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Summary:

In this study we analyzed the design changes through increasing
vertical angles of the top and bottom plates of the wind inlet of a Savonius
rotor, in order to obtain better results and better system performances. A
designed wind inlet is placed in the front part of the rotor in order to
prevent negative torque opposing rotfor rotation. The geometric
parameters of the wind inlet are determined to obtain optimal
performances. Analyses and tests have shown that the increase of the
vertical angles of the top and bottom plates on the wind inlet of a Savonius
rotor leads to better rotor performances in comparison to the use of a
classic wind inlet. It was found that the best results are achieved with
increasing vertical angles of the top and bottom plates of the Savonius
rotor wind inlet for a total of 15°, where the rotor speed is 395 revolutions
per minute.

Keywords: vertical angles, wind, Savonius rotor, rotors, plates, wind inlet.

Introduction

The need for energy increases with the increase in population and
higher energy consumption consequently increases the price of fossil
fuels. At the same time, due to higher consumption of fossil fuels, there is
a problem with global climate change caused by increased emissions of
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carbon dioxide released during the combustion of fossil fuels. Using
renewable energy is an important goal of energy policy in the world
(Frederikus, et al., 2015, p.298). Wind is an ecological source of energy that
has huge potential to meet the energy needs of people as well as to mitigate
climate change due to greenhouse gas emissions from fossil fuels
(Frederikus, et al., 2015, p.298). This is why wind energy is an important
resource of clean energy (Mahmoud, et al., 2012, p.19), which has received
considerable attention in the last decade. It is estimated that there is about 10
million MW of wind energy available on Earth (Frederikus, et al., 2015, p.298).
Wind energy is very useful as a clean energy source and wind
turbines are the most important source of wind energy (Burgin,
Mehmet, 2008b, p.3425). Wind power may to some extent contribute to
energy production and many countries can use it through windmills. Global
industry of windmill-produced energy, which dominates in Europe, North
America and Asia, increased by about 29% in 2008 and exceeded 120 GW
(Terje, Susanne, 2014, p.197). Wind generators are used for converting wind
energy into mechanical energy and for electricity production. There are
different types of wind turbines with a vertical axis of rotation such as the
Savonius rotor, Darius rotor, or H-Darius rotor. The examples of such
windmills can be seen in Figure 1 (Frederikus, et al., 2015, p.298).

a) b) c)
Figure 1 — The windmill with a vertical axis of rotation of
a) Savonius rotor, b) Darius rotor, c) H-Darius rotor
Puc. 1 — BeTpoasuraTterb € BepTuKarnbHON OCbi0 BpaLLEeHUst
a) potop CaBoHuyca b) potop [apuyca, c) potop X-[apuyca
Cnuka 1 — BeTpewaya ca BepTvKarHOM OCOM poTauuje
a) CaBoHuycoB poTop, b) apuycos poTtop, c) X-OapuycoB poTop
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Savonius rotor

A Savonius rotor is a wind rotor with a vertical axis invented by
Finnish engineer Sigurd Savonius in 1925 (Burgin, Mehmet, 2008b,
p.3425). Although these rotors have lower performances than usual wind
rotors with vertical axis, they still have some advantages over others: they
start to work on their own independently of the wind direction, they have a
high starting torque at lower wind speeds, and a simpler and cheaper
structure (Burgin, Mehmet, 2010, p.821). This motor has a simple design.
It has good initial characteristics and functions at relatively low wind
speeds. It is not necessary to direct such windmills, because they can
work in all wind directions (Dobrev, Fawaz, 2011, p.712). However, a
Savonius rotor has low aerodynamic efficiency. It is constructed of only
two vertical half-cylinders, as shown in Figure 2. The performance of
Savonius rotors is significantly affected by the ratio of the rotor height (H)
and the rotor diameter (D). In addition, the performance of the engine is
influenced by overlap (f) that can be expressed as f=(e-a)/d, where e is
the interspace, a is the shaft diameter and d is the blade diameter.
Savonius rotor performances have been studied by many researchers from
1977 to 2010, to determine the optimal design parameters of the rotor
(Mahmoud, et al., 2012, p.19).
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a) b)

Figure 2 — Scheme of the single Savonius rotor: (a) a side view; (b) top view
Puc. 2 — Cxema potopa CaBoHuyca: (a) Bug cooky; (b) Bua ceepxy
Cnuka 2 — lllema jeanHctBeHor CaBoHWYCOBOT poTopa:

(a) nornepg ca ctpaHe; (b) norneg ogo3aro
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The efficiency of the Savonius rotor is, however, lower than that
of other wind turbines. The reason for its low efficiency is mainly
that, at the time of one rotation, one rotor blade moves against the
wind while the other moves in the direction of the wind. However,
with the advantages of its simple design and low cost of
construction, the Savonius rotor is mainly used for water pumping
and ventilation on a small scale (Kunio, Jitendro, 2007, p.580).

The Savonius rotor performance power (Cpx15%) is rather low
compared to those windmills with a horizontal axis (Cp~45%) and to
Darius-type windmills with a vertical axis (Cpx35%) (Burgin, et al.,
2008a, p.1673).

In the literature, there are available various studies conducted in
order to increase the performance of Savonius rotors. A lot of
theoretical and experimental research has been done with the aim of
improving the aero-dynamic performances of the Savonius rotor
(Burgin, Mehmet, 2010, p.821). In these studies, many scientists
have experimentally and numerically examined the effects of various
Savonius rotor design parameters, such as the ratio of the rotor
dimensions, overlapping and the space between the rotor blades, the
profile of the blade cross section, the number of blades, and the
presence or absence of the end plates of the rotor. Many
experimental and numerical studies have been conducted on the
Savonius rotor to investigate the velocity field and the pressure on
the blades. There are also some other studies for the design and
development of small Savonius rotors for the local production of
electricity (Burgin, et al., 2008a, p.1673).

A conventional Savonius rotor is provided with blades made of
two half-cylinders in rotation about the vertical axis, with or without
interspaces (Burgin, et al., 2008a, p.1674). The Savonius rotor is
classified as a vertical axis turbine whose working principle is mainly
based on the difference in resistance between the convex and
concave parts of the blades (Dobrev, Fawaz, 2011, p.712). Wind
power exert pressure to both the convex blade and the concave blade as
shown in Figure 3.
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Figure 3 — The direction of torque affecting the rotor blades using wind power

Puc. 3 — HanpaeneHue KpyTsLLEro MOMeHTa, BO34eCTBYELLEro Ha SlonacTu poTopa
C NMoOMOLLb0 BETPa
Cnuka 3 — Cmep 06pTHe cune Koju yTudye Ha nonatule potopa
nomohy cHare BeTpa

Since the force generated on the convex blade of the Savonius rotor
is smaller than the one on the concave blade, the rotor rotates in the
direction of a positive force. However, it is important to prevent the
negative torque opposing the rotor rotation in order to increase the rotor
power. So, in order to prevent the negative torque on the convex blade, a
wind inlet in front of the Savonius rotor was designed to increase the low
performance of the rotor (Burgin, et al., 2008a, p.1674).

Experimental study of the Savonius rotor with
the wind inlet and a new design

In this paper, an experimental study was carried out and the following
geometric parameters of the Savonius rotor were taken into account:

The rotor diameter (D) and the rotor height (H) are 32 cm and, in
accordance with the optimal ratio of e/d=0.15, the interspace (e) is 2.6 cm.
The thickness of the blades is 2 mm. Two end plates are made of 4 mm
thick steel plates with a plate diameter (Do) of 35.2 cm. The Savonius rotor
shaft is attached at the top and the bottom with ball bearings to reduce
friction forces to a minimum. The rotor is attached to the experimental
setting with ties to facilitate assembly and disassembly (Burgin, et al.,
2008a, p.1674).

The Savonius rotor with the wind inlet was designed to improve the
low aerodynamic performances of the Savonius rotor. This design is both
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simple and inexpensive, and consists of flat plate sheets. This wind inlet is
used to turn the wind impinging on the front of the rotor and guide it to the
rotor (Burgin, Mehmet, 2010, p.822). The aim of this study was to make
and then analyze changes in the angles of the upper and lower plates of
the wind inlet without changing the basic structure of the Savonius rotor to
improve performances and increase the efficiency of the rotor. In this
study, a wind inlet is used to direct wind and it is of simple construction
(Burgin, et al., 2008a, p.1673).

The wind inlet with its geometric parameters is illustrated in Figure 4.
The parts of the wind inlet (a and b curtains) are plates that deflect the
wind as shown in Figures 4 and 5. The construction of these rejection
panels is simple and cheap, because they are made from flat sheet plates
(Burgin, et al., 2008a, p.1674).

A series of experiments was performed with and without curtains to
test the performances. The experiments for the wind inlet angles were
conducted with values « = 45° and £ = 15° and the length of the curtains
was /=45 cm, I,= 52 cm, as the best results (Burgin, et al., 2008a,
pp.1675-1676).

Figure 4 — Geometric parameters of the wind inlet
Puc. 4 — T'eomeTpuryeckme napameTpbl KOHGY30pa
Cnuka 4 — l'eomeTpujckvu napameTpu yBoAHUKa 3a BeETap
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Figure 5 — Savonius rotor with the wind inlet, where the vertical angle of the upper and
the lower plate is zero degrees
Puc. 5 — Potop CaBoHuyca ¢ KOH(PY30pOM, BEPTUKATbHBIN Yron BEPXHEN U HUXKHEN
CTEHKM KoToporo coctasnset 0°
Crniuka 5 — CaBOHMYCOB pOTOp Ca YBOOHWKOM 3a BeTap, rAe je BepTUKanHu yrao ropke
1 OOH-€ NSoYe Hyrna cTeneHn

Experimental setting and other equipment

The experimental setting consists of a wind generator, a Savonius
rotor, a wind inlet and measuring devices for measuring wind speed and
number of revolutions. The wind generator (a fan) used in the experiments
has a power of 1.5 kW and an outlet cross section diameter of ¢ =50 cm.
Wind speed can be changed using a built-in potentiometer on the fan
motor whose revolution number control regulates the wind speed. The
Savonius rotor, the wind inlet and the gauges are set away from the fan.
The Savonius rotor and the wind inlet with the curtains are placed on a
steel table. The Savonius rotor is connected at the upper and lower part
with the steel structure by ball bearings to reduce friction force. The
designed wind inlet is placed in front of the Savonius rotor. Wind speed
and the number of revolutions are measured with a multifunction
anemometer and a tachometer (tachometer). The MASTECH MS6250
anemometer with a measuring range from 0.4 to 30 m/s was used to
measure wind speed and the accuracy of the multifunctional anemometer
is £ 0.2 m / s. Angular velocity is measured by the PCE DT-62 optical
tachometer with a measuring range from +2 to +99,999 rpm with a
precision of + 0.05% +1.

The Savonius rotor with the wind inlet is set at approximately 830 cm
from the fan outlet cross section. The rotor with the wind inlet was installed
in the same position for each measurement. The rotor with the wind inlet
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acts under the same wind speed conditions in order to compare the
different angles of the upper and lower plate of the wind inlet.

The experiments were carried out at an average wind speed of 7 m/s
(Re=1.5x10°) (Burgin, et al., 2008a, p.1675).

This speed of 7 m/s was measured at a measuring grid attached at
about 170 cm from the center of the Savonius rotor with the wind inlet.

Experimental results

A series of experiments was carried out with a gradual increase of the
vertical angle of the upper and lower plate of the wind inlet of the Savonius
rotor in order to determine the optimal angle which would improve the system
performance. The angles of the lower and upper plate were equally increased
and the angles of 15°, 30°, 60°, 90° and 120° were tested. The total increase
of the wind inlet upper and lower plate angles was marked with y, the angle of
the wind inlet upper plate was marked with y/2 and the angle of the wind inlet
bottom plate with »/2. The angle of 0° was first tested, which means that there
is no increase in vertical angles of the wind inlet top and bottom plates. Then,
the next testing was done with an angle of 15°, which means that the angle of
the upper plate increased by 7.5° and the angle of the bottom plate for 7.5°
giving a total of 15°. In this way, the test was conducted with other angles.
Increasing the vertical angles of the upper and lower plates of the wind inlet of
the Savonius rotor can be seen in Figure 6.

Figure 6 — Vertical change of the upper and lower angles of the wind inlet
Puc. 6 — BepTukanbHoe n3mMeHeHue yrra BepXHen 1 HUXHEN CTEHKU KoHdy3opa
[Ons BETPOBOTO NOTOKa
Cnuka 6 — BepTukanHo nomeparse yrna ropke 1 oke nrove yBoaHMKa 3a BeTap
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Figure 7 — Vertical change of the wind inlet angles
Puc. 7 — BepTrkanbHOe U3MEHEHWe yrna KoHdy3opa Ans BeTPOBOro noToka
Crniuka 7 — BepTukanHo nomepamne yrna yBogHuka 3a Betap

The test procedure for examining the performance of the Savonius
rotor with increased vertical angles of the top and bottom plates on the
wind inlet is as follows: after increasing the vertical angles of the upper and
lower plates of the Savonius rotor wind inlet for 15°, an anemometer is
placed at a distance of about 170 cm from the wind inlet. The speed of the
wind created by a 50 cm diameter fan with a motor of 1.5 kW is then set at
7 m/s. An example of this procedure can be seen in Figure 8. Then, the
tachometer is used to measure the number of revolutions of the Savonius
rotor as shown in Figure 9. The same test procedure is repeated for other
angles.

SSEY D
Figure 8 — The process of measuring the wind speed using an anemometer

Puc. 8 — NamepeHune cKkopocTn BETpa aHEMOMETPOM
Cnuka 8 — MocTynak Mmepera bp3nHe BeTpa nomohy aHeMomeTpa
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Figure 9 — Measurement of the number of rotor revolutions, where the vertical angle
of the wind inlet is, in this case, increased for 15°
Puc. 9 — NamepeHune konnyectsa 060pOTOB BpaLLEHUSI pOTOPa, NMPU YBENUYEHUN
BEPTMKanbHOro yrna KoHdy3opa Ans BeTpoBOro notoka Ha 15°
Cnuka 9 — lNoctynak mepena 6poja o6pTaja poTopa, rae je BepTukanHm yrao
YBOOHUKa 3a BeTap y OBOM cryyajy nosehaH 3a 15°

The results obtained after testing the vertical angles of the upper and
lower plates of the wind inlet can be seen in Table 1. It can be seen here
that the vertical wind inlet angle of 15°gives the best results with the
maximum speed of 396 °/min.

Table 1 — Rotor RPM measured at different vertical angles of the wind inlet
Tabnuya 1 — Konnyectso 060poTOB BpaLLeHNs poTopa M3MepeHo Nof pasfuyHbIMK
BEpPTUKaNbHbIMU YrnaMu KoHgy3opa A4S BEeTPOBOro NoToka
Tabena 1 — bpoj 06pTaja poTopa MepeH NoA pasnMyYUTUM BEPTUKANHUM YriioBUMA
yBOAHVKa 3a BeTap

re) ntem
Max min
0 318 304
15 396 388
30 371 361
60 330 322
90 288 283
120 230 227

The effect of rotation speed depending on the vertical angle of the
wind inlet can be seen in the diagram shown in Figure 10. Here one can
clearly see that the angles of the upper and lower plates of the wind inlet of
the Savonius rotor of 15°, 30° and 60° give a higher number of revolutions
of the rotor relative to the vertical angle of the upper and lower plates of
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the wind inlet of zero degrees, while, with increasing the angles of 90° and
120°, rotation speed drops.
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Figure 10 — Impact of the rotor rotation speed, taking into account different
vertical angles of the wind inlet y
Puc. 10 — BnnaHue ckopoCTv BpaLLeHNsi poTopa, C y4eTOM pasHOW BENMUYMHBI
BepTUKasbHbIX YINOB KOHy3opa— ¥

Cnuka 10 — YTuuaj 6p3uHe poTauuje potopa y3umajyhu y 063up pasnuumrte BepTuKanHe
yrnose yBofHWKa BeTpa y

Conclusion

Due to high prices and limited resources of petroleum products which
emit CO, into the air in the combustion process thus contributing to the
greenhouse effect, renewable energy sources appear as the only
alternative to the existing energies. Due to the changes in the economic
relations of production and consumption, today more attention is paid to
the rational use of energy. Wind energy is a huge potential that can meet
energy needs. Wind generators are used to convert wind energy into
mechanical energy and for electricity production.

What was new in this paper was to analyze design changes and
move the vertical angles of the upper and lower plates of the Savonius
rotor wind inlet, which has enhanced the Savonius rotor performance. The
designed wind inlet was placed in front of the rotor in order to prevent
negative torque opposed to rotor rotation. The geometric parameters of the
wind inlet were optimized in order to obtain optimal performances. The

509

Dingi¢, D., et al, Improved performances of the wind inlet of the Savonius rotor, pp. 499-512



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2017., Vol. 65, Issue 2

analysis found that the increase of the vertical angles of the upper and
lower plates of the Savonius rotor wind inlet gives better results than using
the classical wind inlet without increasing the vertical angles of the upper
and lower plates. The angle of the upper and lower plates of the Savonius
rotor wind inlet was gradually raised to 15°, 30°, 60°, 90° and 120°. It was
found that the angles of 15°, 30° and 60° give higher numbers of rotor
revolutions in relation to the wind inlet of the Savonius rotor whose value of
the angle of the upper and lower plate is zero degrees. It was also found
that the number of revolutions drops with the angles of 90° and 120 °. The
best results are obtained with increasing vertical angles of the top and
bottom plates of the wind inlet of the Savonius rotor for 15°, where the
rotor speed is 395°/min.
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YIRYUWEHNA SKCINNYATALUNOHHBLIX
CBOWCTB KOH®Y30PA POTOPA CABOHWNYCA

HesH 0. OuHuny, Munan 3. [lecnotoBud
YHusepcuTteT B r. Kparyesau, ®akynbTeT MHXepHbIX Hayk, r. Kparyesau,
Pecnybnuka Cepbus

OBNACTb: aHepreTuka 1 npoLeccHas TexHuKa
B CTATbW: npogeccroHanbHas ctaTbs
A3bIK CTATbW: aHrnuinckmin

Pe3some:

B daHHoU cmambe npedcmasrneH aHanu3 3aMeHbl dusaliHa pomopa
CaeoHuyca nymem ygesludeHuUsi 8epmuKasibHbIX yerio8 eepxHel U
HWXHell CMeHKU KOHgby3opa, rpoussedeHHoU 8 Uuernsx YyryquweHust
aKcrilyamayuoHHbIX ceolicme cucmembl. KoHgysop 0Onsi 8uxpeeozo
rnomoka  pasmewaemcsi  poHmManbLHo  Ons MmMo20  4Ymobsbl
npedomspauwjame ompuuamersibHbIl Kpymsiwut MOMeHM
MPOMUBOMNOMNOXHbLILU  epauwleHuro pomopa. AHanu3 U  ucrnbimaHusi
rokasarnu, 4mo rpu ydesludeHUU eepmuKkaribHbIX yerio8 eepxHel u
HWXHeU cmeHKU KoHgby3opa pomopa CasoHuyca 3HaYumersibHO
yrydwaromesi 3KcrslyamayuoHHble ceolicmea pomopa. BeisieneHo, ymo
Haunyqwue — pesynbmamsl  docmuearomcs  [pu  yeenudeHuu
8epmuKaribHbIX yarioe eepxHell U HUXHelU CMeHKU KOHgby3opa pomopa
CasoHuyc Ha 15° cymmapHo, rpu 3mom Kosu4yecmeo obopomos pomopa
docmuezaem 395°/mMuH.

KrntoueBble cnoBa: BepTuKanbHble Yribl, BeTep, potop CaBoHMyca,
pPOTOPbI, CTEHKW, KOHAY30pbl.

MOBOJBLLWAHE NMEP®OPMAHCE YBOOHUKA
3A BETAP CABOHNYCOBOI' POTOPA

Hejan O. Onnunh, Munanx 3. Oecnotosuh
YHuepauteT y KparyjeBuy, PakynteT nHxeHwepckux Hayka, Kparyjesau,
Peny6bnuka Cpbuja

OBNACT: eHepreTvka 1 NpoLecHa TeXHUKa
BPCTA UJTIAHKA: cTpy4HM YnaHak
JE3WNK YJTAHKA: eHrnecku

Caxemak:

Y pady je usepweHa aHanusa rpomeHe Ou3ajHa Kpo3 riosehare
8epmukarniHux yeriogea e2opte U OOHe [/iove ye8o0HUKa 3a eemap
CasoHuycosoe pomopa, ca yurbem 0a ce 00bujy bosbu pesynmamu u
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borbe Kapakmepucmuke cucmema. [JusajH ca ye8OOHUKOM 3a eemap
cMewmeH je y npedwem derly pomopa Kako bu ce cripedurna HeeamueHa
obpmHa cuna cynpomHa pomauuju pomopa. 'eoMempujcku napamempu
yB00HUKa 3a eemap cy odpeheHu kako 6u ce doburne onmumarsnHe
nepghopmaHce. AHanu3oM U UCrumueaH-eM yCmaHo8/beHO je Oa ce ca
roseharem 8epmukasnHuUX yaroea 20pH-e U OOH-€e M/ioye Ha y8OOHUKY 3a
eemap CasoHuycosoe pomopa 0obujajy 6orbe nepghopmaHce pomopa
Hez2o0 caMo KopuwhereM KriacuyHoe y8oOHUKa 3a eemap. YmepheHo je
Oa ce Hajéorbu pe3ynmamu rocmuxy ca roseharem eepmukasHux
yarnoea 2opHe U OOme riode ysoOHuka 3a eemap CasoHuycosoz
pomopa 3a ykyrHo 15°, 20e ce dobuja 6poj obpmaja pomopa 395°/MuH.
KrbyyHe peun: BepTMKanHu yrnosu, BeTap, CaBoHNYCOB poTOp, pOTOpMU,
nrnoye, yBOOHWLN.
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