeeding paragraphs.  

5.4.1.1 Single Amplitude Peak in CM Curve  
In all cases where amplitude of CM curve has single peak, it has been observed slat is producing 

the positive moment only moreover, its CM is in phase with the moment  of the main aerofoil 
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refer figure 9 B(a,b,d,e)] thus augmenting the overall instantaneous moment. It is pertinent to note 

that in all these cases the Slat angle is 10° and 15° respectively. In all these cases slat and main 

aerofoil are stalling at same angle and overall CM has increased, same behavior is supported by 

vorticity contours of these cases.  

 

5.4.1.2 Dual Amplitude peaks in CM Curve 
In most of the cases it is observed that CM curve has dual peaks of amplitude and this phenomenon 

get pronounce with an increment in the slat placement angle refer figure 8 [A, B, C]. In these 

cases, it is noted that slat is producing the negative moment in addition to the positive moment 

and negative moment is in phase with the positive moment of main aerofoil thus countering its 

effect and decreasing the overall instantaneous moment. 

 

5.4.2 Effect of Distance between slat aerofoil trailing edge 

and leading edge of Main aerofoil in X-direction (XTE) on 

Coefficient of Moment. 
By comparing the average instantaneous coefficient of moment, it was found that Coefficient of 

moment increases by decreasing the XTE i.e placing slat more ahead of main aerofoil resulted in 

an improved Coefficient of moment wrt configuration in which the XTE is large. Same is evident 

from the behavior of CM curve of all cases (a, d, g), at high value of XTE the slat produces more 

negative moment and counter the effect of main aerofoil thus causing the decrease in overall 

moment coefficient. Moreover, this behavior pronounce as the slat size increases subsequently 

the increase in the maximum value of A- weighted Sound Pressure Level was also observed. 

Refer Figure 8 [A(a,b,c),B(a,b,c), C(a,b,c) ]. 

 

5.4.3 Effect of Slat Angle (β) 
Performance of VAWT with slat is greatly dependent on the slat placement angle. It has been 

observed that at same slat size and XTE, on increasing the slat placement angle the slat produces 

more negative moment and thus decreasing the average coefficient of moment of VAWT Refer 

figure 8 A (c,f,i). It is pertinent to mention that increasing the slat angle resulted in to increase in 

maximum value of A- weighted Sound Pressure Level due to counter effect of slat and blade 

moment. 
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5.4.4 Effect of Slat Size (Cs) 
Slat size has also affected the instantaneous moment. It has been observed that at same X TE and 

β, by increasing the slat chord length from 135 mm to 180 mm moment of coefficient increases 

by 16 percent and increasing chord from 135 to 225 mm resulted in an increase of only 6% in 

moment coefficient. It is worth highlighting that by increasing the slat size form 135mm to 225 

mm corresponding value of A- weighted Sound Pressure Level has also increased 

logarithmically. 

Configuration Moment 

Coefficient 

Percentage 

Increase 

(Cs = 135, XTE = 47.25 mm, β = 10°) 0.0938  

(Cs = 180, XTE = 47.25 mm, β = 10°) 0.1094 16 % 

(Cs = 225, XTE = 47.25 mm, β = 10°) 0.0996 6 % 
Table 10: Comparison of Moment Coefficient 

By comparing the value of moment coefficient of all slat sizes it is observed that at that maximum 

value of coefficient moment (0.1094) is achieved at in above-mentioned configuration. In this 

configuration the value of X TE and β is 47.25 mm and 10°. The vorticity behavior of this 

configuration is shown in figure 11. 

5.4.5 Sound Pressure Level 
The behavior of SPL curve revealed that by adding the slat overall SPL of turbine increases. On 

increasing the slat size (Cs)and slat angle ( ) the A-weighted SPL increases logarithmically 

however, XTE has no significant effect on the A-weighted SPL.  The increase is in A-weighted 

SPL with slat addition is mainly due to increase in the intensity of aerodynamic noises. Figure 9 

a depict the directivity plot of A-weighted SPL and TSPL of configuration where maximum SPL 

is observed. The TSPL curve indicate a maximum peak at 50-100 Hz. The similar behavior is 

observed at receiver placed at distance x/R =1.25, 1.75, 2 from turbine, sound pressure level 

decreases logarithmically with distance of the observer. In comparison to the TSPL curve of 

normal VAWT and VAWT with a slat second peak in total sound pressure level is observed at 

600 to 800 Hz mainly due to an increase in the intensity of the associated aerodynamic noise 
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(a)        (b) 

Figure 10: Sound Pressure Level as function of azimuth angle (a) Directivity Plot of A-weighted SPL (b) TSPL 

Plot at x/R = 1.25, 1.75, 2 

5.4.6 Vorticity Curve of Case with Slat angle 10° & 20°  
The present model accurately predicts the wake effects and dynamic stall of VAWT. Interaction 

of dynamic stall vortices and Trailing edge vortices resulted in the complex flow field. 

Arguments mentioned in para 2,3, 4 & 5 above are also supported by the vorticity curve of these 

cases. Contours of vorticity magnitude at λ = 2.094 for two cases one with max CM and low SPL 

and other one with low CM and comparatively high SPL are discussed here.  

5.4.6.1 Max CP and low SPL  
Firstly, the performance of case in which maximum instantaneous moment achieved is discussed. 

The vorticity behavior of VAWT at azimuth angle 56.5° and 120° (where maximum and 

minimum magnitude of CM curve is achieved) is depicted in figure 9 a & b. At Max performance 

of VAWT behavior of slat and main aerofoil are in phase and augmenting the moment of each 

other. Moreover, all blades are producing some amount of positive moment thus achieving 

maximum instantaneous moment. In this case due to no negative or counter moment effect of 

blades intensity of aerodynamic noise radiated from VAWT are also less. In present case blade-

blade flow interaction are coupled. There is direct effect of wake of slat on main aerofoil. Rear 

element is directly affected by the trailing edge vortex of front element and leading-edge vortex 
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is also affecting it flow field to some extent. In this case vortex-vortex interaction resulted in to 

flow reattachment and thus augmenting the moment coefficient.  

                  (a)       (b) 

Figure 11: Vorticity contours of (Cs = 180, XTE = 47.25 mm, β = 10°) at Max (a) and Min (b) Performance 

It has been inferred from the vorticity contours in upstream region that: 

• The vortex interaction in this case are favoring the reattachment of the flow. 

• The equivalent blade length (including main aerofoil and slat chord) has an overall 

attached flow 

• Similar features reappear in the downstream section, but it is not as manifest as is in 

the case of upstream.  

5.4.6.2 Max CP and High SPL 
 In second case as per the behavior of CM curve, slat is generating the negative moment in 

addition to generating positive moment. Thus, overall CM of VAWT decreases in comparison to 

max performance case. it is pertinent to note that maximum value of SPL is achieved in this case. 

At high slat angle this phenomenon get pronounced. Same is evident form the vorticity contours 

of VAWT at maximum and minimum CM angles. Refer figure 10 (a) & (b). It has been inferred 

from the vorticity contours in upstream region that: 

• The vortex interaction in this case are not favoring the reattachment of the flow. 

• The equivalent blade length (including main aerofoil and slat chord) has an overall 

no attached flow 

• Similar features reappear in the downstream section with dominant affect. 
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• Due to the additional flow detachment effect of slat Sound Pressure level of this case 

is high. 

 (a)       (b) 

Figure 12: Vorticity contours of (Cs = 180, XTE = 47.25 mm, β = 20°) at Max (a) and Min (b) Performance 

6. Discussion 
In current study CFD results for all the parameters are examined at 21st turbine revolution (8). 

Result of CFD simulations are validated with the available operational and technical data of 

Aeolos-V (1kW) VAWT. Note that the present study is performed using the fine azimuth 

increase dθ of 0.5°, this value is accurate for derived minimum requirement of current λ value 

and was calculated based on the results of (8). The Slat sizing and Slat placement parameters 

were selected as per the guidelines of (4,10,11). The acoustic formulation is based on the result 

of (23,25). A good agreement in CFD result was observed at λ of 2.094. The acoustic data of the 

VAWT with and without the slat indicate that the intensity of the sound decrease with increasing 

the distance from the turbine however, the variation is logarithmic and same behavior of sound 

followed at receiver placed at different distances from turbine. It is worth mentioning that 

performance of VAWT with slat at other tip speed ratio λ may be dedicatedly performed as part 

of future research. 

6.1 Recommendation for future Work 
After reviewing the results of the performed simulations and previous literature, following 

recommendations are made:  

• Performance of VAWT with slat may be studied at other tip speed ratios 

• 3D simulation of the VAWT with slat may be conducted.  
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• Experimental validation of the CFD simulation and acoustic noise calculation may 

be carried out. 

 

7. Conclusion 
Computational analysis was conducted using URANS simulations to predict the aerodynamic 

behavior of Aeolos-V (1kW) VAWT with and without slat. The basic solution of 

Ffowcs.Williams-Hawkings (FW-H) equation is used for predicting the noise radiating from the 

far field. The CFD result indicate that the to get the overall good performance of the slatted 

VAWT, Slat placement angle must be selected <15° and overlapping of slat and main aerofoil 

must be set to minimum (10.5 % of main chord). As far as slat size is considered there must be 

a tradeoff between performance and acceptable noise level of VAWT. The vorticity curve also 

supports the argument that when the overlapping of main and slat aerofoil is less flow 

reattachment phenomenon is significant which get more pronounced at relatively small slat 

placement angle (β). The results also indicate at a given rotating speed the strength of radiated 

noise from VAWT is decreasing logarithmic by increasing the distance between receiver and 

turbine. The data of A- weighted sound power level indicate a rise in noise emission from the 

VAWT to trailing edge noise which also get pronounced with increasing the slat size and slat 

placement angle.   
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