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The use of wind turbines for small-scale and urban applications is a topic that is receiving
increasing attention. The use of wind turbines for small-scale and urban applications is a
topic that is receiving increasing attention. This work concerns the Savonius rotor. It is
divided into three parts. The first one consists in an original experiment which has led to
the direct measurement of the pressure field on the blades of a rotating Savonius rotor. In
the second part, the results are introduced in a generalized model to calculate the efforts

which generate the vibrations at the rotor supports. This study explains well the vibratory
behaviour of the rotor. Finally, in a third part an experiment analysis of an adequate
system of a suspension to stabilise or avoid these vibrations is proposed. This study
explains clearly the vibratory behaviour of the rotor.

1. INTRODUCTION

During the last century, fossil and nuclear fuels were the
most important energy resources for humankind. Because of
some environmental problems such as global warming, acid
rain, nuclear accidents, and marine pollution... etc., the need
for alternative energy sources became important. The cleanest
energy is the most interest field of many scientists and
researchers [1-6]. At the end of 2007, more than 95 GW were
in service worldwide. They are mainly distributed as follows:
in Germany (22.2 GW), the United States (16.8 GW) and
Spain (15.5 GW) [7, 8]. The wind continued to be the major
source of energy and is one of the most promising and
potential alternatives of renewable energy. In addition, to
growing economic attractiveness of the wind energy, there are
more ecological arguments for its use: i. Wind-power plants
emit absolutely no CO», by far the major pollutant when fuels
(other than hydrogen or biomass) are burned; ii. As do nuclear
plants, the operation of wind turbine leaves behind no
dangerous residues; iii. Decommissioning costs of wind
turbines are much smaller than those of many other types of
power plants, especially compared with those of nuclear
generators and iv. Land occupied by wind farms can find other
simultaneous uses such as in agriculture [9-14]. Several wind
machine configurations, including: i. drag-type turbines; ii-
Lift-type turbine; appear during the design and simulation of
rotating equipment, especially when this equipment is in
contact with a given fluid. Among these equipment’s the wind
turbine represents a device which can utilize the wind’s kinetic
energy to produce the mechanical or electrical energy [15-18].
The vertical axis wind rotor as another important kind wind
turbine is a good choice for men average and small-scale wind
power generation [19]. The use of wind turbines for small-
scale and urban applications is a topic that is receiving
increasing attention that because it adapts well to turbulent

flows caused by the roughness of the urban field of urban areas.

It has received, more and more attracts for its advantages of
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simple design, low cost, and good maintenance [20]. In
addition, in urban areas the wind is very turbulent and unstable
with fast changes in direction and velocity. On the one hand,
experimental studies have reported on the Savonius rotors
Newman et al. [21-23] and others. All studies investigated the
effects of several geometrical parameters on the rotor
performances. According to its design, a vertical axis wind
turbine is submissive to asymmetric efforts at all times. One
can show that these efforts increase with the machine rotation
frequency [24, 25]. Then at high speed the rotor is solicited by
any great efforts. Furthermore, the effect of the clumsiness,
inherent in its construction, generates vibrations which
contribute to the risks of its destruction [26]. On the one hand,
several reaches [27-32] have reported on experimental and
theoretical studies on the Savonius rotors. These studies
investigated the effects of several geometrical parameters on
its performances. All these investigations are more or less
unsatisfactory in most situations. They do not report the data
or the information on the mechanical behaviour. In general,
very few theoretical works on the analysis of the actual flow
around the Savonius rotor are available. This is mainly due to
the complexity of the fluid flow around this machine and the
difficulty of its modelling. Several researches have
commented that a reliable analysis of the flow around a
Savonius rotor is extremely difficult if not possible [33].
Actually, other attempts to investigate the flow character [34]
underline the extreme difficulty of the flow modelling. The
results were more or less satisfactory.

To bypass these difficulties, a direct determination of the
pressure field on the blade surface of the Savonius rotor, as a
suitable approach leading to clear information on its
functionality it is proposed. This idea was suggested by
Aouachria et al. [27]. In the present work, a general model is
adopted by taking into account a gap between the blades and
the experimental instantaneous pressure field. Discuss both the
reaction (RC and RD) obtained at the Savonius rotor supports,
as well as the vibratory phenomena have analysed. This study
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is completed by an experimental analysis, primary of an
adequate system of a suspension to avoid these vibrations and
secondary by a modified the blade profile to improve the
turbine efficiency and with the rotor fulfilling the same role
from that of the electric generator simultaneously [35]. As the
literature has not reported similar studies, these results cannot
therefore be compared to other similar results; they provide
information about the aero-dynamical and the mechanical
functioning.

2. EXPERIMENTAL STUDY
2.1 Instantaneous pressure measurements

The Savonius rotor used is composed of two half cylindrical
blades with a gap. The dimensions of this rotor are the
following: D=100 mm, h =300 mm, & =25 mm. At each
extremity, the rotor is limited with a circular disc of 140 mm
diameter. The pressure gauges are located into six circular
holes of diameter 6.3 mm in the mid—plan of blade cross-
section Figure 1la. The pressure gauges are piezoresistive type
with thermal compensation according to the temperature range
of the experiments figure.

The signal of the pressure received by the pressure
transducer is so low that it requires an amplification at the
upper flange of the wind turbine or even Figure 1c and Figure
2b. With the rotary contactors, it is transmitted to the external
measuring chain see Figure 2b and 1c. The rotation frequency
is measured by a photo-diode system installed at the axis end
of the rotor, (Figure 2a). Two sets of measurements have been
performed for flow speeds of 10 m/s and 12 m/s. Twelve
instantaneous curves are obtained; six for intrados and six for
extrados. Each measurement is performed for a complete
rotation at the same frequency. The same method has been
used for each of the twelve experiments. Thus, after the
verification of the zero level of the gauge, the frequency and
the pressure signals are registered simultaneously using a data
acquisition system. Signals are also visualized on a memory
oscilloscope. The signal treatment results, which are used to
determine the support efforts, are not presented in this paper
[18].

2.2 Measurements of the instantaneous pressure field

Signals pressures are also transmitted to a recording on a
data acquisition card. They are thus stored on the memory
BUFFER an HP1000 computer. Card HP12060 which allows
simultaneous use of up to eight channels with a sampling
frequency of 55 kHz/n, where n is the number of service
channels. It is this map we used. The recording time for each
test was set to 5 seconds. The signals are stored in files, JBUF
nomenclature by nomenclature IBUF blocks each having 128
points combining instantaneous pressure blade and the
frequency signal. By means of the processing procedure
"ECOD", which gives the conversion of JBUF data in real
values, is treated hundred signal blocks four by four. This will
include identifying distinct frequency signal tops pressure
signals after ensuring for each test performed, the stability of
the rotation frequency N, and the balance of the Wheatstone
bridge at the amplifier, frequency, and pressure signals, stored
in the device data acquisition, were displayed on the storage
oscilloscope. The latter was used to obtain a good
determination of the period of the machine during a

measurement. It was more difficult during the same series of
tests at Uoo fixed; realize the identity of the rotation speeds.
Frequency fluctuations between these measures, however, did
not exceed 6% the average value used. The relative error on
Uoo is negligible (less 1%). This results in a relative error of
the same importance on the value of the peripheral speed ratio
A and the frequency N. A is defined by: & = @.(R+r)/Uc. Where,
o represents the angular speed, R the radius of the blade and
(R +r) the gyration radius of the blade tip.
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a. Savonius rotor

b. Cross section showing the location of the pressure
sensors on the blades
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c. Signal amplificatory

Figure 1. Schematic diagrams of appartus



Figure 2. (a) Test stand; (b) rotating contactors and
amplificatory

3. UPPORT EFFORTS
3.1 Vibration phenomena

The objective is, here, to determine the support reactions
and at each instant and to deduce their evolution with
incidence. These efforts are associated to the strength of lift
and drag. It is recorded when the calculation is performed in
the fixed riper (O, 1, ) see Figure 1 b.

The computation model proposed is a generalization of two-
dimensional model and assumptions are the following: the
flow is supposed incompressible fluid with a two-dimensional
character. Then the calculation is carried out in a plan of the
machine right section. The blade profiles are assimilated to
two half circle with a neglected thickness and with a gap &
between them.The contacts support-axis are supposed with
non-scarping. The forces that intervene are respectively: i-the
actions of contact and which act on the supports C and D, ii-
the braking forces on the rings adjusted in a way to fix the
machine rotation regime for any flow velocity.

These forces represent then a load, iii-The aerodynamic
forces, which are normalness on every point, to the blade
elements. These forces are obtained by integrating the
instantaneous pressures over the blade surface Eq. (15), iv- the
machine weight. The different geometric parameters used in
the calculus are mentioned on the schematic diagram Figure 1;
then we consider: the direct orthonormal trihedron which is
fixed (O, T, J,k); where O is the mass center of machine
supposed in equilibrium state. The direct orthonormal

trihedron (O, %, 7, k) linked to the machine, and is deducted
from the previous riper by a rotation around the axis with angle
a(t) = (1. u). Jo represents the inertial operator in origin O of

the priper and (3 = ak is the instantaneous rotation vector and

| is the machine inertial moment. Finally v = Jo () is the
kinetic moment of the system. The mass center theorem gives:

—

F+F +R.+R,+P=0

ic(A+B) 1
The Kinetic theorem moment gives also:
dﬁo * o — tot
= = 2
= lak=M, )
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We obtain, after all calculus, the total moment expression:

M,=rRhk > (4P +4R%)sin(A,)48,

i(A+B) 3)

Furthermore, we can write:
Re = Xl +Yo ] +2ZK )
Ry, = Xl +YgJ +ZK (5)

When we project the Eq. (1) on the two directions and and
taking into consideration the relations (4) and (5) we obtain
simultaneously:

Fi+N +X.+X,=0

ic(A+B) ©)
P Fg+T +Y.+Y,=0 e

With:
F,=Ni+Tj (8)

with f is the scrap coefficient. Moreover, on the direction, k
we have:

Zo+Z,—mg =0 9)
rRh > (AR + 4R )sin( B, )48, — 1, T =0
ic(ArB) '
bX, —aX. +INg =0 (10)

aY. —bY, —IT =0

The resolution of the system (10) associated to (6) and (7)
gives the expression of Rc (Xc, Yb) and Rp (Xp, Yb); we have
respectively:

Xc [%:I.TT_%E(AJ&)'EKT (11)
Yo = ((;:tk;)) T - (a-tzb) 'ie(;B)'EJ (12)
Yo =- ((;:i)) T= (a?—b) DI D RN

The Eq. (9) which gives the vertical reaction is not coupled



with the others equations then it has not influence on the others
reaction compoments. However we can note that if one
supposes that the lower support is the only porter and the upper
acts as a guide role, thus Zc = mg and Zp = zero. We compute
the Eqgns. (11), (12), (13) and (14) in function of incidence ¢
and the different parameters are: a = 204 mm, b = 264 mm, {
= 210 mm, ro =15mm, and T is calculated through the last
equation of the system (10), to put in the difference pressure
data. Results are plotted in the Figure 3, 4, 5 and 6.

1. Tubine, 2.Vibrated pot, 3. Vibration measurement, 4. Frequency
generator, 5. Oscilloscope, 6. Stems of the suspension, 7. Accelerometer
captor

Figure 3. Schematic principle

Yi+1

i

Figure 4. Pressure coefficient acting on the blade surface

Figure 5. Modified model with blade tip in the form of
aerodynamic profile NACA0012

Figure 6. Wind blower mount coupled by the belt to a
generator connected to the electrical circuit

3.2 Study of vibration isolation

The aim is to determine the dynamic characteristics of the
suspension (eigenfrequency fo and reduced damping factor a)
in order to calculate the insulation factor I,(u) and to check
whether the proposed suspension isolates the wind turbine
well. We have simulated the efforts due to the vibrations by
means of a vibrating pot, which acts on the basis at the height
of the link disc in Figure 3. A low frequency generator, L F,
permits to vary the excitation frequency ant its magnitude. Its
reply is measured by an accelerometer captor and transmitted
to a vibration measurement. This assembly makes it possible
to determine the insulation factor, 1,(u), which expresses the
ratio of the forces transmitted to the rigid plinth with and
without suspension. The parameter, a, is a reduced parameter
that we determine by passer-by band method at the
oscilloscope. This assembly type, on the stilts, shows two
vibration types. On one side, a translation mode of frequency
(for) makes the system oscillate in block parallel to horizontal
plane and on the other side, a rotation vibration mode (fo)
during which, the system oscillates around the rotor axis. We
have tested three sets of four metallic stems of length | and
diameter @ noted. These stems are fixed at a distance of R =5
cm to the centre of the disc.

4. MODIFIED ROTOR STUDY

In order to make the comparison, two models were made.
The first is conventional; Secondly, the model innovation lies
in the integration of an aerodynamic profile on the outer ends
of the two blades (see Figure 3 b). Indeed, the behaviour of the
blade profile with respect to the wind when the wind turbine
is stopped causing a startup problem. Therefore, dynamic stall
behaviour, air separation and other aerodynamic disturbances
must be considered. The proposed methodology is based on
researching a close relationship between the surface of the
blade and the flow of the wind. The pressure coefficient, Cpr,
which describes the relative pressure across a flow field is
closely correlated to the velocity at any point in the flow field.
To study Cpr around the surface of the blade profile, on the
one hand it is necessary to divide it into segments, as
illustrated in the Figure 3 a and then calculate Cpr for each
segment.

In the triangle formed by the segment AB with respect to
the x and y axis, BC represents the opposite side and AC
represents the adjacent side and



AC = X9 — X
BC=Yi11— Y
BC =Y — ¥in1

for upper surface (15)
for lower surface

When BC is positive, the surface is oriented in the direction
of rotation of the rotor, wheres when it is negative the segment
is oriented in the opposite direction. The expression of the
length of the elementary segment will be:

AB = ,/AC? + |BC|? (16)

Having the coefficient of pressure exerted on each segment,
we must use its tangential and normal contributions which are
presented in Figure 4 b where we notice that the angle ¢ = /2-
b. The contributions of this coefficient are given by:

T, =C_sin(p)s BC=0

17
N, =C,sin(¢).AB up-surface (17)

T, =-C,cos(p)AB BC <0

: 18
N, =C,sin(p)s low—surface (1%

These equations clearly show the relation between Cpr, Tpr,
Npr, ¢ and AB which are the generators of the mechanical
performance of a body in a flow. The knowledge of the
pressure coefficient tells us about the contribution of the drag
and therefore it is possible to see the blade profile defined by
the segments that suffer from drag forces. Electric
measurement board @ with the Sterling Phywe engine
generator (04372.01) is used. Initially placing the wind turbine
in the wind tunnel and connecting it to a closed electrical
circuit. We started the tests with this generator that delivers a
maximum voltage of 12 V. It was fixed so that its pulley
adjusts to the same level as the pulley coupled to the wind
turbine. As regards the belt, it is necessary to use a trick to
accomplish the clamping of the two pulleys, in order to
minimize the eccentricity of the shafts, friction and prevent
slippage thereof. A stroboscope was used to measure the
rotation speed o of the wind turbine Figure 8. Finally, the
blower was turned on and the values of the parameters to be
measured on a board were recorded. To obtain the curve of the
power coefficient, the speed of the wind was first fixed at 5 m
/s, and 10 m / s calculations were launched with different
speed ratios (lambda) or with speed of rotation varying from
64.3t0 107.4 turn/s.

5. RESULTS AND DISCUSSION

An analysis of the expressions (12), (13), (14) and (15)
shows that the rotor supports are solicited by periodic
aerodynamic strengths, which generate vibration effects with
the same frequency of that of the aerodynamic strengths. For
a given regime, we record that the rotor support efforts are
shared out between C and D in function of geometrical
parameters defined by the machine dimensions ratios

(=2 _ P !1*a 175 yangalso in function of the braking
a+b "a+b "a+b "a+b

and aerodynamic forces. Accordingly, the rotor supports are

solicited by the periodic efforts which come to cause the
vibration effects with the same frequency, of that of
aerodynamic forces. We can also note that if the assembly is
symmetrical (a = b), the drag and lift forces are compensated
in a report equal to %2 in each support C and D. The effect of
the braking force remains distributed between them in the
dissymmetrical way. On the other hand, if the braking mode is
a “couple axial” type, the components of the reactions Rc and
Rp are only reduced to the drag and lift forces. We record that
the contributions of braking terms are the predominant over
the aerodynamic forces (Figure 8 a and 8b and 9a and 9b).
When Uco = 10 m/s and A = 0.2: in general, the reaction, R. of

the support C, evolves in the 3rd riper quadrant of the
trigonometric circle when incidence a is in the interval (0< 60
and in the rest of the incidence range, its evolution is in the
second riper quadrant of the trigonometric circle Figure 6,
Figure 7.
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Figure 7. a)- Model, b)- wind turbine and common rotor
generator diagram
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Figure 10. Reactions on supports and their average direction

As Xp and Yp are always negative, the reaction ﬁD, of the

support D, is in permanence in the second riper quadrant
Figure 8. Then we shall attend, in general, an effect vibration
in the orthogonal plans to the 3rd riper quadrant for the
incidence range « (0< 609 and a combination of vibrations
resulting from a couple effect in the plan ( j,k ) and an effort

in the direction i (Figure 10). When the rotor works in the
second sector of the range incidence, it is submissive to a
combination of vibrations result of a couple effect in the plan
(j.k) and an effort in the directioni (Figure 10). When Uco

= 12.5 m/s and A = 0.43; we have the vibration phenomena
consists to a couple effect in the plan ( j k).

The Table 1, below, provides the own frequencies f, and the
lower limits Ds of the frequency domains for a desirable
isolation.

Table 1. The frequency domain limits for desirable isolation

oo @ 5 5 5 3 3 3
L 100 80 50 100 80 30

fo 36 61 102 21 25 105

Di 559 85 144 297 365 1485

It appears that the set Jioo® permits to isolate the machine on
large range of frequencies. The tip speed ratios given by

2= Z’Ljfd which varies on the incidence range [0; 0.9] where f is

the rotation frequency, d the gyration radius of the tip blade
and U, is the wind speed. The maximal power coefficient,
which we have measured in a wind tunnel corresponds to
A=0.65. It appears that the superior frequencies to 30 Hz;
correspond to flow velocities superior than 27.5 m/s. This is
significant as the suspension J3100, Figure 11 can efficiently
isolate the wind turbine against the tempest and blow wind
risks for the high against the tempest and blow wind risks for
the high regimes. Note that for low regimes the isolation in
vibrations is not necessary because the effort magnitudes go
slight (Figure 11).

Figure 11. Insulation factor of the three suspensions P"

5.1 New model study
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Figure 12. Evolution of the lift and the drag according to
angle of incidence for different wind speeds
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Figure 13. Lift and drag evolution vs incidence angles for
different wind speeds

Figures 12 and 13 represents the evaluation of the drag as a
function of the angle of incidence for different wind speeds. It
shows that the drag has significant fluctuations over the range
of angles of incidence from 0<to 120 < then begins to increase
monotonously with increasing wind speed. If we look closer
we see that the drag is never zero, the rotor still offers
resistance against the air regardless of the angle of incidence.
This justifies the name "drag wind turbine" given to Savonius
in the literature, because it is claimed that it is the differential
drag between the concave and convex portion that causes
rotation of the wind turbine This graph shows the evolution of
the lift for different wind speeds, it is noted that is negative
over the whole range of incidence angle, and it is seen in
absolute value with the increase in speed of the said Magnus
effect was highlighted by an experimental study by Agarwal
et al. [7]. Note in Figure 9a that the impact of the high speed
on the lift is more nuanced when the speed increases than the
low speed. This impact represents a high rotational instability
in the major range of incidence, on the other hand it is less
nuanced over the rest of the range at least for a small interval
or we feel a fluctuation of the drag force between 5n / 3 2x].
Overall the drag is more uniform than the lift that's why we
sometimes attribute the operation of this type of wind turbine
to the drag.

6. CONCLUSION

The Savonius rotor is acting by coupled vibrations
associated to the aerodynamic and clumsiness efforts. The
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vibrations, which are generated in the supports of the Savonius
rotor by the aerodynamic strengths, have double the frequency
than that of the machine. The best distribution of efforts
between the supports can be obtained with a symmetrical
mounting. The product design of the rotor may be the most
possible equilibrium to reduce the clumsiness efforts. It may
have an anti-vibratory system which acts at a high speed. A
suspension on stilts can isolate our machine in high regimes.
In the conclusion of this study, it can be seen that the
thickening of the leading edges that the renovated wind turbine
appears more loaded. The contribution of the lift is significant
compared to the conventional rotor. It should also be noted that
this contribution generates the Magnus phenomenon which
contributes to the motor torque.

An easy way to comply with the conference paper
formatting requirements is to use this document as a template
and simply type your text into it.
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