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Renewable sources of energy, abundant in availability, are needed to be exploited with adaptable technology. For wind energy, the
wind turbine is very well adapted to generate electricity. Among the different typologies, small scale Vertical Axis Wind Turbines
(VAWT) present the greatest potential for off-grid power generation at low wind speeds. The combined Darrieus-Savonius wind
turbine is intended to enhance the performance of the Darrieus rotor in low speed. In combined turbine, the Savonius buckets are
always attached at the rotor shaft and the Darrieus blades are installed far from the shaft which have arm attaching to the shaft.
A simple combined turbine offers two rotors on the same shaft. The combined turbine that consists of two Darrieus and Savonius
blades was tested in wind tunnel test section with constant wind velocity and its performance was assessed in terms of power and
torque coefficients. The study gives the effect of the radius ratio between Savonius and Darrieus rotor on the performance of the
turbine. The results show that there is a significant influence on the turbine performance if the radius ratio was changed.

1. Introduction
Darrieus and Savonius wind turbines are the most common
VAWTs. The Savonius wind turbine is an aerodynamically
drag based, self-starting turbine with low cut in speed,
but its inefficiency curtails it to fewer applications, whereas
Darrieus wind turbines are aerodynamically lifting based
turbines having higher cut in speed with higher coefficients
of performance. Thus, it can rotate faster than the wind velocity. Combined rotors are the combination of Darrieus and
Savonius rotors mounted on the same shaft. Mostly combined
wind turbines are available in the vertical axis configuration.
Figure 1 gives a performance comparison of the various types
of all conventional turbines that have been constructed [1].
As can be seen in the figure, turbines with horizontal axis
have high power coefficient among other turbines which
reach 49% in 𝜆 ≈ 7. All turbines with vertical shaft have
low power coefficient and the smallest power coefficient is
Savonius turbine having maximum power coefficient 0.15 on
𝜆 ≈ 0.8.
1.1. Darrieus Turbine. Various types of Darrieus turbine rotor
configuration exist; among them are: egg beater type, straight

blade type, and helical blade rotor. To increase the Darrieus
turbine performance, Takao et al. [2] placed a guide vane
row upstream of the rotor in order to enhance its torque, so
the power coefficient of the turbine is 1.5 times higher than
that of the original turbine which has no guide vane. The
micro Darrieus turbine consists of usually two or three pairs
of airfoils of NACA type and each pair has a single blade.
Configuration of each pair consists of two blades, where one
of them is auxiliary blade and gives a higher static torque
[3]. The number of Darrieus blades influences the turbine
performance. The fewer the number of blades, the higher the
performance of the rotor [4]. The use of double blades of solo
Darrieus rotor makes the turbine lower in performance [5].
The effect of an upstream flat deflector on the power
output of two counterrotating straight-bladed Darrieus wind
turbines was investigated experimentally [6, 7]. The result
shows that the power output of a turbine increases significantly. The effect of solidity will increase the torque of HDarrieus turbine, but increasing solidity alone does not
improve the performance of the rotor since there is an effect
of blockage and interaction [8]. The new model of Darrieus
blade is introduced by Zamani et al. [9] in using J-shaped
profile; the wind turbine performance and self-starting of
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Figure 1: Typical performance of wind power machines.

turbine are improved. It has been experimented that, by the
combination of both Darrieus and Savonius rotor, higher
coefficient of performance could be achieved at moderate
wind speed.
1.2. Savonius Turbine. A vertical axis wind turbine (VAWT)
is summarized as accepting wind from any direction and
self-starting at low cut in speeds. Two semicircle blades were
usually chosen for the Savonius rotor because of their excellent start-up performance. The double-step Savonius bucket
was proposed since the starting torque is never negative [10].
The combination of two geometries of the surface curve of
Savonius bucket was studied by Sanusi et al. [11]. The concave
side is a half-circle and the other side is in a semicircular form.
They show experimentally that the combined blade improved
the performance of Savonius turbine. Torque variation on
the angular positions of the rotor blade and lower efficiency
are the main drawbacks of Savonius turbine. To overcome
the problem, Thiyagaraj et al. [12] placed a set of additional
blades called secondary blades in front of the concave side
of main rotor blades. Thus the efficiency is improved and
the torque values increased along the angular positions. To
increase the power coefficient of Savonius turbine, Al-Kayiem
et al. [13] proposed installing a curtain in upstream flow of
turbine and the rotor without shaft. By these configurations,
the coefficient of power increase significantly.
A considerable improvement in the performance of
Savonius rotor can be achieved by using multiple quarter
blades instead of single blade as shown by S. Sharma and R.
K. Sharma [14]. The twisted Savonius bucket was tested to
know the optimum twisted angle of the blade. The optimum
angle is found to be 15∘ [15] and for blade arc angle the range
is 110∘ –135∘ [16]. The performance of the newly developed
two-blade Savonius wind turbine is reported by Roy and
Saha [17] by modifying the blade called Bach, Benesh, and
semielliptical blades. New model of Savonius blade having
arm is given by Roy and Ducoin [18]. The performance
is better than the conventional turbine. The use of ventilation in the Savonius blade improved the performance of
the conventional Savonius windmill. This improvement in
power coefficient achieves 25% of low wind speed [19]. The

power coefficient can be increased by placing two deflectors
upstream of rotor [20].
The performance and shape characteristics of a helical
Savonius wind turbine at various helical angles have an
influence on the turbine performance [21]. Type of the blade
fullness of Savonius was introduced by Tian et al. [22] which
gives the optimum performance of Savonius wind turbine.
The aspect ratio defined as height to diameter of Savonius
rotor influences torque of the rotor. The torque of a rotor can
be increased by decreasing aspect ratio, and the speed can be
increased by increasing aspect ratio [23].
1.3. Combined Darrieus and Savonius Turbine. The DarrieusSavonius rotor combines the advantage of Savonius rotor, that
is, high starting torque, and the advantage of Darrieus rotor,
that is, a high power coefficient, into a single combination of
these rotors. A combined Savonius-Darrieus type vertical axis
wind rotor has many advantages over individual Savonius or
individual Darrieus wind rotor, such as better efficiency than
the Savonius rotor and high starting torque than the Darrieus
rotor. However to make the rotor completely self-starting, the
rotor is incorporated into a hybrid system with Savonius rotor
as its starter. It was found that the hybrid design fully exhibits
the self-starting capability at all azimuthal positions, signified
by the positive static torque coefficient values, and the power
performance of the hybrid rotor increases to 0.34 [24].
There are some possible combined configurations of
turbines. Savonius is placed in the middle of the Darrieus
rotor, Darrieus rotor is placed above the Savonius rotor, and
Savonius was placed at the top of Darrieus rotor. The first
configuration gives the highest coefficient of power [25].
The efficiency of Darrieus and Savonius turbine depends on
upstream fluid velocity. The higher the velocity, the higher the
efficiency of the turbine [26].
The overlap between Savonius blades of combined Darrieus-Savonius rotor increases the performance of the combined turbine [27]. Combined Darrieus-Savonius turbine is
tested in water current flow by using a flat deflector upstream
of the turbine. The deflector increases the performance of the
combined turbine [28]. A combined three-bladed Darrieus
and three-bucket Savonius rotor is explored by Ghosh et al.
[29]. They show that the power coefficient is obtained at 0.53
for Darrieus rotor mounted on the Savonius rotor which is
better than rotor in which Savonius is mounted on Darrieus
rotor. The optimum value of attachment angle of Savonius
buckets to the Darrieus rotor is perpendicular to the Darrieus
blade arm because at this condition it gives greater torque at
low speed as shown experimentally by Kyozuka [30]. For the
different angle of attachment, the performances have small
differences. Xiaoting et al. [31] compute the optimum angle
of attachment. The optimum angle of attachment of Savonius
rotor is 0∘ and they also show that the radius ratio, KD,
between Savonius and Darrieus radius is better if KD < 0.5.
From the literature surveys described above, for a combined Darrieus and Savonius wind turbine, the dimensionless
radius ratio between Savonius and Darrieus rotor is not
yet studied experimentally. It seems that the gap distance
between Savonius and Darrieus blades is an important
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Figure 2: Combined Darrieus and Savonius turbine.
Figure 3: Photograph of turbine in wind tunnel.

parameter which can influence the combined turbine performance. It is the reason that the objective of the present study
is to explore experimentally the performance of a combined
Darrieus and Savonius wind turbine.

2. Experimental Study
The combined wind turbine was tested in a subsonic wind
tunnel laboratory with test cross section of 400 × 400 mm2 .
The design should fit in the cross section; thus a micro
combined Darrieus and Savonius wind turbine is designed
and fabricated.
2.1. Model Test. The schematic figure of the combined rotor
is shown by Figure 2 where the Savonius rotor is placed perpendicular to the Darrieus rotor. In the present investigations,
two main configurations in the study were investigated since
there are two ways to make the variation of dimensionless
radius ratios as follows.
(a) Radius of Savonius bucket 𝑅𝑆 is kept fixed and radius
of Darrieus rotor 𝑅𝐷 is varied (case (a)).
(b) Radius of Darrieus rotor is kept fixed, the radius of
Savonius is varied. It means that the diameter of semicircular Savonius bucket became larger (case (b)).
The combined rotor has two Darrieus blades and two
Savonius buckets (two semicircle buckets). The Savonius
rotor is installed in the middle of the Darrieus rotor with the
same shaft. The Darrieus airfoil is a NACA 0020 with chord
length 60 mm and span length 300 mm. The blade was made
from wood and Darrieus rotor has 340 mm in diameter. The
semicircular Savonius buckets have the same length as the
Darrieus blade and were made from polyvinyl chloride
(PVC) material. The radius ratio is written as RL = 𝑅𝑆 /𝑅𝐷,
where 𝑅𝑆 is radius of Savonius rotor and 𝑅𝐷 is radius of
Darrieus rotor. The above Darrieus blade dimensions give the
solidity of rotor as 𝜎 = 0.11.
2.2. Procedures. The combined rotor was installed in wind
tunnel section with wind velocity set at 8 m/s which is

constant along the test. The photograph of turbine in the
wind tunnel is shown in Figure 3. Two ball bearings were
used in the base to support the shaft. The shaft was made up
of mild-steel of 12 mm diameters. The structure of Darrieus
arm was made of strip of cast iron to ensure high strength to
weight ratio and durability. Flexible digital anemometer and
digital laser tachometer were used to measure the wind speed
and revolutions per minute of the rotor. Torque meter which
is installed on rotor shaft of a wind turbine can determine
power and torque coefficients absorbed from a wind turbine.
Type of rope brake dynamometer meter was used to measure
torque. Torque meter consists of a rope, a brake pulley, a tube
spring scale, and a pan. The weighing pan, brake pulley, and
tube spring scale are connected by a nylon string of 2 mm in
diameter.
The first step of measurements was carried out without
load. Then, while the rotor was running, a load was added;
then force on tube spring scale and rotation was measured.
The same measurements were done for the other loads. At
certain load, the rotor was stopped since the load was maximized.
The performance of a wind turbine can be expressed in
the form of torque coefficient (𝐶𝑇 ) and the coefficient of
power (𝐶𝑃 ). Tip speed ratio or TSR (𝜆) is a parameter related
to rated wind speed and rotor diameter. 𝜆 is the ratio between
speed of tip blade and wind speed through the blade; TSR is
determined as follows.
𝜆=

𝑈 𝜔⋅𝑟
=
,
𝑉
𝑉

(1)

where 𝑈 is the tip speed or the peripheral velocity of the rotor,
in the case of combined turbine the speed of Darrieus rotor,
𝑉 is the wind speed, 𝜔 is the angular velocity of the rotor, and
𝑟 is the radius of the rotor.
The coefficient of torque or 𝐶𝑇 is defined as the ratio
between the actual torque developed by the rotor (𝑇) and
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the theoretical torque available in the wind as expressed
by

or 𝐶𝑇 =

𝐶𝑃
,
𝜆

0.6

0.4

where 𝜌 is the density of air, T is the torque, and 𝐴 is the swept
area of blades = the rotor height × the rotor diameter. The
force acting on the rotor shaft is obtained in (N) by
𝐹 = (𝑠 − 𝑚) 𝑔,

0.5

(2)
CT

𝑇
4⋅𝑇
𝐶𝑇 =
=
𝑇𝑊 𝜌 ⋅ 𝐴 ⋅ 𝑑 ⋅ 𝑉2

0.3
0.2

(3)

0.1

where 𝑠 is the spring balance reading in kg, 𝑚 is the
mass loaded on the pan in kg, and 𝑔 is the gravitational
acceleration. The torque is calculated from the following
relation.
𝑇 = (𝑟𝑏 + 𝑟𝑟 ) ⋅ 𝐹,
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Figure 4: Coefficient of torque (case (a)).
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3. Results and Discussion
Initial experiments were carried out for solo Savonius and
Darrieus separately and then the two turbines were combined
together. In this study, two important parameters of turbine
performance in terms of torque and power coefficient were
presented and all parameters of turbine performance were
calculated from (1) to (6).
Figure 4 shows the variation of the coefficient of torque
with tip speed ratio. The coefficient attains its highest value
of the tip speed ratio 𝜆 = 1.8 for solo Darrieus rotor and it
decreases very slowly with lower speed. These characteristics
give it less self-starting capability, while the torque coefficient
decreases to zero or no load condition as speed ratio is larger
or at 𝜆 = 2.7. The solo Savonius rotor has a higher coefficient
for low speed compared to solo Darrieus rotor and the torque
coefficient decreases rapidly with 𝜆 in the narrow range of
𝜆 < 0.6. We note that the solo Savonius has rotor speed not
greater than the upstream wind speed. When these two rotors
are combined, it seems that the torque coefficients of all RL
values increase significantly for low speeds. The higher the
RL, the greater the torque coefficient. As stated by Xiaoting et
al. [31] the larger the RL ratio, the more the inference of the
flow field by the Savonius rotor to the Darrieus rotor.
The power coefficient characteristics of the turbine rotors
are presented in Figure 5. The solo Darrieus turbine has the

CP

where 𝑃𝑇 is the power of turbine that is given by
𝑃𝑇 = 𝑇 ⋅ 𝜔.

1.0
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RL = 0.76
RL = 0.52

(4)

where the 𝑟𝑏 is radius of brake drum and the 𝑟𝑟 is radius of the
rope.
The coefficient of power of a wind turbine (𝐶𝑃 ) is the ratio
between the maximum power obtained from the wind (𝑃𝑇 )
and the total power available from the wind (𝑃𝑎 ):
𝐶𝑃 =
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Figure 5: Coefficient of power (case (a)).

highest power coefficient that attains maximum values 𝐶𝑃 =
0.238 at about 𝜆 = 2. The solo Darrieus turbine has also
a wide range of operation speed from 𝜆 = 0 to 2.7. It is
much larger than that of Savonius turbine. It is observed
that the lowest power coefficient is found in solo Savonius
turbine that has a maximum value of 𝐶𝑃 = 0.041 at about
𝜆 = 0.5. For the combined turbine in which the Darrieus
blades are at the nearest from the Savonius rotor or RL = 0.76,
the maximum power coefficient is found to be 𝐶𝑃 = 0.12.
When RL decreases from RL = 0.76 to 0.33, the value of 𝐶𝑃
increases considerably. The lower value of RL will improve the

International Journal of Rotating Machinery

5

0.70

0.30

0.60

0.25

0.50

0.20

CT

CP

0.40
0.15

0.30
0.10
0.20
0.05

0.10

0.00

0.00
0.0

0.5
RL = 0.32
RL = 0.40
RL = 0.62

1.0

1.5
휆

2.0

2.5

3.0

Solo Savonius
Solo Darrieus

Figure 6: Torque coefficient variation (case (b)).

power coefficient of combined turbine since the maximum
power coefficient increases and the curves shifted to the right
which makes the operation speed become larger. The higher
speed of the combined turbine is due to the Darrieus being
far from Savonius and no interference occurs. As we noted
the dimensionless parameter RL represents the ratio between
the frontal area of Savonius rotor and the frontal area of the
Darrieus rotor since both rotors have the same height. In this
study, the Savonius rotor has ratio 𝐻/𝐷 = 2.7, where 𝐻 is
the height of the rotor and 𝐷 is the rotor diameter. The power
coefficient of a turbine is influenced by the amount of energy
loss due mechanical structure. In this case, a friction exists
between wind and blades, and mechanical friction exists in
the bearing. However, the friction in the system is difficult to
quantify.
In the case of the radius of Darrieus rotor being kept
fixed and the radius of Savonius bucket being varied, the
torque coefficient of combined rotor is shown in Figure 6.
It is observed that, at low speed, the torque increases in the
increase in RL. The torque variation is considerably large for
RL = 0.62; it decreases rapidly with 𝜆, while for the other two
RL the torque variation is not so large. RL = 0.62 means that
the Savonius bucket is larger and/or it absorbed much energy
from wind to rotate the rotor. Smaller blades will absorb
less wind energy due to the decrease of frontal area. As the
diameter of Savonius was increased, the inertia of the rotor
increased thereby reducing its speed. For RL = 0.32 and 0.40,
the two curves seem to be similar except at very low speed
since these two values of RL are not much different. However,
it can be concluded that the variations in RL are sensitive to
the torque variations and the higher the RL, the higher the
torque coefficient, but the speed reduced.
The variations in RL value show also the variation in an
aspect ratio of the Savonius rotor (AR = 𝐻/𝐷) in combined
rotor. A low value of RL indicates high AR. The power
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Figure 7: Coefficient of power (case (b)).

coefficient of combined rotor for case (b) is shown in Figure 7.
As seen in the figure, the maximum power coefficients have
been obtained around 0.198 for RL = 0.32, 0.138 for RL =
0.40, and 0.158 for RL = 0.62. The curves show that the higher
power coefficient is found for low RL, but when RL increases,
the power coefficient decreases. For low speed, the power
coefficient of rotor with RL = 0.62 is higher than that of the
rotor with RL = 0.40 since the torque profile is much higher
at lower speed for RL = 0.62. It is concluded that the higher
the dimension of Savonius bucket is, the higher the losses
become; thereby the performance decreases.
The torque coefficient for all configurations (cases (a) and
(b)) of the combined turbine has higher values than that of
solo Darrieus and solo Savonius for low speed. The maximum
ranges of power coefficient of all configurations and all RL are
similar, which vary from the range of 0.12 to 0.20 (Figures 5
and 7), but the speed ranges are higher for first configuration
(case (a)). It is observed further that, for the low value of 𝜆
and for RL = 0.52 (Figure 4), the torque coefficient is quite
high compared to that of RL = 0.33 but it is lower than that
for RL = 0.76. The operational speed range of RL = 0.76 is
lower compared to the two other values of RL. The other part
(Figure 5), the maximum power coefficient for RL = 0.52, is
not too low. So it seems that the optimum condition occurs
to RL = 0.52. For the better condition in the design of a
combined wind turbine, the rotor should have a self-starting
point at low speed, a high torque operation, a high speed, and
a high power coefficient. So it is suggested to use the radius
ratio 0.30 ≤ RL ≤ 0.50 in the design of a combined turbine.
For very low RL can produce a negative torque [31]

4. Conclusions
In this study, an experimental study in a wind tunnel has been
carried out in order to explore the influence of rotor radius
of combined Darrieus-Savonius turbine on performance. The

6
dimensionless radius is called RL, which is the ratio of the
Savonius rotor to the Darrieus rotor. The results conclude
that the variation in Darrieus rotor radius in a combined
turbine has an important effect on the turbine performance.
The higher the RL, the lower the power coefficient and the
higher the torque coefficient. Similarly, in case of increasing
the Savonius rotor radius, the power coefficient is lower but
torque coefficient is higher.
The combined Darrieus-Savonius wind turbine is simple
in construction, low cost, and self-starting at low wind speed.
This makes it suitable for generating electrical energy, such as
for household application at rural areas and for a sailboat.
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