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Abstract

The present studies investigate the performance of a small Savonius vertical axis wind turbine equipped with an upstream 
obstacle to guide the wind direction. The wind tunnel measurement was carried out in a test facility at the Mechanical 
Engineering Department, Institut Teknologi Sepuluh Nopember (ITS). The dynamic torque was measured using the brake 
dynamometer. Several variations of the obstacle orientations were investigated. Two different wind speeds of 2.48 m/s 
and 7.45 m/s were considered, that correspond to the Reynolds numbers of 30,000 and 90,000, respectively, according to 
the rotor diameter. It is found from the studies that the mechanical torque and power generated by the rotor are strongly 
affected by the obstacle. On the other hand, the Reynolds number has no significant impact on the rotor performance.
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1 Introduction

In the recent years, the demand of renewable energy is 
steadily increasing due to a shortage of the fossil energy 
and intensification of the global climate change [1, 2]. 
Among others, wind has received a great consideration 
due to its high potential and become the fastest grow-
ing industry for renewable energy with more than 30% 
annual growth rate [1]. Vertical axis wind turbines (VAWTs) 
received less attention in wind turbine communities 
because their performance is way smaller than their com-
petitor, horizontal axis wind turbines (HAWTs). However, it 
is well known that VAWTs are better suited under complex 
environment involving high uncertainty in wind direction 
as they require now yaw mechanism, especially because 
the turbine performance is not affected by the wind direc-
tion. There are two main types of VAWT, the Savonius and 
Darrieus turbines. The latter is actually more preferred 
because this turbine is working as a lift type machine that 

is more efficient. However, its self-starting behaviour is 
poor. On the other hand, the first-mentioned type has a 
good self-starting behaviour but weaker performance.

Several studies have been carried out to investigate 
the performance of vertical axis wind turbines. Dabiri [3], 
Jang et al. [4], Kinzel et al. [5], Li and Calisal [6] and Bangga 
et al. [2] pointed out that the performance of a VAWT in a 
complete isolation can be different with the turbine oper-
ating in closely spaced wind park. They concluded that the 
power of the turbine increases up to 25% if two turbines 
are arranged close to each other in side-by-side configura-
tion. The power improvement is caused by the increased 
velocity between the two rotors. This shows that control-
ling the incoming wind flow is essential for improving the 
turbine performance.

Savonius turbines have been investigated in the past 
by numerous authors. A very comprehensive review, for 
example, was written by Akwa et al. [7]. This work high-
lights the performance of Savonius rotors (efficiency 
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ranging from 0.05 to 0.3) and their unique abilities like sim-
ple construction, high startup ability and low noise. Naka-
jima et al. [8], explained the physics of a Savonius rotor 
by the main flows that occur on the rotor buckets during 
the operation. From these studies, the main flow patterns 
affecting the performance of the rotor are characterized. 
These complex flow characteristics make the theoretical 
prediction of the Savonius performance very difficult [9]. 
As alternatives, numerical predictions were performed as 
attempts to solve this issue [10]. As there is no reliable ana-
lytical method for predicting the performance of Savonius 
turbines, experimental or numerical research works must 
be conducted [7].

The low performance of the Savonius rotor can be 
improved by adding an obstacle that shields the return-
ing blade. Many authors have adopted various techniques 
to maximize the performance and to improve the starting 
torque behaviour of the Savonius turbines, for example 
by guide vanes [11], V-Plate deflector [12] and deflector 
plate [13, 14]. Mohamed et al. [15] evaluated the effects 
of blade number on the performance of a Savonius tur-
bine using CFD. They equipped the rotor with a flat plate 
upstream of the returning blade. They concluded that the 
upstream obstacle is able to improve the generated power 
up to 27.3% and 27.5% for the two-bladed rotor and three-
bladed rotor, respectively. They further extended the 
studies with the variation of the plate geometry in [16]. 
It was found that the power of the studied Savonius tur-
bine enhances up to 38.9% at a tip speed ratio (TSR) of 
0.7 and up to 75.4% at a TSR of 1.4. Priandika [17] recently 
investigated the effects of an upstream obstacle on the 
generated power of a Savonius turbine using an experi-
mental approach. The studies varied the obstacle angle, 
its configuration and the inflow wind speed. It was found 
that the opening angle of 40° generates the highest power 
production (1.67 times) among the other variations for the 
Reynolds number (Re) of 60,000. However, if the Reynolds 
number is 90,000, the maximum power is generated at 
an opening angle of 0°. This inconsistency seems to be 
related to the blockage effects that were not consid-
ered in the measurement. Triyogi et al. [18] numerically 
investigated the effect of a single obstacle upstream of 
the returning blade on the pressure field surrounding a 
Savonius turbine, where the turbine was set in the stand-
still situation. They concluded that the generated power 
of the turbine may depend on the obstacle width and 
the operating Re as the pressure field changes consider-
ably. However, when the obstacle width is too large, e.g., 
for L/D = 2.0 at Re = 90,000, a large portion of the area in 
the upstream vicinity of the returning blade is character-
ized by the small pressure level. This causes the flow to 
pass through the area rather than pushing the advancing 
blade and might reduce the rotor performances. These 

conclusions were confirmed in a later experimental study 
[19]. They found that the turbine performance actually 
is smaller than the baseline case without an obstacle for 
L/D > 1.4 at Re = 90,000. The turbine power was only 60.8% 
of the turbine without the installed obstacle for L/D = 1.83 
at Re = 90,000.

Golecha et al. [20] further studied the influence of an 
obstacle shielding the returning blade. Eight different 
positions were investigated. It was shown that the per-
formance of the turbine could be increased by 50% when 
the configuration is optimal. The deflector plate acts as 
an obstacle for the incoming flow towards the returning 
blade that increases the net torque generated by the rotor. 
Eight different positions of the obstacle were evaluated 
in these studies. This group further evaluated the influ-
ence of an additional flow deflector nearby the advanc-
ing blade in [21]. The power coefficient increased to 0.35, 
that is significantly higher than the open rotor of 0.14. 
The dual rotor system performance, as also investigated 
in [2–6], were attempted to be improved by using a flat 
plate deflector by Kim and Gharib [22]. It was concluded 
that the power output enhancement with the installed 
deflector is dependent on the width and height of the 
deflector and the relative turbine position. Tartuferi et al. 
[23] emphasized that redesigning the blade sections and 
the curtain system could enhance the power generated 
from the turbine. The blade geometry was redesigned 
based on the common principle of imposing a consider-
able increase of the mean camber line in order to design 
a section of suitable curvature for replacing the traditional 
semi-cylindrical blade geometry. They further equipped 
the rotor with the non-conventional conveyor-deflector 
curtain system. Both modifications were improving the 
rotor performance.

It can be seen that there is still an open room for 
improvement and further studies. The present studies 
are conducted especially as the effect of opening angle 
of the upstream deflector was not yet widely evaluated in 
detail. The present work is intended to further elaborate 
the investigations experimentally. The main objectives of 
the studies are to evaluate the effects of upstream obstacle 
on the aerodynamic performance of the turbine and to 
determine the optimum angle required to guide the flow 
towards the turbine.

2  Research methodology

The turbine was mounted in front of an axial fan that 
can rotate up to 2850 rpm. The fan speed is adjustable 
to obtain the desired wind speed. To minimize the effects 
of inflow turbulence, a square-honeycomb was installed 
between the two apparatuses. The honeycomb size is 
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508 mm with the mesh size of 16 per square inch. This 
approach was adopted to avoid swirl flow as recom-
mended by Bradshaw [24]. Detailed overview of the 
turbine and the measurement equipments is given in 
Figs. 1 and 2. The wind flows through the honeycomb and 
reaches the turbine at a distance of 3500 mm. The turbine 
is a Savonius type with a blade radius of 101.6 mm. The 
height of the turbine is 300 mm and the overlap diameter 
of the shaft is 13 mm. Thus, the effective diameter of the 
turbine is 190.2 mm. The obstacle is located at 120 mm 
upstream of the turbine and its opening angle can be 
adjusted in the experiment. The length of the obstacle is 
143.6 m, thickness of 3 mm and height is 300 mm that is 
the same as the turbine height. 

The rotation of the turbine was recorded using a non-
contact optical tachometer OMEGA HHT12 with the meas-
urement range of 5 to 99,999 rpm. The accuracy of the 
rotational speed measurement is 0.001 to 0.1 rpm. The 
wind speed was measured using an anemometer OMGA 
HHF92A with the measurement range of 1.5–35 m/s and 
accuracy of 0.01 m/s. Note that two measurement strate-
gies for the mechanical torque were carried out. First, the 
static torque was measured using a torque meter LUTRON 
TQ-8800 with the measurement range of 0.1–1.0 N cm. 
Second, the dynamic torque was recorded using a brake 
dynamometer. The latter is preferred as it is more accu-
rate and was recommended Mahmoud et al. [25]. Thus, the 
main results of the present studies were obtained from the 
dynamic torque approach.

3  Results and discussion

In this section, the obtained experimental results are 
presented and the occurring physical phenomena are 
discussed. Figure 3 shows the airflow distribution in front 
of the rotor that was measured using anemometer. The 
distributions of the vertical and horizontal profiles are pre-
sented. The measurement took place at 700 mm upstream 
of the rotor at five different positions along the horizontal 
and vertical axes. It can be noticed that the honeycomb 
makes the inflow more uniform than the case without 
the installed honeycomb. The installed honeycomb also 
reduces the turbulence levels at the inlet. However, this 
was not measured and is not a topic of interest for the 
present work.

Figure 4 presents the effects of obstacle angle on the 
rotational speed of the turbine represented as a dimen-
sionless quantity of the tip speed ratio, that can be for-
mulated as:

where ω represents the rotational frequency, R represents 
the effective blade radius and U∞ is for the undisturbed 
wind velocity. It can be seen clearly that the obstacle open-
ing angle has a minimum effect on TSR. This shows that the 
rotor rotation is not affected strongly by the equipment. 
It can be seen that the Reynolds number also has a small 
influence on TSR. Note that the dynamic measurement was 
carried out when the rotor is under loaded situation, i.e. 
when the weight is applied on the dynamometer.

Figure 5 shows the measured dynamic driving moment 
coefficient of the rotor. This coefficient is defined as:

where M is the measured dynamic torque, ρ∞ is the 
freestream density and S is the cross-sectional area. It 
becomes evident that the generated torque depends on 
the obstacle opening angle and the Reynolds number. 
From Fig. 5 (upper), it is shown that the maximum effect 
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Fig. 1  Schematic illustration of the turbine and flat plate obstacle 
upstream of the returning blade

Fig. 2  Schematic view of the 
measurement apparatuses
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on CM occurs for Re = 30,000 at 40°, and in comparison to 
Re = 90,000 the moment coefficient is generally higher. It 
is shown that both Reynolds numbers present the same 
trend. When observing the relative increase of the moment 
coefficient to the baseline case without the obstacle, Fig. 5 
(lower) also shows that a similar trend holds for both Reyn-
olds numbers. It can be clearly seen that the torque has its 
maximum value at θ = 40° regardless of the Reynolds num-
ber, indicating an optimum opening angle of the obstacle.

Fig. 3  Flow distribution in front of the turbine

Fig. 4  Tip speed ratio distributions as a function of the obstacle 
opening angle at maximum power coefficient

Fig. 5  Torque coefficient (upper) and increased torque relative to 
the baseline case (lower)
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In Fig. 6, the power coefficient of the turbine is pre-
sented. This variable is defined as the relative energy 
extracted from the wind and can be formulated as

It can be seen now that the power generated from 
the rotor, Fig.  6 (upper), for Re = 30,000 is similar with 
Re = 90,000. The generated power for Re = 30,000 is of the 
similar order as Re = 90,000. In a similar line, there is only 
a slight deviation on the increased power relative to the 
baseline case as depicted in Fig. 6 (lower), indicating that 
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× 100%.

the Reynolds number has actually only a minor influence 
on the improved performance. Similar to the observation 
for the torque, the power of the rotor depends strongly 
upon the obstacle opening angle. However, the maximum 
power is not generated exactly as when the torque is maxi-
mum at θ = 40°, but this occurs at a slightly higher angle at 
θ = 45°. This shows that the generated power of the turbine 
is not always in line with the dynamic torque acting on the 
shaft. Interestingly, in contrast to the moment coefficient 
in Fig. 5, the power coefficient is not affected by the Reyn-
olds number. This difference is attributed to the variation 
in the rotational speed achieved at the maximum CoP at 
the respective configuration.

Generally, the power coefficient generated by a Savo-
nius rotor is larger than 0.1, especially when the rotor is 
equipped with an upstream obstacle. In the present work, 
the magnitude is smaller. One may think that the size of 
the turbine could play a significant role. The high solidity 
of the turbine could deteriorate the performance due to 
the blockage effects of the flow through the rotor plane 
affecting the inductions, for example see [26]. On the other 
hand, friction can be large for this case, which may further 
contribute to the reduced performance.

Figure 7 shows the static torque testing for the Savonius 
turbine when the rotor is at idle position without loading. 
The measurements were calculated by the static digital 
torque meter which was installed at the rotor shaft and 
when the rotor blade position was perpendicular to the 
direction of air flow.

It can be depicted from Fig. 7 (upper) that the trend 
of the static torque for two different Reynolds numbers 
is very similar. It shall be noted, however, that the magni-
tudes are completely different. The measured static torque 
levels increase when the opening angle of the obstacle 
enlarges up to 30°. A further increase of the opening angle 
causes a stronger blockage effect that reduces the static 
torque level for all investigated cases. Despite that, a more 
gradual reduction of the static torque level is observed 
for the operating Reynolds number of 90,000. This is actu-
ally beneficial for the turbine itself because the operat-
ing range is wider, avoiding severe impacts when faulty 
of opening angle selection occurs in practice. The main 
reason for the higher level of static torque at a higher 
Reynolds number is that the air velocity is increasing con-
siderably. Note that the Reynolds number is directly pro-
portional to the wind speed. In Fig. 7 (lower), one could 
observe that the Reynolds number has only little influence 
on the static torque coefficient of the rotor.

While the velocity increases, at the same time the dif-
ference in drag force between the advancing and return-
ing blades also increases. Note that the torque is mainly 
generated by the drag force for this type of turbine. The Fig. 6  Power coefficient (upper) and increased power relative to 

the baseline case (lower)
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level of the static torque increases as long as there is an 
increase in the drag force difference between the two 
blades and it depends on the configuration of the obsta-
cle plate that change the location of the center of force 
on the blade. The maximum static torque occurs at an 
angle value of 30°. The torque arm is longer at this posi-
tion. After the optimum angle is passed, the reduction 
of the static torque the center of the drag force is shifted 
causing a shorter torque arm and it leads to the smaller 
torque levels.

4  Conclusions and remarks

Experimental studies have been carried out to assess the 
capability of an obstacle located upstream of a Savonius 
wind turbine to improve the power generated by the 
rotor. The investigations highlight several aspects that 
are useful for wind energy communities. The obstacle 
and the Reynolds number have a small influence on the 
rotational speed of the loaded turbine. On the other 
hand, the torque of the turbine is strongly influenced 
by the opening angle of the obstacle. The improvement 
of the torque value relative to the baseline case without 
an obstacle is less affected by the Reynolds number. The 
studies reveal that the obstacle opening angle strongly 
influences the acting torque, where the maximum torque 
takes place at θ = 40° regardless of the Reynolds num-
ber. However, this position is slightly shifted to θ = 45° 
for the generated power. However, relative to the base-
line case, the Reynolds number has a minor influence 
on the increased power and it is affected mainly by the 
obstacle opening angle. The static torque results reveal 
that the rotor torque increases with increasing opening 
obstacle angle up to the angle of 30° for all investigated 
inflow conditions, then it reduces again when the angle 
increases further.

Further improvements of the power production might 
be still possible if the motion of the upstream obstacle 
can be actively controlled, for instance, for enhancing 
the starting behavior or for maximizing the maximum 
torque generation. It was shown in previous studies 
that providing additional mass flow on the system could 
delay separation and might be beneficial to further con-
trol the power improvement capability of the proposed 
approach. Future studies might be directed to the 3D 
simulation of the turbine by a scale resolving technique 
as it was proven to be able to accurately capture flow 
separation and predict the loads on the rotor especially 
regarding the 3D effects. Moreover, confirming the 
results in the open-field measurement campaign is of 
importance because many parameters are not directly 
comparable with the laboratory environment. There-
fore, experimental studies in this direction are strongly 
recommended.
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