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Abstract

Design and. construction of suitable wind turbine blades is to set up to the
seacoast at Bangsaen beach (Chonburi) where the average wind speed is 4.7 m/s.
Each diameters of blade are 1.2 meter. The installation and test of wind turbines
system aim to find power for producing electricity. We found that the maximum
wind speed, electric current, voltage and the maximum power output are 4.7 m/s,
71.6 milliampere, 5.25 volts and 73.3 watts, respectively. In addition, coefficient of

wind turbines is 0.2.
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wasuiainavaielfmunzanfunisldnuudiasdediffniundinunarlunas
wiuduiiFedelsiuuvdsdises wioldsaniu udadsuiy

2.3.3 Ussinnvesiaiuaudsiuauutsoonduriacie q Taad

2.3.3.1 wiamuuseiinszviuluia ety

- wilauseen (Lift type) Wutwiauinyuldlnsardoussen

- wilausedy (Drag type) Wudsiuanfivauldlasearfouseiny
2.3.3.2 WURINUUILNUNISHYY

- NIVUANLNUUDU (Horizontal-axis wind turbine, HAWT) LWuaiy

aundunuM I uegluLuueuVTaLMuN sy UYL UlUAUN SELAaN

v o

E‘Uﬁ 2.7 NanuauLnuueu (Horizontal-axis wind turbine, HAWT)
< v = v a =i @ < v o o = €
Wunwiuauniununyusuiiuiansvesaulasdluimduiadminiuusean faunsal
e v s a =i 1 = = L1 v W ar o
muauisiuliiuldauiimnsesnszuaad Bend made waellaunsaliostusviudizn
Woevasifinauinuse Wy auwiguasieg uuaniiuduse fefuauuvuunuuen Tdud
Aviuadudiiad (Windmills) feiuayluidediun fewldiuiniosgeti fufuauuuunsde
N Aviuaudusundalnihuuunseuwalaes (Propeller)
- NYUaNLAUAY (Vertical-axis wind turbine, VAWT) Wufsauisl

uwnunsuyuegluuwimiaunumMmyuianiunssuaauiduiwueuiflunumyuuas luis

fanndunsindounvasadlunusiu Feinliaiunsasvanluwwsivldnnfievng

9
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p— Rotor Diameter —a

I

i
1
{
]

Rotor
Haight

Fied Pitch
Rotor Blade

» Genssator

g‘dﬁ 2.8 Nylanlnuss (Vertical-axis wind turbine, VAWT)

=

Fefuauuuunaknuuewduwuuiitesldfuegsunsvaty dauunesnuuulidy
silandulufaiuseusen udegrdlsinng Fvpunuukuaunugs 3 lasunsiaununnly
svogndsilafunnuaulonniuduiy Miiedaindefninuunwinnueuie luwuy
wuannuisulidauagdanidlnuidous Ingliipsliaunsalmuauliaiutumnididgn
WAl UenAINduduuuLILALS Y tedestndnlwiiLagssuunsasiigenslndiuay

wnnduvuinuuey naidsdymudlvhenduvuunuuasuifneduunenssg

2.4 157984

aa v oA

N15IRaNERoN1TIA 2 33 Ao Tndiaan wazinA1usal

I3

2.4.1 Viray 919L38nTonmiian1e 9 veduila wiedenduesmainiinee Jagiuns

s v =

In fimaufiouiafiraunmiduiin waginduosm Sinfiraudieduia Wufinesgnuus
paniliu 4 fir fie firwile field fenyTusean deiane 4 fir Wowvsdesdnandy 8 fis Tng
wfinfiraTueenidounile ArnsTusendedld immgurnidsswie wasfiensTueenies
8 vonanilfanunsaudeann 8 fim Wdenifu 16 fin w3 32 fim 1§30 wansserufiedy
fnfleussnuswouiiaiios 8 uie 16 fia wiy daumsinfirauildussmuenyuvasa
nfimese ludnvasideuluauduundinn Wainaann 0 esan TUauie 360 aern Wy au
#ifl 0 839M1 W50 360 oeAn Wudirngiueen, audia 45 sam Wulirneuesndvanie, au
#i# 90 oee 1uiirnyTusen, auiie 135 eerm WufinnsTussnidedld, aufia 180 e 1y
Aieldl, andia 225 oarn WuiirnsTuseniesld, aufia 270 o WufirnsSunn wazaufia

315 9ar WudiemzSuanidoamile (U 2.9)
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P = = s =
E‘U‘Iﬂ 2.9 WﬂaﬂJLiBﬂLﬂU’ﬂﬂﬂW‘O’mV}ﬂﬂ‘N

& - P P = o Y oa & a a
2.4.2 A271UL578Y ADNITIAADUNYDIDINIANY AL ALSS M38AMUNANHIUYATN
MuA UL warksmSaaunaludndrutiuiids 2 9ssausiay esuledly

IUYBIEUNNT

2
P=hv 2.1)

P = uNATIAAITNNNTNSE U998l
V = A2135383 (m/s)

K = Aanasivasviianls

manuaneinriiviedulaudsenisn pmdiautluuen (1 wen wunefis 1
ludwzia ( 6,080.20 wm) dadalus Fadumizmnsgiunudauildluanigonsni) dunns
andu P = 0.0053 V2 lngUsssnnidmiuiaiuiisnudiy uideiudauiinheduludde
Falus fn P iildagasuludu P = 0.008 V2 frsmilussiideduidesainnsnsgivesan
vildansamaniiauld Taeiliseofeoindadiola 4 udasdsnaldandsingnisal
vesinnilegseu q iy e IngussasAenani3dlatinssmumnanmeanudatu Senin
u1ns1lunein (Beaufort Scale) watiotonwosWsiuia luwesa (Admiral Sir Francis
Beaufort) ¥18engy 1ugAnduldlud we. 2508 dwsunsnaulunzia seuldgniaulas
thaldisuuunuazlunzia smsiluredn adldiTeudisuiuasiifnvndiiuunuasiu
nzia TopdaiiAnunedng  THun Wil Al anelnsiaw analnsdndt se Aausnvniesing o
waznaulunsia inusinldsmunninudiau ldunnnsdunamdaumieiunusariy
vzta msiluvieda Busuainuiaii 0 lWeufanesd 17 audiauasiinduie funs
0 afuwmanasy Waudwnnsi 17 auflfdusedanaodumesessiou TJaguuunns

Turlesagninnldesas Insanizaanuuun
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2.5 1A399IAaY

2.5.1 w3asinfiray 1Fond1 Fualiu (Wind Vane) dulugjasiidnvaidugnasen &4
= [ 1 U od U v ougw = NN = o v =
firnuerituuiy msiaiudirdiulivaneasastluiianefiauindiun Inelunuvesdsas
viululngseu uazdaliniuiseslvi siiemsaumuivareasandluinihinveunios
(U7 2.10)

dl s = 1 = = L3 ai" =Y = &
2.5.2 \@5aeina7nasian Sendiesdluiines (Anemometer) Feadluiinasuuy

]
1=

UAAgARBULUUUNUNTEAN (Pressure Plate Anemometer) Usziwglag 15103 gn
(Robert Hook) Wiat w.f. 2210 Ysgneumsukulave uamasuiuduviufinegivunu uag
wnuilAnegiulaluuunss wiulaveivyuseunnuldednsdase wazfminiuiirmeauiae

= 9 o i v =t 1 & < o o
WellanWaugnziuunulave Yaresuniwawiulansaznssaniu yuiusdulangviaiy

[ o

wwaRedu azfusgiumnuusiveday dnanlunssnyuiiviveslugiu euiauawldan

U

A o b o -::q LY i @ al'a i ar < <
anafvihlivulavglfsiAnegivuauvasusiulave Jagduuuuiideuldiunniian fe wuugn

f28 (Cup Anemometer) Usznausdaggniipgunsmsinas 3 wis 4 lu fnegiumanly

LW AnunRuanatsiuaineumisesgnanelunis ldsgndaednlunils Wuwmelign

U

2 - Y P o AN o ' 2
DIUAYUTDU 7 LWaAN (sUn 2.11) E]W'ﬁ']%gﬂﬂ?ﬂ“lﬂluﬁ]3Lﬂuﬂﬂﬁ?u@3@ﬂﬂﬂ?']ﬂﬁjaﬂl AINHU

UBINEIY

JU# 2.10 FuAIu Uit 2.11 erlilufiwmesuuuguiog

1 2/

druiesiniiTalaviananusian wazfianian 138091 welsiau (Aerovane)
Tngsmerilufimeosuaziudnudndeiy wisdlefldluiiafiduludng 3 Tu Saaudiay
Tudnsmpududnsdiusernudray 9insuseveasesiiiile uazidneglununmiagl
Tutiaviuanmay (E‘U“ﬁ' 2.12) Fuinuasyivithil 2 ege fe vonfiameay wavtaeliunuve

TudnsAdvdiemnaay sesiludwesuazdudiiu Weunafumsesarivinisdudin
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31]17'1' 2.12 welsiu

wiasinauinnanuitilunisinauniuauLazvanian1ws oauSanludumnys

Gala a 1 il

Aslaslanzdinnanday q Alisnsnanaay 1wy 91a75 Auldl Lavdu 9 anuSiauazidiy

[ o
=% @

infusduniadulionugaiuiu Ay wiedlefldinaumsieglunlasiieiniadiem
ldfazen wagarseggandindsenans wilunnufifesdlufiinesazgninelilusziuaugs

fin4 9 lduduau ilinsinaufiaubananegiaue

2.6 naufnseanuuuluinvaNitaNLALLLIUEY

[

=Y = 1 H = A ‘n‘
’Q'?ﬂﬂ’TﬁWﬁ]'ﬁﬂﬂﬁllQﬁ%@\‘lkﬁ\‘lﬂﬂmﬂ?WNL%?TaQﬂQN@Wﬂ'}ﬁﬁﬁﬂ’]'u.l%ﬂ % HAESHWUNG U

WINAU dA

139 mgZ +dP-dA=0

pgdd-dZ +da-dZ =0
dP = —pgdZ (2.2)

NEUNITEANTULVDI01NA (equation of state) AB

P=pRT
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unu (2.3) aslu (2.1) agla

P2t i
RT

2)g- e

P 7

=3

,
Z-7,= I(E]d_‘n 2.4)
a8 F

910 (2.4) auuﬁiﬂqquﬁma\‘méua’lmm‘ﬁmwuﬁ’laaaiﬁaﬂﬁsuauﬂﬁiqmwgﬁﬂqq'
(Isothermal process) agla
P
In—=(Z-27,)-%
P RT
Anulan Z, = 0 Aufe

Z
P=F -exp TR (2.5)
RT
' = - o @ '
ﬂ'nwmLtuuﬂummmﬁLﬂuﬁan‘ﬁuﬁuaammnﬂmmmasﬁmmmqumz UAINEIE NI
SEAUUIMELE @1UIsWgUAILAURUS LA
B

RT -exp [—%J

p, = (2.6)

a = 1 = g 6 o ar 1 2
e p; A mvuuwvssennATaluilaiduvesseiumiugsluiie kg/m

Py fie anuduusseanAnssauimseiinguluniae ke/m?

= J

R Ao Aasiluresernia (Specific gas constant of air) Tunuae J/K'mol

2

T Ao auvindlunuae K

9 U

]
[ =

g fe masiiipsnussisgavedlaniumiag m/s?

b

Z Ao eugenszdvimaalumbe m
21 (2.6) WlamwgaisdununneInimazanatuuueni1ds MnuuUsIaeamUiiAINg
o avediandugudiiniugeetiud (nfinity) fefunvudasanguoinieiildnszuuns
gamgiifinalidumiuate ﬁqﬁu%‘aﬁmamﬁagﬂ‘auﬂuaa"ﬁgua’m'lﬂﬁqquﬁ@mﬁu lngusay

=

FuresenAlguniivingu 8031 NszUIUNIS polytropic

ge =
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PV =conts. (2.7)

N (27) 81 y =1 mnganwiemmsdulymunssuiumsgamaiind uazd y =1.4
azillunuunszuaunseziiieiufin (adiabatic isentropic) Mipa meakuUEEINTT (entropy)

AINANINE WeuAuduiusvesaunslen

PV =RT,V = (2.8)

£
e,

1 1
R R pr[ 2]
0 Po P

(1-7)r (r-1)1¥
3 |:5:| = {:i} (2.9)

wnuA (2.8) adlu (2.7) azla

(r-1Vr
P el £
T 2y N o B (2.10)
g f
310 (2.10) anunsaaguanuduiusininnuneeniafuaugaduiuunisluandisl
o w _1 L. a e v
ddu L awduiudgamaiituaugnldainaunis
4
Ty =t (T} (2.11)
=1
' a o Qs e o i oas }/_1 g =
970 (2.11) wanangaumgilanasuuuidunsaiuanuadiauduwiai — o P
v

AUNTEAUANN 9 mleaInngn1senAIae (power law)

LS [E} (2.12)
Vo Z,
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P =4 =3 A a
We v, Ain mMLSIaunsEAuANNE Z
= = < o
vy D ATMIRIALNTEAUANGS Zg
I ! o W o ! 1 =
Y AD MEnmasilansinezueIusIeIne wasliA1sening 0.12 fis
0.50
d@miunisivavesernALuullsUsIu (turbulence) SnsAUAsuLawwDgaMgfiiuAIy

[ = = 2 s 1 P
geluvssemaduwuvezifawdin Arusseiuang 9 1asiidUssinn y = 1.4

2.6.1 nquf] Blade element (BET)
Filasfinnsanmnufiuasussiinseiuuindnaesiinivedlufiud s
pALAzLILIzALIldIINMITIANLI My TIILs A TAme Suanslugy 2.14 Tned
L D u33en D fie usiiu ¢ Ae yuaud (Inflow angle) a #o yulewg (Angle of attack)
wag B Ao NS (Pitch angle) Lﬂaﬁmsmnﬂma%mmﬁ'sﬁnﬂgﬂﬁ 2.14 9glannuduius

Lift (L) Leos+ Dsind

g
Lsing—Deosd=

Drag (D) chord line
Vi \
Qf(E ¥ ﬁy) %%

rotor plane

' v

SUM 2.13 uansnmasvaaussng o Adaduvurihdauwueiniavesiaiuay

U

= = L4 r v o &
mﬂgﬂw 213 wmimL’)ﬂmawﬂﬂm’mamwuﬁmu

an¢: vO(l*b) — 1_b
or(1-b)  A(1-b)

(2.13)

o ¢ Ao yuAMuSERMSTA I uyUsne s uis (¢ = a + B)
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Wi a .
A= — fD Local Speed Ratio
- ? « o °
b A ALWALRDINITLAUEIUIN LAY

AAnuS v sanmildann

_awr(l1-b)
cosd

rel

*  dwmiuuseen £y uiavdwaedluie ar szasainiumuiduivg v, Ae

rel

oF, =é oIV Or (2.14)

We €, Ae dudszanausson (The Lift force coefficient)

= s = ' | )
I A9 anuennuea (Chord) Fslimasuluniuaigeivasluie
* dmiuusme By wiavdwuedluia ar asauiufumaniiduivg v, Ao
(5

grs =-§ L oh or (2.15)

ile €, e AuUsEANSUIIRA (The drag force coefficient)

AUNIUIIIULAILAY BT gyq; A5 UNW N Tuin

R N(% C,p V2, cos glor + %GCDp V2, sin glor)
aj—:;mal = N(a}l COS ¢ + aF:D Sin ¢)
0T = % Npv.,(C,cos@+C, sing)lor (2.16)

AUNTTWIIUM AT 911U N Tua Aa

0t = Nr(OF, sin ¢ — OF,, cos @)

er= N(é C, pv’ singlor —%BCDp v2 cos @lor)

By % Npv2,(C, cosg+C,, sing)lor (2.17)

rel
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2.7 1uAdeilifeadas

2.7.1 Experimental study of turbulence intensity influence on wind turbine
performance and wake recovery in a low-speed wind tunnel
UNARED

]
o @ o et =i

Aeafuilgmuemineias Reynolds filinssfudmiunsnageuiafuauiifvunnanas
nsAnyIidmeasesiviuaniulfisauay amay Adsfuasssagnandunisnieldanin
onaflvadutarlvaioudingnasidagldszuuniaillisueg fndasewinamveduag
dhunadeuresglusdanfiruuthugegruesvianunsadidald 20 wih wadeyanannis
éfuﬁ:'lLLasSLumquﬂmaaﬁaﬁugﬂiﬂiﬂﬂ%’isuu 20-PV lualddnefisifsiuien wudiad
duszanindsnuiinadeaududurasnisinadi idesminaruduliuiivasenisuen
nszualudunisgauedluneiu lasunstudulaena PIV erenaldanmennialvaiduagan
humeslvaiou dmiunsdlvesfaiuauysavinmuasiaiuidesinuduiusiuany
Juvnlutoys uensndarmdudhuresnsinadhdnssduliinnsiudusanmsiiu fn
fuUszansmanyutastwiuauderdufieanuuvin nreldaa duvinveansualniing
munuldlasasUidiaeiisiuau Reynolds imsafiu wifiaunsauthfaundsdoyariedrendaty

WU Stic Flow Iﬁ]&ﬂ‘ﬁmﬂﬁm‘ff’]LLUUﬂuﬂ’mﬁﬂ‘%l’\ﬁuiﬂEJiBUUﬂ%ﬂm“ﬁx‘l’\uag

2.7.2 An assessment of the sea breeze energy potential using small wind
turbines in peri-urban coastal areas
UNANLD

vndeyannuiiautuiinsedalusiinaiugs 2 was Turas 18 U (1993-2010) Tu
Llobregat Delta (15 ax. mafialdvesilosunsiwlaw ; aziusenidesmilovosauaynsled
138) msnismamqm%aauﬁi:ﬁﬁwam@a 10 Wins furalldnaemituardmiutisaumsia
(Waudt 1 fluray G930 Fugneu 10 - 19 wawesdy) AnuululdvesruuIuLuYe 3
Weibull finefifunsnszmegmitldlunsussfiundsuauiiaddnefaiuaumndn
a04fe IT-PE-100 wag HP-600W Wadnianiasesilesians FAST uay AeroDyn gnunun
LU'%‘&JULi?iauﬁusﬂ’agaﬁlﬁmnm’]ﬂ%’mwﬁaauﬁgﬂi’mﬁuLﬁuiﬁqﬁwé’qlwﬁwmé’mﬁm N5 1Y

o

ToyavatEnan IT-PE-100 azlvindanu 132 Alaiadnaanviad (70 Aladndredaludlurisay
Nela) 9INN15918849 IT-PE-100 aglvngenu 155 Alatnadalusnananal (80 Aladndne
Pluslutiaunaa) aslddaunsiaduunamdanuanivrauls dwsusestuda iy
< = V% a ¢ ~ A dd e o v @
yuadn lissudluguiiwfmesisdew udluiunay 9 vedanfiiisuuuvauiiade o fu

waglneamgluiuigneilmeia uonveilandsvhsunvwivanvunaluyldasnsonald
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A5N19ANAUIIUIFY

o =) =F $-7 as L7 L7} l'd s
nsatiunufnuilasenunisesniuukazassluiafsuauiiwunraufvauyed
? d 2 = r{lt ac o = ot -:-lll
Pefawgiaioasiensenalnihdunaunazdsaiuauasd
3.1 Anwidayaluinisiuauuwiinuususuisdnvuzanuiiay
3.2 fiununadeyadeiuay
3.3 panuuuluinuwardiulsenauvesnaiuay

34 ‘ﬁqﬂ’]i‘lflﬂﬁ’rﬂ‘ULL’ﬁSaLﬂi’]%ﬁﬂi‘a‘ﬁaﬂ%ﬂ’]“ﬂ‘ﬂE}dﬁﬂﬁUﬁQJLLﬂuLLU’JuaU

3.1 STUUNIVUANLUALNUWAY (Horizontal-axis wind turbine, HAWT)
duUsENOUNEIvRIRIIANLLILALLEUT 4 du Ao daudt 1 wisedudaliin dqud

s s 1 dl 1 A ar ur !
2 [@naviuay dun 3 vnade wazdiun 4 luwe AU 3.1

JUA 3.1 Asfuauwuiaién
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311 n3eernidalni (Generator)

w3asnufdalnihuesisiuanaskaalifinnszuaaduoonyn lnendenuiilduiain

L2 El' L7 I:'j 1 s -] Y a d. o 1
waemuawwLﬂaau’i,ﬁl,mmﬁﬂmawqummmﬂaamwﬁwmﬂmsmummmaammmmﬁﬂ
A dunszualwineanun Usznauludne annasvsoRafiediun (stator) Faududn
t 73 d [-] =% - & = L4
lassuasasnuialiin unumadnaiames (stator core) SufAaIAvEAY wavlsnes

A W = 1 e
vieviu (rotor) Fadudrufifiuaiingnanns (permanent magnet)

]
=

@ 1o 1 IJ 1= Q’l 1
3.1.1.1 awmeivseedivil Wudiuildinsvyuvestudiussdusenavlu

U

'
o =

) < o & | o - o a = o w I 1 a =
mesasiudalii Dudulaswinduasesindaluidaihdominnaoviosvaiilouiu

U

1o

sUdudnuagnsinszuannals Thwhadaunumdnammesiwiusg fufnduuenlase

U

AIUNAUIADUAUYARIANDILAY WIS IBUHUMANUND AT UAUIUL AL LU UNUIATIUATS

BDNULUY UazdIUYDIUIRAIANRRBETOULNUINANYBEALADS

] 1 =3

31412 Iswedvisedava Wudwniluiwminanssunssnssuan. Tdausdmdn 6

1 lnswsivanansagadauniudndniusey 9 Mifues Tnefhduuswsiményaainds
s 5 kg A a ko o © s 1 = o e

wilelUdenld lefiussmousnitunnszieyhlddulivinarsiiensmudaivunmn

o - dl o =y d -
iliiAansmdgniinausaeaeulil (electromotive force, emf)

UM 3.2 iasesiitialniy 70 Tad
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Qs

3.1.2 l@naviuay (Tower)
= 1 o v s g s W s o W d‘ I o as
WUAIUNABILUNT UL MUNTDIAINILAN LaEAINDILATDIEINIAY ﬁ]%ﬂ'ﬁ%ﬂ?}‘u‘lﬂ

v @ io’ s o =
PAYATUIUUINUNLAZLEN FNEUW 3.3

“0G°0F $091

i

PRVAN

5UN 3.3 Laisiuas

3.1.3 a0

gunsalmuRuisiumyuluanuiiamsvesnseuaan eldSunssuaanldlun

AN Aavadesrdsenaulusme dnumade wazluwiade JUN 3.4

5UN 3.4 made



23

Wuiiundiauuaziddeulidundenuna Ssiadafugaununyuuiagdsusaanuny
o ] ' Vel W b =i o = A o
wyulddamawnunyu Tnsdiulngezgnoenwuulilldnvuzrdrednvoaniesdu ed
< v o 8 ¥ a & & oa = @ o v oo
Anuiaudndenzazyibiifauswenuazuseduiivinadnveduinildiianis
A ﬂi‘ o ] s o s - -
imdounvadluiin Insdrudszneuvesluindaiuauysenauldfae a1umyu (rotating disks)

a ] o ) 2 o = & v o= oa o v w @
L‘Uuﬁ’mwmaaﬂmwmmLﬂiﬂdﬂ?LHﬁlW‘ﬁ’] LLﬁgLﬂum')ﬂﬂmﬂiUWﬂL‘m@?Uﬂu
3.1.4 :UNYY

fdnvuziduuduadreguarumdsuudiindiululnevianainmanmun

o 1

Usgual 40 JadLUng Lwiazei'm%gﬂmsgﬁﬁ’um WAUIBISURNY 120 9977 WW0URADNU

oS dl o = A
fiaasmilalii Ui 3.5

5UN 3.5 27Uy

3.1.4 Tuwn

AuNsuLsRUN U nEAnwiuaN Janwazadtslnusaaiosdy nelmie

17
o =

uwssgauazussenTuviannnlindianuenvesduiigudnais 1.34 wes $1uau 3 Tu (Gadl
0.65 Luns) JUN 3.6
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5U 3.6 Tusia

u

3.2 nseenuiuulunanazdiulsznouveaniuay
nseanwuuluituazdiusenevaesiaiuaudperlansdiuysenousag o ialkd

) 7 = 8 a ¢
ﬂ'}]']llLﬁﬂflgallﬂUﬂ'l{L?j\ﬂUVIﬂ']"ul.lL%’?ﬁlﬁﬁﬂLLﬁ%ﬂﬂqﬂiL%?ﬁNU'}Uﬂaqﬂ ‘Lunqi"]Lﬂ'i'lgﬂﬂﬂﬂLLUU

sasrdatadadesing q el

3.2.1 nnseanwuUUluin

w o

1) lusianeanuuudsaldnwaynsldruiuanuSraumuazanmiauUunans

2) i’as;ﬁﬁwmﬁﬂuﬁmﬁmﬁﬁmﬁmLm wdausenunu s1alduneannlgialyly
Vioadu

3) MseRnuUUIUIBR UM shERen sin. nea Lazdsyneulaiossiin
Tiieliavaandenisirdeudeuazynnisviaaey

4) NiuauNeonkuuasanulgulaase wazaursoilunausevenla

3.2.2 Tufinfiaiuay
nssenuuuisiuauldlusunsudiiagy weliiinruasmnuassiaidinyan
fumnuisianuinaneilmealsemalneminiian luiaduuuedidamunnnidugs
uazduuaeluiagneenuuulilimuidoadieanussUsnzdvaulnense iumsitaussan

Tiusluia vililuinSunssasuasyyuldadu Ui 3.7
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TR e NAGA 7012
= §iﬁ,§,

gﬂ'ﬁ 3.7 Wnue1n1AUad NACA 23012

A1 Parameters @14 ¢ siosmdefiananniseaniuunaluil

1 3
P—EpAv p 3.0
AN C4 (Pduyseansnias) geldtuafansanlunaul dadusiauasa@euaunisi

1519z RaNseuladn
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JEAU 3
adadl | Vv | (mA) Vying (M/5) T{0) P (W)
1 0.8 3.0 1.6 29.6 0.0024
2 A0 3.0 1.8 29.5 0.0030
3 0.8 3.0 1.9 29.5 0.0023
Laé"ﬂ 0.85 3.00 L7 295 0.0026
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SEAU 2
afeit | Vv L(MA) | Ving (M/3) T P (W)
1 19.4 60.0 2.4 29.4 1.1640
2 198 | 610 2.5 29.4 1.2078
3 20.7 63.0 28 29.4 1.3041
Wiy | 19.97 61.33 2.50 29.4 . 1.2053




75

P (W)

eI NuFITUSsEnIA NS JaNvesRaNsEaY 2

maalvlih fiszaznie 2.5 mwas UG UMY 330 Q)

1.34
1.30 Py
126 /
g ——P (W)
1.18 :
1.14
23 24 25 2.6 29
Vwind (m/s)

JUN 4.49 nymluansrnuduiussendianuiatvesinanszau 2 Aumasliih

NTLHLN 2.5 WA UVTAIE NI 330 Q)

A151991 4.39 AIRIULSIAN WS LarnTelantiaanaIuEanTERy 1 Nseay 2.5 1WaS

AU 1
asedt | VW) L(mA) | Vg (M/3) T €0 P (W)
1 223 72.0 2.9 29.7 1.6056
8 238 72,0 3.0 29.8 1.7136
3 24.6 75.0 85 29.4 1.8450
Wiy | 23.57 73.00 3.03 29.6 1.7214
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asad | Vmy) DAl Tl 30 P (mw)
1 0.9 3.0 16 29.6 0.0027
2 12 3.0 17 95 0.0036
3 13 4.0 17 29.6 0.0052
pel 113 3.33 1.67 22.9 0.0038
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SEAU 2
aded | v | (mA) Ving (M/5) T (0 P (W)
1 185 52.0 22 29.4 0.9620
2 22.2 5.0 24 29.5 1.1988
3 224 55.0 26 " 206 1.2320
wie | 21.03 53,67 2.40 29.5 1.1309
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JEAU 1
Asadi VAY) A | Vigdm/s) | T Q) P (W)
1 204 68.0 2.9 29.4 15232
2 225 69.0 P opaC 2f @il 1.5525
3 22.8 70.0 3.1 29.4 1.5960
Wi 22.57 69.00 3.00 29.4 1.5572
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adalt | Vi) L(mA) | Viing (75) T (Q) P (W)
1 0.5 1.0 6| 299 0.0005
2 0.6 10 = 29.9 0.0006
3 0.7 2.0 18 29.9 0.0014
Wit 0.60 1.33 1,70 29.9 0.0008
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AU 2
adedt | Vv D SR R ) A P (W)
1 3.5 11.0 23 29.4 0.0387
2 3.9 13.0 24 295 0.0507
3 4.6 14.0 26 29.6 0.0644
e 4.01 12.67 2.43 29.5 0.0513
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M990 4.45 ﬂ"lﬂ'.l’lllL%’ZﬁiJ LbIIAU LLﬁSﬂ‘wLLﬂmﬂil’lﬂﬂ'.]’lﬁJL%’JﬁM‘izﬁ]U 1 Wszey 3.5 LUAT

JZAU 1
adedl | v HmA) | Vg (mVs) TC) P (W)
1 19.5 59.0 2.9 29.9 1.1505
2 20.4 62.0 3,1 29.9 1.2648
3 20.8 63.0 32 29.9 1.3104
Wiy | 2023 61.33 3,07 29.9 1.2419
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LAY 3
adadl | Vimw) LA | Vg (m/s) | T€0 P (W)
1 0.0 0.0 1.2 296 0.0000
2 0.0 0.0 13 296 0.0000
3 0.0 0.0 1.4 29.6 0.0000
\nae 0.00 0.00 1.30 29.6 0.0000
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JEAU 2
afedl | V) | (mA) Vying (M/5) T (°0) P (W)
1 17 5.0 1.6 29.7 0.0085
2 1.8 5.0 21 29.5 0.0090
3 19 6.0 24 296 0.0114
Wiy 1.80 5,33 7.03 29.6 0.0096
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o ' Y} Ao v v = y
A19199 4.50 ALLSIAU NTELE ﬂ']']‘llL%’]allV]':]ﬂlﬂﬂqﬂﬁﬂmﬁLa‘UﬁL’}m“ﬁquﬂwgLaU’NLLaU

2.9aU3
t (min) V (v) | (mA) Viing (M/s) T (°0) P (W)
12.00 3.2 30.4 5.9 27.3 1.15
12.15 40.2 38.9 4.0 272 1.56
12.30 46.8 39.6 3.7 27.6 1.85
12.45 43.0 41.0 2.7 273 1.76
13.00 38.7 30.7 2.9 27.5 1.19
13.15 222 20.4 1.6 a9 0.45
13.30 42.0 30.6 V7 27.0 1.29
13.45 42.5 44.0 1.6 28.1 1.87
14.00 45.0 45.0 a7 28.2 2.03
14.15 30.2 26.4 0.8 28.5 0.80
14.30 A, 20.3 1.4 29.7 0.46
14.45 31.6 40.5 1.8 32.4 A8
15.00 31.7 39% 2.0 Sk, 1.25
15.15 31.7 4.2 2.0 31.4 0.13
15.30 134 11.5 1.8 30.5 0.15
15.45 38.1 34.4 3.6 292 1.31
16.00 2.6 3.0 1.6 287 0.01
16.15 14.5 s, 2.2 28.5 0.02
16.30 152 1.6 19 27.4 0.02
16.45 6.8 3.7 0.4 26.8 0.03
17.00 25.6 224 1.6 26.6 0.57
17.15 39.0 30.7 3.6 26.4 1.20
17.30 139 11.2 1.8 259 0.16
17.45 313 30.0 2.0 255 0.94
18.00 8.6 0.9 1.8 251 0.01
18.15 39.9 35.0 2.5 24.1 1.40
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t (min) V (v) | (mA) Vying (M/5) T ) P (W)
18.30 111 1.2 1.3 24.5 0.01
18.45 12.5 1.5 1.8 24,1 0.02
19.00 30.7 35.0 2.9 239 1.07
19.15 39.1 38.0 3.0 23.6 1.49
19.30 59 4.6 2.2 23.5 0.03
19.45 45,7 41.0 85 23.6 1.87
20.00 19.6 2.0 1.8 235 0.04
20:15 22.4 130 1.9 i NI 0.29
20.30 20.8 125 1.7 232 0.26
20.45 44.5 44.0 2.75 724.2 1.96
21.00 46.2 40.6 3.1 23.6 1.88
21.1% 40.2 38.9 4.0 23580 1.66
21.30 428 745 2.1 235 0.29
21.45 28.1 18.1 2.5 20 2 0.51
22.00 31.8 30.0 23 234 0.95
22.15 30.5 12.9 2.7 294 0.39
22.30 14.6 1.4 1.5 23.4 0.02
22.45 40.2 41.0 2.6 2 555 1.65
23.00 354 34.0 2.5 22.8 1.20
23,15 22.4 29.1 2l 232 0.65
23.30 258 12.6 2.2 233 0.33
23.45 30.3 30.0 2.2 233 0.91
00.00 66.6 56.6 3.5 22.9 3.7
00.15 11.9 1.1 1. 23.0 0.01
00.30 18.9 5.0 1.8 22.8 0.09
00.45 5.3 1.9 1.9 22.8 0.01

1.00 0.0 0.0 0.2 22.4 0.00
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t (min) V (v) | (mA) Vaing (M/s) T (°Q) P (W)
1.15 15.0 1.4 1.5 23.2 0.02
1.30 4.6 1.3 1.8 221 0.01
1.45 24.8 24.0 2.0 22.4 0.60
2.00 24.6 225 2.1 225 0.55
2.15 26.6 227 2.2 24.5 0.60
2.30 29.7 30.0 2.3 22.8 0.89
2.45 20.3 210 1.6 22.6 0.43
3.00 44.8 44.5 2.5 B % 1.99
3.15 26.6 22.7 2k 222 0.60
330 28.7 22.8 2.2 22.2 0.65
3.45 22.2 22.0 A% 21.7 0.49
4.00 34.5 34.0 3.% 2114 1817
4,15 27.4 22.6 2.2 21.2 0.62
4.30 28.3 233 2.5 21.8 0.66
4.45 38.6 29.0 2.9 20.8 1Y i
5.00 26.7 227 2.9 20.5 0.61
5:15 23.5 24.0 2.0 20.4 0.56
5.30 OR5 32.4 2.8 20.3 1.09
5.45 26.6 2557 | 20.3 0.68
6.00 30.5 278, 2.8 20.2 0.85
6.15 42.5 40.2 | 205 Jefd
6.30 54.7 455 3.6 203 2.49
6.45 44.7 43.5 2.5 20.5 1.94
7.00 63.3 60.4 4.6 20.8 3.82
7:15 68.8 67.9 4.1 21.9 4.67
7.30 51.2 50.2 3.5 22.7 2.57
7.45 64.9 62.5 4.2 22.8 4.06
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t (min) V (v) | (mA) Viing (M/S) T ¢C) P (W)
8.00 70.1 67.7 4.7 23.5 4.75
8.15 66.8 65.7 4.2 23.3 4.39
8.30 57.6 55.8 3.6 24.6 3.21
8.45 59.8 60.0 3.9 24.5 3,59
9.00 73.3 716 4.7 24.9 5.25
9.15 29.7 19.0 2.2 25.7 0.56
9.30 58.9 54.0 4.3 25.9 3.18
9.45 52.9 50.4 3.9 a 2.67
10.00 49.6 51.2 356 27.2 2.54
10.15 37.5 39.0 3.3 30.2 1.46
10.30 26.7 25.0 2.9 28.2 0.67
10.45 201 19.0 16 29.0 0.38
11.00 25.8 18.0 1.8 34.0 0.46
11.15 15.4 11.6 13 34.0 0.18
11.30 437 42.4 3.1 30,5 185
11.45 52.9 50.4 3.9 35.0 2.67
12.00 496 51.0 3.6 35.5 2.53
Wwhe 32.9 28.8 26 25.0 1.24
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Regarding the issue of the unmatched Reynolds number for down-scaled wind turbine tests, an experimental study of a single
model wind turbine and an array with two turbines was performed under laminar and turbulent inflow conditions. Turbulent
inflow was created using an active grid system installed between the contraction and test-section of the wind tunnel; the
maximum turbulence intensity can reach 20%. Velocity fields upstream and in the wake of the turbine were measured using a
2DPIV system. In the experiments with a single turbine, it was found that the power coefficient was strongly dependent on the
inflow turbulence intensity, because turbulence influenced the flow separation in the suction side of the wind turbine blade.
This was confirmed by PIV results taken under laminar and turbulent inflow conditions. For the wind turbine array case. the
efficiency of both turbines was highly related to the turbulence intensity in the inflow. Furthermore, inflow turbulence intensity
also influenced the wake recovery. The power coefficient of the wind turbines was similar to design value under controlled
inflow turbulence. In conclusion, despite the unmatched Reynolds number, a realistic flow similar to the field can be reached
using turbulent inflow created by an active grid system.

Atmospheric boundary layer
‘Wake recovery
Particle image velocimetry

© 2017 Elsevier Ltd. All rights reserved.

Introduction

Interest in large wind turbines increased with the oil
crisis in the 1970s. Wind energy, as a clean and
renewable energy source, is cost competitive even
though it requires a large initial investment that does
not necessarily pay off quickly. By the 1980s wind
farms were built in countrysides all over the world.
Wind energy infrastructure and production have
been growing rapidly over the last few decades as
wind energy has become one of the most profitable
sources of renewable energy. Leading users of wind
energy include Germany, the United States,
Denmark, and Spain. India and China are the up-
and-coming users of wind power. Wind energy is
expected to play a major role in the future renewable
energy portfolio. Despite the widespread use, there is
still room for improvement in areas such as turbine

efficiency, noise attenuation, and maximized output
of wind farms.

These topics have attracted a lot of research in the
field. Many of these investigations require
experimental data in the field. However, it is very
challenging to acquire experimental data from a full

* Corresponding author.
E-mail address: shu@nmsu.edu (F. Shu).
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0960-1481/© 2017 Elsevier Ltd. All rights reserved.
scale wind turbine in the field due to lack of
controllability. Field tests are also expensive,
especially when the turbine is still in the design
stage. CFD simulations are challenging as a result of
the characteristics of the wind [ 1] and turbulence
modeling. In such situations, down-scaled wind
turbine models tested in wind tunnels are usually



preferred. However, using down-scaled turbines
generates a big problem: an unmatched Reynolds
number [2].

As mentioned by Giacomo [3], the use of down-
scaled models represents a limitation due to
discrepancies with respect to real wind turbine flows.
Wind turbines in the field have a Reynolds number
in the order of 10° 10”. The Reynolds number in
wind tunnel tests are usually in the order of 10* 10°.
This is due to down-scaled models and it creates
differences in the boundary layer flows over the
suction side of the blades and generates laminar
separation on the blades ([2.4]). Boundary layer
separation leads to a loss in aerodynamic lift, which
results in a decrease in turbine performance [2]. For
instance, Alfredsson [5] reported a lower power
coefficient for down-scaled wind turbine models.
For wind turbines in array, a wind turbine operating
in the wake of another turbine of the same model, the
reduction in the maximum power coefficient of the
downstream turbine is strongly dependent on the
turbulence intensity, distance between the turbines,
and the tip speed ratio of the upstream turbine
([6e8]). In addition, at a given distance, the amount
of area overlap between the upstream and
downstream turbine will also affect the performance
of the downstream turbine ([9e11]). Also, the
minimum C; of the downstream turbine is obtained
when the upstream turbine is operating at its peak
efficiency, due to lower kinetic energy in the wake of
the upstream turbine [6].

Scientists proposed modifications in the turbulence
characteristics of the inflow to address the
unmatched Reynolds number issue in wind tunnel
testing. To accomplish this, an active grid turbulence
generator can be used to make the inflow turbulent
[13]. An active grid system was first introduced by
Makita and Sassa [ 14]. It was compounded by
several rotatable shafts with surmounted vanes that
can be driven via stepper or servo motors. It was able
to induce strong, homogeneous, and quasi-isotropic
turbulence with a high turbulence intensity in a
laboratory wind tunnel. The resultant turbulence had
an intensity of more than 30% downstream of the
generator. A similar turbulence intensity is observed
in field tests [3]. Use of turbulent inflow not only
suppresses the flow separation around the blade, but
also resembles the flow characteristics in the real
atmospheric boundary layer ([13,15]), which is very
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close to the Earth's surface, and is directly affected
by the frictional and viscous effects of the ground.
Also, the mechanical and electrical performances of
wind turbines are highly affected by wind
characteristics. Environmental parameters have a
massive effect on the generated power [16]. In this
manner, Adaramola, and Krogstad [6] discovered the
importance of the turbulent mixing mechanism in the
wake of the upstream turbine in order to increase the
rate of wake recovery. So an atmospheric boundary
layer was generated in a laboratory wind tunnel by
regulating parameters of a turbulent shear flow
generator [ [ 7] using the active grid system.

In this study, the influence of turbulence intensity on
model wind turbine performance and wake recovery
was investigated. Velocity fields upstream,
downstream and around the turbine blades were
measured using 2D PIV. Turbine power efficiency
and velocity recovery in the wake were
quantitatively measured and discussed.

Methods

Wind tunnel

The experiments wete performed in a low-speed
wind tunnel, which has an intake section of 4 m by 4
m, and a testing section of 1.2 m (W) x 1.2 m (H) x
14.6 m (L); speeds in the test section can reach up to
35 m=s (see Fig. 1). Wind turbines were installed
immediately downstream of the contraction for
laminar flow cases, where the turbulence intensity
was less than 0.5%. For turbulent flow cases, an
active grid system was used to generate turbulent
inflow and wind turbines were installed in the last
test section, which was approximately 13 m from the
contraction.

Active grid system

The active grid system (AGS), first introduced by
Makita and Sassa [14], is capable of generating
turbulent flow with high turbulence intensity in
relatively small facilities. The AGS was installed in
the wind tunnel between the contraction and the test
section. It had 6 vertical and 6 horizontal shafts
mounted with flaps as shown in Fig. 2; all the shafts
were driven by programmable stepper motors. A



Matlab program was developed to control the
motors.

To generate uniform turbulent flow, the motors were
programmed to vibrate the flaps while they were
parallel to the flow. In order to create the desired
turbulent boundary layer velocity profile, the first
three horizontal shafts were set at 18, 36, and 54,
respectively, as shown in Fig. 3 from a side view
perpendcular to

Fig. 1. The low speed wind tunnel used in the study.

the flow. The vertical shafts were at 90, so that the
flaps were parallel to the flow. Hence, the flow was
slower at the bottom giving a specific boundary
layer at the testing section. The detailed velocity
profile is presented in 2.4.2.

Wind turbine set up

The down-scaled two-blade wind turbine model
used in this experiment was designed using blade
element momentum (BEM) theory; it had a
diameter of 203 mm (8 inches). Each turbine was
mounted on a 480 DD motor of 8.4 volts utilized
as a generator. The experiments were conducted
using either a single turbine or two turbines
aligned with the flow, as shown in Fig. 4. The
purpose for using two turbines was to investigate

102

the wake recovery and its influence on the
performance of the downstream turbine.

For the laminar inflow case, wind turbines were
installed immediately downstream the wind tunnel
contraction with the active grid system removed.
In this section, the flow was uniform and had a low
turbulence intensity. On the other hand, for the
turbulent cases, the wind turbines were installed in
the last section of the wind tunnel, approximately
13 m away from the AGS to allow big flow
structures generated by the AGS to dissipate. A
turbulent velocity profile was generated to mimic
the atmospheric boundary layer.

Incoming flow conditions

Uniform incoming flow

For the laminar inflow case, a uniform velocity of
15 m=s was used, and the turbulence intensity was
less than 0.5%. For turbulent inflow cases, two
turbulence intensities, 8% and 3%, were used. The
incoming velocity was 13 m=s, and 13.8 m=s for
the high and low turbulence intensity inflow cases,
respectively.

Velocity proﬁle to mimic atmospheric boundary layer

It is important to know how a turbine interacts
with the atmospheric boundary layer (ABL)
([13.15]). Mechanical and electrical performances
of wind turbines are highly affected by wind
characteristics [ 16]. These effects need to be
considered during the analysis of wind turbine
performance. According to Anderson [18], the
ABL thickness at sea level is around 300 m; that
means all the wind turbines are influenced by the
ABL. By programming the AGS, a turbulent
boundary layer flow was generated to mimic the
ABL. In
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Fig. 2. Active Grid System. (a) Schematic of the AGS installed in the low-speed wind tunnel, {b) photograph of the installed AGS.
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Measurement set up

Power coeff lcient measurements

The power generation was measured as a product of the
shaft torque and turbine angular speed. In this way the
total harvested power was measured accurately and
power losses due to mechanical friction as well as the
generator's internal resistance were accounted for. These
measurements were conducted to study the wind turbine's
efficiency with respect to tip speed ratio (1) and to
evaluate the similarity of wind turbine performances in
the lab and in the field. A torque sensor (NANO 7 IP68,
ATT Industrial Automation) adapted to the wind turbine,
see Fig. 6(a), was used to measure the torque and
consequently the power coefficient of the wind turbine.
In this Study, the turbine speed (RPM) was controlled by
using an adjustable load resistor connected to the

generator as suggested by Hiraharaa [20]. Using a photoelectric laser sensor (42EF Laser Sight) and a
diode laser beam passing through the wind turbine, a signal was created every time one of the blades cut
through the laser beam while the wind turbine was spinning, as shown in Fig. 6(b). This signal was
monitored and processed by an oscilloscope to calculate the angular speed of the wind turbine.

Fig. 3. Active grid system setup to mimic the atmospheric boundary layer. The first

PIV set up

three rows of flaps were angled at 18, 36, and s4respectively. A 2D particle image velocimetry (PIV) system was used to obtain the

velocity fields upstream, downstream and around
the turbine blade. This system was composed of a
Quantel dual-cavity Nd-YAG laser (EverGreen,
200 mJ/pulse, 532 nm wavelength); a high

this experiment, a turbulent boundary layer was scaled down to a sensitivity CCD camera (Sensicam QE,

PCO images, Germany); a
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boundary layer thickness of approximately 0.6 m, see Fig. 5, accomputer to acquire particle images and
process the data, and a
cording to scaling ratio of the model wind turbine. The velocity timing box (IDT, Inc.) to synchronize the
camera, the laser, and the
profile is also shown in the same figure. This thickness was computer. The laser sheet (1 mm thickness) was
generated using a
considerably larger than the fully developed boundary layer spherical lens (1000 mm focal length) and a
cylindrical lens (25.4
experimented by Klebanoff [19], and larger than the atmospheric mm focal length). A mirror inclined at 45
was used to direct the
boundary layer thickness in a wind tunnel experiment by Makita laser sheet to the region of interest. In all
PIV measurements, the
and Sekishita [17] that also used a turbulent active grid, having a time intervals between the two laser pulses
were adjusted so that
value of 0.4 m. The inflow turbulence intensity was approximately the maximum displacement was close
to but less than 6 pixels.
17.4% at the center of the turbine. This boundary layer was only
The flow was seeded with olive oil droplets generated using
used for the measurement of turbulence intensity influence to

Laskin nozzles. The droplets were estimated to be
approximately
wind turbine array.

1 2mm in diameter. 1000 pairs of images were
acquired at each region of interest to achieve
statistical convergence.

When measuring flow separation in the suction side of the

Fig. 4. Wind turbines in array at a distance of 10 diameters.
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7 ~E Wind Turbine

Laser Beam

Fig. 6. (a) Torque sensor mounted onto the wind turbine for purpose of harvested power measurement, (b) Set up for measuring wind turbine angular speed.

blade, the laser sheet cuts through the cross-section of the blade beam passing through the wind turbine, a
pulse signal was created while the wind turbine was spinning, as shown in Fig. 7. Using the every time one
of the blades touched the laser beam. This signal previously mentioned photoelectric laser sensor and a
diode laser was divided by a signal processor (Arduino uno) to reduce the

(a)

Fig. 7. PIV setup to measure flow separation on the suction side of wind turbine blade (a) front view shows the laser sheet cutting through a turbine blade, (b) an example of particle

image, notice the boundary glare in the suction side of the blade.

frequency to a few Hertz to trigger the PIV system.
1000 particle image pairs were acquired with the
blade located at the same angular position.



PIVPROC software (Provided by NASA) was used
to process the particle images and acquire the
velocity data. Fast Fourier Transform (FFT) bases
cross-correlation method was used to calculate the
velocity. For the flow separation measurement, the
interrogation was 16 32 pixels with 50% overlap.
The background image was subtracted from the
particle images to minimize the effect of boundary
glare. Interrogation windows were 32 32 pixels for
the rest of experiments.

Experimental uncertainty

The overall uncertainty for mean velocity is less
than 1.9% with

02

015 F

005

et b 2 9% L0 |
. 4

Tif) speed raﬁtio

95% confidence level. The uncertainty of the
turbulence intensity is 4.5% of the maximum
turbulence intensity with 95% confidence level. The
uncertainty for power coefficient measurement is
2.7% with 95% confidence level.

Fig. 8. Cyof a single turbine vs. tip speed ratio under laminar inflow.
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Experimental procedure

The power coefficient of a downscaled wind turbine
was first measured under laminar flow; the results
showed that the coefficient was much lower than
expected. According to Macgranahan [4], and Ronit
(2] this problem was due to the laminar separation
on the suction side of the wind turbine blades. To
solve this problem, the AGS was used to induce
turbulent incoming flow. Power coefficient was then
measured under turbulent inflow conditions. In
order to understand the influence of flow turbulence
to the

0.4

035 fF —a—— Turbulent Inflow -
E ——&—— Laminar Inflow

03 fF

C
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b
LI L |
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Fig. 9. Cy vs. tip speed ratio for laminar and turbulent case for a single turbine,
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Fig. 10. Flow separation around the wind turbine blade. (a) and (b) represented the absolute velocity field under laminar and turbulent inflow cases, respectively. (c) and (d) represent the velocity field
relative to the blade for laminar and turbulent inflow cases, The tip speed ratios were 5.4 for both cases.



boundary layer separation, PIV measurements were

conducted around the blade.

Turbulence influence on wind turbine array was also

investigated. PIV measurements were conducted to
—&—— 5 Diameters

—&— 10 Diameters
045 ¢ —v— 15 Diameters

04k

5 3 ’
Tip speed ratio

(a)
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Reynolds number problem. An AGS was utilized to
create turbulent inflow simulating the ABL since
wind turbines in the field work under the turbulent

—&— § Diameters
—&— 10 Diameters
045 ¢ —v— 15 Diameters

8 7 8
Tip speed ratio

(b)

Fig. 11. Downstream wind turbine coefficient of power versus tip speed ratio relationship for 5 diameters, 10 diameters, 15 diameters under a) laminar flow, and b) turbulent flow.
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Fig. 12. Wind turbine array and PIV measurement regions.

evaluate the wake recovery under different
turbulence intensities. In all of the studies, wind
turbine's power coefficient was measured and
analyzed.

Results and discussions

Single turbine performance with laminar inflow

The C, vs. tip speed ratio (TSR) curve for a single
wind turbine under laminar flow was acquired. The
results, Fig. 8, show that the C, was unreasonably
low compared to the field results ([3,12.7,11]) where
even values of Cp % 0:5 can be reached for modern
wind turbines [21]. This huge discrepancy was due
to unmatched Reynolds number, which governs the
turbulence characteristics of the flow. In this study it
was found that the turbulence intensity is critical in
wind turbine performance. The goal of this study
was to find a method to address the unmatched

ABL.

Influence of inflow turbulence intensity to a single turbine

Considering the fact that wind turbines in the field
are operated in the turbulent atmospheric boundary
layer, the use of turbulent inflow is more realistic
compared to laminar flow. Turbulent inflow, with a
turbulence intensity of approximately 17.4%, was
used when measuring the power coefficient. In Fig.
9, Cpas a function of TSP, 1, was presented for the
turbulent inflow condition and compared to the
laminar flow case. The maximum Cpin the
turbulent inflow case was 35%, which was three
times greater than the laminar flow case and was a
realistic number for two-blade turbines.

It was hypothesized that the wind turbine
performance decrement under laminar inflow was
caused by the flow separation on the suction side of
the wind turbine blades. To verify this hypothesis,



PIV measurements were performed near the blade
surface to study the boundary layer for both laminar
and turbulent inflow cases. The same inflow
characteristics as the previous experiment were used.
Using a trigger signal, in each experiment, 1000
particle image pairs were acquired near the blade
surface; an example particle image was shown in
Fig. 7. The experiments were performed using a
single wind turbine at a tip speed ratio of
approximately 5.4 for both laminar and turbulent
inflow cases.

Fig. 10 (a) and (b) represented the mean velocity
around the turbine blade under laminar and turbulent
inflow conditions, respectively. It was difficult to
determine the separation point from the absolute
velocity field while the wind turbine was rotating.
Subtracting the mean velocity field by the rotational
speed of the blade (ur) at this location, the velocity
field relative to the blade was calculated and plotted
in Fig. 10 (c) and (d). It was found that the flow
separation on the suction side was indeed related to
the inflow turbulence intensity. A longer flow
separation region, which spans approximately 50%
of the chord, was found for the laminar inflow case.
While for the turbulent inflow case, the separation
region was much shorter. These results confirmed
that the flow separation in the laminar flow case was
the major reason for the exceptionally low power
coefficient.

Influence of turbulence intensity to wind turbine array

To maximize the efficiency of a wind farm, locations
of wind turbines in the farm need to be carefully
arranged. The optimal arrangement can be acquired
using CFD ([1,16,22]), or by doing experimental
simulations in the wind tunnel ([6,8,15]). In wind
tunnel simulations, because a single wind turbine's
performance is greatly influenced by the inflow
turbulence intensity, it is reasonable to believe that
turbulence intensity also influences the overall
performance of the wind turbine array.

In this study, the influence of inflow turbulence to
the performance of an array with two wind turbines
was investigated. One wind turbine was in the wake
of another with at an adjustable distance between
them. Using the torque sensor mentioned above, the
total power harvested from the flow was measured.
A constant inflow velocity, V=% 15 m=s, was used
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for the laminar inflow case. For the turbulent inflow
case, the ABL velocity profile introduced in 2.4.2
was used. At the height of the wind turbine center,
the velocity was 8.3 m=s and the turbulence intensity
was 17%. Two variables were controlled in the
experiment: the tip speed ratio (1) and the distance
between the two turbines, e.g. 5, 10 and 15 diameters
(for both laminar and turbulent cases).

The power coefficient of the downstream turbine was
measured at 3 different distances from the first
turbine under both laminar and turbulent inflow
conditions to study the influence of the distance
between the two turbines. In Fig. 11, power
coefficients for the downstream wind turbine are
shown for laminar and turbulent flow, using 5, 10
and 15 diameters between the two turbines. The



Fig. 13. Normalized velocity profile at various x=D locations: (a) Section 1 (x=D %0:93 from first

turbine), (d) Section 4. (x=D % 1:46 from second turbin
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upstream wind turbine tip speed ratio was set at 6.78
for turbulent flow, and 5.6 for laminar flow.

A great improvement in efficiency was observed for
turbulent inflow cases. For the 5 diameters case, the
maximum efficiency for turbulent inflow was 5 times
higher than laminar inflow case. For 10 and 15
diameters it was 3.3 and 2 times higher respectively.
The maximum efficiencies reached for the
downstream turbine for the turbulent inflow were
32%, 43%, and 30% for 15D, 10D, and 5D,
respectively. It was apparent that the change in the
maximum power coefficient of the downstream
turbine was strongly dependent on the distance
between the turbines. It was surprising to find that
the maximum power coefficient for the 10D case was
even greater than the 15D case. This was mainly
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because the turbulence intensity decreased with
distance due to dissipation. Details will be provided
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The efficiency of the downstream turbine was much
higher in the turbulent inflow case because of two
main reasons. First, wind turbines have greater
efficiency under turbulent inflow due to suppressed
flow separation in the suction side of the blade,
which has been discussed in the previous subsection.
Another reason is that the wake recovers faster for
turbulent shear flow compared to laminar shear flow.
Adaramola and Krogstad [7] discovered the
importance of the turbulent mixing mechanism in the
wake of the upstream turbine in order to increase the
rate of wake recovery.
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For a better understanding of wake recovery under turbulent conditions, PIV measurements were taken
upstream and in the wake of the wind turbines. Only the results for the 10 diameter cases were presented
for brevity purposes. Four sections in the center plan of the two turbines were measured with the 2D PIV
system, for each section 1000 pairs of particle images were acquired to achieve statistical convergence.
The locations of the four sections were shown in Fig. 12. These locations were chosen to study the flow
recovery downstream the first turbine.

To investigate the influence of turbulence intensity, the PIV measurements were performed using a high
turbulence intensity (8%) and a low turbulence intensity (3%). For both cases, the inflow had
approximately uniform velocity as shown in Fig. 13(a).

In Fig. 13, the velocity and turbulence intensity profiles in the four sections were presented. These velocity
magnitudes were normalized using the free stream velocity measured at section 1. For the high and low
turbulence intensity cases the maximum free stream velocity was 13 m=s and 13.8 m=s respectively. As
shown in Fig. 13(a), the velocity was approximately constant upstream the first turbine (x=D %0:93 from
first turbine, negative sign means upstream). In section 2, the turbulence intensities were elevated for both
initial conditions after flow passed through the turbine (Fig.13(b)). In section 3, the turbulence intensities
decreased due to dissipation (Fig. 13(c)). When comparing the velocity profile in sections 2 and 3, it was
clear that the flow recovered much faster for the higher turbulence intensity case (Fig. 13(b) and (c)). With
incoming turbulence intensity of 8%, flow in the wake of the upstream turbine almost fully recovered after
8.4 diameters. Results in section 4 indicated that the turbulence intensity and the velocity profile were
similar for both cases as shown in Fig. 13(d). This was because the high turbulence intensity helped the
wake to recover faster for both cases. Hence, the turbulence intensity of the inflow (initial turbulence
intensity) does not affect the flow downstream the second turbine as greatly as it does for the flow
downstream of the first turbine. From Fig. 13(b) and (c), a significant decrement of the turbulence intensity
between these two locations for the high turbulence intensity incoming flow case was noticed. This
decrement was due to turbulence dissipation and was the reason for the decreased power coefficient of the
downstream turbine located at 15D (Section 3.3). The downstream turbine located at 10D had the best
efficiency because at this location, the velocity was well recovered with a relatively high turbulence
intensity. This reduction of power coefficient at 15D was not observed for the laminar incoming flow case,
because the velocity was still under recovery.

Conclusions

An experimental investigation was performed in order to find a solution regarding the issue of unmatched
Reynolds numbers for downscaled wind turbine tests in wind tunnels. An unmatched Reynolds number
influences the boundary layer characteristics around the turbine blades, and thus affects the turbine
performance. An active grid system was used to prompt or initiate turbulent flow and minimize the impact of
the unmatched Reynolds number. The active grid system worked efficiently in simulating an atmospheric
flow environment and creating a wind turbine efficiency similar to realistic values. This was done by
introducing turbulent inflow to suppress boundary layer separation on the suction side of the blade. PIV
results confirmed an increase of flow separation when the inflow was laminar.

Another test was performed using a wind turbine operating in the wake of another turbine under laminar and
turbulent inflow at various separation distances to investigate the turbulence influence on wake recovery. In
this study, turbulent inflow was generated using the same active grid system. It was found that the efficiency
of both turbines was highly dependent on inflow turbulence intensity. PIV measurements were taken in the
wake of both wind turbines. It was concluded that the flow recovery in the wake downstream of the first
wind turbine highly depends on the turbulence intensity in the inflow. For a higher turbulence intensity, a
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faster recovery was detected. It was also found that the flow downstream of the second turbine was less
dependent of the initial turbulence intensity. At this section, the flow had a high turbulence intensity
introduced by the obstruction of the turbines, therefore, the initial turbulence intensity was not very
important. In conclusion, when testing wind turbines in a wind tunnel, the turbulence intensity of the inflow
should be carefully controlled to counteract the influence of unmatched Reynolds numbers. Use of an AGS
could be an effective way to generate controllable turbulence intensity and get realistic wind turbine test
results in wind tunnels.
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1. Introduction

In the last decades, wind energy has become the
most  attractive renewable energy resource
worldwide. Wind farms are widespread in areas
where climatic conditions and topography features
allow for their development. Traditionally, wind
farms are installed in remote areas, where synoptic
winds (i.e., winds associated to the meteorological
macroscale) are significant. The large wind turbines
used in typical wind farms, with tower heights that
can be larger than 80 m, have high efficiency in
converting kinetic energy of horizontal synoptic
wind into electric energy. However, more recently,
interest in urban and suburban areas has raised as
potential wind energy generation zones using small
wind turbines. These areas are generally dominated
by local winds (thermal winds) and are characterized
by a lower potential productivity. Knowledge of the
wind speed patterns in these areas is essential for
enabling good assessments of wind energy
generation. For this purpose, in the last vears,
research on the local regimes of winds has been
intense (Bivona et al., 2003; Carta and Ramirez,
2007; Celik et al., 2010: Dahmouni et al., 2010).
There are also many investigations in the literature
regarding wind farms in coastal sites (Dalton et al.,
2008; Montlaur ¢t al., 2012;
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E-mail addresses: jordimazon@upcedu (). Mazon),
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0167-6105/&2015 Elsevier Ltd. All rights reserved.
Mason et al., 2010). Nevertheless, research on the
simulation of potential wind energy generation from
local winds is still scarce. Garvine and Kempton
(2008) investigated issues related to quantification of
wind energy generated from the sea breeze. These
researchers analyzed hourly wind records for a
period of 18 years from meteorological stations in
the US Middle Atlantic Bight, comparing areas of
coast, estuary, and open shelf, and evaluating wind
intensity at turbine hub-height due to the sea breeze
compared with synoptic winds. These researchers
concluded that the sea breeze regime is suitable for
daily energy generation in the studied coastline
regions, where the average wind speed is lower than
5.7 m s'. They also found that, as expected, the wind
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energy generated from the sea breeze was larger
offshore compared to onshore. Finally, to the authors
knowledge there is no research in the literature on
wind energy generation from the sea breeze in the
Mediterranean basin.

The objective of this work is to analyze the wind
energy generation from the sea breeze in the
Llobregat Delta (15 km south of Barcelona city;
northeast of the Iberian Peninsula), as an example of
a regular and weak local wind regime, and to assess
the potential of small wind turbines in the west
Mediterranean basin. Ultimately, this research will
clarify whether the sea breeze is adequate for energy
generation using small wind turbines, what
percentage of the produced annual wind energy
would correspond to the sea breeze, and which types
of small wind turbines are appropriate for wind
energy generation from the sea breeze. In addition,
the performance of FAST and AeroDyn simulation
tools will be tested.

1.1. The sea breeze regime

The sea breeze is a thermal circulation exhibiting
diurnal cycle within the local scale. Its dynamics
have been studied by many researchers (Simpson,
1994, Rotunno, 1983 Estoque, 1961; Steyn and
Kallos, 1992; Arritt, 1993). This circulation develops
in coastal areas during daytime, caused by the
differences between the air over the land (warmer)
and the air over the sea (cooler). During daytime,
especially around noon in the warm period (from
March to September), the air over the land is heated
faster (and therefore becomes less dense) than the air
over the sea. The former gains altitude, while the air
over the sea moves inland forming a cold front over
the land. The air mass over the land that gained
altitude travels hundreds of kilometers offshore,
where a subsidence occurs, closing the thermal
cycle. At night, the air over the land is cooled faster
than the air over the sea, and another thermal
circulation appears but reversed: the air over the land
(cooler) travels offshore, while the air over the sea
(warmer) gains altitude. This is the so-called land
breeze circulation, much less intense than the sea
breeze.

The sea breeze is generally less intense than synoptic
winds. However, it features a larger periodicity, and
thus a priori it could be suitable for energy
generation with small wind turbines. Effectively, in
many warm tropical areas the sea breeze shows high



regularity and maximum wind velocities around 7-8
m s' can be expected at low levels at noon and early
afternoon (Simpson, 1994). Right after dawn and in
the early morning, the sea breeze is weak and blows
in a relatively thin atmosphere layer, having less than
around 50 m. Above this layer, the land breeze blows
in the opposite direction. As the land—sea thermal
difference increases during daylight, the thickness of
the sea breeze layer increases, reaching 300—400 m.
The direction of the sea breeze exhibits diurnal
rotation, especially on coastal zones, as a
consequence of the Coriolis force. For instance, in
the northern hemisphere, this force turns the sea
breeze clockwise. In the Llobregat Delta, from
March to September, the sea breeze blows from the
southeast at the beginning of the day, while it blows
from the southwest at the end of the day (see Section
3.1). Following this introduction, Section 2 is
devoted to describe the methodology used in this
research. Results are presented and discussed in
Section 3. Finally, the conclusions are exposed in
Section 4.

2. Methodology

The quantification of the wind energy was obtained
by means of several tools. First, two coupled
software tools developed by the National Renewable
Energy Laboratory (NREL) for acroelastic
simulation of horizontal-axis wind turbines
(HAWT): FAST v7.01, a dynamics analysis code,
and AeroDyn v13.00, an aerodynamics analysis
routine capable of interfacing with FAST. In
particular, the Fatigue, Aerodynamics, Structures,
and Turbulence (FAST) code “is a comprehensive
aeroelastic simulator capable of predicting both the
extreme and fatigue loads of two- and three-bladed
HAWT” (Jonkman and Buhl, 2005). AeroDyn is an
element-level wind-turbine aerodynamics analysis
routine that, when wused in conjunction with
dynamics software (e.g., FAST, YawDyn or
SymDyn wind turbine dynamics analysis codes, or
ADAMS® commercial dynamics analysis package),
allows computing the aerodynamic loads on the
blade elements of HAWT (Laino and Hansen, 2002).
For this purpose, AeroDyn uses essentially two wake
models: the blade element momentum (BEM)
theory, and the generalized dynamic-wake theory, a
model for skewed and unsteady wake dynamics
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(Laino and Hansen, 2002). Both models are used
basically to calculate the axial induced velocities
from the wake in the rotor plane, taking into account
the influence of tip losses, hub losses and skewed
wakes. AeroDyn uses also a dynamic stall model
based on the semi-empirical Beddoes-Leishman
model, and a tower shadow model based on potential
flow around a cylinder and an expanding wake
(Moriarty and Hansen, 2005). Since FAST and
AeroDyn incorporate models of controller (servo)
dynamics and structural (elastic) dynamics, they
enable also simulation of the behavior of the control
and protection systems and the structural dynamics
(Jonkman and Matha, 2011). It is worth to note that
FAST and ADAMS?, together with AeroDyn, were
evaluated  in 2005 by Germanischer Lloyd
WindEnergieand found adequate for computation of
loading of onshore wind turbines for design and
certification (Manjock, 2005).

FAST and AeroDyn were used in this research due
to several reasons. First, these are well-known,
well-accepted codes, applied successfully in many
previous investigations = (Jonkman and Matha,
2011). Second, FAST and AeroDyn are freeware
(open access software), and it is possible to
periodically download improvements of these
tools. Finally, FAST and AeroDyn provide much
flexibility =~ in = simulating = modifications for
optimizing wind turbine design, which is one of
our future research objectives for the IT-PE-100.
These tools require several input files containing
diverse data like, for example, the wind-inflow
conditions, and physical and aerodynamics
parameters of the wind turbine blades. The first
step of this research was to characterize the small
wind turbines selected for this study and to build
the input files requested by FAST and AeroDyn.
This was done using the information and technical
data provided by the manufacturers, and data
measured from physical components, e.g., by 3D
digitalization of the blades. For the aerodynamic,
structural and/or control system properties lacking
proper definition, the corresponding input data for
the simulations were based on educated guesses.
QBlade was also used for double-checking the
results obtained with the previous tools for the IT-
PE-100. QBlade is open source software for design
and simulation of HAWT, distributed under the
GNU General Public License. Its integration in



XFOIL allows airfoil design and airfoil
performance analysis. QBlade allows also for
extrapolation of airfoil performance data to 3601
angle of attack, turbine blade design, and
realization of BEM simulations of the rotor and
turbine. Finally, this tool allows structural blade
design, modal and static loading analyses using
QFem solver, generation of turbulent windfields,
and realization of FAST simulations.

The off-grid small wind turbines selected for this
research were the IT-PE-100 and the HP-600W. A
summary of technical data is presented in Table 1.
Both are 3-bladed upwind HAWT, and were
selected mainly for the following reasons: 1) their
start-up'and cut-inwind speeds are relatively low
(3 and 3.5 m s!, respectively, for both), which
makes them suitable for weak winds like the sea
breeze; 2) their dimensions are relatively small (10
m tower height; 1.7 and 1.5 m rotor diameter
respectively), which makes them suitable for urban
and suburban areas, and areas close to an airport
and 3) we have recently installed the HP-600W in
the area of study, and we plan to mstall also the IT-
PE-100. The latter is a 100 W wind turbine
developed by Practical = Action-Intermediate
Technology Development Group (ITDG) to
provide access to electricity to communities in
rural or remote areas in developing countries. The
turbine is especially suited to operate at low wind
speeds, and was designed following the
appropriate technology philosophy, i.e., it was
intended to be simple, low-cost, robust, reliable,
easy to maintain and, above all, producible by
local workshops or microenterprises using a
minimum of imported materials and components
(Ferrer-Marti et al., 2010, 2012; Ferrer-Marti et al.,
). As an open access technology, the IT-PE-100 is
not patented, and the design specifications,
manuals and technical data by the manufacturers
are available online (Piggott, 2001; Sanchez et al.,
2001). The blades and the hub are made of glass
fiber reinforced polymer, and thus are light and
with good structural properties. The turbine
operates at high

Table 1
Summary of technical data of the 1T-PE-100 and the HP-600W wind turbines.

Concept IT-PE-100 HP-600W

! The start-up speed is the wind speed at which an unloaded rotor starts turning.
* The cut-in speed is the wind speed at which a wind turbine starts pushing power into the

battery bank or the grid.
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Rated output power 100W 600 W

Rotor configuration 3 blades, upwind, 3 blades, upwind, horizontal-axis

horizontal-axis
Control

Variable speed, furling tail No information available

Blades Fixed-pitch, ~ NACA 4412 Noinformation available
airfoils

Drive train High speed, direct coupling No information available
Rotor diameter 17m 1.5m

Blade length 0.7m 0.68 m

Hub diameter 0.3m 0.14m

Hub-height 8-10m 8-10m

Start-up wind speed 3ms! 3ms'

35ms’
65ms!
Maximum wind speed 12ms?

Cut-in wind speed 35mst
12ms'
25ms!

810 rpm

Rated wind speed

Rated rotor rotational 420 rpm speed

rotational speeds, nominally 420 rpm. This allows
connecting the rotor shaft to the generator shaft
directly, and makes unnecessary to devise a heavy
transmission system (Colet-Subirachs et al., 2010).
The generator—rotor system 1is attached to the
nacelle, a cylindrical piece of steel inserted in the
upper end of the tower. The nacelle allows rotation
of the rotor—generator system around its vertical
axis, facilitating alignment with the wind.

The second wind turbine analyzed in this work, the
HP-600W, was developed by Hopeful Energy, a
manufacturer specialized in low-wind speed
turbines. This turbine is light, compact and smaller
than most low-wind speed turbines and small wind
turbines. The blades are made of nylon and glass
fiber reinforced polymer, specially coated to prevent
problems due to corrosion, high temperatures, water,
salinity, dust and sand. The HP-600W is designed to
work nominally at higher wind speeds compared to
the TT-PE-100, i.e., 12 m s' of rated wind speed for
600 W of rated output power versus 6.5 m s' of rated
wind speed for 100 W of rated output power. Like
the IT-PE-100, the HP-600W has an axialflux
permanent magnet synchronous generator (Colet-
Subirachs et al., 2010: Gieras et al., 2004), but it
works at higher rotational speed, nominally 810 rpm.

3. Results and discussion

Since FAST and AeroDyn require data on the wind-
inflow conditions, the next step after characterization
of the wind turbines was to calculate the wind speed
distribution in the area under study, from the wind
data measured in situ in the period 1993-2010. This
process is explained in Section 3.1. Following this
section, the results on power production, energy



generation and power coefficients obtained from
FAST and AeroDyn and applying manufacturer
power curves are presented and discussed.

3.1. Wind speed distribution and prevailing wind

direction

The Catalan Weather Service (MeteoCat) has an
automatic weather station in the Llobregat Delta
since 1993. Every 10 min, the station averages and
records the wind speed and direction at 2 m high,
among other meteorological parameters. The data
available to the users are the hourly averages of
these records. For this research, all the data sets
recorded in the period 1993— 2010 were used.
Assuming a stable atmosphere and a roughness
length of 0.25, which corresponds to open landscape
and areas with scattered shelter belts (Moalic et al..
1987), the wind speed at 10 m high was computed
from the data acquired by the station using the
classical potential wind equation:

Y% IndH=z®b ap

Viu Vil
Ind2=z¢

where Vy is the velocity at the height H, Vo is the
wind speed measured at 2 m height, and z is the
roughness length. Next, the Weibull probability
density function was fitted to the wind speed data at
10 m high. Fig. | shows the Weibull distribution
resulting from the fitting to the wind speed data for
the whole year (from January 1 to December 31,
from 00 to 24 local time (LT), for 1993-2010). This
Weibull curve has a shape factor k of 1.51 and a
scale factor C of 3.01. The highest probabilities are
centered at very low velocities. Particularly, the peak
of probability, 12.4%, is obtained for a wind speed
of 1.5 m s! and the probability for the wind speed to
be lower than 3 m s’ (the start-up wind speed for the
studied turbines) is 63.1%. Fig. 2 shows the Weibull
distribution resulting from the fitting to the wind
speed data for the sea breeze period (from March 1
to September 30, from 10 to 19 LT, for 1993-2010).
This Weibull curve has a shape factor k of 1.80 and a
scale factor C of 4.23. In this case, the peak of
probability, 9.5%, is shifted towards a higher wind
speed of 2.7 m s and the probability for the wind

117

speed to be lower than 3 m s'is 41.6%. Weibull
distributions with shape factors around 2 are typical
for wind speeds in north European sites, particularly
in good rural and high rise sites, while for building-
mounted sites the shape factor tends to be lower than
2 (Hailes, 2009). Summarizing, wind speeds are
higher than the start-up speed 3232 h during the
whole year (36.9% of the total number of hours
between 00 and 24 LT from January 1 to December
31) and 1250 h during the sea breeze period (58.4%
of the total number of hours between 10 and 19 LT
from March 1 to September 30).

As per the dominant wind directions in the Llobregat
Delta, from the data recorded by the weather station
from 1993 to 2010, the northern and southern
directions prevail when considering either the whole
year or the period from March 1 to September 30.
Wind directions ranging from NW to NE represent
45% of the total measurements for the whole year
(53% of the measurements from March to
September), while wind directions ranging from SW
to SE represent 38% (40% of the measurements from
March to September). Considering now the data
from March to September, but only within the
studied sea breeze time during the day (from 10 to 19
LT), instead of the whole day, the dominant direction
is SW, which corresponds to the sea breeze
circulation. Superposed to this circulation, there are
some minor contributions of winds
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Fig. 1. Wind speed distribution computed from measured wind speed data, andfitted Weibull

probability density function for the whole year period (from January 1 to December 31, from 00
to 24 LT, for 1993-2010).
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Fig. 2. Wind speed distribution computed from measured wind speed data, andfitted Weibull
probability density function for the sea breeze period (from March 1 to September 30, from 10 to
19 LT, for 1993-2010).

caused by other atmospheric events, such as
advections, low pressure systems, large-scale fronts,
etc. But in any case, it is clear that the prevailing
winds over the Llobregat Delta during the so-called
sea breeze period (from March 1 to September 30,
from 10 to 19 LT) are basically associated to sea
breeze circulations. Thus, according to this analysis,
it can be assumed that the wind energy generated
during the sea breeze period is basically due to the
sea breeze.

Finally, if abundant reliable measurements of wind
speed in the geographical area of study were not
available, estimation of the power and energy
generation using the procedure proposed in this work
is still possible. It would only be necessary to first
obtain predictions of wind speed using one or more
of the various wellaccepted tools for micro-scale
wind resource assessment (Khadem and Hussain,
2006: Ranaboldo et al., 2014). The use of these tools
is a de-facto standard, for example, in wind farm
design (Landberg et al., 2003).

3.2. Power production

The power and energy generated by the IT-PE-100
and HP600W were computed by means of FAST and
AeroDyn. To evaluate the relative importance of the
sea breeze, power and energy generated were
quantified independently both in the whole year
period and in the sea breeze period. One of the most
common and easiest ways to analyze the
performance of a wind turbine is to obtain the power
produced as a function of the wind speed for a set of
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simplified load scenarios. This provides a relatively
good approach on how the turbine works, but it can
be misleading as well, since the probability of a
power value occurring during a time period should
also be taken into account.

There are several methods to obtain the probability
distribution of the power produced (Burton et al,
2011). The well-known static method was used in
this research because of its simplicity, as it ignores
non-stationary effects, i.e., losses due to changes in
wind direction and maintenance periods. The static
method is based on the principle that the probability
density function of the power produced follows a
Weibull curve with the same scale and shape factors
as the Weibull curve corresponding to the wind
speed distribution the power originated from, i.e.,
both probability density functions are two identical
Weibull curves. Therefore, to obtain the probability
for a given output power to be generated by a wind
turbine, we just need to superpose the Weibull
distribution of the wind speed and the output power
curve. In particular, Figs. 3 and 4 show the
manufacturer power curves and the power curves
obtained from FAST and AeroDyn for the IT-PE-
100 and HP60OW, respectively, together with the
Weibull distributions for the sea breeze period and
the whole year period, as a function of the wind
speed.

The interpretation of Figs. 3 and 4 is easy. If we
consider the Weibull probability density function
for the whole year period, for example, the
probability for the wind speed to be 3.5 m s'is
around 7.7%. From the simulated power curve for
the IT-PE-100 (see Fig. 3), this wind speed
corresponds to an output power of around 20 W.
Thus, according to the static method, this means
that the probability for the IT-PE-100 to provide
20 W at any time of the year is 7.7%. If we now
consider the Weibull probability density function
for the sea breeze period, the probability for the
wind speed to be 3.5 m s!, and thus for the IT-PE-
100 to provide 20 W, increases to around 9.0%. On
the other side, from the simulated power curve for
the HP-600W (see Fig. 4), a wind speed of 3.5 m
s' corresponds to a simulated output power of
around 13 W.
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Fig. 3. Manufacturer power curves and power curves obtained from FAST and AeroDyn, and
from QBlade, together with Weibull distributions for the whole year period and sea breeze
period, for the IT-PE-100.
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Fig. 4. Manufacturer power curves and power curves obtained from FAST and AeroDyn,
together with Weibull distributions for the whole year period and sea breeze period, for the
HP-600W.

The relative error between the manufacturer power
curve and the power curve from FAST and AeroDyn
i1s 10.1713.3% for the ITPE-100 and 28.472.9% for
the HP-600W. The error is associated to inaccuracies
and limitations of the wind turbine models, intrinsic
limitations of the models used by FAST and
AeroDyn to solve the aeroelastic problem, and
inaccuracies of the manufacturer power curves. For
the HP-600W, the output power from the
simulations is lower than the manufacturer power
curve. This is expected, as suppliers of commercial
turbines typically  provide  over-optimistic
performance data of their products. Conversely, for
the IT-PE-100, which is an open access technology,
the output power from the simulations is higher than
the manufacturer power curve. According to the
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results from the simulations, the IT-PE-100 produces
more power at low wind speeds than the HP-600W,
while the contrary occurs if we consider the
manufacturer power curves. The average error is
larger for the commercial HP-600W, as expected,
since less design and technical data essential for the
modeling of the turbine was available. Hence, we
were forced to make more use of educated guesses
when preparing the FAST and AeroDyn input files
for the HP-600W. Also, the power curves agree
more closely with manufacturer data at low wind
speeds, while a tailing off trend is observed at high
wind speeds, especially for the HP-600W. This
phenomenon has also been reported for other
turbines in a previous work (Hailes, 2009). Finally,
the IT-PE-100 power curve obtained from QBlade
shows also deviations compared to manufacturer
data, with the power being underestimated
(overestimated) below (above) a wind speed of
around 6 m/s.

33. Energy generation

Using the data summarized in Figs. 3 and 4, i.e., the
probability density functions of the output power,
and considering a start-up wind speed of 3 m s', we
computed the average annual power and energy
generated by the selected wind turbines both for the
whole year and the sea breeze period. The results are
presented in Table 2. Note that energy generation
predictions obtained from FAST and AeroDyn, and
from QBlade, are compared with predictions
obtained by applying measured wind speeds to
manufacturer power curves. The discrepancies
observed in the power curve obtained from QBlade
(see Fig. 3) seem to be balanced for the sea breeze
period, as the results derived from QBlade for
average annual power and energy generated by the
IT-PE-100 are half-way between those obtained
using manufacturer data and FAST and AeroDyn.
On the other side, the results derived from QBlade
for the whole year period are slightly lower than
those obtained by using manufacturer data. The
reason 1s that the underestimation of output power
by QBlade for wind speeds below 6 m/s is now
dominant, since the probability of the wind speed to
be lower than 6 m/s is much higher in the whole year
period compared to the sea breeze period.



These values are similar to those presented in the
Warwick Wind Trials Project (WWTP) final report
(Hailes, 2009). The objective of this project was to
measure the energy generated by building-mounted,
grid connected small wind turbines (Walters and
Walsh, 2011). Wind turbines from five UK
manufacturers (with rated powers from 400 to 1250
W) were tested in 26 different sites. The average
measured wind speed in the sites ranged from 1.7 to
6.7 m s', and the average measured energy generated
per turbine per year was 78 kW h. If the periods
when turbines are switched off for maintenance or
due to failures are not taken into account, this
average rises to 230 kW h per year, or just 94 kW h
per year, if the results corresponding to the best site
(a very exposed rural location) and very high
buildings are omitted. The turbine in the poorest site
generated an average of 15 kW h per year, which is
less than the energy consumed by the turbine's
electronics. We must also bear in mind that, as wind
speed data and manufacturer power curves are often
not very accurate, it is not uncommon to obtain
energy predictions with errors larger than 725% if
data were not significantly adjusted prior to
calculations. For instance, using measured wind
speed data and manufacturer power curves can lead
to overestimating energy output by a factor between
1.7 and 3.4 (Hailes 2009).

The Llobregat Delta is basically a suburban area,
characterized by the presence of farms, secondary
roads and paths between cities, and a 20 km long
promenade following the coastline. The selected
turbines have small rotor diameters, and hub-heights
equivalent to a street light. Thus, a number of these
small wind turbines could be installed integrated in
the lighting systems besides the roads, paths and the
sea-shore promenade, ultimately operating as a wind
farm. As a quick example, a thousand IT-PE100
turbines would provide 155 MW h per year
according to the manufacturer power data. This
energy could be used for many purposes, like
feeding the lighting systems. For instance, each
ITPE-100 could feed two 25 W LED lamps 8.5 h per
day during one year. Also, to water their crops, at
present day many farmers in the area use fuel pumps
to extract water from the aquifer. Instead, they could
use electric pumps fed by these small wind turbines
(Ozgener, 2010: De Broe et al., 1999).
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34. Power coeff Icient

For wind turbines, the power coefficient Cpis defined
as the ratio between the turbine output power Poy and
the available wind kinetic power P,y for a given wind
speed V (Burton et al., 2011). The power coefficient
measures the efficiency of the wind turbine in
converting the wind kinetic energy into electric
energy, and cannot exceed 0.5925, the so-called Betz
limit (Betz, 1966). The available wind kinetic power
can be computed with the following expression:

Pota 1mV_.% 1_pAV:82b2 2

where m__ is the air mass flow, p is the air density and
A 1is the rotor area. Fig. 5 shows the power
coefficient as a function of the wind speed for the IT-
PE-100 and the HP-600W, computed by applying
manufacturer power data, on one side, and output
power results
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Table 2

Average output power and energy generated by the IT-PE-100 (Piowand Eioe) and the HP-600W (Psoo and Eeoo) for the sea breeze period and the whole year period. obtained from FAST and
AeroDyn, from QBlade, and applying measured wind speeds to manufacturer power curves.

Period P1oa (W) P (W) E1oo (kW h) Esoo (kW h)
Sea breeze (FAST and AeroDyn) 37 33 80 70
Whole year (FAST and AeroDyn) 18 15 155 134

Sea breeze (QBlade) 35 - 74 -

Whole year (QBlade) 14 - 123 -

Sea breeze (manufacturer) 33 45 70 96

Whole year (manufacturer) 15 20 132 170

from FAST and AeroDyn simulations, on the other side. The HP-600W is able to provide power in a wider
range of wind speeds (up to 25 m s' instead of only 12 m s'), and is more efficient, i.e., has higher power
coefficient for all relevant wind speeds, according to the manufacturer data. But when considering the results
from the simulations, it appears that the IT-PE-100 would be more efficient at wind speeds ranging from 5 to
7.5 m s'. For the HP-600W, a large deviation between the manufacturer and modeled estimates of the power
coefficient can be observed in Fig. 5. This is due to the large relative error between the manufacturer power
curve and the power curve from FAST and AeroDyn for the HP-600W. As mentioned in Subsection 3.2, the

large error in the simulations is due to, inter alia, the fact that we lacked many design and technical data
esseglﬁtial for
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Fig. 5. Power coefficient versus wind speed obtained from FAST and AeroDyn, and applying manufacturer power data. for the IT-PE-100 and HP-600W wind turbines,

the modeling of the HP-600W, as this is a commercial product and most of this information is confidential.

It is worth noting that Colet-Subirachs et al. Manjock (2005) developed a control algorithm for the IT-PE-
100 to run constantly at its peak power coefficient. For all the simulated operating conditions, the turbine
with this simple open-loop control ran at a power coefficient of approximately 0.37. On the contrary, for the
IT-PE-100 operating as part of a conventional constant DC system, the power coefficient had an average
value of 0.24 and did not exceed 0.30 in most simulations. Our results for the IT-PE-100 are in agreement
with that research, as the average power coefficient is 0.20 and the maximum power coefficient is 0.25, if we
consider the manufacturer power data, or 0.25 and 0.30, respectively, if we consider the results from the
simulations. If we implemented Colet-Subirachs' control algorithm for the IT-PE-100, assuming a constant
power coefficient of 0.37 for all wind speeds from 3 to 12 m s', the figures presented in Table 2 for the IT-
PE-100 would increase significantly. The average annual power would be 26 W, for a total energy
generation of 228 kW h per year. During the sea breeze period, the average power would be 56 W, for a total
energy generation of 121 kW h per year. Therefore, the implementation of Colet-Subirachs’ control
algorithm for the IT-PE-100 would make this turbine very appropriate for applications in the Llobregat
Delta, providing increased average output power and total energy.
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4. Conclusions

The wind energy generated by the IT-PE-100 and HP-600W small wind turbines in the Llobregat Delta (15
km south of Barcelona city; northeast of the Iberian Peninsula) was analyzed. The Llobregat Delta is
characterized by low-speed winds throughout the whole year, as confirmed by wind speed data recorded
hourly since 1993. In particular, the sea breeze (a thermal wind) dominates from spring to autumn. Energy
generation predictions obtained using FAST and AeroDyn simulation tools were compared with predictions
obtained by applying measured wind speeds to manufacturer power curves. The wind turbines would
provide around 150 kW h during the whole year. In all the studied cases, more than 50% of the total annual
energy would be generated during the sea breeze period. In view of these results, it is concluded that the sea-
breeze is interesting as a wind energy resource for micro-generation.

As a collateral result, FAST and AeroDyn have been tested for simulation of small wind turbines operating
in low wind speed conditions. For the IT-PE-100, the accuracy of the simulations is satisfactory and thus
these software tools have proven adequate to obtain useful energy predictions. It may not seem so for the
HP-600W, but there was a lack of many design and technical data essential for the proper modeling of the
turbine. A number of small wind turbines could be installed integrated in lighting systems besides roads,
paths and a 20 km long sea-shore promenade in the Llobregat Delta. The energy generated could be used
for many purposes, e.g., to feed lighting systems or electric pumps to extract water from the aquifer.
Finally, it is our intention to take in situ measurements of power and energy generated by the IT-PE100
and HP-600W, to validate the simulations. By the time this paper is submitted, an HP-600W has already
been installed in the area of study, but still no measurements are available.
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