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PREFACE 

The fol l owing report i s  the f i fth in a series  of such document s  t hat  present 
the f ind ing s o f  f i e l d s  t e s t s  conduc ted under the Department o f  Energy ' s {DOE ) 
Cooperat ive F i e l d  Te s t  Program wi th the U . S .  wind indu s t ry .  Thi s  report pro­
vides the resul t s  of a f i e l d  inve s t iga t i on of a wake s t ruc ture downwind of a 
FloWind VAWT 1n a wind farm array in Tehachapi , Cal if . 

The pro ject  wa s a cooperat i ve effort between several organizat i on s  from 
private indu s t ry ,  government agenc i e s , and ut i l i t ies . The organizat i on s  were 
Flow Re search Company , Fl oWind Corporat ion , DOE , Solar Energy Re search 
Ins t i tute ( S ERI ) ,  Pac i f i c  Northwe s t  Laborat ory ( PNL ) , Sand i a  Nat i onal 
Labora t o r i e s  ( SNL ) , and Southern Cal i f ornia Ed i s on ( SCE ) .  The autho r s  wou l d  
l ike to  acknowl edge the cont r i but ions from these organ i zat i on s , wi thout whi ch 
the f i e l d  i nve s t igat ion coul d not have been accompl i shed . In addi t ion t o  sub­
s tant ial  c o s t  sharing by F l ow Res earch and F l oWind through the provi s i on o f  
the wind sys tem , inst rumen t s ,  and equi pment , they a l s o  provided admini s ­
t ra t i ve ,  res earch , and operat i ons and ma intenance (O&M ) s upport .  

The pro ject  wa s moni tored j o in t l y  by Warren Bo l lme ier of SERI and 
Dr . Larry Wende l l  of PNL . A technical  review team, inc l ud ing Bol lme i er and 
Dr . Peter Tu of SERI , Paul Veers of SNL , and John Buck of PNL , wa s formed . 
Several on- s i te vi s i t s  and review mee t ings of the t e s t  p l an and the pre l i m­
inary f i e l d  data were conduc ted by the team member s .  Support o f  the pro j ec t  
b y  S C E  wa s made i n  the form o f  c a s h  co funding and furni shing o f  t h e  re search 
tra i ler through the coord ina t i on o f  Jay S t ock . 

The s tack-up t ower s  and the Gi l l  anemome ters  were insta l l ed and a l i gned by PNL 
t echnical  personnel Owen Abbey and Gary Denni s .  The pro j e c t  wa s suppo rted 
who leheartedly by the management of Fl oWind , in part i cu l ar , Dr . Y . -H .  Pao and 
Art Wi lder . As s i s tance wa s provi ded by Fl oWind ' s  O&M c rews , l ed by 
B i l l  Schind l er , and by on-s i t e  re search pers onnel , spec i f i ca l ly Henry Moore , 
in set t i ng up the research t ra i ler , the portab l e  tower s , and the cup anemom­
eter s , a s  wel l as in keeping the turb ine and tower arrays in working order . 
Admini s t ra t ive a s s i s tance wa s provi ded by Uwe Mor i t z  in coordina t i on wi t h  the 
Cal i fornia S t a t e  Bureau of Land Management for permi t app l i cat ions  and o ther 
l egal ma t t er s . La s t  but no t l ea s t ,  the authors woul d  l i ke to acknowl edge the 
consu l t a t ion s e rvices  of Tom H i e s ter and Dr . B .  J .  Im in provid ing i nforma t i on 
about s i t e characterizat ion and turbine performance . 

i i i  
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ABSTRACT 

The effec t s  of upwi nd t urbine wakes on the performance o f  a F l oWind 1 7 -m 
ver t i cal-axi s wind turbine ( VAWT ) were inve s t igated through a series  o f  f i e l d  
exper iment s conduc t ed at the Fl oWind wind farm o n  Cameron Ri dge , Tehachapi , 
Cal i f ornia . The f i e l d  experiment wa s conducted wi thin a VAWT array con s i s t ing 
o f  more than nine VAWTs with s eparat ions of 3 rotor d i amet e r s  ( 3D )  cros swind
by 8D downwind in a s taggered conf igura t i on . The array i s  the upwind three 
rows of VAWTs in a t o ta l  of s i x  rows atop the Cameron Ridge plateau . The ter­
rain feature s in the v i c i n i t y  are rea sonably regular , wi t h  an ups l ope o f  7 deg 
on t he average ;  however , s everal l ocal i rregul ar i t i e s  are pre s ent . The annua l 
hourl y  averaged wind s peed excee d s  8 m/ s at the s i t e .  The primary wind season 
i s  f rom March to  Augu s t , dur i ng which the wind i s  therma l l y  driven becau s e  
coo l er a i r  mas s e s  r u s h  through t he San Joaquin Val l ey to  repl eni sh t h e  r i s ing 
hot air ma s se s  in the Mo j ave De s er t . As a resul t , the wind pat t ern in terms 
of wind s peed and d i re c t i on i s  rea sonably per s i s t ent dur ing thi s t ime . In 
genera l , med ium to  h i gh wind s exceed ing 9 m/ s are conf ined in a narrow wind 
d i re c t ion window be tween 295 and 3 1 0  deg . There fore , turbine s were s e l ected 
t o  form an array wi th a maj o r  ax i s  of 308 deg . 

The wind f i e l d  and the power out puts of nine turbines within the array were 
mea sured wi th wind s en s o r s  and power t rans ducer s .  Nine Gi l l  prope l l ers , 
1 8  Max imum cup anemome t er s , and one d i rection sensor were mounted on portabl e 
and s t ack-up tower s  i n s t a l l ed upwind and wi thin the turbine array . Mo s t  o f  
the wind sensors were mounted at 1 3 . 7  m above ground , s l ight l y  bel ow the equa­
t o r  height , whi ch i s  16 m ,  at var i ous on-ax i s  and off-axi s l ocat ion s  wi th 
respect t o  the pr imary wake-produc ing turbine . Three o t her sensors  were 
mounted at 6 . 1  m aboveground ( a t  -2D and 3D) and 2 1 . 3  m aboveground ( a t  3D ) 
for measuring the ver t i ca l  grad i en t s  of the wind fie l d  and ve l o c i ty def i cit . 
A t e s t  mat rix wa s de s i gned and executed to  obtain maximum data s t ratif i c a t i on 
and t o  provide result s wi t h  adequa t e  ac curacy and s tat i s t i ca l  s i gn i f i cance . 

From the f i e l d  mea surement s ,  we der ived the vel o c i t y  and powe r / energy defi c i t s  
under various turbine on / o f f  confi gura t i ons . Much informa t i on wa s provi ded t o  
charac terize the s t ruc ture o f  VAWT wake s and to  a s s e s s  the i r  effec t s  o n  the 
performance of downwind t urbine s . A me thod to  e s t imate the energy defic i t  wa s 
deve l oped based on the mea s ured power def i c i t  and the wind s peed d i s t ri bu­
t i ons . Thi s me thod may be adopted for other turbine types and s i t e s . Recom­
mendations are made for opt imi z ing wind farm d e s ign and opera t ions , a s  wel l  as 
for wind energy management .  

�v 

i 



I \ 

STR- 3 3 7 0  

1 . 0

2 . 0

3 . 0

4 . 0

5 . 0

6 . 0

TABLE OF CONTENTS 

Int roduct ion • . . • . . . . . . . . . . . . . . . . . . . . . • • . . . . . . . . • • . . . . . . . . . . . . . . . . • . .

Te s t  S i t e  and Wind Sys tem • . • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

2 . 1
2 . 2  

Te s t  
Wind 

S i t e  and Turbine Array • • • • • • • • •  . . . . . . . . . . . . . . . . . . . . . . . . . . .

Turbines • • • • • • • • • • • • • • • • • • • • • • •  . . . . . . . . . . . . . . . . . . . . . . . . . . .

I n s t rumentat ion and Equ ipment • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

3 . 1
3 . 2
3 . 3
3 . 4 

Data Acqui s i t i on Sys tem • • • • • • • • • • • • • • • • • • • • •

Sys tems for Data Reduc t i on and Analys i s  • •

I n s t rumentat i on • • • • . • • • • • • • • • • • • • • • • • • • • •

Me teoro l og i cal Towers . . • . . . . • . • . • . . • • . • • .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

F i e l d  Experiment . . . . . . . . . . . . . . • . . • . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . .

4 . 1

4 .  2,, 

Prepara t i on • • • • • • • • • • • • • • • • • • • • • • • • •

4 . 1 . 1  Layout o f  Experimental Setup . 
4 . 1 . 2 
4 . 1 .  3 
4 . 1 . 4 
4 . 1 . 5 

Te s t  Ma trix • • • • • • • • . • • • • • • • • •

On- S i t e  Prepara t i on • • • • • • • • • • • • • • • •

S i t e  Survey . . . . . . . . . . . . . . . . . . . . . . .  . 

I n s t a l l a t ion o f  Towers and Sens ors . 
Execut i on of F i e l d  Exper iment • • • • • • • • • • • • • • •

4 . 2 . 1  Te s t  Schedule • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

4 . 2 . 2
4 . 2 . 3  
4 . 2 . 4 

Tes t  Procedure • • • •  

Turbine Opera t i on .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Data Reduc t i on • • • • • • • • • • • • • • • • • • • • • • •

Re sul t s  o f  F i e l d  Experiment . 

5 . 1
5 . 2 

5 . 3 

Ambient Wind F i e l d  • • •

Vel o c i ty Def i c i t  • • • • •

5 . 2 . 1 Background Vel o c i ty Def i c i t  • • • • • • • • • •

5 . 2 . 2  On-Ax i s  Ve loc i ty Def i c i t  • • • • • • • • • • • • •

5 . 2 . 3  Cro s s -Wake Vel oc i ty Def i c i t  Prof i l e s . 
Def i c i t  • • • • • • • • • • • •  . . . . . . . . . .. .

. . . . . . . . . . . 

. . . . . . .

. . . . . . . . . . . . . . . . . 

Power 
5 . 3 . 1  
5 . 3 . 2 

F- 1 7  Power Curve s • 

Array Effec t s  • • • • • . . . . . . . . . . . . . . . . . . . . .  . 

Summary and Recommendations • • • • • • • • • . • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • •

6 . 1

6 . 2 

Summary • • • • • . • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • . •

6 . 1 . 1  Amb ient Wind F i e l d  • • • • • • • • • . • • • • • • • • • • • • . • • • • • • • • • • • • • • •

6 . 1 . 2  
6 . 1 . 3 

Vel oc i ty Def i c i t  • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

Power and Energy Def i c i t s  • • • • • • • • • • • • • • • • •  L• • • • • • • • • • • • •

Recommendat i ons • . • • • • . • . . . • • • • . . • • . . • • • • • • . • • • • • • • • • • . • • • • . • • . •

References . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . • . . . . . . • . . . . . . . . . . . .

Appendix - Qual i t y  As s urance • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •

v 

1 

3 

3 
8 

10  

10  
10 
1 1  
12 

13  

13  
1 3  
13  
16 
1 6  
18  
18  
18  
18  
20 
20 

23 

23 
28 
28 
3 1  
41  
50  
so 
58  

70  

70  
70  
7 1  
72 
74 

76 
78  



Figure 2 - 1  

F igure 2-2 

Fi gure 2-3 

F i gure 4- 1 

F i gure 4-2 

F i gure 4-3 

F i gure 4-4 

Fi gure 4-5 

Fi gure 5 - l  

F i gure 5-2 

Figure 5-3 

F i gure 5 -4 

F i gure 5-5  

Fi gure 5-6 

Fi gure 5 - 7  

F i gure 5-8 

Fi gure 5-9 

STR- 3 3 7 0  

LIST OF FIGURES 

Topographical map of the princ i pal port i on of Cameron 
Ridge . • . ••• . •• . •••.•• . • . . . . . • . •••••••••••• . • • •••• • · · · · • · • · · • 

Fl oWind wind farm on Cameron Ri dge , Tehachapi ,  Cal i f  ••••••• 

Locat ion of the t e s t  s i t e for turbine wake mea s urement s  •••• 

Top view of the wind sensor l ayout wi thin the turbine 
array . . • . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . .

S i de view o f  the wind sensor l ayout within the turbine 
array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . • . •• . . . .

Te s t  conf igurat ions for the field  exper iment ••••••••••••••• 

Compar i s on of wind speeds mea sured wi th a Gi l l  anemome ter 
(UVWl ) and a Max imum cup anemome ter ( 2 0 1 7 )  mounted on the 

Page 

4 

5 

6 

14  

1 5  

1 7  

reference t ower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

Rat i o  o f  wind speeds mea sured wi th a Gi l l  anemome ter and a 
Maximum cup anemome ter a s  a funct ion of the wind speed ••••• 

Two t ime serie s o f  7 . 5-min-averaged wind speed s mea s ured 
at UVW l •••••••••••••••••••••••••••••••••••••••••••••••••••• 

Two t i me ser i e s  of 7 . 5 -min-averaged wind d i rec t i ons 
mea sured at ·  UVWl ••••••••••••••••••••••••••••••••••••••••••• 

Hi s togram o f  the wind s peed measured at UVW l from Augus t  3 
through Augus t  7 ,  1986  •• . . . •• . •• . . . . •• . •••••••• . ••• . . . • . • . . 

Hi s togram o f  the wind d i rec t i on mea sured a t  UVWl from 
Augus t  3 through Augus t  7 ,  1 986 •••••••••••••••••••••••••••• 

Rat i o o f  amb i ent wind s peeds at cup anemome ter s ta t ions •••• 

Rat i o of amb i en t  wind s peeds a s  a funct i on of t he wind 
s peed at s t a t ions in the vicinity of the second row o f  

22 

24 

24 

25 

25 

2 6  

turbine s . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . 26  

Ver t i cal pro f i l e s  of the wind speed mea s ured at x = -2D and 
3 D .  • • • • • • • • • • • • . • • • • • • • • • . • • • • • • • • • • . • • • . • • • • • • • • • • • • • • • • . • 2 7 

Background vel oc i ty def i c i t s  mea sured at x = 1 . 50 ,  3D , 5 0 ,  
6 . 5D ,  and 8D . •• . ••• . ••••• . •.• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 

Background vel oc i ty def i c i t s  binned in 5 -deg increment s at 
x = 3D••••••••••••••••••••••••••••••••••••••••••••••••••••• 3 1  

Vl 

L� 

I 



l 

( 

STR-3 3 7 0  

LIST O F  FIGURES ( Cont inued ) 

F i gure 5 - 1 0  Ve l o c i t y  def i c i t  mea sured at z = 1 3 . 7  m and x = 1 . 5D (UVW2 ) 
on the maj or axi s o f  the turbine array when T 1 2 3  wa s on • • • • •  32 

Fi gure 5 - 1 1  Ve loc i ty de f i c i t  mea sured a t  z = 1 3 . 7  m and x = 3D ( UVW4 ) 
on the maj o r  axi s of  the t urbine array when T 1 2 3  wa s on • • • • •  32 

F i gure 5 - 1 2  Vel o c i t y  def i c i t  mea s ured at z = 1 3 . 7  m and x = 5D ( UVW8 ) on 
the maj o r  axi s of the turbine array when T 1 2 3  wa s on • • • • • • • •  33 

F i gure 5-13 Ve l o c i t y  def i c i t  mea sured at z = 1 3 . 7  m and x = 6 . 5D ( UVW9 ) 
on the maj or axi s  of the turbine array when Tl23  wa s on • • • • •  33 

F i gure 5-14  Vel oc i ty def i c i t  mea sured at z = 1 3 . 7  m, x = 8D ( 20 1 1 ) ,  and 
and +7 . 1  deg o f f  maj o r  axi s  of the turbine array when Tl23  
wa s on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 

F i gure ��1 5  Maximum vel o c i t y  def ici t s  at x = 1 . 5D ,  3D , 5D , 6�5 D ,  and 8D 
when T 1 2 3  wa s on ( 298-303 deg ) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  35 

F i gure 5 - 1 6  Vel o c i t y  def i c i t  mea sured at z = 6 . 1  m and x = 3D ( UVW5 ) on 
the ma j o r  axi s o f  the turbine array when Tl23 wa s on • • • • • • • • 35  

F i gure 5- 1 7  Vel oc i t y  def i c i t  mea sured at z = 2 1 . 3  m and x = 3D ( UVW3 ) on 
the ma j o r  ax i s  o f  the turbine array when T 1 2 3  wa s on • • • • • • • •  36 

F i gure �7!8 Max imum vel o c i t y  def i c i t s  at z = 6 . 1 ,  1 3 . 7 ,  and 2 1 . 3  m ;  and 
x = 3D on the major axi s of the turbine array when T 1 2 3  wa s 
on ( 2 98-303 deg ) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  37 

F igure 5-19  Vel o c i t y  def i c i t  mea sured at z = 1 3 . 7  m and x = 1 . 5D ( UVW2 ) 
on the ma j or ax i s  of the turbine array when Tl22 through 
Tl24 were on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

F i gure 5-20 Ve l o c i ty def i c i t  mea s ured at z = 1 3 . 7  m and x = 3D ( UVW4 ) on 
the maj or axi s of the turbine array when T 1 2 2  through T 1 24 
were on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

F i gure 5-2 1 Ve l o c i ty def i c i t  mea sured at z = 1 3 . 7  m and x = 5D ( UVW8 ) on 
the maj o r  axi s o f  the t urbine array when T122 through T 1 24 
were on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

F i gure 5-22 Ve l o c i ty def i c i t mea s ured at z = 13 . 7  m and x = 6 . 5D ( UVW9 ) 
on the ma j o r  axi s  o f  the t urbine array when T l 2 2  t hrough T124 
were on . • • • . . . . . . . • • • . . • • • . • • . • • • . . • • . • • • • . . . • • • . • . • . . . • . . . • 3 9  

F igure 5 - 2 3  Veloc i ty def i c i t  mea s ured at z = 1 3 . 7  m ,  x = 8D ( 20 1 1 ) , and 
+7 . 1  deg off the maj or axi s of the turbine array when T122 
through Tl24 were on • • . • • • . • • • • • . • . • • . • • • . . • • • • • • • • • • • • . • . . .  40 

vii  



$-��-=� !.i STR-33 70 

LIST OF FIGURES (Cont inued ) 

Fi gure 5-24 Maximum vel oc i ty d e f i c i t s  a t  x = 1 . SD ,  3 D ,  S D ,  6 . SD ,  and 8D 
when T122  through T124 wer e  on ( 298-303 deg ) • • • • • • • • • • • • • • • •  40 

Figure 5-25 Maximum ve l oc i ty def i c i t s  at z = 6 . 1 ,  1 3 . 7 ,  and 2 1 . 3  m; and 
x = 3D on major axi s  o f  turbine array when T 1 2 2  through T124 
were on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

Figure 5-26 Cro s s-wake pro f i l e s  of vel o c i ty def i c i t  at z = 1 3 . 7  m and 
x = l . S D when T 1 2 3  wa s on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Figure 5-27 Cro s s -wake pro f i l e s  of ve l o c i ty de f i c i t  at z = 13 . 7  m and 
x = 3D when T l 2 3  wa s on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Figure 5-28 Cro s s-wake pro f i l e s  of vel o c i t y  defi c i t  at z = 13 . 7  m and 
x = SD when T l 2 3  wa s on • • . • • • . • . . • . • . • • . • . • . .  

-
• . • • . . . • • . . . . . .  44 

Fi gure 5-29 Cro s s-wake prof i l e s  of ve l o c i ty def i c i t  at z = 1 3 . 7  m and 
x = 6 • 5 D when T 12 3 was on . • • •  · . . • • • . • . . . • . . . . • • . • • • • . • . . . . . . .  44 

Figure 5-30 Cro s s -wake pro f i l e s  of velo c i ty def i c i t  at z = 1 3 . 7  m and 
x = 8D when T l 2 3 wa s on . . . . . . . . . • • . . . . . • • • . . . . . . . • . . • • . . . . . .  45 

Figure 5-3 1 Cro s s�wake pro f i l e s  of ve l o c i ty def i c i t  at z = 1 3 . 7  m and 
x = l . SD when Tl22 through Tl24 were on • • • • • • • • • • • • • • • • • • • • •  45 

Figure 5 -32 Cro s s-wake pro f i l e s  of ve l o c i ty def i c i t  at z = 1 3 . 7  m and 
x = 3D when T l 2 2  through T l 24 were on • • • • • • • • • • • • • • • • • • • • • • •  46 

Figure 5 - 3 3  Cro s s -wake pro f i l e s  of vel ocity defi c i t  at z = 13 . 7  m and 
x = SD when T l 22 through T l 24 were on • • • • • • • • • • • • • • • • • • • • • • •  47 

Figure 5-34 Cro s s -wake pro f i l e s  of ve l o c i ty deficit at z = 1 3 . 7  m and 
x = 6 . SD when Tl22  through Tl24 were on • • • • • • • • • • • • • • • • • • • • •  4 7  

Figure 5-35  Cro s s-wake pro f i l e s  o f  ve l oc i ty def i c i t  at z = 1 3 . 7  m and 
x = 8D when T l 2 2  through T l 24 were on • • • • • • • • • • • • • • • • • • • • • • •  48 

Figure 5-36  Cro s s-wake pro f i l e s  o f  vel oc i ty def i c i t  at z = 1 3 . 7  m and 
x = 3D when T l 2 1  through T125  were on • • • • • • • • • • • • • • • • • • • • • • •  48 

Figure 5-3 7 Cro s s-wake pro f i l e s  of vel o c i ty def i c i t  at z = 1 3 . 7  m and 
x = SD when T 1 2 1  t hrough T l 2 5  were on • • • • • • • • • • • • • • • • • • • • • • •  49 

Figure 5-38 Cro s s-wake pro f i l e s  o f  vel o c i ty def i c i t  at z = 1 3 . 7  m and 
x = 6 . SD when T l 2 1  through Tl25 were on • • • • • • • • • • • • • • • • • • • • •  49 

Figure 5-39 Power out pu t  o f  the pr imary turbine T l 2 3  with wind s peed 
mea sured at z = 1 3 . 7  m and x = -2D at reference tower • • • • • • • 5 1  

Vlll 

f \. 



( -

c I 

STR-3 3 7 0  

LIST OF FIGURES (Cont inued ) 

F i gure 5-40 Power out put of T 1 24 wi th wind s peed measured at z = 1 3 . 7  m 
and x = -2D at the reference tower • • • • • • • • • • • • • • • • • • • • • • • • • •  52 

F i gure 5-41 Power output of T 1 22 with wind s peed measured at z = 1 3 . 7  m 
and x = -2D at the reference t ower • • • • • • • • • • • • • • • • • • • • • • • • • •  54 

F i gure 5-42 Power output of T102 wi th the upwind row of turbines off 
and wind s peed measured a t  the reference t ower • • • • • • • • • • • • • • 54 

F i gure 5-43 Ad jus ted power output of T 1 02 wi t h  the upwind row o f  turbines 
off and wind speed corrected for local t erra in influenc e s  • • •  5 5  

F i gure 5-44 Ad jus ted power output o f  T 1 0 3  wit h  the upwi nd row o f  turbines 
off and wind speed c orrec ted for l ocal t errain influences  • • •  5 6  

F i gure 5-45 Ad jus ted power output of T 1 0 1  wi t h  the upwind row o f  turbines 
o f f  and wind speed corrected for l ocal t errain inf l uences  • • •  5 6

F i gure 5-46 Power output (unadjus ted ) of T 7 7  wi th two upwind rows o f  
turbines off and wind s peed measured at the ref erence 
t ower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 7  

F i gure 5-4 7 · Power output (unadjus ted ) of T 7 9  wi th two upwind rows o f  
t urbines off and wind s peed mea s ured a t  the reference 
t ower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 7  

F i gure 5 :c:-48 Ad jus ted power output o f  T102  with T123  on . . . . . . . . . . . . . . . . . .  5 9  

F i gure 5-49 Ad j u s t ed power output o f  T 1 0 2  wi th T 1 2 2  through T124 o n  • • • • •  5 9  

F i gure 5 - 5 0  Power output (unad justed ) o f  T7 7 wi th T122 through T l 24 on 
( 1 6D upwind ) • • • . . . • • . • • • . • • • • • • • • • • • • • • . • . • • • . . • • • • • • • • . • • . •  6 1  

F i gure 5-5 1 Power output (unadj u s t ed ) o f  T 7 7  wi th T102 through T l 0 3  on 
( 8D upwind ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 1  

Figure 5-52  Power output (unadj u s t ed ) o f  T 7 7  wi th T122 through T124 and 
T l 0 2  through 1 0 3  on • • . . • • • . • • • • • • • • • . • • • • • • • • • • • • • • • • • • • . • • •  6 2  

F i gure 5-5 3 Di s tr i but i on s  o f  the wind s peed and d i rec t i on derived from 
the wind_dat a  measured during the f i e l d  experiment s • • • • • • • • • 63  

Fi gure 5-54 Adj u s t ed turbine power averaged over a l l  wind d i rec t i on s  for 
T l 0 2 . . . . . . . . . . . . . • . • • • . . . • . . . . . . . • • • . . • • • . • . • • • • • . • • . . . . . . . . 64 

F igure 5-55 Ad j u s t ed turbine power averaged over all wind d i rec t i on s  for 
T l 0 3 . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . • . . . . . . • . . . . . . • . . . . . . . 64 

F i gure 5-56 Ad j u s t ed turbine power averaged over a l l  wind d i rec t i ons  for 
T l O l • • . • • • • • • • • • • • . • • • • • • • • • • • . • • • • . •  e. . . . . . . . . . . . . . . . . . . . . .  6 5  

�X 



STR-3 370 

LIST OF FIGURES (Concluded ) 

F i gure 5-57 Turbine power (unadjusted ) averaged over a l l  wind d i rec t i on s  
for T77 . • . • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • • . • • • • • • • •

F i gure 5 - 5 8  Turbine power def i c i t s  averaged over a l l  wind d i re c t i o n s  for 
T l 0 3 , Tl02 , and T l O l  wi th turbines T 1 22 through T 1 24 on • • • • •

X 

Page 

65 

6 7  

,�· I 

L 



I 

[ 

STR- 3 3 7 0  

LIST OF TABLES 

Tab l e  2- 1 Wind Speeds at Cameron Ri dge Wind Farm . . . . . . . . . . . . . . . . . . . . . . . . 7 

Tab l e  2-2 Spe c i f i cat ions of the FloWind 1 7-m VAWT . . . . . . . . . . . . . . . . . . . . . . . 9 

Tabl e  5 - l  Effect of the Turb ine-Blade Or i entat ion on Background 
Vel o c i ty Def i c i t  • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  30 

Tab l e  5-2 Effect of the Upwind Turbine on Turbul ence Inten s i ty • • • • • • • • • •  36  

Tab l e  5-3 Energy Def i c i t  E s t imated from the F i e l d  Dat a  • • • • • • • • • • • • • • • • • •  66 

Tabl e 5-4 1986 Ob served and Pro j ected Hourl y  Wind Speed Di s t r ibut i on • • • •  69 





r 

STR-33 7 0  

1 . 0  INTRODUCTION 

Knowl edge o f  turbine wake charac t er i s t i c s  i s  cruc ial  for opt imi z ing the de s i gn 
o f  wind turbines ( e . g . , aerodynamic performance ) and the configura t i on of tur­
b ine arrays ( e . g . , turbine s pacing s  and array s tagger ing ) .  Thes e  charact er­
i s t i c s  include the wake geome t ry ,  i . e . , the maximum wake he ight and wi dth , the 
mean vel o c i ty def i c i t ,  the turbulence inten s i ty ,  and the blade- s hed 
vort i c e s . In the pa s t ,  mo s t  of the research empha s i s  on the probl em of wind 
t urbine s pac ing wa s relat ed to the momentum defi c i t  and c on sequent l o s s  o f  
energy capture . 

Numeri cal and l aboratory s imulat ions ( L i s s aman , 1 9 79 ; Vermeul en , 1980 ) were 
c onducted to predic t turbine wake behavio r ,  and t he s e  s tud i e s  received l imited 
ver i f i ca t i on in atmo s pher i c  t e s t s  of ful l - sc a l e  wind turbine s (Vermeul en e t  
a l . ,  19 7 9 ;  L i u  et al . ,  1 98 3 ; Li s saman et a l . ,  1 983 ; Baker and Wal ker , 1982 ; 
Renne and Buc k ,  1985 ) .  No ver i f i cat ion t e s t s  have been performed , however , in 
the wake o f  an array o f  ful l -s cale ver t i cal-ax i s  wind turbines (VAWTs ) of 
150 kW or l arger . Our current unders tand ing o f  the array effec t s  on the 
performance of downwind t urbines i s ,  at bes t ,  very l imi ted . 

Many wind farms , wi th mo s t  of the turb ines rated below 5 0 0  kW , were e s tab­
l i shed in recent year s .  The de s i gn criteria  for the turbines ( aerodynami c 
performance ) and the array configurat ions ( turbine s pac ing s and array s t ag­
ger ing ) have rel i ed mainly on information derived from nume r i cal or l aboratory 
s imulat ions or from l imi t ed ful l-scale re sul t s .  Because the resul t s  of these 
s imulat ions have not  been thoroughl y val idated , mo s t  c r i teria are over­
s pec i f ied to all ow suffic i ent l y  high safety factor s . As a resul t ,  the c o s t s  
o f  manufactur ing and i n s t a l l a t i on are unne c e s sarily  h i gh . Furthermore , 
because the array c on f i gura t i ons in t erms o f  packing dens i t y  are not 
opt imi zed , the energy capture and , hence , the revenues o f  the wind farm opera­
t i ons are by no mean s max imized . In other c a s e s , the de s i gn of cruc ial  c om­
ponent s  may not be adequa t e , s o  that s t re s s  c oncent rat ion resul t s  in fa t i gue 
and prema ture fa i l ure . 

Under a c oo pera t i ve agreement wi th the Department of Energy ( DOE ) ( Contract 
No . DE-FC02-86CH 1 0 2 5 0 ) ,  t he F l ow Re search Company ( FLOW ) and F l oWind Corpora­
t i on par t i c i pated in cooperat i on wi th Pac i f i c  Northwe s t  Laboratory ( PNL ) and 
Southern Cal i forn i a  Edi son ( SCE ) by condu c t ing a series  of turbine wake mea­
s urement s at the FloWind wind farm on Cameron Ridge , Tehachapi ,  Cal i f .  The 
measuremen t s  were c onduc ted in the wake of a Fl oWind 1 7-m VAWT among an array 
o f  i dent i ca l  VAWT s . ( The 1 7-m value i s  t he d i ameter o f  the turbine a t  the
equator he i ght , 1 6  m . ) Cup and Gi l l  anemometers  mounted on portab l e  and 
s tack-up t ower s  were used as the wind sen s o r s  t o  characterize the wake s t ruc­
ture wi th the primary and other turbines i n  the array t urned e i ther on or 
o f f . Wind data ( a t  a s ampl ing rate of up t o  8 Hz ) mea sured wi th the G i l l
anemometers were recorded us ing a Hewl e t t-Packard HP-9826 / CDS data s y s t em 
provi ded by PNL . The data were subsequent l y  t rans f erred t o  FLOW ' s  Ma s s comp 
c omputer ( MC5 6 00 ) and t o  per s onal c omputers ( Compaq Portabl e and IBM AT c om­
pat i bl e s ) for analys i s . Wind data averaged over 7 . 5-min int erval s were a l s o  
mea s ured with cup anemome ters and recorded o n  exi s t ing data acqui s i t i on sys­
t ems current l y  being u s ed at the par t i c i pant ' s  wind farm . In add i t i o n ,  power 
output s from the pr imary and nearby turbine s ( n ine turbine s )  were s imul tane­
ous l y  recorded on data l oggers ( Campbel l  S c i ent i f i c  CR2 1 X )  to det ermine whe th­
er a power def i c i t  in the wake could be dete c t ed . 
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The pro j e c t  provided the nec e s s ary full-scale  envi ronment for gather ing pert i� 
nent wake data in a VAWT array . The s e  wake data wi l l  aid in evaluat i ng the 
interac t i ve and machine/gr i d  effects o f  mul t i p l e  VAWTs integrated into a ut i l­
i ty network . The ma in obj e c t i ve o f  the turbine wake mea surement pro j e c t  wa s 
t o  produce hi gh-qua l i ty quan t i tat ive data concerning the wake behavi or of a 
VAWT array in operat ion . The data are now ava i l able to  researchers for val i ­
dat ing wake model s  and for deve l oping emp i r i ca l  mode l s ,  a s  we l l  a s  for gaining 
a bet ter under s tand ing o f  wake behavior in a wind farm environment .  The spe,.. 
c i fic goa l s  o f  the pro j e c t  were to determine the wake vel o c i t y  and power def i ­
c i t s  a s  func t i on s  o f  t h e  wind s peed and d i rec t i on wi thin the de s i gnated VAWT 
array in an operat ing wind farm . Empha s i s  wa s made to  inve s tiga t e  the effect  
o f  a ful l - s c a l e  VAWT array on the performance o f  downwind turbine s .

The informa t i on obtained coul d l ead t o  deve loping prac t i ca l  c r i t e r i a  and 
gui deline s for t urbine des igners , manufac turer s , and wind farm deve l oper s ,  as 
wel l  a s  for ut i l i t i e s . Spec i f i c  goa l s  are reduc t i ons in manufac t ur ing , i n s ta l ­
l ing , and opera t i ng c o s t s  and increased revenues f o r  wind farm operat ion s , a s  
wel l  a s  gaining informat ion f o r  wind energy management .  The f i nal goal i s  to  
achi eve a c o s t-effective wind energy s y s t em that is  at l ea s t  c ompe t i tive in 
cos t wi th other c onven t i onal energy generat i on systems . Thi s  is  the bot tom 
l ine that the wind energy indu s t ry mu st s t r i ve for to  maintain the momen tum i t  
ha s gained i n  recent year s  and to  cont inue to  grow. 

The turbine wake projec t  wa s d ivi ded into two phases . Phase I invol ved deve l­
oping the t e s t  p l an for the fie ld experiment . The test plan s pec i f i ed the 
s e l ect ion of the turbine array , requi remen t s  for the i n s t rumen t a t i on and 
equipment , the configura t i on of the wind sen s or s , the s i t e  prepara t i on and 
support requi rement s ,  the t e s t  s chedul e ,  the plan s  for execut i on of the f i e l d  
exper iment , and the procedure for data reduc t i on and analys i s .  Pha s e  I I  
invo lved t h e  execut ion o f  the f i e l d  exper iment accord ing to  the t e s t  p l a n  and 
the data reduc t i on and analys i s  of the resul t s .  
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2.0 TEST SITE AND WIND SYSTEM 

2 . 1 Tes t  Sit e  and Turbine Array 

STR-33 7 0  

The wake pro j e c t  wa s conduc t ed a t  the FloWind wind farm o n  Cameron Ri dge in 
the Tehachapi Mountains , approximately 160 km ( 1 0 0  mi l e s ) northea s t  of Los 
Angel e s  i n  Kern County , Cal i f .  Cameron Ridge ( s ee Figure 2-1 ) i s  about 8 km 
( 5  mi l e s ) · l ong and range s  in e l evat i on between 1 . 40 and 1 . 46 km ( 4600 and 
4800 f t ) .  The preva i l ing northwe s t erly wind in l at e  spr i ng t o  early summer i s  
roughly perpend i cu lar t o  t he r i dge . The annua l average wind speed a t  the 
r idge exceeds 8 m/ s ( 1 8 mph ) . 

Cameron R i dge has s t rong wind s in a wide var iety of weather pat t erns . From 
March through Augus t ,  the a i r  over Cal iforn ia's Mo jave De sert i s  warmed by the 
sun , caus ing a l ower a tmo s pheric  pres sure near the surface , whi ch a l l ows 
c o o l er , more den s e  a i r  from the San Joaqu in Val l ey to be drawn through the 
gaps and pas s es  o f  the Tehachapi Mountains . Thi s  air  movement i s  o ften s trong 
and general l y  per s i s t ent dur ing mo s t  of the s e  warmer months . During the r e s t  
o f  t h e  year ( September through February) , the t emperature and pres sure d iffer­
ent ial s be tween the desert and val l ey areas are l e s s  pronounced , and the winds 
are l e s s  frequent and not as  s t rong . Winds during the s e  cooler months are 
a s s o c i at 'ed pr imar i l y  with t rans i t ory wea ther patterns , such as st orms and 
weather front s ,  and not wi th the solar/thermal effec t s  of the summer months . 

Table 2-1 l i s t s  the monthly and yearly average wind s peeds at the Cameron 
Ridge wind farm , as  pro j e c t ed by Stone and Web s t er and measured by F l oWind in 
1 984-85 . �  No t e  that the mean wind speeds for a l l  12  months exceed the thresh­
o l d  speed for the FloWind 1 7 -m VAWT , which i s  approximately 5 . 36 m/ s or 1 2  mph 
( see Sec ; i on 2 . 2 ) . The pro j e c t ed speeds t end to  be hi gher than the actual 
measuremgn t s  c onduct ed in 1 984-85 , espe c i a l l y  from Jul y  through Sept ember . 
Because �ameron Ridge i s  l ocated further inland , into the east ern deser t , the 
t herma l l y  driven wind may weaken as the temperature on both s ides of Tehachapi 
Pas s equa l i ze s  during the se hot summer months . Thi s  di ffers from the s i t uat ion 
at pa s s es  c l o s er to  the Pac i f i c  coa s t , such as Al tamont Pa s s  where a l arge 
therma l  grad i ent acro s s  the pa s s  per s i s t s  and the therma l l y  driven wind i s  the 
s t ronge s t  during the hot summer months . To avo id a wor s t-case scenari o , there­
fore , the exper iment s were comp l eted before early Augus t  1986 . 

The F l oWind wind farm i s  equi pped wi th approximately 2 0 0  F l oWind 1 7 -m VAWTs 
s i tuat ed on the 4 . 9-km2 s i t e  ( see Figure 2-2 ) .  The s i t e  i s  we l l -deve l oped ,
wi t h  road s , phone , wat er , gas , and elec t r i c i ty .  I t  a l s o  ha s two bui l d i ng s ; 
one i s  for operat ions  and ma intenance ac t i vi t i e s , and the other i s  a con­
s truc t ion t ra i l er .  The power c o l l e c t i on system con s i s t s  o f  indivi dual t rans­
mi s s ion l ines running from each wind turbine to sma l l  t ran sformer s  l o cated 
nearby on c oncrete pad s . The s e  pad t ransformers  s t ep up the vol tage from the 
480 V at which the e l e c t r i c i ty i s  produced by an individual wind turbine to 
2 1 , 00 0  V. The power is then t ran smi t t ed to SCE through t ransmi s s i on l ines and 
a substat ion . At the sub s t a t i on ,  the e l e c t r i c  power i s  again increased from 
2 1 , 000 V to 6 6 , 000 V for del ivery to SCE . 

The orig inal l y  propo sed s i t e  a t  whi ch the wake measurement s  were to  be con­
duc t ed i s  l ocated at the northea s t ern por t i on of Cameron Ridge ( the shaded 
area between Stat ions  3 and 4 in Figure 2-3 ) where the t errai n  featur e s  are 
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Figure 2- 1 .  Topographical map of the 
approximate wind d i rec t i on 
wind meas urement s i t e s  

principal portion of Cameron Ridge. Arrows wi th "W" indi ca t e  
respons ible f o r  more than 98% of the wind energy. Number s ind i cate 
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Figure 2-2 . FloWind wind farm on Cameron Ridge , Tehachapi ,  Cali f .  
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Tab l e  2-1 . Wind Speeds at  Cameron Ridge Wind Farm 

SWEC 
Pro j e c t ion ( m/ s ) Ac tual Mea suremen t s  ( m/ s )  

Month ( 1 6 . 8  m )  ( 14 . 6  m )  

January 7 . 9 3  5 . 6 8  1985  
February 7 . 3 2  6 . 84 1985  
March 1 0 . 98 9 . 3 9  1985  
Apr i l  1 1. 2 9  1 0 . 3 3 1 985  
May 1 3 . 42 1 0 . 5 1 1 985  
June 1 5 . 74 1 0 . 9 5 1 985  
July 1 3 . 30 6 . 7 5 1 984 
Augus t  1 1 . 5 3  6 . 7 5 1 984 
September 1 0 . 6 8 6 . 3 0  1 984 
Oct ober 9 . 7 6 1 0 . 3 7 1 984 
November 8 . 1 8 8 . 2 7  1 9 84 
December 6 . 84 6 . 5 7  1984 

Average 1 0 . 5 8 8 . 25  

r e l a t ively regular . I n  the v1c1 n 1 t y  of the test  s i t e ,  there are s ix rows of 
F l oWind VAWTs ( mo s t l y  1 7-m and a few 19-m VAWTs ) ,  8D apart downwind and 3D 
apart cros swind . I n s i de the t e s t  s i t e ,  we s e l e c t ed two nearby FloWind 1 7-m 
t urbine s as the wake-produc ing machines ( adjacent t o  each o ther wi th one as  
t he pr imary and the other as  the backup sys tem )  for the field mea suremen t s . 

Several members o f  the pro j e c t  management team and the par t i c i pant made a pre­
l iminary s i t e  vi s i t  to the Tehachapi Fl oWind wind farm on December 3 ,  1 985 . 
Subsequent l y ,  t he par t i c i pant revi ewed h i s torical  and recent data ava i l able 
for the Tehachapi  Fl oWind wind farm to  gain a bet ter unders tand ing of the wind 
chara c t er i s t i c s  at var i ous  l ocat ions in the v i c i n i t y  o f  the poten t i a l  t e s t  
s i t es , and o f  t he opera t i onal and performance charac t er i s t i c s  of t h e  wind 
t urbine s . We contacted pers onnel i n  charge of wind farm opera t i ons  t o  ensure 
t ha t  our propo sed f i e l d  res earch proj ect  wou l d  be c ompa t i b l e  wi t h  their 
operat ion . Based on the f indings o f  the f i r s t  pha s e , we developed a t e s t  plan 
( Liu , 1 9 8 6a ) ,  whi ch wa s then revi ewed and approved by the pro j e c t  management 
t eam . Thi s  report provi des e s s en t i a l  informat ion not c ontained in t he or ig­
i na l  t e s t  plan and updat e s  the final t e s t  plan .  

One o f  the mo s t  impor tant a s pec t s  o f  the t e s t  plan wa s t o  c on f i rm the preva i l ­
i n g  wind d i rec t i on and i t s  variat ions at poten t i a l  t e s t  sites during t h e  pro­
posed t e s t  per i od . Thi s informa t i on wa s requi red to f inal i z e  the s e l e c t i on of 
the turbine array , to con f i gure the t ower array for the wind sensors , and to 
s chedu l e  the f i e l d  t e s t . During the prel iminary s i t e  vis i t , we examined two 
potent i a l  t e s t  s i te s , i nc l uding the one origina l ly propo s ed ( w i t h  an array of 
1 7-m , F- 1 7  VAWTs )  ( s ee F i gure 2-3 ) and a backup s i t e  on the Horned Toad pro­
perty at the northwe s t  t i p  of the r i dge (with an array of 1 9-m , F-1 9  VAWTs ) .  
From a t opographical  vi ewpo int , the orig inal s i t e  wa s preferab l e  becau se i t  i s  
l o cated o n  a relat ively f l a t  plateau with u p  t o  s ix rows o f  F- 1 7 s  s paced 8D 
d ownwind and 3D cros swind . The topographic infl uence on the wake s t ructure 
would be minimal . F i gure 2-2 shows two pho tographs ins i de the Tehachapi wind 
farm ; t he propo sed t urbine array con s i s t ing o f  nine F- 1 7 s  is l ocated at the 
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Other considera t i on s , such a s  permi t 
s i t e .  Therefore , we s t ayed wi th our 

From the hi s t o r i ca l  data , a s  shown in Tabl e  2- 1 , the preva i l ing wind d i re c t ion 
( for a l l wind s peed s ) in t he v i c i n i t y  o f  the propo s ed t e s t  s i t e  during s pring 
and summer i s  between about 285 and 290 deg . In 1985 , measuremen t s  a t  two 
locat ions near the t e s t  s i te showed that the preva i l ing wind exceeding 5 m/s 
had a narrow window between 27 0 and 3 1 5  deg , c on s i s t ent wi th the hi s t or i cal 
data . I n  part icular , the wind d i re c t ion increa s e s  wi th increa s e s  i n  the wind 
s peed at the t e s t  s i t e . S ec t i on 5 . 1  pre s en t s  more wind data gathered during 
the f i e l d  exper iment s .  

Based on the s e  f indings , we s e l e c ted an exi s t ing group o f  n�ne turbines for 
the t e s t  array , wi th three cros swind and three downwind . The center turbine 
( Tl23 ) on the f i r s t  row was des ignated as the primary turbine . The two center 
turbines ( T123 and T 1 0 2 )  on the f i r s t .  and second rows are a l igned a l ong a 
3 08-deg axi s ,  which was cho s en to  be the main ax�s for the array of t ower­
mounted anemometers . The turbine array and the t e s t  confi gurat i on are 
described in Sec t i on 4 . 0 . Thi s  conf igurat ion wa s expec ted t o  have a high 
probabi l i t y  o f  covering a l l  of the wind s peed regime s . Furthermore , the 
s pat ial  d i s t ri but i on o£ the portab l e  towe rs wa s des igned t o  provide adequate 
c overage o f  the wake for wind d i rec t i on s  s l i ght l y  off of 3 0 8  deg . 

2 . 2 Wind Turbines 

At the t ime the measurement s  were conduc ted for t h i s  proje c t , there were more 
t han 300 F l oWind F�l7 and F- 19  VAWTs in operation at the Tehachapi wind farm. 
The se VAWTs are evo l ved ver s i on s  o f  the ori ginal Sand i a  Nat i onal Laborat o r i e s  
( SNL ) VAWT . The des i gn and opera t i on o f  the F- 1 7  i s  g i ven e l s ewhere ( Hie s t er 
e t  a l . ,  1 9 83 ) .  Tab l e  2-2 lis t s  the s pe c i f i ca t i on s  o f  the F- 1 7  VAWT . The F- 1 7  
ha s a maximum power output o f  160  kW (at  s ea l evel ) ;  the power output i s  about 
42 kW at a wind speed of 8 .  9 m/ s (20 mph ) . S e c t i on 5 .  3 pre s en t s  the power 
curve of the turbine s . The F- 1 9  i s  the l arge s t  Fl oWind VAWT in opera t i on . An 
array of F- 1 7 s  wa s u s ed for the wake-measurement exper iment s .  

A revi ew o f  the ax ial  momentum theory , whi ch forms the mathema t i ca l  bas i s  for 
the mechani sms by whi ch a rotor extrac t s  energy f rom or  impart s  energy to the 
wind fi e l d , wa s gi ven by Renne and Buck ( 1 9 85 ) .  Fo r the performance of an 
array of VAWT s , l inear superpo s i t i on of individual wake s was used t o  e s t imate 
the wake l o s s  ( Li s s aman e t  al . ,  1 9 82 ) . At  pre s ent , the adequacy o f  such 
l inear superpo s i t i on i s  yet t o  be c onfi rmed becau s e  of l imi ted avai l ab i l i ty of 
ful l - s cale data for veri f i ca t i o n .  
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Tab l e  2-2 . Specifications of the FloWind 1 7-m VAWT 

Sys tem Confi gurat i on Performance 

Rotor Type 

Rotor Diameter 

Rotor Height 
Ground C learance 
Equator He i ght 
Total Hei ght 
Number of Blades 
B l ade Cro s s  

Sec t i on 

Ver t ical ax�s 

1 7  m 

22 . 9  m 
4 . 6  m 
1 6  m 
28 m 
2 

Power 

Rotor S peed 
Generat o r  

Speed 

3-pha s e , 60  Hz , 
480 v 

AC induc t i on mo t o r , 
149 kW 

53  rpm 

1800 rpm 

B l ade Chord 
NACA 0 0 1 5  airfo i l  
0 . 6  m Opera t i onal Charac t er i s t i c s  

Rotor Support 
Rad ius  Guy Anchor 

Cont rol Sys t em 

Guyed on top 
40 m Cut-in Wind 

Speed 
Cut-out Wind 

Speed 
De s i gn Max . 

Intel  8085 Mi croproc e s sor Based 
LED Status D i s p lay 

Wind Speed 
We ight 
I n s t a l l a t ion Fai l-safe Relay Logic Backup 

Bat tery Backup 

Brake System 

Service �t::-�· �1# 

Park 

Dual independent d i sk,  
hydraul i c  ac tua t i on 
Spr ing set d i s k ,  
hydraul i c  release 
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5 . 4  m/ s 

26 . 8  m/ s 

7 1 . 3  m/ s parked 
1 3 , 60 7  kg 
Crane erect or  
hydraul ic  t i l t-up 
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3 . 0 INSTRUMENTATION AND EQUIPMENT 

3 .1 Data Acqu i s i t ion Syst em 

T�e data acqui s i t i on s y s t em used for the c o l l e c t i on o f  the wind data from the 
ver t i cal  array of t ower s  wa s a combinat i on of a CDS 53A Smart data acqui s i t i on 
uni t  c onnec t ed to an HP-9826 de sktop c omputer s y s t em and two por table data 
l ogger s . The CDS 5 3A sys tem is able to sample 40 channel s  at a rat e  of 1 Hz . 
The HP-9826 des ktop computer sys tem con s i s t ed o f  a de sktop contro l l er , a 20-Mb 
hard d i sk ,  a 5�-inch cartridge tape drive , and a printer . All  componen t s  of 
the data s y s t em were connected t o  the HP-9826 c ontro l ler by HP-IB cabl e s . 

The s i gnal s s ent by the Gi l l  UVW anemometers  were f i r s t  f i l t ered for s p i ke s . 
The se s i gnal s were al s o  c ond i t i oned t o  account for s i gnal l o s s  from cable 
l ength and indivi dual d i f ferences in  the DC genera tor s  in each o f  the three 
G ill arms . The s ignal s were then rece i ved by the CDS 5 3A Smart data acqui s i ­
t i on sys t em and converted from anal og to  digi tal s i gnal s wi thin the range of 
-1 . 0  to 1 . 0  V. The s e  d i g i tal  s ignal s were then s ent to the int ernal memory of 
the HP-9826 for intermed iate  s t o rage and computat ions . 

When the int ernal memory o f  the HP-9826 wa s ful l , the data were s ent t o  ,the 
hard d i s k  for permanent s t orage . Ten-min averages o f  the s e  data were s en t  to 
the printer for the operator t o  inspec t .  When the data c o l l ec t i on s e s s 1 on wa s 
over , the data set  wa s t ran s ferred from the hard d i sk to  the tape dr ive cart­
r i dge for backup and t ransferal t o  o ther computer s y s t ems . 

The t ran s feral of the data from the backup cartri dge tapes to  the ma inframe 
c omputer for final data analys i s  was ac compl i shed by connect ing the HP-9826 
s y s t em t o  a 9-track magne t i c  tape dr ive . A program wa s then run t o  c onvert 
the data from HP packed binary on the backup cartr i dges to  s t andard ASCII data 
and to t ransfer the s e  data to  the 9-t rack magnet i c  tape . The data f i l e s  on 
the 9-t rack tape are s t andard ASCII fi l e s  that can be read by any computer 
sys tem .  

Two por table data l ogger s were u s ed f o r  record ing the output s o f  the Maximum 
cup anemome ters and o f  the turbine power . The f i r s t  wa s a mi croproc e s s or­
based data l ogger (Windwatch 3 ,  Atmo sphe r i c  Res earch & Technology ) .  The wind 
speed data wi th a 7 . 5-min averagi ng per i o d  were recorded on the memory c h i p  of 
the l ogger . The data were t ransferred t o  an IBM PC or  c ompat ible c ompu t er for 
analys i s .  The s econd was a progralnmabl e mi crocomputer data l ogger ( Model 
CR21X , Campbe l l  S cient i f i c , Inc . ) .  PNL provided four CR21Xs for thi s pro j e c t . 
One CR21X wa s used t o  record the power outputs  of the three turbines i n  each 
of the three rows . A t o tal  of three CR21Xs were used wi th the fourt h  one as a 
s pare . The turbine power was sampled and recorded on a ca s s e t t e  tape a t  s ev­
eral samp l i ng /averag ing rat e s  ( from 0 . 1  s / 1  s t o  0 . 2  s / 3 0  s ) .  The data were 
t ran s ferred via a ca s s e t te interface ( Model  C20 , Campbell Sc i en t i fic , Inc . )  to 
an IBM PC or  compa t i b l e  c omputer for ana l ys i s .  

3 . 2  Syst ems for Data Reduct ion and Analysis 

The data recorded wi t h  the HP c omputer-ba sed data acqui s i t i on sys t em were 
t ransferred to magnet i c  t apes at PNL . The data on magne t i c  tapes were then 
l oaded on FLOW's Ma s s c omp MC5 6 0 0  ma inframe comput er for reduc t i on and ana l­
ys i s .  The MC5 600 is a real-time Uni x-ba sed computer wi th a vi rtual memo ry of 
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4 Gb and 4 Mb o f  s emi conduc tor memory . The computer u s e s  a 32-b i t  Mo toro l a  
6 8020 central proc e s s ing uni t  ( CPU ) chip a l ong wi th a 6 8 8 8 1  f l oat ing point 
proc e s sor chi p .  I t  ha s a Ma s s comp Lightning board tha t  al l ows an execu t i on 
s peed of up t o  3 mi l l ion i n s t ructions per second ( MI PS ) .  The MC5600  ha s two 
hi gh- speed d i sk drives ( 3 00 and 1 3 3  Mb ) and a 1 600-b i t s  per inch ( bpi ) t ape 
d r ive . 

A Compaq Plus portab l e  computer and s everal I BM PC and AT compa t i b l e s  were 
a l s o  used for data retrieval , reduc t i o n ,  and analys i s . During the f i e l d  
exper iment , the Compaq computer wa s brought t o  t h e  t e s t  s i t e for the above 
purpo s e .  Dat a  from the CR21X data l oggers ( on c a s s e t t e  tape s ) and from the 
W indwatch 3 ( on squi rrel s )  were t rans ferred to the Compaq computer for reduc­
t i on and analys i s .  The sof tware included programs wr i t t en in Ba s i c /Qu i ckba s i c  
b y  Micro soft , Lo tus  123 , Manuscript by Lotus Devel opment Corpora t i on ,  and 
Asys t ant by Macmi l lan Sof tware Company . 

Fortran programs run on the MC5600 were deve l oped t o  convert the raw data into 
phy s i ca l  un i t s  by appl ying cal i brat ion coeff i c i ent s and correc t i on fac tor s , 
when appropria t e .  W e  then performed 7 .  5 -min averages o n  mo s t  of the data . 
The 7 . 5-min averaged data were then downl oaded t o  the Compaq Plus portabl e 
c omputer or IBM AT compa t i b l e  per sonal computers for further reduc t i on and 
ana lys i s '';;<; 

At t he test  s i te ,  i t  wa s neces sary to operate the HP comput er-ba sed data 
acqui s i t i on sys tem i n  a cont ro l l ed environment ,  c l o s e  to t he tower array . We 
i n s tal l ed an a i r-condi t i oned research tra i l er ( 2 . 6  m x 3 . 1  m )  to  provi de the 
needed shel ter for the data acqu i s i t ion s y s t em and the operat ors . Mo s t  of the 
furni ture-in s i d e  the t ra i l er wa s provi ded by SCE . Both 1 1 5- and 220-V power 
s ources were made ava i l ab l e  at the s i t e .  T o  ant i c i pate po s s ible  power surges 
and i rregular i t i e s  in the power sources , a vol tage regul a t or wa s incorporated 
into the;;:'O:ata acqui s i t i on system.  In add i t i on , a portable generator for emer­
gency s i tuat i on s during power outages at the s i t e  wa s ava i l able at the on- s i t e  
Fl oWind O&M Off i ce . 

3 . 3 Ins t rumentat i on 

For mea surement s  of the wind f ie l d , we used 9 G i l l  UVW anemometers ( made by 
R .  M .  Young Company ) and 1 8  cup anemometers ( Maximum Model  40 ) .  A 
C l imatron i c s  wind d i rect ion s ensor (Model F460 )  was mounted on the upwind 
s tack-up tower to obtain a vi sual ind i cat i on of the wind d i rec t i on and to pro­
v i de dupl icate mea surement s  of the wind d irec t i on . The sensor of the Gi l l  
anemometer wa s a he l i c o i d-shaped polypropyl ene prope l l er wi t h  a d i ameter of 
23 em and a pi tch o f  3 0  em , whi ch give s  a d i s t ance cons tant of 3 . 3  m at 63% 
recovery . The frequency r e s ponse of the G i l l  prope l l er s  depends on wind 
s peed . For examp l e , the frequency respon s e  at a wind s peed of 1 3 . 2  m / s  i s  
about 0 . 6  Hz . Gi l l  anemomet er s  have been used recen t l y  i n  a wake s tudy o f  a 
Dominion Aluminum Fabr i cat ing ( DAF ) 500-kW VAWT ( Renne and Buck,  1 9 85 ) .  
Dur ing the f i el d  t e s t , a s et of l ightweight polystyrene prope l l er s  wa s used t o  
replace the polypropyl ene one s f o r  a short per i od of t ime . 

The polys tyrene prope l l er s  have a d i s tance con s t ant o f  0 . 8  m and a frequency 
r e s ponse of 2. 6 Hz at 1 3 . 2  m/ s .  The s e  propel l ers , however , do not have the 
s t rength to wi ths tand the ext remely high winds that occur at the s i t e , and 
t hey cannot be u s ed una t t ended . The Maximum cup anemome ters have a d i s t ance 
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con s tant of 3 . 05  m .  
about 0 . 7  Hz . 

At a wind speed of 1 3 . 2  m / s , the frequency response �s 

For measurement s  of t he turbine power , we made u s e  of the exi s t ing e l ec t roni c  
prec i s i on AC wat t  t ran s ducer ( Model EW5-6B , Ohio Semi t ron ic s ,  Inc . ) .  Each 
uni t  was preca l i brated at the fact ory to provi de a 1-mA current output propor­
t i onal to the e l e c t r i cal  power del ivered to  a load . 

3 .4 Meteorological Towers 

Two t ype s of met eoro l o g i cal t ower s  were u s ed . The f i r s t  was a s tack-up tower 
that extended t o  21 . 3  m ( 7 0 f t ) above the ground . The G i l l  UVW anemometers , 
the wind d i rect ion s en s o r , and two of the cup anemometers were mounted on thi s 
type of t ower . Seven s tack-up t ower s  were provided by PNL . The s ec ond type 
was a portable tower ( Rohn Company ) ,  which reached to a maximum he i ght of 
1 3 . 7  m ( 45 ft ) above the ground . The Maximum cup anemometers were mounted on 
the s e  portable tower s .  Fl oWind provi ded 1 6  such t ower s  for the pro j ec t . 
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4 . 0  FIELD EXPERIMENT 

4 . 1  Preparat i on 

4 . 1 . 1  Layout o f  Experimental Setup 

From the preva i l ing wind d i re c t i o n  o f  around 3 1 0 deg and s everal o ther con s i d­
erat i on s , we s e l ec t ed for the f i e ld exper iment s  a t e s t  s i t e  that contained 
nine F- 1 7  turbines : Tl22 , T l23 ( de s i gna ted a s  the primary t urbine ) ,  T l 24 , 
T l O l , Tl02,  Tl03 , T7 7 ,  T78 , and T79 . From the power produc t i on data recorded 
dur ing 1985 ( for May , June , or  the 1 0 -month total ) ,  the s e  n ine t urbines demon­
s t ra t e d  s imi lar performance ( L i u , 1986a ) .  Dur ing the wake mea surement 
pro j e c t , the power produc t i on from each of the s e  nine turbine s wa s reco rded 
s imul t aneous ly wi th the wind mea s ur ement s  to  correlate the power def i c i t  with 
the  vel o c i ty def i c i t .  The four per imeter t urbines on  the  s ide of  rows  1 and 2 
( Tl21 , Tl25 , TlOO , and T l 04 ) were al s o  used to  a s s e s s  the i r  effec t s , but t he i r  
power out put s were not mon i t ored . 

Figure 4- la shows a top view o f  t he layout of the anemome ters and t ower s . Thi s  
layout i s  superpo sed onto a topographi c map o f  the t e s t  s i t e ( Fi gure 4- l b )  to  
s how t he overal l  conf i gura t i o n .  Figure 4-2 shows the corres pond i ng ver t i cal  
c on f i gurat ion of the tower s  and wind s en so r s . One of the ma in cons t raint s wa s 
that , for safety cons idera t i ons , any erec ted s t ruct ure had t o  be a min imum 
d i s tance of 1 . 5  t ime s i t s  height from a turbine or a power l i ne .  

As  Figure 4-1 shows , the ma j o r  axi s  o f  the tower array wa s at 3 0 8  deg , whi ch 
c o i n c i ded wi th the a l i gnment between turbine s Tl23 and T l 0 2 .  The max imum 
height o f  the cup anemometers mount ed on portabl e towers wa s 1 3 . 7  m ,  which i s  
about 2 . 3  m below the equator he ight o f  the F- 1 7  VAWT ( i . e . , 1 6  m ) . For the 
F- 1 7  VAWT , the wake charac t er i s t i c s  at the s e  two level s are no t expe c t ed to 
d i ffer  appreciably.  Therefore , we ins tal led all but four vel oc i ty s ensors  
( the Gill  UVW [sma l l  c i rc l e s ]  and cup anemome ters [cro s s e s] a s  shown in 
Figure 4- 1 )  at the 1 3 . 7-m l eve l ra t her than the 1 6-m equator height . For the 
two t a l l e r  s tack-up tower s  a t  2D upwind and 3D downwind o f  t he primary 
turbine s , one G i l l  and one cup anemometer were mounted at 21 . 3-m and 6 . 1 -m 
l eve l s  on the former and three G i l l  anemome t er s  at 21 . 3-m ,  1 3 . 7 -m ,  and 6 . 1 -m 
l eve l s on the lat t er to  mon i tor t he ver t i cal  var iat ions o f  the preva i l ing wind 
and of the wake character i s t i c s . 

Seven s tack-up towers were u s ed on whi ch both types of wind s ensors  were 
moun t e d  at -2D ( 1 3 . 7  m high ) ,  1 . 5 D ,  3D ( one on-ax i s  and 21 . 3  m high and two 
± l D  o f f-axi s and 1 3 . 7  m high ) , 5D and 6 . 5D .  Sixteen portable t ower s  wer e  
equipped wi th o n l y  cup anemome t e r s  for greater spatial coverage ( -3D , - l D ,  S D ,  
6 . SD ,  8D , l O D ,  12D , and 16D ) to  obtain both ambi ent wind and wake data . The 
two cup anemometers at lOD and 12D had to be shif ted s l ight ly o f f -axi s to s a t ­
i s fy t h e  safety d i s tance of 1 . 5  t ime s t h e  t ower height from a power l ine . 

4 . 1 . 2 Test Matrix 

The purpo se of the f i e l d  experiment wa s to det ermine the wake s t ruc ture down­
wind of a VAWT in a wind farm array of i dent i cal turbine s .  To d e t ermine the 
s i t e's ambient wind character i s t i c s , we c onduc ted a series  of wind measure­
men t s wi th the turbine s turned o f f  wi thin the wind s peed range o f  intere s t . 
Thes e  resul t s  provi ded a reference for removing the s ta t i c  vel o c i ty def i c i t ,  
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Figure 4-1 . Top view of the wind sensor layout wi thin the turbine array 

b .  Topographic map of the test site on Cameron Ridge , Tehachap i ,  California 
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with the upwind turbine ( s )  t urned off , and the spatial  var iat i on s  o f  the wind 
field  caused by t opograph i c  influence s .  

The ma in thrus t  o f  the f i e l d  experiment was t o  conduc t both wind and turbine 
power mea suremen t s  to det ermine the wake eff�c t s  in  terms of the vel o c i t y  and 
power defi c i t s .  To a s s e s s the effect s  of the primary turbine on the wake in 
the pre sence of · adj acent and upwind turbine s , a sys tema t i c  on-off s cheme wa.s 
designed and execut ed dur i ng the experiment .  

Our s t rat egy for a typi cal run was to  s tart the wake mea surement s f i r s t  wi th 
all the turb ines on or  off . After a suff i c i ent l eng th of s teady-state  data wa s 
recorded ( at least  0 . 5  hr , but preferably 1 hr ) ,  we wou l d  then s tart turning 
o f f  or  on individual turb ine s systema t i c a l l y whi l e  data con t i nued to  be
recorded . Direct c ompari son of the above resul t s  during min imal changes in 
the amb i ent cond i t i ons would maximi ze our suc c e s s  in ext rac t i ng the effe c t s  of 
adjacent and upwind turbine s on the primary wake s t ruc ture in the wind farm 
envi ronment . 

In  real i t y ,  a s teady wind s peed and d i rec t i on genera l ly does not l a s t  for more 
than a few minut e s , even in flat  terrain . To account for the var iabi l i ty of 
the wind cond i t i on s , repea ted run s of iden t i cal on /off pat t erns were conducted 
on d i f ferent days dur ing the f i e l d  experiment . Data col l e c ted under iden t i cal 
wind cond i t i ons were binned to improve the s t at i s t ical s i gni f i cance o f  the 
f ield resul t s . 

W i th the above con s i derat i on s , we deve l oped a t e s t  mat ri x ,  whi ch wa s g i ven in 
the f inal t e s t  plan ( Liu , 1986a ) ,  to  guide the f i e l d  exper imen t and to  do cu­
ment the suc ce s s ful compl e t i on of each of the t e s t  experiments . Our goal wa s 
t o  maximize the s t ra t i f i ca t i on of the wake data with the l imi ted resources 
ava i l ab l e  t o  us . A revi sed t e s t  configura t i on wa s recommended by Dr . Peter Tu 
o f  SERI , who wa s one o f  the members of the management t eam . F i gure 4-3 i l lus­
t rates the � e s t  conf i gura t i on in t erms o f  the on/ of f  pat t erns of the turbines 
wi thin the array . We conduc ted mo s t  o f  the s e  confi gurat i on s  during the f i eld 
experiment , with few excep t i on s  and addi t i on s . 

4 . 1 . 3 On-S i t e  Preparat i on 

On- s i t e  prepara t i on inc luded marking the locat i ons o f  the t owers accord ing t o  
the experimental setup ,  preparing the s i t e  f o r  erec t i ng the towers ,  receiving 
and shipping equi pment to and from the s i t e , i n s t a l l ing and furni shing the 
research t ra i l er , s e t t ing up the ins t rumentat i on and the data acqui s i t i on 
system ,  cal ibrat ing the i n s t rument s ,  and other related work . The s i te prepa­
rat i on was c onduc ted by the on- s i te F l oW ind O&M crews and s everal Fl oWind 
research engineer s and meteorologi s t s ,  with t echnical  a s s i s tance by PNL 
personne l . 

4 . 1 .4 Site Survey 

A s i t e  survey was c onducted t o  mark the exact loca t i on s  for the t ower s  on the 
t e s t  s i te before the i r  actual i n s ta l l a t i o n .  Dur i ng the survey , a s afety check 
was made to ensure that a min imum d i s tance of 1 . 5  t ime s the tower height wa s 
kept between the t ower s  to  be i n s tal l ed and the turbines or  power l ines . 
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4 . 1 . 5  Instal lat i on o f  Tower s  and Sensors 

STR- 3 3 7 0  

Pri or to  the f i r s t  t e s t  per i od , two PNL technic ians vi s i ted the t e s t  s i t e t o  
erec t the s tack-up tower s  and to  mount and a l i gn the G i l l  anemometers and the 
wind d i re c t i on s ens or . Each anemome ter wa s carefu l l y  checked electron i ca l ly 
before mount ing t o  s creen out uni t s  damaged during shi pping . Signal cabl e s  of 
ind ividual anemome ters were brought to  the research t ra i l er and c onnected t o  
the data acqui s i t i on s y s t e m .  During the f i r s t  t e s t  per i od , we obs erved s ev­
eral tower s  undergo ing a twi s t ing mot i on in the wind , e spec i a l l y  the tall  
t ower at 3D . Stab i l izers  were subs equentLy added on  the  tops  o f  the s e  t owe rs 
to  suppre s s  the twi s t ing mo t i on . The portable tower s  and cup anemometers /dat a 
l oggers were iristal l ed by F l oWind meteorol ogi s t s  and O&M c rews . Power t ran s­
ducers were instal l ed on the n ine turbines by F l oWind res earch eng ineers . 

4 . 2  Execut i on o f  F i e l d  Experiment 

4 . 2 . 1  Tes t  Schedul e 

From the revi ew of the h i s t or i cal wind data , we found that the wind cond i t i ons 
became l e s s  favorabl e  after July ( except in 1 985 ) .  We d e c i ded to  carry out 
t he field  experiment dur ing the May and June t ime frame . The f i e l d  experiment 
wa s divided into two per i od s . The f i r s t  per i od wa s condu c t ed from Apr i l  28 t o  
May 1 0 ,  1986 . Thi s  per i od was dedi cated t o  t e s t ing and checking the in s t ru­
men t s  and equipmen t and c onduc t ing prel iminary mea surement s  for eva l uat ing the 
performance of var ious a s pe c t s of the f i e l d  setup.  In add i t i on , we conducted 
mea surement s o f  the ambi ent wind f i e l d  (with all turbines  turned off ) to  
e s tabl i sh the reference c ond i t i ons for the wake measurement s  to be  conducted 
i n  the second t e s t  per i od . The object ive s  of the f i r s t  t e s t  per i od were suc­
c e s s fu l l y  achi eved . A revi ew meet ing o f  the prel iminary data wa s hel d  on 
June 2 at FLOW ' s Headquar t e r s  in Kent , Wa shington . Several recommendat i ons 
f rom the management t eam were cons i dered and subsequent l y  impl emented into the 
t e s t  plan . 

Ori g inal l y ,  we had s chedul ed the second t e s t  peri od t o  c ommence in  mid-June . 
During the f i r s t  t e s t  pe r i od , however , i t  wa s d i s c overed that a number o f  
F- 1 7 s  i n  the t e s t  array had deve loped cracks o n  the i n s ert s that bol t ed the 
b l ades toge ther . We s o l ved thi s probl em by reinforc ing the j o int s with a thin 
d oubl er . The instal lat i on o f '  the doubl er s on the turbines in ques t i on wa s 
c ompleted by mid-July . We conducted the second t e s t  per i od from Jul y  1 5  
through Augu s t  9 ,  1 986 . A l l  sys t ems worked wel l  unt i l  about two weeks i n t o  
the t e s t , when the H P  c omputer system developed a n  intermi t t ent problem ,  
probably caused b y  the overheat ing of  one of  the e l e c t ronic component s .  After 
July 3 0 , only l imi ted vel oc i ty measurement s  with the Gi l l  UVW anemometers were 
made . However , vel o c i t y  mea suremen t s  with the cup anemometers and power mea­
s urement s continued unt i l  the end of the test  period . The HP-computer-based 
data acqui s i t i on sys tem was removed from the s i te on Augus t  2 .  The CR2 1X wa s 
rewired and reprogrammed t o  add i n  the U and W component s of the UVWl Gi l l  
anemometer and the wind vane anemome ter output . 

4 . 2 . 2  Tes t  Procedure 

The normal procedure wa s to arrive at the test  s i te in the morning , at whi ch 
t ime the wind was o f ten bel ow the cut-in s peed o f  5 . 4 m/ s .  We then had a few 
hours to t ran s fer data recorded on the HP hard d i sks to c a s s e t t e  tape s , to 
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review the data , t o  document prel imi nary result s ,  and to  plan and prepare for · 
the t e s t  seri e s  t o  be conduc t ed that day . Preparat i on included s e t t ing up the 
data acqui s i t i on sys tem and data l oggers for mea suring the wind f i e l d  and the 
turbine power , checking the cond i t i ons of the turbines ,  i n s t rument s  and equ i p­
ment , and o ther rel ated tasks . 

4 . 2 . 2 . 1  Cup Anemome ter Mea surement s 

The Windwatch 3 s qui rrel , on whi ch the cup data were recorded , had a 1 2-day 
capacity when configured for 7 . 5-min averages . To synchron i ze with the other 
data sys t ems , we adopted a s pe c i a l  ini t i a l i zat i on procedure . Norma l l y ,  we had 
two to three operators working s imul taneou s l y  t o  replace the squirre l s  in the 
recorder wi th bl anks . We s t arted the proce s s  on the hour and replaced one 
squi rrel every 7 . 5  min . I t  took exactly one hour t o  replace a l l  1 8  s tat i on s  
w i t h  two operat o r s  working t oge ther . Appropriate informa t i on in  terms of 
in/out t ime Pac i f i c  S tandard Time ( PST ) and s t a t i on numbers ( 20 0 1  through 
2 0 1 8 ) was recorded on each s qu i rrel . Wind data recorded on the s qui rrel s were 
retr i eved wi th the squi rrel reader . The reader t rans f erred the squi rrel d�ta 
onto a fl oppy d i sk in the Compaq computer via the RS232 port . The raw data 
were then converted into phy s i cal uni t s  by running a program ( SQFL0 7 5 ) 
pr-ovided by Atmo s pher i c  Re search & Technology. The squirre l s  were then 
c l eaned magne t i c a l l y  for reu s e . The 7 . 5-min data in eng ineering un i t s  were 
read i ly impo rted into the Lo tus 1 2 3  spread sheet for further anal y s i s . 

4 . 2 . 2 . 2  Turbine Power Mea suremen t s  

The turbine power from the power t ransducer wa s recorded w i t h  the CR2 1X data 
l ogger s .  One CR2 1X wa s used t o  record the power of a l l  three turbine s on the 
s ame row . The internal c l ock of each CR2 1X was synchroni zed wi th that of the 

�HP--9826 . The CR2 1X was run on s i x  D-s i ze bat t er i e s ; i t  wa s e s s ent ial that the 
vol tage o f  the ba t t e r i e s  was not l ower t han 9 . 5  V .  Ins t ruc t i on s  were put into  
the  mi croproce s s o r  t o  set  up  the  data l ogger for  a var i ety o f  sampl ing con­
d i t i ons . Typ i cal l y ,  we used sampl ing and averag ing rates o f  0 . 1  s and 10  s .  
S lower or fas t er s ampl ing/ averagi ng rat e s  could be impl emented quickly by 
s imply mod i fying the instruc t i on s  via the input key pad atop the CR2 1X . In 
add i t i on ,  cal ibra t i on coeff i c i en t s  were inc l uded in the in s t ruc t i ons so that 
the recorded data were in eng ineer ing un i t s .  To pro t e c t  the CR2 1X from 
weather ing and d i rt , we enc l o s ed the data l ogger ins i de a pol y s tyrene coo l e r .  

Under normal prac t i c e ,  we retri eved and rel oaded the c a s s e t t e  t apes every 
morning . Meanwh i l e ,  we checked t he ba t t ery vol t age and r e s e t  the t ime to that 
of the internal c lock o f  the HP-9826 . Appropriate informa t i on ,  in t erms of 
the row number and i n / out date and t ime , was wri tten on each tape . The data 
on the cas se t t e  t ape were retri eved and trans ferred t o  the Compaq c omputer via 
a C-20 ca s se t t e  interface by Campbel l  S c i ent i f i c . The data were read i ly 
i mported t o  the Lotus sheet for further analys i s .  

4 . 2 . 2 . 3  G i l l  Anemometer Mea surement s 

The HP computer-based system wa s used t o  record the s i gnal s o f  the Gi l l  pro­
peller anemomet e r s  and the wind d i rect ion s en s or .  There were a total of 
27 input channel s  for the nine G i l l  anemome t er s , one channel for each of the 
three component s  and one channe l  for the wind d i rect ion sensor . A total of 
34 channel s were used for c onne c t i ons to  the HP-9826 . The s e  were dedi cated a s  
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fol l ows : the . power output from Tl23  ( channel 1 ) ;  the s i gnal from the wind 
d i rec t i on sensor ( channel s  2 and 3 ) ;  the cros swind c omponent s ( channel s  5 
through 14 ) ;  the downwind component s  ( channe l s  1 5  through 24 ) ;  and the ver t i ­
c a l  componen t s  ( channel s  25  through 34 ) .  Dupl i cate or  dummy channel s were 
a l so used to ensure suff i c i ent s i gnal i s o l at i on whenever a change in sensor 
t ype took place . 

Manua l l y  driven data acqu1 s 1 t 1 on programs were ins tal led in the computer for 
s e t t ing up runs of var i ous  sampl ing cond i t i ons . A regular run referred to  
that  wi th a sampl ing rate o f  1 Hz . Once the run parameters in terms of chan­
nel number , s tart ing t ime / dat e ,  and durati on were ent ered , the computer 
checked for ava i lable s torage space and data sampl ing began . Dur ing sampl ing , 
t he computer printed out 10- or 7 . 5-min averages o f  the vol tage s i gna l s  for 
the U and V c omponent s  for a record . Such records were reviewed period i ca l l y  
b y  the operators t o  detect potent ial problems wi th the data acqui s i t i on sys tem 
and the s ensor s . For sampl ing rat e s  o ther than 1 Hz ( up t o  8 Hz ) ,  a d i f ferent 
program had to  be reca l l ed for set t ing up the runs . No 1 0-mi n averages were 
printed out in thi s ca s e . 

The data were t emporar i l y  s t ored on the hard d i s k ,  whi ch ha s the capa c i ty 
( 20 Mb ) o f  s t oring several 12-hr run s with a sampl ing rate o f  1 Hz . Programs 
were deve l oped to cal culate the mean wind speed , d i rect i on , and ve l o c i t y  
def i c i t  from the raw data f o r  on- s i t e  inspec t i on of the f i e l d  re s ul t s . No 
correc t i ons  for the c o s ine l aw ,  however , were included in the s e  programs . The 
resul t s  could be p l o t ted with the printer to a i d  in the inspect i on . 

4 . 2 . 3  Turbine Opera t i on 

During the f i e l d  experiment s ,  individual t urbines were turned on and off  
according t o  the test  matrix . On /off swi t ches for a group of f i ve turbines 
were l ocated at a nearby c ontrol panel . Once they were fami l iari zed with the 
system ,  the f i e l d  t e s t  pers onnel performed these maneuvers . In the absence of 
test pers onne l , the O&M operator on duty as s i s ted in turning on and off the 
t urbine s accord ing to a s chedule . The s tatus of the turbines in t e rms of the 
on/off t ime , accumulated e l e c t r i c i ty produc t i on , and number of s t o p s  wa s 
recorded dur ing each on /off  opera t i on .  

4 . 2 . 4  Dat a  Reduct ion 

To convert the raw data t o  phys i cal resu l t s  with proper eng ineering uni t s ,  we 
f i r s t  app l ied the cal ibra t i on coe f f i c i en t s  and then inc luded c orre c t i ons 
resul t ing from l imi tat i ons  o f  the sensor performance . Other corre c t i on s  due 
t o  ext ernal fac t or s , such as terrain effec t s , were a l s o  made accord ing t o  the 
f indings derived from the amb i ent wind f i e l d  ( Se c t i on 5 . 1 ) .  

For the Gi l l  anemome ter dat a ,  the max imum errors e s t imated from the wind t un­
nel  cal ibra t ion were l e s s  than 2 . 2% for wind s peeds great er than 4 . 5  m/ s ( see 
Append ix A ) . Therefore , no corre c t i ons  were made to the Gi l l  anemometer 
data . As pointed out by the manufacturer ( R .  M.  Young Company ) ,  the prope l l er 
has a s l i ght deviat i on from the c o s ine response .  Correc t i on s  were made 
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accord ing to  the values recommended by the manufac turer . The wind speed and 
direc t i on were cal culated after the above correc t i ons were made to  the raw 
data . 

Pos t-cal ibrat i on of the cup anemome ters showed l e s s  than 2% to  3 %  deviat ions 
i n  i ndividual s en s ors from the reference s ensor ( 20 1 7 ) for wind s peed s greater 
than 4 . 5  m / s . However , it i s  widely known that the cup anemometers tend t o  
overs peed in t h e  pre s ence o f  a n  upward veloc i t y  component and t urbul ence 
( MacCready,  196 6 ) .  Because of the ups lope t errain feature s at the t e s t  s i t e ,  
the Gi l l  anemomet ers mea sured an upward vel o c i ty component t hat wa s about 10% 
t o  1 5 %  of the wind s peed . We ant i c i pated that the approaching wind wa s rea­
s onably turbul ent . Add i t i onal t urbulence was generat ed becaus e  of the devel­
o pment of an internal boundary l ayer a s  the wind pa s sed the plat eau on the top 
of  Cameron Ri dge . Figure 4-4 shows a compari s on of the wind s peed measured
wi th a Gi l l  anemome ter ( UVW l ) and a cup anemome ter ( 20 1 7 ) ,  both mounted at the 
same l evel on the upwind reference tower , for the peri od May 5-9 , 1986 . The 
wind speed for a l l  wind direc t i ons wa s binned in 1-m/ s increment s .  The s o l id 
l ine r�pre sen t s  a thi rd-degree polynomi al best-f i t  curve for s peeds grea ter 
than 3 . 5  m/ s .  Corre c t i ons were app l i ed to a l l  cup data according to the best­
f i t  curve . F i gure 4-5 repl o t s  the same resul t s  of F i gure 4-4 in  t e rms of the 
rati o - a� the wind speed measured with the Gi l l  anemometer t o  that wi th the cup 
anemo�eter . The data were the 7 . 5-min averages wi thout binning . I t  i s  evi dent 
that the correc t i on fac tor i s  wind- s peed dependent . At wind s peeds below 
6 m/s , the rel a t i vely h i gh f r i c t i on o f  the cup anemome ter resul t s  i n  a rat i o  
greater than one , as expected . For s peed s exceeding 6 m/ s ,  the effe c t s  of the 
upward ve l o c i t y component and turbulence become increa s ingly important . 
Fina l l y ,  the rat i o  l eve l s  o f f  around 0 . 93 for speeds grea t er than 1 5  m/ s .  
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Figure 4-4 . Compari son of wind speeds measured wi th a Gill  anemometer (UVWl ) 
and a Maximum cup anemometer ( 20 1 7 }  mounted on the reference tower 
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5 . 0  RESULTS OF FIELD EXPERIMENT 

5 . 1  Ambi ent Wind F i e l d  · 

As d i s cu s sed in Sec t i on 2 . 1 ,  the wind f i e l d  during the primary season from 
Apr i l  to Augu s t  at Cameron Ri dge i s  ba s i cal ly therma l l y  d r i ven . F i gure 5-l  
shows two wind s peed t ime ser i e s  mea sured at UVWl for Augus t  4 ( plus e s )  and 
Augus t  6 ( t r i ang les ) ,  wi th the former and lat ter repre s ent ing , respect ively , 
the wind pat t erns in the pre sence and absence of a relat ively weak hi gh­
pres sure s y s t em we s t  of the Tehachap i Mountains . In the absence of  such a 
system ,  the wind speed genera l l y  d i s plays two troughs a t  about 6 a . m.  and 
1 1  a . m .  The f i r s t  trough occurred just  before sunr i s e ,  when the t emperature 
grad i ent be tween both s i de s of the mountains i s  at a minimum . The "hump" 
between the two troughs wa s bel i eved t o  be caused by l ocal effect s ,  who s e  
nature i s  n o t  currently known . A s  the desert tempera ture rose  and the 
temperature d i fference on the two s i des of the mounta ins  increa s ed , the wind 
speed increa sed in early afternoon and reached a maximum j u s t  before sunset . 
I t  i s  intere s t ing to note that there wa s a sma l l  "d i p" in the wind s peed right 
after s uns et . The wind speed genera l l y  remained reas onably h i gh we l l  after 
midnight . In the presence of a high-pres sure system off the Pac i f i c  coas t ,  
the wind blew al l day l ong with s peeds exceeding that of  the cut-in val ue . 
The therma l effec t s  were t raceab l e  but became secondary . The corre sponding 
wind d i rec t i on t i me s eri es are shown in F igure 5-2 . In genera l , the wind 
d i rec t i on increa s e s  with the increa s e  in the wind s peed . 

F i gures 5-3 and 5 -4 show the hi s t ograms of  the wind speed and d i re c t i on mea­
sured a� UVWl on Augu s t  3-7 , for wind s peed s exceeding the cut-in val ue for 
the 7 . 5 -min average s .  It i s  c l ear that t he wind s peed d i s t r ibut i on i s  qu i t e  
s cattered . The f requency o f  oc currence ranged from 7% and 1 2% f o r  wind speeds 
between 10 and 13 m/s and , out s i de that window , 3 . 5% and 6% between 6 and 
1 5  m / s .  The wind d i re c t i on d i s t r i but i on d i s p l ayed a s ingl e  peak c entered near 
300  deg . 

Next , we examined the terrain effec t s  on the amb i ent wind f i e l d .  Al though the 
t errain features at which the s e l ec t ed turbine array wa s located were rela­
t i ve l y  regul ar , i n  compar i son with other l ocat ions  at Cameron Ridge , there was 
a general ups l ope in the downwind d i rect i on t ogether w i t h  l ocal vari a t i ons in 
the s lope ( see F i gure 4- 1 b ) . F i gure 5-5 s hows the 5-day-averaged wind speed 
measured with cup anemometers at 1 6  s ta t ions for the per iod of May 9 through 
1 3 , duri ng whi ch a l l  turbines were turned off . We observed a l ow-s peed zone 
at the v i c in i t y  of row 2 ( s tat i on s  2 0 1 1  and 20 1 2 )  with a s peed rat io (with 
respect t o  that of the upwind anemometer at station 2 0 1 7 ) o f  0 . 9 3 to 0 . 9 .  
Careful examinat i on indicates  that the s peed rat i o  i s  wind s peed dependent , a s  
F i gure 5-6 shows , i n  whi ch the rat i o s  of  three stat i on s  ( 20 1 0  t hrough 2 0 1 2 ) 
are plot ted . The l ine repr e s en t s  an 8-deg polynomial f i t  of  the data . Cor­
rec t i on s  were subsequent ly made u s ing the cup data to determine the power 
curve and def i c i t . The above o b servat i on d epends int imately on the recovering 
proc e s s  of  a developing boundary l ayer , whi ch wi l l  be d i scus sed hereaf ter . 

F i gure 5 - 7  shows the ver t i cal pro f i l e s  of  the mean wind s peed measured at 
three level s above the ground , 6 . 1 ,  1 3 . 7 ,  and 2 1 . 3  m ( en c l o s e d  by s o l i d  
curve s ) .  Onl y  t h e  data wi thin the wind d i rect i on range from 2 9 8  t o  308 deg 
are pre s ent ed . The wind s peed data were binned for a 2-m/ s i n crement (with 
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Figure 5-l . Two t ime s eries of 7 . 5-min-averaged wind s peeds measured at 
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Figure 5-2 . Two t ime s eries of 7 . 5-min-averaged wind direct ions measured 
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re ference to  the wind speed measured at the upwind s tack-up tower ) .  The 
abs c i s sa and ordinate are , r e s pect ivel y ,  the wind speed rat i o  (with re spec t t o  
t he s peed mea sured at 2 1 . 3  m )  and the ver t i cal d i s tanc e in meters  above the 
g round . A general t rend of decreas ing vert i cal shear wi th the increase in the 
wind speed i s  e s tabl i s hed , ind i ca t ing that the boundary l ayer f l ow become s 
more t urbulent a s  the wind s peed increas e s . The boundary l ayer thickne s s  
appear s  t o  reduce a s  the wind s peed increases . 

As  the a i r  fl ow r i s e s  from the val l ey f l oor and reache s the r i dge top , we 
expe c t  an overspeed zone near the l eading edge o f  the r i dge . For flow over a 
bluf f , a rec i rculat ing and l ow- s peed zone may even exi s t  a t  the l ead ing edge , 
a s  demons t rated by Walker and Wade ( 1 987 ) .  In  thi s case , the upwind terra in 
s lope i s  not ext reme l y  s teep a s  c ompared to that of a bluf f . We did not 
exper i ence any f l ow rever sal at any part o f  the ups lope region upwind o f  the 
turbine / t ower array . To demon s t rate the evolut ion of the rec overy proc e s s  in 
the developing boundary laye r ,  we present in F i gure 5-7 the ver t ical prof i l e s  
mea s ured at the refe rence t ower at the 1 3 . 7- and 6 . 1-m l eve l s  ( dashed 
curve s ) .  For compar i s on with the pro f i l e s  mea sured at x = 3D , we made an 
a s sump t i on that the averaged s peed rat i o  of the wind s peed at 1 3 . 7  and 2 1 . 3  m 
wa s 0 . 99 caused by a lack of mea suremen t s  at the highe s t  l evel �t -2D . I t  i s  
evident that the ver t i cal shear below z = 1 3 . 7  m at x = -2D i s  markedly weaker 
than that at x = 3D , which i s  typi cal of a developing boundary l ayer . Careful 
examina t i on of the shear pro f i l e s  revea l s  that the shear i ncreases with 
increas ing wind s peed at x = -2D , wherea s the t rend reve r s e s  at x = 3 D .  
Con s equent l y ,  t h e  di fference in t h e  shear between the two l ocat i on s  decrea ses 
wi th increas ing wind s peed , ind icat ing the recovery requ i r e s  a shorter fe t ch 
t o  complete when the wind s peed increases . Thi s observa t i on i s  phys i ca l ly 
c on s i s t ent in that the inten s i t y of terra in-generated turbul ence increases 
w i t h  the wind s peed , whi ch hel p s  ha s t en the recovery o f  a devel oping boundary 
l ayer . We expect that the characteri s t i c s  of the boundary l ayer pro f i l e s  
would affect t h e  degrada t i on in t h e  performance o f  t h e  turbine s .  

5 . 2  Vel o c i ty Defic i t  

The vel o c i t y  def i c i t  was e s t imated ba s ed on the f o l l owing equat ion : 

Vd = ( S o  - S ) / So - ( Vd ) o  , ( 5- l )  

where (Vd ) o  i s  the background vel o c i ty def i c i t  measured with t he upwind tur­
bines turned off , So i s  the re(erence wind s peed measured at -2D , and S i s  the 
wind s peed . To e s t abl i sh the vel o c i ty def i c i t  in the wake s o f  a s ingle tur­
bine and of the turbines in the upwind row , we f i r s t  mea sured the ambi ent wind 
a t  a l l  the s t a t i on s  wi th a l l  the turbines turned o f f . Thes e  measurement s 
enabled u s  t o  e s t ima t e  the background velocity defic i t .  We then appl ied the 
above equa t i on to derive the ve loc i ty def i c i t  for various turbine configura­
t i on s  a s  i l l u s t rated in  the t e s t  matrix . 

5 . 2 . 1  Background Vel o c i ty Defi c i t  

Figure 5 -8 di splay s  the 7 . 5-min averaged background vel o c i t y  def i c i t s  a t  x = 

1 . 5D ( UVW2 ) ,  3D ( UVW4 ) ,  SD ( UVW8 ) , 6 . 5D ( UVW9 ) , and 8D ( 20 1 2 ) .  The background 
vel o c i t y  defi c i t  i s  created in the pre s ence of the wake of t he s t a t i onary non­
o perat ing turbine and i s  mod i f i ed by the local t errain feature s .  The def i c i t  
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depend s o n  the orientat i on of the turbine blade s , wi th a max imum value when 
the two blades are al igned wi th the wind and with the downwind anemometer . 

During the f i r s t  t e s t  per i o d , s everal run s were c onducted to  d e t ermine the 
effec t s  of turbine orientat i on on the background vel o c i t y  def i c i t . The back­
ground vel o c i t y  defi c i t s  averaged over hal f  an hour at four o r i entations and 
downwind di s tanc e s  are l i s ted be l ow .  No te that a 0-deg or ientat i on i s  de fined 
when the two blades are a l igned wi th the preva i l ing wind d i rec t i on . During 
the t e s t s ,  the mean wind s peed and d i rec t i on ranged from 1 0 . 3  t o  1 5 . 3  m/ s and 
2 94 t o  3 0 3  deg , respe c t i ve l y .  At 1 . 5 D ,  the orientation changed n o t  only the 
drag forc e ,  but a l s o  the effect ive d i s tanc e be tween .the t urbine and the · 
anemome t er ( a  max imum of 0 . 5D d i f ference ) .  We made an effort t o  orient the 
bl ade s perpend i cular to the wind d i re c t ion whenever the turbine wa s turned 
o f f .  As Table 5 - l  shows , the background vel o c i t y  def i c i t inc rea s ed roughly
1 0% a t  1 . 5D and 6% at 3D as the blade orienta t i on changed from 45-90 deg to  
o- 1 5  deg . 

. . 

Fi gure 5-9 shows an examp l e  of the background vel o c i t y  de f i c i t  ( x  = 3D)  binned 
into s everal wind d i rec t i on range s .  The data were sorted into 2-m/ s s peed 
int erva l s  and binned into 5-deg wind direction increment s  wi thin each wind 
s peed int erva l . As Figure 5-9 shows , the scat ter in each s ymbol  group repre­
s en t s  the var iat ions caused by di fference s  in the wind direc t ion . It i s  
c l early demon s t rated that the background ve l o c i ty def i c i t  i s  e s sential ly wind 
s peed dependent . The s o l i d  curve s are the polynomial f i t s  through the data 
po in t s . The best-f i t  va lues were used in the above equa t i on for removal of 
the background ve l o c i ty defi c i t  from the data . 

There i s  a s i gn i f icant change in the t rend of the background vel oc i ty de f i c i t  
f o r  speeds below about 7 m/ s ,  a s  Figures 5-8 and 5-9 show . Apparent l y ,  the 
amb i en t  f l ow t ends t o  be s t rongly af fected by the local t errain features at 
l ow wind s peed s . Par t i cularly for wind s peeds bel ow 6 m/ s ,  the turbine s  o f t en 
operated in a t ran s i t i on s tate between the modes o f  generat ing and mo tor ing , 
e spec ial l y  when the wind f i e l d  wa s highly fluctuat ing . The ve l oc i ty and power 
defi c i t s  mea sured wi thin thi s l ow-wind-speed reg ime do not genera l l y  repre s ent 
the ac tual va lues becau s e  o f  the mode- swi tching s i tuat ion .  I n t erpret ing the 
resul t s  mea sured for wind s peed s be l ow 6 m / s  should be done wi th d i s cret i on . -

Tabl e 5 - l . Effec t o f  the Turbine-Blade Orienta-
t ion on Background Velocity Def i c i t  

B l ade Downwind Di s tanc e s  

Ori entat i on 1 . 5 D  3D 5D 6 . 5 D  

0 0 . 1 9 0 . 1 3 0 . 02 0 . 1 3 
1 5  0 . 2 2 0 . 14 0 . 04 0 . 1 3 
45  0 . 08  0 . 08 0 . 0 1  0 . 1 2 
9 0  0 . 09 0 . 0 7 0 . 0 1 0 . 1 1
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Figure 5-9 . Background vel o c i t y  def i c i t s  binned in 5 -deg increment s  at 
x = 3D. The s o l i d  curve s are polynomial be s t  f i t s  o f  the data 

5 . 2 . 2  ort-Axi s  Velocity Def i c i t  

Next , we'.�\ examine the effec t s  o f  wind s peed and wind d i rect ion o n  the vel o c i ty 
defi c i t  derived from wind data mea sured at stations al ong the major axi s  of 
the turb ine and t ower array ( 3 08  deg ) .  The effec t s  o f  the turbines adjacent 
t o  the pr imary turbine ( T l 2 3 )  are a l s o  a s s e s sed . Figure s 5 - 1 0  through . 5-14 
i l lu s t rate the vel o c i ty def i c i t  mea sured at 1 . 5D ( UVW2 ) ,  3D ( UVW4 ) ,  5D ( UVW8 ) ,  
6 . 5D ( UVW9 ) ,  and 8D ( 2 0 1 1 )  when T123  wa s on and i t s  ad jacent turbines were 
o f f . The cup anemome ter at Stat ion 2 0 1 1  wa s 1D o f f  the 3 0 8-deg orientat ion ,
whi ch resul t ed i n  an o r i enta t i on 7 . 1  deg off the maj o r  axi s  ( see 
F i gure 4-1 ) .  The abs c i s s a  and o rdinate are , respec t ivel y ,  the wind s peed and 
the veloc i t y  defi c i t . Except for x = 8 D ,  the veloc i ty def i c i t s  for al l speed s 
reach the i r  maximum val ue s  for wind direct ion between 298  and 303 deg , which 
i s  about 5 deg bel ow the d i rec t i on of the major axi s  o f  the turbine and tower 
array . The ve l o c i ty def i c i t s  for wind d i rections between 303 and 308 deg were 
only s l ight l y  below tho se between 298  and 303 deg , with the former occurring 
much l e s s  frequent ly than the latter . A 5-deg offset i s ,  however , within the 
accuracy al l owed in ali gning the G i l l  and /or vane anemometer . The 7 . 1-deg 
offset  in the l ocat ion of the cup anemometer at 8D ( 20 1 1 )  cau s e s  a shi ft  in
the wind direct ion range in whi ch the maximum def i c i t  occur s . In add i t ion ,  
the maximum velocity def i c i t  shi f t s  t o  a higher wind d i rect ion range wi th 
increas ing wind s peed . However , the relat ively large data scat ter at 8D might 
have smeared the data trend to a degree . As the wind d i rec t i on deviates  more 
t han 10 deg from 308 deg ( or 3 0 1  deg for 2 0 1 1 ) ,  the vel o c i t y  def i c i t  as a 
func t i on o f  wind s peed d i ffers  s i gni f i cant l y  from that within 10  deg from 
308 deg . 
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the maj o r  axi s of the t urbine array when T123 was on . The data 
were s o r ted into 5-deg int erval s and binned over 1-m/sec  
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maj or axi s  of  the turbine array when T123 was on 
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Figure 5-12 . Velocity defi c i t  measured at z = 13 . 7  m and x = 5D (UVW8 ) on the 
major axi s of the turbine array when T123 was on 
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F igure 5-14 . Vel o c i ty defi c i t  mea sured at z = 13 . 7  m ,  x = 8D ( 20 1 1 ) , and +7 . 1  
deg o f f  major axi s  o f  the t urbine array when T123 was on 

The max 1mum vel oc i t y def i c i t  t ends to decrea se with increa s ing wind speed : 

Vd Z S-n , ( 5-2 ) 

where n equal s uni ty for l ow s peed s and decrea s e s  wi th increas ing s peed . 
Ext rapolat ion o f  the data indi cates that the maximum vel o c i t y  def i c i t  
decrea s e s  asymptot i ca l ly t o  zero a s  the wind s peed . increa s e s . T o  e s tabl i sh 
the dependence of the maximum def i c i t  on the wind speed and downwind d i s tance , 
we pre s ent in Fi gure 5 - 1 5  a summary of the maximum def i c i t  for the five down­
wind locat ions ( 2 98 to 3 0 3  deg ) .  

F i gures 5 - 1 6  and 5 - 1 7  i l l u s t ra t e  the velocity def i c i t s  mea s ured a t  the l eve l s  
z = 6 . 1 and 2 1 . 3  m .  Note that the vel o c i ty def i c i t s  at z = 6 . 1  m are 
s i gn i f i c an t l y  l ower than tho s e  a t  z = 1 3 . 7  and 2 1 . 3  m, whi ch di ffer only 
s l i ght l y .  F i gure S-7 shows there is a s t rong shear bel ow the equator he i ght . 
Al though deta i l ed analys i s  of  the data to derive the turbu l ence inten s i t y  ha s 
yet to be performed , we ant i c i pated that the turbulence inten s i ty woul d  be 
h i gher bel ow the equator height than above , as ind i ca t ed by the shear pro f i l e  
in the boundary l ayer ( Fi gure S- 7 ) .  

From the 1 0-min updat e  prin tout s ,  we e s t imated the turbu l ence inten s i ty u ' /U 
( where u '  i s  the root-mean-s quare val ue of the wind s peed and U i s  the 1 0-min- ­
averaged wind s peed ) to  characterize the turbulent characteri s t i c s  o f  the wind 
f i e l d . Tab l e  S-2 shows the values of u ' /U at five downwind s ta t i on s  when Tl23  
wa s off  and on . At  s t a t i on s downwind of T123 , u ' /U increa s e s  when the turbine 
i s  on , depend ing on the wind d i rect i on ;  thi s i s  part icularly evident for the 
s tat i on at 6 . S D ,  as ant i c i pa t ed . Evident l y ,  the relatively high turbulence 
near the ground increa ses  mi xing and entrainment in the wake , whi ch 1n t urn 
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Figure 5-1 7 .  Velocity deficit  measured at z = 2 1 . 3  m and x = 3D (UVW3 ) on the 
major axi s of the turbine array when T123 was on 

Table 5-2 . Effec t o f  the Upwind Turbine on Turbulence Intensity 

T 1 2 3  Wind Turbulence Intensity u ' /U 
Date/ On/ D i re c t i on u 
Time Off (deg )  rri/ s UVW1 UVW2 UVW4 UVW8 UVW9 

May 8 ,  1 986 

1 7 : 49 : 39 Off 304 12 . 03 0 . 06 1  0 . 09 1  0 . 0 7 7  0 . 07 8  0 . 096 
1 7 : 5 9 : 39 Off 3 0 1  12 . 5 1  0 . 062  0 . 08 7  0 . 086  0 . 07 5  0 . 0 7 9  

May 5 ,  1986  

9 : 3 1 : 48 On 293 14 . 1 0 . 06 8  0 . 1 5 3  0 . 1 7 3  0 . 08 8  0 . 085  
9 : 4 1 : 48 On 295 14 . 2  0 . 0 7 2  0 . 148 0 . 1 3 5  0 . 09 6  0 . 09 6  
9 : 5 1 : 48 On 297 1 3 . 3  0 . 08 7  0 . 1 8 2  0 . 1 6 5  0 . 1 5 7  0 . 1 1 1  

1 0 : 0 1 : 48 On 293 1 2 . 9  0 . 089 0 . 1 5 3  0 . 1 8 5  0 . 1 3 1  0 . 1 0 8  
1 0 : 1 1 : 48 On 294 1 2 . 9  0 . 09 1  0 . 1 9 2  0 . 1 8 7  0 . 1 5 6  0 . 1 3 2  
1 0 : 2 1 : 48 On 292  1 3 . 4  0 . 0 9 8  0 . 23 6  0 . 200 0 . 1 5 1  0 . 1 5 0  
1 0 : 31 : 3 8 On 292 1 3 . 5  0 . 1 0 2  0 . 202  0 . 1 8 9  0 . 1 5 5  0 . 11 0  
1 0 : 4 1 : 48 On 294 1 3 . 7 0 . 08 6  0 . 184 0 . 1 9 6  0 . 1 5 1  0 . 1 5 5  
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reduce s  t he ve l o c i t y  def i c i t  i n s i de the wake . Figure 5 - 1 8  c ompare s the maxi­
mum def i c i t  at the three l eve l s  for all the wind s peed regimes encount ered . 
The gradient o f  the def i c i t  above z = 1 3 . 7  m i s  cons iderabl y  l ower than below 
that l evel . 

To inve s t i gate the effec t s  o f  the adj acent turbines ( T1 2 2  and T124 ) by the 
primary VAWT ( T 1 2 3 ) ,  we pres ent the vel o c i t y  defi c i t s  with a l l  three upwind 
turbine s in Figures 5 - 1 9  through 5-2 3 . The s e  corre s pond to  tho s e  shown in 
F i gures 5 - 1 8  through 5-22 wi t h  only T123  on . Compari s on o f  these two s e t s  of 
f i gures depic t s  one no t i c eable d i fference . At 5D and 6 . 5D ,  the trend of a 
decrea s e  in the maximum def i c i t  wi th inc rea s ing wind speed does not occur 
unt i l  s peed s exceed 10 m/ s .  Vel o c i ty defic i t s  are fairl y con s t ant froci 7 to 
1 0  m/ s at 5D and 6 . 5D .  Below 7 m/ s ,  the vel o c i t y  defi c i t  t ends to decrease 
wi th the increa s e  in the wind s peed . Fi gure 5-24 demon s t rates  these 
observa t i ons , in which we have plot ted the maximum def i c i t s  fr_om Figure s 5-19  
through 5-23  at the f i ve downwind l oc a t i ons . Thi s is  an  indirect  effect , as 
the pre s ence of the adjacent wake s may have induced add i t ional uns t eadine s s  
( shedding o f  vort i ce s )  or  t urbulence in the amb i ent f l ow between the two 
wake s . Stronger mixing and entra inmen t resul t and , cons equen t l y ,  reduce the 
vel o c i t y  def i c i t  in the individual wake s , e s pecial l y  for the l ow- s peed reg ime 
where the ambient turbul ence l eve l i s  low.  As the s peed or Reyno l d s  number 
increa s e s , the amb i ent turbulence become s s t ronger , whi ch in turn reduce s  the 
e f f e c t i vene s s  of the induced turbulenc e .  The above obs erva t i on i s  cons i s t ent 
wi t h  the pred i c t i on of a shorter near-wake l ength by Li s s aman et al . ( 1 982 ) ,  
e s pecial l y  a t  l ow wind s peed s . 
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Figure 5-1 8 .  Maximum velocity defi c i t s  at z = 6 . 1 ,  13 . 7 ,  and 2 1 . 3  m; and 
x = 3D on the major axi s  of the turbine array when Tl23 was on 
(298-303 deg ) 
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Figure 5-2 1 . Velocity def i c i t  measured at z = 13 . 7  m and x = 5D (UVW8 )  on the 
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A t  x = 5 D  and 6 . 5D ,  we find that beyond 10 m / s  the two s e t s  o f  data , wi th the 
primary turbine ( T 1 2 3 ) on and Tl22 through Tl24 on , are nearly iden t i cal 
wi t h i n  the accuracy o f  the experiment . In the very near wake ( e . g . , x = 1 . 5 D ) , 
however , the induced turbul ence has l i t t l e  t ime t o  affect t he wake s t ructure 
becaus e  the adve c t ion t ime i s  short . In par t i cular , the prof i le s  of the max i­
mum defi c i t s  for the two c a s e s  are e s s ent i a l l y  ident i cal , as obs erved from 
Fi gure s 5-15  and 5-24 ( square s ) .  In other word s , t he wake at thi s short d i s ­
t a n c e  i s  wel l  within the poten t i a l  core , whi c h  i s  n o t  affec t ed b y  the pre s ence 
of the adjacent wake s . 

F i gure 5-25 summarizes  the maximum defi c i t  a t  the three l evel s :  z = � . 1 ,  
1 3 . 7 ,  and 2 1 . 3  m .  Except for the di fference in t rend previ ous l y  di s cu s s ed ,  
the ver t i cal var iat ions o f  the vel o c i ty def i c i t  d o  not show not ic eable devia­
t i on s  from tho s e  wi th T 1 2 3  on ( i . e . , Figure 5 - 1 8 ) .  

5 . 2 . 3  Cross-Wake Veloc ity Deficit  Profiles 

From the prof i l e s  of the maximum vel o c ity def i c i t  up to x = 8D , an add i t i onal 
ve l oc i ty defi c i t , if pre s en t , i s  not d i s t ingui shable from the data scatter 
exc ept at l ow wind s peed s when the two adjacent turbines were turned on . One 
po s s i bl e  expl anat i on i s  that the individual wakes have not yet merged suffi­
c i en t ly up to  that di s tance to  generate a l arge exces s def i c i t .  Note that the 
3D-by-8D spac ing would require a hal f-ang l e  of 20 deg before the edge of an 
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Figure 5-25 . Maximum velocity deficit s at z = 6 . 1 ,  13 . 7 ,  and 2 1 . 3  m; and 
x = 3D on the major axi s  of the turbine array when T122 through 
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adjacent wake ( e . g . , T l 2 2 ) brushe s t h e  turbine ( Tl02 ) direc t l y  downwind of  the 
primary turbine ( T l 2 3 ) .  To conf i rm that thi s is the ca s e ,  we pre s ent a set of 
cro s s -wake prof i l e s  of  vel oc i ty defi c i t s  u s ing both the mea suremen t s  of  the 
Gill  and cup anemome t e r s  downwind of the primary turbine s .  Combinat ions of 
the s e  resul t s  were made by plot t ing the vel o c i t y  def i c i t  versus the wind 
d i re c t i on . For the off-axi s anemome t er s , an offset  value of  the wind d i rec­
t i on is added , depend ing on the lateral d i splacemen t of the anemometer from 
the major ax i s  of  the turbine / t ower array . Conve r s ion of  the width of  the 
wake from angular uni t s  to l ength uni t s  may be made by mul t i p l ying the down­
wind d i s tance by the t angent of  the 3 0 8  - e ,  where e i s  the wind d i rect i on .  

Figures 5-26  t hrough 5-30 present cro s s-wake prof i l e s  o f  the vel oc i ty def i c i t  
at l . S D ,  3 D ,  S D ,  6 . 5 D ,  and 8 D  when the primary turbine ( T l 2 3 ) wa s on . The 
resu l t s  were s or t ed into 2-m / s interva l s  in wind s peed and binned over 5-deg 
incremen t s  in wind d i re c t i on .  For the l . S D mea surement s ,  only one anemome ter 
was i n s t a l led ( UVW2 ) .  The variat i on s  in wind d i rec t i on were no t  suf f i c i en t l y  
l arge t o  enc l o s e  the en t i re cro s s -wake pro f i l e .  The me thod of  binning the 
data over a wide range of atmo s pher i c  c ond i t ion s , in t erms of  turbulence 
inten s i t y ,  amb i ent s tabi l i t y ,  and shear , t end s to smear the sharpne s s  of t he 
wake edge , a s  compared to the vi sual resul t s  of  a wake exper iment in whi ch a 
ful l - s c a l e  MOD-2 t urbine wake wa s t raced by smoke t ra i l s  ( Liu e t  al . ,  1 983 ) .  
The decrea s ing vel o c i ty def i c i t  with i ncreas ing wind speed i s  evi dent . One 
part icular t rend that become s c l ear at 3D i s  the shi f t  in the angl e  of the 
wake centerl ine as the wind s peed decrea s e s .  At 1 . 5D and 3D , the s h i f t  can be 
as much as 5 deg o r  l arger ( devi a t i on from 308 deg ) ,  which i s  a l s o  obs ervable 
when T122 through T124  were on ( F i gures 5 - 3 1  and 5-32 ) .  The shift is  induced 
by the counterc l ockwi s e  rotat ion ( l ooking down ) of the blade s , whi ch creates  a 
s ide force caus ed by the a s ymmetry of  the wake f l ow. By anal ogy t o  f l ow pa s t  
a rotat ing cyl inder ( Raus cher , 1 9 5 3 ) ,  the blade-to-wind s peed r a t i o  govern s 
the degree of  induced a s ymme try and , thu s , the shi ft  in the wake ' s  center . 
The rota t i ng s peed of  the blades a t  5 3  rpm i s  6 0 . 5  m/ s at the equator he ight . 
At wind s peed s o f  7 and 1 5  mls , the blade-to-wi nd-speed rat i o s  are 8 . 6  and 
4 . 0 ,  re s pec t i ve l y .  As the wake i s  being advec ted downwind , turbu l ence mixing 
and entrainme�t c au s e  the wake t o  grow and t end t o  ma sk the above shi f t . At 
SD and beyond ( F i gure s 5-28 through 5-3 0 ) ,  the relat ive shift i n  the wake and 
i t s  center as a funct i on of  the wind s peed become s smal l .  There i s ,  however ,  
a mean shi ft  of  about 5 deg in reference t o  the major ax i s  of  the turbine 
array ( i . e . , 3 0 8  deg ) ,  result ing from the i n i t ial  s h i f t  induced by the 
rota t i on of  the blade s . 

At 3D , the wake width 1n the near wake reduce s  wi th increas ing wind s peed , 
indicat ing that advec t ion dominates  ent ra i nment a s  the wind s peed increa s e s . 
The wake width i n  l inear d i men s i on increa s e s  wi th the downwind d i s t ance but a t  
a rate bel ow that o f  a c on s tant-angl e  s pread . A t  and beyond 6 . SD ,  the amb i en t  
wind f i e l d  devi a t e s  f rom t h e  normal pa t t ern for wind d i rec t i on s  bel ow 290 deg , 
resul t ing in an abnorma l l y  high apparent-ve l o c i ty def i c i t . Examina t i on of  the 
l ocal topography i nd icates  that , for wind d i re c t i on s  bel ow 290 deg , s evera l 
anemometer s t a t ions ( e . g . , 2 0 1 0 , 1 0 1 2 , and 2 0 1 3  through 2 0 1 6 ) are in the 
s hadow of the terrain feature (wi th i t s  grad i ent perpend i cular t o  the predomi ­
nant wind d i rec t i on )  in the v i c i n i t y  o f  T 1 2 5 . We excl uded tho s e  data point s 
in the ab s ence o f  an appropriate mean s for correct ing the above anomaly . 
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when Tl22  through Tl24 were on 

F i gure s 5-3 1 t hrough 5-35 show the cro s s -wake pro f i l e s  of the vel o c i ty def i c i t  
when Tl22 through Tl24 were on . At 1 . 5D ( Fi gure 5-3 1 ) ,  the pre s ence of the 
adjacent wakes ha s no observable effect on the primary wake . The shift  in the 
wake cent erl ine i s  demons t rated becaus e  of a be t ter coverage of  the wake by 
the variat ions i n  the wind d i rec t i o n .  The t r end of reversal of decreasing 
de f i c i t  with increa s ing wind s peed , a s  d i scus sed above ( i . e . , Figure 5-24 ) ,  
become s evident a t  the l ow s peed end from 3D t o  6 .  5D ( F i gure s 5-32 through 
5-34 ) . At 6 . 5D ,  one of the cup anemometers  ( 2009 ) operated only intermi t­
t ent l y ;  thus , i t s  resul t s  were excluded . As a re sul t , we d i d  not have ful l 
coverage o f  the ent i re wake . Except for the t rend reversal of the ve l oc i ty 
de f i c i t  at low wind s peed s , compari s on of  the cros s-wake def i c i t  pro f i l e s  with 
the primary turbines on and with the upwind three turbines on does not show 
any other s y s t ema t i c  devi at ions . In other word s , any effec t s  woul d  have t o  be 
l e s s  than 3% to 5% , whi ch 1s within the data scat ter of  the ve l o c i t y  
defi c i t . I n s t ead o f  us ing the b inned da ta , one may reso l ve s ome of the 
effects - by compar ing resul t s  from back-to-hack s e r i e s  of  experimen t s  with d i f ­
ferent turbine operat ing conf igurat i ons . B y  s o  doing , we would s i gni f icant ly 
reduce the var iat i ons  in the ambient cond i t i on s  a s  compared t o  t ho s e  in the 
binning data . 

To examine the array effec t s  further , Figures 5-36  t o  5-38  pres ent the c ro s s­
wake vel o c i ty def i c i t  prof i l e s  at 3D, 5 D ,  and 6 . 5D when a l l  f i ve upwind tur­
bines were on . No systema t i c  devi a t i on wa s observed between the vel o c i t y  
d e f i cit  pro f i l e s  generated b y  a n  i solated turbine and a row o f  five upwind 
turbine s , except perhaps at 6 . 5D .  At that di s tance , the vel oc i ty defic i t  near 
the wake center t end s to be hi gher when a row of  five turbines i s  on than when 
the primary turbine i s  on . No data , however , were ava i lable at 8D to conf i rm 
such a trend . 
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5 . 3  Power Def i c i t  

A s  d i s cu s sed i n  the l a s t  s ubs ect i on ,  the array effe c t s  o n  the performanc e  of 
downwind turbine s cannot be determined based on the vel oc i ty def i c i t  becau s e  
of the relat ive l y  large amount of s ca t t e r  in t h e  wind s peed data . Further , 
s ince the wind f i e l d  wa s meas ured at l imi t ed , f ixed po int s downwind ( to as s e s s  
the array effec t s  o n  downwind turbine s ) ,  we need to  int egra te the wind data 
measured at the s e  poin t s  via int erpolat ion and / o r  extrapolat i on . As a resul t ,  
the integr i ty o f  the informa t i on der i ved from the vel o c i t y  def i c i t  i s  degraded 
c onsiderably through the proc e s s ing of the data . On the o ther hand , the tur­
bine power i s  a d i re c t  mea s ure of the performance of the turbine under a g i ven 
wind condi t i on . Any effe c t s  from the pre s ence o f  upwind wake s should be 
reflected in the power l o s s .  Moreover , the turbine power i s  proport ional t o  
S3 ; thu s , we ant i c i pate tha t the turbine power would be a much more sen s i t ive 
barometer t o  the array effe c t s . 

5 . 3 . 1  F-1 7  Power Curves 

Before inve s t igat i ng the power def i c i t  under various turbine on / o f f  configur� 
at ions , power mea s uremen t s  were made to  determine the performanc e  of a l l  the 
n ine turbine s within the array in the absence o f  upwind wake s . The power 
curve for each turb ine wa s derived to serve as a reference and c ompare wi th 
the publ i shed values provi ded by F l oWind . The mea sured turbine power wa s 
adj u s t ed t o  the sea l evel equ ivalent under the cond i t i on s  of  t emperat ure = 

15  deg C and pres sure = 1 01 3 . 2 5 mbar . The adjus tment was made by mul t i pl ying 
the mea s ured power wi th the den s i ty rat i o  at sea l evel and a t  the s i t e . The 
mean t emperature and pre s sure at the s i te were recorded on a c omput er twi ce a 
day at a nearby Fl oWind r e search t ra i l e r . Add i t i onal manual readings were 
made to  f i l l  in the gaps and when the computer wa s no t operat ing . The atmo s­
pher i c  pre s sure varied wi thin a narrow range from 8 5 0  t o. 8 5 7  mb for the ent i re 
field experimen t , whi ch introduced an e rror of l e s s  than 1% even if no ad j u s t ­
ment wa s made . The t emperature , on the o the r hand , c ould vary by a s  much as 
16  deg C in one d iurnal cyc l e .  A 1 0-deg var iat i on in t empera ture would re sul t 
i n  an error o f  about 3% in the turbine power i f  not corrected . To improve the 
accuracy in interpolat ing the temperat ure for each d iurnal cycl e ,  we a l s o  
incorporated mea surement s made a t  the Tehachapi F i re Department ( at 14 : 0 0  PST ) 
in the C i t y  o f  Tehachapi . Compar i s on o f  the t emperature read ing s between the 
two locat i on s  shows good correlat ion wi th a maximum deviat ion o f  l e s s  than 
±3 . 5  deg , whi ch woul d  re sul t in a maximum error o f  about ± 1 . 1% .  

Figure 5-39 shows the power output for the primary turbine ( T 1 2 3 ) .  The 
abs c i s sa and ordinate are , res pec t ively , the mean wind s peed i n  meters per 
s econd and the turbine power in ki l owat t s . The s o l i d  curve c orre s ponds t o  the 
data pub l i shed by F l oWind . The s ymbol s  are mea suremen t s  sorted every 5 deg in 
wind d i rec t i on and binned over 1-m/ s increment s  in wind s peed ( se e  d e s cript ion 
in the f i gure l egend ) .  The wind s peed wa s mea s ured at the upwind reference 
tower at x = -2D and z = 1 3 . 7  m. Al s o  inc l uded i s  a set of mea surement s wi th­
out the wind d i rec t i on informa t i on ( inverted t r i angl e s ) ;  the s e  mea suremen t s  
were taken when the reference wind speed was being mea sured wi th t h e  cup ane­
mometer ( 2 0 1 7 ) .  For wind s peed s  up t o  1 5  m / s , the mea sured and pub l i shed data 
agreed fa i r l y  wel l ,  wi th a t rend o f  s l i ght l y  l ower values for the former than 
for the l a t t e r . Such a sma ll  d i s c repancy c ould be caused by a s l ight wind 
s peed d i f feren�e a t  the anemome ter and turbine l ocat i ons in the deve l o p­
ing internal boundary layer a s  the up s l ope wind approached the ridge top ( see 
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Figure 5-39 . Power output o f  the primary turbine T123 wi th wind s peed measured 
at z = 1 3 . 7  m and x = -2D at reference t ower 

Figure ,5�7 ) .  The data s catter i s  surpr i s ingly smal l ,  ind i ca t i ng a high corre­
lat i on of the wind speeds at t he two l ocat i on s .  

"'i-

F or wi�� s peed s beyond 15  m/ s ,  the mea s ured power l evel s off and i s  no t i ceably 
l ower: than t he publ i shed data . Ini t i al l y ,  we s pecul ated that the doubler 
plates at tached to the j o i n t s  might have caused the reduc t i on i n  power . Such 
a s pecul a t i on wa s s oon resolved , however ,  a s  another turbine ( T 124 ) wi thout 
doubler plates  s howed the s ame feature ( s ee Fi gure 5-40 ) .  Wi th a set  of theo­
ret i cal a s s ump t i on s , we e s t imated tha t  the max imum power l o s s  caused by the 
pre s ence of the plates would be about 3 kW . Apparently , the dynami c s tall  
charac t er i s t i c s  o f  the airfoil  s ect ion pl ayed the mo s t  important ro le in the 
behavior of the VAWT at high wind speeds . 

The dynamic s t a l l  i s  one of the leas t unders tood aerodynamic phenomena that 
s i gn i f i cantly affe c t s  the performance o f  wings a t  high ang l e s  of at tack . When 
an a i rfoil  undergoes o s c i l l atory mo t i on s , i . e . , pitching or plunging , s everal 
dramatic  phenomena that devi ate greatly from the s tat i c  s i tuat ion take 
plac e . As d i s cu s s ed by Ho ( 1983 ) and demons t rated by McCro s key ( 1 9 8 1 ) ,  the 
excur s ion of the aerodynami c proper t i e s  from that of the s ta t i c  c a s e  depends 
on the opera t i onal parameter o f  the uns t eady mot ion . The d i f ference can be 
pronounced i f  a l arge s eparation vort ex occur s at the l eading edge . When the 
angl e  of attack o s c i l lates around a

'
mean value a

0 
near or greate r  than the 

s tat ic-s tal l angl e ,  the maximum value s of the l i ft , drag , and p i tching-moment 
coeffi c i ent s can greatly exceed the i r  s ta t i c  counterpart s . The hi gher value 
in the l i ft coeff i c i ent i s  general l y  referred to as the " l i f t  over shoot . "  
Such in�rea s e s  i n  CL ' c0 , �nd CM canno

.
t b� reproduced even qual i tat ively by

negl ect 1ng the . un s t eady mo t 1 on of the a 1 rfo1 l . On the other hand , l arge hys ­
tere s i s  deve l o p s  in the aerodynami c forc e s  and moment s wi th respect to the 
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Figure 5-40 . Power output o f  Tl24 wi th wind speed meas ured a t  z = 13 . 7  m and 
x = -2D at the reference t ower 

instantaneous angl e .  Thi s proc e s s  i s  referred to as dynami c  s ta l l , whi ch 1 s  
int imately related t o  un s t eady s epara t i on o f  the f l ow around the wing . 

Recent l y ,  Liu ( 1 986 b )  c onduc ted a s e r i e s  of ful l - s c a l e  exper iment s t o  quan t i fy 
the effe c t s  o f  t urbulence and gus t  on the performance o f  a Wortmann FX 6 3- 1 3 7  
wing . A one-of-a-kind Envi ronmental Aerodynami c  Te s t  Sys tem ( EATS )  ( Liu 
et al . ,  1 985 ) ,  con s i s t ing of a ful l - s cale Wortmann wing boom-mounted on an 
i n s t rument ed t ruck as a mob i l e  plat form wa s de s i gned for the experiment s .  The 
exper imen t s  were conducted at a windy s i te ( E l l en s burg Ai rport , E l l ensburg , 
Wa sh . ) by a l i gning the wing wi th the preva i l ing wind . The ful l - s c a l e  resul t s  
from one o f  the ser i e s , wi th a chord Reyno l d s  number ranging from 250 , 000 t o  
450 , 000 , differed markedly from the i r  wind-tunnel c ount erpar t s  under s t eady 
cond i t i on s . In e s s ence , s igni fi cant l i ft overshoo t wa s obs erved in the ful l ­
s ca l e  data , which re sul t ed in  a s i gni f i cant increa s e  in the maximum l i ft 
c oe f fi c i ent and in the s tal l angl e ,  t ogether wi th a two-fol d  reduc t i on in the 
minimum drag coe f f i c i ent . 

For a VAWT , the dynam i c  s ta l l  become s ext reme l y  c omp l i cated because o f  i t s  
wide range o f  Reynolds  numbers , ang l e s  o f  inc idence , angular accel erat i on of 
inc idence , amb i ent turbul ence , blade s urface c ondi t i on ;  e t c . Al l o f  the above 
parameters  are s en s i t i ve t o  the dynami c stal l charac teri s t i c s  of t he VAWT . We 
bel ieve that bug accumulat i on could change the dynami c s t a l l  charac t er­
i s t i c s �  From the output s o f  one o f  the F- 1 9 s  at F loWind ' s  Altamont wind farm , 
as  moni t ored by PG&E , the power curve s o f  the same turbine measured during two 
con s ecut ive weeks before and after a rain shower s howed d i fferent feature s . 
The ear l i er one di splayed features s imi lar to  tho s e  shown in Figure 5-3 9 , 
wherea s the later one f o ll owed c l o sely the t rend o f  the pub l ished curve . 
Apparent l y ,  the accumulated bugs were wa shed out around the l eading edges of 
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the turbine blade s , re s t ori ng the pr�per deve l opment o f  the boundary layer on 
the blade s and a l l owing vigorous dynami c s t al l . We expect that , in the hi gh­
s peed reg ime , a vi gorous s t a l l  would at least match the performance of the 
publ i shed data ; a moderate one would cau s e  the power curve to  l evel off ; and a 
relat ive l y  poor one woul d  a l l ow i t  to  drop off wi th increas ing wind s peed . 
Further inve s t iga t i on o f  dynamic s t a l l  phenomena woul d  def i n i t e l y  hel p  o pt i ­
mi ze the de s i gn and opera t i on o f  VAWTs .  

The power output for the two adj acent turbine s ( Ti24 and T122 ) i s  shown in 
F i gure s S-40 and S-4 1 . The se figures i l l u s trate s ome int ere s t ing feature s .  
F i r s t , there i s  a no t i ceab l e  increa s e  in the data s ca t t e r  that depend s on the 
wind direc t i on . I n  general , the data scat t er i ncrea s e s  with increases in the 
deviat ion of the wind d i r ec t i on from the 3 08�deg o r i entat ion . Eviden t l y ,  the 
l ocal t opography introduc e s  nonun i formi ty in the ambient wind f i e l d ,  an appro­
priate demon s t ra t i on of the micro s i t ing i s sue . The c orrelat i on o f  the wind 
s peed between that measured at the reference tower and that s en sed by the tur­
bines deteri orates  as the d i s tance between the two l ocat ions increa s e s . No te 
that the two adj acent turbine s are located 3D away from the primary turbine in 
the cros swind d i rec t i on . The e l evat i on at the turbine ba s e s  di ffers about 
1 . 6 m ( be tween Tl22  and T123 ) and 2 . 7  m ( between T 1 2 3  and T124 ) , as shown in 
Figure 4- 1b . There are a couple of t errain features that are po tent ial 
s ources o f  the nonun i formi t y ,  al though the influence o f  the upwind terrain on 
the local wind f i e l d  ( Se c t i on 5 . 1 )  should not be overlooked . One such feature 
i s  the relat i ve l y  s t eep grad ient at and upwind o f  T 1 2 S , wi th the gradi ent 
roughly perpendicular to the predominant wind d i re c t i on .  The o ther i s  the 
presence of a sma l l  gorge next to T122 , wi th i t s  axi s roughly paral l e l  t o  the 
predominant wind d i rec t i on .  The se features , wi th a ver t i cal s c a l e  l e s s  than 
S m,  may inf luenc e  the l ocal wind field and should not be ignored . 

I n  .addi t i on t o  the di fference in the data s ca t ter , Fi gure S-41 di ffers from 
F i gures S -39 and S-40 i n  that the former d i s pl ays  no s ta l l ing t rend a t  wind 
s peeds up to  1 6  m/ s .  I t  should be pointed out that the same doubler plates  
u s ed at T 1 2 3  were also  i n s t a l led at Tl22 . At pre s ent , we are unable t o  pin­
point the exa c t  cau s e s  o f  such a di fference in the s t a l l  characteri s t i c s . We 
bel ieve the amb i ent turbul en c e  l eve l i s  one of the key fac tors . We wi l l  d i s ­
cus s  thi s below . What ever the cau se s , i t  i s  bene f i c ial  t o  promo te dynami c 
s ta l l  t o  improve the energy capture o f  the turbine s a t  high wind s peeds . 

To demons trate the mi cro s i t ing effect s further , F i gure S-42 pre s ent s the non­
wake power out put of turbine Tl02 , whi ch i s  downwind of T 1 2 3  al ong the major 
axi s  o f  t he turbine / t ower array . Here , we u s ed t he wind s peeds measured at 
the s ame upwind t ower ( UVW1 ) to  deri ve the power out put values .  At f i r s t  
g lance , T 1 0 2  appeared t o  b e  underperforming cons iderab l y ,  compared t o  T122 
t hrough T124 . I n  Sec t ion 5 . 1 ,  we demon s t rated that the mean wind s peed mea­
s ured in the v i c i n i t y  of the second row ( T 1 0 1  through T 1 0 3 ) i s  con s i s tent l y  
l ower than that mea s ured a t  the reference t ower . As Figure S-5 shows , the 
5-day-averaged mean wind s peed mea sured at S t a t ions 2 0 1 1  and 2 0 1 2  i s  between 
6% and 7% l ower t han tha t  mea sured at UVW l or 2 0 1 7 . Fi gure S-6 i l lu s trate s  
t hat t he s peed r a t i o  a t  the two l ocat i on s  depend s on the wind s peed . 
Figure S-43 repl o t s  t he ad j u s ted power output u s ing the adj u s t ed wind s peed 
ba s ed on the s peed rat io . The dashed curve i s  a fair ing to the mea sured data 
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Figure 5-42 . Power output of T102 with the upwind row of turbines off and wind 
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F i gure 5-43 . Adjusted power output o f  Tl02 wi th the upwind row o f  turbines off 
and wind s peed corre c t ed for l ocal t errain influence s  

point s .  Now , the mea sured data compare reasonably wel l  wi th the publ i shed 
curve , wi th data s cat t er comparabl e to that shown in Figure 5-39 but no t i ce­
ably smal ler t han in Figure s 5-40 and 5 -4 1 . The power output value s  of T l 0 3  
and Tl 0 1  ad jacent to T102  ( F igures 5 -44 and 5-45 ) d i s pl ay s imilar feature s ,  
wi t h  data s ca t t er no t i ceably sma l l e r  than tho s e  o f  T122 and T 1 2 3 . Thi s i s  
con s i s t ent with the observa t i on that the local topography i n  the vicinity  of 
t he second-row turbines is relat ively f l a t  and regular ( Fi gure 4- 1 b ) .  Fur­
t he rmore , the correct ion for the wind s peed that wa s used to generate the 
power curves resul t s  in accurate repres enta t i on o f  the local wind speed . 

The power out put of the turb ines in the s econd row shows no t rend o f  s t a l l ing 
at  the h i gh-wind-speed end . At the s e  l ocat ion s , t he wind prof i l e  i s  recover­
i ng after r i s ing from the val l ey f l oor . In the recovering proce s s , t he turbu­
l ent boundary l ayer thi cken s . The turbul ence inten s i t y  near the equator 
height is expected to be higher at row 2 t han at row 1 ( see Tab l e  5 -2 ) .  H i gh 
ambi ent turbu l ence inten s i ty i s  known t o  promot e  ( intens i fy )  dynamic s tal l ,  
whi ch woul d  delay the s t a l l  t o  higher wind s peeds ( Li u ,  1986a ) . 

For the turbine s in the third row , t he power output from T78  d i d  not yield t he 
correct value s , al though we did  not f ind anything wrong wi th t he power t ran s ­
ducer or wi t h  t h e  c i rcui try.  Thi s happened after the replacement of  a motor/  
generator during the f i e l d  experiment . The power output for  T 7 7  and T7 9 ,  
shown in F i gures 5-46 and 5-4 7 , i s  plotted  us ing the wind s peed measurement s  
a t  the upwind reference tower ( UVW1 ) .  An a t t empt was made t o  correc t for the 
local t errai n  effec t s  us ing the mea surement s  at Stations 2 0 1 5  ( be tween T 7 7  and 
T78 ) and 2 0 1 6  ( be tween T 7 8  and T79 ) ,  but there was too much s ca t t er in the 
data . Figure . 5-47 shows that the power out put depend s s t rong l y  on the wind 
d i re c t i on . Apparent ly , the t errain feature at  and upwind of  T 1 2 5 , with the 
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and wind speed corrected for local terrain influences 

150 

140 

130 

1 20 

1 1 0 

1 00  
"' 

� 90 ....., 
L 80 • � 0 70 4. 
• 60 c 
:e c < 29:3 deg

50 � + 293-298 
40 X <> 298-30:3 
30 JJ. 303-:308 

20 X > 308 deg 

v All Directions 
1 0  

Published 
0 

-10 
0 1 6  20 24 28 

Mean Wind Speed (m/a) 

Figure 5-45 . Adjusted power output of TlO l  with the upwind row of turbines off 
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grad ient perpend i cular t o  the predominant wind d i re c t i on ( Figure 4-l b ) , ere- ,-
ates  a shadow zone for wind d i rec t i ons l e s s  than 295 deg , e s pec ially at l ow L_ 
wind speed s .  Thi s  i s  a l s o  reflec ted by the data set  wi thout the wind d i rec-
t i on mea suremen t s  ( inverted tr iang le s ) .  As a resul t ,  the data s cat ter is the 
wor s t  of all c a s es pre s ented . The power out put s from T77 c ompare surpr i s ing l y  
wel l  wi th the pub l i shed data , a l t hough the wind s peed wa s measured a t  a d i s -
tance 1 8 D  upwind.  The l ack of compl i cated terrain features upwind of thi s 
turbine i s  probably the main reason for maintaining a good s pa t i a l  c orrelat i on 
o f  the mean wind s peed s . For that rea s on and other s , we cho s e  T 7 7 and T102 a s
the key turbine s for a s s e s s ing the array effe c t s  o n  the turb ine performance . 

5 . 3 . 2 Array Effec t s  

Based on the performance and the rela t i ve pos 1 t 1ons o f  the turbines within the 
array , we selec t ed T102 ( second row ) and T7 7 ( third row) as the primary down­
wind turbine s f o r  a s s e s s ing the array effect s .  Measurement s  from other tur­
bines have been u s ed , as needed , t o  c onf i rm important f indings and to  i l lu s ­
trate potential  devia t i on s . 

5 . 3 . 2 . 1  Power Lo s s  and Power De fi c i t  

In Figure s 5-48 and 5 -49 , we pres ent the ad j u s ted power output s from T102 wi th 
only the pr imary turbine ( T 1 2 3 ) and the f i r s t  row of turbi nes ( T 1 2 2  through 
124 ) turned on . The s e  resul t s  may be c ompared wi th tho s e  shown in F i gure 5 -44 
to e s t ima t e  the power l o s s  and def i c i t  caused by the pre s ence of upwind tur­
bine wake s . ( The power l o s s  i s  the d i f ference in power from one row o f  tur­
bines to  the next row , expre s s ed a s  kW , or power l o s s  = power at row 1 - power 
at row 2 .  The power defi c i t  i s  the l o s s  of kW f rom one row to the next d i vided 
by the l evel of power at the f i r s t  row whi ch i s  expre s sed as a frac t i on or 
percentage . Power defi c i t = power at row 1 - power at row 2 / power a t  row 1 . )  
As  expected , the power l o s s  and defi c i t  depend s t rongly on both the wind d i r­
ec t i on and wind s peed . The max imum power l o s s  o ccurs for wind d i re c t i ons  in 
the range between 298 and 308 deg , whi ch i s  con s i s tent wi th the pos i t i on of 
the wake and i t s  c enter when the 5 deg mean shift is  taken into account . The 
power l o s s  t en d s  to reduce wi th increa s ing devia t i on of the wind d i rect ion 
from that range . At the l ow- s peed end , the t rend of the data s hows that the 
cut-in speed i ncreas e s  in the pre sence of upwind wake s becau s e  of an increa se 
in the turbulence inten s i ty ( refer t o  Table S-2 ) .  In prac t i ce , the cut- i n  wind 
s peed shoul d  be mod i f ied to account for s uc h  an effec t , depend ing on the po s i ­
t i on of the turbines within the array . Otherwi s e , the turbine s would b e  in 
the motoring mode , whi ch wou l d  not only reduce the overal l  e ff i c i ency of the 
wind farm opera t i on but a l s o  impo s e  an extra burden on the control sys t em 
because o f  the unnec e s sary increase in the number o f  on /off  cycl e s . At the 
high-s peed end , the power l o s s  a l so t end s to reduce ,  c on s i stent wi th the 
decreas e  in the vel o c i t y  def i c i t  wi th increa s ing wind s peed ( Se c t ion 5 . 1 ) .  
Consequent l y ,  the maximum power l o s s  would be i n  the med ium wind-speed reg ime , 
in whi ch the frequency o f  o ccurrence i s  a l so high.  The optimum array c onfigu­
rat i on should be d e s i gned according to the predominant wind c ond i t ions . 

In the f igure s , we have drawn a dotted curve a s  an enve l ope to  show al l the 
mea sured data tha t  repres ent the max imum power l o s s .  The maximum power l o s s  
i s  higher when T 1 2 2  through Tl24 were o n  than when T l 2 3  wa s o n  al one , a s  
expec ted . For examp l e , the maximum power lo s s e s  are roughly 2 2  and 1 8  kW at 
1 2  m/ s ,  and the corres pond ing power def i c i t s  are 0 . 2 7 and 0 . 22 for the two 
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turbine power wa s s o r ted into 5-deg int erval s and binned over 
1-m/ s increment s  
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cas e s , . respec t ivel y .  A t  1 5  m / s , the max imum power def i c i t  reduced t o  about 7 %  
f o r  b o t h  ca s e s . T o  e s t imat e the average power defi c i t  accura t el y ,  w e  have to  
inc orporate the j o int probab i l i ty di s t r ibut i on of the wind d i rec t i on and 
s peed , p (  8 ,  S ) ,  whi ch may be c on s t ruct ed from the resul t s  s imilar to tho s e  
shown in Fi gure s 5-3 and 5 -4 for a part i cular s i t e :  

where Pd ( e ,  S )  i s  the measured power defi c i t , S 1 s  the wind s peed , and 8 i s  
the wind d i rec t i on . 

F i gures 5-50  through 5 - 5 2  pres ent the power out put s f rom T7 7 wi th the f i r s t  
row of  turbine s ( 1 6 D ) , the s econd row ( 8D ) , and b o t h  f i r s t  and second rows on , 
respe c t i ve l y .  I n  the s e  c a s e s , the data s t rat i f ication wa s a li t t l e  l o w  to 
c over all the regime s  o f  wind s peed and d i re c t i on o f  intere s t . It i s ,  
however , suf f i c i ent for detect ing the data t rend t o  s upport ·and extend the 
obs ervat ions previou s l y  made . With the f i r s t  row of t urbine s turned on , the 
power l o s s at T77 i s  about 3% because of the pre s ence of the wake s genera ted 
1 6D upwind , although th�re were no data available at  wind s peeds between 9 . 5  
and ll . 5 m / s . In thi s case , the orientat ion coinci dent wi th the a l i gnment 
between T l 2 3  and T 7 7  i s  2 9 9  deg . Wi th the second row of turbines t urned on and 
the f i r s t  row turned o f f , the power l o s s  at T77 increa s e s  noti ceably and d i s ­
p lays a s imilar t rend t o  t hat i l l us trated in Figure 5-49 for Tl02 . The max i ­
mum l o s s  i s  observed f o r  wind direct ion s  greater than 3 0 3  deg , whi ch ind i cates 
that the l o s s  is  ma inly cau s ed by the wake of TlOl  ( a l igned wi th T 7 7  at  3 1 2  
deg ) .  The c on t r i bution from the wake o f  T l 0 2  ( a l i gned w i t h  T 7 7  a t  2 9 0  deg ) i s  
depi cted b y  the rec tangl e s . When the shi ft  i n  the wake and i t s  center i s  
accounted f o r  ( Se c t i on 5 . 2 ) ,  the maximum effects  of the upwind turbine wake 
wou l d  be at an effect ive wind d i rec t i on s l ight ly bel ow the ang l e  o f  the a l i gn­
ment between the two turbines under cons iderat i on . It shoul d  be pointed out 
that the frequency of o ccurrence of wind d i re c t ions below 2 9 3  deg and beyond
3 0 5  deg i s  qui t e  l ow ,  as F i gure 5-4 s hows . In addi t i on , the wind s peed . i s
genera l l y  l ow f o r  wind d i re c t ion s  bel ow 2 9 3  deg ; the total  energy generated in 
thi s  wind reg ime is i n s i gn i f i cant . Under the predominant wind cond i t i ons , 
i . e . , wind direct i on s  be tween 2 9 7  and 303  deg , the wind i s  e s s ent i a l l y  bl owing 
between Tl O l  and T102 , creat ing the l ea s t  obstruc t i on when the second row o f  
turbi nes i s  turned on . The power l o s s  further increa s e s  wi th both the f i r s t  
and second rows of turbines  turned on . 

5 . 3 . 2 . 2  Energy Los s  or Def i c i t  

To provide a reas onab l e  e s t imate o f  the power defi c i t  wi thin the turbine 
array , we averaged the power output s over a l l  the wind d i re c t i on s , which 
effect ive l y  takes into account the probabi l i ty d i s t ri but i on o f  the wind d i rec­
t i on at the t e s t  s i t e  during the f i e l d  experiment .  The corresponding wind 
s peed and d i rec t i on d i s t r i bu t i ons  for that period are shown in F i gure 5-53 ; 
the mean wind s peed and d i rect i on s  are 1 0 . 7  m / s  and 3 0 0  deg . F i gures 5-54 
through 5-5 7 i l lus t rate the turbine power averaged over all  directions for 
Tl02 , Tl0 3 , TlOl  ( adjusted ) ,  and T77 ( unad jus ted ) ,  respect ively .  Bas ed on 
the s e  resul t s , we may e s t imat e  the total in-wake energy produc t i on ,  E , during
that period by summing up the product o f  the frequency o c currence o f

w
the wind 

s peed bins and . the power out put , or 

( 5-4 ) 
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Figure 5-5 2 .  Power outpu t  ( unadju st ed ) of T77 wi th T122 through T124 and T102 
through T103 on 

where Pw( S )  is the in-wake power out put averaged over a l l  wind d i re c t ions  and
p ( S )  i s  the probab i l i ty d i s tribut i on of the wind s peed . S imi larl y ,  the cor­
re spond ing energy product ion 1n the absence o f  upwind wake s , E0 , i s

( 5-5 ) 

where P0 ( S )  i s  the unobs t ruc t ed power output . Conve r s i on of the energy t o
ki l owat t -hours may b e  made b y  d i vid ing the sum by 8 t o  account f o r  the 7 . 5-min 
average s .  The di fference between the unobs t ructed energy out put and the 
in-wake energy output i s  the energy l o s s , E1 :

( 5-6 ) 

and the norma l i zed d i f ference i s  the energy def i c i t ,  Ed : 

( 5-7 ) 

The energy def i c i t  mea sured from the f our turbines  under various turbine 
on/off configura t i on s  t ogether wi th the corres ponding s ampl ing s i ze i s  l i s ted 
in Tab l e  5-3 . 

From the energy l o s s  mea sured a t  Tl O l  through Tl02 7 s everal t rends are 
evident . Firs t ,  the resul t s  from Tl02 show that the energy def i c i t  i s  about 
14% when T123 was on and increa s e s  to  20% when T122 through T124 were on . Mo s t  
o f  the contribu t i on i s  f rom the medium- t o  high-wind peri od s  al ong the predom­
inant wind d irect ion between 293 and 303  deg , whi ch e s s ent i al l y  al ign s the 
wake of T 1 2 3  wi th T102 , e s pec i al ly when the 5-deg mean shi f t  of  the wake i s  
t aken into c on s i dera t i o n .  W i th the add i t i on o f  the wake s o f  the two out s i de 
t urbine s , T 1 2 i  and T1 2 5 , the energy defi c i t  drops about 2% , whi ch is wi thin 
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Tab l e  5-3 . Energy Def i c i t  E s t ima t ed from the F i e l d  Data 

T 1 2 3  Qn [ 1 2 . 4  hr ] *  
Row 1 ( T 1 2 2  through T124 ) On [ 1 2 6  hr ] 
Row 1 ( T1 2 1  through T 1 2 5 ) On [ 2 . 5  hr ] 
T102 On [ 3 . 4  hr ] 
Row 2 ( T l O l  through Tl03 ) On [�4 . 2  hr ] 
Rows 1 and 2 ( T 1 0 1  through T l 0 3  and 

Tl22  through T124 ) On [ 202 hr ] 

T 1 0 1  

-0 . 004 
0 . 1 7 
0 . 1 1

*Numbers i n  bracke t s  are total hours of sampl e s

T102  

0 . 14 
0 . 2 0  
0 . 18 

----

T103 

0 . 03 
0 . 2 0  
0 . 2 1  

T 7 7  

0 . 0 3  

-0 . 003 
0 . 05 

0 . 1 5 

the error of the measurement . In other word s , the pre s ence o f  the wake s of 
t he s e  two turbines ha s l i t t l e  influence on the power generated at  T 1 0 2 . The 
energy defi c i t s  of TlOl  and T 1 0 3  are ins i gn i f i cant when T 1 2 3  wa s on , a s  the 
predominant wind d i re c t i on i s  o f f  the al i gnment between T 1 2 3  and Tl 0 1  or 
between T 1 2 3  and Tl02 . The energy def i c i t s  of the s e  two turbines increase to 
1 7% and 20% , respec t i vel y ,  when T122 and Tl24 were on . Aga i n , there i s  l i t t l e  
change in the energy l o s se s  when the out s i de two turbines T l 2 1  and T 1 2 5  were 
t urned on , wi th the except i6n of a 6% drop for T1 0 1 . The s i gnifi cance of the 
resul t s  with T 1 2 1  through Tl25  on , however , shoul d  be de-empha s i zed becau s e  of 
the relat i vely sma l l  samp l e  s i ze ( i . e . , 2 . 5  hr ) .  

The l a s t  column in Table 5-3 l i s t s  the energy defic i t s  at T 7 7 . The energy 
def i c i t  i s  about 3% wi th Tl22 t hrough T124 ( row 1 )  on . There i s  on l y  a s l i ght 
increase of about 2% when T 1 2 2  through T124 were off and T l 0 1  through T103 
( row 2 )  were on . As d i s cus sed ear l i er ,  the predominant wind w i th a d i re c t i on 
around 300  deg blew through the gap between T 1 0 1 and Tl02 and avo ided d i rect 
impact o f  e i ther wake on T7 7 ,  re sul t ing in a 0% def i c i t  when T 1 0 2  was on . 
Consequen t l y ,  the wake effec t s  from the second row o f  turbines  are minimi zed , 
leading t o  a relat i ve l y  sma l l  energy de f i c i t . The energy l o s s  j ump s from 5% 
to 15% when both upwind rows o f  t urbine were turned on , ind i cat ing a nonl inear 
enhancement of the wake effec t s .  Under the s e  con f i gurat i on s , the voi d  be tween 
the two wake s generated from T l 0 1  and Tl02 i s  f i l l ed in by tho s e  generated 
from T122 through T 1 24 . We pred i c t  that a l arge energy def i c i t  would result 
if  a l l three turbines are l ined up wi th the predominant wind d i re c t i on . 

Compar i s on o f  the energy l o s s e s  between Tl02 and T7 7 o perat ing in  a s imi lar 
array con f i gura t i on ind i ca t e s  that the wake-produc ing turbine direc t ly upwind 
of the energy-produc i ng turb i ne ha s the mos t  impact when the predominant wind 
d i re c t i on al i gn s  wi th the o r i entat i on of the two turbine s .  The pre s ence of 
upwind wakes immediately adjacent to the primary upwind turbine ha s secondary 
effec t s  on the energy produc t i on of the downwind turbine . The wake s from the 
turbines farther away cros swind from the primary t urbine have prac t i ca l l y  no 
infl uence on the energy produ c t ion of the downwind turbine of intere s t . From 
resul t s  pre s ented in  F i gures 5-54 through 5-56 , we e s t imated the power defi c i t  
averaged over a l l  wind d i rec t i on s  as  a func t i on o f  the mean wind s peed . The 
general t rend o f  dec reas ing power def i c i t  wi th i ncreas ing wind s peed i s  not ed 
in  Figure 5-58 , in  whi ch the power defic i t s  of the three turbines T 1 0 1  through 
T 1 0 3  are plot ted w i th the second row of turbines (T122  through T124 ) turned 
on . Predominan t l y , the trend of decreas ing power def i c i t  wi t h  increa s ing wind 
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Figure 5-58 . Turbine power defici t s  averaged over all wind d i rect ions for 
Tl03 , Tl02 , and TlOl with turbines T122 through Tl24 on 

s peed i s  evident for wind s peed s above 9 m/ s .  At the l ow-wind- speed end , the 
trend l• no t obvious becau se of the relat ively large amount of data scatter 
that appears when the turbine power i s  l ow and the turbine may be operating in 
and out - of motoring and generating modes . In add i t i on ,  the wind field at low 
wind speeds i s  more susceptible to the influence of l ocal terrain features , 
which cbuld be a main s ource of the large data scat ter . For exampl e ,  the wind 
direction general ly increa ses wi th increas ing wind s peed , as reflected from 
the vel oci ty def i c i t  mea surement s  ( F i gures 5-10 through 5-14 ) .  For prac t i cal 
purposes , however , the power defic i t  at l ow wind speeds should have an ins ig­
nificant contribu t i on to the total energy l o s s , because the total energy i s  
der ived from .medium- to hi gh-wi nd-speed regimes . 

The energy l o s s  o f  15% to 20% measured during the field exper iment repre sent s 
the high-end value and i s  not a rea l i s t i c  representation of the an�ual energy 
l o s s  at the Tehachapi s i te .  There are two major factors that would s i gnifi­
cantly reduce the annual energy los s .  The first pertains to the practical 
l imit of turbine ava i l abi l i ty for energy product ion .  On the average , we woul d 
expect the avai labi l i ty of the turbines for energy product i on to be about 90% 
to 95% . Thi s  would al low downt ime for repair and regular maintenance of the 
turbine s . In other word s ,  any upwind turbine would be on 90% to 95% · of the 
t ime , wi th somewhat l ower probabi l i ty when all  upwind turbines are on 
s imultaneou s l y .  A s  a resul t ,  the overa l l  power def i c i t  woul d  b e  lower than 
that obtainable wi th the ent ire upwind rows of turbines on s imul t aneously.  
Consi der a 95% avai labi l i ty, a reduc t i on of 7% in the energy loss is  expec ted 
when the probabi l i ty of the on/off conf igurat ions of the upwind row is taken 
into account ( 20% reduc tion for 90% availabi l i ty ) . 
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The s econd fac tor rel a t e s  t o  the wind-speed dependency o f  the power defi c i t  
and the annual wind-s peed d i s tr i but i on . From Table 2-1 , the hourly averaged 
wind speeds mea sured at the Tehachapi s i t e  in July and Augu s t  were among the 
l owe s t  for 1 984-85 . High wind s peeds were measured dur ing the months of Apr i l  
through June and Oct ober i n  tho s e  two year s . The annual average i s  about 1 . 22 
t imes higher than the Jul y  or Augus t  average according to Tabl e 2 - 1 . The 
hi gher the averaged wind s peed , the l ower the energy l o s s  resul t s , because the 
power def i c i t  decrea s e s  wi th increas ing wind s peed ( Fi gure 5-5 7 ) .  

The actual energy l o s s  may then be e s t ima ted according t o  Eqs . S-4 t hrough 5-7  
by u s ing the power def i c i t  ( Fi gure 5-58 ) ,  the actual wind s peed d i s t r i bu t i on 
for a par t i cular s i t e ,  and the unobstruc t ed power curve of the turbine under 
c on s i derat i on .  Corre c t ion may be made by taking into account the ava i l ab i l i ty 
o f  the t urbines for energy product i on .

For i l l u s t rat ion , we e s t imat e  the annual energy l o s s  for 1986 . The a c t ua l  and 
pred i c t ed wind s peed d i s t r i bu t i ons are g i ven in Table S-4 . From E q s . S-4 
through S-7 , the actual annua l energy l o s s  is e s t imated to be 1 1% .  Here , the 
power def i c i t  u s ed in the above deriva t i on corres ponds to the envel ope of t he 
data pre s ented in Fi gure 5-58 . When a 95% ava i l abi l i ty i s  as sumed , t he 1 1 % 
l o s s  further reduce s  to  1 0% , whi ch i s  hal f  the 20% def i c i t  measured dur i ng the 
f i e l d  experiment .  

By the s ame t oken , a s suming the energy def i c i t  may be l i near l y  superpo sed , the 
annual def i c i t  for a turbine two rows downwind would add l e s s  than 3% t o  t he 
1 0% value . The 3% def i c i t , whi ch c orre spond s t o  that measured at T 7 7  wi t h  the 
upwind row of turbine s at 1 6D ( Tabl e S-3 ) ,  reduces to  about 1 . 5% when the 1 9 8 6  
wind speed di s t r i bu t i on i s  u s e d  at 95% ava i l ab i l i t y .  

In an opera t i ng wind farm , t he t erra in i s  o f t en more rugged than at the t e s t  
s i t e .  Perfect a l i gnment o f  more than two t o  three rows i n  both vert i c a l  and 
cros swind d i rec t i on s  i s  quite unlikely .  Under thi s c ond i t i on ,  the array 
e f f e c t s  reduce s i gn i f i cant l y ,  whi le micro s i t ing effec t s  become important . 
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I 
j Table 5-4 . 1986 Observed and Projected Hourly Wind Speed Di s tr i bution 

( Stat ion 2 1 0 1 ) 

Obs erved Mean S peed : 8 . 2  m/ s 

r Pro j ec t ed Mean Speed : 9 . 3  m/ s 

Wind Frequency o f  Occurrence Wind Frequency o f  Oc currence 
Speed S peed 

( m/ s ) Measured Pro j e c t ed ( m/ s ) Measured Projec t ed 

0 . 45 2 3 7  7 4  1 8 . 3 7 5  7 7  
0 . 89 128 140 1 8 . 8  84 7 1  
1 . 34 1 6 2  1 5 5  1 9 . 2  68  6 8  
1 .  79  2 1 6  1 7 2  1 9 . 7 5 3  6 1  
2 . 24 268 2 0 7  2 0 . 1  45 5 7  
2 . 68 3 3 2  2 2 4  2 0 . 6 54 5 3  
3 . 1 3 3 44 254 2 1 . 0  3 7  48 
3 . 5 8 3 7 0  265  2 1 . 5  34 44 
4 . 02 3 96 284 2 1 . 9  29 40 
4 . 47 3 9 1  293  2 2 . 4  22 36 

I 4 . 92 3 8 7  2 9 5  22 . 8  20 34 
5 . 36 ( cut-in ) 4 1 0  299 2 3 . 2  14 29 
5 . 8 1 408 298 2 3 . 7  1 5  2 7  
6 . 26  342 294 24 . 1 14  2 3  

1 6 . 7 0 :�.:-· 292 294 24 . 6  7 2 1  
7 . 1 5 "-�t 2 5 0  285 25 . 0  1 3  1 8  
7 . 60 1 9 6  2 8 1  25 . 5  4 1 5  
8 . 04 1 6 9  2 7 4  25 . 9  1 3  1 3  
8 . 5 0 1 6 7  265  2 6 . 4  3 1 1  
8 . 94 1 6 9  256  26 . 8  ( cut-off ) 5 9 
9 . 39 1 5 1  246 2 7 . 3 3 7 
9 . 83 1 6 8  2 3 5  2 7 . 7 4 5 

1 0 .3 1 3 8  223  2 8 . 2 3 ' 4 
1 0 . 7 1 5 0  2 1 1  2 8 . 6  0 4 
1 1 . 2 1 4 1  1 9 9  2 9 . 0  1 3 
1 1 . 6 1 5 2  188 2 9 . 5  0 3 
1 2 . 0 1 3 8  1 7 6  3 0 . 0 1 3 
1 2 . 5 1 5 1  1 6 7  3 0 . 4  0 3 
1 3 . 0 1 5 7  1 5 7  3 0 . 8  0 2 
1 3 . 4  140 149 3 1 . 3  0 2 
1 3 . 9 1 2 8  1 4 1  3 1 . 7  0 2 

1 1 4 . 3 1 1 6 1 3 3  3 2 . 2  0 1 
1 4 . 8 1 1 5  1 2 7  3 2 . 6  0 1 
1 5 . 2 1 0 9  1 1 8 3 3 . 0  0 1 
1 5 . 6 1 0 5  1 1 3 3 3 . 5  0 1 
1 6 . 1 1 0 6  1 0 7  3 4 . 0  0 1 
1 6 . 5 9 1  99 3 4 . 4  0 1 
1 7 . 0 95  96  3 4 . 9  0 0 
1 7 . 4  7 7  8 7  3 5 . 3  0 0 
1 7 . 9 7 7  82 3 5 . 8  0 0 
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6 . 0  SUMMARY AND RECOMMENDATIONS 

In thi s s e c t i on ,  we summarize the important f indings deri ved from the f i e l d  
exper iment . Several findings have shed l i ght o n  the wake s t ructure of a VAWT 
and the effec t s  o f  upwind wake s on the performance o f  downwind turbine s . Ba s ed 
on t he s e  f indings , recommendat i ons are made t o  advance our unders tanding of 
VAWT array effe c t s  and to optimize the de s i gn and opera t i on of wind farms . 

6 . 1  Surmnary 

From the f i e l d  data , we derived a wide range o f  informa t i on ,  inc l uding the 
amb i ent wind f i e l d  and the vel o c i ty and power/energy defi c i t s , under various 
turbine on / o f f  configurat ions . Our s t rategy was t o  obtain mea suremen t s  o f  the 
maximum array effec t s  as the f i r s t  priority and then to obt ain progre s s i vely 
s ub t l e  variat i ons . In the fol l owing , we s ummarize the important f i ndings 
regarding array effec t s  on turbine performance .  The s e  f ind ing s could l ead to 
deve l oping pract ical  cri t eria and guidel ines for turbine de s i gners and manu­
facturers , wind farm deve lopers and operat ors , and ut i l i t i e s , wi th a f inal 
goal of e s tabl i shing a c o s t -ef fective wind energy sys tem as a viable means for 
generat ing safe and c l ean energy . 

6 . 1 . 1  Ambient Wind Field 

Under normal me teoro l og i cal cond i t ions , the ambient wind f i e l d  is therma l l y  
driven and d i s pl ays  a relat ively c on s i s tent pa t tern , a s  F i gure 5 - 1  shows . The 
wind speed record shows the pre s ence of two main troughs at about 6 a . m .  and 
1 1  p . m .  wi th s peed s be l ow the cut-in value of  5 . 4 m/ s .  Aft er the s ec ond 
t rough , the wind s peed con t i nues to r i s e  and peaks in the l a t e  afternoon . In 
the pre sence o f  a weak hi gh-pre s sure sys tem off the coa s t  ( F igure 5-2 ) ,  the 
wind blew a l l  day and the thermal effec t s  became s econdary. For wind s peeds 
above 9 ml s ,  the wind d i rec t i on i s  confined wi thin a narrow window between 295 
and 3 1 0  deg . 

The t errain 1n  the vi c i n i t y  ha s a gentle  up s l ope of 7 deg on the average .  
Several local  feature s , such a s  a change i n  the l ocal s l ope , a sma l l  gorge 
near Tl22 , and a turn on the ups l ope hi l l  wi th a grad ient nearly perpend i cular 
t o  the predominant wind direc t i on near Tl25 , create s ome perturbat ions t o  the 
otherwi s e  relat ive l y  un i form amb i ent wind f i e l d . For exampl e ,  the mean wind
s peed in the vi c i n i ty of the s econd row of turbines ( T 1 0 1  through T 1 0 3 ) i s  
l ower than that mea sured a t  the upwind reference tower by up t o  10% depend ing 
on t he wind s peed . A reduc t i on on thi s order should be t aken into acc ount 
when the power curve of a part i cular turbine i s  con s t ruc ted . 

The ver t i cal wind pro f i l e s  at -2D and 3D reveal s evera l charac t er i s t i c s  t ypi­
cal o f  a deve l opi ng boundary l ayer ( overspeed zone ) ,  a s  the f l ow rises  from 
the val l ey f l oor t o  the top of Cameron Ri dge . No f l ow rever s a l , however ,  wa s 
evident at any part o f  the u p s l o pe regi on upwind of the turbine / t ower array , 
a s  i s  in the case o f  f l ow over a bluff ( Walker and Wade , 1 9 8 7 ) .  The vert i ca l  
shear i s  s i gni f i cant l y  weaker a t  - 2 D  than at 3 D .  

I t  i ncrea s e s ,  with increas ing wind speed at -2D , but the t rend rever s e s  a t  
3 D .  Cons equen t l y ,  t he d i f ference 1n the shear between t h e  two l o cat ions 
decreases  wi th increa s i ng wind speed , ind i ca t ing that the recovery o f  the 
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devel oping boundary l ayer requires a shorter f e t c h  to  comp l e t e  when the wind 
s peed , and thus  the t errain-generated turbul ence , increases . 

6 . 1 . 2 Vel o c i t y  Def i c i t  
-

The background vel oc i ty de f i c i t  wi t h  a l l  the turbines turned o f f  d i splay s  a 
s imi l ar pat t ern at various  l ocat ions , al though the absolute values d i f fer 
( F igure 5-8 ) .  The background defi c i t  was subsequently removed ( except at the 
s econd row becau s e  of l arge data scatter ) from the vel oc i ty def i c i t  derived 
f rom var i ous  t urbine on / o f f  conf igura t i ons . There is a s igni f i cant change in 
the t rend of  the background def i c i t  at wind speeds below 6 m/ s ,  i nc l uding a 
genera l l y  s harp i ncrea se in the wind d i rec t i on wi th increas ing wind s peed ( s ee 
c orre l a t ion between Figures 5-l and 5 -2 ) .  At these l ow wind s peeds , the tur­
bines o f t en operated in a t ran s i t ion s tate between the mode s of generating and 
mo toring , e s pec i a l ly when the wind f i e l d  was highly f l uc tuat ing . Therefore , 
int erpre t a t i on o f  the resul t s  should be made wi t h  di s cret i on in thi s l ow-wind­
s peed regime . 

From the vel oc i ty def i c i t  mea sured a l ong the ma j or ax L s  of the turbine array 
( 30 8  deg ) , we d i s covered several important finding s :  

• The max imum ve l o c i t y de f i c i t  wa s detected in the wind direc t i on bin be tween
2 9 8  and 3 0 3  deg , whi ch i s  about 5 to 10 deg off the maj o r  ax i s  of the tur­
bine array . Such an o f f set in the wake cent er , which can a l s o  be observed
from the cro s s-wake pro f i l e s  of the vel oc i ty def i c i t ,  i s  thought to be
caused by asymmetry induced by the rotat ion of the blade s , as d i scus sed in
Sec t i oh 5 . 2 . 3 .  I t  might be par t i a l l y  due to  errors Ln the d i rec t i on s ensor ,
whi c h may be o f f  by up to  5 deg • 

. or. 

• When the primary turbine (Tl 2 3 )  i s  turned on al one , the max Lmum vel oc i ty
def i c bt t end s t o  decrea se l i nearl y  with increas ing wind speed and a symp t o t i ­
cal l y  t o  zero a t  t h e  hi gh-wind- s peed end . Thi s t rend changes a t  t h e  l ow­
wind - s peed end at d i s tances  as  c l o s e  a s  3D when the two turbines adjacent to
T 1 2 3  ( T 1 2 1  and T l 2 2 ) are al s o  turned on.  Thi s reversal i n  the trend i s
l ikely an indirect effect becau s e  o f  add i t i onal uns teadine s s  ( vortex
s hedd ing ) and t urbul ence genera t ed by the adjacent turbine s , because s i gn i f­
i cant overl app ing of the wake s i s  not expected at such a short d i s tance .
Thi s f inding i s  cons i s t ent with the pred i c t ion o f  a shorter near-wake l ength
by Li s saman et al . ( 1 982 ) as one of the maj o r  array effec t s .  As the wind
s peed or Reyno l d s  number increa s e s , the amb ient turbulence become s s t ronger
whi l e  t he b lade-to-wind speed ra t i o  reduce s ,  whi ch in turn reduce s  the
effec t ivene s s  o f  the turbine-generated turbu l enc e . As a resul t ,  no not i ce­
abl e  d i f ference wa s observed in the maximum vel o c i ty def i c i t  whether the
adjacent t urbines are on or off for wind speeds greater than. 10 m/ s .

• The vert i ca l  grad i ent of the vel o c i t y  def i c i t i s  higher below 1 3 . 7  m than
above ( F igures 5-18  and 5-25 ) .  Thi s i s  a d i re c t  consequence of t he presence
o f  the vert i ca l  wind shear ( F i gure 5 - 1 ) wi t h  high turbu l ence near ground
l evel in the deve l oping boundary l ayer . The high turbu l en c e  enhances
ent ra i nment and mixing near the ground and reduces the vel o c i ty def i c i t
accord i ng l y .

From the cros s-wake prof i l e s  o f  vel o c i ty defi c i t , we derived add i t i onal infor­
mat i on ,  part of whi ch is typ i cal of wakes generated by VAWTs : 
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• Other than the t rend rever sal of  decrea s ing vel oc i ty def i c i t  with increas ing
wind speed . at l ow wind s peed s , there are no other sys t emat i c  d i f ference s
detectabl e  from the cro s s -wake def i c it pro f i l e s  in wake s generated by a
s ingl e  turbine and by a row o f  turbines s eparated by 3D . Thi s ind i cates
that any perturba t i on s  on the vel o c i t y  def i c i t  that are cau s ed by turning on
the adjacent turbines are l e s s  than 3% to 5 % , whi ch i s  within the data
s c a t t er of the cro s s -wake pro f i l e s  of vel oc i ty defi c i t .

• The c ro s s-wake defi c i t  pro f i l e s  wi th T 1 2 3  on and T 1 2 2  through T 1 24 o n  a l l
show a shi ft  in the wake and i t s  center wi th a maximum va l ue o f  about 1 0  deg
i n  the near wake ( 1 . 5D )  a t  l ow wind speeds below 9 m / s . The shi f t  reduces
wi th increas ing wind s peed and wi th increas ing downwind d i s tance . A mean
shi f t  of about 5 deg i s  observed at 5D and 6 . 5D .

• The wake width 1n  a l inear dimen s i on increas e s  wi th increa s i ng downwind di s­
tance but at a rate be l ow that o f  a cons tant-angl e  s pread . At  a given down­
wind di s t ance , the wake wi dth decrea s e s  with increasing wind s peed . Thi s
i nd i cates  that the increa s e  in entrainment and mixing that l ead s t o  wake

. spread does not keep up wi th the pace of the increa s e  in advect ion that
l imi t s  the wake spread .

6 . 1 . 3  Power and Energy De f i c i t  

The power curve s c on s truc ted from the power measurement s  during the f i e l d  
exper iment compare wel l  wi th the pub l i shed data by F l oWind ( Fi gure 5-39 ) ,  wi th 
the wind sensor l o cated 2D upwind o f  the turbine . The agreement deter i o rates  
wi th increas ing s eparat i on between the  wind s ensor  and the  t urbine 
( F i gures 5-40 through 5 -42 ) .  Good agreement may be re s t ored once the l ocal 
t errai n  effec t s  on the wind s peed are account ed for ( Fi gure 5-43 ) .  At wind 
s peed s beyond about 15 m/ s ,  the power output o f  two o f  the nine turbines ( T 1 2 3  
and Tl24 ) l evel s o f f , a s ympt om o f  a premature s t a l l  o f  t h e  blade s .  Our 
expe r i ence in uns t eady aerodynami c s  { L i u ,  1986b ; McCro s key , 1 98 1 )  l ead s u s  t o  
bel i eve that the sympt om i s  related to  t h e  dynam i c  s tal l phenomenon . The two 
turbines showing the s ta l l  symp tom are l ocated at the l eading edge o f  Cameron 
Ridge where the turbu l ent boundary layer i s  relat ive l y  thin ( Fi gure 5-7 ) .  In 
a s t eady f l ow ,  vi gorous dynami c  s ta l l  i s  unl i ke ly to take pl ace . Thi c kening 
in the boundary l ayer may promo t e  dynami c s ta l l  for the downwind turbine s , 
whi c h  grea t l y  del ays  the s t a l l t o  hi gher wind speed s . 

From the power curve s o f  T102 and T 7 7  der ived from mea surement s under var ious 
turbine on/ o f f  confi gura t i on s , the array effe c t s  on the power out put o f  down­
wind turbines are c l early observed , whi l e  the effec t s  on the vel oc i ty def i c i t  
are not �pparent ( i . e . , the d i fference i n  the vel oc i ty def i c i t  i n  Figure s 5 - 1 5  
and 5 - 2 4  i s  smal l ) .  The fol l owing de scribe s  our f inding s : 

• The turbine power mea s uremen t s  are d i rect means o f  gaug ing the effec t s  o f
wakes generated b y  upwind turbine s . The power l o s s  and def i c i t  derived from
turbine power out put s under var i ous turbine on / o f f  configurat ions provi de
reasonably accurat e  informat ion t o  a s s e s s  the array e f f ec t s ,  whi l e  the cor­
res pond ing ve l o c i ty def i c i t  fai l s  to  do so . One o f  the main reasons f avor­
able to the power output i s  that it i s  proport i onal to the third power o f
t h e  wind s peed . In add i t ion , the array effec t s  can only be e s t imated by
int egra t ing the vel o c i ty defi c i t  pro f i l e s  derived from ext remely l imi t ed
point mea suremen t s  over the area c onfi�ed by the turbine blade s .
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• The power l o s s  and def i c i t  depend s o n  both the wind speed and d i re c t i on , a s
expec ted . For an array wi th 8D downwind by 3D cros swind s epara t i on s , the
primary wake-produc ing turbine ha s the dominant effect on the performance o f
the downwind turbine . The turbines immed iately adj acent to  the primary tur­
bine have only s econdary effect s ,  whereas the turbine s farther away have
ins i gn i f i cant effec t s .  The power l o s s  reache s a maximum when the predomi­
nant wind i s  in the di rect ion t hat al i gn s  the wake of the upwind primary
turbine wi th the downwind turbine under con s i dera t i on becaus e  of t he s kew o f
t h e  turbines ( w i t h  a 5 to  1 0  d e g  offset ) .  F o r  a real i s t i c  repres entat ion o f
t h e  power l o s s ,  the values averaged over a l l  wind d i rec t i on s  were used . The
power l o s s  maximi zes at med i um wind speeds around 1 2  m/ s ,  whereas the power
def i c i t  t end s t o  decrease wi th increas ing wind s peed ( Fi gure 5-5 7 ) .

• The above , f ind ing ind i cates  that the cut-in s peed for a VAWT within an array
( part i cularly i f  c ontrol l ed by an anemomet er upwind of the array ) should
i ncrea s e  accord ing t o  the number of rows of upwind turbine s . Otherwi s e ,  the
t urbine woul d  be opera t i ng frequen t l y  in the mo tori ng mode as a re sul t of
the induced power de f i c i t  in the pre sence of t he upwind turbine wakes . Thi s

· n o t - ·only reduce s  the turbine e f f i c i ency in power produc t i on but al s o  impo ses
an extra burden on the control  sys t em ,  thus s hortening the l i f e t ime o f  com­
ponent s  s uch a s  brake shoes because of an unneces sary increa s e  in the number
of on / o f f  cyc l e s .

• The energy produc t i on o f  a turbine during the f i e l d  exper iment was derived
by surriming the produc t of the wind- s peed frequency of occurrence and the
power out put i n  the corresponding wind- speed b i n .  The energy def i c i t  i s
then the d i f ference be tween the unobs t ructed energy and the in-wake energy
normal i zed by the former . Dur ing the f i el d  exper iment from mi d-July to
early Augu s t , the energy def i c i t s  of T102  i n  the s econd row were meas ured t o
b e  about 1 4 %  and 2 0 %  when the primary turbine ( Tl 2 3 ) and the upwind row o f
turbine's· ( T l 2 2  through T l 24 ) were on , respec t ivel y .  The power def i c i t s  o f
T7 7 i n  �he third row under s imi lar cond i t i on s  show n o t i c eably l ower val ue s ,
0% and 5% , whi ch c oul d be caused by mi sal i gnment o f  the predominant wind
d i re c t ion wi th the o r i ent a t i on of the wake-producing turbine ( Tl 02 or  Tl O l )
·and T 7 7 . · When the f i r s t  row o f  turbines ( T l 2 2  through T l 24 and T l O l  through
Tl03 ) were on , the power defi c i t s  of T7 7 were 3% and 1 5% , r e s pec t ivel y .
Eviden t l y ,  the vo id be tween the two wake s of T l O l  and T l 0 2  wa s f i l l ed in by
the wake s of t he f i r s t  row of turbine s ,  ind i cat ing a nonl inear enhancement
of the wake effec t s .

• The 1 5 %  t o  2 0 %  energy def i c i t  i s  not a real i s t i c  repre s entat ion of the
annual average s .  For the Tehachapi s i t e , the months of Jul y  and Augus t  are
in the ebb of the primary wind s eason , wi th a monthly average wind s peed
no t i ceably l ower than that in Apr i l  or May . Because the power def i c i t
decrea s e s  wi th increas ing wind s peed and becau s e  the wind s peeds during the
f i e l d  exper iment were l ower than the pro j e c ted annual average d i s tribut ion ,
the energy defi c i t  measured dur ing the f i e l d  experiment therefore repres en t s
the hi gh-end value s . I n  add i t i on ,  a 9 5 %  ava i l abi l i ty of the turbine for
energy produc t i on wou l d  resul t in about a 7 %  reduc t ion i n  the energy produc­
t i on . Based on the 1986 wind-speed d i s t r i but i on at the Tehachapi s i t e , the
energy defi c i t  e s t imated for T l 0 2  (when the upwind turbine row i s  turned on )
i s  1 1% ,  whi ch reduces t o  10% when a 95% ava i labi l i ty i s  a s s umed . By the
same t oken , we e s t imate a 1 . 5 %  t o  2% increa s e  in the annual energy de f i c i t
for a turbine two rows downwind , provided a l inear superpo s i t i on o f  the
energy def i c it i s  a s sumed .
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6 . 2  Recommendations 

Based on the f inding s o f  the f i e l d  exper iment , we recommend the fol l owing for 
improving the de s i gn and opera t i on of VAWT wind farms , a s  wel l  a s  for further­
ing our under s t and i ng o f  array effec t s  on the performance of VAWTs . 

The f i e l d  re sul t s  s how that the wind speed s ensor should be l ocated ext r emel y  
c l o s e  t o  the turbine t o  at tain a good correlat i on between the power output and 
the wind s peed . Al t hough we have demons t rated that a s epara t i on o f  20 doe s 
y i e l d  reas onab l e  resul t s  in a s el ec t ed t e s t  s i t e wi th relat i vely regul ar 
t erra i n  feature s , thi s d i st ance may be too l arge in other areas where the 
t erra in features are more rugged . Thi s rugged envi ronment i s  not unusual for 
a typ i cal  wind farm . Curren t l y ,  the on/ off c on f igura t i on o f  a VAWT c l us ter 
( three turbines a t  t he F l oWind wind farm ) is  c on t ro l l ed by a nearby wind 
sensor , which mon i t or s  the cut-in and cut-of£ wind s peed s . There i s  evidence 
that s ome o f  the turbines do not perform as expec t ed becau s e  of a micro s i t ing 
phenomenon . We d i s c overed that the power out put wa s far superior to the 
veloc i ty defi c i t  in  s en s ing the turbine array effec t s  on the performance o f  a 
downwind turbine . Theref ore , we recommend tha t the power out put be u s ed in 
conjun c t ion wi th t he wind s peed a s  the contro l l ing parame t er . Such a dua l ­
parameter s y s t em woul d  avo i d  mo tor ing the turbines at l ow wind speeds . Thi s  
woul d  not only improve the wind farm performance e f f i c i ency but a l s o  increas e  
the l i f e t ime o f  mechan i cal  c omponent s .  Furthermore , the ava i l ab i l i ty o f  t he 
power out put at  a l l  t ime s wou l d  hel p  di agno se prema ture mechan i cal f a i l ure s . 

Thi s f i e l d  exper iment was one of the mo s t  ext en s ive inve s t i gat ions o f  the per­
formance o f  VAWTs i n  an operat ing wind farm . Onl y  l imi t ed analys i s  of t he 
data s e t  ha s been c onduc t ed s o  far , and the resul t s  reported herein are by no 
means exhau s t ive . We have only exami ned the primary effec t s  in terms o f  the 
array effe c t s  on the power output o f  downwind turbine s . For exampl e ,  we have 
not t ouched upon the effec t s  of background turbul ence , al though i t s  ro l e  i n  
reduc i ng t h e  vel oc i ty defi c i t  ha s been indi rec t ly demon s t rated i n  examining 
the wind shear effec t s  ( Se c t ion 5 . 2 . 2 ) .  To inve s t igate i t s  effect s i n  more 
detai l ,  we c ou l d b i n  t he vel oc i ty and power def i c i t s  int� s everal range s  of 
background turbulence l eve l . In add i t i on , resul t s  of the wind s peed mea sured 
wi th the polys tyrene prope l l er s  should be analyzed to inve s t igate the high­
frequency wind c omponent s i nduced by the rot or s . Such informa t i on may provide 
ins i ght t o  t he resu l t ing a s ymmet ry o f  the wake o f  a VAWT . 

Sect ion 5 . 2 . 3  conc l ud e s  that data s cat ter i s  rel a t i ve l y  l arge in the vel o c i ty 
defi c i t  der i ved by b i nn i ng the data according t o  the wind s peed and di rec­
t ion . We recommend that an a l t ernate analys i s  s t rategy be adopted by com­
paring the resul t s  f rom back-t o-back series  o f  runs wi th d i fferent turbine 
on/ o f f  c on f i gura t i on s . Such a compari son would minimize the var i a t i ons in the 
environmental c ond i t i on s , which t end to ma sk the effect  o f  intere s t  in the 
binned resul t s .  Thi s  s t ra tegy may be appl ied in deriving both the vel o ci ty 
and power def i c i t s  in  an attempt t o  improve the ac curacy in a s s e s s ing the 
array effec t s  on the performance o f  downwind VAWTs . 

As d i s cu s sed in Sec t i on 5 . 3 . 2 ,  the method for e s t imat ing the annual energy 
defi c i t  ( Eq s . 5-4 t hrough S-7) based on the der ived pow:er defi c i t  
( F igure 5-58 ) ,  the power output , and the wind s peed d i s t r i bu t i on may be 
appl ied to o ther s i t e s  and d i f ferent turb ine type s . The power def i c i t  for a 
range o f  prac t i ca l  array configura t i on s  shoul d  be derived and ver i f i ed . 
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General i za t ion o f  t h e  method may b e  made t o  inc l ude t h e  j o int probab i l i ty 
d i s t r i but i on o f  the wind s peed and d i rec t i on ( Eq . S-3 ) ,  i f  needed . Such a 
method i s  a conveni ent tool  for optimiz ing the de s i gn of a wind farm by 
s e l e c t i ng proper turbine types for a given s i t e  wi th known or e s t imated wind 
r e s ource s  and t errain character i s t i c s . In an e s t abl i shed wind farm , the 
method may be used to derive informat ion for management and planning 
purpo s e s . For the ut i l i t i e s , informa t i on from individual wind farms may be 
summari zed for wind energy management .  
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APPENDIX 

QUALITY ASSURANCE 

A s e t  o f  experimental procedures  wa s deve l oped and impl emented that governed 
the var i ous key ac t i vi t i e s  a s soc iated with the turbine wake pro j ec t. The s e  
procedures inc l uded , but were not l im i t ed t o , the fol l owing i t ems : 

• Cal i brat ion o f  s ensors
• C l a s s i f icat i on of test  c ond i t i on s  ( Se c t i on 4 . 1 � 2  and F i gure 4-3 )
• Ver i f i ca t i on of computer s o f tware ( Se c t i on s  3 . 1  and 6 . 0 )
• Val i dat i on o f  me teorolog i cal data
• As s urance o f  data qua l i t y .

The par t i c i pant and the PNL pers onnel have con s i derabl e experience in conduct­
ing full -scale wake s tud i e s  under DOE spon sorship ( e . g . , Liu e t  al . ,  1 9 8 3 ; 
Renne and Buc k ,  1985 ) .  In par t i cu l ar , the f i e l d  exper iment wa s s imi lar t o  t he 
wake measurement pro j e c t  u s ing a DAF 5 00-kW VAWT ( Renne and Buc k ,  1 986 ) a t  the 

· SCE te s t  fadi l i ty near San Gorgon io Pas s ,  Cal i forni a .  We fol l owed c l o s e l y  the
qual i t y-a s surance program ado pted in that pro j e c t  wi th due modi f i ca t i on s . 

The qua l i ty-a s s uranc e act ivi t i e s  were adopted to  ensure data repre s enta­
t i vene s s , comp l e t ene s s ,  pre c i s i on ,  and accurac y .  A goal o f  the Cooperat ive 
Agreement Program ini t iated by SERI i s  to  obtain high-qual i ty data at o perat­
ing wind farms sui table for use by the wind energy communi ty .  

A det a i l ed t e s t  p l an wa s de s i gned ( Li u ,  1986a ) bas ed on hi s t ori cal and recent 
data obtained a t  the Tehachapi Fl oWind wind farm . The f i na l  t e s t  s i te and 
t e s t  periods  were s e l ec t ed ba s ed on an optimum a s s e s sment of the topography , 
the wind res ourc e s , the wind sys tem and array confi gura t i on ,  and inst rument 
capab i l i t i es . The tower array and s ensor placement were de s i gned to ensure 
maximum data s t ra t i f icat i on and s pat ial  coverage and adequat e  redundancy . 

· Dat a · recorded on di f ferent sys t ems were proc e s sed wi th care t o  ens ure the
incorpora t i on of cal i brat ion coeff i c i en t s  and correct ions for s en s o r  bias and
l imi t a t i ons . Ext en s i ve mea suremen t s  for the ambi ent wind f i e l d  were conducted
t o  c ompare wind speed mea suremen t s  u s ing Gi l l  anemometers and Max imum cup ane­
mome t e r s . Corre c t i on s  for the t errain effe c t s  on the l ocal wind f i eld ( i . e . ,
mi c ro s i t ing effec t s )  were der ived ba sed on the mea surement s  o f  the ambi ent
wind � i e l d . At the reference t ower 2D upwind of the primary turbine ( T 1 2 3 ) ,
we i n s t a l l ed a Gi l l  and cup anemome ter together wi th a wind d i rec t i on s en s o r
at z = 1 3 . 7  m s o  that bo th wind s peed and d i rec t i on were mea s ured indepen­
den t l y  by two s eparat e  i n s t rument s .  A total  o f  nine F-1 7  VAWTs were i n s t ru­
mented for power mea surement s .  Thi s  aga in was done to  ensure suf f i c ient aer­
ial c overage and data redundan.c y .  I nt ercompari s on o f  wind s peed and dire c t i on
mea s uremen t s  u s ing d i f ferent s en s o r s  wa s made to  ensure c on s i s t ency o f  t he
f i e l d  dat a .  The e s s en t i a l  spec i f i ca t i ons o f  the i n s t rument s  u s ed in the f i e l d
experiment s  are summarized in Sect ion 3 . 3 .  Refer to  the manufac t urer ' s o pera­
t i onal manua l for deta i l ed informa t i on .

Met eorologi cal dat a ,  in terms o f  pres sure and t emperature , were mea sured a t  a
nearby F l oWind research t ra i l er wi th an exi s t ing computer recording sys t em .
Manual readings o f  both temperature and barometric pres sure were frequent l y
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taken . For t emperature informat ion , we al so  inc l uded the record made at the 
Tehachap i C i t y  F i re Department . 

The wind s y s t em was rout inely mainta ined by the FloWind O&M crews accord ing to  
the prevent ive ma intenance s chedul e s  and procedure s . Ma int enance o f  the tower 
array and wind s ensors  wa s c onduc ted by Fl oWind on- s i t e  research pers onnel , 
with addi t i onal s upport from the O&M c rews . PNL pers onnel a l s o  vi s i t ed the 
s i t e  s everal t imes dur ing the cour s e  of the f i e l d  experiment t o  check the 
i nt egr i ty of the s t ack-up t ower s  and the a l ignment of the G i l l  anemometer and 
the wind d i rec t i on sensor . 

Sensor Cal ibrat ion 

Exten s ive cal i brat i on before and after the field experiment was made for 
var ious sensor s . The G i l l  UVW anemometers  were cal i brated in a wind tunnel at 
PNL before shi pment to the f i e l d . The Gi l l  arms were f i r s t  c hecked for 
bearing wear and refurbi shed as needed . After checking the mec han i c s  of each 

. G i l l  arm , they were individua l ly cal i brated in the PNL wind tunne l .  The PNL 
wind tunnel i s  a reci rcul at ing type wi th a 7 . 6-m s trai ght s e c t ion and a 
0 . 6  m x 1 . 0 m working s e c t i o n .  Vel o c i ty prof i le s  o f  t h e  working s e c t i on were 
mea sured u s ing a P i t o t  tube to det ermine i f  there wa s wind tunne l  wal l  int er­
ference that could affect the wind f l ow and , therefore , the c a l i brat ion 
data . Onl y  very minor di fferences  were found , and the s e  were determined t o  be 
i n s i gn i f i cant . 

The ac t ua l  cal i brat ion procedure for each G i l l  arm was t o  insert the arm in 
the wind . tunne l and i n s t a l l  a gener ic  propel l er ,  whi ch ensured the c on s i s t ency 
of a l l  the arms . The wind t unnel wa s then turned on and a l l owed to s tabi l i ze 
for 3 0  s .  The s peed i n  the wind t unnel wa s set by a potent i ometer dial that 
was cal ibra t ed wi th a Pi t o t  tube i n  the working s e c t ion of the t unnel . Once 
t he t unnel s peed was s t abi l i z ed , data from the G i l l  arm were c o l l ec t ed for 
1 min , and then the a i r  f l ow wa s increased aga in and ano ther 1 min o f  data 
were c o l l e c t ed . The three wind s peed leve l s  used in the tunnel were 4 . 5 ,  
1 3 . 4 ,  and 22 . 4  m / s  ( 1 0 ,  3 0 , and 5 0  mph ) . About 5 min of data were col l ected 
for each Gi l l  arm , with a minimum of 1 min of s tabi l i zed data for each wind 
s peed l evel . 

Thes e  data were recorded on a 9-track magne t i c  tape sys t em and t rans ferred t o  
FLOW ' s MC5 6 0 0  f o r  anal ys i s .  Average wind speeds f o r  each Gi l l  arm f o r  each 
wind s peed l evel were c ompu t ed based on 30 s of data from the s tabi l i zed 
c a l i brat i on data s e t . The s e  average s  were then used t o  c ompare and c ompensate 
for d i f ference s  between each Gi l l  arm u s ed in the f i e l d  experiment . 

The Maximum cup anemome ters were cal i brated on s i t e  by s imul taneous ly mount ing 
6 to 10 anemomet er s  on a s i ngl e  t e s t  r i g . The t e s t  r i g  cons i s t ed of a series  
o f  3-m-hi gh ma s t s  in a row perpend i cular t o  the wind d i rect i on . Each mas t  wa s
approxima t e l y  1 m from i t s  ne ighbor . The local t errain wa s s e l e ct ed t o  be 
rea s onably regular , bo th downwind and cros swind . 

The anemometers  t o  be cal i brated were moni t ored aga i n s t  a reference anemometer 
t raceabl e  to  a Nat ional Bureau o f  S t andard s ( NBS ) cal i brat ion . The data for­
mat wa s 7 . 5 -min averages . One o f  the G i l l  anemomet e r s  wa s mounted s ide­
by- s ide wi th the cup anemomet e r s  during the pre t e s t  per i od . Dur ing pre t e s t  
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cal i brat ion , each s ensor wa s run for  5 hr  or  more , and during po s t -te s t  
c a l i bra t i on ,  each sensor wa s run for 5 0  h r  or  more . 

Dur i ng the fi e l d  experiment , a cup anemometer ( 2 0 1 7 ) and a G i l l  anemometer 
( UVW l ) were mounted s i de-by- s i de at the reference tower ( -2D upwind and at a 
hei ght o f  1 3 . 7  m ) . Compari son of the two out pu t s  wa s avai lable mo s t  o f  the 
t ime during the f i e l d  exper imen t . 

The power or wat t  t rans ducers  (Ohio Semi t roni c s  EW5-6B ) were referenced t o  an 
NBS t raceable EW5-6B wat t  t ransducer used for performance t e s t ing of Fl oWind ' s
turbine Tl 5 1 .  The t ran sducers were instal l ed in two groups ( one was a group 
of f our ; the other wa s a group of f i ve )  in turbine T1 5 1  wi th the i r  res pec t i ve 
current t ransformer s from the hos t  turbine s .  They were c onnected t o  an 
HP 1 0 0 0  data acqu1 s 1 t 1 on s y s t em and moni tored cons ecutively with the NBS 
t raceabl e uni t  whi l e  the turbine operated in varying wind s peeds and wea ther 
cond i t i on s . The data were s ampl ed at a rate o f  1 Hz and s t ored as a t ime 
s e r i e s  f i l e . Thi s  wa s done for both groups of wat t  t ransducer s . 

To determine the ac curacy o f  each o f  the t ransducer s relat i ve to  the NBS 
t raceable un i t , the data were binned and then p l o t t ed as power of the NBS uni t  
ver sus  power o f  the wake machine un i t .  Thi s resul t ed i n  a l inear rela t i on s h i p  
f o r  each o f  t h e  t ransducers measured in t h e  s tudy . Thi s i s  not a cal i bra t i on 
( a l l  t ran sducers are fact ory cal i brated and have a supe r i o r  record of s ignal 
integr i t y ) , but rather a c ompari son t o  an NBS t raceable t ransducer . 
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