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ABSTRACT

The research work has been carried out to study the aerodynamic characteristic i.e., drag coefficient torque
coefficient etc. of a vertical-axis six bladed Savonius rotor. The pressure measurements have been made at
26 tapping points on each blade of the vane rotor. Pressure on the convex and concave surfaces have been
measured for every 10° interval of rotor angle up to 360° angle of rotation. To calculate drag force and
torque in non-dimensional form, computer based software has been used and the output has been
subsequently plotted and analyzed. The effects of individual blade and also the combined effects of six
blades on different aerodynamic characteristics are analyzed in this research work.

A quasi-steady approach has been applied for the prediction of the dynamic performance of the rotor using
the static drag and torque coefficients. Power coefficient versus tip speed ratio curve for six bladed

Savonius rotor has been drawn.

Keywords: Drag Coefficient, Torque Coefficient, Wind Turbines.

1. INTRODUCTION

The science of exploitation of wind power is not a new
one. For the past few centuries people are extracting
energy from the wind in various ways. One means for
converting wind energy to a more useful form is through
the use of windmills. Recently, due to the fuel crisis, this
science is gaining more popularity. Wind energy has
become very lucrative now-a-days due to its reliability.
The European Wind Energy Association (EWEA)
estimates that between, 20 GW and 40 GW of offshore
wind energy capacity will be operating in the European
Union by 2020. A fully developed European offshore
wind resources could deliver a capacity of several
hundred GW keen interest to develop efficient and
economic devices to collect energy from the wind.
Recently the utilization of wind power is increasing in
many developed as well as under developed countries.
There are various types of windmills. The most common
one having the blades of airfoil shape is the horizontal
axis wind turbine. Another type is the vertical axis wind
turbine is the simplicity of its manufacture compared to
horizontal axis wind turbine. Among the different
vertical axis wind turbines, the Savonius rotor is a slow
running wind machine and has a relatively lower
efficiency. Still it is being used in the developing
countries because of its simple design, easy and cheap
technology for construction and a good starting torque
independent of wind direction at low wind speeds [1, 2,
3].Rigorous studies on the performance characteristics of
the Savonius rotor are found in the literatures and these
enable the identification of an optimum geometrical
configuration for practical design [4, 5, 6, 7, 8].

© ICME2011

2. THE SIX BLADED SAVONIUS ROTOR

The Savonius rotor was made up of three half
cylinders (blade) of diameter, d=106 mm and height
H=300mm. The cylinders were made of PVC material.
The overlap distance S was selected to be one fifth of the
cylinder diameter (i.e., S=a/d=0.3) and the central shaft
had been removed. The overlap distance selected was the
optimum value with respect to the wind power extraction.
The whole rotor was fixed on an iron frame by using two
side shafts and two ball bearings. The pressure
measurements were made at 26 pressure tapping points
on each blade.
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Fig 1. Forces acting on blades
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The tappings were made with copper tubes of 1.5mm
outer diameter and 10mm length which were press fitted
to the tapping holes. The tappings were located at the
mid-plane of one side of each blade, so that pressure
distribution at every 10° on the blade surface could be
measured. The pressure tappings were connected to a
inclined multimanometer (manometric fluid was water
and had an accuracy of £ 0.1 mm of water column)
through 2mm PVC tubes. The pressures were measured
at every 10° interval of rotor angle so that a detailed
picture of the aerodynamic loading and torque
characteristics could be obtained.
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Figure 2: Schematic diagram of wind tunel
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Fig 3. Set-up of Experiment

2.1 Pressure Co-efficient, Cp
Pressure coefficient is defined as
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Where , P-P = Difference between bade and atmospheric
pressure in pascal

p = Density of air

U, = Free stream velocity

2.2 Drag Coefficient
The drag coefficients in normal and tangential
directions can be written as follows:

Fn

C = —
" ngozd

© ICME2011

Ft

C. = —
t EPUozd

@

To obtain the drag coefficients in the normal and
tangential direction of the chord, the values of F, and F;
must be known beforehand. The values of the forces F,
and F; are obtained by integrating the pressure for a
blades as follows:

F,= [y AP%cos @do = %% APLECOS 0:40; (3)

and similarly
26
d
F, = ZAPi 7 sin 0, A®;
i=1

Where AP; is the difference in pressure on the concave
and convex surfaces at particular pressure tapping, i.
Where F, is responsible for producing a torque on the
shaft of the rotor and this torque can be expressed for a
blade as

Torque on a blade,

d—a

T=Fn><2

d a
= Fx=(1-5
= hx50-9
= anzx(l—s) @)

2.3 Torque Coefficient
Equation (4) can be reduced to get the torque
coefficient for a single blade at a particular rotor angle as

E, (d—-a) 2
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The total static torque coefficient produced on the rotor
shaft by the six blades can be expressed as follows:
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Where Cy( @), Cp( at+60°),Cr( 0+120°), Cy( 0+180°),
Cn( 0t240°), and Cp(0t300°) refer to the drag
coefficients of the first, second, third, four, five and six
blade respectively at rotor angle a.

Power coefficient at a,

Cp (@) =Cy(a). 2

A computer programme was performed to calculate the
power coefficient (Cp) using the value of the component
of relative velocity Vy along U, and static normal drag
coefficient C,(a) for three different tip speed ratio A with
the help of equations (7) to (14).The program output gave
three sets of dynamic torque coefficients and power
coefficient and finally three average value of power
coefficient Cpaye.

Power coefficient vs. tip speed ratio of the present
prediction and the previous researchers prediction were
plotted on the same graph for analysis.

3. RESULTS AND DISCUSSION

The results of experimental investigation conducted
for the wind tunnel flow over the six bladed Savonius
rotor. The results of the pressure distribution over the
convex and concave surfaces of each blade at different
angle of rotation are analyzed first. Nature of the drug
and static torque characteristics are also analyzed. This
topic includes the analysis of pressure distribution,
normal drag coefficient (C,), tangential drag coefficient
(Cy), torque coefficient (C,), and total static torque
coefficient (Cg).

3.1 Pressure Distribution

The pressure distribution over the surfaces of the
blades were measured at every 10° interval of the rotor
angle between 0° < a < 50°.

Pressure distribution over the Blade Surface at 0 Degree Angle of Rotation
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Pressure Coefficient (Cpx & Cpe)

Pressure Distribution over the blade surface at 10 Degree angle of Rotation
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Pressure distribution over the blade surface at 20 degree angle of rotation
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Pressure Distribution over the blade surface at 50 degree angle of rotation
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Fig 4. Pressure distribution over the blade surfaces at
various rotor angles

3.2 Normal Drag Coefficient

Normal drag coefficient, C, of an individual blade
effect and combined effect of six bladed vane rotor for
different rotor angles is shown below:

Tangential Drag Coefficient of Individual Blade vs Angle of
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Fig 6(a). Tangential Drag Coefficient with the Individual
blade effect (for 6 bladed rotor
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Fig 5(a). Normal Drag Coefficient with the Individual
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Figure 5(b). Normal Drag Coefficient with the Combined
blade effect (for 6 bladed rotor)

3.3 Tangential Drag Coefficient

Tangential drag coefficient, C, of an individual blade
effect and combined effect of six bladed vane rotor for
different rotor angles is shown below:
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3.4 Torque Coefficient
Torque coefficient, Cq with individual blade effect and
combined blade effect of six bladed vane rotor is shown

below for different rotor angles.
Torque Coefficient for Individual Blade with Different Rotor
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Fig 7(a) Torque Coefficient with the Individual blade
effect (for 6 bladed rotor)
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Total Static Torque Coefficient at Different Rotor Angle (6 Bladed
Rotor)
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Fig 7(b). Torque Coefficient with the combined blade
effect (for 6 bladed rotor)

3.5 Power Coefficient
The predicted power coefficients for different tip
speed ratios are shown in figure below:
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Fig 8. Power Coefficient vs. Tip Speed Ratio curve for 6
bladed vane rotor
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Fig 9. Comparison of Power Coefficient vs. Tip Speed
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Ratio curve for different type of rotor

4. CONCLUSIONS

In the dynamic part of this research work, the power
coefficient (C,) was calculated using the value of the
component of relative velocity V,, along the free stream
velocity U,, and the static normal drag coefficient C, for
different tip speed ratio, A. From the study, and results of
this research work, the following conclusions can be
made:
1. It is concluded from the present work that flow
separation takes place over the convex and concave
surfaces of the blade and location of such separation
point depends on the rotor angle.
2. The nature of the torque coefficient is opposite to that
of the normal drag coefficient on the individual blade of
the bladed vane type rotor. This contributes significantly
for producing torque. The value of torque coefficient is
smaller than that of normal drag coefficient experienced
with individual blade.
3. Total static torque coefficients for six bladed Savonius
rotor at different rotor angle were analyzed in the present
research work. In this case, it is found that the curve
repeats after 50°angle of rotation like that of the normal
drag coefficient due to combined effect. And the value of
torque coefficient is smaller than that of normal drag
coefficient as a result of the combined effect. The torque
is always positive for six bladed Savonius rotor.
4. It is concluded from the performance graph of the
present study that six bladed vane type rotor provides
more power than comparatively other two, three, four
and five bladed vane type rotor. In other words, more
blades meant more power. However, there is an optimum
limit depending on the diameter of the rotor, and size and
shape of the blades, etc.
5. For study of dynamic characteristics, the measured
power coefficients (Cp) for different tip speed ratio (L) of
the present research work matches with the nature of the
theoretical Cp vs. A curve. Comparing with the existing
measured data, present study agrees well with the curve
of the research works. By comparing with the previous
existing work and present predicted research work it is
observed that the increase in the number of blades makes
the nature of the Cp vs. A curve steeper. Thus it can be
concluded that by increasing the number of blades, the
power output can also be increased.
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6. NOMENCLATURE

Symbol | Meaning Unit
a Overlap distance (m)
Ce Power Coefficient (dimens
ionless)
Cpe Pressure coefficient for (dimens
concave surface of the blade | ionless)
Cpx Pressure coefficient for (dimens
convex surface of the blade | ionless)
C: Drag coefficient in the (dimens
transverse direction of the | ionless)
chord
Static torque coefficient fora | (dimens
Cq single blade ionless)
Co Total static torque coefficient | (dimens
diameter of blade ionless)
d diameter of blade (m)
D diameter of the rotor (m)
Fn Normal force acting on a (N)
blade
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bl

I
Ft Tangential force acting on (N)
ablade
H Height of rotor (m)
P Pressure on blade (N/m%)
P. Atmospheric pressure (N/m%)
U, Free stream velocity (m/s)
T Static torque on a blade (Nm/s)
V, Relative velocity (m/s)
v Kinematic velocity of air (m?rs)
® Angular speed of the rotor (rad/s)
Re Reynolds number, U,D /v | (dimens
ionless)
S Ratio of overlap distance to | (dimens
diameter of blade ionless)
A tip speed ratio (dimens
ionless)
a Rotor angle (degree
)
0] Angle of the pressure (degree
tappings )
AP Difference of pressure (N/m?)
between concave and convex
surfaces of a blade
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