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          A f a s t a n d e f f i c i e n t t u rb u l e n c e - r e s o lv i n g c  o m p u t at io n a l f r am e w o r k , d u b b e d a s W I n c 3 D (W i n d

           I n c o m p re s s i b l e 3 -  D i m e n s io  n a l s o l v e r) , i s p r e s e n t e d a n d v a l i d at e d i n t h is p a p e r. W I n c 3 D o f f e rs

             a u n if  i e d , h i g h l y s c a l ab l e , h i g h - f i d e l it y f r a m e w o rk f o r t h e s t u d y o f t h e f l o w s t ru c  t u r e s a n d

              t u rb u l e n c e o f w i n d f a r m w  a k e s an d th e i r i m p a c t o n t h e i n d iv i d u al t u rb i n e s ' p  o w e r a n d l o a d s .

            It s u ni q u e p ro p e rt ie s l ie o n th e u s e o f h ig h e r- o rd e r n u m e ric a l s c h e m e s w it h ‘ ‘ s p e c tra l- li ke ’ ’

              ac cu racy , a h ig hly e ff ic ien t p arallelis atio n s trateg y w hic h allo w s th e c od e to s cale up to O(104)

          c o m p u t i n g p r o c e s s o r s a n d s o f t w a re c o m p a c t n e s s (u s e o f o n l y n a t i v e s o l v e rs / m o d e l s ) w i t h

             v irt u al ly n o d e p e n d e n c e to e x t e rn al li b rari e s . T h e w o rk p re se n t s an o v e rv i e w o f t h e c u rre n t

          m o d e l li n g c a p ab i li t i e s a l o n g w i t h m o d e l v a l i d at i o n . T h e p re s e n t e d ap p l ic a ti o n s d e m o n s tra t e t h e

             ability o f W Inc 3D to b e use d fo r tes ting f arm- lev el o p timal c o ntrol s trategie s us ing turbin e

             w a ke s u n d er y a w e d c o n d i ti o n s . E x am p le s a re p ro v id e d f  o r t w o t u rb i n es o p e ra t in g i n- l in e a s w  e l l

              as a sm all arr ay of 16 turbines o perating u nde r ‘‘ Greedy’ ’ an d ‘‘ Co- op erative’’ yaw ang le se ttings.

       T h e s e l a rg e -  s c a le s i m u la t i o n s w e re p e rf o rm e d w i t h u p t o     8192 c o m p u t a t io n a l c  o re s f o r u n d e r

        24 h ou rs, fo r a co mp uta tion al d om ain dis cretise d w ith O(109   ) m e s h n o d e s .

K E Y W O R D S

         h ig h - o rd e r w i n d f arm s im u l at o r, o p t im a l f a rm c o n t ro l, w in d f a rm w ak e s

 1 I N T R O D U C T I O N

                    W ind turbine s o p erating w ith in large - sc ale w in d p lants in teract w ith e ach o the r th roug h th eir w akes . S urve ys ov er a n um ber o f utility - sc ale w in d

                       f a rm s ( e f , H o r n s R e v I , N y s t e d , A n h o l t , L o n d o n a r ra y , e t c ) h a v e s h o  w n t h a t w a k e s a r e r e s p o n s i b le f o r a n n u a l e n e rg y l o s s e s o f u p t o 20%. 1-4

               Addition ally, w ake- ge nerated turbulenc e can sign ifican tly in crease f atigue loading and therefo re the lifetime o f w ind turbine b lades. 5 N u m e ri c al

                 predictio ns o f w ind farm w akes are o ften bas ed o n s imple, analy tical m ode ls suc h as the we ll-kno wn Park mo del 6,7     o r t h e m o  s t r e c e n t i n te g ra t e d

 f ra m e w o rk F L ORIS , 8                    w h i c h als o a llo w s f o r la yo u t o r c o n t ro l o p ti m is at io n (e g , t u rb in e s u n de r y a w e d c o n d it io n s ). W h i le s u c h m o d e ls c a n b e u s e d f o r

                  m a n y d e s i g n o r o p t i m is a t io n p u r p o s e s , t h e y c a n n o t p  r o v i d e i n s ig h t i n t o t h e c o m p l e x i n t e ra c t i o n s b e t w e e n t h e i n d i v i d u al w a k e s a n d a t m o s p h e r ic

                 t u rb u l e n c e . T o s t u d y t h e t u rb u l e n t s t ru c t u re o f t u rb i n e w a k e s a n d t h e i r i m p a c t o n f  a r m - l e v e l o p e r a ti o n n u m e r i c al ly , h i g h -  p e rf o rm a n c e n u m e ri c a l

                   c o d e s h a v e b e e n d e v i s e d , w h i c h a re o f  t e n b a s e d o n l a rg e - e d d y s i m u l a ti o n ( LE S ) a n d t u rb i n e p  a r am e t ri s a ti o n s ( e g , a c t u a t o r l in e ) . S u c h f r a m e w o rk s

                    o f t e n re f e rre d t o a s w in d f arm s s i m ul a to rs ( W F S ) c a n p ro vi d e i n te g ra te d s o lu t io ns b y re s o l v in g A tm o s p h e ri c B o u n d a ry L ay e r (A B L) d y n am i c s t o a

               d e s i re d s p a t i a l a n d t e m p o ra l s c a l e , w h i l e a c c o u n t i n g f o r t h e a e ro - s e r v o - e l a s ti c b e h a v i o u r o f t h e i n d i v id u a l w  i n d t u r b in e s .

                    T o t hi s d a y, a n u m be r o f W  F S s e x is t s , o f f e r in g a m u lt it ud e o f m o d e ll in g o p t i o ns , i nc l ud i n g m o d e ll in g t h e a m b ie n t a t mo s p h e ri c f l o w c o n d i ti o n s ,

                      various tu r bine p ar ametr i sati ons (eg , actuato r disc [ AD] , ac tuator line [AL] , or actu ator s urface [AS ] mo dels) as w ell as active c ontrol eithe r o n a

                    turbin e o r p lan t le ve l. A revie w o f state - of - th e- art L ES c o de s f or w in d fa rm s imula tion s w as rec en tly p r ese nte d by Breto n e t al. 9  Examples of

   W FS are th e E llipS ys 3D , 10-12   the EPFL mo de l,13   the JH U m od el, 14  N R EL 's S  O W F A , 15   the S P- Win d m od el,16 WiTTS, 17 VWiS, 18 PALM , 19 S n S , 20

 and Y ALES 2. 21               T h e v a ri o u s m o  d e l s e m p l o y d i f f e r e n t d i s c re t i s a ti o n s c h e m e s (e g , f i n it e d i f f e r e n c e s / v  o l u m e s o r p s e u d o - s p e c t ra l ) a n d o  f t e n u s e

                    s e c o n d- t o f  o u rt h- o rd e r a c c u ra te s c h e m e s. T h e a b i li ty o f a W F S t o a c c u ra te l y c a p tu re c o m p le x f l o w d y n am i c s o f u t il i ty - s c a le w  i n d f a rm s h a s

     b e e n d e m o n s t ra t e d b y N i l s s o n e t a l10    a n d C h u rc h f i e ld e t a l22          f o r t h e L i l lg ru n d o f f s h o r e w i n d f a rm a n d W u a n d P o rt é - A g e l13    f o r t h e H o rn s R ev

          W i nd E n e r g y.  2 02 0 ; : 7 7 9 – 7 9 4 .2 3 w i l e y o n l in e l ib ra ry . c o m / j o u rn a l / w e © 2 0 2 0 J o h n W i l e y & S o n s , L t d . 779
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                 w i n d f a r m , w h i l e a n u m b e r o f o t h e r w i n d f a rm s i m u l at io n s h a v e b e e n u n d e r ta k e n f o r t h e o re t ic a l w i n d f a rm l a y o u t s 23,24     to, e.g . assess the impact

          o f m i c ro s i t in g  . M o re r e c e n tl y , o p t i m al c o  n t r o l s t ra t e g ie s h a v e b e e n e i t h e r t e s t e d 25     o r o b t ai ne d v i a h i g h- f i de li t y W F S . 26

                   W i t h E x a s c a le c o m p u t i n g s y s t e m s b e i n g e x p e c t e d t o l au n c h a t s o m e p o  i n t d u r in g t h e n e x t d e c a d e , h i g h - f i d e l it y L E S m o d e l s w i t h i n c re a s e d

                   re s o l u ti o n c a n b e u s e d t o b e t t e r u n d e rs t a n d t h e c o m p l e x p h e n o m e n a i n v o l v e d i n t h e i n t e ra c t i o n o f a t m o s p h e ri c t u rb u l e n c e w  i t h a r ra y s o f

 w in d t u rbin e s. 27                 T o t h i s e n d , t h e d e v e l o p m e n t a n d v a l id a t io  n o f WInc3D —a hig h- f ide lity, h igh ly s cala ble, o p en - so urce W FS —is a lign ed w ith

                    t h e p r o s p e c t s o f u t i li s i n g l a rg e c o m p u t a t io n a l r e s o u rc e s t o t a c kl e e n g i n e e ri n g p ro b l e m s o f i n t e re s t . WInc3D i s a F o r tr a n 9 0 c o d e b a s e d o n

    h i g h e r-  o rd e r c o m p a c t f i n i te - d i f f e re n c e d i s c re t i s at io n s c h e m e s 28        w i th ‘ ‘ s p e c tra l - li k e’ ’ a c c u ra c y , a 2 D d o m a in d e c o m p o s it io n s t ra te g y , 29  and n ative

  turbine p ar ametr i sation mo de ls. 30,31                   He re, w e p r ese nt an o ve r view o f all o f its c urrent m od ellin g c apa bilities a s w e ll as its ability to res olv e

                        re a l - s i z e w i n d f a rm w a k e s d y n a m i c s . T o t h i s e  n d , t h e re m a i n d e r o f t h i s p a p e r s t a rt s w  i t h a s h o r t d e s c  r i p ti o n o f t h e f l u id f l o w s o l v e r i n c l u d in g t h e

                  go v erning e qu ation s an d th e n um erical im ple me ntatio n . Particula r f oc us is g ive n o n the c od e's e xc elle nt s cala bility prop erties ac ross a n um ber

                  of HP C pla tfo rms w ith d iff e rent h ardw are arch itec tures (S unw ay T aihu Lig ht, A RCHE R, etc ). V alidatio n fo r the w in d tu rbine m od els an d th e

                   a c c u ra te g e n e r a ti o n o  f t h e a t m o s p h e ri c b a c k g r o u n d t u rb u l e n c e a re p re s e n t e d i n S e c  t i o n s 4 a n d 5 . A p p l ic a t i o n s o f t h e d e v e l o p e d m o d e l s a r e

                         f i n a ll y p re s e n t e d i n S  e c t io  n 6 f o r t w o t u r b in e s o p e r a ti n g i n a ro w , b y v  a r y in g t h e i r r e la t i v e o f f  s e t d i s t an c e a n d y a w a n g l e s e t t in g , a n d a f u l l a rr a y

                     of 16 tu rbines o p erating w ith an d w itho ut op tima l yaw c on trol. Re su lts are dis cu sse d to ge ther w ith th e prop o sed fu ture direc tion s in Se c tion 7 .

  2 F L U I D S O L V E R

2.1  Go ve rning eq uatio ns

             WInc3D u s e s a n e x p l ic  i t L E S f o rm u l at io n t o s o l v e t h e u n s t e a d y , i n c o m p re s s i b le , f  i l t e re d N a v i e r-  S t o k e s e q u a t i o n s ,
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w h ere p∗ =    p + ∕1 3ui ui , and ui                a re t h e f i lt e re d c o m p o n e n t s o f t h e m o d i f i e d p re s s u re a n d v e l o c i t y f i e l d s ,  th e f lu id d en sity,  ij   t h e s u b f i l te r s t r e s s e s ,

and F T

i
                       the tu rbine f orcin g term. Th e ca lcula tion o f the tu rbine f o r cing t erm is de sc ribed in m ore d etail in Se c tion 3 , w hile the d ive rgen ce o f th e

  s u b f i l te r s t re s s e s −j ij       is c alculated usin g th e s tandard Sm ago r i nsky mo de l32
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 w h ere C S           i s t h e S m a g o r in s k y c o n s t a n t c o r re c t e d n e a r t h e w a l l u s i n g t h e M  a s o n - T h o m s o n 33 f o rm u la ,

CS =


C n

0
+




y

Δ
+

y 0

Δ

−n
− ∕1 n

 . (4 )

 w h ere y 0       i s t h e r o u g h n e s s l e n g t h s c a le , y x= 2             is th e ve rtical d istanc e me asu red f rom the b otto m of the d om ain, a nd Δ = 3

Δx 1Δx 2Δx 3 the

   g e o m e t ri c a l ly a v e ra g e d g r id s i z e .

                     I t i s w o rt h n o t i n g t h a t i n t h e a b o v e d e s c r ib e d f o rm u l at io n , t h e v i s c o u s t e rm o f t h e N a v i e r-  S t o k e s e q u a t io n h a s b e e n n e g l e c te d b e c a u s e o f

                       t h e h i g h - R e y n o l d s n u m b e r a n d t h e f a c t t h a t t h e m e s h i s c o a r s e e n o u g h s o t h a t t h e n e a r - g ro u n d v  i s c o u s l a y e r w i ll n o  t h a v e a n y i m p a c t o n

                  the c alcu latio ns . WInc3D c an h an dle a n umb er o f in itial an d b ou nd ary co n ditio ns (pe riodic , inf lo w -o u flo w ); h ow e ver, to ac c urately mo d el th e

                   atmos phe r i c bo undary laye r, w e ap ply tw o typ es o f bo und ar y c on ditions in th e v erti cal d ir ection (y- d i re c t i o n ). T h e s e a r e a s t re s s - f r e e c o n d i ti o n

(2 u i = u 2                            = ∈0 f o r i 1 3, ) o n t h e t o p b o u n d a ry ( y H= ) c o m b i n e d w i t h a f re e - s l ip / w a l l- s t re s s m o d e l o n t h e b o t t o m o f t h e d o m a i n ( y = 0) (s ee

           F i g u re 1 ) . T h e s t re s s m o d e l u s e s t h e r o u g h w a l l m o d e l o f M o e n g 34            a n d in p a rt ic u la r i ts l o c al f o rm u l at io n m o d i f ic a t io n p ro p o s e d b y B o u - Z ei d e t a l,35

wall  (x z, ) = w  ( )x y,
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and
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w h ere u      is a tw ic e- f ilte r ed ve lo city f ield . Th e ()       c o rre s p o n d s to a g ri d- s iz e c ut - o f f f ilt e r, w he re a s ()          to a tes t Gauss ian f ilter at tw ice the g r id size.
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    FIGURE 1 S c h e m a t i c r e p re s e n t a t io n o f

    the c o mp utatio nal do main in clu din g the

   sp ec ific atio n o f bo un dary c on ditio ns

     [ C o lo u r f i g u re c a n b e v i e w e d a t

w iley on line library. co m]
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  TABLE 1 Tab le of disc re te o p erators
   (derivatio n, inte rpo lation , an d filte ring)

   tog eth er w ith the s ele cte d
   c o e f f ic i en ts f o r s ix th -  o r de r a c c u ra c y

  2.2 N u me ri ca l s o lv er

                 T o s o l v e t h e u n s t e a d y , f i l te re d N  a v i e r- S  t o k e s e q u a t i o n s , a c o m p a c t f i n i te d i f f e  r e n c e s c h e m e f  r a m e w o rk i s u s e d f o r d i f f e r e n ti at in g , i n t e rp o l a t in g ,

               a n d f i l te ri n g . H i g h - o r d e r c o m p a c t f i n it e d i f f e re n c e s a re u s e d t o g u a r an t e e ‘ ‘ s p e c t ra l- l i ke ’ ’ a c c u r a c y f o r t h e n u m e r ic a l s o l v e r 28,36   w hile ke ep ing so m e

                 f l e x ib i li t y w h e n c h o o s i n g t h e b o u n d a ry c o n d i t i o n s . T h e m a i n a d v a n ta g e o f h i g h - o r d e r c o m p a c t s c h e m e s b y c o m p a r is o n w i t h m o re c o n v e n t i o n a l

                        l o w - o  r d e r s c h e m e s i s t h e i r a b il i ty t o c a p t u re a w i d e r r an g e o f s c a l e s ( e s p e c ia ll y t h e s m a l l o n e s ) f o  r a g i v e n s p a t ia l r e s o l u ti o n . T h i s f e a t u re i s c r u c i al

                       f o r D i re c t a n d L a rg e E d d y S i m u l at i o n s o f t u r b u le n t f l o w s f o r w h i c h t h e c o r re c t r e p re s e n t a t io  n o f t h e re l e v a n t s c a l e s i s e s s e n t i a l. T o t h e b e s t o f

                   o u r k n o w l e d g e , o n l y a h a n d f u l o f w i n d f a rm s i m u l a to  r s u s e h i g h - o r d e r m e t h o d s i n t h e i r i m p le m e n t a t io  n , e g , h i g h - o rd e r s p e c t ra l e l e m e n t m e t h o d s

    (S E M ) in C h a tt e rj e e a n d P e e t .24                 M o s t o t h e r W F S s a re b a s e d o n l o w - o rd e r n u m e r ic a l s c h e m e s f o r w h i c h t h e r e q u i re d r e s o lu t io n c  a n b e s u b s t a n t ia l l y

                    mo re d ema ndin g . N on eth ele ss, it s ho uld be no ting th at, o v erall, the me sh siz e/ res olu tion d ep en ds p rimarily o n th e ac tuato r lin e me tho d an d m ore

          p re c  i s e l y o n t h e c h o r d s i z e / s m e a ri n g p a ra m e t e r a s p r e v io u s s t u d i e s h a v e s h o w n . 37             F o r t h e p r e s e n t w o r k, w e h a v e c  h o s e n t h e g r id s i z e t o b e e q u a l

                         to ha lf the ave rage c ho rd siz e a nd th e s me aring pa ramete r to be tw ic e the m es h s ize. T he f inal me sh is s imilar to th at o f p revio us s tud ies. 15,25

     A s s u m i n g a u n i f o r m d i s t ri b u t io n o f n x  n o d e s xi       = (i x i n− 1)Δ , 1 ⩽ ⩽ x     w ith in a d o main [0, L x         ], th e op erators c an be co mpu ted as s how n in

                     Tab le 1 . It is w ell kno w n th at th e treatme nt of inc o mp ressib ility is a real d iff ic ulty to o btain s olu tion s of inc o mp r ess ible Na vier- S toke s e qu ation s.

                        In WInc3D th e P o i s s o n e q u a t io n f o r t h e i n c o m p r e s s i b il i ty o f t h e v e l o c i t y f i e ld i s f u l ly s o l v e d i n s p e c t ra l s p a c e v i a t h e u s e o f r e l e v an t 3 D F a s t

           F o u r ie r t ra n s f o r m s ( F F T s ). W i t h t h e h e l p o f t h e c o n c e p t o f m o d i f i e d w a v e n u m b e r, 36         t h e d i v e rg e n c e f r e e c o n d i t i o n i s e n s u r e d u p t o m a c h i n e

                      ac c ura c y . T h e p res s u re m e s h is s ta g g e re d f ro m th e v e lo c ity o n e b y h al f a m e sh to a v o id s p u rio u s p re s s ure o s c i lla t io n s o b s e rv e d in a f u l ly

 c o l lo c a te d a p p ro a c h ,28               h e n c e t h e n e e d f o r i n t e rp o  l a t io n s c h e m e s . N o t e f i n a l ly , t h a t c o n v e n t i o n a l a n e x p l ic i t t h ird - o r d e r A d a m s - B a s h f o r th t i m e

      a d v a n c e m e n t s c h e m e i s u s e d f o r t im e m a rc h i n g .

     2.3 Paralle lis atio n s trateg y an d c o d e s c alab ility

                     Th e sim plic ity o f a Cartesia n me sh allo w s f or a n e as y im p leme nta tion o f a 2 D d om ain de co m po sitio n ba sed on the stan dardize d an d po rtable

    Message Passing Interface (MPI) standard. 29               Th e c o mp utatio na l do ma in is s plit into a n um be r o f e qua lly s ized s ub do main s (p en cils ), w h ich are

                  eac h a ssig ne d to an M PI p roc ess . Th e im plic it d erivativ e, in terpo lation , and f iltering o pe ration s in th e x- d ire ct io n (y- d ire c ti on , - d ire c tio n ) c anz

                       e a s i ly b e p e rf o r m e d i n X- p e n c i l s ( Y - p e n c i l s, Z - p e n c i ls ) a s s e e n i n t h e l e f t - h a n d s i d e o f F i g u re 2 , w  h e r e n i n e s u b d o  m a i n s a re u s e d a s a n e x a m p le .

                         T h e 3 D F F T s r eq u ir ed b y t h e P o is s o n s o l v er a re a l so b ro k en d o w n a s s e ri e s o f o n e - d i m e ns io n al F F T s c o m p u te d i n o n e d ire c t io n a t a t i me . U p t o

781

Printed by [U
niversity O

f Exeter - 092.005.141.015 - /doi/epdf/10.1002/w
e.2458] at [11/09/2020].



  D E S K OS ET AL.

 FIGURE 2  L e f t : S c h e m a t i c

    represe ntatio n o f the 2D d om ain

   de co mp os ition p en cil sta tes sh ow n

  f o r a 3    × 3 d e c o m p o s it i o n , R ig h t:

    WInc3D sc aling on v ar i ous HPC

    s y s t e m s [ C o l o u r f i g u re c a n b e

  v i e w e d a t w i le y o n l in e l i b ra ry . c o m ]

                    7 0 g l o b a l t ra n s p o s i t io n s t o s w i t c h f ro m o n e p e n c  i l t o a n o t h e r a re p e r f o rm e d a t e a c h t i m e s t e p w i t h t h e M P I c  o m m a n d MPI_ALLTOALL(V), a

                     g l o b a l c o m m u n i c a ti o n c o m m a n d , w h i c h s e n d s d a t a f  r o m a ll t o a l l p ro c e s s e s . T h i s h i g h l e v e l o f p  a r al le l i s a ti o n i s a c h i e v e d w i th t h e h i g h l y s c a l ab l e

                   2DECOMP&FFT l ib ra ry , o p e n ly a va ila b le a t h t tp : /  / w w w . 2 de c o m p. o rg . I t a ls o p ro v id e s a p ara ll el I/ O m o d ule t o h e lp WInc3D h a n d l e s l a rg e d a t a. I t

                    takes a dv antag e o f the de co mp o sitio n inf o rmation a vailab le in th e library ke rnel a nd u ses MPI-IO t o i m p l e m e n t s o m e m o s t f r e q u e n tl y u s e d I / O

                  fu nction s fo r app lications base d on 3 D Cartesian d ata structu r es. W ithin WInc3D it is p o ssib le to read/ w r ite mo re th an     2G B o f d a ta p e r s e c o n d

   w ith u p to O(104      ) c o r es , d e p e n d in g o n t h e s u p e rc o m p u t e rs .

                 Th e sc alab ility o f WInc3D h a s b e e n t e s t e d o n v a ri o u s T i e r- 1 / 0 s u p e rc  o m p u t e rs A R C H E R, M a r e N o s tru m ( M N ), a n d S u n w a y T a i h u L ig  h t ( S T )

          (w w w . a rc h er. a c . uk/ , h ttp s :/ /  w w w .  b s c. e s / m a re no s tru m a n d h tt p :/ /  w w w .  n s c cw x . c n /  w x c y w /  ) f o r d if f e re n t s im ul atio n s ize s. T h e s c al ab i lity p l o ts

                       are sh o wn in th e right- h and s ide o f Fig ure 2 . T he s calin g plo ts sh ow that WInc3D e x h i bi ts v e ry g o o d ‘ ‘ s tr o ng s c a li n g ’ ’ p ro p e rt ie s a c ro s s a n u m b e r

                    o f d i f f e r e n t H P C p l a t f o rm s a n d f o r u p t o 6 5 5 3 6 c o m p u t in g p ro  c e s s i n g c o r e s . D e s p i t e t h e l a rg e n u m b e r o f g l o b a l c o m m u n i c a t io  n s , t h e s c a l a b il i t y

                        i s e x c e l le n t , e x c e p t m a y b e w h e n t h e n u m b e r o f m e s h n o d e s p e r c o re i s t o o s m a l l a n d t h e n u m b e r o f s m a ll c o m m u n i c a t io n s i s t o o i m p o rt an t , a

                         t re n d w h i c h c a n b e o b s e r v e d o n S u n w a y T a i h u L ig h t ( in r e d i n t h e r ig h t - h a n d s i d e o f 2 ) w h e n t h e re p o r te d s c  a l i n g i s m o v i n g a w a y f r o m t h e i d e a l

                       o n e . F ro m t h e s c a la b il i ty p l o ts , w e m a y i n f e r t h a t o p t im a l ( id e a l) s c a li n g i s a c h ie v e d w h e n t h e n u m b e r o f m e s h n o d e s p e r p ro c e s s o r i s a ro u n d

                     1 2 5 0 0 0 t o 1 7 5 0 0 0 ( e x c e p t m a y b e f o r S u n w a y T a i h u L ig h t ) . N o t e t h a t t h i s e s t i m a te i s d e p e n d a n t o n t h e s u p e r c o m p u t e r c h a r ac t e ri s t ic s . F o r t h e

          in t e re s t o f t h e re a d e r, A RC H E R i s a C ray X C3 0 b a s e d o n     2 × 12 c o re I n te l ® X e o n®         p ro c e s s o r s r u n n in g a t 2 . 7 G H z u s i n g t h e A ri e s i n t e rc o n n e c t

 (drago nf ly to po lo gy 38             ). MA REN OS TRU M is a L en ov o S D5 30 ba se d o n 2 × 24 c o r e I nt el® X e o n®        p ro c e s s o r s r u n n in g a t 2 . 1 G H z u s i n g t h e I n t e l ®

               O m n i p a th F u l l - F a t T r e e i n t e rc o n n e c t . S U N W A Y T A I H U L IG H T i s b a s e d o n C h i n e s e - d e s i g n e d S W 2 6 0 1 0 m a n y c o r e 6 4 - b i t R e d u c e d i n s t ru c t i o n s e t

     c o m p u t e r ( RI S C) p r o c e s s o rs ( in - h o u s e c u s t o m i s e d a rc h i t e c t u re ).

  3 T U R B I N E P A R A M E T R I S A T I O N

3.1  Aero dynamic modelling

                    W i n d t u rb i n e s a re p a ra m e t ri s e d u s i n g a n e n h a n c e d a c t u a t o r l i n e a p p r o a c h . T h e k e y c o n c e p t u n d e rl y in g A L M i s b a s e d o n r e p re s e n t i n g t h e r o t o r' s

                     b l ad e s t h ro  u g h ro t a ti n g l in e s d i s c re t i s e d i n t o b l a d e e l e m e n t s a s s h o w n i n F i g u re 3 . C a lc u l a t io n s a re m a d e o n a t w o - d i m e n s i o n a l b a s i s ( e a c h b l a d e

                e l e m e n t i s c o n s i d e re d s e p a ra t e l y ) w h i le t h re e - d i m e n s io n a l c o r re c t i o n s c a n b e u s e d t o c o m p u t e t h e f i n a l b l a d e e l e m e n t f o rc  e s .

                      WInc3D o ff ers th e po ss ibility to c alcu late aero dy nam ic lo ad s eith er w ith a sta tic o r a dy nam ic mo de l. Th e first m o del, w hic h is the s tand ard

          a p p ro a c h f o l lo  w e d b y m o  s t a c t u a to r l in e i m p l e m e n ta t i o n s ( s e e , e g , J e n s a n d Z h o n g 39         ) ca lcu lates th e ins tanta ne ou s lo c al relativ e v elo city a nd an gle

  of attac k v ia,

U rn   = (U U− b  ) · n, (7 a)

Urt   = (U U− b  ) · t, (7 b)

                     w h ere U i s t h e i n c i d e n t v e l o c i t y e x t ra c t e d f ro m t h e f l u i d s o l v e r b y e v a l u a ti n g t h e f l o w v e l o c i t y a t t h e b l a d e e l e m e n t m i d p o i n t, U b    is the so lid b od y

                              ve loc ity of th e A L, w h ich c an e ithe r be as sum ed to b e kn ow n a p riori o r c om pu ted at run time (eg , by m ean s o f a sta nda rd s olv er), an d n an d aret

              the elem ent's n ormal an d tan gen tial u nit ve ctors. S ubs eque ntly, the relative v eloc ity m agnitude is eq ual to

U r =


U2

rn  + U 2
rt
 , (8 )
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    FIGURE 3 S c h e m a t i c r e p re s e n t a t io n o f

     A L M . L e f t : a t h r e e - d i m e n s io n a l v i e w o f

    the f ull w ind- tu rbine g eo me try, right

    (abo ve ): ac tua tor- line dis cretisa tion o f th e

    w i n d t u rb in e , ri g h t (b e lo w ) a

  b l ad e - e l e m e n t e l e m e n t c r o s s - s e c t i o n

     s h o w in g t h e l o c al f o r c es a n d v e l o c it y

     [ C o lo u r f i g u re c a n b e v i e w e d a t

w iley on line library. co m]

     a n d t h e e f f e c t iv e a n g l e o f a t ta c k

   = tan
−1 (Urn∕U rt ) . (9 )

                 O n c e t h e r e la t i v e v  e l o c i t y a n d a n g l e o f a t t ac k h a v e b e e n c a l c u l at e d , l if t , d r a g , a n d p i t c h in g m o m e n t c  o e f f i c i e n ts (C L  , CD  , C M25
) are e va lu ate d f o r

            e a c h b l ad e e l em e n t f ro m l o o k-  u p t ab le s b y u s in g t h e l o c al R e y no l ds n u m b er Re c  = Ur           c∕ (w h e re  is th e ac tual kin ema tic v isc os ity o f th e f luid)

   and ang le o f attack               . F i n a ll y , t h e c o e f f i c i e n t s a r e t ra n s la t e d i n t o n o r m al , t a n g e n ti a l, a n d p i t c h i n g m o m e n t a e ro d y n a m i c c o e f f i c ie n t s v i a,

CN  = C L    cos  + C D   sin , (10a)

C T = −CL    sin  + CD   cos , (1 0 b )

CM  = C M25
 , (10c)

      and use d to c alculate the f inal fo rces,

F N =
1

2
C NAU 2

r  , (11a)

F T =
1

2
C T AU 2

r  , ( 1 1 b )

M S =
1

2
C Ms25

cAU 2
r  . (11c)

                       T h e s e c o n d ( d y n am i c ) m o d e l i n v o lv e s t h e u s e o f a d y n a m i c s t a ll m o d e l . T h e d y n a m i c m o  d e l , w h i c h c a n b e e q u a l ly u s e d f o r b o t h p re s t a ll a n d

                  p o s ts ta l l c o n d i ti o n s c o m p o s e s o f t h re e s u b m o d u le s : F i rs tl y , t h e a tt ac h e d m o d e l , w h i c h c o m p u te s a c i rc u la to r y f o rc e c o m p o n e n t t o b e p ro p o r ti o n a l

       to th e f lo w - so lve r c alc ulate d an gle o f atta ck ,

CN  = C N  , (12)

           a n d a n i m p u l s iv e f o rc e c o m p o n e n t w i t h t h e a i d o f i n d i c ia l f u n c  t i o n s a s

ΔCNI = ΔλN

4

M
exp(−Δs T∕ I  ), (13a)

ΔCMI = ΔλM

4

M
exp(−Δs T∕ I  ), (1 3 b )

w h ere                Δs cis a time variab le n o rmalised by the c h ord size a n d t h e r e la t i v e v e l o c i ty U r  and T I       is an a irfo il- dep e nde nt in ertial time sc ale . S ec o nd ly,

                  the sep arat ion m ode l, w he r e the no nlinear no r mal, tang ential f orces , and pitc hing mo men t are co mp uted usin g th e Kirchof f f low e quation :

C N  = CN   ( − 0)


 1 +


f

2

2

 , (14a)

C T  = C N   ( − 0 )2(


  f E− 0  ), (1 4 b )

CM  − CM0

CN

 = k 0  + k1   ( −1 f) + k 2 sin(f 2  ), (14c)
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  D E S K OS ET AL.

               w h ere f is a se paratio n loc atio n alo ng th e ch ord- w ise direc tion o f th e airfo il an d , k 0  , k 1  and k2       are all e mpirical paramete r s. F or the sep arati on

      l o c at io n , t h e p i e c e w is e e x p o n e n ti a l f u n c t io n o f B e d d o e s40       i s u s e d w h i c h h e re t a ke s t h e f o  r m

 f =







  1 0− .4 exp

− 1

S 1


   ≤ 1

   0 0.02 + .58 exp


1 −

S2


 > 1 ,

(15)

w h ere 1               is a limitin g a ng le o f atta ck d ef ine d by the d yna mic stall o ns et c riterion an d S 1  , S 2         are c urve f itting parame ters o f th e sta tic airfo il data.

     T h e m o d e l i n S  h e n g e t a l41                  a s s u m e s t h e s a m e p i e c e w i s e f u n c t i o n f o r b o t h t h e d y n a m i c d a t a . H o w e v e r, t o t a k e i n t o a c c o u n t h y s t e re s i s i n t h e

          c h a ng e o f t h e e f f e c ti ve a n g le o f a t ta c k a d e f i c ie n c y f u n c t io n D n

D n  = D n−1


  1 − ex p


−
Δs

T


, (16)

        is app lied to the a ng le o f atta ck so th at

′   =  − Δ n  , (17)

w h ere Δn           i s c  o m p u t e d t h ro u g h a d e f i c i e n c y f u n c t i o n w i t h a t i m e p a r am e t e r T            . T o d e c  i d e w h e t h e r d y n a m i c s t a ll h a s o  c c u rr e d o r n o t , a c r it i c a l

  ang le of attac k c r   is co ns ide red a s

cr =


 cr  = d s 0    , r r≥ 0

 cr  = ss + (d s 0  − ss)
r

r0

  , <r r 0 ,
(18)

w h ere d s 0           is a c ritical s tall- on se t o f the a ng le o f atta ck (AOA),  s s       is th e static stall- o ns et AO A, r =
.
c U∕(2 rel        ) i s t h e r e d u c e d p i tc h r at e , a n d r0 is

                      a lim iting p itc hin g rate a fte r w hic h dy nam ic stall is de laye d. Inh eren tly, to ac h ieve dy nam ic sta ll, the de laye d ang le o f attac k abs olu te va lue o f

′                        s h o u ld b e g r ea te r t ha n t h e c ri ti c al o n e . L a s t b u t n o t l e as t , t he l i f t f o rc e i n d u c ed b y t h e c o n v e c ti n g l e a di n g e d g e v o rt e x p ro v i d e s y e t a n o t he r

                     o v e rs h o o t t o t he n o rm a l f o rc e a f te r d y n a m ic s t a ll o c c u r s a n d i s r e p re s en te d b y a f u r th e r d e la y i n t h e s e p ara t io n l o c a ti o n c o m p u t e d f ro m

f′′    = f − Δf. (19)

                    A g a i n t h e s e p a ra t i o n l o c a t i o n i s c o m p  u t e d v i a a d e f i c i e n c y f u n c t io n . F i n a l ly , a v o r te x m o d e l t h a t c o m p u t e s t h e n o r m al f o  r c e a n d p i tc h i n g

        m o m e n t c o e f f i c ie n t s d u e t o t h e l e a d in g - e d g  e v o r te x p ro p a g a t io n a s

C NV  = B 1(f ′′  − )f Vx  , (20a)

CMV  = B 2


  1 cos−




Tv


C NV  , (2 0 b )

w h ere

Vx =







sin
3 2∕




2T v


  f o r 0 <  < T v

cos2


(−Tv )

T V L


 f o r  > T v,

(21)

and              is a n on dime ns ion al trac king tim e f or th e lead ing e dg e vo rtex an d B 1  , B 2         a re c o e f  f i c i e n ts d e p e n d e n t o n t h e a i rf o i l' s s h a p e . T h e f i n a l,

               a e ro d y n a m i c c o e f f i c i e n ts o f t h e d y n a m i c m o d e l a re c o  m p u t e d b y a d d i n g a l l o f t h e a b o v e d e s c r ib e d c o m p o n e n t s :

CN  = CN  + CNI  + C NV  , (22a)

C T  = CT  , (2 2 b )

C M  = CM  + CMI  + CMV  . (22c)

                        Inde pe nd en tly o f w h eth er a s tatic o r a d yn amic m od el is us ed, th e e lem en ts n ear th e tip o f the blad e, a tip los s c o rr ectio n f acto r F tip  e q u a l t o

F tip =
2


cos−1


exp


−g

Nb   ( − )R r

  2R sin 


, (23)

       i s a p p l i e d a s s u g g e s t e d b y S h e n e t a l ,42       w h ere t he p ar am e te r g is g ive n by

  g c= exp[− 1(N bλ − c2    )] + 1. (24)

N b                              i s t h e n u m be r o f ro t o r b la d e s , t h e ro t o r r ad i u s ,λ the roto r' s tip sp ee d ratio, R r t h e d i s t a n c e o f t h e e l e m e n t f r o m t h e t i p ,  is th e an gle be tw ee n

           the a xis o f rota tion a nd th e e leme nt's lo c al relativ e v elo city , a nd c1   = 0.125, c 2           = 21 a re t w o e m p i ri c a ll y o b t ai n e d c o e f f i c i e n t s. O n c e t h e f i n a l A L

                 p o i n t f o rc e s h a v e b e e n c o  m p u t e d , t h e y a re p r o j e c te  d t o t h e f  l u i d m e s h b y a p p l y in g a s m o o t h i n g i n te rp o l a ti o n f u n c t i o n    suc h that,
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F i j = −

N

i=0

FA L(x j  − r i j  ), (25)

                             w h e r e i n d e x j ru n s o v e r a l l t h e m e s h n o d e s , i ov er th e ac tuato r line n od es , an d N i s t h e t o t a l n u m b e r o f A L n o d e s . I t s h o u l d b e n o t e d h  e r e t h a t

                  the ac tuato r line f orc es ne ed to e xp r esse d in the f luid so lve r f rame o f refe renc e (xyz). A rotatio na l matrix R xyz     is u se d s o that Fxyz  = R xyz  · Fn t s . T h is

                  o p e ra t io n t a ke s p l a ce b e f o re t he p ro j ec t io n . T h e s ta n da rd s m o o th i n g i n te rp o l a ti o n f u n c ti o n u s e d w  i t hi n WInc3D is the 3 D G aussian kernel

i j =
1

 3 3 2∕
exp


−


r

A L

2

, (26)

                       w h ere  i s a s m o o t h i n g p a ra m e te r t a ke n e q u a l t o 2Δ, a v a l u e t h a t h a s s h o w  n t o m a i n t ai n s t a b il i ty i n m a n y o t h e r a c t u a to r l i n e s i m u la t i o n s .37,43-45

  3.2 T urbin e - lev el c o n trolle r

        T h e t u rb i n e - l e v e l c o n t ro l le r i s i m p l e m e n te d t h ro u g h a ‘ ‘ f i v e - re g  i o n s ’ ’ a p p ro a c h . 46,47          Th e f ive reg ion s c orresp on d to reg io n 1, w hic h c on side rs th e

                       tu rb i n e o p e ra ti o n a t b e f o re c ut - i n s p e e d , w h e re t h e g e n e ra to r to rqu e is c o n si d e re d i s ze ro a n d n o p o w e r is g e n e rat e d , re g io n 2 in w h i c h th e

                        co ntro ller is c o nsid ered to b e in th e o ptim al sta te (o ptim al tip sp ee d ratio ) an d reg io n 3 (abo ve - rated) in w hic h p itc h c on trol is en able d. Th e o the r

                        t w o r e g io n s c o rr e sp o n d t o l in e a r t ra n s it io n s b e t w e e n re g io n 1 a n d 2 a n d r e g io n 2 a n d 3 . W i th in re g i o n 2 , t h e g e n e ra to r t o rq u e i s p r o p o rti o na l t o

      t h e s q u a r e o f t h e f  i l te re d g e n e r at o r s p e e d TGen  = K 2Ω
2
Gen

, whe re K2     is a co nstant calc ulated as

K 2 =
1

2
A e R3

C Pmax

λ 3
∗N 3

GearBox

 , (27)

 w h ere C Pmax
           is the ma ximu m po w er c o ef fic ien t ob taine d at th e o ptim um tip - sp ee d ratio λ ∗ =

Ω∗R

U0
 and N GearBox      is the hig h- s pe ed to th e low - sp ee d

                       g e a r b o x r at i o . O n t h e o t h e r h an d , i n re g io n 3 , t h e g e n e ra to r p o w e r i s h e l d c o n s t an t , a n d t h e re f o re , t h e g e n e ra to r t o rq u e i s i nv e rs e ly p r o p o rti o na l

     t o t h e f i l te r e d g e n e r at o r s p e e d , T Gen  = K3∕ΩGen                . T o re l at e t h e g e n e r at e d l o w - s p e e d ( s h af t ) t o r q u e t o t h e g e n e r a to r t o rq u e , a n u m b e r o f c  a l c u l at io n s

               n e e d t o b e u n d e r ta k e n , s t a rt i n g w i t h t h e c o n s i d e r at i o n t h a t t h e p r o d u c e d s h a f t t o r q u e i s e q u a l t o

T shaft  − N GearBox TGen = (I Roto r  + N 2
GearBox

I Gen)
dΩshaft

dt
, (28)

 w h ere I Roto r  and IGen              a re t h e m o m e n t s o f i n e rt i a o f t h e r o to r a n d t h e g e n e ra t o r, r e s p e c t iv e l y , a n d Ωshaft     the de sired o ptim al low - s pe ed rotatio nal

        s p e e d o f t h e w i n d t u rb i n e. T h e p r o c ed u re f o r c a l cu la ti n g Ω shaft             starts w ith an in itial gu ess, and su bseq uently, the shaf t and g ene r ator torque s are

   c a l c u la te d t o u p d a te i t .

    4 A C T U A T O R L I N E M O D E L V E R I F I C A T I O N

                   T h e d e v e l o p e d a c t u at o r l i n e m o d e l i s f  i r s t v e r if i e d u s i n g a n a l y ti c a l s o l u t io n s a n d r e f e re n c e d a t a f ro  m e x p e ri m e n t s . T h e s e r e f e re n c e d a t a i n c l u d e

                        the c ircu lation dis tributio n alo ng th e sp an o f an ellip tic w in g as w e ll as th e dy nam ic sta ll resp o nse of an a ir fo il to a p itc hing m otio n. Inv es tiga tion

                of the ne ar-w ake f ield f o r th e p r ese nt ac tuato r lin e mo de l c an b e f o un d in D es kos e t a l. 31

  4.1 E llipt ic al w i ng

  Class ic p ote ntial the ory48                      ca n b e us ed to p redic t th e circ ulatio n dis tributio n alo ng th e sp an o f th e w ing . Co n side ring a sp an le ng th b a n d a ro o t

 c h o rd c0             , the analytic al circulation so lution is o btained u sing the Prandtl lifting line the ory 48  to o btain

Γ(r) = Γmax


 1 −


r

b∕2

2
1 2∕

 , Γmax =
2bU∞   ( −  0)

  1 2+ ∕AR
(29)

f o r     − ∕ ∕b 2 < <r b 2, w h ere Γmax         is th e m axim um c ir culatio n at r U= 0, ∞        is th e u n if o rm u p s tre a m v e l o c i ty ,  and 0     a re t h e s i m u l a te  d a n d z e ro - l i f t

    angle s of attack, and A R = ∕4b c 0                 the w ing 's as pe ct. T he c orresp on din g ac tua tor line mo de l f or the ellip tic w ing us es a c os ine dis tributio n f o r

             the bla de e lem en ts, w hic h p rov ides mo re reso lu tion to wa r ds th e tip o f th e w in g, r i           = − cos 2( ∕ ∕i N) · b f o r i ∈ {0 1 2, , , ,… N}, w h e re N is the

           n u m be r o f t h e a c t ua t o r l in e n o d e s a n d t h e c h o rd s i ze v a ry in g a s

ci  = c 0


 1 −


r i

b∕2

2
1 2∕

 , (30)
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 FIGURE 4       Circulatio n d istributio n an d s imu lation e rr or be tw een the

         the oretic al s olu tion an d the a ctu ator lin e p redic tio n f o r a c amb ered

  ellip tic w in g at    = 0
◦

        . A s t ru c t u re d e q u i d i s ta n t m e s h w a s u s e d i n t h e

       s im u la t io n [ C o l o ur f  i g u re c a n b e v i e w e d a t w i l ey o n li n e li b ra ry . c o m ]

 w h ere c0             = 0 1. m i s t h e ro o t c h o r d. T h e w i n g s p a n b c= 10 0                 = × ×1 m. T he c o mp utatio nal d om ain is co ns ide red to be of d ime nsio ns 10b 10b 12b

                    i m p o s i n g n e g l i g i b le b l o c k a g e e f f e c t s o n t h e w i n g . T h e u n d e r ly i n g m e s h i s c o n s i d e re d t o b e g i v e n a u n i f o r m m e s h e q u a l t o c 0∕4. This res ults in a

  co mpu tational do main o f                 401 401 481× × u nif ormly dis tributed m esh n od es. At the inle t bo un dary, a un ifo rm v elo city U∞   = 1 m s−1  w h il e 1 D

                   a d v e c t iv  e b o u n d a ry c o n d i t i o n s a re a p p l i e d a t t h e o  u t l e t . O n a l l o t h e r b o u n d a ri e s ( l at e ra l a n d t o p / b o t t o m w a ll s ), f re e - s l ip c o  n d i t i o n s a r e a p p l i e d .

                  Reg arding the a erod yna mic s o f th e w ing , a thin c am be r ed airfo il is u sed to c om pu te the s ec tio nal lif t c o ef f icie nt us ing

C l  = C l0
 + 2e  , (31)

w h ere e        is th e e ff e ctiv e a ng le o f attac k and C l0
                = 0 4. is the lif t o f zero inc ide nc e d ete rmine d by th e ac tu ator line mo d el at e ac h c ollo c ation

                        no de . By u sin g the stan da r d s tatic v ersio n o f ac tua tor lin e, the ve lo city is sam ple d at th e co llo ca tion p o int o f e ach ele me nt an d us ed to c om pu te

       the c ircu lation , an d th eref ore, the resp ec tive ‘‘ bo un d’’ circu latio n              o f e a c h e l e me n t i s c o m p u te d u s in g a c o m b in a t io n o f t h e J o uk o w s ki t h e o re m

   (L = Δ rUr        , L b e i ng t h e l if t f o rc e a n d Ur            the s ec tion al rela tive v elo city ) and the d ef initio n o f th e lif t co e ff ic ien t (C L  = ΔL∕(0 5. c rU2
r )) lea din g to

Γ =
CL cUr

2
. (32)

                              Fo r o ur te st, w e c on side r dif f eren t a ng les o f attac k 0 ≤ ≤ 10 an d m o re s pe c ific ally by lo o king at six (6) c as es in w h ich  = {0 2 4 6 8, , , , , 10}.

                   T h e n o rm a li s e d c i rc u la t io n d i st rib u ti o n o b t ai n e d b y t h e a c t ua to r l in e m o d e l i s s h o w n f o r t h e c a s e ( )r  = 10
◦

      i n F i g u re 4 a s a f u n c t io n o f

    t h e n o  r m a li s e d c h o r d d i s t a n c e r∕c 0                . I t s h o u l d b e n o t e d t h a t b e c a u s e o f t h e l i n e a r r e la t io  n s h i p b e t w e e n  ( )r and U∞     , t h e re s u lt s a re in d e p e n d e n t

                       o f t h e u p s tre a m v e lo c i ty . L o o k in g a t t h e e r ro r b e tw e e n t h e a n a ly t ic a l a n d t h e a c tu a t o r l in e s o lu ti o n s , w e m a y o b s e rv e t ha t t h e e r ro r o v e r m o s t

                     o f t h e w i n g s p a n r e m ai n s w e l l b e l o w 3 %  . G re a te r p e r c e n t ag  e s o f e rr o r r e ac  h i n g a p p ro  x i m a te l y 2 0 % a re f o u n d f o r t h e a c t u a to r l i n e e l e m e n t

  m i d - p o i n t s a t r∕c0                     = 4. 8 . N o n e t h e le s s , t h is l arg e a b s o l ut e e rro r a t t he ti p s c a n b e c o rrec te d u s in g a t ip - lo s s c o rre c t io n m o d e l —n o t u s e d i n t h e

                     p re s e n t a n a ly s i s — al th o u g h i t m a y b e a rg u e d t h a t t h e c o n t ri b u t io  n o f t h e t i p s t o t h e o  v  e r a ll i n t e g ra l l if t o n t h e w i n g i s n e g l ig i b l e .

  4.2 Pitchi ng w ing

                     D y n a m i c s t a ll i s a c r u c i al c o m p o n e n t o f t h e d y n a m i c b l a d e re s p o n s e u n d e r t u rb u l e n t c o n d i ti o n s . H e re , w e p r e s e n t a v e ri f i c a ti o n s t u d y f o r t h e

                    de ve lop ed ac tua tor line m od el/ d yna mic sta ll c o up ling , us ing e xpe rimen tal an d n ume rical d ata o bta ined f o r the N REL S 82 5 Airf oil b y S h eng et a l. 49

              For the an alysis, w e ado pt the s ame dyn amic stall parameters us ed by S heng et al, 49 w hic h are sh o w n f or co mp le ten e ss in T able 2 b elo w .

 TABLE 2       Table of dyn amic stall parameters f or S 825    Parameter Value Para met er Value

C l  0.111 0 – 5 . 12

C m0  – 0 . 15 C d0 0.01

K 0  – 0 . 01 k 1 – 0 . 3

k2  0.11 k3 0.25

k4  0.55 d s 0 12.49

T  7.46 s s 12.49

r0  0 TV 9

TVL   12 0.85

  min 0  21.8 Tr 6.51

B 1  0.25 B 2 0.25

E0  0.175 Clr 0.65
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     FIGURE 5 Rec on struc tion o f th e lif t,

    d ra g , a n d p i t c h i n g m o m e n t c o e f f i c i e n t

    f o r t h e S 8 2 5 a i rf o i l k   = 0.083. Results

     are sho wn f rom th e dy namic ac tuator

    line m od el, the fo rce rec o nstruc tio ns,

    a n d e x p e ri m e n t a l d a t a a s p r e s e n te d

   b y S h e n g e t a l49    [ C o lo u r f i g u re c a n b e

  v i e w e d a t w i le y o n l in e l i b ra ry . c o m ]

                     Th e A LM s imu lation s u se th e sam e se t- up (inle t an d bo un dary co n ditio ns, do m ain s ize , etc ) as in th e e lliptic w ing s imu lation s; h o we ve r, th e

                      w i n g i s e x t e n d e d t o t h e e n t i re s p a n o f t h e d o m a i n , a n d i t s c h o r d s i z e i s c o n s i d e re d t o b e c  o n s t an t a n d e q u a l t o c0       = 0 1. m. To m atc h th e os ci llatory

                mo tion o f th e sim ulatio ns w ith tho se o f th e e xp erimen ts, th e pitc h ing m otio n freq ue nc y is ta ken to b e    = 2U∞k c∕ 0   = 1.66 s−1   , wh ere k = 0.083

              i s t h e re d u c e d f r e q u e n c y u s e d i n t h e e x p e r i m e n ts a n d t h e c a l c u l at i o n s o f S h e n g e t a l . 49        T h e s i m u la ti o ns w e re c a rri e d o u t f o r 1 0 0 o s c i ll at i o n

                        p e ri o d s , a n d d a t a w e re a v e r ag e d f o r t h e l a s t 5 0 t i m e u n i t s , o v e r t h e b l a d e e l e m e n t l o c a t e d a t t h e m i d d l e o f t h e o s c i l l at i n g w i n g . T h e m o d e l 's

     re s u lt s a re s h o w n i n F i g u re 5 .

                 T h e g o o d m a t c h b e t w e e n t h e e x p e ri m e n ts a n d t h e t w o f o rc e re c o n s t ru c t i o n s ( p re s e n t m o d e l a n d t h e S h e n g e t a l 49     ) su gge st that an ef fec tive

                         co up ling be tw een the ac tua tor line mo de l an d th e dy nam ic stall o ne is ac hie ve d. Mo reo ve r, it c an b e se en f rom th e lif t f o rce tha t bo th the stall

                    h y s t e re s i s a n d d e e p s t a ll o n s e t a re c o rr e c t ly p r e d ic  t e d b y b o  t h m o d e l s . L a r g e r d i s c r e p an c i e s a re o n l y f o u n d f o r t h e p i t c h i n g m o m e n t ; h o  w e v e r,

                      the s olutio n ag ain remain s w ith in th e ex pe ri men tal da ta rang e. Th is d isc repan cie s may b e a ttr ibute d to the f ac t in the c as e o f th e a ctu ator

                       line/ dyn amic s tall co upling , th e dyn amic inf low e ff ect is c alculated by the f luid so lver (see Equ ation 12 ) and n ot an in dicial fu nctio n as in the

   origin al S he ng et al 49 m o d e l .

   5 A T M O S P H E R I C B O U N D A R Y L A Y E R

                       In this se c tion , w e p resen t a se ns itivity an alys is o f A BL s imu lation s. T he ab ility to p redic t th e m ean v elo city U and its v erti cal g r adient  U∕ y

                     (y b e i n g t h e w a ll n o rm a l d i re c t i o n ) w i t h h i g h a c c u ra c y , i s e s s e n t i a l i n t h e l arg e - e d d y s i m u la t io n ( L E S ) o f t h e a t m o s p h e r ic b o  u n d a r y l a y e r. I n

                     pa r ticular, th e me an v elo city g radien t n ot o nly af f ec t th e stream w ise v elo city v arianc e, it is als o resp o nsib le fo r the turbu lent trans po rt o f th e

                     qu antitie s o f in teres t (eg , turbin e w akes ). In th e ine rtial su rfac e la ye r o f th e A BL , the m ean v elo c ity f o llow s th e law - of - the - w all (LOT W ) s ca ling,

    w hic h imp lie s that its g radien t     U∕ y us c a l e s w  i t h *∕y, w he re u *        is th e w all f rictio n v elo city . M aso n an d Th om so n 33     f i rs t p o i n te d o u t t h a t i n

               c o n v e n ti o n al L E S p re d i c ti o ns o f t h e A B L, t h e m e an v e lo c i ty g r ad i e n t, s c a le d a c c o rd i n g t o t h e i ne rt ia l L O T W :

Φ = 
y

u ∗

U

y
 = 1, (33)

                          e x h i b it s a p e a k ( o v e rs h o o t ) i n t h e l o w e r 1 5 % t o 2 0 % o f t h e b o u n d a ry l ay e r d e p t h a n d re a c h e s a v a l u e o f 1 . 2 t o 1 . 5 . S i m i la r p r o b l e m s h a v e b e e n

      ob served f or the me an g radient of temp eratur e.50,51               A mis matc h b etw e en the nu me rical so lutio n an d th e L OTW s ca ling w ill h ave a direc t ef f ec t

                       in t h e e n t ire A B L s o lu t io n a s a n y n e a r- s u rf a c e e rro rs w i ll q u i c kl y p ro p a g a te u p w a rd s in t h e v e rt ic al d i re c ti o n . I t i s t h e re f o re im p o rta n t to te s t t h e

                     a b i li t y o f t h e p r e s e n t L E S i m p l e m e n t at io n t o c a p t u re t h e d e s i ra b l e L O T W s c a l in g . T o u n d e r s ta n d t h e b e h a v i o u r o f t h e WInc3D w e f ollo w the

    analysis o f Brasseur an d W ei52                    w ith a f o cu s o n th e im pa ct o f me sh reso lutio n a nd a sp ec t ratio to o btain ‘ ‘hig h- a cc uracy ’’ so lutio ns . To th e b es t of

                  o u r kn o w l e d g e , t h i s i s t h e f i rs t i n v e s t ig a t io n t h a t i s c o n s i d e ri n g h i g h - o r d e r c o m p a c t f i n it e -  d i f f  e  r e n c e s c h e m e s i n a h a l f - s t a g g e re d g r id a rra n g e m e n t .

                      F o r o  u r n u m e r ic a l e x p e r im e n t s , w e h a v e s e l e c t e d a n u m b e r o f c a s e s t o i n v e s t ig a t e t h e s o l u t io n d e p e n d e n c e o n t h e m e s h . T h i s c o v e rs b o t h t h e

   m e s h a s p e c t ra t io A R                     = Δy x∕Δ = Δy z y∕Δ and the vertical reso lution Δ . T h e S G S m o d e l o n t h e o t h e r h a n d i s n o t p a r t o f t h is s e n s i t iv i ty a n a l y s is

          a s e x t e n s iv e r e s e arc  h h a s a l re a d y b e e n p re v i o u s l y p u b l i sh e d o n t h e s u b j e c t . 17,35,53         I n s te a d , t h e s t a n d a rd S m a g o ri n s k y m o d e l w i th t h e M a s o n a n d

      T h o m s o n d a m p i n g f u n c t i o n i s u s e d , b y a d o p t i n g (C 0            , n) = (0 3.14, ). The c om putation al d omain is taken to be L x  × L y  × L z      = × ×H H H , wh ere

H                    = 1000 m i s t h e d o m a i n h e i g h t . F o r a l l s i m u l at i o n s p re s e n t e d h e r e af t e r, w e a s s u m e a w a l l r o u g h n e s s l e n g t h s c a l e o f y0   = 0 1. m and a fric tion

 v e l o c i ty u∗   = 0.45 m s−1                     . T h e d o m a i n i s d i s c re t i s e d u s i n g a u n i f o r m m e s h t h e d e t a i ls o f w h i c h a r e p r e s e n te d i n T a b l e 3 b e l o w . A l l s i m u la t io n s

     a re c a rri e d o u t f o r u p t o tot  = 45L y∕u∗            = 100 000 s an d s tatistic s are c o llec ted o ve r the las t stat          = 50 000 s. Fin ally , as th e me sh res olu tion is

              i n c re a s e d , t h e t i m e s t e p i s d e c  r e a s e d a c c o rd i n g l y b y a l l o w i n g a C F L n u m b e r o f a b o u t 0 . 1 .

           W e s t a rt b y p r e s e n t in g t h e e f f e c t o f t h e m e s h a s p e c  t r at io A R            and v ertical res olutio n on th e o btain ed f low s tatistic s. F igu re 6 s ho w s the

    no r mali sed mean streamwis e velo city U u∕ *                in a s emi- lo g arithmic p lot as a f un ctio n o f th e n orma lised ve rtical dis tanc e y H∕ f o r d i f f ere n t m e sh

  resolutions. The log- law   U u= ∗  ∕ ( ∕ ln y y 0                   ) is als o p lotte d f o r ref erenc e. It c an be o bs erved th at all ca ses are q uan titative ly c los e to th e th eo retical

            log - law so lutio n; h o we ve r, im po rtant dis crep anc ie s arise f o r a ll ca ses in th e regio n arou nd 0.01Ly  and 0 1. L y      . M o r e s p e c i f ic a l ly , t h e h ig h a s p e c t
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 TABLE 3            Tab le o f s imu lation s etu p ca ses f o r th e inv estig atio n o f asp ec t ratio an d
 v e rti c a l re s o l u ti o n

 Case Nx  × Ny  × Nz   Asp ect Ratio AR Δ ∕y y0

       C1 64 × 65 64 156.25× 

       C2 128 65 128 156.25× × / 2

       C3 192 65 192 / 3 156.25× × 

       C4 96 97 96 117.187× × 

 C5 192      × ×97 192 / 2 117.187

       C6 288 97 288 117.187× × / 3

       C7 128 129 128 78.125× × 

       C8 256 129 78.125× × 256 / 2

 C9 384      × ×129 384 / 3 78.125

     FIGURE 6 Ve r tical pro file s o f th e

   mean streamw ise ve locity no rmali sed

    by th e fric tion v elo city u * . Re s u lt s are

    p re s e n t e d i n a s e m i - l o g a ri t h m i c p l o t

    f o r d i f f e re n t m e s h a s p e c t ra t io s

AR       = ∕ ∕ , 2 and  3 and ve r ti cal

 re s o lu t io n s Ny     = 65 97 and 129

     [ C o lo u r f i g u re c a n b e v i e w e d a t

w iley on line library. co m]

    FIGURE 7 No r mali sed m ean ve locity

g ra d i en t       Φ i n t he l o w e r p a rt o f t h e

  b o u n d a ry l a y e r ( y    ∕H < .0 3). Re s u lts

    a re p re s e n te d f o r d i f f ere n t m e s h

  aspe ct ratios AR     = ∕ ∕ , 2 and  3

   a n d v e rt ic a l r e s o l u ti o n s N y   = 65 97

      a n d 1 2 9 [ C o lo u r f i g u re c a n b e v i e w e d

 at w ile yo nlin elib rar y. co m]

                      ra t i o s o l u t io n s a p p e a r t o o v e re s t im a t e t h e m e a n v e l o c i ty a t t h e l o w e r s u r f a c e l a y e r re g i o n . A s w e d e c  r e a s e t h e a s p e c t ra ti o , ( b y re d u c i n g t h e

                   ho r i zontal distanc e wh ile kee ping the v erti cal on e c on stant), the s olution s c onv erge to the LOT W sc aling irre spe ctive o f the ve r t ical reso lution.

               T h e e f f e c t o f t h e m e s h a s p e c t r a ti o i s f u rt h e r d e m o n s t ra t e d i n t h e n o rm a li s e d m e a n v e l o c i ty g ra d i e n t Φ(y) = y u∕ ∗ ux    ∕y p r o f il e s s h o w n i n

                     F ig u re 7 . T h e v e rti c a l d a s h e d li n e re p re s e n t s th e t h eo re ti c al p re d i c ti o n Φ(y) = 1. Again, we o bserv e a significant o vershoot for all cases that use

    the larges t as pec t rati o AR                   = . From th e th ree so lutio ns p resen ted in F igu r e 7 , the s olu tion th at us es th e h igh es t ve rtical res olu tion ap p ears to

                     h a v e s u p p r e s s e d t h e o v e r s h o o t . T h e l a t te r r e s u lt i s c ru c  i a l f o r a n a c c u r a te d e s c r ip t i o n o f A B L , p a r ti c u l a rl y w h e n w i n d f a rm s i m u la t io  n s f o r w h i c h

       w i n d t u rb i n e s o p e r a te , w h e re t h e o v e r s h o o t i s l o c a t e d .

 6 A P P L I C A T I O N S

    6.1 Two turbines ope rating in-line

                      T u rb i n e s o p e r a ti n g i n - l i n e e i t h e r p e r f e c t ly a li g n e d o r t i lt e d i s a c o m m o n f e a t u re i n w i n d f a r m s a n d h a v e b e e n s t u d ie d i n m a n y n u m e r ic a l a n d

 e xperime n tal stud ies.1,13,15   F l e m in g e t a l54                  sim ulate d tw o turbin es in row w ith a sp ac ing of 7 ro tor d iame ters (7D) a n d e x p l o re d a p a r am e t e r s p a c e

                       o f y a w a n gl e re d i re c ti o n f o r t h e f ro n t t urb i n e a n d s p a n w is e o f f s e t f o r t he re a r o n e . F o r t h ei r s im u la ti o ns , t he y u s e d t he w i n d f a rm s im u la t o r

S O W F A 22             w ith th e turbin es be ing p arame tr ised ba sed o n the N REL 5 -m eg aw att (M W) b ase line turbin e. 47       A n i d e n t ic a l s e t - u p i s u s e d h e re f o r

                      WInc3D to allo w f or a c ros s- c om pariso n b etw e en the tw o m od els . To t his en d, f o r the p rese nt s imu lation s, o n ly th e s tatic ac tuato r lin e a pp roac h

                        is c ons idered, as no de tails on the d ynamic stall c haracteristics (othe r than the stall AOA o r the ze r o lift s lope ) are p r ovided in the original

re p o rt .47                  N e x t , t h e a t m o s p h e r ic t u rb u l e n c e i n f l o w i s g e n e r at e d v i a p r e c u rs o r s i m u la t i o n s f o l l o w i n g t h e g u i d e l in e s d e s c r ib e d i n S e c t i o n 5 a n d

           a ss u m in g n e u t ra l b o u nd ary l ay e r s ta b il it y . T h e p re c u rs o r s im u l at i o ns w e re ru n o n a           3 1 3k m × k m × k m c om putation al do main u sing aerod ynamic

        ro u g h n e s s s i m il ar t o t h e o n e o f G e b ra a d e t a l25   (frictio n v elo city u∗   = 0.281 m s−1     a n d a r o u g h n e s s l e n g t h s c a l e y 0        = 0.001 m) so that w e ach ieve a

     m e a n h u b - h e i g h t w i n d s p e e d e q u a l t o U∞   = 8 m s−1                  and a turbule nc e in tens ity e qua l to  = 6 % . F o r t h e t u rb i ne s i m ula ti o n s , w e u s e a d o m a in o f

 d i m e n s io n s L x      = 1512 m (streamwise length, Ly      = 504 m ( h e i g h t) a n d Lz               = 504 m ( t ra n s v e rs e l e n g t h ) c o rre s p o n d i n g t o a d o m a i n o f 12D D D× 4 × 4 ,

 w h ere D                    = 126 m i s t he 5 M W N R EL ro t o r d i a me te r. I n f lo w / o u tf lo w b o u n da ry c o n d i ti o n s a re c o n s id e re d i n t h e s t re a m w is e d i re c t io n a n d p e ri o di c

                bo un dary c on ditio ns in the trans verse . Fo r th e d om ain disc retisa tion , w e u se a c om pu tation al me sh eq ual to Nx  × N y  × N z      = × ×768 257 256, w hic h
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     FIGURE 8 Individual and total tu r bine

       p o w e r o u tp u t a s a f u n c ti o n o f t h e f ro n t

      turbine y aw ang le (left) and rear turbine

    s p a n w i s e o f f s e t d i s t a n c e (ri g h t ). WInc3D

     re s u lt s a re c o mp are d w i th t h e S O W FA

    data o f Geb r aad et al25   [ C o lo u r f i g u re c a n

   b e v i e w e d a t w  i l e y o n l in e l i b ra ry . c o m ]

           FIGURE 9 Sc alin g o f th e p ow er o f y aw ed tu rbine w ith the yaw

angle γ1  . Re s u lt s are sh o w n f o r WInc3D , SOW FA, and the Medici 55

       mo de l [ Colo u r f ig ure c an b e v iew ed at w ile yo nlin elib rary. co m]

                         corre s po nds to a uniform me sh s ize o f Δ =x 1 .95 m . T h e n u m e r ic a l s i m u la t io n s a re c a r ri e d o u t f o r u p t o 1 0 0 0 s e c o n d s a n d s t a ti s ti c s ( e g , v e l o c i t y ,

                             p o w e r, a n d l o ad s ) a re c o l le c t e d o v e r t h e l as t 6 0 0 s e c o n d s . A t im e s t e p e q u al t o Δ =t 0.02 s i s u s e d i n o r d e r t o m a i n ta i n a C F L n u m b e r v a l u e b e l o w

                    0 . 1 . E a c h o f t h e ‘ ‘ t w o - t u rb i n e ’ ’ s i m u la t i o n s w a s ru n o n 1 0 2 4 c o m p u t a ti o n a l c o r e s , a n d r e s u lt s w e r e o b t a in e d i n u n d e r t h a n 2 4 h o u rs .

                     Th e m ean p ow e r o utp ut f rom the 1 9 ‘ ‘tw o - turbine ’’ sim ulatio ns are s ho w n in F igu r e 8 to ge ther w ith the res pe ctiv e res ults ob taine d by Ge braad

 e t a l25                       us ing S OW FA . M ore sp ec if ically , in th e lef t- han d sid e, th e po w er o utp ut o f the tw o tu rbine s (and th eir s um) is p lo tted ag ains t the yaw

                         a n g l e o f t h e f ro  n t o n e , w h i l e i n t h e ri g h t - h a n d s i d e , p o w e r o u t p u t i s p l o t te d a s a f u n c t io n o f t h e r e ar- t u rb i n e s p a n w i s e o f f s e t . I n b o t h c a s e s , t h e

                       tw o m o dels (WInc3D a n d S O W F A ) a g re e w e l l w i th e a c h o t h e r a s b o t h t h e f r o n t a n d r e a r t u rb i n e s a t ta i n s i m i la r m e a n p o w e r v a l u e s . F o r t h e

                      yaw an gle p lots , s om e d if fe renc e ap pe ar b etw e en th e tw o so lutio ns p articu larly f or th e rea r tu rbine. T o inv es tigate th is f urther, it is po ss ible to

            c o m p a r e t h e f r o n t t u rb i n e p o  w e r o u t p u t w i th t h e t h e o re t i c a l s c a l in g o b t a i n e d b y M e d i c i55  : Pγ  = P0 cos P(γ1   ), w h ere P = 2 as show n in Fig ure 9.

  Gebraad e t al25                        re p o rt e d a v a lu e P = 1 . 8 8 . W i th o u r s i m ul at io n s , w  e w e re a b le t o c o m p u te a v a lu e c l o se r t o P = 2 ; h o w e v e r, d i f f e re n c e s w e re

                      f o u n d b e t w e e n t h e p o  s i t i v e a n d t h e n e g a t iv e y a w a n g l e s e t t i n g s . T h e s e d i f f e r e n c e s a r e b e l i e v e d t o m a i n ly a f f e c t t h e re a r t u rb i n e a s t h e r e a r

          t urb i n e 's p o w e r o u t p ut i s p ro p o r ti o n al t o t h e d e g re e o f w a k e e x p o s u re .

                     An oth er imp ortant resu lt to n otic e is th e sig nif ic ant a sym me try pres en t in bo th so lutio ns , w hic h ca n b e m ore cle arly o bse rved in th e to tal

               p o w  e r o u t p u t a s a f u n c t io n o  f t h e y a w a n g l e . R e c e n t e x p e ri m e n t a l i n v e s t ig a t i o n s b y S c  h o t tl e r e t a l56       h a v e s h o w n t h a t t h e e x i s te n c e o  f s u c h

                     asy mm etry is attribute d to a c om bin ation o f sh ear, v ee r , an d the v elo city 's g radient o rientatio n. Th e o btain ed res ults by WInc3D e stim ate a m ilder

                     po w er o utp ut as ymm etry co m pared w ith th e S OW FA s olu tion . T his c an b e a ttributed to a sm all m isalig nm en t b etw ee n the me an ve loc ity an d the

         as s u m e d f ro n t t u rb in e y aw an g l e (i n t h e o rd e r o f 1
◦

             ). T h is e f f e c t , w h i c h w a s c o n s i st e n t t hro u g h o u t a ll s i m u la ti o ns , m a y a ls o e x p la i n t h e d i f f ere n c e s

      i n t h e e f f e c t o f o f f s e t . A n 1
◦

             d if f e r en c e c a n b e t ra n s la te d i n to a n e f f e c t iv e re a r t u rb in e o f f s e t d i s ta n c e d i f f e re n ce o f sin(1 ◦  ) · 7D ≈ 15.4 m ,

                       w hic h is c on sis tent w ith th e ob se rved sh ift in Fig ure 8 . S uc h a sm all mis align me nt d iff e renc e is le ss im po rtant in th e y aw c ase . N on eth ele ss, f or

                     c o m p l e t e n e s s , i t i s a l s o i m p o r ta n t t o p r e s e n t s o m e s n a p s h o t s f ro m t h e i n s t an t a n e o u s a n d m e a n v e l o c i t y f i e l d s . T h e s e a re s h o w n f o r y a w c a s e s

γ1 = −30
◦

, 0
◦

                    i n F i g u re 1 0 . B o t h t h e m e a n a n d t h e i n s t a n ta n e o u s v e l o c i ty f i e ld s c o n f  i r m t h a t b y ‘ ‘ y a w i n g ’ ’ t h e f r o n t t u rb i n e , t h e d e s i re d w  a k e

                       redirec tion is ac hiev ed . Ve rtical p rof iles also s ho w that in th e c ase o f a p os itive ya w mis align me nt, the f ron t tu rbine w ake is v ee red w ell a wa y

           fro m th e loc atio n of the rear turbine , d en ote d a s a b lack circle .

            6.2 Fu ll-s c ale w ind f arm sim ulatio ns : A 4 × 4 array of w ind turbines

                    Af ter the p revio us v erific atio n e xe r cise s, th e ability o f WInc3D to ac cu rately sim ulate f u ll-s c ale w in d tu rbine arrays w ill b e d em on strated . T o this

                       e n d , w e h a v e s e l e c t e d a n a l ig n e d 4 × 4 a rra y w ith 7D (s t re a m w i s e ) a n d 5D (spa nw ise ) s pac ing . S uc h c ase is rep rese ntativ e o f m any o ff sh ore

                     w i n d f a rm l ay o u t s a n d c a n b e c o n s id e re d a s a n a t ura l e x te n s i o n o f t h e t w o - t u rb in e p r o bl em d e s c ri b e d i n t h e p re v io u s s e c t io n ( Th e N R E L - 5 M W

                w i n d t u rb i n e i s a l s o u s e d h e r e ). T w o f a r m - l e v e l y a w s e t t in g s a r e c o n s i d e re d h e r e , u n d e r b e l o w - ra t e d c o n d i t i o n s (U∞   = 8 m s−1      ,  = 6%). The first
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          FIGURE 10 I n s ta n t a n e o u s a n d t im e - a v e r ag  e h o r iz o n t al a n d v e rt i c a l s t re a m w i s e v e l o c i t y u x       p ro f i le s f o r t h e t w o - t urb i n e c a s e . T h e h o ri zo n t al

                      prof ile s d ep ic t the stream w ise v elo city f ie ld a t hu b he igh t, w h ile th e v ertical p r of iles s ho w th e stream w ise v elo city f ield at a v ertical p lane 6 D

            do w nstream th e f ront turbin e. In b oth c as es, p rofile s fro m th e yaw c ase s w ith γ 1 = −30
◦

, 0
◦

       are sho wn [ Colou r f igure c an b e v iewe d at

w iley on line library. co m]

             TABLE 4 Table of yaw an gles f or eac h row u nde r the ‘‘ Coo perative’’ o perational m ode        Row 1 Row 2 Row 3 Row 4

 γ 25. 41
◦

21.51
◦

21.71
◦

– 0 . 05
◦

     FIGURE 11 L e f t : R o w - a n d t im e - a v e r ag e d

    p o w e r. Ri g h t: ro w - a v e rag e d r. m. s . o f

     po w er f luc tu ation s pe r row [ Co lou r f ig ure

    ca n b e v iew ed at w ile yo nlin elib rar y. co m ]

                       s e t ti n g , n a m e l y , t h e ‘ ‘ G r e e d y ’ ’ s e t t in g  , r e p re s e n t s a c a s e w h e re e a c h t u rb i n e i s a l i g n e d w i th t h e m e a n f l o w t ry i n g t o e x t ra c t a s m u c h e n e rg y a s

                  it c an by ig no ring th e p o ten tial f avo urable e f fe cts o f c oo p erating w ith n eig hb ou ring tu rbine s. Th e s ec on d se tting , n ame ly, th e ‘‘ Coo pe rative’ ’

                       s e t ti n g , c o n s i d e rs a n o p t i m a l y a w s e t t in g , w h i c h a l lo w s f o r i n d i v id u a l t u r b in e s t o b e m i s a li g n e d w i t h t h e w i n d i n o r d e r t o r e d ire c t t h e i r w a k e a w a y

                    f ro m t h e d o w n s t re am t u rb i ne s a n d t h e re f o re t ry i ng t o a c h i ev e a n o v e ra ll p o w e r m ax im i s at i o n o f t h e a rra y . O p t im i s at i o n o f t h e i n d iv i d ua l tu r bi n e s '

          yaw s etting s is c o nsid ered fo llo w ing th e stu dy of Ge braad e t al. 25           By u sing the pro duc ed ‘‘ Tw o- tu rbine ’’ da ta, w e c alibrate th e en gin ee ring w ake

 m o d e l F L O R I S 8                   using a co mbinatio n o f the stan dard Jen sen and w ake- r edir ection sub mod els. Th e c alibr at ed analytical w ake mo del is th en u sed in

                   co nju nc tion w ith a S eq uen tial L eas t S qu ares Prog ramming (SL SP) op timis er to c om pu te the op tima l y aw s ettin gs th at max imise the po w er o utp ut

               of the array . Th e o ptimisatio n also c on siders c ertain bo und s in the ac ce pted indiv idual turbines ' yaw an gles      (−30 30, ) an d a relative to leranc e

  e q u a l t o tol                      = 1e- 5 in th e c alc ulatio n of the c o st f un ctio n (total po w er). Un de r th ese s ettin gs , FL ORIS es timate d a 2 1. 4% in c r ease in p ow e r u sing

               t h e f o l l o w i n g y a w a n g l e s e t t i n g s i d e n ti c a l a c ro s s a l l c o  l u m n s o  f t u r b in e s a s s h o w  n i n T a b l e 4 .

                    T h e t w o o p e r a ti o n a l m o d e s ‘ ‘ G r e e d y ’ ’ a n d ‘ ‘ C o o p  e r a ti v e ’ ’ a re s u b s e q u e n t ly r u n w i th i n WInc3D to tes t th e v alidity of th e o ptim ise r and to

                 f u r th e r e x p l o re t h e u n d e r ly i n g w a k e d y n a m i c s o f t h e a rra y . F o r t h e s i m u l at io n s , w e c  o n s i d e r a d o m a i n e q u a l t o       26 20D D× 4 × D, w hich ag ain

    utilis es a u nif o rm res olu tion o f                    Δ =x 1.95 m by using a 1665 257 1280× × m e s h n o d e s ( o v er h a lf a b i ll io n d e g re e s o f f re e d o m). F o r t h e g e n e ra ti o n

                      of th e i nf low atm os ph eric tu rbulen ce , a s imilar p roc ed ure a s in S ec tion 6. 1 is f o llow e d w hile th e w ind turbin e sim ulatio ns u se e xac tly th e sa me

        t im e s t e p , a n d d a t a a r e a v e r a g e d o v e r 6 0 0 s e c o n d s .

                   F i g u re 1 1 s h o w s t h e t i m e / r o w - a v e ra g e s o f t h e n o rm a l i s e d p o w e r ( b y t h e f i rs t ro w t u rb i n e ) , t h e n o rm a l i s e d ro o t - m e a n - s q u a r e ( r. m . s . ) ( b y t h e

                     ro w -  a v e r ag e d m e a n p o w e r ) f o r b o t h t h e ‘ ‘ G r e e d y ’ ’ a n d ‘ ‘ C o o p  e r a ti v e ’ ’ c a s e s . I t i s w o rt h n o t i n g t h a t s i g n i f i c an t d i f f e re n c e s e x i s t i n b o t h t h e m e a n

             a n d r. m . s . o f p o w e r b e t w e e n t h e t w o c a s e s ; h o w  e  v  e r , s i m i la r t r e n d s c a n b e o b s e r v e d .

                    Firstly, th e ‘‘ Greed y’ ’ o pe rationa l m o de y ield s a p o w er row dis tributio n s imilar to th e rep o rted p ow e r o f m any u tility- sc ale o ff sh ore w in d f arms

    u n d e r a n a l i g n e d o p  e r a ti o n a l s c e n a r io . 2,3,57                Mo re sp e cif ica lly, th e f irst row of turbine s ac hiev es its f ull p ow e r o utp ut p o tentia l like a sta nd- alo ne
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      FIGURE 12 T im e s e ri es o f t h e t o ta l

       p o w e r o f t h e a rra y f o r th e ‘ ‘ G re e d y ’ ’ a n d

  ‘ ‘ C o o p e ra ti v e ’ ’ o p e r at i o n a l s c e n a ri o s

     [ C o lo u r f i g u re c a n b e v i e w e d a t

w iley on line library. co m]

     FIGURE 13 T i m e s e ri e s o f t h e

     row- ave r aged and total p ow er o f th e

     a rr ay f o r t h e ‘ ‘ G re e d y ’ ’ a n d ‘ ‘ C o o p e r at iv e ’ ’

    o p e ra t io n a l s c e n ari o s [ C o lo u r f i g u re c a n

   b e v i e w e d a t w  i l e y o n l in e l i b ra ry . c o m ]

                          t urb i n e, w  h i le t he c o n s e c u ti v e r o w s ( 2 , 3 , a n d 4 ) a c h ie v e o n l y 5 0 % o f t h e p o w e r o u t p ut o f t h e f i rs t r o w . O n t h e o t h e r h an d , u n d e r a ‘ ‘ C o o p e ra ti v e ’’

                   o p e r at io n a l s c e n a ri o , t h e f i rs t r o w o f t u rb i n e s u n d e r p e rf o r m s ( t h e c o  m p u t e d n o r m a li s e d p o w e r i s a p p r o x im a te l y e q u a l t o 8 6 % o f t h e s t a n d - a lo n e

                       o n e ) a n d r e s u lt s i n a v e r y l a rg e ‘ ‘ re - b o u n d ’ ’ o f t h e d o w  n s t r e am ro w t u rb i n e s . I n f a c t , t h e c o m p u t e d p e r c e n ta g e o f o v e r al l p o w e r i n c r e as e i s f o u n d

                        to b e e qua l to 20 . 26 %, a v alue v ery clo s e to the o r igina l F LORIS es timatio n. It is also im po rtant to m en tion th at o th er e xp erimen tal and nu me rical

studies 58,59                         have also f oun d po w er ef ficie ncy increase in the o r ders of 20 % to 3 0% f or s imilar aligne d layou ts an d spac ing. A s f ar as the r. m. s. of

                    t h e t w o c  a s e s i s c o n c e r n e d , i t i s s t ri k in g t h a t u n d e r t h e ‘ ‘ C o o p e ra t iv e ’ ’ o p e r at io n a l s c e n a r io , t h e w i n d t u r b in e s e x h i b it l e s s v a ri a b il i ty , a l t h o u g h

                       t h e d i f f e r e n c e i s ra th e r s m a ll , o f t h e o rd e r o f 5 % . I n t e g ra t i n g a l l p o w e r f l u c t u at io n s o v e r t h e w h o l e a rr ay c a n h o w e v e r l e a d t o s i g n i f i c a n t p o w e r

                       f l u c t u at io n s , w h i c h m a y n e e d t o b e t a k e n i n t o a c c o u n t w  h e n g r id i n t e g ra t i o n i s s o  u g h t . F i g u re 1 2 s h o w s t h e t o t a l p o w e r o u t p u t o f t h e a rr a y

                     fo r b o th o pe ration al mo de s. T he sig nif ic anc e o f w ake ste ering c an be ap prec iated f irst by rec og nis ing th e large d iff eren ce in th e m agn itud e o f

                    th e p o w e r p ro d u c e d a s w e l l a s t h e d i f f e re n t e v e n t s o c c urri n g th ro ug h o ut th i s w in d o w o f o p e rat io n f o r th e a rra y . H o w e v e r, s t rik in g d i f f e re n c e s

                       can also be f ou nd in the farm- level te mpo ral evo lution of the total p ow er. The se d iffe rences are marked by the shad ed areas in Figu r e 12.

                    F o r e x a m p le , f a rm - s c a l e t e m p o ra l e f f e c t s b e c a us e o f w a ke r ed ire c t i o n a p p e a r t o h a v e a d i f f e re n t i m p ac t o n t h e t o t al p r o du c e d p o w e r a ro u n d

t                        = 500 s w h en the ‘ ‘Co op erativ e’’ c ase e xh ibits a s udd en d rop in the p rodu ce d p o we r. To b ette r ap prec iate th e d yn amic b eha vio ur of the p o we r

                      o u tp u t, i t i s a ls o w  o r th p l o tt in g t h e s p e c t ra o f t he ro w  -  a v e ra g e d p o w e r a n d t o ta l t ur b in e p o w e r, p o w e r s p e c tr al d e n s it y ( PS D ) f u n c ti o n s . T h e se a re

                      s h o w n i n F i g u re 1 3 f o r b o t h t h e ‘ ‘ G r e e d y ’ ’ a n d ‘ ‘ C o o p e ra t i v e ’ ’ c a s e s c o n f i rm i n g t h e o b s e r v e d b u t s m a l l d i f f e r e n c e s i n t h e p o w e r f  l u c t u a ti o n s . I t i s

                     w o r th n o t i c i n g t h a t a l l r o w P S D s e x h i b it a s i m i la r b e h a v i o u r (e g , p e a k a r o u n d t h r e e t i m e s t h e r o t at io n a l f r e q u e n c y i n t h e h i g h - f r e q u e n c y r e g im e ) .

                     I n te r e s t in g l y , b y a v e r ag i n g o v e r t h e w h o l e a r ra y a n d a n a l y s in g t h e P S D o  f t h e t o t al p o w e r f l u c t u at io n s , t h e h i g h - f re q u e n c y r e g im e a p p e a r s t o b e

           we aker an d th e PS D to fo llow w ell the Ko lmog orov sc aling law (            − ∕5 3). Th is f ind ing c o nf irms prev io us stu die s by A pt an d Mila n e t a l. 60,61

                  Fin ally, it is w o rth v isu alising th e tw o s olu tion s v ia th eir res pe ctiv e in stan tane ou s an d time - ave rage d stream w ise v elo city f ield s (Figu res 14

                   as w e ll as iso - vo rticity vo lum e ren ding v isu alisatio ns in Fig ure 1 5). Fo r the strea mw ise ve loc ity sn aps ho ts, th e a dv erse e f fe ct that ‘‘ Greed y’ ’

                     o p e ra ti o na l m o d e i n c o n j u nc t io n w  i t h t h e a rr ay ' s l a yo u t h a s o n t h e p o w e r g e n e ra t io n i s c l e ar ly v i s u al is e d v i a t h e d e v e lo p e d v e l o c it y d e f ic i t b e h in d

                    t h e d o w n s t r e am t u rb i n e s a n d t h e i r r e s p e c t iv e i m p a c t o n t h e ir r e ar o n e s . C o n v e rs e l y , o n c e t h e f r o n t t u rb i n e s ' w a k e s a re s t e e re d a w a y , w i n d

                     t u rb i n e s a r e s h o w n t o e n j o y t h e b e n e f i t o f o p e r a ti n g u n d e r a n u n d i s tu rb e d i n c o m i n g w i n d f l o w f i e l d . I n b o t h c a s e s , t h e i n s t an t a n e o u s v e l o c i ty

                     f i e l d s a l s o p ro  v  i d e a f  u l l p i c t u re o f t h e f l o w u n s t e a d i n e s s o c c u r ri n g t h r o u g h o u t t h e w i n d t u rb i n e a r ra y w i th e n h a n c e d t u rb u l e n c e a n d l a rg e w a k e

                   m e an d e rin g f l o w p h e n o m en a t a ki n g p l ac e , p a rt ic u l ar t o w a rd s t h e l as t ro w o f t u rb in e s . T h e se p h e n o m e na a n d m a n y o t h e r d e t ai l ed f l o w s t ru c tu re s

                      (eg, ne ar-w ake tip vo rt i ces) c an also v ery w ell cap tured by a vo lume rende r ed visu alisation o f the iso - vorticity f ield as s how n in F igure 15 .
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 FIGURE 14   Instan tane ou s (to p) an d

    time - ave raged (bo tto m) p rofile s of the

      s t re a m w i s e v  e  l o c i t y a t h u b h e i g h t f  o r t h e

4       × 4 tu r bine array. B oth th e ‘‘ Greed y’’

   (l e f t) a n d ‘ ‘ C o o p e r a ti v e ’ ’ ( ri g h t )

   y a w - s e t t i n g o  p e ra t i o n a l m o d e s a re

sh ow n [Co lou r figu re can b e v iew e d at

w iley on line library. co m]

      FIGURE 15 V o l u m e re n d e ri n g o f t h e w i n d

     f a rm o p e r a ti n g u n d e r t h e ‘ ‘ G re e d y ’ ’ y a w

      s e tt i n g [ C o lo u r f i g u re c a n b e v i e w e d a t

w iley on line library. co m]

    7 D I S C U S S I O N A N D F U T U R E D I R E C T I O N S

                  In t h is w o rk, w e h a v e p re s e n t e d WInc3D a f a s t a n d e f f i c ie n t c o m p u t at io n a l f lu id d y n a mi c s ( CF D ) f r am e w o rk f o r t u rb u le n c e - re s o l vi ng s i m ula ti o n s

                      o f w i nd f a rm w a ke s . WInc3D h as a grea t p ote ntial by c om pariso n w ith o the r W FS th anks to th e us e of h igh - order fin ite- d iff eren ce sc he me s, w ith

                       the ability to ca ptu r e a w ide rang e o f turbu len t s cale s at a g ive n sp atial reso lutio n. Fu r thermo re, it c an s ca le w ith th ou san ds o f c o mp utatio nal c o res

                  t h a n ks t o a p o w e rf u l 2 D D o  m a i n D e c o m p o s i t i o n s t ra te g y . I n t e rm s o  f c o m p u t a t io n a l e f f  i c i e n c y , t h e u s e o  f h i g h - o r d e r f i n i t e - d i f f e re n c e s c h e m e s

                          o n a C a rt e s i an m e s h c o  m b i n e d w i th a d i re c t s p e c t ra l s o l v e r f o r t h e P o i s s o n e q u a t io n m e a n s t h a t t h e c o s t o f a t i m e s t e p ( p e r n u m b e r o f d e g r e e o  f

                     f r e e d o m a n d p e r c o  m p u t a t io n a l c  o re ) i s p o  t e n t i al ly m u c h l o w e r t h a n f o  r o t h e r W F S b a s e d o n f i n i te - v o l u m e a p p ro a c h e s . T h i s i s j u s t if i e d b y t h e

                low - c os t o f f in ite- dif f eren ce m etho d sim ulatio ns o n a Ca rtesian me sh c om pared w ith s imilar reso lutio n fin ite vo lum e/ f inite e leme nt sim ulatio ns

                     co nd uc ted o n u nstruc tured m esh es . It is the refo re a ntic ipate d that WInc3D w o u l d b e f a s t e r (a n d m o r e a c c u ra t e f  o r a g i v e n n u m b e r o f d e g r e e s

                  o f f re e d o m ) t h a n m o r e c o n v e n t i o n a l l o w - o rd e r w i n d f a r m s i m u l at o r s b a s e d o n u n s t ru c t u re d m e s h e s . Q u a n t if y i n g t h e d i f f e r e n c e w o u l d r e q u ire t o

                  ru n s e v e ra l s i m u la ti o ns w i th d i f f e re n t o p e n - s o u rc e w i n d f a rm s i m u la to rs a n d o b t a in a c a s e - b y- c a s e c o m p a ri s o n o f t h e c o m p u ta t io n a l c o s t a n d

                      a c c u ra c y , a n d t h e r e f o re , i t l ie s o u t s i d e t h e s c o p e o f t h e p r e s e n t s t u d y . N o n e t h e l e s s , w e s h o u l d e m p h a s i z e t h a t i t i s p o s s i b l e t o p e r f o rm l a rg e - s c a l e

                      simulatio ns w ith WInc3D w i t h i n f e w h o u rs , o n l y u s i n g f e w t h o u s a n d s c o m p u t i n g p r o c e s s i n g c o re s . A s i t o n l y r e li e s o n a F o r tra n 9 0 c o m p i l e r a n d

                     the MPI lib rar y, th e p ortability o f WInc3D i s a n o t h e r o  f i t s s t re n g t h s . I t h a s b e e n t e s t e d o n d i f f e re n t s u p e r c o m p u t e rs , a n d s i m i l ar p  e r f o r m an c e

     w a s r ep o rt e d f o r s i m ula ti o n s w  i th O (109              ) m e s h n o d e s . F i n a ll y , e n h a n c e d t u rb i n e p a r am e t ri s a ti o n s a re a v a i la b l e i n WInc3D f o r a n a c c u ra te

                    re p r e s e n t at i o n o f t h e m a i n f e a t u re s o f t h e w i n d t u r bi n e s . T h e p e r f o rm a n c e o f t h e s o l v e r w a s d e m o n s t ra t e d t h ro u g  h o u t t h i s p a p e r b y p re s e n t in g

                    re s u lt s f ro m v al id a t io n s tu d i e s a s w e l l a s f ro m re a l- sc a l e w i n d f a rm w ak e p ro b l e m s , a n d d a ta w e re s u c c e s s f u ll y c o m p a re d w it h re f e re n c e v a lu e s

                  and o th er nu me rical s tud ies. Re gardin g f utu re d ir ectio ns in so f tw are d ev elo pm ent, th e ve rsatility o f WInc3D s u g g e s t s t h a t s e v e ra l d i f f e r e n t p a t h s

                   f o r f u r t h e r re s e a rc h c a n b e t a k e n . F u t u re s t u d i e s w i ll c o  n s i d e r d i f f e r e n t A B L s t a b il i ti e s b y i n c o rp o ra t i n g t h e r m al e f f e c t s t h r o u g h t h e B o u s s i n e s q

               app roxim atio n. An oth er d ev elo pm en t m ay in vo lve a dditio na l ac tuato r lin e mo de l e nh anc em en ts (eg , in trodu cin g ae ro- elas ticity to th e v irtual

                    turbin e b lade s) and th e in trodu ctio n o f a f ree - surfa ce so lv er, b ase d o n the w ell- e stab lish ed lev el- se t me tho d to track th e e vo lutio n of the
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                     free s urfac e, so th at it c an b e po ss ible to de al w ith w in d/ w av e in teractio n s in c om bine d lo ad situ atio ns on f lo ating o r b otto m- f ixe d tu rbines .

       WInc3D s ou rce c od e is read ily a vailab le at http s: / / g ithu b. c om / Imp erialColle g eLo n do n/ W Inc 3D .
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