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ABSTRACT

The work is based on experiments made in the wind tunnel on experimental
models of Savonius type wind turbines with blades in the shape of a semi-
cylindrical cup. The number of blades changes: 2, 3, 4, 5 and 6. The experimental
model allows the addition / removal of blades in the form of a semi-cylindrical cup
followed by static balancing. The wind tunnel used has the measuring area 0.5m
x0.5m and the length of 1.25 m and the experimental models have the interception
surface at a maximum value of 10% of the cross-sectional area of the wind tunnel
(diameter 158mm and height 158 mm). The experiments were performed at wind
speeds between 0...9.7 m/s between peaks and no (mechanical and / or electrical)
loads. The results confirm the influence of the number of semi-cylindrical cups on
the rotational speed and other factors over experimental model of Savonius type

turbines in no load conditions.

KEYWORDS: Savonius, S-rotor, rotation speed, semi-cylindrical cups

1. Introduction

Vertical axis wind turbines (VAWT) have some
features attractive enough for use in hybrid lighting.
Although the efficiency is low (maximum 14.81%)
[1] the constructive simplicity, the independence of
the wind direction, the high torque are the basic
characteristics that today are corroborated with the
increase of the luminous efficiency of the LED
lighting systems from 100Im/W to recent 200 Im/W
(Haitz's law) [2].

That is why the design of the vertical axis wind
system must be maximized by finding the most
accurate  aerodynamic  structure, shape and
dimensions [3-5].

From the start, the main disadvantage of the
proposed wind turbine model is the variability of the
output speed and the useful torque with the wind
speed (Fig. 1). The aim is about the intrinsic
variability of the wind converter [6, 7]. Variability is
given by the wind. For the proposed location (Galati,
Romania) the values medium a maximum of average
wind is showing in Fig. 2. It has values: maximum 61

Km/h (16.9 m/s) and average 20 km/h (5.55 m/s).

Therefore, the use of VAWTSs is indicated
because there is an average value of the wind speed in
their working range and the behavior at a maximum
speed of over 15 m/s must be solved mechanically.
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Fig. 1. Axis torque variation for SWT [6]

The work is based on experiments made in the
wind tunnel on experimental models of Savonius type
wind turbines with blades in the shape of a semi-
cylindrical cup. The number of blades changes: 2, 3,
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4, 5 and 6. An EMs of maximum dimensions is made
for the wind tunnel (158 x158 mm), removable and to
which the blades can be added or removed. EM
consists of 2 base plates of 0.4 mm Al sheet. 2,34, 5
or 6 blades can be attached (Al sheet with a thickness
of 0.4 mm). This is possible by designing the
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experimental model with removable semi-cylindrical
cups. EM is fixed on a frame with two sleepers: the
lower crossbar has a tip bearing in the middle and the
speed-reading system with 60-slot disc and IR
window optocoupler with window.
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Fig. 2. History of maximum, minimum and average values for the city of Galati for 2019 [8]

Notations:
u - tip blade speed, m/s;
V - volumic debit m¥h;
m - mass debit, kg/m?;
A - swept aria, m?;
p - wind power, W;
p - air density, kg/m?;
n - rotation speed, rpm;
Cp - drag coefficient;
L - specific speed.

Abbreviations
VAWT - Vertical Axis Wind Turbine;
HAWT - Horizontal Axis Wind Turbine;
EM - Experimental Model;
LED - Light Emitting Diode;
Pb - Lead (lead Battery);
Cd-Ni - Cadmium-Nickel
battery;
NiMh - Nickel metal hydride battery;
LiPo - Lithium Polymer Battery;
S2CNL - Savonius 2 Cups No Load;
S3CNL - Savonius 3 Cups No Load;
SACNL - Savonius 4 Cups No Load;
S5CNL - Savonius 5 Cups No Load;
S6CNL - Savonius 6 Cups No Load.

(Cadmium-Nickel

The upper cross member has two working
possibilities. A bearing similar to the one at the
bottom, when practically the system works between
the tips with a minimum mechanical friction load.
The second variant is with the connection of a three-
phase generator 3V...24V, a case in which the system
has a mechanical load and to which a variable electric
(resistive) load can be connected, in order to observe
the influence of the electric load on the wind turbine

performance. The electrical efficiency of the EM for
the considered electric load can be calculated.

The system is equipped with a data acquisition
system which is purchased with an anemometer
speed, model speed, load current and voltage at the
generator (rectified and filtered). The system
calculates the wind speed, wind power on the
interception area, power on the electric load and the
electrical efficiency of the wind turbine (which also
includes the mechanical efficiency).

It represents graphically the quantities purchased
for wind speeds between 0...9.5 m/s, with fixed steps
of 0.5 m/s. The adjustment of the wind speed is done
manually and therefore a time is maintained on each
gear to stabilize the operation of the wind tunnel and
the EM of the wind turbine.

Wind energy is pure Kinetic energy and can be
partially transformed into mechanical work [1, 2].

E = 0,5mv? 1)
The volume flow over the swept area is:
V =Av @)
And the mass flow is:
m = pAv 3)

The power of wind is depending by wind speed
(v), air density (p) and swept area (A):

P = 0,5pAv? @)

For the VAWT, the Betz limit is (14.81%) [1].
The influence of air density over wind power is:
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The VAWT extract power at axis by the
353.049 _ Z relation:
Py = — ¢ 0.034%

T ®)

Pushing force is for an object fixed on the
surface a placed in the path of an air flow:

F 1o,
— = —pr
1 Zp D

(6)
Cp is defined as an important parameter when it
comes to wind resistance.
The power extracted from a wind power by a
VAWT Savonius type is depending by Drag force is:

P L 3C,A
=—pv
Zp D @
In case of wind turbines, the relative speed is:
V.=1r"—-u (8)
The specific power is:
P 1
—=—(v—w?Cphu
A 2 9)

v S2CNL v

S3CNL

S4CNL v

P=C,p, Hv} (10)
The axis torque is as follows:
P = CppR*HV] (11)

The power conversion efficiency is defined by
the extracted power related to wind power.

2 (12)

(13)

Experimental Models (EMs) were made of 0.4
mm thick aluminum sheet with dimensions of H =
158 mm and D = 158 mm.

The interception surface (swept area) is variable
with the angular position of the cups shown in Fig. 1.

With the increase of the number of cups swept
area approaches the maximum value which is 10% of
the area of the measuring section of the wind tunnel

S5CNL v S6CNL

Fig. 1. cross sections through the experimental models used

Table 1
experimental A
no. m
maodel min max
m.u. - kg m’ m’
1 s2C 2 0.032 0.008 0.025
2 s3C 3 0.117 0.02 0.025
3 S4C 4 0.141 0.02 0.025
4 S5C 5 0.166 0.023 0.025
5 SBLC 6 0.191 0.023 0.025
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Fig. 3. The variation of the mass of the
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experimental models with the number of cups cylindrical cups (S2CNL) fixed on the test frame
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Fig. 9. Experimental model with 3 semi-
cylindrical cups (S3CNL) fixed on the test frame

Fig. 10. Experimental model with 4 semi-
cylindrical cups (S4CNL) fixed on the test frame

Fig. 12. Experimental model with 6 semi-
cylindrical cups (S6CNL) fixed on the test frame

2. Experiments

The experiments were performed from the
maximum wind speed to the minimum, so that the
stopping speed of the experimental model is
mentioned. A further study will also address the
starting speed of experimental models and the
differences between the stopping speed and the
starting speed.

The experiments were performed in the
conditions of the lowest mechanical friction in the
bearings, using a tribological system steel tip and
plastic bearing and adequate lubrication.

The experiments were developed on a full-
factorial matrix. 5 experimental models of vertical
axis wind turbines with 2, 3, 4, 5 and 6 semi-
cylindrical buckets (Fig. 6....10) and coded S2CNL,
S3CNL, S4NL, S5CNL and S6CNL were used. For
each, 14 speed measurements were made at 50 s
intervals to stabilize the air flow regime.

The experiments for determining the influence
of the number of blades on the rotational speed when
operating without load (idling) are shown in the
diagrams in Fig. 11 to Fig. 15.

The wind speed changes by progressively
decreasing from the maximum value to zero time in
which both the wind speed and the rotational speed of
the experimental EM model are recorded. The
experiment is repeated for all five experimental
models and the results are shown in the diagrams
mentioned.

The diagrams recorded with the variation of the
rotational speed of the EM with the progressive
decrease of the wind speed show that the EMs behave
differently in the range of wind speeds achieved in
the wind tunnel. Thus, the maximum rotation speed is
approximately between 6.7 m/s and 7.7 m/s. the
rotation of the models is done at values of wind speed
between 1.9 m/s and 4 m/s.

The experimental 2-bucket model (S2CNL)
reaches the highest rotational speed at almost 800
rpm, has a continuous decrease in rotational speed
with wind speed and stops rotation at just over 4 m/s.

S2CNL has the lowest mass, has a large
variation of the torque with the angle of rotation and
wind speed (ref CN) and the rotation stops abruptly at
bm values per 4 m/s of wind speed.

The experimental 3-bucket model (S3CNL) has
a proportional variation of the rotational speed at high
wind speeds. At wind speeds of approx. 6 m/s has a
local maximum rotational speed and stops from rated
at 3.5 m/s.

The experimental model with 4 semi-cylindrical
buckets (S4CNL) has a linear range of decreasing
rotational speed as follows: at the maximum wind
speed used approx. 670 rpm and slowly decreases to
approx. 625 rpm when the wind speed drops to 7 m/s.
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below this speed the experimental model has a rapid
decrease in speed and stops at 3.75 m/s.

The experimental model with 5 buckets
(S5CNL) tested without loading, has two operating
areas: one with constant rotation speed and approx.
670 rpm, for wind speeds from 9.7 m/s to 7 m/s and
then a sudden drop and stop at 3.75 m/s wind speed.

The experimental 6-bucket model (S6CNL) also
tested without loading has a behavior similar to that
of the S5CNL has two operating areas: one with
constant rotational speed and approx. 670 rpm, for
wind speeds from 9.7 m/s to 7 m/s and then a sudden
drop and stopping at 1.25 m/s wind speed.

10
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Fig. 13. Variation of the rotational speed of the
experimental model S2CNL with wind speed
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Fig. 14. Variation of the rotational speed of the
experimental model S3CNL with wind speed
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Fig. 15. Variation of the rotational speed of the
experimental model S4CNL with wind speed
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Fig. 16. Variation of the rotational speed of the
experimental model SSCNL with wind speed
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Fig. 17. Variation of the rotational speed of the
experimental model S6CNL with wind speed

3. Results

Based on the measurements are shown in Fig. 17
the variation of the rotation speed of the experimental
models with the wind speed. The stopping speed of
the six EMs is between 2 and 4 m/s and the maximum
rotation speed in the range of 650-750 rpm. The
variation curves have an approximately linear area
after which they tend towards a maximum value.

The analysis of the influence of wind speed on
the specific speed is shown in Fig. 17 and in this case
the curves are grouped in the form of a band in the
diagram. EMs has the best behavior with 3 semi-
cylindrical cups (S3CNL) which has the best
sensitivity to wind speed and the largest A of about
0.8 at about 5.5 m/s Compared to other models has
the largest A (with small exceptions).

From the point of view of the aerodynamics of
the components of the mentioned EM, it is important
to reach the highest possible values of the Reynolds
number. The length of the semi-cylindrical blade in
the section is considered the flow length. The
variation of the Re number with the wind speed is
shown in Fig. 18. The different composition of the
three-bucket model (S3CNL) is observed which does
not reach more than 30000. The other experimental
models behave similarly and the results form a band
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that at 10 m/s speed of the wind reaches the Re  with the third power of the wind speed which is seen
number over 100000. The wind power has a variation  in Fig. 19.
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Fig. 18. Variation of the rotation speed of the experimental models (EM) with the wind speed
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Fig. 20. The influence of wind speed on the Re number
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Fig. 24. Variation of conversion

The Betz limit (14.81%) also varies with the
same allure, which represents the maximum limit for
the conversion of wind energy into other forms of
energy. All the shaft powers for the researched
experimental models are above this value.

In Fig. 20 it is observed that the allure of the
specific power variation curves at the axis have a
local maximum that is positioned depending on the
number of blades of the experimental model.

The efficiency of the conversion of wind energy
into mechanical work is shown in Fig. 21. It is
observed that the efficiency depends on the number of
cups of the model. For all experimental models the
efficiency has an area where a local maximum is

30000
Re

40000 50000 60000

efficiency with the Re number

the value of the local maximum. The peripheral speed
of the experimental model u cannot be greater than
the wind speed v unless forces other than D (drag
force) appear. For all experimental models subjected
to experiments in the wind tunnel we have a
maximum influence of the Re number on the
conversion efficiency (Fig. 22). Thus, S2CNL has 6%
at Re about 35000.

The variation curves have the same allure of
variation and the Re number increases approximately
linearly to lambda 0.7 to 0.8 (Fig. 23). The linear
areas depend on the number of cups and there is an
increase in the Re number with the number of cups.
After a value the Re number increases with

present, followed by a minimum and then an increase  decreasing peripheral speed of EM (lambda
in efficiency up to the test speeds used given below  decreases).
60000 T
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Fig. 25. The influence of Lambda specific speed on the Re number
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Fig. 26. Influence of the Re number (flow quality) on axis specific power

Axis-specific power variation curves have a
local maximum at a value of the Re number that
depends on the number of cups of EM. Thus, the EM
with six SBCNL blades reaches 34 W/m? at 25000 Re
and the one with 5 cups (S5CNL) 14W / m2 at Re
15000. This EM has after Re 35000 an increase of the
specific power up to over 55 W/m?2. The experimental
models with two cups (S2CNL) and three cups
(S3CNL) reach 25 W/m? at Re 50000 and 45 W/m? at
Re 50000, respectively.

4. Conclusions

Wind energy is a form of energy that can be
partially converted into mechanical work and then
into electrical energy through the Betz limit. Energy
conversion is supported by a mathematical model of
conversion and by various structures of the wind
system.

The paper focused on the Savonius VAWT
model for which the experimental VAWT models
were developed. The number of semi-cylindrical cups
of some Savonius experimental models with 2, 3, 4,5
and 6 semi-cylindrical cups have been modified
(SC2CNL, SC3CNL, SCACNL, SC5CNL and
SC6CNL).

The results show that under the wind test
conditions between 0...9.7 m/s, we have a major
influence of the number of semi-cylindrical cups on
the rotation speed of the experimental models.

All experimental models have a stop threshold
which also depends on the number of semi-cylindrical
cups of the experimental model.

It is found that the 3-cup EM co (S3CNL) has
the best sensitivity to low wind speeds (Fig. 16).

The lowest sensitivity and the highest stopping
threshold are at EM with 5 and 6 semi-cylindrical
cups (S5CNL and S6CNL).

The model with two semi-cylindrical cups
(S2CNL) reaches the maximum speed as over 60000.
The high values of the Re number also contribute to
the fineness of the surface of the material used to
make semi-cylindrical cups (0.4mm thick laminated
aluminum sheet). The most uniform increase of the
Re number 0 has EM with 2 cups (S2CNL) which
after a rapid increase at the Re number 30000 at about
5.5 m/s has an approximately linear increase up to
over 60,000.

For SACNL, S5CNL and S6CNL (Fig. 20) the
values of the local maximum specific power increase
and the highest value corresponds to the model with 6
cups, being almost 35 W/m?.

Regarding the efficiency of conversion (Fig.
21), the S2CNL has the lowest efficiency of 6%);
S3CNL reaches 13% and S4SNL at over 14%. The
experimental models with 5 and 6 cups (S% CNL and
S6CNL) is close to the maximum efficiency limit for
this VAWT model, which has as driving force D
(drag force). The efficiency of the conversion
depends on the wind speed with a maximum curve for
each experimental model (Fig. 21). A similar
dependence is on the Re number. The efficiency of
the conversion depends on the wind speed with a
maximum curve for each experimental model. A
similar dependence is on the Re number (Fig. 22).

With the increase of the number of semi-
cylindrical cups to five and six respectively, the
efficiency of the conversion of wind energy into
mechanical work reaches almost the Betz line
(14.81%) specific for this type of VAWT, at 4.5 m/s
and 6.5 m/s, respectively.
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