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QO u}vJty "OwW|t C=w =ot 28 4 ẁtHt C}iQ_ =@ C=w wr}m 660 u}@ QwD
OQwt =}vO =@ u; |xU}=kt w u=Q}= QO |rL=U=Qi u}@ QwD ?Yv u=mt= Qo}O |}xar=]t
Q}=RH QO u=Q}= �o�shore� |rL=U=Qi `@=vt xm O=O|t u=Wv G}=Dv "CiQo Q=Qk |UQQ@
xOvvmQ=wO}t= QRN xJ=} QO w u=ta |=} QO 'TQ=i G}rN |rL=U \N QO w |vwmUt

[11]"CU=
QO |O=@ u}@ QwD ?Yv |=Q@ x}=tQU CWoR=@ MQv |UQQ@ w |O=YDk= p}rLD
|SQv= xrtH R= Q}PBO}OHD |=y|SQv= R= xO=iDU= x@ C=Hv=NQ=m w =yCrwO ?}eQD
|=Q@ |O=YDk= p}rLD |xv}tR QO xm |}=yQ=m R= |m} "OQ=O |}=RUx@ C}ty= 'O=@
?Yv u=mt= |UQQ@ Qw_vtx@ |O=YDk= p}rLD 'OW s=Hv= u=Q}= QO O=@ u}@ QwD ?Yv

[12]"CU= l@=@ QyW QO lJwm |O=@ |=yu}@ QwD
s}kDUt xQB |OwtaQwLt |O=@ u}@ QwD l} |L=Q] =OD@= Q[=L VywSB QO
TBU "CU= xDW=O Q=Qk Q_v Ot |mU}OwO |xv=oOvJ xrwr pOt R= xO=iDU= =@ Tw} Q=O

98



"""w
Ck

=OY
OtL

='|
O}aU

Ow=O w hPL lU}O Ctw=kt Crax@ O=@ O=R; u=} QH |SQv= 'u}@ QwD CUOu}}=B QO u;
R= xO=iDU= =@ swyit u}= pOt u}= QO "OwW|t xDU=m |L=wv u}= QO u; CaQU R=
|Qw]x@ 'OwW|t u=}@ u}@ QwD CUOu}}=B w CUOq=@ QO u=} QH |xOW<=kr= CaQU
|=yx]@=Q R= xO=iDU= =@ =Q �2 pmW j@=]t� xOW <=kr= |=yCaQU u}= u=wD|t xm
R}v u=} QH CUOu}}=B w CUOq=@ u}@ pO=aD |x}L=v QO u}vJty "OQm u=}@ 4 w 2

[15]"OQw; CUO x@ 3 x]@=Q R= xO=iDU= =@ =Q O=@ CaQU u=wD|t
V = u V1 (2)

Ve = (2u� 1) V1 (3)

V 0 = u0(2u� 1) V1 (4)

u=} QH QO xOW<=kr= ?} Q[ u0 w CUOq=@ u=} QH QO <=kr= ?} Q[ u \@=wQ u}= QO
"u0 < u xQ=wty w CU= CUOu}}=B

CaQU x@ xHwD =@ xQB |@Uv CaQU CUOq=@ |x}L=v QO 4 pmW x@ xHwD =@
%O};|t CUO x@ 5 |x]@=Q R= �!� xQB x@r |v=QwO

W = V1
p

(� 0 + u sin �)2 + (u cos �)2 (5)

x@ 6 |x]@=Q R= x}L=v u}= QO xrtL |x} w=R u}vJty "CU= �0 = R!
V1 u; QO xm
"O};|t CUO

� = tan�1
�

u cos �
� 0 + u sin �

�
(6)

xO}O=v xv=mD |x} Q_v QO xm =UB |wQ}v C=QF= uOQm^=Lr |=Q@ xQB u=tr= |x} Q_v QO
Qy |=UB w ;Q@ ?}=Q[ G=QNDU= w u=tr= |O=OaD x@ u}@ QwD |xQB s}UkD =@ 'OW xDiQo
OQ@ Q=mx@ =Q xQB u=tr= w xv=mD |x} Q_v R= |@}mQD u=wD|t |@ QHD G}=Dv R= Q@=wy *̀ ]kt
w xQB u=tr= |x} Q_v R= xO=iDU= =@ [15]"CW=O Oy=wN x=Qtyx@ =Q |QDj}kO G}=Dv xm
7 |x]@=Q QO xm OwW|t h} QaD wQ}v ?} Q[ l} u=} QH xrwr Qy QO xv=mD |xrO=at

%Ovm|t jOY
Fupu = �(1� u) (7)

%OwW|t x@U=Lt u}vJ x]@=Q u}= QO Fup

Fup = �
2�

�2Z
��2

�
W
V1

�2�
CN

cos �
jcos �j � CT

sin �
jcos �j

�
d� (8)

"CUOq=@ u=} QH QO CaQU |=yQ=OQ@ "4 pmW

"pmWH |OwtaQwLt |O=@ u}@ QwD "2 pmW

pmWH QwDwQ =@ |OwtaQwLt |O=@u}@ QwD "1"2
"�2 pmW� OW xDN=U w |L=Q] u=DUrov= QO 1980 =D 1970 p=U QO =yu}@ QwD u}=
OwW|t pQDvm |v=QwO CaQU xv}W}@ =UB w |oOv=t=w QF= R= xO=iDU= =@ u}@ QwD u}= QO
"OQw;|tQO CmQL x@ =Q O=@ Q}Ut QO QkDUt |xQB CU= O=@ Q}Ut GQ=N QO xm |}xQB w
OwN CmQL w OvUQ|t OwN |t=v CaQU u} QDW}@ x@ `} QU Q=}U@ =yu}@ QwD u}= =Pr

"OvQ=O |OwN x@

|mU}OwO |xv=oOvJ u=} QH xrwr pOt "2"2
"s}vm|t s}UkDCUOu}}=B wCUOq=@ |rmCtUk wO x@ =Q QwDwQ |x}L=v pOt u}= QO
|x} w=R "Ovm|t Qw@a sy QU CWB p=ai lU}O wO R= =yxrwr QO |Qw@a O=@ u=} QH
pt=W CUOu}}=B CtUk QO w ��2 � � � �

2 CUOq=@ CtUk QO VNQJ
Q}}eD `=iDQ= =@ O=@ O=R; u=} QH CaQU u}vJty "�3 pmW� CU= �2 � � � 3�

2
"OQw; CUO x@ 1 |x]@=Q R= xO=iDU= =@ u=wD|t =Q C=Q}}eD u}= &Ovm|t

Uz
Ueq

= ( Z
Zeq

)�0 (1)

w &Z `=iDQ= QO CaQU Uz &Zeq `HQt `=iDQ= QO `HQt O=@ CaQU Ueq u; QO xm
xOW VQ=Ro 0 1848 Q@=Q@ lWOi xk]vt |=Q@ xm CU= O=@ |WQ@ u=wD ?} Q[ �0

[14]"CU=
R= TB w CUOq=@ QO VOQo p=L QO |=yxQB =@ O=@ u=} QH OQwNQ@ x@ xHwD =@

"|mU}OwO xv=oOvJ u=} QH |xrwr pOt "3 pmW

99



"""|
Owta

QwL
t|

O=@u
}@Qw

D|
m}t

=v}Ow
Q�;|

L=Q]'u=} QH xrwr Qy QO CUOq=@ Ovv=t xv=mD |xrO=at w xQB u=tr= |x} Q_v R= xO=iDU= =@
%Ovm|t jOY 18 x]@=Q QO xm OwW|t h} QaD CUOu}}=B |=Q@ wQ}v ?} Q[ l}

Fdwu0 = �(1� u0) (18)

%O};|t CUO x@ 19 |x]@=Q R= Fdw u; QO xm

Fdw = �
2�
Z 3�2

�2

�
W 0
V1

�2�
C0N

cos �
jcos �j � C

0
T

sin �
jcos �j

�
d� (19)

CUO x@ 21 w 20 |=yxrO=at R= =UB w ;Q@ ?}=Q[ ?ULQ@ C0 w C0N ?}=Q[
"O};|t

C0N = CL cos�0 + CD sin�0 (20)

C0T = CL sin�0 � CD cos�0 (21)

CUOu}}=B u=} QH QO �Fr�|U=tt |wQ}v w �FN � |Owta |wQ}v Oa@|@?} Q[ |=Q@
%s} Q=O � VNQJ |x} w=R ?ULQ@ w

FN (�) = AP
AS

C0N
�
W 0
V1

�2
(22)

FT (�) = AP
AS

C0T
�
W 0
V1

�2
(23)

CUOu}}=B QO QwDwQVNQJ |x} w=R?ULQ@ xQB Qy\UwD xOWO=H}= Qw=DWo u}vJty
%=@ CU= Q@=Q@

Tdw(�) = 1
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Abstract
Recent works in design of small stall regulated wind tur-
bines has indicated the need to provide site-speci�c small
wind turbines which incorporate innovative design and
new materials of construction leading to better perfor-
mance. In this paper, vertical axis wind turbines are
considered for simplicity and ease of manufacturing for
limited applications in Iran. Blade element momentum
(BEM) theory is employed for aerodynamic design and
analysis of a vertical axis wind turbine. The design algo-
rithm was programmed in MATLAB routines using an
iterative method for calculating axial and swirl induc-
tion factors, u and u', respectively. NACA4415 aero-
foil is used to provide higher lift to drag ratio and a
double multiple stream tube model is used to properly
model upstream and downstream of wind turbine in bet-
ter agreement with some experimental observations. For
the airfoil section NACA4415, the lift to drag ratio of
130 is obtained at the angle of attack of 13 degrees. A
parabolic �tting function for lift and a cubic �tting func-
tion for drag coe�cients are used with respect to angle
of attack. This approach allows better predictions in
high angle of attacks when partial stall may occur over
airfoil surfaces. Studying wind energy potential in four
stations, Bojnord, Esfaraein, Fadashk and Nehbandan
in two provinces of North and South Khorasan in Iran,
the results indicated that Fadashk station has better
wind potential for setting up wind turbine in the stud-
ied provinces. The study was performed based on the

annual wind speed data obtained from renewable organi-
zation (SUNA) in Iran. Statistical analysis based upon
wind data in Fadashk in the province of south Khorasan
is used for designing a 1.5 kW vertical axis (H-rotor)
wind turbine. Our results for the wind turbine are veri-
�ed with an existing wind turbine and are parametrically
studied. Furthermore, economical aspects of installing
wind turbines in Fadashk and re cup from wind energy
are investigated. The economical feasibility of the de-
signed VAWT is �nally evaluated to predict annual pro-
duction of electricity that shows 6 cent pro�t for each
kW h generated power.

Key Words: vertical axis wind turbines, blade element
momentum theory, aerofoil, Khorasan province, wind po-
tential.
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