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Abstract—Vertical Axis Wind Turbine (VAWT) has 
advantages over Horizontal Axis Wind Turbine (HAWT) in 
unstable wind direction conditions, moderate, and intermittent 
wind sources, especially wind in an area of archipelago of 
Indonesia. To improve the VAWT performance, one of the 
influencing factors is blade design. The model of blade design 
will be affected by the output power. Therefore, the choice of 
blade design will be affected by the coefficient of power. The 
blade design was the airfoil of the type-H rotor of NACA 4212. 
Several empirical hypotheses obtained it through the practical 
experience subjected to use of the savonius blades. It will be 
shown in this study was to compare design a new type-H rotor 
VAWT blade using Computational Fluid Dynamic (CFD) 
software. The novel blade design was upper-curve H-blade of 
NACA 4212. It showed the result of the analytical analysis to 
be compared with the same upper-curve inverted blade, and 
with the upper-lower blade. The results of the performance 
comparison of numerical analysis, the upper-curve blade has a 
better power coefficient than the other types. Therefore, the 
upper-curve blade has the highest power output. 

Keywords—Vertical Axis Wind Turbine (VAWT), blade 
design, Computational Fluid Dynamic (CFD), performance, 
power coefficient. 

I. INTRODUCTION  

Generally, wind turbines classified into two types based 
on their axis of rotation as the Horizontal Axis Wind Turbine 
(HAWT) and the Vertical Axis Wind Turbine (VAWT). 
Both types have their advantages and disadvantages. HAWT 
has better performance than VAWT in stable wind 
directions. However, in unstable wind conditions, VAWT 
has better performance than HAWT. The performance also 
affected by rotor diameter, blade type, and others [1]. Since 
the 1970s, many studies focused on the development of 
HAWT, the VAWT type used as an alternative to HAWT. 
Market demand wants the HAWT type to produce electricity 
on a large scale, considering that the HAWT type has better 
efficiency than the VAWT type. However, for urban areas 
that required ease of installation and maintenance, the 

VAWT type is suitable for use, and the cost also less than the 
HAWT type [2]. Recently, the VAWT application not only 
in wind energy but also in offshore purposes. For example, 
the Eole project in Canada using the VAWT application in 
offshore. Although, in theory, Darrieus VAWT has a smaller 
efficiency than HAWT. However, on a large scale, the 
Darrieus VAWT has several advantages over a HAWT type 
[3].  

VAWT classified into two types of blade, Savonius dan 
Darrieus as described in Fig. 1 [4]. Savonius type is drag 
type, and Darrieus type is lift type. However, innovation still 
needs to improve the performance of VAWT, for example, in 
blade design, angle of attack, and other parameters. So, the 
parameters must be analyzed to make improvements 
[5,6,7,8]. One of the numerical methods used to make 
innovation in VAWT is Computational Fluid Dynamic 
(CFD) simulation. By using CFD simulation, it will be easier 
to innovate on the VAWT design. It can be reduced in cost to 
make analysis easier. The results obtained from the 
simulation can be used to predict real conditions when 
VAWT applied in the field. 

Fig. 1. Blade type of VAWT [4]. 
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II. DESIGN APPROACH 

A. General Design 

NACA aerofoil usually used in airplane applications. 
There are many models of NACA in different sizes and 
shapes. N.C. Batista et al. [9] analyzed several types of 
NACA in VAWT. Their analysis focused on blade types of 
NACA profile in chamber size and position. The result is 
that NACA has right at drag in the downside of the rotor. 

N.C. Batista et al. used the general design of NACA in 
their analysis. This study, the analysis not only in the general 
design of NACA but also in the novel design of NACA. 
NACA 4212 has been chosen in this study because of good 
at the leading edge in the upper side. In this research, NACA 
4212 modified to increase the performance of the blade. 

B. Governing Equations 

Generally, governing equations in CFD consist of 
continuity equations, Navier-Stokes equations, and energy 
equations [10]. In this study, objects considered in three 
dimensional, unsteady, incompressible, and viscous flow. 
The model that simulated with the domain of moving 
(rotating), so the results obtained are in the form of moving 
frames. Therefore, the Reynold-Averaged Navier-Stokes 
equation used in this model. 

The continuity equation is the fundamental law of the 
mass conservation equation. The law of mass conservation 
defined as a change in mass in the volume control (CV) 
equal to the net rate of mass entering CV [11]. The 
conservation equation for mass in integrals is as follows: 

 
డడ௧ ׬ .ߩ ܸ݀஼௏ ׬+ u஼ௌߩ  ሬሬറ.δΑ = 0, ∀ϖ∈Ρ  (1)࢔.

Equation (1) can be converted to the differential using Gauss 
divergence theorem: 

,(Kg/mଷ)	density	is	ߩ 0  (2) = (υߩ)	∇+ሶߩ  u	is	flow	velocity	(m/s), and	∇	is	 
divergence term.  

 ∇	= 	 డడ௫+ డడ௬ + డడ௭ (3) 

The equation in incompressible viscous flow describe with 
the Navier-Stokes equation: 

 
డ௨ഥ೔డ௧ + ത௝ݑ డ௨ഥ೔డ௫ೕ = − డ௣̅డ௫೔ + ݒ డ²௨ഥ೔డ௫ೕడ௫ೕ − డఛ೔ೕడ௫ೕ  (4) 

 ߬௜௝ = 	  ఫതതതതത (5)ݑప́ݑ́

 డ௨ഥ೔డ௫೔ = 0 (6)	
where ݑ௜is fluid velocity (m/s) , p is pressure (Pa), and v is 
kinematic viscosity (mଶ/s). 

The turbulence model used is the k-ω Shear Stress 
Transport (SST). This model has two equations, the first 
equation specific to turbulent kinetic energy, k (m² / s²) and 
another equation for turbulent dissipation rate, ω (1 / s). The 

specific turbulent kinetic energy equation is as follows [12-
14]: 

 
డ(ఘ௞)డ௧ +డ(ఘ௎೔௞)డ௫೔  = ௞ܲ෪ − ߱݇ߩߚ +	 డడ௫೔ ቔ(ߤ + (௧ߤ௞ߪ డ௞డ௫೔ቕ (7) 

 డ(ఘఠ)డ௧ +డ(ఘ௎೔ఠ)డ௫೔ ଶܵߩߙ	=  − ଶ߱݇ߩߚ +	 డడ௫೔ ቔ(ߤ + (௧ߤఠߪ డఠడ௫೔ቕ  

ఠ,ଶߪߩ(ଵܨ	−1)2 +  ଵఠ డ௞డ௫೔ డఠడ௫೔ (8) 

Where ௞ܲ෪is production turbulent kinetic energy and	ܨଵ is a 
blending function.  

C. General Considerations 

The maximum power available in wind turbines, ௪ܲ, and 
obtained from simulations or experiments, ௦ܲ ,		correlate. The 
following is the correlation [15]: 

 ௪ܲ= ଵଶ  (Ωαττ) (9)	ଷܸܣߩ

 ௦ܲ= ௠ܶ߱ = ଵଶ  ଷ (Ωαττ) (10)ܸܣߩ௣ܥ

Where ௠ܶ	is mechanical torque (N.m), ߱ is rotational speed 
(rad/s), A is swept area(݉ଶ) projected by the turbine in wind 
directions, V  is wind speed (m/s), andܥ௣ is the power 
coefficient. The power coefficient is the ratio between 
converted power ( ௦ܲ)and the energy available in the wind 
( ௪ܲ).  
௣ܥ  = ௉ೞ௉ೢ (11) 

Tip speed ratio (TSR),ߣ, is the ratio between the tangential 
speed of blade speed and wind speed.  

ߣ	  = ௏೅೔೛௏  = ோ	ఠ௏ 	 (12) 

Where ்ܸ ௜௣  is tip speed (m/s), R is rotor radius (m), ߱  is 
rotational speed (rad/s), and V is wind speed (m/s).  

III. METHODOLOGY 

In this section, the geometry described first. The model of 
blade design to be analyzed three blades, namely the upper-
curve blade, upper-curve inverted blade, and upper-lower 
blade. After the blade design made, next to make a rotating 
domain and computational domain. Then, the design is ready 
to be simulated in the ANSYS CFD Fluent software. Fig. 2 
shows the steps of simulation in this research. 

A. Geometry 

General aerofoils model of NACA is depicted in Fig. 3 
[9]. Here a blade design adopted from the NACA 4212 
model. The design has a good drag and suitable when 
applied to VAWT. The first design is the upper-curve blade. 

Fig. 2. Steps of simulation 
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This design removes the inside of the NACA 4212, as in 
Fig. 4(a). The design upper-curve blade has a rotor diameter 
of 1 m, the height of 0.61 m, the angle of attack of 0º, and 3 
number of blades. The second blade design is the upper-
curve inverted blade. The difference with the first design is 
the opposite of the first because it is an inverted blade. It is 
also the same as the first by removing the inside of the 
NACA 4212 side, as in Fig. 4(b). The design upper-curve 
inverted blade has a rotor diameter of 1 m, the height of 0.61 
m, the angle of attack of 0º, and 3 number of blades. The 
third blade design is the upper-lower blade. This blade 
design is original NACA 4212. There is no modification to 
the NACA 4212 design, which aims to see a comparison 
with other design modifications. The design of the upper-

lower blade viewed in Fig. 4(c). The design upper-lower 
blade has a rotor diameter of 1 m, the height of 0.61 m, the 
angle of attack of 0º, and 3 number of blades. The design 
layout of the three models in this simulation is shown in Fig. 
5 a, b, c respectively. 

B. Computational Domain 

The computational domain is shown in Fig. 6 at the 
isometric and top view. In the isometric view, there is a 
detail dimension of the computational domain. The length 
(Lx) of the computational domain is 15 R, where R equal to 
500 m. The width (Ly) of the computational domain is 8 R, 
and the height (Lz) of the computational domain is 8 R. 
Rotating domain, shown in Fig. 6 has a diameter of the 
domain is 2.8 R. The distance from inlet side to center of 

 
Fig. 3. Several aerofoils of NACA [9] 

 
(a) (b) (c) 

Fig. 4. Aerofoil of (a) upper-curve, (b) upper-curve inverted, and (c) upper-lower  

   
(a) (b) (c) 

Fig. 5. Blade design of (a) upper-curve, (b) upper-curve inverted, and (c) upper-lower 

 
(a) (b) 

Fig. 6. Computational domain  (a) isometric view and (b) top view 
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rotor diameter is 5 R and from outlet side is 10 R. Rotating 
domain means rotation of VAWT blade. Furthermore, fix 
domain is the wall of the computational domain. 

C. Meshing  

In CFD simulation, meshing is a fundamental step to 
define the finite volume in the object. In this study, the mesh 
set with medium smoothing. Set up of meshing must 
consider the model in the simulation. Generally, there are 
three settings of meshing, such as coarse, medium, and high. 
The large object usually can be used in the coarse setting of 
meshing. The small object usually must be used in a high 
setting of meshing. When the setting of meshing applied in 
the model, ANSYS usually gives a notification for failed 
meshing. In this study, there is no failed meshing in a 
medium smoothing setting. Table I shows mesh parameters 
applied in this research. And Fig. 7 shows the meshing of 
three models of blades. 

D. Numerical Setting 

The numerical setting in this study uses CFD software in 
the ANSYS package with Fluent. ANSYS is used to 
simulate the novel blade of VAWT. The objects are 

simulated unsteady so that the incompressible unsteady 
model Reynolds-averaged Navier-Stokes (RANS) equations 
used. The selected turbulent model is a hybrid k-ω Shear 
Stress Transport (SST).  

The velocity inlet in the simulation divided into three, 
namely low wind speed at 3 m/s, medium wind speed at 6 
m/s, and high wind speed at 11 m/s. Tip Speed Ratio (TSR) 
used at a value of 0.5 and 1. Operating pressure on standard 
level atmospheric pressure, equal to1 atm.The density of air 
equal to 1.1839 Kg/݉ଷ. Simulations are carried out during 
360º rotation in each condition. For more details about input 
parameters can be seen in Table II. 

IV. RESULTS & DISCUSSION 

In this section, the results of CFD simulations are 
discussed and summarized from the data. The output of the 
data used to consider the novel blade design of the VAWT. 

A. Convergence Result 

In iterating on CFD simulation, the convergence value 
considered. The value of convergence that the computations 

  
(a) (b) 

 
(c) 

Fig. 7. The meshing of (a) upper-curve blade, (b) upper-curve inverted blade, and upper-lower blade 

TABLE 1. MESH PARAMETERS 

Blade Mesh Quality Skewness 

Upper-curve 0.82159 (Very Good) 0.24978 (Excellent) 

Upper-curve inverted 0.82055 (Very Good) 
0.25156 (Very 
Good) 

Upper-lower 0.82613 (Very Good) 0.24461 (Excellent) 

Notes:  
Mesh Quality: 0.20-0.69 (Good);  0.70-0.95 (Very Good);  0.95-1 
(Excellent) 
Skewness: 0.50-0.80 (Good); 0.25-0.50 (Very Good); 0-0.25 (Excellent) 

TABLE II. INPUT PARAMETERS

Wind Speed (m/s) RPM TSR 

Low wind speed 
3 m/s 

29 0.5 

57 1 

Medium wind speed 
6 m/s 

57 0.5 

114 1 

High wind speed 
11 m/s 

105 0.5 

210 1 
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performed by the software are in line with expectations. If 
the convergence value has not reached, the iteration has not 
completed. The graph of iterations usually shows residuals 
of continuity, velocity, k, and ω. Those are general 
governing equations in CFD analysis. Fig. 8 shows the 
convergence value of the simulation. 

B. Torque and Power  

From the CFD simulation results, the torque of each 
blade design obtained. The torqufige obtained during 360º 
turns with different wind speeds and TSR. Figs. 9-14 shows 
the torque in different wind velocity and TSR. Whereas Figs. 

15 and 16 show output power obtained from the simulation 
results. At wind speed 3, 6, and 11 m / s, the torque obtained 
at TSR 0.5 has a maximum value in the upper-curve blade 
design and a minimum value in the upper-curve inverted 
blade design. At the same speed in TSR 1, the maximum 
torque value in the upper-curve blade design and the 
minimum value in the upper-lower blade design. 

In wind velocity of 11 m/s at TSR 0.5, upper-curve 
inverted blade and upper-lower blade design have different 
power far from upper-curve blade design. Upper-curve blade 
design has higher power than the others. On another hand, 

Fig. 9. Torque at wind speed 3 m/s with TSR 0.5 

Fig. 10. Torque at wind speed 3 m/s with TSR 1 

 

Fig. 8. Convergence residuals of iterations in the simulation 

 

Fig. 11. Torque at wind  speed 6 m/s with TSR 0.5 

Fig. 12. Torque at wind speed 6 m/s with TSR 1 
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wind velocity of 11 m/s at TSR 1, upper-lower design has the 
smallest power. So, the maximum power output at TSR 0.5 
and 1 is the upper-curve blade design. 

The power coefficient (Cp) at speeds 3, 6, and 11 m / s 
displayed in Figs. 17-19. In TSR 0.5, the upper-curve 
inverted blade and upper-lower blade have almost the same 
Cp. On another hand, at TSR 1, the upper-lower blade has a 
Cp that is lower than the others. The upper-curve blade 
design has the highest Cp at TSR 0.5 and 1. 

C. Velocity Contours 

Velocity contours of three blades displayed in Fig. 20. 
These contours at velocity inlet 6 m/s in 360 at TSR 1 to see 
the difference in three models of the blade design. There is 
little turbulence in the center of the rotor diameter of the 
blade. Turbulence effect at that point because of the 
rotational of the blades. The upper-curve blade and upper-
lower blade have a bigger distribution velocity on both sides 
of the blades than the upper-curve inverted blade. 

Fig. 13. Torque at wind speed 11 m/s with TSR 0.5 

Fig. 14. Torque at wind speed 11 m/s with TSR 

Fig. 15. Power vs wind speed at TSR 0.5 

Fig. 16. Power vs wind speed at TSR 1 

Fig. 17. Cp vs TSR at wind speed 3 m/s 

Fig. 18. Cp vs TSR at wind speed 6 m/s 

Fig. 19. Cp vs TSR at wind speed 11 m/s 
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V. CONCLUSIONS 

In this study, the novel blade design analyzed with a 
numerical method. The main goal of this study is to present 
the performance analysis of the novel blade design of 
VAWT. For this purpose, CFD simulation is used to analyze 
the design of blades. Simulation results from the blade 
design of the upper-curve blade, upper-curve inverted blade, 
and upper-lower blade indicate the novel design upper-curve 
blade can significantly improve VAWT performance. Upper-
curve blade design has a better power coefficient than the 
others. Moreover, the power can increase with TSR 0.5 and 1 
in low, medium, and high wind velocity. 
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Fig. 20. Velocity contours of (a) upper-curve blade, (b) upper-curve 
inverted blade, and (c) upper-lower blade 
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