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"CiQo Q=Qk |UQQ@ OQwt lJwm u}@ QwD xU j}kLD u}= QO "CN=OQB u=tQm QyW
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112



1|
xQ=t

W'
40

|xQ
wO'

�14
03

Q=y@
�h

}QW
l}

v=mt
|U

Ovyt

[23]"|D T= s= |O VwQ QO u=} QH Q}Ut "3 pmW

=@ R}v Ve CaQU 'x@=Wt Qw]x@ "OyO|t u=Wv �O=@ x@ CWB xt}v w O=@ x@ wQ xt}v
CaQU C}=yv QO w xOW xH=wt |SQv= Vy=m =@ 'O=@ x@ CWB xt}v |=yxQB R= Qw@a
CaQU u=ty QDt=Q=B u}= "OUQ|t OwN Q=Okt u} QDtm x@ (Vw) QwDwQ R= u=} QH GwQN
u=}t R= Qw@a pLt QO u=} QH CaQU 'u=}t u}= QO "CU= (Wake) xr=@vO u=} QH
O=@ x@ wQ xt}v� |}=kr= ?}=Q[ R= QF=Dt xm xOw@ (VadVau) ?}DQDx@ xt}v wO |=yxQB
xQB Q}F-=D u=R}t xOvyOu=Wv xm ?}=Q[ u}= "CU= ad w au |va} �O=@ x@ CWB xt}v w
swDvtwt \@=wQ ltm =@ w =]N w |aU VwQ \UwD 'CU= QwDwQ R= |Qw@a u=} QH Q@

"Ov};|t CUOx@ �QwDwQ xt}v wO |=Q@� sy R= =RHt xLiY wO QO
V1 > Vau > Ve > Vad > Vw (1)

Vau = auV1 (2)

Ve = V1 (2au � 1) (3)

Vad = adVe (4)

lQLtlU}O QO u=} QHCaQU Qov=}@?}DQDx@Vad wVau|=yQDt=Q=B 'jwi\@=wQ QO
|@ka lQLt lU}O QO u=} QH CaQU w (Upwind actuator disc) |} wrH
|=Q@ |=x}=B |=yQ}eDt R= =yQDt=Q=B u}= "CU= (Downwind actuator disc)

|}=kr=?} Q[?}DQDx@ R}vad wau?}=Q["CU= xrtL x} w=R w|@UvCaQU x@U=Lt
(Upwind actuator disc) |} wrH lQLt lU}O O=@ x@ wQ xt}v |=Q@ |QwLt
"CU= (Downwind actuator disc) |@ka lQLt lU}O O=@ x@ CWB xt}v w
`]kt QO =Q u=} QH CaQU u=wD|t '(a) x}rw= |}=kr= ?} Q[ x=wNrO ZQi =@
u=} QH CaQU 'xQB Q@ Owta u=} QH CaQU u; ltm =@ w xOQm x@U=Lt Q_v OQwt
pw] |=DU=Q QO xQB Q@ T=tt u=} QH CaQU u}vJty w QDw |=DU=Q QO xQB Q@ T=tt
|=Q@ l}t=v}OwQ}; C=@U=Lt QO xm =Hv; R= "OQw; CUO x@ 6 w 5 \@=wQ x@=Wt =Q xQB
'CU= u=} QH |@Uv CaQU T=U=Q@ C=@U=Lt |=v@t '=UB w ;Q@ |=ywQ}v x@ |@=}DUO
xOt; CUOx@ xQB x@ OQwNQ@ x_Lr QO u=} QH |@Uv CaQU '7 x]@=Q \UwD u}=Q@=v@
4 pmW "OQw; CUOx@ 8 x]@=Q x@=Wt =Q |Qy=_ xrtL x} w=R u=wD|t u; ltm =@ w
xm Qw]v=ty "CU= Cw=iDt x_Lr Q=yJ QO xQB |Q}oQ=Qk C}a[w xOvyOu=Wv R}v
w CyH |=Q=O x_Lr Qy QO xrtL x} w=R w u=} QH |@Uv CaQU 'OwW|t xOy=Wt
x=oDUO Q}}eD =@ u=wD|t =UB w ;Q@ |=ywQ}v uOt; CUOx@ R= TB w xOw@ |Dw=iDt Q=Okt

"OQm p}O@D xQB Q@ |Owta w T=tt |=ywQ}v x@ =Q =ywQ}v u}= 'C=YDNt
|Q=Okt u}=Q@=v@ 'OvDUy |OwOLt pw] |=Q=O u}@ QwD |=yxQB xm =Hv; R= 'u}vJty
xm CU= xOW hQLvt u; Q=Wism K]U x@ xQB Q=WiQB K]U R= xQB lwv QO u=} QH R=

CtU� pmW � V w �CU=QCtU� pmW � H QwDwQ xUOvy|@v=Hl}D=tW "2 pmW
"�AJ

"pmW � V w pmW � H u}@ QwD C=YNWt "1 pwOH
V � type H� type xYNWt
0015 =m =v 0015 =m =v p} wiQ}= ẁv

OOa 3 OOa 3 xQB O=OaD
QDt 0/3 QDt 0/3 xQB QDw pw]
QDt 6 QDt 6 QwDwQ Q]k
QDt 6 QDt 6 xQB pw]

QDt 4/25 QDt 6 QwDwQ `=iDQ=
45 0 =DrO x} w=R

xk}kO Q@ QwO 50 xk}kO Q@ QwO 50 QwDwQ VNQJ CaQU

?U=vt CaQU x@ QwDwQ u}}=B C@Uvx@ CaQU p=kDv= ?Hwt xm xOW xOvOx@aH
\=@DQ= QO QwD=QvS =@ xOvOx@aH R= |HwQN QwLt 'C}=yv QO "OwW|t QwD=QvS |=Q@

"OwW|t p}O@D |m} QDmr= |SQv= x@ |m}v=mt |SQv= QwD=QvS \UwD w xOw@
pw= ẁv &CU= xOW xO=iDU= u}@ QwD ẁv wO R= j}kLD u}= QO 'OW xDio xm Qw]v=ty
CU= Q=Ox} w=R |=yxQB =@ QwDwQ swO ẁv w �pmW � H� s}kDUt |=yxQB R= xO=iDU=
C=YNWt w 2 pmW QO =yu}@ QwD l}D=tW "Ov} wo|t pmW � V u}@ QwD u; x@ xm
\}=QW =@ u}@ QwD wO xU}=kt |=Q@ "CU= xOW xO=O u=Wv 1 pwOH QO =yv; |O=a@=
�u=Um} |Q_vt C@Uv� u=Um} QwDwQ Q]k x@ xQB pw] C@Uv R= 'x@=Wt |UOvy
QO QDt 6 QwDwQ Q]k 'pmW � H Cr=L QO 'Qw_vt u}= |=Q@ "CU= xOW xO=iDU=
pO=at pmW � V u}@ QwD QO QwDwQ `=iDQ= 'Q]k u}= T=U=Q@ w CU= xOW xDiQo Q_v
uDW=Oxov C@=F =@ xm CU= XNWt R}v 2 pmW l}D=tW QO "Ow@ Oy=wN QDt 4/25
x@ QwDwQ |v}}=B CtUk uOQm l}ORv w u; |}q=@ CtUk R= pmW � H QwDwQ Q]k
O=ODt= R= xOW pY=L x} w=R "OQm O=H}= =Q pmW � V QwDwQ xUOvy u=wD|t 'Qo}Om}
u}= "OwW|t xO}t=v =DrO x} w=R =} w |]wQNt x} w=R u=wva CLD u}@ QwD QwLt =@ xQB

"CU= xOW ^=Lr xHQO 45 pO=at x} w=R

|R=UpOt w CqO=at "3
ltm =@ w 1|D T= s= |O VwQ T=U=Q@ j}kLD u}= QO Q_v OQwt u}@ QwD p}rLD
VwQ u}= QO w xOw@ swDvtwt VwQ T=U=Q@ VwQ u}= "OwW|t s=Hv= 2?rDt Q=Ri= sQv
VN@ Qy |=Q@ w xOW s}UkD O=@ x@ CWB w O=@ x@ wQ CtUk wO x@ u}@ QwD QwDwQ
3 pmW R= xm Qw]v=ty "OwW|t p=ta= xv=o =OH CQwYx@ u=} QH swDvtwt \@=wQ
OwW|t s}UkD |}=yVN@ x@ u=} QH Q}Ut O=ODt= QO u}@ QwD QwDwQ 'CU= XNWt
O=R; u=} QH "CU= ?U=vDt 3(��) Cwt} R; x} w=R |Ov@s}UkD =@ ẁ[wt u}= xm
CUO R= =Q OwN |SQv= R= |Q=Okt O=@ x@ wQ xt}v QO QwDwQ |=yxQB x@ OQwNQ@ =@ (V1)

u=}t� u}@ QwD xv=}t QO =Q u=} QH CaQU 'Q}eDt u}= &Ovm|t =O}B p}rkD Ve x@ w xO=O
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Dk=|
@=}RQ

="=v@t u}@ QwD x}rw= C=YNWt "2 pwOH
0015 =m =v pwiQ}= ẁv

OOa2 xQB O=OaD
0=15m xQB QDw
5=1m xQB `=iDQ=
5m QwDwQ Q]k

162=5rpm VNQJ CaQU

[26]"|@ QHD |=yxO=O =@ |D T= s= |O pOt |HvUQ=@Da= "5 pmW

"OwW|t Q=QmD xv=o =OH CQwYx@ QwDwQ xt}v

f = Bc
8�r

�=2Z
��=2

�
Cn

cos �
jcos �j � Ct

sin �
jcos �j cos �

��
W
Va

�2
d� (13)

anew = �= (f + �) (14)

QO w xOW O=H}= Q_v OQwt Qw=DWo 'xQB Q@ OQ=w |U=tt |wQ}v ltm =@ 'Oa@ s=o QO
'\@=wQ u}= QO xm O};|t CUOx@ 18 =D 15 \@=wQ \UwD u}@ QwD |O}rwD u=wD C}=yv
?} Q[ CQ 'QwDwQ u}ov=}t Qw=DWo Q 'Cwt} R; x} w=R Qy =@ ?U=vDt xQB Qw=DWo Q
u}@ QwD QwDwQ\UwD xOW ?wQ=HCL=UtA w xQBCaQUC@Uv � 'u}ov=}t Qw=DWo

"CU=
Q (�) = r:FT (�) (15)

Q = N
2�
Z
Qd� (16)

CQ = Q
1=2:�A:R:V 21

(17)

CP = �:CQ (18)

pL VwQ |HvUQ=@Da= "4
C=YNWt =@ w pmW � H u}@ QwD l} R= 'xO=iDU= OQwt VwQ |HvUQ=@Da= Qw_vtx@
T=}kt R= xOW pY=L xH}Dv w CU= xOW xO=iDU= 2 pwOH =@ j@=]t |UOvy
5 pmW QO 6=}OvU x=oW}=tR; R= xOt; CUOx@ |@ QHD |=yxO=O =@ u=wD ?} Q[
CaQU C@Uv xOvyOu=Wv |ki= QwLt 'pmW u}= QO "CU= xDiQo Q=Qk xU}=kt OQwt

[24]"QwDwQ xLiY QO =ywQ}v ptar= Tma "4 pmW

p=@vO x@ w 4xQB lwv |=yx@=OQo u=wva CLD |}=yx@=OQo =D OwW|t Ea=@ pta u}=
x} w=R Vy=m C}=yv QO w u=} QH |@Uv CaQU x} w=R Q}}eD w 5VRw wQi u=} QH u;
QO |m}t=v}OwQ}; OQmrta Vy=m 'u; xH}Dv xm OwW O=H}= |L=wv u}= QO QFwt xrtL
xrtL x} w=R '|D T= s= |O VwQ Ow@y@ |=Q@ 'u}=Q@=v@ "Ow@ Oy=wN xQB lwv CtUk
lwv R= u=} QH Ci= R= |W=v |}=kr= xrtL x} w=R w |Qy=_ xrtL x} w=R hqDN= R= QFwt

[25]"O};|t CUOx@ pDv=QB \@=wQ j} Q] R= xm CU= xQB
Vn = Va cos � cos � (5)

Vt = r! � Va sin � (6)

W =
q

(Vn)2 � (Vt)2 (7)

� = sin�1 (Vn=W ) (8)

'C=YDNt x=oDUO Q}}eD =@ u; p=@vOx@ w =UB w ;Q@ |wQ}v ?}=Q[ u=wD|t Oa@ s=o QO
TB "OQw; CUOx@ 14 w 13 \@=wQ x@=Wt =Q xQB Q@ |U=tt w |Owta |wQ}v ?}=Q[
\@=wQ j@] xQB R= `]kt Qy QO =Q wQ}v Q=Okt u=wD|t 'wQ}v ?}=Q[ uOt; CUOx@ R=
QDw c '=wy |r=oJ � 'xQB |]wQNt x} w=R � '\@=wQ u}= QO "OQm x@U=Lt 12 w 11
w Cn w xQB x@ OQwNQ@ x_Lr QO u=} QH |@Uv CaQU W 'xQB u=tr= pw] �h 'xQB
|=UB w ;Q@ ?}=Q[ =@ ?U=vDt xm xOw@ |U=tt w |Owta |wQ}v ?}=Q[ ?}DQDx@ Ct

"CU= xQB
Cn = CL cos�+ CD sin� (9)

Ct = CL sin�� CD cos� (10)

FN (�) =
�1

2Cn�c�hW
2
�

(11)

FT (�) =
�1

2Ct�c�hW
2
�

(12)

u=wD|t 14 w 13 \@=wQ ltm =@ w |U=tt w |Owta |wQ}v ?}=Q[ x@U=Lt =@
Q_v QO 0/0001 pOt |}=Qoty u=R}t "OQw; CUOx@ =Q O}OH |}=kr= ?} Q[ Q=Okt
xrtL x} w=R 'u=} QH |@Uv CaQU 'O}OH |}=kr= ?} Q[ x@U=Lt =@ "CU= xOW xDiQo
|v=tR =D xkrL u}= w OvwW|t x@U=Lt =OOHt |Owta w |U=tt |=ywQ}v ?}=Q[ w
wO Qy |=Q@ w Cwt} R; x} w=R Qy 'xQB R= u=tr= Qy |=Q@ 'OUQ@ ?U=vt |}=Qoty x@ xm
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[28]"`HQt =@ O=@ CaQU p}iwQB |HvUQ=@Da= "6 pmW

"�u=Oy=R� p=U pw] QO hrDNt O=@ |=yCaQU O=ONQ p=tDL= "7 pmW

"u}@ QwD u=wD |vLvt "8 pmW

x}v=F Q@ QDt 4/8 w 4/6 |=yO=@ CaQU QO C=w 120 w 810 OwOL QO |v=wD
"Ovvm pY=L

� V u}@ QwD u=wD |OYQO 85 Vy=m 'OwW|t \=@vDU= 8 pmW R= xm xJv;
OW=@|t |rY= p}rO wO R= |W=v ẁ[wt u}= "CU= pmW � H ẁv x@ C@Uv pmW
xQB |=yu=tr= uOW QDl}ORv p}rOx@ u}@ QwD R= |HwQN Qw=DWo Vy=m %R= OvDQ=@a xm
|wU R= "pmW � V u}@ QwD QwDwQ QFwt CL=Ut Vy=m u}vJty w u}@ QwD QwLt x@
O=@ u=wD x@ C@Uv |HwQN u=wD =D CU= sRq 'u}@ QwD u=wD ?} Q[ x@U=Lt QO 'Qo}O
QO xOW xO=O u=Wv u=wD ?} Q[ |vLvt "OwW xO}HvU u; QFwt CL=Ut R= |Qw@a
pmW � H Cr=L x@ C@Uv OYQO 37 u=R}t x@ u=wD ?} Q[ Vy=m Qov=}@ 9 pmW

xm OwW|t xOy=Wt "CU= u}@ QwD u=wD ?} Q[ xOvyO u=Wv s�=k QwLt w 7xQB
u=wD ?} Q[ =D CU= xDUv=wD j}kLD u}= QO xO=iDU= OQwt |D T= s= |O VwQ
|@Uv |=]N Q=Okt =@ �5 CaQU C@Uv xOwOLt� OwN |Q=m x]kv QO =Q u}@ QwD
u=Wv pmW QO R}v jr]t |=]N |vLvt 'u}vJty "OvR@ u}tND OYQO VW
u=wD|t =Q |@ QHD |=yxO=O w xOW s=Hv= p}rLD u=}t hqDN= "CU= xOW xO=O
10|m}t=v}O p=DU= w 9u=} QH \=U@v= 8'u=} QH xr=@vO uwJty |rt=wa R= |W=v

"CUv=O

u=Oy=R QO O=@ |SQv= p}Uv=DB "5
`=iDQ= w u=Q}= |kQW ?wvH QO 'u=DUJwr@ w u=DU}U u=DU= RmQt QO u=Oy=R QyW
Q=Ry 600 OwOL |D}atH |=Q=O xm CU= xOW `k=w =} QO K]U R= |QDt 1385
Q=Qk R}NO=@ x}L=v QO QyW u}= "CU= `@ Qt QDtwr}m 78 u=R}t x@ |DL=Ut w Qiv
hrDNt C=yH QO |rYi OvtDQOk |=yO=@ ZQat QO p=U pw] QO xm CU= xDiQo
VwQ "OQm xQ=W= xRwQ 120 |=yO=@ x@ u=wD|t =yu; u} QDhwQat R= "OQ}o|t Q=Qk
O=@ CaQU |Q}ou}ov=}t R= �xv=o =OH CQwYx@� x=t Qy |=Q@ O=@ CaQU x@U=Lt
K]U R= |QDt 10 `=iDQ= QO w 2020 |r= 2018 |r=wDt p=U xU QO xv=y=t
j@=]t =Q u=Oy=R QyW |=Q@ O=@ CaQU p}iwQB u=wD|t "CU= xOt; CUOx@ u}tR
xO=iDU= OQwt |=yxO=O `@vt 'u}vJty "OQm xOy=Wt 6 pmW QO 'OW QmP xm |WwQ
u}= CaQU p}iwQB "CU= xDiQo Q=Qk |HvUQ=@Da= OQwt 27 `HQt C=aq]= =@
xOy=Wt 'pmW u}= Q=Owtv x@ xHwD =@ "CU= Q_v OQwt u}@ QwD |@=} RQ= |=v@t QyW
w xv}W}@ w OW=@|t 3=77m=s Q@=Q@ p=U pw] QO u}ov=}t CaQU xm OwW|t
x}v=F Q@ 2=9m=s w 4=87m=s OwOL QO ?}DQDx@ O=@ \UwDt CaQU xv}tm
p=tDL= `} RwD =@ '7 pmW j@=]t "OyO|t MQ Q@Dm = w x} Qwi |=yx=t QO w CU=
QDt 4 |r= 3 xR=@ QO O=@ CaQU O=ONQ p=tDL= xm OwW|t \=@vDU= O=@ CaQU
Q=OQwNQ@ p=tDL= u} QDW}@ R= xm CU= OYQO 21 w 38 OwOL QO ?}DQDx@ x}v=F Q@

"CU=
O=@ |SQv= |r=oJ w u=wD ?}DQDx@ u=wD|t 20 w 19 x]@=Q x@ xHwD =@ 'xt=O= QO
p=tDL= `} RwD QO O=@ CaQU hQat Vn '\@=wQ u}= QO "OR u}tND =Q QyW u}= QO QO
'O=@ u=wD x@U=Lt R= TB 20 x]@=Q QO "CU= CaQU u}= O=ONQ p=tDL= p w Q_v OQwt
xk]vt O=@ |SQv= xv}W}@ '�Ca=U 8760 pO=at� p=U l} uDiQo Q_v QO =@ u=wD|t
u=wD u=wD|t \@=wQ u}= w u=Oy=R O=@ CaQU `} RwD x@ xHwD =@ 'u}=Q@=v@ "OQm x@U=Lt =Q
u}tND 855 kWh=m2 w 98W=m2 OwOL QO =Q QyW u}= xv=}r=U O=@ |SQv= w

"OR

P
15X
n=1

1
2�V

3
n :p (19)

E = P  8760 (20)

G}=Dv "6
OwW|t xOy=Wt 'u=Oy=R QyW QO u; O=ONQ p=tDL= w O=@ CaQU `} RwD x@ xHwD =@
"OyO|t MQ x}v=F Q@ QDt 4 |r= 3 CaQU xOwOLt QO O=@ |SQv= p}Uv=DB u} QDW}@ xm
"OwW|t pY=L 8 pmW |=yQ=Owtv 'Q_v OQwt |=yu}@ QwD u=wD |vLvt sUQ =@
xv}W}@ Ov=xDUv=wD ?}DQDx@ pmW � V w pmW � H |=yu}@ QwD xm OwW|t xOy=Wt
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}t=v}
OwQ}
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w|
O=Y

Dk=|
@=}RQ

="pmW � V w pmW � H u}@ QwD OQmrta |@=} RQ= "3 pwOH
xv}W}@ |O}rwD |SQv= Qw=DWo xv}W}@ ẁv?} Q[ |O}rwD |ivt u=wD u}@ QwDu=wD xv=}r=U

(N:m) (W )
(KW:h)

0/45 2450 135 810 pmW � H

0/28 450 15 120 pmW � V

u=wD O}rwD xv} Ry u}tND "7
sRq |Q=Pox}=tQU u=R}t w |SQv= O}rwD |=yxv} Ry u=wD|t |O=YDk= |@=} RQ= ltm x@
u=v}t]= w hrDNt |=yKQ] |r=t xU}=kt '|O=YDk= |@=} RQ= R= hOy "OR u}tND =Q
w x}rw= |=yxv} Ry R= u=Q=Pox}=tQU w u=Q}Ot =D CU= sRq "CU= xSwQB uOw@ xiQYx@ R=
xO=iDU= OQwt VwQ "OvW=@ xDW=O `q]= KQ] ?}=at w =}=Rt R= u}vJty w xSwQB |Q=H
xv} Ry CtUk wO x@ u}@ QwD u=wD O}rwD xv} Ry &CU= [27]`HQt j@=]t Qw_vt u}= |=Q@
"OwW|t s}UkD |Q=Oyov w Q}taD w T} wQU |=yxv} Ry Ovv=t '|Q=H xv} Ry w x}rw=
xOw@ xSwQB |Q=H |=yxv} Ry COM w u}@ QwD x}rw= xv} Ry Qov=}@ CI '21 x]@=Q QO
CU=vat u=O@ u}= &OwW|t h} QaD u}@ QwD x}rw= xv} Ry R= (m) |@} Q[ CQwYx@ xm

"CU= u}@ QwD x}rw= xv} Ry =@ ?U=vDt u}@ QwD |Q=H xv} Ry xm
COM = mCI (21)

Q_v QO =@ =Q (NPV ) xOW s=tD Xr=N xv} Ry u=wD|t 'x}rw= xv} Ry uDiQo Q_v QO =@
x@ xHwD =@ 'C}=yv QO "OQm u=}@ 22 x]@=Q CQwYx@ p=U n |=Q@ w I sQwD MQv uDiQo
O}rwD |=Q@ sRq xv} Ry u=R}t u=wD|t 'u}@ QwD Qy |=Q@ (AEP ) xv=}r=U |SQv= O}rwD

"OQm x@U=Lt R}v 23 x]@=Q ltm x@ =Q |SQv= Ca=U C=wwr}m Qy
NPV = CI

n

�
1 +m

�
(1 + I)n � 1
I(1 + I)n

��
(22)

C = NPV
AEP

(23)

jwi \@=wQ QO xOW QmP |=yQ}eDt QO [28]`HQt x@ xHwD =@ Q} R |=yZQi 'u}vJty
%CU= p}NO

&CU= xOW xDiQo Q_v QO C=wwr}m Qy |=R= x@ QqO 1000 u}@ QwD x}rw= xv} Ry �
Ct}k OYQO 40 pO=at |Q=Oyov w Q}taD 'T} wQU p}@k R= |Q=H |=yxv} Ry �

&CU= xOW xDiQo Q_v QO u}@ QwD x}rw=
QO u}@ QwD x}rw= Ct}k OYQO VW pO=at """ w ?Yv 'pkv w ptL |=yxv} Ry �

&CU= xOW xDiQo Q_v
&CU= xOW xDiQo Q_v QO OYQO 35 pO=at sQwD MQv �
"CU= xOW xDiQo Q_v QO p=U 20 u}@ QwD O}it Qta �

�3 pwOH� xv=}r=U |SQv= O}rwD u=R}t R= xO=iDU= w jwi Q}O=kt uDiQo Q_v QO =@ 'u}=Q@=v@
|SQv= O}rwD xv} Ry R= |v}tND u=wD|t '23 |r= 21 \@=wQ QO =yu; |Q=Po}=H w
"OQw; CUOx@ pmW � V w pmW � H ẁv |=Q@ |Owta QwLt |O=@ u}@ QwD x]U=wx@
\UwD xOW O}rwD u=wD xm =Hv; R= "CU= xOW xO=O u=Wv 4 pwOH QO xU}=kt u}=
|QDu=Qo |rQDvm C=wO= w QDnQR@ QwD=QvS OvtR=}v u}=Q@=v@ 'CU= QDW}@ pmW � H u}@ QwD
QO ẁ[wt u}ty "CU= pmW-|w ẁv R= QDW}@ u; x}rw= xv} Ry 'wQ u}ty R= w xOw@

"u}@ QwD u=wD ?} Q[ |vLvt "9 pmW

pmW � H u}@ QwD �QFwt CL=Ut� xOW ?wQ=H CL=Ut Q}wYD xU}=kt "10 pmW
"pmW � V w

xOy=Wt 10 pmW QO u=wD|t =Q pmW � V u}@ QwD QFwt CL=Ut Vy=m "CU=
CL=Ut 'p@k |=yVN@ QO xOW xDiQo Q_v QO |O=a@= |=yQDt=Q=B x@ xHwD =@ "OQm
QDt 13 w `@ Qt QDt 36 pO=at ?}DQDx@ pmW � V w pmW � H u}@ QwD QO QFwt

"CU= `@ Qt
u}@ QwD xm OwW|t xOy=Wt 'u}@ QwD |OQmrta |=y|vLvt QDW}@ |@=} RQ= =@
Q}}eD |=Q=O hrDNt |=yO=@ CaQU |=Q@ w xOw@ |QDh=Y |vLvt |=Q=O pmW � V

C}U=UL |HwQN u=wD 'u}@ QwD ẁv u}= QO 'Qo}O CQ=@a x@ &CU= |QDtm u=wD
� H u}@ QwD |=Q@ ẁ[wt u}= xm|r=LQO 'OQ=O O=@ CaQU Q}}eD x@ C@Uv |QDtm
|R=Ov=x=Q x_Lr x@ u=wD|t u}@ QwD ẁv wO u}= Qo}O Cw=iD R= "CU= QDW}@ pmW
'|R=Ov=x=Q x_Lr QO xm CU= XNWt 'u=wD ?} Q[ |vLvt x@ xHwD =@ "OQm xQ=W=
|ivt Qw=DWo OwHw |=vat x@ xm xOW O=H}= |ivt u=wD |Q=Okt �u}}=B� TSR

V u}@ QwD |=Q@ |ivt u=wD u}= "OW Oy=wN u}@ QwD |R=Ov=x=Q sOa ?Hwt w xOw@
�C=w 70 OwOL� pmW � H ẁv x@ C@Uv xm OW=@|t C=w 10 R= QDtm pmW �
Q=Okt �xHQO 45 x} w=R =@� =yxQB uOQm Q=Ox} w=R =@ xm CU=vat u=O@ u}= &CU= QDtm
x} w=R V}=Ri= =@ xm OwQ|t Q=_Dv= 'u}vJty "OwW|t QDmJwm Q@=Q@ Ciy |ivt u=wD
R}v pmW � H |=yu}@ QwD QO "OwW xDU=m |ivt Qw=DWo u}= R= '(�) |]wQNt
QwDwt xrtH R= |}=yVwQ R= |R=Ov=x=Q s=ovy QO ?wr]t=v Qw=DWo u}= Vy=m Qw_vtx@
xO=iDU= """ w Tw}vw=U w Tw} Q=O |=yQwDwQ ?}mQD 'pmW � |H |=yxQB 'R=Ov=x=Q

"OwW|t
QO pmW � V w pmW � H Cr=L QO u}@ QwD OQmrta R= |=xYqN 'C}=yv QO
Q=Okt 'u=Oy=R QyW QO O=@ CaQU `} RwD x@ xHwD =@ "CU= xOW xO=O u=Wv 3 pwOH
'OW=@|t Ca=U C=wwr}m 2450 pmW � H u}@ QwD |=Q@ xv=}r=U xOW O}rwD |SQv=
u}= "CU= Ca=U C=wwr}m 450 OwOL QO pmW � V ẁv |=Q@ Q=Okt u}= xm|r=LQO
'CU= QDQ=wWO pmW � H u}@ QwD x}rw= |R=Ov=x=Q OvJ Qy xm OyO|t u=Wv ẁ[wt

"Ow@ Oy=wN pmW � V ẁv R= QDW}@ Q=}U@ u; R= |HwQN u=wD =t=
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Ovyt C} wrw= |=Q=O |m}t=v}OwQ}; |yOR=@ w u=wD O}rwD Q_v R= pmW � H u}@ QwD xJQo =
|=Q=O |R=Ov=x=Q x_Lr QO QDtm |ivt Qw=DWo p}rOx@ pmW � V u}@ QwD =t= 'CU=
T=}kt QO w lJwm |=yu}@ QwD QO XwYNx@ ẁ[wt u}= xm OW=@|t C}LHQ=
Q_v R= "OwW|t |krD |tyt xDmv 'OvDU}v xDiQW}B |rQDvm C=R}yHD |=Q=O xm |QyW
x@ R=}v w QDq=@ u=wD p}rOx@ pmW � H u}@ QwD x@ \w@ Qt |=yxv} Ry R}v |O=YDk=
Qw]x@ |SQv= Xr=N xv} Ry "CU= pmW � V ẁv R= QDW}@ 'QDu=Qo w QDoQR@ C=R}yHD
� V ẁv Q@=Q@ Ciy =@} QkD Q=Okt u}= xm xOw@ QqO 66 pmW � H ẁv |=Q@ \UwDt

"CU= pmW
=Q pmW � V w pmW � H u}@ QwD R= xO=iDU= ?}=at w =}=Rt u=wD|t 'u}=Q@=v@

%OQm xYqN Q} R OQ=wt QO
'OW=@|t 0/45 w C=w 810 ?}DQD x@ pmW � H u}@ QwD u=wD ?} Q[ w u=wD �

&CU= 0/28 w C=w 120 pmW - V ẁv |=Q@ Q}O=kt u}= xm|r=LQO
C=w 10 OwOL QO |ivt u=wD |=Q=O x}rw= |R=Ov=x=Q s=ovy QO pmW � V u}@ QwD �
ẁv u}= |R=Ov=x=Q 'wQ u}= R= "CU= QDtm pmW � H ẁv R= Q@=Q@ Ciy xm OW=@|t

&OQ=Ov |Y=N C=wO= x@ R=}v w xDW=O |QDW}@ CrwyU u}@ QwD
Ciy OwOL pmW � H u}@ QwD QO |SQv= O}rwD Xr=N xv} Ry R}v |O=YDk= Q_v R= �

"CU= QDW}@ pmW-|w u}@ QwD R= Q@=Q@
xH}Dv u}= x@ u=wD|t =yu}@ QwD u}= R= s=Om Qy ?}=at w =}=Rt x@ xHwD =@ 'u}=Q@=v@
w QDu}}=B |=yxv} Ry p}rOx@ |QyW lJwm T=}kt QO pmW-|w u}@ QwD xm O}UQ
u}@ QwD '|iQ] R= "CU= C} wrw= |=Q=O pmW � H ẁv x@ C@Uv QDu=U; |R=Ov=x=Q
Q̀=Rt w =yx=owQ}v |=Q@ Ov=wD|t QDq=@ |yOR=@ w QDW}@ u=wD O}rwD p}rOx@ pmW � H

"OW=@ ?U=vt |O=@

"pmW � V w pmW � H |=yu}@ QwD |O=YDk= xU}=kt "4 pwOH
xv} Ry

|SQv= O}rwD xOW s=tD Xr=N |Q=H x}rw=
($=KWh) ($) xv=}r=U ($) ($)

0/0271 70 68 1134 pmW � H u}@ QwD
0/0219 10 10 220 pmW � V u}@ QwD

|SQv= O}rwD Xr=N xv} Ry u=wD|t C}=yv QO w xOw@ jO=Y R}v u}@ QwD |Q=H xv} Ry
� V u}@ QwD |=Q@ w QqO 70 OwOL pmW � H u}@ QwD |=Q@ =Q (NPV) xv=}r=U

"OQm u}}aD QqO 10 pmW

|Q}oxH}Dv "8
�2020 |r= 2018� Q}N= p=U xU QO O=@ CaQU |Q=t; |UQQ@ x@ xar=]t u}= QO
xm O=O u=Wv QyW u}= QO O=@ CaQU `} RwD |@=} RQ= "OW xDN=OQB u=Oy=R QyW QO
O=ONQ p=tDL= x@ xHwD =@ w xOw@ 3=77m=s xv=}r=U u}ov=}t CaQU |=Q=O u=Oy=R
QDt Q@ C=w 98W=m2 OwOL QO QyW u}= |O=@ p}Uv=DB 'hrDNt O=@ |=yCaQU
?}DQDx@ Ovv=wD|t xOW xO=iDU= pmW � V w pmW � H |=yu}@ QwD "CU= `@ Qt
4/8 O=@ CaQU QO =Q C=w 120 w x}v=F Q@ QDt 4/6 O=@ CaQU QO =Q C=w 810
CL=Ut uDW=O p}rOx@ pmW � H u}@ QwD R}v |yOR=@ Q_v R= "Ovvm O}rwD x}v=F Q@ QDt
QO |v=wD ?} Q[ |=Q=O 'pmW � V ẁv x@ C@Uv QDq=@ Qw=DWo O}rwD w QDW}@ QF-wt
OwOL pmW-|w u}@ QwD u=wD ?} Q[ xm CU= |r=L QO u}= w xOw@ 0/45 OwOL

"CU= 0/28

=yCWwv=B
1. DMST Method
2. MATLAB
3. Azimuth Angle
4. Tip Vortex
5. Downwash
6. Sandia Lab
7. Tip Speed Ratio
8. Wake
9. Stream Tube Expansion
10. Dynamic Stall
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