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ABSTRACT: Concerns about the usage of fossil fuels have led to more attention to renewable energies
such as wind energy. Utilization of wind turbines in the urban industry is one of the challenging topics in
wind energy area. Particularly, due to the limitations of the wind conditions in the urban areas (i.e. low
speed wind, high level of variation of wind direction and high turbulence level) and the space limitations
within the cities, utilization of vertical axis wind turbines in micro scales have become of interest. The
focus of the present study is on these types of turbines and assessing the parameters affecting their

aerodynamic performances. Two types of vertical axis wind turbines (Savonius and a straight blade  Keywords:

Darrieus) were designed and constructed in micro-scale. The effect of wind speed on the Savonius .. . 0 0.
turbine is experimentally studied. Results show that this turbine performs better at lower wind speeds.
The effect of the aspect ratio and the vertical position of the blade struts on the performance of the

Darrieus turbine is also experimentally assessed. The results show that the best vertical position for struts

Vertical axis wind turbine
Savonius

is the tip of the blades. It was also experimentally observed that the turbine with aspect ratio one has the ~ Darrieus

best aerodynamic performance.

Power coefficient

1. Introduction

Nowadays, given the increasing human need to
energy especially in urban area, renewable energy such as
wind energy have received attention particularly. Using
Vertical Axis Wind Turbines (VAWTs) have become more
conventional in urban industry due to their advantages in
comparison with Horizontal Axis Wind Turbines (HAWTs)
[1]. The most important ones are their independence of wind
direction and their acceptable performance in urban wind
conditions with low wind speed and high levels of turbulence.
In additio=n, due to the limitation of available space in
urban areas, turbines with appropriate sizes are needed. In
particular, Recently, micro-scale wind turbines have received
more attention because of their good ability to adapt to any
space, in large numbers and different layouts. Micro turbines
are defined as turbines with power less than 0.25 kW (rotor
diameter less than 1.25 m) [2].

Two types of VAWTs have been used in urban industry:
Savonius and Darrieus. Different parameters are effective on
the performance of Savonius wind turbines, such as the use
of endplate, aspect ratio, blade overlap and number of blades
and stages [3]. It has been found that the optimum value for
the endplates is usually 1.1 times the diameter of the turbine.
This turbine has the best performance in the upper aspect
ratio and it suggested 1 to 8.4 in some articles [4]. For blades
overlap, it has been shown that the optimum value is 10% to
20% of the blade diameter. Many articles suggested 2 bladed
turbines with 2 stages [4]. Similarly, the performance of
Darrieus VAWTs is affected by different parameters including

*Corresponding author’s email: P_hashemi@sbu.ac.ir

type of blade’s airfoil, aspect ratio, blades angle of attack,
solidity (the ratio of the area that the turbine blades occupy
and swept area of the turbine), location and shape of struts of
the blades and turbulence intensity and speed of wind inflow.
Several studies have been conducted to assess the effects
of the above-mentioned parameters. It has been found that
Darrieus wind turbine has the best performance when the
aspect ratio is near 1 or exactly 1, the blade has symmetrical
airfoil shape. Also, previous investigators showed that as the
solidity increases, the maximum power coefficient occurs in
lower tip speed ratios. Moreover, with increasing solidity, the
power coefficient increases and then decreases [3].

All the previous investigations have focused on the
turbines larger in size than micro turbines, that is much less
attention has been paid to the impact of influential parameters
on the performance of micro scale wind turbines. Therefore,
the focus of the present research is on the design of the micro
scale VAWT (Savonius and Darrieus). For this purpose,
an experimental study is carried out to investigate these
issues. Two types of turbines are designed and constructed
in micro scale and their aerodynamic performances have
been investigated. As an important objective, a suitable setup
is prepared to measure the power output of the turbines in
micro scale. In addition, it is tried to study the effect of some
parameters on the performance of Savonius and Darrieus
turbines. The performance of Savonius wind turbine at
different wind speed (different Reynolds numbers) has been
investigated. For the Darrieus turbine, The effect of the
aspect ratio and the position of blade struts on the turbine
performance has been experimentally studied.
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Fig. 1. Darrieus VAWT with its testing equipment.

2. Methodology

A wind simulator is used to assess the turbines’s
aerodynamic performance and to measure their power
output. The shafts of the turbine rotors are connected to a
generator (a stepper motor) to convert the mechanical energy
of the rotor to the electrical one. Using different loads, i.e.
electrical resistances and a loading device, different powers
are obtained at different rotational speeds of the turbine. To
compare the performance of different turbine rotors, their
power coefficients are plotted versus tip speed ratios. The
power coefficient is calculated using Eq. (1).

_ IJT urbine ( 1 )
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where p is density of air, A is rotor effective surface area
and V is wind speed. The tip speed ratio is computed using

Eq. (2).

P

SR = %2 @)
Vv

where r is the turbine rotor radius, o is the rotor rotational
speed and V is the wind speed. A tachometer is used to obtain
the rotational speed of the rotor. Wind turbine with the
electrical system and a loading device are presented in Fig. 1.

Savonius VAWT was designed based on the information
extracted from previous studies [4]. The height and the aspect
ratio are set to be 20 cm and 2/4, respectively. This turbine
was designed with 2 blades and 2 stages. It also has upper and
lower endplates as well as a mid-plate. The overlap between
the blades is 20% of the blade diameter. The 3D printer
device is utilized to construct the rotor blades. The plates are
constructed using plexiglass.

Darrieus VAWT is a straight blade turbine with 3 blades.
Aspect ratio and height of the turbine are 1 and 20cm,

652

respectively. NACAO0021 is used as the airfoil type of the
blades. The solidity of the turbine is set to be 75% [3]. Each
blade is constructed by 20 separable pieces. Using this
innovation, the effect of two parameters, i.c. the aspect ratio
and the vertical position of the blades struts can be assessed
using one experimental set-up. For this purpose, the Darrieus
turbine was tested with three different aspect ratios including
0.8, 0.9 and 1. Also, two struts are located in three different
vertical positions which are the tips of the blades, middle of
blades and 25% of the blade height from the tips.

3. Results and Discussion

Fig. 2 presents the power coefficient with respect to
TSR for the Savonius VAWT at three different wind speeds.
It can be seen that by increasing the wind speed, the power
coefficient decreases.

Micro scale turbines are strongly influenced by resistance
forces. By increasing of the rotational speed of wind turbine
resistance forces increase and then power output decreases.

Fig. 3 shows the power curves for Darrieus turbines
with three different aspect ratios. it can be seen the Darrieus
turbine has the best performance with an aspect ratio equal to
1. The results are in accordance with previous investigations,
though they have been mostly performed numerically [5].
The effect of the aspect ratio on the turbine performance
is associated with the vortices, formed on the tips of the
blades and influence the flow structure on the blade and
consequently the turbine performance. For aspect ratios less
than one, influence of these vortices increases and thus the
power coefficient decreases.

Fig. 4 presents the power coefficient with respect to the
TSR for the Darrieus turbines with 3 different positions of
the blades struts. It’s clear that the best position for the struts
is the tips of the blades. A vortex flow, created by struts when
the turbine is rotating, affects the flow structure on the blade.
This effect is less when they are mounted on the blades’ tips.
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Fig. 2. Diagram of power coefficient in terms of tip speed ratio for Savonius wind turbine at different wind speeds.
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Fig. 3. Comparison diagrams of power coefficient in terms of tip speed ratio for different aspect ratios of Darrieus turbine.
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Fig. 4. Comparison diagrams of power coefficient in terms of tip speed ratio for different blade struts position.

4. Conclusion

In present research, the effect of some parameters on
the performance of micro scale VAWTs was experimentally
investigated. The results show that the Savonius turbine has
a better performance in lower wind speeds. A straight blade
Darrieus turbine is designed and constructed with blades
comprising of 20 separable pieces. The turbine is used to
investigate the effect of aspect ratio and the vertical position
of blade struts on power coefficient. The results show that the
maximum power coefficient is achievable when the aspect
ratio is equal to one and when the struts are positioned at the
tips of the blades.

References

[1]A. Meana-Fernandez, 1. Solis-Gallego, J.M.F. Oro,
K.M.A. Diaz, S. Velarde-Suarez, Parametrical evaluation
of the aerodynamic performance of vertical axis wind
turbines for the proposal of optimized designs, Energy,
147 (2018) 504-517.

[2] R. Kumar, K. Raahemifar, A.S. Fung, A critical review
of vertical axis wind turbines for urban applications,
Renewable and Sustainable Energy Reviews, 89 (2018)
281-291.

[3]M. Elkhoury, T. Kiwata, E. Aoun, Experimental and
numerical investigation of a three-dimensional vertical-
axis wind turbine with variable-pitch, Journal of wind
engineering and Industrial aerodynamics, 139 (2015)
111-123.

[4] M. Zemamou, M. Aggour, A. Toumi, Review of savonius
wind turbine design and performance, Energy Procedia,
141 (2017) 383-388.

[5] M. Ahmadi-Baloutaki, R. Carriveau, D.S. Ting, Straight-
bladed vertical axis wind turbine rotor design guide
based on aerodynamic performance and loading analysis,
Proceedings of the Institution of Mechanical Engineers,
Part A: Journal of Power and Energy, 228(7) (2014) 742-

759.

HOW TO CITE THIS ARTICLE

Amirkabir J. Mech. Eng., 53(5) (2021): 651-654.

DOI: 10.22060/mej.2020.17414.6590

N. Aboufazeli, P. Hashemi Tari, R. Gavagsaz-ghoachani, M. Zandi, Experimental
Study on Effective Parameters on Vertical Axis Wind Turbine Performance,

654



75 ool SlSo (owigee g pui

TVAL B YYYY Glxio AFe v Jlo @ oylad AT 0,93 «pusS pual CSlSlo tiges & it
DOI: 10.22060/me;j.2020.17414.6590

S O ygo & (53908 joe (631 S e oy S T b el )by oy

‘_5..\4) oo “_g:l>99 )L»L?}? 44..9) s$d)UQ wlm uby su.laobyl Lw..)

Ol el it g ol 55 5 SKilSn gurige 025l

18,5913 ey ,U
AARVRLVER SO TPR
NEARTAZ ST
WRANYIY - 2oy
WA/ VY 1o Ml )

1605 Clols
s )

sedges (63L (y)9

azgi b el (6545 3blio ;5 (93 sl g5 3l ooliiasl gl 65,03l (65050 ey 52Nl il Elis 5l 1o MS
DS (oo Jo ol g 5l Jiins a5 ((gaa gl 92 )19) (5350 570 (53L Slacr 95 Ygona c3blie cnl S Lo &,
ol 9,5ke bl o b5 sla el (o 600 Bblie (5125 Cudgums & a2 g5 b rizren 090 o3l
Loy 5,8 o Sgate 9 1,55 (gl 2l s cbsiym 35 (ol (o 2 20550 ol B s o aity bl g oo
38das g wloads aisls 5 (b 5)Sobe alal )0 Guslo 5 Gugetisbo ety 90 gl pldl Sig) sekiieds Lo
5l e 458,515 alllan 550 01305 55t s i 2 55 O30 (3291 ot b o] Sl ]
Slatee yus 0 (g8 ] 45 W83 o0 (LS S Canl 0 (o) (225 D90 A ugatisl )9 2 Sb S e
5 SRl 45 0392 (g JS rpgf Sl gl (l )15 5 SIS Sl (B )l e 0Shes Gl oL
o3k ol g ol s el 9 el e s alS el (b ol il antls | 35,50 slo el by (&5

orssle o e iale] gl 4 425 b iCad 435 5 ) 9590 (275 D90 4 (sl g 50 oy 00 eSS
oo o1, 0 Shae o oS e Cemnd b ey g3 g el 0 5lail g 1ol v, 00510455 (555 oSl

P cope

PSS 59, Sh8) SleghS VO Gl S Gl b by o5 ol
VIE G -IVO ole bog 9,500 o yei diws ;o (o VYO 3l
R e Sams a0 (e Y B VYD 555, ,had) Slgsles
S i Ol (s e9,5ale) SzsS (b sl [0] w8 o
L iblio sl o594 55 ) 50 sl 68 o @) (Hlad o @)
Sty ;3 ()55 3lel) ol cul s S oo wdsi oS 0L
oS Jiis oo )5 5l (B2 5o lagmys ) g9 cnl el Sl oS
S oS )3 3 ,Shas alavlgay wi)ls (6 3VL liebl cohB 4 5L
35 Gmy €55 P eipmyg8 olal ogdle s Soalie i
el 008 e (sl x5 6 50 B pne 5l
ok oy £95 90 Ll gob slam g oo (ganaiws (o
EP O iy 4 s (B jeme 3L (s g S350 Heee
Ok 2 d9es 5 Sl (g Olisd H97e wsoges 5 (HI Hoe
2] oSaaliog T 55, 10 AisS paras ol 5 bl co ams Yy

(Osin i3 b 55 Jsb comnom 2 45) 55, 006 a5

doddlo -
S9s0i hemd St g 09 0l 45 plaudgaze w4z g L
SR 4z g 990 sl pdnass gl sl eslitul canlosls 13 2
2005 slass 5l @lie o Fm s 58 e 3k (65l ilazd S
3555 o0 D90 3L Slagrmg Lawg ok 6551 5] s S o e ]
&l ol @55l 5l GrSone 4 Gl axgi aLbdS glaans o
«$3pl S ras (Lol STy 51 (S lyie 4 s 00 Bblie )3 oolinl
Olod 33 35 )90 (51 3l ©yg0 50 s yo [F1] cedlons
S5 okr 65 Jsl Sl g leasyso 51 (g ke 51 Ols3 o0 bl
aadl Jlw ol Jlw by st 3blie )0 0925 (ol b 0)S
8 g 5l Sl olen (SLSL S g Sz i b g 0092
D)) S92y el Gble )3 &5 plaldd Cosgae & axgi b
Goaiwd (bl 5 .05 eolaiwl caslio olaul b olo iy, o9 5l
5 ) S8 slaims ol sl cex ok glags

Ol e eoly aseis cuwlin (6l Blan lp (5,500

P_hashemi@sbu.ac.ir :lslSe jlsoigs oxiwgs ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

YyYvy



TVA B YVYY doio 0F e+ Jlo @ oyloud OF 0593 ¢ ol SeilSlo puoino 4 pi5

S (Sl -
o5l 9 Ovgasle €5 59 SIS 3ges 97e 53L S )95
by 95l 0 ,Shos 52 38 531 (sl it a0 2 () 50 s
Sy, )5 bl icasloads aizls 5y iy sl yioghy 4 a> o3
38 53 glie (sl ey sl (595 ool 2 gizgles
smsbe Glagm,s Sl loamio wiue lap] o8 Jes
5,8kes (¢ pSata sobdy wiilgi o a5 wites (glosle claankss
Hee 0l zo Bl baxio ) wiides doe 1) w9
g e Seond JLaS BB falS g 0nd (o5 Sl g Ik
S slr 05800 enyg el pe (30,5 4 Ll & (8 e
Ol pe Rl el il sloaxio S92y (nlplo wiS o
Sl DAV wigd o VL 0y Soi e 0 (6 pSaiz psboas
s VY Yaano a5 ol sezg aiagy Shie 5 laamis ol s
ol el bamio cpl ool i 595 S5 Sl ()98 Sl
2 Foe o piie jf %00 (S [VA] ogt e y555, (ol et
S (e 4 0l e el oy T ol s gy 95 0 Slae
Sger el (3 Slaal o Gl el ] b 4y (55 £l |
Pl $5 ) b gmighes slocym s [V o] 058 0o (5 0 Slae
50 el Laalisl cnlply w,ls 0 slel g ol 5l (eSSl
ol o 0yl oleil o olal Gleasas oS aslal L alin
slpaiin rallis 31 g s Lawgs FIA oo U S slaglas )| e
ol oy Jsb Sligyed som o iite LYV V4] ol ous
OO FSZS Lg 555 oS Cl glage Jlade gl alols ()
G 7A) e g e ol o walys e oles Lals el o
ooy olaws LYY V] colonds by cm o5 0 ,haB jlade AV
Sl oy slaws 2ol38 Lo ls ol ,\.,L» ol o,Slee p 5,999,
595l G b s Sl b 05 Ol pe YL 0y 0
S 0 paie Caond (53 303 o e Caond b2 S0
wotr O 8ee als cel Jole (nl g 0sdion o) dude e jsboay
Aty ooy oo ladllie 51 (g5l ;o (plpls 0gd o mys
USSR C JURR RVE 1 A & AL R ¥ ] ECSUON [N PR JUROU
ASSs (535 p Dgliie sLlgs b lizme y5ig) (naiz (625,18 (e
Sy az ;0 A 6blo b ysig) 99 (5,518 age >l

1 Drag

Gop Sg S S Cond) (b op S Cepw S
it (St Ce s
090 H97e 5O Sl )9 (s b 3k Sla Sy 4 4 L
oolitl Cqz (B jeme (3l Slaim s @ S ilSe gl
9 S S S sl a5l Ll cpl i)l et @l o
Foml Slhed S sl (J5S w4 5L pae g 39 0L
FoS oy Sg Cepe Sumd )0 iy (nl 0 Shee dlauloa
aig3p cgosls (b daolass o Colill a8 Jgo (Sooll
porcenss lp FYL Coel g e (65040 5 pens 5 cSLe
5 b ools aS Slbesg 4 azg L.NVY-F] b plis 5 Baip
9o j97me Slaims (ot O Ragh slaadlas bl
WS G ojem o oolitul Cex (50 5 () SasS
ol aSkee 38,8 Jslite (slajtel )l g2 asalys oamilie
ol oozl 5l e Gugaingles slacmsg5 ok Lot
ooy (Jsb Slonen (oms slaul S (gl sloamas S5
Sealae aibe cue sla >l g 5959, Sl slass dao sl
G aiile oo tell cpizmen VY] siis o o 4 0L
Soasl sad g oy alox gl op disdl 95 Canlo wla
3 Syl 56 Gagals 5 0 Shos ol Jlow bz
g Cowl 48,5 518 ey 2 050 (615 Slee i o Lol il ()l
DNONY] el onss Bl 95 0 Shae  ag] L5k
se 63k iy p ook jsb A Lieghy (pl S el
2 oS Gl ragh d9ry b lul g0l olul o (go5es
S sloadllas (g 090 jyzme (3L lagm,s Ak
Sly 3 el ol 0l ol o Glaimys Gy R 6
S5 (Selusgpl L) sasS e slayial)ly 5l s ke
KR g ),,:SL Solaie Dygo @ 9,0k ol jo (goges jexe
b g onl mles @Bly 55 0358 513 (o) n 990 Camlioe oS
el 3o 2loimys s O alsly 4z 5 Gt lagiagh
1 Gpaite mess Il alis i ol e 1 el 5,5k
59 088 eas Sla ey 9 G090 j9ome Slagr ¢ el L alai,
3515,5 las aS sl S5 4y 3 s anlss 4l o] s Slae

el (e Sl 5 S5 5 S5 Slagm @ bgpe yiie 0l

yyvy



TVA B YYYY docio NVFr e Jlo @ ojladd @Y 093 (pnS ool Sl cuwidines 4y i

ol ceslie Jigial Ul g 0 Sles IS8
Sl 0ol gl hgdnl g9 p ol lagiagh Holite (s
olite gt pl IS anes g0 4 oolanal 5,90 sla g p! [V0]
Sfogdpl 09d so (Gobpnd ()l e) g ploleS Lgdnl g
oosls 63l Geyg J0s3 sillely o e Sy gnloleS
Lo wslo ool lagrm,gs a5 cud Jbs yo cpl d¥-] o)l
W aiS e a5 it iy 05 cpd Oolike hsd |
Loyl alo> gl Loy 05 0 ,Shoe 55 gam 35,55 el by [¥)
ab poogee b3 g hsdnl s o aly 4 akes aly ol
aingy dho gly p (Tolite Slaiagh e se AU 0 )l0aSS
@b s, 4z STIYY ¥ el as p 3y & 90 i 95 ool
S Oz (SERSN Dl 30 (6508 Sl (5050 j3xo
@on SIS (og)ls Sl s el els (831 oo la o5 @2
56 b5 ol 9 Shos by (Stasl 5 cul gl JS3 L
g ol P05 o 0 e s i 1Y) 535
CSlo g (b i3 50 el ey b sl Sl e
el 0 481 5 Sole (slayms o3
eyl ool i 0)lye &5 (Lade slaiagh 92y b
4 7S Sl az g5 ABS Djg0 ($3g08 H97e uygi 3 Sles
S ol 0 9,50Le olal ) (gla gy 58 0 Shas Loyl 5L g3
el o 0351 (5w (nl 50 (ligad 950 (nl FEES o)y
G908 j3me (63b Geyg sl Sled Sy aldie ) IS0
O iy, gl T JSS ol )3 Zewl 00l sy 0y das gl
O 5 5559, 0 4l 0 cwaWl ol e o Ut 559, Jlj90 e pos
S (g Sy il g0 5l alad ja 5 g8l e ayls
2 oo sl (8 eyl S go auymd 90 sl alamd o hgd l aS
onl 3 gdige 00 &S jsbilen el 5y, (Saliogpl (b
i Jl )0 0)lgen (grd Loy gz g lade dogyg Sl g9
Sy g m)g Elad @ (e Sae o S g ke ]
(hisdnl Olhgs 5l alad jajo o cnl Cua el 55, Slige
0,25 Jogdpl &5 1; 6595, dae pliae o] Hlaie g alo> 4yl
g;&:-‘b-.'.ésﬁ.] Slocg o polia p g oy .4.;560 RS ‘J.;SGA
5B 585, ooels HoletS amiii )0 5 Glp iy g by )

P9y ok s cde 4 Iy ol b slagin o5 jo 5le e

yyvy

53 a5 wsl Sglite Jlows Wi o ooy adaiie S [VF] ol
slagigy 4 arg b YOl culoss o) gy (S
ol 0 plopas comys (nl sl dhate s (b (n e (Oglite
Bb 9 e ylid LS byl gl 1y p3Y a5 el grbans g
sl [¥Flewd powlio el 5 anim Ja 5l g o)l oy pelan
S Wlgi o oy o 4y 0L ol > Colas Gl o)l S
(NYd Sy o 3l 1) b e 4 5L pae (Shg Lol wil e
Lol (i)l 952 it alax aysl aile (5,500 138 3l (sla el
e fge (i sla el ol 4

T 69 oolel 1 gl £95 (S090s y97me (3L Sy )58
DS oo 5 Wyl bl alate haw 4 oy (g3, ool
Cayd Jsene jebas L‘”QT Fhb bl p bgm,s gs ol
oogsle G350 Heme ob layd 4 Cad VL g
ErnSS E9 90 a5 O Jelae glgil Lugls lags s o)l
peiiso n £5 Slgns el sl Ol pekies 0 g5 5
Jole cpl g sl Ll gy 5 ioen g Blo slroy lyls
coydogs ool bl lwl oald 5 g5l ool (Hib el
S sble 25 50 IYV] ol (2yanss g5 5l 5528 Ol
el 00l og2)ls Slar )9 peliten 0p E9 4 SFU 429
o yly o n hgdnl g5 I oanlo wlul cons il ola 2l
oo omns onl 9Sbee p ol Jlw ol (Suasl Sab g laoy
G a8 a4 el )] Cand G e lo e dlel s 2]
ol Balin 51 6 )bans o a5 S5 (glings e Comas ol e
Sl IYA DY ol o b g G A Suop o)lgen lade
T U OV Y O U OIS A U
WS (oo o)l Gy &5 (ol 4 w8 o0 JBB s slee
g g0 dmlme (V) dlolas gy ol )l ol 09l co oy pas

N.C

Solidity = —— Q)
v D

Ot o e b syl Slagys (IS b 4l g5,

6oL g ooy alaie pmhaw [YA NVE] Wls 1) o Shee

lyehly 5l Socwl hednl g9 5l esls o090 9o

1 Lift
2 Solidity



YA« B YYYY asan N

Wind Direction
ol cg>
—
—’ /
—
—_—
| oL :‘—wa y
\ 4'" a_

[ e

v ff ‘sﬂ‘”.} e il
(€ “"‘r“’ \ - -

v

LJL.: A O)Lo..ﬁ QY 0y9d ;)....S).:.ol «&u&n @”W A_v).u.u

\@r -

(et yow i) o9 )13 (5990 y970 (§3L (3w y g8 031 2 NS T Glaces puo Silod ) JSCi

Fig. 1. Schematic of the affecting velocities on blades of Darrieus vertical axis wind turbine (velocity triangle)

&5 Rl OlF cord 20 Sz P50 L)L) Wlgioe olad 0
Lk 9y 2 IS8 oyl b 6,550 1 aas &Ll a8
Sz 950k sl 3 (Gegld 9 ugasle) $o9es j5e ()8
9)0% R S e yso S & §558 (T OlE 09,5 At
@B Sige @ Esdse Gl ip sl SBRNLST Sla
Sole slal 5 olbien g pebiie iy el o oays 5 s
5 oolial U gyl Seelizog ) 3 Shee g wload ax5le 5 _obs
Slaal 5hcel 48,5 )18 (o) 990 3L )Y o s G
oIy @ S03luil Caz celie (5 glwoolel Liagh cnl mee
Soge gl anlio Sl 5 5,50k sl jo lage,s (29>
ol 13U cal ouls xw ogdle 4y .l 00 Gml.i.i.%l.aﬂ
(sl 9 ogeigle) W ys o Shee oaiiS e sl el )b
3 gl ey 9 Skes jolite (s 055 1B (cwyp 99
sl 00 (6 S0 ll (Bglaze jalgn ) vae) Ciglaie oL slacis
Slal Cons m (>hb el 99 536 (g )ls myes 9590 50
Oty Slagiagy 5o a5 Laoy 0w)loaSS 555k ol 5 5,
@S Sl a5 13 02 (o 990 lodg azgi 3590 SIS
St ez 2 Ol5F Gupd Sl Oj50 4 lagg pSoslul
0955 3 >l po ¢ 2iolo;] ylasus .ol oo @il 0 Sg s

iloas 0051 9, sl 5o o] el 5 gl 5 g S0l

Sz g e (sl )0 S sl M on Gligd e s
Slp Blae jo ojls ooVl ol b aslin o s Coyu oy
b Sloyo L s 5 SzoS s 5539, gl b 9,0k sboiym s
Shnn CewdVl ol e s Cd 4y 198 ] (Sly90 s s 10 50 05l
@25 op &S (o b S pn S g jlie W sl o0 S8
JUOTS IS EONP RIE| RGN, IRLIVWRY | PR FRISUNEY I L L S SERPR VL g
2 (A7)0 98 U jho () 39 wals> Jogdpl ale agl; o3l
Loy ool sl Cosl i Sl S5 Gloim,sh b anlis
Eroge (nl (ol T Glliz 4 o3 eogazme j0 Jsere jsbas
Jol 0,25 5 5550 sloalor aygly clde 4y )T o po 1ol el
aaly> gdpl slp yiion Slag Gl 8 5 slaglyojb b (Sl
ool Sl 5,0k 955, sln hsdnl 9 S slal opdlea g
ey o pd Gl g 5T o po rals Az o 5 Tl sae
Oly oo Siels Eel gl 9o opl )-‘-’l’ Egome ;O D9 50
D9 5
2 80908 jsme )y O Nes 0 (58 Doldd YU (om)
ly sadss (lgs ool (als g 4 9 555 oy s b 9,0l olal

259y Seeludgnl 8, 580 aslllas se2g cul b ows oo ol

1 Stall
2 Reynolds Number

Yyve



TVA B YVYY doio VF e Jlo @ oyloud Y 093 ¢S ool SilSo uodio &y

Cawloals 0ols musgi (5 S ojlail Dl o iales] pll

6oL jlwdnd (S —)-Y

ools ioled ¥ S 50 a8 ol jleans ) ooy Lialesl sl
S Lo a5l sl b 40 ludends ol Canlons ool o
Sl alale o dw ol ol ool JSis

t] 0o oolaiwl ol (gjlwand gl as 8 N

0 )0aSS aly 58135 559, Jold Geayg 4 bgye i Y
L5135 Gk e g ey

S e 3 7S aomin Jalis St S iy Y
<l PLC

3 0k ey )50 TESYYFY Joe e oo 5l oolicaal L
BB 0 e 1 Sgas sl 95 0 55 5| il Lol
oaseine @yl eSSy Jdgp ol ] 50 4 (glesgaza b
Sl &5 ()55 5559, Sl et S 00595me ()l (el 090
3 Sldes (nl il (65578 958 axlge CSESH S L oL L
YO+ gaado 5 100 VO + adBo p ,50 00+ Dglito (8 90 A
YV OUSS Gillae ol ey 89y Conl 00l plodil adBs g0
Sk ey bl (B jemme oSl b jo el ¥ IS0
S5 3 Joe 5l (oope g (Jobo alold ulul (350 j92e

Loy cooliamsny oy (slo by elas <l 00 >k sis,

2870 (63U (rye
ool @39ee

2551535 Jlae

S jlodndh s ¥ S5
Fig. 2. Wind simulator
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Yyvo



TVA B YVYY doio 0F e+ Jlo @ oyloud OF 0593 ¢ ol SeilSlo puoino 4 pi5

9.
A-
-
v T T—— L,
9 o T o
3
9 »-
- -
> . i ——
— v _.-_____r
=] J
LA
Y.
B \ T r g ) # Y A q . 1 T
(m/s) b e o
..... o"l"pl'll — «srpm \'a..rpm

(08 ) cal alold )5 gges glowl) yo jluwdnd (8 0L e juw Judg P SO
Fig. 4. Wind speed profile of simulator in vertical direction at constant distance from fan
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Table 1. Specification of Savonius vertical axis wind turbine
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Fig. 5. Exact design of the Savonius wind turbine rotor
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Table 2. Specification of Darrieus vertical axis wind turbine
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Fig. 7. Design of Darrieus turbine blades with NACA0021 symmetrical cross section
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Fig. 8. Complete Darrieus turbine rotor and turbine rotor with supporting stand
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Fig. 9. Rotor measuring and testing devices
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Fig. 10. Loading device, right figure: device screen when testing, left figure: the complete device
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Fig. 11. Wind anemometer used to obtain simulator wind
speed

iy 7 NS Jelse 5l S0 (S ok e o Sl 4 4255
Ty ool solainl b cplply el 00gs yayei e
a5 b (V) US8) Conl oo oolaiwl VYFV-TES Jos plyols
Olie S oslail olfiws (pl odijle lawgi oads &Sl LIS
el oas LAY (e opl 6l 0l s 6 S5l sl
clo slas 4 by o s sl sl 500 8,30 Jale
sl Gl pins (pl Giws Lo 4y g3 L aS Col (o e8
Ligs po Sledlbl 4y a5 b .l o0l 38,5 Jai o A VIO L ply o
Oy sl )..JL:T A g Sl g (6 pSoslail leolliws 4
] 00 d.._’>‘b).»
W)Jub;pg‘)‘adfwoliﬂuosbwbud‘y
oo polie o Cowl ool Cawd 4 YU slaylb 5l S e
Colus (aSa yin g p Sl VYYD JB> /Y L ol oles
W) 6)|Ai>L> aloles BN Ml)).)).«.ca Sy g RIypo yio o/ ¥



YVa+ U YVYY dxbwo MY o JL..J A b)u QY 0y9d ;).:..5).:.9] «&u&n L;""'“\“‘Q(" A_v).u.u

@ Power Coefficient achieved by voltage and current

0.22

0.2

0.18

L
- - —
[ £ =

=
-

0.08

Power Coeeficient

0.06

0.04

0.02

0 0.2 0.4 0.6 0.8

® Power Coefficient achieved by voltage and resistance

1 1.2 14 1.6 1.8

~

Tip Speed Ratio

L 510905 g yol g 5Ldg b oudiarmlno o)lgh crazr b Hl0905 Al o P8 oty 30 033 T b s ol o 3 (3197 o 510903 Y JSC
“Ceoglilo g 5Ldg b ondawlxo ylgs
Fig. 12. Diagram of power coefficient in term of tip speed ratio at 4.5 m / s wind speed, power was obtained by voltage
and ampere in the dotted curve and by voltage and resistance in line curve
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Fig. 13. Diagram of power coefficient in term of tip speed ratio for Savonius wind turbine at different wind speeds
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Fig. 15. Rotor of Darrieus vertical axis wind turbine with three aspect ratios of 0.8, 0.9 and 1
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