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PREFACE 

The informaticrn i n  t h i s  docriment sui:qcst!; t : ! je C)sci!!n :.in;: [.!iiigJ E~?el-,zy Con- 
v e r s i o n  SysCms 6:-I no t  appear  t o  have s i ~ r j i f i c n ! ~ r  atlv;~r.tn!re:; o v e r  ecl~ii\.- 
a l e n t  c o n v e n t i o n a l  r o t a t i n r - l l e n e n t  wind t3nt.rgy c o n v e r s i o n  svstc>ms. I n  f a c t ,  
i n  most  c a s e s  i t  a p p e a r s  t h a t  t h e y  have  s c v c r a l  disaclvantagt3s.  Tnc doc~:mi?nt 
a d d r e s s e s  t h e  o s c i l l a t i n g  c a b l e - t y p e  wind  e n e r g y  c o n v e r s i o n  svstclrl i t s  w e l l  a s  
the o s c i l l a t i n g  vane  and t h e  o s c i l  l n t i n g  wing. I i~dv;lnt;lgrss and d i s -  
advan tages  of e a c h  t y p e  of s y s t e m  are  e v a l u a t e d ,  and i n  e a c h  case a comparison 
i s  made b c t s e e n  i t  and a  convet l t io r la l  r o t a t i -ng -e l emen t  wind c-nt-trfy co l lvers ion  
d e v i c e .  It a p p e a r s  u n l i k e l y  t h a t  any  of the: o s c i l l a t i n g  e l emen t  corlcepts  c a n  
compete w i t h  t h e  p r e s e n t  g e n e r a t i o n  o f  c o n v e n t i o n a l  wind e n e r f y  sys tems.  
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SECTION 1.0 

INTRODUCTION 

I n t e r e s t  i n  o s c i l l a t i n g - e l e m e n t  wind energy convers ion systems (WECS) was 
g e n e r a t e d  when i t  was sugges ted  t h a t  t h e s e  systems could be b u i l t  w i t h  r e l a -  
t i v e l y  simple e lements .  Because t h e  main p a r t  of t h e  s t r u c t u r e  would be  
e x t r a c t i n g  energy from t h e  wind, t h e  c o s t  of  t h a t  energy would be  r e l a t i v e l y  
low. Figure  1-1 shows a  c r o s s  s e c t i o n  of a  t y p i c a l  o s c i l l a t i n g - a i r f o i l  WECS. 

Three  b a s i c  t y p e s  of o s c i l l a t i n g - e l e m e n t  WECS have been proposed. In t h e  
f i r s t  type ,  t h e  o s c i l l a t i n g - c a b l e  WECS, t h e  "ga l lop ing"  c h a r a c t e r i s t i c  of a 
s t r e t c h e d  c a b l e  i s  enhanced by v a r i o u s  aerodynamic shapes .  The s t r u c t u r e  i s  
mainly made up of a set of c a b l e s  s t r e t c h e d  between two anchor p o i n t s ,  and 
power i s  e x t r a c t e d  from e i t h e r  t h e  l a t e r a l  o r  a x i a l  mot ion of  t h e  c a b l e s .  The 
o s c i l l a t i n g - c a b l e  WECS is  shown s c h e m a t i c a l l y  i n  Figure  1-2. 

The second t y p e  of o s c i l l a t i n g - e l e m e n t  WECS u s e s  a n  a c t i v e  element t h a t  i s  
c a n t i l e v e r e d  f r o n  a  base .  The aerodynamic p r o p e r t i e s  of t h i s  a c t i v e  element 
a r e  c o n t r o l l e d  t o  produce t h e  a p p r o p r i a t e  o s c i l l a t o r y  f o r c e s .  Thi.s t y p e  of 
o s c i l l a t i n g  WECS, t h e  o s c i l l a t i n g - v a n e  WECS, i s  shown s c h e m a t i c a l l y  i n  
F i g u r e  1-3. 

The t h i r d  t y p e  of  o s c i l l a t i n g - e l e m e n t  WECS u s e s  a  wing t h a t  moves i n  a  d i r e c -  
t i o n  normal t o  t h e  wind. This n o t i o n  i s  c o n s t r a i n e d  by some form of t r a c k ,  
and power i s  e x t r a c t e d  from t h e  mot ion of t h i s  wing. T h i s  type ,  t h e  o s c i l -  
lat ing-wing WECS, i s  shown i n  F igure  1-4. 

The b e n e f i t  of a  WECS, energy product ion,  must be  compared w i t h  t h e  c o s t  of 
b u i l d i n g ,  i n s t a l l i n g ,  and main ta in ing  t h e  WECS. The e f f e c t i v e n e s s  of any WECS 
depends on i t s  o v e r a l l  benef i t - to -cos t  (B/C) r a t i o .  Thus, t h e  most impor tan t  
parameter of i n t e r e s t  i n  e v a l u a t i n g  a  WECS i s  t h i s  r a t i o .  It is  u s u a l l y  pos- 
s i b l e  t o  o b t a i n  a  reasonably  a c c u r a t e  power c o e f f i c i e n t  (C ) based on swept 

P  
a r e a  ( t h e  space  occupied by t h e  r o t a t i n g  o r  o s c i l l a t i n g  b l a d e ) ,  but t h i s  
pa ramete r  h a s  l i t t l e  meaning u n l e s s  i t  i s  d i v i d e d  by t h e  c o s t  p e r  u n i t  of  t h e  
swept a r e a  of t h e  WECS. Hence, comparing widely  d i f f e r e n t  WECS s o l e l y  on t h e  
b a s i s  of o b t a i n a b l e  power c o e f f i c i e n t s  d o e s  n o t  a c c u r a t e l y  compare t h e  c o s t  of  
t h e  energy t h a t  they  produce. 

The power c o e f f i c i e n t  based on swept a r e a  c a n  b e  p a r t i c u l a r l y  mis lead ing  when 
i t  is  a p p l i e d  t o  dev ices  l i k e  t h e  o s c i l l a t i n g - e l e m e n t  WECS, where t h e  swept 
a r e a  i s  p r o p o r t i o n a l  t o  al lowed motion a s  w e l l  a s  t o  t h e  s i z e  of t h e  s t r u c -  
t u r e .  For example, i f  i n  a  g iven  s i t u a t i o n ,  doubl ing t h e  amount of t h e  e l e -  
ment 's  motion produces  1.5 t imes  t h e  power o b t a i n e d  p r e v i o u s l y ,  t h e  Cp would 
only be 75% of what i t  was b e f o r e ,  hu t  t h e  power ou tpu t  from t h e  s t r u c t u r e  
would inc rease .  S ince  c o s t s  p e r t a i n  t o  t h e  s t r u c t u r e  and n o t  t o  t h e  amount of 
motion i t  a l l o w s ,  i n  our  example i t  i s  obvious t h a t  t h e  c o s t  of energy would 
b e  reduced by u s i n g  a  lower  power c o e f f i c i e n t .  

A more p r a c t i c a l  parameter is t h e  power l o a d i n g  parameter ,  TAP. Power o t ~ t p u t  
i s  d i v i d e d  by t h e  power f lowing  i n  a s t ream t u b e  hav ing  a c r o s s - s e c t i o n a l  a r e a  









equa l  t o  the  a r e a  of t h e  a c t i v e  s t r u c t u r a l  ~ l c n e n t .  :laximizing the  p o m r  
l o a d i n g  parameter ,  t h e n ,  maximizes t h e  power a v a i l a b l e  f r m  t h e  s t r : l c t u r e .  

The power load ing  parameter ,  however, is  not a  useft11 tool. f o r  c o ~ ~ ~ p a r i . n p  
widely d i f f e r e n t  WECS. Irt fact, i t  could  he  argut?d t l l i ~ t  t h e  only r e l e v a n t  
parameter of r e a l  i n t e r e s t  i n  eval .uat inp a  I E C S  is the  c o s t  of h u i l d i n g  and 
main ta in ing  one  f o r  a  g i v e n  energy ou tpu t .  % v l o u s l v ,  i.t i s  no t  p o s s i b l e  t n  
e s t i m a t e  c o s t s  a c c u r a t e l y  a t  a  very  e a r l y  s t n a e  i n  the clevelopment of a 
concept.  Regard less  of how good any par t ic i l l .nr  p a r m e t e r  a p p e a r s  t o  he ,  t h e  
concept is  va luab le  only  i f :  i t  produces a  B / C  r i l t i o  b e t t e r  than t h a t  of any 
comparable device.  Probably t h e  b e s t  method i.s t o  conpc?re t h e  d e v i c e  w i t h  a 
comparably designed conven t iona l  system and then  ana lyze  the  wav i n  which 
t h e i r  a s s o c i a t e d  c o s t s  and b e n e f i t s  d i f f e r .  

The power c o e f f i c i e n t  hased on swept a r e a  can be u s e f u l  a s  an  i n d i c a t o r  o f  
performance and c a n  b e  used t o  de te rmine  t i l e  lipper l i m i t  of t h e  d e v i c e ' s  power 
ou tpu t .  If t h e  c a l c u l a t e d  power c o e f f i c i e n t  based o n  swept a r e a  exceeds ,  o r  
even c l o s e l y  approaches ,  0.59, i t  i s  a  good i n d i c a t i o n  t h a t  e i t h e r  t h e  ca l -  
c u l a t i o n s  a r e  i d e a l i z e d  o r  t h e r e  h a s  been a n  e r r o r .  

Tine primary power e x t r a c t i o n  mecharlism i n  a VECS can  he e i t h e r  aerodyna.,i r. 
l i f t  o r  aerodynamic drag.  However, aerodynanic  d r a g  i s  a s s o c i a t e d  wi th  re1.a- 
t i v e l y  low s p e e d s ,  l a r g e  f o r c e s ,  and l a r g e  a c t i v e  a r e a s ,  and i t  r e s u l t s  i n  a  
r e l a t i v e l y  h igh  energy c o s t ,  except  i n  very  s p e c i a l i z e d  a p p l i c a t i o n s .  Hence, 
t h e  fo l lowing  d i s c u s s i o n  i s  concerned pr inar i1 .y  w i t h  d e v i c e s  t h a t  rise aero- 
dynamic l i f t  a s  t h e  primary power e x t r a c t i o n  nechanism. 

With aerodynamic l i f t ,  power i s  e x t r a c t e d  from t h e  wind by movinp t h e  l i f t i n g  
element a c r o s s  t h e  wind. A g e n e r a l  c h a r a c t e r i s t i c  of l i f t i n g  acti .ve-element 
WECS i s  t h a t  f o r  a  g iven  C p ,  t h e  r e q u i r e d  s o l i d i t y  ( t h e  r a t i o  of t h e  b lade  
a r e a  t o  the  swept a r e a )  i s  r e l a t e d  t o  speed r a t i o .  The h i ~ h e r  the  r a t i o  of 
l i f t i n g  element speed t o  wind speed,  t h e  lower t h e  r e q u i r e d  s o l i d i t y .  A t  low 
s o l i d i t i e s  and h i g h  speed r a t i o s ,  t h e  r e q u i r e d  s o l i d i t y  n i s  approximate ly  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  speed r a t j o  f o r  an  i d e n t i c a l  Cp. 

For a n y .  IJECS w i t h  l i f t i n p  e l e m e n t s ,  t h e  c h o i c e ,  then ,  i s  between hzving a  
r e l a t i v e l y  l a r g e  a c t i v e  a r e a  noving a t  a  low speed o r  a r e l a t i v e l y  smal l  
a c t i v e  a r e a  moving a t  a  h i g h  speed,  o r  any combinat ion of t h e s e  between t h e s e  
two extremes.  The cho ice  i s  a  fundamental one,  h c c a ~ ~ s e  h i g h - s o l i d i t v ,  
low-speed a i r f o i l s  a r e  s u b j e c t e d  t o  f a i r l y  low p r e s s u r e s  and c s n  be made r e l a -  
t i v e l y  c rude ly  frorn low-grade m a t e r i a l s ;  low-sol-iditv, high-speed a i r f o i l s ,  
however, r e q u i r e  n o r e  s o p h i s t i c a t e d  d e s i g n ,  manufac t t~ re ,  an(! m a t e r i a l s  use. 

3 
(Note t h a t ,  whi le  t h e  aerodynanic  p r e s s u r e s  ( N / m L )  a re  q u i t e  d i f f e r e n t ,  ae ro -  --- 
dynamic l o a d s  ( K )  a r e  s i m i l a r .  ) 

The  c o s t  of convers ion  t o  e l e c t r i c a l  power u s u a l l y  inc re i i ses  :>it!? tile naximun 
f o r c e  o r  t o r q u e  produced by t h e  primary dev ice .  On I.arge nac:>iqes,  tlic power 
convers ion  mechanism i s  a  s i g n i f i c a n t  f r a c t i o n  of t h e  o v e r a l l  c a s t  of t h e  
machine; hence,  power convers ion c o s t s  tend t c  prc?do~nignte and t o  ? e n a l i z e  
h i g h - s o l i d i t  y  machines. 





SECTION 2.0 

OSCILLATINGCABLE WECS 

The phenomenon of c a h l e  o s c i l l a t i o n  has  been a ma:jor ? ro \ len  f o r  u s e r s  o f  
t r ansn i i s s ion  l i n e s  f o r  sometime. It beco~.rles part icu!.arly s e v e r e  when t h e  
shape of the  c a h l e  changes because of t h e  a c c r e t i o n  of  i c e .  'iurnerous inves t i . -  
g a t o r s  have s t u d i e d  t h i s  p rob len ,  hoping t o  f i n d  some vay t o  a l l . e v i a t e  i t s  
adverse  e f f e c t s .  Although i n v e s t i g a t o r s  understood t h a t  t h i s  o s c i l l a t i o n  
n e c e s s i t a t e s  a n  e x t r a c t i o n  of  energy from t h e  wind, no s e r i o u s  p r o p o s a l s  t c  
use t h e  phenomenon a s  a  p r a c t i c a l  wind energy e x t r a c t i o n  d e v i c e  were pu t  f o r t h  
u n t i l  Payne d i d  s o  i n  1977  [ I ] .  Payne a l s o  sugges ted  t h a t  very  l a r g e ,  o s c i l -  
l a t i n g - c a b l e  WECS might be f e a s i b l e  and advantageous when n a t u r a l  t e r r a i n  i s  
used f o r  suppor t .  

Other  i n v e s t i g a t o r s  may have been d e t e r r e d  from p u r s u i n g  c a b l e  o s c i l l a t i o n  a s  
an  energy e x t r a c t i o n  mechanism because  i t  i s  no t  very  e f f i c i e n t  when coupled 
w i t h  t h e  geometry and aerodynamic mechanisms t h a t  o p e r a t e  i n  a  n a t u r a l  
environment. In any c a s e ,  t h e i r  e f f o r t s  were aimed a t  suppress ing  t h i s  
phenomenon. In f a c t ,  u s i n g  c a b l e  o s c i l l a t i o n  a s  a n  energy e x t r a c t i o n  mech- 
a n i s a  r e q u i r e s  a  look i n  t h e  o p p o s i t e  d i r e c t i o n ,  i . e . ,  enhancing the n a t u r a l  
phenomenon s o  t h a t  i t  becomes a  v i a b l e  (more e f f i c i e n t )  enerCqy e x t r a c t i o n  
mechanism. In a  s t u d y  funded by SERI [ 2 ] ,  Payne analyzed hot11 c a b l e  o s c i l -  
l a t i o n  and t h e  b ina ry  f l u t t e r  of a  c a b l e  s t r u c t u r e  modified t o  form an 
a i r f o i l .  

That  a n a l y s i s  of c a b l e  o s c i l l a t i o n  s u g g e s t s  t h a t  r e a s o n a b l e  power c o e f f i c i e n t s  
based on swept a r e a  a r e  o b t a i n a b l e  a t  r e l a t i v e l y  h igh  c a b l e  f l u t t e r  f r e -  
quencies .  To s i m p l i f y  t h e  a n a l y s i s ,  t h e  v e l o c i t i e s  t h a t  wou1.d be induced 
normal t o  the  wind d i r e c t i o n  a r e  u s u a l l y  ignored.  And i n  f a c t ,  the  dynamic 
p r e s s u r e  v i r t u a l l y  i g n o r e s  t h a t  normal component because  of t h e  ].ow c a b l e  
v e l o c i t y .  Hence, t h e  a n a l y s i s  s t r i c t l y  a p p l i e s  o n l y  when t h e  l a t e r a l  v e l o c i t v  
of t h e  c a b l e  i s  s m a l l  compared w i t h  wind v e l o c i t y  and when t h e  c a b l e ' s  
d iameter  i s  smal l  compared wi th  t h e  l a t e r a l  motion. Along w i t h  t h e s e  q u a l i -  
f i c a t i o n s ,  t h e  a n a l y s i s  a l s o  shows t h a t  a  s imple  c a b l e  WECS p r e s e n t s  some 
formidable  p r a c t i c a l  probl.er!is. 

A more i n t e r e s t i n g  p o s s i b i l i t y  t h a t  Payne i n v e s t i g a t e d  i s  t h e  b i n a r y  f l u t t e r  
WECS, i n  which a dev ice  t h a t  a c t s  a s  an  a i r f o i l  i s  s t r e t c h e d  between two 
cab les .  It h a s  been sugges ted  t h a t  a n  inexpens ive  m a t e r i a l  could  be s t r e t c h e d  
between the  t$iO c a b l e s  t o  provide  t h e  s u r f a c e  of the  a i r f o i l .  This i s  a 
q u a s i - s t e a d y - s t a t e  a n a l y s i s  i n  which t h e  v e l o c i t i e s  t h a t  a r e  induced normal t o  
t h e  wind d i r e c t i o n  a r e  ignored and the  a n g l e  of p i t c h  i s  assumed t o  h e  
small .  ' h e  a s s m p t i o n s  a l s o  imply t h a t  t h e  a i r f o i l  v e l o c i t y  i s  s m a l l  compared 
wi th  t h e  wind v e l o c i t y .  

The a n a l y s i s  a l s o  s u g g e s t s  t h a t ,  i d e a l l y ,  t h e  d e v i c e  can have a  Cp t h n t  
reaches  t h e  Zanchester-Betz l i m i t .  However, i n  o r d e r  t o  ach ieve  a  hi,gh power  
c o e f f i c i e n t ,  t h e  e f f e c t i v e  chord ( t h e  d i s t a n c e  between thc two cah les )  n u s t  
g r e a t e r  than the  v e r t i c a l  motion and t h e  ve r t i , ca l  v e l o c i t y  of t h e  a i r f o i l  mist 

exceed t h e  wind v e l o c i t y .  The h i g h  v c 1 o c i . t ~  and r e l a t i v e l : , ~  1.arge chord or' t h e  
a i r f o i . 1  tend t o  v i o l a t e  some of the  in i t i t31  a s s u m p t i ~ n s  of the  a n a l y s i s  nilci 



make the r e s u l t s  somewhat q:~es  ti.onable; however, the r e s u l t s  i n d i c a t e  t h a t  
some general t rends  e x i s t .  As with any o t h e r  l i f t ing-element  WECS, we must 
e l t h e r  have a high r e l a t i v e  speed o r  a l a r g e  su r f ace  area. Because s t r e t c h i n g  
t h e  a i r f o i l  between two cables  makes high speeds impossible,  a l a r g e  su r f ace  
a rea  i s  required. 

Payne's a n a l y s i s  sugges ts  power outputs  from such a device  based on a power 
coe f f i c i en t  t ha t  approaches the  Lanchester-Retz l i m i t .  R e a l i s t i c a l l y ,  t h e  
ob ta inab le  power would probably be s i g n i f i c a n t l y  l e s s ,  a f t e r  var ious  l o s s e s  
a r e  taken i n t o  account. 

The power e x t r a c t i o n  method proposed would emanate from t h e  rec iproca t ing  
a x i a l  motion of the ends of the cable .  This a x i a l  motion could be used t o  
pump a working f l u i d  through some conversion mechanism t o  produce usable  
power. The i n i t i a l  conversion, however, from an enormous f o r c e  t r a v e l i n g  a 
s h o r t  d i s t a n c e  a t  a l o w  speed p re sen t s  a s i g n i f i c a n t  t e c h n i c a l  problem. 

For example, i f  the  average wind speed normal t o  a cable  i s  6.7 m / s  (15 mph), 
a s t r e t c h e d  c a b l e  wing 1524 m (5000 f t )  long w i t h  a 152- (500-ft) chord t h a t  
operates  a t  a Cp of 0.4 would produce an average of about 10 MW of power 
(assuning t h a t  t h e  device opera tes  e f f i c i e n t l y  over a wide range of wind 
speeds).  The i n s t a l l e d  power would be about 70 MW. The a i r f o i l  would be 
cycled through a 46m (150-ft) range a t  midpoint and would produce a n  a x i a l  
motion of about 3.7 m (12 f t )  a t  one end of the  cable  i f  t he  o ther  end were 
f ixed,  Assming a frequency of 0.07 Hz and two power s t r o k e s  per  cyc le ,  an 

8 average fo rce  of about 13.3 x 10 N would be exerted on the  power conversion 
mechanisn. To make t h e  change i n  cab le  l eng th  caused by power loads re la -  
t i v e l y  small compared with the  displacement,  a s t r e s s  l e v e l  of about 6.9 x 10 7 

N/m2 (10,000 p s i )  would be ind ica t ed  f o r  a s t e e l  cab le  ( t h e  o v e r a l l  s t r e s s  due 
t o  pretension would be much g rea t e r ) .  Hence, a t o t a l  cab le  c ross -sec t iona l  
a r e a  of 1.9 m2 (3000 in.2) i s  ind ica t ed  f o r  a cable  mass of about 
22.7 x lo6 Kg. 

The s k i n  s t r e t c h e d  between t h e  two cab le s  would c a r r y  a n  average pressure  d i f -  
ference of a few newtons per  square meter a t  maximum power. For a d i s t ance  
between cab le s  of 152 m (500 f t ) ,  a t e n s i l e  load on t h e  o rde r  of 454 kg/m 
(1000 l b / f t )  of length  would be expected; t h i s  i s  a c y c l i c a l  loading. There 
would a l s o  be loads  caused by r a i n  and snow, and m a t e r i a l  would be subjec ted  
t o  u l t r a v i o l e t  rad ia t ion .  Taking a l l  t he se  f a c t o r 3  i n t o  ace  un t ,  t he  minimum 5' weight of t h e  s k i n  would probably be about 96 ~ / m  (2 l b / f t  ). For a 1524- 
(5000-ft) by 152-m (500-ft) a r ea ,  t h e  t o t a l  weight of t h e  s k i n  would be about 
5 m i l l i o n  pounds. 

6 If  t h e  wing s t r u c t u r e  weighed about  22.7 x 10 Kg, a s  t h e s e  rou h ca l cu la t ions  
suggest ,  a dynamic pressure  of about 888 N/m2 (18.5 l b l f t  ) a t  a l i f t  
c o e f f i c i e n t  of 1.3 would be requi red  t o  support  t h e  weight s t a t i c a l l y .  A 
dynamic pressure of 888 ~ / m ~  (18.5 1b/f t 2 )  corresponds t o  a wind speed of 
about 37.7 m / s  (843 mph). O s c i l l a t i o n s  can occur a t  wind speeds much lower 
than t h a t ,  but a s i g n i f i c a n t  amount of time would be requi red  f o r  t he  ampli- 
tude t o  bu i ld  up t o  t h e  optimum. Ihe  g r e a t  weight a l s o  imp l i e s  t h a t ,  un less  
g rea t  care  i s  taken t o  reduce i n t e r n a l  f r i c t i o n ,  t he re  would be l i t t l e  n e t  
ou tput  a t  moderate winds. 



T:- ~ l e  ilbo;re ca l . cufs t ion  was c a r r i e d  ou t  f o r  a l a r g e - s c a l e  system t o  i n c l u d e  t h e  

advantages  t h a t  have Seen claimed f o r  l a r g e  systems. It does  n o t  imply t h a t  
an  a i r f o i l  s t r e t c h e d  between two c a b l e s  can never  be economical ,  but i t  does  
s u g g e s t  t h a t  t h e  well-known s q u a r e  cube law becomes burdensome a t  a span  of 
1524 n (5000 f  t ) .  If  t h e  span and chord were reduced by a f a c t o r  of two, 
power o u t p u t  would be reduced by a f a c t o r  of f o u r ;  t h e  s t r u c t u r a l  weight ,  
however, coul.0 he reduced by a f a c t o r  of e i g h t  i f  t h e  stress l e v e l s  were t h e  
same. Hence, t h e  s t r u c t u r a l  weight  p e r  u n i t  of power would h e  halved. If t h e  
o s c i l l a t i n g  c a h l e  WECS is  t o  be compet i t ive ,  t h e n ,  it would have t o  be a t  
s i z e s  rnuch s m a l l e r  t h a n  100 MW. 

A hi.gh-modulus, low-density c a b l e  m a t e r i a l  w i t h  low i n t e r n a l  l o s s e s  could  be 
an  a l t e r n a t i v e  t o  t h e  s t e e l  c u r r e n t l y  proposed. A t  p r e s e n t ,  though, m a t e r i a l s  
t h a t  have p r o p e r t i e s  s u p e r i o r  t o  s t e e l  t e n d  t o  be  expensive.  

The s t r e t c h e d - c a b l e ,  o s c i l l a t i n g  WECS i s  analogous t o  t h e  conven t iona l  curved- 
b l a d e  Dar r ieus  machine; a s imple  comparison between t h e s e  two n i g h t  prove 
i n s t r u c t i v e .  A t  h igh t ip-speed r a t i o s ,  t h e  aerodynamic performance of t h e  two 
d e v i c e s  shou ld  be v e r y  s i m i l a r  a t  t h e  same t ip - speed  r a t i o s  and s o l i d i t y .  A t  
t h e  same maximum t i p  speeds and t h e  same maximum dimensions,  t h e  maximum 
a c c e l e r a t i o n  of t h e  b l a d e  would a l s o  be s i m i l a r  i n  b o t h  WECS. The motion o f  
t h e  Darrieus-type bECS would be s i m i l a r  t o  a s k i p p i n g  rope  (F igure  2-1). The 
major d i f f e r e n c e s  between t h e  two d e v i c e s  a r e  (1) i n  t h e  Darr ieus- type WECS, 
t h e r e  is  no need f o r  energy t o  be s t o r e d  t o  r e v e r s e  t h e  d i r e c t i o n  of motion o f  
t h e  wing, and (2)  power i n  t h e  D a r r i e u s  WECS is provided i n  t h e  form of r o t a r y  
motion. Thus, f o r  smal l  kXCS, t h e s e  two advantages  i n d i c a t e  t h a t  t h e  Dar r ieus  
t y p e  WECS would h e  more t e c h n i c a l l y  and economically v i a b l e .  For l a r g e  WECS, 
t h e  p rev ious  a n a l y s i s  i n d i c a t e s  t h a t  o s c i l l a t i n g  c a b l e s  would no t  be  
p r a c t i c a l .  A t  no s i z e ,  however, does t h e  o s c i l l a t i n g  c a b l e ,  g a l l o p i n g  o r  
bimary f l u t t e r ,  appear  t o  be compet i t ive  w i t h  t h e  conven t iona l  h o r i z o n t a l -  o r  
v e r t i c a l - a x i s  WECS. 





SECTION 3.0 

OSCILLATINGVANE UECS 

Like the  o s c i l l a t i n g  c a b l e ,  the  o s c i  11-ating-vane WECS has  i t s  o r i g i n s  i n  a n  
u n d e s i r a b l e  phenomenon. It i s  d i r e c t l y  r e l a t e d  t o  t h e  f l u t t e r  plicnomenon t h a t  
has caused the  d e s t r u c t i o n  of a  number of a i r c r a f t ,  a l though  T ~ i o r n y c r o f t ' s  
wind motor p roposa l  h e a r s  l i t t l e  resemblance t o  t h e  f l u t t e r .  o f  a  wing 131. 
Again, the  wind energy approach has  been t o  enhance t h e  phenomenon, r a t h e r  
t h a n  t o  s u p p r e s s  i t ,  by means of  concep t s  l i k e  t h e  o s c i l l a t i n g  vane. 

The advantage claimed f o r  t h e  o s c i l l a t i n g  vane i s  t h a t  i f  t h e  vane i s  c a n t i -  
l e v e r e d  from a  base ,  t h e n  t h e  most e f f e c t i v e  p a r t ,  t h e  t i p ,  i s  i n  t h e  high- 
energy a r e a  of t h e  f low f a r t h e s t  from t h e  ground and thus  i s  aerodynamical ly  
most e f f e c t i v e .  It i s  a l s o  a rgued  t h a t  (1 )  t h e  ~ n a i n  p a r t  of t h e  s t r u c t u r e  i s  
involved i n  t h e  primary e x t r a c t i o n  of power, ( 2 )  t h i s  s t r u c t u r e  can be manu- 
f a c t u r e d  w i t h  r e l a t i v e l y  low-tolerance  c o n s t r u c t i o n  t e c h n i q u e s ,  (3)  t h e  power 
convers ion mechanism i s  l o c a t e d  a t  ground l e v e l ,  and (4 )  t h e  concept i s  
i n h e r e n t l y  s e l f - s t a r t i n g .  

The major d i s a d v a n t a g e s  of t h i s  WECS a r e  t h a t  (1)  because  i t  i s  an o s c i l l a t i n e  
system, t h e  founda t ions  must be des igned t o  wi ths tand  o s c i l l a t i n g  l o a d s ;  and 
( 2 )  t h e  power-conversion s y s t e n ,  which u s e s  t h e  o s c i l l a t i n g  motion and pro- 
duces constant - f requency AC power, could  be expensive .  

Rielawa h a s  s t u d i e d  t h e  o s c i l l a t i n g - v a n e  concept  [ 4 ]  and r e p o r t e d  on t h e  
r e s u l t s  of some t e s t s  on a  smal l  model (F igure  3-1). The measured power coef-  
f i c i e n t s  were q u i t e  s m a l l ,  l e s s  t h a n  0.1. The power load ing ,  Lp, was a l s o  
low, w i t h  a maximum value  of about 0.45. A s  w i t h  t h e  o s c i l l a t i n g  c a h l e ,  t h e  
b l a d e  a r e a  r e q u i r e d  f o r  a  g iven  power o u t p u t  was much p r e a t e r  t h a n  t h a t  
r equ i red  by conven t iona l  h igh- t ip-speed-ra t io  machines. 

It seems r e a s o n a b l e  t h a t  f u r t h e r  developnent  work could  be done t o  r a i s e  t h a t  
power c o e f f i c i e n t  t o  a  !?:,re r e s p e c t a b l e  v a l u e ,  and t h a t  t h e  power l o a d i n g  
could  a l s o  be i n c r e a s e d  substantially. It i s  u n l i k e l y ,  however, t h a t  i t  w i l l  
be p o s s i b l e  t o  reach t h e  t i p  speed r e q u i r e d  t o  main ta in  a  h i g h  power-loading 
c o e f f i c i e n t  even a t  moderate wind speeds .  

The o s c i l l a t i n g - v a n e  WECS can be d i r e c t l y  compared wi th  a  v e r t i c a l - a x i s  wind 
t u r b i n e  (VAWT) ( F i g u r e  3-2) .  Assuming t h a t ,  a t  t h e  same t i p  speed and t h e  
same inaxirnum d e f l e c t i o n ,  t h e  o s c i l l a t i n g  vane would have a n  aerodyna~xic  per-  
formance s i m i l a r  t o  t h a t  of  t h e  a i r f o i l  (which r o t a t e s  about  a  p i v o t  a t  t h e  
b a s e ) ,  and t h e  maximum a c c e l e r a t i o n s  and s t r e s s e s  would be s i m i l a r ,  the  two 
b lade  d e s i g n s  would be q u i t e  s i m i l a r .  However, a s  long  a s  tlie t ip - speed  r a t i o  
is s u f f i c i e n t l y  h igh ,  the  r o t a t i n g  vane does not need a c y c l i c  p i t c h  co: l t ro l  
t o  ach ieve  reasor iable  aerodynamic e f f i c i e n c y  . 
It appears  t h a t  t h e  des ign  and manufacture of a  t ape red  vane t h a t  c a n t s  ou t -  
wards a t  an  a n g l e  of 45' from t h e  base  and h a s  a t i p  s o l i d i t y  nf  i!. 1 5  wg,.??d 
not be d i f f i c u l t  f o r  t i p  speeds on t h e  o r d e r  of 30.5 m / s  (10;1 f t / s ) .  1.f t h a  
r o t a t i n g  vane i s  compared w i t h  a n  o s c i l l . a t i r l ~ :  vane t!lat o p e r a t e s  tlhrouz'i! a 
range of f45" a t  t h e  same maximum t i p  speeds ,  and t h e  vane c!esifn i s  s im-i l .a r ,  





the  maximum s t r e s s  l e v e l s  due t o  t h e  a c c e l e r a t i o n  would a l s o  be s i a i l a r .  Ho-d- 
e v e r ,  wi th  an osci1.Lating vane, t h e  d i r e c t i o n  of t h e  s c r e s s  r t?verses 
c y c l i c a l l y ;  wi th  t h e  r o t a t i n g  vane, i t  remains c o n s t a n t ,  a l though the  ae ro -  
dynamic f o r c e s  a r e  c y c l i c a l .  The l o a d s  on t h e  f o : ~ n d a t i o n s  ~7oul.d h e  si;qil.ar i n  
magnitude i n  both  c a s e s ,  al tholigh wi-tli t h e  o s c i l l a t i n g  vane, t h e  f o r c e s  wou1.d 
occur  i n  one plane .  I f ,  however, t h e  o s c i l l a t i n g  vane i s  des igned f o r  omni- 
d i r e c t i o n a l  winds,  t h e  founda t ions  w i l l  he s i m i l a r  i n  the  two cases .  The 
e s s e n t i a l  d i f f e r e n c e  between t h e  two sys t tms  i s  t h a t  a n  o s c i l l a t i n g  vane would 
r e q u i r e  an  e l a s t i c  h inge  and an o s c i l l a t o r y  power convers ion nlech~nis+, ,  w h i l e  
a  comparable VAW would have a  r o t a r y  b e a r i n g  artd a r o t a r y  power convers ion 
mechanism. 

On bo th  t h e  o s c i l l a t i n g  vane and t h e  comparable V.4\7T, t h e  dynamic f o r c e s  and 
moments can be reduced by t h e  use  of tuned masses o r  ba lance  we igh t s ,  respec-  
t i v e l y .  Regarding t h e  comparable VAWT, methods a r e  a v a i l a b l e  t o  d r a m a t i c a l l y  
reduce t h e  bending moment on t h e  vane and the reby  reduce t h e  c o s t  of t h e  
s t r u c t u r e .  Also,  r o t a r y  power convers ion d e v i c e s  a r e  more r e a d i l y  
a v a i l a b l e .  It appears ,  t h e n ,  t h a t  most of t h e  advantages of t h e  o s c i l l a t i n g  
vane a r e  t h e  same a s  t h o s e  of t h e  comparable VAWT, and t h a t  t h e  r o t a t i n g  vane 
has  advantages  t h a t  t h e  o s c i l l a t i n g  vane does no t  have. 





SECTION 4.0 

OSCILLATINGWING WECS 

It a p p e a r s  t h a t  t h e  o s c i l l a t i n g - u i u g  syste!n concep t  o r i g i n a t e d  i n  t h e  he l - ie f  
t h a t  maxinun power c a n  h e  e x t r a c t e t i  f rom a  l i f t i n g  e l e m e n t  if  i t  is  a l l owed  t o  
rilove i n  t h e  d i r e c t i o n  of t h e  ! i f  t f o r c e .  On t h e  s u r f a c e ,  t h i s  i s  a ve ry  r e a -  
s o n a b l e  :zss:lmption, s i n c e  t h e  work o n e  i.s t h e  f o r c e  m u l t i p l i e d  hv t h e  d-is- 
tarice t r a v e l e d  i n  t l le  d i r e c t i o r :  o f  t h e  f o r c e .  With t h e  a i r f o i l ,  l ~ o w e v e r ,  t h e  
l i f t  f o r c e  i s  normal  t o  t h e  r e l a t i v e  velar-ity; any  n o t i o n  normal  t o  t h e  wind 
c a u s e s  a  t i l t  i n  t h e  l i f t  v e c t o r .  Assurning 2 co : l s t an t  l i f t  c o e f f i c i e n t ,  t h e  
magni tude  of  t h e  l i f t  f o r c e  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  r e l a t i v e  wind 
speed .  A t  h i g h  r e l a t i v e  s p e e d s ,  t h e  power -ex~rac t in ) :  c a p a b i l i t y  of a n  
i s o l a t e d  wing i s  n e a r l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  i t s  r e l a t i v e  s p e e d ;  i t  
i s  t h e n  noving i n  a  d i r e c t i s n  t h a t  i s  n e a r l y  normal  t o  t h e  l i f t  v e c t o r .  

Even if t h e  b a s i c  p remise  i s  n o t  c o r r e c t ,  t h e  o s c i l l a t i n g  wing shou ld  be 
examined 03 i t s  o m  n e r i t s  as a  !i-EGS. T t  i s  r e a s o n a b l e  t o  he l i . eve  t h a t  f o r  a 
c a r e f u l l y  d e s i g n e d  o s c i l l a t i n g  v i n g ,  a  power c o e f f i c i e n t  c a n  b e  o b t a i n e d  t!;aC 
i s  n o t  much worse t h a n  t h a t  ob ta i i led  f o r  n convenciona!. WECS. However, t h e  
power i o a d i n g  c o e f f i c i e n t  x.il.1 b e  dependen t  upo!~  b o t h  t h e  s o l i t ' i i t y  and t h e  
speed r a t i o ,  3 , e  bending  monents t h a t  e x i s t  as t h e  d i r e c t i o n  of motlon i i :  

r e v e r s e d  ac t h e  l i n i t s  of t r a v e l  i ~ i l i  gove rn  t h e  maximum speed  a t t a i n a b l e .  
Rence, a s  i n  o t h e r  o s c i l l a t i n g  c o n c e p t s ,  a  r e l a t i v e l y  l a r g e ,  low--cost wicg  i s  
i n d i c a t e d .  

To c o n v e r t  t h e  power t o  a  u s e f u l  f o m ,  some a r i v e n  sys t em must  h e  a t t a c h e 5  t o  
t h e  wing. .Although c o n c e p t u a l  mechanisms e x i s t ,  a r e l i a b l e .  e f f i c i e n t  power 
co? ive r s ion  mechanism must  s t i l l  be producsd  a t  a c o s t  comparable  t o  t h a t  of 
c o n v e n t i o n a l  d e v i c e s .  

T h e  3sc i . l l a t i i ;g -wing  i n C S  i s  ana lozo ; l s  t o  t h e  C i r o n i l l  [ 5 ] .  k t ? lc  s m e  t o t a l  
sc.!.idi t y  , :naxii::-m - t i~ - - s r ; e?d   ratio,^, 2nd o v s r a l i  d i ~ e n a t o n s ,  t h e  a e r ~ d y n a i r i  c 
p ~ ~ ' ; : - r ~ i a n c e  of 'i:e two dey;-iz?s s!.oi?:ri 5e qs.iite similar. f d k e w i s e ,  a t  t i l e  same 
ri~:.::.nvz ~ i z g  F P ~ ~ C ~ S  the ;naxF-v.>n dyrlanic Ioadi: an2 stresses shn!;? d he si. :?iIar 
".!; f.,?t:*. :he < : i r v m i i i  tiie osc- : ;  l : . . ~ inp  ~.iinc.~ <-, - ?!owr.ver, f o r  t h e  f i x e d - p i t  2'r; 

G<r.=.?; : i . l1 ,  ar_c..c.lerat-ng f : :~ccs  an: :<tresses -9i:.ld :?e co r l s can t ;  f;?r :he osc i l . -  
~ . * ~ z - % , - .  9 .  i.,,z -..-, %::-18- the.: t.oui.4 .r\*:erse = Y C : < C R ? ~ V  2.32 2o::Tt Lead t o  f ~ t l s ~ e  problems,  

q s i . , = ,  :. , _.,?ZC -A 7 :ill . . . - - .  ~ ~ C ~ ~ ~ : S F  ;;r, ; j ;? <;ironill is ,?:p.> tf12 f i r s :  stsize :jf t h e  . . . - p 3 5 ~ ~ :  : s t , ,  Tt i:: ::5rft<:;,.i2.: ~2 t~ac:5zz ;li: 3 s c i : - l z t i ~ g  ~ r l . 5 2  
. . sue'!l a ~j<z ;7~ le  s~;pi3.,yyt a:?C: I:~Z!:ST".~S~~;:!; in+;fi.!q=< '71f ?~:~i?: j~?.i i )n gild . -  . .--,,. ,.. 

R ; I P > D : ~  ~t~zi:::$.?r- of  t h e  c;~.~:1.~aj:.:-i:g-.winp :.:.;.,-.. wo~-??J have  t o  h e  :!~.sijzneci f o r  
s<r,S.I.:;r cor;di-;ions. T t i c s ,  z s  w i t ! -  t;?e osci!:.;tinp Irnne, osc i l i . a c ing -wing  iLTCS 
z c i s e ~ r  . . t o  o f f e r  no s i g n i r ' i c a n t  adb.:?n;a~es o v e r  : :o: .~ventional  !.?rECS, w h i i i - .  ;laviz.;g 
s e v e r a l  s i g n l f  icant d i s a d v a n t a g e s .  





ST.: 
j ::,> .. . ._ 8:sciIZa t5r . i~-c lemi ;~t .  '_. 'YTCS are interesting enzrgy-extrac  tion r~ec?~an i sms .  
TI-. f a  t!:ey appea r  t o  have no c lear-c i l t  a d v a n t a ~ e  o v e r  cor3parahle 

rcr .z t ing MECS; i n  f a c t ,  they appear  t o  have scme s i g n f f i c a n t  d isadvantages .  

iint? c i  tile arjpli:!t.ilt~ i n  f ~ v o r  of such  s:~scttns i s  t h a t  o s c i l . l a t i n g - e l e n e n t  WECS 
e:- . lpl~y 2 . ,  r r  -. ;:-.ea of low-cost m a t e r i a l ,  whfch r e p r e s e n t s  an o v e r a l l  c o s t  
s a v i r ? . ~  over  tl?e s m l l e r ,  r e l a t i v e l y  expensive  m a t e r i a l  now used. Th i s  i s  ail 
arg:in!eni. tl:zt car, be a p p l i e d  e q u a l l y  w e l l  t o  IECS  sing r o t a t i n g  e lemez t s ,  On 
ro ta t i zq -e lement  I\ECS, i n  f a c t ,  u s i n g  r e l a t i v e l y  s inal l -s ize ,  s o p h i s t i c a t e d  
e i c n e n t s  has proven t o  be more economical ly  v i a b l e  than  u s i n g  l a r g e - s i z e ,  low- 
c o s t  . r? lments .  Since  osci l la t ing-e lemcni .  WECS d c  n o t  a p p e a r  t o  have any s i g -  
n i f i c a n t  advarttizges Over e q u i v a l e n t  r c t a t i r :g -e lement  WECS, i t  i s  u n l i k e l y  that 
they  c a n  coi-il~e t e  w i t h  che p r e s e n t  g e n e r a t i o n  of conven t iona l  wind energy 
systems.  
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