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Aerodynamic optimization of a megawatt class horizontal axis wind turbine
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ARTICLE INFORMATION ABSTRACT

Original Research Paper This paper presents a fast and efficient aerodynamic optimization method for megawatt class wind
Received 12 July 2016 turbines. For this purpose WP_Baseline 1.5 MW wind turbine is used as a test case. Modified particle
Accepted 28 August 2016 swarm optimization (PSO) algorithm is used in this study. PSO parameteric studies are conducted, to

Available Online 26 October 2016 ; - S LU ; AP
valable Dniine cloer increase both efficiency and speed of optimization cycle. Since in aerodynamic optimization, it is very

desirable to limit the number of the variables, in this study geometric class/shape function

gﬁ,{ﬁ;‘iﬁ;on transformation technique (CST) is used for blade geometry parameterization and the appropriate order

Aerodynamic of shape function polynomial is proposed for S818, S825 and S826 airfoils. Improved Blade Element

Horizontal axis wind turbine Momentum (IBEM) theory is implemented for wind turbine power output estimation, and validated

Particle swarm algorithm with experimental and Computational Fluid Dynamic (CFD) data of AOC wind turbine. The
aerodynamic data needed for IBEM is provided by XFoil software. XFoil output data for pressure
coefficient and wall shear stress which are validated against experimental and CFD data, are applied as
the aerodynamic input data for IBEM method.
The twist, the chord and 3 types of airfoil for all sections of the turbine blade are optimized using IBEM
method. Optimization is performed with realistic constraints to produce feasible geometry. The
performance of the final optimized geometry is simulated via 3D steady incompressible Navier-Stokes
equations coupled with Transition SST Model CFD simulation to predict the performance improvement.
The results show about 6 percent power enhancement for WP_Baseline wind turbine.

Please cite this article using: “lod odlul Jod wryle 1 dlio ol s gla (51

A. Nejat, H. R. Kaviyani, Aerodynamic optimization of a megawatt class horizontal axis wind turbine blade with particle swarm optimization algorithm, Modares Mechanical
Engineering, Vol. 99, No. 9, pp. 9-99, 9999 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Fhols Ld) Suea 9 lxi juel

olyd PSS [ai,\_)gill Il odlaiwl b (5l9lio 03) i3l J9xo S (195 © 3 Sxolia 39 2T (6 lwdisgs

3 oeF OlF Sileaing a3z kel G lp g v Gy )08
5 Irdee 285 13 aubre 350 gous (giluaned awgs Ll g Lol
SaS Ly 5s b s en G 4l Sileain 5 >k [11] o Ken
Bbdd 5O oolazul 3,90 J.\Bﬁ).'l lools ‘al.'>u| 0y uLo.” o;}5):> o)‘lv\jl daj.laa
Slole DYl Swlos 5l eolaul b Lol ical 00 809- Ll L]
Lailodges = Slel oo aigy oy

T2 3359 Sloike 5 (Swalndg pl (siloaings [12] oy5en 5 5551
Olgiss ool Cawdy (65,50 00l ples Coord Ol Gadzs jo Ladsly ‘aL'gu'l )
oy Jsb 5l wog o le t5>|)Ja Gl e Ll ol colaiul Bua é.ll.\
S 6x55] Gy v 03l s sz S e Sy sl ¢
20,5 2.3 5 Sl 63,90 aalllas sly g8 Sloe @ 63k eiys
9 Sy Oledel Caws 4 (65,8l Jlasinl gl oo ples aije yo LialS
al 2y S1Be 5 5ok ayg 0n (Seelizdgnl sileaige [13] ol
a5ly ilwaigs olisl Gaisg joaiols plil 0y Hledl 8 > o5lail (6,655
g oad plowl pp o3l eslanal by Sy piysSl l eslitul b oy
ol ool Gl Buas 1l lgie a4y Aldle (65, adg

4 s oy Seslisog ] Sguge o s oLl ole &5 Sliass e
4 oy 0, Skee a5 Luil 5l Ll oo axsloyy waie gl el )l 5l i
ol i ye 0 i sl 5 59 Jsb @i g nl JSB felil 4w ye
Jidpl g9 4w b Sy g S aly Glede Sl adlhs 5l Sas
Shoolial bl goels S o 5 S 90l (myg 0 o 8
Solwdings ;0 (owdid sla pxio oL olass 4y a3 b sl ailinadly 9.8
Ol 8 s A Slasle SVl Sl 1 oslaiwl ogr yule; 9 0y
S50 g main (3903 bl (e @ gy Sl Beow
3 Sose gl Uas dnlxe .l 00 oolaiwl 0 ladl &S > o3l g,
IS milgs glabez iz sl a0 5 sl 0oy plosl b, SIS0 sleads
Oial38l sl el oals yuas B26- ! 9825 - ol B18- Lyl g8 ! sl
il (95 95 2 bl adlas sileaig 45z Cep s TS
el oals &)1 golpiny slo el b g sl oals plol &3 ploosl

e Jl38le 5SS 4 (ilaainge 4l SG Baw al 4 G, Sl
plol Gados cpl jo a8 IS sledig, (soled (pmivw Ll ol oas aiings
Gilwands jleslanl b oles awasn Ll (g5luaigs plbxl 5l w9 00l
Sas] Jow b S gl gl S¥olee paul o515 4 Lh-cdl> (gom aw
el ol e Jlael by as Jsl 6,38

Sl plxl (395 -2

031 bl &8 > 031wl g 4 Seolydg T Slwlne =1-2
B, o1 dse 5 o 5l (ot ol £ o ol ay ki
ol gl ogncl g3k Guyg op sl LI late pu dnilre
s 4y el oa ool rdsi [14] ool (65,1 slos S LS s b,
Lk el pbigsgaze sl oy Hldl &S > ojlail 4 ks Sole
e 503 305 69k (g yFe agly o a5 Sloj oy plell &S > o5l
Sl vl i og ladl S > ojlail 4y las cusgase 3 K (S Cens
@om 93 Lolul o Glall )3 oaisS Jos (lagyed a5 55 (o0 IS8 (53
ol SV o8 ol il o 45 0ol 0y sk 5 o,z g e
Ol Wlgi oo &5 2508 3929 (o5 Sl JLaS Dl 0y Jsbo 0 45 3l

°. Blade Element Momentum (BEM)

11 olesis A6 0,95 1395 (yaus (puide Swlfe wire

dodo -1
Lo ol 5l sslinal Csllacl Sl 5 s clacdgm plid Lials
2000 Jlo 51 cal oges sl 1) ndy oo 6550 @lis @ 5l o
1] sl oas 009381 (g0l 3 e yb 4 00 )0 24 Al j Lo sk

L plasl maw 5 535 o 5B ok b 2 s g )lseal
Sk zr bl Sin ool oy 5l eslial b amsoe I3
[2] o5ie walp SYL Co g a8 GHLAZEI L 0k ol 4 (e
oRIB gy a8 e g ol Cepe S b (g (2 Sk Dja8
gl Al 53 st byl aio S5 ol lagmys o (3] b
52 500k e bawgis ol a5 Jl> j0 Sl 168 anze b ool 55
3 ol el 6ol lagmy bwgte (g il Sglite adlate g y9iS
penl 3 [A] el Sl 31 Ul 5o ol e ol 5 sl SlslSe 1.34 Lo
ot G 0l Gy Cato san] jo SlglRe (WS ol slagm s
PN

Jinl Job g 5y iam agly Jold g op (owiie Slasiie
S92 Sl Slides )l ob gl Gl Jlasul js oSt aE
4 13l [B] 555,09, el o plmil (g0l 95 (Swaliadg ] sjlwainge
el 03503 6308= JF sl 1=l ol (55 1‘5“"3‘;l b s il
oledl a8 1> ojlail ayylas 51 eolazwl b by ys8 oles «gilwdinge a5 >
3395 5Lk Sl P Gy 5 e cnl o el 0 asulns 0y
ol slalysh ! (sly Saolizog ] sloools el o ool Jysi !
odal e [6] 3Ji95w‘gi' S8ley 5l eslaul b (gilwaty ad 2 o
ol 1, samgs ol csidan d Bl g, 5 oslisad b o5 ol o
S5 okaps S ookl Ly ogh pl g5 4w [7] (500 5 e a0 o0
2by oy lal p 1) Bigdnl Goged bl plinl . sledges aig
ey sl 1, P dasi] (Sealoognl Sl 5 eols bl sy simte
ol Bae 2l wles G s sl g8l (Solnsgpl lps (056!
plod sl 00gr Ly (5955 wupd 4 T o cord S GekoS
g odd ax LSy 7u9~l’ SBlp s 5 B cnl ) eslitul 5590 sl i
e mSel 5138l 5 5 0 Ll 2 > ojlail g 5l ealizl L [8] gskié
o905 a3l Paulim s Sl g ey sl 5 Sy il sl
Sezse slacksdnl 5l sl acgerme sl n hgdnl ilutige sl 5l ool
ool 826 ol 5825 - Ll B18- Ll sl sl sl cosSals oot
b9y 5l esliil b 1 samgd hgdpl (silodinge [9] LonSiler el 0050
gl alsbee e J3dla s ST L 1) (Saliog ] Slislone 5 bl S
&b g oog 2y Gy Geiod (nl )3 oged rwlL gy el o3l ploxl
GeizS Gl 5o Sl 03g Ly e a1 cops S R Gan
e yd 5l el e o sl e y3 341 Jobee (sluy 955 i pe RS
Oy 9 el g lai 51 [10] ) Ken g soludl ol onal Caws s Ty
OmF S on G sl 5 Py ileaine sl on Gledl 25 > ol
ki el oogad oslitul (SLLS w8 S el (B e (3L
s Bk ol > Ban i s eslind oy asl rlib (sl et

* AOC 15/50

?Non-Uniform Rational B-Splines (NURBS)
® XFoil

“Panel Method

® Bézier

®Rfoil

"Python

SWP_Baseline


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ud) Suea 9 lms ol

S0 pla 3l @k g8l jl e Slisuwl by (Slgle 03, LSl Jg=e b uI9s 033 Solis 39 5T (5 5w diss

byt G JUs! kST Jao -3-2
Sl s (o9 Jue jelite 4 00t 5b 4y glalolae g5 sledus
A5 P ilnbone SV Sligs s T3sy e¥sles o sl alsn,
Mgy 0

e S g e ags o5 T by s Ji) (S2as] Jos
PRUS CEEA RPN EVRICTARN ERN S ROWH E IPRPREDN 1 ! 21] ROWIPRE
(Soasl Joae S e oslimal Mokt 5 s PSagk S e wslalsles
Sad bolS 5l Bl ol Gl ileand o Gy i Jlesl
Sl Bagh S Jaa 51 Gogy cnl g [20] el 0ag 3350 egSae
e @l 650 0929 b agdioe oslitul Jlas o35 by sileans
3509 Olyr wesl Slasie & Joo ol Glss Suo5 4l o Kagh 5
3 o e JU (K588l Jge,8 a5y il el ol 95 31
o))y OS> aiS oo g skl =S Je 4l 5l 590 4l
el oy @81 [20] ), Ko ¢ yiie Guiows 48 b, o

3 ploojl (g ilwainty (b9y~4-2
Camb 5l oS Cl (gileaie b9, S 12‘1")5 Pl (g3l by,
iyt G 5l B0e S g A (895 &5 (alSln el oud a8 S sl
S 4 429 b S e (o el 0 98 e S e S end
13 oad a3l Condge i g ogs alibl s oad wislid Cosdye
w5550 51 e 99 1S |y 055 S5 e 055 elatzl o5l

nls

"

s asdllas opl j0 o)l 0z I plol (leaig
[21] el (5,4) Lailg, & j0 as 4S” el sy oolizul

new — ,,old local best old
Umn = Umn + €1 X1 X (pm,n —pas) + (0%
global best old
T X (pm,n — Pmn (4)
PREY = pold +w x vy (5)

. . new . . . .
Slade Pmypn ¢, &€ 0 Ump | Ls"")"'.’.‘ O W asly CJ‘l‘ o as
Gy 30 B leSs mje b Jis Bolay olael?y 77 w)d

17 z . 16 Sl s
Tseleiz! (650h) oy g Rl

. lobal best
Lug oad 4l oz cnyiee Do

el 0o ools S g ilwaings ogu 2 S o el oty s

R local best
Sl o e Pmn

9 a).S sS.a alsél> )0 Ogge

S ibdings 30 o3lakul 3350 313! S sliel 9 &3k 00kT -3
Sl () o lasl -1-3
3 09ee S dnl Sl plo e S8 b Soelion o9y 5
gl yo ol 5o ools Gllail id ax o e g IS0 &l 3 S
sl 0013 s =l Jag ! () HLed gelans g (VL) e

miee (3 US2) UKt @b blis o0 Gelaie (slalor wiz az o i
IS5 535,55 )15 asdllae )90 Wb o adgil amais ol 5 5 ol
Gilise slaaz s b S5 alss Loy 825l onds audsi sl slo isd ol 4

7 Reynolds-averaged Navier-Stokes (RANS)
8 Computational Fluid Dynamic (CFD)
9 Shear Stress Transport (SST)

10 k-(.l)

1 k-E

2 particle Swarm Optimization (PSO)
3 Local best

 Global best

' Continuous

'8 Cognitive constant

*7 Social factor

Sl Sloysisy @ln Ghey cnl ame po S obml op Job cwx o
el (g teS Z8s gl on Job 3 sk jlas GLalS g YL L
Se 2l )T 30,5 Jae Jols Lol 4y ks Ko slacgsgass 31 Ay
ey o agly Sl aculre jo Slgl g QU slace s Ola S0 b
ojlal g ks Vb yo oad S5 lacusgame vf) @l (63955 lor
slp slzel JB Jow o pleie @ 00 b ay op plll oS >
Sy n o3l (G3b Gy 0 53 (Sl oy g (M o e Al

S 5,5 e Sype Mol 5 loyly ki ol 5l solizal 5 L3
o Ceand 3 laals,F o5, 5l bl ol ol 1atl e 5lge ol Jols
04 5 25,5 LWl ot cln 35l ol [15] oy Sy
[18] * Sy (Suilels 31 Mol 5 [17] P 5 3Ll [16]

Jsoz 45l hgdnl o slpon Lol &5 > ojlail ould arge b,
Siludinr Job yo 45 o)ls it ale> sLlg; 5o (Sealiadgnl ulpo
29050 dntd JdSal JRle 5 Lo

059 dwdid y3g0d (5 kol yly —2-2
s_)j.Ua..o )L..wJ LEJM Slass ub)s Sgdxe ‘g‘;{"“L"o5)"—| LS)L“‘A’“'QH 6‘)"
awsin o3ge3 syl sln [19]° S0l hey Bk nl 5o
L kbl o sln Soliom Gho) slaaite 1 JS 1355 o0 o3litul 0y
Qo oo lad

o (B dwiin oni lp G B S (Sl Sh9y 50
ools igles UK a5l ool b 413 4 il agly 5 alos ad glass

gl n iy yal p3 D ygar (Sl Ghg,y g o0

§=CQ) xSW) +pAs 1)
@) =L -y) ?)
= n!
S@) = Z 4; =) @A-yP)y Ty 3)
=0

sz o Ap s il 55 C Y= XC 5 E=7IC 55 L, o

. 6. ..
IS 5 oM @b sy 4 S () 5 C (1) ol " iplidlyp slabex
el 0 25 [19] 1 1 Lrogs 5150 &y 41 Spel o Ll it

[.eading Maximum Boanail Closure
Edge Radius  Thickness and Angle Thicknes

its Ux:auon/ \

0.2 04 0.6 0.8 1

W xXc
Fig. 1 CST variables for a typical airfoil

Ji98 ! S sl (Glow gy sl piie 1SS

! Tip-loss correction and hub-loss correction
2 Glauert correction

® Tower influence correction

* Dynamic stall model

® Class/Shape function Transformation (CST)
® Bernstein

11 o jlois 16 055 1395 O ORI Sulle w e


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ld) Suea 9 lms ol

S el )l @k g8l il el by (Slgle 03, Sl Jgxe b uI9s 03 Saolis 39 5T (5 5w disg

0.6
e QOriginal
3 04 6th order polynomial
S
“ 02
0
x'c
0.4
¢ Original
02 6th order polynomial
IS
“
‘0.2 T T T T T
0 0.2 04 0.6 0.8 1
x'c

Fig. 3 Airfoil $825 shape functions and the 6" order fitted polynomials
for suction surface (up) and pressure surface (down)

(YU) 2o gebans 5o )T o o0 ol lail o 4z po imeie 5 JS3 ol 3 S
825 ol gl (o) Jlid o 5

0.12

0.1
0.08
0.06

0.04

---=- 6th
7th

—e— §'th

0.02

ylc
=

——G'th

-0.02

-0.04

-0.06

-0.08 =+ r T v T

x'c
Fig. 4 Regenerated airfoils compared to S825
liss glaaz ;s b JSo @ls s 825 ol ond adgisl slo gt nl 4 S
adsl bgdnl b anslia o

IS8 @b a0 o e sl s polie 1 Jousr
Table 1 Error amounts for the best shape function order

4 e Ol Sl el

slalex six Bllo sl ko gl Jis
6 0.000881 0.0037 818- !
7 0.000796 0.0033 825- !
7 0.000795 0.0032 826~ !

oad oolitl b Sol JIBle 5 5l Bz cnl 5o sl (nl sln 05
b gy Sl st o g (slaools i jlitel (gl e
S sbosls b 826- ol 5 825- .l 818~ ! sla igdpl slp Cp

11 o plass 16 0,53 1395 ars o yw)e Sple L diico

v
Input Data (Geometry, Wind data...)

| CST Method (Geometry Parameterization) |
v

A 4
—Au’-foll——+ XFoil (Aerodynamic Coefficients) |

» | IBEM Method

i

Initiation

Chord & Twist

Aerodynamic
Calculation

/ Power \
Yes Increased? No
Assign  New Keep Previous
P_local_best l P_local_best
Assign Best New P_local_best to P_global_best
¥
Calculate Velocity for Each Particle
v

Use Each Particle Velocity to Calculate its New Value

SOPSO Optimization

Optimization
Geometry Converged?

N CeD

Fig. 2 Optimization flowchart and implemented methods
o3l 3590 (sl 5 (3l )lasld 2 JS

Generate New

Yes

4 US55 85 jebolen cosl ond ools Lt 4yl Liginl b awmlie o
bkl 7 4z 0 U Glahem aiz ax,0 il bl oals ool olas
2l a4z 5l e Ll dgtioe i (ol hogdpl b ond adgisl Jigd !
o ge ol Ayl (S 5 S5 Jogd ol 8 ad jo 1S s
&b (B18- ol wile) eeis bl lp 45 wese Gl s
bl o ool g anulsS b (S 5l Sl cle 6 az o IS0
a2y ol o plol 826+ ol 5 825- ol 818l iyl 4w sy
slar xShe olol poadsl hsdnl » Gate Glaber s (nye
a3ls 5 5y (1 Jsaz) spde Sl Pallas sl STam 5 slhae
Ohgy Jole 45) B 4z un slagmie Sl oeslitel L oon iaw
o (g el (55 00l J15 S byl LS g 5 ] ool oo
Uiz dgly g g cawl oal ooy Lis 6 95 Gl S jo a5 jsbiles
Wl (el iz aly 5 59 b (295 GLbl Ay, cal b st adgisl

s 98 5l Scralin 29 T ol pds (s0hn390 (Zrium y Ll -2-3
3% uLo.” C,S).'> o)‘L.\Jl 0l g N, ‘;..a‘ équm )| é
ags 4z, 1180 U -180 ale> aygly sl Wb lahsdpl (Sealnsg

! Mean absolute error
? Max. absolute error



https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ud) Suea 9 lms ol

S0 pla 3l @k g8l jl e Slisuwl by (Slgle 03, LSl Jg=e b uI9s 033 Solis 39 5T (5 5w diss

50 Jaga5 @l 51 Lanlss by g el 30lo 826~ Ll 5 825~ ol 818~ |
Saalizognl calpe glypial o8 bl 00,8 o0 s)lo0g5 S0 Jusd
wlpe dnilre gl @3S 0 Spge e hBS! BleS by
S¥les ol 5 sileate 432 50 0ad adgi gladisd il Seelinog
g oo oolaiul

My Sl Ghe) by hbnl avse (gileange 52
i 398 (o 2 3 P9 (3l (AU sl B sl o3Y (nl ply 398 0
o0l ity (b9, Lawst wlmqsels GenysS (79 Ol Arlre Sl e
e Ol dmsle 2 Jgaz ol 0ad olitl o lodl &S, ojlall
9 Sl by 3l deols (Senlnsg ] Dledol sl oolinul b 4= 92
S ol SleMbl b aglie jo alidee sladisdnl slp b mSol 53l 5
Uhgy ) eslaiwl sl oo oamlive aS s jles Ll 0350 &) 1, oL Jigs
o0 (g sl hals el b igdpl Gl Somlsw 09908 bl
sl okl Slogran Wl dlle ol Uk !

5o s i s -3-3
Slel s slp L5..;—5|—'| ob opyg o208 Sledbl 5l Bdow ) o
ool oolaiul goue J> g, g 0y uLoJ‘ &Sy ojlasl e age o9y

S 3 e il 7o OlF Sl e 15 e al oy b

Fig. 7 C-mesh for S825 airfoil with 5 face zones (right), near airfoil
mesh (left)

o) 825 ol 98 ) GBlybol 4t g (ol Canns) o olone 4 T JSib
(Govs J> le)'.' oolauwl Sy (w

0.0E+00 1.0E+06 2.01:+06 3.0E+06

NoE
Fig. 8 S818 airfoil lift coefficient vs. Number of Elements (NoE) in 8
(deg) angle of attack and 1.5e6 Reynolds number

30 Sglite el slaws b gloaslos 5l ol 818- Ll Jigd ! (T o yo 8 Ui
Ogebeo 1.5 jalat ) s0e g 4,0 8 alex> 445

3
E2 1
=1
g
511 n
®  QOriginal = §'th order Bezier
0 T T T :
2 .4 ; : |
0 0 0 R 0.6 0.8

Fig. 5 WP_Baseline wind turbine regenerated chord compared to
original one

Al )3 b 4258 p @b bgi b= oselis 8 00t wlgisl 59 5 S

adsl s b
95 — -
—— Original m  Bezier 6'th order

= 90
3
=
Z 85
£ 80 |

75 T T T T

0 02 0.4 0.6 0.8 1
R

Fig. 6 WP_Baseline wind turbine regenerated twist angle compared to
original one

23R a8 g ali bgt alm eelid (rysi ot agiibiop o B S
adgl o i b anslie

ot dslie hoboe SVl Saliys @l 5[23,22] sl Jigs 5l ol
digpnl S aSt 5 (cudly ) S i aSs T S
Sy o e plid 1y gone J> (sl oolitul 8550 (o Coo) 825l
EURP SN LIV PR W -+ i U F VS P A K VO P PR S L Ui
) ol Sl aay 57 Jistal Gle b3 bzl 5 gl culss
ot oolical (818- Ll (51) Lol 38 Sams 5 (yelee S5 U (826- ol
oSl 29l 2L o515 5 Lhmdl gam 5o WYl I o sl o
m Gk s 33l enlial P38 8y i Jlil (K2a5T Jae b ol yan
4. .. e . oo .3
o3l Lid (el pgd dsiye SlSe (gils A ol 433, IS U sl
Joe el oo eoliiul ol Bl # 5 5 (Suadl i 5,0 oS,
1225 lso JBs sgdoe odliial (550 Ly plsie 4 (s (295
NP, e -5, .. . ¢
4l oy p,55kS 107X 17894 oo ayjsSisy 5 oo 5o 2 p 5k
2 sl el sad ol 107 L Sen sla b Canl o ulass
U5 sl 5l e el Ky sga * il 0ijl 5l ded 6 b dnslo
Sglite el olass b glaaSiss 3 Jol> 818-ul Jisdnl sl wuys 8
Ao o ol |y edie 1.5 500g; sue g az,0 8 ales asgl; o
s Sl oYl Salis ol @b anlie 9 USs
a0 e GLa3 1) 826- Ll hisdnl Jlid cuypo o2 polie b hsd S
Gl iz slgdg, 51 Jol> slaosls gl oo ounliv a5 jsblen
bl aw o 050 50 dlue al aamd e S S L ) (09

* Camber line

2 Shear Stress Transport (SST) Transition

*CFX

* Semi-Implicit Method for Pressure Linked Equations-Consistent (SIMPLEC)
® Intel® Core ™ i7-4702MQ

11 o plads 16 0,53 1395 yars « yo)0 SailSe ousditco


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ld) Suea 9 lms ol

S el )l @k g8l il el by (Slgle 03, Sl Jgxe b uI9s 03 Saolis 39 5T (5 5w disg

Sl p3o adye e ile A ol 0358 Cliorns osliial 350
oas solitul ols W &5 Sasl s 6550 oS > ojlal o jLud
9.9 sluws (gl 2 i) slatan cin osifloy b dmslxe o gl e
oolS ol Ken slolas ccol p3Y loy el ool dga> Lol slis
Sages 11 St allioe woys paaSs & op (2o glaS g
olas sl e 12 0k e ps jo 1) oo plosl gay aSlis 51 > DLzl
G a5 (Coly Coons) Lid lan o Y Lels 12 IS5 aas e
Lo 13 ad, o b ¥ 25 aSs ams oo Ginles 1) 0 (G Coo)
oolial colio Y 23l gl ojlss0 3 Y oulel el ze 107 alls
oS el t5S s 5l oslinad boads 5 Lisles slodis, 5 s ool o0
S5l Jol> b ens 5l 4S5 1 (4l jgdzme ) 56 Jolae 55 Jlxs b
ol ez glaosls amo o ioles 1) el odal sy ooy pled (gl 0y
Olds 453 10 JSs . canloas ail)) [25] o) Kad g S Lawgs a9
AR (0 QM.LLAJ l) Ls..:'s"" ‘J.u)y 6‘)J oolawl 390 J.>
Al gy e 11 o b ogd e samlie 14 S5 o a5 jsbolan
gy sl Q—l 3 om Ll A e Gl gasly ool aliss sl g,
sheslaul allue ol Jdo ol oo mal38l o ledl o5 > o3lasl ooty angs
G dw oy plodily (a3 (sl Gangs isdnl (Sesliognl laosls
Sl cyd Wlgige 5 ond Lid mil Sl Sel oy (157 Sl
Gomgd (Soliuagpl sloosls b awslio 1o yieS lay oo g YL
ool ogd oo (Saibly o 1B sbul cel oy i > cpl g ogdle aay
el @l 285 15 oy p 8550 [28] 05 Lo L sl e
as ol oy Giluans Uy cde Slesbre oYl Salis

12R 4R

Fig. 10 AOC 15/50 one blade domain mesh for CFD calculation (left),
the blade sub-domain mesh (right)

o1 g5 6l ool 890 o los a5t 10 S

60
50 A *
40 4
30 A
20 A
10 4
0 T
0.E+00 5.E+06 1.LE+07
Nok
Fig. 11 AOC wind turbine power output (kW) vs. Number of elements
(NOE) in 12 (m/s) wind velocity
Olel 2l L glaaSiets 51 Jolo (Sly) (oo sh T iy o295 ol 11 Jseio

il xe 12 0l ey jo Sglae

Power (kW)

2 SIMPLEC
® Intel® Core ™ i7-4702MQ
4 Q-Criterion

11 o plass 16 0,53 1395 ars o yw)e Sple L diico

38l 5 Jasdnl (st 3Ll sln Sl S5y 655 LS 2 Jgur

Qb @5k ey Ol Anloe sl RS S]
Table 2 Errors of implementing CST method for geometrical airfoil
modeling and using XFoil in WP_Baseline turbine power estimation

(SlsshS) gy B Soliyog T clpo 2l sl s, Jgnl el

-4 ol dain 4§ bl Jy g3 55! 818- .l
+36 ol dain dianS blis- Jy 95 5! 825- .
+21 ol diin dianS blis- Jy 95 5! 826- .l

2 J 8 Sl + G ol 818-
+2 B Sl + G ol oo 825-

5 B Sl + Gl oo 826- |

Experiment
XFoil

Fig. 9 Pressure coefficient comparison between experiment, CFD and
XFoil data for S826

obie b g3 oSl 5 lolire ¥l Sealiys 51 ol gl anglin 9 JSCi

826~ ol gfpl L2 oo (o

29365 (Slhgs ce b 55,8 60 Jue (sl 4l 20 11.3 (609,53
SleMbl ol go SlggkS DO Ll caz 0 0 5 o g dsgly g Ak
sl o &) [24] )Sen 5 Sl i 50 (5 0l 58, 5hee

Sbml o aSd g ok w8 Sl o o anels 5l ol 10 JSs
olis | oy BLb1 3 talisl sl sl 38 oy 51 esliad b s
@=led Coom 5 0l (295 5 (53959 S 5l o 4D (sl a3 oe
w85 550y glad ply a9 pln 0diles cpln e ojll 4 i 4
ol oo

0dls oo 50 s92 Lulpd 4 by po DMl (il (i Ll (sl
Sols glis)l slp l9a ajomy 5 (JBs 0,5 515 oolinal 0590 sl
U 5z oyt 1 ([25] Uy gl 51 s5te 1850 glisy) gy
C oy B 4D o D0 L] el 0t oulats [26] 1S5,0] eamis
s e Siad] Sledbl oS gmn S, 5l oslizul b g ol Sglite
iy byrb oy 53y » osliiul 2550 (550 Lulpd ] e cusay [25]
S by Geyg SVl Lz 5Bl oo 58 poe b Lg olss
L astes o)8 Vb g Sty Cond oS Lo (25,5 )0 5 (639)9 S
oS s 95 59y p eizen Sl sad 03y I8 ho s (L8 (5550
Siye bl Ko oy 90 ogzy o 4 wlas S 15 a0 120 4l L
a0 e 3400

oS Pl b p 3L 0515 5 Lhm el gan aw SYslas Sl > (6
U gy e ot ool 1,38 8y s JUn) K2as] Jaa b ol yen

!, Ansys ICEM CFD v14.0


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ud) Suea 9 lms ol

S0 pla 3l @k g8l jl e Slisuwl by (Slgle 03, LSl Jg=e b uI9s 033 Solis 39 5T (5 5w diss

oy g 3ld ol jlais ggemme sl [32] o Ken g SIS i o
shole gyl (g el oals sleiing 4 (g iSTas lade sloixl (6,50l
JEXVTIR IR - SCHUMVRCH 8-S T YCPSUOR | O IR SO
0950

e oe Gl (e o o5 ot 39 @
Ol ol sl g sl il alS g yas 4 g 0l oolaiwl YU o i
ol ol ooges Slgain 1, 0.8 5 1.2 e S bl azpe
S Sles g Sl Wl oo 5 el (eloizl (6 50b o po 5 (S
wlre sl el wulre 3 Uz o 05 sileaige oSl
el 0ads &3l AliBee alie jo (gwyil 35 9 6T Ok

Jolss @ld ploosl gilwaigs Ghgy cul o il adlas (gudss ol jo
P PERIWICTY I PRI [N V- FEPIPE L WS CO NP SO OW P LR GRS
Al bl @le Ll aw ogdoo plaxl (F0,23000 S pm g (SSLS Sb
Gilwdinge Sl oals bl oy Gioma gly gileaigs o Ba, slaws
(Gilwdings dw 2 0 el odl SIS 00 USG5l Baiy slass gl
bty 08 sl adgl polie wo o 240 )l s ally (S S
Sl ole o G sl

gl Gl Loy (i sl el pae -1

op So 40 a,090 Loy agly 2Slas -2

Sy90 hoy 50 IS8 al culps slaws boodiy e lasie sl

. o -3 . &

0.9 51 syl e sl oad Ol 107 gileaigs (s, o Ken
el oo Ol 2l s lis el g asdl, pelS LL j0 0.4 4 L]
A5 UK 5 1t 033 s gt o2ar Ol San ol
15 IS o a8 jebijlen ol oad ools lis Bus &l By olass
4 5 009 LS 0,90 dlely (semina (gl odiy g0 JBlas gl o cualin
I 25 loj » Baiy olass 5116 JSi s 3k 0 751 s
ol b ezl oals ool las 16 S o a5 jeblen s o LS
50 Gaizs b e Giolidl al 4 ol Kes e o ) i B8, slass
Sygo 0k p 1 oolass b Ol pleojl g5leaigs by, byl ple 5,40
L @l%es oboj » @l il 09 9 LD <l JIT ISo e s
21 (0I5 Gl Slgsls 23) azets 020 0.7 ol gyl 035 L

W20 oo oy JElas
el JBlas 3 ls cul 4 conle 0.4 Sl ooyl 0y9 5,0 2

b oo

L @lSes oloy p (59,88t S g (SLS 2l 118 JSs
aazp Bl s oe S 4 (S0 Se e Gl ass e las
3,90 +/40 5+ /5 5l g aalo L6 ax o up cla e ol
ol ool @119 USE o gleaige bl sl 48,5 13 )
gl Gl bl @ clhed semme (S35 )3 G 4l Hlade )3 al

0.15
0.12
1 0.09
! 0.06
0.03
0.00

Yplus
0.30
0.27
0.24
0.21
‘ 0.18

Fig. 12 AOC 15/50 y+ contour on suction side (left) and pressure side
(right)
o (oo caon) (38 o g (Cosly Coons) HLad mhaw Ho Y+ Heuls 12 S

Fig. 13 AOC 15/50 iso-vortex surfaces with Q-Criteria = 56 (s"-2)
(4l jgiome 1) 56 Jolao 55 L b als 5 o2 ook 13 Ui

70

60 ha
o 30 aaawastt
_@ 40 "
hes 30 4
v
E 20 =« Exp.
o

10 4 --4-- [BEM

0 4 A —e— (CFD

-10 r T T T

0 3 10 15 20 25

¥ (m/s)
Fig. 14 IBEM and CFD method power output data in
comparison with experimental data AOC 15/50

Seolins g0 ledl 8 o 03Il 00 aigy (39, 5l ol g5 anslie 14 Sl
o1 oy 5l ol o2 Sledlbl b lowle YL

Slace w3 DS (39 yiin )l (028 @l b (295 @Bl (o
A5 leaily Sbliy wlgh go (Slowlme @l 5 (225 laodls G ok
Sy jl faS ol e p) (b 5l gyl bl e [29] (S Jae

il (ol

O3 pldjl Silvdine 90 4 Siludug -4

S0l yb axdlne -1-4

bl oS el ledie gy o Sileane E900 Glp
o) 39 5 SO rtint S slaizl pToh cuys g Sl
Sl Vb s o lainy (S0 pidpge ey [30] 00i Ol sl
9 @l Fed Sie s )3 DLl (nl 890 Sy ez Sae e (05 Sgue
ilae 53 cal 58 53l gllan sy 5,8 by (sl o) QUlss

! Velocity Clamping Factor (VCF)

11 o jlois 16 )93 1395 O ORI Sulle w e


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ld) Suea 9 lms ol

S el )l @k g8l il el by (Slgle 03, Sl Jgxe b uI9s 03 Saolis 39 5T (5 5w disg

- —& - Cognitive Constant=2
4000 {—®— Cognitive Constant=3
- == -A---» Cognitive Constant=4

"..........-.u.. LELTTTTITS

3000 4

2000

Time (sec)

1000
0 T T il 1
1 1.5 2 2.5 3
VCF

Fig. 18 Effect of velocity clamping factor (VCF) on convergence time
@lSen ooy (SO pider Sy 5 LS 2ol 5118 JSB

95
— 90 4
iy
= g5 Original
= -- &~ Tolcrance=5%
~ 80 - —— Tolcrance=10%
+«eo@eros Tolerance=40%
75 T T '
0 10 20 30 40
Span (m)

Fig. 19 Original and optimized twist angle in different band width
ilie (sgri Wl g ) 0 Ay (i 415 19 IS

Ol o ey 0.03 (i alSee Jlae Gln ade o elS
slozall 4 Jsozr el Consy o oy 00l 4w i) o (295
Gl 4 Spga 1) DL plogl leange gy sl wolein

led o

59 gilwaiagg -2-4
ool 0al plonil W yd G Sz Wb sl Gln Sy sileanee
el 4ty IS, (15 ol 50 08 59 (20 JS)
kel g Jsb ST 5l 555 el agy Sy Job iSla -1
asls
il Gl g Jsbo cglads Gl -2
ool Cussy S5olS 38 Joleo o5 2l 5 (g3loainge Az 5o

ol

Jgd pl giluding -3-4
“ol gl a5yl ol 5 65 gl 53 ez BB Ll Lasd
S b pss (ol e 0y Sl (o 826- .l 4 825- 41 818
) Glboz aiz 9o b hgdnl o ad o Lol M3 a5 jebplen uilazs,
Sly i) ilisee gloaz o b (e gl sl (So 5 Led mhaw sl
Sl bsy a5 4 (826 ol 5 B25- ol (gl s 5 818-
oialed sl bl o bl wlaises ol olasi slry 5 o0l gl
e 48T oy el 1451 T o8

S e aS aS eaiy 7l eolaal b &lyd ploosl (gslwaig o, sN
(Jesdnl 2 lp lboxr aiz ulps gsome &) aanis 1214 (4l
Ol YL 7) 2l3é e e 0L Gl |y 053 oman aiiea
o Dl il ool L 1) 095 e 5 03900 5,5 (50b ey 08

11 o plass 16 0,53 1395 ars o yw)e Sple L diico

cilises azle 50 oyl 35 5 G5Ok walpd Slp ol culpe B Jgu
Table 3 Cognitive constant and inertia weight amounts
proposed in different references

o S50k ol 05y el o)
eSS elazz] K el &
2 2 1 1 [30]
2 2 0.9 0.4 [34]
1.4962 1.4962 0.7968 0.7968 [35]
1.5
-E-; P -
5 —_——1tr.]
2 s e (1
; ] Itr.3
= 7
£ 0 . . . .
0 2 4 6 8 10

NoB
Fig. 15 Number of birds (NoB) effect on objective function

Gaa gl B,y slaas 3115 JSi

8000

6000
4000

Time (sec)

2000

NoB

Fig. 16 Number of birds (NoB) effect on convergence time
e by By slass 16 Js<s

il 00 s oy il SlsskS 23 4 mie o asdpl dles
e 93w el iol38l el oads ooly Lis 19 S jo a5 jebylen
Wb ogas ol )0 083 el Cawdy 6y iz 4gl) Jlade as,0 10 )
o Alols 5 lice 5555 & i cgariun diald 502 4 505 o)L
A2l Sglize e e 5 53 2l A2 e b oy
Lo aglio ;5055 b Gl ol 55 1072 5107 Ll Sen e

20000

- 0= Min_Incrtia_weight=0.1
«=-heess Min_Inertia_weight=0.2
i Min_Inertia_weight=0.3
=2 - Min_Incrtia_wcight=0.4
— 4&— Min_Incrtia_weight=0.5
seso@eeos Min_Inertia_weight=0.6
+eo~#e+0e Min_Inertia_weight=0.7
10000 4 —®— Min_Incrtia_wcight=08
) S Min_Inertia_weight=0.9 g

Time (sec)

Fig. 17 Effects of cognitive constant (CC) and minimum inertia weight
on convergence time

@Sen olos 2 2ld sl s 5 SIS 2ol 11T g


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sl Ud) Suea 9 lms ol

S0 pla 3l @k g8l jl e Slisuwl by (Slgle 03, LSl Jg=e b uI9s 033 Solis 39 5T (5 5w diss

Joles ool ilyg et pos sl 00 4611 [37,36] sy 45 aslym sygules
) S S S &5 Conl oad 413 S i o aids 5 490 20
s o 1,810 ply (8T b,z ol o ) Cmni 0 Sgi LS >

gove Jo b o2 Glaools 4 (Bainygh (o s poe 4 a9 L
oD Ay (B9, oy Seedls bt gsls ok enyss Slp e
Sloools b oo (g3lwaings 5 ol (6oL ormys5 Sl o pledl &5 5 o5ludl
el 0 priw Como Glaslee DY Sialiys (2>

sl o plol & lasedie 5 arels olal 5l > Dl axllla
2 pSekS 1.225 lsa JB> amo o Glis | sl cawny wls 22 IS
s it 4 ey o SoLS 107 X17894 Ign 42,355y 5 atSe o
o sl [25] o San 9 S uios j0 oad al)] Sledlbl
ol o solizl Szasl Jsb eliio sl [38] o il 3l 5 Sias]
=gl g 0j9a 50 i) IS Slesdats asiles 4l g > Slaskine plo
ol 039y o

oijloy wid 6 b avule o Gl (sekes 17 L oSl o ol
L a5 o ol 23 S5 ol i ol el 23 50 4 Ji]
S ool s s 315 1, (a5 gine ) B8 Jobeo 525 L
55l aslie 24 5o wams o Giales 1) el odel sy ooy ples (s
ol 1y (Ceml)) osd ane 0 5 (G2) adgl 0y jlad gl o
gl o YL LAS el oo ctalie IS (nl 5o &5 jsbles e o
L) 500 1S grlans b olyan (sl Caons) 0ud (giluaing 0y o jLad
Slgs oo (o Soons) (ol 0 4 Cani (03 sl 55 55 Jobo 21331 5
WS (o0 W5 (6 (295 Ol

L eools ol iz slace ju sl go0e giluacss 2l 5l e
w5 5 ol 0t alio 0y el S5 > o3l oad Aty sy s oyt
L aS Conl ool (5,8 loges cpl ags ;o el sals &)1 25 S o
AL slace s 53 s Olg5 o g sly JAES g 5l ool
oo (Bb el 4l » e 12 (ol cas

5 ol polie o slail ol oo oamlie 25 S (0 a5 jeblen
oy gledl &S > ojlal ond A gy 5 Slewle OVl Sl
sl iBucols,

a2l U5 Gl abmpsls ool Grysh a5 Sl S5 a e
7.5 Jloel b agl p e 12 ol e s 31 oy (I 58S s (2l g 0093 0.
Sles; 545 on (zo5 ol sloosls S o ST 095 )l gy 4z
ool sy gilimlons SVl Soliys 5 055 lall o8 > o5l ok gy
b o sl oad @l 6 Joaz 4o ol cilige glacie yu gly
L Gy 9 e U gy dsdiee oaalin B Jeur o a5 jsbiles

2000

1500 4

1000
500 4

0 T
0.0E+00 1LOE+07 2.0E+07

Power (kW)

NoE
Fig. 22 WP_Baseline wind turbine power output (kW) vs. Number of
elements (NOE) in 12 (m/s) wind velocity

Slaws b sloaSits 5| ool (2l 5LS) 4l qpsebs s o255 Ol 22 S5
Al g e 12 ol Sy jo Sglate ol

&S e nlei o memal 393 GKolees dil> L Sledlbl Jols g 055
107 Jolee oK o L) WNigds g dinge ablails )0 X, aen
Sl 1o sl yg0 (bl 4 gze (USS b ol s sl
09 g0 o3l (g3luatgy o (lsie 4 Sy Jsb 4 higd !

S See gileange boasl (B3 Ol lade alie 5 Joar o
Sl ooy adsl Glaally gao)s 03 gy ol )0 laksd
a9 adgl ogdpl lp Jlad copo annlio 21 U5 ol eas )|
Ao o a3, 818 Ll oass

Ol diug dwid i ylasl -5

L bsdnl g o iou pled 10 g aie w0y 5 G wgl) calllae cpl o
ey soges Olastivn .ol odd digy (826- ! 4 825- I 818- )

D ploajl giledingy Gogy ln soleiing sloyal 4 Jga
Table 4 Proposed parameters for PSO

slows &b sl =l s ol Lo Hhe
0 % 7> Ssla> Sl (Soidan ol R
7 10 0.7 2 2 e-3
4 .
--------- Original
3 | Optimum
2 —a— Upper limit
'E 5 | ———— Lower limit
(=]
o
&}
l 4
0 r T r
0 10 20 30 40

Span (m)
Fig. 20 Original chord with optimization limits and optimized chord
Woo5m3&a|;5bwu@)oouw]§320‘}£&

3 5o ol 5 Sy (slosie b sl GRal3H 5 ke aslin 5 Jpuir

Sl 529y adsl sl el (000 00 (s
Table 5 Airfoil optimization results for £10% CST Parameters search
band

818- .l  825-_. 826- . Jdy
4 20 235 (D1g5kS) 00 aigy o5

i o Original
B Optimized

e 1B

Fig. 21 Original and optimized S818 airfoil pressure coefficient
818 Ll oy g 5 adgl gl sp s ey auylio 21 Yt

11 o jlois 16 )93 1395 O ORI Sulle w e


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0]

Sl Ld) Suea 9 lms ol

S el )l @k g8l il el by (Slgle 03, Sl Jgxe b uI9s 03 Saolis 39 5T (5 5w disg

Oh35 b 4lm g9l (5oL s ead ake Ol 5 4yl Bl Anlia 6 Jou
U_»L...;l;u OVl Sl 90y uL:,.N MSP o}'..\il 00l Ay
Table 6 WP_Baseline original and Optimized Power output
comparison with IBEM and CFD

ojlail oads aige Lbo,

Sl eV Sl

A).:: L)L"'” J).>
gl gly Aol addlgly ange oly ob e oo
(2ly oks)  (@lyskS)  (@lyskS) (g skS) (4t 5 o)
24 26 23 24 3
59 62 55 58 4
116 123 109 115 5
204 216 195 207 6
328 348 315 334 7
496 525 488 518 8
714 756 683 724 9
989 1048 947 1005 10
1329 1409 1269 1346 11
1607 1703 1651 1749 12
1607 1703 1651 1749 25
S 35 azxais -6

o Slr bl 5 e (Sealnsgnl (giloaigy (hy, S dllis
5 o oledl E8 o o5l oad dagy s, 51 eolil b SlglSe LS g0l
ol slp s Sl BBl e g s plosl silua By,
g Olgre 4 Slgle o 9 o (b Ol b Al ggebd ()i ok
5 o dwain ogad bl Gl Tolew ) b sl oo
423 (s S35 18 esliiul 5590 (Hib (sla iie Slasd (33,5 S9ae
slodisinl sln ond sl amsin  of Sl 5 U5 2 glaler vz
b A g ab plal S Ubsy o 826l 5 825- ) 818~
Wnges Wl 1) s gy 67 axys JSE aly daigiyl culis
S a e o asly s s 0005 el 612 6 ez np Gl
BB mSal S5l (2o slaesls og Giucals, Ll cds g ul aid S
sloosls b lahsdpl jLad oo lp (Slawbre SVl Solins mli
il lie lyen K0S b Waosls § 4 mie el oy
Sl @l g 0 loll ES 2 ojluil ond agy (b9, (79,5 slaesls
aolio cwmghT 0L e Oy slp oz Sledbl b goae (gom dws
Jsdpl (Seolinog pl Cledbl 51 o505 colaiwl 457 0y 5 caalin ¢ 0
Ol e el o plall &S > olail sad e By, )3 samgo
Do Y 5 (ol Slatie e )3 i Bly o I eS e (e
Mals' 25 sloools b Slowlrs OVl Sl gl sldail iz jo
Sgr G Sals,

Ol Gl sl ol plooil gsluaige Gogy la el )y T asllas
Slade 5 o el il by 28l 5 Abmg9ebd (mg (e
) 039 Sl (710 2) aily o0 (7 3) B dlass sl colie
sllas g (2 3) Sojidng e (2 7) ssls cob (0.7 9)
o Siloang ln oy Slacysgame a dlgriy (10°2) il See
98257l 818- 0l s hisdnl 5 0n Fy 5 iz sl el Sl
W Oloiay e 8l 5 5l Gz nl 5o e g5ledinge 8267
g1 00 oolatl g doliy Lol

OVl Seolus ol las 1) weye B sgus g Gli8l bl

3y90 (Gilwdiny (>g, 50 odel Cawdy Azl dl jekaie 4 Slawlxe

11 o plass 16 0,53 1395 ars o yw)e Sple L diico

Power (kW)

Fig. 23 WP_Baseline iso-vortex surfaces with Q-Criteria = 8.6 (s"-2)
(4 j9dme ) 8.6 Joleo 6.5 JLxo b als 5 oo mglaw 23 S

S

Fig. 24 Pressure contour (Pa) for original (left) and optimized (right)
rotor pressure side

wine o 5 (42) adgl oy jLad mha ;o (JIal) [Led ,gls anlio 24 Yo

(CM\.»‘)) [RW

2,000
.
1,200 4 CFD
666 ———-IBEM
--------- IBEM-Optimized
400 4 s CFD-Optimized
0 y -
0 15 20 25
V (m/s)

Fig. 25 WP_Baseline power output (kW) vs. wind speed (m/s)
20 alrasrhs $9b ayg (SlgalS) oad ane ol 9 4l Ol awlia 25 S
(s 2 i) glie oL sloge o

o (g ltint 3L oty 5755 Ol G o Glall 8 ol e

4.3|) t\i‘b..‘!.) BLISY 20 Qb}& U.C).wsd..ul.\).:)uelz S99 .)Lg €y )
Ailody e DlgglS 96 5 DlgalS 98 5

10


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1395.16.11.17.0 ]

Sholi Ld) Suea 9 lxi juel

wlyd el raig)gill Il odlasiwl b (Flglio 03) i3l J9xo S (1095 © 32 Sxolia3g T (6w disgs

on Fatigue Loads and Dynamics, Proceedings of the first European wind
energy conference and exhibition, Copenhagen, Denmark, Jul 2-6, 2001.

[18]J. G. Leishman, Principles of Helicopter Aerodynamics, pp. 378-412,
Cambridge: Cambridge university press, 2006.

[19] K. Brenda, Recent Extensions and Applications of the "CST" Universal
Parametric Geometry Representation Method, Proceedings of the 7th
Aviation Technology, Integration, and Operations, Belfast, Northern Ireland,
September 18-20, 2007.

[20] F. R. Menter, R. B. Langtry, S. R. Likki, Y. B. Suzen, P. G. Huang, S.
Vélker, A Correlation-Based Transition Model Using Local Variables—Part
I: Model Formulation, Journal of Turbomachinery, Vol. 128, No. 3, pp. 413-
422, 2004,

[21] S. Yuhui, R. Eberhart, A modified particle swarm optimizer, Proceedingsof
the Evolutionary Computation, Anchorage, Alaska, May 4-9, 1998.

[22] D. Somers, The S816, S817, and S818 Airfoils, National Renewable Energy
Laboratory, Colorado, USA, pp 13-47, 2004.

[23] D. M. Somers, The S825 and S826 airfoils, National Renewable Energy
Laboratory, Colorado, USA, pp 15-36, 2005.

[24] R. Jacobson, E. Meadors, H. Link, Power performance test report for the
AOC 15/50 wind turbine, National Renewable Energy Laboratory, Colorado,
USA, pp. 6-145, 2003.

[25] H. Link, R. Santos, International Energy Agency Wind Turbine Round-Robin
Test Task, National Renewable Energy Laboratory, Colorado, USA, pp. 23,
2004.

[26] U. NOAA, U. A. Force, US standard atmosphere, pp. 52, Washington:
NOAA-S/T, 1976.

[27] J. C. R. W. Hunt, A. A.; Moin, P., Eddies, Stream and Convergence Zones in
Turbulent Flows, Center for Turbulence Research, pp. 193-208, 1988.

[28] D. Wood, A three-dimensional analysis of stall-delay on a horizontal-axis
wind turbine, Journal of Wind Engineering and Industrial Aerodynamics,
Vol. 37, No. 1, pp. 1-14, 1991.

[29] J. Tamura, Calculation method of losses and efficiency of wind generators in
Wind Energy Conversion Systems, pp. 25-51, New York: Springer, 2012.
[30] J. E. Kennedy, R.C.; Shi, Y., Swarm intelligence, San Francisco: Morgan

Kaufmann Publishers, pp. 328-357, 2001.

[31] P. J. Angeline, Evolutionary optimization versus particle swarm
optimization: Philosophy and performance differences, Proceedings of the
7°th Conference on Evolutionary Programming, California, USA, May 26-27,
1998.

[32] M. Clerc, J. Kennedy, The particle swarm - explosion, stability, and
convergence in a multidimensional complex space, IEEE Transactions on
Evolutionary Computation, Vol. 6, No. 1, pp. 58-73, 2002.

[33] Y. Shi, R. C. Eberhart, Parameter selection in particle swarm optimization,
Proceedings of the 7°th Evolutionary programming Conference, California,
USA, March 25-27, 1998.

[34] S. Yuhui, R. C. Eberhart, Empirical study of particle swarm optimization,
Proceedings of the 1999 Congress on Evolutionary Computation,
Washington, USA, July 6-9, 1999.

[35] I. C. Trelea, The particle swarm optimization algorithm: convergence
analysis and parameter selection, Information Processing Letters, Vol. 85,
No. 6, pp. 317-325, 2003.

[36] D. J. Malcolm, WindPACT turbine rotor design, specific rating study,
National Renewable Energy Laboratory, Colorado, USA, pp 11-75, 2006.

[37] R. Poore, T. Lettenmaier, Alternative Design Study Report: WindPACT
Advanced Wind Turbine Drive Train Designs Study; National Renewable
Energy Laboratory, Colorado, USA, pp 31-511, 2003.

[38] International Electrotechnical Commission, Wind turbines-Part 1: Design
requirements, Geneva, Switzerland, pp 22-31 ,2012.

11

Olpes crlple 285 513 a0l 9)5e Ol Al g <85 15 eslanl
4oy G dw dwdin bowd Al aS wolatul 050 (gileaigs (b,

(ciliseo alolio Jasdnl 5 g @355 i 43l 1) Sngs dmiin aiz
Olg dnlee gl 0 Glodl S > o3l onls ag sla by, 3l eolaiul o
@lp S el iluarg do e slass 2olS sl (Swliew coms
Seeladg pl gamgd ol ro glul sl B oSol J3le 5 5 (sloaie
Seeloogpl giluaige @lp ombe by, 1) €8, G G ol o

eils (] jgome Sl (yem 58

cxin-t

[1] M. Hoeven, Technology Roadmaps: Wind energy (2013 edition), pp. 9-11,
Paris: IEA, 2013.

[2] J. Mur-Amada, A. Bayod-Rujula, Variability of wind and wind power, pp.
296-297: Rijeka, Croatia: NTECH Open Access Publisher, 2010.

[3] J. F. Manwell, J. G. McGowan, A. L. Rogers, Wind Energy Applications, pp.
94, New York: John Wiley & Sons, 2009.

[4] S. Sawyer, Global Wind Energy Outlook | 2014, pp. 13-14, Brussels, 2014.

[5] S. S. Rodrigues, Aeroacoustic Optimization of Wind Turbine Blades, MSc
Thesis, Instituto Superior Tecnico, Lishoa, 2012.

[6] T. Mueller, Low Reynolds Number Aerodynamics, pp. 1-12, Berlin: Springer,
1989.

[7] F. C. Jaime, C. M. Andre, Aero-Acoustic Optimization of Airfoils for Wind
Turbines, Proceedings of The 54th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, Boston, Apr 8, 2013.

[8] D. Perfilev, Methodology for Wind Turbine Blade Geometry Optimization,
PhD Thesis, Lappeenranta University of Technology, Lappeenranta, 2013.

[9] S. H. Jongsma, One method for simulation-based wind turbine blade design,
PhD Thesis, University of Twente, Netherlands, 2014.

[10] A-A. O. Ali, Ertung; Florian, Beyer; Antonio, Delgado, Torque-Matched
Aerodynamic Shape Optimization of HAWT Rotor, Journal of Physics:
Conference Series, Vol. 555, No. 1, pp. 012003, 2014.

[11] P. Y. Mishra, D. P. Kumar sharma, P. k. Barasker, Optimal and Simulation
of HAWT Blade S809, IOSR Journal of Mechanical and Civil Engineering,
Vol. 11, No. 5, pp. 83-88, 2014.

[12] T. Ashuri, M. B. Zaaijer, J. R. Martins, G. J. Van Bussel, G. A. Van Kuik,
Multidisciplinary design optimization of offshore wind turbines for minimum
levelized cost of energy, Renewable Energy, Vol. 68, pp. 893-905, 2014.

[13] H. Morad Tabrizi, A. Nejat, Aerodynamic Design and Optimization of a
Megawatt Wind Turbine Blade Based on Blade Element Momentum Theory,
Modares Mechanical Engineering, Vol. 15, No. 10, pp. 279-290, 2015. (in
Persian ..,5)

[14] J. F. Manwell, J. G. McGowan, A. L. Rogers, Wind Energy Applications, pp.
117-120, New York: John Wiley & Sons, 2009.

[15] G. Xu, L. Sankar, Application of a viscous flow methodology to the NREL
Phase VI rotor, Proceedings of The ASME Wind Energy Symposium, Nevada,
USA, January 14-17, 2002.

[16] M. L. Buhl, A new empirical relationship between thrust coefficient and
induction factor for the turbulent windmill state: National Renewable Energy
Laboratory, Colorado, U.S.A., pp 6-11, 2005.

[17] C. Bak, H. A. Madsen, J. Johansen, Influence from Blade-Tower Interaction

11 o)lesis 16 0995 1395 (yare (ywirde Spilfe wliie


https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-en.html
http://www.tcpdf.org

