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CHALOTHORN THUMTHAE : ACCURATE CFD PROCEDURES FOR
THE VALIDATION OF THE THEORETICAL DESIGN OF WIND
TURBINE. THESIS ADVISOR : ASSOC. PROF. TAWIT CHITSOMBOON,

Ph.D., 227 PP.

WIND TURBINE/CFD/BEM/THEORETICAL DESIGN/DESIGN VALIDATION

The development of an accurate CFD procedure is a tedious and complicated
task but is very important for the design of engineering devices. This thesis developed
such a procedure for the computations of flows through horizontal axis wind turbines
(HAWT) in three-dimensional domains with the ultimate aim of using it as a
validation tool for the theoretical design of HAWT. The study was focused on the
influences of the important parameters, namely: algorithm, domain size, grid and
turbulence model. Before validating others, the CFD itself needed a validation with a
trustworthy experimental results; the experiments of the National Renewable Energy
Laboratory (NREL, USA) were used for this purpose. This thesis also developed a
computer program for the design of HAWT based on the Blade Element Momentum
theory (BEM). The basic BEM theory was enhanced with several state of the art
corrective models and its accuracy was satisfactorily confirmed through the
comparisons with other BEM codes and the experimental results from the literature.
The accurate and trustworthy BEM/CFD design procedure will be very useful in the
design of a HAWT since it helps save time in experimentation. To this end the
developed BEM and CFD codes were used to design and confirmed the design by

searching for the optimum efficiency of a HAWT which depended on pitch angle,



chord length and blade tip speed. The BEM code was also used to redesign an existing
HAWT blade resulting in a higher efficiency at a lower rated power. Design validation

with the CFD gave very satisfactory results.
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3.1 Nquf BEM
1J1Qﬂ§ﬂ!§8ﬂ‘1/li‘|yjjﬁy’j1 Strip Theory (Wilson and Lissaman, 1974; Spera, 1994) N30
Glauert Momentum Vortex Theory (Eggleston and Stoddard, 1987) %30 Modified Blade Element
Theory (Spera, 1994) S3tasutassuvvedlusaiueendludiaunuluuuaiad (Strips
%30 Annular stream-tube) ﬁ’ma@ﬂugﬂﬁ 3.1 ud9NMIAAIIEHMITOEMUIA 1oz TuLUAY
o o

9 [
Tursmuil meldauyagiuns naluudazraumnuniluengal (Uniform) #'lafia fdusiug

9
fu npfilszneudiengufjdesdoangui Ao Momentum theory 1182 Blade clement theory

~ [ o a g Y =
i“lJ‘VI 3.1 Tmnummumnmﬁwm& NoYe BEM

u
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3.1.3 Blade Element - Momentum (BEM) Theory
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=

. d? 19 ~ <3| Y A v o . . dyw = =
(Pressure side) YUgAMUUUAFUTUAMUNUANUAUA (Suction side) UBNIINUTINNI FayidTe
{ ] J o 1 < o v §
lauly (Hub loss) msgadomariiiildsnnuirdusimiiasunacly 3edecdinig

v
U5uud Taele Loss factor (F) 191 1) duauns Tumudy nauniloveaniaunis (3.6) uag

'
v A

(3.7) Fevzdanase aun1s BEM (3.10) wag (3.11) #2e unusiaesnsgadetareludaium

Hould AouuuI1a09U0d Prandtl (1927) 1A HAMASULUATIVDI Goldstien (1929) &4
4
o o 1 ' Id a v 1
HUUF1809U09 Prandtl WuAU19418 tag (S uaunsuuuila (Close form) aIUNAR ALY
9
To o 1 @ 4 Y
M33U03 Goldstien i]guamslugﬂmgﬂm"lmmmm Modified Bessel function LANAAWTITNN
Qddy Y A @ @ 3 o =® I A a ]
#9925HU InaReei L A9 ULUUT1899909 Prandt 0T U Honu1nnIN (9 Eggleston and
Stoddard, 1987)

Tumsannalsz@nimmvesnaiuaunianuennlusine waveansgade

~ o Y o ad Y J v = [ dy
MlaglusgiinnsmudinuIs BEM dreilandunsgaydeved Prandtl @44 (9 Shen etal, 2005)

| N (R-rW1+ 2 (3.16)

2
F. =—cos | exp|—
llp 72' p 2R

Y Vg ] & ] o A g a :
aumstiag ey o Mare iihu 1 ATauly Hedduiigniaunduneldauydgiui Vortex
= o d‘ a Q‘ dgl = [ 9 42} Yy [ 1
sheet HANHUZUUINTI LUV IR0INANTIBIVULATANNFUFounTU TATMIWaudou

1 9 [ '
Tae Goldstein (1929) #4'1dv1n15 149 Tasaasaiiunundedn lidanuviiavesnauie luns

v v
% A

o d' a [ d! =\ = [ Y =
Auums narwieaaawludsiunangalunils nlseudisunuilansunsgadoves
Prandtl dv5uNaiu 4 10 1U$1909U09 Goldstein 1ag Prandtl 1¥wana d1nsunariu 2 1y
Y dd’ [ dgj 1 Y 1 d' o' [ [} [} [ =1
1¥wadhn TSR 1610 7 ¥u'ld ag Aoud1auana1ai TSR @1 (29619191 TSR (MY 5 U

ANULANANYTELI 6% )
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v o o o Jd o
ANNFNIVUT laslszaaandmiuilanduns gy deved Prandd tdue lag

Glauert (1935) @471

Fyy = 2 cos ™ [exp {_M} J (3.17)
T

2 rsingy

1o ¢, Aoyun3lva (Flow angle) Nila1ely e launsldiedenisduiadie3s BEM

HasFumsgapdoidareluegnalaowiiu

(3.18)

2 _ R -
thip :;COS 1 exp |:_M:|

2 rsing

A A ' S o o J dy A . . Y

Wo @ =@(r) ADYNTLHINANWIITUNNTIRWIZWUN (Local relative velocity) N1 5T UV
J o = Y A A = v o J 9 =2 o A A

voalsmes Tuimeudsanumsgadsn lnululanuduiuinaisndanumsgydenilale

luaadl (Moriarty and Hansen, 2005)

N (r-R
Fhub = 2 cos B [exp |:_ (r . hllb):| J (319)
T 2rsing

9 9
v @ ~

a 091} <3| @
auiumsgadesavannialaely vay Tauludludal
F=F,

tip Fhub (3.20)

o y o <
wldaums 3.12) uag (3.13) iesauwavesmsgapdescuaninadaely uag Tauluudui

[

v
=1
JU

1
s'm ¢+1
oC

(3.21)

n



, 1
= 4F singcos¢g
oC,

1

v F A d Ad' o
2) fni’iJT]J!!ﬂﬂ1!W\Iﬂlﬂf’)ﬁlﬁuﬂgu1ﬂ13~l!!u]!!ﬂu

(3.22)

A = ~ v o d @ a @ .
wanfFeumeuanuduWusuesdulse@nsusIwan (Thrust coefficient, C,)

d' \ J =) 3 U U d' ! d’ =
nasu e o sznianguf Tuwuduionisneaes dewaaslugli 3.5 wud e a

4 9
Anlsvina 0.4 dudlsgansusandnas liduldawmgu g Tuwudy doiuddeiinissoud

Y Y ]

Tu

1981 a, 11iv 0.2

R A ' IS v ~ S A v
alvuen a UANNI a, Taeh a, UaAnlszanal 0.38 130 0.4 Tagaiga Spera (1994)

=T
Cr 172 pAVY2 1
20 | Glau.er.t : 1
' H |  Empirical |
. ' Relation |
I
| i | 1 My J
1 | ' Vortex Rin
h‘ o l | State /g/ :
T . 5 5 . I
Windmill State | | / _
| = |
{ 1.0 : Momentum Theory/ {V
Yo ! Not Valid / A
Propeller | / Propeller Brake
State E . N I
| j /© NACAMRNO.L5D09
§ ' a
Zero Slip Case Tlfomer{iu;?d I AN / v NACATN22I
Y] Turbulent Wake \ I / f,‘ BRCR & M 885
T T T |0. 5 T T - T T | 0 - a
i |
| |
—4-1.0

A v o d @ a @ . A 4 ~ o
71N 3.5 anuduiusveIduilsza@nsusawan (Thrust coefficient, ¢, ) NAWWAMBIINIIEIN

AUUUANU (@) AN 9 (Eggleston and Stoddard, 1987)
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[ Y 9 9 [ o 4 ] [ o 4
msdsuunm a mjmua"hwmammﬁuwuﬁ IFU ANVTUNUTUDN Glauert
Y] @ @ Jd 1w a [ YY) Y
(1926) WAIANUFUNUTAMTN 5L ENTUTINANA AL

C,=4aF(-a) ; a<a, (3.23)

C, =4F[a’ +(1-2a,)a] ; a>a, (3.24)

A, v o ~ Y o ax o q ¥ v o ' A
WeANUAURUT IUauNIIN (3.24) 11AVUIT BEM M 1nanuduiiusvedal a 1o a > a,
Y

=
UEANU

e

{

1-a)*oC
4a; +(1-2a,)alF =(,)—2" ; a>a, (3.25)
sin” ¢

mldlda a oglugl

a :%[2+K(1—2ac)—\/(1((1—2ac)+2)2 +4(Kal -] ; a>a, (3.26)
A
1D

K= 4F sin* ¢ (3.27)

oC, '

ya 4 o Y 1 a 1
Buhl (2005) 1a3ta512¥msUSuuAA1 @ Y99 Glavert WuI9ztnAA1Y 1

¥ Y ] ' [
Aot lugssesaovesnsmidumis o ienanmsgadendately (7 < 1) Buhl ldsh

o v o J [ v o JdAq Y 1 ) ] =

M3dsulennuduiuses ¢ 1y C, Tasrinnuduiiuinlvsosdo o A KUl a, U
1 d’ o dﬂl

ANUADIUDIAIU

8 40, 50
C, =§+(4F—?)a+(?—4F)a2; a>a, (3.28)
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M ldlda a oglugal

18F —20-3,/C-(50-36F)+12F(3F -4
_ VCr( J*FCF-Y o4 (3.29)
36F —50

a
c

3) msUSuudmavedlunariuanueINaluyIaras Stall

ynilznegandiyw Stall (stall angle) A1 ¢, wag ¢, i lavnnnsnagonlu

q u

4 aad 1 = a an d' 4 ana
glusnaw 2 Hatiawanan ldeinnsains lvasselu 3 @ iesnnnisnaaosg Tusdan 2 4a

[ 9 a ~ ) 4 1 I a aa v v A
agnelaauyagiuunueIMANANeIe A ualuanuiueialy 3 16 Tufaiuiinauen?

[

$11@ Viterna and Corrigan (1981) IdiauenvusiassdSundsan ¢, waz ¢, Tuganains

be

Stall tiewArENavYInN1T lalu 3 16 nludaiulianuensing aqll

Cp =B sin*a + B, cosa (3.30)
. cos’ o
C, =4, sin2a+ A4, — (3.31)
sin o
Taoh
Cpmax =1.11+0.0184R (3.32)
By =Cp nax (3.33)
32 _ CD,stall - CD,max Si1‘12 A stail (334)
COS & a1t
A, =8B,/2 (3.35)
. sina,
Ay =(Cp gtan = Cp max SIN A gy COS A gy )2—”1 (3.36)

COS— Agyan



46

v

= 1w a 9 A a
uag ¢, AeMdulszansusien uaz sy a yulengiinams stll (a,,,)

Il

A
nJa CLsta
A . [ 091} Y A v aa [ 1
AR 9 Aspect Ratio = R/c aariut 4R fiauiluoiud (m3 lvauny 2 4a) sznavliga ¢,
4 < Pl o dy Y A [ 1 I [
waz ¢, nglusdan vzmu ldmuuiiaesiniuinsdsvlyea ¢, Wuvdn Tagon
< Y1 v o A o J A = aa
aums (3.32) wewiu Id N ludsiuaniilinnueniinan ¢, vziinianasninnsdl 2 4@ w0
~ IR o . . S g 4 . =
9191580 13D UT1a99 Viterna and Corrigan Wunmsdsvunmaves Aspect Ratio 910013N

v a a I aa 9 Aax £ o c&ydl 9
ﬂwuawwqmimmﬂwmﬂu 348 maﬂaﬂﬂﬁgmwuwamuumamuﬂammmiﬂumi

[
AN

Uszinmmuenyeaindoyan ¢, naz ¢, Mywilznzinanis sall Tugarnyuilzng 180

U
]

1 o [ o 4 v o o <
pamn I8 mslanuusiaeenaimsstll Tanuddgioanndaivazhauivalennusiay
{ = o ' 3 ' ' v o a
NANUSIaNgzinu ey sall Wudiu vy Tasmmiznaiuausiia Stall-regulated

4) uUVD1A04 Stall-Delay

4 o ' o
Himmelskamp (1940) nagavoIinanamiaasvedluia wnunsanluia
a J ~ v ~ ] \{dyd ] = v v v W ) o
WUz s wnigennsal vy UsingmsaithiilusuRerdununaiuay dmsums
d'ﬂ/ 1T Aa 1 I=p=} T o 3 =) 1 1 ﬂl a

Ivandabimans stall Awssennsailinisnyuluaesdununsal bivyu ualonans Stall
dy a A @ a A A 9 = £ g
YJueimAUTnuitendloandInEIzmdouioon llauuenvesTali luduilunanioinus

d' d! d‘ d‘dy 1 Y a a a a (% d! ] ) Y a
12849 Fansnasuntne linausines losa lunans lavan sexei liinanisanaivod

[ a v KR o Y a g @ 1 . &
anuauluianiens Ivavdn 9 Iiinaluus s@uae (Favorable pressure gradient) 439578

4
= [

Y "
IR FUFARIT T 0 UM THENG2990 1UINRINITUAIU Suction noliiNaLTIBANTIUUA

U

Y U Y n’dyl
lananuudl Fenidsingmseiiian Stall-Delay
M33aaNauUUAI1uTAs Ronsten (1991) ueravodlugzdn 3.6 uaaanis
= = % a d' o 1 1
WTeuneuninTz oA NUANDUAI TUNA KU 30% 55% Uag 75% Span lagaynileng

a 4 o @ [
TaemsNATIZHAD 30.4 18.12 1Az 12.94 paraudiay Taenlssuieun1snszaen ey

%

FTNINAITUNINUD

[

~ a Y < T A o o oa o Y
v wag Imsvyu mnguaadddimiuduilensiumanisuyuagiln

(e

De e

] '
= a =

anuaua lumuauannsal luvyuTasmwgnusna Tauly divihda 30% Span yuilzng

A v @ Il A = £ g A a ll 3 Ao 9y
nsdinaru Tivyulinigeds 30.41 eem Fauiluyulznziinams Stall edrauauidunalanin

=

NIIMANUAUNHIAUDUTAN BT ua TUN T AN UHYUNTINITNTZI0ANUAUNRY

9 A v A A 1 9 9 @ =<
AuuUlAMUIAAMUAUNUTNUEIUAUHITNV N IMAGIN taz nTaaduasliDs
' Y 3 = . ~ £ o q ¥ Y
UM IMIRUDY Adverse pressure gradient Nanasdeilvins Ivauenanasnie (Burton
9 v v 4 ]
et al., 2001) WYANTIY Stall-Delay H92ADY 9 anasn1uAue12 TUMALUTY NAUHUL 75%
A £ g Aw 1 Aa 1
Span Hauienzlszanm 12.94 osmyuiuyuilznzndalifans Sall WuINTNIZY

]
v A

AnuauszrINn Uiy uag luvyu fia lduanaisnuannin
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/R =30% /R =55% r/R="T75%

o =30.14 o =18.12 a=12.94

o Rotating ~ + Static

-d' 9 v a v v =) =~ ! .d' IQ' o w
5UN 3.6 ms’mmmkuum“l‘umwuamﬂsﬂum&mizmnﬂuagm Hag NN

u

(Ronsten, 1991)

o ' v o [ A &a
11391904 Stall-delay teruoaglugivasnnuduiusvesduilszansideinis

4 L4 Aaa [ a &a o o
‘WaﬁTﬁ@]iiﬂﬂﬂ'liT]ﬂa@\iGluQIiNﬂallﬁﬂﬂiJﬂ tae duUseaNFFIeINIANAMaATIINAIUIN

11U Potential plow
Crap =Cprop + fc, (AC)) (3.37)

Cpsp=Cpop + fc,(ACp) (3.38)

4
C,;p tae Cp;p Aoduszd@ndussen uag 1SIAIUIINHAYDY Stall-delay A1 C,,p Hae
o a { J
C,,, Aodulszans ussen uaz usedunldanmsnaaeulugluenan AC, uaz AC,
4
o WaA1YoId U2 ANTUT N 1AL LTIATUIINNITATUIANTING BT (Potential flow) AUA

duilszaninldninmsnaaouluglusday
AC, =2n(a —ay-0) = Cprap (3.39)

ACp =Cprp = Cpmin (3.40)



48

v o J v A o o a
anwduiiusvesm £, uaz £, i3Tuldaue vanvats Tasiinisfianrsan Order of

{ o o J o 1 [ YRR o a
magnitude YBITUN1T Navier-Stoke NAURUTAVNT Inariudeaiuay i ldinaaunis
v o JAA AL S quy v A ' A
ANUARUTNNAIANUY 110U T9001a91NN1INABBIINAIRUANNDHIAIAINVOITUNT

Snel etal. (1993) l@uaMNE £, f9il

fo = 3(5] (3.41)

A

1 9
1118 ¢ A0 Chord LAY r ATz SAN 11 Chavialopoulos and Hansen (2000) LAUDN fc, nay

h
Je,c, za(g) cos” (twist) (3.42)
) r

A . A a v o oA Y w1 1 < Ay Y
19 Twist ﬂ@i!iJﬂ'lﬁJﬂGUﬂﬁiﬂﬂ\?ﬁuﬂﬂu'l@ﬂ@n\i ‘1 A1 a=2 h=1 g n=4 l“lJUﬂ'l‘V]vlﬂi]'lﬂﬂ'li

[ [ v o d' 9 d! Y [ 1 d' oa.l} 1 d‘ Y o
Usununenuaunlaunue1n s NACA 44XX d9019009U5uaasinaay Ividie 1¥nuuny

9
=

91MATUDY 1UVF1A04UD4 Du and Selig (1998) 1aUo f,. 1Az f,. 1369

A =QR/JU% +(QR)> (3.43)

dr
1 L6(c/r)a=(c/r)™

= -1
Jeo =21 01267 dR (3.44)
b+(c/r)M
R
1 | 1.6(c/r)a—(c/r)2rr
o0 =271 01267 TR (3.45)

b+(c/r)2hr

A I J A o A [ Y o . Yy
IWoabc azgd Lﬂummmmu,mmmm UAUNNY 1 4VUINDIUDY Du and Selig Vl,ﬂiJ

9
3 a

= ' A Y A ' . Ao A Y ~
NITANHIND Llagllﬂ'lﬁﬂﬁrﬂﬂ'lﬂﬁ'ﬂ abc llazd 1W3JI§5IEJ Raj (2000) HUDNITNU Qnajﬂﬂﬂlﬁu@
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o d’ =) 1= d' 1 %
HUV1a04 Stall-Delay 91U 9 dnuatiuINuana1eanueen llvinaunis (3.37) uag (3.38)
[ o < o [ a ]
MU BUUIADIUD Corrigan and Schillings (1994) Lﬂumimaaﬂuaﬂymzmﬂmiwmwn
o 3 H
Yeneldverveon uuuiiaeaves Lindenburg (2004) 1T Un155 210 1WaV0 LT UK Y
. Y o o I a td
(Centrifugal force) W 1 unuusiaed uuuS1a09v04 Bak et al. (2006) W UNISIATIZH Order
of magnitude YBIAUN1T Navier-Stoke HAWTUBANN TUFUANUIANAIVDIAIINAY
Tangler and Kocurek (2004) lataueIzmslumssianswaves Stall-Delay Tag

v A,

v 9 1 { 1 v { o '
pIfevayan C, uaz C, NYNzNag g 1NNINAAINIHUANNMAIHYY UITN150619

q

Nene MimMsmamauRdeues ¢, uaz ¢, MnmMiianasannuely Adunusyulengy
AAMT Stall (U523 20 0371) 132 19UV 1899U04 Viterna and Corrigan 14151521184
' A o ' A a A o 1 = Yy v '
UBNFNNNNAWHUIYNY gneMAAMT Stall 1iI0391n0FeA MR IuMIAINToYam C,

o o v W an 9
f189U94791 421025 BEM 14

ee

A J =2 o Yo 1 a
waz ¢, Nynlenzan q wwmasiuuaiusada ua
Y A @ | 1 = ll < Qddysl Y] =2 ] 1
IndiResiumsnaasuiluedied od1elsnauiiiideerdon1ninnisnaaesiehigzainaoe

o Yo o o o vy A aa Y qU
sl lgruseiuauna 1 mslddeyaaunde ¢, uaz ¢, nmanaasslu 3 Haudr 14

111JU31999UB Viterna and Corrigan TUM131lszinanuenyiuaatedlugin 3.7 uaz 3.8

25 - % 95% span
—8— 80% span
—#— 63.3% span
—©— 46.7% span
%= 30% span

§ 15 4 Average CL
é S — Viterna average CL from 3D data
g
€ 17
3

05

0 T
0 10 20 30 40 50 60 70 80 90 100
Angle of attack (0)

d' 9 o . . U ] 9
311 3.7 M319uD191899904 Viterna and Corrigan Tumsszananiuenyielagly
Aunde C, ndoyavenaiuanfdwyu on1331a9INgANs 5N Stall-

Delay
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1.5 7

Drag coefficient

0 10 20 30 40 50 60 70 80 90 100
Angle of attack (0)

d' 9 o . . U ] 9
711 3.8 M3 19uD118999904 Viterna and Corrigan Tumsszananiuenyielagly
Aunde C,) 1NYoyaveInaiuanifiaery 1ien1581a0angAnI I Stall-

Delay

o Jd
32 MImuIMNanansveslvia (Computational Fluid Dynamics)
321 aumswugIu

v o &
n3 lavesvesnagnaiugu Tasaunisoyinduia uaz TNwuAY Feauns

9
v A

v d 4 Yo o Jd a 7
aysnyualuglvesaumsonius laglsdydanyaliaunmesiluacl

)
a—’t’w.(pU):o (3.46)

FJ

A Y 1o <] ' 14 aAav AqY o 9 o 4
L‘WEJ‘I’HQ'IEJ LNUHYT U FIAL5I90N1THINALRAYNIY CFD QTU”Ji]ﬂublﬁlfﬂﬁﬂﬂ1iNﬁ\i!ﬂ@]ﬂ'ﬁm

U

Y Y a o o R o d o o o B 2 o o o 1
mgu"lﬂwmmmumqmclumwu mmnwaﬂmimmﬁ’mu‘wmwﬂ,wmqmum“lumwuag

9
[ [ 3 o J

. o v o ' 2 v o du o & o
UM daiuanuduiussznINanusIduInsnuanusIduysalilu U, =U - @xr) Faih
Y a ' d? = J o A ! = . .
Tinan s U NdoINa Yl luaun1s TN UAY ADAINITHIYN (Centrifugal acceleration)

AL ANITIADF 185 (Coriolis acceleration)
o o Ao Y a 3 v o '
aumsoysny lumuanihimanyuunueedslugdvesanusrduing uag T

Y
Aausannanu Tdune eunsaen'ldaail (Batchelor, 1967; Greitzer, et al., 2004)
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6Ijalt]r+V'(PUVUV)+2/DQ><UV+/rJQ><(Q><r)=V-c7, (3.47)

o 2pQx U, fonsanes 1o5a (Coriolis force) Az pQ x (Ax r) ABLIIUNIO

¢ - :
(Centrifugal force) o ARMULrasYBIANUAU UV Inatuuii Tadloy Tudnamaniiaaums

9
v A

v o Y a ll 3 o
Tuududmiuunusedayu snsaleusglugdvesnnuduyssi ldeaail

opU
%Jrv-(pU,U)er(QxU):V-O' (3.48)

I~ a a { v 4 o %
Taamen p(QxU) WUNITIINEGITIADS 103 1Az U5IHIBUIIAeY WeKuT Ny

9
v A

ms$1aeeams lmauuviluilude3s Eddy viscosity inusesveennuduaziudad
2 T
0 =\ P+t VU |+ g VU +(VU) (3.49)

4 < A ! < A A4 Ay y
e M =g+ p, Tas g fluanuniavesveslva dww g, Wuanuviiaiiondla
o y U A A @ 1 . . £ 9 o
nuuuS1aeIns lavesanuilutufiseniuil Eddy viscosity 992A0af1U10M110
y 1 £ =1 091} dy o o 1 £ Y 1
aumsnnuiuiliu Felumsdniasiiiazm g, nnuuuiassnnuiluiiu ez ldnan
aoly
3.2.2 wuudaesanuiulv k-
o Iy 1 I o 1 . . &
npudaesnnuiluiau k- 1unsdnaesa Eddy viscosity HUU 2 qUN1T BIN
Jq Y o A o ds, Y @ S W
Aligduuvaumsmssiassiivainnats uuuiaesiilinaansnanuilywinis lvauny
Free-shear-layer 13 Pressure gradient Afoutam é’nw%’u{ltymms”lwmhuwﬁa (Wall
o Y v daa A = 7 AA A
bounded flow) wuu1aed MraansNAeNeunUN1sNAadlunTalN ANRAEUDI Pressure
. A9 A g 4 1 ~ a ~ a
gradient UATUBDYUIN mmﬂug{uﬂ umzummmwamqamﬂiuﬂimﬂmﬂﬂ Adverse pressure

. o AY A ° VA A ~AY Y '
gradient HUUF1009 k—¢ HVOATIHMTUMITAINUAAIN Free-stream nAINONAIRAIN IAE 3]

Taaematmimuaal NUoVUod & Uag e N Free-stream
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1 . . o Y3 oy o J [ 4 Y 1
A1 Eddy viscosity gniinualmiuileanduves andsnuvaranuiluilu £

[ [ 4 q'/ 1 [ Y
ag oasIMsaatenasnuIataNuiulu ¢ aatl

M, = pc, (k* /&) (3.50)
42 . 4
Tuntazid U UTIA0UANIY k—¢ UVVNIATIIU FUAUD IAY Launder and
v Y
Spalding (1974) Taoifuuuuiraesdmsuns Tvafiay Re ga da

opk O u, . ok
T+~ | U k- +)—|=1.5. —p¢e (3.51)
5 axj(p k= ak)axj] %5 P
ops O u, . oe £ g’
—+—|pU.e—(u+-—+)—|=C, 1.8, -C,.p— (3.52)
ot Ox, [P ool Gs)ax./] te g o TP
lﬁ@

- oU,
p =l %Jr / (3.53)
T2 ax, oy

as ¢, Ao Reynolds stress tensor @91':1ﬂmiﬂizmmssiﬂ@ﬂawﬁgmmm Boussinesq 1

1 [ 1 [
Reynolds stress Hantudaaiulaonsany mean rates of deformation

- oU,
Tl.l. _ ‘ut GU, + J _gaUk 5[[_ _%pk5ii (354)
ox, o, 3o, | 3

dwmsunsaims lnavuy ludada mow 7,8, szl

7.5, = u,Sz (3.55)

/iag/]
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MANUVDUVUTIADY &k —¢ WINTFIU AD
c,=009 C, =144 C, =192 0,=10 0, =13 (3.56)

3.2.3 msdanisifyrmusnalndmiia

391013 1nafay Re g4 Launder and Spalding (1974) lufiimsviinamasves k

Y
a KX o v v

1 Y v o Ia A o A A '
naz ¢ Iagase uavzldanuduiusninavudumiaaaaasdugl 3.9 Taena ldiGend
9

'
I v

A o A a Y o A o g P 7w
Law of the wall mammm‘wmnmiﬂawmmzﬂmmmﬂﬂuwmmu Vp ﬂﬁi‘]ﬂ‘ﬂiﬂﬂfuﬂﬁ

9

o [ dy d' d! L] ] 9 a d' v A
Annaludnvarivingauiie 30 < y* <500 #99g1U39 Log-law Taglyauyagiuiinisil

9
A11508319 Wall function 115U Eddy viscosity 1adail

S}

Uz

U 1
u’ =—=;ln(Ey;), k= (3.57)

gy
3 |5,

buffer layer
or fully turbulent
blending or
viscous sublayer region log-law region
=S8
y+ == 5 y+ == 60 ln y+

51/ 3.9 Anudiug Taon lvesdauismia (Fluent Inc, 2005)
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A A .. . ' A J A ddy
e U, A0 Friction velocity 1 k =0.41 ABAIAINUYDY Von Karman Loy E=9.8 Tunsaiil
Y a ~ a Y Y a Aa v A
annsalynsaiinnuuinumislagaiuguliniausnivamisiian 30<y* <500
A a Y o v o . A 3 A o o s o
Nusnalndmiawn ANNFURNS No-slip H3oA1mSmiuTlugud aziins
] sl.dla 3 Q' a .d' (B a =1 d‘ 9 a dy
Wiy Inaldniniungaila uaz UsnaRegenInAeen lUiing Inaiidwn vSnui
~ 1 . [ a dy v o J (] a =®
138011 Viscous sub-layer muaﬂﬂugﬂ 3.9 UTNUUANUTUNUTUDN Log-law Tairuase 29
[ 4
dvalinsdsulgeaums k- Idsanisnuns Inausnadu Viscous sub-layer Taold
o A a Y o £ ' .
uUD$1809NUTIUTNAMIT (Near wall model Tugi 3.10) G90glugilves Wall damping
. A o q Y P A a @ . Aa A A
function rwmnﬂwmmmmumawaﬂmmmnmNm (Viscous stress) UDNTNALVUBDAIAIY
Y J ddy =~ Y J v o A o é’
U5 Tuan (Turbulence Reynolds stress) lunsaliazinmsasailanFunIsAIUIUANTIVY
Y Y a ~ = a o A 9 1 S A 9 d? I 1
uae vwwanelFnsanazdeavsnumiaie lmsyseumaaivesilensuiada¥uduldedns
y 4 3 - 4 N v
gndes dalaon llszezvoaniananivinaninmivazdeaiinl y <5 uaz 19 n3aluns
o QQI} a a -d' = =\ 1 U a g a a -d' =
annulusuFarinazidoaiisanoaonsvunganssums lmalududani 319 3.10 uaasds

ANVLUANAUDINS 1% Wall function 1 Near-wall model (Wall damping function)

[0
5
o
3
=i
[}
=
=
=)
[_.4
Buffer &
Sublayer
Wall Function Approach Near-Wall Model Approach
® The viscosity-affected region is not ® The near-wall region is resolved all the
resolved, instead is bridged by the way down to the wall
wall function ® The turbulence models ought to be valid
® High-Re turbulence models can be throughout the near-wall region
used

317 3.10 M3Tan1sAuileyr NI 1UD Wall Function 4ag 1411 Near-Wall Model

u

(Fluent Inc, 2005)
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o 2 o U dJd

3.2.4 nuudassanuifuihudmdvilyrimuemanamans
o [ o Y 4 ] ] di a d! = v d'
A UMIMUIUMUBINIANAMAAT 1FUNT IarunToadY Feligdsied

v 9 =\ a Aq Yo y U 1 o I =
Fudou Inganssums mad nanvaeanuiluluaeduy urauinmsivuiaves
[ 1 ] 9 A v I
gﬂiN (Length scale) 919NU LU AMNIINYDINT I (Bulk flow) Nanvazdums lvauuy
lifinumila (inviscid flow) ua Inseaieueans lvanouenazgnnsz nUINMITHAUINIG
Y v 9

voam 3 waluFusamininnumila d9iuMavUed Small scale LAINAADANIILNT IMa
9

nanwa ld dsunuusiaes k- nmsAneIveninIseratongun laaslilymives

E4
v A

o dy 9
HuUIaeatl 1A

]
~ a

- k- W1W10A1 Turbulence shear stress NGUANATI TaamnIzan 1z Inah
1A Adverse pressure gradient 1 1¥wgAnssums Inauvuuenddvie i
A . £ 3 A a [ o o [
- 719@ Stagnation Fuiluganmslvamamszngiumis msnueszauues
anuiluuganu
o Iy 1 A a ) o Y J o csy
nuudaesn Nl undend s uaunea e IMANamans Al
- Spalart-Allmaras one-equation model
- Wilcox k& — w model
- Menter’s shear stress transport (SST) & — @ model
3.2.5 Spalart-Allmaras model
Spalart and Allmaras (1992) lawauwnusiassanuiluthudmivilynima
P4 9 A A 9 o g . . . .
oimanamans Usznevlddreaunisiinedtes 1 aun1s §1151 Kinematics eddy viscosity

parameter ¥ 1A% MIMMUAAURNIZUD Length scale AIIAUNANIINYAGIA A1 Dynamic

. . L o o o A
eddy viscosity FITUNWUTNY v AD
lut = pval (358)

9 [ 1
aumstszneu ludrefleasFunsieimis (Wall-damping function) £, = f,,(V /v) 1ile

A 1 . . . . Jd v ] A o A3 A [ 3 1 . .
Y A9A1 Kinematic viscosity Wantumsnuenmisaziaulu 1 Nav Re g ANUY A1 Kinematic

1" v

eddy viscosity parameter (V') 2 UAUNINY Kinematic eddy viscosity (V,) Hasd T UNNIIAT

4

Wall-damping function ﬂgﬁfiuﬂugmﬂ
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N Reynolds stresses fudalaen

T,= pvf, Y +—6Uj 3.59
lj_p vl Ox . Ox. ( . )

] 1

UM Transport T1HTU Ao

o, ~ -
5(pV)+V'(va)—

~ ~ ~\2 (3.60)
1| 0 ~ OV ov ov ~ \Z
— || PO V) |+ Cppp———— |+ CypvQ=Cpl — | f,,
o,|ox; Ox; Ox; Ox; Ky

9
[

(Y a @ o [
Tuerunis (3.60) ABATINTHAAVDY 7 FUWUFAU Local mean vorticity AIH

5=W+Lfv 3.61
(Ky)z 2 ( )

A A ou. oU.
e w=_[ow w. A8 Mean vorticity Ulag W, = —- - —
vy Y Yooox ox;

J

N ..
f1® Mean vorticity tensor

d v —~ ~ ~ I d v ] y o { a
Haddu £, = £, /v) waz £, = £, T /(Qx2y?)) Wuiladdunsnulreimis Aasudhun

FmsuanInveuUUIanIA

2 1+ Cb2

o,=2/3, k=04187, C, =0.1355, C,, =0.622, C,, =C,, +x (3.62)

o

v

1 d' 1 dy Yo =
AMasmantl 1as

o ) Y a J o y <
°1Jfﬂiﬂﬁﬂl,m\?fﬂﬁiﬂﬂ'livlﬂalﬂf\‘ifﬂﬂ1ﬁ‘1/‘mﬁ1ﬁﬁi uuumamﬁuamiﬁ’mum
Aa A d'd z Aa A d‘ a d! o (%
dszaniamnavesns lvalusuFaiifing Adverse pressure gradient FIUUUIETUTINTUY

J o ' 4 @ ' <
UszgnanuauduunueInId uaz Asgangud 19un1sduniesininaves lna og1e'lsn

Q

9 ] '
=~

o = ' v ] v ~ v 9 = 7
auuusaesd imuziums naruglseidgudeuntogna i

3.2.6 Wilcox k& — @ model
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Wilcox (1993) 13196 114)5 Turbulence frequency w =¢/k (ﬁﬁal“ﬂu 1/s) g

A Y 1 . . Ao
wilsNaeegiuny aums k Taena1 Eddy viscosity NAntli

u, = plk/ o) (3.63)

J o Y = o o v o 9
f1 Reynolds stresses A 118 Idu@enuuuaesaesduilsna li aqe

ou;, oU; 20U, 2
Ly _ Lk s =2 pkS. 3.64
Fi =M ox; Ox; 3 0x Y 3p Y (3.64)
AUAIT Transport M5 £ 1AL @ 1DuAal
opk 0O . . Ok :
/2 pU k—(u+o p)—|=1,8, - B pko (3.65)
ot ox, ! ox Y
opw 0 ow 10} 2
—+—| pU.0o—(u+ou,)— |=a—r.S, — fpw (3.66)
J A o I @ dy
masnvosuuiaouluael
a=5/9, B=3/40, B7=9/100,c=1/2 ,0 =1/2 (3.67)

o ] A ~ Y o vy . . A J
uuUans k — o Wraulaasanilymnlndmis lideen1s Wall-damping function 1119991071

a o

= lcs' v d' 1 d’d 1 :1} dyl = 9 9 1
Y99 @ NYuIAngNuTNANITe 9UIHBI91 A1 £ NUAAAAY NINAT o Buud Taudgan
o  Jdaa 1= ~ o 1 1 B Y . Jq 9 v o

ptiuANAY uaneINIaNzHvuange q At 1a Tas Wilcox laldanuduiuslug

) { Y a wva v o da 4 (9 1
#ladu Hyperbolic Ao w, = 6v/(By2) Nyalndmiis Taslumalianuiwadnsn lagudusn

J o dy 1 < o csy A o @ A A A o Ay Ya
Wengudl eg19 lsnamnuuirasstivziflymnua1fvoud Free stream 110991nWaaNTN 1A3]
pur Tunezlasu luaumnveuues o

3.2.7 Shear Stress Transport & — w model
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11UV k — @ Shear Stress Transport (SST) Tae Menter (1993, 1994) 1&59men

' ]
Aa A

=3 J 1 o Yy 9 o = A v A Y
ﬁ\?ﬂW\?ﬂi$ﬁ\3ﬂWﬁ’lﬂ@ﬂ’l\?GUENLUJTJQ'IEI'ENLHJTJ 2 gUNITIAIUNU Iﬂﬁlﬂﬁ@\?ﬁ\iwaﬂﬂ@ ﬂ1§1W

Y
o v IS)

4
W Miin (Weighting) veamduseansuuudiaesluwazainvesnissiaes luminu uag Ias

MHUATATINAVDINITINAVDY Eddy viscosity UBIN1T IMAUULY Strained flow NUNIT

]
~

{ ll < o o o . a
lﬂaﬂullﬂaﬁ@ﬂ’l\‘liflﬂﬁfl LLUU%’]Q@\‘]HUULLUQET'JH%%?;% HUV100N k£ — w VDY Wilcox NUTIU

[

Y o Y o A Y ~ Yo 3 a
Indmis vag 1guuudiaes k- (Mgnaalneglugluuuves k- ) Nlnanuvevvestura
i lfeduihiueen 1y msdu/asunuusiaesanunsoilaTaely Blending function
[ = 1 ~ o dy o Y o o 1
UFunlasumasivesnuuiiaes uenantuuudiaewuy SST 1aninmsisuiliear Bddy
. . v o U Y o dyo 4 o
viscosity 1A8N13T9ALA1 Turbulent shear stress 1NV Ug NM3UFUITIHMIAnIIuIens

Aa . U slddgl
Ivanii Adverse pressure gradient EJEIN%;HLLN]‘],@]WUH

' '
A A o o

NONITMMINAUNETIUUUVIN0Y k—w DU k—¢ ANUUANAINIINULLUI 180

v

A a

Y v v
k — @ SUANADMITINUNDY Cross-diffusion 11 1 1UauN1T o taz AAINUoLUUI 00N
1 [ o ng a 9 J v o [ d' 1Y
ANAY HUVUI1a09 k-0 AUAY vzgngudleilandy £ uaz Minsdsunlasu s
o Y] s A A Y o ' ° Yy v o
HUVIa0Y k—g AWTINTY (1- F ) aumINneIvoan uiaazU$1a0392gns 1A 28 Y
1 o [~ { a ) I 4 ] Y]
ailandu £ gneenuuuldfianiu 1 Ausnalndmis uaz Wu 0 Weriwesn Tanmis
o o o o z; 1 I~
Tai Tduvudiasauy 2 aumsaziiunems anuutenal lddinianudlu
a [ A a a 9 ] I~ a & Yy 9 A ) o
939 na1ABYAMIIAAMT Inatenmainianuiuaie Fuiludeaseiuussdimsuau
v 2 Yy vy A A o W Y
NS uIMANAmAns aRaueledleTiiie91n nuudaewuy 2 aums lu'latinaln
[ o 09./} ] o 9 Ya = a Y
VDINITAINTIU Turbulent shear stress ﬂﬂuuﬂﬁﬂiﬂﬂqﬂﬂﬂﬂiﬂElﬂ1§1°]f’3“ﬁﬂ1i“l/lNW°lfﬂiNG] A8
o 1 ] [ [ Y] Y] o [ [ 4
1391809015 A9/ U Turbulent shear stress f4na12 1ANANUTUNUS IAgATIN VNI HIAY
y 1 [ 091} o [ 1 J v o 1
yoenuiluthu deiulunuodiaes ssT ldtinisdsudgeariladdunisdiuimal Eddy

) 9
viscosity W05 D15IMsuens Inauuunen@idae Blending function £, #afl

.| pk a,pk
U, = min| —;——
t o SF, (3.68)
iilo §=/25,5; 7o Strain rate 1Az S :%(6Ui/6x ;+oU; lox;) Tagh
\/_ 2
F, =tanh{| max| 2 k ; >00u (3.69)
0.090))/ pyza)
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9
v A

TUNIT Transport VDI k —w SST Wi

opk 0 ok
P S| Uk —(u+oyu)~—— | =P, - D, (3.70)
ot ﬁxj ﬁxj
0 0 0 P,
PO pij—(u+crwut)—w —ap—t—-D, +2(1-F)CD,, (3.71)
ot 8)6]- 8)6]- Hy
A
10
P, =min[u,S%;10pB ko], D, = pf’ke, D, = fpw? (3.72)

' Jd o 4 1 o a o anJ a
ailendu £ gneenuuuiNonaumaulszaN5ueuuDT 009U £ — o AUAN

' 9 v [
Tudiduduamdouuniiass k-¢ @la5umssudonlfeglugivess - o) lu

9
% 1 S 9

1 A g 1 J A I Aa Y A o
@2UNMU Free-shear layer 1182 @24 Free-stream #Wantutiianilu 1 idd Saudrlna 1 loda
9

1 A g 3 a a A Y o A v a A J Jd o a
aaﬂuﬂumumﬂu%u%ﬂm Hag Ay 0 NUOVVOIFUFAFNI AHINFUNITHAY F, U1y

9

Al
4
4
F, = tanh{| min| max][ Jk ;SO(Z)‘U]; pawzlzc (3.73)
0.09a)y Py o CDkwy
A
LD
2
CD,, = max| 22%02 K 00 420 (3.74)
w axj axj

9
v A

£ A . . o [ A o <3|
%3A1 CD,,, A® Cross-diffusion TUTUMNT & — @ AIMTUAININVOWVUTIA09 SST 1T UAY
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a,=031,k=041, B~ =9/100 (3.75)
4 '
duilszAnsvewnuiiaes g y o, waz o, uaaslieglugivesdanisnali
4
¢ 1oz QNMHUATAINTHETNVDIAMTVOWUVTIADY £ — 0 AVAN (¢,) AUV k-

n1dsunlaeunda (¢,)

¢ =Fg +(1-F)p, iile ¢ ={c,,0,,p.a} (3.76)

k4
v A

4 Y
LY a o o v A o I
TasadulszansueauusaoInuaus iUl uaail

- gnlszansveanusiansdilu

o, =085,0, =0.5, B, =0.075,c, =0.553 (3.77)
_gnlszansveausiaesduen

o, =10,0,, =0.856, B, =0.0828,c, = 0.440 (3.78)

3.2.8 HUV1A89 Laminar to Turbulence Transition
o U U Qaj ~ 1 (:Il 9 I o ~ Yo o
suudraesanuiluhunimuannanunluduauiusuuiiaesnlsiuilamn
y 1 S A £ I YA [ =& a
AUt u@un (Fully turbulence) ¥9eu1501% 1AA IUTLAVHIE MINNYANTIUVDINIS
[ ] ~ y 1 A Y 1 9 3 A o [ ] A
Tnaeglusrsianuiluiludelandeudnadun dmsuilymims Inaiuunueinianie
A A 9 @ dy a & Y a ] 2 . :
M3 lvafneddes ve Inaszlgngiunuiidene 1Minan11m5 mgatla (Stagnation point)
Y] ' @ = . (B = ] ..
129198 9 WaluIN13 1Ma UV VoY (Laminar) 1gsr9/aour1u (Transition) 1ag
@ [ y 1 < { < 1 [] { []
W Tdgms Tnatluihu@u® (Fully wrbulence) agiiu ldnilymlugruldsurduasgidnn
d' 9 Y o [ 1 =1 1 d' ] o
Met9d8 dmTuunuemaAuNiuIziinnu hasns lvaunwdsuruun msdiuim
4 o Iy 1 3 AR~ Aa I 1 ] [
AeuuuiiassnNuuiudunawanuEana1ilueg 1IN FULNUDINIATY S809 1AL
. 2L A 2 )
NACA 63-430 (Bertagnolio et al., 2006) &l unue1nanianuvuithunandenoud 19mu
LWUDINIA S809 92INA Separation bubble NUTIIN 50% VYOIChord TuFIYNULNEAINI 5
) Y o y 1 S A ] ] a dy Y o Yo ]
par M3dadleuuusiaesduthu@uine: hiswsasunganssuil 18 srldduaaa

@ a o v I a 1 @ 1
dulszansusonIddinnnuiuaie wuReauunue1nasu NACA 63-430
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~ o Iy 1 3 Ax a A Qaj a a
N5NLVV1a09A NI UTIWANATANMUHANAIA 81U INTUFARILUY

19A9110A Transition NUTIUAIU Suction
a ~ a a a dyo 9 = 3 o 1 <
YoaunuoImea aAnmdsamuigunuasluninaimhlams lvalinnusadinianuiu
a 1 (% J v I a 1 U
viadamalidnuauludiu Suction Isrganianuiluaidawaliusseniinianaslidae
Tugrayulznzdrndaldmanis lvauen nsdins lvanlasuriuaziia Laminar separation
B ' ] o N Y] . a3 v & ' A

bubble #1958 THANUAUVUAIINUDINIAAIY Suction AAAIDNANTDITIVLHFIGINUUIIBN

9 o Y 1 < A= ' dy o Yo Yo '
Tduwuome mssamuuiluthuwaunisazaeaii 1l dlddwaussen1ddinianu
& a A A A A a & o YT 3 A 0o q ¥
Whuese Myulznzganiesuiins vaueninadn mssrauuuuthu@uioz i lvms

o ) ] a a a a 1 I Aa o
ﬂ'lu']m@]'lll’ﬂu\iell@ﬂﬂ'li!ﬂﬂﬂ'lihlﬂﬁllﬂﬂlﬂﬂﬂ'ﬂllNﬂWﬁ'lﬂIﬂﬂﬂglﬂﬂ%}'lﬂ’31ﬂ31lllﬂui]i\i“l/l'llﬁ

]
~

' 1 I a 1 a J
llwu@'lﬂ'lﬁ'ﬁ'lll'liﬂﬂ\‘lﬂ'llﬁﬂﬁlﬂllg]}qx‘lﬂ'ﬂﬂ'JuJL‘]Jui]i\‘] IMARAUIISINAVINAN Eddy viscosity N§4

U

]
~

T I Tusuduveams Tua ms lvadanans lvauen 189 (Delay) dmsuludiun
= Y o Y & o o Fdo a o Y 3 A 91
Moo uUTIA UG IdFuWUsAua s udeaniu msaivrauuuiluiliu@unaglvan
. . . A a a A A 9 1 I a K o Yo 1 Y 14
Effective viscosity Ngunua5ansotiussdmunnnanmiues v lddwuassdnla
v I a o
FanNANUWIUITIIUIB
3.2.9 uvUY1@84 Transition ¥ — Re,
o Id ] I ] . ~ Y
HUY1a0d ¥ —Re, WuanYULANNITNITAINIY (Transport Equations) N§194
o v o o < o 4 A Y o o ..
91foANUANRUTIINNINADI HUDTIeItgRRANY LN 11T UIUU1a949 Transition
1 ' 4
1o Tdsunsu cFD dwsuilymina 14 Taeeunsaldauldnenianuy Structured taz
Y
Unstructured 1182 81315019910 ludnyaizmIf 1wy Parallel tuudiaestiliaosaunis
A9 AUN15NITAIAIY Intermittency () Az @NUNITNSEINIU Local onset momentum thickness
~ J A v =2 2 I ~ d
Reynolds number (Re, ) A1 7 UA15£11190 D9 1 cmmﬂmi”lwmﬂmmmmﬁﬂ‘uanyimm
[ I Y 1 Jd [ o @ = A
y iy 0 mnms nadlunuuduihuauysel a1 y oo 1 dwsunsains nanuunfaou
Il ' ' 1 =2 ) [ J ~ I % ] 1 A ]
HIUAY 7 920g5213190 09 1 dmsua1 Re, Wudrtsveniims Inavnuldsudiey
Yy ' o -
mavwiela Tagazinans Inanuun/dsuruie Re, > Re,
daulsnerdeedun1s Ima)asur1uAea1 Momentum thickness (6) Hag
. £ g A 1 o o o
Momentum thickness Reynolds number ( Re, ) #uilua1igindenisfiuia lagmnigd1vsy
o o { a @ v
Uszgna 190D CFD M 1¥nTauny Unstructured A2WENTUEUDS Momentum thickness 1182

9
Momentum thickness Reynolds number TR
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o
0 :J'i -2y
U( U] y (3.79)
0
U6
Re,, :pT (3.80)

Y
1A

a a [ @ = d' 1 o Y o v ) .
msouanIadauanumildauns § Wweniar 0 sz lasnd msunsal Unstructured Grid

9 ' '
astuuuanielminldiaue Tag Menter (2004) Ao 1¥in1sduimegluglduesdnlsigiuin

1@41edmsy CFD Hufens 1y Vorticity Reynolds number

Rey, =—— (3.81)

4
a d v o a Aa o .
1NNTAATIEHAT Vorticity Reynolds number TUFUFANI TAIAIUIYIINANUN15YD Blasius

NUN

ReV max
r—2—" 3.82
2.193 ( )

Re,
% J I v Ao J ) @ ] a a 4
¥4 Re, = p2S/u Wumnduialdlasdwdmsy cFD uaz Tidesldmsduamnsaiiien
. A
Momentum thickness dnee 'l

AUN1T Transport Y84 ¥ 1Az Re, A0

opy , © H; | Oy
+ U.v—(u+-2L =P —F 3.83
p 6xj{p 7= cry)axj y —E, (3.83)
opRe 0 ~ oRe
P 2o +— pUjReet—aet(,u+,ut) o =P, (3.84)
ot 6xj axj

Tag



Py = Flengthcal pS[yFonset ]0'5 (1 - 7/)
E}’ =002pWyFturb (Cez)/—l)

Py =cy 2 (Rey—Re, )(I-F

o =Cor t( e —Reg)(1-Fy)

Rey,
Fonsetl = 2.193Re
. Oc

F

. 4
onset2 = min(max(¥, nsetl,Fonsetl ),2.0)

O

3
R
F =max(l-| == ,0
onset3 ( (25J )

Fonset = max(FonsetZ - Fonset3 ’0)
Fturb =e !
500u
t=—12
pU
4
y 2
s -1
Fp = min(max(F, e 5j J1.0- M ),1.0)
1-1/c,
Re 15 500
Op = 9t,u,5BL —_QBL,5= y5BL
pU 2
2 2
S pk py o [
ReV_py RT:_aRa): ’Fwake:e

63

(3.85)

(3.86)

(3.87)

(3.88)

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

(3.94)

(3.95)

(3.96)
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v o Jdo v A a . .
UAg ANUAUNUTTTHIUAANIUNYANTTUUDI Laminar separation bubble

7 sep = min(s, ma{o, (32?%%} - lth 2F, (3.97)
5]
Freanacn =€ > (3.98)
Anefiveauiiasiie
ca=1,¢,n=003,¢,=50,0,=10,c4=003,c,,=20,5 =2 (3.99)

'
v

o @ v o v o
1YV ¥ —Re, ﬂ$§g]}®ﬂ@1ﬁﬂﬂ31ﬂﬁﬂwuﬁﬂ1ﬂﬂ’liﬂﬂa@\i 3 ﬂ')’lll'ﬁll‘wu‘ﬁuuﬁ@

Rey = f(Tu), Reg = f(Reg), Fipgn = f(Reg) (3.100)

9

o Tu =100(\/2k/3)/U FMSUANUFUITUS Re,, = /(Tu) Langtry (2005) tarue 1 3qadl

Re,, = {1173.51—589.428Tu + 0'21296}1?(19) (3.101)
Tu
Re, = 331.50[Tu — 0.5658] """ F(4,) (3.102)
7[&}1 5
F(Ag) =1-|-12.9861, —123.661," —405.689/193]e I3 (3.103)

F(iy)=1+0.275]1 - el 35%] ]e[orﬁ'} (3.104)
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e

J @

Ay f® Pressure gradient parameter UAINFURUTAST

_poZdu

A
0 uods

(3.105)

[ a [ 1] 4
dU /ds oS lune Streamwise W1 1d010A MU FURUT

U = (u? +v2 +w?) (3.106)

—= +2v—+2w
dx 2U dx dx dx

U L{zud—” dv d—w} (3.107)

av _ 1 zud_u_,_zvﬂ_,_zwd_w (3.108)
dy 2U dy dy dy

GRS P LI LA WL (3.109)
dz 2U dz dz dz

dUu dUu dUu dUu

10 RN ) 0 Va1 il 3.110
= (u )dx v )dy (w )dz ( )

- < g4 9 e 4 . v
aums (3.101) 99 (3.105) iWugaauns N liherdenUauns Transport Faa1m1Taf U 1
o g} o % 1 091} [ @ 9 4
namsiidnlaesmuald £(1,) =1 Faaz1da1 Re, 9nTTUIHIANUFURUTVDIAUNS
[ 9 Y
(3.80) az'ldn 0 el 2, wez 18 F(4,) arlndeimiugnadiounigen
o [ (% @ 4 ~ ~ 4 f
AMTUANUAUITUT Rey = f(Rey) UAZ Flogy = /(Reg) 1H0991008 Iueuns
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Fy=e " (3.117)

F, = max(F, ;.- F3) (3.118)
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Measured inflow angle

(including upwash)
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Properties Value or options
Density 0.976 kg/m3
Pressure 80,592 Pa

Wind speeds 7.2,8,9and 10.6 and m/s

Rotational speed
Blade pitch
CFD algorithm

Interpolating scheme

Turbulence model
Near wall treatment

Residual error

72.0 RPM
1,3,5,7 and 12 degree
SIMPLE
QUICK (momentum)
1" order Upwind (turbulence)
Standard & — ¢ and inviscid
Standard wall function (Log- law)

5x10°
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Measurements
Viscous | Wind Speed CFD
Strain gauge Generator
effect (m/s)
Torque(N-m) | Torque(N-m) | %error | Torque(N-m) | %error
k—g 280.5 -2.00 -11.59
7.2 286.22 317.26
inviscid 405.0 41.50 27.66
k—g 1144.35 -5.22 -3.84
10.5 1207.39 1190.04
inviscid 1509.36 25.01 26.83
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3 2
y=-0.093x - 7.1483x + 146.71x + 5738
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3 2
1000 - y=-0.0544x - 7.7194x + 110.05x + 599.06
G /_—‘Q\@ooo& > 7.7588x + 81.474x + 583.61
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rotation plane

Wind

(a) velocity diagram

\ Thrust

Lift (L) \

(b) force diagram
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A13799 1.1 Joyane’iuay NREL Phase TI-VI

Phase II Phase II1 Phase IV Phase V Phase VI
Period May - July March °96 | April - May Spring 98 Spring 2000
’90 ’96
Blades 3 untwisted 3 twisted 3 twisted 2 twisted 2 twist +
taper
Data collected 290min 230min 950min 730min 260min
Press. Tap sections 4 5 5 5 5

LFA sensors 4 flags 4 flags 5 probes 5 probes 5 probes

Pitch angle 8,12 3 -3,+3,+8 -9,-3,3,8,12 various

?13199 0.2 31/51910U9979% 1 NREL Phase I11-V

Blade Radius (m) Twist (degree)
724 44.67
0.880 39.39
1.132 32.39
1.383 26.56
1.634 21.95
1.886 18.19
2.137 15.10
2.389 12.52
2.640 10.35
2.892 8.50
3.143 6.91
3.395 5.52
3.646 4.32
3.897 3.25
4.149 2.30
4.400 1.45
4.652 0.69
4.903 0.00




M1319% 0.3 31/51910v09 91 NREL Phase VI
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Blade Radius (m) Twist (degree) Chord (m) Thickness (m)

0.508 0 0.218 0.218
0.66 0 0.218 0.218
0.883 0 0.183 0.183
1.008 6.7 0.349 0.163
1.067 9.9 0.441 0.154
1.133 13.4 0.544 0.154
1.257 20.04 0.737 0.154
1.343 18.074 0.728 0.153
1.51 14.292 0.711 0.149
1.648 11.909 0.697 0.146
1.952 7.979 0.666 0.14
2.257 5.308 0.636 0.133
2.343 4.715 0.627 0.131
2.562 3.425 0.605 0.127
2.867 2.083 0.574 0.12
3.172 1.15 0.543 0.114
3.185 1.115 0.542 0.114
3.476 0.494 0.512 0.107
3.781 -0.015 0.482 0.101
4.023 -0.381 0.457 0.096
4.086 -0.475 0.451 0.094
4.391 -0.92 0.42 0.088
4.696 -1.352 0.389 0.081
4.78 -1.469 0.381 0.08
5 -1.775 0.358 0.075
5.029 -1.815 0.355 0.074
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T, =097T

corr measured

-196.43 (n.5)
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Blade Radius (m) Cord (m) Twist (degree) Thickness (m)
2.7 1.09 15 24.6
3.55 1.005 9.5 20.7
4.4 0.925 6.1 18.7
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6.1 0.765 2.4 16.6
6.95 0.685 1.5 15.6
7.8 0.605 0.9 14.6
8.65 0.525 0.4 13.6
9.5 0.445 0 12.6




MANUIN U

manageuliulgalszansmnnaviuan NREL Phase VI



209

a J LY U 'o' 1
INNITAUATIZHWLINIHUAN NREL Phase VI 31 Tip Speed Ratio (TSR) fA1n71
YY) o o YY) [ [l @ 09.1} yd A @
fauuuy 2 lum T ldandundesnu 18 Lidin feildlumazisuduannsauunilag
v o . Y v o £ Y A 9
94U Grumman Wind Stream 33 ¥11% U0 9% 499 NREL #41¥unue1manivuiannuniig
anJ 1 I v o 4 [
14 (chord) 0.457 m @a1t@ NREL Phase IT (Simms et al, 1999) Taarlunariu 3 1u iiowgnaiu
Y o v o I Y = ~ . .
NREL Phase VI lagnsivuanaiuiluuny 2 luTasazdeell Chord 15242 Effective radius
[ [ EEEY) 1 1 I~ 1 a {
(80% Span) (MADAITUTUADUAD 0.457 m TasldanumSisoumsnyumuani 72 RPM
. . [ 1 dyd o Y Aa A -
(Giguere and Selig, 1999) ladena1tivailnilsc@nsnINgagAUds NREL Phase VI3
1 Q' a A Y dgl a o 9 =
anlszana 38% mawlszansnnldgeiuanmuoinih ldamwuuiniene
A < A YY Y ~
) uANuEIseUveIMIviyuiie 14 1da1 TSR Mumngaw
< [ =Y A v o
2)  aswnuiEseuueImMsHyumuaNuaiiuanAveslufuiu
< " A A o v o
3)  AIANNISITOUVBINII R ANANLT U TUR U
qej An A 1 I ugj 9 1 A A < v A
w9 3 BNnanuuiuiuszyldeni3tlamunz ey MIamuaUE I 0 UMIHYUIUAD
Y = = A A 9 A A o a YA < ~
Foaimnlasunesnansesndsulaswaieasuia Wi 19 ua1uS 1o vz ay A3
< 1T A I 1 o [ YEEEY) § 1 a qg//
AINNNTITOUIMIANGIzT UM AN NI Iza I DI TunsiuReenuu D IHAA#AT
Y A < 1 a Y o Vg A y & A A o < ~
Taae wonsnnuFrsoumuauudi ld ludvuanevunsomuswauluduniside
[ PR a A A dgl 09// ~ dg‘ o A A dgj 3 ) 1 g
mlwoelunmswaalunmvau ialunTevy vag Swulonmivay e1agndemiowintuns

[ 1 J

= = = o d' o 1 [
uFeunaiuiuneu Iagmsnlseumeunisnszinaruiuluminu

Q

9 Y
Y o @

v ~ =R Y = ] YA a A d? Y
luadetvainmsnaaevesnuuufisiuanvun vy Inilszansamgavuudians
= = 1 ] o [ A 9 A = 23
nFeuiisugimuimelatzmungaunudaiuaniez 15l ulszma’lne Tasdendnying
A A A < A Yy Y1 ~ ~ A
LU 1) A5 5o UUIM s ry e 11 1AA1 TSR tmanz ey uag tuIn1ei 3) Ao
< " A A o v o ~ A 9 ~ A
AT DYRIMsHyUANLaUS U lun iy Taeh liden 14uuanied 2) Aenis
< T A A v o 4 g 1
AINNUTITEUVRIMIHY U IANIAUANA YR luA Wil esan ludesdunuin
Tuuamed 2) lussiusziivueanunhannmulyd madenlduuinieh 3) guemunzan
1NN
09.1} J % I o [ a a a
Tunisanwiaseildldsunsy suwiT Fuiuldsunsudmsvdsziuilszansnin
9
Tariuay vuiugIuveIngui) BEM way msdsuuddisuuuiiaedosnis q fo
S w A & 0 9 ¥ v
D WanFumMsgayFoved Prandtl $3a31 A8 Glavert uag 1mnlszgnaldnunis
o d .
qapdeniats uaz Taululaeg Moriarty and Hansen

o PRl s A o
2) miﬂtmuﬂﬂmWﬂmaimummmmmmmuiﬂﬂ Buhl

3)  mstSuudwaveslufaiuniuedinalae Viterna and Corrigan



210

4)  uuus1aed Stall-Delay Taen13 1910181004 Viterna and Corrigan Tagszuiainn
U { [y a Q‘{Q o an v @
nnARAsINYoyadulszaniiFonanamans lua A Inneiuay NREL
Phase VI 1&aH3U
2 Y= A 1A 1 o @ @ w Aq ¥ 1 =2
Fa'laanuluuni 4 Nilanuwiudrnunaiuasildunueniagu S809 MsAnEIBONLLIY
v @ ldyd! Y 1 1 = @ [ 3 =S A Y o = @
auand Il deldunueniagu $809 IsuAeIi U AuiuIudon Ui aouAsINU
HANSANEILUINMSANLTLANENNA9T AN NREL Phase VI Tagmsiiudiuiuly
v o ' { { A o v W a { I
Aeunaaseglugli v.1 vaz 3UH v.2 mamuswanludsiuan@uind 2 Tl 3 Ty
< { [l ] a o a A
Tagasanuiisou1dn 72 RPM uaz lidsuyuda vag anwndely Mlddszansam
A d? < a a A I o w a A
mvvuTunnanusran Ussanimmgagaiiuoiniszuna 38% 11y 42% Mdegagainan

ANuiFIaw 12 mis Fionie Idiuiuanusraniiguiu ludnihwnlFulszmelne

50
—&— NREL Phase VI

40
< —8— Modify Phase VI 3Blades
E’ 30
S
=
(]
38
= 20 7
o
3
o
=

10

0 I I
3 5 7 9 11 13 15 17 19 21 23 25
Wind Speed (m/s)

51 v.1 nSeuieniszansnmiiorsulge i lufefu NREL Phase vIiilu 3 1y



211

20 T —O— NREL Phase VI

—B— Modify Phase VI 3Blades

Mechanical Power (kW)
= O
\ \

W
|

3 5 7 9 11 13 15 17 19 21 23 25
Wind Speed (m/s)

{ o v A 4 @ Y I
31 v.2 nfeuieuidusinadotSullga ¥ ludeiu NREL Phase Vi 3 Ty
1 I =2 A a a v o A

ao lihumsanywuImeamsmulse@nsnmieiuan NREL Phase VI Tagn13iny

3 o A < 3
ANUEITOU NARBIMINMTNUAIIUSEITOVIN 72 RPM 1Tl 100 RPM Liag 142 RPM Tasnq
sruaulu i 2 luwmilewdn yuiannlaould 1A naunisvesyniaivuizanlae

9 [ = Y v o I .

Manwell et al. (2002) Y1AA13AA19 11 (Chord) dansdauuIn1allunawiiluuyy Linear-
taper 11M35U5D Taper voeluTasnaasudouanunielusuldszaninmgega wanis
Aurglsnlunangenaasedlugii v.3 vaz 310 v.4 Taafisniogilsieauveslunaiy
= 1 A < @ 2 a = o A
NREL Phase VI Tunsaieenuvugilsalunaiuiisen 142 RPM dagayuiiauuu@ediui

< [ YY) { ) [ { <
AMWS239V 100 RPM A1un e ludaiuimine audmsunisoonuuunanuis15ou

100 RPM (a2 142 RPM Hau1aa11un11910Maaa991n0 NREL Phase VI 981901ndtaadlu

31

=).

9.3



212

ols ~ 7~ 7~ NREL Phase VI
: If T - Design 2Blades 100RPM
// TTe~o R Design 2Blades 142RPM
0.1
&
o
0.05
0
02 0.3 0.4 05 0.6 0.7 0.8 0.9 1

/R

Pl

~ = ~ 9 v o A (v Y @ < A X2
717 .3 ulFsumeuanunieluvesdaiunlsvlseldmingfuanusseungeun

25
— NREL Phase VI
20
54 /0N e Design 2Blades 100&142RPM

Twist angle (0)

0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
/R

v 9
~ =

~ = ~ a v o A (o Y [ <
71U ¥4 nfSeumeuyuialuvesdaiunisulya e duanusrseung ey

Q



213

a a o w ! < 1 v W ! ] 1 |
Yszansnm uaz Mas nanuEIauagvestaiuiesnuunlniuaaseglugin .5

v
=

{ o w v v Il 09// ] a a { J
wag 31N v.6 muddy Aeiunesnuunlyuing 2 Anusseullszanimngagangand

A9WU NREL Phase VI Taganlszaninmgegailszunm 44% 11n31i v.5 dunaldngaiina

Q

'
v o A <

a a a { < 1 @ ] 1 [
°lJf!'3'ﬁTIﬁﬂ’leQq@Lﬂﬂﬁﬂ')’lNﬁ')ﬁN@’Nﬂu Lﬁu]’l@gl}']'lﬂ\iﬂuﬂ@@ﬂllﬂﬂu’ﬂﬁlﬂﬂ’lgﬁﬂﬂ'Uﬂ’J’lllLi'J

'
Y v o o A

o a A { a3 o : @ { <
ifl'ﬂﬁ'ﬁ]g&lﬁ{ﬂigﬁ‘]/l‘ﬁﬂ'lWQQﬁﬂ'ﬂiJli'JaN@'l %\1@]5\1ﬂu(’ll'lllﬂ'Uﬂ\??iu'I/]'E]'E]ﬂLLUUMTﬁﬂ'J'liJLi'Ji'E]“U
~ Y a a A < Y A a 1 o w v W ~ [
ganvzldlszanimmnanusiangeale einsanammavesnaiuluglin v.e neu

v Y

< A A
ANUIsIseUgIneonuuylunily

o w { < & ]
AMIgagannW51angada 15 m/s 9019 Tz an

o () Y A < 1 9y o Il I A A ~ <
mmuumﬂﬂuﬂizmﬁ%Ewmmmgﬁmmammm ?JEJ'Nlliﬂ@]'liJLiJfJWi]'lim'l‘Vlﬂ'J'liJli’Jﬁi]

< 1 1 o w { [ YY) T 1 v W < o'
8-10 m/s Az 1A 1A1Man T 1nN9f U 142 RPM Ha1mnnnieiua11us 139 u6110

a v W < Y I a @ . A
WoTUAIT laarinWIsannaiuausIsougelmilurialsuyy Picch voalumaniugy

[ !

4 [ 1
f189911d2UAY (Pitch control) 91VNANUIMINZTUNINATY LANANAIMNIADYAA1VOINIHUN
9 A dg/ Y o
dounuduldnuszuy uaz na'lnlumsniuau

=2 @ a a v W £ g v W
NNMIANHMUINIIMIYTVT9 52 ANTAIMA LAY NREL Phase VI 93] uriary

a A A < A 91 v o Yy <
YUA Stall-regulated VITDUAIIUITITOUANIN ﬁ)ﬁ]ﬁiqﬂ]lﬂ’ﬂ ﬂ’JiE]’E]ﬂLL“U‘Uﬂﬁﬂl&i’ﬂhﬂ?WNﬁ’Ji’ﬂU

So.

A I Y a A A < ° a o w A < ] @
e ld Iddszansnimgeinnuiranandr nazinamaegeganaus ran lugauniin
9

[

< v v W a
Qﬁ \Tﬂuﬂ’J'liJli"Ji@'mj\?@'lmﬂlJ'lg'ﬁiJﬂ‘lJﬂ\TViu‘]ﬁ!ﬂ Pitch control

gEE

507 —0— NREL Phase VI
40 —2&— Design 2Blades 100RPM
S
Ta/ / —©— Design 2Blades 142RPM
2 30
2
L=
(]
8
5 20 7
3
]
=
10
a
0
3 5 7 9 11 13 15 17 19 21 23 25
Wind Speed (m/s)

g s nlfeuievdszansamietsulgeldluseiu NREL Phase VI ihauiisou

2
GEIY



214

30

25

20

15

10

Mechanical Power (kW)

—— NREL Phase VI

—%— Design 2Blades 100RPM

—O— Design 2Blades 142RPM

13 15 17 19 21 23 25
Wind Speed (m/s)

31

~ = ~ o v A A 1 Y v o o A dg/
1 v.6 nfssumsuidurinamiol vl lufaiu NREL Phase VI Hauise1gaauy



MANUIN A

MIMUIUIIVAVINITiHaNN 8 CFD



216

MImuInzimMIlSeumsuussdaveslufaiusumanaasssiaiuisadiuan la
' 4 I o
Taed1991n 1150033 Fluent 1199910 CFD 1Junisvinamagvosdun1soysnyulaaz

o 2 & o o 2 o @ o
Tumudy Faldwamasiluanuduuazaiusrveai Tamuuas Iinasnsyssanuauuay

v v =

Y Aa 2 o [ a v @ Yy A v [ Y
anuAuim ludeiuaih ldnnamussdavesdainla Weinnuan p uazanudu
a v o | Y] a dAq o o Y dy =~ 1 a ° Y
W 7, dszgneunudmmiaiinavesnsanlylumsaai nnsviuiudazii 4 silv
° v 4 v d - A A I — A A A
AMUIUMIANDIVOWTININANNAUAIY F, = pad wazanundally F, =7 md 1o 7

N 4 9 ] a 09// [ g a o w 1
uaz M Avnnmes nilmileluiadminuaz U UNUAIMUE 1A AIoNIaZLS IR
a 9 1 1 4 ~ o dg‘ - ~ @
s lanindrudlszneuvensssinamaames vousins muadu (a) imisle o

A11150AIUINAIBNITTINGT Dot product YBILLTINNANNUAULALANUHHAVULABLHIAIY

9
v A

' y Ao 5 o o oa = o A g
ANUIPAUADTUDIULIINATUUAVU ﬂ’J'ngﬁﬂqu‘ﬁVILLﬁﬂ\‘lﬂ\‘]lﬁ\‘lﬂ’]ﬂﬂj’]‘ll@ul!agﬂj’]nrﬂuﬂ!ﬂuﬂ\iu

F, =

ISy
oo
+
ISy
B>

v (f.1)

A _ oA . & @ a s Y ' A Y
10 @ Ao Specified force vector FUVUNANYBIIAKOINABINITNIIVAWTIBNNTOLTIATY
F, f® Total force component, @ - F » f® Pressure force component, ¥ a -Fv A9 Viscous
force component
o [ J J J A o dgj o 9
dmsuTuuananes sausougngudnanifuady A f1uam 1d1ae Cross product
¢ o A o v 1 a9 s . & I ¢
YBINANBIDINUITININANNAULALANNHHATIMTVUAAZHIAENANDT 7, FuTluinnes
v 4 4 v 4 . &
nngaguinany A ligaisuvenss B awudaaalugii a.1 aumsae liiudainasivues

4 v W 4
Tumudsouga A 11nANNAUNY TUAINANUYLA
M, =7 ,xF,+7,,X (1.2)

4 o Y < @ ¢ ' ¢ v
wesmua A lidugaguinanimanyuvedlsmesszamnsomia luwudseuununyu Ia

] a v v @ 1 J '5 @ 1
FINAOUTILAVDINIHUUUDI 1Az TUNUANAININAULNUNYUADAT Flapping moment



217

Line of action of F

Moment center P

A i i i

"'4p

" B

.~ Force origin

A s a 2 s A o
gﬂﬂ f.1 IhlﬂuﬁﬂlﬂﬂﬂluiﬂﬂﬂﬂﬂuﬂﬂﬁTﬂﬂﬂTWuﬂ



MANUIN 3

a d' Y A A J =
‘]Jﬂﬂ'J13J°Vl1\‘13‘lf1fnﬁ‘ﬂ"lﬂﬁ‘ﬂﬂ]ﬁﬂWNWEWﬂ!!W{lHﬁZ?‘D]Qﬂﬂ‘]sl'l



219

A a ci Yo a2 A d =]
‘i18]“'5’0‘]]7]?]’313JTl“lf1ﬂ1‘§‘¥lvlﬂ‘5‘]JﬂTiﬂ‘WN‘W!WEI!!‘W‘i‘lu‘igﬁjﬁﬂﬂ‘iﬂ]

d‘ a U a
unanulunlszgpdnmsszaung

¥1ass

¥1ass

¥lass

¥1ass

¥1ass

¥1ass

¥1ass

¥1ass

¥1ass

a  a t4 o 'V v o
535N Haz NIY Iasauysal (2549). M391aeIns Inaruiiuanunuuenly
v 9 a A (v v o a
an17zAI@Ia28 CED. Mydszaadsimsiseniandsnunralszinalnansai 2
TInTauasIYEN
a a 4 o S " v v
53TUUN 1Az MIT IATANYIH (2549). MIT1A0UFIANAVV0INT Inar Ui uaY
o 2 a A 1T A A v
unuueuiinmstaly. msdszgainimsinseanedaanssunseanaurislszimalng
;Ad' v W =
A39N 20 I TAUATIIHETUN
Y a a J v o Y A [ [
5I3UUA LAz MI¥ Iasauysal (2550). mseenuuulufaiuanldangadinsy
Uszmalnelaeld nguiaasil. msdszyadnmsnseviandsnunvalszmalneg
e
A3 3 TaTANTUNN
Y a A 4 A o
535N Az NI% Insauysal (2550). v Tauimunzaulumssiaesnis lna

[

puneiuauinuueun. msdszgadvimsinseniedninssunsesnanvalszmalne

v
U

AN

~

21 JIHIA¥AYS

E]

=h.

a 4

535009 uaz N3y Insauysel (2551). ‘SuwiT Tusunsuivemsesnuuutazsziiv

[

a =) | v \ & n:' [ [
JYUDU. fﬂ5‘1J53‘12NJ‘U1ﬂ1§!ﬂ§i’)sll1ﬂWﬁQQ1u!!ﬂQﬂ§$!ﬂﬁﬂﬂﬂﬂﬁﬁﬂ 4 mm@umﬂgn
9 a a 4 = = o ] d'
DITUUN LS NIY %@iﬁﬂy‘im (2551). ﬂ'lilﬂiEl“]Jl,‘]/]EJ“]JLL“U“Ui]'IaﬁN’Hu’NﬂWiﬂmWﬂﬂWi

ponuuunazlsziliudaiuay. msdszyadvimsniedigIainssunsoananta

[ [

sz lnansan 22 sandatnusil

q

9 a A td o o 9 I v
BITUUN uaz NIY IATaNYIel (2552). MIUTVYTVVI109 k- SST Areilandu

msnieiriaoRnenganssutwitay. msdszpdnmamIevienasnumma

[ v A

Uszmalnensail 5 TaiansyTan

a a 4 o o!:l |w |'
53TuLN nag NIy Iasauysel (2552). unusrassniuiunlsulgednaie
o " v w a - R ) d' 1
Anems lvarunsivan. msdszgadsnimamIevieIainssunsesnaualszma

g’ltd' v v A )

Inansan 23 sariamealuy

a A 4 [ ad Aa
535009 LAz 3% ITANYIN (2552). NMTOONLLUNIHUANINUUBUAIITITING 1)
1 v adl a o a - R ) d‘ \ g’/
FWNIBIFIABaY. mIdszpinmansenadainssunsoananrsszimalnansy

[

1 23 arYausealvial



220

unanulunlszgpnmsninsa
Thumthae, C., and Chitsomboon, T. (2006). Optimal pitch for untwisted blade horizontal axis
wind turbine. The 2" Joint International Conference on Sustainable Energy and

Environment, Bangkok, Thailand.

unaNuluNsTNsNNNG
Thumthae, C., and Chitsomboon, T. (2009). Optimal angle of attack for untwisted blade wind

turbine. Renewable Energy. 34:1279-1284, doi:10.1016/j.renene.2008.09.017



221

Renewable Energy 34 (2009) 1279-1284

Contents lists available at ScienceDirect

Renewabl

Renewable Energy

journal homepage: www.elsevier.com/locate/renene

Optimal angle of attack for untwisted blade wind turbine

Chalothorn Thumthae, Tawit Chitsomboon*

Suranaree University of Technology, School of Mechanical Engineering, 111 University Avenue, Nakorn-ratchasima 30000, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 23 February 2008
Accepted 28 September 2008
Available online 20 November 2008

Keywords:

Wind turbine

HAWT

Optimal angle of attack
Untwisted blade
Maximum power

obtained from the data.

The numerical simulation of horizontal axis wind turbines (HAWTs) with untwisted blade was per-
formed to determine the optimal angle of attack that produces the highest power output. The numerical
solution was carried out by solving conservation equations in a rotating reference frame wherein the
blades and grids were fixed in relation to the rotating frame. Computational results of the 12° pitch
compare favorably with the field experimental data of The National Renewable Laboratory (USA), for
both inviscid and turbulent conditions. Numerical experiments were then conducted by varying the pitch
angles and the wind speeds. The power outputs reach maximum at pitch angles: 4.12°, 5.28°, 6.66° and
8.76° for the wind speeds 7.2, 8.0, 9.0 and 10.5 m/s, respectively. The optimal angles of attack were then

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Design of an optimal wind turbine has been rendered compli-
cated by many intertwined parameters such as blade profile, blade
taper, tip loss, variable wind speed, rotation speed, as well as angle
of attack, to name just a few. The issue of optimal angle of attack is
still not quite clear as in the case of an aero-plane wing wherein it
has been established that the design angle of attack is generally at
the point of maximum lift to drag ratio. The flow pass an untwisted
HAWT blade is much more complicated than that of an aero-plane
wing because of the changing angles of attack along the span,
resulting in stall as the hub is approached; in addition there is also
centrifugal force acting along the blade due to the rotation.

Twisted blade for wind turbine has proved to be superior to the
untwisted one due to its full utilization of blade area to produce lift
at low drag while providing a good starting ability. However,
untwisted blade type is still useful for small and medium wind
turbines because of its ease in manufacturing, hence low cost. It has
been suggested that the design angle of attack of a wind turbine
blade should be searched for iteratively by starting the search at the
point of maximum lift to drag ratio [1]. By analyzing a simple
analysis such as the blade element theory, however, it can bee seen
that power output of a wind turbine depends both on lift and lift to
drag ratio, and not only on lift to drag ratio alone. This suggests that
the optimal angle of attack might be somewhere between the point
of maximum lift to drag ratio and the point of maximum lift.

Numerical solution of flows through wind turbines has become
increasingly useful since it helps reduce time and cost in wind

* Corresponding author. Tel.: +66 44224414; fax: +66 44224413
E-mail address: tabon@sut.ac.th (T. Chitsomboon).

0960-1481/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.renene.2008.09.017

turbine development. Several authors presented results on rotor
flows using full Navier-Stokes codes for preliminary aerodynamic
studies and for code validations [2-8]. Effects of transition and
turbulence models were studied in Refs. [9-14]. Flows near blade
tip and hub were also investigated numerically [15-17]. The flow
through an untwisted blade HAWT is quite complicated to solve
numerically because of the rotation of the turbine, coupled with
turbulence and stall effects. The rotating wind turbine can be
modeled with static or dynamic grid method. The former was
proven to be more accurate for a transient study [9,11,14], such as in
a vertical axis wind turbine [18]. However, it needs high compu-
tational time and large computer memory. The method of dynamic
grid or rotating reference frame [3,5,6,12] is easier to implement
and it is appropriate for the steady state simulation. In this method,
the blade is fixed in the view of an observer who is moving with the
rotating frame of reference. The objective of this study was to use
computational fluid dynamic methodology to search for an optimal
angle of attack that would produce the highest power. The dynamic
grid method is adopted. The finding of this study should be a useful
information for a design purpose and is a perfect scenario for the
application of CFD to solve useful engineering problems.

2. Methodology

Numerical procedure is presented followed by the experimental
procedure with which the numerical results will be compared.

2.1. Governing equations

The vectored momentum equation in terms of relative velocity
(Ur) can be written as [19,20]
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Nomenclature c airfoil chord
r local blade rotor radius

A rotor area t time
G pressure coefficient k turbulence kinetic energy
. lift coefficient & turbulence dissipation rate
(b drag coefficient © rotational velocity
D drag force ] density
Eff efficiency of generator P freestream density
1 identity matrix w dynamic viscosity
L lift force Heff effective dynamic viscosity
P static pressure ) tip speed ratio
P.. freestream pressure yt non-dimensional distance of the first grid point from
Py overall power output the wall
Pgen generator power ¢ local wind angle
R blade rotor radius [ pitch angle
T rotor torque o angle of attack
Tgen rotor torque converted from generator power CSuU Colorado State University
Ty rotor torque converted from strain gauge DUT Delft University Technology
U; relative velocity 0sU Ohio State University
U freestream velocity (wind velocity)

ag—[tj'+v»(pUrUr)+2pwUr+pw(wr) vy R G =009 C,=144 (G =192 0, =10 0. =13.

where 2pwU; is the Coriolis force and pw(wr) is centrifugal force; o is
the stress tensor of a Newtonian fluid. According to the eddy
viscosity concept in turbulence modeling, ¢ can be represented as

7= <P n %ueffv-u>1 + fleft {vu + (vuﬂ )

where e = 1+ fi;; pe is the eddy viscosity that can be calculated
from a turbulence model such as the k — ¢ model (4, = pcu(K*/¢)).
In this study, the k — ¢ turbulence model was employed to simulate
the turbulent behavior of the flow field,

%(pk) +V-(pkU) = V- [(u +%> vk] +1VU — pe 3)

0 n ¢ &
30+ V- (pel) = V- [(u +¢7§> Ve} +CiegyVU - G (4)

where ;;is the Reynolds stress tensor. By applying the Boussinesq's
hypothesis 7 is linearly related to the mean flow strain tensor:

=y [vu + () - (%V-U)I] +§ka. (5)

From the standard k — ¢ model [21] the values for the five constants
were determined from experimental data as

Table 1

Computational conditions

Density 0.976 kg/m?
Pressure 80,592 Pa

Wind speeds 7.2,8,9,10.6 m/s
Rotational speed 72.0 rpm

Blade pitch 1,3,5,7 and 12°

CED algorithm SIMPLE
Interpolating scheme QUICK (momentum)

1st Order upwind (turbulence)
Standard k - ¢ and inviscid
Standard wall function (log-law)
5x107°

Turbulence model
Near wall treatment
Residual error

(6)

In this study, steady state, incompressible flow is assumed. The
numerical solution is carried out by solving the conservation
equations for mass and momenta in three dimensions using an
unstructured-grid finite volume methodology [20]. The sequential
algorithm, Semi-Implicit Method for Pressure-Linked Equation
(SIMPLE) [22], was used in solving all the scalar variables. For the
convective terms of the momentum equations, the QUICK inter-
polating scheme [23] was applied, due to its reported superiority to
other method. However, for the turbulence equations, in order to
prevent the unbound problems often associated with the QUICK
scheme the 1st order upwind scheme was applied [24]. The
computational conditions are as shown in Table 1. The computa-
tional grid is shown in Fig. 1. The solution is carried out for only one
blade domain instead of the full three blades because of symmetry.

Grid around the blade section is shown in Fig. 2. Rectangular C-
grid is used in the blade near field for a high accuracy of the

Fig. 1. Domain of computational grid.
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Fig. 2. Grid around blade section.

computation in the boundary layer using the wall function
approach; moreover, the rectangular grid is more efficient for the
local grid refinement. In this study, the y* values were varied in the
boundary layer to check for grid dependency. The calculation
started on a judiciously arbitrary grid, after that the local grid
refinement was performed in the boundary layer region until a grid
independent solution was attained. The final y* for grid indepen-
dent solution was found to be about 30-250. The circular interface
between rectangular grid and triangular grid was merely an ad hoc
trick to expedite the change of pitch angles during the numerical
experiment.

2.2. The experiment and its data correlation

The joint efforts undertaken by several European Union research
labs and the United State’s National Renewable Energy Laboratory
(NREL) [25] has documented and made available experimental field
data for several different wind turbines. The data that is used in
comparison for the validation of the numerical solutions in this
research is the experiment of NREL Phase Il Wind Turbine [26]. The
Phase II rotor rotated constantly at 72 rpm and rated at 20 kW of
electrical power output. This fixed-pitch, untwisted rotor sized at
a diameter of 10.1 m and constant chord of 0.458 m. The blade

rotation plane

U, u

Velocity diagram

(Toon ~Teg) Tog X 100%

Wind Speed (m/s)

Fig. 4. Ratio of torque from difference instruments.

profile was that of the NREL's S809 airfoil through out the span with
some modifications near the hub to blend with the hub spar.
Regardless of wind speeds, the pitch is fixed at 12°. The blade
sections of S809 airfoil and pitch angle are shown in Fig. 3.

The experimental power outputs were measured as electrical
power output from the generator and as shaft torques from strain
gauge. To convert electrical output to mechanical power input at
the blade, an efficiency correlation is needed and was proposed (in
%) as

Eff = 100Pgen/ (4.53322325 —~3P2, +111.5023Pgen
+ 150.0035). ™

This correlation is not perfect and inevitably contains some errors;
in fact this is the second correlation proposed as the one more
accurate than the previously proposed one.

The shaft torque measurement also requires a correction from
calibration as

T = 1.08Tpmeasure + 15.16. (8)

However, the measured shaft torque was possibly disturbed by
blade flapping which is an embedded error in a typical wind
turbine experiment. It is observed that the blade powers computed
from the two methods differ by as much as 11%, as is shown in

Fig. 4.
b = T Thrust
Lift (L)
Drag (D)

Torque

7

e,
-

Force diagram

Fig. 3. NREL's S809. (a) Velocity diagram. (b) Force diagram.
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0.5 0
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xlc xlc
80% span 30% span

Fig. 5. Comparison of pressure coefficients (10.5 m/s). (a) Eighty percent span. (b) Thirty percent span.

3. Results and discussion

Though turbulent flow was assumed but inviscid calculation
was also performed in order to compare results of the two cases for
academic purpose. Before the numerical experiment is attempted,
the reliability and validity issues of CFD to the particular problem
being investigated should be established. The results will be pre-
sented in terms of pressure coefficient, which is defined as

(P—P)

" 05p, {Lﬂw + (wr)z] ©

G

Fig. 5 shows the comparison of computational pressure coeffi-
cients with those of the experiment. The numerical solutions, for
both the inviscid and viscous cases, are quite close to experimental
data at 80% span (Fig. 5(a)). It is interesting that along the first half
of the pressure side the inviscid results compare better with the
experiment than the k — ¢ results. At 30% span (Fig. 5(b)), however,
the suction side for both of the predicted results is not in good
agreement with the experiment; this is believed to be due to the
effect of flow separation on the suction side because of a high angle
of attack. The inadequacy in representing a separated flow by the

k — ¢ model with wall function applied is well known and the
inviscid assumption is not valid in principle. On the pressure sides,
however, reasonable agreements are still attained. The velocity
flow fields for the k — ¢ case are shown in Fig. 6. It can bee seen that
the flow is attached to the blade at 80% span (Fig. 6(a)), but is
separated at 30% span (Fig. 6(b)). Fortunately, these pressure errors
do not highly affect the computational power output because they
occur at the inner blade span which contributes little to torque,
hence power output.

The comparisons of rotor torques are shown in Table 2. The
generator powers are converted to torques using Egs. (7) and (8). It
is noted that the viscous results compare much better to the
experiment than the inviscid results; this is anticipated since
inviscid flow lacks viscous drag. At low wind speed CFD compare
better to strain gauge measurement than to the generator
measurement; but the trend is reversed for the high wind speed.
This is perhaps due to the fact that at low wind speed the blade
flapping is low, thus the strain gauge measurement is accurate
while the generator correlation is not accurate in this region
because it is far from it design operating condition (part load.) For
higher wind speed the blade flapping is more pronounce while the
generator gets closer to it design operating range, hence the reverse

80% span

30 % span

Fig. 6. Velocity vectors of computed solutions (10.5 m/s). (a) Eighty percent span (b) Thirty percent span.
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Table 2 a 12
CFD results compared with experiments
Viscous ~ Wind speed  CFD Measurements 1
S (mjs) Strain gauge Generator

Torque Torque %Error  Torque %Error 0.8

(Nm) (Nm) (Nm)
k-¢ 72 2805 28622 -200 31726  -1159 o 06
Inviscid 405.0 4150 2766
ke 105 114435 120739 -522 119004  -384 04 ~—Re 300,000 C5U
Inviscid 1509.36 2501 26.83 - Re 500,000 0SU

~o—Re 750,000 OSU
0.2 —+—Re 1,000,000 OSU
: —+— Re 1,000,000 DUT
trend in the correlations’ accuracy. In general, the viscous compu- 0 s : . - - .
tations seem to give reasonably accurate solutions, both quantita- 5 0 5 10 15 20 25
tively and qualitatively. Angle of attack (°)
The above validation was conducted on the 12° pitch case which Lift coefficient versus angle of attacks
is the only case conducted experimentally. With some confidence
in the validity of CFD for the particular problem, the pitch (hence b
angle of attack) is now varied to see its effect on the power output. ——Re 300,000 CSU
Only the simulation for the viscous case was carried out. The pre- 120 ~#—Re 500,000 0SU
dicted rotor torques at various blade pitch angles for wind speeds, —2-Re 750,000 05V
72,8,9 and 10.6 m/s are shown in Fig, 7. It is clearly seen from the 100 S ReL00N MO
figure that pitch angles, hence angle of attacks, strongly affects the o =+=e11,000,000 DUT
torques, hence turbine power outputs. Observe that the percentage o &
change for the lower wind speed case is higher than the higher 8
wind speed case. Using the least square fit with a third order 60
polynomial which are shown in the graph, the blade pitches that
yield maximum mechanical power outputs are determined to be at 40
4.12°, 5.28°, 6.66° and 8.76° for the wind speed 7.2, 8.0, 9.0 and
10.5m/s, respectively. More analysis is in order here to give 2
a reason to these differences in the optimal pitch angles. q
The angle of attack can be calculated from the pitch angle by the 5 0 5 10 15 20 2

relation:

o= arctan(u—“> -0 (10)
wr

where « is angle of attack, § is the pitch angle and r is the local blade
radius. Note that the wind angle U., /wr here is computed without
the ‘induction factor’ correction as is usually done in the blade
element theory. By using the previously determined optimal pitch
angles in this formula, coupled with the traditional design radius at
80% span (i.e., r= 0.8R), the corresponding optimal angles of attack
are computed to be at 9.18°, 9.44°, 9.80° and 10.26° for the wind
speeds 7.2, 8.0, 9.0 and 10.5 m/s, respectively.

1400

¥ =-0.093x" - 7.1483x + 146.71x + 573.8
1200
1000 .+ y=-00544x" - 7.7194x + 110.05x + 599.06

i y=0.0062x -7.7588x" + 81.474x + 583.61

\ //“"’\
800 /—«—\

Rotor Torque (N-m)

600
400 o CFD(k-) @10.5 mis|
0 CFD(k-t) @7.2 mis
5 CFD(k-t) @8 mis
200 o CFD(k-¢) @ 9 mis y=0.1199x" - 8.647x" + 65.086x + 537.28
¢ Optimum Pitch
0
0 2 4 6 8 10 12 14

Pitch Angle (")

Fig. 7. Computed rotor torque in various wind speed and pitch.

Angle of attack (°)
Lift to Drag ratio versus angle of attacks

Fig. 8. Wind tunnel test data of S809 airfoil [27].

To shed more light into this, the experimental lift coefficient and
lift to drag ratio versus angles of attack, as shown in Fig. 8, will be
used to help analyze the above results. First, it is computed that the
Reynolds numbers based on the relative wind velocity for the wind
speed 7.2-10.5 m/s, with rotational velocity 72 rpm are about 7.8E5-
8.0E5, which are close to the 7.5E5 curve in the figure, hence the
curve 7.5E5 will be used. From the figure, it is noticed that the values
9.18°, 9.44°,9.80° and 10.26° are very close to the maximum lift in
the pre-stall region. Moreover, the higher values of the optimal
angles of attack for the higher wind speed cases correspond with the
rightward shift trend of the peaks of the lift curves for the higher
Reynolds numbers. Note also that Fig. 8(b) indicates that optimal lift
to drag ratio for all the Reynolds numbers occurs nominally at 6°.

Note that if  is reduced from 80% span the angles of attack will
be larger for an untwisted blade and the flow will finally stall as r
reaches a certain value. On the other hand if r is somewhat larger
than 80% it produces less and less power because of the tip loss
effect. As a result the 80% span seems to be a reasonable design
span. At 80% span, the results from this investigation indicate that,
unlike aircraft wing which is often designed at the point of
maximum lift to drag ratio, the wind turbine seems to be optimal at
the maximum lift point. This is quite consistent with the blade
element theory which indicates that wind turbine power depends
strongly on lift and relatively weakly on lift to drag ratio as is shown
in the following analysis:

From Fig. 3, it can be determined that overall power output
coefficient is
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Py [Lcos(90 - ¢) — Dcosg]wR
0.5pA03 0.5pAU03,
Lcos|tan(¢) - D / IJoR

0.5pAU3,

(11)

where R is a global average radius of the blade. It should be noted
that the analysis here precludes the induction factor at the rotor
plane; this is an idealized factor obtained from actuator disk theory,
often used to determine an equivalent reduced wind speed at the
rotor plane resulting from flow spillage to the perimeter. From Eq.
(11) tan ¢ is equal to1/A, where 1 is the tip speed ratio (turbine tip
speed divided by wind speed); its value is typically around 3-5. If
A=41is used we see that tan ¢ is an order of magnitude large than
DJL which is typically around 1/50 and smaller. This is why the
effect of D/L is not significant in wind turbine blade design and lift
alone is the dominating parameter, as is suggested by the analysis
of Eq. (11).

4. Conclusion

CFD is used to predict the optimal angles of attack that produce
maximum power outputs for an untwisted horizontal axis wind
turbine for four wind speed cases. By using the 80% span as the
basis for design, the finding indicates that the optimal angles of
attack are the ones near the maximum lift point. The angles are
slightly larger as the speeds are higher and this is consistent with
the shift of the curves as the Reynolds numbers are increased.
Under typical design conditions lift to drag ratio was proved
theoretically and confirmed by the computation as insignificant
design parameter.
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