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AERODYNAMIC CHARACTERISTICS OF TWO.,
THREE. AND FOUR-BLADED STATIONARY SAVONIUS

ROTORS

M. Quamrul lslam* M. Sharif-ul-Hasan*" F.H. Chowdhury*"

ABSTRACT
Static torque and drag coetficients of a stationary Savonius rotor with two,
three and four blades have been investigated by measuring the pressure
distribution on the blade surtaces lor different rotor angles. Experiments
have been pertormed at a Reynolds no. 1.8 x ld with rotors having semi-
circular blade profile with an overlap ratio ol 0.2. Fesults indicate that static
torque coefficients vary considerably with the rotor angle. These results
were used to compare the performance of two-, three- and four-bladed
Savonius rotors under dynamic conditions.

Keywords: Savonius rotor, Semi-circular blade protile, Static torque
coefficients, Dynamic condition.

Nomenclature

Cq Torque coefficient of a single blade
Co TotalTorque coefficient of the rotor
Cn Normalforce coefficient
Cr Tangential force coefficient
Cp Power coefficient
d Diameter of blade
Fn Normalforce
Fr Tangentialforce
R Radius of rotor
S Overlap ratio
Uo Free stream velocity
A Tip speed ratio (R (V Uo)
O Speed of rotor
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1. INTRODUCTION

The Savonius rotor has been a subject of interest since the 1930's and has been
studied extensively. lt is a vertical axis wind turbine and has a lower efficiency as
compared to other vertical axis wind turbines, such as Darrieus rotor.
Nevertheless, it is used as an alternative to wind power extraction because of its
simple design and good starting torque at lowwind speeds [1,5,10,14]. 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 12,4,6,9,111. However, only a few studies are
reported in the literatures, which give information regarding the total aerodynamic
load on the structure and mechanism of rotation of the rotor. This paper attempts
an experimental study on the aerodynamic load on a stationary Savonius rotor
with different multiple number of blades.

2. EXPERIMENTAL SETUP AND PROCEDURE
The objectives of the investigation of wind loading on the semi-cylindrical bladed
Savonius rotors have been realized essentially with the help of a subsonic wind
tunnel, experimental setup of the Savonius rotor with 2, 3 and 4 blades and an
inclined manometer bank. The schematic diaoram of wind tunnel is shown in
Figure 1.

Figure l: Schematic Diagram of Wind Tunnel
l. Converging Mouth Entry
2. Perspex Section
3. Rectangular Diverging Section
4. Fan Section
5. Butterfly Section

7. Diverging Section
8. Converging Section
9. Rectangular Section
10. Flow Straightener Section
I l. Rectangular Exit Section

6. Silencer with Honeycomb
Section

2.1 The Wind Tunnel

The open circuit subsonic wind tunnel is 6.55 m long with a test section of 490 x
490 mm cross-section. The successive sections of the wind tunnel comprise of
converging mouth entry, perspex section, rectangular section, fan section (two
rotary axial flow fans), butterfly section, silencer with honey comb section, an
eddy breaker, diverging section, converging section, 610 mm long rectangular
section, 305 mm long flow straightener section and 610 mm long rectangular exit
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section. The central longitudinal axis of the wind tunnel has been maintained at a
constant height lrom the floor.

2.2The Two-Bladed Savonius Rotor

The two-bladed Savonius rotor was made up of two half cylinders (blade) of
diameter, d=125 mm and height, H=300 mm. The cylinders were made of poly
vinyl chloride (PVC) material. The overlap distance S was selected to be one-fifth
of the cylinder diameter (i.e. S=a/d=0.2) and the central shaft has been removed.
The overlap distance selected was the optimum value with respect to the wind
power extraction [4,5,8]. The pressure measurements were made at 17 pressure
tappings on each blade. The tappings were located at the mid-plane of each
side of each blade, so that pressure distribution at every 10o on the blade surface
could be measured. The pressures were measured at every 10o interval of rotor
angle (Fig.2), so that a detailed picture of the aerodynamic loading and torque
characteristics could be obtained.

O(c+180)

Figure 2: Forces Acting on a Two Bladed Savonius Rotor.

2.3 The Three-Bladed Savonius Rotor
The three-bladed Savonius rotor (Fig.3) was made up of three half cylinders
(blade) of diameter, d=125 mm and height. H=300 mm. The cylinders were also
made of PVC material. The overlap distance is equal to 0.20 and the central
shaft has also been removed. The whole rotor was fixed on a steel frame by
using two side shafts and two ball bearings. The pressure measurements were
made of 17 pressure tappings on each blade. The tappings were made with
copper tubes of 1.5 mm diameter and 10 mm length, which were press fitted to
the tapping holes. The tappings were located at the mid-plane of one side if each
blade, so that pressure distribution at every 10o on the blade surface could be
measured.
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C' (o+240)

Figure 3: Forces Acting on Three-Bladed SavoniuqRotor.

2.4 The Four-Bladed Savonius Rotor

The four-bladed Savonius rotor (Fig.4) was made up of four half cylinders (blade)
of diameter, d= 125 mm and height, H = 300 mm. The cylinders were made of
PVC material. The overlap ratio S was selected to be one-fifth of the cylinder
diameter (i.e. S = atd = 0.2) 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 17 pressure
tappings on each blade. The tappings were made with copper tubes of 1.5 mm
outer diameter and 10 mm length which were pressed fitted to the tapping holes.
The tappings were located at the mid-plane on one side of each blade, so that
pressure distribution at every 100 on the blade surface could be measured. The
pressure tappings were connected to an inclined rnanometer bank (manometric
fluid being water with an accuracy of 10.1 mm of water column) through 2 mm
tubes. The pressures were measured at every 10" intervalof rotor angle.

Cr (atl80)

Ct(a+to) 
C"(all80)

Figure 4: Forces Acting on Four-Bladed Savonius Rotor.
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2.5 Aerodynamic Characteristics Calculation

The flow pattern produced by the rotor blades is characterized by complicated
flow phenomenon such as high turbulence, unsteadiness and flow separation
[1,6,11,14]. The combined of these flow features in turn produces pressure
differences between the front and back surfaces ol the blades. These pressure
differences result in the calculation of aerodynamic forces from numerical
integrations.

The pressure coefficient can be defined by,

f \  -  p- p, ,
"o-  *u j

FF ,
f a  -  

- n  
/ --n  

ip lL , 'd ' - '  ipu . 'd

( 1 )

Where, p - Fo = Difference between measured pressure and atmospheric
pressure.

p = Density of air.

Uo = Frea stream velocity.

For Savonius rotor at a particular rotor angle, o the rotor blades experiences
forces (per unit span length) due to the pressure difference between the concave
surface and convex surface and these forces can be resolved into two
components Fn and Fr . Since the blade surfaces are circular, F, and fi pass
through the center of the semicircle. The drag coefficient in normaland tangential
directions can be written as follows:

(2)

To obtained the drag coefficients in the normal and tangential direction of the
chord, the value of Fn and Fl are obtained by integrating the pressure for a blade
as follows:

11 t7

4= j Lp$cosd/10=2/ip,$cosQ,L,Q, (3)
i=l

t 7

and simifarly, F, =Ztp,$sinQ,L,Q,
i=l
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Where Ap, is the difference in pressure on the concave and convex surfaces at
a particular pressure tapping, i. This Ap, is multiplied by the differential area

%.t.oO, considering unit height of the blade to obtain the value of differential
thfrgential and normal forces. Then numerical integration is carried out for the
whole diameter of each blade considering the limit 0 to n lor obtaining the value
of F1 and Fn. The force Fn is responsible for producing a torque on the shaft of the
rotor and this torque coefficient for a single blade at a particular rotor angle can
be written as:

0-s)
C,r@) = C,(q)*-

( z  -  s )2

The total static torque coefficient produced on the rotor shaft for
Savonius rotor can be expressed as follows:

C n(a) = lC ̂(a) + C,,(u +tSo' 11$(2 -  SY

Where, C,(a) and C,(a+180") refer to the drag coefficients of the
advancing and returning blade respectively at rotor angle, a .

The total static torque coefficient produced on the rotor shaft for a three-bladed
Savonius rotor can be expressed as follows:

co(q) =lc^(q)+ c^(d+120")+ C,(a+z+o';1Jl:-s)- Vl
(2-  S) '

Where, C ̂ (a), C n(a +120' ) and C n(a + 240') refer to the drag coefficients
of the first, second and third blade respectively at rotor angle, a .

The total static torque coefficient produced on the rotor shaft for a four-bladed
Savonius rotor can be expressed as follows:

Cn@) =lc,(a)+ C,(a+ 90') + C^(a+ 180') +

C,(a +270')lll- s)- (8)
(2  -  S)"

Where,  C,(q) ,  Cn(a+90' ) ,  C, (a+180")  and Cn(a+180")  re fer  to  the
drag coeflicients of the first, second, third and fourth blade respectively at rotor
angle, a.

3. RESULTS AND DISCUSSION

Normal drag coefficient, Cn of an individual blade of two bladed Savonius rotor,
four bladed Savonius rotor and three bladed Savonius rotor [3] is shown in Fig.S

(5)

a two-bladed

(6)
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for different rotor angles. For the flow over the four bladed system, considering a
single blade, the normal drag coefficient C" (a) increases with the increase of
rotor angle from cr=00 to 200. From this point the drag coelficient Cn decreases
with the increase of rotor angle a up to g00. Between u= 00 to 900, the drag
coefficient C^ (a) is positive for rotor angle 00 to 600 and reaches its maximum
value at cr=200. At cr=1000, the value of C^ increases after which it remains
constant til l cr=1500. Betweer o= 1500 to 1600, the value of cn drops slighily and
then remains constant til l a=1800. The C. decreases between cr= 1800 to 2100.
Again from cr=2100, Cn increases sharply up to 2500 and from cr=2600 to 3200 Cn
falls sharply and become negative. Between a=2200 to 3000, the drag coefficient
Cn is responsible for maximum torque production. For the flow over the three
bladed Savonius rotor [3], for a single blade, normal drag coefficient C" (cr)
increases with the increase of rotor angle from cr=00 to 600 and then decreases
with the increase of the rotor angle, o up to 1200. lt remains constant from
cr=1200 to 2200. From a=2300, drag coefficient increases till a=2600 and
decreases from cr=2700 to 3400. Again at cr=3400, drag coefficient Cn increases
and becomes zero at o=3500. For the flow over the two bladed Savonius rotor.
for a single blade, normal drag Coefficient Cn (o) are positive from cl=00 to 1600
and then become negative tor 170 o'then again become positive from 1800 to
2600 and negative upto 3600. The maximum normal drag coefficient for this two
bladed Savonius rotor is at 600 and minimum at 3000.

The tangential drag coefficient Cr, with individual blade effect for two bladed
system, three bladed system and four bladed system is shown in Fig.6 for
different rotor angles. In case of four bladed system considering a single blade,
the tangential drag coefficient C1 increases with the increase of rotor angle from
o=00 to 200. From this point, C1 decreases up to o,=1300. From o=1300 to a=2000,
the value of Cr is constant and nearly equal to zero. From a=2100 tangential drag
coeff icient increases lill a=22}o. The drag coeff icient decreases f rom c= 2200 to
c=3100 and again it increases from a=3200 to 3600. The negative thrust is
produced trom a;27O0 to a=3400. Finally, it produces positive thrust at cr=3500.
Maximum positive thrust is available between O0 to 1100 angle of rotation and
maximum negative thrust is available from a=2700 to 3400 angle of rotation.
Whereas for the three bladed system, tangential drag coefficients Cr increases
with the increase of rotor angle from cr=100 to 600. Then it remains constant from
600 to 1100 and at 1200, C1 decreases. lt remains positive from cr=1300 to 2300.
Then it decreases from 2400 to 3400 and again increases up to 0=3600. For the
two bladed system, the tangential drag coefficient, Cq is initially negative for cr=00
to 200 and then becomes positive and reached to the maximum tangential drag
coefficient at 400, then decreases to 0 tangential drag coefficient at 600. Up to
1 100 of rotor angle the drag coefficient is nearly 0 and then increases f rom 1 100
to 1300. At the rotor angle 1600, it becomes negative and again increases upto
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2100 and almost remains same from 2'100 to 2600 rotor angle. After 2600 rotor
angle the drag coefficient again decreases and reached to the lowest tangential
drag coefficient value at 3300 rotor angle and then remains negative upto 3600.
The torque coefficient on a single blade is shown in Fig.7 for four bladed rotor
system, three bladed rotor and two bladed rotor system. There is a linear relation
between the normal drag coefficient, Cn and the torque coefficient, Co for single
blade [Equation 5]. So, the torque coefficient curve shows exactly same nature
as the normaldrag coefficient of individual blade effect.

The total torque coefficient, Co for two- three- and four - bladed rotor is shown in
the Fig.8. From this figure, it is found that in the two bladed system, the total
torque is positive upto 1500 of rotor angle. Then becomes negative for the 1600
and 1700 rotor angle. The maximum total torque is found at 600 of rotor angle and
minimum at 1700 of rotor angle. In the three bladed system, the torque
coefficient, Cq rises and falls smoothly. On the other hand, the torque coefficient,
Cq rises and falls drastically in the four bladed system. By comparing the two,
three and four bladed systems, the maximum total torque coefficient is found to
be produced by two bladed rotor system.

4. PREDICTION OF POWER COEFFICIENT
The predicted power coefficient, Cp for different tip speed ratios, l, are shown in
Fig.9 along with the measured data of Rahman [13], Ogawa and Yoshida 112)
and lslam et al [8]. The overlap ratio considered in this study is same as the rotor
of Rahman, Ogawa and Yoshida, lslam et al. The predicted povrer coefficient
matches with the result of Rahman [13] but it deviates with the result of
polynomial prediction by lslam at el [8] and Ogawa and Yoshida l12l only in
magnitude. This prediction method assumes a potential vortex, however, in
reality the flow field around a rotating rotor is governed by time dependent shear
layers, separated flows and high turbulence levels. Furthermore, the wake has
not been considered in the present study. However, further research considering
the complex flow behavior may give a better prediction of the performance of a
Savonius rotor.

RotaAngle, c
Figure 5: Normal Drag Coefficient of Individual Blade Effect
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Figure 6: Tangential Drag Coefficient of Individual Blade Effect

Figure 7: Torque Coefficient with Individual Blade Etfect
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Figure 8: Total Static Torque Coefficient at Different Rotor Angles
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Figure 9: Power Coefficient versus Tip Speed Ratio
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