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Accounting for the Atmospheric Stability in Wind Resource Variations and
Its Impacts on the Power Generation by Concentric Equivalent Wind Speed
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Abstract : The power production using hub height wind speed tends to be overestimated than actual power production.
It is because the hub height wind speed cannot represent vertical wind shear and blade tip loss that aerodynamics
characteristic on the wind turbine. The commercial CFD model WindSim is used to compare and analyze each power
production. A classification of atmospheric stability is accomplished by Monin-Obukhov length. The concentric wind
speed constantly represents low value than horizontal equivalent wind speed or hub height wind speed, and also relevant
to power production. The difference between hub height wind speed and concentric equivalent wind speed is higher
in nighttime than daytime. Under the strongly convective state, power production is lower than under the stable state,
especially using the concentric equivalent wind speed. Using the concentric equivalent wind speed considering vertical

wind shear and blade tip loss is well estimated to decide suitable area for constructing wind farm.

Key Words : 4% 57144 (Concentric equivalent wind speed), WindSim, ®.d-9 H 513 Z o] (Monin-Obukhov

length), ™ 7]¢F4 =(Atmospheric stability), MERRA A} ¥4 A2 (MERRA reanalysis data)

st o] Sh (WA AR ¢ FA S o 7] 783} *t Lee Hwa-Woon(corresponding author) : Div. of Earth
E-mail : hwlee@pusan.ac.kr. Tel : +82-(0)51-583-2651 Environmental System, Pusan National University
w7713 0 FA St o) 7] st E-mail : hwlee@pusan.ac.kr. Tel : +82-(0)51-583-2651
w«x7] 28 ¢ Bagelw 7 ATY *Ryu Geon-Hwa : Div. of Earth Environmental System,
wxbg2od ¢ BAY S ST Pusan National University
x5 Ao Byt o) 7] 7k} **Klm Dong-H.yeok. : Institute of Environment Studies, Pusan
e AT BRI 2T AR AQay  hatlonal University

**Park Soon-Young : Institute of Environment Studies, Pusan
National University
*Yoo Jung-Woo: Div. of Earth Environmental System, Pusan
National University

***#Kim Hyun-Goo : Korea Institute of Energy Research

Journal of the Korean Solar Energy Society Vol. 36, No. 1, 2016 49



]

NI

o

Hd

[=2] e goiA| o]

M.

M

(Concentric equivalent

e
==

o7&

A9l

A nele 5

st

S

wind speed)=S 47

H

0
0

o]
ol

o)
il

B

_Z_O

a2y A8

o ¥ 31

Huvet=s 20149 7b4 605.7

3+
o}

b EAgE A AAHew

3|
il

o] of

Jlo1H

E Fa

0]
AR

' Oof
w
= iy
= N
-
B
T ®
o o
b W
W )

=3
Nfo =
9

M
) =
i
mmﬂ_u s
E
~N N
Gl
T o
® o
o A
~ o
o UE
N -
CO

N
oy =
o g
LSl
ol Ko
o o
< M
] -
,w.ﬂ i
o X

b MR A E 7] b=l ut

o =
d @

ol

d

X

=13
=

dlo] WindSime|4 WAsP(Wind Atlas Analysis

o] A}

==
o

and Application Program), WindPro

5 3k

o] 15%9] #}o]

s

B

(Wind shear)

54

FH 2 Ao, ey gule o

~

o

olo

o
4r

A3 =
=T OF O
o o
= W
ztaouwﬁ
— {9
d@ﬂu%
ﬁuﬂromrw_u.,_
.A,:u,0|7o
%WOm_ﬂm
ol H
Py
o =
) o o
Hﬂ_ﬂ
2F
™'~
i B o
N o] o
o 4dr ™
aﬂ%ﬂ
X % o
™ %o
T B

=
B o R
X =T H
S om X
Le‘mﬂﬁu
T m R
oS
BoyN
T
Moo B
maﬂﬁ%
= H ;.OO
_LME o
o R

=
=

Aol Aol
o

£ (Equivalent wind speed) 2.2

SE
S

A= 57

=
T

o £

|

afjoF gk A4l ey

N
plo

o

X
—_

o)

o)

ﬂ”

T

Hr
by

"

oo

el
4r
Hlo

Hlo
o]

T

~X

w5

A

' A B

1= gtk A Ass gAY

d|

~L

ﬂo
o
o
el
05

A

o

il

oA

o]

= 7]

Aol A

FHol A Bejo|=t o7 717

e

7}

UEtl=d 2 F skt

(Blade Tip Loss)e]t}.

[e]
4=

A

il
o
xr
ol
B

N
Ho

i
o

)

—
o

=
oy

il
O

jze]

A

|
HA

B
=
)

A=
/é]

o=
.

dol= &g

o|=7}

TS
To°

dr
Ko

~N

Arko] 7}

ol A V7 A

1L
E

e A

]

3

sk,

H KX A}

A A

KN
=

sHAl Eol57] e

A
R

A o] 0ol 7H7k 7 Th

=13
=

o 3ol 4 ]

Eil

-

g

2. Atz H 9

goj= Al o

(Edlol= E3)7HA] T ol 719

717372 &

2.1 A9 R

3L 2~
el

7}

Plo

2 olej gt 542 7]Ee)]

o) &

glefl 14

Aol

E_O

pul

#e. olo]

7Fed el ZdEofof

==X Vol. 36, No. 1, 2016

s3]

FREHUOILAR]

S|
i}

50



MERRA

Climatology \

Seongsan
wind farm

Fig. 1 Arrangements of MERRA climatology and Seongsan wind farm (left) and wind turbines placement at Seongsan
wind farm (white circles) 2 area (right). The distance between MERRA climatology and wind farm is about 16.74 km

Al 1A oF A4k Al 294 &= v o)A vk &
HA = AFE 55 st =R H °F 7.7 km
"ol glom FW stk = 150 molth F
HE N2 dIink= VestasAbell A 7123k Vestas
V&0 2 MWE2olH 1520l 67], 2e-=] ] 47]
2 ZF 10717} AR5 o] dvH(Table 1).
7325 2= MERRA(Modern Era Retrospective
analysis for Research and Applications) =
42527 AFE-E itk MERRA Al &4 A5
v 5T TFH(NASA)Ad A 19799 5-H
ARz} A VAR ES AEFIHA 2

g o] GEOS-5 (the Goddard Earth Observing
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System Data Assimilation System Version 5)
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Fig. 2 The frequency distribution with Weibull fitting (a), and wind rose at Seongsan wind farm (b). The predominant wind
direction at wind farm is N and NW (=30 %)
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(Fig. 1), A &3t ALke 91sk #S553 gl
AZAY = EZAZANA = 2 km, BA A=
10 kme] ok 349 Woo et al.®o] w=w
20 km "ozl #SE FHHAE 4% 4
o AR e @A 7% H ko] 7)o

ole] wet A7t A=At AFoidA Q)
AP E A= BE e BAF Alde] A
o] A 3L(Fig. 2(b)), # %= Al5~(Scale parameter)
AE 849, ¥4 A4=(Shape parameter) k=
1942 YErEth(Fig. 2(a)). 53 Alge] Al
2 o] 7)ol Ak 2] 1—. S ATAEAE A
= AL, 194 HHlEe] 7] A& A

o ® deE o] 2vkA] Ao fA|gF 4719 H
- =

Thed&at wAE Al ol &ak ik

Table 1. Seongsan wind farm properties and turbine

characteristics
Seongsan 1 Seongsan 2
area area
Capacity 12,000 kW 8,000 kW
Turbine model Vestas_V80_2 MW
Hub height 78 m
Rated Power 2,000 kW
Rotor diameter 80 m
Cut in speed 4 ms!
Rated speed 16 ms™?
Cut out speed 25 ms !

2.2 CFD WindSim % 94¥A =&

TETEA] oAu AT AET JA P
ZAle] o] Alg% = CFD(Computational

Fluid Dynamics) E2 <1 WindSim< =24 o]
°] WindSim ASAFell A 7BEE vk FH =2k
B7HE 93 g2 44z 2989 WAsP(Wind
Atlas Analysis and Application Program)©]
U WindPro®t} E@x 8o G =1ty

52
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Z 6719 REo] ¢=xH o7 o] Hol o
FabA 2 (AEP, Annual Energy Production)
AbEdlEthFig. 3). APAEE P o=
1etaiateles ErlgdS d4e 5 9
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Navier - Stokes)WA2& &l AAitEo] =
Uﬂ il Oﬂ 73'?4 2ty o]oj A ALEA7L Hek= &

2 o r\' o
N _]>f

¢

>

= WindSim ver 7.0& 7|¥e 2 XA 5=
SRTM 37 (90 m)AFRE A}&3A 1 X A
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Z7)13k 7 WAL Table 201 YERY gl
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I Wind Fields I I

Fig. 3 Data processing procedures in WindSim
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Table 2. WindSim variable settings

Parameter Value Parameter Value
Height . .

distribution 0.1 Grid spacing 150 m

Height of BL 500 m | ~umber of 1 hes 780

cells

Number of Speed above .
Iterations 300 BL 10-ms
Jensen Turbulence RNG

Wake model model model k-£ model

23 8 $%% L 5L SA%E
EE

ElHIe] B atr) o] FojA A =H
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As, Vs . .
c(z)=2vVR*— (:—H) (1)
/S N
=
i ) Zi+1
Az, v3 H A;j: / c(z)dz ~+(2)

— ’ 372 1/3 - (3
\_y Vea (z;vl A ) ©

R : Rotor diameter, H : Hub height
A : Area swept by the rotor disk, A; : Area of the ith sector

v; : average wind speed measured at height ¢, z; : Height of the i sector

—

Fig. 4 Horizontally divided segments of turbine rotor disk area (left) and equivalent wind speed equation (right). Eg. (
is for tangent line length, (2) is to figure out the area of segments and (3) is equivalent wind speed equation
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Fig. 5 Concentrically divided segments of turbine rotor
disk area. The number of concentric circles
can be set up randomly
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“TA1Y 5 71F % (Concentric equivalent wind
speed)” el 2= 7Id S =93kt Fig. 534
ZHUAS 40 sAdoR #E% H O
7R o] WAE AbEsh o= ol 2
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c(h) = V(ndr)?—(h—H)?

— \/(n—l)d7'2—(h—H)2

A = / Te(h)dz - (10)

Z!

Lo w3 = (1)

zv

dr : distance between inner circle and outer circle

h : relevant height

W ; weighting value by turbine blade element
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2304 27lE S Sl 98 SUHEE Agd ALEHE AU 2odHmd wE
(EQ), 54¢Y 57FH$%(CEQ), dlri% F JFo= dAddr)
Table 3. Wind power contribution by turbine blade elements
L/R 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850 0.950
P((:;V[;r 23.51 42.95 61.57 79.50 96.86 113.61 129.11 139.98 125.38

Table 4. Atmospheric stability classification by Monin—-Obukhov length

Stability Class

Range

Strongly Stable
Stable
Near-neutral
Convective

Strongly Convective

Om = L =< 100 m
100 m < L < 600 m
L] > 600 m
600 m < L <-50 m

S0m = L<0m
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Diurnal Monthly
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Fig. 8 Power production of each turbine at Seongsan wind farm. Each line represents diurnal(left) or monthly(right) variation
of production using EQ(gray line), CEQ(black line), HB(dark gray line), respectively and red dotted line means actual power
production
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Table 6. Mean wind speed according to atmospheric

stability
EQ CEQ HB
Strongly convective 5.78 5.76 5.83
Stable & Strongly 4 39 933 9.54

stable

W ek b Ee wel 1 Aol E H Y

t}. Fig. 9% ®W <43 49 HBE 1166

kW, EQ= 1152 kW, CEQ+= 1140 kW]

A s YeEbWa A S 933 kWl

et vk E<hAel 49 HBx 8% kW,
Z

EQ¢ CEQ¥ 7Z+7+ 833 kW ¢} 871 kWS e}
Wi AAEA Ze 734 kWS Bt} E59
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Fig. 9 Mean power production per hour according to
atmospheric stability. Gray bars mean power production
under stable state and black bars represent production

under strongly convective state
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Fig. 10 The frequency of wind speed according to
atmospheric stability. Low classes of wind speed tend to
be predominant under convective state (gray line) and
High classes of wind speed show a tendency to superior
under stable state(black line)
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rate
5.7
8.8

Error reduction
(EQ-CEQ)(%0)

2 wstel #3k o/ J5 9

Error reduction
rate
(HB-CEQ)(%)
12.6
17.5

Actual
(kW/h)
933
734

production by HB, EQ and CEQ
CEQ
(KW/h)

1152 1140

883 871

EQ (kW/h)

1166
895

HB (kW/h)
4. &

Table 7. Wind power production according to each stability and error reduction rate against actual

Stable &
Strongly Stable
Strongly
Convective
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