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A study on the turbulence length scales in von Karman model
by using offshore wind field measurement

fwE A S i
Sho OH, Takeshi ISHIHARA

SUMMARY

Accurate prediction of the secondary moment of three-dimensional turbulent wind field is important for

structure dynamic analysis, while literatures on turbulence scales for offshore wind field are limited. In this study,

an offshore wind field measurement campaign is carried out by an offshore meteorological mast using ultrasonic

anemometers at 40, 60 and 80m heights, from which the turbulence integral length scales used in von Karman

model are evaluated. It is found that turbulence structure at these heights for offshore wind field can be expressed

well by von Karman model. The length scales are evaluated by model fitting for auto-spectrum and spatial

coherence. The scales for auto-spectrum showed similar values with the IEC design code for longitudinal, lateral

and vertical component. Spatial length scales in vertical direction show similar value with the model provided in

ESDU considering surface roughness, but were larger compared to previous measurements in suburban area for

longitudinal and lateral components. Spatial length scale in vertical direction for vertical component shows similar

value with the previous measurement in lateral direction. Finally, a model for the turbulence length scales of three

velocity components in von Karman model is proposed for offshore wind field, based on the measured results and

previous studies.
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Fig. 3 Comparison of observed co-spectrum and cross-correlation with von Karman model between 80m and 60m height
(Example at 13:00— 14:00, April 3".2013)
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LY AD 1 HDEFIZONWT, AR ETFAON
NELSFEHTETNDZ ENbND, IEC TF/VIEA
Fu ks EHBIIRESNIZET L THLH, K4 T
X7 4 rA 77 7 2 —%giltd 5 2 LI L > T
2 B b AR, FORR, KEKICET S
T2 20 v A c DT B & k< —#& L7
2, KT L Y KREW w RS T2 TROLRERIS
BTz,

4. ELHEAS—NOFE T L
4. 1 HCEHBICET HELFA 7 —L
BIFRLI-TECLY, ETECHBEICEITS
FLEA 7 — VORI AT > 72, @S 80m T HAu7=ifl
P A — VOB & BEERFIE & O %3 5 35 LT
#2107, K 5705, u ks H CAHBIOELE A
r—)VOBBIEIE, 20m/s LT TIHIZIE—EOM & 72
STWAHA, 20m/s LA ETHEEGEEIZHA L TR&EL 2
HHEFNBR S5, 20m/s LLEOELTEA 7 —/LOfill
80m 7> 5 400m FLE £ TOHPHIZH v, ESDU <2 Solari

52

DET I, —F, 20m/s LATFOELTKEA 7 —L0
% 150m FEETH Y, IEC B A OMEM & 1%
ERIUEE 2> T D, Eiz, ¥ ETHEE =B
WFFE & e % &, ARGFZE TR H 7= 1L Naito OFE
RISV DIZH LT, Mann & 13ReHERICARST
W5, ZIHOFHNREDORGEN R 2> TNDHZ L EB
B 5L, BREROFRER>TWDHEER D, il
AT — DN EOEAITIZBGES OO K E I3
<, @A HRE L 2D, s & DR
N4 %, ESDU @5 /LE LU Solari DET /LT
IR B TOELRA 7 — VA LT 5 —F, #
FRHM LB ARG A IZIX S DT T LDMEBRM OFE
i & 72 2 TREMED B Y, RET 2 UERH D,

WAZ, *Lypd5 LU *Lgg & *Lyy DHIZOWT, BIiE
EREEET Ok Z 5b), ()i LU 2 IR T,
BoN-BHMEE v BEO w SO FIZ20T
Solari <> Mann OLRIFE R L TWEER & 72 0, IEC O
B E B L TH D, Naito OFHIFERS> ESDU
DOFETIIETENRLNDSH, Ziud Naito OBLHIE



250 250
00 = Observation 200 + Observation
= -~ ESDU . = - e ESDU
— —Proposed - —Proposed
- 150 A
= &
o @
3 o0 A
-= -=
-t -t
L] wh
= =
3 3

0 100
Length Scale "L, (m)

200 300

(a) Ratio of u component in z
direction to u component in x
direction

Length Scale 'L, (m)

(b) Ratio of v component in z direction
to u component in x direction

250
200 + Observation
E —Proposed
2
o 150
a
g
“ 100
-=
-t
L]
5
- 50 . -
.l'.’ —
_'an-uf#_-,
20 0 500 T e e e we s

Length Scale "L, (m)

(c) Ratio of w component in z direction
to u component in x direction

[ 7 FE 80m—60m (Z331T AELI A — L Ok EHE Sl L B Lo bk

Fig,
100+ 100 +

|
0 80

60

Height (m)

Height (m)

40

20 ......... ESDU
——Proposed

L i ——
0 0.2 0.4 0.6 0.8 1 0

Length scale raio ‘L”_z"L”

(a) Ratio of u component in z direction
to u component in x direction

0.4
Length scale raio °L,,/"L,

(b) Ratio of u component in z direction
to u component in x direction

7 Comparison of spatial length scales between 80m and 60m height for design codes and observation

100+ .

80

60

Height (m)

40

——Proposed
0
——FProposed

| 0l |
0.8 1 0 0.2 0.4 0.6 0.8 1

Length scale raio L /L,

0.6

(c) Ratio of u component in z direction
to u component in x direction

8 ELIEAT — /L OEELLA IS5 ESDU LIREET L LD
Fig, 8 Comparison of vertical distribution of turbulence length scales by ESDU and proposed model

XA320m &K Z &SP ESDU D€ 7 /L3 Eliii v VL
FEOFHUFE AT L T D Z ESOFRNBE Z Hh
Do

B S 80m, 60m 38 L 1N 40m OFEFEOF R A W T
H CHHBE D ELTE A 7 — v D & H BT HEE
hiZTT -7, [ 6(a)lTid *Lyy DERES A O & BE
EETNOWEETRT, u R OFMIEROE AT
72912, 80m & S 2B D *Ly, O TR Tk %
iTo7=, 6@ e, *Ly OB I ZIERRES i
Lo TEY, IEC R Al OFET /LTI T/
G & 72 %, E£77 ESDU 35 X 0% Solari dOF £ 13178
Bl &N TH DD, FOREORE IR OM)E
X v K& W2 ERbnnd, UENSAIZE T,
S 40m D25 80mIZIST HELHEA & — L DERE AR
WHEEET NV ERE LTI Y 7 v T 4 7%
1Ty, KEDZEFZ, 1% 6(b), ()Zid v, w 4y H A
BADELIE A 4 —v & *L, DO S4i 2 73, 1EC
TIE—EME LTHAEN, AFETIEI v B IO w
BTkt LTk *Lyy & [RIERIC RS B i & (5 LT 7

53

A T 4 T EITY, FRERAG2) EAGHEET,

0.08

*Lay = 150 (g5) 31
*Lyy = 36 [%)m (32)
Loy =18(a) (33)

#3 @S 80-60m ZF1T B ELIEA - — /L oLl &
BEEE 7 /L O L
Table3 Comparison of spatial length scales for various

models and observed values at §0m-60m height

Mf:an D]S" Surfac | “Lix | ®Laa| “Las
Height | tance R 73 7| 7L
(m) (m) 11 1 11
ESDUY 70 — Sea | 045 | 041 | —
Duchene-M Sub-
arullaz™ 30 20 | uban | 036 | 02 | —
Present 70 20 Sea 046 | 030 | 0.14

KED~KB3) L0, FELEHASTHE LD BERE S
FORXFEHDVNE L, ELIRA S — Tk 5 i




20 30

15 LT
= ehy 20!
? B . . [
S - . s
E 10 - . -t E 15
> - . |
m
H g
= ms_ = !
5 I
— IEC 5
Sorali |
0 0
10 15 20 25 0 5 10

Mean Wind Speed (m/s)
(a) Decay factor of u component

15

Decay Factor Gn

(b) Decay factor of v component

* Obs.
——Proposed

Decay Factor CJJ
o

* Obs.
—Proposed

20 25 30 0 5 10 15 20 25 30
Decay Factor C”

(c) Decay factor of w vcomponent

X9 @& 80m (ZHIIDT A7 A7 772 —C OBBIELZREHREHO R
Fig.9 Comparison of decay factor at 80m height for design codes and observations

HEOREZ R L TWDHEEZOND, 2B, A1)
~G3) A L S 40m~80m Z ML LTS =
LB SN,

4. 2 ZERMBECBT DELRA r—

VELJT D 3 D OWFE U IS DB T — & 2
T, SAESTEIDZEMIHBI ORLFE A 4 — & 5l L 7=,
ZERIFHBADELEA 7 — v & u By @ B S B OELHE A
b= *Ly DI OWTEIE E ESDU OET /LD
Wik Z [ 7 B X OFE 3 1oRT, 7006, 2RO
LA — TS RH 5 OO, 1%Ly,
FILTWBZ ERbnd, £ETOLFEIT LV/AE
<, KRKEERREIZBT D mIrmic g i,
MEWEIRE R TWDHZ ERbnd, £ 3 105
ESDU OEFT IV E D L, u G2V T ESDU
CIREMR AR L2223, v BRGTIZ W T ESDU X

DSV E 72> TND, —, @L%%T{%nt
Duchene- Maru]]az‘”)ﬁ)ﬁfj‘%r': el d25 &, u Bigy, vk
ﬁ&%hﬁﬁ%@ﬁmk%ka&otu:nﬁﬁL
DRSO 7 IR L MRN8, L0 RE il
DR ENTWD EEZBND, wRGHT OV TR
L <l ZAT > 7=,

FRIEL 7 [ D ZE[IFHBE D ELFE A 4 — L DERE S AT
WC, @BUllfiE & ESDU OEF O AER 8 12T,
B X 80m 25 40m DA E O A VTR
EEITO TSI EE I —EIL 5,4 8D,
40m~80m DOFIPHIZIBUNT u plesrds LU v G DL
24— )L DAL ESDU Ofiff & RIFLEE T 2 Z L s
Do

ELI OO ZEIFARE  ek9~ 2 BEAEIFZE 0 KA 47 1350(13)
{2757 Davenport DET DT 4 rA 77 7 X —%GF
filiLCTW5a, BEEWE & e %17 5 72i, RElilo
WRERNCT 474 77 7 2 —DRIEE{T>12, —

& L& 80m & 60m [MDFEFIZHVWTK 9 3%
UK 4177, (LY, uRSOT 4 A 777 F—
1 Cpy=13 Z iz 8~18 FREEDEA Hi~> T, IEC
12 X 2 HER Naito (2 X 21 LIRS FI 2y Vil &
RoTNWAHZENDLND, £, LY vIRDOT «
ATy I E—Cor ke uRDT 45 A T 77 H—Cyy
DT Naito X Solari®” 2 0 K& < 7Aoo T 578,

Soucy”” EITVMIE & 72> TWD Z E DG, w A D
FArA 777 X —DOHIZOWTIE, Solari™, Naito
HIWLRBEDHTHY, ZDZ LMD, wRHD
EE RO 3 b — L 2 ALK S R mHLE O O
WIS W BRSNS,

RAT 4 A 7 7 7 % —C, OBLNE & BEERFZEO ol
Table4 Comparison of decay factor between design code

models and observations

Dis-

Height tance Sur- c Con Cas

(m) (m) face n Ciq Cia

IEC? - — — 12 — _
Solari*” — — — 10 | 065 | 030
Naito???¥ 20 20 Sea | 11-14 | 052 | 036
Souey’? | 10300 | 10 | Sub- 10 | 09 | —

urban

Present 80 20 Sea 13 1.0 | 037
proposed — — — 12 1 0.35

#5 @ E 80-60m (Z351T AT RO ELHTEA 7 —/L
Table5 Horizontal spatial length scales at 80m-60m height

Mean Dis- ¥ ¥ ¥y
N Sur- Lyy Loy L3z
Height | tance face oy | L0 | *Ly,
(m) (m)
ESDU® 70 — Sea | 049 | — |[0.14
Duchene- Sub-
Marullaz2” 30 20 urban | 0311029 | —

54




[ECPTIXuRS DT 4 5 A 77 7 Z—DIHIEDH B
TWAHN, BINERAT 21T 5 T2 O =Jocugy; 4
FAESELPRUL 3 SOMER T DT 4 A 77 7 H#
—DEAMEL 2%, FaHY 7 & Bladed™® Tl v, w
FRATZDWNT b IEC IZBUE 4Lz u gy & ] UAil %
HLTW5D, LaL, #4(RTEIE, vESICD
WCZOERZY TH DD, WS OWTIET 4
ATy 7 E—OEEEETH0ERGH Y, AFIET
12 Csm42 B LT,

ABRFE Tl U 7= RO H R AR i ST
1 0 A M OZERFHBI DOELITE A & — A2 CRET
ATH Z M TERN, BEENFEN L ELRE21T I,
AT D ZE AR 5 D BEEFZEORE oA % 512
R, #SBIOESI LY, vl OSHE SO
A — )V OBRIEIE ESDU OF 7 L DA 71 & [HlEk
DIETH Y, w RS OFRELIT R OELSEA 7 — L OB
fi£i% Duchene-Marullaz”® D3 HHlGE Fl2 3517 5K F S5
DA —)L E[AREEDEZ R LT D, 2L H OfiI,
ZERIFHBE DELFE A & — /L 3 ERIEL A ) & AR A 0 TLEE
FIUHEE RS TWNDSZ EZREL TS,

4. 3 LRSS SHELKA 7 —LOE T L

AN T N HNT ERoclS 2w S E 5
BB =20 EE Rk & = oo iRt LCEHo 1@
DELIRA 7 — VIS L 12 D, AWFETHEG & Uiz
s L OB A7 HRO = >R sy 0 =
B DELTEA 7 — N D% *L, L D TRL, KGHD L
INIRET S, M6 BLUKS 1T Lo, ¥ L
(ZBT DEGLEA 7 — IV DFREST A DS ZFFEA/ NS0
ZEEREEL, BLEA S — IR AN —E & LT,

L Claz la 103 015\ (34
"Ly YLy 7l =xL11(0.5 0.3 0.15)
iy %Ly, “Lag 05 03 0.15

5. £&¥

AMFZE TIEFE L 40m~80m % & [ 2350 T )
BATHZEICLY, FEEEREGICBIT D I~ T
VD ZRTTEEA 7 — OO TREM ATV, IROFS
i 2 57,

1. HN=ETTNAOA— AT b, HEMHBR
¥, 70 AT bV XOZEHMHBIBIE A
JEGH D & 40~80m (2351 A BLIIME & el L,
BWHRRETH A Z EEW LM LT,

2. HOHMBBEEBLIOA— AR bCBITS
ELIEA r—uid, v, v, wiksr & HIZ IEC OIE

55

L IZIER L TH D Z LMotz

3. EWELMOERMEBEB L2 — L RIZBIT
HELGEA T —iE, FEERO u & v AR CH
M1 % ESDU 5 /L0l L ZIE Ul
DD, B LRI ORISR I8 D EHIIRE R
LHARTREAMlEZ R Lis, wS OB A O
ELIEA 7 — i, BE(ERFZE D JBUEAZ S5 10) OO LA
=V EFEFERLTHDHZ EERLTE,

4. AWFER LORHEMEORRICESE, FEREmE
40m~80m DJFHIBH 51T H I N~ BT LD =
FHINZEB1T 5 Z 2O PERR S DELTEA & — 0
HELE A PR LT,

A

AWFFEIL NEDO (= F/LF¥— « PEREHITR A B3

Bt oZFERo— e LTithbil, Z ZICBiR

HOERICHEERT D,

2% 3Tk

1) Veldkamp, D., “Influence of Wind Field Generation
Methods on Wind Turbine Fatigue Loads”, European
Wind Energy Conference and Exhibition, Madrid,

Spain, (2003)
2) International Electrotechnical Commission,
“IEC61400-1, Wind turbines - Part 1: Design

requirements 3rd edition”, (2005)

3) Kaimal, J.C., Wyngaard, J.C., Izumi, Y., Coté, O.R.,
“Spectral Characteristics of Surface-layer Turbulence.
Quarterly”, Journal of the Royal Meteorological
Society, Vol.98(417): pp.563-589, (1972)

4) Mann, J, “Models in  Micrometeorology”,
Riso-R-727(EN), Riso National Laboratory, (1994)

5) Davenport, A.G., “The Spectrum of Horizontal
Gustiness near the Ground in High Winds”,
Q.J.R.Meteorol.Soc., Vol.87, pp194-211, (1961)

6) Dyrbye, C., Hansen, 8.0., “Wind loads on structures”,
Wiley, (1996)

7) Karman, T., “Progress in the Statistical Theory of
Turbulence”. Proceedings of the National Academy of
Sciences of the United States of America, Vol.34(11),
pp-330-539, (1948)

8) Engineering Science Data Unit, “ESDU 86010
Characteristics of atmospheric turbulence near the
ground Part 3: variations in space and time for strong
winds (neutral atmosphere)”, (2001)

9) Engineering Science Data Unit, “ESDU 75001,
Characteristics of atmospheric turbulence near the
ground. Part 3: Variations in space and time for strong
winds (neutral atmosphere)”, (1975)



10)

1)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

Kaimal, J.C., “Turbulence spectra, length scales and
structure parameters in the stable surface layer”,

Boundary-Layer Meteorology Vol4, pp.289-309,

(1973)
Caughey, S.J., Palmer, S.G., “Some aspects of
turbulence structure through the depth of the

convective boundary layer”, Quarterly Journal of the
Royal Meteorological Society, Vol.105, pp.811-827,
(1979)

Teunissen, H.W., “Structure of mean winds and
turbulence in the planetary boundary layer over rural
terrain”, Boundary Layer Meteorol., Vol.19,
pp.187-221, (1980)

Pena, A., Gryning, S., Mann, J., Hasager, C.B., “Length
scales of the neutral wind profile over homogeneous
terrain”, Journal of Applied Meteorology and
Climatology, vol49, pp.792-806, (2010)

Chougule, A., Mann, J., Segalini, A., Dellwik, E.,
“Spectral tensor parameters for wind turbine load
modeling from forested and agricultural landscapes”,
Wind Energy, Vol.18, pp.469-481, (2015)

Popelewsky, C.F., Tennekes, H., Panofsky, H.A.
“Horizontal coherence of wind fluctuations”, Boundary
layer Meteol., Vol.5, pp.353-363, (1973)

Panofsky, H.A., Thomson, D.W., Sullivan, D.A.,
Moravek, D.E.,“Two-point velocity statistics over Lake
Ontario”, Boundary Layer Meteol, Vol.7, pp.304-321,
(1974)

Kanda, J., Royles. R., “Further consideration on the
height dependence of root-coherence in the natural
wind”, Build. Environ, Vol.13, pp.175-184, (1978)
Shiotani, M., Iwatani. Y., “Gust structures over flat
terrains and their modification by a barrier”,
Proceedings of the 5" International Conference on
Wind Engineering, Fort Collins, pp.203-214, (1979)
Bowen, A.., Flay, F.G.J., Panofsky, H.A., “Vertical
coherence and phase delay between wind components
in strong winds below 20m”, Boundary Layer Meteol.,
Vol.26, pp.313-324, (1983)

Duchene-Marullaz, Ph., “Full-Scale measurement of
atmospheric
Proceedings of the 4™ International Conference on
Wind Effects on Buildings and Structures, pp23-31,
(1977)

AR, ST, BOFRE, THRIERE B SRR DT
ey J5 1 28 B ek oD ZE g 15 2 B 2 FERIR AL
— R BB R 2 35 < ShiERET I ORRE—), B
ARG SUEEE, % 311 77, pp.11-21,(1981)
Counihan, J., “Adiabatic atmospheric boundary layers:

turbulence in a suburban area”,

56

23)

24)

25)

26)

27)

28)

29)

30)

31)
32)

(¥
(¥
S’

34)

36)
37)

38)

A review and analysis of data from the period
1880-1972”, Atmos. Environ., Vol.9, pp.871-905,
(1975)
Petersen, E.L., Mortensen, N.G., Landberg, L.,
Hojstrup, J., Frank, H.P., “Wind Power Meteorology™,
Riso-1-1206, (1997)

Solari, G., Piccardo, P., “Probabilistic 3-D turbulence
modeling for gust buffeting of structures”, Probabilistic
Engineering Mechanics, Vol.16, pp.73-86, (2001)
Miyake, M., Stewart, R.W., Burling, R.W., “Spectra
and cospectra of turbulence over water”, Q.J.R.
Meteorol. Soc. Vol.96, pp.138-143, (1970)

Mann, J., “Investigation of atmospheric low-frequency
turbulence over the ocean”, Technical Report 1-634,
Riso National Laboratory, (1992)

Naito, G., Kondo, J., “Spatial structure of fluctuating
components of the horizontal wind speed above the
ocean”, Journal of Meteorology Society of Japan,
Vol52, pp.391-399, (1974)

Naito, G., “Three-dimensional space structure of
turbulent eddy in the atmospheric boundary layer
above the ocean”, Journal of Meteorology Society of
Japan, Vol.60, pp1299-1315, (1982)

TSR, TR SR GG g -
[AfiFRE 2010 “ER, (2010)

Burton, T., Jenkins, N., Sharpe, D., Bossanyi, E.,
“Wind Energy Handbook second edition”, Wiley,
(2011)

AR, @GN ERE - A, (2004)
TLRSERS, [2——XF O H G HMBE ), HO
AR (1991)

Carter, G.C., “Estimation of the Magnitude-Squared
Coherence Report No.4343,
Undersea Systems Center, New London Laboratory,
CT, (1972)

Saranyasoontorn, K., Manuel, L., Veers, P.S., “A

Function™, Naval

Comparison of Standard Coherence Models for Inflow
Turbulence with Estimates from Field Measurements”,
Journal of Solar Vol.126,
pp1069-1082, (2004)

TR, B, [E@EGED AT MLEHE
HBIZOWT—A CHMREOR] R L A —), BA
e i SCHAS AR, 59 300 %5, pp19-29, (1980)
A B, A~ bUighr), @iadEE, (1977)
Soucy, R., Woodward, R., Panofsky, H.A., “Vertical
cross-spectra of horizontal velocity components at the
Boulder observatory”, Boundary Layer Meteorology,
Vol24, pp57-66, (1982)

Garrad Hassan Bladed, version 4.4, DNV-GL, (2013) .

Energy Engineering,



