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Abstract- In present work, a Vertical Axis Wind Turbine 

(VAWT) Darrieus type having NACA 4422 blade is designed 

for low wind speed. For calculating coefficient of power at 

different tip speed ratios Double Multiple Stream Tube 

(DMST) model is used.  Then the 2D model of VAWT is 

prepared and CFD analysis is performed for the same. Results 

of DMST model is compared with CFD analysis of VAWT. 

CFD is a great tool to analyze the performance of wind 

turbine. Using both methods an optimum tip speed ratio for 

designed VAWT is found, as it is one of the most important 

factor affecting power generation of VAWT. Both in DMST 

model and CFD analysis maximum power was generated at 

tip speed ratio of 2. 
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I. INTRODUCTION 

Energy crisis is the major problem for the world. Most energy 

need is fulfilled by thermal power plant which runs on the 

coal or diesel, which also pollutes the environment. To avoid 

such polluting energy sources, alternate energy sources like 

wind energy, solar energy etc. should be adopted. Vertical 

Axis Wind Turbines (VAWT) are capable to harvest wind 

energy from any direction. Wind turbines can be classified 

into two categories according to the direction of rotational 

axes: vertical axis wind turbine (VAWT) and horizontal axis 

wind turbine (HAWT).Horizontal axis wind turbines are 

typically more efficient at converting wind energy into 

electricity than VAWT. For this reason they have become 

popular in the commercial scale wind power market. Where, 

VAWT are more suited to urban areas as they have a low 

noise level and slower rates of rotation. VAWT do not need 

yaw mechanism, rudders or downwind coning. Their 

generator can be located close to the ground. Economies of 

scale dictate that if a vertical axis wind turbine of 10 MW 

rated power could be developed, with at least same 

availability as modern horizontal axis turbine, but at lower 

cost, then it would not matter if its blade efficiency is slightly 

lower[1]. There have been two distinct types of vertical axis 

wind turbine: the Darrieus and the Savonius [2-3]. 

II. DARRIEUS TYPE  VAWT 

Fig. 1 shows Derrieus type VAWT having NACA 4422 

airfoil as blade prepared in Solidworks. This VAWT has three 

straight blades having 120 degree angle between them.  

 
Fig. 1: Darrieus straight blade wind turbine having 

NACA4422 airfoil 

Power produced by Darrieus turbine is given by [4] 

P = 
1

2
CpρAV3 

Where Cp is coefficient of power, ρ is air density, A 

is projected area which is equal to diameter into height and V 

is wind speed. For 300K air density can be taken as 1.2 

kg/m3. According to Betz limit maximum power coefficient 

(Cp) for any wind turbine is 0.59 [4]. In present work low 

wind speed is chosen as 4 m/s. Wind speed is most affecting 

parameter for power generation as generated power is 

proportional to cube of wind speed.   

III. ACTUATOR DISK THEORY 

 
Fig. 2: Actuator disk model 

The axial induction factor “a” is the fractional 

decrease in wind velocity between the free stream and the 

rotor plane [5], then as shown in fig. 2 

a = 
V1-V2

V1
                       (1) 
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IV. AERODYNAMIC ANALYSIS OF VAWT 

Straight blade Darrieus is simplest VAWT but its 

aerodynamic analysis is complex. Its flow velocities in 

upstream and downstream zones are not constant. General 

mathematical formulas for single blade position are explained 

below [6-12] 

 
Fig. 3: Blade velocity and force diagram 

From fig. 3 relative velocity component (VR) can be 

obtain by 

           VR = √(V𝑎sin)2+(V𝑎cos+ωR)2                            (2) 

Where Va is the axial flow velocity (i.e. induced 

velocity) through the rotor, ω is the rotational velocity, R is 

the radius of the turbine, and θ is the azimuth angle. 

Normalizing relative velocity with free stream 

velocity and from (1) replacing V2 by Va and V1 by V  

VR/V= √((1-a)sin)
2
+((1-a)cos+)

2
                 (3) 

Where λ is tip speed ratio which is equal to ωR/V. 

From figure 3 angle of attack (α) can be expressed as 

tan α =
Va sin θ

Va cos θ+ωR
                                     (4) 

Dividing by V the equation becomes 

tan α =

Va
V

sin θ

Va
V

cos θ+
ωR

V

                                      (5) 

   = tan-1(
(1−a)sin

(1−a)cos+λ
)                                   (6) 

The normal and tangential co efficient can be expressed as  

Ct = Clsin- Cdcos                     (7)

 Cn = Clcos+Cd sin                              (8) 

Cl and Cd are coefficient of lift and drag 

respectively. And Ct  and Cd are coefficient of tangential and 

normal force respectively. For calculations at first, the value 

of induction factor is a guess then G function is calculated 

using below formula and new value of induction factor is 

calculated 

G = 
Nc

8πR cos θ
[Cn cos θ +Ct

sin θ

cos Δθ
] (

VR

V
)

2

    (9) 

a = 
1

1+G
                    (10) 

The process is repeated until convergence.   

V. DOUBLE MULTIPLE STREAM TUBE MODEL 

Double Multiple Stream Tube model is used to calculate the 

power coefficient of VAWT [13-16]. In Double Multiple 

Stream Tube model, turbine is divided into multiple stream 

tube at Δθ interval as shown in figure 4. Each stream tube 

represent the blade position. 

 
Fig. 4: MST model 

Fig. 4 shows Multiple Stream Tube model but each 

stream tube in the DMST model intersects the airfoil path 

twice; once on the upwind pass, and again on the downwind 

pass. At these intersections we imagine the turbine replaced 

by a pair of actuator discs, upon which the flow may exert 

force. The DMST model simultaneously solves two equations 

for the stream-wise force at the actuator disk; one obtained by 

conservation of momentum and other based on the 

aerodynamic coefficients of the airfoil (lift and drag) and the 

local wind velocity. These equations are solved twice; for the 

up-wind and for the downwind part of the rotor. Fig. 5 shows 

Double Multiple Stream Tube model having two actuator 

disk at upwind and downwind zones. 

 
Fig. 5: DMST model 

The average torque (Qa) on rotor by “N” blades in 

one complete revolution is then given as 

Qa = N*∑
0.5ρVR

2
HcCt*R

2m

2m
i=1                  (11) 

Where m is number of stream tubes and 2m is 

number of Δθ 

The torque coefficient (CQ) and power coefficient (Cp) is 

given by 

CQ = 
Qa

0.5ρV2Dh*R
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= (
Nc

D
)∑

(
VR
V
)

2

Ct

2m

2m
i=1                  (12) 

Cp = λ * CQ                   (13) 

VI. ANALYTIC STUDY 

The power coefficient Cp can be expressed as a function of 

rotational speed ω, free stream wind velocity V, rotor radius 

R, chord length C, fluid viscosity μ, blade height h, number 

of blades N and fluid density ⍴.There are nine parameters 

relevant to the power of wind turbine. The power can simply 

be expressed as 

P = f {V, µ, ω, R, c, h, N, ρ} 

According to Buckingham Pi-theorem, the 

functional relationship of the dimensionless groups may be 

obtained and the result may written as: 
P

ρR2V3
=f {

c

R
,

h

R
,N,

ωR

V
,

µ

VρR
} 

The power coefficient Cp can be expressed as a 

function of tip speed ratio λ, free stream Reynolds number Re 

and solidity σ 

Cp = f {Re, λ, σ} 

Where Solidity  = Nc/R and Reynolds number Re = VR/ 

VII. CFD MODELING 

For VAWT analysis NACA 4422 airfoil is selected having 

chord length of 150mm and rotor of diameter 1.2 m and 

height of 1.2 m. VAWT 2D model is generated using 

solidworks and for CFD analysis ANSYS Fluent is used. 

Solidworks’ .step file is used as geometry in design modeler 

and mesh is generated using ICEM in ansys which are shown 

in fig.6 and fig. 7 respectively. Stationary domain is 5m x 2m 

and rotating domain has diameter of 1.5m. Mesh details are 

in Table 1. 

 
Fig. 6: Geometry for CFD analysis 

 
Fig. 7: Meshing of geometry 

Mesh details 

Min. size 0.78 mm 

Max. size 78.61 mm 

Growth rate 1.2 

Nodes 4288 

Elements 4058 

Table 1: Mesh details 

VIII. METHODOLOGY  

A. DMST: 

For DMST model NACA 4422 airfoil is chosen having chord 

length 150mm and turbine radius of 1.2m. Wind velocity is 

taken as 4m/s. Tip speed ratios are taken 1, 1.5,2 and 3. 

Number of stream tubes are taken as 10 at Δθ =18 degree. A 

spread sheet is used for easy management of data. At first the 

value of induction factor is guessed and then using (9) 

iterative procedure is performed until convergence. Then 

using formula (12) and (13) coefficient of power is calculated 

for chosen tip speed ratios. 

B. CFD analysis: 

In CFD analysis, mesh geometry is solved in ANSYS fluent 

using k-epsilon viscous realizable model having standard 

wall function with transient solution [17-18]. Fig. 8 shows 

boundary condition for analysis. For cell zone condition 

rotating domain is given rotational velocity according to tip 

speed ratio which is shown in Table 2. For reference area 

turbine area 1.44m2 and length is equal to radius of turbine 

0.6 m. For transient solution time step size is equal to time 

taken by blade to rotate one degree and number of time steps 

are taken as 360 which represents one rotation of turbine. 

 
Fig. 8: Boundary conditions for Fluent 

Tip 

speed 

ratio 

Wind 

speed(m/s) 
Radius(m) 

Angular 

velocity(rad/s) 

1 4 0.6 6.66 

1.5 4 0.6 10 

2 4 0.6 13.33 

3 4 0.6 20 

Table 2: Angular velocity for tip speed ratios 

Fluent generates history file of coefficient of 

moment which shows value of coefficient of moment at every 

time step. Average value of these results is then multiplied by 

tip speed ratio to get coefficient of power. 

IX. RESULT AND DISCUSSION 

Fig. 9 shows the comparison of coefficient of power at 

different tip speed ratios between Double Multiple Stream 

Tube model and CFD analysis of VAWT. As shown in figure 

9 in DMST at low tip speed ratio coefficient of power is low 

and even negative for 1.5, but in CFD analysis it is positive 

for all tip speed ratios. Highest coefficient of power is 

generated at tip speed ratio equal to 2. 
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Fig. 9: Comparison between DMST model and CFD 

analysis results 

X. CONCLUSION 

Vertical Axis Wind Turbine straight bladed Darrieus type 

having NACA 4422 airfoil as blade was analyzed using 

Double Multiple Stream Tube model and CFD analysis. Then 

both results are compared. In which DMST model 

overestimated value of power coefficient and generated 

negative power coefficient for lower tip speed ratio. Where 

CFD analysis generated positive power coefficient for all tip 

speed ratios. As shown in figure 9 at tip speed ratio equal to 

2, high power can be generated at lower wind speed by 

VAWT, which is very small in size compare to horizontal 

axis wind turbine.  
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