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PREFACE 

W r i t i n g  a r e p o r t  on s i t e  s e l e c t i o n  f o r  l a r g e  wind t u r b i n e s  poses a spec ia l  

problem, because t he  p o t e n t i a l  users  o f  t h e  r e p o r t  r ep resen t  va r i ous  p ro fes-  

s i o n a l  backgrounds, and t h e  problem o f  s i t e  s e l e c t i o n  encompasses many d i s c i -  

p l  ines .  As a r e s u l t ,  p r e c i s e l y  what should be i nc l uded  and i n  what d e t a i l  

becomes a c e n t r a l  concern. 

I n  t h i s  document, t h e  meteoro log ica l  aspects o f  t h e  s i t e  s e l e c t i o n  problem 

a r e  addressed, and o t h e r  areas, such as machine des ign  and wind energy economic 

eva lua t i on ,  a r e  o n l y  mentioned when they  touch on meteoro log ica l  s i t i n g  concerns. 

However, we f e l t  t h a t  a bas i c  l o o k  a t  t h e  r e l a t i o n s h i p  o f  nonmeteoro log ica l  

and meteoro log ica l  aspects o f  t h e  problem, upon which our  suggested s o l u t i o n s  

a r e  based, was necessary. A1 1 o r  p a r t  o f  t h i s  i n t r o d u c t o r y  m a t e r i a l ,  which i s  

presented i n  Chapter 1, may be f a m i l  i a r  t o  those a1 ready working w i t h  t h i s  

i n t e r d i s c i p l i n a r y  problem. For those w ish ing  o n l y  t o  determine t h e  scope and 

i n t e n t  o f  a meteor01 o g i c a l  s i t e  s e l e c t i o n  program, t h e  bas i c  meteoro log ica l  

problem, a long  w i t h  techniques and s t r a t e g i e s  t h a t  may be used t o  so l ve  it, 

a r e  addressed i n  Chapter 2. 

The amount o f  d e t a i l  r e q u i r e d  i n  d i scuss ing  t h e  t echn i ca l  i ssues  i n v o l v e d  

i n  t h e  remain ing chapters  and appendices v a r i e s  s u b s t a n t i a l l y .  For example, 

t h e  d i scuss ion  o f  numerical  model ing i s  designed t o  acqua in t  t h e  reader  w i t h  

t h e  approaches and t h e o r i e s  used i n  numerical  model ing. As a r e s u l t ,  i t  

r e q u i r e s  t h a t  t h e  reader  have a s u f f i c i e n t  mathematical  background t o  assess 

t h e  models discussed and determine t h e i r  a p p l i c a b i l i t y  t o  a s i t e  s e l e c t i o n  

program. A t  t he  same t ime, t h e  d i scuss ion  o f  b i o l o g i c a l  and geomorphological 

i n d i c a t o r s  r e q u i r e s  t h a t  t h e  reader  be versed i n  genera l  eng ineer ing  and 

science. Therefore,  we have at tempted t o  summarize i n  a r e a d i l y  understandable 

manner t h e  conc lus ions  and recommendations i n  each chap te r .  

We b e l i e v e  t h a t  t h i s  p r e s e n t a t i o n  w i l l  enable p o t e n t i a l  users  t o  assess 

t h e  me teo ro log i ca l  aspects o f  t h e  s i t i n g  problem, t o  determine ways t o  so l ve  

t h e  problem, and t o  i n t e g r a t e  these s o l u t i o n s  i n t o  t h e  o v e r a l l  s i t e  s e l e c t i o n  

program. 



SUMMARY 

T h i s  r e p o r t ,  which focuses on the me teo ro log i ca l  aspects o f  s i t i n g  l a r g e  

wind t u r b i n e s  ( t u r b i n e s  w i t h  a  r a t e d  o u t p u t  exceeding 100 kW), has f o u r  main 

goa ls .  The f i r s t  i s  t o  o u t l i n e  t h e  elements o f  a  s i t i n g  s t r a t e g y  t h a t  w i l l  

i d e n t i f y  t h e  most f a v o r a b l e  wind energy s i t e s  i n  a  r e g i o n  and t h a t  w i l l  p rov ide  

s u f f i c i e n t  wind da ta  t o  make respons ib l e  economic eva lua t i ons  o f  t he  s i t e  wind 

resource  poss ib l e .  The second i s  t o  c r i t i q u e  and summarize s i t i n g  techniques 

t h a t  were s tud ied  i n  t h e  Department o f  Energy (DOE) Wind Energy Program. The 

t h i r d  goal i s  t o  educate u t i  1  i ty  techn i ca l  personnel,  eng ineer ing  consu l t an t s ,  

and meteoro log ica l  consu l t an t s  (who may have n o t  y e t  undertaken wind energy 

c o n s u l t i n g )  on meteoro log ica l  phenomena r e l e v a n t  t o  wind t u r b i n e  s i t i n g  i n  

o r d e r  t o  enhance d ia logues  between these groups. The f o u r t h  goal i s  t o  m in im ize  

t h e  chances of f a i l u r e  o f  e a r l y  s i t i n g  programs due t o  i n s u f f i c i e n t  under-  

s tand ing  o f  wind behavior.  

The problems o f  wind t u r b i n e  s i t i n g  a r e  b r i e f l y  out1 i ned  i n  Chapter 1. 

The main meteoro log ica l  problem i n  s i t i n g  i s  v a r i a b i l i t y  o f  t h e  wind resource.  

The s p a t i a l  v a r i a b i l i t y  o f  t h e  wind resource makes i t  d i f f i c u l t  t o  i d e n t i f y  

p o t e n t i a l  wind t u r b i n e  c l u s t e r  s i t e s .  The temporal v a r i a b i l i t y  makes i t  

d i f f i c u l t  t o  know the  economic va lue  o f  t he  wind resource,  which i s  dominated 

by t h e  convent iona l  f u e l s  t h a t  wind energy i n t e r m i t t e n t l y  rep laces .  The 

magnitude and d i u r n a l  v a r i a t i o n  o f  the  wind resource exper ienced by a  l a r g e  

wind t u r b i n e  cannot be accu ra te l y  p r e d i c t e d  f rom near- sur face  measurements. 

T h i s  r equ i res ,  once a  p o t e n t i a l  s i t e  i s  i d e n t i f i e d ,  t h a t  measurements f rom a  

t a l l  tower be made t o  r espons ib l y  assess wind energy va lue.  

S t r a t e g i e s  f o r  s o l v i n g  t h e  meteoro log ica l  problems a r e  o u t l i n e d  i n  Chapter 2. 

Depending upon t h e  s p e c i f i c  problem, wind p rospec t ing  begins by screening t h e  

u t i l i t i e s '  r e g i o n  o f  i n t e r e s t  t o  i d e n t i f y  p o t e n t i a l  cand ida te  s i t e s .  The 

r e g i o n a l  wind energy a t l ases ,  prepared f o r  DOE by t h e  P a c i f i c  Northwest Labora- 

t o r y  (PNL) and i t s  subcon t rac to rs  (Appendix 1 )  a r e  t h e  s t a r t i n g  p o i n t  f o r  

i d e n t i f y i n g  areas w i t h  an economical l y  v i a b l e  wind resource.  I n  a d d i t i o n ,  t h e  

wind p rospec to r  can use numerical  models (Chapter 3 )  ; c o n s i d e r a t i o n  o f  a i r f l o w  

i n t e r a c t i o n  w i t h  topography (Chapter 5 and Appendix 2 ) ;  measurement (Chapter 10) ;  



and s t u d i e s  o f  w ind  e f f e c t s  on t r e e  de fo rmat ion  (Chapter 6 ) ,  on geo log i ca l  

f e a t u r e s  (Chapter  7 ) ,  and on use o f  l a n d  by people (Chapter 8 ) .  Once cand ida te  

s i t e s  a r e  i d e n t i f i e d  t hey  a r e  inst rumented near hub h e i g h t  (about  200 f t )  f o r  

d e t a i l e d  sampl ing o f  wind speed and d i r e c t i o n  (about  1  m inu te  averages, Chapter 2 

and Chapter 10 ) .  I f  t h e  s i t e  s t i l l  l ooks  economica l ly  v i a b l e ,  a  c l u s t e r  o f  

wind t u r b i n e s  i s  designed (Chapter 9),  p o s s i b l y  w i t h  t he  a i d  o f  wind t unne l  

models (Chapter 4 ) .  

Fo l l ow ing  t he  o u t l i n e  o f  s i t i n g  s t r a t e g i e s  i n  Chapter 2, s p e c i f i c  t e c h n i c a l  

d i scuss ions  f o l l o w  i n  t h e  remain ing chap te rs .  The major  conc lus ions  o f  these 

t e c h n i c a l  d i scuss ions  a r e  summarized below. 

Numerical models p r o v i d e  an o b j e c t i v e  method f o r  i n t e r p o l a t i n g  wind 

resource c h a r a c t e r i s t i c s  between da ta  s t a t i o n s .  Models may be used t o  i d e n t i f y  

good resource  areas w i t h i n  a  l a r g e r  r e g i o n  o r  used t o  es t ima te  c l i m a t o l o g i c a l  

s t a t i s t i c s  a t  a  g i ven  s i t e .  Simple models, i n  which conse rva t i on  o f  mass i s  

t h e  o n l y  phys i ca l  c o n s t r a i n t ,  a r e  u s e f u l  where topography i s  t h e  ma jo r  i n f l u e n c e  

on a i r f l o w .  A h i e r a r c h y  o f  models based on the  conserva t ion  o f  momentum and 

thermodynamic energy have been developed t h a t  should be capable o f  i n d i c a t i n g  

where topograph ica l  and thermodynamic e f f e c t s  enhance t he  resource.  However, 

these complex models a r e  o f t e n  d i f f i c u l t  t o  use. Model ing i s  n o t  a  stand-  

a lone s i t i n g  t o o l  b u t  should be used i n  conce r t  w i t h  o t h e r  techniques.  The 

s e n s i t i v i t y  o f  model r e s u l t s  t o  i n p u t  da ta  and assumptions should be t e s t e d  

f o r  every  r e g i o n  where they  a r e  app l i ed .  

Phys ica l  model s  (w ind  tunne ls ,  towing tanks)  a r e  s u p e r i o r  t o  numer ica l  

models when smal l  areas o f  l and  ( c l u s t e r  s i z e )  a r e  be ing  modeled f o r  s t a b i l i t y  

c o n d i t i o n s  t h a t  a r e  n e a r l y  neu t ra l .  Neu t ra l  s t a b i l  i ty  e x i s t s  when v e r t i c a l  

mot ions o f  a i r  a r e  n e i t h e r  enhanced no r  suppressed by e f f e c t s  o f  t he  temperature 

s t r u c t u r e  o f  t h e  atmosphere. As t h e  modeled r e g i o n  o r  h e i g h t  o f  t e r r a i n  

f e a t u r e s  become 1  a rge r  and t he  thermal s t r a t i f i c a t i o n  depar ts  f r om n e u t r a l  i ty, 

phys i ca l  model ing becomes l e s s  a b l e  t o  model a l l  o f  t h e  impo r tan t  aspects o f  

t h e  r e a l  atmosphere. The b e s t  uses f o r  phys i ca l  model ing a r e  f o r  c l u s t e r  s i t e  

a n a l y s i s  and development o f  gener ic  understanding o f  f l o w  over  s p e c i f i c  t e r r a i n  

shapes. 

v i i i  



Es t ima t i ng  topographic  e f f e c t s  on wind f l o w  (such as t h e  a c c e l e r a t i o n  o f  

wind over  a  r i d g e )  i s  t h e  o l d e s t  technique o f  wind energy s i t e  assessment, and 

i s  s t i l l  va l uab le  today. L i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  e x i s t s  so an e x p e r i -  

enced boundary l a y e r  m e t e o r o l o g i s t  should be consul ted.  Topographical i n d i c a t o r s  

o f  wind p o t e n t i a l  a s s i s t  i n  understanding f l o w  over  t e r r a i n ,  knowing where t o  

measure, and i n  i n t e r p r e t i n g  measurement and model ing program r e s u l t s .  

Wind-deformed t r e e s  a r e  examples o f  b i o l o g i c a l  i n d i c a t o r s  o f  wind. 

B i o l o g i c a l  i n d i c a t o r s  a r e  very  use fu l  i n  screening f a i r l y  l a r g e  areas f o r  

evidence o f  p e r s i s t e n t  winds. They may a l s o  be u s e f u l  when i n v e s t i g a t i n g  f l o w  

around s p e c i f i c  topograph ica l  f ea tu res .  I t  i s  o f t e n  poss ib l e  t o  es t ima te  t he  

annual mean wind speed t o  w i t h i n  - +20 percen t  f rom t r e e s .  However, b i o l o -  

g i c a l  i n d i c a t o r s  p rov ide  o n l y  q u a l i t a t i v e  i n fo rma t i on .  

The u n c e r t a i n t y  o f  q u a n t i t a t i v e  i n f o r m a t i o n  de r i ved  f rom geomorphological 

i n d i c a t o r s  (such as wind-formed sand dunes) i s  l a rge ,  b u t  t h e  techniques can 

be a p p l i e d  q u i c k l y .  Therefore,  t h i s  technique i s  recommended o n l y  i f  t h e  

geo log i ca l  i n f o r m a t i o n  can be ob ta ined  a t  l i t t l e  a d d i t i o n a l  cos t ,  e.g., as 

p a r t  o f  s i t e- sc reen ing  v i s i t s  f o r  o t h e r  purposes. 

No s p e c i f i c  method e x i s t s  f o r  us i ng  s o c i a l  and c u l t u r a l  i n d i c a t o r s  o f  

wind power p o t e n t i a l .  The wind p rospec to r  should remain a l e r t ,  however, t o  

c e r t a i n  c lues ,  such as p rev ious  uses o f  wind power i n  an area, l o c a t i o n  o f  

snow fences, and evidence o f  tu rbu lence  o r  h i g h  wind damage. 

Design ing a  c l u s t e r  o f  wind t u r b i n e s  r e q u i r e s  knowledge o f  how c l o s e l y  

wind t u r b i n e s  can be spaced and o f  how the  c l u s t e r ' s  geometr ic des ign a f f e c t s  

o v e r a l l  performance. C l u s t e r  des ign  i s  based on our  understanding o f  how t h e  

wakes c rea ted  by i n d i v i d u a l  machines evolve and i n t e r a c t  and o f  how these 

wakes a f f e c t  t h e  performance o f  downstream machines. Resu l ts  o f  numerical  

model i n g  s tud ies ,  wind tunne l  s imul a t i ons ,  and a  1 i m i  t e d  number o f  exper iments 

i n  which t h e  wakes o f  f u l l - s c a l e  machines were observed a r e  used t o  develop 

wind t u r b i n e  spacing gu ide l i nes .  These s tud ies  i n d i c a t e  t h a t  a t  spacings 

g r e a t e r  than  10 r o t o r  diameters,  t h e  e f f e c t  o f  t h e  wake o f  one t u r b i n e  on a  

downstream machine w i l l  be n e g l i g i b l e .  A t  a  spacing o f  7 t o  8 diameters,  



t h e r e  c o u l d  be some r e d u c t i o n  i n  t h e  ou tpu t  o f  downwind machines, p a r t i c u l a r l y  

a t  n i g h t  when t h e  i n t e n s i t y  o f  atmospheric tu rbu lence  i s  low. A t  a  spac ing o f  

l e s s  than  5 diameters,  t h e r e  i s  evidence t h a t  r educ t i ons  i n  t h e  o u t p u t  o f  

downwind machines would be s i g n i f i c a n t .  Cons idera t ions  o f  t h e  e f f e c t s  o f  

t u r b i n e  wakes on c l u s t e r  performance a re  most c r i t i c a l  i n  t h e  p r e v a i l i n g  wind 

d i r e c t i o n s .  I n  n o n p r e v a i l i n g  wind d i r e c t i o n s ,  wind t u r b i n e s  cou ld  be spaced 

v e r y  c l o s e  t oge the r  i n  o r d e r  t o  reduce l a n d  requi rements.  

Wind measurements a r e  t h e  o n l y  sure way t o  assess t he  resource,  and o n l y  

then  when t h e  c o r r e c t  ins t ruments  a r e  used p r o p e r l y  t o  measure t h e  a p p r o p r i a t e  

q u a n t i t i e s .  Convent ional  cup and vane anemometry i s  adequate f o r  a l l  s i t i n g  

work, b u t  r e l i a b i l i t y  i s  a  pr ime cons ide ra t i on .  Numerous r e c o r d i n g  system 

o p t i o n s  a r e  discussed. Near- surface (1  0-m) measurement has some 1  i m i  t e d  va lue  

i n  t h e  e a r l y  stages o f  s i t e  s e l e c t i o n ,  as do sho r t - t e rm  measurements t o  d e t e c t  

t u rbu lence  and f l o w  sepa ra t i on  zones us ing  k i t e  anemometers and t e t h e r e d  

ba l loons .  U l t i m a t e l y  a  t a l l  tower i s  r e q u i r e d  f o r  s i t e  eva lua t i on ,  because 

techniques t o  e x t r a p o l a t e  10-m measurements t o  hub h e i g h t  f o r  a  l a r g e  wind 

t u r b i n e  do n o t  work w e l l ,  e s p e c i a l l y  over  n o n f l a t  t e r r a i n .  A r i g o r o u s  program 

o f  i ns t rumen t  maintenance and c a l i b r a t i o n  should be implemented t o  assure t h a t  

q u a l i t y  dec i s i ons  w i l l  be made based on measurements. 
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1  .0 I NTRODUCT I O N  

Abundant and i n e x h a u s t i b l e  wind can be a  va luab le  source o f  e l e c t r i c a l  

energy i n  a  power network. For  t h i s  resource t o  be u t i l i z e d ,  an e f f i c i e n t  

wind energy convers ion system (WECS) o r  a  c l u s t e r  o f  W E C S ( ~ )  must be e rec ted  

upon s i t e s  t h a t  have an adequate wind resource. To determine t he  adequacy o f  

t h e  resource,  t h e  magnitude and c h a r a c t e r i s t i c s  of t he  wind a t  a  s i t e ,  as w e l l  

as t h e  economic c o n s t r a i n t s  s p e c i f i c  t o  t he  s i t e ,  must be assessed. Once an 

op t ima l  s i t e  has been determined, how e f f e c t i v e l y  t he  wind resource i s  e x p l o i t e d  

depends on t h e  WECS c h a r a c t e r i s t i c s .  Undoubtedly, u t i l i t i e s  w i l l  dec ide t o  

i n s t a l l  a  WECS o r  a  c l u s t e r  o f  WECS based on a n a l y s i s  o f  t he  wind resource and 

t h e  c o s t  o f  e x p l o i t i n g  it, and on cons ide ra t i on  o f  t h e  impacts o f  adding WECS 

on u t i l i t y  opera t ions .  Such analyses r e q u i r e  es t imates  o f  t h e  energy genera t ion  

c h a r a c t e r i s t i c s  of t h e  WECS t h a t  may be compared t o  es t imates  f o r  o t h e r  p o t e n t i a l  

s i t e s  o r  o t h e r  forms o f  power generat ion.  

An e f f e c t i v e  WECS s i t i n g  program should p rov ide  t h e  necessary i n f o r m a t i o n  

f o r  s e l e c t i n g ,  eva lua t i ng ,  and u l t i m a t e l y  commit t ing t o  s i t e s .  To he lp  u t i l i t i e s  ( b )  

i d e n t i f y  and eva lua te  s i t e s ,  t h i s  document presents  s t r a t e g i e s  and techniques 

t h a t  may be used by those i n v o l v e d  i n  s e l e c t i n g  p o t e n t i a l  WECS s i t e s .  The 

me teo ro log i ca l  issues a r e  t h e  p r i n c i p a l  concern. T h i s  i n t r o d u c t o r y  chap te r  

begins by d i scuss ing  t h e  general  problems o f  wind t u r b i n e  s i t i n g  and by p o i n t i n g  

o u t  t h e  meteoro log ica l  problems f o r  which t h i s  document p rov ides  s o l u t i o n s .  

The ways t h a t  t h e  s o l u t i o n s  t o  t h e  meteoro log ica l  problems a re  shaped by wind 

resource c h a r a c t e r i s t i c s ,  by wind machine c h a r a c t e r i s t i c s  , and by wind energy 

economic assessment procedures a r e  a l s o  d iscussed b r i e f l y .  

1.1 WIND TURBINE SITING 

One o f  t he  p r i n c i p a l  d i f f e r e n c e s  between t h e  s i t i n g  o f  wind t u r b i n e s  and 

t h e  s i t i n g  o f  conven t iona l  power p l a n t s  i s  t h a t  t h e  performance o f  WECS i s  

( a )  The acronym WECS i s  used throughout  t h i s  r e p o r t  t o  denote s i n g u l a r  o r  
p l u r a l  as r e q u i r e d  by  t h e  con tex t .  

( b )  References made t o  u t i  1  i t i e s  i n  t h i s  r e p o r t  may a1 so r e f e r  t o  t h i r d  p a r t y  
ent repreneurs o r  meteoro log ica l  and eng ineer ing  consu l t an t s .  



governed by  t h e i r  l o c a t i o n s .  The s e n s i t i v i t y  o f  t h e  performance o f  a  c l u s t e r  

o f  wind t u r b i n e s  t o  i t s  l o c a t i o n  adds new cons ide ra t i ons  t o  t h e  process o f  

s i t i n g  gene ra t i on  f a c i l i t i e s .  The problems o f  power system p lann ing  f o r  con- 

v e n t i o n a l  systems must s t i  11 be addressed. Such problems i n c l u d e :  

l o a d  f o r e c a s t i n g  

gene ra t i on  system r e l i a b i l i t y  

gene ra t i on  system c o s t  

power- f low 

t r ansm iss ion  system r e l i a b i l i t y  

e l a n d  use, a v a i l a b i l i t y ,  and a c q u i s i t i o n  

o envi ronmenta l  and socioeconomic impact  assessments 

s i t e  eng ineer ing  and c o n s t r u c t i o n  

s i t e  s e c u r i t y  and sa fe t y .  

In  a d d i t i o n  t o  these t r a d i t i o n a l  problems, wind t u r b i n e  s i t i n g  r e q u i r e s  f u r t h e r  

un ique cons ide ra t i ons  i n  t h e  f o l l o w i n g  areas: 

me teo ro log i ca l  i ssues  

- s i t e  s e l e c t i o n  

- s i t e  e v a l u a t i o n  

- s i t e  development 

- s i t e  ope ra t i ons  

- assessment o f  p o t e n t i a l  hazards 

WECS hardware 

- cho ice  o f  WECS 

- o p e r a t i n g  w i t h  WECS 

- performance p r e d i c t i o n  

WECS economic e v a l u a t i o n  

- va lue  and c o s t  assessments 

- va lue  u n c e r t a i n t y  

0 ye t - to- be  a r t i c u l a t e d  i ssues .  

The cons ide ra t i ons  added t o  t h e  power p l a n t  s i t i n g  process by wind t u r b i n e  

s i t i n g  requi rements a r e  n o t  independent o f  t h e  aforement ioned dimensions o f  

conven t iona l  power p l a n t  s i t i n g ,  For  example, a c q u i s i t i o n  o f  l a n d  i s  a  problem 



i n  e i t h e r  case. Any procedure f o r  s i t i n g  wind t u r b i n e s  must b lend  i n  w i t h  

conven t iona l  procedures as much as poss ib l e .  ( a )  A s tudy  t o  cons ider  and meld 

a1 1 aspects o f  wind t u r b i n e  s i t i n g  i s  c u r r e n t l y  underway (De Meo 1979) and 

r e p o r t s  by Park e t  a l .  (1978), JBF S c i e n t i f i c  Co rpo ra t i on  (1979), and Marsh 

(1979) d iscuss  many aspects o f  wind t u r b i n e  s i t i n g .  

Th i s  r e p o r t  focuses on a p o r t i o n  o f  t he  wind t u r b i n e  s i t i n g  problem, namely 

t h e  me teo ro log i ca l  aspects o f  s i t i n g  l a r g e  wind t u r b i n e s .  The meteoro log ica l  

s i t i n g  problem, as d iscussed i n  t h i s  r e p o r t ,  may be broken i n t o  t h r e e  broad 

and somewhat ove r l app ing  phases. The f i r s t  i s  t h a t  o f  s i t e  s e l e c t i o n .  The 

problem i n  t h i s  phase i s  t o  l o c a t e  s i t e s  where t he  wind blows hard enough and 

f r e q u e n t l y  enough t h a t  t h e r e  i s  a good l i k e l i h o o d  t h a t  t h e  s i t e  w i l l  be o f  

s u f f i c i e n t  economic value, o r  a t  l e a s t  be o f  supe r i o r  va lue  t o  o t h e r  s i t e s  i n  

i t s  neighborhood. The s o l u t i o n  t o  t h i s  problem r e q u i r e s  an understanding o f  

t h e  wind resource, i t s  o r i g i n ,  s p a t i a l  and temporal d i s t r i b u t i o n ,  and i t s  

i n t e r a c t i o n  w i t h  topography. Most of t h i s  r e p o r t  i s  devoted t o  ach iev ing  t h i s  

understanding.  

Once cand ida te  s i t e s  have been i d e n t i f i e d ,  t h e  problem becomes one o f  

e v a l u a t i n g  t h e  p o t e n t i a l  o f  t h e  s i t e .  Appropr ia te  measurements must be made 

a t  a s i t e  t o  enable p lanners  t o  make t h i s  eva lua t i on .  To determine what da ta  

a r e  needed r e q u i r e s  unders t and i  ng o f  wind t u r b i  ne o p e r a t i n g  c h a r a c t e r i s t i c s ,  

WECS economic e v a l u a t i o n  procedures, and wind t u r b i n e / u t i l i t y  opera t ions .  

Sect ions 1.3 and 1.4 p rov ide  b r i e f  d iscuss ions  on wind t u r b i n e  c h a r a c t e r i s t i c s  

and WECS economics f rom which s i t e  e v a l u a t i o n  data c o l l e c t i o n  s t r a t e g i e s ,  

presented i n  Chapter 2, w i l l  be formulated.  Whether o r  n o t  those da ta  a r e  

comple te ly  adequate f o r  c e r t a i n  u t i  1 i ty  ope ra t i ons  and re1  i a b i  1 i ty assessment 

procedures has n o t  y e t  been a r t i c u l a t e d .  

( a )  A1 though t h i s  document does n o t  s p e c i f i c a l l y  address t h e  nonmeteorological  
s i t i n g  issues,  t h e  s t r a t e g i e s  presented here do a t tempt  t o  a n t i c i p a t e  t h e  
t i m i n g  and nonmeteoro log ica l  da ta  requi rements ( n e i t h e r  o f  which a r e  f u l  l y  
a r t i c u l a t e d  y e t  f o r  many i ssues )  o f  a f u l l y  i n t e g r a t e d  s i t i n g  program. 
Thus, i t  i s  assumed t h a t  general  l a n d  use and a v a i l a b i l i t y  ques t ions  would 
be addressed before p i n p o i n t i n g  cand ida te  s i t e s ,  and t h a t  p r e l i m i n a r y  
eng ineer ing  and c o n s t r u c t i o n  f e a s i b i l i t y  a t  an i d e n t i f i e d  cand ida te  s i t e  
would be assessed be fo re  embarking upon an e labo ra te  meteoro log ica l  measure- 
ment program. 



WECS c lus ter  development problems include determining locations and 

arrangements fo r  the wind turbines, assessing the meteorological character is t ics  

tha t  a f fec t  WECS operations and service l i f e ,  and addressing wind behavior 

tha t  affects  power output character is t ics  of the cluster  and WECS interaction 

within the c lus te r .  WECS hardware performance characteristics and electr ical  

engineering concerns once again impact the meteorological data collection 
s t rategies .  However, i t  i s  not yet clear what peculiar data requirements 

there might be, i f  any, to  deal with those concerns. The treatment of wind 
turbine clustering in th i s  report, therefore, deals primarily with the depletion 
of the wind resource in the wakes of wind turbines and does not address e lec t r ica l  
interactions in a c luster .  If actual experience in future cluster  operations 
makes cer tain s i t i ng  data requirements apparent that  are not met by the recom- 
mendations made here, appropriate adjustments to these recommendations will be 
made. 

The routine operation of wind turbine clusters in a power network may 

require, or a t  l e a s t  may be enhanced by, a knowledge of wind character is t ics  
tha t  a f fec t  the day-to-day operation of WECS in a u t i l i t y  mix of equipment. 
Research into the impacts of wind speed forecasts and the occurrence of wind 
character is t ics  or wind events on u t i l i t y  operations i s  an active research 
area in the Federal Wind Energy Program (Wegley 1979). Whether or  not wind 

data collected during the s i t i ng  process will be of use in l a t e r  operations i s  
not yet c l ea r ,  so no specific recommendations are made here. 

1.2 THE WIND RESOURCE 

If the atmosphere and oceans are  considered as an engine powered by the 
sun, then wind and weather are i t s  products. However, the heating of the 

earth and the subsequent energy transfers are very uneven. In the t ropics ,  
the ea r th ' s  surface faces the sun direct ly ,  b u t  in polar regions the sun's 
rays are tangential ,  which reduces the radiant energy received per uni t  area. 
Similarly, continents, oceans, mountains, deserts,  ice f i e lds ,  r ivers ,  and 
fores ts  cause strong local differences in energy transfer.  The spatial  

variations in heat t ransfer  create variations in the pressure f i e ld  tha t  cause 



a i r  t o  move i n  response to  forces directed from high-to-low pressure. In the 
vertical  direction, the pressure gradient force i s  usually cancelled by the 

downward gravitational force; therefore, the winds blow predominantly i n  the 

horizontal plane i n  response to  the horizontal pressure gradients. The 
atmosphere then s t r ives  to  mix the different  temperature and pressure a i r  
masses distributed across the ear th ' s  surface. This m i x i n g  process creates 
the 1 bi l l ion megawatts ( M W )  of kinetic energy available i n  the winds. Under- 
standing and predicting wind systems that  accomplish th is  mixing and red is t r i-  

bution of energy are the goals of meteorology. 

The processes involved in the mixing and redistribution of energy are  

complex and occur over a broad range of time and space scales. In addition to  

the pressure gradient and gravitational forces, the iner t ia  of the a i r ,  the 
ea r th ' s  rotation, and f r ic t ion  with the ea r th ' s  surface (manifested by turbu- 

lence within a few kilometers ( k m )  of the ground) a f fec t  winds. The influence 
of each of these forces on wind  systems d i f fe rs  depending on the scale of 
motion considered. One wind system, called the general circulation, involves 

wind patterns that  cover the en t i re  planet, Large-scale, prevailing near- 
surface wind directions of the general circulation are shown in Figure 1.1 . 
This figure i s  an oversimplification because i t  does not re f lec t  the effects  
continents have on the wind distribution. Upper atmosphere components of the 

general circulation include mid-lati tude j e t  streams. The mid-lati tude westerly 
j e t  streams migrate southward over the United States in the winter and have a 
great influence on mid-latitude cyclonic storms (which are the next smaller 
scale wind system) because the j e t  stream moves and s teers  these storms. 
Since storms provide a large portion of the wind power in some areas, knowing 
j e t  stream behavior helps significantly in interpreting a season or year of 
f i e ld  measurements. For example, i n  the winter of 1976-1977 the j e t  stream 
continually steered storms from the Pacific Ocean north of the U.S. West 

Coast, resulting i n  a West Coast drought and lower than normal wind speeds, 

b u t  consistently steered severe storms out of Canada into the U.S. Northeast. 

This ac t iv i ty  i s  believed to  have been related t o  a sea-surface temperature 

anomaly i n  the Pacific Ocean. Smaller scale systems than the j e t  streams and 
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FIGURE 1  .l. Surface Winds o f  the  General C i r c u l a t i o n  

c y c l o n i c  storms a r e  t he  mesoscale wind systems. Mesoscale e f f e c t s  on wind 

f l o w  i n c l u d e  topograph ica l  and thermal i n f l u e n c e s  on f l ows  r e l e v a n t  t o  WECS 

s i t i n g  (d iscussed  i n  Chapter 5) and thunderstorms. A t  t h e  s m a l l e s t  s c a l e  a r e  

t h e  mic rosca le  mot ions, which i n c l u d e  tu rbu lence .  

Each o f  t h e  above c i r c u l a t i o n  p a t t e r n s  a f f e c t s  t h e  winds, and thus  t h e  

v i a b i l i t y  o f  t h e  wind energy resource, a t  a  g i ven  l o c a t i o n .  

Q u a n t i f y i n g  t h e  wind resource  over  v e r y  l a r g e  areas i s  an a i d  t o  l o c a t i n g  

s p e c i f i c  e x p l o i t a b l e  reg ions .  An a n a l y s i s  o f  t he  wind resource i n  t h e  U n i t e d  

S ta tes  by E l  1 i o t t  (1977) focused on t h e  48 cont iguous s t a t e s  (see F igu re  1 .2 ) .  

The map i n  F i g u r e  1.2 g ives  an es t imate  o f  t h e  annual average wind power i n  
2  W/m t h a t  i s  a v a i l a b l e  f o r  e x t r a c t i o n .  The va lues r e f l e c t  t h e  i n f l u e n c e  o f  

mountains, bodies o f  water,  and l a r g e  p l a i n s .  However, topograph ica l  enhance- 

ment o r  r e d u c t i o n  of  winds may cons iderab ly  mod i fy  these es t imates  (see 

Chapter 5 ) .  I n  mountainous reg ions  ( i n d i c a t e d  by M on t h e  map), t h e  es t imates  

r e f 1  e c t  t h e  1  ower 1  i m i  t s  expected f o r  t h e  t y p i c a l  we1 1  -exposed s i t e s  . 





In cer tain nonmountainous regions, the mean annual wind power i s  high 
2 (> - 400 W/m ) .  High wind power also appears over the central and southern 

Great Plains, offshore and exposed coastal s i t e s  of the Northeast and North- 

west, and in parts of Wyoming, Montana and the south Texas coast. A1 1 moun- 

tainous regions, except possibly some areas of the Southwest, are expected to  

have s i t e s  with considerable wind power. However, over most of the Southeast, 
2 wind power i s  quite low (1 00 W/m ) .  

Seasonal patterns of maximum wind power are similar to  annual patterns 

(see Figure 1.3). Over the eastern one-third of the nation, maximum wind 

power occurs during the winter and early spring. A spring maximum occurs over 
the Great Plains, the north-central s t a t e s ,  the Texas coast, most nonmountainous 

regions in the West (e .g . ,  the basins and broad val leys) ,  and offshore areas 
of central and southern Cal iforni a. Winter maxima occur over a1 1 mountainous 
regions, except for  some areas in the lower Southwest where the spring wind 
power appears about equally as  large. A summer maximum of wind power i s  shown 
t o  occur only on the offshore areas of southern Oregon and northern California. 

The maps in Figures 1 . 2  and 1.3 are  rather coarse; much important wind 
data i s  f i l t e r e d  out of these diagrams. For example, these maps do not contain 
the detailed structure that  would be produced by a i r  flowing over individual 
mountain ranges, large river systems, large bays, and expanses of rol l ing 
h i l l s .  In addition, the temporal information given i s  too coarse to  help much 
in the s i t i ng  of WECS. 

A more detailed evaluation of the U.S. wind  power potential i s  being 

conducted f o r  1 2  regions within the U.S. and i t s  t e r r i to r i e s .  (See Appendix 1 

for  examples of the products of the Northwest regional wind resource assessment). 

From these regional analyses, which are  to  be completed in 1981, a new national 

synthesis will be created to  update that  of E l l io t t  (1977). 

Even a f t e r  the regional assessments are completed, the principal problem 

in wind turbine s i t i ng  will continue: the wind resource i s  extremely variable. 
Annual average wind  speed, turbulence levels ,  seasonal wind patterns and 
diurnal changes i n  the wind can a l t e r  drast ical ly  over relat ively short  distances 





and e l e v a t i o n s .  These wind c h a r a c t e r i s t i c s  can a l s o  va ry  s i g n i f i c a n t l y  f r om 

yea r  t o  year ,  which can make i n t e r p r e t i n g  t h e  wind c l i m a t o l o g y  a t  a  s i t e  f rom 

sho r t - te rm  measurenients d i f f i c u l t .  An extended d i scuss ion  o f  wind v a r i a b i l i t y  

i s  g i v e n  i n  Appendix 3, f r om which t h e  f o l l o w i n g  examples have been excerpted.  

H o r i z o n t a l  and I n te rannua l  V a r i a b i l  i ty  

To i l l u s t r a t e  how c e r t a i n  wind c h a r a c t e r i s t i c s  may vary  w i t h  h o r i z o n t a l  

separa t ion ,  two s t a t i o n s  i n  Montana have been chosen. B u t t e  and Wh i t eha l l  a r e  

bo th  l o c a t e d  i n  t h e  mountains o f  southwestern Montana. Wh i t eha l l  i s  o n l y  

17 m i l e s  away f rom But te ,  b u t  i s  separated f rom B u t t e  by a  r i d g e .  Wh i t eha l l  

i s  near t h e  mouth o f  a  long,  n o r t h e a s t e r l y  s l o p i n g  v a l l e y .  I n  these v a l l e y s  

t h e  h i g h e s t  winds a r e  observed i n  t h e  w i n t e r ,  when s t r o n g  winds a t  h i g h e r  

e l e v a t i o n s  a r e  f r om t h e  southwest a long  t h e  v a l l e y  a x i s .  

F i g u r e  1.4 i l l u s t r a t e s  t h e  behav io r  o f  month ly  averaged wind speeds a t  

B u t t e  and Wh i t eha l l .  The average wind speeds a t  Wh i teha l l  were expected t o  be 

h i g h e r  t h a n  those a t  B u t t e  because o f  t h e  o r i e n t a t i o n  o f  t he  v a l l e y s .  T h i s  

assumption was c o r r e c t ,  as t h e  h o r i z o n t a l  l i n e s  rep resen t i ng  t h e  7- year averages 

show. 

F i g u r e  1 .4  a l s o  shows t h a t  t h e  wind c h a r a c t e r i s t i c s  va ry  f r om yea r  t o  

yea r  as w e l l  as ove r  d is tances .  For  example, Wh i teha l l  shows peaks i n  w i n t e r  

wind speeds, b u t  B u t t e  shows no cons is tency  f rom year  t o  yea r  i n  i t s  c o r r e l a -  

t i o n  w i t h  Whi t e h a l l  . The l a c k  o f  c o n s i s t e n t  c o r r e l a t i o n  f rom y e a r  t o  yea r  i s  

a l s o  shown i n  Tab le  1.1. As seen i n  t h i s  example, measurements made a t  one 

l o c a t i o n  may n o t  app ly  t o  o t h e r  nearby l o c a t i o n s ,  p a r t i c u l a r l y  i n  r eg ions  o f  

s i g n i f i c a n t  topography. Furthermore, changes f rom yea r  t o  yea r  imp l y  t h a t  

some wind c h a r a c t e r i s t i c s ,  such as seasonal v a r i a t i o n s  about t h e  annual average 

w ind  speed, may r e q u i r e  more than  one yea r  o f  measurements t o  determine t h e  

wind c l ima to logy .  Close coopera t ion  between me teo ro log i s t s  and power system 

p lanners  i s  r e q u i r e d  t o  de f i ne  t h e  l e n g t h  o f  measurement program r e q u i r e d  i n  a  

g i v e n  reg ion .  
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FIGURE 1.4. Seven ~ e k r s  of Monthly Mean Wind Speeds f o r  Butte and Whi t e h a l l  , 
Montana. Horizontal 1 ines  represent  7-year means. 

TABLE 1 . l .  Variat ion of the  Yearly Estimates of the  Corre la t ion  Coeff ic ient  of 
Monthly Mean Wind Speeds Between Whitehall and Butte Montana. The 
c o r r e l a t i o n  c o e f f i c i e n t  over 84 months i s  r = 0.12. 

Year 
1963 1964 1950 1951 1952 1953 - 1954 

Corre la t ion  27 
Coeff ic ient  0.23 -0.38 0.01 -0.20 0.54 0.03 

Vert ical  Wi nd Vari abi 1 i t y  

Figure 1 .5  shows t h e  annual average diurnal  wind v a r i a t i o n  a t  t h ree  

l e v e l s  taken from a y e a r ' s  da ta  co l l ec ted  from a t a l l  meteorological tower i n  

cen t ra l  Okl ahorna (Crawford and Hudson 1973). The 1 eve1 s correspond t o :  t he  

height  of typica l  sur face  wind measurements, t h e  hub height  of a mu1 ti-megawatt 

1 arge wind tu rb ine ,  and t h e  top  of the r o t o r  d isk  of a l a r g e  wind tu rb ine .  
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F IGURE 1.5. Annual Average Diurnal Variation a t  Three Elevations. Results 
a re  based on a s ingle  year of measurement a t  a  s i t e  near 
Oklahoma City,  Oklahoma. Elevations correspond t o  a typical  
surface measurement height; h u b  height f o r  a l a rge ,  horizontal 
axis  wind turbine;  and the  top of the ro tor  disk of such a 
turbine.  

Figure 1 .5  i l l u s t r a t e s  how great ly  diurnal behavior can change over ver t i ca l  

distances comparable t o  the  s i z e  of large  wind turbines.  A wind turbine 

located a t  a s i t e  w i t h  wind behavior as depicted in Figure 1.5 would, on an 

annual average, produce more energy a t  night than during the day. This i s  

dramatically d i f f e r en t  than what would have been expected from simple extrapo- 

la t ions  of surface data.  Since extrapolation of near-surface winds t o  higher 

l eve l s  cannot be done with su f f i c i en t  accuracy (see  Appendix 2 ) ,  i t  i s  c l ea r  

t h a t  a t  some point i n  the  s i t i n g  process d i r ec t  measurements a t  levels  comparable 

t o  the  height of the  wind turbine will be required. 

Tem~oral and Interannual Vari abi 1 i  t v  

Figure 1.6 i s  an example of the  year-to-year differences in  diurnal wind 
behavior i n  the  month of July a t  Great Fal ls  International Airport ,  Montana. 
In t h i s  f igure ,  the monthly averaged diurnal cycles f o r  three  consecutive 
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FIGURE 1.6. Monthly Averaged D iurna l  Wind Speed Cycle f o r  Great Fa1 1 s , Montana. 
Average d i u r n a l  cyc le  f o r  1 month i n  each season f o r  3 consecut ive 
years are  compared w i t h  a 17-year mean. 

years a re  compared t o  the long- term J u l y  d i u r n a l  cyc le.  The f i g u r e  shows t h a t  

year- to-year d i f f e rences  can be s i g n i f i c a n t .  Although gross fea tures  o f  t he  

d i u r n a l  cyc le  can be es tab l ished w i t h  a s i n g l e  year  o f  data, more d e t a i l e d  

c h a r a c t e r i s t i c s  (such as the  ampli tude o f  the d i u r n a l  modulat ion and the  t ime- 

of-day o f  maximum winds) cannot. 

Discover ing p o t e n t i a l  s i t e s  and c o n f i d e n t l y  assessing the  long- term 

behavior o f  wind energy resources a t  those s i t e s  are  the  p r i n c i p a l  meteoro- 

l o g i c a l  problems o f  wind t u r b i n e  s i t i n g .  To do t h i s  e f f e c t i v e l y  requ i res  

thorough understanding o f  the v a r i a b i l i t y  o f  the  wind resource. Once a poten- 

t i a l  s i t e  has been i d e n t i f i e d ,  w i  nd machines capable o f  e f f i c i e n t  conversion 

o f  wind energy a t  the  proposed s i t e  must be i d e n t i f i e d  and considered i n  terms 

o f  the  s i t e  wind c h a r a c t e r i s t i c s .  Wind machines, t h e i r  response t o  the  v a r i a b l e  



wind resource, and t h e  i m p l i c a t i o n s  o f  t h e i r  response f o r  wind data c o l l e c t i o n  

s t r a t e g i e s  a r e  t h e  sub jec ts  o f  t h e  f o l l o w i n q  sect ion.  

1.3 WIND ENERGY MACHINES 

Throughout h i s t o r y  people have converted the k i n e t i c  energy o f  t he  wind 

i n t o  more usable forms o f  energy. With the  except ion o f  s a i l  power f o r  boats 

and ships, most o f  these conversions have been t o  mechanical energy t rans-  

m i t t e d  v i a  t h e  torque on a  r o t a t i n g  shaf t .  Most wind energy machines then 

i n v o l v e  some form o f  r o t o r  t o  serve as the d i r e c t  l i n k  between moving a i r  and 

a  r o t a t i n g  sha f t .  Rotors, obviously ,  r o t a t e  about an ax is ,  e i t h e r  hor izon-  

t a l l y  o r  v e r t i c a l l y .  F igure  1.7 shows s i x  types o f  WECS. These types do n o t  

represent  every developed o r  proposed WECS, nor a re  they a1 1  s u i t e d  t o  d r i v i n g  

megawatt-scale generators. However, these machines i l l u s t r a t e  var ious  design 

concepts. 

P a r t  A o f  F igure  1.7 i s  the f a . m i l i a r  water pumper, s t i l l  used ex tens i ve l y  

i n  p a r t s  o f  the  Un i ted  States. It faces i n t o  the  wind guided by a  t a i l  t h a t  

ac ts  l i k e  a  weather vane t a i l .  I n  h igh  winds the  angle between the  t a i l  and 

t h e  r o t o r  may be i n t e n t i o n a l l y  reduced from i t s  normal opera t ing  p o s i t i o n .  

S t i l l ,  t he  t a i l  l i n e s  up w i t h  the  wind so l e s s  f r o n t a l  area o f  t he  r o t o r  d i s k  

i s  exposed t o  t h e  wind, thus reducing the  power captured and the  wind l oad ing  

on the  machine. The s o l i d i t y ,  which i s  the r a t i o  o f  blade area t o  the  area 

swept by the  blades, i s  high. High s o l i d i t y  r e s u l t s  i n  a  h igh  torque when the  

r o t o r  s t a r t s  f rom r e s t .  Diameters o f  these machines are up t o  about 5 m. 

Figure  1.76 shows a  two-bladed ho r i zon ta l - ax i s  machine w i t h  a  generator 

loca ted  w i t h i n  t h e  nace l l e  atop the  tower. Each blade resembles a  wing i n  

shape and may be as l ong  as 20 m t o  50 m. E l e c t r i c a l  capac i t i es  o f  t h e  wind 

t u r b i n e  generators would correspondingly  run  from 0.1 MW t o  a  few MW f o r  these 

blade s izes .  The blades a re  pos i t i oned  on the downwind s ide  o f  the  tower. 

Th i s  downwind p o s i t i o n  i s  a  n a t u r a l l y  s t a b l e  conf igura t ion ,  which helps keep 

t h e  blades downwind of the  tower as the  wind d i r e c t i o n  changes. Motors and 

brakes a re  used t o  change and ho ld  the  o r i e n t a t i o n .  A l l  wind machines exper i-  

ence changes i n  wind speed w i t h  height ,  u s u a l l y  caused by f r i c t i o n  r e t a r d i n g  





t h e  near- sur face  winds. T h i s  causes c y c l i c  s t resses  t o  be p u t  on each b lade  

as i t  passes f r om t h e  h igh-wind p o r t i o n  o f  i t s  r o t a t i o n  i n t o  t h e  low-wind 

p o r t i o n .  These c y c l i c  s t resses  a r e  accentuated when t h e  machine i s  i n  t h e  

downwind c o n f i g u r a t i o n  because o f  t h e  "wind shadow" o f  t h e  tower.  The l oads  

on t h e  b lades a r e  t r a n s m i t t e d  t o  t he  tower.  The tower shown i s  a  " s t i f f "  

tower, i .e . ,  t h e  n a t u r a l  f requency o f  t h e  tower i s  h i g h e r  than t h e  f requency 

o f  t h e  c y c l i c  loads  on  it. 

A two-bladed wind machine maj  a l s o  be designed t o  operate i n  t h e  upwind 

c o n f i g u r a t i o n  shown i n  F i g u r e  1.7C. Th i s  des ign  avoids tower shadow problems. 

The c y c l i c  s t r esses  caused by  t h e  change i n  wind w i t h  h e i g h t  a r e  a l s o  reduced 

by a l l o w i n g  t h e  b lades t o  " t e e t e r "  o n  t h e  main hub ax le .  The example shown 

has a " s o f t "  tower,  which means t h e  n a t u r a l  f requency o f  t h e  tower i s  l e s s  

t han  t h e  f requency of t h e  c y c l i c  s t resses  on i t  d u r i n g  normal o p e r a t i o n .  A 

s o f t  tower  i s  l e s s  expensive b u t  as t h e  b lades beg in  t u r n i n g  t h e  system must 

pass through t h e  n a t u r a l  o r  resonant  f requency. 

F i g u r e  1.7D shows a  th ree- b lade  upwind- conf igura t ion  machine. I n  t h i s  

machine, t h e  d r i v i n g  o r  wing-shaped p o r t i o n  o f  t h e  b lade  does n o t  beg in  r i g h t  

a t  t he  hub b u t  a t  some d i s tance  f rom the  hub. Because t h e  f o r c i n g  near t h e  

hub i s  weak, 1 i t t l e  energy i s  l o s t  by t h i s  adap ta t ion .  The s h a f t s  upon which 

t h e  b lades a r e  mounted may be r o t a t e d  t o  c o n t r o l  t h e  p i t c h  o f  t h e  "wing" w i t h  

r e s p e c t  t o  t h e  a i r f l o w .  T h i s  p o s i t i o n i n g  may a l s o  occur  on a l l  o r  p o r t i o n s  o f  

t h e  b lades o f  machines B y  C, o r  D .  

Two t ypes  o f  v e r t i c a l - a x i s  machines a r e  shown i n  F igu re  1.7. P a r t  E i s  

t h e  Da r r i eus  r o t o r  and p a r t  F t h e  Savonius. An advantage o f  v e r t i c a l - a x i s  

machines i s  t h a t  t hey  do n o t  have t o  be t u rned  i n t o  t h e  wind as t h e  w ind  

d i r e c t i o n  v a r i e s ,  and they  a r e  i n f l u e n c e d  l e s s  by t h e  change o f  t he  w ind  w i t h  

h e i g h t .  The genera to r  i s  e a s i l y  mounted a t  ground l e v e l  w i t h  a  v e r t i c a l - a x i s  

r o t o r .  Da r r i eus  b lades a r e  wing-shaped i n  c ross  sec t ion ,  whereas t h e  Savonius 

r o t o r  i s  an S shape capped a t  upper and lower  ends. The b lades on t h e  Da r r i eus  

move th rough t h e  a i r  much f a s t e r  t han  do t h e  Savonius blades. The s lower ,  

heav ie r  Savonius d e r i v e s  i t s  r o t a t i o n  mos t l y  f rom drag  on t h e  r o t o r  r a t h e r  

than  l i f t  on a  wing and t he re fo re  behaves more l i k e  t h e  pumper o f  F i gu re  1.7A. 



The amount of energy i n  the  wind t h a t  can be ex t rac ted  and converted t o  

mechanical o r  e l e c t r i c a l  energy depends upon a complex cha in  o f  ac t ions .  This 

cha in  begins as the wind i n t e r a c t s  w i t h  the  r o t o r ,  which converts the wind 

energy t o  mechanical energy. The mechanical energy could then d r i v e  a generator 

t h a t  produces e l e c t r i c i t y  o r  perhaps d r i v e  a pump. The way t h a t  t h i s  conversion 

of wind energy occurs i s  discussed below. 

1.3.1 Convert ing Wind Energy t o  E l e c t r i c a l  o r  Mechanical Energy 

The r a t i o  o f  t he  power captured and de l i ve red  as mechanical o r  e l e c t r i c a l  

power t o  t h e  power i n  the wind impinging on the  wind machine i s  the power 

c o e f f i c i e n t  ( C  ) .  A s i m i l a r  power c o e f f i c i e n t  e x i s t s  f o r  t he  r o t o r ,  which i s  
P 

t he  r a t i o  o f  the  power de l i ve red  t o  the  r o t a t i n g  s h a f t  by the  r o t o r  t o  t he  

power i n  the  wind. The behavior o f  the  r o t o r  power c o e f f i c i e n t  as a f u n c t i o n  

o f  t i p  speed r a t i o  ( t h e  r a t i o  o f  blade t i p  speed t o  wind speed) i s  i l l u s t r a t e d  

f o r  several types o f  r o t o r s  i n  F igure  1.8. I n  t h i s  f i gu re ,  the d i f f e rences  i n  

e f f i c i e n c i e s  and t i p  speeds o f  t he  two-blade wind machines and the  Savonius o r  

t h e  pumper are  apparent. The h igher  s o l i d i t y  i n  the  Savonius and the  pumper 

g ives them a h igher  s t a r t i n g  torque. The h igher  s t a r t i n g  torque and the  lower 

t ip-speed r a t i o  make these types o f  machines i d e a l  f o r  low-speed uses, such as 

pumping and m i  11 i ng. 

The behavior o f  t h e  r o t o r  power c o e f f i c i e n t  f o r  ho r i zon ta l  a x i s  wind 

tu rb ines  can be understood by examining the  fo rces  on the  blade t h a t  make 

the  r o t o r  r o t a t e  (see F igure  1.9). The wind v e l o c i t y  (VW) s t r i k e s  the  blade 

element, b u t  s ince the  blade i s  moving a t  speed VB, the  blade sees a r e l a t i v e  

wind vec tor  ( V R )  The angle of a t tack  (a) i s  the  angle between VR and the  

chord o f  t he  blade. The p i t c h  angle (6) i s  the  angle between the plane o f  

r o t a t i o n  o f  t he  blade element and the  chord o f  the blade. There i s  a 1 i f t  

f o r c e  ( L )  caused by t h e  aerodynamics o f  t h e  blade and a drag fo rce  ( D ) .  The 

r e s u l t a n t  f o r c e  (F)  has a component i n  the d i r e c t i o n  of r o t a t i o n  t h a t  susta ins 

blade speed VB. The useful  power t rans fe r red  t o  the  b lade depends upon the  

1 i f t  and drag c h a r a c t e r i s t i c s  of the  a i r f o i l ,  VR, and a. Because the  blade 

ro ta tes ,  VB increases w i t h  d is tance from the  hub. For a g iven wind v e l o c i t y  
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V W ,  the angle between V W  and V R  i s  a function of the radius also. To keep a l l  

segments of the blade a t  peak efficiency a t  wind velocity VM,  the blade must 
twist  from a high angle to  the plane of rotation a t  i t s  root to  a small angle 

a t  i t s  t i p .  Since the blade roots contribute l i t t l e  to  the power extracted, 

some designs such as tha t  in Figure 1.7D trade away th i s  power for  the less  
expensive nontwisted blade. As the wind speed increases, the rotation ra te  

increases, the  ti^ speed r a t i o  i ncreases, and the power coefficient increases 
until  a maximum rotor efficiency i s  achieved. Then as the wind speed increases, 
the angle of attack becomes too large and the efficiency declines until some 

point where the blade s t a l l s  and l i f t  ceases. 

Optimum rotor efficiency as a function of wind speed requires that  an 

ef f ic ien t  angle of attack be preserved. This can be achieved in different  
ways. If the rotation ra te  of the rotor i s  variable such that  the t i p  speed 
r a t io  i s  nearly constant, optimum efficiency resul ts .  This i s  frequently the 

strategy of systems using induction generators that  do not require a constant 

generator shaft  rotation rate .  However, most 1 arge wind  turbines using 
synchronous generators require tha t  the generator shaft  turn a t  a constant 

ra te .  For those systems, gear shif t ing between the rotor and the generator a t  

discrete  intervals can maintain the t i p  speed r a t io  in a desired optimum 
range. S t i l l  another approach i s  to adjust the pitch of a portion or a l l  of 
each bl ade. 

Operation of 1 arge wind  turbines i s  usually controlled by a microprocessor 
that  i n i t i a t e s  turbine maneuvers based i n  part on the s t a t e  of the wind, 
usually sampled a t  the nacelle. The strategy for  sampling and processing the 
wind  data i s  programmed into the wind turbine microprocessor, and i s  a resu l t  
of energy-capture optimization studies of the designers. A t  very low wind 

speeds, there i s  not enough power in the wind to power the system so the 
turbine remains on standby. When the winds exceed a specified cut-in wind 

speed f o r  a suff ic ient  length of time, the control system i n i t i a t e s  startup 
procedures, and some minutes l a t e r  the turbine feeds power into the grid. If 
the wind speed or power output drops below some specified level the turbine i s  

shut down again. As the wind speed increases, the various mechanisms discussed 



above a r e  employed t o  enhance e f f i c i e n t  energy capture. A t  t he  r a t e d  wind 

speed the  power ou tpu t  reaches the  ra ted  power o f  the  generator.  A t  wind 

speeds above rated,  p i t c h  c o n t r o l  o r  f l a p s  on the  blade are used t o  reduce 

r o t o r  e f f i c i e n c y  by s p i l l i n g  excess power from the  machine such t h a t  t h e  power 

ou tpu t  remains a t  t h e  r a t e d  output  o f  the  generator.  I f  the  wind d i r e c t i o n  

changes f o r  a  s p e c i f i e d  amount o f  t ime and by a  g iven amount (which may be a 

f u n c t i o n  o f  wind speed) the  con t ro l  system may i n i t i a t e  a  r e o r i e n t a t i o n  o f  t he  

tu rb ine .  I f  t h e  wind d i r e c t i o n  changes by a l a r g e  amount o r  i f  the  wind speed 

exceeds a cu t- ou t  speed, t h e  c o n t r o l  system w i l l  order  the  machine t o  shut  down. 

When the  e f f i c i e n c i e s  o f  a l l  elements o f  the  power t r a i n  a re  combined 

w i t h  the  r o t o r  e f f i c i e n c y ,  a power c o e f f i c i e n t  versus windspeed curve may be 

drawn (see F igure  1  . l o ) .  I f  t h i s  C i s  m u l t i p l i e d  by the  power i n  the  wind a t  
P 

a  g iven wind speed ( a  dens i t y  o f  a i r  i s  assumed and the  area o f  t he  r o t o r  d i s k  

i s  used) a  power ou tput  curve as seen i n  F igure  1.11 r e s u l t s .  

WIND SPEED (mlsec) 

FIGURE 1  . l o .  Power C o e f f i c i e n t  of a Typ ica l  Large Wind Turbine 
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FIGURE 1.11. Example of Power Output Curve f o r  a Typica l  Large 

Wind Turbine. Wind speeds r e f e r  t o  hub he igh t .  

1.3.2 Computing Machine Output 

A fundamental o b j e c t i v e  o f  a wind t u r b i n e  s i t i n g  program i s  t o  c o l l e c t  

da ta  t h a t  enables a u t i l i t y  t o  p r e d i c t  the  f u t u r e  power and energy ou tpu t  

c h a r a c t e r i s t i c s  o f  machines t o  be erec ted  a t  t he  s i t e .  Power ou tpu t  charac- 

t e r i s t i c s  a re  most s imply est imated us ing  power ou tpu t  curves l i k e  t he  one i n  

F igure  1.11. 

Hub-height wind speeds, f r e q u e n t l y  sampled (e.g., 2-minute averages), can 

be used t o  p r e d i c t  power ou tpu t  when the  wind t u r b i n e  i s  synchronized w i t h  t he  

g r i d .  The usefulness o f  t he  power curve t o  model l a r g e  wind t u r b i n e  p e r f o r -  

manice i n  t h i s  way has been reasonably w e l l  v e r i f i e d  i n  t he  f i e l d  as F igure  1.12 

shclws (Glasgow and Robbins 1979). The s c a t t e r  around each c e n t r o i d  o f  p o i n t s  

cou ld  r e s u l t  from a number o f  causes such as: yaw e r r o r  (misal ignment o f  

t u r b i  ne and wind) ; h o r i z o n t a l  wind speed ' v a r i a t i o n s  between meteor01 og i  c a l  
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FIGURE 1 .I 2. Comparison of Measured and Predicted Power, Mod-OA, 200-kW 
Wind Turbine, Clayton, New Mexico (Glasgow and Robbins 1979) 

tower and turbine;  and wind shear (var ia t ion  of wind speed w i t h  height) .  
However, the accuracy t o  which wind speeds averaged over other in te rva l s  of 
time, e.g.,  hourly, can model the  power output of large wind  turbines i s  not 

known. The behavior of machines with pitch control ,  yawing mechanisms, gear 
shi f t i  ng , acd programmed s ta r tup  and shutdown procedures i s  complex. Data 
capable of simulating the control procedures of a large wind turbine a r e  a 
logical  upper l i m i t  t o  the  sophis t ica t ion of data col lect ion necessary t o  
achieve hourly energy production estimates required f o r  wind turbine energy 
resource economic evaluation (see  Section 1 . 4 ) .  The data col lect ion procedures 
are  discussed i n  Chapter 2.  ( a )  Simpler estimates can, of course, be made with 
hourly averaged data or  wind speed probabil i ty d i s t r ibu t ions ,  b u t  w i t h  some 
presumed and undetermined loss  of accuracy. 

( a )  As discussed i n  Section 1.1, t h i s  repor t  deals only with meteorological 
data requirements f o r  energy planning purposes and does not deal with 
addit ional  data  t h a t  may or  may not be required fo r  studying wind turbine 
inipacts on u t i  1 i t y  system operations. 



Cl i f f  (1 977) demonstrated a method for  simply estimating the long-term 
average extractable power (expressed in kWh/yr) by multiplying the power- 
output curve by the measured wind speed probability dis t r ibut ion and inte-  
grating the resulting curve over a l l  wind  speeds (see Figure 1.13). The area 

under the third curve represents the average power output, a number which may 
be used to  compare with other s i t e s  or machines. Cl i f f  found that  i f  the mean 

wind speed i s  >4.5 m/sec, t h i s  technique can be used by assuming a Rayleigh 
dis t r ibut ion(a)  and will provide reasonable estimates of the average extract-  

able power even though the actual distribution may d i f fe r  substantially from a 

Rayleigh distribution. This resu l t  occurs because of the f i l t e r ing  ef fec t  the 

wind turbine power curve has upon the wind speed probability distribution. Of 

course, a serious s i t ing  investigation will measure the distribution d i rec t ly ,  

a t  leas t .  Although these methods were applied to  long-term power output, the 

method could also be applied t o  the seasonal or diurnal variations of mean 

wind speed to obtain approximate averages of the temporal variation of power 
output characteristics.  

Cliff  (1977) generated a number of useful simplified curves for  making 
quick and basic estimates of wind turbine performance character is t ics .  A 

Rayleigh distribution was assumed and a simplified wind turbine performance 

curve was used, which was similar to  that  in Figure 1 . l l  but with a l inear 
ramp between cut-in and rated wind  speeds. The shaded area of the distribution 
in Figure 1.13 represents the fraction of time the machine will be down or not 
operating because of winds below cut-in or above cut-out speed. Figure 1.14 
shows the percentage of downtime versus annual mean wind speed w i t h  various 
machine character is t ics .  Similarly, Figure 1.15 shows the percentage of time 
a machine i s  r u n n i n g  a t  i t s  rated output. Figure 1.16 i l l u s t r a t e s  the average 

( a )  The Rayleigh dis t r ibut ion i s  an analytical expression of a probability den- 
s i t y  function of wind  speed. I t  seems to f i t  many observed wind speed 
distributions reasonably well, although there are exceptions. The advantage 
of using the Rayleigh distribution i s  t h a t  i t  i s  completely specified by 
one parameter, the long-term average wind speed. Therefore, i f  only the 
average wind speed i s  known or measured, a reasonable estimate of the 
probabili t ies of occurrence of wind speeds around the mean can be made 
(see Chapter 10). 
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power o u t p u t  versus mean wind speed f o r  va r i ous  machine c h a r a c t e r i s t i c s .  A  

100% a v a i l a b i l i t y  was assumed so t h a t  i f  an ac tua l  a v a i l a b i l i t y  f a c t o r  o f  90% 

(1 0% downtime due t o  scheduled o r  unscheduled shutdowns caused by o t h e r  than  

i n s u f f i c i e n t  o r  excess ive  winds) i s  a n t i c i p a t e d ,  t he  r e s u l t s  i n  these  f i g u r e s  

should be ad jus ted  acco rd ing l y .  

These techniques a r e  t h e  t o o l s  f o r  making bas i c  es t imates  o f  t h e  energy 

p roduc t i on  c h a r a c t e r i s t i c s  f o r  a  s p e c i f i e d  machine and t h e  wind c h a r a c t e r i s t i c s  

o f  a  p a r t i c u l a r  s i t e .  However, t h e  d e c i s i o n  t o  i n s t a l l  w ind t u r b i n e s  a t  a 

s i t e  depends on  t h e  a n a l y s i s  o f  t h e  va lue  and c o s t  o f  t h e  energy produced. 

1.4 EVALUATING THE RESOURCE 

Generic models have been developed t o  analyze t h e  va lue  and c o s t  o f  

energy produced by a  c l u s t e r  o f  WECS i f  t h e  e x i s t i n g  p l ann ing  procedures used 

by u t i l i t i e s  a r e  s l i g h t l y  m o d i f i e d  [see JBF S c i e n t i f i c  Corp. (1979) and Marsh 

(1979).] The E l e c t r i c  Power Research I n s t i t u t e  (EPRI) a l s o  d iscusses s tandard  

methods o f  e v a l u a t i n g  e l e c t r i c a l  gene ra t i on  a1 t e r n a t i v e s  (EPRI 1979).  Once 

t h e  va lue  o f  wind energy (VOE) i s  computed, i t  i s  compared w i t h  t h e  c o s t  o f  

wind energy produced (COE). I f  t h e  VOE i s  p r e d i c t e d  t o  be g r e a t e r  t han  t h e  

COE a t  a  g i v e n  s i t e  f o r  a  g i v e n  WECS c l u s t e r ,  then  i t  would be economica l l y  

b e n e f i c i a l  t o  develop t h e  s i t e .  I f  t h e  COE exceeds t h e  VOE, u t i l i t y  system 

cos t s  would be h i g h e r  if t h e  c l u s t e r  were developed than  i f  convent iona l  

a l t e r n a t i v e s  were chosen. I n  t h i s  l a t t e r  case, t he  wind t u r b i n e  c l u s t e r  c o u l d  

o n l y  be developed i f  o t h e r  cons ide ra t i ons  (e.g., s o c i e t a l  va lues o r  i n s t i t u t i o n a l  

mandate) d i c t a t e d  t h a t  t h e  consequent e l e c t r i c i t y  r a t e  inc reases  would be 

p r e f e r a b l e  t o  t h e  convent iona l  op t i on .  

To determine t h e  va lue  o f  wind energy, u t i l i t y  system p roduc t i on  c o s t  

es t imates  a r e  ob ta i ned  f o r  a  base case w i t h o u t  wind energy, and f o r  a  m o d i f i e d  

case where wind-generated e l e c t r i c i t y  i s  used t o  s a t i s f y  a  p o r t i o n  o f  t h e  l o a d  

be fo re  t h e  m o d i f i e d  p roduc t i on  c o s t  es t imates  a r e  made. T y p i c a l l y ,  h o u r l y  

es t imates  of  wind t u r b i n e  o r  wind t u r b i n e  c l u s t e r  energy p roduc t i on  a re  used 

f o r  t h e  b a s i c  wind energy data.  As d iscussed i n  Sec t i on  1.3.2, accura te  



hourly wind turbine energy production estimates may require wind data more 
frequently than hourly to  sa t i s fac tor i ly  simulate hourly energy production. 
The generation mix of conventional equipment assumed for  the modified case may 
be the same as the base case; i f  so the wind turbines are used as fuel savers 

only. Or, the generation mix may be optimized to account for  capacity c redi t  

awardable to WECS. However, the issue of capacity c redi t  for  wind turbines i s  
s t i  11 highly controversial . The stream of conventional system production 

costs i n  both cases are computed and expressed as a present value i n  the 

analysis year. The difference in the levelized production costs of the two 

cases i s  the savings obtained by adding WECS to the generation mix of the 
u t i l i t y .  These savings resul t  from fuel savings for  the conventional equipment 

and to  a lesser  extent from the reduction in fixed costs for maintaining a 

reserve margin for  u t i l i t y  system re l i ab i l i t y  using conventional equipment 
(JBF Scient i f ic  Corp. 1979). The production cost savings are  the value of the 
wind energy t o  a u t i l i t y  and may be expressed in $, $/kW, or $/kwh. The VOE 

therefore represents the maximum amount of money a u t i l i t y  could afford to  

spend on WECS over the l i f e  of the machine without increasing system production 

costs.  

Seasonal and diurnal variations of the wind significantly a f fec t  the 
value of wind energy, since these factors determine the types of fuel and 
equipment that  the WECS will displace. U t i l i t i e s  will attempt to  operate the 
equipment that  i s  l eas t  expensive to  r u n  (low incremental costs) to  sa t i s fy  
base loads and only run the more expensive equipment (high incremental costs)  
as i t  i s  needed for  peak loads. If the load has a nocturnal minimum a larger 
fraction of the u t i l i t y ' s  nocturnal load m i g h t  be served by a low-fuel-cost 
b u t  high-capital-cost system such as nuclear; during the daytime peak load the 
high-fuel-cost peaking equipment would be operating. In th i s  instance, wind  
energy from a s i t e  with a daytime maximum would be of more value than from a 

s i t e  with a nighttime maximum, since energy produced a t  the f i r s t  s i t e  would 

displace more high-fuel-cost equipment than the second s i t e .  I t  i s  even 
conceivable tha t ,  a t  s ignif icant  penetrations of WECS, not a l l  of the wind- 
generated e l ec t r i c i ty  available a t  minimum load conditions could be fu l ly  

ut i l ized.  For example, a nighttime load could be met by nuclear (which i s  not 



al lowed t o  l o a d  f o l l o w )  and combustion tu rb ines  ( f o r  load f o l l o w i n g  and main- 

t a i n i n g  re1  i a b i  1 i t y )  . I n  t h i s  circumstance t h e  wind energy cannot d i sp lace  

nuclear,  nor  can i t  be a1 lowed t o  d isp lace much o f  the  f o s s i l  f u e l  l oad  

f o l l o w i n g  p l a n t s  s ince  they a re  requ i red  f o r  ma in ta in ing  r e l i a b i l i t y .  There- 

fore ,  wind c h a r a c t e r i s t i c s  must be matched t o  both load and u t i l i t y  opera t iona l  

c h a r a c t e r i s t i c s  t o  be o f  maximum value. 

The c o s t  o f  energy i s  the present  va lue o f  the  stream o f  cos ts  associated 

w i t h  purchasing, s i t i n g ,  i n s t a l l i n g ,  owning, operat ing,  and ma in ta in ing  a 

WECS. I t  i s  t he re fo re  a minimum l e v e l i z e d  p r i c e  t h a t  must be charged f o r  

energy consumed t o  s a t i  s f y  revenue requ i  rements . L i  ke the VOE, the  p red i  c ted  

COE f rom a proposed c l u s t e r  o f  WECS cou ld  be expressed i n  $, $/kW, o r  $/kwh. 

One method (EPRI 1979) t o  est imate the  COE uses the  f o l l o w i n g  equat ion: 

COE = IC-FCR + LFoAOM 
AEP 

where 

COE = t he  c o s t  of energy expressed i n  &/kwh 

I C  = i n i t i a l  system c o s t  i n c l u d i n g  purchase o f  the  system, s i t e  

a c q u i s i t i o n ,  and i n s t a l l a t i o n  o f  t he  system 

FCR = l e v e l i z e d  f i x e d  charge r a t e  i n c l u d i n g  the  r e t u r n  on c a p i t a l ,  

income tax ,  p roper ty  tax, and insurance. The FCR i s  s e n s i t i v e  

t o  c o s t  o f  c a p i t a l ,  c a p i t a l i z a t i o n  method, income t a x  r a t e ,  

and system l i f e t i m e .  

AOM = annual opera t ion  and maintenance ( O & M )  costs 

LF = l e v e l i z i n g  f a c t o r ,  which accounts f o r  i n f l a t i o n  o f  O&M cos ts  

du r ing  the  l i f e  o f  the  system 

AEP = a n t i c i p a t e d  annual energy product ion  o f  the  system. 

The f i r s t  term i n  the  numerator o f  t he  COE equat ion describes the  l e v e l i z e d  

f i x e d  cos ts .  The EPRI Technical Assessment Guide discusses i n  d e t a i l  t he  

f a c t o r s  t h a t  c o n t r i b u t e  t o  t h e  FCR. For systems w i t h  30-year l i f e t i m e s  i n  



investor-owned u t i l i t i e s  the FCR i s  roughly 18%; for  municipal u t i l i t i e s  i t  
can be less .  The second term i s  the levelized annual O&M costs .  The choice 

of the L F ,  which i s  i n  the neighborhood of 2 ,  i s  also discussed in the EPRI 

report. A third term, the levelized fuel costs,  would appear for  thermal plants. 

This term would only appear fo r  wind systems i f  the u t i l i t y  had to  pay royal t i e s  

on the energy produced a t  a s i t e  to  the local landowner. 

The s i t e  with the greatest  positive difference between the VOE and the 

COE would be the most economically viable. To increase the V O E ,  a s i t e  with 
the best temporal match between power produced and load should be selected, 
subject t o  any operational constraints. To decrease the C O E ,  a s i t e  with 
higher mean annual energy production should be selected (see Figure 1.17). 

Exactly how much time should be spent on locating a s i t e  that  would 
sa t i s fy  both of these c r i t e r i a  would depend on a uti  1 i ty 's  needs. For example, 
a remote u t i l i t y  tha t  generates i t s  power with diesels alone will have a 

smaller range of incremental costs than most larger uti  1 i t i e s .  Therefore, the 
VOE would be high and f a i r l y  independent of the temporal distribution of the 

wind resource. The focus of attention i n  a meteorological prospecting program, 

in th i s  case, i s  locating s i t e s  with maximum annual energy production. Wind 
prospecting for  u t i l i t i e s  with a broad range of incremental costs and large 

temporal variations in load will require more consideration of the temporal 
dis t r ibut ion of the wind resource. As Figure 1.5 shows, th i s  can t ranslate  
into requiring good definit ion of the vertical  dis t r ibut ion of wind a t  a s i t e .  

A t  present, the tradeoffs between s i t ing  ef for t s  and improved definit ion 
of the temporal dis t r ibut ion of the wind resource are not well understood 
since studies on the sens i t iv i ty  of the VOE to  wind characteristics are yet  t o  
be done. However, examining the sens i t iv i ty  of the COE i s  straightforward, as 
indicated in Figure 1.17. For example, a u t i l i t y  has an option of two s i t e s ,  
each w i t h  d i fferent  projected s i t e  development costs ( i n i t i a l  costs) and 
different  values of the mean annual energy production. Depending on the 

u t i l i t y ' s  goals, the total  i n i t i a l  cost of a WECS cluster  may be less  a t  the 

higher wind  speed s i t e ,  especially i f  a specified amount of wind-generated 
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energy i s  needed, s ince  fewer machines w i l l  be requ i red  t o  produce the  same 

amount o f  energy a t  t he  h igher  wind speed s i t e .  I n  t h i s  instance, e f f o r t s  t o  
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1  .5 CONCLUSIONS 

This r e p o r t  addresses the  meteorological  aspects o f  the  m u l t i f a c e t e d  

problem o f  l a r g e  wind t u r b i n e  s i t i n g .  The data needs o f  u t i l i t y  resource 

planners are  the  pr imary focus o f  t he  s i t i n g  s t r a t e g i e s  developed. The v a r i -  

a b i l i t y  o f  the  wind resource, t he  c h a r a c t e r i s t i c s  o f  wind energy machines, and 



t h e  procedures of economic e v a l u a t i o n  o f  wind energy systems d i c t a t e  what 

meteoro log ica l  da ta  a re  requ i red .  There may o r  may n o t  be a d d i t i o n a l  s i t e -  

spec i  f i  c meteor01 o g i  c a l  da ta  requirements t o  analyze t h e  i n t e g r a t i o n  o f  wind 

systems i n t o  t he  opera t ions  o f  t h e  u t i l  i ty  system. However, those da ta  r e q u i r e -  

ments have n o t  y e t  been a r t i c u l a t e d  so t h i s  r e p o r t  does n o t  deal  w i t h  t h e  

u t i l i t y  ope ra t i ona l  aspects o f  wind t u r b i n e  s i t i n g .  

To h e l p  u t i l i t i e s  s e l e c t  s i t e s  t h a t  b e s t  f i t  t h e i r  needs, s i t i n g  s t r a t e -  

g i e s  and techniques such as those presented i n  t h i s  document may be used i n  

f u l l  o r  i n  p a r t  by those i n v o l v e d  i n  s e l e c t i n g  p o t e n t i a l  WECS s i t e s .  The 

o v e r a l l  s t r a t e g i e s  and approaches discussed i n  Chapter 2 p rov ide  t h e  framework 

f o r  s i t e  s e l e c t i o n .  The i n d i v i d u a l  techniques descr ibed  i n  Chapter 3 th rough 8 

suppor t  t h e  o v e r a l l  s t r a t e g i e s .  However, once t he  c l u s t e r  s i t e  o r  s i t e s  a r e  

se lected,  t h e  arrangement o f  machines i n  t he  c l u s t e r  f o r  maximum c l u s t e r  

energy ou tpu t  must be cons idered (see Chapter 9 f o r  machine wakes and c l u s t e r  

des ign) .  I n  Chapter 10, t h e  uses and types o f  i ns t rumen ta t i on  needed f o r  

making meteoro log ica l  measurements a re  expla ined.  Through c a r e f u l  consi  dera- 

t i o n  o f  t h e  i n f o r m a t i o n  presented here, a p l a n  f o r  s e l e c t i n g  s i t e s  can be 

designed t h a t  f i t s  t h e  i n d i v i d u a l  u t i  1 i ty  ' s  needs. 
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2.0 STRATEGIES FOR WIND TURBINE SITING 

2.1 THE NATURE OF THE PROBLEM 

One o f  t h e  p r i n c i p a l  d i f f e rences  between s i t i n g  wind t u r b i n e  generators 

and s i t i n g  convent ional power p lan ts  i s  t h a t  the  performance o f  a wind t u r b i n e  

generator ( t h e  t o t a l  energy produced by the machine over a g iven pe r iod  as 

we1 1 as t h e  temporal behavior o f  t h i s  energy product ion)  i s  completely governed 

by the  t u r b i n e ' s  l oca t i on .  Th is  s e n s i t i v i t y  t o  l o c a t i o n  opens a new dimension 

t o  the  process o f  s i t i n g  generat ing f a c i l i t i e s ;  i t  makes the  s i t e - s e l e c t i o n  

process f o r  wind t u r b i n e  generators even more c r i t i c a l  than the  s i t e - s e l e c t i o n  

process f o r  convent ional power p lan ts .  

The s e n s i t i v i t y  o f  wind t u r b i n e  performance t o  l o c a t i o n  ar ises ,  o f  course, 

because t h e  f u e l  source ( t h e  wind) va r i es  w i t h  l o c a t i o n .  The s p a t i a l  v a r i a -  

b i  1  i t y  o f  the  wind depends on the  l o c a l  topography, the complexity o f  the  

meteorology w i t h i n  a region, t he  season o f  the year, and the  t ime o f  day. 

While most people a re  aware t h a t  the s t rength  o f  the  wind does vary  over s h o r t  

distances, few are  aware o f  how l a r g e  t h i s  v a r i a b i l i t y  can be. Sect ion 1.2 

and Appendix 3 discuss the  problem o f  resource v a r i a b i l i t y  i n  some d e t a i l .  

These d iscussions conclude t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  both the  magnitude 

and the  temporal behavior o f  t h e  wind can occur over f a i r l y  s h o r t  d is tances.  

Th i s  inc ludes  s h o r t  d is tances i n  t he  v e r t i c a l ,  as we l l ,  f o r  as i l l u s t r a t e d  i n  

Appendix 3, t he  behavior o f  the  wind near t he  sur face may n o t  be representa-  

t i v e  of t he  wind blowing through the r o t o r  d i s k  o f  a l a r g e  wind tu rb ine .  

The complexi ty  o f  wind behavior means t h a t  wind t u r b i n e  performance cannot 

be pred ic ted  accura te ly  w i thou t  wind measurements a t  the  s i t e .  These measure- 

ments w i l l  have t o  be a t  he igh ts  comparable t o  the hub he igh ts  o f  the  machines 

under considerat ion,  and, there fore ,  they represent  a s i g n i f i c a n t  expense. 

The purpose o f  a wind t u r b i n e  s i t i n g  program should be t o  p i n p o i n t  p o t e n t i a l  

wind t u r b i n e  s i t e s  as r a p i d l y  as poss ib le  and t o  p i c k  p o t e n t i a l  s i t e s  t h a t  

have a h igh  p r o b a b i l i t y  o f  being feas ib le .  I f  t h i s  approach i s  fo l lowed,  the  

number of l o c a t i o n s  where expensive on- s i te  measurements are requ i red  w i l l  be 

minimized. 



There are  two approaches to s i t i ng  wind turbine generators: "wind 

prospecting" and evaluating a  predetermined s i t e .  In the f i r s t  approach, a 
large area ( the region of in te res t )  i s  screened for  places tha t  experience 
suitably high wind speeds w i t h  suff ic ient  frequency to  make wind-generated 
e l ec t r i c i ty  economically a t t rac t ive .  Once these places are  found, the detailed 

wind measurements needed to determine economic value are  made. The steps 
involved in wind prospecting are: 

CJind Prospecting 
2 1 .  Analyze Region of Interest .  A large region, perhaps 200,000 km , i s  

2 screened for  candidate resource areas (%10,000 km ) that  appear a t t rac t ive .  

2 .  Evaluate Candidate Resource Areas. A candidate resource area i s  screened 

for  potential candidate s i t e s  that  experience usable winds and sa t i s fy  
pertinent land use and accessibi l i ty  c r i t e r i a .  

3. Screen Potential Candidate S i tes .  The potential candidate s i t e s  are  reviewed 
for  candidate s i t e s .  

4 .  Evaluate Candidate S i te .  Wind data are  collected a t  the candidate s i t e s  
and the s i t e s  are evaluated. 

5.  Develop Si te .  A s i t e  i s  chosen and the best locations for  individual 
machines are identified.  

The second approach, evaluating a  predetermined s i t e ,  i s  followed when 
the potential candidate s i t e s  are already known. For example, a  u t i l i t y  may 
own or  have access t o  one o r  several parcels of land w i t h  apparent wind energy 
potential .  I n  t h i s  case, the s i t i ng  procedure i s :  

Evaluating a  Predetermined Si te  

1 .  Establish Feasibi l i ty .  A preliminary evaluation i s  made of the wind 
energy potential . 

2 .  Evaluate S i te .  Representative wind data are collected. 

3 .  Develop Si te .  The best locations are  identified for  individual machines. 



TECHNIQUES FOR ESTIMATING WIND RESOURCES 

Because t h e  wind resource shows so much s p a t i a l  v a r i a b i l i t y  and because 

the  c o s t  o f  o n- s i t e  measurements can be la rge ,  many u t i l i t i e s  a re  i n t e r e s t e d  

i n  techniques f o r  es t ima t i ng  t h e  wind energy p o t e n t i a l  o f  a  poss ib le  s i t e  

w i t h o u t  having t o  make o n- s i t e  wind measurements. Q u i t e  a few techniques f o r  

do ing t h i s  e i t h e r  e x i s t  o r  have been proposed. These techniques can be used 

screen candidate resource areas f o r  s i t e s  w i t h  h igh  p o t e n t i a l  o r  t o  est imate 

wind energy c h a r a c t e r i s t i c s  a t  a  s p e c i f i c  l o c a t i o n .  Among these techniques 

are : 

numerical modeling o f  f l o w  over t e r r a i n  

phys ica l  modeling o f  f l o w  over  t e r r a i n  

topographica l  i n d i c a t o r s  o f  wind energy p o t e n t i a l  

b i o l o g i c a l  i n d i c a t o r s  o f  wind energy p o t e n t i a l  

geomorphol og i  ca l  i n d i c a t o r s  o f  wind energy p o t e n t i a l  

soc ia l  and c u l t u r a l  i n d i c a t o r s  o f  wind energy p o t e n t i a l .  

The i n t e l l i g e n t  use o f  these s i t i n g  techniques requ i res  a  thorough understanding 

o f  t h e i r  s t rengths  and weaknesses. Chapters 3 through 8 prov ide  d e t a i l e d  

d iscussions o f  each o f  these techniques, and Figures 2.1 and 2.2 show where 

each technique can be app l i ed  i n  t he  s i t i n g  process. The f o l l o w i n g  d iscuss ion  

descr ibes each technique b r i e f l y .  The d iscuss ion  should a s s i s t  t he  reader i n  

understanding how each would be app l ied  i n  t he  s i  te- se l  e c t i o n  s t ra tegy  out1 i ned 

i n  t h e  nex t  sect ion.  

2.3.1 Numerical Model i ng 

Numerical models p rov ide  an o b j e c t i v e  method f o r  es t ima t i ng  the  e f f e c t s  

o f  t e r r a i n  on a i r f l o w  and f o r  i n t e r p o l a t i n g  wind data from l o c a t i o n s  where 

there  a re  wind observat ions t o  l o c a t i o n s  where there  a re  none. The models 

f i n d  s o l u t i o n s  t o  equat ions t h a t  descr ibe the  complex i n t e r a c t i o n s  between 

the  atmosphere and t h e  e a r t h ' s  sur face.  The accuracy achieved i n  these solu-  

t i o n s  depends on the  accuracy and dens i t y  o f  the  data and the  amount o f  r e a l i s m  

inhe ren t  i n  t he  mathematical r e l a t i o n s h i p s  t h a t  make up the  model (see 

Chapter 3) .  
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X -TECHNIQUES ARE APPLICABLE 

* MODELING TECHNIQUES M A Y  BE APPLICABLE, BUT D l  RECT MEASUREMENT 
OF RESOURCE I S NECESSARY FOR F I  R M  VALUE EST1 MATES 
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FIGURE 2.2. A p p l i c a b i l i t y  o f  S i  te-Screening Techniques t o  t h e  Problem o f  Eva lua t i ng  a 
Predetermined S i t e .  The a p p l i c a b i l i t y  o f  numerical  model ing t o  t h e  f e a s i -  
b i l i t y  s tep depends on t h e  s i z e  o f  t h e  area under examinat ion and on t h e  
complex i ty  of t h e  t e r r a i n .  
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2.3.2 Fhysical Model ing 

Flow over te r ra in  may also be modeled by placing a scale model of the 

terrain in  a suitably designed wind tunnel. This approach can yield useful 

information as long as the modeled region i s  no more than a few tens of kilo- 

meters in s ize ,  and the portion of the atmosphere to be studied i s  the lowest 

few hundred meters. Wind tunnels are limited in the i r  ab i l i t y  to  simulate a l l  

aspects of flow over te r ra in ;  however, t he i r  ab i l i t y  to  simulate the e f fec ts  

of small-scale te r ra in  features on nearly neutral flow are superior to  currently 

avai lab1 e numerical models. Hence, physical model i  ng could be qui te  valuable 

when the exact 1 ayout of a c luster  of machines i s  being planned (see Chapter 4 ) .  

2.3.3 Topographical Indicators 

Historically,  wind machines have been s i ted by applying empirical guide- 

l ines  describing the general effects  of te r ra in  or surface obstacles on the 

wind. A n  excellent example of the application of th i s  technique to  the problem 

of s i t e  screening i s  the Brit ish site-screening program of the l a t e  1940s and 

early 1950s described by Goldi ng (1 955). Topographical guide1 ines are  e i ther  

based on a physical understanding of how topography affects  flow or on experi- 

ence gained through observation. An understanding of these guidelines i s  also 

invaluable in interpreting the resul ts  of numerical and physical model ing 

studies or of measurement programs (see Chapter 5 ) .  

2.3.4 Biological Indicators 

The shapes of certain species of t rees  are  good indicators of high winds. 

Trees are particularly useful in regions where large, local variations in wind 

speed can be expected or  in regions wt-,ere wind data are  sparse. The qual i ta t ive 
relationship between t ree  shape and wind speed has been recognized fo r  years 

[Putnam (1948) used biological indicators in looking for  wind turbine s i t e s  

during the 1930sl. Recently, more quantitative work has been done on the 
relationship between t ree  shape and wind shape (Wade and Hewson 1979, see 

Chapter 6 ) .  

2.3.5 Geomorphological Indicators 

Certain features of the land surface, such as sand dunes, are  a d i rec t  
consequence of wind action. These features are called eolian and can be 



detected from s a t e l l i t e  o r  a i r c r a f t  photographs. These fea tures  are  usefu l  

i n  l o c a t i n g  p o t e n t i a l  areas of s t rong winds i n  a r i d  regions.  Since e o l i a n  

landforms can be caused by occas iona l ly  s t rong winds over a per iod  o f  years, 

t h e i r  ex is tence i s  n o t  a guarantee o f  p e r s i s t e n t l y  s t rong winds. This  tech-  

nique must then be combined w i t h  a good understanding o f  wind c l i r ~ a t o l o g y  i f  

i t  i s  used (see Chapter 7 ) .  

2.3.6 Social  and Cu l tu ra l  I nd i ca to rs  

I n d i r e c t  in fo rmat ion  about the  wind can be found by examining land use 

pat te rns  and by quest ion ing  people who l i v e  o r  work i n  areas t h a t  a re  expected 

t o  be windy. For example, people d i s l i k e  1 i v i n g  i n  areas w i t h  p e r s i s t e n t  winds, 

so areas w i t h  h igh  wind energy p o t e n t i a l  seldom co inc ide  w i t h  l a r g e  popu la t ion  

centers.  A g r i c u l t u r a l  use o f  the  land i s  a l so  an i n d i c a t o r :  windy areas are  

more l i k e l y  t o  be used f o r  g raz ing  than f o r  row crops. Other i n d i c a t o r s  

could be the  l oca t i ons  o f  snow fences along the  highways o r  the  l o c a t i o n s  o f  

f requent  wind damage t o  power 1 ines  (see Chapter 8) .  

2.4 A SITE-SELECTION STRATEGY 

The s i t e - s e l e c t i o n  s t ra tegy  described i n  t h i s  sec t i on  i s  f o r  a u t i l i t y  

consider ing the  i n t r o d u c t i o n  o f  several wind t u r b i n e  generators i n t o  i t s  mix 

of generat ing equipment. The u t i l i t y  i s  assumed t o  be l ook ing  f o r  areas where 

perhaps 5 t o  50 megawatt-size machines can be placed i n  reasonable prox imi ty ,  

and the  scope o f  i t s  search covers a l a r g e  geographical area. The u t i l i t y  i s  

a l s o  assumed t o  be l ook ing  f o r  several o f  these machine c l u s t e r s  t h a t  could be 

developed sequent ia l l y .  Since the dec i s ion  as t o  where and when t o  develop 

c l u s t e r s  i s  an economic one, the  s t ra tegy  concentrates on documenting the  

meteorological  f a c t o r s  t h a t  a f f e c t  economic v i a b i l i t y .  Other issues such as 

l and  use cons t ra in t s ,  a c c e s s i b i l i t y ,  prox imi  t y  t o  e x i s t i n g  t ransmiss ion 

c o r r i d o r s ,  environmental impact and p u b l i c  acceptance are  c l e a r l y  important,  

b u t  they  a r e  beyond t h e  scope o f  t h i s  r e p o r t  and are  o n l y  mentioned i n  general 

terms. The s t ra tegy  i s  f o r  wind prospect ing. The para1 l e l  s t ra tegy  f o r  

eva lua t i ng  a predetermined s i t e  i s  n o t  described s ince  i t  i s  an abridgment o f  

t he  one f o r  prospect ing. 



Figure  2.3 i s  a  f l o w  cha r t  o u t l i n i n g  a  decision-making process f o r  devel-  

oping a  system o f  wind t u r b i n e  c l u s t e r s .  The remainder o f  t h i s  chapter  i s  

devoted t o  desc r ib ing  the  steps o f  the s t ra tegy  i n  more d e t a i l  and o u t l i n i n g  

the  wind data requirements f o r  each step. The s t ra tegy  provides a framework 

i n  which t o  organize a  s i t e  s e l e c t i o n  program r a t h e r  than a  de ta i l ed ,  s tep-  

by-step procedure. The d e t a i l s  o f  a  s i t e - s e l e c t i o n  program a re  d i c t a t e d  by 

the  unique problems o f  each u t i l i t y  s ince  the r e l a t i v e  importance o f  issues 

such as l and  use cons t ra in t s ,  a c c e s s i b i l i t y ,  p u b l i c  acceptance, environmental 

c o n s t r a i n t s  and so f o r t h  w i l l  vary. Local topography and meteorology w i l l  

have a  dec id ing  i n f l u e n c e  on which o f  the  techniques f o r  es t ima t ing  wind 

resources should be used i n  l o c a t i n g  p o t e n t i a l  s i t e s .  None o f  the  the  tech-  

niques descr ibed i n  Sect ion  2.2 a re  foo lp roo f  and a l l  r e q u i r e  considerable 

knowledge and experience t o  apply c o r r e c t l y .  Because o f  t h i s ,  i t  i s  s t r o n g l y  

recommended t h a t  an experienced boundary- layer meteoro log is t  be inc luded i n  a  

s i t e - s e l e c t i o n  team. Most l a r g e  u t i l i t i e s  w i l l  have t h i s  expe r t i se  on t h e i r  

s ta f f ;  otherwise, consu l tan ts  should be employed. A t  present,  the  r e l e v a n t  

meteorological  expe r t i se  i s  most l i k e l y  t o  be found i n  f i rms t h a t  have spec ia l -  

i z e d  i n  a i r  p o l l u t i o n  problems i n  complex t e r r a i n .  

Because a  c l u s t e r  of megawatt-size wind tu rb ines  represents a  reasonably 

l a r g e  c a p i t a l  investment, t h e  s i t i n g  s t ra tegy  o u t l i n e d  i n  F igure  2.3 i s  thorough. 

The wind c h a r a c t e r i s t i c s  a t  a  s i t e  n o t  on l y  govern the  energy ou tpu t  o f  a  

c l u s t e r  b u t  they a l so  can a f f e c t  t he  se rv i ce  l i f e  o f  the  equipment and both  

the  scheduled and unscheduled maintenance costs.  It i s  assumed, there fore ,  

t h a t  wind c h a r a c t e r i s t i c s  a f f e c t i n g  t u r b i n e  output,  serv ice  l i f e  and ope ra t i ng  

cos ts  w i l l  have t o  be documented before a  u t i l i t y  w i l l  commit funds t o  wind 

t u r b i n e  i n s t a l  l a t i o n .  (a 

Nevertheless, i t  i s  important  t h a t  t he  l e v e l  o f  e f f o r t  invo lved i n  s i t i n g  

match the  s i z e  o f  the  problem. If, f o r  example, a  u t i l i t y  i s  cons ider ing  the  

(a )  Since wind t u r b i n e  c l u s t e r s  w i l l  probably be developed a  few machines a t  a  
t ime, documentation o f  s i t e  c h a r a c t e r i s t i c s  may n o t  have t o  be as thorough 
as i f  t h e  e n t i r e  c l u s t e r  were i n s t a l l e d  a t  once. Operat ing experience 
w i t h  t h e  f i r s t  few machines w i l l  be more convinc ing o f  the  p o t e n t i a l  o f  a  
s i t e  than years of data c o l l e c t i o n .  
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ins ta l la t ion  o t  one or two t e s t  machines to enable the u t i l i t y  to  gain experi- 

ence with wind turbine equipment, the s i t ing  strategy described below i s  f a r  

too involved. A t e s t  s i t e  must have suff ic ient  wind energy potential t o  

exercise the machine, b u t  detailed understanding of how the machine will 

perform a t  the s i t e  i s  unnecessary. 

2.4.1 Analyzing the Region of Interest  

In t h i s  s tep,  potential high wind areas are  identified and then evaluated 

on the basis of c r i t e r i a  such as: how seasonal variations i n  wind speed match 

seasonal variations in the load, the probability of finding clusters  of a  
minimum useful s ize ,  land use res t r ic t ions ,  location of roads and transmission 

l ines ,  accessibi l i ty ,  and meteorological and other hazards. A key data source 
for  t h i s  step i s  the regional wind resource assessments prepared for  DOE by PNL. 

These assessments, which are  described in Appendix 1 ,  provide information on 

wind character is t ics  with a  resolution of about 30 kilometers. Combining th i s  

information with any additional wind information the u t i l  i  ty may have, wind 

resource analysts will be able to  identify those areas within the region of 
in te res t  t ha t  have the greatest  potential .  

A particular concern both in large area analysis and i n  l a t e r  s i t i ng  
decisions should be terrain.  Locating WECS clusters  in f l a t  areas could 
r e su l t  in lower costs for  s i t i ng  evaluations and operation, since wind charac- 
t e r i s t i c s  tend t o  be more benign over gentle terrain.  I n  more rugged t e r r a in ,  
the horizontal var iab i l i ty  i n  the wind  resource i s  greater,  and the chance of 
encountering large wind shear and turbulence i s  also larger. Both poss ib i l i t ies  
resu l t  i n  higher costs fo r  s i t e  evaluation and i n  the possibi l i ty  of reduced 
service l i f e  and increased maintenance costs. 

2.4.2 Eva1 uati ng Candidate Resource Areas 

If wind power i s  feasible ,  an analysis of the region of in t e res t  will 
have identified several a t t rac t ive  areas. If necessary, these areas should 

2 be divided into sections on the order of 10,000 km in order to  f a c i l i t a t e  
further analysis. Within the areas, called candidate resource areas, the wind 

energy potential will vary considerably. One area may contain several potential 



s i t e s .  To i d e n t i f y  p o t e n t i a l  candidate s i t e s  w i t h i n  a candidate resource 

area, t he  areas should be screened f o r  s i t e s  w i t h  promising wind energy (see 

F igure  2.1 f o r  techniques t h a t  could be used). I n  areas v o i d  o f  data, a 

supplemental wind measurement program may be requi red.  

The amount o f  wind data requ i red  t o  i d e n t i f y  p o t e n t i a l  candidate s i t e s  

depends upon t h e  t e r r a i n  and the  meteorological  complexi ty  o f  the  area. If 

the  topography of an area i s  complicated and the  seasonal and d iu rna l  v a r i a t i o n s  

i n  t h e  meteorology a re  la rge ,  a t  l e a s t  1 y e a r ' s  sur face data a re  requ i red  fo r  

an ana lys i s  o f  t he  general f l o w  c h a r a c t e r i s t i c s  o f  a candidate resource area. ( a >  

I n  conduct ing such an ana lys is  t he  sur face data should come from l o c a t i o n s  

t h a t  w i l l  p rov ide  the most i n fo rma t ion  on the  a i r  masses f l ow ing  through the  

area; i .e . ,  data should be a v a i l a b l e  from the  major v a l l e y s  p a r a l l e l  t o  the  

p r e v a i l i n g  f l o w  as w e l l  as the  major passes and major r i dges  perpendicular  t o  

t he  preva i  1 i ng f 1 ow. 

The t ime requ i red  t o  complete t h i s  phase o f  the  s i t e  s e l e c t i o n  process 

depends on t h e  number o f  candidate resource areas and on how w e l l  the  wind 

resource w i t h i n  the  area i s  understood. I f  the wind resource i s  poo r l y  docu- 

mented, supplementary measurements may be needed. Th is  w i  11 r e q u i r e  t ime t o  

p lan  the  program, deploy the  instruments, c o l l e c t  t he  data, analyze i t  and 

i n t e r p r e t  t h e  r e s u l t s .  For a da ta  c o l l e c t i o n  pe r iod  o f  1 year, about 18 months 

t o  2 years cou ld  be requ i red  t o  complete the  process f rom planning t o  i n t e r p r e -  

t a t i o n .  

Numerical models cou ld  be use fu l  i n  the  ana lys is  o f  candidate resource 

areas. Numerical models r e q u i r e  i n p u t  data represent ing  mean f l o w  cond i t ions  

over  the  candidate resource area. The averaqing times f o r  i n p u t  data should 

be s h o r t  compared t o  the  t ime sca le  o f  the  changing pressure pa t te rns  t h a t  

d r i v e  the  f l o w  bu t  l ong  compared t o  the  t u r b u l e n t  f l u c t u a t i o n s  t h a t  a re  i r r e l -  

evant t o  t h e  general f low pat te rns  through the  region.  Data requirements f o r  

a f a i r l y  simple numerical s imu la t i on  would be: 

(a) Here, ana lys is  means an est imate o f  t he  f l o w  a t  a l l  po in t s  i n  a g iven 
reg ion  sub jec t  t o  the  cons t ra in t s  o f  t he  physical  laws governing the  
atmosphere. 



synchronous 1 -h r  averages o f  su r face  wind speed and d i r e c t i o n  a t  key 

l o c a t i o n s  

r e p r e s e n t a t i v e  v e r t i c a l  p r o f i l e s  o f  wind speed, d i r e c t i o n ,  and tempera- 

t u r e .  

I n  ana l yz i ng  t h e  wind resource  o f  a  cand ida te  resource  area w i t h  a  numer ica l  

model, a  smal l  group o f  s i m u l a t i o n s  t h a t  presumably r ep resen t  a  c ross  s e c t i o n  

o f  t h e  c l i m a t o l o g y  a r e  performed. O f  course, which days w i l l  be r e p r e s e n t a t i v e  

o f  t h e  c l i m a t o l o g y  cannot be known u n t i l  a  cons iderab le  amount o f  da ta  have 

been c o l l e c t e d  and s c r u t i n i z e d .  More d e t a i l  on how numerical  models can be 

a p p l i e d  t o  s i t e  sc reen ing  and s i t e  e v a l u a t i o n  i s  g i ven  i n  Chapter 3. 

A program o f  a n a l y s i s  as r i g o r o u s  as t h e  one j u s t  descr ibed  c o u l d  p r o v i d e  

a  g r e a t  deal  o f  i n f o r m a t i o n  about t h e  wind energy p o t e n t i a l  o f  a  cand ida te  

resource area, even i f  the  anemometers p r o v i d i n g  t h e  i n p u t  da ta  were n o t  

l o c a t e d  i n  what t h e  a n a l y s i s  showed t o  be h i g h  wind areas. However, a  l e s s  

r i g o r o u s  approach may a l s o  be taken. I n  t h i s  approach, supplemental da ta  a r e  

c o l l e c t e d  a t  what a r e  presumed t o  be t h e  w i n d i e s t  l o c a t i o n s  (see Chapter 5 f o r  

techniques t o  es t ima te  these l o c a t i o n s )  and t h e  goal  i s  s imp ly  t o  document 

t h i s  resource.  Numerical models cou ld  be used t o  he lp  s i t e  anemometers f o r  

wind resource  documentat ion by runn ing  t h e  model f o r  i n t e l l i g e n t  guesses o f  

t h e  p r e v a i l i n g  f low pa t t e rns .  An example o f  how t h i s  approach can be used t o  

understand t h e  p r e v a i l i n g  wind speed p a t t e r n s  over  an area i s  g i ven  i n  

Sec t i on  3.2.3. A  model c o u l d  a l s o  be used t o  t e s t  how s e n s i t i v e  t h e  l o c a t i o n  

of  h i g h  wind areas a r e  t o  t h e  accuracy of t h e  i n p u t  data.  I f  t h e  l o c a t i o n  o f  

h i g h  wind areas and t h e  w ind  speeds a t  those areas a r e  ve ry  s e n s i t i v e  t o  t h e  

i n p u t  guesses, one should t ake  t h i s  as an i n d i c a t i o n  t h a t  l o c a t i n g  p o t e n t i a l  

cand ida te  s i t e s  may prove d i f f i c u l t  and t h a t  a  more thorough documentat ion o f  

t h e  wind c l i m a t o l o g y  may be requ i red .  

The goal i n  t h i s  phase o f  s i t e  s e l e c t i o n  i s  t o  p i n p o i n t  p o t e n t i a l  cand ida te  

s i t e s  w i t h  h i g h  wind energy p o t e n t i a l .  If supplemental measurements a r e  made, 

t h e i r  purpose i s  e i t h e r  t o  d r i v e  a  numerical  model o f  f l o w  over  t h e  cand ida te  

resource  area o r  t o  document wind energy p o t e n t i a l  a t  l o c a t i o n s  t h a t  a r e  



assumed t o  have i t. The sampl ing p e r i o d  w i l l  be 1 year,  and c o s t  c o n s t r a i n t s  

w i l l  p robab ly  l i m i t  anemometer he igh t s  t o  l e s s  than 30 m. The h e i g h t  l i m i t a t i o n  

makes i t  imposs ib le  t o  determine i n  d e t a i l  t h e  d i u r n a l  wind c y c l e  a t  e l e v a t i o n s  

comparable t o  t h e  hub h e i g h t  o f  a niul t i-megawat t  h o r i z o n t a l  - ax i s  wind t u r b i n e  

(see Appendix 3 ) .  L ikewise,  c o l l e c t i n g  wind data f o r  o n l y  a s i n g l e  yea r  w i l l  

e l i m i n a t e  t h e  p o s s i b i l i t y  o f  de te rmin ing  t he  long- term seasonal modulat ion o f  

wind energy p o t e n t i a l  (again,  see Appendix 3 ) .  However, t h e  gross wind power 

p o t e n t i a l  on an annual average bas is  can p robab ly  be est imated reasonably  w e l l  

by a s i n g l e  yea r  o f  wind measurement ( C o r o t i s  1980). 

The equipment r e q u i r e d  f o r  wind measurements a t  t h i s  stage o f  t h e  s i t e -  

s e l e c t i o n  process depends on t he  purpose o f  t h e  da ta  c o l l e c t i o n .  Data f o r  

d r i v i n g  numer ica l  wind f l o w  models must be i n  a t ime- se r i es  fo rmat  w i t h  a l l  

da ta  l ogge rs  t ime-synchronized. Data f o r  mesoscale wind documentation can be 

i n  a summarized fo rmat  ( i  .e., a wind rose  o r  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  o f  

wind speed and d i r e c t i o n ) .  Chapter 10 g ives  more d e t a i l e d  i n f o r m a t i o n  on wind 

sensors and data-1 ogging equipment. 

2.4.3 Screening P o t e n t i a l  Candidate S i  t es  

A f t e r  a number o f  p o t e n t i a l  candidate s i t e s  have been i d e n t i f i e d ,  they  

must be screened through s i t e  v i s i t s .  Dur ing  these v i s i t s ,  t h e  surrounding 

t e r r a i n  i s  examined and any sma l l - sca le  t e r r a i n  f e a t u r e s  o r  obs tac les  t h a t  

cou ld  a f f e c t  wind c h a r a c t e r i s t i c s  a t  t h e  s i t e  a re  noted. Factors  t h a t  cou ld  

a f f e c t  t h e  c o s t  o f  deve lop ing  t h e  s i t e  a r e  a l s o  examined. S i t e  screening i s  

n o t  a time-consuming process and, depending on t he  number o f  s i t e s ,  can be 

completed i n  a few weeks t o  months. 

Valuable i n f o r m a t i o n  on wind c h a r a c t e r i s t i c s  a t  t h e  p o t e n t i a l  cand ida te  

s i t e  can be ob ta ined  by examining t h e  vege ta t i on  and by measuring t h e  wind 

p r o f i l e  w i t h  such inexpens ive  systems as wind-sensing k i t e s  o r  ins t rumented 

t e t h e r e d  ba l loons .  P r o f i l e  measurements made d u r i n g  s i t e  v i s i t s  would be used 

p r i m a r i l y  t o  i d e n t i f y  obvious p o t e n t i a l  hazards, such as f l o w  sepa ra t i on  and 

t h e  tu rbu lence  and h i g h  wind shear t h a t  accompany them. One cannot expect  t o  

o b t a i n  a r e l i a b l e  wind p r o f i l e  c l i m a t o l o g y  through such a smal l  s e t  o f  obser-  

va t i ons ,  however. T h i s  t y p e  o f  i n f o r m a t i o n  r e q u i r e s  cont inuous obse rva t i on  

over  l o n g  t ime  per iods.  



Eva1 u a t i n g  Candidate S i t e s  

The o b j e c t i v e  of t h i s  s tep  i s  t o  determine how wind machines w i l l  pe r f o rm  

a t  each s i t e  and t o  a s c e r t a i n  t he  s i t e  o r  combinat ion o f  s i t e s  t h a t  w i l l  

r e s u l t  i n  power o u t p u t  c h a r a c t e r i s t i c s  b e s t  matching t h e  needs o f  t h e  u t i l i t y .  

The t ype  o f  w ind  da ta  needed a t  t h i s  s tage o f  t he  s i t e - s e l e c t i o n  process 

depends on t h e  number of s i t e s  t o  be evaluated, t h e  s i z e  o f  t h e  wind t u r b i n e  

c l u s t e r ,  and t h e  s i z e  and complex i t y  o f  t h e  u t i l i t y  system t h a t  t h e  machines 

w i l l  be se rv i ng .  I f  a  l a r g e  number o f  s i t e s  remain a f t e r  t h e  p o t e n t i a l  cand i-  

da te  s i t e s  have been screened, and i f  t h e  wind resources o f  these  s i t e s  a r e  

s t i  11 unce r ta i n ,  a  p r e l i m i n a r y  s i t e  e v a l u a t i o n  program may be necessary. The 

program would be s i m i l a r  t o  t h e  wind resource documentation program descr ibed  

i n  Sec t i on  2.4.2 and would be accomplished by i n s t a l l i n g  inexpens ive  wind 

measuring equipment a t  t h e  s i t e s .  Equipment such as wind- run anemometers, 

mechanical weather s t a t i o n s  o r  s imple,  rugged anemonieters coupled t o  smart  

da ta  loggers  would be s a t i s f a c t o r y .  The anemometers would be mounted on s h o r t  

masts (10  m  h igh ,  f o r  example), and t h e  measurements would be used s imp l y  t o  

v e r i f y  t h e  ex i s tence  o f  a  usab le  wind resource.  

Once t h e  number o f  cand ida te  s i t e s  i s  reasonable,  t h e  a c t u a l  process o f  

cand ida te  s i t e  e v a l u a t i o n  begins.  As i n d i c a t e d  i n  F igu re  2.3, t h e  o b j e c t i v e  

o f  cand ida te  s i t e  e v a l u a t i o n  i s  t o  i d e n t i f y  t he  s i t e  o r  s i t e s  most a t t r a c t i v e  

f o r  t h e  i n s t a l l a t i o n  o f  wind t u r b i n e  generators .  Since t h i s  d e c i s i o n  w i l l  

p robab ly  be based on economics, an understanding i s  r e q u i r e d  o f  how wind 

t u r b i n e s  p laced a t  t h e  va r i ous  s i t e s  w i l l  a f f e c t  energy p roduc t i on  cos t s  f o r  

t he  e n t i r e  u t i l i t y .  

The impact  o f  wind t u r b i n e  generators  on t h e  energy p roduc t i on  c o s t s  o f  

u t i l i t i e s  has been t he  s u b j e c t  of  severa l  r e c e n t  s tud ies  (General E l e c t r i c  

Company 1979, JBF S c i e n t i f i c  Corpora t ion  1979, Van Kuiken e t  a1 . 1980).  The 

General E l e c t r i c  and JBF s t u d i e s  showed, f o r  example, t h a t  t he  economic va lue  

o f  wind t u r b i n e s  ( t h a t  i s ,  t h e  p r i c e  a  u t i l i t y  can a f f o r d  t o  pay f o r  a  machine) 

depends on t h e  m o d i f i c a t i o n s  wind-generated e l e c t r i c i t y  make t o  t h e  u t i l i t y ' s  

1  oad(a) and on t h e  u t i l  i t y  ' s  mix  o f  genera t ing  equipment. I f  energy p roduc t i on  

( a )  When e v a l u a t i n g  t h e  wor th  o f  wind energy i t  i s  convenient  t o  use t h e  wind 
energy t o  s a t i s f y  a  p o r t i o n  o f  t h e  load,  thereby  c r e a t i n g  a  "mod i f ied  l o a d "  
t h a t  must be s a t i s f i e d  by convent iona l  equipment, s u b j e c t  t o  o p e r a t i o n a l  
c o n s t r a i n t s  (see Sec t i on  1.4).  



cos ts  vary w ide l y  f o r  t he  var ious  u n i t s  i n  the  mix, t he  way i n  which the  

ou tpu t  o f  a  c l u s t e r  s a t i s f i e s  t h a t  l oad  on an hour-by-hour basis  ( o r  l e s s )  

w i l l  be important.  On the  o ther  hand, i f  product ion costs a re  f a i r l y  uniform 

f o r  the  var ious u n i t s  i n  t he  mix (as they might  be f o r  a  very small u t i l i t y ) ,  

t h e  t o t a l  energy produced over a  g iven per iod  might  be the  most important  

f a c t o r  i n f l u e n c i n g  economic value and n o t  d e t a i l s  on how t u r b i n e  o r  c l u s t e r  

ou tpu t  modify the  u t i l i t y ' s  load. 

Determining the  impact o f  wind c h a r a c t e r i s t i c s  on economic value requ i res  

a  model t o  t rans form wind data  i n t o  i n fo rma t ion  on energy product ion. The 

appropr ia te  model t o  use i n  es t ima t ing  energy product ion w i l l  depend on the 

response c h a r a c t e r i s t i c s  o f  t he  machine, the  behavior o f  t he  wind through the  

r o t o r  d i s k  and t h e  averaging t ime t h a t  i s  chosen f o r  the  wind data. A t  

present,  t h e r e  a r e  no thoroughly v e r i f i e d  methods f o r  s imu la t i ng  the  day-to-day 

energy product ion  o f  l a r g e  wind tu rb ines  g iven wind data from a  s i t e .  The 

reason f o r  t h i s  i s  t h a t  data on wind t u r b i n e  performance a t  s i t e s  w i t h  d e t a i l e d  

wind measurements a re  o n l y  being obta ined now. 

T r a d i t i o n a l l y ,  wind t u r b i n e  energy product ion has been modeled by combining 

hub-height wind speeds w i t h  t h e  steady- state performance c h a r a c t e r i s t i c  of 

t he  machine (see Sect ion 1.3.2). ( a )  I n  the t r a d i t i o n a l  approach, an average 

hub-height wind speed i s  cmputed f o r  a  g iven t ime i n t e r v a l  and the  average 

power ou tput  f o r  t h a t  i n t e r v a l  i s  assumed t o  be g iven by the  steady- state 

performance c h a r a c t e r i s t i c .  The average power ou tput  t h a t  a c t u a l l y  occurs 

may d i f f e r  from t h e  est imate f o r  several reasons: t he  wind a t  hub he igh t  may 

n o t  have been rep resen ta t i ve  o f  f low through the  r o t o r  d i s k  o f  the tu rb ine ;  

t he  machine may n o t  have been on- l i ne  and synchronized w i t h  the  u t i l i t y  system 

du r ing  t h e  e n t i r e  t ime i n t e r v a l ;  and i f  the  machine i s  a  ho r i zon ta l  ax i s  type, 

there  cou ld  have been s i g n i f i c a n t  yaw e r r o r s  (and consequent reduct ions i n  n e t  

f l o w  through the  r o t o r  d i s k )  between the wind d i r e c t i o n  and the a x i s  o f  the  

machine. 

(a )  The steady- state performance c h a r a c t e r i s t i c  o f  a  wind t u r b i n e  i s  the  
r e l a t i o n s h i p  between wind speed and power ou tput  (F igure  1.11) t h a t  would 
e x i s t  i f  the  machine were opera t ing  i n  a  uniform, steady f l o w  such as 
e x i s t s  i n  a  wind tunnel .  



Another approach t o  model ing wind t u r b i n e  energy p roduc t i on  i s  t o  a t t emp t  

a  more d e t a i l e d  s i m u l a t i o n  o f  machine ope ra t i on  by combining wind da ta  (speed 

and d i r e c t i o n )  w i t h  a  d e t a i l e d  s i m u l a t i o n  o f  t h e  machine's s t a r t u p ,  shutdown 

and synch ron i za t i on  procedures as w e l l  as i t s  yawing behavior .  Accompl ish ing 

t h i s  t ype  o f  s i n i u l a t i on  r e q u i r e s  wind da ta  w i t h  f a i r l y  s h o r t  t ime  r e s o l u t i o n  

(1  t o  2  m in  averages, o r  l e s s ) .  Average power o u t p u t  f o r  these s h o r t  i n t e r v a l s  

i s  computed by f i r s t  de te rmin ing  whether t h e  machine i s  synchronized, comput ing 

t he  average component o f  wind v e l o c i t y  normal t o  t h e  p lane  o f  t h e  r o t o r  d i s k  

and then  computing average power o u t p u t  f o r  t he  t ime i n t e r v a l  f r om t h e  s teady-  

s t a t e  performance c h a r a c t e r i s t i c .  M i  1  l e r  ( 1  980) p rov ides  a  more d e t a i l e d  

d e s c r i p t i o n  o f  t h i s  approach t o  energy p roduc t i on  model ing. 

U t i l i t i e s ,  however, need t o  know the  accurac ies  o f  t h e  d i f f e r e n t  approaches 

t o  energy p roduc t i on  model ing so they  can choose t he  one most a p p r o p r i a t e  t o  

t h e i r  needs. The method t h a t  w i l l  be used t o  model i n d i v i d u a l  t u r b i n e  and 

c l u s t e r  o u t p u t  must be known be fo re  p l ann ing  a  s i t e  measurement program because 

the  energy p roduc t i on  model w i l l  be one f a c t o r  de te rmin ing  t h e  wind da ta  t o  be 

c o l l e c t e d .  A l though t h e r e  i s  n o t  a  g r e a t  deal  o f  i n f o r m a t i o n  on how w e l l  t h e  

va r i ous  energy p roduc t i on  models perform, t h e r e  i s  enough i n f o r m a t i o n  a v a i l a b l e  

f o r  some educated guesses t o  be made. Ana l ys i s  o f  da ta  f rom the  MOD-OA and 

MOD-1 ( a )  machines a t  C l  ayton, New Mexico, and Boone, Nor th  Caro l ina ,  has shown 

t h a t  when t h e  machine i s  synchronized f o r  t h e  e n t i r e  t ime  i n t e r v a l ,  t h e r e  i s  

good agreement between t h e  average power o u t p u t  p r e d i c t e d  by t h e  s teady- s ta te  

performance c h a r a c t e r i s t i c  and t h e  average power o u t p u t  a c t u a l l y  d e l i v e r e d  t o  

t h e  u t i l i t y  system (Robbins and Baldwin 1980; a l so ,  see F igu re  1.12). ( b )  The 

s t u d i e s  a t  C lay ton  a1 so suggest t h a t  when t h e  t r a d i t i o n a l  approach t o  model ing 

energy p r o d u c t i o n  i s  used t o  es t imate  t o t a l  energy p roduc t i on  f o r  a  t i m e  

p e r i o d  of  a  month t o  a  year ,  t h e  ac tua l  energy p roduc t i on  w i l l  be o v e r e s t i -  

mated by  approx imate ly  10 t o  25 percen t .  The r e s u l t s  o f  r e c e n t  research  

(a) The MOD-OA, MOD-1 and MOD-2 machines a r e  operated by t h e  Na t i ona l  Aeronaut i cs  
and Space A d m i n i s t r a t i o n  (NASA) and t he  Department o f  Energy (DOE). 

(b)  Hub-height w ind  da ta  were used. A lso,  cons ide rab l y  more da ta  have been 
analyzed a t  C lay ton  than  a t  Boone. 

( c )  The magnitude of t he  overes t imate  depends on t he  gus t iness  o f  t h e  wind 
and t h e  responsiveness o f  t h e  machine. 



also suggest that  i n  modeling energy production, the averaging time for  wind 
data should be l e s s  t h a n  1 hour. For the traditional method, 5 to 10 minutes 
i s  probably reasonable. 

Presumably, a detailed simulation of wind turbine operation of the type 
described by Mi 11 e r  (1980) would resu l t  i n  more accurate estimates of energy 

production than the traditional approach. However, t h i s  hypothesis has not 
been tested by data from an actual turbine ins ta l la t ion .  Nevertheless, Miller 

has compared the resul ts  of traditional simu~lations of energy production w i t h  

resul ts  from a detailed simulation of the NASA/DOE MOD-2 wind turbine using 
wind data from several D O E  candidate s i t e s . ( a )  I n  these comparisons, Miller 

found that  energy production estimates by the traditional method were 10 to 

20 percent higher than the detailed simulations. 

In addition to  depending on the method used to estimate the energy produc- 
tion a t  a s i t e ,  the required wind data could also depend os the machine s ize.  

The resu l t s  obtained a t  Clayton suggest that  energy production from intermediate- 
s ize machines (rotor  diameters less  than 40-50 m) can be estimated w i t h  wind  

data from a single height ( h u b  height) above the surface. Larger machines, 

however, could require wind measurements a t  several levels above the ground in 
order to  represent the mean flow through the rotor disk. This possibil i ty 
ar ises  because the amount that  the wind may vary across a rotor disk increases 
as the blade length increases. How accurately wind data from a single level 
will estimate energy production for  a machine having a rotor diameter as large 
as 100 m will not be known until  performance t e s t s  are  conducted on these large 
machines . 

The wind data collected in the s i t e  evaluation stage will be a compromise 
between the desire to  obtain the best possible simulation of machine (and 
cluster)  performance and the need t o  control costs. Wind data suff ic ient  for  
a detailed simulation of machine operation are recommended. The cost differences 
between collecting data for  a detailed simulation and collecting data for  a 

traditional simulation are  small. The minimum data requirement for  a detailed 
simulation are  1- to 2- min  averages of the two horizontal components o f  wind 

( a )  Mi 11 e r  (1  980) and private communication. 

2-17 



v e l o c i t y  a t  o r  near hub h e i g h t ( a )  f o r  t h e  machine o r  machines under cons idera-  

t i o n .  For  machines more than  50 m  i n  diameter,  some thought  should be g i v e n  

t o  c o l l e c t i n g  da ta  a t  a d d i t i o n a l  l e v e l s  (such as - t 213 o f  t h e  r o t o r  r a d i u s )  i f  

t e s t  r e s u l t s  f o r  l a r g e r  machines show t h a t  t h i s  cou ld  improve es t imates  o f  

energy p r o d u c t i o n  s i g n i f i c a n t l y .  

A  f u l l  s i m u l a t i o n  o f  machine o p e r a t i o n  should produce n o t  o n l y  t h e  b e s t  

es t ima te  o f  energy p roduc t i on  b u t  a l s o  va luab le  i n f o r m a t i o n  on machine behav io r  

a t  t h e  va r i ous  cand ida te  s i t e s .  M i l l e r ' s  s imu la t i ons  o f  l a r g e  wind t u r b i n e s  

have shown t h a t  t h e  number o f  s t a r t u p ,  shutdown and yawing ope ra t i ons  can va ry  

g r e a t l y  f r om s i t e  t o  s i t e  ( b )  The importance o f  these maneuvers i s  t h a t  t h e y  

p l ace  s i g n i f i c a n t  loads  on blades and o t h e r  s t r u c t u r a l  elements o f  a  machine 

(Neustadter  1979).  An excess ive number o f  these ope ra t i ons  c o u l d  have an 

e f f e c t  on maintenance c o s t s  and, perhaps, on t h e  s e r v i c e  l i f e  o f  a  machine. 

Est imates o f  t h e  annual number o f  s t a r t u p ,  shutdown and yawing ope ra t i ons  f o r  

t h e  va r i ous  machines under cons ide ra t i on  cou ld  be another  parameter t o  use i n  

r ank ing  cand ida te  s i t e s .  

Wind measurements should be made a t  enough l o c a t i o n s  t o  document t y p i c a l  

wind behav io r  over  t h e  s i t e .  The r e q u i r e d  number o f  l o c a t i o n s  w i l l  be a  

m a t t e r  o f  judgment, and i t  w i l l  depend on t h e  s i z e  o f  t he  s i t e  and t h e  com- 

p l e x i t y  o f  t h e  t e r r a i n  i n  and around t h e  s i t e .  I n  reasonably  f l a t  t e r r a i n ,  a  

s i n g l e  measurement l o c a t i o n  should s u f f i c e .  

I n  o r d e r  t o  compute energy p roduc t ion ,  i n f o r m a t i o n  on a i r  temperature i s  

needed i n  o r d e r  t o  compute t he  a i r  d e n s i t y  a t  a  s i t e .  Machine performance 

da ta  a r e  g i ven  f o r  a  s tandard a i r  dens i t y ;  thus, t h e  performance c h a r a c t e r i s t i c  

f o r  a  g i v e n  machine must be co r rec ted  f o r  any s i g n i f i c a n t  d e n s i t y  d i f f e r e n c e .  

A i r  d e n s i t y  v a r i a t i o n s  due t o  a i r  pressure f l u c t u a t i o n s  about t h e  mean baro-  

m e t r i c  p ressure  amount t o  no more than - +2 percent ,  b u t  d e n s i t y  v a r i a t i o n s  due 

t o  temperature changes can amount t o  about 20 percen t  a t  t y p i c a l  s i t e s  i n  t h e  

n o r t h e r n  U.S. The e r r o r  i n  e s t i m a t i n g  a i r  d e n s i t y  can be reduced by about  

one-half  if t h e  month ly  average temperatures a r e  known a t  t he  s i t e .  A  more 

( a )  A  c o n s t r a t n t  t o  cons ide r  i s  t h a t  t h e  Federal  A v i a t i o n  A d m i n i s t r a t i o n  (FAA) 
r e q u i r e s  r e l i a b l e  beacon l i g h t s  on towers over  200 ft. B r i n g i n g  an ac power 
l i n e  t o  a  remote s i t e  i s  an expense t h a t  must be weighed. 

( b )  P r i v a t e  communication. 



accurate determination of a i r  density requires on-site data with suff ic ient  

time resolution to  resolve daily changes in the diurnal temperature pattern. 

The data processing equipment used in eval uati ng candidate s i t e s  must 

produce time ser ies  of wind speed, wind direction and temperature ( i f  t h i s  

parameter i s  measured). The equipment must sample the wind and temperature 
transducers, compute averages of the two horizontal components of wind direc- 
tion and record these data,  along with the time, on tape. Data can be recorded 

a t  each tower or transmitted to a central recording location. Recording the 

data a t  a central location provides obvious advantages in managing the data 

and in maintaining system re1 iabi l  i ty; however, i t  requires large i n i t i a l  

expenses. The reader i s  again referred to  Chapter 10 for  additional informa- 

tion on instrumentation systems. 

The length of time spent in the s i t e  evaluation phase depends on the 
behavior of the wind a t  the various candidate s i t e s  and on the character is t ics  
of the u t i l i t y .  If a decision can be based on the levelized cost of energy, a 
single year of data collection should be suff ic ient .  After a year of data 

collection a t  the various s i t e s ,  a reasonable estimate of annual average 
energy production will be possible. I t  will also be possible to  make reasonable 
estimates of the uncertainty in th i s  estimate of annual average energy produc- 

tion. I f ,  on the other hand, the economic value of wind-generated e l ec t r i c i ty  
i s  a strong function of how the turbines modify the u t i l i t y ' s  load on an 
hourly or subhourly basis, more than 1 year of data collection could be required, 
since i t  i s  necessary to  know how the several wind character is t ics  that  a f fec t  
load modifications might vary from year-to-year. ( a )  I n  any case, a decision 
on how long to measure will r e s t  on the d i f fe rent ia l s  between the cost of 
wind-generated el ec t r i  c i  ty and the uti l i ty ' s energy production costs as we1 1 
as on the sens i t iv i ty  of the economic value of wind turbines to  uncertainties 
in wind character is t ics .  

Developing a Si t e  

A t  the completion of the s i t e  evaluation stage, some s i t e s  will have 
emerged as viable candidates for  the instal la t ion of machines and some will 

( a )  See Appendix 3 for  a discussion of the interannual var iabi l i ty  of key charac- 
t e r i s t i c s  such as the diurnal and seasonal modulations of wind speed. 
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have been e l im ina ted .  T h i s  process o f  e l i m i n a t i o n  i s  achieved by cons ide r i ng  

t h e  economic va lue  of  t h e  energy generated a t  each s i t e ,  t h e  c o s t  o f  deve lop ing  

each s i t e ,  t h e  s u i t a b i l i t y  o f  each s i t e  f o r  t r o u b l e - f r e e  wind t u r b i n e  opera t ion ,  

and t h e  a c c e p t a b i l i t y  o f  each s i t e  t o  t he  p u b l i c .  A t  t h i s  p o i n t ,  a  s i t e  c o u l d  

be chosen as t h e  pr ime cand ida te  f o r  a  wind t u r b i n e  c l u s t e r  even though a  

complete understanding o f  t h e  na tu re  o f  t h e  wind resource  a t  t h e  s i t e  may n o t  

have been ob ta ined .  Once t h e  p r imary  s i t e  i s  chosen, t h e  rema in ing  v i a b l e  

s i t e s  become secondary candidates and da ta  c o l l  e c t i o n  a t  those s i t e s  c o u l d  

con t inue .  A t  t h e  p r ima ry  s i t e ,  t h e  process o f  s i t e  development would begin.  

The purpose o f  t h i s  s tep  i s  t o :  

l o c a t e  each machine i n  t he  c l u s t e r  

v e r i f y  t h e  energy p roduc t i on  c h a r a c t e r i s t i c s  o f  t h e  c l u s t e r  

determine t h e  e f f e c t s  o f  c l u s t e r  o u t p u t  on t h e  dynamics o f  t h e  u t i l i t y  

system 

ensure t h a t  t h e  cha rac te r  o f  t h e  wind resource  i s  compat ib le  w i t h  t r o u b l e -  

f r e e  ope ra t i on  o f  t h e  t u rb i nes .  

Such an i n t e n s i v e  e v a l u a t i o n  r e q u i r e s  d e t a i l e d  knowledge o f  t h e  f l o w  

th rough a s e c t i o n  o f  atmosphere hav ing a  v e r t i c a l  dimension o f  100 t o  150 m 

and h o r i z o n t a l  d imensions equal t o  t h e  s i z e  o f  t h e  c l u s t e r .  Thus, t h e  f i r s t  

s t e p  i s  t o  dec ide whether e x i s t i n g  i n s t r u m e n t a t i o n  on t h e  s i t e  i s  s u f f i c i e n t  

t o  p rov ide  t h e  i n fo rma t i on  needed. The amount o f  i n s t r u m e n t a t i o n  r e q u i r e d  t o  

c h a r a c t e r i z e  t h e  f l o w  through a  c l u s t e r  w i l l  depend on t h e  s i z e  o f  t h e  machines, 

t h e i r  number, t h e  s i z e  o f  t h e  c l u s t e r  area, and t h e  na tu re  o f  t h e  t e r r a i n  i n  

and around t h e  s i t e .  The d e c i s i o n  on whether t o  upgrade t h e  i n s t r u m e n t a t i o n  

w i l l  aga in  r e q u i r e  examinat ion o f  t h e  t r a d e - o f f s  between t h e  need f o r  d e t a i l e d  

documentat ion of  t h e  wind resource and t h e  need t o  keep cos t s  reasonable.  

Techniques t h a t  cou ld  be used t o  determine whether t o  upgrade t h e  e x i s t i n g  

i n s t r u m e n t a t i o n  system i n c l u d e  s u b j e c t i v e  i n t e r p r e t a t i o n  o f  how t h e  f l o w  

v a r i e s  over  t he  s i t e  (see Chapter 5) and, i f  t h e  complex i t y  o f  t h e  problem 

warrants ,  numerical  o r  phys i ca l  model ing (Chapters 3 and 4 ) .  I f  t h e  d e c i s i o n  



i s  to  upgrade the instrumentation system, numerical and physical modeling can 
be very helpful i n  planning the layout of the new system, parti,cularly fo r  
s i t e s  in h i l ly  areas. 

If the decision i s  to  upgrade the instrumentation system, the adequacy of 

the new system layout should be evaluated a f t e r  a year of operation. The same 
analysis techniques would be used in th is  evaluation as were used i n  the 
i n i t i a l  layout. The evaluation could indicate a need to  redesign the layout, 
particularly for c luster  s i t e s  i n  complicated te r ra in .  If a new layout i s  
required, the instrumentation are redeployed and the cycle repeated. During 
each year of measurement the interannual var iabi l i ty  of key wind character is t ics  
i s  analyzed (or  the interannual variabi 1 i ty of the economic value computations 

i s  examined) and a decision made on when t o  de-emphasize measuring and to  
s t a r t  instal l ing machines. The length of the measurement period will depend, 

as discussed i n  Section 2.4.4, on both the nature of the wind resource and the 

nature of the u t i l i t y .  

There are several reasons for  upgrading instrumentation systems ; one of 

the major ones i s  to improve estimates of energy production by the cluster .  
In the s i t e  evaluation stage, energy production estimates will be made w i t h  

the minimum instrumentation necessary. One must now judge whether th i s  m i n i m u m  

i s  suff ic ient .  I f  energy production estimates i n  the s i t e  evaluation stage 
were based on hub-height data, one should consider whether these estimates 
would be improved significantly by better documentation of the flow through 
the rotor disk. This decision will obviously be influenced by the s ize of the 
machines under consideration and the probability of experiencing significant 
wind shear a t  the s i t e .  Another consideration would be the necessity of 
increasing the number of locations where wind measurements are  made within the 
cluster .  This decision will be influenced by cluster  s ize and terrain complexity. 
In order to  improve energy production estimates, upgrading the instrumentation 
system would only involve increasing the number of levels and the number of 
locations where wind  measurements are  made. Increasing the sampling rates  
over tha t  used in s i t e  evaluation would not be required. 

Another reason for  upgrading instrumentation would be to  evaluate the 

possi bl e influences of minute-to-minute fluctuations in cluster  output on the 

dynamics of the u t i l i t y  system (Zaininger 1980). Modeling fluctuations i n  



c l u s t e r  ou tpu t  on the  t ime sca le  of minutes cou ld  r e q u i r e  documentation o f  

v a r i a t i o n s  i n  wind behavior around the  c l u s t e r .  Modeling the  minute- to-minute 

behavior  o f  a  c l u s t e r  a l s o  requ i res  an a l g o r i t h m  t o  t rans form f l u c t u a t i o n s  i n  

wind speed and d i r e c t i o n  i n t o  f l u c t u a t i o n s  i n  e l e c t r i c a l  ou tpu t .  A t  t he  

present  t ime, t h e r e  a re  no v e r i f i e d  a lgor i thms f o r  t h i s  purpose; hence, t h e  

exac t  data requirements f o r  t h i s  type o f  s imu la t i on  are  a l s o  unknown. I n  any 

respect ,  one should determine whether f l u c t u a t i o n s  i n  t h e  ou tpu t  o f  a  t u r b i n e  

c lus te in  would have any s i g n i f i c a n t  impact on the  u t i l i t y  system before upgrading 

t h e  i ns t rumen ta t i on  system, and ga ther ing  the  data needed t o  s imu la te  these 

f l u c t u a t i o n s .  A gross ana l ys i s  o f  the  importance o f  t he  problem can be accom- 

p l i s h e d  through a  parametr ic  ana l ys i s  o f  the  dynamic behavior o f  t h e  system 

(Za i  n i  nger 1980). 

Some o f  t h e  wind c h a r a c t e r i s t i c s  most impor tan t  i n  a f f e c t i n g  the  ope ra t i on  

o f  wind t u r b i n e s  a t  a  s i t e  i nc lude  wind d i r e c t i o n  v a r i a b i l i t y  and t h e  behavior  

o f  t h e  wind speed i n  t he  neighborhood o f  a  machine's c u t - i n  and cu t- out  speeds. 

As discussed i n  t h e  prev ious sect ion,  these c h a r a c t e r i s t i c s  govern t h e  number 

o f  s ta r tup ,  shutdown and yawing operat ions which could, i n  tu rn ,  a f f e c t  ope ra t i on  

and maintenance cos ts  as w e l l  as se rv i ce  l i f e  o f  t h e  equipment. Data f o r  

e s t i m a t i n g  the  average number o f  s ta r tup ,  shutdown and yawing operati,ons per  

year  w i l l  have been c o l l e c t e d  i n  t h e  s i t e  eva lua t i on  stage o f  s i t e  se lec t i on- -  

i f  data f o r  a  f u l l  s i m u l a t i o n  o f  machine opera t ion  have been c o l l e c t e d .  I n  

t h e  s i t e  development stage, i t  must be determined whether t h i s  da ta  i s  rep re-  

s e n t a t i v e  o f  cond i t i ons  over  t h e  e n t i r e  s i t e .  

Other wind c h a r a c t e r i s t i c s  t h a t  cou ld  a f f e c t  t h e  successful  ope ra t i on  o f  

wind generators a t  a  s i t e  a re  f requent ,  extreme wind gusts and turbulence.  ( a )  

S u f f i c i e n t  i n f o r m a t i o n  f o r  judg ing  whether a  s i t e  i s  sub jec t  t o  an unreasonable 

number of extreme wind events w i l l  have been c o l l e c t e d  du r i ng  t h e  s i t e  e v a l u a t i o l  

stage. 

(a )  I n  t h i s  context ,  wind gusts a re  de f ined  as events occu r r i ng  a t  scales much 
l a r g e r  than the  s i z e  o f  t he  r o t o r  d i s k .  As "seen" by a  machine, a  gus t  i s  
a  sudden inc rease i n  wind speed t h a t  i s  un i f o rm across the  r o t o r  d i s k .  
Turbulence, on t h e  o the r  hand, i s  composed o f  wind events occu r r i ng  a t  
scales comparable t o  t he  s i z e  o f  t h e  r o t o r  d i s k .  



High l e v e l s  of t u rbu lence  can u s u a l l y  be avoided by n o t  s i t i n g  wind 

t u r b i n e s  near obs tac les  o r  near  topographic  f ea tu res  known t o  promote sepa ra t i on  

(see Chapter 5 ) .  I n  add i t i on ,  some i n f o r m a t i o n  on t u rbu lence  l e v e l s  a t  hub 

h e i g h t  w i l l  have been c o l l e c t e d  d u r i n g  t he  s i t e  e v a l u a t i o n  phase and would be 

used t o  a v o i d  s i t e s  w i t h  unacceptably l a r g e  tu rbu lence  l e v e l s .  Hub-height 

data,  however, do n o t  always g i v e  a  c l e a r  impress ion o f  c o n d i t i o n s  over  t h e  

e n t i r e  r o t o r  d i s k ,  and gener ic  gu ide l i nes  a re  known t o  have except ions.  

Hence, these procedures may n o t  always guarantee t h a t  a  s i t e  i s  f r e e  o f  

t u r b u l  ence-re1 a ted  problems. 

There has n o t  been s u f f i c i e n t  exper ience w i t h  l a r g e  wind t u r b i n e  generators  

t o  e s t a b l i s h  how impor tan t  tu rbu lence  m igh t  be as a  f a c t o r  i n  s i t i n g .  The 

sca les of tu rbu lence  impor tan t  t o  wind t u r b i n e s  a re  on t h e  o rde r  o f  t he  s i z e  

of  t h e  r o t o r  d i s k .  S ince wind speed and d i r e c t i o n  va ry  across t he  r o t o r  d i s k  

and s i nce  t h e  wind v e c t o r  a t  any p o i n t  i n  space v a r i e s  on a  t ime  sca le  of 

seconds, t h e  b lades o f  a  wind t u r b i n e  w i l l  exper ience f l u c t u a t i n g ,  d i f f e r e n -  

t i a l  loads.  Many persons assoc ia ted  w i t h  t h e  des ign o f  l a r g e  wind t u r b i n e s  

b e l i e v e  t h a t  t u rbu lence- re la ted  loads  a r e  n o t  s i g n i f i c a n t  when compared w i t h  

o t h e r  des ign  loads.  The argument i s  t h a t  t h e  machines w i l l  be s u f f i c i e n t l y  

r o b u s t  t o  be una f fec ted  by tu rbu lence  a t  any p r a c t i c a l  s i t e ;  thus, c o l l e c t i n g  

tu rbu lence  da ta  would be an unnecessary expense. However, t h e  magnitude o f  

t h e  f l u c t u a t i n g  wind shears a  machine w i l l  exper ience depends on t he  s i z e  o f  

t h e  r o t o r  d i sk ,  and t h e r e  has been l i t t l e  exper ience w i t h  r e a l l y  l a r g e  machines. 

It i s  a l s o  known t h a t  t u rbu lence  near t h e  e a r t h ' s  su r f ace  v a r i e s  w i t h  t ime  o f  

day, t h e  season of t h e  yea r  and t h e  na tu re  o f  t he  surrounding t e r r a i n .  But, 

t h e r e  i s  l i t t l e  d e t a i l e d  understanding o f  tu rbu lence  behavior  i n  t he  lowes t  

100 t o  150 m of  t h e  atmosphere except  over  smooth ground. 

I f  tu rbu lence  i s  measured a t  a  s i t e ,  t he  purpose would be t o  document 

those aspects t h a t  cou ld  a f f e c t  ope ra t i on  and maintenance cos t s  o f  wind t u r b i n e s  

o r  t h e i r  s e r v i c e  l i f e .  Proper documentation o f  t he  r e l e v a n t  c h a r a c t e r i s t i c s  

r e q u i r e s  r e p r e s e n t a t i v e  measurements o f  t he  f l o w  across t h e  r o t o r  d i s k  o f  t h e  

machine i n  quest ion.  T h i s  r e q u i r e s  a  meteoro log ica l  tower o f  about t h e  same 

h e i g h t  as t h e  t o p  of t h e  r o t o r  d isk .  The tower should be inst rumented a t  a  



minimum o f  t h r e e  l e v e l s  w i t h  anemometers s u f f i c i e n t l y  respons ive  t o  r e s o l v e  

t h e  i m p o r t a n t  sca les  o f  mot ion  (a  d i s tance  cons tan t  o f  about 5 m i s  acceptable;  

see Chapter 10 ) .  The da ta  should be c o l l e c t e d  and d i sp layed  i n  such a way 

t h a t  a manufacturer  c o u l d  i n t e r p r e t  t h e  d a t a ' s  probable impact  on performance 

and s e r v i c e  l i f e .  

One way o f  c a t a l o g i n g  tu rbu lence  i n f o r m a t i o n  would be j o i n t  p r o b a b i l i t y  

d i s t r i b u t i o n s  o f  t h e  changes i n  wind speed and wind d i r e c t i o n  across t h e  r o t o r  

d i s k  as a f u n c t i o n  o f  mean hub- height  wind speed ( o r  wind speed ranges) .  

These d i s t r i b u t i o n s  should be formed w i t h  5- t o  10-sec average data,  so t h a t  

t h e  changes w i  11 be r e p r e s e n t a t i v e  o f  eddies cor r~p le te ly  e n g u l f i n g  t h e  r o t o r .  

Much o f  t h e  da ta  cou ld  be processed on s i t e  by smart  da ta  l ogge rs  i n  o r d e r  t o  

reduce t h e  amount o f  da ta  t o  be a rch ived .  

Once s u f f i c i e n t  da ta  have been c o l l e c t e d  t o  understand t h e  d i s t r i b u t i o n  

o f  t h e  wind resource over  t he  s i t e ,  t h e  i n d i v i d u a l  machines i n  t h e  c l u s t e r  

can be l oca ted .  F i n a l  l o c a t i o n  of each machine w i l l  r e q u i r e  c o n s i d e r a t i o n  o f  

t he  e f fec ts  o f  t u r b i n e  wakes on t h e  performance o f  i n d i v i d u a l  machines i n  t h e  

c l u s t e r  and on t h e  performance o f  t h e  c l u s t e r  as a whole. Chapter 9 d iscusses 

t h e  ques t i on  o f  wind t u r b i n e  wakes i n  some d e t a i l  and suggests a procedure f o r  

des ign ing  t h e  l a y o u t  o f  a c l u s t e r  and p r e d i c t i n g  i t s  performance once t h e  

des ign i s  completed. 

2.5 CONCLUSIONS AND RECOMMENDATIONS 

There are,  b a s i c a l l y ,  two approaches t o  s i t i n g  wind tu rb ines- - wind  pros-  

p e c t i n g  and e v a l u a t i n g  a predetermined s i t e .  The s teps i n v o l v e d  i n  each o f  

t h e  two approaches are:  

Wind Prospec t ing  

1. Analyze Region o f  I n t e r e s t  

2. Eva lua te  Candidate Resource Areas 

3. Screen P o t e n t i a l  Candidate S i  t es  

4. Eva lua te  Candidate S i t e s  

5. Develop S i t e  



Eva1 uating a Predetermined S i t e  

1 .  Establish Feasibil i ty 
2 .  Evaluate S i t e  

3 .  Develop Si te .  

A number of techniques have been identified that  can be applied to  the 

various steps in each s i t i ng  approach. Not a l l  techniques are applicable to 

each step in the two approaches. Figures 2.1 and 2 .2  indicate the applica- 

b i l i t y  of varioas s i t ing  techniques to the different  steps in prospecting and 

evaluating a predetermined s i t e .  An intel l igent  s i t i ng  strategy enta i l s  

applying appropriate s i t i ng  techniques to the relevant steps in the s i t ing  

process in a logical and economical fashion. 

To i l l u s t r a t e  the s i t i ng  process, a strategy was proposed fo r  wind energy 

prospecting. The decision process involved in the strategy i s  i l lus t ra ted  i n  

Figure 2 . 3 .  A strategy for  evaluating a predetermined s i t e  was not described 

in detail  since that  approach i s  simply an abridgment of the prospecting 

process. 

2.5.1 Data Requirements For Siting 

Wind data requirements are  an item of particular in te res t  in wind turbine 

s i t ing .  They change with each step in the s i t ing  process and vary according 

to  which s i t ing  techniques are being applied. A summary of wind data require- 

ments for  each step in the wind prospecting approach are: 

2.5.1.1 Analyzing the Region of Interest .  Analysis on th i s  geographical 
scale i s  accomplished with existing wind information. Wind resource assess- 

ments have been prepared for  each s t a t e  in the United States.  These should 

provide an adequate data base for  th i s  stage of the s i t e  selection process. 

2.5.1.2 Evaluatin_g. Wind data requirements for  

th i s  stage depend on whether the goal i s  to carry out a rigorous analysis of 

the ent i re  candidate resource area using a numerical model or simply to  docu- 
ment the wind resource a t  what a re  believed, a p r i o r i ,  to  be the windiest - 
locations within the region. The l a t t e r  option, though simpler, en ta i l s  more 

risk of error .  Typical data requirements for  a model-based analysis are: 



synchronous 1-hour averages of su r f ace  wind speed and d i r e c t i o n  a t  key 

l o c a t i o n s  i n  reg ion ;  i . e . ,  a t  ma jo r  v a l l e y s  p a r a l l e l  t o  p r e v a i l i n g  f l ow ,  

ma jo r  passes, ma jo r  r i d g e s  perpend icu la r  t o  p r e v a i l i n g  f l o w  

r e p r e s e n t a t i v e  v e r t i c a l  p r o f i l e s  o f  wind speed, d i r e c t i o n ,  and temperature.  

If a r i g o r o u s  a n a l y s i s  of t h e  f l o w  i s  n o t  performed, da ta  requi rements a r e  

1 ess s t r i n g e n t .  Useful  screening i n f o r m a t i o n  can be ob ta ined  w i t h  wi nd- run 

anemometers. However, sumniarized i n f o r m a t i o n  on h o u r l y  wind speed and d i r e c t i o n  

i s  more u s e f u l .  

2.5.1.3 Screening P o t e n t i a l  Candidate S i t e s .  I n  sc reen ing  a l a r g e  number 

o f  p o t e n t i a l  cand ida te  s i t e s ,  wind p r o f i l e  measurements f r om inexpens ive  systems 

such as t e t h e r e d  ba l l oons  o r  k i t e s  a r e  recommended. T h i s  da ta  i s  used t o  l o o k  

f o r  1 arge wind shear o r  h i g h  tu rbu lence  l e v e l s .  

2.5.1.4 Eva lua t i ng  Candidate S i t e s .  I f  a l a r g e  number o f  s i t e s  remain 

a f t e r  t h e  p o t e n t i a l  cand ida te  s i t e s  have been screened, a p r e l i m i n a r y  s i t e  

e v a l u a t i o n  program may be necessary. The o b j e c t i v e  would be t o  v e r i f y  t h e  

ex i s tence  o f  a usab le  wind resource, and t h e  program would use inexpens ive  

equipment w i t h  anemometers mounted on s h o r t  masts. Wind r u n  anemometers, 

mechanical weather s t a t i o n s  o r  s imple,  rugged anemometers combined w i t h  smart  

da ta  l ogge rs  would be s u i t a b l e  hardware. 

The o b j e c t i v e  o f  t h e  f u l l  s i t e  e v a l u a t i o n  program i s  t o  c o l l e c t  t he  wind 

da ta  needed f o r  de te rm in ing  t h e  economic va lue  o f  wind-generated e l e c t r i c i t y  

a t  each cand ida te  s i t e .  The da ta  requi rements a r e  1 t o  2-min averages o f  t h e  

two h o r i z o n t a l  components o f  t n e  wind v e c t o r  a t  hub h e i g h t  f o r  t h e  machines i n  

ques t ion .  Some knowledge o f  t h e  temperature behavior  a t  t h e  s i t e  i s  needed i n  

o r d e r  t o  determine a i r  dens i t y .  It i s  p o s s i b l e  t h a t  c o l l e c t i n g  da ta  a t  severa l  

l e v e l s  across t h e  r o t o r  d i s k  cou ld  improve energy p roduc t i on  es t imates  f o r  

v e r y  l a r g e  machines. However, a n a l y s i s  o f  wind and performance da ta  f rom 

severa l  exper imenta l  i n s t a l l a t i o n s  w i l l  be needed be fo re  i t  can be determined 

i f  wind da ta  c o l l e c t i o n  a t  more than  one l e v e l  i s  economica l ly  j u s t i f i e d .  

2.5.1 .5 Develop ing a S i t e .  Th i s  s tage o f  t he  s i t i n g  process r e q u i r e s  

s u f f i c i e n t  knowledge o f  t h e  f l o w  over  t he  s i t e  t h a t  t h e  l o c a t i o n  o f  each 



machine can be determined. For  l a r g e  s i t e s  where t h e  l o c a l  t e r r a i n  r e l i e f  ( a )  

i s  on t h e  o r d e r  o f  t h e  s i z e  o f  t h e  machines, measurements a t  severa l  l o c a t i o n s  

c o u l d  be requ i red .  Numerical and phys i ca l  model ing o f  t h e  f l o w  over  t h e  s i t e  

can be u s e f u l  i n  de te rmin ing  i f  t h i s  i s  t h e  case. I f  wind da ta  have been 

c o l l e c t e d  a t  an i n s u f f i c i e n t  number o f  l oca t i ons ,  an upgrading o f  t h e  meas,ure- 

ment system i s  necessary. However, t h e  t y p e  o f  da ta  c o l l e c t e d  (e.g., 1  - t o  

2-min averages a t  hub h e i g h t  o f  t h e  two h o r i z o n t a l  components o f  t h e  wind 

v e c t o r )  would be t h e  same as i n  t he  s i t e  e v a l u a t i o n  stage. 

Another goal  i n  t h i s  s tage of  s i t i n g  i s  t o  o b t a i n  f i n a l  assurance t h a t  

t h e r e  i s  no wind behavior ,  un ique t o  t h e  s i t e ,  t h a t  cou ld  adverse ly  a f f e c t  

wind t u r b i n e  ope ra t i ons  o r  t u r b i n e  s e r v i c e  1 i f e .  The wind c h a r a c t e r i s t i c s  

most l i k e l y  t o  f a l l  i n  t h i s  category a r e  an excess ive number o f  extreme g u s t  

events  o r  excess i ve l y  h i g h  tu rbu lence .  S i t e s  exper ienc ing  an excess ive number 

o f  extreme gus ts  should be e l i m i n a t e d  du r i ng  t h e  cand ida te  s i t e  e v a l u a t i o n  

process. Documenting tu rbu lence  c h a r a c t e r i s t i c s  a t  a  s i t e  would o n l y  be 

cons idered f o r  v e r y  l a r g e  machines, s i nce  i t  i s  u n l i k e l y  t h a t  machines hav ing 

r o t o r  d i s k s  l e s s  than  50 m i n  d iameter  would exper ience s i g n i f i c a n t l y  l a rge ,  

f l u c t u a t i n g  wind shears. I f  tu rbu lence  i s  documented, a t a l l  tower, about as 

h i g h  as t h e  t u r b i n e s  i n  quest ion,  i s  r equ i red .  The tower should be i n s t r u -  

mented a t  t h r e e  l e v e l s  w i t h  reasonably  responsive anemometers (abou t  a  5 m 

d i s t ance  cons tan t ) .  One anemometer should be a t  hub h e i g h t  and t h e  o t h e r  two 

should be near  t h e  t o p  and bottom o f  t h e  r o t o r  d i s k .  The da ta  must be processed 

so t h a t  t he  r e s u l t s  cou ld  be i n t e r p r e t e d  by manufacturers  i n  terms o f  probable 

e f f e c t s  on ope ra t i on  and maintenance and s e r v i c e  l i f e .  

2.5.2 Length o f  Measurement Per iod  

I n  a  s i t i n g  program, wind measurement has two o b j e c t i v e s :  t o  determine 
whether wind t u r b i n e s  i n s t a l l e d  a t  a  p a r t i c u l a r  s i t e  w i l l  be an economica l ly  

v i a b l e  investment  and t o  ensure t h a t  t u r b i n e s  i n s t a l l e d  a t  a  p a r t i c u l a r  s i t e  

w i l l  be o p e r a t i o n a l l y  success fu l .  Wind da ta  should be c o l l e c t e d  f o r  as l o n g  

as i t  takes t o  r e s o l v e  these issues.  Determin ing t he  economic va lue  of wind- 

generated e l e c t r i c i t y  a t  a  p a r t i c u l a r  s i t e  w i l l  undoubtedly be the f a c t o r  t h a t  

governs t h e  l e n g t h  of t h e  measurement program. 

(a )  The t y p i c a l  e l e v a t i o n  d i f f e rences  between l ow  p o i n t s  and h i g h  p o i n t s .  

+ 2-27 



I f  a  d e c i s i o n  t o  i n s t a l l  wind t u r b i n e s  can be based on t h e  n e t  energy 

produced over  a  g i ven  per iod ,  a  s i n g l e  y e a r  o f  data c o l l e c t i o n  should be 

s u f f i c i e n t .  Wi th  a  y e a r ' s  data,  a  reasonable es t imate  o f  average annual 

energy p r o d u c t i o n  can be made, and i t  i s  f a i r l y  easy t o  make reasonable e s t i -  

mates o f  t h e  u n c e r t a i n t y  i n  t h i s  est imate.  

I f  t h e  economic va lue  o f  wind-generated e l e c t r i c i t y  i s  a  s t r o n g  f u n c t i o n  

o f  how t h e  t u r b i n e s  mod i fy  t h e  u t i l i t y ' s  load ,  more than  a  y e a r ' s  da ta  c o l l e c -  

t i o n  cou ld  be r e q u i r e d .  I t  depends on how t h e  wind c h a r a c t e r i s t i c s  t h a t  a f f e c t  

l o a d  m o d i f i c a t i o n  (such as, t h e  d i u r n a l  and seasonal modu la t ion  of t h e  wind)  

va ry  f rom year- to- year .  A d e c i s i o n  on how l o n g  t o  measure would r e s t  on t h e  

d i f f e r e n t i a l s  among t h e  c o s t  o f  wind-generated e l e c t r i c i t y ,  t h e  u t i l i t y ' s  

p roduc t i on  cos t s  and on t h e  s e n s i t i v i t y  of economic va lue  t o  these u n c e r t a i n t i e s .  

The d e c i s i o n  on when t o  s t a r t  i n s t a l l i n g  machines would depend on each u t i l i t y ' s  

assessments o f  t h e  cos t s  and t h e  r i s k s .  
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3.0 NUMERICAL MODELING 

Because o f  the  s p a t i a l  v a r i a b i l i t y  o f  the  wind resource, wind data from 

f i x e d  observing s t a t i o n s  can o n l y  be used t o  evaluate the  wind energy p o t e n t i a l  

a t  nearby s i t e s .  I n  some cases, wind data from well-exposed s t a t i o n s  i n  f l a t ,  

homogenous t e r r a i n  may be representa t ive  o f  cond i t ions  over  a l a r g e  area. I n  

o the r  cases, wind data f rom one l o c a t i o n  may be unrepresentat ive of cond i t i ons  

100 meters away. C lea r l y ,  techniques are  needed t o  gauge the e f f e c t  o f  t e r r a i n  

on wind c h a r a c t e r i s t i c s  and t o  est imate c r i t i c a l  wind c h a r a c t e r i s t i c s  a t  loca-  

t i o n s  remote f rom the  nearest  observing s t a t i o n .  

Numerical models p rov ide  an o b j e c t i v e  method f o r  es t ima t ing  the e f fec ts  o f  

t e r r a i n  on a i r f l o w  and f o r  i n t e r p o l a t i n g  wind data from loca t i ons  where there  

are  observat ions t o  l o c a t i o n s  where there  are  none. To do t h i s ,  the models 

f i n d  s o l u t i o n s  t o  equations t h a t  descr ibe the  complex i n t e r a c t i o n s  between the  

atmosphere and the e a r t h ' s  surface. The accuracy achieved i n  these s o l u t i o n s  

depends on the  accuracy and the dens i t y  o f  the  i n p u t  data, as we l l  as the 

amount o f  r e a l i s m  inhe ren t  i n  the mathematical r e l a t i o n s h i p s  t h a t  make up the  

model. 

Numerical models can be app l i ed  t o  the s i t i n g  process i n  th ree  ways: t o  
2 

screen mesoscale areas (dimensions on t h e  order  o f  10,000 km ) fo r  subregions 

t h a t  experience the  h ighes t  winds, t o  est imate wind c h a r a c t e r i s t i c s  a t  s p e c i f i c  

predetermined s i t e s ,  and t o  understand how the f l o w  over a c l u s t e r  s i t e  might  

a f f e c t  t h e  placement o f  each machine. This  chapter  reviews two basic  types of 

models t h a t  have been proposed f o r  use i n  s i t e  screening and s i t e  evaluat ion:  

k inemat ic  and p r i m i t i v e  equations. The r e s u l t s  o f  experiments t o  v e r i f y  these 

models a r e  a l so  reviewed, and a c r i t i q u e  o f  t he  models' c a p a b i l i t i e s  i s  given. 

However, be fore  the models a re  presented, equations governing the  dynamics of 

t he  atmosphere are  discussed. 

3.1 GOVERNING EQUATIONS 

The dynamics o f  t he  atmosphere can be described by the  equat ions o f  mot ion 

f o r  a viscous, compressible Newtonian f l u i d  i n  a un i fo rm g r a v i t a t i o n a l  f i e l d .  

When these equat ions are  w r i t t e n  i n  a coordinate system f i x e d  w i t h  respect  t o  



the ea r th ' s  surface ( i  .e. , a rotating or noninertial coordinate system), the 
equations of motion are: 

The terms on the l e f t  of Equation (3.1) represent the acceleration of an 
arbi t rary f lu id  element and the terms on the r ight  describe the forces, per 

uni t  mass, acting on the element. The f i r s t  term on the right-hand side of 
Equation (3.1 ) i s  the pressure force,  the second term represents the force 

caused by gravitational acceleration,(a) the third term i s  the Coriolis force,  
and the l a s t  term represents viscous forces. 

The equations of motion have been written in the Einstein summation con- 
vention. Thus, a term with a single subscript or index (e .g. ,  ui)  represents 
the i t h  component of a vector quantity. If an index i s  repeated within a given 
term, the term i s  summed over a l l  values the index can assume, for  example: 

The terms 6 i j  and c i j k  are  the Kronecker delta and the alternating u n i t  tensor, 
respectively. The Kronecker de l ta ,  6 i  j, i s  zero i f  i # j and unity i f  i = j. 

The a1 ternating uni t  tensor, ci  k ,  i s  zero i f  a t  l eas t  two of the three indices 

a re  the same, +1 i f  i ,  j and k form a cyclic permutation, and -1 i f  i ,  j ,  k 
-. (b) are  in a noncyclic order. Note that  ci  j k  R j u k  E '6 x u .  

In addition to the equations of motion, expressions representing the con- 
servation of mass, energy (or ,  as written below, entropy), and water vapor are 

( a )  Actually, g i s  the effect ive gravitational acceleration, which i s  less  than 
actual gravity because of the effects  of the centrifugal acceleration of 
the ea r th ' s  rotation. 

( b )  See the glossary for  the definit ion of terms not explained in the text .  - 



needed t o  descr ibe  t he  complete atmospheric system. These equat ions are, 

r e s p e c t i v e l y :  

and 

R/ cp 
I n  Equat ion (3.3),  = T(Po/P) i s  a measure o f  en t ropy  ( c a l l e d  t he  p o t e n t i a l  

temperature)  and I i s  t he  p roduc t i on  o f  en t ropy  as a r e s u l t  o f  v iscous d i s s i p a -  

t i o n  and o t h e r  i r r e v e r s i b l e  processes. The term So represen ts  t he  r a t e  o f  

en t ropy  p roduc t i on  caused by i n t e r n a l  heat  sources o r  hea t  s i nks .  Equat ions (3.1) 

th rough  (3.4) have been w r i t t e n  assuming t h a t  t he  wate r  con ten t  o f  t h e  atmosphere 

i s  always i n  t h e  vapor phase. Thus, SO r e s u l t s  f rom t h e  abso rp t i on  o r  emiss ion 

o f  thermal r a d i a t i o n  by t h e  atmosphere. 

3.2 SIMPLE KINEMATIC MODELS 

Ob ta in i ng  numer ica l  s o l u t i o n s  t o  Equat ions (3.1 ) through (3.4) i s  a 

formidable problem and many at tempts have been made t o  f i n d  s i m p l i f i e d  approaches. 

These approaches t ry  t o  s i m p l i f y  t he  equat ions o f  mot ion w h i l e  s t i l l  r e t a i n i n g  

most o f  t h e  e s s e n t i a l  phys ics  con ta ined  i n  t h e  f u l l  equat ions.  Th i s  s e c t i o n  

descr ibes  a s i m p l i f i e d  approach t h a t  has rece i ved  a g r e a t  deal  o f  a t t e n t i o n  as 

a p o s s i b l e  s i t i n g  t o o l .  

Me teo ro log i s t s  have l o n g  been faced w i t h  t h e  problem o f  produc ing weather 

maps from da ta  c o l l e c t e d  a t  w ide l y  sca t te red ,  and unevenly spaced, observ ing  

s t a t i o n s .  H i s t o r i c a l l y ,  these maps were produced by hand, and t he  i n t e r p o l a t i o n  

o f  meteoro log ica l  q u a n t i t i e s  between s t a t i o n s  was done s u b j e c t i v e l y .  Wi th  t h e  

advent  o f  d i g i t a l  computers, much e f f o r t  has been spent  on automating t h i s  

process. 



Sasaki (1958) proposed one o f  t he  e a r l y  schemes f o r  p roduc ing  o b j e c t i v e l y  

analyzed wind f i e l d s .  H i s  approach was m o d i f i e d  f o r  use i n  p roduc ing  w ind  

f i e l d s  over  topography by Sherman (1978). Sherman's method s t a r t s  w i t h  a l l  

a v a i l a b l e  observa t ions  o f  t he  wind vec to r  w i t h i n  the  r e g i o n  o f  i n t e r e s t .  An 

i n i t i a l  guess o f  t h e  wind f i e l d  i s  then made a t  every  p o i n t  i n  a  three-dimen-  

s i o n a l  g r i d  t h a t  covers t h i s  reg ion .  The i n i t i a l  guess i s  ob ta ined  by an 

a r b i t r a r y ,  -- ad hoc i n t e r p o l a t i o n  scheme. Th i s  i n i t i a l  guess o f  t h e  wind f i e l d  

i s  then  ad jus ted  u n t i l  t he  equa t ion  o f  c o n t i n u i t y  i s  s a t i f i e d  f o r  every  g r i d  

element. A t  g r i d  p o i n t s  c l o s e s t  t o  t he  e a r t h ' s  sur face,  t h e  wind v e c t o r  must 

be p a r a l l e l  t o  t he  e a r t h ' s  sur face.  Because t he  approach o u t l i n e d  above p ro-  

duces wind f i e l d s  s a t i s f y i n g  the  equat ion  o f  mass c o n t i n u i t y ,  models of t h i s  

t ype  a r e  o f t e n  c a l l e d  mass cons i s ten t .  

3.2.1 Mass-Consistent Ob jec t i ve  Ana l ys i s  o f  Wind F i e l d s  

A mass- consis tent  o b j e c t i v e  a n a l y s i s  scheme can be fo rmu la ted  as a  problem 

i n  t h e  c a l c u l u s  o f  v a r i a t i o n s .  For  example, i f  uio i s  t he  i n i t i a l  guess o f  t he  

i t h  v e l o c i t y  component a t  a  g i ven  p o i n t  and ui i s  t he  f i n a l ,  m o d i f i e d  value, t h e  

sum o f  t h e  squares o f  t h e  d i f f e r e n c e s  between uio and ui a t  a  g i ven  p o i n t  i s :  

2 where ai a r e  s p e c i f i e d  we igh t i ng  f a c t o r s .   h he phys i ca l  s i g n i f i c a n c e  o f  these 

we igh t i ng  f a c t o r s  w i l l  be exp la i ned  below.) Given t h e  q u a n t i t y  (3.5),  a  

f u n c t i o n a l ,  H, i s  d e f i n e d  by i n t e g r a t i n g  express ion  (3.5) over  t h e  e n t i r e  

volume o f  i n t e r e s t ,  i .e., 

The m o d i f i e d  v e l o c i t y  f i e l d ,  ui , must s a t i s f y  t h e  equat ion  o f  c o n t i n u i t y  

(Equat ion 3.2), which can be r e w r i t t e n  as: 



Since t h e  terms i n  parentheses a re  gene ra l l y  very  small i n  most f l ows  

(see Sec t ion  3.3.1), t he  equat ion o f  c o n t i n u i t y  i s  approximately 

The i n i t i a l  guess of t h e  wind f i e l d ,  uio, i s  obta ined by i n t e r p o l a t i n g  

ac tua l  wind observat ions over  t h e  volume o f  i n t e r e s t .  Therefore, our  i n i t i a l  

guess o f  t he  f i e l d  i s  assumed t o  con ta in  va luab le  i n fo rma t i on  on the  t r u e  wind 

s t r u c t u r e .  The sma l l es t  adjustments poss ib le  t h a t  w i l l  r e s u l t  i n  a f i n a l  wind 

f i e l d  t h a t  s a t i s f i e s  c o n t i n u i t y  should be made t o  the  i n i t i a l  f i e l d .  I n  o t h e r  

words, Equation (3.6) should be minimized sub jec t  t o  t h e  c o n s t r a i n t  t h a t  

Th i s  problem can be solved by Lagrange's method o f  undetermined m u l t i p l i e r s  

(Mathews and Wal ke r  1964). By t h i s  technique, min imiz ing  Equat ion (3.6) 

sub jec t  t o  t h e  c o n s t r a i n t  g iven i n  Equation (3.9) i s  equ i va len t  t o  min imiz ing  

t h e  f u n c t i o n a l  

2  2 aui + a3 (W - wo) + A - I dxdydz axi 

where 

x, y, z a re  c a r t e s i a n  coord inates f i x e d  w i t h  respec t  t o  t h e  e a r t h ' s  

sur face  

u, v, w a r e  t he  mod i f i ed  v e l o c i t y  components i n  t h e  x, y,  z d i r e c t i o n s ,  

r e s p e c t i v e l y  

'Joy V o y  wo a r e  t he  corresponding i n i t i t a l  values 

h (x ,  y,  z )  i s  the  L a g r a n g e m u l t i p l i e r .  I n  Equat ion (3.10), a, and a2 

have been s e t  equal. 



The weighting factors  al  and a3 govern the s ize of the wind f i e l d  adjust- 

ments needed to  minimize Equation (3.10). The s ize of the adjustment will be 

inversely proportional t o  the magnitude of the weighting factor.  In principle,  
the weighting factors  can be made a function of the i r  position relat ive to  the 
measurement locations. I f ,  for  instance, they are made large near the loca- 

tions of actual wind measurements, the adjustment to the i n i t i a l  wind f i e ld  
will be small. Reducing the s ize of the weighting factors as the distance 
from the nearest measurement location increases will cause the largest  adjust- 
ments to  be made a t  the grid locations where the i n i t i a l  guess i s  most uncertain. 

The most important role of the weighting factors ,  however, i s  t o  simulate 

the effects  of thermal s t ra t i f ica t ion .  Except very near the ea r th ' s  surface, 
the atmosphere i s  always stably s t r a t i f i ed ;  thus, buoyancy forces will r e s i s t  

vertical  motion. When encountering a large isolated topographical feature,  

the a i r  i s  more l ikely to  flow around the object than over i t .  As a resu l t  of 

s table  s t r a t i f i ca t ion ,  the mean magnitude of vertical  motions in the atmosphere 

(averaged over several minutes, for  example) are on the order of lo-* to  

m/sec, except very near abrupt topographical features or within cumulus 
clouds. Horizontal motions, however, are  on the order of meters per second. 

As the functional defined i n  Equation (3.10) i s  minimized, the vertical  component 

should not change by more than lo-' m/sec, whereas the horizontal components 

may change as much as several meters per second. If the magnitude of al i s  
on the order of unity, a3 should be a factor of 100 larger i n  order to  achieve 
the desired resul t .  

Equation (3.10) can be minimizad i f  the following equations are  solved: 



subject t o  the boundary conditions, 

where 6 (  ) i s  the variation of the quantity in parentheses (Lass 1957) and fi 
i s  a uni t  vector normal t o  the boundary surface. Setting X 5 0 a t  the bound- 
a r i e s  i s  appropriate for  "open" o r  "flow-through" boundaries, while making 

~ ( T - F I )  -. 0 allows no adjustment to  the velocity component normal to  the boundary 

surface. As can be seen from Equations (3.11) through (3.13), the l a t t e r  

boundary condition i s  equivalent to 

3 .2 .2  Data Requirements and In i t ia l iza t ion  

Before a mass-consistent objective analysis scheme can create an adjusted 

wind f i e ld  for  the area in question, an i n i t i a l  guess must be supplied a t  
every grid point i n  the domain of the model. To make an i n i t i a l  guess, infor- 
mation on topography and the flow patterns within the area i s  needed. Informa- 
tion on topography must be a t  a resolution compatible with the grid s ize  of 
the model. In most applications, data on flow patterns will be limited to  a 
few observations of surface wind speed and direction. Sometimes, information 
on wind  s t ructure above the surface i s  available from a nearby rawinsonde 
s tat ion.  

When only surface w i n d  information i s  available,  one possible procedure 
for  in i t i a l i z ing  the model i s  to  create a wind profi le ,  or sounding, a t  every 
point having a surface wind observation. A common way to  do th i s  i s  by an 

ad hoc extrapolation scheme, such as 
7- 



where 

S(z )  i s  t he  wind speed a t  a  h e i g h t  z  above t h e  sur face  

Z b l  i s  an a r b i t r a r i l y  chosen boundary l a y e r  depth 

'max i s  t h e  t o p  of t h e  model domain 

p  i s  f r e q u e n t l y  chosen as 0.14. 

I n  u s i n g  Equat ion  (3.17) as an e x t r a p o l a t i o n  method, t h e  wind d i r e c t i o n  i s  

u s u a l l y  h e l d  cons tan t .  A f t e r  a  v e r t i c a l  sounding i s  produced over  each wind 

obse rva t i on  s t a t i o n ,  t h e  da ta  a re  i n t e r p o l a t e d  h o r i z o n t a l l y  t o  f i l l  t h e  rema in ing  

g r i d  po in t s .  

I f  a  rawinsonde sounding i s  a v a i l a b l e ,  i t  can be used t o  a i d  i n  t h e  

v e r t i c a l  e x t r a p o l a t i o n  o f  su r face  wind data.  3ne p o s s i b l e  approach assumes 

t h a t  i n  a d d i t i o n  t o  t he  sounding, bo th  wind speed and d i r e c t i o n  a r e  a v a i l a b l e  

a t  each o f  t h e  p o i n t s  hav ing sur face  wind data.  I f  R i s  t h e  e l e v a t i o n  ( r e l a t i v e  

t o  sea l e v e l )  o f  t h e  rawinsonde s t a t i o n  and P t h e  e l e v a t i o n  o f  t h e  s t a t i o n  

t h a t  has o n l y  su r f ace  observat ions,  then f o r  P > R, zb = H, where H i s  an 

a r b i t r a r y  h e i g h t  above t h e  sur face  (on  t he  o rde r  o f  100 m). For  P < R, zb = 

R - P + H. Above zb, t h e  wind speed and d i r e c t i o n  a re  ad jus ted  t o  t h e  sounding 

by a  l i n e a r  i n t e r p o l a t i o n  scheme. T h i s  scheme i s  

'max 
q ( z )  = qua(z) + [q(zbl) - qua(zbl)l 

max b 

where q ( z )  i s  t h e  q u a n t i t y  (speed o r  d i r e c t i o n )  a t  a  h e i g h t  z  above t h e  su r f ace  

and qua(z)  i s  t h e  q u a n t i t y  a t  z  accord ing  t o  t he  sounding. 

Once a  wind p r o f i l e  i s  produced above each observ ing  s t a t i o n ,  t h e  rema in ing  

p o i n t s  a r e  aga in  f i l l e d  by a  h o r i z o n t a l  i n t e r p o l a t i o n  scheme, such as s e t t i n g  

t h e  wind components a t  t he  remain ing p o i n t s  equal t o  a  weighted average o f  a l l  
2 o f  t h e  i n p u t  va lues.  A l / r  we igh t i ng  f a c t o r  i s  f r equen t l y  used where 

and xs, y, a r e  t h e  coord ina tes  o f  each i n p u t  s t a t i o n .  Th is  f i e l d  p rov ides  t h e  

u o y  V o y  and wo va lues  i n  Equat ions (3.1 1) th rough  (3.13) .  



V e r i f i c a t i o n  Resu l ts  

Since an o b j e c t i v e  ana lys i s  scheme based on the  ca lcu lus  o f  v a r i a t i o n s  

minimizes adjustments t o  the  i n i t i a l  guess o f  t he  wind f i e l d ,  the  accuracy and 

representat iveness of t he  i n p u t  data are  c r u c i a l .  However, est imates o f  how 

we1 1  the  model may perform i n  a  g iven a p p l i c a t i o n  can on l y  be made s u b j e c t i v e l y  

by eva lua t i ng  the  performance o f  t he  model on s i m i l a r  problems and under 

s i m i l a r  cond i t ions .  Recently, two s tud ies  (T rac i  e t  a1 . 1979; Endl ich e t  a1 . 
1980) were conducted t o  evaluate the  ab i  1 i ty  o f  mass-consi s t e n t  numerical 

models t o  s imulate a i r f l o w  over  complex topography and t o  p r e d i c t  c e r t a i n  wind 

c h a r a c t e r i s t i c s  a t  p o t e n t i a l  wind t u r b i n e  s i t e s .  

I n  the  f i r s t  o f  these two studies,  a  mass-consi s t e n t  model was app l i ed  t o  

areas where the  network o f  sur face wind measurements was reasonably dense. A 

subset o f  t he  sur face wind observat ions was used t o  i n i t i a l i z e  the  model and 

observed winds were then compared w i t h  simulated winds a t  l oca t i ons  n o t  used 

i n  t h e  i n i t i a l i z a t i o n .  Comparisons were made f o r  a  number o f  cases and f o r  

va ry ing  numbers o f  i n p u t  data s ta t i ons .  The i s l a n d  o f  Oahu i n  Hawaii, t he  

most populated o f  t he  Hawaiian Is lands,  was used as the  s i t e  i n  t h i s  study. 
2 The i s l a n d  i s  small (approximately 1570 km i n  area) b u t  rugged (see Figure 3.1). 

I t s  p r i n c i p a l  topographic fea tures  are  r idges  t h a t  l i e  along the  eastern and 

western edges o f  the  i s l a n d  and run  n o r t h  t o  south. The average e l e v a t i o n  o f  

t he  windward (eastern)  r i d g e  i s  about 600 m. The leeward r i d g e  i s  s l i g h t l y  

h igher .  The maximum e l e v a t i o n  on the  i s l a n d  i s  1225 m. 

Because i t  i s  s i t u a t e d  i n  t he  nor thern  p o r t i o n  o f  the nor theastern t rade-  

winds, Oahu i s  embedded i n  one o f  t h e  s tead ies t ,  most homogeneous wind regimes 

on ear th .  It i s  a l so  small enough t h a t  the  e f f e c t s  o f  d iu rna l  heat ing  of t he  

i s l a n d  on the  f l o w  pa t te rns  should be small i n  comparison t o  the  e f f e c t s  o f  

topography. (a )  The l a t e r a l  boundary cond i t ions  o f  a  model descr ib ing  f low 

over Oahu should be f a i r l y  steady and reasonably we l l  def ined.  Therefore, 

Oahu should prov ide  a  s t ra igh t fo rward  t e s t  o f  a  model ' s  a b i l i t y  t o  s imulate 

the  e f f e c t  o f  topography on a i r f l o w .  

(a) Th is  i s  t rue,  a t  l e a s t ,  f o r  the  scales o f  motion reso l vab le  by models such 
as those described i n  t h i s  chapter. 



F I G U R E  3.1. Perspect ive of t he  T e r r a i n  on Oahu, Hawaii, 
Looking Southwestward 

F i r s t ,  t h e  a b i l i t y  o f  a  mass-consistent model, c a l l e d  NOABL, t o  s imu la te  

general f ea tu res  o f  t h e  f l o w  over Oahu was i nves t i ga ted  (T rac i  e t  a1 . 1979). ( a )  

Since NOABL i s  w r i t t e n  i n  a  nonorthogonal, te r ra in- conformal  coord ina te  system, 

t h e  form o f  t h e  equat ions solved by the  model d i f f e r s  from Equations (3.11) 

through (3.14) [see T r a c i  e t  a1 . (1978), and Phi 11 i p s  (1  979) f o r  a  complete 

d e s c r i p t i o n  o f  t h e  model]. 

I n  s imu la t i ng  t h e  general  fea tures  o f  t radewind f l o w  over Oahu, NOABL was 

r u n  w i t h  a  g r i d  having a  r e s o l u t i o n  o f  1600 m i n  the h o r i z o n t a l .  The s i z e  o f  

t h e  modeled domain was 77 km i n  t he  east-west d i r e c t i o n ,  53 km i n  t h e  no r th-  

south d i r e c t i o n ,  and 2 km i n  the v e r t i c a l .  The model was i n i t i a l  i z e d  by 

assuming a  un i f o rm wind d i r e c t i o n  o f  065' (wind from the  n o r t h  has a  d i r e c t i o n  

o f  0 " ) .  A un i f o rm wind speed o f  10 m/sec was assumed a t  200 m above the  sur-  

face.  The wind speed fo l l owed  a  1/7 power law (see Equation 3.17a) below the  

200-m l e v e l  and was constant  above it. The r e s u l t s  o f  t h i s  s imu la t i on  are  

shown i n  F igu re  3.2. The f i g u r e  shows a  d e f i n i t e  in f luence o f  t h e  t e r r a i n  on 

( a )  The model was developed f o r  DOE by Science App l ica t ions ,  Inc .  o f  
San Diego, CA. 
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FIGURE 3.2. liind Speed Contours a t  15 m Above the Surface f o r  Idealized 
Tradewind Flow Over Oahu. The f r e e  stream wind speed a t  200 m 
was 10 m/s and the  wind di rect ion was 65". 

the flow. Over the  mountain r idges and around the  points ,  wind speeds a r e  

enhanced; in  the centra l  val ley  and on the  ea s t  s ide  of the  windward mountain 

range, wind speeds a r e  much lower. These features  correspond very well t o  

observations of the  surface wind pattern.  

Since the  hypothetical tradewind case indicated t h a t  gross fea tures  of 

flow over the  island could be simulated w i t h  very crude input,  a more quanti-  

t a t i v e  comparison between model simulations and observations was undertaken. 

In t h i s  s t ep ,  data was used from the  Oahu surface wind network (Shinn e t  a1 . 
1979). The data s e t  cons i s t s  of hourly averaged surface wind observations a t  

a s  many a s  21 locat ions  on Oahu ( see  Figure 3 .3) .  Measurements were made f o r  

a 24-month period s t a r t i n g  i n  August 1976 and ending i n  July 1978. In addit ion 

t o  the  surface wind observations, rawinsonde soundings were avai lable  twice a 

day from Lihue on the neighboring island of Kauai. 
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FIGURE 3.3. Oahu Topographic Schematic w i t h  Data Network Locat ions 

From the  f i r s t  12 months o f  measurements, 12 days (one f o r  each month) 

were chosen as representa t ive  o f  cond i t ions  f o r  the  e n t i r e  year.  ( a )  NOABL was 

then used t o  produce s imulated wind f i e l d s  a t  two times on each o f  t h e  12 days. 

These times, 0200 and 1400 l o c a l  time, corresponded t o  the  t imes o f  t h e  L ihue 

sounding. Three sets o f  24 wind f i e l d  s imu la t ions  were made w i t h  d i f f e r i n g  

amounts o f  i n p u t  data: one s e t  used up t o  s i x  sur face s t a t i o n s  p lus  the  L ihue 

sounding, another used as many as th ree  sur face s t a t i o n s  p lus  the  sounding, 

and the  t h i r d  was i n i t i a l i z e d  w i t h  data f rom on ly  the  sounding. The s t a t i o n s  

used f o r  t he  t h r e e  cases a re  i nd i ca ted  i n  Table 3.1. The i n i t i a l  guess o f  the  

wind f i e l d  was made us ing  the  procedure f o r  i n p u t  sets w i t h  rawinsonde soundings 

t h a t  was described i n  Sect ion 3.2.2 [see T rac i  e t  a l  . (1978) f o r  more d e t a i l s ] .  

F igures 3.4 through 3.9 compare simulated wind speeds w i t h  those observed 

a t  s t a t i o n s  n o t  used t o  i n i t i a l i z e  the  model. The simulated speeds are  f rom 

the  15-m l e v e l ,  which i s  the l e v e l  i n  the model c l o s e s t  t o  the  l e v e l  o f  t he  

sur face s ta t i ons .  The f i r s t  th ree  f i g u r e s  (3.4 through 3.6) compare a l l  24 

(a) P r i v a t e  communication f rom C.  S.  Sherman, Lawrence Livermore Laboratory. 



TABLE 3.1. Oahu Data Base Surface Observation S ta t i ons  

s imulat ions.  The l a s t  th ree  (3.7 through 3.9) compare means o f  the  24 simula-  

t i o n s  a t  each observing s ta t i on .  These f i g u r e s  show t h a t  considerable d i f -  

ferences between s imulated wind speeds and the observed hou r l y  averages can 

e x i s t  a t  any g iven po in t .  Th i s  i s  n o t  su rp r i s i ng ,  s ince  many o f  t he  phys ica l  

processes a f f e c t i n g  f l o w  over t e r r a i n  a re  n o t  s imulated i n  a  mass-consistent 

model. S p a t i a l  r e s o l u t i o n  i s  a l so  a  f a c t o r  i n  exp la in ing  these d i f fe rences,  

s ince the  wind speed s imulat ions produced by a model represent  an average over  

LLL S t a t i o n s  
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Waialua 
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Observed Windspeed (mfsec) 

FIGURE 3.4 .  Comparison of C a l c u l a t e d  t o  Observed Wind Speed f o r  24 Oahu 
S i r r~u la t ion  Events (S imula t ion  I  : 6 s u r f a c e  s t a t i o n s  p l u s  
upper a . i r  r e c o r d .  Source:  T r a c i  e t  a1 . 1 9 7 8 ) .  

Observed Wlndspeed (mfsec) 

FIGURE 3.5 .  Comparison o f  C a l c u l a t e d  t o  Observed Wind Speed f o r  24 Oahu 
S imula t ion  Events (S imula t ion  11: 3 s u r f a c e  s t a t i o n s  p l u s  
upper a i r  r e c o r d .  Source:  T r a c i  e t  a l .  1978) .  



FIGURE 3.6. Comparison of  Calculated t o  Observed Wind Speed f o r  24 Oahu 
Simulation Events (Simulat ion 111 : upper a i r  record only.  
Source: Traci  e t  a1 . 1978).  

Observed Mean Windspeed (m/ sec  ) 

FIGURE 3.7.  Comparison of  Calculated t o  Observed Wind Speed Based Upon 
24 Oahu Simulation Events (Simulation I :  6 s u r f a c e  s t a t i o n s  
plus  upper a i r  record .  Source: Traci  e t  a1 . 1978).  



FIGURE 3 . 8 .  Comparison o f  C a l c u l a t e d  t o  Observed Wind Speed Based Upon 
24 Oahu S i m u l a t i o n  Events ( S i m u l a t i o n  11: 3 surface s t a t i o n s  
p l u s  upper  a i r  r e c o r d .  Source :  T r a c i  e t  a l .  1 9 7 8 ) .  

O b s e r v e d  !.lean ' ; i lndspeed  ( n i l s e c )  

FIGURE 3.9. Comparison o f  C a l c u l a t e d  t o  Observed Wind Speed Based Upon 
24 Oahu S i m u l a t i o n  Events  ( S i m u l a t i o n  111: upper  a i r  r e c o r d  
only. Source:  T r a c i  e t  a l .  1978) .  



t h e  g r i d  c e l l .  For  t h e  s imu la t i ons  dep i c ted  i n  F igures  3.4 and 3.9, t h e  h o r i -  

z o n t a l  dimensions o f  these  c e l l s  a r e  1600 m. The wind observa t ions  w i t h  which 
these  s imu la t i ons  a r e  compared, on t he  o t h e r  hand, a r e  e s s e n t i a l l y  representa-  

t i v e  o f  p o i n t s  and a r e  a f f ec ted  by f ea tu res  n o t  r e s o l v a b l e  by t h e  model g r i d .  

The l a s t  t h r e e  f igu res  show t h a t  t h e  wind speed d i s t r i b u t i o n  over  t h e  

i s l a n d  i s  represen ted  reasonably  w e l l  by t h e  mass- consis tent  model--at l e a s t  

on t h e  average. That  i s ,  t h e  s t a t i o n s  t h a t  were t h e  w i n d i e s t  i n  t h e  s imula-  

t i o n s  tended t o  be t h e  w i n d i e s t  o f  t h e  observed s t a t i o n s  (see Tables 3.2 

and 3.3). 

TABLE 3.2. S t a t i o n  Wind Speed Resu l ts  C o r r e l a t i o n  Q u a n t i t i e s :  24 Event Oahu 
V e r i f i c a t i o n  M a t r i x ,  Oahu Wind Data Network (Source: T r a c i  e t  a l .  
1978) 

qcalc = a. + a l  'obs 

- 1 bq = a ( q c a l c  - qobs) = mean b ias  

- 1 
dq = fi z (qCa lc  - qobsl = mean dev l : l t l on  

1 o = RASE =(a c ( q C a l c  - qobs)'} '  = root mean square  error  
q 

Llnuar 
Currellatlon 
Corff~cimL 

r 

0.63 

0.64 

0.65 

0.43 

0.53 

0.51 

0.51 

0.54 

0.52 
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b 
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-0.01 

0.34 

0.17 

-0.11 

0.78 

0.33 

0.24 

-1.27 

-0.51 

ltoot Ucan Square 
Error 

HMSE.oq 
(mlsec) 

3.3 

3.4 

3.4 

4.2 

4.1 

4 . 1  

3.7 

3.6 

3.6 

S~mulatlon Descrlptlon 

(Events used in Analysis) 

Slmulatlon I : 6 surface & upper alr 

0200 events 

1400 events 

all 24 sets 

Simulat~on 11 : 3 surface & upper air 

0200 events 

1400 evepts. 

all 24 events 

S~mulation 111: upper air only 

0200 events 

1400 events 

all 24 events 

Ueun 
bevlatlon 
aq, m/sac 

2.4 

2.7 

2.5 

2 . 0  

3.0 

2.9 

2.8 

2.9 

2.0 

Least Squares Linear YlL 
Pilranarters 

a 0 

2.3 

1.9 

2.1 

3.4 

3.2 

3.2 

3.5 

2.4 

3.1 

a 1 

0.63 

0.79 

0.72 

.43 

.69 

.59 

.48 

.53 

.48 



TABLE 3.3. S t a t i o n  Wind D i r e c t i o n  Resu l ts  C o r r e l a t i o n  Q u a n t i t i e s :  24 Event 
Oahu V e r i f i c a t i o n  M a t r i x ,  Oahu Wind Data Network (Source: T r a c i  e t  a1 . 
1978) 

Tables 3.2 and 3.3 l i s t  t h e  root-mean-square e r r o r ,  mean d e v i a t i o n ,  

c o r r e l a t i o n  c o e f f i c i e n t  and o t h e r  parameters f o r  t he  t h r e e  cases. The mean 

d e v i a t i o n s  between s imu la ted  and observed wind speed and d i r e c t i o n  a r e  about  

3 m/sec and 30°, r e s p e c t i v e l y .  The s t a t i s t i c s  i n d i c a t e  t h a t  l e s s  than  h a l f  o f  

t h e  va r i ance  i n  t h e  wind speed a t  a  g iven  p o i n t  ( p r o p o r t i o n a l  t o  t h e  c o r r e l a -  

t i o n  c o e f f i c i e n t  squared) i s  due t o  t he  gross e f f e c t s  of l a rge- sca le  topography 

as modeled by NOABL. 

The f i g u r e s  and t h e  model a l s o  i l l u s t r a t e  t h a t  t he  number o f  s t a t i o n s  

used i n  i n i t i a l i z i n g  t h e  model i n  t h i s  s tudy had o n l y  a  smal l  e f f e c t  on t h e  

accuracy o f  t h e  ad jus ted  wind f i e l d ,  T h i s  r e s u l t  should n o t  be taken as a  

genera l  conc lus ion ,  s i nce  s i t u a t i o n s  where sma l l- sca le  phenomena, such as sea 

breeze, have an impo r tan t  e f f e c t  on wind s t r u c t u r e  w i l l  n o t  be so i n s e n s i t i v e  

t o  t h e  amount o f  i n p u t  data. 

Mean 1)ev l ; t l  l u n  - 
d6 ( d e g r e e s )  

35.  

2 9 .  

3 2 .  

3 6 .  

3 3 .  

3 5 .  

39.  

35.  

37 

A model t h a t  s imu la tes  i n d i v i d u a l  wind f i e l d s  i s  o n l y  a  p a r t i a l  s o l u t i o n  

t o  t he  s i t i n g  problem. Equa l l y  impor tan t  i s  how many model runs a r e  needed t o  

h!e;rn U i s s  

t'l, 

(degrees) 

- 4 . 4  

- 1 0 . 9  
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( E v e n t s  u s e d  i n  A n a l y s i s )  

Simulation I : 6 s u r f a c e  & u p p e r  a l r  

0200  e v e n t s  

1 4 0 0  e v e n t s  

a l l  2 4 e v e n t s  

8 
S i r n u l a t ~ o q  11 : 3 s u r f a c e  & u p p e r  a i r  

0200  e v e n t s  
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a l l  2 4 e v e n t s  

S i m u l a t i o n  111: u p p e r  a i r  o n l y  

0 2 0 0  e v e n t s  

1 4 0 0  e v e n t s  

a l l  24 e v e n t s  
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E r r o r  

R U S E ,  o g  

( d e g r r e b )  

5 1 . 3  

3 7 . 0  

4 9 . 2  

5 1 . 3  

5 0 . 3  

5 0 . 8  

5 2 . 9  

5 0 . 8  

51 . Y  



prov ide  t h e  des i red  r e s u l t s .  For screening purposes, a l l  t h a t  may be needed 

a r e  maps o f  annual o r  seasonal mean wind speeds over an area. These maps 

cou ld  then be used t o  p i n p o i n t  t he  regions i n  which f u r t h e r  wind prospect ing 

would be concentrated. I f  modeling i s  t o  be used t o  eva lu te  the  wind poten- 

t i a l  a t  a  s p e c i f i c  s i t e ,  c l i m a t o l o g i c a l  est imates o f  more d e t a i l e d  wind charac- 

t e r i s t i c s ,  such as the wind speed p r o b a b i l i t y  dens i t y  f u n c t i o n  o r  the  d i u r n a l  

behavior o f  t he  wind, may be requi red.  One way o f  producing e i t h e r  maps of 

wind p o t e n t i a l  o r  s i  t e - s p e c i f i c  est imates o f  c r i t i c a l  wind c h a r a c t e r i s t i c s  

would be t o  o b t a i n  numerical s imulat ions f o r  a l l  i n p u t  data ava i l ab le .  

Assuming t h a t  hou r l y  wind data were ava i l ab le ,  the model would be r u n  f o r  each 

hour and hou r l y  est imates o f  wind speed and d i r e c t i o n  would be provided a t  

every g r i d  p o i n t  w i t h i n  the  model 's domain f o r  as l ong  a  per iod  as thought 

necessary. The desi red products would be obta ined by analyz ing a l l  o f  t he  

i n d i v i d u a l  s imulat ions.  Th i s  approach i s  obv ious ly  imprac t i ca l .  Even us ing  a  

model as simple as NOABL would r e q u i r e  l a r g e  amounts o f  computer t ime. The 

o n l y  p r a c t i c a l  s o l u t i o n  i s  t o  r u n  the  model on a  small subset o f  the  a v a i l a b l e  

i n p u t  data. 

Analyz ing the  a v a i l a b l e  i n p u t  data s u b j e c t i v e l y  and c l a s s i f y i n g  them i n t o  

a  small number o f  rep resen ta t i ve  cases would prov ide  such a  subset. The model 

would be run  on these cases, and the  r e s u l t s  weighted according t o  the  frequency 

a t  which the  cases a re  observed. Th i s  procedure i s  more e a s i l y  described than 

performed, s ince the  c r i t e r i a  f o r  s u b j e c t i v e l y  c l a s s i f y i n g  wind f i e l d s  are  n o t  

obvious. 

\dal ton  e t  a1 . (1 980) descr ibe a  procedure f o r  c l a s s i f y i n g  wind f i e l d s  

t h a t  makes use o f  p r i n c i p a l  components ( o r  e igenvector)  ana lys is .  The proce- 

dure can be o u t l i n e d  as fo l l ows :  Assume t h a t  over t he  reg ion  o f  i n t e r e s t  

sur face wind observat ions a re  a v a i l a b l e  a t  N l oca t i ons .  A t  each o f  these N 

loca t i ons ,  a t o t a l  o f  M simultaneous observat ions have been made. Each i n d i -  

v idua l  observat ion of t he  wind vec tor  can be represented by a  complex number 

where s  i s  the  wind speed and 0 i s  t he  wind d i r e c t i o n .  The e n t i r e  s e t  o f  wind 

observat ions can be expressed as a  N by M m a t r i x  S where N < M. The elements 

o f  S a r e  
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where k denotes t h e  l o c a t i o n  o f  t h e  observa t ion  and m denotes t h e  t ime.  

Hardy and Wal t o n  (1  978) showed t h a t  a t  any t ime my 

where Smy t h e  mth column o f  t h e  m a t r i x  S, represen ts  t h e  wind observa t ions  a t  
h 

a1 1  N l o c a t i o n s  a t  t i m e  m. I n  Equat ion (3.22), E; i s  t h e  j t h  e i genvec to r  
J 

de f i ned  by  t h e  s e t  o f  N - M  observa t ions  and Cim a r e  a  s e t  o f  expansion c o e f f i c i e n t s  
A 

t h a t  s i z e  and r o t a t e  t h e  elements o f  E   he e igenvec to rs  s imp ly  r ep resen t  an 
j ' 

e f f i c i e n t  coo rd ina te  system f o r  r ep resen t i ng  t he  wind v e c t o r  obse rva t i ons .  

As seen i n  Equat ion (3.22), t h e  magnitude o f  C determines t h e  r e l a t i v e  
j m 

importance o f  each e igenvec to r  i n  r ep resen t i ng  t he  s e t  o f  wind observa t ions .  

I n  most a p p l i c a t i o n s  o f  p r i n c i p a l  components ana l ys i s ,  t he  r e l a t i v e  impor tance 

of t h e  v a r i o u s  e igenvec to rs  v a r i e s  cons iderab ly ,  and t h e  observa t ions  can be 

represen ted  by a smal l  subset of t h e  N e igenvec to rs .  I n  a d d i t i o n ,  t h e  magni- 

tudes o f  t h e  expansion c o e f f i c i e n t s  o f  t h e  most s i g n i f i c a n t  e i  genvector  ( t h e  

p r imary  expansion c o e f f i c i e n t s )  a re  f r e q u e n t l y  much l a r g e r  than  t h e  expansion 

c o e f f i c i e n t s  o f  t h e  second most s i g n i f i c a n t  e igenvec to r .  Th i s  p r o p e r t y  i s  

t h e  key t o  t h e  wind c l a s s i f i c a t i o n  procedure descr ibed  by Walton e t  a l .  (1980).  

The f i r s t  s t ep  i n  t he  process i s  t o  compare t h e  temporal behav io r  o f  t h e  

p r imary  expansion c o e f f i c i e n t s  f o r  each day i n  a  p e r i o d  o f  i n t e r e s t  ( 1  i ke a  

month) w i t h  t h e  temporal behavior  on every o t h e r  day. Two days a r e  s a i d  t o  be 

s i m i l a r  i f  t h e i r  p r imary  expar~s ion c o e f f i c i e n t s  a r e  t h e  same w i t h i n  p r e s c r i b e d  

e r r o r  l i m i t s .  As many types o f  days can be de f i ned  as a r e  needed. Once t h e  

day- types a r e  de f i ned  and each day c l a s s i f i e d ,  a  t y p i c a l  day can be computed 

f o r  each day- type (Knox and Walton 1978) o r  an ac tua l  day w i t h i n  a  g i ven  t ype  

can be chosen as be ing  r e p r e s e n t a t i v e  o f  t h a t  type.  The success o f  t h i s  

procedure r e s t s  on t he  assumption t h a t  day- types w i l l  be easy t o  d e f i n e  and 

t h a t  i n d i v i d u a l  days w i l l  be easy t o  c l a s s i f y .  



Once each day in the period of in te res t  i s  assigned to a type and a f t e r  

a typical day has been selected to represent each type, the mass-consistent 

model MATHEW (Sherman 1978) i s  run for  each representative day (Walton e t  a l .  

1980). Annual wind s t a t i s t i c s  are then derived a t  any grid point by computing 

a weighted sum (weighted by frequency of occurrence) of model solutions for 

each typical day. 

End1 ich e t  a1 . (1 980) have developed another approach t h a t  minimizes the 

amount of subjectivity involved in analyzing the input data. The approach can 

be used ei ther  in screening mesoscale areas for  potential s i t e s  or in e s t i -  

mating wind character is t ics  a t  pre-selected locations (see Endlich e t  a l .  1980 

fo r  de ta i l s  on application).  The method i s  based on a mass-consistent model 

similar to  NOABL. ( a )  If Equations (3.11) through (3.14) are combined by 

substi tuting Equations (3.1 1 )  through (3.13) into Equation (3.14) an equation 

of the form 

i s  obtained. This equation shows tha t  the problem of finding the adjusted 

wind f i e ld  i s  1 inear, and solutions can be found by linearly combining any 

number of component solutions. 

The component solutions can be obtained from the eigenvectors defined by 

the wind observations. However, the way the wind observations are treated in 

the approach of End1 ich e t  a l .  (1 980) resul ts  in a different  type of eigen- 

vector than the method of Wal ton e t  a1 . (1 980). In th i s  approach (see SRI 

International 1979), the wind vector a t  any location k i s  represented by the 

two horizontal components u k  and v k .  The observations are expressed by a 2N 

by M matrix, S ,  where 2N < M and the m t h  column of S i s  

( a )  The model , cal l  ed COMPLEX, d i f fe rs  from NOABL i n tha t  certain terms re1 ated 
t o  te r ra in  slope a re  neglected for  the sake of reducing computation time. 
The neglected terms are  important in regions of very large slope. 



The wind observa t ions  a t  any t ime  m a r e  expressed 

where F i s  a  v e c t o r  formed f rom t h e  t ime  means o f  t he  u, v  wind components a t  
A 

each observ ing  s t a t i o n  and E i s  t h e  j t h  e igenvec to r .  
j 

A A 

Since  t h e  e igenvec to rs  a r e  or thogonal  ( E  - E  = 6 ) ,  t h e  c o e f f i c i e n t s  a 
P 9  pq j m 

a r e  g i v e n  by 

2N 

A 

where e a r e  t h e  elements of  t h e  j t h  e igenvec to r .  The e igenvec to rs ,  Ej, a r e  
k j 

e igenvec to rs  of t h e  covar iance  m a t r i x  whose elements a r e  d e f i n e d  

Once t h e  e igenvec to rs  a r e  found, t h e  mass- consis tent  model i s  o n l y  r u n  

2N+1 t imes--once f o r  each o f  t h e  2N e igenvec to rs  and once us ing  t h e  t ime  mean 

da ta  as i n p u t .  ( a )  Thus, a t  any p o i n t  r i n  t h e  model domain, 

( a )  F requent l y ,  t h e  observed f i e l d s  can be represen ted  w i t h  a  smal l  subset  o f  
t h e  e igenvec to rs .  I n  t h i s  case, t h e  mode1 would be r u n  us ing  t h e  mean da ta  
and t h e  most s i g n i f i c a n t  e igenvec to rs  as i n p u t .  



where u and v are  the adjusted u ,  v components a t  r .  These components are 
r  j r  j 

obtained when the j t h  eigenvector i s  used as input to the model. The com- 

ponents Gr, Y, are the adjusted components obtained when the time means are  

used as input. Using Equation (3.28), estimates of the time ser ies  are  obtained 
a t  every p o i n t  of in te res t  and any desired wind character is t ics  are computed. 

One particular problem with th i s  approach, however, i s  obtaining i n i t i a l  

f i e lds  (see Section 3.2.2) when the mass-consistent model i s  r u n  on the eigen- 

vectors. Since the eigenvectors are a mathematical a r t i f i c e  and do not repre- 

sent any physically realizable flow, i t  i s  not certain how eigenvectors obtained 
from surface wind observations should be vert ical ly  extrapolated. One possible 
method i s  given by Endlich e t  a l .  (1980). This i s  less  of a concern in the 
approach used by Wal ton e t  a l .  (1980) since the eigenvector analysis i s  used 

to  identify specific days to  be used as model input. 

To t e s t  the accuracy of the procedures described above, evaluation programs 
were conducted in which certain wind character is t ics  were computed. ( a >  

Wal ton e t  a1 . (1 980) compute annual average estimates of mean and median wind 
speeds and Weibull dis t r ibut ion f i t s  to the predictions using principal compo- 
nents analysis and MATHEW. The verification was derived from seven s tat ions 
on Oahu, beginning i r  August 1976 and ending i n  July 1977. Table 3.4 compares 
the predicted and observed mean wind speeds for  that  period. 

Seven of DOE'S candidate wind turbine s i t e s  were used i n  the evaluation 
study of Endlich e t  a l .  (1980). Among the computed wind character is t ics  were 
the annual mean wind speed, the annual mean diurnal cycle and seasonal means 
of wind speed. The numerical model used 1 2  months of data from nearby National 

Weather Service s tat ions for  input. The actual wind character is t ics  a t  each 

s i t e  were obtained from one year 's  data gathered during the candidate s i t e  
evaluation program ( ~ e n n 6  and Sandusky 1979). For the majority of the 

( a )  The evaluation program t e s t s  both the eigenvectors approach to  representing 
the i n i t i a l  data as well as the mass-consistent windfield code. 
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TABLE 3.4. Comparison of S imulated and Measured Wind Speeds i n  m/sec f o r  Seven 
Oahu, Hawaii S t a t i o n s  (see Table 3.1 ) . Average f r om August 1976 
th rough J u l y  1977 (Walton e t  a l .  1980). 

S i t e  Measured Simul a ted  D i f f e r e n c e  

s imu la t i ons  t h e  12-month p e r i o d  used i n  r unn ing  t h e  numerical  model d i d  n o t  

c o i n c i d e  w i t h  t h e  12 months o f  wind measurements a t  t h e  s i t e .  

Tab le  3.5 compares computed and observed annual mean wind speed a t  seven 

cand ida te  s i t e s .  Four o f  t h e  s i t e s  (Boone, San Gorgonio, B lock  I s l a n d  and 

C lay ton)  were used t o  " tune"  t h e  procedure. The tuned procedure was then  used 

t o  s imu la te  t h e  wind c h a r a c t e r i s t i c s  a t  t h e  o t h e r  t h r e e  l o c a t i o n s .  As t h e  

t a b l e  shows, t h e  procedure p r e d i c t e d  t h e  annual mean wind speeds v e r y  w e l l  

( a l t hough  more t e s t s  a r e  needed be fo re  one cou ld  say t h a t  t h e  success shown i n  

Table 3.5 i s  t y p i c a l ) .  

TABLE 3.5. Comparison o f  S imulated and Measured Wind Speeds i n  m/sec 
(Annual Averages f o r  1977) (End l i ch  e t  a l .  1980) 

S i t e  Measured Simulated D i f f e r e n c e  

Boone, NC 8.0 8.1 to .  1 
San Gorgonio, CA 8.0 7 .2  -0.8 
B lock  I s l a n d ,  R I  7.5 7.0 -0.5 
Clayton,  NM 7.6 5.8 -1.8 
Ludington, M I  7.9 7.2 -0.7 
Holyoke, MA 7.3 7.4 t o .  1 
Huron, SD 6.9 6.7 -0.2 

F igures  3.10 and 3.11 show t h e  seasonal and d i u r n a l  wind speed d i s t r i b u -  

t i o n s  p r e d i c t e d  f o r  Holyoke, Massachusetts. The Holyoke s i t e  i s  on t h e  t o p  o f  

M t .  Tom, a h i g h  h i l l  i n  western Massachusetts. The agreement between t h e  



s imu la ted  and observed wind c h a r a c t e r i s t i c s  i s  t y p i c a l  o f  t h e  t h r e e  untuned 

s i t e s .  The seasonal wind speed d i s t r i b u t i o n  i s  p r e d i c t e d  f a i r l y  w e l l .  The 

d i u r n a l  d i s t r i b u t i o n s ,  however, a r e  n o t  as c lose .  
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FIGURE 3.10. Comparison of Observed and P red i c ted  Seasonal Mean Wind Speeds 
f o r  M t .  Tom, Massachusetts. P r e d i c t i o n s  a r e  based on an eigen- 
v e c t o r  a n a l y s i s  procedure coupled w i t h  a  mass c o n s i s t e n t  model 
(End1 i c h  e t  a1 . 1980). 
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Succes~sful ly  representing the diurnal cycle i s  a fundamental problem with 

the objective analysis approach to  wind f i e ld  simulation. Much of the informa- 

tion on wind structure,  particularly the temporal modulation of wind speed and 
direction, i s  contained i n  the input data. This i s  obvious from Equations (3.25) 

and (3.28). The coefficients a are  defined by the input data; the temporal 
j m  

behavior of the adjusted wind f i e ld  a t  any point in the model domain will 
r e f l ec t  the temporal behavior of tha t  data se t .  Therefore, a mass-consistent 

objective analysis model can generate a diurnal cycle, for  example, a t  any 

point t ha t  i s  different  from the cycle inherent in the input data only when 

there i s  a consistent diurnal modification of wind direction. If t h i s  i s  the 

case, there could be some locations where topographic modification of the wind 

f i e l d  was so sensit ive to wind direction that  a considerable diurnal modifica- 
tion of the wind character is t ics  could occur. This, however, i s  not the usual 

mechanism responsible for  the diurnal wind cycle (see Appendix 2 ) .  

3.2.4 Concl usions and Recommendations 

Verification studies show tha t  kinematic models, such as the mass-consis- 

ten t  objective analysis model discussed in th is  chapter, describe the general 
features of flow over te r ra in  f a i r l y  well, i f  the gross e f fec t  of topography 
on mass conservation i s  the dominant mechanism forcing the flow. Less sk i l l  

has been demonstrated in predicting detailed wind character is t ics  a t  specific 

s i t e s ,  especially when the observed characteristics d i f f e r  substantially from 
the i n p u t  data. Therefore, successful use of these models depends on good 
i n p u t  data. 

Wind data from observation s tat ions must be dense enough to give a general 
idea of flow patterns through the modeled region, and the data used must be 
representative of the turbine s i t e s  in the region. These models generally 
reproduce the same temporal character is t ics  as the input data. If  nontopo- 
graphic effects  (such as sea breeze circulation, drainage flows i n  valleys, 

roughness changes, e t c . )  on a scale smaller than the modeled region are thought 
to  be important, the input data must be dense enough to resolve these effects  
expl i c i  t l y .  



Mass- consis tent  models should be used o n l y  i f  t he  model 's  g r i d  i s  capable 

o f  r e s o l v i n g  t h e  impo r tan t  topograph ica l  f ea tu res  and o n l y  i f  t e r r a i n  r e 1  i e f  

on t h e  s c a l e  r e s o l v a b l e  by t h e  model i s  g rea te r  than  200 t o  300 m. Otherwise, 

t h e r e  w i l l  be l i t t l e  ad justment  i n  t h e  i n i t i a l  guess o f  t he  wind f i e l d .  For  

i s l a n d  a p p l i c a t i o n s ,  u t i  1  i z a t i o n  o f  a  mass- consis tent  model on i s l a n d s  l e s s  
2  than 2000 t o  3000 km i n  area should be v a l i d .  Such i s l a n d s  a r e  smal l  enough 

t h a t  sea-breeze c i r c u l a t i o n s  a r e  l e s s  impor tan t  than  topographic  f o r c i n g .  For  

a p p l i c a t i o n s  on con t i nen t s  o r  i s l a n d s  l a r g e r  than t h i s ,  t he  impor tance of 

sma l l - sca le  t h e r m a l l y  d r i v e n  c i r c u l a t i o n s  o r  sma l l - sca le  su r f ace  roughness 

changes on t h e  wind s t r u c t u r e  w i l l  have t o  be judged s u b j e c t i v e l y .  The impor-  

tance of many of these sma l l- sca le  features cou ld  be seasona l l y  dependent. 

3.3 PRIMITIVE EQUATION MODELS 

To achieve economy i n  t he  use o f  computer resources, mass- consis tent  

o b j e c t i v e  a n a l y s i s  models i gno re  much o f  t h e  phys ics  govern ing t he  f l o w  o f  

f l u i d s .  Recent ly ,  models have been b u i l t  t h a t  a t tempt  t o  mimic t h e  atmosphere 

as c l o s e l y  as poss ib l e ,  by s o l v i n g  t h e  fundamental ( o r  p r i m i t i v e )  equat ions 

t h a t  descr ibe  atmospheric dynamics. 

A c t u a l l y ,  t h e  fundamental equat ions o f  mot ion,  shown i n  Equat ions (3 .1  ) 

th rough (3.4) a r e  n o t  so lved  i n  a  p r i m i t i v e  equa t ion  model, s i n c e  these equat ions 

desc r i be  t h e  e n t i r e  spectrum o f  atmospheric mot ions ( i n c l u d i n g  scales o f  

mot ion  un impor tan t  t o  t h e  problem o f  f l o w  ove r  t e r r a i n ) .  To make t h e  model i n g  

problem more t r a c t a b l e ,  t h e  fundamental equat ions o f  mot ion  a r e  u s u a l l y  s i m p l i -  

f i e d .  Such s i m p l i f i c a t i o n s ,  however, 1  i m i t  t h e  g e n e r a l i t y  o f  r e s u l t i n g  models 

and may even change t h e  cha rac te r  o f  c e r t a i n  types o f  atmospheric mot ion. 

These changes i n  cha rac te r  can be so s i g n i f i c a n t  t h a t  c e r t a i n  mot ions a r e  no 

l o n g e r  r e a l i s t i c a l l y  s imulated. Thus, i n  o rde r  t o  i n t e r p r e t  t h e  r e s u l t s  o f  

p r i m i t i v e  equa t ion  models p rope r l y ,  t h e  e f f e c t s  o f  t h e  va r i ous  assumptions on 

t h e  f i d e l i t y  o f  model s imu la t i ons  must be understood. 

3.3.1 Boussinesq Equat ions 

One s e t  of  equat ions,  f r equen t l y  used t o  descr ibe  atmospheric mot ion, i s  

t h e  s o- c a l l  ed Boussi  nesq equat ions. I n  d e r i v i n g  these equat ions,  t h e  thermo- 

dynamic v a r i a b l e s  P, T y  and p a r e  expressed as t he  sum o f  a  r e fe rence  s t a t e ,  



denoted by the  s u b s c r i p t  "o", and a  dev ia t i on  from the  re ference s ta te ,  

denoted by the  supersc r i p t  ""': 

The reference s ta tes  have the  proper ty  

^a  ^a  A A 

where V2 5 ( i-  + j-) and i , j are  u n i t  normal vec tors  i n  the x and y d i r e c -  ax ay 
t i ons ,  respec t i ve l y .  The Boussinesq equations then f o l l o w  from s u b s t i t u t i n g  

Equation (3.29) i n t o  Equations (3.1) through (3.4) and app ly ing  the  f o l l o w i n g  

r e s t r i c t i o n s  [see Dut ton and F i c h t l  (1969) o r  Busch (1973) f o r  d e t a i l s ] :  

1.  The dynamic v i s c o s i t y  (p) the  thermal c o n d u c t i v i t y  (kT) ,  and d i f f u s i o n  

c o e f f i c i e n t  ( k  ) a re  constant.  
q  

2. The r a t i o s  P 1 / P o l ,  IT1 /To l<< l ,  and ~ p 1 / p 0 ~ < < 1 .  

3. The reference s ta tes  Po and To a re  def ined such t h a t  

and 

4. The heat generated by viscous e f f e c t s  i s  n e g l i g i b l e .  



5. V e r t i c a l  sca les  of mot ion  a r e  smal l  compared t o  t he  sca le  h e i g h t  

4 
( a t  sea 1  eve1 , t h i s  sca le  h e i g h t  i s  on t he  o r d e r  o f  10 m) . 

Given these r e s t r i c t i o n s ,  t he  equat ions o f  c o n t i n u i t y ,  momentum, ent ropy,  and 

water  vapor mass f r a c t i o n  a r e  

aui a u 2 a ui - - 1 ap' p '  
a t  + 'j K po axi - - '3i + ax .  x  - 2ci jkfijuk (3.32) 

- - -  
J Po J j 

aoo a o 
where 0 = O - 0 - 

O 0 '  at - 0, r = kT/(pc ) and i r r e v e r s i b i l i t y ,  I ,  has +'i F -  P 
been neglected.  I 

An a d d i t i o n a l  assumption t h a t  i s  u s u a l l y  made i n  c o n t r u c t i n g  models i s  

t h e  h y d r o s t a t i c  assumption, i .e . ,  

T h i s  equa t ion  rep laces  t he  momentum equat ion  f o r  t he  v e r t i c a l  v e l o c i t y ,  u3, 

s i n c e  t h e  ternis 



and 

a r e  o f  n e g l i g i b l e  magnitude. 

The Boussinesq equat ions e l  im ina te  sound waves as p o s s i b l e  s o l u t i o n s  

(Hol t o n  1972). When t ime-dependent equat ions a r e  so lved  by f i n i t e  d i f f e r e n c e  

methods, t h e  maximum t ime  s tep  i s  governed by t he  maximum r a t e  a t  which d i s t u r -  

bances can propagate through t h e  modeled domain. I f  t h e  t ime s tep  i s  l a r g e r  

t han  a1 lowed, computat ional  i n s t a b i  l i ty wi 11 r e s u l t ,  and t h e  s o l u t i o n  w i  11 

blow up. Acous t i c  waves a r e  t h e  most r a p i d  d is tu rbances  t h a t  can move th rough 

a model. Acous t i c  waves a r e  a l s o  un impor tant  t o  t he  problem o f  model ing f l o w  

ove r  t e r r a i n .  I f  t h e y  a r e  e l im ina ted ,  l onge r  t ime  s teps can be taken, which 

reduce model runn ing  t ime. Thus, t h e  absence o f  sound waves i s  a  ve ry  d e s i r a b l e  

a t t r i b u t e .  

The h y d r o s t a t i c  Boussinesq equat ions do no t ,  however, r ep resen t  a l l  

sca les  o f  i n t e r n a l  g r a v i t y  waves accura te ly .  When t h e  atmosphere i s  per turbed,  

as i t  i s  when f l o w i n g  over  uneven t e r r a i n ,  waves, w i t h  g r a v i t y  as t h e  r e s t o r i n g  

f o r c e ,  a r e  e x c i t e d  i n  t h e  atmosphere. These waves a f f ec t  l o c a l  pressure 

g rad ien t s  and t he re fo re  i n f l uence  su r f ace  winds. A1 though t h e  h y d r o s t a t i c  

approx imat ion i s  v a l i d  f o r  l o n g  wavelength g r a v i t y  waves on t he  o rde r  o f  50 km 

o r  g rea te r ,  i t s  r e p r e s e n t a t i o n  o f  t he  sma l l - sca le  g r a v i t y  waves t h a t  cou ld  be 

forced by ab rup t  topograph ic  fea tu res  i s  n o t  accurate.  For example, t h e r e  i s  

a  h i g h  f requency cu to f f  f o r  g r a v i t y  waves i n  the  atmosphere t h a t  depends on 

t h e  l o c a l  v e r t i c a l  temperature g rad ien t .  For  a  g iven  s t a b l e  temperature lapse  

r a t e ,  g r a v i t y  waves w i l l  n o t  be observed w i t h  f requenc ies  above a g iven  va lue.  

S ince temperature lapse  r a t e  i s  n o t  cons tan t  w i t h  h e i g h t  i n  t h e  r e a l  atmosphere, 

waves w i t h i n  a  c e r t a i n  range of wavelengths can become t rapped a t  va r i ous  

l e v e l s  w i t h i n  t h e  atmosphere. The range o f  wavelengths t h a t  can become 



t rapped and t h e  l e v e l  o r  l e v e l s  a t  which t r app ing  can occur  depend on how t h e  

temperature l apse  r a t e  v a r i e s  w i t h  h e i g h t  (Tapp and White 1976).  Th i s  t r a p p i n g  

o r  d u c t i n g  phenomenon i s  r espons ib l e  f o r  the  occurrence o f  t he  s tand ing  l e e  

waves commonly observed i n  mountainous areas. However, i n  a  h y d r o s t a t i c  

model, t h e r e  i s  no h i g h  frequency c u t o f f  and hence, no t r a p p i n g  o r  d u c t i n g  of 

wave energy. H y d r o s t a t i c  models a r e  n o t  capable o f  reproduc ing  such nuances 

o f  g r a v i t y  wave behavior .  

S ince g r a v i t y  wave behav io r  can s i g n i f i c a n t l y  a f f e c t  wind behav io r  near  

t h e  sur face,  i t  i s  impo r tan t  t h a t  t h i s  behavior  be p r o p e r l y  modeled. ( a )  

Accord ing t o  Tapp and White (1976), t he  h y d r o s t a t i c  approx imat ion  i s  d e f i n i t e l y  

i n v a l i d  i f  t h e  r a t i o  o f  t h e  v e r t i c a l  t o  t he  h o r i z o n t a l  l e n g t h  sca les  o f  mot ions 

i n  t h e  atmosphere equals  o r  exceeds u n i t y .  I n  f a c t ,  nonhydros ta t i c  e f f e c t s  

cou ld  s t i l l  be s i g n i f i c a n t  i f  t h e  r a t i o  o f  these sca les i s  l e s s  t han  one. As 

a  r u l e  o f  thumb, t h e  h y d r o s t a t i c  assumption becomes ques t ionab le  f o r  s t a b l y  

s t r a t i f i e d  f l o w  over  topography when t h e  r e l i e f  o f  t he  dominant t e r r a i n  

f e a t u r e s  i n  t he  modeled domain approaches something l i k e  a  1-km e l e v a t i o n  

change i n  a  d i s tance  o f  2  km. 

Anel a s t i c  Equat ions 

A  model does n o t  have t o  be h y d r o s t a t i c  t o  be f r e e  o f  pesky sound waves. 

Sound waves can be e l i m i n a t e d  f rom t h e  equat ions of mot ion w i t h o u t  s i g n i f i -  

c a n t l y  a f f e c t i n g  t h e  a b i l i t y  t o  model nonhydros ta t i c  mot ions. The so- ca l l ed  

a n e l a s t i c  assumption does t h i s  by making t he  same assumptions as were made i n  

t h e  d e r i v a t i o n  o f  t h e  Boussinesq equat ions except  f o r  one assumption (Ogura 

and P h i l l i p s  1962). I n  d e r i v i n g  t h e  a n e l a s t i c  s e t  of equat ions,  the  assumption 

t h a t  v e r t i c a l  sca les  o f  mot ion  a r e  smal l  compared t o  the  sca le  h e i g h t  

i s  r e l a x e d  (Dut ton  and F i c h t l  1969). When t h e  v e r t i c a l  sca le  r e s t r i c t i o n  i s  

l i f t e d ,  t h e  c o n t i n u i t y  equa t ion  i s  

( a )  The c h a r a c t e r i s t i c s  o f  g r a v i t y  waves f o r c e d  by t e r r a i n  depend on t h e  behav io r  
o f  t h e  wind p r o f i l e  through t he  atmosphere, as w e l l  as t h e  v e r t i c a l  tempera- 
t u r e  s t r u c t u r e  (Klemp and L i l l y  1975). Both temperature and wind behav io r  
can change f rom day t o  day and, indeed, f rom hour t o  hour. T h i s  v a r i a b i l i t y  
i s  one reason f o r  t h e  complex i t y  o f  su r face  wind behavior  over  rugged t e r r a i n .  



The a n e l a s t i c  assumption i s  apo/at = 0. 

Ogura and P h i l l i p s  (1962) showed t h a t  t he  a n e l a s t i c  equat ions do n o t  

a1 low wave s o l u t i o n s  f o r  f requencies g rea ter  than the  f requencies o f  g r a v i t y  

waves. I n  o t h e r  words, d e n s i t y  f l u c t u a t i o n s  on t h e  t in ie sca le  o f  sound waves 

are f i l t e r e d  o u t  and dens i t y  f l u c t u a t i o n s  on the  t ime sca le  o f  g r a v i t y  waves 

a r e  no t .  Thus, a  s e t  o f  equat ions i s  achieved t h a t  i s  f r e e  o f  acous t ic  waves 

b u t  i s  r e a l i s t i c  i n  i t s  t reatment  of smal l- scale g r a v i t y  waves. The disadvan 

tage o f  t h e  a n e l a s t i c  equat ion s e t  i s  i t s  g rea te r  complex i ty .  

3.3.3 Nonhydrostat ic  Models 

Recent ly,  Tapp and White (1976) and Carpenter (1979) have developed a  

nonhydros ta t i c  model t h a t  uses t h e  f u l l y  compressible c o n t i n u i t y  equat ion (see 

Equat ion 3.2). I n  t h i s  model, t h e  r e s t r i c t i o n s  t h a t  acous t ic  waves p lace  on 

t h e  a l lowab le  t ime  s tep  a r e  circumvented by the  way terms i n v o l v i n g  t h e  

v e r t i c a l  and ho r i zon ta l  propagat ion of sound waves a re  t r e a t e d  i n  t he  f i n i t e  

d i f f e r e n c e  equat ions. According t o  Tapp and White (1976), t h e  r e s u l t i n g  

f i n i t e  d i f f e rence  equat ions are  s t a b l e  f o r  t ime steps as l ong  as those t y p i -  

c a l  l y  used i n  a  h y d r o s t a t i c  model. 

3.3.4 Closure Assumption 

Models t h a t  s t a r t  w i t h  t h e  same bas ic  s e t  o f  equat ions are  n o t  always 

equal i n  t he  r e s u l t s  they produce, s ince  the  so lu t i ons  depend on: 

o t h e  i n i t i a l  cond i t i ons  assumed 

how t h e  boundary c o n d i t i o n s  a r e  t r e a t e d  (see Sec t ion  3.3.5) 

e how d e t a i  1s such as thermal r a d i a t i o n ,  clouds, p r e c i p i t a t i o n ,  t u r b u l e n t  

t r a n s p o r t  a re  hand1 ed 

which numerical  procedures a re  used t o  i n t e g r a t e  t h e  equat ions. 

The numerical  procedures used t o  o b t a i n  so lu t i ons  can have a  profound e f f e c t  

on t h e  r e s u l t s ,  and the  l i t e r a t u r e  abounds w i t h  d iscussions o f  the  advantages 



and disadvantages o f  va r i ous  techniques.  A d i scuss ion  o f  numerics i s  c l e a r l y  

beyond t h e  scope o f  t h i s  chapter;  however, t h e  reader  should be aware o f  t h e i r  

importance i n  e x p l a i n i n g  d i f f e r e n c e s  between models. 

Thermal r a d i a t i o n  a f f e c t s  t h e  behavior  o f  winds i n  t he  atmosphere, p a r t i -  

c u l a r l y  a t  n i g h t .  However, r a d i a t i o n  heat  t r a n s f e r  i s  t o o  compl i ca ted  t o  be 

r e a l i s t i c a l l y  t r e a t e d  i n  a  model designed p r i m a r i l y  t o  s imu la te  wind behavior .  

Therefore,  r a d i a t i o n  h e a t i n g  o r  c o o l i n g  ( t e rm  So i n  Equat ion 3.33) i s  param- 

e t e r i z e d  by va r i ous  s i m p l i f i e d  schemes t h a t  va ry  f rom model t o  model. 

Clouds and condensat ion a r e  impor tan t ,  though, because c l oud  cover  

a f f e c t s  t h e  t r a n s p o r t  o f  heat  by thermal r a d i a t i o n  and condensat ion a f f e c t s  

(as an i n t e r n a l  hea t  source) atmospheric mot ions.  The p r i m i t i v e  equa t ion  

models d iscussed i n  t h i s  chap te r  n e g l e c t  t he  e f f e c t s  o f  c l oud  f o rma t i on  on 

atmospheric dynamics. However, t h e  e f f e c t  of c l oud  cover  on thermal r a d i a t i o n  

can be ve ry  impo r tan t .  Several  o f  t he  r a d i a t i o n  pa rame te r i za t i on  schemes used 

i n  p r i rn i  t i v e  equa t ion  model ing i n c l u d e  t h i s  e f f e c t .  

The way t u rbu lence  t r a n s p o r t  i s  t r e a t e d  i n  a  model a f f e c t s  t h e  behav io r  

o f  t h e  s imu la ted  wind f i e l d s .  A l l  c u r r e n t  mesoscale models made use o f  t h e  

Reynolds assumptions i n  t r e a t i n g  tu rbu lence .  I n  t h i s  approach, each v a r i a b l e  

i s  s p l i t  i n t o  a  mean (denoted by a  " - " )  and a  f l u c t u a t i n g  p a r t  (denoted by a  

" I " ) :  

- - 
P '  = p  t p ' ,  p '  = 0 

where f l u c t u a t i o n s  i n  p o t e n t i a l  temperature and thermodynamic temperature a r e  

assumed equal . 



For a  time-dependent, nonhomogenous f low,  there  i s  some quest ion as t o  

what i s  meant by a  "mean." I n  modeling f l o w  over t e r r a i n ,  two t ime scales a re  

important .  One i s  the  t ime sca le  o f  the  turbulence ( T ~ ) :  

where H i s  t he  depth of t he  atmospheric boundary l a y e r  and w, i s  a  v e l o c i t y  

sca le  c h a r a c t e r i s t i c  o f  t u r b u l e n t  motions i n  the  boundary l a y e r .  The o the r  

t ime scale,  T represents the  r a t e  a t  which the  la rge- sca le  pressure f i e l d  
P ' 

changes 

As l ong  as r >> T ~ ,  a  mean can be def ined, e.g., 
P 

i f  -rt << T << r 
m P 

Subs ti t u t i  ng Equation (3.37) i n t o  the  h y d r o s t a t i c  Boussi nesq equations 

and neg lec t i ng  t h e  ho r i zon ta l  g rad ien ts  of turbulence quan t i t i es ,  the  equat ions 

become 



where a l l  terms involving molecular transport are neglected and f i s  the 

Coriolis parameter, f = 2Rr  s in I$ ( R r  = the ea r th ' s  rotational speed and $I = 

1 a t i  tude) . 
To close the se t  of equations, some relationship i s  needed between the 

turbulent transport terms and the mean f ie ld  quantit ies.  The oldest and most 

widely used re1 a t i  onshi p i s 

where r and r '  are the mean and fluctuating portions of an arbi t rary quantity, r .  

Equation (3.46) defines a turbulent transport coefficient,  K r ,  analogous to  

the molecular transport coefficient.  Unlike the molecular transport coeff ic ient ,  

Kr i s  a "property" of the flow and n o t  the f lu id ;  i t  can also have a positive 

or negative s ign;(a)  f o r ,  the sign of i s  not necessarily determined by 

the sign of aF/az. O'Brien (1970) gives a formulation of the turbulent transport 

coefficient for  momentum that  i s  frequently used. 

Another closure scheme i s  to  re la te  the turbulent transport to  certain 
1 turbulence quantit ies such as the turbulence kinetic energy, e = 7 u '  i u '  

or the variances, (v or of scalar quantit ies (Me1 1 or and Yaniada 1974). 

A third approach i s  to  derive the equations relating the turbulent transports 

to  the mean and fluctuating f ie lds  and attempt to solve for the transport 

terms direct ly  (Donaldson 1973). Introducing new equations involving t u r b u -  
lence quantit ies introduces new unknowns into the equation se t .  The new 
unknowns must be related t o  previously defined quantit ies ( i  . e . ,  closed) ; 

thus, the above approaches are  often called second-order closure schemes. 

Second-order schemes obviously lead t o  a more complicated model. Proponents 

( a )  A1 t h o u g h  negative transport coefficients are sometimes found when 
Equation (3.45) i s  applied to observations, Kr cannot be negative in a 
numerical model . 



of second-order closure argue that  t h i s  approach i s  more rigorous and resul ts  
in turbulent transports that  are  related to the structure of the flow f i e ld  i n  

a more real i s t i c  manner. However, many of the assumptions made in closing the 
second-order equations or in simplifying some of the terms in these equations 
are of unknown accuracy or of questionable validity.  

No matter which technique i s  used to  represent turbulent transports a l l  
have been developed and tested for  horizontally homogenous, level terrain.  

How accurately they apply to  situations where local terrain re l ie f  i s  not 

small compared to  the boundary layer depth i s  not known. 

3.3.5 Data Requirements and In i t ia l iza t ion  

Primitive equation models require more data than objective analysis 

models. The data supplied must be suff ic ient  to  allow the i n i t i a l  values of 

every variable to  be specified a t  each grid point in the model. The data must 

a1 so define how these variables evolve a t  the model ' s boundaries. Conditions 
a t  the la teral  and upper boundaries must be prescribed that  are consistent 

with the large-scale meteorology. Frequently, existing data are  insuff ic ient  

t o  define boundary conditions and reasonable assumptions must be made. The 

whole issue of boundary conditions and how f i n i t e  difference equations should 

be formulated i n  the neighborhood of boundaries i s ,  1 i ke numerics, an issue of 
extreme importance. Errors in the way boundaries are treated in a model can 
propagate throughout the domain. (see Klemp and Lilly 1978 for  a discussion 

of the effects  of the upper boundary conditions on wind f i e ld  simulations over 
rugged topography .) 

When large-scale meteorology i s  f a i r l y  steady, conditions a t  the ea r th ' s  
surface control the behavior of the near-surface w i n d .  The surface conditions 
tha t  a re  important include fixed conditions (such as surface roughness or 
surface albedo) and variable conditions (such as temperature, or heat f lux,  
and moisture mass fract ion,  or evaporation r a t e ) .  Surface and nioisture condi- 
tions can e i ther  be specified ( i f  known) or computed from s o i l ,  heat, and 

moisture budgets a t  each time step. 

The exact procedures for  in i t ia l iz ing  a primitive equation model and the 

types of information needed a t  the surface depend on the particular model 



be ing  used and da ta  a v a i l a b i l i t y  i n  t h e  r e g i o n  under i n v e s t i g a t i o n .  To i n d i -  

c a t e  t h e  amount o f  da ta  r e q u i r e d  t o  r u n  a  p r i m i t i v e  equa t ion  model, Table 3.6 

l i s t s  da ta  supp l i ed  t o  p r i m i t i v e  equa t ion  modelers who were s i m u l a t i n g  a i r f l o w  

ove r  Oahu, Hawai i ,  as p a r t  o f  a  DOE model v e r i f i c a t i o n  exerc ise .  The most 

c r i t i c a l  da ta  needs a r e  t h e  wind, temperature, hum id i t y  and h o r i z o n t a l  p ressure  

g rad ien t s  a t  t he  s t a r t  o f  i n t e g r a t i o n  and i n f o r m a t i o n  on how these q u a n t i t i e s  

change w i t h  t ime  a t  t h e  l a t e r a l  boundaries. Reasonable assumptions can be 

niade f o r  t h e  o t h e r  i tems i n  Tab le  3 .6  i f  they  a re  n o t  a v a i l a b l e .  

TABLE 3.6. Data Suppl ied For  P r i n i i  t i v e  Equat ion 
Model V e r i f i c a t i o n  Exerc ise  on Oahu 

Data Type Data 

Topography Average t e r r a i n  he igh t s  i n  
1600 m x  1600 m  g r i d  box f o r  
48 x  38 box g r i d  

Roughness Length For  each g r i d  box 

I n c i d e n t  S o l a r  
R a d i a t i o n  Computed 

Vegeta t ion  Type 5 ca tego r i es  

S o i l  Type U.S.D.A c l a s s i f i c a t i o n  - s i g n i f i c a n t  
l o c a l  types 

Sea Sur face 
Temperature 

Radiosonde 
Soundings 

Sur face 

Determined f rom vege ta t i on  and s o i  1  
t Y  Pe 

S i n g l e  va lue  determined from s a t e l  1  i t e  

3.3.6. A p p l i c a t i o n s  and Resu l ts  

(Winds, temperature,  humidi t y )  a t  t h e  
s tandard observ ing  t imes 

850 and 700 mb analyses a t  t h e  s tandard 
observ ing  t imes 

U n t i  1  r e c e n t l y ,  mesoscale p r i m i t i v e  equa t ion  models were used p r i m a r i l y  

as research  t o o l s  i n  meteorology. A  good p o r t i o n  o f  t h i s  research  has concen- 

t r a t e d  on t h e  s tudy of  sea breeze c i r c u l a t i o n s  (e.g., Pie1 ke 1974, and Tapp 

and White 1979).  E a r l y  s tud ies  concentrated on problems where t h e  topography 



was n e g l i g i b l e ;  however, more r e c e n t  work has been d i r e c t e d  t o  problems where 

t h e  topography i s  impo r tan t  (Mahrer and Pie1 ke 1976, Nickerson and Magaziner 

1976, Carpenter 1979). V e r i f i c a t i o n  o f  these s tud ies  has l a r g e l y  been qual  i t a -  

t i v e ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  wind s imu la t ions ,  because: 1 )  t h e  major  

o b j e c t i v e  o f  many of  these s t u d i e s  was t o  e x p l a i n  t h e  l a rge- sca le  fea tu res  of 

mesoscal e  meteoro logy i n  a  f a i r l y  qual  i t a t i v e  way and 2 )  t h e  a v a i l a b l e  da ta  

were seldom adequate f o r  a  r i g o r o u s  v e r i f i c a t i o n  t o  be performed. 

P ie1  ke and Mahrer (1978) used a  h y d r o s t a t i c  p r i m i t i v e  equa t ion  model t o  

s i m u l a t e  su r f ace  winds and v e r t i c a l  mot ions a t  t h e  t o p  o f  t h e  boundary l a y e r  

f o r  a  summer day i n  sou th  F l o r i d a .  The day chosen f o r  v e r i f i c a t i o n  was one 

i n  which t h e  l a r g e- s c a l e  meteoro log ica l  s i t u a t i o n  was s imp le  and s teady.  

Under these  cond i t i ons ,  a f t e rnoon  weather was u s u a l l y  dominated by t h e  b u i l d u p  

o f  l a r g e  cumulus c louds and by t he  r a i n  showers they  produced. The e f fec ts  of 

c louds  and showers on atmospheric f l o w  p a t t e r n s  were n o t  s imu la ted  by t h e  

model as i t  d i d  n o t  a l l o w  f o r  condensat ion. 

Comparing model s imu la t i ons  w i t h  a v a i l a b l e  wind and rada r  da ta  ( t h e  

l a t t e r  i n d i c a t i n g  t h e  l o c a t i o n s  o f  r a i n  showers) showed t h e  model s i m u l a t i n g  

t h e  genera l  f e a t u r e s  o f  f l o w  ove r  t h e  south F l o r i d a  pen insu la  ve ry  w e l l .  The 

model d i d  b e s t  i n  p r e d i c t i n g  t he  i n i t i a l  l o c a t i o n s  o f  cumulus c louds and r a i n  

showers. The l o c a t i o n s  where showers were f i r s t  observed were c l o s e  t o  t he  

areas of maximum v e r t i c a l  mot ion, as p r e d i c t e d  by t h e  model. The model 's  

performance i n  s i m u l a t i n g  d e t a i l s  i n  t he  sur face  wind f i e l d  was n o t  as good. 

Much o f  t h e  problem was p robab ly  due t o  t h e  e f f e c t s  o f  shower a c t i v i t y  on 

su r f ace  winds. I n  r eg ions  w e l l  away f rom these showers, t he  agreement between 

s imu la ted  and observed wind speed and d i r e c t i o n  was much b e t t e r .  ( a )  

Recent ly,  t h e  U n i v e r s i t y  of V i r g i n i a  mesoscale model was a p p l i e d  t o  t h e  

problem o f  screening coas ta l  s i t e s  f o r  wind power p o t e n t i a l  (Garstang e t  a1 . 
1979). As w i t h  a l l  model ing s tud ies ,  a  c r i t i c a l  ques t i on  i s  t h e  number o f  

model runs  t h a t  a r e  r e q u i r e d  t o  s imu la te  t h e  wind c l i m a t o l o g y .  A  p r i m i t i v e  

( a )  Wi thou t  access t o  t h e  o r i g i n a l  data,  q u a n t i t a t i v e  comparisons o f  wind 
speed and d i r e c t i o n  i n  t h e  shower- free areas a r e  imposs ib le .  A qu i ck  
comparison o f  f i gures i n P i  e l  ke and Mahrer ( 1  978) shows a f t e rnoon  winds 
f rom t h e  e a s t  t o  southeast  a t  about 5 mlsec o c c u r r i n g  a long  t h e  shower- 
f r e e  eas te rn  coas t  i n  bo th  t h e  s imu la t i ons  and t h e  observa t ions .  



equat ion  model i s  c o s t l y  t o  r u n  and, s i nce  i t  produces so much i n fo rma t i on ,  

c o s t l y  t o  analyze. I n  t he  s tudy o f  coas ta l  zone wind energy, Garstang e t  a l .  

analyzed t h e  c l  imato logy  o f  seven geographica l  reg ions  a1 ong t h e  At1 a n t i c  and 

G u l f  coasts .  The 1  arge- scale meteoro log ica l  s i t u a t i o n  was d i v i d e d  i n t o  s i x  

broad ca tego r i es .  The f requency o f  occurrence o f  each me teo ro log i ca l  ca tegory  

was determined f o r  a l l  seven reg ions  as a  f u n c t i o n  o f  season. I n  t h e  approach, 

model runs  were o n l y  made f o r  t h e  n ie teoro log ica l  ca tego r i es  s i g n i f i c a n t  t o  t h e  

wind energy p o t e n t i  a1 . 
2 

F igu res  3.12 through 3.20 a re  maps o f  wind power f l u x  (wa t t s lm  ) exem- 

p l  i f y i  ng some o f  t h e  products  a  p r i m i t i v e  equa t ion  model can produce (Gars tang  

e t  a l .  1979).  Two geographica l  areas a r e  shown. One i s  t h e  Chesapeake Bay 

area; t h e  o t h e r  i s  a long  t h e  south Texas coas t  near B rownsv i l l e .  The Chesa- 

peake Bay area i s  one o f  v e r y  complex sho re l i ne ,  w h i l e  t h e  south Texas shore 

has much s imp le r  geography. Another d i f f e r e n c e  i s  t h a t  the  l a rge- sca le  f l o w  

f o r  t h e  Chesapeake Bay area i s  o f f s h o r e  i n  bo th  cases, b u t  t h e  l a rge- sca le  

f l o w  f o r  t h e  south Texas case i s  onshore. 

The two Chesapeake Bay cases a r e  f o r  bo th  a  t y p i c a l  w i n t e r  day and a  

summer day. The l a rge- sca le  f i e l d s  used t o  i n i t i a l i z e  t he  model were taken  

f r om t h e  analyses o f  Garstang e t  a l .  (1979).  Large- scale me teo ro log i ca l  

c o n d i t i o n s  were h e l d  cons tan t  f o r  t he  l e n g t h  o f  the  s imu la t i ons .  Sur face 

cond i t i ons ,  however, were a l lowed t o  respond t o  t he  s o i l  hea t  and mo i s tu re  

budgets. Model r uns  were always s t a r t e d  a t  sunr ise .  

F igures  3.12 and 3.13 show maps o f  average wind power f l u x  f o r  t h e  hours 

1400 t o  1500 LST and 2200 t o  2300 LST on t he  t y p i c a l  w i n t e r  day. F i gu re  3.14 

shows a  map o f  d a i l y  averaged wind power f l u x  f o r  a  t y p i c a l  w i n t e r  day. 

F igures  3.15 th rough 3.17 show these same f e a t u r e s  f o r  a  t y p i c a l  summer day. 

The f i g u r e s  i n d i c a t e  s i g n i f i c a n t  niovements i n  t h e  cen te rs  o f  maximum wind 

power f l u x ,  bo th  w i t h  t ime  o f  day and w i t h  season. The f i gu res  a l s o  i n d i c a t e  

s i g n i f i c a n t  changes i n  d i u r n a l  modu la t ion  w i t h  season. 

F igu res  3.18 th rough 3.20 show t h e  same type  o f  i n f o r m a t i o n  as t h e  p re-  

v ious  f i g u r e s  b u t  f o r  t h e  area near B rownsv i l l e .  One o f  t h e  most i n t e r e s t i n g  



2 FIGURE 3.12. Hou r l y  Average Power Dens i ty  (watts/m ) Over Chesapeake Bay, 
Win te r t ime Condi t ions,  a t  50 m Above t he  Sur face  f o r  t h e  Hour 
1400 t o  1500 Local  Standard Time (LST). S i x  s e t s  o f  p r e d i c t e d  
meteoro log ica l  va r i ab les ,  a t  1 0-min i n t e r v a l  s, were used t o  
determine t h e  average (Garstang e t  a l .  1979). 
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2 FIGURE 3.13. Hour l y  Average Power Dens i ty  (watts/m ) Over Chesapeake Bay, 

Win te r t ime Condi t ions,  a t  50 m Above t h e  Sur face f o r  t h e  Hour 
2200 t o  2300 Local  Standard Time (LST) .  S i x  se t s  o f  p r e d i c t e d  
me teo ro log i ca l  v a r i a b l e s ,  a t  10-min i n t e r v a l s ,  were used t o  
determine t h e  average (Garstang e t  a l .  1979). 



FIGURE 3.14. D a i l y  Average, Layer-Mean Power Density (watts/mZ) Over Chesapeake 
Bay, Wintert ime Condit ions, f o r  the  Lowest 100 m o f  t he  Atmosphere. 
Heights above t h e  sur face and weight ings ( i n  parentheses) used i n  
the  l a y e r  averaging are:  10 m (0.20), 30 m (0.20), 50 m (0.35), 
100 m (0.25) (Garstang e t  a1 . 1979). 



2 FIGURE 3.15. h o u r l y  Average Power Dens i ty  (wa t t s / m  ) Over Chesapeake Bay, 
Summertime Condi t ions,  a t  50 m Above t he  Sur face  f o r  t h e  Hour 
1400 t o  1500 Local  Standard Time (LST). S i x  se t s  o f  p r e d i c t e d  
me teo ro log i ca l  va r i ab les ,  a t  10-min i n t e r v a l s ,  were used t o  
determine t h e  average (Garstang e t  a l .  1979). 



FIGURE 3.16. Hou r l y  Average Power Dens i ty  (watts/mz) Over Chesapeake Bay, 
Summertime Condi t ions,  a t  50 m Above t h e  Sur face  f o r  t h e  Hour 
2200 t o  2300 Local  Standard Time (LST). S i x  s e t s  of p r e d i c t e d  
me teo ro log i ca l  v a r i a b l e s ,  a t  1 0-min i n t e r v a l s ,  were used t o  
determine t he  average (Garstang e t  a l .  1979). 



2 FIGURE 3.17. Dai l y  Average, Layer-Mean Power Dens i ty  (watts/m ) Over Chesapeake 
Bay, Summertime Condi t ions,  f o r  t h e  Lowest 100 ni o f  t h e  Atmosphere. 
He igh ts  above t h e  su r f ace  and we igh t ings  ( i n  parentheses)  used i n  
t h e  l a y e r  averaging a re :  10 m (0,20), 30 m (0.20), 50 m (0.35),  
100 m (0.25) (Garstang e t  a1 . 1979). 



2 FIGURE 3.18. H o u r l y  Average Power Dens i ty  (wa t t s lm  ) Over South Texas Coast, 
Summertime Condi t ions,  a t  50 m Above t h e  Sur face f o r  t h e  Hour 
1400 t o  1500 Local  Standard Time (LST). S i x  se t s  o f  p r e d i c t e d  
meteoro log ica l  v a r i a b l e s ,  a t  10-min i n t e r v a l s ,  were used t o  
determine t h e  average (Garstang e t  a1. 1979). 



FIGURE 3.19. Hourly Average Power Density (wattslm') Over South Texas Cpast , 
Summertime Conditions, a t  50 m Above the Surface f o r  the  Hour 
2200 t o  2300 Local Standard Time (LST). Six s e t s  of predicted 
meteorological var iables ,  a t  10-min in te rva l s ,  were used t o  
determine the  average (Garstang e t  a l .  1979). 



2 
FIGURE 3.20. D a i l y  Average, Layer-Mean Power Dens i ty  (watts/m ) Over South Texas 

Coast, Summertime Condi t ions,  f o r  t h e  Lowest 100 m o f  t he  Atmosphere. 
He igh ts  above t h e  su r f ace  and we igh t ings  ( i n  parentheses) used i n  
t h e  l a y e r  averag ing  are:  10 m (0.20),  30 rn (0.20), 50 m (0.35), 
100 m (0.25) (Garstang e t  a1 . 1979). 



r e s u l t s  shown i n  t h e  F igures  3.18 through 3.20 i s  how t h e  a v a i l a b l e  w ind  power 

can change a long  a l i n e a r  c o a s t l i n e .  These v a r i a t i o n s  show t h a t  even f o r  

simp1 e geographies p r e f e r r e d  l o c a t i o n s  cou ld  e x i s t  f o r  wind t u r b i n e s  . These 

l o c a t i o n s  would be wheve t h e  sea breeze i n t e r a c t s  s u f f i c i e n t l y  w i t h  t h e  l a r g e -  

s c a l e  f l o w  t o  have a s i g n i f i c a n t  e f f e c t  on wind speed. 

3.3.7 Conclus ions and Recommendations 
I 

P r i m i t i v e  equa t ion  models c o n t a i n  s u f f i c i e n t  d e s c r i p t i o n s  o f  t h e  dynamics 

and thermodynamics o f  atmospheric f l o w  t h a t  they  can account f o r  t he  e f f e c t s  

t h a t  changes i n  thermal s t r a t i f i c a t i o n ,  i n  su r face  temperature d i s t r i b u t i o n ,  

and i n  su r f ace  roughness can have on t he  near- sur face wind f i e l d .  P r i m i t i v e  

equa t ion  models, therefore,  should be use fu l  i n  understanding wind f l o w  

p a t t e r n s  over  areas where changes o f  t h e  t ype  descr ibed  above a r e  impo r tan t .  

Since these models can be r u n  on domains cover ing  a wide range o f  sca les,  

they  can be used e i t h e r  t o  screen l a r g e  areas f o r  p o t e n t i a l  c l u s t e r  s i t e s  o r  

t o  understand comp lex i t i es  i n  t he  f l o w  over  a  s i n g l e  s i t e  and a s s i s t  i n  machine 

placement. 

However, p r i m i t i v e  equa t ion  models r e q u i r e  1  arge computers, consume 1 arge 

b locks  o f  computer t ime, and r e q u i r e  more t i n k e r i n g  by t he  user .  Because o f  

t h e i r  complex i t y ,  t h e  models can o n l y  be r u n  a few t imes- - corresponding t o  t h e  

most s i g n i f i c a n t  ( o r  t y p i c a l )  meteoro log ica l  events t h a t  a f f e c t  t h e  wind power 

p o t e n t i a l  o f  a  reg ion .  A smal l  number o f  runs mandates one t o  be cau t i ous  

about  t h e  c l i m a t o l o g i c a l  s i g n i f i c a n c e  o f  t h e  r e s u l t s .  

I n  an a t tempt  t o  f i n d  a compromise between t he  r e a l i s m  o f  a  th ree-  

dimensional ,  t ime-dependent p r i m i t i v e  equa t ion  model and t he  speed o f  t h e  

k i nema t i c  schemes, layer- averaged p r i m i t i v e  equa t ion  models have been developed 

(Danard 1977, Venkatesh and Danard 1977, Lavoie 1972). The layer- averaged 

models a r e  two-dimensional .  I n  these models, t h e  p r i m i t i v e  equat ions a r e  

s a t i s f i e d  on t h e  average over  a  l a y e r  w i t h  a  th ickness  on t he  o rde r  o f  t h e  

boundary l a y e r  th ickness .  Surface boundary c o n d i t i o n s  a r e  s i m i l a r  t o  o t h e r  

models b u t  h e u r i s t i c  assumptions must be made about c o n d i t i o n s  a t  t h e  t o p  o f  

t h e  l a y e r .  Models of t h i s  t ype  have been used t o  s tudy sea and l a k e  breezes. 



One-level models should be f a s t  enough t o  be compet i t i ve  w i t h  k inemat ic  

o b j e c t i v e  ana lys i s  schemes. They should do a  b e t t e r  j o b  than o b j e c t i v e  

ana lys i s  methods i n  areas where d i f f e rences  i n  sur face temperature have impor- 

t a n t  e f f e c t s  on t h e  wind ( t h i s  has n o t  been thoroughly tested, however). 

Problems a r i se ,  however, w i t h  upper boundary cond i t i ons  . These cond i t i ons  

have an important  i n f l u e n c e  on the  r e s u l t i n g  wind pa t te rns  and t h e i r  accuracy 

under a  wide range o f  s i t u a t i o n s  i s  unknown. One-dimensional p r i m i t i v e  equat ions 

a r e  a l so  non- l inear .  Hence, they cannot be s u b s t i t u t e d  f o r  a  mass-consistent 

model i n  t he  e igenvector  approach t o  generat ing wind t ime ser ies  a t  a  remote 

s i t e  (see Sect ion 3.3.3). So lu t ions  t o  nonl i nea r  equations cannot be obta ined 

by combining coniponent so lu t ions .  

3.4 CONCLUSIONS AND RECOMMENDATIONS 

The pr imary problem w i t h  a l l  numerical models i s  a  l a c k  o f  v e r i f i c a t i o n .  

There have n o t  been enough experiments i n  which model s imu la t ions  have been 

compared w i t h  good f i e l d  measurements. Th is  w i l l  remain the case f o r  a  l ong  

time, s ince the re  a re  n o t  very many good data sets f o r  experiments o f  t h i s  

type. The expense of  ga ther ing  good v e r i f i c a t i o n  da ta  i s  la rge ,  and the  task  

of ga ther ing  enough data t o  a l l o w  the  f l o w  over a  complex p iece o f  topography 

t o  be deduced unequ ivoca l ly  f rom the  data alone i s  impossible. The o n l y  

a l t e r n a t i v e  i s  good judgment. The person analyz ing model r e s u l t s  should 

accept o r  r e j e c t  them on the  basis  o f  how we l l  he f e e l s  the  model simulates 

the  important  physical  processes c o n t r o l l i n g  the  f low.  

Three-dimensional p r i m i t i v e  equat ion models should be capable o f  simu- 

l a t i n g  t h e  wind pa t te rns  produced e i t h e r  when a  la rge- sca le  f l o w  i n t e r a c t s  

w i t h  the  sea breeze c i r c u l a t i o n  o r  from changes i n  sur face roughness. Less i s  

known o f  t h e  a b i l i t y  o f  p r i m i t i v e  equat ion models t o  handle rugged topography 

and the  e f f e c t s  o f  sur face temperature v a r i a t i o n s  i n  s lop ing  t e r r a i n  (which 

can cause drainage winds, e tc . )  The usefulness o f  p r i m i t i v e  equat ion models 

i s  i n  l o c a t i n g  areas where l o c a l  c i r c u l a t i o n s ,  i n  a d d i t i o n  t o  topographic 



p r o f i l e ,  enhance w ind  power p o t e n t i a l .  ( a )  The ex is tence  o f  these enhanced 

reg ions  would have t o  be v e r i f i e d  by on- s i t e  measurements. Simple k i nema t i c  

models should be used o n l y  i n  s i t u a t i o n s  where t he  p r imary  e f f e c t s  o f  topography 

a r e  i n  b l o c k i n g  o r  channel ing t h e  f l o w  o r  i n  s i t u a t i o n s  where t h e  i n p u t  da ta  

s e t  i s  dense enough t o  d e f i n e  t h e  general  f l o w  c o n d i t i o n s  over  t h e  area. 

S ince conc lus ions  based on model ing (and p a r t i c u l a r l y  p r i m i t i v e  equa t ion  

model ing) a r e  based on a  smal l  number o f  s imu la t ions ,  c a u t i o n  i s  adv ised.  

When app l y i ng  t h e  models, s t ud ies  should be conducted t o  determine how sens i-  

t i v e  t h e  l o c a t i o n  o f  impo r tan t  wind f e a t u r e s  m igh t  be t o  r e l a t i v e l y  smal l  

changes i n  t h e  i n i t i a l  o r  boundary c o n d i t i o n s .  Resu l ts  o f  such s t u d i e s  c o u l d  

i n d i c a t e  t h e  l i k e l i h o o d  o f  a c t u a l l y  f i n d i n g  t h e  enhanced areas. One should 

a l s o  be cau t i ous  i n  a t t a c h i n g  too  much s i g n i f i c a n c e  t o  t h e  magnitude o f  wind 

speed. p:-edicted by a  model. The p a t t e r n s  p r e d i c t e d  by t h e  model a r e  p robab ly  

more accura te  than  t h e i r  magnitudes. F i n a l l y ,  a  user  should n o t  t ake  model 

p r e d i c t i o n s  o f  t h e  boundary l a y e r  wind p r o f i l e  o r  t h e  behavior  o f  t h e  d i u r n a l  

c y c l e  t o o  s e r i o u s l y .  The methods used i n  e x i s t i n g  models t o  s imu la te  these 

c h a r a c t e r i s t i c s  o f  f l o w  over  t e r r a i n  a r e  s imply  t oo  crude t o  war ran t  t h i s  

1  eve1 o f  conf idence.  

(a )  As d iscussed above, e x i s t i n g  p r i m i t i v e  equa t ion  models a r e  n o t  capable o f  
s i m u l a t i n g  t h e  e f f e c t s  o f  cumulus c loud  a c t i v i t y  on t h e  wind f i e l d .  
However, even i n  t h e  case where t h e  l o c a l  topography c rea tes  p r e f e r r e d  
l o c a t i o n s  f o r  cumulus fo rmat ion ,  t h e  exac t  l o c a t i o n  and behav io r  o f  t h i s  
a c t i v i t y  i s  t o o  random t o  a f f e c t  the  wind c l i m a t o l o g y  i n  a  way impo r tan t  
t o  wind energy p o t e n t i a l .  
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4.0 PHYSICAL MODELING 

Phys ica l  model ing i nvo l ves  p l a c i n g  a  sca led  model o f  an o b j e c t  i n t o  a  

wind tunnel ,  water  tunne l  (a1 so known as a  f lume)  , o r  a  tow ing  tank i n  o rde r  

t o  determine how t h e  o b j e c t  i n t e r a c t s  w i t h  a  f l u i d  f l o w i n g  over  i t .  Phys ica l  

model i n g  has a  ve ry  l o n g  h i s t o r y  o f  use i n  aerodynamics, naval  engineer ing,  

and s t r u c t u r a l  design. I n  more recen t  years,  i t  has been used t o  model atmo- 

sphe r i c  f lows i n  a i r  p o l l u t i o n  s tud ies  (Cermak 1975). The p r imary  reason f o r  

t u r n i n g  t o  phys ica l  model ing i s  t h a t  c u r r e n t  numerical  models a re  s t i l l  incap-  

a b l e  of accu ra te l y  s i m u l a t i n g  many problems i n  f l u i d  mechanics. A  sca led  

model i n  a  f low f a c i l i t y  represen ts  a  phys i ca l  analogue t o  t he  r e a l  problem 

i n  nature;  and i f  the  s tudy i s  cons t ra ined  t o  cons ider  o n l y  those problems 

t h a t  can be p r o p e r l y  posed i n  a  f l o w  f a c i l i t y ,  phys i ca l  model ing can y i e l d  

r e s u l  t s  f a r  more accura te  than numerical  models (a1 so see Snyder 1979). 

S ince t h e  models used i n  a  phys i ca l  model ing s tudy a r e  o rders  o f  magni- 

tude sma l le r  than t h e  r e a l  o b j e c t ,  i t  i s  n o t  obvious t h a t  t h e  r e s u l t s  ob ta ined  

w i l l  be t r a n s f e r a b l e  t o  nature.  We w i l l  show i n  t he  n e x t  s e c t i o n  t h a t  phys i-  

c a l  model ing r e s u l t s  a re  t r a n s f e r a b l e  as l ong  as c e r t a i n  c o n s t r a i n t s  a re  met. 

These c o n s t r a i n t s  l i m i t  t he  a b i l i t y  o f  phys i ca l  model ing t o  s imu la te  a l l  o f  

t h e  phys ica l  v a r i a b l e s  t h a t  can a f f e c t  f l o w  over  t e r r a i n .  Flow over  t e r r a i n  

can be p h y s i c a l l y  modeled w i t h  reasonable accuracy, as l o n g  as t he  modeled 

r e g i o n  i s  no more than a  few tens o f  k i l ome te rs  i n  s i ze ,  t h e  p o r t i o n  o f  t he  

atmosphere t o  be s tud ied  i s  t h e  lowes t  few hundred meters, and t he  boundary 

l a y e r  i s  n e a r l y  n e u t r a l  t o  uns tab le .  ( a )  The a b i l i t y  o f  phys i ca l  model ing t o  
s imu la te  f l o w  over  sma l l - sca le  t e r r a i n  f ea tu res  i n  n e a r l y  n e u t r a l  f l o w  i s  

s u p e r i o r  t o  c u r r e n t l y  a v a i l a b l e  numerical  models. Phys ica l  modeling, t h e r e f o r e ,  

can be ve ry  u s e f u l  i n  t he  f i n a l  stages o f  wind t u r b i n e  s i t i n g .  I t can be used 

i n  de te rmin ing  t h e  placement o f  i n d i v i d u a l  machines i n  a  WECS c l u s t e r  (see 

Chapter 9) o r  i n  p lann ing  t he  l a y o u t  o f  wind m o n i t o r i n g  equipment w i t h i n  a  

smal l  area. Phys ica l  model ing o f  atmospheric f l ows  does r e q u i r e  la rge ,  spec ia l  - 
i z e d  f a c i l i t i e s ,  however. R i l e y  and D e l i s i  (1977) as w e l l  as Hunt and Fernholz 

(1975) p rov ide  l i s t i n g s  of i n s t i t u t i o n s  t h a t  have p roper  f a c i l i t i e s  f o r  model ing 

atmospheric f l ows .  

( a )  The l a s t  c o n s t r a i n t  i s  ve ry  impor tan t  and i s  d iscussed i n  more d e t a i l  i n  t h e  
nex t  s e c t i  on. 



4.1 THEORETICAL FOUNDATIONS AND LIPIITATIONS 

The t h e o r e t i c a l  foundat ion  o f  phys i ca l  model ing i s  t h e  p r i n c i p l e  o f  

s i m i l a r i t y .  The p r i n c i p l e  s t a t e s  t h a t  i f  c e r t a i n  dynamic and k i nema t i c  con- 

s t r a i n t s  a r e  met, f l o w  over  a  d imens iona l l y  s i m i l a r  model w i l l  be i d e n t i c a l  

t o  f l o w  over  t h e  f u l l - s i z e  o b j e c t  -- as l ong  as boundary c o n d i t i o n s  a r e  a l s o  

t h e  same. The dynamic c o n s t r a i n t s  can be found by ana l yz i ng  t h e  equat ions  

t h a t  descr ibe  f l u i d  f l ow .  A thorough a n a l y s i s  o f  s i m i l a r i t y  c o n s t r a i n t s  on 

t h e  model ing o f  atmospheric f l o w s  has been made by numerous au thors  (e.g., 

Snyder 1972 and 1979; Meroney e t  a1 . 1978a). Th i s  s e c t i o n  wi 11 rev iew t h e  

h i g h l i g h t s  o f  Snyder ' s  a n a l y s i s  and s t r e s s  those i ssues  impo r tan t  t o  wind energy 

a p p l i c a t i o n s  of  phys i ca l  model ing .  

We assume t h a t  atmospheric mot ions i n  a  d r y  atmosphere can be rep re-  

sented by t h e  Boussinesq equat ions (see Sec t ion  3.3.1). These equat ions a r e  

where y g/c  i s  t he  a d i a b a t i c  l apse  r a t e .  
P 

These equat ions can be made d imension less through t he  use o f  c e r t a i n  

s c a l i n g  parameters t h a t  a r e  de f i ned  by t he  boundary c o n d i t i o n s  o f  t h e  

problem. These s c a l i n g  parameters a r e  a l eng th- sca le  c h a r a c t e r i s t i c  of t h e  

problem ( L ) ,  a  c h a r a c t e r i s t i c  v e l o c i t y  sca le  Ur, a  d e n s i t y  sca le  pry a  

temperature d i f f e r e n c e  T i  and an angu la r  v e l o c i t y  Rr. Wi th  these s c a l i n g  

parameters, we d e f i n e  t he  dimensionless v a r i a b l e s  



With these d e f i n i t i o n s ,  the  dimensionless equations are  

where 

i s  the  Froude number 

Ro - Ur i s  the  Rossby number 
Ln, 

'rL Re - 
v i s  the  Reynolds number 

and 

'rL Pe - 
K 

i s  the  Pec le t  number. 



4.1.1 Ach iev ing  Dynamic S i m i l a r i t y  

If Equat ions (4.4), (4.5) and (4.6) a r e  an adequate mathematical  model 

o f  atmospheric f l ow ,  we can fo rm t h e  f o l l o w i n g  conc lus ion :  f low ove r  a  

p r o p e r l y  sca led  model o f  a  s e c t i o n  o f  t e r r a i n  w i l l  be s i m i l a r  t o  f l o w  ove r  

t h e  a c t u a l  t e r r a i n ,  p rov ided  each o f  t h e  c o e f f i c i e n t s  Fr,  Ro, Re, and Pe have 

t h e  same va lues  i n  t he  modeled f l o w  as i n  t he  atmosphere and p rov ided  t h e  

d imension less boundary c o n d i t i o n s  a r e  a l s o  i d e n t i c a l .  ( a )  

Making t h e  d imension less c o e f f i c i e n t s  i n  t h e  modeled f l o w  equal t o  those 

i n  t he  a c t u a l  f l o w  i s  f r e q u e n t l y  imposs ib le ,  however. Th i s  i s  a  common 

problem i n  phys i ca l  model ing and i t s  r e s o l u t i o n  r e q u i r e s  some judgment on t h e  

p a r t  of  t h e  modeler. The s o l u t i o n  i s  t o  f i r s t  determine which o f  t h e  dimen- 

s i o n l e s s  c o e f f i c i e n t s  a r e  most impo r tan t  i n  govern ing t h e  dynamics o f  t h e  

problem a t  hand. The impo r tan t  c o e f f i c i e n t s  a r e  matched and t h e  l e s s e r  ones 

a r e  a l l owed  t o  assume whatever va lues they  w i l l .  The v a l i d i t y  o f  r e s u l t s  

ob ta i ned  under these  c o n d i t i o n s  depends upon t he  v a l  i d i  ty o f  these assumptions. 

A  modeler must be c a r e f u l  n o t  t o  push h i s  s imu la t i ons  t o o  f a r  beyond t h e  range 

i n  which h i s  s i m i l a r i t y  assumptions app ly .  

I n  model ing atmospheric f l ows ,  i t  i s  imposs ib le  t o  match R o s s ~ ~ ,  

Reynolds, and P e c l e t  numbers w i t h  t h e  va lues they  have i n  t h e  atmosphere. 

The s c a l i n g  parameter, Rr, w i l l  be t h e  same i n  t h e  l a b o r a t o r y  as i n  t h e  f l o w  

t o  be modeled. Thus, i f  t h e  sca le  f a c t o r  f o r  t h e  model i s  t o  be 1:1000, f l u i d  

v e l o c i t i e s  i n  t h e  s imu la t i ons  w i l l  a l s o  have t o  be reduced by a  f a c t o r  of  1000 

t o  ach ieve  t h e  same Rossby number. Assunling t h a t  such smal l  speeds c o u l d  be 

achieved, r e d u c t i o n s  i n  f l u i d  v e l o c i t y  o f  t h i s  magnitude would make matching 

t h e  Reynolds and P e c l e t  numbers p o s s i b l e  o n l y  i f  v and K can be reduced 

acco rd ing l y .  Such reduc t ions ,  however, a r e  o u t  o f  t h e  ques t ion .  The r e s o l u -  

t i o n  o f  t h i s  dilemma i s  t o  dec ide which i s  more impo r tan t  i n  p r o p e r l y  simu- 

l a t i n g  t h e  dynamics o f  t h e  problem a t  hand -- matching t h e  Rossby number o r  

matching t h e  Reynolds and Pec le t  numbers? 

( a )  A p r o p e r l y  sca led  model has t he  same s c a l i n g  f a c t o r  i n  a11 t h r e e  dimensions; 
t h a t  i s ,  t h e  v e r t i c a l  dimension, f o r  ins tance,  i s  n o t  exaggerated w i t h  
r e s p e c t  t o  t h e  h o r i z o n t a l  ones. 



The magnitude o f  t h e  Rossby number can vary  w i d e l y  i n  atmospheric f l ow ,  

depending upon t h e  sca le  o f  t h e  mot ion  invo lved .  I n  o r d e r  t o  determine t h e  

sca le  atmospheric mot ions must reach be fo re  t he  e f f e c t  becomes apprec iab le ,  

cons ider  t h e  f o l l o w i n g  argument: i n  o rde r  f o r  t h e  e f f e c t  t o  be s i g n i f i c a n t ,  

i t  must have t he  same o rde r  of magnitude as t h e  pressure f o r c e  d r i v i n g  t he  

f l o w ;  t h a t  i s ,  

Now 

and 

there fo re ,  

The r o t a t i o n a l  v e l o c i t y  o f  t h e  e a r t h  ( i  .e., Q )  i s  about r ad l sec .  If Ur i s  
about 10 m/sec, t he  sca le  a t  which t he  C o r i o l i s  e f f e c t  becomes comparable t o  

t h e  pressure f o r c e  i s  about 100 km. 

The problem can a l s o  be cons idered f rom t h e  p o i n t  o f  v iew o f  t h e  t ime  

sca les  de f i ned  by t h e  f l ow .  Assume t h a t  we a r e  cons ide r i ng  f l o w  over  a  

s e c t i o n  o f  t e r r a i n  hav ing a dimension o f  L. The t ime  r e q u i r e d  f o r  a i r  t o  

f l o w  over  t h e  s e c t i o n  i s  

I f  t h e  s e c t i o n  of t e r r a i n  i s  smal l  enough, t h e  a i r  w i l l  f l o w  across i t  be fo re  

t h e r e  can be any observable e f f e c t  caused by t h e  e a r t h ' s  r o t a t i o n .  I n  o t h e r  

words, T~ w i l l  be smal l  compared t o  a  t ime  s c a l e  s e t  by t h e  e a r t h ' s  r o t a t i o n :  



The two t ime scales w i l l  be comparable i f  

" r L E -  
G, 

which i s  the same r e s u l t  obta ined p rev ious l y .  

I f  the  area t o  be modeled i s  no l a r g e r  than a  few tens o f  k i lometers,  

the  e f fec ts  o f  t he  e a r t h ' s  r o t a t i o n  on f l o w  over the  area w i l l  be n e g l i g i b l e .  

Thus the  Rossby number o f  the  phys ica l  model need n o t  be the  same as i n  t he  

ac tua l  f low.  Th is  does n o t  mean, however, t h a t  the  C o r i o l i s  e f fec ts  on the  

boundary cond i t i ons  can be completely neglected. Near the  sur face o f  t he  

ear th,  t he  C o r i o l i s  force i s  observed through i t s  e f f e c t  on wind d i r e c t i o n .  

I n  t h e  no r the rn  hemisphere, the  C o r i o l i s  e f f e c t  w i l l  cause the  wind t o  r o t a t e  

i n  a  c lockwise d i r e c t i o n  as the  d is tance above the sur face increases. The 

wind p r o f i l e  above a  sec t i on  o f  t e r r a i n  w i l l  show changes i n  bo th  magnitude 

and d i r e c t i o n .  Th i s  r o t a t i o n  o f  t he  wind vec tor  w i t h  he igh t  must be r e p l i -  

cated i n  t he  boundary cond i t ions  o f  a  phys ica l  model i f  the  p r i n c i p l e  o f  

s i m i l a r i t y  i s  t o  be s t r i c t l y  obeyed. 

Main ta in ing  s t r i c t  s i m i l a r i t y  i n  t he  case o f  the  Reynolds and Pec le t  

numbers i s  a l so  a  problem i n  the phys ica l  modeling o f  atmospheric f lows.  

For example, wind tunnels a re  the f a c i l i t i e s  most f requen t l y  used i n  phys ica l  

modeling studies.  Hence, the  p rope r t i es  v and K i n  the wind tunnel  a re  those 

o f  t he  atmosphere. I f  the  sca le  reduc t i on  i s  a  f a c t o r  o f  1000, t he  wind 

speed would have t o  be increased by the  same f a c t o r  t o  achieve s i m i l a r i t y  

w i t h  respect  t o  those terms i n  Equations (4.4) and (4.5) m u l t i p l i e d  by the  

Reynolds and Pec le t  numbers. Besides the  i m p o s s i b i l i t y  o f  ach iev ing  such 

astronomical speeds i n  a  wind tunnel ,  inc reas ing  wind speeds by t h i s  f a c t o r  

would mean t h a t  the  wind tunnel f l o w  would no longer be incompressible and 

t h a t  the  e f f e c t s  o f  v iscous heat ing  i n  the  entropy Equation (4.5)  cou ld  n o t  

be neglected. I n  o ther  words, the hypersonic f low i n  the  wind tunnel  would 

no longer  be s i m i l a r  t o  f l o w  i n  the  atmosphere. 



Fortunately, however, the s i tuat ion i s  saved by the principle of Reynolds- 

number independence. According to  th i s  principle, the Reynolds-number sensi- 
t i v i t y  of most features of f lu id  flow decreases as the Reynolds number 
increases. Above a certain Reynolds number, therefore, the behavior of the 
flow "sufficiently f a r  from any boundaries" will not change significantly as 
the Reynolds number i s  increased. The same conclusion holds with respect to  
the Peclet number and the behavior of the temperature f i e ld .  The arguments 
backing th i s  principle are mainly heuristic,  b u t  they are based on a consider- 
able amount of experimental evidence. 

The principle of Reynolds-number independence i s  somewhat vague, however; 

there i s  1 i t t l e  guidance as to  the magnitude of the "certain" Reynolds number 

or as to  how f a r  from a boundary we must go before the flow i s  Reynolds-number 
insensit ive.  As to  the f i r s t  issue, a flow will probably be Reynolds-number 

independent i f  the Reynolds number i s  about two orders of magnitude larger than 
the c r i t i ca l  Reynolds number and i f  the r a t io  of the scale of the dominant 
turbulent eddies to the dominant terrain features i s  the same in the model as 
in the actual flow. The c r i t i ca l  Reynolds number in th i s  case i s  the maximum 
Reynolds number a t  which laminar flow can be observed. Meroney e t  a1 . (1978a) 
suggest that  for  nearly neutral flows the Reynolds number, based on the boundary 

4 layer depth, should exceed 10 . However, the c r i t i ca l  Reynolds number i s  a 
function of thermal s t r a t i f i ca t ion  (see Coantic 1978), and a flow tha t  may be 
Reynolds-number independent under neutral or convectively unstable s t r a t i f i ca-  
tion could be Reynolds-number dependent under s table  conditions. With respect 
t o  the second res t r ic t ion ,  that  comparisons between physical models and the 
real atmosphere should be restr ic ted to  regions "sufficiently fa r"  from the 
boundaries, "suff ic ient ly  fa r"  i s  probably a distance considerably 1 arger than 
the s ize  of the roughness elements. 

The l a s t  of the dimensionless constants to be considered i s  the Froude 
number. The Froude number i s  a measure of the role of buoyancy in f luid 

motions and cannot be neglected in the simulation of atmospheric flow (see 
Section 3 . 2 )  . Si nce the exact value of the reference temperature T i  i s  

arbi t rary,  the Froude number defined by Equation (4.4) can be rewritten as 



where 

i s  the atmospheric lapse ra te  and 

i s  the lapse ra te  for  a neutrally s t r a t i f i e d ,  dry atmosphere. The square of 

the Froude number i s  related to  the Richardson number 

since 

2 2 2 2 and (au/az) + (av/az) i s  assumed to be related to U r  / L  . 
Temperature profiles in the atmosphere are frequently complex; thus, 

the Froude number or the Richardson nutrber can vary greatly with height. On 
a typical summer afternoon, for  example, the temperature lapse ra te  in the 

atmosphere can be unstable near the surface, nearly neutral through much of the 

boundary layer,  and then stable above the boundary layer. Thus, the Froude 

number a t  a given level in the atmosphere can be real or imaginary and can 

change in value by several orders of magnitude. Since the Froude number i s  

such a strong function of height and has such an influence on the character 

of the flow, i t  i s  important that  i t s  behavior as a function of ii be the same 



in simulations a s  in the actual flow. This i s  assured i f  the i n i t i a l  and 

boundary conditions in a physical simulation a re  s t r i c t l y  s imi la r .  

In real i  ty , however, dynamic simi 1 a r i  ty with respect  t o  the Froude 

number can only be maintained over a limited range of s t a b i l i t i e s .  

Equation (4.7) shows t ha t  a sca le  reduction of 1:1000 requires increasing 
6 the lapse r a t e  difference ( r  + y )  by 10 i f  the  wind speed i s  held constant. 

For flows having nearly neutral s t r a t i f i c a t i o n ,  the wind speeds in  a physical 

modeling f a c i l i t y  can probably be varied by a considerable amount (from $1 m/sec 

t o  $10 m/sec) and s t i l l  achieve Reynolds number independence. Nevertheless, 

even i f  the wind speed in a model were made an order of magnitude smaller than 

the atmospheric flow, a sca le  reduction of 1 :I000 would require an increase 

in ( r  + y )  of 10,000. ( a )  This makes the simulation of highly s t r a t i f i e d  flows 

d i f f i c u l t ,  pa r t i cu la r ly  in  wind tunnels.  Very few wind tunnel f a c i l i t i e s ,  f o r  

instance,  a r e  even capable of simulating s t r a t i f i e d  flows. Those t ha t  a re  

capable can only simulate f a i r l y  simple conditions such as a constant ,  mildly 

s tabl  e 1 apse r a t e  (a  problem in simulating l a t e r a l  boundary conditions; see 

below). The bes t  f ac i  1 i  t i e s  f o r  maintaining Froude number s im i l a r i t y  under 

stabl  e conditions a re  towing tanks. These faci  1 i t i  es a r e  capabl e of simul a t i  ng 

large  and f a i r l y  complex s t r a t i f i c a t i o n s  (Riley and Del i s i  1977). 

Because of the  experimental d i f f i c u l t i e s  in simul a t ing s t r a t i f i e d  flow, 

most physical modeling s tudies  a r e  conducted in  wind tunnels under neutra l ly  

s t r a t i f i e d  conditions and no surface heat f lux .  In the s t r i c t e s t  sense, these 

simulations only apply t o  atmospheric flows t ha t  a l so  have no surface heat f lux 
and a r e  neutra l ly  s t r a t i f i e d  over the e n t i r e  depth of the  atmosphere--conditions 

t h a t  a re  never observed. In a practical  sense, however, r e s t r i c t i ons  on the 

va l i d i t y  of neutra l ly  s t r a t i f i e d  simulations a re  not nearly so severe. This 

point wi 11 be discussed in  more deta i  1 i n  the next section.  

4.1.2 Achieving Similar i ty  i n  the Boundary Conditions 

As Snyder (1972) points o u t ,  s im i l a r i t y  requires t h a t  the dimensionless 

veloci ty ,  temperature, pressure, and density f i e l d s  of the modeled flow and 

( a )  The adiabat ic  lapse  r a t e ,  y ,  i s  9.8 x 10-' K/m;  t h u s ,  t o  model an isothermal 
1 ayer,  T=0, ( r+y)  must be 98 K/m f o r  a scale  reduction of 1 : 1000. 



t h e  atmospher ic  f l o w  be i d e n t i c a l  a t  t he  beg inn ing  o f  a  s imu la t i on .  These f i e l d s  

must a l s o  be t h e  same f o r  a l l  subsequent t imes a t  t he  boundaries.  Th i s  r e s t r i c -  

t i o n  means t h a t  t he  mean f i e l d s ,  as w e l l  as a l l  t u rbu lence  c h a r a c t e r i s t i c s ,  must 

be matched t o  t h e  r e l e v a n t  atmospheric c o n d i t i o n s .  Again, ach iev ing  exac t  s im i  - 
l a r i t y  i n  t h e  boundary c o n d i t i o n s  i s  imposs ib le .  Most modelers a t tempt  t o  match 

t h e  means, t h e  var iances,  and t he  su r f ace  d i s t r i b u t i o n  o f  hea t  and momentum f l u x  

and assume t h i s  degree o f  s i m i l a r i t y  t o  be s u f f i c i e n t .  

Phys ica l  model ing s tud ies  a re  u s u a l l y  at tempted on non-time-dependent f l o w s  

on l y .  I n  t h i s  s i t u a t i o n ,  matching i n i t i a l  c o n d i t i o n s  i s  e q u i v a l e n t  t o  ensur ing  

t h a t  t h e  f l o w  f i e l d  approaching t he  s e c t i o n  o f  modeled t e r r a i n  i s  r e p r e s e n t a t i v e  

o f  t h e  p e r t i n e n t  atmospheric c o n d i t i o n s .  R e a l i s t i c  s i m u l a t i o n  o f  t h e  w ind  char-  

a c t e r i s t i c s  i n  t he  f l o w  approaching modeled t e r r a i n  i s  an area o f  p a r t i c u l a r  

concern t o  phys i ca l  modelers.  It i s  g e n e r a l l y  accepted t h a t  proper  s i m u l a t i o n  

o f  boundary l a y e r  c h a r a c t e r i s t i c s  i s  most impo r tan t .  A t  a  minimum, t he  w ind  

p r o f i l e  i n  t h e  boundary l a y e r  should be r e a l i s t i c  and t he  boundary l a y e r  depth 

should show t h e  proper  sca le  r e l a t i o n s h i p  t o  t e r r a i n  f ea tu res .  

F igures  4.1 and 4.2 i l l u s t r a t e  p r o f i l e s  o f  p o t e n t i a l  temperature and t h e  

two h o r i z o n t a l  components o f  wind v e l o c i t y  measured over  t h e  open ocean a f t e r  

t h e  passage of a  s t r ong  c o l d  f r o n t .  Because t h e  sea-surface temperature was 

10' t o  l Z ° C  warmer t han  t h e  a i r ,  t u r b u l e n t  m i x i n g  i n  t he  boundary l a y e r  was 

v igorous.  T h i s  m i x i n g  i s  due t o  t h e  l a r g e  upward hea t  f l u x  and t he  l a r g e  p ro-  

d u c t i o n  o f  t u r b u l e n t  energy by buoyancy f o r ces  (see Appendix 2 ) .  The f i g u r e s  

i l l u s t r a t e  t h a t  compl icated wind p r o f i l e s  can occur over  t h e  s imp les t  of t e r -  

r a i n  and s i n c e  s t r o n g  winds a t  many l o c a t i o n s  a re  assoc ia ted  w i t h  t he  meteor- 

o l o g i c a l  c o n d i t i o n s  t h a t  e x i s t  d u r i n g  and a f t e r  f r o n t a l  passages, i t  would 

seem u s e f u l  t o  d iscuss  t he  dynamics o f  t h i s  s i t u a t i o n  i n  a  l i t t l e  more d e t a i l .  

The s t r o n g  wind shears i l l u s t r a t e d  i n  F igu re  4.2 a re  t h e  r e s u l t  o f  t h e  s t r o n g  

h o r i z o n t a l  temperature g rad ien t s  exper ienced a f t e r  t he  passage o f  f r o n t s .  

Wi th  l a r g e  h o r i z o n t a l  temperature g rad ien t s ,  t he  pressure g r a d i e n t  i s  a  f u n c t i o n  

o f  a l t i t u d e ,  T h i s  va ry i ng  pressure g r a d i e n t  can r e s u l t  i n  s t r ong  wind shears a t  

any 1  eve1 i n  t h e  atmosphere (see Hol t o n  1972, Chapter 3; and Appendix 2 ) .  ( a )  

( a )  The s i t u a t i o n  i n  t he  neighborhood o f  c o l d  f r o n t s  i s  a l s o  compl i ca ted  by 
t h e  f a c t  t h a t  t h e  pressure f o r ces  can be changing r a p i d l y  w i t h  t ime.  



Boundary layer mixing great ly  reduces the magnitude of the wind shear. 

The figures i l l u s t r a t e  t h i s  point very well.  Within the boundary layer ,  the  

wind prof i l e  behaves reasonably well--at l e a s t  i n  the  sense t ha t  the wind 

direct ion remains re1 a t ive ly  constant. I f  the boundary layer wind speed pro- 

f i l e  shown in Figure 4 .2  could be approximated i n  the physical modeling 

f a c i l i t y ,  flow within the boundary layer could be simulated. Failure t o  match 

the complicated wind and temperature s t ruc ture  above the boundary layer would 

be unimportant as long as local t e r ra in  re1 ief  (and the s i ze  of the wind turbine)  

were small compared to  the boundary layer depth (a point discussed in more 

de ta i l  below). 
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F I G U R E  4.1. Potential Temperature Prof i le  from the Air Mass Transformation 
Experiment (AMTEX) in the East China Sea (25"N, 125"301E) a t  
0300 GMT, 18 February 1975, Following the  Passage of a Cold 
Front. Error bars indicate the amount of s ca t t e r  in  the 
measurements ( a f t e r  Pennel 1 e t  a1 . 1979). 



FIGURE 4.2. P r o f i l e  of t he  u (,Eastward) Component and v (Northward) Component 
o f  t h e  Wind From the  A i r  Mass Transformat ion Experiment (AFITEX) i n  
t h e  East China Sea (25"N, 125"'30E) a t  0300 GMT, 18 February 1975, 
F o l l  owing the  Passage o f  a Cold Front .  E r r o r  bars i n d i c a t e  t he  
amount o f  s c a t t e r  i n  t he  measurements ( a f t e r  Pennell e t  a1 . 1979). 



Obta in ing  a  boundary l a y e r  t h i c k  enough t o  s imu la te  t he  t y p i c a l  dayt ime 

boundary l a y e r  i s  n o t  a  p a r t i c u l a r  problem i n  a  wind o r  water  t unne l .  I t  

can be accomplished by p l a c i n g  l a r g e  roughness elements on t he  f l o o r  o f  t h e  

tunne l  upstream o f  the  modeled t e r r a i n .  When t h e  su r f ace  i s  roughened i n  

t h i s  way, t h e  boundary l a y e r  w i l l  grow much more r a p i d l y  than i t  would over  

a  smooth f l o o r .  Even w i t h  a  boundary l a y e r  o f  p roper  th ickness ,  i t s  tu rbu lence  

c h a r a c t e r i s t i c s  can d i f f e r  f rom t h e  c h a r a c t e r i s t i c s  o f  t h e  atmospheric boundary 

l a y e r .  F igure  4.3 compares tu rbu lence  measurements i n  t he  n e u t r a l l y  s t r a t i f i e d  

boundary l a y e r  over  a  wind tunne l  f l o o r  (Meroney e t  a1 . 1977) w i t h  measurements 

i n  an atmospheric boundary l a y e r  over  t h e  open ocean (Pennel l  and LeMone 1974). 

The atmospheric measurements were made as c l ose  t o  n e u t r a l  cond i t i ons  as i s  

l i k e l y  t o  be observed i n  t h e  atmosphere. The f i g u r e s  show f a i r l y  good agree- 

ment i n  t h e  lower  40% o f  t he  boundary l a y e r .  I n  t he  upper p o r t i o n  o f  t he  

boundary 1  ayer, t he  d isc repanc ies  between the  wind tunne l  and atmospheric 

boundary l a y e r s  a re  l a r g e .  I n  the  atmospheric boundary l a y e r ,  t h e r e  i s  a  ve ry  

smal l  p o s i t i v e  hea t  f l u x  between t h e  sea sur face  and t h e  a i r .  The boundary 

l a y e r ,  i n  o t h e r  words, i s  c o n v e c t i v e l y  uns tab le .  Th i s  s l i g h t  p o s i t i v e  heat  

f l u x  i s  enough t o  r e s u l t  i n  a  s i g n i f i c a n t  t r a n s p o r t  o f  tu rbu lence  energy 

(mechanica l ly  generated near t h e  su r f ace )  by buoyancy t o  t h e  o u t e r  p o r t i o n  o f  

t he  boundary l a y e r .  Th i s  mechanism o f  tu rbu lence  t r a n s p o r t  i s  m i ss i ng  i n  t he  

s t r i c t l y  n e u t r a l  boundary l a y e r .  The p o i n t  a t  which t h e  behavior  o f  tu rbu lence  

i n  t h e  atmosphere shows s i g n i f i c a n t  d i f f e r e n c e s  f rom t h e  behavior  o f  a  wind 

tunne l  f l o w  moves toward the  su r f ace  as t h e  atmospheric boundary l a y e r  becomes 

more uns tab le  (see Appendix 2 ) .  Sometimes, an a t tempt  i s  made t o  inc rease  

tu rbu lence  l e v e l s  i n  t he  o u t e r  p o r t i o n  o f  wind tunnel  boundary l a y e r s  th rough 

t h e  use o f  turbu lence- producing g r i d s  o r  vo r t ex  generators  (Meroney e t  a l .  

1977). However, these procedures produce tu rbu lence  t h a t  has cons iderab ly  

d i f f e r e n t  p r o p e r t i e s  than t h e  tu rbu lence  i n  an atmospheric boundary l a y e r .  ( a  > 
The f a i l u r e  o f  a  n e u t r a l l y  s t r a t i f i e d  f l o w  f a c i l i t y  t o  produce a  boundary 

l a y e r  t h a t  complete ly  mimics the  atmosphere i s  p robab ly  n o t  s i g n i f i c a n t  f o r  

( a )  A  more r e a l i s t i c  s i m u l a t i o n  o f  t he  tu rbu lence  i n  an uns tab le  atmospheric 
boundary 1 ayer  can be achieved by hea t ing  t he  wind tunne l  f l o o r .  I f  wind 
speeds i n  t h e  tunnel  a r e  n o t  t o o  h i g h  (on  t he  o r d e r  o f  1  m/sec), t h e  
hea t i ng  r a t e s  r e q u i r e d  t o  ach ieve Froude number ( o r  Richardson number) 
s i m i l a r i t y  f o r  uns tab le  boundary l a y e r  f l ows  a r e  n o t  excess ive.  
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FIGURE 4.3. Measurements o f  t h e  L o n g i t u d i n a l  ( a )  and V e r t i c a l  ( b )  Coniponents 

o f  Turbulence I n t e n s i t y .  Comparison i s  between measurements i n  
a n e u t r a l l y  s t r a t i f i e d  boundary l a y e r  over  a wind tunne l  f l o o r  
( Z o r i c  1968, K lebanof f  1954, and Tieleman 1967 as c i t e d  by 
Meroney e t  a l .  1977) and measurements i n  n e a r l y  n e u t r a l  atmo- 
sphe r i c  boundary l a y e r  ove r  open ocean (Penne l l  and LeMone 1974).  



many s i tua t ions  of importance in wind energy s i t i n g .  If winds near the e a r t h ' s  

surface are  moderate t o  strong and i f  there i s  posi t ive  heat t r ans fe r  from the 

e a r t h ' s  surface to  the atmosphere, a f a i r l y  deep atmospheric boundary layer will 

develop. The depth of t h i s  boundary layer can range from several hundred t o  

several thousand meters. Because of strong turbulent  mixing, the temperature 

lapse r a t e  in the boundary layer wil l  be nearly neutral (Figure 4.1 ) ,  except 

f o r  a negligibly thick layer near the surface t ha t  wil l  be unstably s t r a t i f i e d .  

Such a boundary layer i s  unstable, n o t  neutra l ,  even though the lapse r a t e  

over the  bulk of the boundary layer i s  adiabatic.  As discussed above, a major 

difference between the unstable atmospheric boundary layer  and the neutral 

boundary layer in a wind or  water tunnel i s  in the s t ruc ture  of the turbulence. 

Flow in the  convectively unstable boundary layer can be modeled by a neutral 

flow in a wind tunnel i f  the scale  of the t e r ra in  i s  much l e s s  than the depth 

of the boundary layer.  Under t h i s  condition, differences in the flows due t o  

the  differences in turbulence s t ruc ture  should be secondary. 

There are  additional reasons f o r  r e s t r i c t i ng  the  simulation of flow in 

an unstable atmospheric boundary by a neutral wind tunnel boundary t o  small 

t e r r a in  features .  Unstable atmospheric boundary layers  a re  always capped by 

s tably  s t r a t i f i e d  a i r  as in  Figure 4.1. I f  t e r r a in  re1 i e f  i s  not smaller 

than t he  boundary layer  depth, in teract ions  between the t e r r a in  and t h i s  

s t ab l e  a i r  can a f f e c t  the  flow s ign i f ican t ly .  In addit ion,  i f  the t e r r a in  

features  a re  large  enough, temperature var ia t ions  over the surface of the 

t e r r a in  can generate secondary flows t ha t  can a l so  a f f ec t  flow near the 

surface (see  Section 5 .4 .1) .  

On sunny days, the conditions described above generally hold over land 

surfaces.  This i s  not the case under many other  s i tua t ions .  Over land surfaces,  

boundary layer thickness and the vigor of the turbulent  mixing process show 

considerable seasonal and diurnal var ia t ion.  A t  night ,  for instance,  boundary 

layer  thicknesses can shrink considerably, reaching depths of 100 m o r  l e s s .  

Thermal s t r a t i f i c a t i o n  and wind prof i l es  near the  surface can become very 

complicated and the wind and temperature f i e l d s  can show considerable horizontal 

variabi 1 i ty  on a very small sca le  (Lenschow e t  a1 . 1979). Physical modeling 

f a c i l i t i e s  a r e  simply not capable of handling s i tua t ions  where there are  l a rge ,  



s p a t i a l  v a r i a t i o n s  of wind speed, wind d i r e c t i o n ,  and temperature on sca les  

comparable t o  t he  s i z e  o f  t he  modeled reg ion .  

Assuming t h a t  a  s a t i s f a c t o r y  r e p r e s e n t a t i o n  o f  an atmospheric boundary 

l a y e r  can be achieved i n  t h e  model ing f a c i l i t y ,  t h e  l a s t  requi rement  f o r  a  

success fu l  s i m u l a t i o n  o f  atmospheric f l o w  i s  t o  o b t a i n  s i m i l a r i t y  i n  t h e  d i s -  

tri b u t i o n  o f  su r f ace  hea t  and momentum f luxes .  Usua l l y ,  phys i ca l  model i n g  

s t u d i e s  a r e  r e s t r i c t e d  t o  n e u t r a l  c o n d i t i o n s  because, as was p o i n t e d  o u t  i n  

t h e  p rev ious  sec t ion ,  i t  i s  ve ry  d i f f i c u l t  t o  ma in ta i n  bo th  Reynolds and 

Froude number s i m i l a r i t y  when t h e r e  a r e  l a r g e  reduc t i ons  i n  sca le .  Simu- 

l a t i n g  n e u t r a l  c o n d i t i o n s  makes s p e c i f i c a t i o n  o f  t h e  su r f ace  hea t  f l u x  s imple.  

It i s  zero everywhere. 

S i m i l a r i t y  i n  t h e  su r f ace  d i s t r i b u t i o n  o f  momentum f l u x  i s  ach ieved by 

p roduc ing  a sur face roughness d i s t r i b u t i o n  over  t he  model t h a t  represen ts  t h e  

su r f ace  roughness d i s t r i b u t i o n  o f  t h e  ac tua l  t e r r a i n .  One way o f  do ing  t h i s  

i s  t o  f o l l o w  the  Jensen c r i t e r i o n  (Snyder 1972). Accord ing t o  t h i s  r u l e ,  t h e  

roughness l e n g t h  o f  t h e  model i s  sca led  such t h a t  

The Jensen c r i t e r i o n ,  however, f r e q u e n t l y  c o n f l i c t s  w i t h  t h e  need t o  main- 

t a i n  a  su r f ace  t h a t  i s  aerodynamica l ly  rough. 

As was d iscussed i n  t h e  p rev ious  sec t i on ,  one o f  t h e  i r o n c l a d  laws o f  

phys i ca l  model ing i s  t h a t  t he  Reynolds number o f  t he  model must be l a r g e  
enough t h a t  t h e  f l o w  i s  Reynolds-number i n s e n s i t i v e .  Numerous exper iments  

have shown ( S c h l i c h t i n g  1960) t h a t  c e r t a i n  q u a n t i t i e s  i n  a  t u r b u l e n t  f l o w  t h a t  

depend on t h e  p r o p e r t i e s  o f  t h e  f l o w  near t h e  sur face  (such as t h e  d rag  

c o e f f i c i e n t )  remai n  Reynol ds-number dependent as l o n g  as t h e  su r f ace  i s  smooth 

If t h e  su r f ace  i s  roughened, a  Reynolds number w i l l  be reached where t h e  drag 

c o e f f i c i e n t ,  f o r  example, no l onge r  changes. When t h i s  l i m i t  i s  reached, t h e  

f low i s  s a i d  t o  be aerodynamica l ly  rough. The consensus o f  exper imenta l  

s t u d i e s  c i t e d  by Schl i c h t i n g  (1960) i s  t h a t  a  f l o w  w i l l  be aerodynamica l ly  

rough if 



Keeping conditions over the model aerodynamically rough helps ensure that  the 

f l  ow wi 11 be Reynol ds-number independent. Therefore, when Equation (4.9) 

confl ic ts  with the Jensen cr i te r ion ,  th i s  equation can be used to s e t  the 

minimum roughness length on the model. The surfaces with larger roughness 

are then scaled accordingly . 
The cr i ter ion expressed in Equation (4.9)  also se t s  a lower l imit  on the 

resolution of the model resul ts  applied to the atmosphere. The roughness 

length (lo) i s  about an order of magnitude smaller than the physical dimensions 

of the roughness element; therefore a l l  objects tha t  are physically represented 

in the model must be larger than about 10 zo.  This does not turn out t o  be a 
serious res t r ic t ion ,  however. For a typical wind tunnel , 

and v = 1.5 x lom5 m2/sec. Substituting these - quantit ies into Equation (4.9) 

gives a minimum roughness length of 4 x loq5 m to 8 x lom4 m .  For a scaling 

r a t io  of 1000:1, t h i s  gives a resolution l imit  of about 5 to 10 ni in the f u l l -  

scale flow. 

4.2 VERIFICATION RESULTS 

Studies comparing simulations of flow over topography obtained by physi- 

cal modeling with f i e ld  measurements are as rare as similar studies on numer- 

ical simulations. The reasons are the same as discussed in Section 3.3.4-- 

the extreme d i f f icu l ty  in obtaining good f ie ld  observations. Recently, two 

studies were conducted that  compared the ab i l i t y  of large wind tunnels to 

simulate flow over two different  types of te r ra in .  In one study (Meroney e t  a1 . 
1978b), simulations of flow in the region of the Rakaia Gorge, New Zealand, 

were compared with f i e ld  measurements. In the second study (Chien a t  a l .  1979), 

the same was done for  the Kahuku Point area of Oahu, Hawaii. In b o t h  of the 

studies the thermal s t r a t i f i ca t ion  of the simulation was neutral. 



I n  t h e  Rakaia Gorge s tudy  a  s e c t i o n  o f  t e r r a i n  6.1 km wide and 18.3 km 

long ,  cen te red  ove r  t h e  gorge, was modeled a t  a  sca le  o f  1:5000. T h i s  area i s  

i n  a  r e g i o n  thought  t o  have g r e a t  wind energy p o t e n t i a l .  Great  ca re  was 

exe rc i sed  i n  reproduc ing  t h e  con tour  o f  t h e  t e r r a i n  and i n  r ep resen t i ng  t h e  

su r f ace  roughness d i s t r i b u t i o n .  Meroney e t  a1 . (1  978b) p rov ide  ex tens i ve  

d e t a i l s  on how t h i s  was accomplished. 

Flow s i m u l a t i o n s  were compared w i t h  f i e l d  measurements on two separate 

days. The f i e l d  measurements cons i s ted  o f  two se t s  o f  15-min average winds 

taken w i t h  c a l i b r a t e d  ins t ruments  a t  an e l e v a t i o n  o f  10 m. Measurements 

were made a t  a  t o t a l  o f  27 p r e v i o u s l y  se lec ted  s i t e s .  The t o t a l  e lapsed t ime  

was approx imate ly  6  hours.  Dur ing  t he  t ime mob i le  measurements were made, 

cont inuous wind observa t ions  were taken a t  two f i x e d  1  oca t i ons .  Three 

measurement teams were used. Two teams covered e i t h e r  s i d e  o f  t h e  gorge 

w h i l e  t h e  t h i r d  team t r a v e l e d  up t h e  gorge by boa t .  On each o f  t h e  two days 

chosen f o r  measurement, winds were moderate t o  s t rong ,  winds were from t h e  

same general  d i r e c t i o n ,  and sk i es  were overcas t .  These c o n d i t i o n s  suggest 

t h a t  t h e  atmospheric boundary l a y e r  was more o r  l e s s  n e u t r a l  (see Appendix 2) ,  

a t  l e a s t  near  t h e  su r f ace .  

Comparisons o f  s imu la ted  and observed wind speeds f o r  each o f  t h e  two 

days a r e  presented i n  F igu re  4.4. The f i g u r e  compares "10-m" wind speeds 

t h a t  have been normal ized by t he  wind speed a t  the  t op  o f  t h e  boundary l a y e r ,  

uh. S ince a c t u a l  wind speeds can change cons iderab ly  over  a  6- hr  per iod ,  a  

method had t o  be dev ised t o  account f o r  t he  t ime  lapses between t h e  27 mob i l e  

wind measurements. To accompl ish t h i s  t he  r a t i o  o f  a  15-min average w ind  a t  

a  mob i l e  s i t e  t o  t he  corresponding 15-min average a t  one o f  t h e  f i x e d  s i t e s  

was assumed t o  be a  f u n c t i o n  o f  l o c a t i o n  b u t  n o t  o f  t ime.  Accord ing ly ,  each 

o f  t h e  27 wind measurements cou ld  be ad jus ted  t o  a  s tandard re fe rence  t ime.  

Local  noon was chosen as t he  re fe rence ,  and t he  ad justment  was made by t h e  

s imp le  a l g o r i t h m  
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FIGURE 4.4. S c a t t e r  Diagrams o f  Rakaia Gorge F i e l d  Measurements Versus Wind 
Tunnel S imu la t i on  Measurements f o r  25 November 1977 ( a )  and 
28 December 1977 ( b )  (Meroney e t  a1 . 1978b). U/Uh i s  t h e  wind 
speed a t  10 m norma l i zed  by t h e  f r e e  stream wind speed. 



I 

where to i s  t h e  re ference t ime  and t h e  s u b s c r i p t s  m and s  s tand  f o r  t h e  

mob i l e  s t a t i o n s  and t he  f i x e d  s t a t i o n ,  r e s p e c t i v e l y .  The f r e e  stream ve lo-  

c i t y  uh was measured i n  t he  wind tunne l  model. Then, t he  f o l l o w i n g  r e l a t i o n -  

s h i p  was assumed f o r  t h e  f i e l d  measurements. 

i e l  d  model 

F i g u r e  4.4 shows good agreement between t h e  s imu la t i ons  and t h e  observa-  

t i o n s  f o r  these two cases. The phys i ca l  model n o t  o n l y  shows s k i l l  i n  simu- 

l a t i n g  t h e  mean wind speed d i s t r i b u t i o n  b u t  a l s o  demonstrates good performance 

i n  r a n k i n g  t h e  s i t e s  accord ing  t o  wind speed. However, t h e  l i m i t a t i o n s  o f  

these  comparisons should a l s o  be noted. These comparisons rep resen t  spo t  

checks under c a r e f u l l y  se lec ted  c o n d i t i o n s ,  n o t  an exhaus t i ve  v e r i f i c a t i o n .  

The v a l  i d i  t y  o f  t h e  comparisons i s  a l s o  1  i m i  t e d  by the  assumptions made i n  

t h e  a n a l y s i s  o f  t h e  f i e l d  measurements. 

I n  t h e  second exper iment,  f l ow over  a  1:3840 sca le  model o f  t he  

Kahuku P o i n t  area was s t u d i e d  i n  a  l a r g e ,  n e u t r a l l y  s t r a t i f i e d  wind tunne l  

(Chien e t  a l .  1979).  The area i nc l uded  i n  t h e  model i s  i n d i c a t e d  i n  F igu re  4.5. 

The model was c a r e f u l l y  cons t ruc ted  i n  o rde r  t o  f a i t h f u l l y  r ep resen t  t h e  

topography and t h e  su r f ace  roughness d i s t r i b u t i o n .  Flow over  t h e  model su r-  

face  was mapped f o r  t h r e e  p r e v a i l i n g  wind d i r e c t i o n s :  045", 067", and 090". 

F i gu re  4.6 i s  an example o f  t he  wind speed d i s t r i b u t i o n  a t  a  s imu la ted  

h e i g h t  o f  50 m  f o r  a  p r e v a i l i n g  wind d i r e c t i o n  o f  067". 

Chien e t  a1 . (1979) compared these s imu la t i ons  w i t h  f i e l d  measurements 

ob ta i ned  by a  research  team f rom the  U n i v e r s i t y  o f  Hawai i .  Measurements were 

conducted a t  a  number o f  s i t e s  i n  t he  Kahuku P o i n t  area f rom August 8, 1978 

t o  October 10, 1978. The measurements were made f rom vans equipped w i t h  

3 0 - f t  ( ~ 9 - m )  towers.  S ix-minute average values o f  wind speed and d i r e c t i o n  

were made f rom t h e  tops  o f  t h e  towers.  A t  any one s i t e ,  cont inuous measure- 

ments were made f o r  a t  l e a s t  24 hours.  To account f o r  t h e  f a c t  t h a t  s imu l-  

taneous measurements were n o t  taken, a l l  wind speeds were norma l i zed  by t h e  

wind speed a t  a  f i x e d  re fe rence  s t a t i o n .  
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FIGURE 4.5. Annual Mean Wind Speed, mlsec, a t  S i t e s  Over Oahu and the 
Area ( c i r c l ed )  Covered in the Wind Tunnel Simulation. 
(Chien e t  a l .  1979) 



FIGURE 4.6. Contour P l o t  o f  R e l a t i v e  Wind Speeds, i .e . ,  t he  Ra t i o  o f  
Simulated Wind Speed t o  Measured Simulated Free Stream 
Wind Speed i n  %, Over t he  Kahuku Po in t  Model a t  Equ iva len t  
50-rn Height  f o r  Wind D i r e c t i o n  o f  067" (Chien e t  a l .  1979) 



Comparisons between t he  wind tunne l  s imu la t i ons  and t he  f i e l d  measure- 

ments were made i n  o rde r  t o  gauge t h e  accuracy o f  t he  s imu la t i ons .  Average 

normal ized wind speed and average wind d i r e c t i o n  a r e  t a b u l a t e d  f o r  each o f  

t h e  f i e l d  s i t e s  i n  Chien e t  a l .  (1979).  The t a b u l a t i o n  a l s o  i nc l udes  normal-  

i z e d  wind speeds a t  a s imu la ted  e l e v a t i o n  o f  10 m f o r  t h e  t h r e e  p r e v a i l i n g  

w ind  d i r e c t i o n s  s tud ied  i n  t h e  wind t unne l .  Normal ized wind speed es t imates  

a r e  presented a t  every p o i n t  corresponding t o  t he  l o c a t i o n  o f  a f i e l d  

measurement. Us ing those tabu1 a ted  r e s u l t s  we made a comparison o f  s imu la ted  

t o  observed wind speeds. A f i e l d  measurement was compared w i t h  i t s  co r re-  

sponding wind tunnel  va lue  i f  the  average wind d i r e c t i o n  a t  t he  f i e l d  s i t e  

was w i t h i n  + l o 0  o f  one o f  the  t h r e e  wind d i r e c t i o n s  s imu la ted  i n  t he  wind 

t unne l .  The f i e l d  da ta  t h a t  d i d  n o t  meet t h i s  c o n d i t i o n  were n o t  used i n  ou r  

comparison. The f i e l d  measurement was compared, o f  course, w i t h  the  wind 

tunne l  s i m u l a t i o n  hav ing t he  wind d i r e c t i o n  c l o s e t  t o  t h e  ac tua l  f l o w .  Chien 

e t  a1 . (1  979) a1 so compared l a b o r a t o r y  s imu la t i ons  w i t h  f i e l d  measurements, 

b u t  t h e  method they  used was somewhat d i f f e r e n t .  

There i s  an i m p l i c i t  assumption i n  our  comparisons t h a t  t h e  average 

wind d i r e c t i o n  a t  a f i e l d  s i t e  equals t he  f r e e  stream wind d i r e c t i o n  of t he  

t ime  p e r i o d  i n  ques t ion .  ( a )  Th i s  may n o t  be t he  case. Therefore,  f i e l d  

measurements i n  reg ions  where t he  wind tunne l  s imu la t i ons  showed s i g n i f i c a n t  

t e r r a i n  e f f e c t s  on wind d i r e c t i o n  were r e j e c t e d .  F i e l d  measurements were 

a l s o  r e j e c t e d  f rom s i t e s  where t h e  anemometer exposure was thought  t o  be 

poor (Chien e t  a1 . 1979). 

F i gu re  4.7 shows the  r e s u l t s  o f  these comparisons. Agreement between 

s imu la t i ons  and observa t ions  i n  t h e  Kahuku P o i n t  exper iment i s  poorer  than 

i n  t he  Rakaia Gorge study. The reasons f o r  t h i s  l i e  i n  t he  way t he  f i e l d  

da ta  were c o l l e c t e d  f o r  these two s tud ies .  I n  t h e  Rakaia Gorge experiment, 

da ta  were c o l l e c t e d  under me teo ro log i ca l  c o n d i t i o n s  c l o s e  t o  t he  c o n d i t i o n s  

t h a t  e x i s t  i n  a w ind  tunne l .  A t  Kahuku Po in t ,  a broader  range o f  c o n d i t i o n s  

was sampled. Chien e t  a l .  (1979) n o t e  t h a t  on severa l  days t h e r e  was e v i -  

dence of e i t h e r  a sea-breeze i n f l u e n c e  on t h e  f low o r  an anabat i c  f l o w  

(a )  A b e t t e r  method o f  de te rmin ing  t he  f r e e  stream wind d i r e c t i o n  would have 
been t o  use a wel l- exposed re fe rence  s t a t i o n .  We d i d  n o t  have access t o  
da ta  t h a t  would have a l lowed us t o  do t h i s .  



(see Sec t ion  5.4.1) up t h e  s lope of t h e  Koolau Ridge. I f  those days were n o t  

i nc luded  i n  t h e  comparisons, t he  performance o f  t he  s imu la t i ons  v i s - a- v i s  t h e  

f i e l d  measurements would be g r e a t l y  improved. However, a  comparison t h a t  

e l i m i n a t e d  troublesome meteoro log ica l  cond i t i ons  would n o t  be a  proper  i n d i c a -  

t i o n  o f  t h e  model 's  v a l i d i t y .  We assume t h a t  a  person us ing  phys ica l  model ing 

t o  understand f l o w  over  a  r e g i o n  i s  i n t e r e s t e d  i n  the  model 's  a b i l i t y  t o  

produce i n f o r m a t i o n  o f  c l i m a t o l o g i c a l  s i g n i f i c a n c e .  I n  t h i s  case t h e  comparisons 

must be made aga ins t  t he  f u l l  range o f  cond i t i ons  a f f e c t i n g  f low over  Kahuku 

Po in t ,  no t  j u s t  a  se lec ted  subset o f  these cond i t i ons .  

(k) field 

FIGURE 4.7.  Sca t te r  Diagram o f  Kahuku Po in t  F i e l d  Measurements Versus Wind Tunnel 
S imulat ions.  u/ur i s  t he  10-m wind speed normal ized by t h e  wind 
speed a t  a re fe rence s t a t i o n .  

4.3 CONCLUSIONS AND RECOMMENDATIONS 

The t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  phys ica l  model ing i s  t h e  s i m i l a r i t y  

p r i n c i p l e .  Th i s  p r i n c i p l e  s t a t e s  t h a t  t he  f l o w  over  a  geomet r i ca l l y  s i m i l a r  



model will be analogous t o  flow over the actual object  i f  the  two flows a r e  

dynamically and kinematically simi 1 a r  and i f  the i n i t i a l  and boundary condi - 
t ions  are  similar .  True s imi l a r i t y  ra re ly  ex i s t s  when there i s  a large  

reduction in s i ze  between the object  and the model. A lack of complete 

simi l a r i  ty  i s  cer ta inly  the case when atmospheric flows a re  modeled; however, 

i t  a l so  occurs in more t rad i t iona l  applications of physical modeling, such 

as  the modeling of ships o r  of a i r c r a f t .  Useful r e su l t s  can s t i l l  be 

obtained in these cases, as long as the neglected s imi l a r i t y  requirement has 

a small influence on the resul t ing flow. 

Analysis of the equations of motion shows t ha t  the key requirements fo r  

modeling atmospheric flow over regions smaller t h a n  a  few tens of kilometers 

a r e  a large  Reynolds number, a  Froude number (o r  Richardson number) identical  

t o  the  actual flow, and ident ical  i n i t i a l  and boundary conditions. How s a t i s -  

f ac to r i l y  a physical model s a t i s f i e s  these requirements i s  largely a function 

of s t a b i l i t y .  The s imi la r i ty  const ra ints  are  met most eas i ly  fo r  s l i gh t l y  to  

moderately unstable flows when local t e r r a in  re1 i e f  i s  small compared t o  the 

depth of the boundary layer.  ( a )  under these conditions, flow in the boundary 

layer should be f a i r l y  homogeneous and the wind prof i l es  simple with l i t t l e  

turning of the wind vector with height. This s i tua t ion  resu l t s  in  f a i r l y  

simple boundary conditions and the atmospheric flow can probably be represented 

by a neutral boundary layer in a wind o r  water tunnel .  

The physical modeling of highly s tab le  flows over complex t e r r a in  i s  much 

more di f f  i  cul t . As the  Froude number becomes small e r  (o r  the Richardson number 

1 a rger ) ,  i t  becomes increasingly d i f f i c u l t  t o  maintain both Reynolds number 

and Froude number s imi l a r i t y .  The boundary conditions a l so  become more complex. 

Variations in  surface temperature over the t e r r a in  become important fac to rs  in  

driving the flow. There may a l so  be large  horizontal and ver t ica l  var ia t ions  

in  the  wind and temperature f i e l d s  due t o  weak o r  nonexistent turbulent  mixing. 
The complexity of the flow f i e l d  makes the matching of l a t e r a l  (o r  approach) 

boundary conditions especia l ly  d i f f i c u l t .  Fortunately, however, highly s tab le  

( a )  These conditions a re  representative of par t ly  cloudy t o  sunny days with 
moderate t o  high wind speeds. 



f l o w s  a r e  assoc ia ted  w i t h  f a i r l y  low wind speeds, and model ing t h i s  s t a b i l i t y  

range i s  p robab ly  n o t  impo r tan t  i n  wind energy a p p l i c a t i o n s .  

M a i n t a i n i n g  s i m i l a r i t y  i n  t h e  boundary c o n d i t i o n s  and t h e  Froude number 

i s  t h e  p r i n c i p a l  cha l lenge  i n  model ing n e u t r a l  t o  s l i g h t l y  s t a b l e  f l ows .  Under 

moderate- to- st rong wind speed cond i t i ons ,  t h i s  s t a b i  1  i ty range i s  most 1  i k e l y  

t o  be observed a t  n i g h t .  For  a  g i ven  wind speed, s t a b l y  s t r a t i f i e d  ( o r  even 

n e u t r a l  ) boundary l a y e r s  a r e  1  ess t u r b u l e n t  than  c o n v e c t i v e l y  uns tab le  ones. 

Less v igorous  m i x i n g  means t h a t  these boundary l a y e r s  w i l l  be more sha l low 

than  t he  uns tab le  boundary l a y e r  and t h a t  wind and temperature f i e l d s  w i l l  

show more s p a t i a l  and temporal v a r i a t i o n .  Boundary l a y e r  depths w i l l  p robab l y  

range f r om 100 t o  500 m; thus  l o c a l  t e r r a i n  r e l i e f  may n o t  be smal l  compared 

t o  t h i s  depth.  When t h e  t e r r a i n  r e l i e f  i s  comparable t o  t h e  depth o f  t h e  

boundary l a y e r ,  t h e  s t r u c t u r e  of  t h e  wind and temperature f i e l d s  above t h e  

boundary l a y e r  can i n f l uence  f l o w  near  t h e  sur face .  A l l  o f  these  e f f e c t s  make 

i t  v e r y  d i f f i c u l t  t o  r ep resen t  t he  wind and temperature f i e l d s  approaching t h e  

modeled t e r r a i n  i n  a  r e a l i s t i c  manner. As t he  r a t i o s  o f  boundary l a y e r  depth 

t o  l o c a l  t e r r a i n  r e l i e f  become l a r g e r  and t h e  Froude numbers become sma l l e r ,  

t h e  accuracy of  n e u t r a l  s imu la t i ons  i n  t h e  wind tunne l  become i n c r e a s i n g l y  

unce r ta i n .  However, i t  i s  imposs ib le  t o  judge - a p r i o r i  how d i s s i m i l a r  a  

n e u t r a l  s imu la t i on ,  o r  even s t a b l e  s i m u l a t i o n  us ing  approximate boundary 

cond i t i ons ,  may be f r om t h e  ac tua l  f l o w .  

Even cons ide r i ng  these 1  i m i t a t i o n s  , phys i ca l  model i n g  (and, i n  p a r t i c u l a r ,  

w ind tunne l  model ing)  can be a  use fu l  t o o l  i n  s i t i n g .  Under n e u t r a l  t o  m i l d l y  

uns tab le  c o n d i t i o n s  , wind tunne l  model i ng should g i v e  reasonably  accura te  

i n f o r m a t i o n  on t h e  e f f e c t s  o f  t e r r a i n  p r o f i l e  and roughness on w ind  speed 

d i s t r i b u t i o n s  near  t he  sur face,  on t he  wind p r o f i l e  and on t u rbu lence  ( i n c l u d i n g  

t h e  l o c a t i o n  o f  zones o f  probable f l o w  s e p a r a t i o n ) .  These s i m u l a t i o n s  shou ld  

be s u p e r i o r  t o  t h e  c a p a b i l i t i e s  o f  c u r r e n t l y  a v a i l a b l e  numerical  models even 

when a  n e u t r a l l y  s t r a t i f i e d  f l o w  i s  used t o  r ep resen t  t h e  a c t u a l  c o n d i t i o n s .  

The accuracy o f  p h y s i c a l  models of s t a b l e  f l o w  over  t e r r a i n  i s  more u n c e r t a i n .  

For  s t a b l e  f lows ,  i t  i s  ve ry  d i f f i c u l t  t o  model t h e  approach boundary c o n d i t i o n s  

s i n c e  these  boundary c o n d i t i o n s  can be complex and s i n c e  smal l  changes i n  



t h e i r  s t r u c t u r e  can a f f e c t  t he  f l o w  s i g n i f i c a n t l y .  These boundary c o n d i t i o n s  

w i l l  a l s o  seldom be known w i t h  any p r e c i s i o n .  However, ve ry  s i m i l a r  problems 

e x i s t  i n  t h e  numerical  model ing o f  s t a b l e  f l ows  over  t e r r a i n ,  as w e l l .  

F i n a l l y ,  t h e r e  i s  one problem common t o  a l l  model ing techniques:  how 

r e p r e s e n t a t i v e  a r e  a  few model runs t o  t y p i c a l  c o n d i t i o n s  over  t he  s i t e ?  The 

wind c l i m a t o l o g y  o f  a  r e a l  s e c t i o n  o f  t e r r a i n  i s  made up o f  a  s e r i e s  o f  h i g h l y  

compl i cated, ever- changi ng f 1  ows. When f 1  ow over  r e a l  t e r r a i n  i s  model ed , an 

a t t emp t  i s  made t o  reproduce t he  ac tua l  wind c l i m a t o l o g y  w i t h  a  ve ry  smal l  

number o f  steady s t a t e  f l o w s  ob ta ined  by us ing  h i g h l y  s i m p l i f i e d  boundary 

cond i t i ons .  These s imu la t i ons  o f  t h e  r e a l  w o r l d  can p rov ide  use fu l  guidance, 

b u t  t h e i r  b a s i c  l i m i t a t i o n s  must always be kep t  i n  mind. 
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5.0 TOPOGRAPHICAL INDICATORS OF WIND POWER POTENTIAL 

Topographica l  i n d i c a t o r s  o f  wind power p o t e n t i a l  a r e  g u i d e l i n e s  developed 

from e m p i r i c a l ,  exper imenta l ,  t h e o r e t i c a l  , and e x p e r i e n t i a l  understanding o f  

a i r  f l o w  i n t e r a c t i o n  w i t h  t e r r a i n .  The development o f  topograph ica l  i n d i c a t o r s  

represen ts  t h e  i n t e g r a t i o n  o f  a l l  t h a t  i s  known about mesoscale and mic rosca le  

meteorology. T h i s  chap te r  i s  a  b r i e f  rev iew o f  t he  topograph ica l  i n d i c a t o r s  

t h a t  may be used i n  s i t i n g  l a r g e  wind t u r b i n e s .  

P rope r l y  used, topograph ica l  i n d i c a t o r s  a re  t h e  most c o s t - e f f e c t i v e  tech-  

n ique  f o r  s h o r t  c u t t i n g  t h e  s i t i n g  process. I n  t he  pas t ,  i n t e r p r e t a t i o n s  o f  

f l o w  over  t e r r a i n  have been a p p l i e d  t o  s i t i n g  wind machines w i t h o u t  suppo r t i ng  

measurements. It was s u f f i c i e n t  i n  p a s t  r u r a l  a p p l i c a t i o n s  t o  know t h a t  t h e  

wind would be s t r onge r  here than  there .  Optimal s i t i n g  o f  l a r g e  wind t u r b i n e s  

r e q u i r e s  more in fo rmat ion :  E x a c t l y  how s t rong  i s  i t  here? A t  what t imes i s  

i t  s t rong?  I s  i t  too  t u r b u l e n t ?  I n  t h i s  con tex t  t he  use o f  topograph ica l  

i n d i c a t o r s  i s  s t i l l  a  va luab le  technique, b u t  t he  i ssues  o f  when and how t o  

use them, and how f a r  t o  t r u s t  them, a r e  complex. 

Topographica l  g u i d e l i n e s  a r e  used a lone when t h e r e  i s  no o t h e r  cho ice  o r  

when t h e  c o s t  of an e r r o r  i s  min imal .  I n  c o n j u n c t i o n  w i t h  measurements o r  

model i ng ,  t h e  topograph ica l  guide1 i nes become power fu l  supplements. 

I n  t h e  cand ida te  resource  area e v a l u a t i o n  s tage o f  wind prospect ing,  one 

uses topograph ica l  g u i d e l i n e s  t o  determine l o c a t i o n s  f o r  anemometers f o r  

con f i rm ing  measurements th roughout  an area. These anemometers cou ld  e a s i l y  be 

r e l o c a t e d  if t h e  incoming da ta  i n d i c a t e d  t h a t  t h e  anemometer's s i t i n g  was n o t  

optimum. 

A t  t h e  p o t e n t i a l  cand ida te  s i t e  screening stage, topograph ica l  i n d i c a t o r s  

can d i s t i n g u i s h  a  p r ima ry  f r om a  secondary p o t e n t i a l  cand ida te  s i t e .  For  

example, o f  two cand ida te  c l u s t e r  s i t e s  w i t h  r ough l y  equal wind power p o t e n t i a l ,  

topograph ica l  i n d i c a t o r s  m igh t  suggest t h a t  one s i t e  exper iences h i ghe r  l e v e l  s  

o f  t u rbu lence  than  t h e  o the r .  T h i s  suggest ion m igh t  r e s u l t  f r om t h e  shapes o f  

upwind topograph ic  p ro t rus ions .  



I n  a l l  b u t  t h e  s imp les t  cases t h e  i n fo rma t i on  presented here  i s  q u a l i t a -  

t i v e .  Generic f l o w  gu ide l  i nes  have used i n f o r m a t i o n  f rom theory ,  f r om numeri-  

c a l  s imu la t i ons ,  f r om phys i ca l  s i m u l a t i o n s  o f  f low over  s c a l e  model t e r r a i n ,  

and f r om a c t u a l  measurements o f  f l o w  around f u l l - s c a l e  f ea tu res .  Succ inc t  

g e n e r a l i z a t i o n s  drawn f rom these s t u d i e s  may sound thorough; however, r e l i a n c e  

upon them must be tempered. I n f o r m a t i o n  i n  t h i s  chap te r  should t h e r e f o r e  be 

used as a  gu ide l  i n e  t o :  

understand f l o w - t e r r a i n  i n t e r a c t i o n s  

i n d i c a t e  where t o  make measurements 

i n t e r p r e t  measurements a1 ready made. 

These t o p i c s  a r e  d iscussed f o r  severa l  types o f  topograph ica l  i n d i c a t o r s .  The 

types o f  topography a r e  i d e n t i f i e d  i n  t h e  n e x t  sec t i on .  

5.1 CLASSIFICATION OF TOPOGRAPHY 

Topographical  f e a t u r e s  may be n a t u r a l  o r  man-made. Meaningfu l  c l a s s i f i  ca- 

t i o n s  o f  these f e a t u r e s  a r e  d i f f i c u l t ,  a r b i t r a r y ,  and o f t e n  i n d e f i n i t e .  I n  

a d d i t i o n ,  t h e  s t r u c t u r e  o f  t h e  atmospheric f l ow i n  t h e  p l a n e t a r y  boundary 

1  ayer  (PBL) i t s e l f ,  i .e. , rough l y  t h e  f i r s t  k i l o m e t e r  o f  t h e  atmosphere where 

d i r e c t  hea t  and momentum exchanges w i t h  t h e  e a r t h ' s  su r f ace  occur  (Appendix 2 ) ,  

a f f e c t s  t h e  t e r r a i n  and f l o w  i n t e r a c t i o n .  These i n t e r a c t i o n s  between t h e  t e r -  

r a i n  f e a t u r e s  and atmospheric f l o w  fea tu res  p rov ide  t he  framework f o r  c l a s s i f i -  

c a t i o n s  used here. 

Topography may be c l a s s i f i e d  as one of t he  f o l l o w i n g  t h r e e  ma jo r  groups: 
a f l a t  t e r r a i n  

a smal l  - sca le  t e r r a i n  

l a r g e- s c a l e  t e r r a i n .  

The d i s t i n c t i o n  between l a r g e  and smal l  s ca le  i s  drawn f rom t h e  response o f  

t he  PBL t o  t h e  i n t e r a c t i o n  w i t h  t h e  f ea tu re .  For example, cons ide r  a  smal l  

h i l l  o f  which t h e  h e i g h t  i s  b u t  a  smal l  f r a c t i o n  o f  t h e  boundary l a y e r  depth.  

The f l o w  acce le ra tes  ove r  t h e  h i l l  bu t ,  i n  t h e  Lagrangian sense, i s  p a s t  t h e  

h i l l  b e f o r e  t u rbu lence  near  t h e  su r f ace  can communicate t h e  i n t e r a c t i o n  t o  t he  

r e s t  o f  t h e  PBL. The s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  f l o w  downwind o f  t h e  h i l l  

a r e  i n d i s t i n g u i s h a b l e  f rom those upwind o f  t h e  h i l l .  For a  l a r g e  h i l l  t h a t  



extends through a s ignif icant  portion of the PBL or even above the height of 

the PBL of the surrounding te r ra in ,  the structure of the en t i re  boundary layer 

and the atmosphere above i s  modified by the interaction of flow and h i l l .  

Said in another way, small-scale terrain features are  those that  one could 

hope to  model as small elements in a neutrally s t r a t i f i e d  wind tunnel experiment 

(Chapter 4 ) ,  whereas a1 1 e l se  i s  probably considered large scale.  

The dis t inct ion between large and small scale therefore depends in a 

rough way on the relation between the boundary layer height to the range of 

terrain heights. A given terrain feature won't necessarily be always large or 

always small. For example, in a region of strong daytime heating and nighttime 
cooling, a 400-1-11 h i l l  by day may be considered a 400-m mountain a t  night 

because of the diurnal osc i l la t ion  in P B L  height and s t a b i l i t y .  

In addition to  scale,  other classifying features are based on the sense 

of elevation change, i . e . ,  elevated features versus depressions. A further 

c lassif icat ion i s  based on whether or not the terrain features have a long 

axis that  can be exploited in order to  describe the flow in a two-dimensional 

cross section, e.g. ,  ridge versus h i l l  or valley versus basin. 

The remainder of th i s  chapter discusses terrain features categorized by: 

scale of features compared to  PBL height: f l a t ,  small scale or large 

scale 

type of feature: elevated o r  depressed 

existence or nonexistence of a simplifying axis;  e .g . ,  ridge or h i l l .  

5 .2  FLOW OVER FLAT TERRAIN 

Flow over f l a t  te r ra in  has been studied extensively with theory, measure- 

ments, and wind tunnel simulations. Real terrain i s  never t ruly f l a t ;  there 
are  a1 ways small -scale i r regular i t ies  or  very gent1 e 1 arge-scal e slopes. The 
choice of topics that  can be discussed ref lec ts  the predominance of theoretical 

and wind tunnel work. This section covers flow over: 



homogenous f l a t  o r  g e n t l y  s l o p i n g  t e r r a i n  

homogenous f 1  a t  t e r r a i n  w i t h  obs tac les  

f l a t  t e r r a i n  w i t h  roughness changes 

f l a t  t e r r a i n  w i t h  h o r i z o n t a l  temperature g rad ien t s .  

Because no t e r r a i n  i s  t r u l y  f l a t ,  t h e r e  must be usable c r i t e r i a  f o r  

d e f i n i n g  f l a t n e s s .  T e r r a i n  t h a t  i s  n o t  a c t u a l l y  f l a t  can be t r e a t e d  as f l a t  

i f  t h e  depar tu re  f rom f l a t n e s s  has no p e r c e p t i b l e  e f f e c t  on t h e  wind and 

t u rbu lence  c h a r a c t e r i s t i c s  i n  t h e  r e g i o n  between t h e  ground and t h e  t o p  o f  a  

wind machine 's  r o t o r  d i s k .  There a r e  two ways t h a t  n o n f l a t  t e r r a i n  can i n f l u e n c e  

t h e  wind c h a r a c t e r i s t i c s  o f  t h a t  l a y e r :  1  ) i f  smal l- sca le  t e r r a i n  i r r e g u l a r i t i e s  

d i s t u r b  t h e  near- sur face  f low so t h a t  a  u n i v e r s a l  su r face  l a y e r  wind p r o f i l e  

( l o g  law, see Appendix 2 )  i s  n o t  e s t a b l i s h e d  o r  2 )  i f  t h e  i n f l u e n c e  a f f e c t s  

t h e  e n t i r e  boundary l a y e r  as an e x t e r n a l  f o r c e  b u t  s t i l l  a l l ows  u n i v e r s a l  w ind  

p r o f i l e s  t o  be e s t a b l i s h e d  near t h e  sur face .  Wi th  respec t  t o  sma l l - sca le  

t e r r a i n  i r r e g u l a r i t i e s ,  t h e  t e r r a i n  may be cons idered f l a t  i f  ( F r o s t  1979): 

e l e v a t i o n  d i f f e r e n c e s  between t h e  wind t u r b i n e  s i t e  and t h e  sur round ing  

t e r r a i n  a r e  n o t  g r e a t e r  t han  50 m w i t h i n  10  km o f  t h e  s i t e  

no h i l l  has an aspect  r a t i o  ( h e i g h t  d i v i d e d  by d iameter )  g r e a t e r  than  

1/50 w i t h i n  5  km upstream and 1  km downstream o f  t he  s i t e  

t h e  d i f f e r e n c e  between t h e  e l e v a t i o n  o f  t h e  base o f  t h e  r o t o r  d i s k  and 

t h e  l owes t  e l e v a t i o n  w i t h i n  5  km upstream i s  g r e a t e r  than  t h r e e  t imes t h e  

maximum e l e v a t i o n  d i f f e r e n c e  w i t h i n  t h e  same d is tance .  

T h i s  d e f i n i t i o n  p rov ides  a  rough g u i d e l i n e  f o r  dec id i ng  whether t h e o r i e s  

developed f o r  f l a t  t e r r a i n  a r e  app l i cab le .  However, t h i s  i s  o n l y  a  rough 

g u i d e l i n e .  Wi th  s t a b l y  s t r a t i f i e d  f low,  t h e  boundary l a y e r  may never reach  

steady s t a t e  downstream of a  smal l  d is tu rbance ,  whereas under uns tab le  cond i-  

t i o n s  t h e  m i x i n g  may be so thorough as t o  erase t h e  f l o w ' s  memory o f  t h e  

d i s tu rbance  much more q u i c k l y  than t h e  above g u i d e l i n e s  suggest. As w i l l  be 

seen i n  t h e  s e c t i o n  on homogeneous f l a t  t e r r a i n ,  t he  l and  i s  never f l a t  

enough t o  have no i n f l u e n c e  on PBL s t r u c t u r e .  



5.2.1 Homogeneous Fl a t  or Gently Sl oping Terrain 

Homogeneous te r ra in  implies that  the ground i s  f l a t  and tha t  the surface 

and a i r  temperature dis t r ibut ions are horizontally uniform. Under these con- 

di t ions the well-established theory for  flow over f l a t  te r ra in  may be used. 

Flow over homogeneous f l a t  te r ra in  i s  discussed in detail  in Appendix 2 .  

There are  three major points to keep in mind about flow over homogeneous 

f l a t  terrain: 

e Wind power i s  maximum over smooth surfaces. 

Average diurnal wind speed near the surface has a daytime maximum, b u t  

t h i s  may or  may not be t rue a t  h u b  height (see Figure 1 .5) .  

There may be nocturnal j e t s  and large nocturnal wind shears above the 

surface. 

Figure 5.1 shows wind speeds a t  15, 65, and 115 in as a function of surface 

roughness; assuming the depth ( h )  of the PBL i s  1000 m ,  there i s  neutral 

s t a b i l i t y  and the w i n d  speed a t  h i s  20 m/sec (see Appendix 2 for d e t a i l s ) .  

The benefits of s i t ing  i n  smooth terrain are  obvious. Note also tha t  two- 
thirds  of the mean wind shear i s  below 65 m.  A t  any given instant ,  however, 
the fluctuating wind shear due to  turbulence could look significantly different .  

The wind speed near the surface (e .  g.  , - < 10  m) wi 11, on the average, be 

greater in the daytime than a t  night. This i s  because of the dramatic e f fec ts  

tha t  upward or  downward heat fluxes can cause. Even a very s l igh t  upward heat 
flux tha t  occurs as a r e su l t  of solar  heating of the surface enhances turbulent 

exchange of niomentuni in the vert ical ;  i . e . ,  an upward heat flux causes more of 
the higher wind speed a i r  from above to  be transported near the surface than 

in neutral or s table  conditions. In the opposite way, even a very s l ight  

downward heat flux suppresses vertical  exchanges of momentum so that  the near- 

surface layers exchange less  low momentum a i r  for high than in unstable 

conditions. Therefore, the nocturnal winds near the surface are l igh t .  

The interpretation of the diurnal wind variation inferred from near- 

surface wind speeds may not hold a t  the level of significance for  large wind 

turbines. This i s  because the diurnal variation of the PBL height i s  



0 

10-2 10-1 lo o  

Zo,  m 

- 

- 

LOW H I G H  LOW HIGH SUBURBIA 
GRASS GRASS SPARSE WOODS 

WOODS 

I I I 

FIGURE 5.1. Wind Speed a t  Three Leve ls  as a  Func t ion  of Roughness 
Length. A  wind speed o f  20 m/sec a t  t h e  t o p  o f  a  
1000-m-deep n e u t r a l l y  s t a b l e  PBL has been assumed. 
u, was computed f rom Appendix 2, Equat ion A-2.32. 

impor tan t .  The f o l l o w i n g  i s  a  crude argument (see Appendix 2  f o r  d e t a i l s ) :  

Consider t h e  PBL o f  h e i g h t  h  and wind speed a t  t h e  t o p  o f  t he  PBL o f  Uh. L e t  

Uh be t h e  same b o t h  day and n i g h t  and l e t  h  be l a r g e  (say 2  km) d u r i n g  t he  

day, b u t  smal l  (abou t  500 m) a t  n i g h t .  The wind speed a t  10 m i s  h i ghe r  d u r i n g  

t h e  day than  a t  n i g h t  so t he  average wind shear between 10 m and h  i s  l e s s  du r-  

i n g  t h e  day than  a t  n i g h t .  The f a c t  t h a t  h  i s  low a t  n i g h t  f u r t h e r  inc reases  

t h e  wind shear. The wind speed a t  hub h e i g h t  o f  65 m i s  approx imate ly  ( a )  

( a )  Th i s  assumes t h a t  t h e  wind shear i s  cons tan t  above 10 m f o r  t h e  sake o f  
t h e  argument. I n  f a c t  t h e  wind shear i n  uns tab le  c o n d i t i o n s  decreases 
w i t h  h e i g h t  and i n  s t a b l e  c o n d i t i o n s  i t  i s  approx imate ly  cons tan t .  See 
Appendix 2, Equat ions A-2.28 and A-2.29. 



Whether o r  n o t  t h e  wind speed a t  hub h e i g h t  i s  g r e a t e r  o r  l e s s  i n  t h e  dayt ime 

than  a t  n i g h t  depends, i n  p a r t ,  upon t he  d i u r n a l  o s c i l l a t i o n  o f  t h e  boundary 

l a y e r  h e i g h t .  S ince  t h e  boundary l a y e r  h e i g h t  i s  n o t  o b t a i n a b l e  by r o u t i n e  

inexpens ive  means, t he  i n t e r p r e t a t i o n  o f  t h e  d i u r n a l  wind d i s t r i b u t i o n  a t  hub 

h e i g h t  f rom near- sur face  wind da ta  i s  imposs ib le .  Furthermore, Appendix 2 

shows t h a t  even if i t  i s  known t h a t  t he  wind p r o f i l e  obeys a  g i ven  u n i v e r s a l  

law, p r a c t i c a l  ways of e s t i m a t i n g  t h e  e f f e c t s  o f  s t a b i l i t y  a re  t oo  crude t o  

adequate ly  p r e d i c t  hub-height  winds f rom near- sur face data.  

The problem i s  compl i c a t e d  f u r t h e r  by t h e  l ow- leve l  noc tu rna l  j e t  (a1 so 

d iscussed i n  Appendix 2 )  t h a t  sometimes forms. When t h e  dayt ime hea t i ng  

s tops,  n i g h t t i m e  coo l  i n g  a t  t h e  ground es tab l  i shes a  l ow- leve l  temperature 

i n v e r s i o n  t h a t  decouples t h e  remnants o f  t he  d a y ' s  boundary l a y e r  f rom t h e  

noc tu rna l  boundary l a y e r  t h a t  forms i n  t h e  l owes t  50 t o  500 m. The winds i n  

t h e  dayt ime PBL a r e  subgeost rophic  i n  speed because o f  t h e  f r i c t i o n a l  c o u p l i n g  

w i t h  t h e  e a r t h ' s  su r face .  When these winds become decoupled f rom t h e  sur face  

f r i c t i o n ,  t h e  wind v e c t o r  begins an i n e r t i a l  o s c i l l a t i o n  (Equat ions A-2.25, 

A-2.26) around t h e  geos t roph ic  wind vec to r .  There fo re ,  d u r i n g  t h e  n i g h t  Uh 

may a c t u a l l y  be g r e a t e r  than  Uh d u r i n g  t h e  day, i n c r e a s i n g  t h e  chances t h a t  

t h e  hub- height  wind speeds a t  n i g h t  w i l l  exceed t h e  dayt ime hub-height wind 

speeds. 

Over l a rge- sca le ,  g e n t l y  s l o p i n g  t e r r a i n  t h e  d i u r n a l  hea t i ng  and c o o l i n g  

o f  t h e  su r f ace  f o r ces  a  d i u r n a l  o s c i l l a t i o n  o f  t h e  thermal wind (see Appendix 2  

f o r  t h e  thermal wind d i scuss ion ) .  The thermal wind v e c t o r  i n  t h i s  case i s  t h e  

v e c t o r  d i f f e r e n c e  between t h e  geos t roph ic  wind a t  t h e  t o p  o f  t h e  dayt ime PBL 

and t h e  su r f ace  geos t roph ic  wind. The warmer a i r  i s  on t h e  r i g h t  s i d e  o f  t h e  

thermal wind v e c t o r  ( i n  t h e  n o r t h e r n  hemisphere) so i f  t h e  l and  s lopes from 

h i g h  e l e v a t i o n  i n  t h e  west  t o  lower  e l e v a t i o n  i n  t he  east ,  t h e  thermal wind 

v e c t o r  w i l l  p o i n t  south i n  t h e  dayt ime and n o r t h  a t  n i g h t .  I f  t h e  geos t roph ic  

wind above t h e  t o p  o f  t h e  dayt ime PBL i s  d i r e c t e d  down the  slope, i n  t h i s  case 

t o  t h e  eas t ,  then  t h e  d i f f e r e n c e  between t h e  wind v e c t o r  i n  t h e  dayt ime PBL 

and t h e  n i g h t t i m e  l ow- leve l  geos t roph ic  wind v e c t o r  i s  a  maximum and t h e  

amp1 i tude o f  t he  r e s u l  t i  ng a c c e l e r a t i o n  and i n e r t i a l  o s c i  11 a t i o n  o f  t h e  winds 



j u s t  above t h e  t o p  o f  t h e  noc tu rna l  boundary l a y e r  i s  a  maximum (Ho l t on  1967, 

Bonner and Peagl e  1970). T h i  s  s i t u a t i o n  i s descr ibed  i n  F i g u r e  5 '2.  

AGEOSTROPHIC WlND AFTER SUNSET 

V (hn. DAYTIME) 

Vg Iho, DAY AND NIGHT) \ 

D A M  I ME THERMAL 
WlND 

N l G H l l l M E  THERMAL 
WlND 

FIGURE 5.2. The C o n f i g u r a t i o n  o f  Geost rophic  Wind and T e r r a i n  Slope Tha t  Resu l ts  
i n  t h e  Maximum Ageost rophic  Wind a t  t h e  Top o f  t h e  Nocturna l  Boundary 
Layer S h o r t l y  A f t e r  Sunset When t h e  Newly Formed Nocturnal  Boundary 
Layer  Becomes Decoupled From t h e  Remnants o f  t he  Daytime Boundary 
Layer Above. The l a r g e  ageos t roph ic  wind component r e s u l t s  i n  a  
l a r g e  a c c e l e r a t i o n  o f  t h e  noc tu rna l  winds a t  t h e  t o p  o f  t h e  noc tu rna l  
boundary 1 ayer .  

h n  
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The enhancement o f  t h e  noc tu rna l  wind maximum by t h e  e f f e c t s  o f  t e r r a i n  

s l ope  i s  one suggest ion f o r  t h e  f r equen t  occurrence o f  t h e  l ow- leve l  noc tu rna l  

j e t  ove r  much of t h e  Cent ra l  and Great  P l a i n s  s t a t e s .  Based on rawinsonde data,  

which do n o t  have t h e  a b i l i t y  t o  r e s o l v e  many near- sur face  fea tu res ,  Bonner 

(1968) developed a  c l i m a t o l o g y  o f  t h e  frequency o f  occurrence and speeds o f  

t h e  l o w- l e v e l  j e t .  Recent work ( S i s t e r s o n  and Hicks 1979) suggests t h a t  low- 

l e v e l  noc tu rna l  wind maxima a r e  much more f r equen t  than t h e  o l d e r  analyses 

suggest. 

The slope-enhanced noc tu rna l  j e t  i n f l uences  t he  winds a  WECS w i l l  e x p e r i -  

ence by changing t h e  e x t e r n a l  parameter t h a t  governs f l o w  i n  t he  PBL; i t  

changes Uh. A  somewhat s teeper  g e n t l e  s lope,  which never the less  s a t i s f i e s  t he  

d e f i n i t i o n  o f  f l a t  w i t h  r espec t  t o  sma l l - sca le  i r r e g u l a r i t i e s ,  i n f l uences  t h e  

f l o w  w i t h i n  t h e  PBL d i r e c t l y .  Du r i ng  t h e  day t h e  warm a i r  r i s e s  upslope, o r  

a t  l e a s t  has a  f o r c e  component ups lope t h a t  weakens an e x t e r n a l l y  f o r ced  down- 

s l ope  mot ion. These a r e  c a l l e d  anabat i c  winds. A t  n i g h t  t h e  oppos i te  dra inage 

winds occur,  which a r e  c a l l e d  k a t a b a t i c  winds. The exac t  r e l a t i o n s h i p  between 

d i u r n a l l y  va ry i ng  s lope  winds and t h e  PBL s t r u c t u r e  i s  n o t  c l e a r ,  so p r e d i c t i o n s  

o f  t h e  magnitude and depth o f  t h e  anabat i c  and k a t a b a t i c  wind coniponents a r e  

d i f f i c u l t .  However, these s lope  winds a r e  r e g u l a r  and can o f t e n  be seen i n  a  

c l i m a t o l o g i c a l  r e c o r d  as a  d i u r n a l  supe rpos i t i on  on t he  l a r g e  sca le  f l o w .  

5.2.2 Homogeneous F l  a t  T e r r a i  n  W i  t h  Obstacles 

An o b s t a c l e  t h a t  i s  s i g n i f i c a n t  t o  a  l a r g e  wind t u r b i n e  s i t u a t e d  on f l a t  

l a n d  cou ld  be manmade, such as a l a r g e  barn, s i l o ,  s to rage  tank, o r  s h e l t e r b e l t  

( a  windbreak made o f  t r e e s ) ,  o r  n a t u r a l  such as an i s o l a t e d  rock  ou t c ropp ing  

o r  b l u f f .  Wind t u r b i n e s  as obs tac les  a r e  cons idered i n  Chapter 9. 

Most da ta  on t h e  measurement o f  wakes behind obs tab les  come from w ind  

tunne l  s t u d i e s .  S tud ies  based on f u l l - s c a l e  obs tac les  i n  t he  boundary l a y e r  

a r e  ex t reme ly  scarce so t h e  e x t e n t  t o  which wind tunne l  model ing may be a p p l i -  

c a b l e  i s  u n c e r t a i n  (see Chapter 4 ) .  C e r t a i n l y  more work needs t o  be done on 

f l o w  around obs tac les  i n  a  s t a b l y  s t r a t i f i e d  PBL. 

C l a s s i c a l  s t u d i e s  of wakes around obstac les,  such as r e c t a n g u l a r  b locks ,  

i n  wind t unne l s  produced a  p i c t u r e  o f  wake behav io r  t h a t  i s  now c a l l e d  t h e  



niomentum wake behavior .  (Another p i c t u r e - - v o r t e x  wake behavior- -wi 11 be d i s -  

cussed a  1  i t t l e  l a t e r . )  I n  t h e  p i c t u r e  o f  t he  momentum wake, f l o w  imp ing ing  

on t h e  b l o c k  acce le ra tes  over  and around i t. The f l o w  separates a t  t h e  c r e s t  

of  t h e  o b s t a c l e  and v o r t i c e s  a r e  shed i n t o  t h e  a i r s t r e a m  causing an i nc rease  

i n  t h e  t u rbu lence  behind t h e  obs tac le .  Because t h e r e  i s  a  p ressure  minimum 

be h i  nd t h e  obs t a c l  e  , t h e  s e p a r a t i  on s  t reaml  i ne wi 1  1  bend downward ( P l  a t e  1  971 ) . 
The cu rva tu re  o f  t h e  s t r eam l i ne  and hence t he  reat tachment  p o i n t  downwind o f  

t h e  obs tac le  depend upon t h e  p ressure  f o r c e  and c e n t r i f u g a l  f o r c e  on an e l e -  

ment f o l l o w i n g  t h e  s t reaml ine .  The sepa ra t i on  bubble behind t h e  o b s t a c l e  i s  a  

r e g i o n  o f  momentum d e f i c i t  ( reduced wind speeds compared t o  t he  f r e e  s t ream 

f 1  ow) and t u r b u l  ence excess (compared t o  t h e  f r e e  stream f 1  ow) . Beyond t h e  

reat tachment  p o i n t  o f  t h e  f low,  t u r b u l e n t  m i x i ng  re- energ izes  t h e  wake r e g i o n  

t o  f r e e  stream va lues  o f  wind speed and t u rbu lence  i n t e n s i t y .  

I n  t h e  case of  a  porous obs tac le  such as a  s h e l t e r b e l t ,  some f l o w  l eaks  

th rough t h e  obs tac le .  P o r o s i t y  i s  t h e  r a t i o  o f  t h e  open area on t h e  upwind 

s i d e  o f  t h e  o b s t a c l e  t o  t h e  t o t a l  c ross  s e c t i o n a l  area on t h e  upwind s i de .  A 

porous s h e l t e r b e l t  then a l l ows  some a i r  t o  pass through caus ing l e s s  w ind  

speed r e d u c t i o n  behind t h e  obs tac le .  However, t h e  p ressure  drop behind a  

porous o b s t a c l e  i s  l e s s  than  f o r  a  s o l i d  one so t h e  sepa ra t i on  s t r e a m l i n e  does 

n o t  cu rve  downward as q u i c k l y ;  hence, t h e  p r o t e c t e d  r e g i o n  i s  l a r g e r .  

The p i c t u r e  o f  a  v o r t e x  wake i s  s u b s t a n t i a l l y  d i f f e r e n t .  A ve ry  good 

d e s c r i p t i o n  o f  t h e  p r o p e r t i e s  o f  v o r t e x  wakes has been p rov ided  by t h e  wind 

tunne l  s t u d i e s  behind b l ocks  and heniispheres by Hansen and Cermak (1975).  

When f l o w  encounters an obs tac le ,  sheets of  streamwise v o r t i c i t y  a re  shed a t  

t h e  p o i n t  of f l ow separa t ion .  A t  some d i s tance  downwind o f  t he  o b s t a c l e  t h e  
v o r t i c i t y  r o l l s  up t o  fo rm a  d i s c r e t e  l i n e  vo r t ex .  A horseshoe v o r t e x  forms 

as v o r t e x  l i n e s  assoc ia ted  w i t h  t he  v e r t i c a l  w ind shear upwind o f  t h e  o b s t a c l e  

wrap around t h e  o b s t a c l e  and t r a i l  downwind o f  t h e  o b s t a c l e  on e i t h e r  s i de .  

A r o o f  c o r n e r  v o r t e x  forms as a  v o r t e x  i n t e r a c t s  w i t h  a  b u i l d i n g  corner ,  

r o l l s  up, and t r a i l s  downwind. F i g u r e  5.3 i s  a  concep t ion  o f  these v o r t i c e s .  

Note t h a t  t h e  sense of  r o t a t i o n  of  bo th  types of v o r t i c e s  i s  such t h a t  t h e r e  

i s  downward mo t i on  near  t h e  c e n t e r  o f  t h e  wake and upward niot ion on t h e  o u t e r  



FIGURE 5.3. Flow Over an Obstac le  That  Produces Horseshoe 
V o r t i c e s  and Roof Corner V o r t i c e s  

p o r t i o n s  o f  t h e  wake. I n  t h e  presence o f  wind shear where t h e  wind speed 

inc reases  w i t h  h e i g h t  and t h e  t u rbu lence  i n t e n s i t y  decreases w i t h  he igh t ,  t h e  

v o r t e x  mo t i on  w i l l  advect  h i g h  momentum and l e s s  t u r b u l e n t  a i r  downward f rom 

above t h e  wake i n t o  t h e  cen te r  o f  t he  wake. As we s h a l l  see t h i s  leads t o  a  

nega t i ve  momentum d e f i c i t  ( i  . e. , h ighe r  wind speed i n  t he  wake than t h e  f r e e  

stream wind speed a t  t he  same l e v e l )  and a  nega t i ve  tu rbu lence  excess ( l owe r  

t u rbu lence  i n t e n s i t y  i n  t h e  wake than  a t  t h e  same l e v e l  i n  t h e  f r e e  s t ream).  

For  any g i ven  o b s t a c l e  t h e  wake may have p r o p e r t i e s  o f  bo th  momentum 

wakes and v o r t e x  wakes. L o n g i t u d i n a l  t r a i l i n g  v o r t i c e s  are,  however, v e r y  

s t a b l e  l o n g - l i v e d  e n t i t i e s .  Consequently t h e  v o r t e x  wake c h a r a c t e r i s t i c s  

i n c r e a s i n g l y  dominate t he  wake c h a r a c t e r i s t i c s  a t  p o i n t s  i n c r e a s i n g l y  f a r  

downwind o f  t h e  obs tac le .  We s h a l l  a l s o  see t h a t  t h e  o r i e n t a t i o n  o f  an 

o b s t a c l e  t o  t h e  wind can have d ramat ic  e f f e c t s  on t he  f o rma t i on  o f  t r a i l i n g  

v o r t i c e s  and t he re fo re  wake behavior .  

We w i l l  l o o k  now a t  t h e  s t r u c t u r e  o f  some o f  t h e  wakes r e p o r t e d  by Hansen 

and Cermak (1975).  F i g u r e  5.4a shows l a t e r a l  p r o f i l e s  o f  t h e  mean l o n g i t u d i n a l  



v e l o c i t y  d e f i c i t  beh ind a  r e c t a n g u l a r  b l ock  a t  t he  l e v e l  z/H = 0.94 where H i s  

t h e  h e i g h t  o f  t h e  b l o c k  and z i s  t h e  h e i g h t  above t h e  f l a t  su r face .  F i g u r e  5.4b 

shows l a t e r a l  p r o f i l e s  o f  t u rbu lence  i n t e n s i t y  excess. ( a )  T h i s  f i g u r e  p resen t s  

a  usual  p i c t u r e  o f  a  wake t h a t  i s  dominated by momentum wake c h a r a c t e r i s t i c s .  

The momentum d e f i c i t  i s  a lmost  50% j u s t  beh ind t h e  o b s t a c l e  where t h e  t u rbu lence  

i n t e n s i t y  i s  a l s o  q u i t e  h i gh .  The two- lobed appearance o f  t h e  w ind  speed and 

t u rbu lence  i n t e n s i t y  p r o f i l e s  nea res t  t h e  b l o c k  r e f l e c t s  t h e  presence o f  smal l  

v o r t i c e s  around t h e  upper co rners  o f  t h e  b l ock .  Th i s  momentum wake was imper-  

c e p t i  b l e  a t  a  downstream d i s t a n c e  o f  20H. 

F i gu re  5.5 shows t h e  same p r o f i l e s  b u t  w i t h  t h e  b u i l d i n g  r o t a t e d  47". 

T h i s  o r i e n t a t i o n  produced s t r onge r  r o o f  co rne r  v o r t i c e s  t han  any o t h e r  o r i e n -  

t a t i o n .  The s t r u c t u r e  o f  t h e  wake i s  asymmetric because t h e  r o o f  co rne r  

v o r t e x  t r a i l i n g  f r om  t h e  l onge r  t o p  edge o f  t h e  b l ock  f a c i n g  upwind produces 

t h e  s t r o n g e s t  v o r t e x .  The downward mot ion  o f  t h e  s t r ong  vo r t ex ,  by advec t i ng  

h i g h e r  momentum and l e s s  t u r b u l e n t  a i r  downward f rom above t h e  wake, i s  respon-  

s i b l e  f o r  t h e  r a p i d  o b l i t e r a t i o n  o f  t h e  momentum d e f i c i t  on t h e  r i g h t - h a n d  

s i d e  o f  t h e  wake. The 1  e f t  s i d e  recovers  a1 so ve ry  q u i c k l y  b u t  n o t  as q u i c k l y  

as t he  r i g h t  s i d e  because t h e  v o r t e x  on t h e  l e f t  i s  n o t  as s t r ong .  The o u t -  

s tand ing  f e a t u r e  o f  F i g u r e  5.5 i s  t he  pe rs i s t ence  o f  t h i s  wake compared t o  t h e  

wake o f  F i g u r e  5.4. There i s  up t o  a  4% i nc rease  i n  t h e  wind speed ove r  t h e  

f r e e  s t ream va lue  a t  d i s t ances  o f  80H. There was s t i l l  evidence o f  t h e  wake 

a t  t h e  end o f  t h e  wind tunne l  a t  96H. 

The decay o f  t h e  wakes behind t h e  r e c t a n g u l a r  b l o c k  b u i l d i n g s  i n  t h e  two 

o r i e n t a t i o n s  i s  summarized i n  F i gu re  5.6. I t  i s  e v i d e n t  t h a t  t h e  wake longe-  

v i t y  i s  ve r y  s e n s i t i v e  t o  t h e  p r o d u c t i o n  o f  t h e  t r a i l i n g  r o o f  co rne r  v o r t i c e s ,  

which depends upon t h e  o r i e n t a t i o n  o f  t h e  o b s t a c l e  t o  t h e  f l o w .  

Vor tex  wakes due t o  horseshoe v o r t i c e s  were s t u d i e d  by p l a c i n g  a  hemi- 

sphere i n  t h e  wind tunne l  , which perhaps we can t h i n k  o f  as a  smal l  smooth 

h i l l  i n  t h e  atmosphere. P r o f i l e s  o f  t he  v e l o c i t y  d e f i c i t  and t u rbu lence  

( a )  T h i s  i s  n o t  i n  f a c t  t h e  t u rbu lence  i n t e n s i t y  b u t  o n l y  t he  s tandard  dev ia-  
t i o n  o f  t h e  l o n g i t u d i n a l  component o f  t h e  f l u c t u a t i n g  winds norma l i zed  by 
t h e  w ind  speed. 



FIGURE 5.4. La te ra l  P r o f i l e s  o f  Mean V e l o c i t y  D e f i c i t  (a)  and Turbulence 
Excess ( b )  i n  the  Wake o f  a  B u i l d i n g  a t  0". The b lock  i s  
0.065 m h igh  by 0.16 m l ong  by 0.49 m wide. 



FIGURE 5.5. L a t e r a l  P r o f i l e s  o f  Mean V e l o c i t y  D e f i c i t  ( a )  and Turbulence 
I n t e n s i t y  Excess (b)  i n  the  Wake o f  a  B u i l d i n g  a t  47" 
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FIGURE 5.6. Decay o f  the Maximum Mean V e l o c i t y  D i f f e rence  (Across a  
La te ra l  P r o f i l e )  Behind the  Block B u i l d i n g  w i t h  Downwind 
Distance f o r  Two Wind D i rec t i ons  

excess a r e  shown i n  F igure  5.7. These measurements were made a t  a  l e v e l  
z = 0.364R where R i s  the rad ius  o f  t he  hemisphere. The vo r tex  wake s ignature  

i s  apparent i n  these p r o f i l e s  as w e l l .  

Another view o f  a  wake p r o f i l e  behind a  hemisphere i s  shown i n  F igure  5.8. 

The f r e e  stream wind speed was 4.9 mlsec i n  t h i s  s imu la t i on  compared t o  

16.2 m/sec f o r  t he  f l o w  cond i t i ons  o f  F igure  5.7. From comparing the  v e l o c i t y  



FIGURE 5.7. L a t e r a l  P r o f i l e s  o f  Mean V e l o c i t y  D e f i c i t  '(a') and Turbulence 
I n t e n s i t y  Excess ( b )  Measured With a  Hot- F i lm Anemometer i n  
t h e  Wake o f  a  Hemisphere a t  He igh t  z /R = 0.364. Hemisphere 
r a d i u s  i s  0.14 m. 
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FIGURE 5.8. V e r t i c a l  P r o f i l e s  of V e l o c i t y  D e f i c i t  
on the  Hemisphere Wake C e n t e r l i n e  



d e f i c i t  behav io r  a t  z/R = 0.364 i n  F i g u r e  5.8 t o  F igu re  5.7 we can see t h a t  i n  

t h e  wind tunne l  t h e r e  i s  a  Reynolds number dependence f o r  t h e  v o r t e x  wake. 

The h ighe r  t h e  Reynolds number t he  sooner t h e  wake takes on t h e  c h a r a c t e r i s t i c s  

o f  t h e  vortex-dominated wake. 

Two exp lana t i ons  f o r  t h e  Reynolds number dependence were suggested by 

Hansen and Cermak (1975) : 1  ) a t  h i gh  Reynolds numbers t h e  shedding o f  t h e  

horseshoe v o r t e x  p a i r s  may occur  l a t e r  than  f o r  low Reynolds numbers, t h e  t w i n  

v o r t i c e s  would t h e r e f o r e  be c l o s e r  t o  t h e  wake c e n t e r l i n e ,  and hence t h e  

e f f e c t s  o f  t h e  v o r t e x  i n t e r a c t i o n  w i t h  mean wind shear would be s t r onge r  

nearer  t h e  hemisphere; o r  2) t h e  vo r t ex  r o l l - u p  process may be dependent on 

t h e  Reynolds number. I n  any case one m igh t  i n f e r  t h a t  i n  t h e  atmosphere where 

t h e  Reynolds number exceeds t h a t  i n  t he  wind tunne l  by severa l  o rde rs  o f  

magnitude, t h e  v o r t e x  behav io r  o f  wakes may be even more p r e v a l e n t  than  these 

model r e s u l  t s  show. 

The i n f l u e n c e  of  su r f ace  roughness on t h e  wake behind t he  hemisphere i s  

shown i n  F i g u r e  5.9. The power law c o e f f i c i e n t  (see Appendix 2 )  f o r  t h e  rough 

case was approx imate ly  0.25 and f o r  t h e  smooth cases was approx imate ly  0.1 2. 

The v e l o c i t y  excess a long  t h e  wake c e n t e r l i n e  i s  p l o t t e d  on t h e  o r d i n a t e .  The 

rougher  su r f ace  has h i ghe r  tu rbu lence  i n t e n s i t y ,  which d i s s i p a t e s  t h e  wake 

more q u i c k l y .  I n  a d d i t i o n ,  t h e  f l o w  over  t h e  rough sur face  has g r e a t e r  v o r t i -  

c i t y  than  t h e  mean f l o w  because t he  mean wind shear i s  g rea te r .  Th i s  means 

t h a t  t h e  t r a i l i n g  v o r t i c e s  a r e  s t r onge r  so t h e  wake takes on v o r t e x  wake 

c h a r a c t e r i s t i c s  sooner f o r  t h e  rough case. 

The da ta  presented here  a r e  t ime  averages. S ince t h e  wake meanders due 

t o  l a t e r a l  v e l o c i t y  f l u c t u a t i o n s  i n  t he  ambient f l ow ,  these da ta  do n o t  p resen t  

a  t r u e  p i c t u r e  o f  t h e  wake s t r u c t u r e  a t  any s p e c i f i c  i n s t a n t .  Even though a  

v o r t e x  i s  growing and weakening a t  g r e a t  downwind d is tances ,  t h e  f a c t  t h a t  t h e  

e f f e c t s  o f  a  v o r t e x  wake a r e  observable a t  60 o r  more obs tac le  he igh t s  downwind 

( a t  l e a s t  i n  t h e  wind t unne l )  i n d i c a t e s  t h a t  we must cons ider  t h e  e f f e c t s  o f  

t h e  v o r t e x  t h a t  may e x i s t  a t  these d is tances .  S ince t h e  t ime-averaged v o r t i -  

c i t y  and t h e  spectrum of t h e  l o n g i t u d i n a l  v e l o c i t y  were i m p e r c e p t i b l y  d i f f e r e n t  

f rom t h e  f r e e  s t ream beyond 20H i n  Hansen's study, we can conclude t h a t  t h e  
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FIGURE 5.9. Comparison o f  t he  Decay o f  t he  Cen te r l i ne  V e l o c i t y  
Excess i n  t he  Wakes o f  Hemispheres i n  the  Smooth- 
and Rough-Wall Boundary Layers 



v o r t i c e s  a t  g r e a t  d i s t ances  a r e  t o o  weak t o  be o f  any s i g n i f i c a n t  concern t o  

l a r g e  wind t u r b i n e s .  However, t h e  l a t e r a l  v e l o c i t y  v a r i a t i o n s  o f  t h e  v o r t e x  

and t h e  meandering o f  t h e  v o r t e x  may c r e a t e  a  moderate i nc rease  i n  gus t i ness  

and wind d i r e c t i o n  f l u c t u a t i o n s  compared t o  t he  f r e e  stream f l o w .  Such f l u c -  

t u a t i o n s  may impact  t h e  f requency o f  wind t u r b i n e  adjustments t o  changing f l o w  

condi  t i o n s .  

The da ta  s e t  of Hansen and Cermak (1975) i s  1  i m i  t e d  t o  o n l y  a  few cases 

and so i t s  broad a p p l i c a b i l i t y  t o  r e a l  atmospheric f l o w s  i s  l i m i t e d .  Other  

wind tunne l  wake s t u d i e s  have p r i m a r i l y  looked  a t  f e a t u r e s  o f  t h e  momentum 

wake, where t h e r e  i s  a  v e l o c i t y  d e f i c i t  and an inc rease  i n  t u rbu lence  i n  and 

s h o r t l y  downwind o f  a  f l o w  sepa ra t i on  zone. 

The da ta  on t h e  s i z e  o f  t he  f l o w  sepa ra t i on  zone and t h e  momentum wake as 

a  f u n c t i o n  o f  r e c t a n g u l a r  b l o c k  geometry r evea l  more d e t a i l  on wake s t r u c t u r e .  

Table 5.1 (Meroney 1977) shows wind tunne l  da ta  behind r e c t a n g u l a r  b l ock  

b u i l d i n g s  p laced normal t o  t h e  f l ow .  I t  i s  ev iden t  t h a t  t h e  w ide r  t h e  obs t ruc-  

t i o n  t o  t h e  f l o w  t h e  l a r g e r  t h e  wake r e g i o n  i s .  However, when an o b s t a c l e  i s  

v e r y  wide, a  l a r g e r  f r a c t i o n  o f  t he  wake f l o w  goes over  than  around t h e  o b s t a c l e  

The wake does n o t  spread l a t e r a l l y  as r a p i d l y  f o r  a  wide obs tac le ,  as da ta  o f  

Woo e t  a l .  (1977) show. The da ta  o f  Woo a l s o  show t h e  v e r t i c a l  e x t e n t  o f  

wakes behind b l ocks  o f  d i f f e r i n g  w id ths .  The wakes a r e  l e s s  than  3.5H h i g h  

f o r  b o t h  wide and not- so-wide b locks,  however, t h e  momentum d e f i c i t  behind t h e  

wide b l o c k  i s  g r e a t e r  a t  g r e a t e r  he igh t s  f o r  g r e a t e r  d is tances  downstream. 

Leutheusser and.Baines (1967) show t h a t  f o r  a  g i ven  w id th- to- he igh t  r a t i o ,  t h e  

deeper t h e  b l o c k  i s  made i n  t h e  downstream d i r e c t i o n  t h e  s h o r t e r  t h e  wake 

r e g i o n  becomes. 

The e f f e c t s  o f  atmospheric s t a b i l i t y  on wakes can o n l y  be surmised s i n c e  

measurements t o  c o n f i r m  even n e u t r a l  s t a b i l i t y  wind tunne l  s i m u l a t i o n s  a r e  

l a c k i n g .  I n  uns tab le  c o n d i t i o n s  t u r b u l e n t  t r a n s f e r  i s  enhanced, which causes 

more r a p i d  d i s s i p a t i o n  of t h e  wake, b u t  t he  wake extends through a  deeper 

1  ayer .  For s t a b l e  cond i t i ons ,  f l o w  sepa ra t i on  zones a r e  sma l l e r  due t o  t h e  

g r a v i t a t i o n a l  r e s t o r i n g  f o r ce .  More f l o w  i s  f o r ced  around obs tac les  and t h e  

wake r e g i o n  should n o t  be as h i g h  as f o r  n e u t r a l  o r  uns tab le  c o n d i t i o n s .  The 

t u rbu lence  i s  damped o u t  more q u i c k l y  b u t  g r a v i t y  waves may propagate f o r  l o n g  

d i s tances  downstream. 



TABLE 5.1 . Wake Behavior o f  V a r i o u s l y  Shaped B u i l d i n g s  and She1 t e r b e l  t s  (Meroney 1977) 

B u i l d i n g  Shape 
(w id th  : he igh t )  

4 

3 

1 

0.33 

0.25 

Height  o f  the  wake 
f l o w  r e g i o n  ( i n  
b u i l d i n g  he igh ts )  

Downwind Distances ( i n  terms o f  bu id ing  he igh ts )  
5 H 1 OH 20H 

Percent Percent Percent Percent Percent Percent Percent Percent Percent 
Speed Power Turbulence Speed Power Turbul ence Speed Power Turbulence 

Decrease Decrease Increase Decrease Decrease Increase Decrease Decrease Increase 

36 74 25 14 36 7 5 14 1 

24 56 15 11 29 5 4 12 0.5 

Downwind Distances ( i n  terms o f  shel t e rbe l  t he igh ts )  
5 H 1 OH 20H 

Percent Percent e rcen t  Percent Percent Percent Percent Percent Percent 
~ o r o s i  t y (a )  (open Speed Power TuFbulence Speed Power Turbulence Speed Power Turbulence 

area : t o t a l  area) Decrease Decrease Increase Decrease Decrease Increase Decrease Decrease Increase 

0% (no space 
between t r ees )  4 0 78 18 15 39 18 3 9 15 

20% ( w i t h  loose 
f o l i a g e  such as 
p ine  o r  b road lea f  
t r ees  ) 80 99 9 40 78 - - 12 3 2 - - 
40% ( w i t h  dense 
f o l i a g e  such as 
Colorado Spruce) 70 97 34 5 5 90 - - 20 4 9 - - 
Top o f  Turbu len t  
Zone ( i n  terms o f  
shel t e rebe l  t 
he igh t )  

(a )  Determine t h e  po ros i t y  category o f  t h e  shel t e r b e l  t by es t imat ing  the  percentage o f  open area and by assoc ia t ing  
t h e  f o l i a g e  w i t h  t h e  acce le ra t ion  r a t e .  



5.2.3 F l a t  T e r r a i n  Wi th  Roughness Changes 

Consider  f l o w  f r om smooth ocean on to  densely  f o r e s t e d  land.  The f l ow  

near  t h e  sur face dece le ra tes  as i t  encounters t h e  inc reased  drag o f  t h e  f o r e s t .  

Mass c o n t i n u i t y  r e q u i r e s  a  v e r t i c a l  v e l o c i t y ;  t he  PBL h e i g h t  h  t h e r e f o r e  

increases.  Unless t h e r e  i s  a  wind speed maximum w i t h i n  t h e  PBL, every  l e v e l  

exper iences some d e c e l e r a t i o n  near t he  coas t  f rom t h i s  dynamic ad justment .  

Near t h e  su r f ace  t h e  v e l o c i t y  and t u rbu lence  s t r u c t u r e  o f  t h e  f l o w  a d j u s t  

t o  t h e  p r o p e r t i e s  o f  t h e  near sur face.  Most research  ( t h e o r e t i c a l  , experimen- 

t a l ,  numer ica l  ) has concent ra ted  on t h i s  aspect  o f  t h e  wind and t u rbu lence  

s t r u c t u r e  f o r  f l o w  normal t o  an i d e a l  d i s c o n t i n u i t y  i n  roughness. A  r e g i o n  o f  

ad justment  forms and propagates upward i n  t h e  downstream d i r e c t i o n  (separa te  

f r o m  t h e  dynamic ad justment  mentioned i n  t h e  p rev ious  paragraph) .  Th i s  r e g i o n  

i s  t h e  i n t e r n a l  boundary l a y e r  ( I B L ) .  W i t h i n  t h e  IBL i s  a  t r a n s i t i o n  l a y e r  

where t h e  ad justment  t o  t h e  new su r face  occurs and an e q u i l i b r i u m  l a y e r  where 

t h e  ad justment  i s  complete. 

The p ionee r i ng  work on IBL  growth was by E l l i o t t  (1958) who found t h a t  

t h e  IBL t h i ckness  ( 6 )  grew as 6  s x0'8 where x  i s  t h e  d i s t a n c e  downstream f rom 

t h e  d i s c o n t i n u i t y .  Peterson (1972) has shown t h a t  i n  t h e  t r a n s i t i o n  r e g i o n  

advec t i on  and d i f f u s i o n  o f  t u r b u l e n t  k i n e t i c  energy a f f e c t  t h e  momentum balance 

He a l s o  found (Pe te rson  1969) t h a t  t he  h e i g h t  o f  t he  e q u i l i b r i u m  l a y e r  i s  

about  0.18 6. The v e l o c i t y  p r o f i l e  i s  e s s e n t i a l l y  t h a t  o f  t h e  upstream r e g i o n  

f o r  216 > 0.8 and f o r  z /6  < 0.1 i t  i s  t h a t  o f  t h e  downstream e q u i l i b r i u m  

reg ion .  Fo r  0.1 < z /6  < 0.8 t h e  v e l o c i t y  p r o f i l e  a d j u s t s  t o  t h e  l o g  p r o f i l e s  

a t  t o p  and bottom, and e x h i b i t s  maximum (minimum) shear f o r  t r a n s i t i o n s  f rom 

smooth (rough) t o  rough (smooth) a t  z /6  % 0.3. The tu rbu lence  c h a r a c t e r i s t i c s  

of t h e  upper 75 percen t  of t h e  IBL most resemble t he  upstream f l o w .  A t  t h e  

t r a n s i t i o n  f rom smooth t o  rough, t h e  t u rbu lence  i n t e n s i t y  may be t w i c e  t h a t  o f  

t h e  e q u i l i b r i u m  va lue  over  t h e  rough su r f ace  b u t  drops down t o  near e q u i l i b r i u m  
3 w i t h i n  x/zo Q 10 . 

For a p p l i c a t i o n  t o  a  l a r g e  WECS t h a t  extends t o  100 m above ground, 

i n t e r n a l  boundary l a y e r  t heo ry  must be taken l i g h t l y .  An IBL t heo ry  may 



p r e d i c t  6 2. 100 m f o r  x % 1500 m  ( o r  500 m) f o r  downstream roughness zo % 0.01 m 

( o r  1  m). A t  these he igh t s  and d i s tances  the  assumptions o f  t h e  t h e o r i e s  

break down. I n  t h e  uns tab le  t o  near- neu t ra l  PBL t h e  l a r g e  momentum-transporting 

eddies, which s c a l e  as t he  h e i g h t  of t h e  PBL, dominate t h e  m ix i ng .  Th i s  

e f f e c t s  a  more r a p i d  ad justment  t o  t h e  new su r face  a l t hough  n o t  enough i s  

known t o  say j u s t  how f a s t .  

I n  t h e  s i m p l e s t  case o f  a  sharp t r a n s i t i o n  f r om rough f l o w  t o  smooth, 

choose a  s i t e  as f a r  i n t o  t h e  smooth area as poss ib l e ,  say a t  l e a s t  x  2. 1  km, 

t o  o b t a i n  t h e  maximum power. There may be an area o f  reduced mean shear 

nearer  t h e  t r a n s i t i o n  b u t  t h e  l o s s  o f  wind a t  t h e  upper p a r t  o f  t h e  d i s k  due 

t o  moving nearer  t h e  t r a n s i t i o n  i s  n o t  wor th  t h e  r e d u c t i o n  i n  wind shear. 

Flow f r om smooth t o  rough i s  more d i f f i c u l t  t o  descr ibe ,  b u t  d e a l i n g  w i t h  

t h i s  case may be necessary i n  coas ta l  areas. The b e s t  l o c a t i o n  f r om w ind  

power cons ide ra t i ons  i s  as near  t h e  smooth r e g i o n  as poss ib l e ;  however, t h e  

t u rbu lence  i n t e n s i t y  may be h i g h  near t he  sur face .  The f l o w  f rom over  wate r  

t o  over  f o r e s t  may even be dece le ra ted  enough a t  t h e  boundary t o  cause f low 

separa t ion .  I f  the  s i t e  i s  moved back t h e r e  may come a  p o i n t  where t h e  bot tom 

o f  t h e  r o t o r  i s  i n  f u l l y  ad jus ted  rough f l o w  w h i l e  t h e  t o p  i s  s t i l l  i n  t h e  

smooth f l o w  v e l o c i t y  p r o f i l e .  T h i s  p o i n t  o f  maximum shear i s  somewhere between 

x  Q 300 m and x  Q 1500 m. An es t ima te  o f  t h e  w o r s t  p o s s i b l e  mean wind shear 

across t h e  d i s k  may be made f r om curves l i k e  F igu re  5.1. Moving back f u r t h e r  

s imp l y  l eads  t o  decreas ing a v a i l a b l e  power. I f  h e i g h t  o f  t h e  wind t u r b i n e  i s  

e l e c t i v e ,  h i ghe r  placement i s  more j u s t i f i a b l e  i n  t h i s  case. 

I f  t h e  f low s t r i k e s  t he  d i s c o n t i n u i t y  o b l i q u e l y ,  t h e  f l o w  component 

p a r a l l e l  t o  t h e  roughness change w i l l  remain approx imate ly  t h e  same w h i l e  t h e  

normal component acce le ra tes  o r  dece le ra tes .  Hence, d i r e c t i o n a l  wind shear 

r e s u l  t s .  

I f  t h e  t r a n s i t i o n  i s  n o t  an i d e a l  d i s c o n t i n u i t y  b u t  a  s low t r a n s i t i o n  o r  
even a  m u l t i p l e  roughness element t r a n s i t i o n ,  t h e  same p r i n c i p l e s  app l y  b u t  

use of t heo ry  t o  q u a n t i f y  t h e  IBL s t r u c t u r e  i s  even l e s s  j u s t i f i a b l e .  F i e l d  
observa t ions  must be made. 



5.2.4 F l a t  T e r r a i n  Wi th Hor i zon ta l  Temperature Gradients 

Ho r i zon ta l  temperature g rad ien ts  over t r u l y  f l a t  l and  form because o f  

d i f f e r e n t  hea t i ng  and c o o l i n g  r a t e s  o f  t he  atmosphere a t  d i f f e r e n t  l o c a t i o n s .  

The hea t i ng  and c o o l i n g  o f  the  e a r t h ' s  sur face  i s  c o n t r o l  l e d  p r i m a r i l y  by t h e  

r a d i a t i v e  balance o f  t h e  sur face  and the  t u r b u l e n t  heat  f l u x  f rom t h e  su r face  

i n t o  t h e  atmosphere. A more r e f l e c t i v e  sur face  w i l l  n o t  heat  as q u i c k l y  as 

w i l l  a  dark surface. However, a  dark vegetated area w i l l  remain c o o l e r  than 

a  d r y  sandy area because the  t r a n s p i r a t i o n  o f  p l a n t s  r e t u r n s  much o f  t h e  heat  

t o  t he  atmosphere as l a t e n t  heat. The heat f l u x  i s  a l s o  dependent upon wind 

speed. The wind speed and heat  f l u x  change i n  complex ways as bo th  a re  

l i n k e d  through feedback loops i n v o l v i n g  boundary l a y e r  s t r u c t u r e .  

Only h o r i z o n t a l  temperature g rad ien ts  t h a t  have a  cons i s ten t  o r  c l ima to-  

l o g i c a l  impact upon the  wind a re  o f  concern t o  the  s i t i n g  o f  WECS. I n  t h i s  

sect ion,  two e f f e c t s  o f  h o r i z o n t a l  temperature v a r i a t i o n s  are  discussed: 

h o r i z o n t a l  v a r i a t i o n s  i n  thermal wind 

sea breeze c i r c u l a t i o n .  

The d i u r n a l  v a r i a t i o n s  i n  thermal wind over s l op ing  t e r r a i n  and t h e  i n f l u e n c e  

on t h e  noc turna l  j e t  were discussed i n  Sec t ion  5.2.1. 

Ho r i zon ta l  V a r i a t i o n s  o f  Thermal W i  nd 

The h o r i z o n t a l  v a r i a t i o n  on the  mesoscale o f  t he  thermal wind can cause 

areas o f  enhanced o r  reduced winds. (See Appendix 2 f o r  a  d iscuss ion  o f  t h e  

thermal wind equat ions.)  Consider a  wel l-mixed PBL o f  cool marine a i r  f l o w i n g  

onshore where the  e a r t h  i s  hot .  An i n t e r n a l  boundary l a y e r  o f  warming a i r  

w i l l  form a t  t h e  shore l ine .  I f  t h e  sho re l i ne  i s  contoured, as i n  t h e  bay 

shown i n F igu re  5.10, t he  contours o f  t he  thermal wind w i l l  rough ly  f o l l o w  t h e  

coast.  I f  the  geostrophic  wind above the  PBL does n o t  change a t  t h e  coast,  

t h e  sur face  geostrophic  wind can be computed w i t h  t h e  thermal wind r e l a t i o n -  
* 

ships. The d i f f e rence  i n  surface geos t roph ic  wind between t h e  two s ides o f  

t h e  bay can be q u i t e  l a rge .  The ac tua l  sur face winds, however, w i l l  be much 

l e s s  d i f f e r e n t  due t o  advect ion o f  momentum. However, t he re  i s  s t i l l  accelera-  

t i o n  o f  t h e  f l o w  on one s i d e  and dece le ra t i on  on the  o the r  s i de  as the  stream- 

l i n e s  o f  F igu re  5.10 show. F igure  5.10, which i s  o v e r l y  s i m p l i f i e d ,  i s  p rov ided 



FIGURE 5.10. Stream1 ines of the Thermal Wind (dashed) and of the Wind 
(sol i d )  f o r  Onshore Flow from Cool Ocean t o  Hot Land 

simply t o  suggest t h a t  low-1 eve1 barocl i n i c  e f f ec t s  be considered. Barocl i n i c  
e f f e c t s  on winds a r e  a l so  discussed in  Chapters 3 and 4. 

Sea-Breeze Circula t ion 

Sea and lake breezes a r e  qua l i t a t i ve ly  well-known examples of the diurnal 

var ia t ion e f f e c t s  of near-surface temperature gradients .  During the day, 

heating of the inland mixed layer  r e su l t s  in  an increased offshore pressure 

gradient .  Under appropriate large- scale synoptic condit ions,  marine a i r  wil l  



move i n 1  and behind t h e  sea-breeze f r o n t  (F igure  5.11 ) . The sea-breeze f r o n t  

i s  a h o r i z o n t a l  convergence zone t h a t  moves i n land  a t  about 1 t o  2 m/sec. The 

convergence zone i s  f requen t l y  the l o c a t i o n  o f  a l i n e  o f  cumulus clouds. 

Above t h e  mar i t ime mixed l a y e r  a r e t u r n  f l o w  seaward completes the  c i r c u l a t i o n .  

Wind speeds a t  100 m w i t h i n  a wel l-developed sea breeze are  about 5 t o  7 mlsec. 

The depth o f  t he  sea breeze i s  about t h a t  o f  the i n l a n d  mixed l aye r ,  s ince  i t  

i s  t h e  heat ing  of t h i s  l a y e r  t h a t  causes the pressure drop i n land .  The wind 

speed maximum i s  near t he  sur face and may extend from a few km t o  100 km 

in land.  A t  n i g h t ,  an  analogous land breeze blows back ou t  t o  sea, b u t  i t  i s  

much weaker s ince  the  temperature grad ien ts  a re  weaker and the  noc turna l  

boundary l a y e r  over l a n d  i s  shallow. 
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FIGURE 5.11. Cross-Section o f  a Well Developed Afternoon Sea Breeze, Contours 
a re  o f  the  Onshore Component o f  the Wind i n  m/sec 

Many compl icat ions a1 t e r  t he  simp1 i s t i c  sea-breeze p i c t u r e .  Among the  

compl icat ions are: t he  synopt ic  sca le  wind system, the  shape o f  t h e  coast1 ine,  

coas ta l  topography, the  pas t  h i s t o r y  o f  the sea breeze, and the  C o r i o l i s  

e f f e c t .  



By f a r ,  the synoptic-scale wind system has the largest  e f fec t  on the sea 

breeze. A too-strong offshore wind advects warm a i r  over the water, thereby 

destroying the favorable pressure gradient; a too-strong onshore wind blocks 

the necessary return circulation a lof t .  Therefore, the sea breeze usual ly 

occurs during high pressure episodes when the synoptic-scale pressure gradient 

i s  weak. 

An irregular coastl ine causes the horizontal variations of the thermal 

winds discussed above. The s i tuat ion becomes very complex because of the tem- 
poral variations that  are part  of the developing sea breeze. A complex meso- 
scale numerical model may be needed to- interpret  these effects  if  suff ic ient  
wind  data do n o t  exis t .  

Coastal topography influences the sea breeze i n  two ways. The cool 

marine a i r  may be channeled along valleys and through passes i n  coastal moun- 
ta in  ranges. Cool marine a i r  cascading down the inland side of a pass can be 

a s ignif icant  source of winds in inland valleys. T h e  heating of the slopes of 
coastal h i l l s  induces upslope flow that  can interact  with the return flow; 
sometimes i t  i s  weakened and sometimes it i s  reinforced. If there i s  s ign i f i-  

cant change of wind direction w i t h  height, the a i r  l i f t e d  by coastal h i l l s  can 
be transported in many directions,  thereby complicating the circulation. 

The past history of the sea breeze i s  important because the a i r  offshore 

may not be the cool marine a i r  mass that  one expects. I t  may be a i r  pumped 

out to  sea by a strong sea breeze of the preceding day. 

The sea breeze takes a l l  day t o  develop. The time and distance scales of 
the circulation are  large enough that  the Coriolis e f fec t  can deflect the a i r  
mass moving toward the coast. Therefore, a west coast in the northern hemi- 
sphere may experience a westerly sea breeze becoming northwesterly by l a t e  
afternoon. 

5.3 SMALL-SCALE TERRAIN 

In th i s  section we describe the effects  that  small-scale features have 

upon the flow in the PBL.  A topographical feature i s  defined as small scale 

when i t  i s  small compared to the depth of the PBL.  Small -scale features may 



be elevated ( i  . e . ,  small c l i f f s ,  ridges, or h i 1  1s )  or lower than surrounding 

te r ra in  ( i  .e.  , small val 1 eys, gull eys, canyons, or depressions). Study of the 

flow over small-scale features i s  simplified for  two reasons. F i r s t ,  the flow 

structure above the top of the PBL need not be considered. Second, turbulent 

transport  of momentum due to  the largest  eddies occurs on a time scale smaller 
than the time for  flow to cross the feature.  Therefore, attempts t o  understand 

the effects  of these features upon an inviscid flow of assumed upstream 
character a re  not wholly unreasonable. Nevertheless, for  s i t i ng  of WECS there 

i s  no subst i tute  fo r  measurement. 

5.3.1 El eva ted Features 

An elevated feature i s  any one in which the surface of in t e res t  i s  higher 

than the surrounding region. This i s  somewhat dependent on your perspective, 
since, t o  one view, a ridge may be a valley wall. However, when considering 

ridges the primary concern i s  w i t h  flow over and around the ridge or h i l l top .  

Flow over small-scale te r ra in  features resembles flow around obstacles b u t  

wind energy research has attempted t o  look for positive a t t r ibutes  to  these 
natural obstacles. 

In th i s  section we discuss flow over: 

small ridges 
small c l i f f s  

small h i l l s .  

We consider a ridge or  a c l i f f  as a feature with one dominant axis tha t  
extends l a t e ra l ly  f a r  enough on both sides of a point of in te res t  so tha t  
impinging flow normal to  that  axis i s  forced over the c res t  and there i s  no 
avenue for  leakage around the side. Small c l i f f s  and ridges may be considered 
long i f  the point of in te res t  i s  more than 10 ridge or c l i f f  heights away from 
the end (or  some other major change) of the feature.  

Small Ridges 

Because the wind over f l a t  country normally increases with height, w ind  

over small ridges i s  stronger than over f l a t  country. More important, t h o u g h ,  



i s  t h e  a c c e l e r a t i o n  o f  f l o w  over  t he  r i d g e  t h a t  depends on i t s  shape. F i g u r e  5.12 

i l l u s t r a t e s  t h i s .  F i g u r e  5.12 shows a  h y p o t h e t i c a l  p r o f i l e  f o r  f l o w  normal t o  

a  l o n g  r i d g e .  The r i d g e  i s  30 m h i g h  w i t h  average s lopes o f  1/3. The upstream 

w ind  p r o f i l e  i s  a  n e u t r a l  s t a b i l i t y  l o g a r i t h m i c  wind p r o f i l e .  The upper 

p o r t i o n  o f  t h e  r i dge- mod i f i ed  p r o f i l e  was i n f e r r e d  f r om wind tunne l  measurements 

over  a  model of a s i m i l a r  r i d g e ,  and t h e  lower  p a r t  o f  t h e  m o d i f i e d  p r o f i l e  

agrees rough l y  w i t h  F r e n k i e l ' s  (1962) measurements i n  t h e  f i r s t  40 m o f  f l o w  

ove r  a  r i d g e .  The mass f low across t h i s  h y p o t h e t i c a l  r i d g e  i s  conserved so i t  

i s  a t  l e a s t  a  p h y s i c a l l y  p l a u s i b l e  f low.  
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F IGURE 5.12. Hypo the t i ca l  Wind Speed P r o f i l e s  Over a  Small Two-Dimensional 
Ridge. The dashed o r  dash-dot sec t i ons  o f  each p r o f i l e  a r e  
reg ions  i n t e r c e p t e d  by a  t y p i c a l  l a r g e  wind t u r b i n e .  



The a c c e l e r a t i o n  i n  t h e  l owes t  hundred meters over  t h e  r i d g e  i s  apparent .  

A l so  shown i n  F i g u r e  5.12 a r e  t h e  sec t i ons  o f  t h e  f l a t  l a n d  and r i d g e  p r o f i l e s  

t h a t  m igh t  i n t e r s e c t  a  l a r g e  WECS. Note t h a t  t he  mean wind shear over  t h e  

r o t o r  d i s k  o f  a  WECS i s  cons iderab ly  reduced over  t h e  h i l l .  

The p r o f i l e s  o f  t h e  wind speed cubed were i n t e g r a t e d  ove r  t h e  c i r c u l a r  

d i s k s  o f  an assumed h o r i z o n t a l  a x i s  wind machine t o  compare t h e  power i n  t h e  

wind ( n o t  t h e  power a  g i v e n  machine m igh t  e x t r a c t )  over  f l a t  land, ove r  f l a t  

l a n d  w i t h  a  30 m  t a l l e r  tower, and over  t h e  r i d g e .  A h i ghe r  tower produces a  

20% inc rease  i n  a v a i l a b l e  wind power b u t  s i t i n g  on t h e  r i d g e  produces a  100% 

inc rease  i n  power i n  t h e  wind. Therefore,  80% o f  t he  inc rease  can be a t t r i b u t e d  

t o  t h e  a c c e l e r a t i o n  due t o  t h e  shape o f  t h e  r i d g e .  

F r e n k i e l  (1962) s t u d i e d  f l o w  over  over  a  r i d g e  and a  h i l l  i n  I s r a e l .  

Each f e a t u r e  was about 500 m  t a l l ,  which i s  perhaps n o t  smal l  i n  t h e  c o n t e x t  

used here. He d i d  n o t  a n t i c i p a t e  the  s i zes  o f  c u r r e n t  l a r g e  WECS when he 

formulated h i s  c r i t e r i a  f o r  good WECS s i t e s .  H i s  c h i e f  c r i t e r i o n  was t h a t  t h e  

b e s t  WECS s i t e s  would have a  minimum wind shear between 40 m and 10 m. F r e n k i e l  

concluded t h a t  t h e  f low s t r u c t u r e  o f  t h e  l owes t  40 m i s  ve ry  s e n s i t i v e  t o  t h e  

shape o f  t h e  t e r r a i n  i n  t h e  nea res t  few hundred meters o f  t h e  p o i n t  o f  i n t e r e s t .  

S p e c i f i c a l l y  he c l a i m s  t h a t  a  s lope  o f  about 30% runn ing  smoothly t o  t h e  

summit w i l l  produce maximum energy and minimum shear. H is  measurements 

i n d i c a t e d  t h a t  i f  t h e  l a s t  hundred meters o f  s lope  f l a t t e n s  out ,  t h e  r a t i o  

U40/U10 increases.  T h i s  may be i n t e r p r e t e d  as a  d e c e l e r a t i o n  o f  t h e  v e r y  

l o c a l  near- sur face winds ( i f  t h e  d e c e l e r a t i o n  i s  l a r g e  enough on a  f l a t - t o p p e d  

r i d g e  t h e r e  may be f low sepa ra t i on ) ,  b u t  t h e  f l o w  t h a t  i s  acce le ra ted  by t h e  
l a r g e r  s c a l e  fea tu res  of  t h e  r i d g e  i s  s t i l l  speeding a long  a t  l e v e l s  seen by 

l a r g e  WECS. 

F r e n k i e l  concluded t h a t  t h e r e  was no p e r c e p t i b l e  wind speed dependence t o  

h i s  e s t i m a t i o n  of t he  wind r a t i o .  He found t h a t  t h e  i n f l u e n c e  o f  t h e  s lopes 

more than  a  few hundred meters f rom t h e  summit was observable b u t  n o t  n e a r l y  

as impo r tan t  as t h e  s lope  i n  t h e  neighborhood o f  t h e  summit. The wind r a t i o s  

he measured were a  s t r ong  f u n c t i o n  o f  s t a b i l i t y  b u t  i t  i s  n o t  p o s s i b l e  t o  s o r t  

o u t  whether o r  how t h e  a c c e l e r a t i o n  i s  a f f e c t e d  by s t r a t i f i c a t i o n  f r om t h e  

s t r a t i f i c a t i o n  e f f e c t s  on wind p r o f i l e s  ove r  upstream f l a t  land .  



Bradley (1980) reports a ser ies  of measurements in nearly neutral s t r a t i -  

f icat ion upwind and on the summit of a ridgelike h i l l  near Canberra, Australia. 
Black Hill r i s e s  170 m above the surrounding forested plain and has a 1 . 2  km 

cross-section through the base. One purpose of Brad1 ey 's  experiment was to  
col lect  a data se t  of mean flow and turbulence character is t ics  over the h i l l  
for  comparison with numerical and analytical models of flow over h i l l s .  Even 

though Black Hi1 1 does not meet the c r i t e r i a  of a small ridge required by many 
models, reasonably good comparisons were obtained between models and data under 

appropriately restr ic ted conditions. I t  i s  s ignif icant  to  note, however, 
tha t  even under conditions of nearly neutral s t a b i l i t y ,  (as  inferred from a 

nearly negligible heat f lux)  the presence of a low-level (< 500 m above the 

plain) temperature inversion marking the top of the planetary boundary 1 ayer 

dramatically affected the measurements. Bradley s ta tes :  "Several occurrences 

of the dis tor t ion of [wind] profiles by the low-level inversion have been 

observed b u t  were not consistent, sometimes resulting in strongly accelerated 
flow a t  the upper levels on the tower, and a t  other times strong retardation." 

This indicates tha t  a ridge may a t  some times behave l ike  a small ridge, as  
defined in t h i s  report ,  and a t  other times behave l ike  a large scale feature.  
Furthermore, the inconsistent behavior indicates tha t  limited short-term f i e ld  

measurements, even under what are believed to be prevailing flow conditions, 

can yield data from which erroneous conclusions could be drawn. 

A number of numerical and analytical models have been developed for 

studying flow over small ridges. Some of these models were used on specific 
h i l l  shapes chosen f o r  computational convenience since the main purposes of 
the models were to illuminate specific flow features.  Consequently, not a l l  
models are  immediately applicable to  energy problems, although some general 
resu l t s  can be noted. Frost e t  a l .  ( 1  975) computed velocity development over 
a semi-elliptical h i l l ,  using momentum equations on a coordinate system con- 
forming t o  flow stream1 ines. The conservation of turbulence kinetic energy 

was used to  close(a)  the system of equations. For an e l l ipse  similar to  

( a )  When the momentum equations are  averaged to deal with averaged and not 
instantaneous quant i t ies ,  the averaging process resu l t s  in new unknown 
terms. Further equations and assumptions for  these new unknowns must be 
made in order to  provide a closed s e t  of equations. See Appendix 2 .  



Black  H i l l ,  t h e  s o l u t i o n  o f  F r o s t  e t  a1 . (1975) p r e d i c t s  a  v e l o c i t y  maximum a t  

about  0.3H where H i s  t h e  h e i g h t  o f  t h e  h i l l ,  and an inc rease  o f  wind speed 

( r e l a t i v e  t o  t h e  same h e i g h t  above t he  p l a i n )  o f  76%. Tay lo r  (1977) uses a  

f i n i t e  d i f f e r e n c e  model f o r  f l o w  over  g e n t l e  topography t h a t  so lves  t h e  momentum, 

c o n t i n u i t y ,  and t u rbu lence  energy equat ions.  Jackson and Hunt ( 1  975) p r o v i d e  

an a n a l y t i c a l  s o l u t i o n  by sepa ra t i ng  t h e  f l o w  i n t o  two reg ions  w i t h  a  maximum 

v e l o c i t y  p e r t u r b a t i o n  a t  t h e  i n t e r f a c e  between t he  two l a y e r s .  The h e i g h t  o f  

t h e  i n t e r f a c e  i s  descr ibed  by: 

where 1  = h e i g h t  o f  p e r t u r b a t i o n  maximum above t h e  r i d g e  c r e s t  

k  = von Karman cons tan t  (see Appendix 2)  

L = l e n g t h  f rom c r e s t  t o  p o i n t  where su r f ace  e l e v a t i o n  i s  H/2 

z = roughness l e n g t h .  
0 

For t h e  B lack  H i l l  s tudy,  Brad ley  (1980) used k  = 0.4, L  = 275 m, and zo = 1.14 m  

from which 1  = 28 m. The i nc rease  i n  speed accord ing  t o  t he  Jackson and Hunt 

t heo ry  may be approximated as 2H/L. 

Brad ley  (1980) made some comparisons between h i s  da ta  and t h e  t h e o r i e s  

and models o f  F r o s t  e t  a1 . ( 1  975), T a y l o r  ( 1  977) and Jackson and Hunt ( 1  975) 

by s c a l i n g  t h e  model r e s u l t s  t o  f i t  B lack  H i l l  geometr ica l  and roughness 

parameters.  Some o f  these comparisons a r e  shown i n  F igu re  5.13. The upstream 

wind p r o f i l e  and r i d g e  c r e s t  wind p r o f i l e  da ta  o f  Brad ley  i n  F igu re  5.13 

rep resen t  t h e  average o f  t h r e e  cont iguous runs  spanning 90 min. The upstream 

wind p r o f i l e  measurements o n l y  extended t o  a  h e i g h t  o f  18 m  above t h e  d i s p l a c e-  

ment h e i g h t  of 7  b u t  Brad ley  assumed t h a t  a  l o g a r i t h m i c  wind p r o f i l e  

cou ld  be used up t o  90 m. The r e s u l t s  show g e n e r a l l y  good agreement between 

t h e  da ta  and F r o s t  e t  a l .  (1975) and T a y l o r  (1977) model p r e d i c t i o n s .  The 

d e t a i l  o f  t h e  p o s i t i o n  and s t r u c t u r e  o f  t h e  smal l  j e t  a t  about 28 m were n o t  

p r e d i c t e d  by those models b u t  i t s  p o s i t i o n  i s  w e l l  p r e d i c t e d  by t h e  Jackson 

and Hunt model, as i s  t h e  magnitude o f  t h e  wind speed a t  t h e  c r e s t .  

( a )  The l o g a r i t h m i c  wind p r o f i l e  e x t r a p o l a t e s  t o  0 wind speed a t  about 7  m 
above ground, w i t h i n  t h e  f o r e s t  canopy. See Appendix 2  f o r  d e t a i l s  o f  t h e  
d isp lacement  h e i g h t  concept and wind p r o f i l e  d e s c r i p t i o n s .  
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Wind t unne l  measurements ove r  gene r i c  h i l l  shapes p r o v i d e  another  source 

o f  da ta  on f l o w  ove r  i s o l a t e d  h i l l s .  As descr ibed  i n  Chapter 4, complete 

dynamic s i m i l a r i t y  i s  n o t  ach ievab le  between wind tunne l  s t u d i e s  and f u l l -  

s c a l e  atmospher ic  f l ows ,  e s p e c i a l l y  s t r a t i f i e d  f l ows .  I n f o r m a t i o n  on f l o w  

over  smal l  h i l l s  i n  n e u t r a l  f l o w s  i s  usable.  The f o l l o w i n g  d i scuss ion  i s  

based on work on f l o w  over  t r i a n g u l a r  r i d g e s  r e p o r t e d  by Meroney e t  a1 . ( 1  978).  

A s imp le  e m p i r i c a l  pa rame te r i za t i on  scheme f o r  e s t i m a t i n g  t h e  v e l o c i t y  

p r o f  i 1  e  ove r  two-dimensional  t r i a n g u l a r  r i d g e s  has been devel  oped (Bouwmeester 

e t  a l .  1978):  de f i ne  a  speed-up f a c t o r  f o r  f l o w  over  t h e  c r e s t  of t h e  r i d g e  

as 

where Z '  = z/H i s  t h e  normal ized h e i g h t  

z = h e i g h t  above t e r r a i n  

H = r i d g e  h e i g h t  above p lane  

Uc = wind speed over  r i d g e  c r e s t  

Uo = wind speed over  f l a t  t e r r a i n .  

Assume t h a t  t h e  wind p r o f i l e  over  t h e  r i d g e  and t h e  p lane  can be desc r i bed  

w i t h  a  power law (see Appendix 2)  w i t h  a, and a, t h e  power law exponents ove r  

t h e  r i d g e  c r e s t  and p lane  r e s p e c t i v e l y .  Then 

where ~ ( 1 )  i s  t h e  speed-up f a c t o r  a t  a  h e i g h t  o f  H  above t he  r i d g e  ( o r  2H 
above t h e  p l ane ) .  To use Equat ion (5 .2) ,  an express ion  f o r  ac-a. i s  needed. 

Two approaches a r e  poss ib l e .  The f i r s t  s p e c i f i e s  t h a t  a t  some he igh t ,  Z;, 

t h e  speed-up f a c t o r  w i l l  be 1 ; i .e. , S ( Z t )  = 1 .  Then Equat ion (5.2) y i e l d s  



Wind tunne l  measurements suggest t h a t  t h e  speedup ove r  a  smal l  r i d g e  extends 

t o  7  < Z '  < 10. Another op t i on ,  which Meroney e t  a l .  (1978) d e r i v e s  from - T -  
f i e l d  da ta  o f  Brad ley  (1980), uses a  l i n e a r  f i t  t o  wind tunne l  da ta  t o  a r r i v e  

a t  

S(1)  depends upon t h e  geometry o f  t he  r i d g e .  Wind tunne l  measurements o f  

S ( l )  a r e  presented i n  F i g u r e  5.14 f o r  d i f f e r e n t  upwind and downwind s lopes o f  

t h e  r i d g e .  Lu and Ld i n  t h e  f i g u r e  a r e  t w i c e  t h e  h o r i z o n t a l  d i s t ance  from t h e  

r i d g e  c r e s t  t o  t h e  p o i n t  on t h e  r i d g e  where t he  e l e v a t i o n  above t he  p lane  i s  

1/2H; t h i s  d e f i n i t i o n  o f  s lope  i s  t o  be used i f  t h e  r i d g e  i s  n o t  p e r f e c t l y  

t r i a n g u l a r .  

The speedup f a c t o r  p l o t t e d  i n  F igu re  5.14 depends upon t h e  wind shear o f  

t h e  upwind p r o f i l e ,  and s p e c i f i c a l l y  t h e  da ta  o f  F i gu re  5.14 a r e  f o r  a. = 0.13. 

The f o l l o w i n g  r e l a t i o n  i s  suggested as a  c o r r e c t i o n  t o  S ( l )  as a  f u n c t i o n  o f  

a 
0 ' 

T h i s  technique i s  ve ry  s imp le  t o  use and reasonably  e f f e c t i v e .  I t  i s  

n o t  a p p l i c a b l e  i f  Z '  < 0.05 o r  i f  t h e  h i l l  h e i g h t  i s  a  l a r g e  f r a c t i o n  o f  t h e  

boundary l a y e r  he igh t .  The technique may n o t  work t o o  w e l l  over  ve ry  rough 

t e r r a i n  as t h e  comparison i n  F i g u r e  5.13 shows, l a r g e l y  because a  l a r g e  power- 

law c o e f f i c i e n t  of  t h e  upwind p r o f i l e  ( a  % 0.32 f o r  t h e  p r o f i l e  i n  F igu re  5.13) 

s t r a i n s  o r  exceeds t h e  u s e f u l  l i m i t s  o f  Equat ion (5 .5) .  The technique does 

appear t o  be usab le  ove r  h i l l s  o f  a  v a r i e t y  o f  shapes; however, h i l l s  w i t h  

extended reg ions  o f  f l a t t e r  s lopes near t he  summit show a  s i g n i f i c a n t  r e d u c t i o n  

i n  t h e  speedup near  t h e  c r e s t .  

The i n f l u e n c e  o f  s t a b i l i t y  on t h e  speedup over  a  smal l  r i d g e  i s  u n c e r t a i n  

because i t  i s  d i f f i c u l t  t o  judge  which e f f e c t s  a r e  due t o  s t r a t i f i c a t i o n  
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SPEEDUP FACTOR, S ( 1 ) 

FIGURE 5.14a. The E f f e c t  o f  Upwind Slope on t h e  Speedup Fac to r  f o r  a. = 0.13 
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FIGURE 5.14b. The E f f e c t  o f  Downwind Slope o f  t h e  Speedup Fac to r  f o r  a. = 0.13 



a lone  and which a r e  due t o  t h e  upwind wind p r o f i l e .  I n  t h e  wind tunne l ,  

Meroney e t  a l .  (1978) f i n d  t h e  s t a b i l i t y  e f f e c t s  a r e  smal l  w i t h  a  s l i g h t  

i nc rease  i n  speedup f o r  uns tab le  c o n d i t i o n s  and a  s l i g h t  decrease f o r  s t a b l e  

c o n d i t i o n s .  I f  a  s t r ong  temperature i n v e r s i o n  con f i nes  t h e  f l o w  t o  a  sha l low 

l a y e r ,  t h e  speedup w i l l  i n c rease  due t o  a  v e n t u r i  e f f e c t .  As an approx imat ion  

based on t h e  dep th  o f  t h e  acce le ra ted  l a y e r  i n  a  neut ra l- boundary l a y e r  t h i s  

c o u l d  happen f o r  h i l l  h e i g h t s  o f  1/10 t o  117 t h e  h e i g h t  o f  t h e  boundary l a y e r .  

I n  t h e  f i e l d ,  Brad ley  (1980) r e p o r t s  i n c o n s i s t e n t  e f f e c t s  i n  n e a r l y  n e u t r a l  

s t r a t i f i c a t i o n  caused by temperature i n v e r s i o n s  beneath two h i  11 he igh t s  above 

t h e  surrounding p l a i n .  

Flow ove r  a  l o n g  smal l  r i d g e  acce le ra tes  t o  a  maximum v e l o c i t y  a t  o r  near  

t h e  r i d g e  c r e s t  and dece le ra tes  as i t  moves down t h e  l e e  s i d e .  For weak f l o w s  

t h e  a i r  can n e g o t i a t e  t h e  passage over  t h e  r i d g e  w i t h o u t  separa t ing .  However, 

a t  h i ghe r  speeds, depending upon t h e  r i d g e  geometry, t h e  f l o w  separates. 

The f l o w  can separate on t h e  upwind f a c e  o f  t h e  r i d g e  when t h e  i n t e r a c t i o n  

w i t h  t h e  h i l l  produces a  s u f f i c i e n t l y  l a r g e  p ressure  g r a d i e n t  coun te r  t o  t h e  

mean f l o w .  A c i r c u l a t i n g  eddy forms a t  t h e  base o f  t h e  r i d g e .  The sepa ra t i on  

bubble on t h e  upwind s i d e  of  t h e  r i d g e  extends up wind t o  two r i d g e  he igh t s  

b u t  i s  cons t ra i ned  by t h e  topography f rom ex tend ing  up t h e  r i d g e  f ace  t o  t h e  

c r e s t .  

The f l o w  a l s o  separates a t  t h e  c r e s t  o f  t he  r i d g e .  I f  t h e  r i d g e  has a  

sharp c r e s t ,  t h e  f l o w  w i l l  separate r i g h t  a t  t he  c r e s t ;  i f  t h e  r i d g e  has a  

smooth o r  rounded c r e s t ,  t h e  f l ow  u s u a l l y  separates a t  some p o i n t  down t h e  l e e  

s i d e  from t h e  c r e s t  due t o  t h e  d e c e l e r a t i o n  o f  t he  f l o w .  The l o c a t i o n  o f  t h e  

l e e  s i d e  sepa ra t i on  i s  a  f u n c t i o n  o f  t h e  Reynolds number i n  t h e  wind t unne l .  

It can a1 so be expected t h a t  i t  i s  a  f u n c t i o n  o f  atmospheric s t a b i l i t y ;  uns tab le  

s t r a t i f i c a t i o n  inc reases  t h e  chance o f  f l o w  sepa ra t i on  a t  t h e  c r e s t  o r  h i ghe r  

up t h e  l e e  slope, whereas s t a b l e  s t r a t i f i c a t i o n  i n h i b i t s  f l o w  separa t ion  o r  

causes t h e  p o i n t  o f  sepa ra t i on  t o  move f a r t h e r  down t h e  l e e  s ide .  The downwind 

sepa ra t i on  eddy behaves l i k e  the.wakes d iscussed i n  Sec t i on  5.2.2; t h e  wake 

e f f ec t s  extend up t o  20H downwind, l e s s  'n uns tab le  c o n d i t i o n s ,  more i n  s t a b l e  

c o n d i t i o n s .  



The maximum v e l o c i t y  i s  a t ta ined  j u s t  before the flow separates. The - of fl ow separat ion fo r  t r i angu la r  r idges depends most c r i t i c a l l y  0" 

the upwi nd and dawnwi nd slopes. Meroney e t  d l  . (1 978) therefore suggest 

Figure 5.15 as a c r i t e r i o n  f o r  geometry leading t o  f l ow separat ion and hence 
of maximum speedup over the c res t .  

FIGURE 5.15. C r i t e r i o n  f o r  F1 ow Separation Over Two-Oimensiona1 

The turbulence i n a  flow over a small h i l l  behaves l i k e  turbulence in a 

sfrained flow, There i s  a reduct ion i n  the l0ng i  tud ina l  conl~onent of the tur- 

bul  ence i n t e n s i t y  . Downwind o f  the cres t ,  turbulence product ion i ncreases and 

the turbulence i n t e n s i t i e s  exceed upwind values. Figure 5.16 shows wind 
tunnel meds.urements of the long i tud ina l  component turbulence in tens it^ 
flow over two ridges; one has a slope of 1 /20 and the other a slope of 

Departure from s t r i c t  two-dimensional i t y  of the r idge  may be exp lo i tab le .  

For example, wind turbines s i t e d  along the c res t  of a long small r i d g e  can use 



FIGURE 5.16. Contours o f  Longitudinal Turbulence I n t e n s i t y  With Superimposed 
Stream1 i n e s  (Broken L ines ) .  The normal i zed  roughness * l eng th  i s  
zo/h = 1 . 5  x 10-4. P a r t  ( a )  i s  f o r  a  symnetr ical  r i d g e  o f  s l o p e  
1/20; p a r t  ( b )  i s  f o r  a  s l ope  o f  114. 



small concave sections of the ridge to  col lect  even more wind. Flow will pass 

around the ends of a long ridge, especially in stably s t r a t i f i e d  flow, so 

ridge shoulders may provide good s i t e s  for  wind turbines. However, i f  flow 

comes over and along the ridge toward the shoulder, there could be h i g h  turbu- 
lence and flow separation. If the wind i s  blowing along the ridge, u p  toward 

the shoulder, the ridge divides the flow much as a h i l l  does and so tha t  case 
should be considered as a h i l l .  

If the flow i s  oblique to  the ridge, the normal component will s t i l l  

accelerate.  Since the speedup ef fec t  i s  a function of height, oblique flow 

may lead t o  some directional wind  shear. The deviations in wind direction 

will probably also increase. Finally, i t  i s  probable tha t  the small ridge 

considered i s  not isolated. The flow over a ridge that  i s  near and upwind of 

a larger ridge will respond to the larger ridge. The flow may even be decel- 

erated a t  the small upwind  ridge. In a s table  PBL,  surrounding ridges will 
excite Kel vi n-Helmhol t z  gravity waves tha t  can increase turbulence and gustiness 

a t  a WECS s i t e .  If the ridges are closely spaced and steep, flow separation 
eddies may f i l l  the intervening valleys. The separation streamlines then form 
a much more level surface. The flow responds to th i s  modified surface so the 
acceleration ef fec ts  a t  the ridge crests  are reduced. 

Small Cl i f f s  

A small c l i f f  i s  considered here t o  be a step where the flow must adjust  
t o  a new persistent downstream elevation. The principles of flow over small 
c l i f f s  do not d i f f e r  much from those for  flow over small ridges. 

Flow u p  and over the c l i f f  i s  the s i tuat ion of primary in t e res t ,  because 
there i s  no advantage to  flow diverted down an escarpment. Under s table  
atmospheric conditions there may be some acceleration perceptible near the 

c r e s t  of the c l i f f  as dense a i r  cascades down the face of the c l i f f .  In tha t  

case there would be l i t t l e  turbulence near the c re s t  of the c l i f f ,  b u t  there 

would be a great deal a t  the base. 

Figures 5.17 through 5.20 i l l u s t r a t e  the speedup of the mean flow (see 

small ridges fo r  discussion of speedup) and turbulence in tens i t ies  of flow 

over two-dimensional escarpments of different  slopes. These data come from 



(A)  CLIFF 

FIGURE 5.17. Contours o f  t h e  Speedup o f  Upstream Winds (Upper) and Contours 
o f  t he  Turbulence I n t e n s i t y  (Lower) f o r  Flow Over a Cl i f f  
(Bowen and L i n d l e y  1977) 



(B) 1:l SLOPE 

FIGURE 5.18. Contours o f  t h e  Speedup o f  Upstream Winds (Upper) and Contours 
of t he  Turbulence I n t e n s i t y  (Lower) f o r  Flow Over an Escarpment 
With 1 : l  Slope (Bowen and L i n d l e y  1977) 
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FIGURE 5.19. Contours o f  t h e  Speedup of Upstream Winds (Upper) and Contours 
o f  t h e  Turbulence I n t e n s i t y  (Lower) f o r  an Escarpment With 
1 :2 Slope (Bowen and L i n d l e y  1977) 



FIGURE 5.20. Contours o f  the  Speedup o f  Upstream Winds (Upper) and Contours 
o f  t he  Turbulence I n t e n s i t y  (Lower) f o r  an Escarpment Wi th 
1 :4 Slope (Bowen and L i n d l e y  1977) 



wi nd tunne l  measurements (Bowen and L i  nd l  ey 1977). The upstream wind p r o f i l e  

f o l l o w s  a  116 power law w i t h  t h e  wind speed a t  t h e  t o p  o f  t h e  boundary l a y e r  

o f  20 m/sec. The upstream tu rbu lence  i n t e n s i t y  i s  0.25 a t  0.2H decreas ing t o  

0.16 a t  2H, where H i s  t h e  h e i g h t  o f  t h e  escarpment. 

The s t r u c t u r e  o f  t h e  f l o w  ove r  each model i s  s i m i l a r  w i t h  major  d i f f e r -  

ences o c c u r r i n g  o n l y  i n  t h e  wake r e g i o n  near  t h e  ground and behind t h e  c r e s t .  

A b l o c k i n g  e f f e c t  due t o  t h e  escarpment i s  v i s i b l e  t o  a t  l e a s t  5H upstream. 

The maximum speedup f a c t o r  o f  about 1.7 was observed f o r  each model above t h e  

c r e s t  a t  z/H = 0.2. The s i m i l a r i t y  o f  t h e  v e r t i c a l  wind p r o f i l e s  a t  t h e  c r e s t  

of  each escarpment i s  a t t r i b u t e d  t o  t h e  f l o w  sepa ra t i on  upstream o f  t h e  s teeper  

s lopes; t h e  sepa ra t i on  s t r eam l i ne  t h a t  o u t l i n e s  t he  upstream eddy e s t a b l i s h e s  

an e f f e c t i v e l y  sma l l e r  s l ope  f o r  t h e  mean f l o w  t o  respond t o .  Downstream 

f rom t h e  c r e s t  i n  t h e  wake r e g i o n  t h e  e f f e c t s  o f  t h e  escarpment s lope  a r e  

g r e a t e r .  The t u r b u l e n t  and h i g h  wind shear wake grows t o  a  depth o f  0.4H f o r  

t h e  114 s l ope  escarpment and grows t o  1H f o r  t h e  s teeper  s lopes.  Note t h a t  

above t h e  wake r e g i o n  t h e  t u rbu lence  i n t e n s i t y  i s  l e s s  than  t h e  f rees t ream 

l e v e l s .  For  t h e  114 s l ope  everywhere downstream o f  t h e  c r e s t  t h e  t u rbu lence  

i n t e n s i t y  l e v e l s  a r e  sma l l e r  t h a n  upstream va lues .  I n  t h e  wake r e g i o n  t he  

t u rbu lence  spectrum s h i f t s  toward h i ghe r  f requenc ies  because o f  t h e  sma l l -  

s ca le  t u rbu lence  generated by t h e  smal l  t e r r a i n  f ea tu re .  The wake i s  i n s i g n i -  

f i c a n t  a t  a  downstream d i s t a n c e  o f  about 10H. The wind tunne l  measurements 

show t h e  enhancement o f  t h e  winds o f  a t  l e a s t  10% occurs below 3H and extends 

downwind beyond 10H; t h i s  has a l s o  been noted i n  f i e l d  measurements by Bowen 

and L i  nd ley  ( 1  974). 

S t a b i l i t y  and roughness e f f e c t s  on f l o w  over  escarpments a re  s i m i l a r  f o r  

c l i f f s  and smal l  r i d g e s .  The speedup f a c t o r  i s  h i ghe r  near t he  c r e s t  and near 

t h e  ground s imp ly  because t h e  i n i t i a l  wind shear o f  t h e  upstream p r o f i l e  i s  

g r e a t e r  ove r  a  rough sur face .  O f  course, t h e  t o t a l  power i n  t h e  wind i s  

g r e a t e s t  over  a  smooth surface. However, rough sur faces  cause somewhat deeper 

f low sepa ra t i on  eddies and wakes, as does uns tab le  s t r a t i f i c a t i o n .  S tab le  

c o n d i t i o n s  i n h i b i t  f l ow separa t ion ,  b u t  t h e  wake w i l l  n o t  d i s s i p a t e  as q u i c k l y  

as i t  would if t h e  s t r a t i f i c a t i o n  were uns tab le .  



Any concave c u r v a t u r e  of a c l  i f f  fac ing  upwind may be e x p l o i  tab1 e as w i t h  

t h e  smal l  r i d g e .  Winds o b l i q u e  t o  t h e  c l i f f  may c r e a t e  d i r e c t i o n a l  w ind  shear 

and i nc rease  w ind  d i r e c t i o n  f l u c t u a t i o n s .  Flow a long  a c l i f f  w i l l  p robab ly  

produce v e r y  gus t y  wind behav io r  a t  t h e  c r e s t  o f  t he  c l i f f .  Flow down a c l i f f  

may be somewhat more v a r i a b l e  than  f l o w  over  f l a t  l a n d  due t o  f l u c t u a t i o n s  i n  

a sepa ra t i on  eddy a t  t h e  base o f  t h e  c l i f f  b u t  o f f e r s  no g r e a t  hazards and no 

b e n e f i t s  t o  WECS. 

Small H i l l s  

Small h i l l s  a r e  s i m i l a r  t o  smal l  r i d g e s  b u t  f l o w  goes around as w e l l  as 

over  them. Therefore,  t h e  speedup o f  t h e  wind i s  l e s s  over  a h i l l  than  over  

a r i d g e  o f  t h e  same s lope.  However, a h i 1  1 i s  more exposed f r om a1 1 d i r e c -  

t i o n s .  I f  t h e  p r e v a i l i n g  winds a r e  n o t  con f i ned  nar row ly  t o  one d i r e c t i o n ,  a 

h i l l  w i l l  p robab ly  produce more power than  a r i d g e  o f  t he  same h e i g h t  i n  t h e  

same wind regime (Go ld ing  1955). 

Tab le  5.2 l i s t s  F r e n k i e l  I s  c r i t e r i a  (see smal l  r i d g e s  s e c t i o n )  f o r  h i l l s .  

F renk ie l  concludes, and wind tunne l  s t u d i e s  suppor t ,  t h a t  a s lope  o f  about 30% 

runn ing  t o  a p o i n t e d  summit i s  optimum f o r  a WECS placement a t  t h e  summit. 

TABLE 5.2. Fren k i e l  ' s WECS S i  t e  Sui t a b i  1 i ty Based on Slope 
o f  H i l l  and Wind Grad ien t  i n  Lowest 40 Meters 

Power Law Wind Speed R a t i o  
Slope % Index a u40/u l0  

Optimum 3 0 <O. 03 <1 .05 

Very Good 20 smooth <O. 07 1.05 - 1.10 

Good 10 smooth 
20 rough 

F a i r  5 smooth 10.14 1.15 < 1.20 
20 v e r y  rough 

<30 w i t h  gradual  s lope  
w i t h i n  50 m o f  summit 

Avo id  



Since flow goes around a h i l l  as well as over, especially in s table  

s t r a t i f i ca t ion ,  i f  there i s  a prevailing wind direction a WECS could be placed 

on the sides of the h i l l  tangent t o  the prevailing wind direction. There i s  

danger here tha t  flow separation and lee wake effects  could engulf a WECS i f  

the flow were perpendicular to  the prevailing direction. Flow separation may 

form on a flat-topped h i l l  a t  the upwind edge of the top, a t  the summit of a 

sharp h i l l ,  o r  possibly s l ight ly  downwind of the summit of a round-topped h i l l  

The separation eddy extends far ther  downhill i f  the downwind face i s  steeper. 

Like the small ridges, h i l l s  may be strongly affected by neighboring 

h i l l s ,  especially in a s table  PBL or on a h i l l  close to  and upwind of a large 

h i l l  o r  ridge. 

5.3.2 Flow Over Depressions 

A depression i s  one in which the surface of in t e res t  i s  lower t h a n  the 

surrounding region. Channeling of the flow by the surrounding topography i s  

the character is t ic  terrain-flow interaction. The depth of a small depression 

i s  approximately less  than or equal to  the height of the large WECS rotors.  

Therefore a large WECS placed in a small depression would experience the winds 

through the en t i re  vertical  extent of the depression channel and some a t  the 

height of the surrounding ridge or  plateau. We again distinguish between long 

features such as small valleys and canyons from short features such as small 

basins and gaps. 

Small Valleys and Canyons 

The airflow over small valleys and canyons depends upon the orientation 

to the wind, s t ab i l i t y ,  i r regular i t ies  in width, steepness of the walls, 

roughness, and slope of the valley floor.  

Air that  i s  channeled along and u p  a small valley or canyon will feel a 

favorable pressure gradient due to  the narrowing of the valley walls and the 

slope of the valley floor.  Whether the flow accelerates or not depends upon 
the r a t e  of production of turbulence along the valley walls. Turbulence 
extracts  mean flow momentum and tends to  balance the e f fec ts  of the pressure 



gradients.  For shor t  narrow val leys ,  unless the valley walls a re  very jagged 

causing 1 arge regions of separated flow and wakes, increased turbulence produc- 

t ion  will not s ign i f ican t ly  a f f ec t  the momentum balance. Flow will  then 

accelera te  through and (unless the PBL i s  very s tably  s t r a t i f i e d )  over the 

constr ic t ion.  Therefore there can be some local enhancement of valley bottom 

winds. However, i n  v i r t ua l l y  a l l  cases of winds through small val leys ,  the 

winds will  be g rea tes t  along the neighboring ridges o r  mesas. 

Flow a t  any angle from the axis  of the valley will t u r n  s l i g h t l y  along 

the ax i s  of the val ley a t  the bottom but return to  i t s  original  course on the  

downwind s ide .  Depending on the ridge shape, roughness, and s t a b i l i t y ,  the  

flow may separate.  I f  separation occurs, the valley bottoms will  be embroiled 

in gusty l e e  wakes and there will be large wind shear a t  the separation stream- 

l i n e  near the  r idge o r  mesa level .  

A t  night  cool a i r  slowly drains in to  and down small val leys .  I f  the  

winds a t  night a r e  strong and up-valley, they will overpower the downslope 

wind. The katabatic forces might s t i l l  be present near the surface in t h i s  

case. I f  so the  wind would be directed up-valley with enhanced wind shear.  

I f  a  val ley bottom co l l ec t s  cool stagnating a i r ,  the valley bottoms would be 

very calm while above the rims a t  ridge level or  mesa level the winds may be 

much stronger.  Therefore, large  nocturnal wind shears might be expected in  
shallow val leys .  

In summary, there  i s  no reason t o  s i t e  large WECS in  small valleys o r  

canyons. Wind shear o r  turbulence over a rotor  disk could be great  and the 

t o t a l  annual wind power in the  valley will be l e s s  than t ha t  over the  surrounding 

ridges or  mesas. 

Small Basins 

Basins a r e  low depressions l i k e  valleys b u t  with no dominant ax i s .  They 

a r e  more nearly c i r cu l a r .  A n  a i r  column flowing over a small basin will  

s t r e t c h ,  causing deceleration;  t h i s  i s  j u s t  the opposite of the  acceleration 

t ha t  occurs over elevated features .  Small basins a re  therefore regions of 



reduced wind resource.  A t  n i g h t  they  can c o l l e c t  a  ve ry  s tagnant  pool  o f  coo l  

a i r .  A  l a r g e  WECS p laced  i n  a  bas in  w i l l  exper ience cons ide rab le  wind shear 

and no f l o w  enhancement, s i m i l a r  t o  a  s i t e  i n  a  smal l  v a l l e y .  

Small Gaps 

A  gap i n  a  smal l  r i d g e  w i l l  have i t s  base a t  a  l e v e l  above t h e  f o o t  of 

t h e  r i d g e ,  o r  a  gap niay be a  narrow sepa ra t i on  between two d i s t i n c t  smal l  

r i d g e s  w i t h  i t s  base a t  t h e  same l e v e l  as t h e  base o f  t h e  r i d g e s .  Winds can 

sometimes be q u i t e  s t r ong  i n  a  gap. Gaps p rov ide  a  way f o r  f l o w  imp ing ing  

upon a r i d g e  t o  g e t  th rough  t h e  b a r r i e r  w i t h o u t  go ing  over  i t . There a re  

t imes  t h a t  gaps can enhance even l i g h t  winds. For example, i n  f a i r l y  calm 

c o n d i t i o n s  and when coo l  a i r  i s  p o o l i n g  behind a  r i d g e ,  t h e  a i r  w i l l  d r a i n  o u t  

th rough  t h e  gap. Smal l - sca le  gaps, however, a r e  narrow. There fo re  t u rbu lence  

and v o r t e x  shedding f rom t h e  nearby gap w a l l s  w i l l  make smal l  gaps u n a t t r a c t i v e  

as l a r g e  WECS s i t e s  un less  t h e  wind c o n t i n u a l l y  d r a i n s  d i r e c t l y  through t h e  

gap. S ince we a r e  t a l k i n g  about sma l l - sca le  f e a t u r e s  t h a t  have no c l i m a t o -  

l o g i c a l  impact  on t h e  l a r g e- s c a l e  f low, t h i s  s i t u a t i o n  p robab ly  does n o t  

e x i s t .  

5 .4  FLOW OVER LARGE-SCALE TERRAIN FEATURES 

Here we desc r i be  t he  e f f e c t s  t h a t  l a r g e- s c a l e  t e r r a i n  f ea tu res  have on a  

f l o w .  A  l a r g e  sca le- fea tu re  has v e r t i c a l  dimensions t h a t  a r e  a  s i g n i f i c a n t  

f r a c t i o n  o f  o r  exceed t h e  depth o f  t h e  PBL. The e leva ted  l a rge- sca le  f e a t u r e s  

t h a t  p r i m a r i l y  b l ock  o r  d i v e r t  t h e  f l o w  i n c l u d e  mountains, r i dges ,  h i g h  passes, 

l a r g e  escarpments, mesas, and bu t t es .  Large- scale depressions i n c l u d e  deep 

v a l l e y s ,  canyons, gorges (a  gorge i s  a  deep c u t  ex tend ing  through e i t h e r  a  

l a r g e  r i d g e  o r  an e n t i r e  range o f  mounta ins) ,  and bas ins.  As w i t h  t h e  sma l l -  

s c a l e  f ea tu res ,  t h e  f l o w  p r o p e r t i e s  a r e  d i f f e r e n t  depending on whether o r  n o t  

t h e  f e a t u r e s  have a  l o n g  a x i s .  

Large- scale f e a t u r e s  w i l l  a f f e c t  l a r g e  volumes o f  a i r  f l o w .  Any enhance- 

ment o f  winds i s  l i k e l y  t o  occur  over  a  l a r g e  r e g i o n  capable o f  accomodating 

numerous l a r g e  WECS and t h e r e f o r e  represen ts  a  s i g n i f i c a n t  c o n t r i b u t i o n  o f  

t o t a l  energy. The d i scuss ions  o f  f l o w  over  sma l l- sca le  f e a t u r e s  may a s s i s t  i n  



s i t i n g  one o r  a  few machines i n  a  g i v e n  WECS c l u s t e r  s i t e .  Large- sca le  f e a t u r e s  

may be used i n  s e l e c t i n g  s i t e s  where l a r g e  groups o f  machines may be l oca ted .  

However, when s i t i n g  i n d i v i d u a l  machines on a  l a rge- sca le  f ea tu re ,  smal l  - sca le  

f e a t u r e s  t h a t  a r e  a  p a r t  o f  b u t  dwarfed by t h e  l a r g e r  f e a t u r e  must a l s o  be 

considered. 

I n  ana l yz i ng  t h e  f l o w  over  a  l a rge- sca le  f e a t u r e  t h e  s t r u c t u r e  o f  t h e  

f l o w  above t h e  PBL i s  impor tan t .  U n l i k e  t h e  case o f  f l o w  over  a  sma l l - sca le  

f e a t u r e ,  we cannot  use t h e  concept o f  f r o z e n  t u rbu lence  be ing  advected ove r  

t h e  f e a t u r e .  P roduc t i on  o f  t u r b u l  ence k i n e t i c  energy, i t s  t r a n s p o r t ,  and i t s  

d i s s i p a t i o n  s i g n i f i c a n t l y  a f f e c t  t h e  momentum budget w i t h i n  t h e  PBL. 

D e f i n i n g  t h e  PBL i s  a  s i g n i f i c a n t  problem. For  example, cons ide r  an o f f -  

shore PBL: There i s  a  wel l-mixed l a y e r  o f  n e a r l y  n e u t r a l  s t a b i l i t y  1  km deep. 

S t r a t u s  c louds  f o rm  under and a r e  con f i ned  by t he  temperature i n v e r s i o n  t h a t  

marks t h e  t o p  of t h e  mar ine PBL. As onshore f l o w  encounters coas ta l  mountains,  

t h e  c louds  and t h e  mixed- layer  a i r  f o l l o w  the  low gorges th rough t h e  mountains;  

t h e  mountain summits remain c l oud  f r e e .  A i r  t h a t  was f o r m e r l y  i n  t h e  s t a b l e  

l a y e r  above t h e  of fshore PBL i n t e r a c t s  w i t h  t h e  seaward face  o f  t h e  mountain 

range and forms a  t u r b u l e n t  mountain boundary l a y e r .  S ince t h i s  p o r t i o n  o f  

t h e  mountain boundary l a y e r  r e t a i n s  t he  s t a b l e  s t r a t i f i c a t i o n  o f  t h e  o f f s h o r e  

PBL, b r e a k i  ng Kel v i  n-Helmhol t z  waves and/or 1  a rge r  s c a l e  g r a v i  ty  waves a1 o f t  

a r e  present .  

A i r  moving th rough d i f f e r e n t  v a l l e y  systems a t  d i f f e r e n t  e l e v a t i o n s  may 

be o f  d i f f e r e n t  p o t e n t i a l  temperatures. A deep t r ough  g r a v i t y  wave, which 

p robab ly  c a r r i e s  p o t e n t i a l l y  warm a i r ,  can f o r c e f u l l y  mix  up severa l  indepen- 

den t  a i r  c u r r e n t s  and thereby  f o rm  s t a t i c a l l y  uns tab le  columns o f  a i r .  The 

r e s u l t i n g  adjustment,  where warm a i r  r i s e s  and coo l  a i r  s i nks ,  causes unsteady 

and v e r y  t u r b u l e n t  winds. 

The f low over  l a r g e- s c a l e  f e a t u r e s  i s  ve ry  complex and ex t reme ly  n o n l i n e a r .  

Our most s o p h i s t i c a t e d  methods of s i m u l a t i n g  and i n t e r p r e t i n g  f l o w  i n  complex 

t e r r a i n  a r e  u s u a l l y  inadequate. There fo re  t h e  measurement program r e q u i r e d  t o  

p i n p o i n t  and eva lua te  t h e  wind resource must be of a  l a r g e r  space and t ime  

s c a l e  t han  t h a t  f o r  smal l  - sca le  f ea tu res .  



Flow Over Large-Scal e El evated Features 

In t h i s  section we discuss flow over large ridges and mountains, over 

large-scale c l i f f s ,  and flow through large passes. We consider large passes 
as elevated features rather than depressions primarily because the pass repre- 

sents a potential energy barrier for  the flow to cross. 

Large Mountains and Ridges 

Research and measurements over large-scale long ridges or mountains have 

not made a great deal of dis t inct ion between the two. Though they are con- 

sidered together here, the more total  obstruction of flow by long ridges may 

have greater effects .  

For comparison and reference, recall  the major e f fec t  of small-scale 

h i l l s  and ridges: Winds a t  the summits of small h i l l s  and ridges are stronger 

than those over f l a t  land because the summits are  higher in the a i r  flow. 

Winds are enhanced by an acceleration tha t  i s  dependent upon the surface 
geometry. The speedup i s  greater over a ridge of a given slope than over a 
h i l l  of the same slope. The optimal slope of a smooth hi l l  i s  about 30%. The 
wind i s  also enhanced on the shoulders of ridges and the sides of h i l l s .  Lee- 

slope wake regions experience gusty turbulent winds and may be in flow separa- 
tion zones. 

The different  effects  of large ridges and mountains can be i l lus t ra ted  by 
the experience of the Smith-Putnam project (Putnam 1948). This team s i ted  a 
large wind turbine on Grandpa's Knob in Vermont b u t  the s i t e  produced less  
than 30% of the power they predicted i t  would. Putnam concludes "We have 
found no c r i t e r i a  by which to  make an economically useful quantitative predic- 
tion of the effects  of topography upon wind  flow." A decade l a t e r  Golding 
(1  955) concurred w i t h  Putnam. Putnam's statement i s  s t i  11 basically t rue 
today. 

The Putnam team (hereafter referred to  as Putnam) f i r s t  assumed tha t  the 

wind increases with height in mountainous country. ( a )  Putnam estimated the 
annual average free-stream winds a t  the level of Grandpa's Knob, tha t  i s  

( a )  We should recall  here tha t  the power i n  the wind depends on density. A 
WECS a t  the 750 mb level will only intercept roughly 75% of the power as  
will a WECS i n  an identical wind  speed resource a t  1000 mb. 



upstream winds und i s tu rbed  by t h e  presence o f  t h e  Knob, t o  be 24 mph. Grandpa's 

Knob i s  a  2000- f t  summit on t h e  windward s i d e  o f  t h e  rough l y  4000- f t  Green 

Mountains.  L a t e r  a n a l y s i s  es t imated  t h a t  t he  f ree- s t ream winds a t  t h e  summit 

l e v e l  o f  Grandpa's Knob were a c t u a l l y  o n l y  19 mph. Putnam concluded t h a t  t h e  

Green Mountains i n f l uence  t h e  wind f i e l d  w e l l  t o  windward o f  t h e  c r e s t  o f  t h e  

range. T h i s  i n f l u e n c e  i s  man i fes ted  i n  a  p a r t i a l  b l o c k i n g  o f  t h e  f l o w  w i t h  

subsequent d i v e r s i o n  o f  f l o w  around t he  n o r t h  and sou th  ends o f  t h e  range as 

w e l l  as over  t h e  c r e s t .  

I f  we accep t  t h a t  t h e  f ree- s t ream winds a t  the  2000- f t  l e v e l  a r e  r e t a r d e d  

by a  ve ry  l a r g e- s c a l e  b l o c k i n g  e f f e c t  o f  t h e  Green Mountain range, what about 

t h e  e f f e c t  o f  Grandpa's Knob? Do the  f ree- s t ream winds (here  f ree- s t ream 

winds a r e  those u n a f f e c t e d  by Grandpa's Knob b u t  n o t  n e c e s s a r i l y  u n a f f e c t e d  by 

t h e  Green Mountains) a c c e l e r a t e  over  t h e  sumnii t ?  They would a c c e l e r a t e  ove r  a  

wel l- shaped sma l l- sca le  f e a t u r e  due t o  compression o f  s t r eam l i nes .  Putnam 

found t h a t  t h e  hub- height  mean wind speed was a c t u a l l y  about 17 mph. I f  t h e  

19 mph f ree- s t ream wind speed es t ima te  i s  accepted, we must conclude t h a t  

Grandpa's Knob on t h e  average a c t u a l l y  r e t a r d e d  t h e  f r e e  stream f l o w  over  t h e  

summit by 10%. Putnam expected a  speed-up o f  20%. The 19 mph es t ima te  cou ld  

be i n  e r r o r ;  however, if i t  i s  t oo  low we must conclude t h a t  Grandpa's Knob 

slows t h e  f r e e  stream down even more than lo%,  and i f  i t  i s  t oo  h i g h  t h e  ve ry  

l a r g e- s c a l e  b l o c k i n g  e f f e c t  o f  t he  Green Mountains must be cor respond ing ly  

1  a rger .  

If Grandpa's Knob r e t a r d s  t he  f l o w  over  i t ,  t h e  r e t a r d a t i o n  must opera te  

g e n e r a l l y  on a  v e r t i c a l  s c a l e  deeper than t h e  h e i g h t  o f  a  l a r g e  WECS. The 

s lopes near  t h e  summit o f  t h e  knob a r e  about 30% o r  n e a r l y  i d e a l  by F r e n k i e l ' s  

c r i t e r i a .  The r a t i o  o f  t h e  winds between 140 f t  and 50 f t  i s  1.08, which 

g i v e s  a  power law c o e f f i c i e n t  o f  a = 0.07. Th i s  agrees f a i r l y  w e l l  w i t h  

F r e n k i e l ' s  c r i t e r i a  f o r  f l o w  over  h i l l s  and so i s  an a f f i r m a t i o n  o f  h i s  conc lu-  

s i o n  t h a t  i t  i s  t h e  l o c a l  near-summit topography t h a t  determines t h e  shape o f  

t h e  near- sur face  v e l o c i t y  g rad ien t .  Table 5.2 then may be used as an a i d  i n  

f i n d i n g  a  f a i r l y  cons tan t  w i t h  h e i g h t  wind p r o f i l e .  However, speed-up o r  

r e t a r d a t i o n  of  f ree- st ream v e l o c i t y  over  l a r g e- s c a l e  mountains o r  r i d g e s  

occurs on sca les  t h a t  a r e  l a r g e  compared t o  a  WECS, d i f f i c u l t  t o  measure, and 

n e a r l y  imposs ib le  t o  p r e d i c t .  



Wahl ( 1  966) a1 so s t u d i e d  t h e  r e l a t i o n  between f ree- s t ream winds , mountain- 

summit winds, and v a l l e y - s t a t i o n  winds. H is  s tud ies  were c a r r i e d  o u t  i n  

Europe. Wahl c o r r e l a t e d ,  as w e l l  as poss ib l e ,  wind speed da ta  ( 5  minutes)  

f rom s i x  mountain summits i n  Germany w i t h  rawinsonde da ta  ( 2  minutes o r  500 

v e r t i c a l  meters)  f o r  f o u r  l o w e r - l e v e l  s t a t i o n s .  The rawinsonde s t a t i o n s  were 

w i t h i n  20 t o  160 km o f  t h e  mountains. Wahl found: 

1 .  About 50% o f  t h e  va r i ance  o f  summit winds can be exp la ined  by t he  s imu l -  

taneous ly  observed wind speeds a t  t h e  same l e v e l  i n  t he  f r e e  atmosphere. 

Only  15% o f  t he  va r i ance  can be exp la ined  by t h e  s imu l taneous ly  observed 

winds observed a t  l owe r  l e v e l s  i n  t h e  v a l l e y s .  

2. For  a g i ven  wind speed i n  t h e  f r e e  atmosphere, t h e  average of t h e  co r re-  

sponding summit winds i s  h i g h e s t  i n  w i n t e r  and l owes t  i n  summer, and i n  

between f o r  s p r i n g  and f a 1  1. 

3. Summit wind speeds have smal l  d i u r n a l  v a r i a t i o n s ,  b u t  t h i s  may va ry  some- 

what w i t h  l o c a t i o n  o f  mountain and t ime o f  year .  

4. C o r r e l a t i o n  i n  wind d i r e c t i o n  between summit and f r ee  a i r  f l o w  i s  s p e c i f i c  

t o  a g i ven  mountain. 

Wahl developed a s t a t i s t i c a l  r e l a t i o n s h i p  between the  mean winds o f  a 

" t y p i c a l "  mountain summit and t h e  f r e e  atmosphere f l o w  a t  t h e  same l e v e l  as 

shown i n  F i g u r e  5.21. H i s  r e s u l t s  suggest t h a t  t he  h i ghe r  sumniit w ind speeds 

t end  t o  average about h a l f  o f  t h e  f r e e  atmosphere speeds. T h i s  suggests t h a t  

t h e  expected nar row ing  of  stream l i n e s  over  l a rge- sca le  obs tac les  and t h e  

r e s u l t i n g  a c c e l e r a t i o n  a r e  overcompensated by drag e f f e c t s .  However, a t  low 

wind speeds a mountain c rea tes  i t s  own c i r c u l a t i o n  system s ince  sumniit winds 

tend  t o  exceed those of t h e  f r e e  a i r .  Wahl a l s o  notes t h a t  even when t h e  f r e e  

atmosphere i s  calm, s u b s t a n t i a l  winds may be observed a t  a summit. 

Putnam's and Wahl 's evidence suggests t h a t  l a r g e- s c a l e  r i d g e s  and moun- 

t a i n s  may a c t u a l l y  r e t a r d  t h e  f l o w  over  t h e i r  summits when compared t o  t h e  

f r e e  s t ream f l o w  a t  t h e  same l e v e l .  Th i s  may n o t  be u n i v e r s a l l y  t r u e ,  b u t  

ev.en i f  i t  were, i t  i s  n o t  a reason t o  d i s q u a l i f y  mountains and r i d g e s  as WECS 
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FIGURE 5.21. Windspeed Vm (as Measured a t  a Mountain Observatory)  
Versus V f  (Est imated f o r  t he  Same Level  i n  t h e  Free 
Atmosphere, From Rawin Soundings i n  t he  V i c i n i t y  o f  
t he  Peak). C l i m a t i c  mean frequency d i s t r i b u t i o n s  f o r  
Vf-c lasses ( i n  2 m/sec s teps)  a re  i n d i c a t e d  by l i n e s  
numbered 10 and 90 f o r  t h e  l owes t  and h i g h e s t  d e c i l e ,  
25 and 75 f o r  lower  and h ighe r  q u a r t i l e ,  and 50 f o r  
median va lue.  For example, a speed o f  V f  = 16 mps 
produces a mountain speed o f  Vm 5 10 mps, 50% o f  t h e  
t ime  

s i t e s .  Mountains and r i d g e s  s t i l l  exper ience h ighe r  winds than lower  areas; 

even w i t h  17-mph average winds Grandpa's Knob i s  an adequate wind s i t e  p rov ided  

t h a t  wind t u r b i n e s  a r e  reasonably  w e l l  s u i t e d  t o  t h e  resource.  The Smith- 

Putnam p r o j e c t  d i d  n o t  adequate ly  measure t h e  resource be fo re  t h e  p r o j e c t  was 

committed t o  t h e  s i t e .  



A number of complex physical niechanisms are activated when flow interacts  

with large-scale mountains and ridges, such as blocking and channeling, gravity 

waves, thermal forcing and turbulence. These mechanisms are discussed below. 

Blocking and Channeling 

When flow impinges upon an obstacle, a i r  i s  diverted around and over i t .  

Some portions of the a i r  stream may not have suff ic ient  energy to  pass over 

the obstacle; as a resu l t ,  some a i r  may stagnate upstream of the obstacle 

until  i t  receives a more energetic push. This i s  blocking. The a i r  tha t  i s  

blocked by a ridge will move along the ridge in response to the pressure 

gradient parallel to  the ridge. This i s  channeling. 

The amounts of a i r  tha t  go around and over the obstacle depend upon the 

wind and temperature structure of the impinging flow. Consider the following 

simplistic example of flow over a long ridge normal to  the direction of flow: 

Assume that  a t  some level above the ridge cres t ,  the disturbance of the ridge 

i s  not f e l t  and the streamlines a t  t h i s  level are horizontal. In th i s  instance, 

the height of a column of a i r  crossing the ridge i s  reduced over the c re s t ,  

and the conservation of mass requires that  the a i r  speedup over the ridge and 

return t o  i t s  original speed on the lee side. Since a stably s t r a t i f i ed  flow 

r e s i s t s  vertical  displacements one could argue that  the level of no disturbance, 

or  influence height, i s  less  in the more stably s t r a t i f i e d  flow (Bavidson 

1964). The speedup a t  the ridge c res t  would therefore be greater. I f ,  however, 

the atmosphere i s  too s table ,  the kinetic energy of the lower level flow may 

be insuff ic ient  to  carry the flow to a higher potential energy s t a t e  a t  the 

ridge c res t ,  and may to t a l ly  block the lower level. Therefore less  a i r  passes 
between the ridge c r e s t  and the influence height and less  speedup occurs. 

The degree of imbalance between the kinetic energy and the potential 

energy of the lower layer (e.g. ,  the lower layer could be the mixed layer,  or 

some other layer over which a suitable average may be taken) of a flow i s  

expressed in terms of an internal Froude number (F) ,  one form of which i s  
defined as a r a t i o  of iner t ia  and gravity forces: 



where 

U = wind speed of lower  l a y e r  

h  = depth o f  lower  l a y e r  

g = a c c e l e r a t i o n  o f  g r a v i t y  

0 = average p o t e n t i a l  temperature o f  lower  l a y e r  

A e  = t h e  d i f f e r e n c e  i n  average p o t e n t i a l  temperature o f  t h e  l a y e r  above 

t h e  l owe r  l a y e r  b u t  beneath t h e  i n f l u e n c e  he igh t ,  and t h e  average 

p o t e n t i a l  temperature o f  t h e  lower  l a y e r .  

I f  t h e  k i n e t i c  energy o f  t h e  l ow- leve l  winds upwind o f  a  peak i s  smal l  

( t h e  Froude number i s  sma l l )  a  parce l  o f  a i r  may a r r i v e  a t  t h e  summit w i t h  

much o f  i t s  k i n e t i c  energy exchanged f o r  p o t e n t i a l  energy. I f  t h e  l ow- leve l  

k i n e t i c  energy i s  t o o  smal l ,  a  r i d g e  w i l l  t o t a l l y  b l ock  passage o f  l o w- l e v e l  

a i r  over  t h e  summit. Perhaps then a i r  f rom a  l e v e l  midway up t he  r i d g e  w i l l  

p i l e  up a g a i n s t  t h e  windward s i d e  o f  t h e  r i d g e  and s p i l l  over  t h e  backs ide 

l i k e  wate r  ove r  a  dam. The p i l e u p  and consequent slowdown o f  wind speed 

extends upstream of t h e  peak, b u t  how f a r  i s  d i f f i c u l t  t o  guess. 

The f l o w  normal t o  t h e  r i d g e  determines whether t he  f l o w  w i  11 c ross  t h e  

r i d g e  o r  be channeled. I f  t h e  f l o w  i s  o b l i q u e  t o  t he  r i d g e  b u t  w i t h  i n s u f f i -  

c i e n t  k i n e t i c  energy normal t o  t h e  r i d g e ,  t h e  f low w i l l  be b locked and w i l l  be 

channel ed a1 ong para1 1  e l  t o  t h e  topography. 

G r a v i t y  Waves 

Mountains e x c i t e  g r a v i t y  waves i n  t h e  s t a b l e  f low above t h e  PBL (see 

F igu re  5.22). The g r a v i t y  waves above t h e  r i d g e  o r  peak t r a n s p o r t  and d i spe rse  

energy o f  t h e  su r f ace  d i s tu rbance  t o  h i gh  l e v e l s .  Smith (1978) concludes t h a t  

t h e  g r a v i t y  wave mechanism i s  p robab ly  t h e  major  source of atmospheric d rag  

ove r  t h e  Blue Ridge o f  West V i r g i n i a .  

It i s  p o s s i b l e  t h a t  t h e  s i g n i f i c a n t  d is tu rbance  o f  t h e  peak may be l i m i t e d  

t o  con f luence  of  a i r  on t he  downwind s i d e  o f  t he  peak as a i r  t h a t  i s  f o r c e d  

ove r  t h e  t o p  acce le ra tes  downward t o  combine w i t h  streams f l o w i n g  around t h e  

peak; t h e  resu l -t  i s  a  wind speed maximum and h i g h  wind v a r i a b i l i t y  on t h e  l e e  

s lope  o f  t h e  peak. 



TURBULENT FLOW 

FIGURE 5.22. G r a v i t y  Waves Forced by Flow Over a  Ridge 

Under some c o n d i t i o n s  g r a v i t y  wave d is tu rbances  w i l l  propagate f o r  l o n g  

d i s tances  downwind of t h e  peak as l e e  waves. For  l e e  wave t r a i n s  t o  f o rm  

downstream o f  t h e  peak, t h e  a i r  f l ow must c o n s i s t  o f  a t  l e a s t  two l a y e r s  w i t h  

s t a b l e  f l o w  fo rming  e i t h e r  t h e  l owes t  l a y e r  o r  sandwiched between two l e s s -  

s t a b l e  l a y e r s  (Scorer  1949).  I f  t h e  s t a b i l i t y ,  t h e  wind shear, o r  wind d i r e c -  

t i o n  o f  t h e  upstream f l o w  i s  even s l i g h t l y  v a r i a b l e ,  t h e  wind and tu rbu lence  

a t  a  p o i n t  on t h e  l e e  s l ope  can v a r y  as t h e  wavelengths o r  ampl i tudes o f  t he  

l e e  waves change. 

G r a v i t y  waves above and downstream o f  mountains a r e  o f t e n  made v i s i b l e  

when m o i s t  a i r ,  r i s i n g  and coo l  ing ,  condenses t o  form c louds.  Wave c louds  a r e  

l e n t i c u l a r ,  have a  v e r y  smooth appearance as opposed t o  t h e  f l u f f y  l o o k  o f  

cumulus c louds  o r  t h e  ragged l o o k  o f  h i g h  c i r r u s  c louds,  and s u n l i g h t  s h i n i n g  

th rough t h e  wave c l o u d  o f ten  c rea tes  a  d i f f u s e  spectrum o f  c o l o r s .  Wave 

c louds  may be seen a t  t h e  c r e s t  o f  each wave i n  t h e  wave t r a i n .  The l e e  waves 

may e x i s t  i n  t u r b u l e n t  l a y e r s  nearer  t h e  ground, i n  which case t h e  c l o u d  w i l l  

appear more l i k e  a  l ow- leve l  cumulus c loud.  However, t h e  observer  w i l l  recog-  

n i z e  i t  as a  wave c l oud  because p o r t i o n s  o f  t he  c l oud  w i l l  appear t o  be moving 



v e r y  f a s t ,  w i t h  t h e  mean wind; however, t he  wave c l oud  i t s e l f  r e t a i n s  i t s  

p o s i t i o n  r e l a t i v e  t o  t h e  ground determined by the  c r e s t  o f  t h e  wave. Sometimes 

t h e  wave w i l l  be o f  s u f f i c i e n t  amp l i tude  t o  form a t u r b u l e n t  r o t o r  (see 

F igu re  5.22) t h a t  w i l l  s i t  i n  one p lace  and sp in .  T h i s  may be made v i s i b l e  by 

a v e r y  t u r b u l e n t  c loud.  

Topography generates a spectrum o f  l e e  waves; t he  more asymmetr ical  t h e  

mountain o r  r i d g e  i s ,  t h e  broader t h e  band o f  wavelengths i t  e x c i t e s .  Asym- 
met ry  a l s o  a f f e c t s  t h e  phase of  t he  l e e  waves; i f  the  l e e  s lope  i s  s teepest ,  

t h e  c r e s t  of t h e  f i r s t  l e e  wave w i l l  be nearer  t he  summit than  i f  t h e  windward 

s l ope  i s  s teepes t .  I n  v e r y  rugged t e r r a i n  each peak and r i d g e  generates waves 

t h a t  w i l l  combine t o  fo rm a wave p a t t e r n  t h a t  i s  f i x e d  w i t h  r e s p e c t  t o  t h e  

topography and show l i t t l e  v a r i a t i o n  i n  t he  p o s i t i o n  o f  wave c r e s t s  as f l o w  

thermal s t r u c t u r e  changes; ampl i tudes,  however, may change. I f  wind d i r e c t i o n  

changes, t h e  wave p a t t e r n  w i l l  change s i nce  t h e  streamwise topography i s  

d i f f e r e n t .  

St rong wind events  assoc ia ted  w i t h  g r a v i t y  wave mechanisms sometimes 

occur  i n  t h e  l e e  o f  mountain ranges. For example, j u s t  eas t  o f  t h e  F r o n t  

Range o f  t he  Rocky Mountains, near Boulder,  Colorado, su r f ace  wind events  

occur  t h a t  have gus ts  exceeding 45 m/sec st rink man 1973, Scorer and K l i e f o r t h  

1959). These events  can happen when a s t r ong  wind e x i s t s  i n  a  s t a b l e  l a y e r  a t  

mounta in- top l e v e l  and when t h e  upper t roposphere i s  l e s s  windy and l e s s  

s tab le .  I n  t h i s  case t h e  f l o w  upwind o f  t h e  summit i s  p a r t i a l l y  b locked  and 

t h e  ampl i tude  o f  t h e  l e e  t rough  (see F igu re  5.22) becomes ve ry  g r e a t  w i t h  

cor respond ing ly  s t r ong  su r f ace  winds a t  t h e  base o f  t h e  t rough.  

Another mechanism t h a t  causes s t r ong  l e e  s lope  wind behavior  i s  analogous 

t o  t h e  h y d r a u l i c  jump o f  f l u i d  dynamics. I n  the  atmosphere t h i s  i s  f r e q u e n t l y  

r e f e r r e d  t o  as a pressure jump s ince  t h e  passage o f  t he  jump causes sharp 

changes i n  t h e  pressure.  I n  t h e  atmosphere t h e  h y d r a u l i c  jump c o n s i s t s  o f  a  

shal low,  fast-moving ( shoo t i ng  f l o w )  l a y e r  o f  dense a i r  upstream o f  t h e  jump; 

downstream o f  t h e  jump t h e  l a y e r  a b r u p t l y  becomes t h i c k  and slow-moving ( t r a n -  

q u i l  f l o w ) .  B a l l  (1956) a p p l i e d  t he  t heo ry  o f  h y d r a u l i c  jumps t o  observa t ions  

o f  k a t a b a t i c  winds i n  A n t a r c t i c a  and noted qu ick  changes f rom v i o l e n c e  t o  calm 



as t h e  p ressure  jump moved upwind i n  response t o  changing c o n d i t i o n s  upwind. 

He a l s o  r e p o r t e d  t h a t  b low ing  snow and t h e  r o a r  o f  t he  wind j u s t  upslope from 

t h e  jump were observable f rom t h e  t r a n q u i l  f l o w  sec to r .  

To app l y  h y d r a u l i c  jump theo ry  t o  t he  atmosphere a l s o  r e q u i r e s  assump- 

t i o n s  about  l aye red  s t r u c t u r e .  Usua l l y ,  t h e  PBL beneath t h e  capping tempera- 

t u r e  i n v e r s i o n  i s  cons idered  t o  be t h e  dense lower  l a y e r .  I f  t h e  f l o w  acce l -  

e r a t i n g  down t h e  s lope  reaches a p o i n t  where t h e  Froude number, F, i s  g r e a t e r  

than  one, t h e  advec t i on  speed o f  l ong  g r a v i t y  waves represen ted  by t h e  numerator 

o f  F (Equat ion 5.6) exceeds t h e  g r a v i t y  wave p ropagat ion  speed represen ted  by 

t h e  denominator of F. Where t h i s  occurs mass b u i l d s  up near  t h e  jump and 

k i n e t i c  energy of t h e  upstream f low,  represen ted  by t he  numerator o f  F, i s  

t rans fo rmed i n t o  p o t e n t i a l  energy o f  t he  downstream f l o w  shown i n  t h e  denomi- 

n a t o r  o f  F. Turbulence k i n e t i c  energy i s  produced a t  t h e  jump, some o f  which 

i s  r a d i a t e d  away i n  g r a v i t y  waves downstream o f  t h e  jump where F < 1. The 

l o c a t i o n  where t h e  Froude number becomes c r i t i c a l  i s  v e r y  s e n s i t i v e  t o  upstream 

v e l o c i t y  and temperature s t r u c t u r e  as w e l l  as t h e  topography s i n c e  s l ope  

c o n t r o l s  t h e  downward a c c e l e r a t i o n  o f  dense a i r .  As t he  upstream v e l o c i t y  and 

temperature s t r u c t u r e  changes, t h e  l o c a t i o n  o f  t he  jump changes r e s u l t i n g  i n  

l u l l s  and v i o l e n t  per iods  a t  a  p o i n t .  

Thermal E f f e c t s  

Thermal e f f e c t s  o f  l a r g e  mountains and r i d g e s  can mod i fy  t h e  f l o w  a l so .  

Large mountains and r i d g e s  heated by s o l a r  r a d i a t i o n ,  p a r t i c u l a r l y  i n  t h e  

warmer months, can become e leva ted  heat  sources. Low- ly ing sur face  a i r  near  

t h e  mountain s lopes i s  f o r c e d  t o  move upslope (anabat i c  wind) .  Thermals and 

cumulus c louds  may form above t h e  summit. T h i s  ups lope convec t ion  f avo rs  t h e  

development o f  a  l a r g e  sepa ra t i on  eddy t o  t h e  l e e  o f  t h e  mountain.  

Mountains can be c o l d  sources as they r a d i a t e  energy away, a t  n i g h t  o r  

f r om snow and i c e f i e l d s .  The downslope k a t a b a t i c  winds t h a t  f o rm  suppress 

f l o w  separa t ion .  Lee waves, which o f t e n  accompany k a t a b a t i c  f o r c i n g ,  and 

down- draf ts  accompanying heavy r a i n  a1 so suppress f low sepa ra t i on  (Scorer  

1955).  Ka taba t i c  winds a l s o  can f i l l  t h e  v a l l e y  bottoms sur round ing  a peak 



w i t h  c o l d  s tagnant  a i r .  Mountain summits then  a re  a  more cont inuous source o f  

wind power t han  v a l l e y s  o r  bases o f  mountains t h a t  can s u f f e r  f rom s tagna t i on .  

I s o l a t e d  peaks t h a t  a r e  n o t  as t a l l  as t he  dayt ime thermal boundary l a y e r  

(mixed l a y e r ,  see Appendix 2) i s  deep f r e q u e n t l y  exper ience noc tu rna l  w ind  

speed maxima. Du r i ng  t h e  day, t he  boundary l a y e r  i s  deeper than  t h e  peak i s  

t a l l .  I f  t h e  boundary l a y e r  i s  wel l-mixed, t h e  mixed l a y e r  wind speed w i l l  be 

l e s s  than t h e  geos t roph i c  wind speed above t h e  t op  o f  t h e  PBL. A t  n i g h t  t h e  

dep th  o f  t h e  thermal boundary l a y e r  over  t h e  surrounding lower  e l e v a t i o n  t e r -  

r a i n  i s  l e s s  than  t h e  h e i g h t  o f  t h e  summit. The summit then  exper iences t h e  

geos t roph ic  winds i n  a  s t a b l y  s t r a t i f i e d  f l o w  acce le ra ted  ( o r  r e t a r d e d  depend- 

i n g  on t h e  s p e c i f i c  geometry and f l o w  c o n d i t i o n s )  over  t h e  peak. 

Turbulence 

The behav io r  o f  t u rbu lence  has more impact on t he  a c c e l e r a t i o n  o f  f l ow 

ove r  a  1  a rge- sca le  f e a t u r e  than  i t  does f o r  f l o w  over  a  sma l l- sca le  fea tu re .  

The f low over  a  l a r g e  f e a t u r e  i s  o f  a  s u f f i c i e n t l y  l o n g  t ime  s c a l e  t h a t  t u rbu-  

l ence  i s  n o t  s imp l y  advected, w i t h o u t  impact,  over  t h e  t e r r a i n .  There i s  t ime  

f o r  t u rbu lence  t o  respond t o  t h e  f e a t u r e  and t o  i n t e r a c t  w i t h  t h e  mean f l o w .  

An i nc rease  o f  t u rbu lence  i n t e n s i t y  over  t h e  mountain s i g n i f i e s  t h a t  momentum 

i s  be ing  e x t r a c t e d  f rom t h e  mean f l o w  and d i s s i p a t e d  i n  t h e  near- sur face  shear 

l a y e r s .  T h i s  i s  a  more impor tan t  momentum s i n k  i f  the  f l o w  i s  n o t  b locked  and 

thereby  separated from the  lower  s lopes o f  t h e  r i d g e  o r  mountain. 

Putnam no ted  reve rse  f l a g g i n g  o f  t r e e s  (see Chapter 6 f o r  d i scuss ion  o f  

f l agged  t r e e s )  on t h e  l e e  s ides  of some peaks i n  t h e  Green Mountains. Th i s  
n o t  o n l y  i n d i c a t e s  t h e  presence of  p e r s i s t e n t  f l o w  sepa ra t i on  eddies b u t  a l s o  

i n d i c a t e s  t h a t  those  eddies a r e  q u i t e  s t rong .  

Large C l i f f s  

Large- scale c l i f f s  may be found on c o a s t l i n e s  o r  as a f a c e  o f  a  mesa o r  

b u t t e .  Coasta l  c l i f f s  and mesas can be cons idered l o n g  two-dimensional  f ea-  

tu res ,  b u t  a  coas ta l  promontory o r  b u t t e  i s  cons idered sho r t .  

There a re  few a p p r o p r i a t e  measurements over  these k i nds  o f  f e a t u r e s .  For 

f l o w  normal t o  l ong  c l i f f s  t h e r e  must be a c c e l e r a t i o n  over  t h e  c r e s t ,  b u t  t h e  



d e t a i l s  o f  t h e  shape o r  e x t e n t  o f  t h e  speedup a re  n o t  now known. It i s  q u i t e  

l i k e l y  t h a t  a  l a r g e  sepa ra t i on  eddy w i l l  f o rm a t  t h e  bottom o f  t h e  c l i f f .  If 

t h e  winds a r e  gus t y  o r  i f  t h e  c l i f f  i s  be ing  heated by t h e  sun, t h i s  eddy may 

sometimes shed v o r t i c i t y  i n t o  t h e  f l o w  t o  be c a r r i e d  up and over  t h e  c l i f f .  

One should a l s o  expect,  depending on t h e  c l i f f  p r o f i l e ,  f l o w  sepa ra t i on  some- 

where a long  t h e  t o p  edge o f  t h e  c l i f f .  How deep t h i s  eddy i s  w i l l  depend i n  

p a r t  upon t h e  s t a b i l i t y  and t h e  na tu re  o f  t he  f l o w  sepa ra t i on  eddy a t  t h e  base 

o f  t h e  c l i f f .  U n t i l  a  w ider  body o f  knowledge i s  a v a i l a b l e ,  i t  i s  assumed 

t h a t  t h e r e  i s  a  good chance o f  s t r ong  t u rbu lence  a t  t h e  l e v e l s  seen by l a r g e  

WECS w i t h i n  1  km o f  t h e  edge o f  a  l a r g e  c l i f f .  Beyond t h i s  d is tance ,  t h e  

advantage o f  t h e  c l i f f  e f f e c t  may be l o s t  because t h e  e n t i r e  boundary l a y e r  

w i l l  a d j u s t  t o  t h e  presence of t h e  c l i f f .  Measurements should be used t o  

eva lua te  t h e  q u a l i t y  o f  t h e  resource. 

The same comments app ly  t o  promontor ies and b u t t e s .  However, t h e  f l o w  

sepa ra t i on  eddies a t  the  bases o f  these f e a t u r e s  may shed around them and n o t  

over .  The wakes o f  b u t t e s  w i l l  be e s p e c i a l l y  t u r b u l e n t  and must be avoided. 

S ince some f l o w  i s  d i v e r t e d  around as w e l l  as over,  t h e  f l o w  sepa ra t i on  eddy 

a t  t h e  upwind edge o f  t h e  c l i f f  c r e s t  may n o t  be as severe as f o r  a  l o n g  

c l i f f .  I n  essence then, these  f e a t u r e s '  g r e a t e s t  advantage i s  t h a t  t hey  serve 

as t a l l  towers f o r  a  l a r g e  WECS, b u t  t hey  do n o t  p rov ide  much dynamic enhance- 

ment o f  wind speed. A b u t t e  may be e s p e c i a l l y  h e l p f u l  i f  l o c a t e d  i n  an area 

where winds a r e  a l r eady  enhanced by v a l l e y  f u n n e l i n g  o r  some o t h e r  l a rge- sca le  

enhancement. 

Passes 

Passes a r e  notches across a  mountain b a r r i e r  o r  between mountains. A pass 

can be cons idered as an e l eva ted  f e a t u r e  s i nce  t h e  base o f  a  pass i s  substan- 

t i a l l y  e l eva ted  above t h e  approaching v a l l e y s  and i t  represen ts  a  p o t e n t i a l  

energy b a r r i e r .  The c r e s t  o f  a  pass may be as narrow as severa l  hundred 

meters i n  rugged t e r r a i n  ( i f  sma l l e r  i t  should be cons idered  a  sma l l- sca le  

gap) up t o  some tens  of k i l o m e t e r s  wide. The l e n g t h  sca les  through t h e  pass 

have s i m i l a r  ranges. 



Passes a r e  p o t e n t i a l l y  good wind energy s i t e s .  I f  a  pass i s  open t o  t h e  

wind, a i r  w i l l  be f o r ced  over  t h e  c r e s t ,  around t he  ad jacen t  peaks, and th rough 

t h e  pass. The con f  1  uence can r e s u l  t i n  an a c c e l e r a t i o n  th rough t h e  pass. 

When c o l d  a i r  i s  b locked  behind r i d g e s  i t  w i l l  r ush  through t h e  pass l i k e  

wate r  th rough  a  h o l e  i n  a  dam. The p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  a  p a r t i c u l a r  

pass and t h e  f r e e  stream f l o w  w i l l  combine t o  produce i t s  own unique w ind  

sys tem . 
A narrow pass, f o r  example t h a t  o f  F i gu re  5.23, w i l l  produce a  co re  o f  

enhanced winds. The d rag  o f  t he  f l o o r  and nearby w a l l s  o f  t h e  pass (espec ia l  l y  

so i n  a  V-shaped pass, l e s s  so i n  a  U-shaped pass) may cause t h e  j e t  t o  be 

l o c a t e d  above o r  near  t h e  t o p  o f  t he  r o t o r  o f  a  l a r g e  WECS. The WECS m i g h t  

t hen  be i n  a  v e r y  t u r b u l e n t  and sheared environment. However, i f  t h e  approach 

t o  t h e  c r e s t  o f  t h e  pass i s  smooth and of  t h e  r i g h t  s lope,  l o c a l  l ow- leve l  

a c c e l e r a t i o n  may reduce t h e  wind shear somewhat. Therefore,  F r e n k i e l ' s  

c r i  t e r i a  a r e  p robab ly  appl  i c a b l  e  t o  passes. 

An a c t u a l  co re  o f  h i g h  winds t h a t  does n o t  f i l l  t h e  e n t i r e  pass m igh t  be 

found i n  a  medium-sized pass; see F igu re  5.23. Th i s  m igh t  occur,  f o r  example, 

i f  t h e  approaching v a l l e y  t u r n s  sha rp l y  near the  pass. I n e r t i a  o f  t he  f l o w  

p reven ts  t h e  winds f r om f o l l o w i n g  t h e  exac t  cen te r  o f  t h e  channel.  I f  t h e  j e t  

p i l e s  i n t o  t h e  w a l l s  o f  t h e  pass a  s i g n i f i c a n t  amount o f  t u rbu lence  c o u l d  be 

produced. 

I n  ve ry  l a r g e  passes, t he  wind w i l l  g e n e r a l l y  be enhanced, p rov ided  o f  

course t h a t  t h e  pass opens t o  t h e  p r e v a i l i n g  wind. Beyond t h i s  t h e  pass m igh t  

behave much l i k e  n e a r l y  f l a t  t e r r a i n .  An a n a l y s i s  of t he  sma l l - sca le  f e a t u r e s  

w i t h i n  t h e  pass w i l l  be necessary t o  l o c a t e  t he  wind maxima, t u rbu lence  charac- 

t e r i s t i  cs, and any d i u r n a l  e f f e c t s .  

5.4.2 Large-Scale Depressions 

V a l l e y s  and Canyons 

Va l l eys  and canyons a r e  g e n e r a l l y  o f  two types:  V-shaped because o f  

stream e r o s i o n  o r  U-shaped f r om g l a c i a l  e ros ion .  Combinations o f  t h e  two a l s o  

e x i s t .  U-shaped v a l l e y s  w i l l  accomodate more l a r g e  wind machines p e r  area 

than  a  V-shaped v a l l e y  s i nce  more machines can be p laced  a t  sa fe  d i s tances  

f rom p o t e n t i a l l y  v e r y  t u r b u l e n t  f l o w  near v a l l e y  w a l l s .  



FIGURE 5.23. A Schematic o f  t h e  Wind P a t t e r n  and V e l o c i t y  
P r o f i l e  Through a  Pass 

Four b a s i c  types of f l o w  p a t t e r n s  occur  i n  v a l l e y  systems. The f i r s t  i s  

known as a  mounta in- va l ley  wind and has been s t u d i e d  e x t e n s i v e l y .  Th i s  i s  an 

anaba t i c  wind where t he  winds a r e  channeled by t h e  v a l l e y .  I n  broad v a l l e y s  

d i s t a n t  f rom mountainous t e r r a i n  these winds may be seen i n  c l i m a t o l o g i c a l  

records;  however, l a r g e r  c i r c u l a t i o n s  o n l y  occur  where t h e r e  i s  s u b s t a n t i a l  

v e r t i c a l  r e l i e f .  The mounta in- va l ley  winds occur  when t h e  l a rge- sca le  winds 

ove r  t h e  area a r e  weak and t h e  d a i l y  hea t i ng / coo l i ng  c y c l e  dominates. Th i s  

would happen most i n  warmer mont'hs, May t o  September, and when a h igh- pressure 

system w i t h  c l e a r  sk i es  i s  present .  



The d a i l y  sequence of mounta in- va l ley  winds i s  shown i n  F igure  5.24. By 

s u n r i s e  c o l d  a i r  has f i l l e d  a  p o r t i o n  o f  t h e  v a l l e y  and a  s t r o n g  temperature 

i n v e r s i o n  e x i s t s .  A t  t h e  su r f ace  t h e r e  i s  a  wind f rom t h e  mountain.  S h o r t l y  

a f t e r  s u n r i s e  t h e  v a l l e y  s lopes warm. Upslope winds ( w h i t e  ar rows)  and t h e  

c o n t i n u a t i o n  o f  t h e  mountain winds ( b l a c k  ar rows)  combine ( P a r t  A) .  By fo re-  

noon ( P a r t  B) t h e  noc tu rna l  temperature i n v e r s i o n  has been o b l i t e r a t e d  and t h e  

ups lope winds on t h e  v a l l e y  w a l l s  a r e  s t rong .  The up- va l l ey  winds begin.  By 

e a r l y  a f t e r n o o n  ( P a r t  C )  t h e  v a l l e y  wind i s  f u l l y  developed. By l a t e  a f t e r n o o n  

( P a r t  D )  t h e  s l ope  winds have ceased and t h e  winds a r e  s t r i c t l y  up- va l l ey .  

The v a l l e y  i s  s t i l l  warm. S h o r t l y  a f t e r  sunset  t h e  r i d g e s  a r e  c o o l i n g  ( P a r t  E ) .  

Downslope winds beg in  b u t  t h e  winds a t  t he  bottom o f  the  v a l l e y  a r e  s t i l l  

upslope. By e a r l y  n i g h t  ( P a r t  F )  t he  downslope winds a r e  w e l l  developed and 

t h e  v a l l e y  wind i s  shu t  o f f .  I n  t h e  m idd le  o f  t he  n i g h t  t h e  v a l l e y  bo t tom i s  

c o l d  ( P a r t  G )  and t h e  mountain winds begin.  Dur ing  the  l a t e  n i g h t  ( P a r t  H )  

t h e  mountain winds fill t h e  v a l l e y  w i t h  c o l d  a i r  once again.  

The mounta in  w ind  i s  p a r t  o f  a  s t a b l e  d ra inage  f l ow ,  b u t  t h e  shape o f  t h e  

wind p r o f i l e  i s  d i f f i c u l t  t o  p r e d i c t .  There i s  a  t r a d e - o f f  between maximum 

a c c e l e r a t i o n  of  t h e  co ldes t ,  densest a i r  f l o w i n g  neares t  t h e  su r f ace  and t h e  

e f f ec t s  of su r f ace  f r i c t i o n .  A v e l o c i t y  maximum a t  some l e v e l  above t h e  su r-  

face  cou ld  t h e r e f o r e  be expected, depending on t h e  depth o f  t h e  d ra inage  f l o w .  

The depth o f  t h e  mountain wind w i l l  depend upon t he  shape o f  t h e  v a l l e y  system 

and t h e  sur round ing  mountains ( s i n c e  t h e  ques t i on  i s  b a s i c a l l y  how much a i r  

can be coo led  and how b i g  a  con ta ine r  t h e  v a l l e y  i s ) .  S i m i l a r l y ,  d i f f e r e n t  

t r i b u t a r i e s  of c o l d  mountain a i r  may a r r i v e  a t  a  g i ven  l o c a t i o n  a t  d i f f e r e n t  

t imes .  Mountain winds thus may be i n t e r m i t t e n t .  The mountain w ind  acce le ra tes  
down t h e  v a l l e y .  If i n  t h e  downstream d i r e c t i o n  t h e  v a l l e y  s lope  lessens o r  

if t h e  source of  c o l d  a i r  from t h e  v a l l e y  w a l l s  d im in ishes  (as i t  would i f  t h e  

r i d g e s  d i m i n i s h  i n  e l e v a t i o n  downstream) f r i c t i o n  w i l l  reduce t h e  speeds o f  

t h e  winds. Hence a  v e l o c i t y  maximum p a r t  way down the  v a l l e y  i s  expected. 
Behind a  c o n s t r i c t i o n  i n  t h e  v a l l e y ,  coo l  a i r  w i l l  p i l e  up and s low down b u t  

t h e  downwind s i d e  o f  t h e  c o n s t r i c t i o n  may see v e r y  acce le ra ted  f l o w  from t h e  

p ressure  head analogous t o  t h a t  a t  a  h y d r o e l e c t r i c  f a c i l i t y .  A  mountain wind 
c u r r e n t  w i l l  n o t  n e c e s s a r i l y  be maximum a t  t he  bottom o f  t h e  v a l l e y .  It may 
be near  a s i d e  i f  t h e  c u r r e n t  i s  n e g o t i a t i n g  a  sharp t u r n  i n  t h e  v a l l e y .  



( A )  SUNRl SE (EARLY MORN1 NG) (B)  FORENOON 

(C) EARLY AFERNOON ( D l  LATE AFTERNOON 

(El EVENING (AFTER SUNSET) (F) EARLY N I  GHT 

( G I  MIDDLE OF N IGHT (H  LATE N I GHT 

FIGURE 5.24. The D a i l y  Sequence o f  Mountain and V a l l e y  Winds (Repr in ted by 
Permission o f  the  American Meteoro log ica l  Soc ie ty )  

The dayt ime wind b lowing up the  v a l l e y  tends t o  be more s e n s i t i v e  t o  fac- 

t o r s  such as heat ing  by the  sun ( t h e  d r i v i n g  f o r c e  f o r  t h i s  wind) and t h e  

winds b lowing above t h e  v a l l e y  r i m .  As a  r e s u l t ,  t he  v a l l e y  winds a re  more 

va r i ab le ,  and o f t e n  weaker, than mountain winds. V a l l e y  winds a re  normal ly  

g rea tes t  a long the  s i d e  s lope most d i r e c t l y  f a c i n g  the  sun. F igure  5.25 shows 

p o t e n t i a l  WECS l o c a t i o n s  t h a t  take  advantage o f  mountain and v a l l e y  winds. 

A second t ype  of v a l l e y  wind behaves very  much l i k e  the  mountain wind 

c u r r e n t  b u t  t h e  i n i t i a t i n g  mechanism i s  d i f f e r e n t .  Th i s  occurs i f  a  l a r g e  



FIGURE 5.25. Poss ib l e  WECS S i t e s  i n  S lop ing  Va l l eys  and Canyons 
Where Mountain/Val 1  ey Winds Develop 

mass o f  c o l d  a i r  e n t e r s  t h e  v a l l e y ,  n o t  by r a d i a t i o n a l  c o o l i n g  o f  t h e  v a l l e y  

w a l l s  b u t  f r om behind a  pass near t h e  head o f  t he  v a l l e y .  T h i s  can occur  

a l ong  t h e  coas ta l  areas where t h e  sea breeze pushes a  c o l d  a i r  mass i n l a n d  

th rough passes i n  c o a s t a l  mountains. I t  can a l s o  occur  q u i t e  d r a m a t i c a l l y  

a long  t h e  sou theas t  A laskan coas t  i n  w i n t e r  and s p r i n g  where c o l d  c o n t i n e n t a l  

a i r  i s  separated f r om t h e  warmer a i r  o f  t h e  P a c i f i c  by t h e  coas ta l  mountains, 

which a r e  a lmost  6000 m h igh .  Th i s  a i r  i s  o c c a s i o n a l l y  pushed over  t h e  h i g h  

passes and cascades seaward m a i n t a i n i n g  i t s  c o l d  temperatures d u r i n g  i t s  

passage over  t h e  g l a c i e r  f i e l d s .  The winds a t  t h e  c o a s t l i n e  have exceeded 

50 m/sec. K a t a b a t i c  winds such as these may pass through a  h y d r a u l i c  p ressure  

jump. The winds a t  such a  p o i n t  can go suddenly f rom m i l d  t o  v i o l e n t  t o  m i l d  

again.  

The t h i r d  t ype  o f  f l o w  pa t t e rn ,  which i s  p robab ly  t h e  most impo r tan t ,  

occurs when moderate- to- st rong winds a r e  p a r a l l e l  t o  ( o r  w i t h i n  about 35" o f )  

t h e  v a l l e y  a x i s .  I n  t h i s  case, broad v a l l e y s  surrounded by mountains can 

e f f e c t i v e l y  channel and acce le ra te  t he  l a r g e- s c a l e  wind. 

F i g u r e  5.26 shows p o s s i b l e  wind s i t e s  where v a l l e y  channe l ing  enhances 

t h e  w ind  f l ow .  P a r t  ( a )  p resen ts  a  funnel- shaped v a l l e y  on t h e  windward s i d e  

o f  a  mountain range. The c o n s t r i c t i o n  ( o r  narrowing)  near t h e  mouth produces 
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FIGURE 5.26. Poss ib l e  WECS S i t e s  Where P r e v a i l i n g  Winds 
Are Channel ed by Val l eys 

a zone o f  acce le ra ted  f low. I n  t h i s  example t he  v a l l e y  i s  l a r g e  and open t o  

t h e  wind. P a r t  ( b )  shows a  narrow v a l l e y  i n  t h e  l e e  of  a  mountain range. I t  
i s  p a r a l l e l  t o  t h e  wind and c o n s t r i c t e d  s l i g h t l y  near i t s  mouth. 

A  v a l l e y  t h a t  i s  bo th  p a r a l l e l  t o  t he  p r e v a i l i n g  wind and exper iences 

mounta in /va l ley  winds w i l l  p r o v i d e  s i t e s  t h a t  a r e  dependable sources o f  power. 

Moderate- to- st rong p r e v a i l i n g  winds i n  w i n t e r  and s p r i n g  w i l l  d r i v e  t he  WECS. 

Dur ing  t h e  warmer months, mounta in /va l ley  winds, though they  a r e  weak, may be 

s t r o n g  enough t o  be u t i l i z e d .  



The f o u r t h  t ype  of v a l l e y  f l o w  occurs when t he  wind i s  pe rpend i cu la r  t o  

t h e  v a l l e y  ( o r  crosses i t  a t  an ang le  g rea te r  than 35").  A t u r b u l e n t  v a l l e y  

eddy may be s e t  up by a  combinat ion o f  s o l a r  hea t i ng  and c r o s s - v a l l e y  winds. 

I f  t h e  v a l l e y  i s  narrow, t h e  f l o w  i n  t he  v a l l e y  w i l l  be weak except  f o r  occa- 

s i o n a l  gus ts  assoc ia ted  w i t h  l e e  e f f e c t s  o f  t he  r i d g e  and downward momentum 

t r a n s p o r t  by t h e  t he rma l l y  d r i v e n  v a l l e y  eddy. I f  t h e  v a l l e y  i s  wide, t h e  

f low should be analyzed f rom t h e  v i ewpo in t  o f  a  l a r g e - s c a l e  r i d g e .  

Gorge 

A gorge, as cons idered here, i s  a  very  deep passage through l a r g e  moun- 

t a i n s  o r  even an e n t i r e  mountain range. I t  i s  very  much l i k e  a  pass excep t  

t h e  pass has a  c r e s t ,  which i s  a  p o t e n t i a l  energy b a r r i e r .  I t  i s  v e r y  much 

l i k e  a  v a l l e y  excep t  i t  i s  f l a t  enough t h a t  s lopewind f o r c e s  a re  n o t  as s i g n i -  

f i c a n t .  

Because gorges a r e  so deep, any pressure g r a d i e n t  across t h e  mountain 

range can cause a  g r e a t  deal  o f  f l o w  enhancement through the  gorge. Such 

pressure g rad ien t s  can a r i s e  f rom winds be ing  b locked by t h e  r i d g e s  around t h e  

gorge. They may a l s o  come f rom temperature d i f f e r e n c e s  across t h e  mountain 

range. T h i s  may be e s p e c i a l l y  p reva len t  near coas ta l  mountain ranges. For  

example, t h e  Columbia R i v e r  gorge eas t  o f  Por t land ,  Oregon ge ts  s t r o n g  winds 

from t h e  onshore s to rm winds, t h e  summer sea-breeze ( coo l  a i r  o f f s h o r e ) ,  o r  

w i n t e r  h igh- pressure  pe r i ods  ( coo l  a i r  eas t  o f  t he  gorge) .  

A f a v o r a b l e  p ressure  g r a d i e n t  d r i v e s  a i r  i n t o  t he  mouth o f  a  gorge. The 

a i r  acce le ra tes  and t u rbu lence  p roduc t i on  increases u n t i l  f i n a l l y  e q u i l i b r i u m  

i s  n e a r l y  reached. Near t he  e x i t  o f  a  gorge t he  pressure g r a d i e n t  decreases, 

t he  f l o w  spreads o u t  and dece le ra tes .  Compared t o  those i n  a  pass o r  a  wide 

v a l l e y  t h e  l e v e l s  of  tu rbu lence  may be h ighe r  and more ub iqu i t ous  i n  a  gorge. 

Otherwise s i t i n g  cons ide ra t i ons  f o r  a  gorge a r e  much l i k e  those f o r  a  pass o r  

v a l l e y .  

Large Basins 

Large bas ins  a r e  depressions surrounded by h i ghe r  t e r r a i n .  They have no 

p a r t i c u l a r  l o n g  a x i s ,  so u n l i k e  v a l l e y s ,  downslope wind i s  n o t  channeled 

excep t  by sma l l - sca le  features.  L i k e  v a l l e y s ,  bas ins may have wel l- developed 



diurnal w ind  cycles during warmer months. Nighttime flow into a large basin 
(such as the Columbia Basin in southeastern Washington) may average 5 to  10 m/sec 

fo r  several hours during the n i g h t .  Afternoon flow out of a basin i s  generally 

l igh ter  and more variable, averaging 2 t o  7 ni/sec. This i s  because during the 
daytime upslope conditions the mixed layer i s  deep and coupled strongly to  the 

1 arge-scale winds over the basin. 

Basins can, especially in winter, f i l l  w i t h  cold a i r  that  stagnates. I t  

then requires a vigorous storm to move the cold stagnant a i r  o u t  of the basin, 

or a t  l eas t  s t i r  up  the a i r  in the basin enough tha t  a f t e r  the storm passes 

the winds blow until the cold a i r  s e t t l e s  back to  stagnation. Clearly th i s  i s  

n o t  ideal for  large WECS. 

I t  i s  then only the very large shallow basins that  are along principal 

storm tracks tha t  could be of any use to  wind power. The potential of such 
basins will show u p  clearly i n  a regional wind energy resource assessment (see 
Appendix 1 ) .  In that  case the s i t i ng  problem reduces to analysis of small- 
scale features within the basin. If the basin i s  too sniall to  show u p  on a 
regional resource analysis, i t  i s  probably too small and too subject to  periods 
of stagnation to  be of value for  a large WECS cluster  s i t e .  

5 .5  SUMMARY AND RECOMMENDATIONS 

There i s  very l i t t l e  quantitative understanding of the behavior of wind 

over terrain.  Measurements are general ly lacking and the scant theory avai 1 - 
able i s  therefore d i f f i c u l t  to  verify. We have been able t o  make some general 
qual i ta t ive statements about flow over terrain.  Such statements serve only as 
a guideline t o  a s s i s t  in the placement of measurement platforms and in the 
interpretation of measurements and model resul ts .  The points noted below 

re i t e ra t e  the highlights of topographical indicators. 

Homogeneous Flat  or Gently Sloping Terrain 

No real te r ra in  (except water surfaces) i s  f l a t  a t  a l l  scales of motion. 
Large-scale gentle slopes influence the en t i re  PBL structure in a manner similar 

to  that  of an external parameter. Within the PBL the te r ra in  may be considered 



f l a t  i f  i t  i s  f r e e  enough o f  su r f ace  i r r e g u l a r i t i e s  t o  e s t a b l i s h  t h e  l o g a r i t h m i c  

wind p r o f i l e .  The c r i t e r i a  suggested by F r o s t  ( 1  979) a r e  g e n e r a l l y  adequate. 

However, i n  s t a b l y  s t r a t i f i e d  f l o w  t h e  e f f e c t s  o f  t e r r a i n  i r r e g u l a r i t i e s  may 

p e r s i s t  f o r  l o n g  d is tances  downstream and f l o w  a t  a  p o i n t  may never ach ieve 

t r u e  steady s t a t e .  

Given t h a t  t h e  t e r r a i n  may be cons idered f l a t ,  t h e  most r e l e v a n t  s i t i n g  

c o n s i d e r a t i o n  i s  t h a t  wind power i s  g r e a t e r  over  smooth t e r r a i n  than  rough. 

D iu rna l  v a r i a t i o n s  i n  s t a b i l i t y  cause 10-m winds t o  be maximum i n  t he  dayt ime. 

D iu rna l  v a r i a t i o n s  i n  s t a b i l i t y  and boundary l a y e r  depth make i t  d i f f i c u l t  t o  

p r e d i c t  t h e  phase and ampl i tude  o f  t h e  d i u r n a l  modu la t ion  o f  wind speed a t  hub 

h e i g h t .  The noc tu rna l  j e t  which has a  t h e o r e t i c a l  bas is  over  t r u l y  f l a t  t e r -  

r a i n  can be enhanced ove r  g e n t l y  s l o p i n g  t e r r a i n .  The noc tu rna l  j e t  i s  bo th  a  

resource  underest imated by sur face  wind speeds and a  source o f  s i g n i f i c a n t  

wind shear.  Daytime ups lope and n i g h t t i m e  downslope wind c i r c u l a t i o n s  a r e  

superimposed on t h e  l a r g e - s c a l e  f l o w s  and a r e  e v i d e n t  i n  c l ima to logy .  The 

s t r e n g t h  and depth o f  these c i r c u l a t i o n s  a re  d i f f i c u l t  t o  p r e d i c t .  

F l a t  T e r r a i  n  W i  t h  Obstac les 

The s t r u c t u r e  of wakes behind obs tac les  w i l l  depend upon o b s t a c l e  geometry, 

roughness, s t a b i l i t y  and t h e  i n t e r a c t i o n  w i t h  o t h e r  nearby wakes. Depending 

on t h e  o r i e n t a t i o n  of an obs tac le  t o  t he  f l ow ,  t r a i l i n g  l o n g i t u d i n a l  v o r t i c e s  

a r e  formed t h a t  i m p a r t  un ique c h a r a c t e r i s t i c s  t o  the  wake. However, wake 

s t r u c t u r e  d e t a i l s  need t o  be v e r i f i e d  i n  t he  r e a l  atmosphere. U n t i l  more 
exper ience i s  obta ined,  we submit  t h a t  a  l a r g e  wind t u r b i n e  should avo id  those 

reg ions  d e f i n e d  as t he  c l a s s i c a l  momentum wake. As a  rough g u i d e l i n e ,  momentum 

wakes extend r o u g h l y  20H downwind and grow t o  3H i n  t h e  v e r t i c a l  be fo re  d i s s i -  

p a t i n g .  The meandering v o r t e x  wake, which extends f u r t h e r  downstream than  t h e  

momentum wake, cou ld  r e s u l t  i n  increased gus t iness  and wind d i r e c t i o n  f l u c t u a -  

t i o n s  t h a t  may a f f e c t  ope ra t i ons  o f  WECS b u t  n o t  s t r u c t u r a l  i n t e g r i t y .  

F l a t  T e r r a i n  W i th  Roughness Changes 

The p r i n c i p l e s  o f  t h e  f l o w  m o d i f i c a t i o n s  f rom rough t o  smooth sur faces  

and v i ce- ve rsa  p r e d i c t  an i n t e r n a l  boundary l a y e r  t h a t  grows i n  t h i ckness  as 



6 2, xoa8.  However, these t h e o r i e s  were never in tended t o  app l y  through l a y e r s  

as deep as t h e  l a y e r s  occupied by l a r g e  wind t u r b i n e s .  I t  i s  more a p p r o p r i a t e  

t o  t h i n k  i n  terms o f  ad justment  caused through t he  t u rnove r  o f  t h e  l a r g e s t  

eddies i n  t h e  PBL. The magnitudes o f  mean wind shear across t he  r o t o r  d i s k  

t h a t  cou ld  be encountered can be determined us ing  F igu re  5.1. I n  a d d i t i o n ,  

t h e  f o l l o w i n g  p o i n t s  should be cons idered:  

For t r a n s i t i o n s  f rom rough t o  smooth, t h e  wind power i s  maximum i n  t h e  

f u l l y  ad jus ted  smooth f l o w .  Therefore,  t h e  WECS s i t e  should be a t  l e a s t  

1 km i n t o  t h e  smooth reg ion .  

For t r a n s i t i o n s  f rom smooth t o  rough, t h e  wind power i s  maximum nea res t  

t h e  smooth f l o w .  There may be enhanced t u rbu lence  o r  wind shear w i t h i n  

1 km o f  t h e  t r a n s i t i o n .  

Roughness changes o r i e n t e d  o b l i q u e l y  t o  t he  wind can be a source o f  

v e r t i c a l  shear o f  wind d i r e c t i o n .  

F l a t  T e r r a i n  Wi th  H o r i z o n t a l  Temperature Gradients  

Baroc l  i n i c  enhancement o f  winds due t o  h o r i z o n t a l  temperature g rad ien t s  

and t h e  more compl i c a t e d  sea-breeze c i r c u l a t i o n  were discussed. The e f f e c t s  

o f  thermal wind v a r i a t i o n s  should be considered, a l t hough  i t  i s  u n l i k e l y  t h a t  

t h e  t r u e  l o c a t i o n  o f  wind enhancements can be a n t i c i p a t e d  w i t h o u t  ass i s tance  

from numer ica l  models o r  h i s t o r i c a l  data, because t h e  thermal wind w i l l  v a r y  

t empora l l y  as w e l l  as s p a t i a l l y .  

I f  t h e  seasonal and d i u r n a l  c h a r a c t e r i s t i c s  o f  t h e  sea breeze match t h e  

a n t i c i p a t e d  e l e c t r i c a l  load,  t he  sea breeze may be u s e f u l  as a wind resource.  

It i s  g e n e r a l l y  weak, b u t  i f  t h e  f o r c i n g  i s  f rom a l o n g  coas ta l  area, topo-  

g raph i ca l  channe l ing  o f  t h e  f l o w  may a m p l i f y  t h e  resource  l o c a l l y .  The sea 

breeze can be c l e a r l y  seen i n  c l i m a t o l o g i c a l  records  o f  s t a t i o n s ,  b u t  one 

should n o t  become complacent when sc reen ing  a reg ion .  The sea breeze, though 

w e l l  understood i n  p r i n c i p l e ,  i s  s e n s i t i v e  t o  many parameters i n c l u d i n g  

synop t i c  f l o w  cond i t i ons ,  coas ta l  shape and topography, and t h e  p rev ious  day ' s  

sea breeze. Therefore, a b r i e f  measurement survey o f  a remote s i t e  may show 

v e r y  good c o r r e l a t i o n  w i t h  a long- te rm s t a t i o n  t h a t  does n o t  prove t r u e  i n  a 

l onge r  measurement program. 
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Small Ridges 

A  smal l  r i d g e  i s  one whose h e i g h t  i s  smal l  compared t o  t h e  depth o f  t h e  

PBL (H/h 3 0.1 ) .  Ridges p r o v i d e  two b e n e f i t s :  an e f f e c t i v e  i nc rease  i n  hub 

h e i g h t  r e l a t i v e  t o  surrounding t e r r a i n  and a  speedup o f  t h e  f l o w  ove r  t h e  

r i d g e  c r e s t .  The i d e a l  f l o w  i s  normal t o  a  r i d g e  w i t h  s lopes o f  about  25% 

ex tend ing  r i g h t  up t o  t h e  c r e s t .  Gen t l e r  s lopes than those o f  about  25% 

p rov ide  l e s s  speedup, and s teeper  s lopes p rov ide  l e s s  speedup a l s o  because t h e  

f l o w  separates. A  pa rame te r i za t i on  scheme (Bouwmeester e t  a l .  1978) i s  

a v a i l a b l e  t o  es t ima te  wind p r o f i l e s  over  smal l  r i d g e s  and many nunier ical  models 

cou ld  be a p p l i e d  t o  s imp le  cases. Turbulence i n t e n s i t i e s  a t  t h e  c r e s t  a r e  

decreased f rom t h e  f r e e  stream values b u t  on t h e  l e e  s i d e  t h e  i n t e n s i t i e s  

exceed t h e  f r e e  stream values.  Any concave cu rva tu re  toward t h e  upwind d i r e c -  

t i o n  m i g h t  p r o v i d e  a d d i t i o n a l  f u n n e l i n g  o f  wind over  t h e  r i d g e .  I f  t h e  f l o w  

i s  a long  t h e  r i d g e ,  t h e  downwind shoulder  may exper ience t h e  h i g h  t u rbu lence  

i n t e n s i t i e s  o f  t h e  l e e  sepa ra t i on  eddies; t he  upwind shoulder  should be regarded 

as a  h i l l .  Small r i d g e s  upstream o f  l a r g e r  r i d g e s  should be avoided s i n c e  t h e  

f l o w  w i l l  p r i m a r i l y  respond t o  t he  l a r g e r  r i d g e .  Ex tens ive  separated eddies 

w i l l  e x i s t  between c l o s e l y  spaced steep smal l  r i dges .  

Small C l i f f s  

A smal l  c l i f f  f a c i n g  upwind can cause a  speedup o f  t h e  upstream winds o f  

a t  l e a s t  10% below a  h e i g h t  o f  3H and up t o  70% a t  about 2H. Some speedup o f  

t h e  wind p e r s i s t s  t o  more than  10H downwind where t h e  wake i s  mos t l y  d i s s i p a t e d .  

A l though t h e  speedup a t  t h e  c r e s t  o f  an escarpment i s  o n l y  weakly dependent on 

s l ope  o f  t h e  escarpnlent, t h e  occurrence o f  h igher  t u rbu lence  and h i g h  wind 

shear i n  t h e  wake r e g i o n  i s  assoc ia ted  w i t h  s teeper  s lopes.  Based on t h e  wind 

tunne l  da ta  o f  F i g u r e  5.20, an escarpment w i t h  a  s lope  o f  25% and up t o  20 m 

h i g h  would p rov ide  e x p l o i t a b l e  enhancement o f  winds f o r  a  wind t u r b i n e  w i t h  a  

r o t o r  t h a t  does n o t  come nearer  t o  t h e  sur face  than  10 m. Steeper s lopes may 

s t i l l  p r o v i d e  some enhancement w i t h  minimum hazard i f  t h e  t u r b i n e  i s  s i t e d  

between 6H and 10H downstream o f  t he  c r e s t .  Measurements a r e  adv ised t o  

determine t h e  e x t e n t  o f  t h e  t u r b u l e n t  wake reg ion .  



Small H i l l s  

The speedup over  h i l l  i s  l e s s  than  over  a  r i d g e  of t h e  same s l ope  because 

t h e  s teeper  s l ope  d i v e r t s  more f l o w  around the  h i l l s i d e s .  I f  t h e r e  i s  no 

dominant wind d i r e c t i o n ,  t h e  annual wind power over  a  h i l l  o f  a  g i ven  h e i g h t  

may exceed t h e  annual wind power over  a  r i d g e  o f  t h e  same he igh t .  The optimum 

h i l l  s lope  i s  about  30%. The s lope  should l e a d  smoothly and con t i nuous l y  t o  a  

smal l ,  n o t  t o o  f l a t ,  summit. Rougher su r f ace  causes l e s s  speedup. The s i des  

o f  a  h i l l  a r e  p o s s i b l e  secondary s i t e s ,  b u t  l e e  wake and f l o w  sepa ra t i on  . 
e f f e c t s  a r e  more severe than  on r i d g e  shoulders .  

Small V a l l e y s  and Canyons 

Large WECS should n o t  be s i t e d  i n  a  smal l  v a l l e y  o r  canyon. The v a l l e y  

t o p  w ind  resource  i s  g e n e r a l l y  reduced i n  t h e  v a l l e y .  L i g h t  and v a r i a b l e  

winds a r e  expected i n  a  sma l l  v a l l e y  i n  t h e  dayt ime. Large WECS w i l l  exper ience 

l a r g e  wind shear between t h e  v a l l e y  bottom and r i d g e  o r  p l a teau  l e v e l .  

Small Basins 

Large WECS should n o t  be s i t e d  i n  smal l  bas ins  because t h e  wind resource  

i s  reduced and wind shear seen by l a r g e  WECS may be increased.  

Small Gaps 

Gaps can enhance t he  winds i f  t h e  f l o w  i s  n e a r l y  normal t o  r i d g e  o r  i f  

c o o l  a i r  poo ls  behind t h e  r i d g e .  These c o n d i t i o n s  a r e  n o t  expected t o  occur  

o f t e n  enough t o  be o f  any advantage. Therefore,  sma l l - sca le  gaps a re  p robab ly  

t o o  t u r b u l e n t  f o r  l a r g e  WECS. 

Large-Scale Mountains and Ridges 

Anywhere i n  mountainous coun t r y  t he  winds can change r a p i d l y  and sometimes 

v i o l e n t l y  w i t h  j u s t  smal l  changes i n  t h e  f r e e  stream f l o w  cond i t i ons .  As wind 

d i r e c t i o n s  s h i f t  s l i g h t l y  l e e  waves w i l l  change and combine i n  new and p o s s i b l y  

v e r y  d i f f e r e n t  superpos i t ions .  As thermal s t r a t i f i c a t i o n  changes so w i  11 t h e  

response o f  t h e  atmosphere t o  1  a rge- sca le  t e r r a i n  f e a t u r e s .  L ikewise  s l  i g h t  

ch.anges i n  t h e  l a r g e- s c a l e  f l o w  p a t t e r n  can g r e a t l y  i n f l u e n c e  t h e  anabat i c  and 



k a t a b a t i c  winds a f f e c t i n g  a  g i ven  summit. Measurements a t  a  g i v e n  mountain 

a r e  r e q u i r e d  i n  o r d e r  t o  o b t a i n  a  t r u e  understanding of t h e  l o c a l  c l i m a t o l o g y .  

The s i t u a t i o n  i s  w e l l  summed up by Wahl (1966):  

It i s  v e r y  d i f f i c u l t  t o  r e l a t e  wind speed on a  mountain i n  a  genera l  
way, a p p l i c a b l e  t o  any ' t y p i c a l  mountain, ' t o  any one d i s t i n c t  topo-  
g raph i ca l  f e a t u r e .  Whi le  t h e  sma l l - sca le  v a r i a t i o n s ,  f o r  example, 
gus t iness ,  d i r e c t i o n a l  s t a b i l i t y ,  e tc . ,  a r e  c e r t a i n l y  most dependent 
on t h e  immediate t e r r a i n  surrounding t h e  s p e c i f i c  peak, most e f f e c t s  
on t h e  l a r g e r - s c a l e  f l o w  charac te r ,  e.g., r e l a t i o n  between mean speeds 
and t h e  f r e e  f l o w  i n  t he  v i c i n i t y ,  w i l l  depend on medium and l a r g e -  
sca le  f e a t u r e s  o f  t h e  t e r r a i n ,  such as i t s  r e l a t i o n  t o  ne ighbo r i ng  
mountain chains,  o v e r a l l  geographic l o c a t i o n s  w i t h  r e p e c t  t o  t h e  gross 
f l o w  p a t t e r n s  i n  t he  atmosphere, and so on. A l l  these e f f e c t s  w i l l  
combine, f o r  a  p a r t i c u l a r  summit, i n  some s p e c i f i c  way which makes up 
t h a t  ve ry  s p e c i f i c  wind p a t t e r n  observed on t o p  o f  t h a t  ve ry  s p e c i a l  
mountain summit. 

I n  p a r t i c u l a r ,  one should cons ider  t h e  f o l l o w i n g  i terns: 

The c h a r a c t e r i s t i c s  o f  t h e  wind resource must be ob ta ined  by measurement. 

The i d e a l  r i d g e  i s  normal t o  t h e  p reva i  1  i ng wind. 

Ridge and mountain summits and upper s lopes have s t r onge r  winds and l e s s  

d i u r n a l  wind v a r i a t i o n  than  a  v a l l e y .  

Shoulders o f  peaks and r i d g e s  may be good s i t e s .  

W i t h i n  10 t o  30 km downwind o f  a  summit t h e r e  may be ve ry  s t r o n g  and ve ry  

t u r b u l e n t  winds i f  l a r g e  upwind r i d g e s  f o r c e  l a r g e  amp1 i tude g r a v i t y  

waves. 

F l a t - t opped  r i d g e s  o r  mountains may produce wind shear and f l o w  sepa ra t i on  

problems f o r  1  arge WECS. 

Near summits o f  mountains and r i dges ,  F r e n k i e l ' s  r e s u l t s  can be used t o  

es t ima te  t he  v e r t i c a l  wind speed g rad ien t .  

H igh shoulders  downwind o f  summits on l o n g  r i d g e s  a re  wo r th  i n v e s t i g a t i n g  

a1 though t h e  wind may t u r n  o u t  t o  be t oo  gus ty  and v a r i a b l e .  

Flow near  smal l  mountains o r  r i d g e s  upwind o f  l a r g e r  r i d g e s  o r  mountains 

may be i n f l u e n c e d  by b l o c k i n g  o f  t he  l a r g e r  features.  



Thermal f o r c i n g ,  anaba t i c  and k a t a b a t i c  winds i n f l u e n c e  f l o w  over  and 

downwind o f  t he  c r e s t .  

On 1  a rge- sca le  f ea tu res ,  sma l l e r  s c a l e  fea tu res  ( r o c k  outcroppings,  smal l  

gaps, smal l  rav ines ,  smal l  h i  11 s )  t h a t  i n f l uence  winds l o c a l l y  should be 

cons idered.  

Large-Scal e  C1 i f f s  

The h i g h e r  e l e v a t i o n  i n  wind f l o w  and t h e  p o s s i b l e  speedup a t  WECS l e v e l  

a r e  advantages o f  l o c a t i n g  WECS on l a rge- sca le  c l i f f s .  Lee s ides  o f  b u t t e s  

should be avoided. Turbulence on t o p  o f  l a r g e  c l i f f s  may be severe; t h i s  

phenomenon i s  n o t  we1 1  understood. Resource qua1 i ty  should be eva lua ted  w i  t h  

measurements. Winds n e a r l y  p a r a l l e l  t o  c l i f f  may be v e r y  gusty .  The concave 

cu rva tu re  o f  t he  upwind face o f  c l i f f  should be e x p l o i t e d .  

Passes 

The pass should be open t o  t h e  p r e v a i l i n g  wind t o  c a p i t a l i z e  on v a l l e y  

and r i d g e  channeled f l o w  o r  r i d g e  b l o c k i n g  o f  f l o w .  Ad jacen t  r i d g e s  should be 

h igh ,  t h e  h i g h e r  t h e  b e t t e r .  A ve ry  narrow pass may be v e r y  t u r b u l e n t .  A 

U-shaped pass i s  p r e f e r a b l e  t o  a  V-shaped pass. Apply F r e n k i e l  ' s  c r i t e r i a  

(Table 5 .2)  t o  t h e  s lope  up t o  t h e  c r e s t  o f  pass t o  h e l p  min imize mean wind 

shear.  The wind maximum may n o t  be i n  t he  cen te r  o f  t h e  pass b u t  t h e r e  may be 

s i g n i f i c a n t  t u rbu lence  near t h e  w a l l  s. 

V a l l e y s  and Canyons 

Va l l eys  channel f l o w  ( e s p e c i a l l y  s t a b l y  s t r a t i f i e d  f l o w ) .  S e l e c t  wide 

v a l l e y s  p a r a l l e l  t o  t h e  p r e v a i l i n g  wind o r  l o n g  v a l l e y s  ex tend ing  down f r om 

mountain ranges. Choose s i t e s  i n  c o n s t r i c t i o n s  i n  t h e  v a l l e y  o r  canyon where 

t h e  wind f l o w  m igh t  be enhanced, b u t  n o t  i n  c o n s t r i c t i o n s  narrow enough t o  

cause t u rbu lence  hazards. Avo id  ex t reme ly  s h o r t  and/or narrow v a l l e y s  and 

canyons, as w e l l  as those pe rpend i cu la r  t o  t h e  p r e v a i l i n g  winds. Choose s i t e s  

near  mouths o f  v a l l e y s  t o  c a p i t a l i z e  on p r e v a i l i n g  f l o w  i n t o  v a l l e y s .  Consider 

t h e  thermal s t r u c t u r e  and i n e r t i a  o f  t h e  f l o w  and how i t  w i l l  i n t e r a c t  w i t h  

t h e  v a l l e y  s lope  and t u r n s  o f  t h e  v a l l e y .  



Gorges 

Gorges develop s t r o n g  winds when a pressure g r a d i e n t  across a mountain 

b a r r i e r  e x i s t s .  The p ressure  g r a d i e n t  through a gorge a r i s e s  f rom t h e  b l o c k i n g  

e f f e c t  o f  mountains o r  temperature d i f f e r e n c e  across mountains. Gorges should 

be a1 igned w i t h  p r e v a i l i n g  winds. Turbulence i n  a gorge may be h igh .  Cons t r i c -  

t i o n  of t h e  gorge may enhance f low f u r t h e r .  Consider how i n e r t i a  o f  f l o w  w i l l  

a f f e c t  f l ow i n t e r a c t i o n  w i t h  t u r n s  o f  t h e  gorge. 

Large Basins 

Only  v e r y  l a r g e ,  sha l low i n l a n d  bas ins  t h a t  c l e a r l y  demonstrate w ind  

energy p o t e n t i a l  v i s i b l e  i n  a r e g i o n a l  resource assessment should be cons idered.  

Smal le r  bas ins  a r e  s u b j e c t  t o  l i g h t  winds and s tagna t ion .  For l a r g e  bas ins,  

t h e  s i t i n g  problem reduces t o  a n a l y s i s  o f  sma l l e r  sca le  f e a t u r e s  w i t h i n  t h e  

bas ins .  
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6.0 BIOLOGICAL INDICATORS OF WIND POWER POTENTIAL 

I n  areas of p e r s i s t e n t  winds, phys io log i ca l  and biochemical processes can 

cause permanent o r  developmental changes i n  p l a n t s .  The changes can be 

morphologica l ,  i .e., changes i n  the  shape o f  the  p l a n t ,  o r  anatomical,  i .e., 

changes i n  p l a n t  c e l l  s t r u c t u r e .  Among the  many e f f e c t s  o f  wind on p l a n t  

growth, t h e  e f f e c t s  o f  wind on the  morphology and anatomy o f  t r e e s  are the  

most use fu l  f o r  wind power p rospec t ing  (Hewson, Wade and Baker 1979). Based 

on these e f fec t s ,  i n fo rma t i on  on the  wind can be found on vary ing  space 

scales: 

smal l ,  where the  wind has permanently deformed a  s i n g l e  t r e e  o r  shrub, 

r e g i o n a l ,  where the  wind has deformed a  number o f  t r ees  t h a t  may p rov ide  

a  mean s t reaml ine  map f o r  t h e  f low,  

l a rge ,  where appropr ia te  use o f  remote sensing techniques may show 

observable e f f e c t s  o f  wind on e n t i r e  p l a n t  communities (Rosenfeld and 

Maule 1979). 

As tu te  observat ions o f  t he  eco log i ca l  community o f  a  s i t e  can prov ide  

use fu l  q u a l i t a t i v e  i n f o r m a t i o n  about t he  winds i n  and around a  s i t e ,  b u t  such 

i n t e r p r e t a t i o n s  must be made w i t h  caut ion.  Wade and Hewson (1980) have estab-  

l i shed ,  on a  q u a n t i t a t i v e  basis ,  t h e  e f f e c t s  o f  wind on c e r t a i n  genera o f  

t r ees .  The remainder o f  t h i s  chapter  descr ibes the  i n t e r p r e t a t i o n  o f  wind 

e f f e c t s  on t rees  as a  wind prospec t ing  technique. Much o f  what f o l l o w s  i s  

taken f rom Wade and Hewson (1980). The reader should r e f e r  t o  the  o r i g i n a l  

source f o r  complete d e t a i l s .  

6.1 TREES AS INDICATORS OF MEAN WIND SPEED 

Putnam (1948) observed t h a t  t r e e  deformat ion appeared t o  be a  f u n c t i o n  o f  

t h e  mean annual wind speed. Hewson e t  a l .  (1977) conf irmed t h i s  and c a l i b r a t e d  

(1 979) t h ree  i nd i ces  o f  t r e e  deformat ion aga ins t  a  number o f  wind charac ter-  

i s t i c s ,  i n c l u d i n g  mean annual wind speed, mean growing season wind speed, mean 

dormant season wind speed, and percentage o f  winds f rom the  p r e v a i l i n g  d i r e c t i o n .  



The mean annual w ind  speed was t h e  wind c h a r a c t e r i s t i c  b e s t  c o r r e l a t e d  w i t h  

each index  o f  t r e e  deformat ion.  These c a l i b r a t i o n s  were made f o r  two spec ies 

o f  t r ees :  t h e  Douglas fir (Pseudotsuga m e n z i e s i i ) ,  which i s  n o t  a  t r u e  fir, 

and Ponderosa p i  ne ( P i  nus ponderosa) . 
S i m i l a r  techniques were a p p l i e d  by Wade and Hewson (1980) t o  severa l  

genera of t r e e s .  These i n c l u d e  P i  nus (p i nes )  , Pseudotsuga (Doug1 as f i r )  , 
Abies ( f i r )  , Jun iperus  ( j u n i p e r ) ,  P icea (spruce) ,  Casuarina ( A u s t r a l  i a n  p i n e ) ,  

Acer (map1 e ) ,  Legumes (mesqui t e - l ~ ~ ~ s t ) ,  Quercus (Oak), and Ulmus (e lm) .  

F i gu re  6.1 i l l u s t r a t e s  t h e  d i s t r i b u t i o n  o f  f i v e  genera o f  t r e e s  ove r  t h e  

Un i t ed  S ta tes  and i n d i c a t e s  a  broad p o t e n t i a l  f o r  t h e  use o f  b i o l o g i c a l  i n d i -  

c a t o r s  o f  wind. Wade and Hewson (1  980) a1 so d iscuss,  on a  l e s s  q u a n t i t a t i v e  

bas i s ,  w ind  e f f e c t s  on cedar, cypress, hemlock, l a r c h ,  hickory-pecan, hackberry ,  

cherry-plum, pop la r ,  ash, and b i r c h ,  t r ees ,  and on shrubs, grasses, i n s e c t s ,  

animals,  and man. Only  t h e  c a l i b r a t e d  genera a re  d iscussed below. 

6.1.1 D e s c r i p t i o n  o f  t h e  I n d i c e s  o f  Wind Deformat ion 

The Griggs-Putnam Index i s  h i s t o r i c a l l y  t he  f i r s t  i ndex  o f  w ind  e f f e c t s  

on con i f e rous  t r e e s  and i s  based on t h e  p i onee r i ng  work o f  R .  F. Gr iggs and 

P. C .  Putnam (Putnam 1948).  Gr iggs was a  b o t a n i s t  who c o l l a b o r a t e d  w i t h  

Putnam i n  t h e  survey o f  wind power p o t e n t i a l  i n  New England b e f o r e  t h e  i n s t a l -  

l a t i o n  o f  t h e  Smith-Putnam wind t u r b i n e  on Grandpa's Knob i n  Vermont. Th i s  

index  (shown i n  F i g u r e  6.2)  i s  a  s u b j e c t i v e  sca le  based on t h e  degree o f  

response by t h e  t r e e  t o  t h e  wind. The index  i s  broken i n t o  e i g h t  c lasses :  

Class 0, No E f f e c t .  Ca re fu l  examinat ion o f  needles, tw igs ,  and branches 

i n d i c a t e s  t h a t  t h e  wind has had no n o t i c e a b l e  i n f l u e n c e  on t h e  t r e e .  

Class I ,  Brushing.  The smal l  branches and needles appear ben t  away f r om 

t h e  p r e v a i l i n g  wind d i r e c t i o n .  The t r e e  crown may appear s l i g h t l y  asym- 

m e t r i c a l  i f  c a r e f u l l y  examined. 

Class 11, L i g h t  F lagging.  The smal l  branches and t h e  ends o f  t h e  l a r g e r  

branches a r e  ben t  by t h e  wind, g i v i n g  t he  t r e e  a  n o t i c e a b l y  asymmetric 

crown. 



THE DISTRIBUTION OF DOUGLAS-FIR AND PONDEROSA THE DISTRIBUTION OF PINES. HEMLOCK AND SPRUCE 
PINE IN THE UNITED STATES. IN THE UNITED STATES 

A B 

THE DISTRIBUTION OF FIR IN THE UNITED STATES. 

THE DISTRIBUTION OF SEVERAL SPECIES OF THE DISTRIBUTION OF SELECTED SPECIES OF OAKS 
JUNIPER IN THE WESTERN UNITED STATES. IN THE UNITED STATES. 

D E 

FIGURE 6.1. D i s t r i b u t i o n  of Trees i n  t h e  Un i ted  States Being Ca l i b ra ted  
f o r  Use as I n d i c a t o r s  o f  Wind Power P o t e n t i a l  
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FIGURE 6.2 .  The Griggs-Putnam Index o f  Wind Deformation Based 
on the  Degree o f  Permanent Bending o f  Needles, 
Twigs, Branches and Trunks o f  Coniferous-Type Trees 

Class 111, Moderate Flagging. The l a r g e  branches are  bent toward the  

leeward s i d e  o f  t h e  t ree ,  g i v i n g  the  t r e e  a nea r l y  one-sided crown. 

Class I V ,  St rong Flagging. A l l  t h e  branches are  swept t o  t he  leeward and 

t h e  t r u n k  i s  bare on the  windward s ide .  The t r e e  resembles a banner. 

Class V, P a r t i a l  Throwing. ( a )  A p a r t i a l l y  thrown t r e e  i s  one i n  which 

t h e  t runk ,  as w e l l  as t he  branches, a re  bent  t o  t h e  l e e .  The t r u n k  may 

(a )  Throwing should n o t  be confused w i t h  the  type  o f  throwing caused by r o o t  
break o r  s o i l  f a i l u r e .  Throwing, as de f i ned  here, can be d i f f e r e n t i a t e d  
by examining the  angle o f  t he  t runk  w i t h  ground sur face.  Root break o r  
s o i l  f a i l u r e  causes t r e e s  t o  tilt, and thus, t he  t runk  p r o j e c t s  f rom the  
ground a t  an angle. Throwing, caused by p e r s i s t e n t  winds, r e s u l t s  i n  t h e  
t r u n k  r i s i n g  perpend icu la r  f rom the  ground and bending above the  ground. 



be bent in a concave or convex fashion, but r i ses  ver t ical ly  near the ground 

and the degree of bending increases near the top of the t r u n k .  

Class VI, Complete Throwing. The t ree grows nearly parallel  to  the 

ground and along the path of the prevailing wind. The larger branches on 

the leeward s ide may extend beyond the t i p  of the t r u n k .  

Class VII, Carpeting. The wind i s  so strong or accompanying conditions 

so severe (e .g . ,  ice  i s  present) tha t  the t ree  takes the form of a shrub. 

Upright leaders are killed and la teral  growth predominates. The crown 

grows across the ground l ike  a prostrate shrub. 

The Barsch Index (Barsch 1963) i s  similar to the Griggs-Putnam Index, b u t  

i s  used with broadleaf trees (see Figure 6.3). 

FIGURE 6.3. The Barsch Rating of Wind Deformation 



The de fo rma t i on  r a t i o ,  an index  resembl ing t h e  Griggs-Putnam Index, 

r ep resen ts  t h e  amount o f  crown asymmetry and t r u n k  d e f l e c t i o n  o f  t r e e s  caused 

by t h e  wind (see F i g u r e  6.4) The equat ion  used t o  compute t h e  de fo rmat ion  

r a t i o  (D)  i s :  

where 

f o r  c o n i f e r s ,  A  i s  t h e  angle formed by t he  crown edge and t h e  t r u n k  on t h e  

leeward s ide ,  B i s  t h e  angle formed by t h e  crown edge and t h e  t r u n k  on t h e  

windward s ide ,  and C i s  t h e  average ang le  o f  t r u n k  d e f l e c t i o n ,  

and where 

f o r  h e m i s p h e r i c a l l y  crowned t r e e s ,  A i s  t h e  d i s t a n c e  between t h e  crown 

pe r ime te r  on t h e  leeward s ide,  B i s  t h e  d i s tance  between crown and per im-  

e t e r  on t h e  windward s ide,  and C i s  t h e  angle between t h e  leeward crown 

pe r ime te r  and t h e  t r u n k .  

tiowever, A /B  i s  d e f i n e d  t o  l i e  w i t h i n  t h e  range 1  5 A - < 5 .  As a  r e s u l t  t h e  

minimum va lue  o f  D  i s  1, which corresponds t o  no crown asymmetry o r  stem 

d e f l e c t i o n .  S ince  t h e  maximum p o s s i b l e  va lue  o f  C i s  90" f o r  a  t r e e  growing 

a long  t h e  ground, t h e  maximum va lue  o f  t h e  de fo rmat ion  r a t i o  i s  7. The d e f o r -  

ma t i on  r a t i o  can conven ien t l y  be determined f rom photographs taken  o f  a  t r e e  

f rom p o s i t i o n s  a t  r i g h t  angles t o  t h e  d i r e c t i o n  o f  f l a g g i n g .  

The compression r a t i o ,  a  t h i r d  index  o f  t r e e  deformat ion,  measures t h e  

i n f l u e n c e  of wind on  t h e  f o rma t i on  o f  r e a c t i o n  wood. React ion wood i s  "abnormal" 

wood l a i d  down on a  p a r t i c u l a r  s i d e  o f  t h e  t r e e  when t h e  t r e e  i s  d i s p l a c e d  

f rom t h e  v e r t i c a l  by a  f o r c e  such as t h e  wind. Con i f e r s  exposed t o  t h e  p r e v a i l i n g  

winds f o rm  r e a c t i o n  wood on t h e  leeward s ide ;  deciduous t r e e s  fo rm r e a c t i o n  wood 

on t h e  windward s ide.  I n  c o n i f e r s ,  r e a c t i o n  wood i s  c a l l e d  compression wood. 

I n  deciduous t r ees ,  i t  i s  c a l l e d  t e n s i o n  wood. 

The compression r a t i o  may be determined e i t h e r  by l o o k i n g  a t  a  r a d i a l  

c ross  s e c t i o n  o f  t h e  t r e e  o r  by t a k i n g  an increment  core f rom t h e  windward and 

leeward s i des  o f  t h e  t r e e .  Tree cores and r a d i a l  c ross  sec t i ons  a r e  f i r s t  



FIGURE 6.4. The Technique f o r  Computing the  Deformation Rat io  
Index f o r  Coni fers and Hemispher ica l ly  Crowned 
Trees. The p r e v a i l i n g  winds blow from l e f t  t o  r i g h t .  

cross-dated as shown i n  F igure  6.5. The growth increments f o r  each year  are 

then measured i n  the  leeward and windward d i r e c t i o n s .  The compression r a t i o  

f o r  c o n i f e r s  i s  t he  r a t i o  o f  leeward growth t o  windward growth. ( C a l i b r a t i o n  

o f  compression r a t i o  f o r  deciduous t rees  has n o t  y e t  been attempted.) The 

compression r a t i o  should be ca l cu la ted  over the  l a s t  5 years, s ince t h a t  

pe r iod  would be the  most rep resen ta t i ve  o f  the  t r e e ' s  most recent  exposure t o  

the  w i  nd . 
6.1.2 Mean Wind Speed and Tree Deformation 

F i e l d  measurements were used t o  c a l i b r a t e  and v a l i d a t e  the  wind deforma- 

t i o n  ind ices .  Locat ions along the coast were n o t  used because s a l t  spray 

might  enhance the  wind deformation. I n  l o c a t i o n s  w i t h  s t r o n g l y  f lagged t rees  

and l i m i t e d  e x i s t i n g  wind data, anemometers were i n s t a l l e d  i n  open areas near 



C O R E  F R O M  L E E W A R D  S l D E  
O F  C O N I F E R  

C O R E  F R O M  W I N D W A R D  S l D E  
O F  C O N I F E R  

FIGURE 6.5. Core Samples From the  Windward and Leeward 
Side o f  t h e  Tree, Mounted and Cross-Dated 

t r e e s .  Anemometers were u s u a l l y  p laced  a t  a  s tandard h e i g h t  o f  10 m. A t  some 

o f  t h e  l o c a t i o n s  used i n  t h e  i n i t i a l  c a l i b r a t i o n ,  wind da ta  were taken  f r om 

anemometers r e c o r d i n g  wind speed and d i r e c t i o n  con t i nuous l y  on s t r i p  c h a r t  

r eco rde rs .  A t  o t h e r  l o c a t i o n s ,  con tac t  anemometers r e c o r d i n g  t h e  m i l e s  o f  

wind passage were used t o  measure month ly  wind speed. A t  s t i l l  o t h e r  l o c a t i o n s  

w i t h  s l i g h t  o r  no wind f lagg ing ,  Na t i ona l  Weather Se rv i ce  o r  a i r p o r t  w ind  da ta  

were used. 

Values o f  t h e  Griggs-Putnam Index ( G ) ,  t h e  de fo rmat ion  r a t i o  ( D ) ,  and 

t h e  compression r a t i o  (C-- for Douglas f ir and Ponderosa p ine  o n l y )  were 

c a l c u l a t e d  f o r  each f i e l d  l o c a t i o n .  L i n e a r  regress ions  o f  t he  annual mean 

wind speed were computed f o r  each index.  To v a l i d a t e  t h e  i n d i c e s  t h e  mean 

annual wind speed was p r e d i c t e d  f o r  a  datum n o t  i nc l uded  i n  t h e  c a l i b r a t i o n  o f  

t h e  i n d i c e s .  A  c r o s s - v a l i d a t i o n  procedure c l o s e l y  r e l a t e d  t o  " j a c k - k n i f e "  



s t a t i s t i c a l  techniques was used (Quenouil l e  1956, Gray and Schucany 1972). 
This technique divides the sample i n t o  as many subsets as there are data 
points. Then, l inear  regressions are performed for  each subset, a l ternately 

leaving out one of the points. I n  t h i s  way, an error  estimate for  each regres- 

sion relation i s  obtained for  the p o i n t  not included. 

Several measures of the error  are possible. The root-mean-square (RMS) 

error  measures the dispersion of the data about the f i t t e d  regression l ine .  
2 The square of the correlation coefficient ( r  ) measures the fraction of the 

variance of the measured annual mean wind  speeds that  i s  explained by the 

regression relation. Confidence intervals are another measure. If one makes 

a prediction using a given index and regression equation, one can be 95% 

confident ( i  . e . ,  run a 5% chance of being wrong) tha t  the predicted annual 

mean wind speed d i f fe rs  from the true annual mean wind speed by less  than the 

amount specified by the 95% confidence interval (see Figure 6 .6) .  Yet another 

measure i s  the percentage of observations that  d i f fe r  from the predicted value 

by more than a specified interval ,  e.g. ,  1 m/sec. The regression coefficients 
and these measures of error  are  shown for  ten genera of trees in Table 6.1. 

The Griggs-Putnam Index or the Barsch Index, i n  general, provides the 
best estimate of mean annual wind  speed. The deformation ra t io  provides a 

second check or can be used when only photographs are available (as  from a 
helicopter survey). The compression r a t io  provides a third estimate, which 

could be the on ly  estimate i f  only a t ree  stump i s  available. 

To a s s i s t  in identifying the various genera of trees and to visualize the 
deformation associated w i t h  each value of the Griggs-Putnam Index or the 
Barsch Index, Wade and Hewson (1980) provide i l lus t ra t ions  and brief narratives 

in handbook form. Figure 6.7 i s  an example i l l u s t r a t ion  for  the genus Pinus, 
and Figure 6.8 i s  an example i l l u s t r a t ion  for  genus Quercus. 

INDICATORS OF PREVAILING WIND DIRECTION 

In mountainous areas, winds are complex and the sparse wind  data available 

provide 1 i  t t l  e information on wind direction. One technique for  determining 
the mean wind direction i s  by observing flagged t rees ,  the branches of which 



GRIGGS-PUTNAM INDEX 

FIGURE 6.6. The Re la t i onsh ip  Between the  Griggs-Putnam Index f o r  Ponderosa 
Pine and Mean Annual Wind Speed. The s o l i d  l i n e s  a re  the  regres-  
s i o n  r e l a t i o n s h i p  and 95% conf idence l i m i t s  f o r  ponderosa p i n e  
data i n d i c a t e d  by t r i a n g l e s .  The open c i r c l e s  represent  da ta  f o r  
o t h e r  species o f  p ines found throughout t he  Un i ted  States i n c l u d i n g  
p i n i o n  p ine  ( P I ) ,  s h o r t l e a f  p ine  (PE), eas tern  wh i te  p i n e  (PS), 
pond p ine  (PO), l o b l o l l y  p ine  (PT), lodgepole p ine  (PL),  p i t c h  
p ine  (PR), and shore p ine  (PC). 

grow away from the  p r e v a i l i n g  wind d i r e c t i o n .  Hol royd (1970) mentions t h a t  

photot ropism ( d i r e c t e d  growth as a r e s u l t  o f  d i f f e r e n t i a l  i l l u m i n a t i o n )  may 

cause bending o f  branches b u t  t he  d i r e c t i o n  o f  bending i s  u s u a l l y  random. 

With wind- f lagged t rees ,  a l l  branches i n  the  same neighborhood p o i n t  i n  a  

un i f o rm d i r e c t i o n .  As discussed above, c o n i f e r s  exposed t o  s t rong  winds may 

form compression wood on the downwind s ide  o f  t he  t r e e  t runk ,  whereas deciduous 

t r e e s  may form tens ion  wood on the  upwind s ide .  

The d i r e c t i o n  o f  f l a g g i n g  can be marked on a topographic map a f t e r  t h e  

d i r e c t i o n  has been determined. I n  t h i s  way, f l o w  pa t te rns  o f  t he  area can be 



TABLE 6.1. S t a t i s t i c a l  Resu l ts  and E r r o r  Ana l vs i s  f o r  t h e  C a l i b r a t i o n  o f  t he  I n d i c e s  
G (Griggs-Putnam Index) ,  B ( ~ a r s c h "  Index) ,  D (Deformat ion Ra t i o ) ,  and 
C (Compression R a t i o )  Wi th  Mean Annual Wind Speed (Wade and Hewson 1980) 

Least  Squares Percent  o f  95 Percent  Confidence L i m i t s  (i m/s) 
Genus Parameters RMS E r r o r  Cases For Index Value (I) 

(Popular  Name) - N B g  L R  ( M I S )  E > l  m/s - 0 1 - 2 - 3 - 4 - 5 - 6 - 7 

Abies 
( F i  r )  

Jun iperus  G 12 4.4 0.6 0.79 0.8 2 5 2.1 2.0 1.9 1.9 2.0 2.1 2.2 2.5 
( Jun ipe r )  D 12 4.6 0.6 0.71 1 .O 42 2.5 2.3 2.2 2.2 2.3 2.4 2.6 2.9 

Picea 
( Spruce) 

P i  nus 
( Pi ne) 

Pseudotsuga G 19 3.3 0.8 0.82 0.7 11 1.7 1.6 1.5 1.5 1.5 1.6 1.8 1.9 
(Doug las-F i r )  0 19 3.7 0.6 0.76 1.1 2 1 1.9 1.8 1.7 1.7 1.7 1.8 1.9 2.1 

C 13 -0.1 3.7 0.62 1.1 46 --- --- --- --- --- --- --- --- 

Casuarina G 4 -1.3 1.7 0.98 0.3 50 5.7 4.8 4.1 3.3 2.7 2.4 2.4 2.8 
( A u s t r a l  ian-Pine) D 4 -4.9 2.3 1.00 0.2 0 3.8 3.2 2.1 2.0 1.6 1.2 1.2 1.5 

Acer 
(Maple) 

Legumes B 12 3.7 0.7 0.70 0.4 8 1.2 1.0 1.0 1.3 1 . 7  2.1 2.5 3.0 
(Mesqui te- Locust)  D 12 3.8 0.4 0.65 0.4 17 1.2 1.1 1.0 1.1 1.2 1.4 1.6 1.8 

Quercus 
(Oak) 

Ulmus 
(Elm) 

N = Number o f  data po in t s  

V = P red i c t ed  annual mean wind speed 
P 

V = Observed annual mean wind speed 
0 

B0 and B1 = Regression c o e f f i c i e n t s  

Vp = B1 I + Bo where I = index va lue  

E = V  p - vo 
R = C o r r e l a t i o n  c o e f f i c i e n t  

1 2 4  RMS = CN Z E 1 



SOFT 
PINES 

P INE 
Genus: Pinus 

PINES 

WHITEBARK P lNE  

PONDEROSA P lNE  

nr ';$&, 
L e s s  t h a n  5 . 2  m / s  

@ : 
4 . 3  t o  7 .9  rn/s 

1,css t h a n  12 ~ i p h  l O t o l 8 m p l ~  '>*. 

I Y 

1 1  t o  19 mph 

3.6 r o  7 . 2  ~ o / s  
m 
6s G r e a t e r  t h a n  5.9 : n / s  

G r e a t e r  t h a n  1 3  mph 
&+J&2 

LOTE: S o f t  p i n e  n e e d l e s  a r e  u s u a l l y  i n  b u n d l e s  o f  5 and  o c c a s i o n a l l y  
1 t o  4 .  T h e i r  c o n e s  h a v e  a s t r i l l \ .  ! l a rd  p i n e  n e e d l e s  u s u a l l y  a r c  i n  
b u n d l e s  o f  2 t o  3 ,  o c c a s i o n a l l y  5 t o  8 .  'I ' l lcir c o n e s  a r c  o f t e n  armed w i t h  
p r i c h l e s .  Pines g r o w i n g  a t  h i g h  e l e v r i t i o n s  o r  a l o n g  t h c  c o a s t  a r e  l i k e l y  
t o  b e  a l s o  a f f e c t e d  by wind-blown s a n d ,  s a l t ,  i c e ,  and snow r ih ich  would 
a d d  t o  t h e  wind d e f o r m a t i o n .  

The r e l a t i o n s h i p s  b e t w e e n  mean a n n u a l  wind s p e e d  (V) 2nd t h e  i n d i c e s  
o f  wind d e f o r m a t i o n  a r e :  

- - 
V = .7C; + .5.3 o r  1' = . 7 D  + 3 .5  

( rms  e r r o r  = - + 0 . 7  m/s)  ( rms e r r o r  = + 0 . 7  nl/s) - 

FIGURE 6 .7 .  Guide t o  Wind Deformat ion I n d i c e s  f o r  Pinus (Wade and Hewson 1980) 



OAK 
G e n u s :  Quercus 

WHITE OAKS @ 

Less than  4.8 ~ n / s  
r,ess t h a n  11 rnph 

2 . 4  t o  5 .8  m/s 
5 t o  13 mph 

V 

LIVE O A K  

4 . 5  t o  8 . 1  m / s  
10 t o  18 rnph 

5 . 5  t o  9 .3  m/s 
12 t o  21 mph 

6 . 4  t o  10 .6  m/s 
14 t o  2 4  mph 

G r e a t e r  t h a n  7 . 3  m/s 
Greater than 16 mph 

NOTE: Live oaks  a r e  eve rg reen  and ,  t h u s ,  should  p r o v i d e  b e t t e r  
ev idence  o f  w i n t e r  wind t h a n  o t h e r  oaks .  Nost wh i t e  oaks  have rounded 
l o b e s  and sweet a c o r n s .  Most r e d  oaks  have s p i n y  l o b e s  and b i t t e r  a c o r n s .  
C e r t a i n  s p e c i e s  of  oak which p r e f e r  m o i s t  bot tomland s o i l  a r e  u n l i k e l y  t o  
be found i n  windy l o c a t i o n s .  These i n c l u d e  Bur Oak, Swamp Oak, Shumard 
Oak ,  and Laurel  Oak. 

The r e l a t i o n s h i p s  between mean annual  wind speed (v) and t h e  i n d i c e s  
o f  wind de fo rmat ion  a r e :  

- 
V = 1.1B + 3 . 0  o r  V = . 7 D  + 3 . 2  

(rms e r r o r  = + 0.9 m/s) (rms e r r o r  = + 1.1 m/s) - - 

FIGURE 6.8. Guide t o  Wind Deformation Ind i ces  f o r  Quercus (Wade and Hewson 1980) 



noted. However, f lagged t r e e s  r e f l e c t  t h e  p r e v a i l i n g  d i r e c t i o n  o f  t h e  s t ronges t  

p e r s i s t e n t  winds, which may occur  a t  one l o c a t i o n  du r i ng  p a r t  o f  t h e  yea r  

on l y .  The wind system t h a t  produces f l a g g i n g  a t  one l o c a t i o n  may n o t  produce 

f l a g g i n g  a t  another  l o c a t i o n .  For example, i n  the  Columbia R ive r  gorge, 

s t rong  e a s t e r l y  w i n t e r  winds cause crowns t o  p r o j e c t  t o  t he  west a t  t h e  west 

end o f  t h e  gorge, b u t  s t rong  wes te r l y  s p r i n g  and summer winds cause crowns t o  

p r o j e c t  e a s t  a t  t h e  eas t  end o f  t h e  gorge (Lawrence 1939). I f  the  p r e v a i l i n g  

winds were assumed t o  occur  a t  t he  same t ime, then t h e  winds i n  t he  gorge 

would be b lowing f rom t h e  cen te r  o u t  i n  both d i r e c t i o n s .  Since t h i s  s i t u a t i o n  

i s  n o t  probable, t h e  season i n  which f l a g g i n g  occurs must be determined. 

6.2.1 Winter  Wind F lagg ing  

Lawrence ( 1  939) p rov ided some guidance on a  method f o r  de termin ing  t h e  

season d u r i n g  which wind f l a g g i n g  occurs. Winter f l a g g i n g  i s  cha rac te r i zed  by 

a  t a t t e r e d  appearance, w i t h  t he  l onges t  branches p r o j e c t i n g  downwind. The 

windward s ide  may have no branches o r  may have o n l y  small r e c e n t l y  formed 

tw igs  and branches t h a t  a re  i r r e g u l a r l y  d i s t r i b u t e d  about t h e  stem. The 

branch ends on the  windward s i d e  appear as i f  they have been c l i p p e d  by a 

gardener 's  shears. Winter  f l a g g i n g  may be caused by i c e  and breakage f rom 

severe winds, d e s s i c a t i o n  caused by s t rong,  d ry  w i n t e r  winds and wind sway 

t h a t  d i s r u p t s  r o o t s  on the  windward s ide,  r e s u l t i n g  i n  g rea te r  growth t h e  

f o l l o w i n g  s p r i n g  on the  leeward s ide  o f  t he  t r e e .  

6.2.2 Growing Season Wind F lagg ing  

Trees exposed t o  s t rong  winds d u r i n g  t h e  growing season have branches 

t h a t  appear t o  have been en t ra ined  i n  t he  p r e v a i l i n g  winds. Trunks a re  o f t e n  

bowed s l i g h t l y  leeward. Well-developed branches r i s e  on a l l  s ides o f  t h e  

t ree ,  b u t  those emerging from t h e  s i d e  f a c i n g  t h e  p r e v a i l i n g  winds have been 

swept around toward the  leeward s ide.  

6.2.3 F lagg ing  By Winds Dur ing Both Growing and Winter Season 

Trees sub jec ted  t o  s t rong  winds du r i ng  the  w i n t e r  and t h e  growing season 

w i l l  e x h i b i t  t h e  f l a g g i n g  e f f e c t s  o f  bo th  seasons. I f  t h e  p r e v a i l i n g  wind 



d i r e c t i o n s  o f  each season a r e  oppos i te  ( i  .e., eas t  i n  w i n t e r  and west i n  

summer, as i n  p a r t s  o f  t h e  Columbia R ive r  gorge) long  branches are  found 

o n l y  i n  t h e  d i r e c t i o n s  perpend icu la r  t o  t he  p r e v a i l i n g  wind d i r e c t i o n s .  If 

both  w i n t e r  and growing-season winds come from the  same d i r e c t i o n ,  t h e  t rees  

commonly e x h i b i t  o n l y  t h e  growing-season form o f  f l a g g i n g .  

6.3 INDICATORS OF SEVERE WIND OR ICE DAMAGE 

Trees record  evidence o f  severe wind and i c e ,  bo th  i n  t h e i r  outward 

appearance and i n  the  wood t i s s u e  o f  the  t runk .  Trees can, t he re fo re ,  be used 

as i n d i c a t o r s  o f  these d e s t r u c t i v e  forces,  which may present  severe problems 

f o r  wind tu rb ines ,  t h e i r  suppor t  s t ruc tu res ,  and t h e  power t ransmiss ion l i n e s  

from t h e  tu rb ines .  

Broken branches, wi nd- throw ( 1  eani ng t r e e s )  and b l  ow-down are a1 1  ex te rna l  

evidence o f  severe winds, Other ex te rna l  evidence may i nc lude :  

f a1  l e n  t r e e s  

l ean ing  t r e e s  

t r e e s  w i t h  broken branches o r  tops 

dead branches on t h e  ground 

t runks  w i t h  gnar led knots where branch stubs have healed i m p e r f e c t l y .  

An i n t e r n a l  i n d i c a t o r  of t r e e  s t ress  i s  t h e  c o n f i g u r a t i o n  o f  the t r e e ' s  

r i n g s .  P i l l o w  (1931) found a  change i n  t h e  t r e e  r i n g  s t r u c t u r e  of p ine  t rees  

i n  F l o r i d a  exposed t o  a  hu r r i cane  t h a t  occurred i n  1926. The most recent  r i n g  

on t h e  windward s ide  was much narrower i n  each t r e e  t h e  fo l l ow ing  spr ing .  

Rings on t h e  l e e s i d e  were much w ider .  By 1928, t h i s  asymmetric growth had 

disappeared. Th i s  narrow s t reak  o f  abnormal r i n g  s t r u c t u r e  was suggested t o  

be due t o  a temporary bending o f  t he  t r e e  by the  severe wind. 

Wald (1934) used t r e e s  and o t h e r  p l a n t s  t o  map l o c a t i o n s  o f  poss ib le  

heavy i c e  loads.  The pa t te rns  o f  suppressed t r e e  r i n g s  (narrow r i n g s )  f o l l owed  

by re leased t r e e  r i n g s  (wide r i n g s )  were used t o  i n t e r p r e t  which t r e e s  had 

been subjected t o  d e f o l i a t i o n  by severe wind o r  i c e  load ing .  These i n d i c a t o r s  

do n o t  e x c l u s i v e l y  r e s u l t  f rom severe weather, however. Pa t te rns  o f  narrow 



and wide r i n g s  may be t h e  r e s u l t  o f  t h e  t r e e  hav ing reduced growth, crowding 

o r  shading by nearby t r e e s  and t h e i r  subsequent re lease ,  o r  removal o f  compet i to rs .  

I n s e c t  o r  f i r e  damage cou ld  a l s o  produce an a l t e r n a t i n g  p a t t e r n  o f  narrow and 

wide r i n g s .  

Thus, b o t h  e x t e r n a l  and i n t e r n a l  evidence should be examined i f  t r e e s  a r e  

used as i n d i c a t o r s  o f  severe wind and i c e  damage. 

6.4 SUMMARY AND CONCLUSIONS 

Observa t ion  o f  wind-deformed v e g e t a t i o n  can p rov ide  u s e f u l ,  and indeed 

c r i t i c a l ,  i n f o r m a t i o n  i n  a  WECS s i t i n g  e f f o r t .  I n  t he  cand ida te  resource  area 

e v a l u a t i o n  s tage  (see Chapter 2 ) ,  obse rva t i on  o f  t h e  d i r e c t i o n s  o f  f l a g g i n g  

lends suppor t  t o  o t h e r  methods o f  a n a l y s i s  o f  f l o w  through t h e  reg ion .  

Sampling o f  i n d i v i d u a l  t r e e s  p rov ides  some " b a l l p a r k "  g u i d e l i n e s  on t h e  amount 

o f  wind resource  a v a i l a b l e  a t  a  number o f  d i f f e r e n t  l o c a t i o n s .  As a  t o o l  used 

i n  t h e  p o t e n t i a l  cand ida te  s i t e  screening stage, obse rva t i on  o f  t r e e s  may be 

u s e f u l  i n  p o i n t i n g  o u t  drawbacks o f  a  p o t e n t i a l  cand ida te  s i t e .  For example, 

f l o w  sepa ra t i on  i n  t h e  l e e  o f  h i l l s  i s  sometimes noted by a  r e v e r s a l  i n  t h e  

d i r e c t i o n  o f  w ind  f l a g g i n g  on t h e  downwind s i d e  o f  a  h i l l .  I c e  o r  severe wind 

damage w i t h i n  a  t r e e ' s  l i f e t i m e  may suggest d ropp ing  a  s i t e  f rom c o n s i d e r a t i o n  

f o r  a l t e r n a t i v e  s i t e s  w i t h  a  more benign c l i m a t e .  Th i s  ve ry  s i t e - s p e c i f i c  

i n f o r m a t i o n  may n o t  be o b t a i n a b l e  i n  any o t h e r  way. F i n a l l y ,  i n  t h e  s i t e -  

development s tage,  use of  vege ta t i on  may be coord ina ted  w i t h  o t h e r  techniques 

t o  p i n p o i n t  areas of s i g n i f i c a n t  wind resource  w i t h i n  t h e  boundaries o f  t h e  

c l u s t e r  s i t e .  There are, of course, l i m i t a t i o n s  and cau t i ons  i n  t h e  use o f  

t h i s  techn ique .  

The use o f  t r e e s  as i n d i c a t o r s  o f  wind v e l o c i t y  i s  s u b j e c t  t o  a  number o f  

p r a c t i c a l  l i m i t a t i o n s  t h a t  have a  bear ing  on t he  method o f  s e l e c t i n g  i n d i c a t o r  

t r e e s .  O f  g r e a t e s t  concern i s  t h e  t r e e ' s  exposure t o  t he  wind. Trees s e l e c t e d  

as i n d i c a t o r s  must be w e l l  exposed t o  t he  p r e v a i l i n g  winds. Seldom do t r e e s  

i n  a  f o r e s t  extend f a r  enough above t h e  canopy t o  be i n  an a i r  stream und is-  

tu rbed  by t h e  o t h e r  t r ees .  H igh  winds w i l l  suppress t he  growth o f  new shoots  



above the canopy so that  smooth, evenly topped canopies are ,  a t  l e a s t ,  a 
qua1 i  t a t ive  indicator of windy areas. However, isolated t rees  or those i n  

small, widely spaced groups should be favored as wind velocity indicators.  

All trees should be of nearly the same height i f  they are going to  be 

used to  compare several locations. Wind speed increases dramatically with 
height u p  to  10 m .  Above 10 m ,  t h i s  change in wind speed, although s igni f i-  

cant, i s  less  pronounced so trees selected should be 10 m or t a l l e r .  

All t rees  should be of the same species i f  they are being used to ra te  

potential s i t e s .  Douglas f i r  and Ponderosa pine react very similarly to  the 

mean annual winds above 5 m/sec. Below tha t  speed, Douglas f i r  are somewhat 

more sensi t ive to  wind than the Ponderosa pine. 

Sa l t  damage in coastal areas may enhance the degree of deformation. 

Coastal trees deformed by wind may be compared to  one another, b u t  should not 

be compared t o  wind-deformed trees  in noncoastal locations. 

Factors besides wind  may cause a character is t ic  one-sided crown. The 

growth of two trees  side by side,  fo r  example, will cause both t rees  to  have 
an asymmetric crown. If one t ree  i s  removed, the other will look wind-flagged. 

Always look fo r  evidence of past competition. Soil or snow creep, an occasional 
severe ice  storm, f i r e s ,  insect damage, pruning, or logging damage may a l l  
resu l t  in asymmetric crown forms that  are n o t  associated with w i n d .  

Many factors can af fec t  the amount of compression wood besides wind. 
Younger t rees  or fast-growing t rees  will p u t  on  more compression wood than 
older or slower-growing t rees .  Coniferous trees growing on slopes p u t  extra 
wood on the uphill side of the stem or on the downhill side when soi l  or snow 
creep i s  occurring. Trees that  have been t i l t e d  also p u t  on compression wood 
in response to  displacement from the vert ical .  

The character of the crown strongly affects  the amount of compression 
wood. Trees with deep crowns are  less  affected than those with crowns only in 

the upper portion of the tree.  The number and weight of branches on each s ide 

of the t ree  will also a f fec t  the amount of compression wood that  i s  formed. 



It should be emphasized t h a t  w h i l e  wind- f lagged t r e e s  i n d i c a t e  s t r o n g  

winds, a  1  ack o f  f l a g g i n g  does n o t  n e c e s s a r i l y  i n d i c a t e  t h a t  t h e  w ind  i s  n o t  

s t r ong .  There may be s i t u a t i o n s  where s t r o n g  winds come f rom t h r e e  o r  more 

d i r e c t i o n s ,  b u t  t h e i r  pe rs i s t ence  i s  i n s u f f i c i e n t  f rom any o f  t h e  d i r e c t i o n s  

t o  cause n o t i c e a b l e  deformat ion.  A lso,  a t  l o c a t i o n s  where a f t e rnoon  winds may 

be s t r o n g  b u t  decrease cons ide rab l y  a t  n i g h t ,  t r e e s  a r e  u n l i k e l y  t o  be wind-  

deformed. 

There i s  e r r o r  i n  t he  process o f  e s t i m a t i n g  t he  Griggs-Putnam Index 

va lue,  which may r e s u l t  i n  20% t o  40% e r r o r  i n  t he  es t ima te  o f  t h e  annual mean 

w ind  speed. T h i s  e r r o r  can be reduced by hav ing  severa l  people es t ima te  t h e  

i ndex  va lue,  us i ng  more than  one t r e e  a t  a  s i t e  and u s i n g  a l l  t h r e e  i n d i c e s .  

The r e l a t i o n s h i p s  presented here between mean annual w ind  speed and t h e  

i n d i c e s  o f  wind de fo rma t i on  should be used o n l y  as rough es t imates .  Trees 

se lec ted  f o r  c a l i b r a t i o n  span much o f  t he  coun t ry ,  b u t  c a l i b r a t i o n s  can v a r y  

l o c a l l y  (Zambrano 1980) .  Some c a l i b r a t i o n s  a r e  based on j u s t  one y e a r ' s  da ta .  

The e r r o r  i n  de te rm in ing  mean annual wind speed w i t h  o n l y  one y e a r ' s  da ta  

may be - + 10% (see Chapter 2 and Appendix 3 ) .  A d d i t i o n a l  u n c e r t a i n t y  i n  t h e  

c a l i b r a t i o n s  may r e s u l t  f rom the  e r r o r  i n t r oduced  by t he  use o f  c o n t a c t  anemom- 

e t e r s ,  an e r r o r  which may approach - + 11% o f  t he  annual mean wind speed a t  some 

o f  t h e  l o c a t i o n s .  I t  i s  b e s t  t o  i n t e r p r e t  t h e  t r e e  de fo rmat ion  i n  a  l o c a l  

r e g i o n  as a  r e l a t i v e  i n d i c a t o r  o f  wind speed. 

The s tudy  o f  t r e e  deformat ion i n d i c a t e s  t h a t  t r e e s  a r e  a  u s e f u l  t o o l  f o r  

de te rm in ing  p r e v a i l i n g  wind d i r e c t i o n ,  i d e n t i f y i n g  areas where severe wind 

and/or i c e  loads may occur,  and f o r  e s t i m a t i n g  mean annual wind speed. E s t i -  

mates o f  mean annual wind speed based on wind-deformed t r ees ,  a l though s u b j e c t  

t o  some u n c e r t a i n t y ,  a r e  simple,  qu ick,  and inexpensive c r i t e r i a  f o r  i d e n t i -  

f y i n g  l o c a t i o n s  where more d e t a i l e d  wind measurements a r e  j u s t i f i e d ,  and as a  

gu ide  f o r  p r e l i m i n a r y  rank ing  o f  s i t e s  i n  terms o f  wind power p o t e n t i a l .  
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GEOMORPHOLOGICAL INDICATORS OF WIND POWER POTENTIAL 

When winds interact  w i t h  and a l t e r  the ea r th ' s  surface, the geomorpho- 

logical features that r e su l t  a re  called eol ian landforms. Especially in arid 
regions where vegetation i s  sparse, winds can erode the surface, transport 
sand and dust, and deposit sediment. The erosional and depositional eolian 
landforms and the character is t ics  of the transported sediments are indicators 
of the history of the winds that  caused these landforms. Since eolian land- 

forms usually ex i s t  i n  areas where people do not l ive  and where wind data are 
n o t  l ikely to  have been gathered, a correct interpretation of the history may 

provide useful auxiliary wind data to  a s s i s t  in wind prospecting. 

Geomorphological interpretat ive techniques can provide information quickly, 

with minimal e f for t .  For example, significant information can be obtained 

from s a t e l l i t e  data or from high a1 t i  tude stereoscopic photographs. A1 though 

these data are easily accessed, interpretation of these pictures requires an 

expert in remote sensing imagery. However, sand samples from eolian landforms 

can be collected on one or more s i t e  v i s i t s  and quickly analyzed. 

The information gained using these techniques i s  a t  best somewhere 

between quantitative and qual i ta t ive.  Erroneous qual i  t a t ive  conclusions can 

even be drawn i f  careful attention i s  not paid to the restr ic t ions of the 
techniques. For example, proper interpretation of eolian landforms requires 

substantial - a pr ior i  knowledge of the regional climatology. S t i l l ,  these 
techniques represent easi ly  obtainable input for  cross checking one's concepts 
of regional flow features and may stimulate new ideas about the flow over 
te r ra in .  

7.1 EOLIAN LANDFORMS 

Eolian landforms are  generally ei ther  sand dunes or deflation areas. 

When blowing sand enters an area where ei ther  the nature or configuration of 

the ground or  vegetation interferes  with the w i n d ,  i t  accumulates into dunes. 
Of the various types of dunes, three are related to  topography: 



a c l imb ing  dunes, where the  wind r i s e s  over a  sharp topographic break 

a f a l l i n g  dunes, where sand i s  swept over a  c l i f f  and f a l l s  i n t o  a  she l -  

te red  ho l low 

sand sheets o r  dunes, where the  wind, a f t e r  sweeping sand through a  

topographic gap, d iverges across a  wide p l a i n  w i t h  a  consequent s l a c k i n g  

o f  speed. Sand can a l s o  accumulate on wide, f l a t  p l a i n s  t o  form pe rs i s-  

t e n t  dunes. 

Sand dunes i n  deser ts  take d i f f e r e n t  forms (see F igure  7.1 ) , and the  

mechanisms f o r  generat ing them a r e  complex and n o t  complete ly  understood. The 

type and q u a n t i t y  o f  vegeta t ion  s i g n i f i c a n t l y  i n f l u e n c e  the  development o f  

dunes; however, a c t i v e  dunes t h a t  experience f requent  s t rong winds do n o t  

a l l ow  the  vegeta t ion  t o  p e r s i s t  and s t a b i l i z e  the  dune. I n  these instances, 

heat, moisture, sand supply and sand c h a r a c t e r i s t i c s  a l s o  i n f l u e n c e  the  develop- 

ment o f  dunes. S p e c i f i c  dune c h a r a c t e r i s t i c s  on ly  p a r t l y  r e f l e c t  wind i n f l u -  

ences, such as temporal changes i n  reg iona l  wind pat terns,  d i f f e rences  i n  dune 

h e i g h t  and o r i e n t a t i o n  t o  the  wind, d i f f e rences  i n  p o s i t i o n  and o r i e n t a t i o n  t o  

the  surrounding topography, and wind i n t e r a c t i o n  w i t h  d i f f e r e n t  s izes,  shapes, 

and d e n s i t i e s  o f  sand gra ins .  

G e f l a t i o n  areas a re  eros iona l  fea tures ,  such as blowouts, scour s t reaks  

and p layas.  Blowouts a r e  saucer-shaped hol lows formed by wind eros ion.  Scour 

s t reaks  a re  s i m i l a r  t o  blowouts, b u t  a re  elongated along the  d i r e c t i o n  o f  

s t rongest  winds. Scour s t reaks are  u s u a l l y  found i n  d r y  areas o f  e a s i l y  

e r o d i b l e  s o i l ;  however, t h e i r  occasional occurrence i n  nea r l y  rock-hard sur faces 

i s  a sure i n d i c a t i o n  o f  very h igh  wind speeds. Playas are  depressions t h a t  

c o l l e c t  water,  as we l l  as the  s i l t  and s a l t s  t ranspor ted  by water,  du r ing  t h e  

wet season. I n  t he  d r y  season, playas a re  d ry  and sub jec t  t o  wind eros ion.  

The a l k a l i n e  sediments blown ou t  of the  p laya s e t t l e  ou t  downwind o f  t he  

p l  aya . 

Weathering processes on t h e  e a r t h ' s  sur face a c t  t o  reduce coarse-grained 

sediments t o  f i ne- g ra ined  sediments. The wind t ranspor t s  sediments through 

th ree  general processes. F ine-gra ined sediments t h a t  do n o t  s e t t l e  o u t  q u i c k l y  

t r a v e l  i n  suspension. Heavy-grained sediments tumble along the  sur face.  

In te rmed ia te- s ized gra ins  s a l  t a te ,  t h a t  i s ,  a i rbo rne  gra ins  c o l l i d e  w i t h  the  
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sur face ,  which causes t h e  same o r  new g r a i n s  t o  become a i r bo rne .  The w ind  

acce le ra tes  t h e  g r a i n s  be fo re  t h e  nex t  c o l l i s i o n  w i t h  t h e  sur face .  S ince more 

wind energy i s  r e q u i r e d  t o  t r a n s p o r t  l a r g e r  g r a i n s  than  sma l l e r  g ra i ns ,  t h e  

r a t e  o f  t r a n s p o r t  and t h e  c h a r a c t e r i s t i c s  of  t h e  t r anspo r ted  m a t e r i a l  shou ld  

be r e l a t e d  t o  t h e  t r a n s p o r t i n g  wind regime. 

U s u a l l y  e o l i a n  landforms and t r a n s p o r t  have been s tud ied  as a  f u n c t i o n  o f  

t h e  wind reg ime (Bagnold 1941 , L e t t a u  e t  a1 . 1978). However, i n  t h i s  sec t i on ,  

t h e  i n v e r s e  problem i s  s tud ied :  e o l i a n  i n d i c a t o r s  a r e  used t o  h e l p  determine 

t h e  wind regime. 

7.2 ESTIMATI!IG WIND SPEEDS 

Wind speeds can be es t imated  f rom t h e  s i z e  d i s t r i b u t i o n  o f  sand g r a i n s  o r  

f r om t h e  m i g r a t i o n  o f  dunes. However, bo th  approaches r e q u i r e  a d d i t i o n a l  

i n f o r m a t i o n  on t h e  a r e a ' s  c l i m a t o l o g y  t o  ensure t h e  accuracy o f  t h e  es t imates .  

7.2.1 Sand S i ze  D i s t r i b u t i o n  and Wind Speed 

As t h e  wind speed ove r  a  sandy sur face  increases,  t h e  su r f ace  s t r e s s  a l s o  

inc reases  u n t i l  i t  i s  s u f f i c i e n t  t o  beg in  moving sand. The wind speed a t  

which t h i s  occurs i s  t h e  f l u i d  t h r e s h o l d  v e l o c i t y  (Bagnold 1941).  However, 

once g r a i n s  a r e  s a l t a t i n g ,  l e s s  energy i s  r e q u i r e d  f rom t h e  wind t o  m a i n t a i n  

sand t r a n s p o r t  because t h e  energy con ta ined  i n  t he  t r anspo r ted  g r a i n s  t h a t  

c o l l i d e  w i t h  t h e  su r f ace  he lps  perpe tua te  s a l t a t i o n .  The speed necessary t o  

s u s t a i n  sand t r a n s p o r t ,  once t h e  t r a n s p o r t  has been i n i t i a t e d ,  i s  c a l l e d  t h e  

impact  t h r e s h o l d  v e l o c i t y  (Bagnold 1941). 

When t h e  wind speed equals  t he  impact  t h r e s h o l d  v e l o c i t y ,  t h e  f o l l o w i n g  

equa t i on  i s  a  v a l i d  d e s c r i p t i o n  o f  t h e  wind p r o f i l e  (see Appendix 2 ) :  

where 

U = t h e  wind speed a t  h e i g h t  z 

u, = f r i c t i o n  v e l o c i t y  

k = 0.35, von Karman cons tan t  

z  = h e i g h t  above ground 

zo = s u r f a c e  roughness. 



The f r i c t i o n  v e l o c i t y  (u,) represen ts  a  v e l o c i t y  s c a l e  o f  tu rbu lence ,  r e l a t e d  

t o  t h e  t u r b u l e n t  momentum f l u x  o r  s t r e s s  (T) as: 

where 

p = d e n s i t y  o f  a i r .  

Given t he  above, a  t h resho ld  f r i c t i o n  v e l o c i t y  would be u , ~  

I f  t h e  r e s u l t s  o f  Nikuradse (1933) a r e  used t o  es t ima te  t h e  roughness 

l e n g t h  ( 2 )  , t h e  f o l l o w i n g  equat ion may be used: 

where 

d  i s  t h e  d iameter  o f  t he  sand g r a i n  

1/30 : s  a  p r o p o r t i o n a l  i ty  cons tan t .  

I f  g r a i n  s i z e s  vary ,  t h e  d iameter  o f  t h e  coarses t  g r a i n s  i s  used; i .e., t h e  

9 5 t h  p e r c e n t i l e  o f  t h e  sand s i z e  d i s t r i b u t i o n .  

I n  Bagnold 's  theory,  t h e  t h resho ld  f r i c t i o n  v e l o c i t y  (ukT) depends on t he  

d e n s i t y  and d iameter  o f  t h e  sand g ra ins ;  t h a t  i s ,  

where 

A i s  a  p r o p o r t i o n a l i t y  cons tan t  t h a t  equals 0.08 f o r  t h e  impact t h r e s h o l d  

v e l o c i t y  and 0.1 f o r  t h e  f l u i d  t h resho ld  v e l o c i t y  

CI i s  t h e  d e n s i t y  o f  t h e  sand 

g  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y .  

A f a m i l y  o f  curves d e r i v e d  us ing  Equat ion (7.4) i s  shown i n  F igu re  7.2. To 

e x t r a p o l a t e  t h e  t h r e s h o l d  f r i c t i o n  v e l o c i t y  t o  any h e i g h t  near t h e  sur face ,  

use Equat ion (7 .1) .  



S A N D  DENSITY 

SAND G R A I N  D I A M l 3 E R  (mm) 

FIGURE 7.2. Thresho ld  V e l o c i t y  as a  Func t ion  o f  Sand Gra in  Diameter and 
Sand Dens i ty  ( i n  g/cm3). 

As w ind  speed inc reases  over  a  dune surface, t he  s m a l l e s t  g r a i n s  beg in  t o  

s a l t a t e ,  and t h e  sur face sand d i s t r i b u t i o n  becomes cor respond ing ly  coarser  as 

t h e  sma l l e r  g r a i n s  a r e  t r anspo r ted  by t h e  wind. When t h e  winds become s t r o n g  

enough, t h e  impact  t h r e s h o l d  v e l o c i t y  o f  t h e  coarse g ra ins  i s  reached and t h e  

coarse g ra ins  beg in  t o  s a l t a t e .  F i gu re  7.3 shows t he  behav io r  o f  t h e  wind 

p r o f i l e  over  a  dune su r f ace  f o r  severa l  d i f f e r e n t  wind speeds. Curve A o f  

F i gu re  7.3 shows t h e  wind p r o f i l e  a t  t h e  impact  t h resho ld  v e l o c i t y  o f  t h e  

coarse g r a i n s .  The v e l o c i t y  p r o f i l e  p r o j e c t s  0 m/sec a t  a  roughness h e i g h t  

d i c t a t e d  by t h e  s i z e  o f  coarse su r f ace  g r a i n s .  (Note:  a  s t r a i g h t  l i n e  i n  

F igu re  7.3 i n d i c a t e s  a  l o g a r i t h n i i c  w ind  p r o f i l e . )  

As t h e  wind speed increases more, t h e  i n t e n s i t y  o f  s a l t a t i o n  increases as 

does t h e  drag on t h e  a i rs t ream.  Curves B and C o f  F i gu re  7.3 show t h a t  t h i s  

inc rease  occurs a t  a  r a t e  t h a t  l i n i i t s  t h e  wind p r o f i l e  t o  t h a t  o f  t h e  impact 



WIND SPEED (mlsec) 

FIGURE 7.3. S t r u c t u r e  o f  Three Wind P r o f i l e s  Over a  Dune. Dashed l i n e s  a re  
e x t r a p o l a t i o n s  o f  upper p o r t i o n s  o f  wind p r o f i l e s  i n  which t he  
wind speeds exceed t h e  impact t h r e s h o l d  v e l o c i t y .  Upper p r o f i l e s  
meet a t  a  h e i g h t  o f  0.01 m a t  t h e  t h r e s h o l d  v e l o c i t y  VT, and 
f o 1  low impact t h r e s h o l d  v e l o c i t y  p r o f i l e  beneath 0.01 m. 

t h resho ld  v e l o c i t y  below a  h e i g h t  t h a t  Bagnold c a l l s  k l .  Th i s  h e i g h t  i s  on 

t h e  o rde r  o f  0.3 cm f o r  very  w e l l - s o r t e d  sands and 1  cm over  t y p i c a l  dune 

sands. A1 1  wind p r o f i l e s  focus a t  t h e  p o i n t  ( V T y  k t ) ,  which Bagnold c a l l s  

s imp l y  t h e  t h resho ld  v e l o c i t y ,  VT (as opposed t o  impact  t h resho ld  o r  f l u i d  

t h r e s h o l d ) .  Equat ions (7.1),  (7.3),  and (7 .4)  and an es t ima te  o f  k '  can be 

used t o  es t ima te  VT as 

However i f  t h e  wind p r o f i l e s  a r e  extended l o g a r i t h m i c a l l y  t o  0  wind speed, t h e  

inc reased  i n t e n s i t y  o f  s a l t a t i o n  f o r ces  t h e  wind p r o f i l e  above k' t o  behave as 

i f  t h e  su r f ace  were rougher  t han  would be determined from t h e  g r a i n  s i z e s .  I n  



f a c t ,  Bagnold found these e f f e c t i v e  roughness leng ths  t o  be r e l a t e d  t o  t h e  

development o f  sand r i p p l e s  (see Sec t ion  7.2.3). 

The sma l l es t  sand g ra ins  present  i n  an e o l i a n  sa.mple a r e  those t h a t  a re  

j u s t  s l i g h t l y  t o o  l a r g e  t o  be p icked up and t ranspor ted  away f rom t h e  dune 

area i n  suspension. Bagnold est imates t h a t  a  h o r i z o n t a l  wind v e l o c i t y  t h a t  i s  

f i v e  t imes t h e  s e t t l i n g  v e l o c i t y  i n  a i r  f o r  a  g iven  g r a i n  s i z e  w i l l  s u s t a i n  

suspension t ranspo r t .  E s s e n t i a l l y  a l l  mass t r a n s p o r t  o f  dune sand occurs 

below z  = 0.1 m. Any sand t h a t  i s  removed by suspension t r a n s p o r t  must be 

en t ra ined  by t h e  winds near t h e  0.1-m l e v e l .  One can t h e r e f o r e  l o o k  up t h e  

s e t t l i n g  v e l o c i t y  i n  a i r  f o r  t h e  minimum g r a i n  s i z e  and m u l t i p l y  t h i s  v e l o c i t y  

by f i v e  t o  g e t  an es t imate  o f  t he  h o r i z o n t a l  wind v e l o c i t y  a t  r ough l y  t h e  

0.1-m l e v e l .  I f  t h e  zo based on t h e  coarse g r a i n  s izes  and Equat ion (7.1)  

a r e  used, t h e  wind speed can be ad jus ted  t o  o t h e r  l e v e l s .  

How t h e  e f f e c t s  of sur face  moisture,  cohesion, and vege ta t i on  change t h e  

s imple d e s c r i p t i o n s  of sand mot ion i s  no t  c l e a r .  Therefore, i n  t h e  f o l l o w i n g  

d iscussion,  t h e  samples are  assumed t o  come f rom a c t i v e  dunes (i.e., n o t  

s t a b i l i z e d  by vegeta t ion)  i n  an a r i d  region.  I f  the  dunes are  t o  remain 

a c t i v e ,  t h e  sand must move o f t e n  enough, even though perhaps o n l y  a t  t h e  r i g h t  

t ime o f  year ,  t o  p revent  s t a b i l i z a t i o n  o f  t he  dune by encroaching vegeta t ion .  

The t ime sca le  o f  s t a b i l i z a t i o n  by vege ta t i on  w i l l  p a r t i a l l y  determine how 

f r e q u e n t l y  t h e  wind must blow. 

The d i s t r i b u t i o n  o f  sand g r a i n  s izes  shown i n  F igu re  7.4 i s  t y p i c a l  o f  

t h e  F e r r i s  Dune F i e l d  i n  Wyoming. The d i s t r i b u t i o n  r e f l e c t s  t h e  narrow range 

o f  wind speeds t h a t  preserves the  d i s t r i b u t i o n .  I f  the mean winds were t o  

increase i n  s t rength ,  t h e  smal le r  p a r t i c l e s  would be c a r r i e d  away and the  s i z e  

d i s t r i b u t i o n  would s h i f t  toward the  coarser f r a c t i o n .  I f  the  mean wind speed 

were t o  decrease, t h e  coarser  sands could no t  be moved, f i n e r  g ra ined sands 

formed by weathering wo " ?ccumula'-Q and t h e  s i z e  d i s t r i b u t i o n  would s h i f t  

toward t h e  f i n e r  g ra ined f r a c t i o n  (blarrs and Gaylord 1979). 

To o b t a i n  g r a i n  s i z e  d i s t r i b u t i o n s ,  s ieve  techniques can be used, b u t  a  

p r e f e r r e d  technique i s  t o  measure the  s e t t l i n g  v e l o c i t i e s  i n  water.  However, 

i f  s ieve  techniques are  used, co r rec t i ons  must be made t o  account f o r  g r a i n  
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FIGURE 7.4. G ra in  S i z e  D i s t r i b u t i o n  o f  a  Typ i ca l  Sample o f  t h e  Wyoming 
F e r r i s  Dune F i e l d  (Marrs and Gaylord 1979) 

shape and s p e c i f i c  g r a v i t y  (Bagnold 1941). F i gu re  7.5 compares t h e  s e t t l i n g  

v e l o c i t i e s  o f  qua r t z  spheres i n  wate r  and i n  a i r .  

Wind speed es t imates  r e l a t e d  t o  t he  s a l t a t i o n  o f  sand, o r  t o  t h e  suspen- 

s i o n  t r a n s p o r t  o f  sand, f o r  d i f f e r e n t  g r a i n  s izes ,  can p rov ide  es t imates  o f  

t h e  wind speeds t h a t  can fo rm and m a i n t a i n  sand s i z e  d i s t r i b u t i o n  (Marrs and 

Gay1 o r d  1979). The t h r e s h o l d  wind speeds necessary t o  i n i t i a t e  s a l t a t i o n  o f  a  

c e r t a i n - s i z e d  g r a i n  of  sand a r e  c a l c u l a t e d  us ing  Equat ions (7.1) and (7.4).  

The wind speed r e q u i r e d  t o  ma in ta i n  suspension t r a n s p o r t  o f  a  g iven  g r a i n  s i z e  

i s  f i v e  t imes  t h e  s e t t l i n g  v e l o c i t y ,  which i s  de r i ved  f rom F igure  7.5. I f  

assumptions a r e  made about t he  r e l a t i o n  between t h e  sand t r a n s p o r t  process and 

t h e  f e a t u r e s  o f  t h e  sand s i z e  d i s t r i b u t i o n ,  such as s i z e  o f  t h e  coarsest ,  

f i n e s t ,  o r  modal g ra i ns ,  then  a  q u a l i t a t i v e  es t ima te  of  t he  frequency o f  

occurrence o f  a  g i v e n  wind speed can be made. The f o l l o w i n g  paragraphs d iscuss  

es t imates  of wind speeds based on t h e  sand s i z e  d i s t r i b u t i o n  i n  F igu re  7.4. 

The es t imates  a r e  summarized i n  Tab le  7.1. 



SPEED (crnls) 

FIGURE 7  $5 .  S e t t l i n g  V e l o c i t i e s  i n  cm/sec o f  Quar tz  
Spheres i n  Water and A i r  (From Rouse) 1937) 

TABLE 7.1. Wind Speeds I n f e r r e d  From Eo l i an  Sand S ize  D i s t r i b u t i o n  
Shown i n  F igu re  7.4. A l l  u n i t s  a re  S I .  
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E f f e c t i v e  zo 

U1 0 

U n c e r t a i n t y  

Approx imate  Mode Of Frequent  Enough 
Sand Moving Wind To S u s t a i n  Occas iona l  

Energy Di  s t r i  b u t i  on A c t i v e  Dunes Extreme Winds 
Th resho ld  o f  Th resho ld  o f  Suspension o f  Suspension o f  

Modal S i z e  Gra ins  L a r g e s t  Gra ins  Sma l l es t  Gra ins  Modal S i z e  Gra ins  

Frequency of  
Occurrence 



The mode of t h e  sand d i s t r i b u t i o n  must be maintained by, and r e f l e c t  

something l i k e ,  the  mode o f  t he  "sand-moving" wind energy d i s t r i b u t i o n .  (The 

mode of t he  sand-moving wind energy d i s t r i b u t i o n  i s  n o t  necessar i l y  the  same 

as the  mode o f  t he  wind energy d i s t r i b u t i o n . )  Therefore, a ca l cu la ted  thresh-  

o l d  v e l o c i t y  based on the  mode o f  t he  sand s i z e  d i s t r i b u t i o n  i s  an i n d i c a t o r  

o f  t he  most f requent  sand- transport ing winds. (This  est imate f o r  t he  F e r r i s  

Dune F i e l d  i s  shown i n  Table 7.1). However, t h i s  i n fo rma t ion  might  mean t h a t  

t he  sand-moving winds a re  very  vigorous bu t  o n l y  occur i n  1 o r  2 months of the  

year.  O r ,  i t  may mean t h a t  h igh  winds occur more f r e q u e n t l y  when the  ground 

i s  wet and/or frozen. 

Sand t h a t  i s  taken up i n  suspension t r a n s p o r t  i s  removed q u i c k l y .  The 

complete removal o f  the very small g ra ins  formed by weathering i s  a necessary 

c o n d i t i o n  f o r  maintenance o f  a c t i v e  dunes. Frequent motion o f  t he  coarse 

g ra ins  i s  a l s o  necessary t o  main ta in  a c t i v e  dunes. Therefore, the suspension 

and removal o f  small g ra ins  i s  probably due t o  wind speeds near those t h a t  

a c t i v a t e  s a l t a t i o n  o f  t he  coarse gra ins,  and the  wind speed est imates based on 

the  th resho ld  v e l o c i t y  o f  t he  coarse gra ins  and the  suspension o f  the  small 

g ra ins  should be f a i r l y  c lose  t o  each o the r  (see Table 7.1). 

When occasional extreme winds occur, l a r g e r  g ra ins  o f  sand can be sus- 

pended and removed. Abnormally h igh  winds cannot occur very o f t e n  w i thou t  

removing small-to-medium s i zed  gra ins ,  thereby pushing the mode o f  the  s i z e  

d i s t r i b u t i o n  toward the  coarser f r a c t i o n .  Therefore, an est imate o f  t he  wind 

speeds necessary t o  suspend sand gra ins  j u s t  smal le r  than the  modal s i z e  w i l l  

g i v e  an i n d i c a t i o n  o f  t h e  extreme wind speeds i n  an area. However, i n  t h i s  

s i t u a t i o n  the  sur face roughness i s  increased and the  wind p r o f i l e  behaves l i k e  

curve C of F igu re  7.3. . I n  t h i s  case, t o  a d j u s t  the 0.1-m v e l o c i t y  est imate t o  

some o t h e r  h e i g h t  one should es t imate  VT f rom Equation (7.5) and assume a k '  

t o  determine a zo t o  use i n  Equation (7.1).  Th is  makes the  est imate o f  the  

extreme winds h igher  than i f  the  roughness were due t o  coarse gra ins .  This  

est imate i s  a l s o  l i s t e d  i n  Table 7.1. 

The numbers shown i n  Table 7.1 seem reasonable f o r  sand-moving winds i n  a 

Wyoming dune f i e l d .  However, no good way e x i s t s  t o  est imate the  frequency o f  



occurrence o f  winds i n  these speed ranges. Al though winds o f  these speeds 

probably  do occur,  some ex te rna l  i n d i c a t i o n  o f  t he  reg iona l  c l ima to logy  needs 

t o  be used, a long w i t h  an understanding o f  t h e  l o c a l  ecology, t o  judge whether 

these wind speeds a r e  i n  any way i n d i c a t i v e  o f  year- round wind energy p o t e n t i a l .  

7.2.2 Dune M i g r a t i o n  and Wind Speeds 

Fo l low ing  Bagnold 's  theory ,  t h e  mass t r a n s p o r t  r a t e  o f  wind-blown sand ( q )  

i s :  

q  = a u,' f o r  u, , u, 
T  

= 0 u* < U* 

T  

where 

and 

u, = impact t h resho ld  f r i c t i o n  v e l o c i t y  
T  

u, = f r i c t i o n  v e l o c i t y  

C = 1.5 f o r  n e a r l y  un i f o rm sand, 1.8 f o r  t y p i c a l  dune sand and 2.8 

f o r  sand w i t h  a wide range o f  g r a i n  s i zes  

d  = d iameter  o f  modal-sized g ra ins  

D = 2.5 x  m 

p = a i r  d e n s i t y  

g  = g r a v i t a t i o n a l  acce le ra t i on .  

There a r e  a l t e r n a t i v e  theo r i es  o r  d e s c r i p t i o n s  as w e l l  ( Le t tau  e t  a l .  

1978). Kawamura (1  951 ) suggests : 

Based on  wind tunne l  experiments w i t h  r e l a t i v e l y  un i f o rm sand o f  4.4 x  rn 

g ra ins  and where u, was expe r imen ta l l y  found t o  be about 0.30 m/sec, B e l l y  
T (1962) es t imates  C1 = 3.1. 



Lettau (1 978) suggests another formula: 

Lettau showed t h i s  equation f i t  the  data of Belly (1962) well i f  C2  ( d / ~ ) ~  p/g = 6.5, 

b u t  provided no means t o  generally determine n or C 2 .  For the  remainder of 
t h i s  discussion Bagnold's description (Equation 7.6) wil l  be used. However, 
i t  i s  worthwhile noting t h a t  f o r  wind  speeds near the threshold velocity 

Equation (7.6) produces the  highest estimate of the sand transport  r a t e ,  o r  
conversely, f o r  a given sand t ranspor t  r a t e  Equation (7.6) implies the lowest 

value of u,. 

The magnitude of the  average sand t ranspor t  r a t e  vector <6 can be 
approximated by observing net dune migrations over a period of years ,  using 
the  following equation 

where 
x = distance of dune migration 
a = bulk sand density 
H = height of dune 
t = time interval  between observations. 

I f  the  wind always blows in  the  same direct ion a t  the  same speed and the  
dune never becomes s tab i l i zed ,  Equation (7.6) could be used t o  determine the  
wind  speed from the  observed t ranspor t  of sand. However, Equation (7.6) shows 
t h a t  a few episodes of high winds can move a great  deal of sand. In addit ion,  
winds t h a t  blow back and fo r th  move sand through a l a rger  distance than the  
net  migration suggests. Therefore, Equation (7.6) i s  not appropriate f o r  

estimating wind speed a s  a function of sand t ranspor t  since the conditions 
required f o r  i t  t o  be accurate ra re ly  e x i s t  in nature. 

Equation (7.6) can be used with a wind d i s t r ibu t ion  t o  derive a re la t ion  

between <;> and the  long-term mean wind speed (v) . This i s  done by evaluating 

the  in tegral  



where 
+- 
q  (u,,~ ,A) i s  t h e  v e c t o r  r a t e  of sand t r a n s p o r t  as a  f u n c t i o n  o f  w ind  

speed (u,), w ind d i r e c t i o n  ( e ) ,  and dune a c t i v i t y  (A) ;  

A  i s  a  f u n c t i o n  rangi-ng f r om 0 t o  1  i n d i c a t i n g  t h e  degree o f  t h e  dune 's  

a c t i v i t y  as i n f l u e n c e d  by v e g e t a t i o n  and mois ture;  

p  (u,,~ ,A) i s  t he  normal ized j o i n t  p r o b a b i l i t y  d e n s i t y  f u n c t i o n .  

The i n t e g r a t i o n  ove r  wind speed s t a r t s  a t  u, because f o r  wind speeds s m a l l e r  
T  

than  U, no sand i s  moved. For  a  g i v e n  wind speed d i s t r i b u t i o n ,  t h e  e f f e c t s  
T  o f  wind d i r e c t i o n  and pe r i ods  o f  d im in ished  dune a c t i v i t y  o n l y  reduce t h e  

va lue  o f  t h e  i n t e g r a l  i n  Equat ion  7.9. Tha t  i s ,  i f  we es t ima te  <{> as 

where t h e  v e c t o r  sand t r a n s p o r t  r a t e  i s  r ep laced  by t h e  s c a l a r  sand t r a n s p o r t  

r a t e  (e.g., u s i n g  Equat ion  7 . 6 ) ,  then  t h e  va lue  o f  <:> ob ta ined  i n  Equat ion  (7.10) 

w i l l  be g r e a t e r  than  o r  equal t o  t h a t  ob ta ined  us ing  Equat ion (7 .9 ) .  The 

converse i s  more impo r tan t .  I f  one knows t he  shape o f  t h e  wind speed d i s t r i b u t i o n  

( i  .e., Ray le igh ,  Wei b u l l ,  e t c . ) ,  then  a  measured va lue  o f  <;> must i n d i c a t e  

t h e  minimum mean wind speed i n  a  dune area. 

I f  t h e  d i s t r i b u t i o n  o f  f r i c t i o n  v e l o c i t i e s  i s  a  Ray le igh  d i s t r i b u t i o n ,  ( a )  

t hen  t h e  i n t e g r a l  i n  Equat ion  (7.10) can be so lved  a n a l y t i c a l l y  (see Appendix 4 ) .  

The r e s u l t s  a r e  e a s i e s t  t o  d i s p l a y  g r a p h i c a l l y  us i ng  t h e  f o l l o w i n g  equat ion :  

+- 
<q> = au, f ( B )  

T  

( a )  The q u a l i t y  o f  t h i s  assumption i s  h i g h l y  suspect.  The genera l  skewed 
shape o f  t h e  Ray le i gh  d i s t r i b u t i o n  i s  no doubt  appropr ia te ;  however, t h e  
r e s u l t s  w i l l  be s e n s i t i v e  t o  t h e  shape o f  t h e  t a i l  o f  t h e  d i s t r i b u t i o n  o f  
which l i t t l e  i s  known. Never the less,  t h e  Ray le igh  d i s t r i b u t i o n  i s  a  
convenient  one-parameter d i s t r i b u t i o n .  



- 
where B  = k / u ,  , u, i s  t he  long- term average f r i c t i o n  v e l o c i t y  and f (B) i s  

T  shown i n  F igu re  7.6. To o b t a i n  an es t imate  o f  t he  minimum mean wind speed, 

take  t h e  es t imate  o f  <<> obta ined f rom dune m ig ra t i on  ra tes ,  analyze the  sand 

so t h a t  a and u, can be est imated, so lve  Equation (7.11 ) f o r  f ( B )  , look  up B 
T 

i n  F igure  7.6, and mu1 ti p l y  B by u, t o  ge t  &. Given an es t imate  o f  and 
T  

k '  (see F igure  7.3), an est imate o f  t he  mean wind speed a t  some h e i g h t  near 

t h e  sur face  can be made us ing  
- 

For small 6, e r r o r s  i n  t he  est imate o f  <;> become l a r g e  e r r o r s  i n  t h e  es t imate  

o f  %. 

FIGURE 7.6. Assuming a  Rayle igh D i s t r i b u t i o n  o f  Wind Speeds, Equation 7.11 
Shows That t he  Average Sand Transpor t  Rate Depends on f ( 6 )  , 
Which i s  P l o t t e d  Here and Described A n a l y t i c a l l y  i n  Appendix 4. 



The r e l a t i o n  between an assumed Ray le igh  d i s t r i b u t i o n  mean wind speed and 

t h e  observed n e t  r a t e  o f  t r a n s p o r t  o f  sand have been computed f o r  t h e  F e r r i s  
-1 -1 Dune F i e l d .  Marrs  and Gaylord ( 1  979) observed <<> = 8.9 x  1  o - ~  kg  m sec 

f o r  these dunes. T h i s  i m p l i e s  a  minimum annual mean f r i c t i o n  v e l o c i t y  o f  

0.25 mlsec and a  minimum annual wind speed a t  10 m near 11 mlsec. Marrs and 

Gaylord had a d d i t i o n a l  da ta  t h a t  i n d i c a t e  t h a t  r ough l y  75% o f  t h e  winds above 

t h e  t h r e s h o l d  v e l o c i t y  a r e  w e s t e r l y  and t h e  remain ing 25% a r e  e a s t e r l y .  Thus, 

t he  n e t  sand movement i s  about one h a l f  o f  t h e  t o t a l  sand movement. Given 
-+ -1 -1 

t h i s  supplementary da ta ,  <q> = 1 .8  x  l o - *  kg m sec and t h e  es t imates  o f  t h e  

minimum mean w ind  speed would be r a i s e d  t o  about 12 mlsec. Th i s  es t ima te  

c o u l d  be r a i s e d  more i f  t h e  w ind  i s  s t r o n g  b u t  t h e  sands do n o t  move because 

o f  mo i s tu re  o r  f r o z e n  sur faces .  The accuracy o f  Bagnold's t heo ry  and t h e  

assumption of t h e  Ray le i gh  d i s t r i b u t i o n  determine t h e  accuracy o f  t h e  es t ima te .  

7.2.3 Wind S ~ e e d  and Other  E o l i a n  A c t i v i t i e s  

Wind b low ing  ove r  sand organizes t he  sand i n t o  r i p p l e s ,  t r ansve rse  t o  t h e  

wind d i r e c t i o n .  Bagnold (1941) r e l a t e d  t h i s  process t o  t h e  mean t r a j e c t o r y  o f  

s a l  t a t i n g  sand g ra ins .  Tha t  i s ,  when a  su r f ace  g r a i n  becomes a i r b o r n e  as a  

r e s u l t  o f  a  c o l l i s i o n  w i t h  o t h e r  s a l t a t i n g  sand g ra ins ,  i t  r i s e s  n e a r l y  v e r t i -  

c a l l y  f rom t h e  sur face ,  p i c k s  up fo rward  momentum f rom t h e  wind ( t he reby  

caus ing d rag  on t h e  windstream), and c o l l i d e s  w i t h  t h e  su r f ace  aga in  one 

r i p p l e  wavelength downstream. The wavelength o f  t h e  r i p p l e s  t hen  depends upon 

t h e  momentum t r a n s f e r  f rom t h e  a i r  t o  t h e  s a l t a t i n g  sand. The momentum t r a n s-  

f e r  i n  t u r n  depends upon t h e  f r i c t i o n  v e l o c i t y  (u,). As t he  wind speed increases,  

t h e  wavelength increases.  Bagnold (1941) found, however, t h a t  when t h e  w ind  

speed reaches about  t h r e e  t imes t h e  t h r e s h o l d  v e l o c i t y  (VT),  t h e  r i p p l e  f l a t t e n s  

o u t  and d isappears.  Sharp (1963) found t h a t  bo th  r i p p l e  h e i g h t  and spac ing 

a r e  i n f l u e n c e d  by g r a i n  s i ze .  Coarse o r  p o o r l y  so r t ed  sands fo rm h ighe r  

r i  pp l  es than  we1 1  - sor ted ,  f i  ne- gra i  ned sands. 

R i p p l e  observa t ions  as a  wind energy s i t i n g  technique a r e  ve ry  1  i m i t e d ,  

a1 though r i p p l e s  can p rov ide  c l ues  f o r  i n t e r p r e t i n g  l o c a l  topograph ic  enhance- 

ments. For  example, a f t e r  a  s t r ong  wind event  f rom t h e  major  power-producing 

wind d i r e c t i o n  i n  areas o f  s i m i l a r  sands, areas where r i p p l e  wavelengths a r e  



1 arger would have topographically enhanced wind speeds. This technique only 

works a f t e r  a frontal passage where winds die down quickly or where precipita- 
tion deactivates the sand quickly, so the record of the peak winds i s  preserved. 

If the wind dies off slowly, the ripples a t  a l l  locations will indicate the 
dying winds that  were jus t  strong enough to maintain sand motion, and a l l  
areas will show the same final wavelength, assuming the sand type was the same 
in a1 1 locations. A1 ternatively,  the spatial  variations in ripple wavelengths 

a t  the height of a wind event could be observed to estimate w i n d  speeds. The 

only advantage th i s  method could have over making short-term (say 10 minute) 

handheld anemometer measurements a t  several locations i s  that  ripples may 

represent a wind speed average of an hour. However, th i s  has not been estab- 
lished yet .  

Since sand ripples resu l t  from the most recent sand-moving winds, they 

are not useful for  making estimates of the long-term wind speeds. Furthermore, 

they are subject to  the severe constraints as discussed above, when used as 

indicators of short-term spatial  variations in wind speed. In most instances, 

a wind prospector should simply be cognizant of the physics of sand ripples 

and incorporate sand ripple indicators only i f  other indicators or measurements 
are lacking. 

Deflation features,  such as playas, sometimes provide qual i ta t ive indica- 
tors  of wind speed. Carl is le  and Marrs (1978) noted that  in regions where 
playas are forming, the playas are more numerous and more closely spaced in 
regions of higher wind speeds. The length of the sediment plume downwind of a 
playa i s  also longer i n  areas of higher wind speeds. However, both of these 
indicators are  sensit ive t o  vegetation, moisture, and soi l  type, so they must 
be used cautiously (Marrs and Gaylord 1979) .  

7.3 EOLIAN INDICATORS O F  WIND DIRECTION 

Eolian landforms that  form in regions of persistent winds are indicators 

of wind direction. Each type of sand dune shown in Figure 7.1 i s  related to 

the wind direction in a specific way. Barchan, transverse, and parabolic 



dunes a re  asymmetric, form perpendicular to the dominant wind direct ion,  and 

indicate a  primary direction of flow. Barchan dunes are distinguishable from 

parabolic dunes because parabolic dunes are  in t ransi t ion between active and 

s tabi l ized s t a t e s ,  so the arms are stabilized with vegetation. The horns on a  

barchan dune are  fu l ly  active. The transverse dune has a  s l i p  or avalanche 

face on the downwind side. Longitudinal dunes, which lack the s l i p  face of 

the transverse dune, are  symmetrical. This symmetry may be caused by the wind 

blowing from two directions (Marrs and Gaylord 1979). 

Simple dunes (see Figure 7 .1)  form only when the sand-moving winds are  

nearly unidirectional. When two or more wind directions are prominent, the 

dunes will take on complex forms. Even so, dunes respond in a  predictable 

fashion (Marrs and Gaylord 1979). If the wind direction varies seasonally, 

dunes in the most active portion of the dune f i e ld  will begin to  change the i r  

orientations as the winds s h i f t  from season to season. 

Deflation areas can also be indicators of wind direction. The downwind 

sediment plumes of playas are obvious indicators. In addition to  these plumes, 

playas tend to  develop (over time) a  long axis normal to  the responsible wind 

direction. The long axis i s  a  useful indicator when the sediment plume has 

been rendered unobservable by cultivation or other cultural a c t i v i t i e s  (Marrs 

and Gaylord 1979). Progressive wind erosion, such as migration of blowouts, 
forms scour streaks.  The long direction of these features l i e s  along the 

dominant wind direction. 

Patterns of snow accumulations can indicate prevailing wind directions.  

Cornices, o r  buildups of snow that  sometimes become overhangs, form on the l ee  

sides of ridges. The windward side of the ridge may be blown clear  of snow, 

althougb one must be careful not to  confuse these effects  with the processes 

of sublimation and runoff. 

Wind direction information obtained from eolian landform indicators can 

be plotted on topographic maps to  help determine regional wind patterns.  In 

regions where the topography i s  gently sloping b u t  the features have horizon- 

t a l  length scales larger than 10 km, such as might be found in the high plains 



s ta tes ,  i t  i s  n o t  easy t o  es t imate  t h e  e f f ec t s  o f  topographica l  c o n t r o l  on t h e  

f l o w .  Eol i a n  d i r e c t i o n  i n d i c a t o r s  can supply s i g n i f i c a n t  i n f o r m a t i o n  f o r  

t h i s .  

7.4 CONCLUSIONS AND RECOMMENDATIONS 

Wind, as a  geomorphological agent, can c rea te  e o l i a n  landforms from which 

t h e  wind h i s t o r y  over a  wide range o f  t ime scales can be i n t e r p r e t e d .  Eo l i an  

landforms and t h e i r  changes i n  time, such as dune m ig ra t i on ,  can be examined, 

us ing  s a t e l l i t e  remote-sensing and a e r i a l  photography. Both o f  these data 

have been c o l l e c t e d  and arch ived  f o r  most o f  t he  Un i ted  States (see Chapter 10 ) .  

Qu ick  access t o  t he  data and t h e  r a p i d  i n t e r p r e t a t i o n  o f  e o l i a n  landforms by a  

t r a i n e d  expe r t  a re  t h e  advantages t h a t  j u s t i f y  spending t ime i n v e s t i g a t i n g  

e o l  i an 1  andforms as i n d i c a t o r s  o f  wind power p o t e n t i  a1 . 
Eo l i an  features,  whether they  are  depos i t i ona l  such as sand dunes, o r  

d e f l a t i o n  fea tures  such as blowouts o r  playas, i n d i c a t e  subs tan t i a l  winds. 

However, these fea tures  can be created by a  few wind events. For t h i s  reason, 

i d e n t i f i e d  e o l i a n  fea tures  should be conf irmed as c u r r e n t l y  a c t i v e  features by 

s i t e  v i s i t s .  Sand g r a i n  s i z e  d i s t r i b u t i o n s  may be analyzed f o r  i n d i c a t i o n s  of 

wind speeds t h a t  occur w i t h  a  s i g n i f i c a n t ,  a l though indeterminate,  f requency. 

Dune m i g r a t i o n  ra tes ,  observable through d i f f e rences  i n  pas t  and c u r r e n t  

a e r i a l  photographs, p rov ide  an i n d i c a t o r  o f  mean wind speed. Regular observa- 

t i o n s  o f  dune p o s i t i o n  p rov ide  i n fo rma t i on  on the  temporal v a r i a b i l i t y  o f  t h e  

wind resource t h a t  may be o f  va lue i n  i n t e r p r e t i n g  t h e  c l i m a t o l o g i c a l  represen- 

ta t i veness  o f  a g iven  year  o f  data. Under some very  r e s t r i c t i v e  cond i t ions ,  

sand r i p p l e  wavelengths, which a re  longer  a t  h igh  wind speeds than a t  lower 

wind speeds, can be used as a  shor t- te rm i n d i c a t o r  o f  l o c a l  topographic enhance- 

ment o f  winds. Due t o  t h e  g rea t  u n c e r t a i n t i e s  i n  t h e  use o f  e o l i a n  fea tures  

f o r  es t ima t i ng  wind speeds, the  est imates should be regarded as r e l a t i v e  

i n d i c a t o r s  r a t h e r  than i n d i c a t o r s  o f  absolute wind speeds. 

Mean wind d i r e c t i o n s  and mean wind pa t te rns  i n  a  reg ion  can be mapped on 

topographic  maps us ing  e o l i a n  landforms as wind d i r e c t i o n  i n d i c a t o r s .  However, 



the temporal nature of the geomorphological processes should be reviewed 

before a wind pattern i s  described. Consider th i s  example: two broad valleys 
merge. One valley runs down from the northwest to the southeast and the other 

runs down from the southwest to the northeast. The sand dunes in the northern 

valley are  active during the f a l l  when northwesterly winds blow down the 

valley. In the southern valley, the northwesterlies blow across the valley in 

the f a l l .  As a resu l t  the winds are l i gh t  down in the valley and the sand 
dunes are  not being moved by the wind. In the spring, the s i tuat ion i s  reversed 
with the southern valley dunes being moved by the southwesterly spring winds 

along the valley while the northern valley i s  sheltered. To conclude tha t  a 
1 arge confluence and possibly an acceleration of airstreams occur a t  the 
junction of the valleys would be erroneous. Therefore, one must be careful to  
determine tha t  eolian landforms being used to describe a wind pattern were 
formed a t  the same time and do not represent components of several w ind  patterns.  

Information gained from the use of geomorphological indicators i s  some- 
times helpful i n  forming an integrated picture of the wind regime in a data- 

sparse area.  However, the great uncertainty of the technique should be compared 

with the e f fo r t  expended. Aerial photographs can be obtained (see Chapter 10) 
during the region of in te res t  analysis and candidate resource area evaluation 

stages of the wind prospecting strategy (see Chapter 2 )  for purposes other 

than for  examining eolian landforms. If  eolian indicators are found in the 
photographs, interpret  the photographs as quickly as possible and use techniques 
described in th i s  chapter only as part  of s i t e  v i s i t s  that  include other 
ac t i  vi tes , e .g . , s e t t i  ng out anemometers or i  nspecti ng t e r ra i  n feasi  b i  1 i ty . 
In t h i s  way, information can be added to the data base of the s i t e  without 
undue delay and expense. 
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8.0  SOCIAL AND CULTURAL INDICATORS OF WIND POWER POTENTIAL 

Valuable supplementary wind input can be inferred from human interaction 

w i t h ,  and behavior changes because of ,  the wind. Techniques using social and 

cultural  indicators to  infer  information about wind  are highly subjective and 

d i f f i c u l t  t o  quantify. The information derived from these techniques i s  not 
absolute and should not be a replacement for  wind data. Instead, the informa- 

tion should be integrated into the wind  prospector's qual i ta t ive feel for  a 

given region. 

These techniques do n o t  and should not require a great commitment of time 

and ef for t .  Instead, these techniques require an a t t i tude  of continual obser- 
vance for  clues of wind effects .  The indicators discussed below give a glimpse 
of the wide range of clues that  the astute  observer might be able to  recognize. 

F i r s t ,  people do not l ike  to l i ve  in high wind areas. If a town or home 
i s  s i ted  in an obviously sheltered location and other conveniences such as 
water access or road service are less  available than i f  the town or house were 
located in a less  sheltered area, the area surrounding the sheltered location 

may be windy. Often, people grow shel terbel ts  on the upwind side of an area 
they wish to  protect, i f  they cannot avoid windy areas. 

Land use can also indicate wind character is t ics .  Land cannot be cu l t i -  

vated for  long in a windy area before the land will no longer sustain crops. 
Therefore, i n  regions of mixed open rangeland and cultivated f i e lds ,  the range 
areas are more l ikely t o  be windy. The border between crop and rangeland can 
also be noted on small space scales,  as when cultivation exis ts  in small 
protected areas or on the lee  sides of small ridges b u t  not on the windy 
cres ts  of ridges. 

Past use of wind power fo r  local water pumping or small-scale e l ec t r i c  
generation may indicate a wind resource. Water pumpers were often s i ted  down 
in small valleys and ravines, because those s i t e s  were nearer the water 
table .  If there was enough wind for  water pumping in these poorer s i t e s ,  then 
the surrounding h i g h  ground i s  probably a viable resource area. Snow fences 
may also indicate windy areas. In semi-arid regions snow fences are used to  
control dr i f t ing  snow. 



Signs along roadways often re f lec t  wind potential. "Blowing sand" or  

"blowing snow" warning signs probably indicate local topographic enhancement 

of winds. "High winds l ikely" or  "gusty winds l ikely" indicate strong tur- 

bulent winds tha t  a re  probably more a hazard to avoid than a boon. State  

highway patrols can be a source of information on wind because of the i r  continual 

concern with road conditions. Accidents where trucks carrying l igh t  bulky 

loads (such as mobile homes) have had the i r  loads blown off may be considered 
along with the concurrent synoptic conditions. The extrapolation of the 
information contained in these roadside indicators to the surrounding off -road 

areas requires an experienced meteorologist. 

Wind damage to buildings, billboards, power l ines ,  e tc ,  can also be 

considered. Damage to some structures may indicate extreme wind speeds or  
extreme turbulence to  be avoided. On the other hand, some structures may be 

poorly situated i  n 1 ocations where turbulence i s  particul ar ly  enhanced. In 

the l a t t e r  case, surrounding areas could have strong b u t  more benign wind .  

Long-time residents of an area, especially those that  work outdoors and 

cover a 1 arge t e r r i to ry ,  can sometimes provide useful information. However, 

people tend to  remember specif ic  discrete wind events rather than average 

conditions. Even so, a resident may be able t o  say with considerable confi- 
dence tha t  region x has more wind than region y .  If region y i s  near an 
existing anemometer, then some useful information may be available t o  incor- 
porate into the candidate resource area evaluation (see Chapter 2 ) .  

Several social and cultural indicators of wind power potential have been 
discussed, b u t  the l i s t  could be expanded. The sharp observer will look for ,  
recognize, and evaluate the information provided by these indicators.  For 
example, consider two s i t i ng  engineers traveling to a proposed s i t e .  One i s  
an a l e r t  observer and notices many social and cultural indicators along the 
way. The second thinks only about getting a look a t  "the s i t e . "  The f i r s t  
engineer i s  in a bet ter  position than the second to integrate information 
obtained from the region into a broader perspective of the nature of the 

s i t e ' s  wind resource. A1 though these indicators are d i f f i c u l t  to quantify, 

they do contribute to the understanding of the wind flow in a region and near 

a potential WECS s i t e .  



9.0 WIND TURBINE WAKES AND CLUSTER DESIGN 

To e x p l o i t  s i g n i f i c a n t  q u a n t i t i e s  o f  wind energy e f f e c t i v e l y ,  u t i l i t i e s  

w i l l  need t o  s i t e  l a r g e  numbers o f  wind t u r b i n e  generators .  These machines 

w i l l  be ar ranged i n  c l u s t e r s ,  s i n c e  l and  a v a i l a b i l i t y ,  t h e  s i z e  o f  wind resource  

areas, t h e  cos t s  o f  i n s t a l l a t i o n  and maintenance w i l l  f a v o r  s i t i n g  i n  compact 

groups. S i t i n g  severa l  machines i n  a  l i m i t e d  area r e q u i r e s  knowledge o f  how 

c l o s e l y  w ind  machines can be p laced  and o f  how the  machines' geometr ic  con- 

f i g u r a t i o n  a f f e c t s  o v e r a l l  c l u s t e r  performance. I f  a c l u s t e r  i s  wel l- des igned,  

problems de t r imen ta l  t o  performance can be avoided. 

Wakes, which a r e  c rea ted  when an o b j e c t  i s  p laced  i n  a  f l o w  f i e l d ,  a r e  

cha rac te r i zed  by a lower  mean wind speed, a  m o d i f i c a t i o n  t o  t h e  wind p r o f i l e  

and a change i n  t h e  t u rbu lence  s t r u c t u r e .  ( a )  Wakes a f f e c t  wind t u r b i n e  per form- 

ance by reduc ing :  

energy p r o d u c t i o n  because t h e  a v a i l a b l e  k i n e t i c  energy i n  t he  wake i s  

l e s s  than i n  an und is tu rbed  f l o w  

e energy p roduc t i on  because wake t u rbu lence  may adverse ly  a f f e c t  aerodynamic 

performance 

o p e r a t i o n a l  l i f e  because wake t u rbu lence  may a f f e c t  s t r u c t u r a l  i n t e g r i t y .  

The t u rbu lence  i n  t h e  wake and i n  t h e  ambient f l o w  e v e n t u a l l y  e l i m i n a t e s  

t h e  d i s tu rbance  and t he  f low r e t u r n s  t o  t he  c h a r a c t e r i s t i c s  o f  t he  f r e e  stream. 

How q u i c k l y  and how comple te ly  t h i s  r e s t o r a t i o n  t o  f r e e  stream c o n d i t i o n s  occurs 

i s  t h e  ma jo r  determinant  o f  c l u s t e r  design. 

When a i r  f l o w s  through a wind t u r b i n e ,  two t h i n g s  happen: a  f r a c t i o n  o f  

t h e  a v a i l a b l e  k i n e t i c  energy i n  t h e  a i r  s t ream i s  removed by t h e  t u r b i n e  and 

conver ted  t o  s h a f t  work, b u t  a  p o r t i o n  o f  t h e  ordered k i n e t i c  energy o f  t h e  

mean f l o w  i s  conver ted  i n t o  t h e  more random motions o f  tu rbu lence .  Both o f  

these processes reduce t h e  a v a i l a b l e  k i n e t i c  energy i n  t h e  wake f l ow .  ( b )  

( a )  For a  thorough rev iew  o f  wind t u r b i n e  wake problems and an ex tens ive  b i b l i -  
ography, see R i l e y  e t  a1 . 1980. 

( b )  T e c h n i c a l l y ,  t h e  ex i s tence  o f  t u rbu lence  i n  a  f l o w  reduces thermodynamic 
a v a i l a b i l i t y  by o n l y  a  smal l  amount. T h i s  r e d u c t i o n  i n  a v a i l a b i l i t y  i s  
due t o  t h e  convers ion  o f  k i n e t i c  energy t o  hea t  by t h e  f l u i d ' s  v i s c o s i t y .  
I f  t h e  wind t u r b i n e  were smal l  enough and respons ive  enough, t h e  k i n e t i c  
energy of t u rbu lence  cou ld  be conver ted t o  s h a f t  work. 



Turbulence i n  t h e  wake has many sources. Some i s  produced i n  t h e  boundary 

l a y e r s  t h a t  fo rm on t u r b i n e  b lades.  Some tu rbu lence  r e s u l t s  from t h e  v o r t i c e s  

shed by t h e  blades, and some i s  generated by a i r  f l o w  sepa ra t i ng  f rom t h e  

t u r b i n e  n a c e l l e  and suppor t  s t r u c t u r e .  F i n a l l y ,  some tu rbu lence  i s  c rea ted  by 

t h e  mean v e l o c i t y  g r a d i e n t  o f  t h e  wake i t s e l f .  

The wake of  a  wind t u r b i n e  can be d i v i d e d  i n t o  t h r e e  reg ions .  Near t h e  

t u r b i n e ,  t h e  wake i s  ve ry  nanhomogeneous; most o f  t h e  a i r  passes und i s tu rbed  

through t h e  p l ane  o f  t h e  wind t u r b i n e  r o t o r  and f l o w  p e r t u r b a t i o n s  a r e  concen- 

t r a t e d  i n  t h e  wakes of  t h e  r o t o r  blades and t h e  t u r b i n e  suppor t  s t r u c t u r e .  

The e v o l u t i o n  o f  t h e  near  wake i s  governed by t h e  tu rbu lence  c h a r a c t e r i s t i c s  

o f  t h e  wake i t s e l f .  As f l o w  proceeds downstream o f  t h e  wind t u r b i n e ,  t h e  

i n d i v i d u a l  wakes merge, marking t h e  beg inn ing  o f  t h e  mid-wake r e g i o n .  I n  t h e  

mid-wake reg ion ,  wind speed and tu rbu lence  p r o f i l e s  a r e  smoother, b u t  t h e  

shapes o f  these p r o f i l e s  change. Here, t h e  wake i s  changing i n  response t o  

wake t u rbu lence  and t h e  tu rbu lence  c h a r a c t e r i s t i c s  o f  t h e  und is tu rbed  f l o w .  

The s t r u c t u r e  o f  t h e  wake con t inues  t o  evo lve  as wake tu rbu lence  l e v e l s  come 

i n t o  e q u i l i b r i u m  w i t h  tu rbu lence  p roduc t i on  r a t e s  assoc ia ted  w i t h  t h e  l o c a l  

mean v e l o c i t y  g r a d i e n t .  Once t h i s  e q u i l i b r i u m  i s  achieved, t h e  far-wake o r  

r e g i o n  o f  s e l f - s i m i l a r i t y  i s  reached. I n  t he  s e l f - s i m i l a r  reg ion ,  t h e  shape 

o f  t h e  mean v e l o c i t y  o r  tu rbu lence  i n t e n s i t y  p r o f i l e s  remains cons tan t  w i t h  

i n c r e a s i n g  downstream d is tance ;  o n l y  t h e  magnitude o f  t h e  wake d i s tu rbance  

changes. I n  t h e  r e g i o n  o f  s e l f - s i m i l a r i t y ,  t h e  wake has o n l y  a  weak memory o f  

how i t  was c rea ted  and i t s  decay i s  l a r g e l y  governed by t h e  ambient tu rbu lence .  ( a )  

9.1 MODELING SINGLE TURBINE WAKES 

Model ing t h e  behav io r  of  t h e  near  and mid-wake i s  v e r y  d i f f i c u l t  s i n c e  

t h e  s t r u c t u r e  and e v o l u t i o n  o f  each o f  t h e  i n d i v i d u a l  wakes making up t h e  f l o w  

must be a c c u r a t e l y  descr ibed.  I n  these reg ions,  wake behavior  w i l l  be v e r y  

dependent on t h e  c h a r a c t e r i s t i c s  o f  t h e  wind machine t h a t  formed i t .  Model ing 

t h e  f a r  wake i s  much e a s i e r ,  s i n c e  t h e  d e t a i l s  o f  t h e  wake s t r u c t u r e  i n  t h i s  

( a )  See Sec t i on  9.2.2 f o r  more d i scuss ion  o f  t h i s  p o i n t .  



r e g i o n  a r e  n e a r l y  independent o f  how t h e  wake was formed. I n  t h e  s e l f - s i m i l a r  

reg ion ,  t h e  wake of a wind t u r b i n e  decays i n  t h e  same manner as t h e  wake o f  a 

b l u f f  body o r  as a nonbuoyant j e t .  Thus, t h e  r e s u l t s  of exper iments on f l ows  

t h a t  bear  1 i t t l e  resemblance t o  t h e  f l o w  th rough a wind t u r b i n e  ( b u t  produce 

s i m i l a r l y - l o o k i n g  wakes) can be a p p l i e d  t o  t h e  problem o f  wind t u r b i n e  wakes. 

9.1.1 Numerical Model ing o f  Wind Turb ine  Wakes 

Recent ly,  severa l  approaches have been used i n  model ing wakes o f  a wind 

t u r b i n e  (Lissaman 1977, Wal k e r  and Lissaman 1978, S fo rza  e t  a1 . 1979, Cra foord  

1979, and Tay lo r  1980). O f  t hese  approaches, Lissaman's model i s  t h e  most 

developed, and i t  w i l l  be d iscussed i n  some d e t a i l .  L issaman's model i s  based 

on t h e  presumed analogy between a wind t u r b i n e  wake and a j e t - l i k e  f l o w  (see 

F igu re  9.1 f o r  a schematic o f  t h e  phys i ca l  assumptions i n h e r e n t  i n  t h e  model ) .  
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SHEAR-GENERATED 
TURBULENCE (MECHANICAL) 

FIGURE 9 .l. The S t r u c t u r e  o f  t h e  Wake Assumed i n  Lissaman's (1977) Mode1 



I n  t h e  model, t h e  w ind  t u r b i n e  i s  represen ted  by a  j e t  o f  f l u i d  e n t e r i n g  

an ambient f l o w .  The j e t  has a  u n i f o r m  v e l o c i t y  p r o f i l e ,  and t h e  v e l o c i t y  a t  

every  p o i n t  i n  t h e  j e t  i s  l e s s  than t h e  und is tu rbed  f l o w .  The model p r e d i c t s  

t h e  e v o l u t i o n  o f  t h e  i n i t i a l  " t o p  h a t "  v e l o c i t y  p r o f i l e  o f  t h e  j e t  (see F igu re  9 .1 ) .  

Th i s  e v o l u t i o n  i s  assumed t o  occur  i n  f o u r  stages. F i r s t ,  t h e  c o r e  reg ion ,  

marked by a  u n i f o r m  v e l o c i t y  d e f i c i t ,  i s  erased by t h e  t u rbu lence  generated i n  

t h e  shear l a y e r  t h a t  separates t h e  c o r e  f rom t h e  und i s tu rbed  f l o w .  Second, 

t h e  shape o f  t h e  v e l o c i t y  p r o f i l e  evo lves i n t o  a  s e l f - s i m i l a r  one. I n  s tages 

t h r e e  and f o u r ,  t h e  v e l o c i t y  p r o f i l e s  a r e  s e l f - s i m i l a r .  However, decay o f  t h e  

wake i n  s tage  t h r e e  i s  governed by bo th  t h e  wake and t h e  ambient t u rbu lence  

l e v e l s ,  whereas wake decay i s  assumed t o  be governed o n l y  by ambient t u rbu lence  

i n  s tage  f o u r .  

The shape o f  t h e  v e l o c i t y  d e f i c i t  i n  a l l  f o u r  reg ions  i s  assumed t o  be 

t h e  same as v e l o c i t y  d e f i c i t s  i n  t h e  t op  h a t  j e t  problem as so lved  by 

Abramovi t c h  ( 1  963). These p r o f  i 1 es a r e  de f i ned  by t h e  maximum v e l  o c i  ty d e f i c i t  

i n  t h e  wake, num, and by t h e  wake rad ius ,  R. A t  d is tances  s u f f i c i e n t l y  f a r  

f rom t h e  wind t u r b i n e ,  t h e  momentum th ickness,  0, represented by t h e  i n t e g r a l  

w i l l  remain cons tan t ,  where u  i s  t h e  wind speed a t  d i s t ance  r f rom t h e  cen te r  

o f  t h e  j e t  and uo i s  t h e  unper turbed speed. I n  Lissaman's model, (9 .1)  i s  

assumed t o  h o l d  a t  every  s tage o f  wake e v o l u t i o n  and thus p rov ides  a  r e l a t i o n -  

s h i p  between t h e  wake v e l o c i t y  p r o f i l e  and t he  wake r a d i u s .  The equat ions 

d e f i n i n g  how t h e  wake s i z e  changes w i t h  downstream p o s i t i o n ,  wake t u rbu lence  

and ambient t u rbu lence  a r e  e m p i r i c a l ;  they  a r e  assumed t o  be t h e  same as f o r  

t h e  t op- ha t  j e t .  The i n t i a l  va lue  f o r  Aum a t  t h e  p lane  o f  t h e  wind t u r b i n e  

r o t o r  i s  determined f rom t h e  d rag  c o e f f i c i e n t  o f  t h e  r o t o r .  Ground e f f e c t s  

a r e  s imu la ted  by c l a s s i c a l  r e f l e c t i o n  techniques.  ( a )  

( a )  A  m i r r o r  image o f  t h e  wind t u r b i n e  wake i s  assumed t o  grow f rom a  p o i n t  t h e  
same d i s t a n c e  below ground l e v e l  as t h e  r e a l  t u r b i n e  i s  above ground. As 
t h e  two wakes i n t e r s e c t ,  t h e  wind speed d e f i c i t s  (u-uo) a r e  added t o  g i v e  
t h e  a c t u a l  d e f i c i t .  T h i s  i s  a  corrlmon approach i n  p o t e n t i a l  f l o w  theory .  



Wind t u r b i n e s  r e q u i r e  a suppor t ing  tower, and the  tower wake can a f f e c t  

downstream machines. I n  Lissaman's model, tower wakes are  s imulated us ing  

emp i r i ca l  decay r e l a t i o n s h i p s  f o r  two-dimensional c i r c u l a r  cy l i nde rs .  The 

e f f e c t s  o f  wind shear i n  the  atmospheric boundary l a y e r  a r e  accounted f o r  by 

assuming the  boundary 1 ayer wind p r o f i  1  e obeys a power 1 aw r e l a t i o n s h i p .  

Lissaman's model has many a t t r i b u t e s .  I t  i s  simple, f l e x i b l e ,  and backed 

by p l a u s i b l e  phys ica l  assumptions. I t  i s  e a s i l y  extended t o  s imulate c l u s t e r  

performance i f  the  wind speed d e f i c i t s  i n  i n t e r s e c t i n g  wakes a re  assumed t o  be 

a d d i t i v e .  The main quest ions about t h e  model center  on the  rea l i sm o f  the  j e t  

analogy and on t h e  a d d i t i v i t y  o f  wind speed d e f i c i t s .  The j e t  analogy i s  most 

quest ionable i n  t h e  near wake region.  I n  t h i s  region,  t he  wake s t r u c t u r e  o f  a 

r e a l  t u r b i n e  i s  very  d i f f e r e n t  f rom the  assumption o f  a un i fo rm v e l o c i t y  core- 

f l o w  surrounded by a shear l aye r .  The importance o f  t h i s  l a c k  o f  r e a l i s m  

depends on how q u i c k l y  t h e  t r a n s i t i o n  from the  i nne r  wake t o  the  ou ter  wake 

occurs ,s ince  the  speed o f  t h i s  t r a n s i t i o n  determines how c lose  t o  a machine 

the  Lissaman model can be appl ied.  The accuracy o f  t he  model i n  both the  

near and f a r  wake regions can on l y  be determined through corr~parisons w i t h  

experiments. 

9.1.2 Physical  Modeling o f  Wind Turbine Wakes 

Physical  modeling o f  wind t u r b i n e  wakes may be accomplished by us ing  a 

scaled ve rs ion  o f  t he  ac tua l  wind t u r b i n e  o r  by us ing  a physical  analog t o  

represent  t h e  tu rb ine .  A phys ica l  analog may n o t  l ook  1 i ke a r e a l  t u rb ine ,  

b u t  i t  must produce a s i m i l a r  wake. Several s tud ies  have been conducted i n  

Europe i n  which t h e  wakes o f  scale-model t u rb ines  have been examined. These 

s tud ies  have inc luded bo th  v e r t i c a l  ( B u i l  t j e s  1979) and ho r i zon ta l  - ax is  

t u rb ines  (Vermeulen 1978; Alfredsson and Dahlberg 1979). Experiments on the  

c h a r a c t e r i s t i c s  o f  non ro ta t i ng  phys ica l  analogs have been performed by several 

i n v e s t i g a t o r s .  S forza  e t  a l .  (1979) used a pe r fo ra ted  d i s k  and compared wake 

decay measurements w i t h  t h e i r  numerical model o f  wake dynamics. M i  1  borrow 

(1980) modeled a wind t u r b i n e  by a t tach ing  a w i r e  gauze d i s k  t o  t h e  downstream 

p o r t i o n  o f  a shrouded p r o p e l l e r  anemometer. Bui 1 t j e s  (1979) modeled t h e  wake 

c h a r a c t e r i s t i c s  o f  v e r t i c a l  - and ho r i zon ta l - ax i  s  machines using, e s s e n t i a l l y ,  

a  shrouded tea  s t r a i n e r .  



When u s i n g  sca le  models t o  s tudy  wake behavior ,  t h e  p r i n c i p a l  o b j e c t i v e  

i s  t o  m a i n t a i n  k inemat ic  and dynamic s i m i l a r i t y  (see Chapter 4 ) .  K inemat ic  

s i m i l a r i t y  i s  ma in ta ined  by match ing t h e  t ip- speed r a t i o  o f  t h e  model and t h e  

p ro to t ype .  Dynamic s i n i i l a r i  t y  i s  achieved by matching Reynolds numbers. 

K inemat ic  s i m i l a r i t y ,  which i s  ve ry  impo r tan t  f o r  proper  wake s i m u l a t i o n ,  

i s  e a s i l y  achieved. The d i s t i n g u i s h i n g  f e a t u r e  o f  t h e  near-wake r e g i o n  o f  a  

w ind  t u r b i n e  i s  t h e  wake shed f rom t h e  r o t o r  b lades.  S i m i l a r i t y  r e q u i r e s  t h a t  

t h i s  wake have t h e  r i g h t  p i t c h ,  i . e . ,  t h e  d i s tance  between success ive t i p  

v o r t i c e s  shou ld  bear  t h e  same r e l a t i o n s h i p  t o  t h e  r o t o r  d iameter  i n  t h e  model 

as i n  t h e  p ro to t ype .  T h i s  p i t c h  r a t i o  i s  27r/nX where X i s  t h e  t ip- speed r a t i o  

(A i s  t h e  r a t i o  o f  t i p  speed t o  t h e  approaching wind speed) and n  i s  t h e  number 

o f  blades. K inemat ic  s i m i l a r i t y  w i l l  be met i f  t h e  t ip- speed r a t i o  i s  t h e  

same f o r  bo th  t h e  model and t h e  p ro to t ype .  

Ach iev ing  dynamic s i m i l a r i t y  i s  more d i f f i c u l t .  Prev ious model ing e x p e r i -  

ments have been conducted w i t h  models 25 t o  100 t imes sma l l e r  than t h e  p r o t o -  

types .  S ince  t h e  models a r e  r u n  a t  wind speeds comparable t o  those found i n  

nature,  t h e  Reynolds number d isc repanc ies  a r e  cons iderab le .  When operated a t  

low Reynolds numbers, most a i r  f o i l s  w i l l  s t a l l  a t  f a i r l y  low angles o f  a t t a c k .  

B u i l t j e s ,  Vermeulen, as w e l l  as, A l f r edsson  and Dahlberg used a i r  f o i l  p r o f i l e s  

w i t h  good low Reynolds number performance i n  b u i l d i n g  t h e i r  models. Even w i t h  

these p recau t ions ,  B u i l t j e s  and Vermeulen observed t h a t  a  l a r g e  f r a c t i o n  o f  

t h e i r  b l ade  span was i n  a  s t a l l  c o n d i t i o n ,  as evidenced by t h e  low c o e f f i c i e n t  

o f  performance and h i g h  drag c h a r a c t e r i s t i c s  o f  t h e i r  models. A l f r edsson  and 

Dahlberg seemed t o  g e t  b e t t e r  performance w i t h  t h e i r  b lade  design. The c o e f f i -  

c i e n t  o f  performance o f  t h e i r  model was c l o s e r  t o  t h a t  o f  a  f u l l - s i z e  machine. ( a )  

A1 though model i ng w i t h  s c a l  ed-down ve rs i ons  o f  ac tua l  machines i s  p r e f e r r e d  

t o  o t h e r  approaches, i t  i s  n o t  f e a s i b l e  t o  use r o t a t i n g  models i n  s i m u l a t i n g  

t h e  performance o f  a  l a r g e  c l u s t e r .  R o t a t i n g  models cannot be made ve ry  smal l  

and s t i l l  pe r fo rm l i k e  f u l l - s i z e  machines. Thus, s i m u l a t i n g  t h e  behav io r  o f  

( a )  Having a  good p o r t i o n  of t h e  b lade  i n  a  s t a l l  c o n d i t i o n  i s  undes i rab le  
because i t  means t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h e  wake cou ld  be s e n s i t i v e  
t o  Reynolds number changes. Reynolds number s e n s i t i v i t y  means t h a t  ex t rapo-  
l a t i n g  model r e s u l t s  t o  t h e  p r o t o t y p e  i s  more r i s k y .  



a large cluster  with rotating models requires a very large flow f a c i l i t y .  The 
desire  to  physically model c luster  performance has motivated the search fo r  a 

nonrotating physical analog to  a wind turbine that  can be made small enough to 

enable the simulation of c luster  performance. 

Objects such as tea s t ra iners ,  perforated disks,  or  propeller anemom- 

e te r s  are  not necessarily r e a l i s t i c  analogs of a rotating wind turbine. In 

the near-wake region, t h i s  i s  certainly the case. The character is t ics  of the 

wake near a wind turbine bear no resemblance to  the wake behind a wire gauze, 

for  example. However, in the region of wake self- similar i ty  the evolution of 

the mean velocity profi le  i s  presumably governed by the shape of the profi le  

and the ambient turbulence. In th is  region the wake has only a weak memory of 

how i t  was generated, and wake behavior can be modeled by any device tha t  

produces an identical velocity profi le .  

An excellent example of the use of nonrotating models i s  the work of 

Buil t j e s  (1979). Buil t j e s  modified his nonrotating model until he achieved a 

sat isfactory representation of the mean velocity profi le  behind a rotating 

model of the type of wind turbine he was trying to  represent. Figure 9.2 

compares measurements of the decay of the wake centerline velocity de f i c i t  

behind a 0.2 m rotating model of a Darrieus rotor and two tea-strainer models 

of different  diameter. Figure 9.3 compares measurements of the available 

power r a t io  

fo r  the rotating model and the tea s t ra iners .  P/Po i s  a measure of the reduc- 

tion in available wind power averaged over the rotor disk since Rt  i s  the 

radius of the model turbine or the nonrotating analog. The two figures show 

reasonably good agreement between the rotating and nonrotating models for  

th i s  particul a r  quantity . 
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FIGURE 9.2. Wake C e n t e r l i n e  V e l o c i t y  D e f i c i t s  Behind a  0.2 m  R o t a t i n g  Model o f  
a  Da r r i eus  Rotor  and Two Tea- St ra iner  Models o f  D i f f e r e n t  Diameters. 
Downstream d i s tance  i s  expressed i n  terms o f  model d iameter .  The 
dashed 1 i n e  has a  s lope  o f  -1.25 ( B u i l  t j e s  1979).  

A1 though n o n r o t a t i n g  analogs appear capable o f  mimic ing some o f  t h e  wake 

c h a r a c t e r i s t i c s  o f  a  r o t a t i n g  model, t h e r e  a r e  s t i l l  some u n c e r t a i n t i e s  about  

t h e i r  a b i l i t y  t o  r ep resen t  t h e  wake c h a r a c t e r i s t i c s  o f  a  f u l l - s i z e  machine 

o p e r a t i n g  i n  t h e  atmospheric boundary l a y e r .  The r o t a t i n g  models used by 

B u i l t j e s  had h i g h e r  d rag  c o e f f i c i e n t s  than a  f u l l - s i z e  machine, and l a r g e  

p o r t i o n  o f  t h e  b lade  span o f  t he  r o t a t i n g  models was i n  a  s t a l l  c o n d i t i o n .  

Thus, t h e  wake behind t h e  model was l a r g e l y  caused by f l o w  sepa ra t i ng  f rom t h e  

b lades and t h e  suppor t  s t r u c t u r e .  Because o f  t h i s ,  t h e  mechanics o f  wake 

gene ra t i on  f o r  t h e  r o t a t i n g  model a r e  n o t  much d i f f e r e n t  f rom those o f  a  w i r e  

gauze. I n  t h e  case o f  a  f u l l - s i z e  machine t h e r e  should be l i t t l e ,  i f  any, 

f 1  ow sepa ra t i on  f rom r o t o r  b l  ades. 

There a r e  o t h e r  u n c e r t a i n t i e s .  The measurements repo r ted  by B u i l t j e s  

were performed i n  a  low tu rbu lence  wind tunne l  hav ing  a  ve ry  u n i f o r m  v e l o c i t y  
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FIGURE 9.3. Ava i l ab le  Power Rat ios  Behind a  0.2 m Rota t i ng  Model o f  a  Dar r ieus  
Rotor and Two Tea-Stra iner  Models o f  D i f f e r e n t  Diameters 
( B u i l  t j e s  1979) 

p r o f i l e .  I t  i s  poss ib le  t h a t  i n  a  t u r b u l e n t  f l o w  o r  i n  a  t u r b u l e n t  boundary 

l a y e r  f low,  wake decay behind the  r o t a t i n g  model cou ld  d i f f e r  f rom t h e  tea  

s t r a i n e r .  F i n a l l y ,  t h e  drag c o e f f i c i e n t  o f  a  porous d i s k  o r  o f  a  t ea  s t r a i n e r  

w i l l  n o t  vary  a  g r e a t  deal w i t h  wind speed. Th i s  i s  n o t  t h e  case f o r  a  v a r i -  

ab le  p i t c h  wind t u r b i n e .  The ou tpu t  o f  such a  t u r b i n e  i s  designed t o  remain 

cons tan t  above a  c e r t a i n  wind speed; there fo re ,  i t  w i l l  s p i l l  more and more 

power as wind speed increases.  Since t h e  a v a i l a b l e  power r a t i o  (see Equat ion 9.2) 

a t  a  g iven  d i s tance  downstream w i l l  i nc rease w i t h  speed, t h e  e f f e c t i v e  drag 

c o e f f i c i e n t  w i l l  decrease. Modeling wake decay over  t h e  ope ra t i ng  range o f  a  

v a r i a b l e  p i t c h  t u r b i n e  cou ld  r e q u i r e  t h e  use o f  severa l  non ro ta t i ng  models. 



General Behavior of Wind Turbine Wakes 

Since measurements behind fu l l  -size turbines under operational conditions 
a re  very d i f f i c u l t  to  make, few measurements have been reported. Lissaman 
(1 979) has reported measurements that  were made in Sweden of mean velocity 
profiles in the wake of a fu l l- s ize  horizontal-axis wind turbine. The nieasure- 
ments show incredibly good agreement with Lissaman's model, b u t  how the measure- 

ments were made or  whether the numerical model was tuned to  improve agreement 
was not s ta ted.  ( a )  Most of our knowledge of wind turbine wake decay has 
resul ted from physical model i  ng studies.  

Figure 9.4 compares measurements of centerline velocity d e f i c i t  as a 

function of downstream distance fo r  rotating models of vertical  - and horizontal - 
axis wind turbines. These measurements are compared with f i e l d  measurements 

of the velocity d e f i c i t  behind a 5.3-m Darrieus turbine. The physical models 
def ini te ly indicate the existence of a near-wake region where Aum remains 

constant. In the region of the wake where the centerline velocity d e f i c i t  

i s  decaying, both the model and fu l l  -scale resu l t s  show the velocity d e f i c i t  

t o  decrease approximately as ( X / D )  Model resu l t s  show the length of 
the constant Au, region to be a f a i r l y  strong function of the ambient t u r b u -  

1 ence level.  For the fu l l  -scale measurements, turbulence in tens i t ies  were 

estimated to  be between 20% and 30% (Vermeul en e t  a1 . 1979). 

I t  i s  important to  note in Figure 9.4 the difference between the i n i t i a l  
vel oci ty de f i c i t  fo r  the model turbines as compared to  the fu l l  -scale Darri eus . 
For the model turbines, A J J ~ / U ,  i s  about 0.8 to  0.9 immediately behind the 
turbine. For the fu l l - s ize  turbine, the i n i t i a l  de f i c i t  i s  about 50%. The 
differences between the i n i t i a l  velocity def ic i t s  resu l t  from the higher drag 
character is t ics  of the model turbines. This higher drag, of course, a f fec ts  
wind  speed recovery behind the turbines . For the model turbines , center1 i  ne 

( a )  Since simple models, such as Lissaman's wake model, have a certain number 
of adjustable parameters, i t  i s  common procedure to tune the parameters 
using resul ts  from base-line experiments. 
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FIGURE 9.4. Wake C e n t e r l i n e  D e f i c i t s  Behind a  Model Wind Turb ine  and a  
F u l l - S c a l e  5.3-m Dar r i eus  Wind Turb ine  as a  Func t ion  o f  
Downstream D is tance  Measured i n  Terms o f  t h e  Rotor  Diameter. 
E r r o r  bars  i n d i c a t e  t h e  amount o f  s c a t t e r  i n  t h e  measurements. 
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v e l o c i t i e s  range f rom 20% t o  70% o f  und is tu rbed  va lues  a t  a  d i s t ance  f i v e  

d iameters  downstream o f  t h e  t u r b i n e .  For t he  f u l l  - s i z e  t u r b i n e ,  t h e  cen te r -  

l i n e  wind speed has recovered t o  w i t h i n  90% o f  i t s  upstream va lue  a t  t h e  same 

d i s tance .  

I I I  I I I I  I 

F i gu re  9.5 compares p r e d i c t i o n s  o f  Au,,/uo us ing  Lissaman's model w i t h  

t h e  f u l l  - sca le  Da r r i eus  measurements o f  Vermeulen e t  a1 . (1979).  Model r e s u l t s  

a re  shown f o r  va r i ous  va lues o f  t h e  tu rbu lence  parameter, a. I n  Lissanian's 

9 model, a i s  assumed t o  be i d e n t i c a l  t o  t h e  t u rbu lence  i n t e n s i t y  o f  t h e  und is-  

tu rbed  f l o w .  Good agreement i s  achieved f o r  a = 0.20. Th i s  va lue  i s  about  

I I 

t h e  same as t h e  r e p o r t e d  t u rbu lence  i n t e n s i t i e s .  
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FIGURE 9.5.  P r e d i c t e d  C e n t e r l i n e  V e l o c i t y  D e f i c i t s  Using Lissaman's Model 
(Do t ted  L i nes )  f o r  Var ious Values o f  t h e  Turbulence I n t e n s i t y ,  
a, Compared Wi th  F u l l  -Scale Dar r ieus  Measurements (Vermeul en 
e t  a1 . 1979). The e r r o r  bars  i n d i c a t e  t h e  amount o f  s c a t t e r  
i n  t h e  measurements. 

Most exper iments  on wake behav io r  r e p o r t  measurements o f  t h e  wake cen te r -  

1  i n e  v e l o c i t y  d e f i c i t .  However, a  r e a l  wind t u r b i n e  i s  a f f e c t e d  by t h e  wind 

f l o w i n g  th rough t h e  e n t i r e  r o t o r  d i s k .  L i f t  on a  b lade su r f ace  i s  propor-  

t i o n a l  t o  t h e  square o f  t h e  r e l a t i v e  wind speed between t h e  b lade  and t h e  a i r ;  

the re fo re ,  l i f t  inc reases  d r a m a t i c a l l y  as d i s tance  f rom t h e  hub inc reases .  

Concent ra t ion  on t h e  decay o f  t h e  c e n t e r l i n e  v e l o c i t y  d e f i c i t  ove rs ta tes  t h e  
#' 

e f f e c t  o f  wind t u r b i n e  wakes on downstream machines. The wind behav io r  over  

t h e  ou tboard  h a l f  of t h e  r o t o r  d i s k  i s  what i s  r e a l l y  impo r tan t  t o  machine 

performance. 



Figures  9.6, 9.7 and 9.8 a r e  p l o t s  o f  Au/uo as a  f unc t i on  o f  downstream 

d i s tance  f o r  t h r e e  r a d i a l  p o s i t i o n s :  r / R t  = 0.0, r / R t  = 0.5 and r / R t  = 1.0 

where Rt i s  t h e  r a d i u s  o f  t h e  r o t o r  d i s k .  The da ta  a r e  taken f rom A l f redsson  

and Dahlberg (1979) and a r e  based on t h e i r  t e s t s  o f  a  0.25-111 h o r i z o n t a l  a x i s  

t u r b i n e .  F i g u r e  9.6 shows wake decay f o r  a  un i f o rm  approach wind speed and a  

low tu rbu lence  l e v e l .  The behav io r  o f  a  wind t u r b i n e  wake a t  low l e v e l s  o f  

ambient t u rbu lence  i s  r e l e v a n t  t o  an a c t u a l  i n s t a l l a t i o n ,  because a  s i g n i f i -  

c a n t  p o r t i o n  o f  t h e  r o t o r  d i s k  o f  l a r g e  t u r b i n e s  c o u l d  be above t h e  t o p  o f  t h e  

atmospheric boundary l a y e r  a t  n i g h t .  F i gu re  9.7 shows wake decay f o r  a  u n i f o r m  

approach p r o f i l e  b u t  w i t h  g r id- genera ted  tu rbu lence .  Grid-generated t u rbu lence  

decays as t he  d i s t a n c e  f rom t h e  g r i d  increases;  t he re fo re ,  ambient t u rbu lence  

i n t e n s i t i e s  were approx imate ly  5% a t  X/D = 4 and 3% a t  X/D = 12. F i gu re  9.8 

shows wake decay f o r  more n a t u r a l  tu rbu lence .  For  t h i s  t e s t ,  t h e  model was 

r u n  i n  a  boundary l a y e r  hav ing  a  depth o f  0.6 m. Hub h e i g h t  was 0.18 ni (%30% 

o f  t h e  boundary 1  ayer  dep th ) .  ( a )  The outboard sec t i ons  o f  t h e  model t u r b i n e  

b lades a r e  p robab ly  n o t  s t a l l e d ;  thus  behav io r  o f  t h e  o u t e r  p o r t i o n  o f  t h e  

model t u r b i n e  wake should be more s i m i l a r  t o  a  f u l l - s i z e  machine than  t h e  

behav io r  o f  t h e  wake core .  

I n  F igures  9.9 and 9.10, v e l o c i t y  p r o f i l e s  measured by A l f redsson  and 

Dahl berg ( 1  979) a r e  compared t o  p r o f i l e s  p r e d i c t e d  by Lissaman's model (Bark 

1979). Comparisons a r e  made f o r  c o n d i t i o n s  o f  low ambient tu rbu lence  and f o r  

g r id- genera ted  tu rbu lence .  W i th  low ambient t u rbu lence  l e v e l s ,  agreement i s  

f a i r l y  poor  f o r  downstream d i s tances  g r e a t e r  than  e i g h t  diameters.  ( b )  Th i s  

l a c k  of agreement suggests t h a t  pa rame te r i za t i on  o f  t h e  e f f e c t s  o f  wake t u rbu-  

l ence  on wake decay, which i s  t h e  dominant mechanism a t  ve ry  low ambient 

t u rbu lence  l e v e l s ,  needs improvement. The model does a  much b e t t e r  j o b  when 

ambient t u rbu lence  l e v e l s  a r e  h igher ,  as F i g u r e  9.10 shows. 

( a )  A l though t u rbu lence  l e v e l s  v a r i e d  across t h e  r o t o r  d i s k  f o r  t h e  boundary 
1  ayer  runs,  t h e r e  was 1  i t t l e  d i f f e r e n c e  between decay r a t e s  a t  t h e  t o p  o f  
t h e  r o t o r  d i s k  compared t o  t he  bottom. 

( b )  F a i l u r e  of  t h e  model t o  p r e d i c t  wake decay near t h e  c e n t e r l i n e  o f  t h e  
near-wake r e g i o n  i s  d iscoun ted  because o f  t h e  p robab le  d i f f e r e n c e s  i n  wake 
s t r u c t u r e  between t h e  model and a  f u l l - s i z e  machine. 



FIGURE 9.6. For  Low Levels  o f  Ambient Turbulence ( ~ 0 . 6 % ) :  Wake V e l o c i t y  D e f i c i t s  Behind a  0.25-111 
Hor i zon ta l - Ax i s  Model Wind Turb ine a t  Various Downstream Distances, Measured i n  Terms 
o f  t h e  Rotor Diameter, and a t  Three P o s i t i o n s  W i t h i n  t h e  Wake, Measured i n  Terms o f  
Rotor  Rad i i  From t h e  Wake Cen te r l i ne  (A l f redsson and Dahlberg 1979) 
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FIGURE 9.7. For  Decaying Grid-Generated Turbulence ( 5 %  @ X/D = 4, 3% @ X /D = 12 ) :  Wake 
Vel o c i  t y  Def i c i  t s  Behi nd a 0.25-m Hor i zon ta l  - Ax is  Model Wind Tu rb i  ne a t  
Various Downstream Distances, Measured i n  Terms o f  t h e  Rotor  Diameter, and 
a t  Three Pos i t i ons  W i t h i n  t h e  Wake, Measured i n  Terms o f  Rotor  Rad i i  From 
the  Wake Center1 i n e  (A1 f redsson and Dahl berg 1979) 
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F IGURE 9.9. L a t e r a l  V e l o c i t y  P r o f i  1 es i n  Low Ambient Turbulence Condi t ions : 
Comparison Between P red i c t i ons  o f  t h e  Lissaman Model and Measure- 
ments Behind a 0.25-111 Hor i zon ta l  -Axi  s Model Wind Turbine. Down- 
stream p o s i t i o n s  i n  terms o f  r o t o r  diameter are:  a) x = 4D, 
b) x = 8D, c )  x = 12D, d )  x = 16D (Bark 1979). 



0 EXP. 

- - THEORY 

- 

- 

I I 

- 

- 8 
I I I I I 

0.2 0.6 1.0 

ulu 
0 0 EXP 

- - THEORY 

- 

- 

I I 

- 

- 

I I I I I 

FIGURE 9.9. (cont.) 
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FIGURE 9.10. L a t e r a l  V e l o c i t y  P r o f i l e s  i n  Decaying Grid-Generated Turbulence: 
Comparison Between P red i c t i ons  o f  t he  Lissaman Model and Measure- 
ments Behind a 0.25-m Hor i zon ta l - Ax i s  Model Wind Turbine. Down- 
stream p o s i t i o n s  i n  terms o f  r o t o r  diameter are: a) x = 4D, 
b)  x = 6D, c )  = 8D, d )  x = 10D (Bark 1979). 
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F IGURE 9.10. (cont . )  
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Figures 9.11, 9.12 and 9.13 d e p i c t  p r o f i l e s  o f  t he  stream-wise component 

o f  tu rbu lence i n t e n s i t y  across t h e  wake o f  a model t u r b i n e  (A1 fredsson and 

Dahl berg, 1979). Three ambient cond i t i ons  a re  depicted:  low turbulence, 

gr id- generated turbulence,  and boundary- layer turbulence.  F igure  9.11 shows 

t h a t  w i t h  low l e v e l s  o f  ambient turbulence, h igh  turbulence l e v e l s  i n  t he  wake 

p e r s i s t  f o r  a t  l e a s t  8 t o  10 diameters. A t  e i g h t  diameters, t h e  t i p  v o r t i c e s  

s t i l l  p e r s i s t  (no te  peaks a t  r / R t  = 1.0).  Wi th h igher  ambient turbulence 

l e v e l s ,  evidence shows t h a t  t h e  t i p  v o r t i c e s  decay more r a p i d l y ,  b u t  turbu-  

lence l e v e l s  seem t o  remain s i g n i f i c a n t l y  h igher  than ambient l e v e l s  f o r  

downstream dis tances l e s s  than 10 diameters. 
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FIGURE 9.11. For Low Ambient Turbulence I n t e n s i t y  ( ~ 0 . 6 % )  : P r o f i l e s  o f  
Turbulence I n t e n s i t y  Measured a t  L a t e r a l  Pos i t i ons  Measured 
i n  Terms o f  Rotor Rad i i  and Downstream Distances Measured 
i n  Terms o f  Rotor Diameters. The symbols a re  a small sample 
o f  the 60 measurements made across the  wake a t  each downstream 
l o c a t i o n .  The model i s  a 0.25-m h o r i z o n t a l - a x i s  wind t u r b i n e  
(A1 fredsson and Dahl berg 1979). 
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FIGURE 9.12. For  Decaying Grid-Generated Turbulence (ou /U = 5% @ X/D = 4, 
3% @ X/D = 12) : P r o f i l e s  o f  Turbulence ln?en!?ity Measured a t  
L a t e r a l  P o s i t i o n s  Measured i n  Terms o f  Ro to r  Rad i i  and Down- 
stream Dis tances Measured i n  Terms o f  Rotor  Diameters. The 
syrnbols a r e  a snial l  sample o f  t h e  60 measurements made across 
t he  wake a t  each downstream l o c a t i o n .  The model i s  a 0.25-m 
h o r i z o n t a l  - a x i s  wind t u r b i n e  (A l f r edsson  and Dahl berg  1979). 



FIGURE 9.13. For Turbulence in a Wind Tunnel Boundary Layer 0.6 m Deep: 
Vertical Profiles of Turbulence Intensity Measured a t  
Separations From Hub Height Measured i n  Terms of Rotor Radii 
and Downstream Distances Measured i n  Terms of Rotor Diameters. 
The symbols a re  a small sample of the 60 measurements made 
across the wake a t  each downstream location. The model i s  a 
0.25-m horizontal -axi s wind turbine (A1 fredsson and Dahl berg 1979). 



9.2 WAKE INTERACTIONS AND CLUSTER PERFORMANCE 

9.2.1 Approximate Numerical  Models 

The f i r s t  performance es t imates  f o r  wind t u r b i n e  c l u s t e r s  were those  o f  

Templ i n  (1974) .  Temp l i n ' s  a n a l y s i s  was f o r  an i n f i n i t e  a r r a y  on f l a t  t e r r a i n .  

The wind t u r b i n e s  were t r e a t e d  as a d d i t i o n a l  su r f ace  roughness. For a  s u f f i -  

c i e n t l y  l a r g e  a r r a y  o f  r e g u l a r l y  spaced machines, t he  atmospheric boundary 

l a y e r  w i l l  come i n t o  e q u i l i b r i u m  w i t h  t h e  inc reased  su r f ace  d rag  due t o  t h e  

machines. Once e q u i l i b r i u m  i s  reached, t h e  inc rease  i n  energy f l u x  f r om t h e  

l a rge- sca le  f l o w  t o  t h e  su r f ace  wi 11 be p r o p o r t i o n a l  t o  t h e  energy removal by 

t h e  wind t u r b i n e s .  F i g u r e  9.14 summarizes Templ in ' s  r e s u l t s .  The f i g u r e  

shows c l u s t e r  e f f i c i e n c y ,  q, as a  f u n c t i o n  o f  machine spacing. C l u s t e r  e f f i -  

c i ency  i s  t h e  r a t i o  o f  t h e  average power o u t p u t  f rom an i n d i v i d u a l  machine i n  

t h e  c l u s t e r  t o  t h e  power o u t p u t  o f  an i s o l a t e d  u n i t .  F i gu re  9.14 suggests 

t h a t  a  spac ing o f  10 d iameters  would r e s u l t  i n  a  c l u s t e r  e f f i c i e n c y  o f  l e s s  

t han  50%. 

0 
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FIGURE 9.14. C l u s t e r  E f f i c i e n c y  as a  Func t ion  o f  Wind Turb ine  Spacing 
Based on Hypothesis o f  Templ i n  (1974) ( A f t e r  B u i l  t j e s  1979) 



A r e a l  c l u s t e r ,  o f  course, i s  n o t  i n f i n i t e ,  and the re  have been attempts 

t o  modify Temp1 i n  ' s  approach accord ing ly  (see R i  l e y  e t  a1 . 1980). However, 

a l l  o f  these approaches a re  p r i m a r i l y  o f  academic i n t e r e s t .  They c e r t a i n l y  

cannot be used i n  designing c l u s t e r  layout ,  and i t  i s  even quest ionable 

whether they can be used f o r  p rov id ing  rough est imates o f  c l u s t e r  performance. 

The bas ic  assumption o f  these models i s  t h a t  t he  r e l a t i o n s h i p  between t u r b i n e  

drag and power ou tput  i s  constant.  I t  i s  a l so  assumed t h a t  t he  drag c o e f f i -  

c i e n t  o f  an i n d i v i d u a l  t u r b i n e  i s  independent o f  wind speed. Ne i ther  o f  these 

assumptions i s  t rue .  For example, the  power ou tput  o f  a  v a r i a b l e  p i t c h  machine 

i s  constant  f o r  wind speeds above rated.  With s u f f i c i e n t l y  h igh  wind speeds, 

t he re  cou ld  be no reduc t i on  i n  the  ou tput  o f  a  c l u s t e r  o f  these machines. 

9.2.2 C lus te r  Design Using Lissaman's Model 

A t  present,  L i  ssaman's je t- ana logy  model (see Sect ion 9.1.1 ) i s  t he  most 

p r a c t i c a l  f o r  analyz ing t h e  performance o f  wind t u r b i n e  c l u s t e r s .  ( a )  I t s  

appl i c a t i o n  i s v e r y  s t r a i g h t f o r w a r d  (Lissaman 1979) ; t h e  v e l o c i t y  d e f i c i t s  of 

i n t e r s e c t i n g  wakes a r e  added t o  produce the  three-dimensional wind f i e l d  a t  

any p o i n t  i n  t he  c l u s t e r .  Power ou tpu t  i s  assumed t o  be r e l a t e d  t o  t h e  

average wind speed through the  r o t o r  d i sk .  ( b )  I n  prev ious app l i ca t i ons ,  

t u r b i n e  power ou tput  has been assumed t o  be a  constant  f r a c t i o n  o f  t he  cube o f  

t h e  disk-average wind speed. Th is  may n o t  be a  good assumption f o r  many 

t u r b i n e  designs, and the  r e l a t i o n s h i p  between t u r b i n e  ou tput  and the  cube o f  

t h e  disk-averaged wind speed may have t o  be a  f u n c t i o n  o f  wind speed. Making 

such a  change t o  the  model, however, would n o t  be d i f f i c u l t .  

Once the  c l u s t e r  has been layed out ,  c l u s t e r  e f f i c i e n c y  can be computed 

by app ly ing  Lissaman's model. I n  t h i s  app l i ca t i on ,  c l u s t e r  e f f i c i e n c y  TI, i s  

de f ined as the  t o t a l  energy product ion o f  t he  c l u s t e r  d i v ided  by t h e  c l u s t e r ' s  

t o t a l  r a t e d  energy product ion.  Computed values o f  qr w i l l  be a  f u n c t i o n  o f  

wind speed, wind d i r e c t i o n ,  wind shear i n  t he  atmospheric boundary l a y e r  and 

boundary l a y e r  turbulence.  I n  Lissaman's model, wind d i r e c t i o n  i s  assumed t o  be 

constant  w i t h  he igh t .  The v a r i a t i o n  o f  wind speed w i t h  he igh t  i s  represented by 

(a )  New model i n g  approaches a re  being developed and t h i s  s i t u a t i o n  cou ld  
change (e .g., see Crafoord 1979 o r  Tay lor  1980) 

(b )  Ac tua l l y ,  a  weighted average should be used s ince  most o f  t h e  blade 1  i f t  
i s  generated a long t h e  ou te r  t h i r d  o f  the  blade length.  



the power-1 aw approximation of the boundary-layer wind profi 1 e (u = u , ( z / z , ) ~ ) ,  
and the ambient turbulence i s  represented by i t s  intensi ty  ( a ) .  Both n and a 

are  a function of s t a b i l i t y .  Given the approximations inherent in Lissaman's 

model , consideration of three broad stabi 1 i  ty regimes should be suff ic ient  t o  

specify the power law coefficient or the turbulence intensi ty .  Recommended 

values of n and a fo r  these regimes are given in Table 9.1. 

T A B L E  9.1. Recommended Values of Power Law Coefficient 
and Turbulence Intensity for  the Li ssaman 
Wind Turbine Wake Model 

Stabi 1 i  ty Power Law Turbul ence 
TY pe Coefficient n ( a )  ~ n t e n s i t y  a 

"Stab1 e" 
(nighttime) 

"Neutral " 0.18 
(ear ly morning 
early evening, 
or winter day) 

"Unstable" 
(spring , summer 
or autumn day) 

( a )  See Figure A-2.9. 

Table 9.2 outlines a procedure for  determining cluster  design and pre- 

dicting cluster  performance based on Lissaman's model. The procedure assumes 

tha t  time-series data on h u b  height winds are available and tha t  time-series 

estimates of c luster  energy production are  desired. Time ser ies  of estimated 

energy production from any machine in the cluster  can also be obtained i f  t h i s  

i s  desired. 

The f i r s t  step in the procedure i s  t o  determine the prevailing wind 

direction or directions.  The layout for  the cluster  (s tep 2 )  i s  determined by 

maximizing T- fo r  the prevailing direction. Usually, machine locations will r 



be 1 imited by topography and engineering constraints.  Step 2 suggests maxi- 

mizing nr w i t h  the power law coefficient and turbulence intensi ty  appropriate 

to  s table  conditions. The jus t i f ica t ion  for  t h i s  suggestion i s  tha t  wake 

interaction ef fec ts  will be largest  for  th i s  condition. However, the cluster  

could be optimized for  daytime conditions i f  degradation of nighttime perform- 
ance i s  of no concern. ( a )  Optimization of the cluster  for  neutral or unstable 

conditions will r e su l t  in the closer spacing of machines. 

TABLE 9.2. A Procedure for  Cluster Design and Performance 
Evaluation Based on the Lissaman Wake Model 

Step Activity 

1 Determine prevailing wind 
direct ion(s)  . 

2 Optimize layout for  prevailing 
direction and s table  s t r a t i f i c a -  
t ion (see  Table 9 .1) .  

3 Create look-up table  for  c luster  
efficiency ( q r )  as a function of 
wind  speed, wind direction and 
s t a b i l i t y  (see Table 9.1) using 
Li ssaman model. 

4 Create time ser ies  of c luster  
energy production using time 
ser ies  of wind speed, direction, 
and by multiplying the c l u s t e r ' s  
rated output by the appropriate 
values of nr .  

In s tep 3 a look-up table  i s  created for  11,. This i s  accomplished by 

running the model a t  a l l  three s t a b i l i t i e s  for a number of wind directions and 
wind speeds suf f ic ien t  to define qr as a function of speed, direction and 

s t ab i l i t y .  Once t h i s  has been done i t  i s  simple to  create time ser ies  of 

c luster  output using time ser ies  information on wind speed and direction-- if 

( a )  Some daytime conditions in winter may also be stable.  



t h e  s t a b i l i t y  i s  known. Tab le  9.1 p rov ides  a  suggest ion o f  how s t a b i l i t y  

m igh t  v a r y  w i t h  t ime  o f  day and season f o r  a l l  b u t  t h e  more southern p o r t i o n s  

o f  t h e  U.S. 

P o t e n t i a l  users  shou ld  bear  i n  mind t h e  l i m i t a t i o n s  o f  t h e  Lissaman 

model. The model i s  n o t  t ho rough l y  v e r i f i e d .  The accuracy o f  t h e  j e t - ana logy  

f o r  t u r b i n e  wakes i s  s t i l l  unknown, a1 though agreement between model p r e d i c -  

t i o n s  o f  t h e  decay o f  t h e  c e n t e r l i n e  v e l o c i t y  d e f i c i t  and f u l l - s c a l e  measure- 

ments l o o k  encouraging. Nevertheless, t h e  p r o p r i e t y  o f  adding v e l o c i t y  

d e f i c i t s  t o  determine wind p r o f i l e s  deep i n  wind t u r b i n e  c l u s t e r s  has n o t  been 

v e r i f i e d  (however, see Sec t i on  9.2.3). There i s  a l s o  evidence t h a t  t h e  model 

may imp rope r l y  handle wake decay when decay i s  c o n t r o l l e d  by wake-generated 

tu rbu lence .  Wake t u rbu lence  may be t he  dominant m i x i n g  mechanism i n  l a r g e  

c l u s t e r s  ( M i l  borrow 1980). F i  na l  l y ,  t h e  model neg lec t s  p o s s i b l e  topograph ic  

i n f  1  uences . The accuracy o f  L i  ssaman ' s  model i n s i t u a t i o n s  where 1  oca l  t e r r a i n  

r e l i e f  i s  comparable t o  hub h e i g h t  i s  complete ly  unknown. 

C l u s t e r  Design Using Phys ica l  Model ing 

Another o p t i o n  f o r  e v a l u a t i n g  t h e  performance o f  c l u s t e r  des igns i s  

phys i ca l  model i n g .  T h i s  approach i s  p a r t i c u l a r l y  popu la r  i n  Europe ( B u i l  t j e s  

1979) and i n  t h e  U n i t e d  K i  ngdom (Mi 1  borrow 1980).  The phys i ca l  model i ng 

approach would seem t o  be e s p e c i a l l y  a t t r a c t i v e  when t h e r e  i s  s i g n i f i c a n t  

t e r r a i n  r e l i e f  w i t h i n  t h e  wind t u r b i n e  c l u s t e r .  The a p p l i c a b i l i t y  o f  p h y s i c a l  

model ing t o  c l u s t e r  des ign  hinges on t h e  ex i s tence  o f  an adequate n o n r o t a t i n g  

phys i ca l  analog o f  a  f u l l - s i z e  wind t u r b i n e .  

I n  Sec t ions  9.1.2 and 9  .I .3, comparisons o f  a  n o n r o t a t i n g  analog were 

made w i t h  a  r o t a t i n g  model t u r b i n e  i n  a  shea r- f ree  f l o w .  Comparisons o f  mean 

p r o f i l e  behav io r  were good, b u t  t h e r e  were severa l  ques t ions  about a  n o n r o t a t i n g  

ana log ' s  s i m i l a r i t i e s  t o  a  f u l l - s i z e  machine. One o f  t h e  most se r i ous  o f  

these  ques t ions  i s  i n  t h e  drag c h a r a c t e r i s t i c s .  The d rag  c o e f f i c i e n t  o f  a  

t e a - s t r a i n e r  o r  any s i m i l a r  o b j e c t  i s  n o t  a  s t r ong  f u n c t i o n  o f  wind speed. 

The drag c o e f f i c i e n t  o f  a  wind t u r b i n e ,  on t h e  o t h e r  hand, does change as wind 

speed changes. No s i n g l e  n o n r o t a t i n g  phys i ca l  model i s  capable o f  s i m u l a t i n g  



t h e  d rag  c h a r a c t e r i s t i c s  o f  a  wind t u r b i n e  over  i t s  f u l l  range o f  o p e r a t i n g  

c o n d i t i o n s ;  severa l  models would have t o  be used t o  accompl ish a  thorough 

s tudy  o f  c l u s t e r  behav io r .  

An a d d i t i o n a l  comp l i ca t i on  i n  t he  a p p l i c a t i o n  o f  phys i ca l  model ing t o  t h e  

e v a l u a t i o n  o f  c l u s t e r  performance i s  i n  p r o p e r l y  i n t e r p r e t i n g  t he  r e s u l t s .  I n  

p rev ious  phys i ca l  model ing s t u d i e s  o f  c l u s t e r  behav io r  ( B u i l t j e s  1979 o r  

M i l  borrow 1980), power o u t p u t  has been deduced e i t h e r  by assuming i t  t o  be 

p r o p o r t i o n a l  t o  t h e  3/2 power o f  t h e  drag f o r c e  on t h e  t u r b i n e  s imu la to r  

( B u i l t j e s )  o r  by assuming i t  t o  be p r o p o r t i o n a l  t o  t h e  cube o f  t h e  wind speed 

th rough t h e  s i m u l a t o r  (Mi 1  borrow).  I n  r e a l i t y ,  power o u t p u t  i s  a  v a r i a b l e  

f u n c t i o n  o f  f l o w  th rough t h e  r o t o r  d i s k .  I t  i s  a l s o  n o t  r e l a t e d  t o  t h e  drag 

f o r c e  on t h e  t u r b i n e  i n  a  s imp le  way. The o u t p u t  o f  each machine i n  t h e  

modeled a r r a y  can o n l y  be determined through knowledge o f  t h e  wind c o n d i t i o n s  

a t  each s imu la to r .  I f ,  f o r  example, t h e  mean wind speed through t h e  s imu la ted  

r o t o r  d i s k  were known, power o u t p u t  cou ld  be determined f rom t h e  ope ra t i ng  

c h a r a c t e r i s t i c s  o f  t h e  machine. For  M i l b o r r o w ' s  shrouded anemometers, knowledge 

of t h e  mean f l o w  th rough t h e  r o t o r  d i s k  i s  easy t o  o b t a i n  s i n c e  t h a t  i s  t h e  

q u a n t i t y  measured. De te rmin ing  mean wind speeds th rough Bui 1  t j e s  ' t e a - s t r a i  ners  

i s  p o s s i b l e  i f  t h e  f o r c e  on t h e  t e a- s t r a i n e r s  can be measured w i t h  s u f f i c i e n t  

accuracy. I f  such measurements a r e  f e a s i b l e ,  t h e  average wind speed can be 

determined by app l y i ng  t h e  r e l a t i o n s h i p  between drag f o r c e  and t h e  square o f  

t h e  mean wind speed. 

I n  summary, phys i ca l  model ing o f  c l u s t e r  performance i s  f e a s i b l e  i f  t h e  

f o l l o w i n g  c o n d i t i o n s  a r e  met w i t h  s u f f i c i e n t  accuracy: ( a )  

The dev ice  used t o  s imu la te  w ind  t u r b i n e  wakes must produce a  mean v e l o c i t y  

d e f e c t  t h a t  c l o s e l y  matches t h e  behav io r  o f  a  r e a l  wind t u r b i n e .  

* Turbulence c h a r a c t e r i s t i c s  o f  t h e  s imu la ted  wake must be s u f f i c i e n t l y  

c l o s e  t o  t h e  r e a l  wake t h a t  t h e  s imu la ted  wake responds t o  changes i n  

ambient t u rbu lence  and wind shear i n  a  r e a l i s t i c  manner. 

The wake o f  t h e  s i m u l a t o r  should match t h e  wake o f  a  r e a l  t u r b i n e  over  a  

r e a l i s t i c a l l y  u s e f u l  range o f  downstream d is tances .  Th i s  range must be 

known . 

( a )  An analogous s e t  o f  c o n d i t i o n s  should be met by a  numerical  model of c l u s -  
t e r  performance as we1 1. 
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@ The behav io r  o f  t h e  s imu la ted  wake as a  f u n c t i o n  o f  approach wind cond i-  

t i o n s  (speed, shear, tu rbu lence)  must match t h a t  of t h e  f u l l - s i z e  t u r b i n e .  

T h i s  requi rement  c o u l d  d i c t a t e  t h e  use o f  d i f f e r e n t  s imu la to r s  f o r  d i f -  

f e r e n t  wind speed ranges. 

Proper t u r b i n e  performance c h a r a c t e r i s t i c s  must be used i n  computing t h e  

power o u t p u t  o f  each machine i n  t h e  c l u s t e r .  Th i s  r e q u i r e s  knowledge o f  

w ind  c o n d i t i o n s  a t  each s i m u l a t o r .  

The f l o w  f a c i l i t y  used i n  model ing c l u s t e r  performance must produce 

c o n d i t i o n s  t y p i c a l  o f  t he  atmosphere. Conclusions must be l i m i t e d  t o  

those  atmospher ic  s i t u a t i o n s  t h a t  can be adequately modeled (see Chapter 4 ) .  

Another way t h a t  phys i ca l  model ing can be used i n  a t t a c k i n g  t h e  c l u s t e r  

problem i s  i n  t h e  t e s t i n g  and t h e  t u n i n g  o f  s imp le  numerical  models. F i gu re  9.15 

compares r e s u l t s  o f  a  phys i ca l  model ing s tudy o f  c l u s t e r  performance w i t h  

p r e d i c t i o n s  o f  t h e  Lissaman model ( B u i l  t j e s  1979). The phys i ca l  model i n g  

s i m u l a t i o n  was of an a r r a y  o f  49 t e a - s t r a i n e r  s imu la to r s  and was in tended t o  

s imu la te  c l u s t e r  o u t p u t  as a  f u n c t i o n  o f  wind d i r e c t i o n .  The s i n i u l a to r s  were 

a r rayed  i n  a  s taggered g r i d  w i t h  4  d iameters  between each row. Thus f o r  a  

w ind  d i r e c t i o n  o f  0' o r  90' t h e  spacing between machines was 8 d iameters ;  t h e  

minimum spacing between machines was 5 .7  d iameters  f o r  a  wind d i r e c t i o n  o f  

45". F i g u r e  9.15 shows t h e  r a t i o  o f  average power o u t p u t  f rom a  machine i n  

t h e  c l u s t e r  t o  t h e  power o u t p u t  o f  an i s o l a t e d  t u r b i n e .  A  cons tan t  r e l a t i o n -  

s h i p  was assumed between drag and power ou tpu t .  

I n  a p p l y i n g  Lissaman's model, B u i l t j e s  (1979) tuned t h e  f r e e  parameters 

i n  t h e  model t o  g e t  t h e  b e s t  match between wake c h a r a c t e r i s t i c s  measured 

behind an i s o l a t e d  t e a - s t r a i n e r  i n  t h e  wind tunne l  boundary l a y e r  and t h e  

e v o l u t i o n  o f  these c h a r a c t e r i s t i c s  as p r e d i c t e d  by t h e  model. When t h e  

numer ica l  model was a p p l i e d  t o  t h e  t e a - s t r a i n e r  a r ray ,  t he  computed power 

r a t i o  was somewhat l a r g e r  than t h e  measured r a t i o .  However, t h e  model seems 

t o  s imu la te  w ind  d i r e c t i o n  s e n s i t i v i t y  f a i r l y  w e l l .  The a b i l i t y  t o  s imu la te  

d i r e c t i o n a l  s i m i l a r i t y  appears t o  v e r i f y  t h e  way i n  which i n t e r s e c t i n g  wakes 

a r e  hand1 ed i n  t h e  model - - a t  l e a s t  f o r  t e a - s t r a i n e r s .  
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FIGURE-9.15. C l u s t e r  E f f i c i e n c y  as a Func t ion  o f  Wind D i r e c t i o n .  The model 
a r r a y  c o n s i s t s  o f  staggered rows o f  wind t u r b i n e  w i t h  rows be ing  
4 d iameters  a p a r t .  There fo re  machine spac ing f o r  0" and 90" 
wind d i r e c t i o n s  i s  8 d iameters  and i s  5.7 d iameters  f o r  a wind 
d i r e , c t i o n  o f  45". Fo r t y- n ine  t e a - s t r a i n e r s  were used i n  t h e  
phys i ca l  model (Bu i  1 t j e s  1979). 

9.3 CONCLUSIONS AND RECOMMENDATIONS 

9.3.1 Numerical and Phys ica l  Model ing Approaches t o  C l u s t e r  Eva lua t i on  

C l u s t e r  performance can be s imu la ted  by e x i s t i n g  numerical  models o r  by 

phys i ca l  model ing. A t  t h e  p resen t  t ime, t h e  most developed numerical  model 

f o r  s i m u l a t i n g  c l u s t e r  performance i s  t h e  model o f  Lissaman (1977). The model 

i s  d iscussed b r i e f l y  i n  Sec t i on  9.1.1 and i s  compared t o  a sample o f  wake 

measurements i n  Sec t i on  9.1.3. The use o f  t h e  model i n  e v a l u a t i n g  c l u s t e r  

performance i s  desc r i bed  i n  Sec t i on  9.2.2. As i n d i c a t e d  i n  Sec t i on  9.2.2, 

some changes i n  t h e  way wind t u r b i n e  power o u t p u t  i s  computed a r e  needed i n  

o r d e r  t o  s i m u l a t e  t h e  performance o f  a c t u a l  machines. However, t h e  changes 

r e q u i r e d  a r e  minor .  



Lissaman's model i s  n o t  t ho rough l y  v e r i f i e d .  I t  does, however, appear t o  

t r e a t  wake decay over  f l a t  ground i n  a  r e a l i s t i c  manner-- there i s  reasonable 

agreement w i t h  a  l i m i t e d  number o f  l a b o r a t o r y  and f i e l d  measurements. The 

p r imary  f a i l i n g  seems t o  be i n  t h e  p r e d i c t i o n  o f  wake decay under c o n d i t i o n s  

when ambient t u rbu lence  l e v e l s  a r e  low. How r e a l i s t i c a l l y  t h e  model handles 

wake i n t e r a c t i o n  and p r e d i c t s  c l u s t e r  performance when l o c a l  t e r r a i n  r e l i e f  i s  

n o t  smal l  compared t o  hub- height  d is tances  i s  n o t  known. 

Phys ica l  model ing can a l s o  be used t o  s imu la te  c l u s t e r  performance. 

However, t h e r e  a r e  problems i n  f i n d i n g  a  r e a l i s t i c  n o n r o t a t i n g  analog o f  a  

f u l l - s c a l e  wind t u r b i n e .  D i f f e r e n t  types o f  models may be r e q u i r e d  t o  simu- 

l a t e  wind t u r b i n e  wake c h a r a c t e r i s t i c s  over  d i f f e r e n t  wind speed ranges. 

Because t h e  r e l a t i o n s h i p  between w ind  speed ( o r  wind speed cubed) and power 

o u t p u t  i s  n o t  a  s imp le  one, average wind c o n d i t i o n s  across t h e  r o t o r  d i s k  o f  

each machine i n  t h e  c l u s t e r  niust be known i n  o rde r  t o  compute power o u t p u t  f o r  

t h e  c l u s t e r .  ( a )  Phys ica l  model ing o f  c l u s t e r  behavior  i n  n o n f l a t  t e r r a i n  

should be s u p e r i o r  t o  e x i s t i n g  numer ica l  models (assuming t h e  wind t u r b i n e  

s i m u l a t o r  can be made smal l  enough t o  have t h e  p roper  sca le  r e l a t i o n s h i p  t o  

t h e  t e r r a i n ) .  However, phys i ca l  model ing s t u d i e s  a r e  more expensive than  

numer ica l  s imu la t i ons .  I n  a d d i t i o n ,  no one has y e t  at tempted t o  s imu la te  a  

wind t u r b i n e  c l u s t e r  where t he  drag and power c o e f f i c i e n t s  o f  t h e  t u r b i n e s  has 

been a s t r o n g  f u n c t i o n  o f  wind speed. F i n a l l y ,  one o f  t h e  most u s e f u l  r o l e s  

f o r  phys i ca l  model ing i s  i n  t h e  t e s t i n g  and t u n i n g  o f  s imple numer ica l  models. 

These p o i n t s  a r e  d iscussed i n  g r e a t e r  d e t a i l  i n  Sec t ion  9.2.3. 

General Spacing Gu ide l ines  f o r  Large Wind Turb ines 

Based on r e s u l t s  o f  numerical  and phys i ca l  model ing s tud ies  o f  wind 

t u r b i n e  wake decay, severa l  general  g u i d e l i n e s  on t u r b i n e  spac ing can be 

g i ven .  The reader  should be aware t h a t  these recornmendations a r e  based 

p r i m a r i l y  on wind tunne l  s imu la t i ons  o f  r o t a t i n g  models. Very few o f  these 

observa t ions  have been conf i rmed th rough f i e l d  measurements on f u l l - s i z e  

machi nes. Concl us ions  on c l  u s t e r  performance a r e  n o t  based on exper ience 

s i n c e  no l a r g e  c l u s t e r s  have been b u i l t .  

( a )  Remember, a t  s u f f i c i e n t l y  h i g h  wind speeds t h e r e  cou ld  be no degrada t ion  
o f  t u r b i n e  performance w i t h i n  a  c l u s t e r  o f  v a r i a b l e  p i t c h  machines. 
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Spacing machines a t  distances of 10 to  15 diameters should r e su l t  in no 

appreciable degradation of wind turbine performance. Wind tunnel simulations 
have shown mean wind speed recoveries of 80 to  90 percent i n  the wakes of 
isolated machines even a t  very low turbulence levels.  ( a )  Since the performance 

curves of most large wind turbines show a nearly l inear  relationship between 

disk-average wind speed and power output (see Figure 1.11), a 10 to  20 percent 
reduction in wind speed will cause,only a small reduction in turbine output. 

Wake turbulence should also be no problem. Turbulence in tens i t ies  should be 

comparable to  boundary-layer turbulence levels and rotor t i p  vortices should 

be unimportant. 

A conservative approach i s  to  avoid spacing machines closer than about 

5 diameters i n  the prevailing wind direction. A t  distances closer than t h i s ,  

the performance penalty s t a r t s  t o  become large.  Turbulence from upwind machines 

could also be a problem a t  close spacing. However, l ike  any other general 
guideline there are  s i tuat ions where i t  could be profitable to  violate the 
"rules". If the wind resource i s  large and the area of available land i s  
small, spacing machines a t  distances closer than 5 diameters might be economi- 
cal ly  jus t i f ied .  

Spacing machines a t  a distance of 7 to  8 diameters i n  the prevailing wind 
directions i s  probably acceptable; however, modeling studies indicate that  a 
performance penalty will be paid under some atmospheric conditions. When 
atmospheric turbulence 1 eve1 s a re  reasonably high, however, the velocity 
d e f i c i t  across the rotor disk will be negligible (see Section 9.1.3). Wake 
turbulence may n o t  be negligible a t  a 7 to  8 diameter spacing, particularly 
a t  night when ambient turbulence levels are low. Wind tunnel models have 
shown evidence of wake vortices 8 to  10 diameters downstream of a scale model 
turbine. The turbulence intensi ty  levels in the wakes of isolated turbines 
a re  not particularly h i g h .  Turbulence in tens i t ies  should rarely exceed values 
typical of natural boundary-layer turbulence--20 to 30 percent. However, the 

spectral character is t ics  of wake turbulence are  unique (due t o  t i p  vortex 

shedding) and could be troublesome. We have no firm information on the 

( a )  In interpreting the resu l t s  o f  wind tunnel t e s t s  of model turbines, t he i r  
h i g h  drag character is t ics  should be considered. A t  distances less  than 
10 diameters, model turbines will show higher velocity de f i c i t s  than 
fu l l  - size machines. 



tu rbu lence c h a r a c t e r i s t i c s  t h a t  cou ld  be expected w i t h i n  l a r g e  c l u s t e r s ;  b u t  

B u i l t j e s  (as quoted i n  R i l e y  e t  a l .  1980) has repor ted  turbulence i n t e n s i t y  

l e v e l s  as h igh  as 50 percent  w i t h i n  l a r g e  arrays o f  s imulated wind tu rb ines .  

Whether wake turbulence i s  a problem i n  wind t u r b i n e  s i t i n g  i s  unknown a t  t h e  

present  tinie. The answer must awa i t  f u r t h e r  ana lys i s  o f  the  e f f e c t s  o f  turbu-  

lence on aerodynamic performance, noise generat ion, and s t r u c t u r a l  i n t e g r i t y  

as w e l l  as experience i n  the  opera t ion  o f  c l u s t e r s .  
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10.0 MEASUREMENTS AND INSTRUMENTATION 

Data a r e  r e q u i r e d  a t  eve ry  s tage  o f  a s i t e  s e l e c t i o n  program, b u t  d e c i d i n g  

how t o  c o l l e c t  t h e  da ta  i n  t h e  most c o s t - e f f e c t i v e  way i s  a problem. The 

i n tended  use o f  t h e  da ta  determines t h e  manner i n  which da ta  a r e  gathered and 

processed)and t h e  i n s t r u m e n t a t i o n  used. Chapter 2 o u t l i n e d  a v a r i e t y  of 

d a t a- r e l a t e d  problems t o  be encountered a t  d i f f e r e n t  stages o f  t he  s i t e  

s e l e c t i o n  process. I n  t h i s  chap te r  measurements and measurement systems 

necessary t o  c o l l e c t  t h e  da ta  r e q u i r e d  f o r  a s p e c i f i c  problem a re  descr ibed.  

A l though wind measurements a r e  t h e  p r ima ry  focus  o f  t h e  chapter ,  t h e  use o f  

i c i n g  measurements and t h e  use o f  s a t e l l i t e  and a i r c r a f t  imagery o f  t he  e a r t h ' s  

su r f ace  w i t h  t h e  b i o l o g i c a l ,  geomorphological  , and s o c i a l  and c u l t u r a l  i n d i c a t o r  

techniques i s  a l s o  presented. 

10.1 CONCEPTS OF A MEASUREMENT SYSTEM 

A measurement system c o n s i s t s  o f  a sensor t h a t  produces a s i g n a l  r e l a t e d  

i n  some way t o  changes i n  t h e  phys i ca l  v a r i a b l e  o f  i n t e r e s t  and a means o f  

t r a n s l a t i n g  t h e  s i g n a l  i n t o  an i n t e r p r e t a b l e  record.  What comes o u t  a t  t h e  

end depends upon t h e  p r o p e r t i e s  o f  t h e  system and i t s  deployment i n  t h e  f i e l d .  
( a >  Consider a constant- temperature ho t- w i re  anemometer f o r  measuring wind speed. 

The h o t - w i r e  anemometer works on t h e  phys i ca l  p r i n c i p l e  t h a t  wind b low ing  

ove r  a heated w i r e  coo l s  t he  w i r e  i n  a way t h a t  depends upon t h e  wind speed. 

The w i r e  i s  heated by e l e c t r i c a l  r e s i s t a n c e  and t he  res i s tance ,  which i s  a 

f unc t i on  o f  t h e  w i r e  temperature,  i s  moni tored.  C l e a r l y  t h e  sensor i s  t e l l i n g  

something about t h e  f l o w  pass ing  it; b u t  e x a c t l y  what i s  i t  say ing? The w i r e  

p rov ides  f low i n f o r m a t i o n  averaged over  t h e  l e n g t h  of t h e  w i r e  s i n c e  f l u c t u a t i o n s  

sma l l e r  than  t h e  l e n g t h  o f  t h e  w i r e  cannot be reso lved .  The hea t  t r a n s f e r  i s  

dependent on t h e  temperature f l u c t u a t i o n s  i n  t he  f l o w  as w e l l  as v e l o c i t y  

f l u c t u a t i o n s ,  so those e f f e c t s  should be measured a l s o  ( w i t h  a second h o t  w i r e  

opera ted  a t  a d i f f e r e n t  r e s i s t a n c e ) .  It takes a f i n i t e  t ime  f o r  heat  t o  be 

( a )  The h o t - w i r e  anemometer i s  n o t  an i ns t rumen t  s u i t e d  f o r  wind energy s i t i n g  
measurements, b u t  i t  c l e a r l y  i l l u s t r a t e s  many problems common t o  t h e  
des ign  o f  sens ing dev ices;  these problems should be cons idered whatever 
sensor i s  be ing  used. 



transferred from the wire to  the flow so that  there i s  a high frequency l imi t  

t o  the flow fluctuations that  the hot wire can respond to .  The s t ructure that  
supports the wire also transfers heat. This influences the heat t ranfer  from 
the wire. Since the supports are  larger t h a n  the f ine  wire, the frequency 
response ef fec ts  due to  the supports appear a t  lower frequencies t h a n  the high 

e 
frequency l imits  of the wire alone. The relation between the sensor signal 
and the flow parameters i s  incalculable so that  calibrations are the only way 

t o  quantify the relat ion.  The calibrations d i f f e r  from sensor to  sensor and 

may change with time so that  recalibration i s  necessary. The signal produced 
by a sensor i s  therefore a f i l t e red  representation of the time behavior of the 

variable being studied. 

A sensor produces some form of signal,  which i s  then intentionally or  
unintentionally conditioned as i t  i s  transmitted to  a recording device. The 

signal might be a voltage, a frequency, a ser ies  of e lectr ical  pulses, or 

mechanical work tha t  turns gears or pulls springs. An analog signal might be 

digit ized and mu1 t i  plexed for  transmission on a frequency modulated (FM) 

car r ie r  wave. If an analog signal i s  sent along a cable there will be some 

signal loss within the cable. Amplifiers and f i l t e r s  may be used along the 

way. A t  the end of the transmission process the signal i s  converted to  a form 
compatible with the recording device i f  i t  i s  not already in a sui table  format. 
Just  as the sensor produces a signal that  i s  a modified representation of the 
measured parameter, the transmission process further modifies the signal.  

Finally the signal i s  recorded. The recording device could be a person 
noting readings from a meter. I t  could be ei ther  a mechanical or e lec t r ica l  
accumulator tha t  keeps a summation of the mechanical or e lectr ical  work done 
between readings by a person. This summation can be recorded with a pen on a 

moving s t r i p  chart  so that  the time information i s  always there whether an 
observer i s  or not. Either analog or d ig i ta l  signals could be recorded on 
other more sophisticated magnetic devices or  in solid s t a t e  memory. Each 
recording option will have i t s  own peculiar prob?ems. For example, i t  i s  well 
known tha t  when a human reads a meter that  i s  f luctuating a t  a ra te  that  i s  

about as f a s t  as the eye can track, tha t  observer preferentially chooses con- 

venient numbers depending on the scale; e.g. ,  even numbers, or mu1 t ip l e s  of 5 ,  



or integral numbers. Clearly the motion of a pen on s t r i p  charts must have 

a high frequency 1 imi t, and s t r i p  charts frequently keep time incorrectly.  

Four c r i t e r i a  used to  judge measurement systems and the i r  components are:  

responsiveness 

accuracy 
precision 
r e l i a b i l i t y .  

Responsiveness i s  the a b i l i t y  of a sensor or system to follow high f re-  

quency changes in the measured variable; in other words, i t s  ab i l i t y  to  measure 

fluctuations.  Wind sensor responsiveness may be characterized by: 

a distance constant, which i s  the amount of a i r  passage required to  

make a 63% (1 - l i e )  response to  a change i n  the wind (speed or direction) 

a threshold speed, which i s  the lowest wind speed a t  which the sensor 

responds. 

Accuracy and precision of measurements are two separate measures of 
system performance tha t  a re  often treated ambiguously. Accuracy refers  to  
the mean difference between the output of a sensor and the true value of the 

measured variable. Precision refers t o  the dispersion about that  mean. For 
example, a system performing an ensemble of measurements on a fixed variable 
may produce the same measured value every time b u t  produce a value that  i s  50% 

off .  That system has a high precision b u t  low accuracy. Another system 
making an ensemble of measurements may produce measurements with no mean er ror  
b u t  the dispersion of individual measurements may be 50% of the mean. In  t h i s  
case the system demonstrates h i g h  accuracy b u t  low precision. For the conven- 
tional wind measuring systems to  be discussed below, the precision i s  usually 

h i g h  so tha t  accuracy i s  the principal concern. One should be particularly 
aware tha t  system accuracy can be a function of wear o r ,  equivalently, time. 
Periodic cal i brations a re  therefore required. 

Instrument system re1 iabi 1 i ty i s  more diff  icul t to  quantify than e i ther  

response or accuracy. Basically, r e l i a b i l i t y  i s  a measure of an instrument 



system's a b i l i t y  t o  produce u s e f u l  da ta  and t he  p e r i o d  o f  t ime  over  which t h e  

system w i l l  opera te  p rope r l y .  R e l i a b i l i t y  may be b u i l t  i n t o  a system by 

making i t  s imp le  and rugged, o r  i t  may be ob ta ined  f r om a l i g h t w e i g h t ,  complex 

system by c a r e f u l  maintenance and f r equen t  checks o f  system ope ra t i on .  

The b e s t  i n d i c a t o r  o f  a system's r e l i a b i l i t y  i s  i t s  performance reco rd .  

Systems t h a t  have been used f o r  years  i n  most a p p l i c a t i o n s  a r e  l i k e l y  t o  be 

r e l i a b l e ,  a l t hough  t h e r e  may be except ions.  Newly developed systems may be 

r e l i a b l e ,  b u t  some c a u t i o n  i s  necessary because t h e i r  p a s t  performance reco rds  

w i  11 be 1 i m i  ted. Simp1 i c i  ty  i s  another  p o s s i b l e  i n d i c a t o r  o f  system r e 1  i a b i  1 i ty. 

Systems w i t h  a few s imp le  p a r t s  o f t e n  t end  t o  be more r e l i a b l e  than  a system 

w i t h  a l a r g e  number o f  complex p a r t s .  However, t h e r e  a re  a l s o  many excep t ions .  

I n  assess ing t h e  r e l i a b i l i t y  o f  a system, p a r t i c u l a r  a t t e n t i o n  should be 

g i v e n  t o  t h e  r e c o r d i n g  dev ice  and t o  p o s s i b l e  problems r e l a t e d  t o  i t s  f a i l u r e .  

Recording dev i ce  f a i l u r e  d u r i n g  a da ta  c o l l e c t i o n  p e r i o d  may r e s u l t  i n  t h e  

l o s s  o f  a l l  da ta  f o r  t h e  per iod ,  o r  i t  may r e s u l t  i n  t h e  l o s s  of da ta  f o r  t h e  

p o r t i o n  o f  t h e  p e r i o d  f o l l o w i n g  t h e  f a i l u r e .  

A measurement produces a s e r i e s  o f  da ta  t h a t  i s  processed and m o d i f i e d  

th rough an e n t i r e  system c o n s i s t i n g  o f  sensors, t r a n s m i t t e r s ,  and reco rde rs .  

The cho ice  o f  a measurement system w i l l  always begin w i t h  t h e  accuracy and 

r e l i a b i l i t y  requi rements o f  t h e  f i n a l  da ta  p roduc t .  Knowing t h a t ,  t h e  system 

can be chosen t o  do an adequate j o b  f o r  t h e  l e a s t  cos t .  Because a system 

c o n s i s t s  of a s e r i e s  of components, c a l i b r a t i o n s  of t h e  e n t i r e  system as w e l l  

as i n d i v i d u a l  components must be considered. 

10.2 WIND SENSING SYSTEMS 

I n  t h i s  subsect ion,  t h e  wind sensors used i n  meteorology a r e  presented.  

The t ype  o f  wind sensor one should s e l e c t  depends upon t he  problem. The wind 

da ta  needed f o r  s i t i n g  s t u d i e s  (see Chapter 2) range f rom long- te rm da ta  t o  

some tu rbu lence  data.  The sca les  of t u rbu lence  t h a t  a f f e c t  t h e  s i t e  s e l e c t i o n  

problem (see Appendix 2) a r e  l a r g e  enough t h a t  t he  ve ry  s o p h i s t i c a t e d  t u rbu-  

l ence  measuring equipment i s  n o t  necessary. Some o f  t he  wind sens ing systems 



t ha t  a re  not useful for  s i t i ng  will be briefly mentioned a t  the end of t h i s  

section because some individuals tha t  have heard of these systems may not know 

the i r  proper role i n  atmospheric measurements. Primarily the emphasis will be 

on the systems tha t  have application for  s i t ing  studies,  and they are: 

cup anemometers 

wind vanes 
propeller anemometers 

tethered balloon instrument systems 

ki tes  and k i  t e  anemometers. 

In addition, remote sensing of the winds using radar, l asers ,  acoustic radars, 
and sate1 1 i tes  wi 11 be discussed. 

10.2.1 Cup  Anemometers 

Cup anemometers use the i r  rotat ion,  which i s  proportional to wind speed, 

t o  generate a signal.  Miniature ac or  dc generators produce a continuous 
signal that  i s  direct ly  proportional to wind  speed and can be transferred to  a 
recorder with minimal electronic processing. Some signal generation devices 

produce a t r a in  of pulses. In the "contact anemometer", revolution of the 
anemometer shaf t  i s  geared down so tha t  contacts of a switch (or mechanical 

movements of an odometer) are  closed a f t e r  a certain distance of wind stream 
has passed through the anemometer, e.g., 1/60 mile. Therefore, the pulse 

t r a in  i s  slow, and the t r a in  of pulses can be used only t o  produce average 

wind speeds. The number of pulses in a given time increment i s  recorded. In 
t h i s  way a time ser ies  of averages can be produced, whether the time increment 
i s  an hour, a day, or months. Shorter averaging intervals may be used, b u t  

ultimately the minimum time interval must be determined by the desired speed 
resolution, which i s  then related to  the speed change required to  produce one 
extra pulse per time increment. One pulse per revolution of the cup i s  suf f i-  
cient  for  use with s t r i p  chart recorders (see Section 10.3.4). Some anemometers 

produce u p  t o  100 pulses per revolution, thus reducing the minimum allowable 

averaging increment a hundredfold. This i s  usually done with a " l ight  chopper." 

The l i g h t  from a l i g h t  source i s  periodically interrupted between the source 



and a  p h o t o c e l l ,  the reby  p roduc ing  a  r a p i d  t r a i n  o f  e l e c t r i c a l  pu lses.  Th i s  

t r a i n  of  pu lses  i s  f a s t  enough t o  process e l e c t r o n i c a l l y  and produce a  cont inuous 

s i g n a l .  The s i g n a l  may be i n t e r p r e t e d  as p r o v i d i n g  quas i- instantaneous w ind  

speeds o r  a  low-pass f i l t e r e d  s i g n a l .  

I n  genera l ,  a  cup anemometer's responsiveness i s  determined by i t s  weight ,  

phys i ca l  dimensions, and i n t e r n a l  f r i c t i o n .  I f  any o f  these f a c t o r s  i s  increased,  

t h e  responsiveness o f  t h e  sensor w i l l  decrease. For  example, i f  tu rbu lence  

measurements a r e  des i red ,  smal l ,  l i g h t w e i g h t ,  l ow f r i c t i o n  sensors shou ld  be 

used. T y p i c a l l y ,  t h e  most respons ive  cups have a  d i s tance  cons tan t  o f  about 

1  m. I f  tu rbu lence  spec t ra  a r e  be ing  measured (see Appendix 2 ) ,  t h e r e  w i  11 be 

a  decrease o f  s p e c t r a l  energy a t  h i ghe r  and h ighe r  f requenc ies  due t o  t h e  fil- 

t e r i n g  o f  t h e  anemometer i n  a d d i t i o n  t o  t he  ambient decrease i n  s p e c t r a l  

energy w i t h  i n c r e a s i n g  frequency. Where tu rbu lence  da ta  a r e  n o t  r equ i red ,  t h e  

cup anemometer can be l a r g e r  and heav ier ;  d i s t a n c e  cons tan ts  f o r  these a r e  on 

t h e  o r d e r  o f  3 t o  5 m. T h i s  1  i m i t s  t h e  maximum usable da ta  sampl ing r a t e  f o r  

heavy anemometers t o  no g r e a t e r  t han  once every  few seconds. 

The cup anemometer's accuracy, l i k e  i t s  responsiveness, i s  a f f e c t e d  by 

t h e  i n s t r u m e n t ' s  weight ,  dimensions, and f r i c t i o n :  t h e  more respons ive  t h e  

sensor t h e  more accura te  i t  can be. Th i s  i s  t r u e  f o r  new o r  newly r e f u r b i s h e d  

sensors, b u t  t h e  accuracy o f  t h e  l i g h t w e i g h t  sensors i s  ob ta ined  by s a c r i f i c i n g  

ruggedness. Therefore,  c l o s e  a t t e n t i o n  must be g i ven  t o  t h e  wear and t e a r  and 

consequent changes i n  t he  c a l i b r a t i o n s  o f  t he  l e s s  rugged sensors.  For l a r g e  

WECS s i t i n g  s tud ies ,  even t h e  most rugged anemometers should be checked and/or 

se rv i ced  every  3 t o  6 months. 

Anemometer accuracy i s  v a r i a b l e  i n  a  t u r b u l e n t  environment. A t y p i c a l  

va lue  r e p o r t e d  as t h e  accuracy o f  a  cup anemometer i s  + 2% - an es t ima te  - 

ob ta ined  i n  a  wind t unne l .  I n  t h e  r e a l  atmosphere where t he  f l o w  i s  t u r b u l e n t ,  

t h e  cup anemometer w i l l  overes t imate  an average wind speed because a  cup w i l l  

respond t o  an i nc rease  i n  wind speed f a s t e r  than  i t  w i l l  f o r  a  decrease i n  

wind speed. T h i s  e r r o r  ( c a l l e d  overspeed) i s  w o r s t  f o r  t h e  l e a s t  respons ive  

cup anemometers b u t  decreases w i t h  i n c r e a s i n g  wind speed. Since t u rbu lence  



i n t e n s i t y  i s  n o t  a f u n c t i o n  o f  mean wind speed o n l y  (see Appendix 2),  t h i s  

e r r o r  i n  t he  r e a l  atmosphere i s  a f u n c t i o n  o f  l o c a l  cond i t ions .  It i s  n o t  y e t  

c l e a r  j u s t  how severe t h i s  e r r o r  can be f o r  t he  t y p i c a l  cups t h a t  a re  i n  use, 

b u t  an average e r r o r  o f  several  percent  i s  l i k e l y .  

Numerous environmental problems plague anemometers and reduce t h e i  r 

r e l i a b i l i t y .  The r e l i a b i l i t y  of s p e c i f i c  models o f  anemometers has n o t  been 

adequately t es ted  i n  an o b j e c t i v e  comparison f i e l d  experiment. General ly,  the  

heavier,  s lower responding sensors a re  more durable, b u t  i c i n g  o r  b lowing dus t  

can cause sensor f a i l u r e .  I f  an anemometer i c e s  up, t h e  r o t a t i o n  w i l l  slow o r  

cease a l together ,  causing erroneous wind speed est imates u n t i l  the  sensor 

thaws completely.  Strong winds du r ing  heavy i c e  cond i t i ons  can break cups o r  

t h e  anemometer sha f t .  Blowing dus t  can lodge i n  t h e  bearings, cause an increase 

i n  f r i c t i o n  and wear, and thereby reduce anemometer est imates o f  the  wind 

speed. Dust can prevent  t he  c l o s i n g  o f  t he  swi tch  i n  some contac t  anemometers 

so t h a t  even i f  the  cups a re  r o t a t i n g  as they should, t o o  few pulses a re  

r e g i s t e r e d  i n  a g iven increment o f  t ime. L igh twe igh t  cups sometimes blow o f f  

du r ing  h i g h  wind events. 

I n  1 i g h t  o f  these problems, the  assurance o f  re1  i a b i l i  t y  i n  cup anemometers 

depends upon c a l i b r a t i o n  and se rv i ce  v i s i t s .  The frequency o f  these v i s i t s  

w i l l  depend upon the  value o f  t he  data, i .e., t h e  programniatic c o s t  o f  a l oss  

o f  a c e r t a i n  i n t e r v a l  o f  data. 

10.2.2 Wind Vanes 

Wind d i r e c t i o n  i s  most commonly obta ined f rom a wind vane. The conven- 

t i o n a l  wind vane cons i s t s  of a broad t a i l  t h a t  the  wind keeps on the  downwind 

s ide  o f  t he  r o t a t i n g  v e r t i c a l  shaf t ,  and a counterweight a t  the  upwind end t o  

p rov ide  p e r f e c t  balance a t  t he  j u n c t i o n  o f  the  vane and sha f t .  F r i c t i o n  a t  

t he  s h a f t  i s  reduced w i t h  bearings. 

Wind vanes genera l l y  use one o f  t he  f o l l o w i n g  mechanisms f o r  producing a 

s igna l :  con tac t  c losures,  potent iometers, o r  servo-mechanisms. The accuracy 

requ i red  o f  wind d i r e c t i o n  data w i l l  d i c t a t e  the  choice. Vanes us ing  contac t  

c losu re  are  genera l l y  low pr iced.  These inst ruments may have f o u r  o r  e i g h t  



switches, each corresponding t o  a  pr imary d i r e c t i o n  sector .  The vane's 

p o s i t i o n  p h y s i c a l l y  determines which switches are closed. I f  the  vane's con- 

s t r u c t i o n  permi ts  simultaneous c losu re  o f  two switches, the d i r e c t i o n  r e s o l  u- 

t i o n  i s  tw i ce  the  number o f  switches. For example, a  vane w i t h  f o u r  switches 

t h a t  can on l y  be c losed i n d i v i d u a l l y  can reso lve  the  wind i n t o  one o f  four  90" 

sectors centered on Ny E, S and W.  I f  two adjacent  switches can be c losed a t  

t he  same time, t he  wind d i r e c t i o n  can be reso lved i n t o  one o f  e i g h t  45" sectors:  

N, NE, E, SE, S, SW, W, NW. 

A cont inuous s igna l  t h a t  permi ts  wind d i r e c t i o n  r e s o l u t i o n  t o  w i t h i n  a  

few degrees i s  produced by wind vanes us ing  potent iometers t o  generate s igna ls .  

However, i n  these vanes, a  small sec tor  may e x i s t  i n  which no s igna l  i s  produced 

because o f  t h e  phys ica l  cons t ruc t i on  o f  t h e  potent iometer.  Th i s  gap tends t o  

be wide i n 1  ess-expensive instruments. The d iscont inuous nature  o f  t he  s igna l  , 
generated when the  wind causes the vane t o  f l u c t u a t e  back and f o r t h  across t h e  

gap, can cause ser ious  problems i n  data record ing  and ana lys is .  For example, 

when two wind d i r e c t i o n s  near nor th,  355" and 005", a re  averaged the  r e s u l t  i s  

180°, which i s  south r a t h e r  than nor th.  To avo id  such problems, some wind 

vanes have two potent iometers w i  t h  gaps 1  ocated 180" apar t  and e l e c t r o n i c  

c i r c u i t r y  t o  sw i t ch  from one potent iometer  t o  t he  o ther  when the  gap i n  the  

f i r s t  i s  approached. A wind vane w i t h  t h i s  feature i s  s a i d  t o  have 540" 

l o g i c .  

Other wind vanes have a  servo-~nechanism f o r  s igna l  generat ion.  However, 

ex tens ive  e l e c t r o n i c  s igna l  cond i t i on ing  i s  requ i red  t o  produce an unambiguous 

s igna l  f o r  record ing  when servo-mechanisms a re  used. 

The responsiveness o f  wind vanes i s  a l so  associated w i t h  a  damping o r  

d is tance constant .  I f  tu rbu lence i s  t o  be measured, the  d is tance cons tant  o f  

t h e  vane should be matched w i t h  the  d is tance constant  o f  t he  anemometer. Some 

record ing  op t ions  (see Sect ion 10.3) compute an average wind speed over t he  

sampling i n t e r v a l  b u t  record  on l y  an instantaneous sample o f  t he  wind d i r e c t i o n ,  

u s u a l l y  taken a t  the  end of the  i n t e r v a l .  I f  such a  data logger  i s  used, a  

vane w i t h  a  slow response should be used t o  mechanical ly f i l t e r  the meaningless 

smal l  - scale f l u c t u a t i o n s .  



Environmental problems - i ce ,  blowing dust, s a l t  - s i m i l a r  t o  those t h a t  

a f f e c t  cup anemometers a l so  a f f e c t  t he  r e l i a b i l i t y  o f  wind vanes. High winds 

a r e  l ess  o f  a problem f o r  wind vanes than f o r  cups, unless i c e  i s  present, 

because the  vane moves t o  minimize wind s t ress .  The d i r e c t i o n  c a l i b r a t i o n s  

should n o t  change w i t h  wear f o r  a wind vane a l though responsiveness might. 

During dusty cond i t ions ,  wind d i r e c t i o n  sensors t h a t  use contacts t o  i n d i c a t e  

the  wind d i r e c t i o n  sec tor  may f a i l  i f  d i r t  p a r t i c l e s  prevent  t he  contac t  from 

c los ing .  R e c a l i b r a t i o n  i s  t he re fo re  l e s s  o f  a problem f o r  wind vanes than f o r  

cup anemometers, b u t  p e r i o d i c  i nspec t i on  and r o u t i n e  se rv i ce  i s  s t i l l  necessary 

t o  ma in ta in  opt imal performance. 

10.2.3 Propel 1 e r  Anemometers 

P r o p e l l e r  anemometers use the  wind blowing i n t o  a p r o p e l l e r  t o  t u r n  a 

s h a f t  t h a t  d r i v e s  a dc o r  ac generator, o r  a 1 i g h t  chopper t o  produce a pu lse  

t r a i n .  The response o f  p r o p e l l e r  anemometers covers a range t h a t  i s  s i m i l a r  

t o  cup anemometers; however, the  tendency f o r  overspeeding i n  gusty wind i s  

l e s s  f o r  p r o p e l l e r  anemometers. 

The f a m i l i a r  aerovane, which i s  a p r o p e l l e r  mounted on the  nose o f  a wind 

vane t h a t  i s  shaped l i k e  an a i r p l a n e  fuselage p lus  t a i l ,  i s  a durable inst rument  

w i t h  a d is tance constant  o f  a few meters. These anemometers may read low i n  

winds w i t h  r a p i d l y  changing d i r e c t i o n s  i f  the  response o f  t he  vane, which 

d i r e c t s  the  p r o p e l l e r  i n t o  t h e  wind, i s  slow. 

The " G i l l "  p r o p e l l e r  anemometer i s  d r i v e n  by a l i g h t w e i g h t  styrofoam 

propel  1 e r .  ( a )  One p r o p e l l e r  may be mounted a t  the  nose o f  a vane, o r  two o r  
t h ree  may be f i x e d  along d i f f e r e n t  o r i e n t a t i o n s  t o  reso l ve  wind components. 

The responsiveness and accuracy o f  these a re  more than adequate f o r  the  turbu-  

lence measurements t h a t  might  be needed f o r  a l a r g e  WECS s i t i n g  program. 

These p r o p e l l e r s  a re  too f r a g i l e  t o  be l e f t  unattended i n  remote areas. 

The problems o f  re1 i a b i l  i t y  f o r  p r o p e l l e r  anemometers are  s i m i l a r  t o  

those f o r  cup and vane anemometers. 

(a )  The G i l l  Anemometer i s  manufactured by the  R. M. Young Company, 
2801 Aeropark Dr ive ,  Traverse City, M I  49684. 



Tethered B a l l o o n  Systems 

Ins t ruments  may be a t tached t o  ba l loons  and a l lowed t o  r i s e  t o  l e v e l s  n o t  

conven ien t l y  reachable by o t h e r  means. The e a r l i e s t  radiosondes te lemetered  

temperature da ta  f r om t h e  lower  atmosphere back t o  t h e  ground. When l a r g e -  

s c a l e  use of  radiosondes began i n  t h e  1930s t he  i n s t r u m e n t a t i o n  developed t o  

t h e  p o i n t  t h a t  d i sposab le  packages were a f f o r d a b l e .  When wind da ta  became 

a v a i l a b l e  th rough r a d a r  t r a c k i n g  o f  t h e  ba l loon ,  those systems became known as 

rawinsondes. F i n a l l y ,  coming around a  f u l l  c i r c l e ,  i ns t rumen t  packages e x i s t  

f o r  use w i t h  ba l l oons  t h a t  a r e  t e the red  t o  t h e  sur face .  

Te the r i ng  t h e  b a l l o o n  serves more o f  a  f u n c t i o n  than  keeping an expensive 

ins t rument  package f rom escaping. One o f  t h e  g r e a t  advantages o f  u s i n g  a  

b a l l o o n  system i n s t e a d  o f  a tower t o  i n v e s t i g a t e  t h e  boundary l a y e r  i s  t h e  

m o b i l i t y  o f  t h e  system. By t he  use o f  a  t e t h e r  t h e  i ns t rumen t  package can be 

"hung" a t  any d e s i r e d  l o c a t i o n  a t  any l e v e l  f o r  j u s t  about as l o n g  o r  s h o r t  a 

t i m e  as you l i k e .  A tower  i s  n o t  mob i le  enough and a  f r e e - f l o a t i n g  b a l l o o n  i s  

t o o  mob i l e  and u n c o n t r o l l a b l e .  One p o t e n t i a l  problem w i t h  t e t h e r e d  b a l l o o n  

systems, e s p e c i a l l y  those t h a t  may have been designed f o r  a i r  q u a l i t y  m o n i t o r i n g  

work, i s  t h e  l a c k  o f  d u r a b i l i t y  o f  t h e  b a l l o o n  i n  h i gh  winds. 

The t e t h e r  a l s o  a l l ows  t h e  more convent iona l ,  s imple,  wind speed and 

d i r e c t i o n  sensors t o  f u n c t i o n  on t h e  a i r b o r n e  p l a t f o r m .  I f  t h e  sensor i s  n o t  

d r i f t i n g  w i t h  t h e  wind, a cup o r  p r o p e l l e r  anemometer w i l l  p r o v i d e  a  usab le  

E u l e r i a n  ( f i x e d- c o o r d i n a t e )  w ind  speed. The b a l l o o n  i s  shaped so t h a t  i t  w i l l  

a c t  l i k e  a  w ind  vane. I f  t h e  ins t rument  package i s  suspended i n  a f i x e d  

o r i e n t a t i o n  t o  t he  ba l loon ,  then  wind d i r e c t i o n  i n f o r m a t i o n  can be ob ta i ned  

f rom t h e  o r i e n t a t i o n  o f  t h e  package (sensed by a  magnet ic compass). A l t e r n a-  

t i v e l y ,  a  package may have i t s  own wind vane and be suspended so t h a t  i t  i s  

f r e e  t o  p i v o t  beneath t he  b a l l o o n  o r  anywhere a long  t he  t e t h e r  l i n e .  The 

o r i e n t a t i o n  o f  t h e  package vane then  p rov ides  t h e  d i r e c t i o n  i n f o r m a t i o n .  The 

former  approach p rov ides  a  s lower  response t o  wind d i r e c t i o n  changes, and t h a t  

i s  p robab ly  d e s i r a b l e  f o r  s i t i n g  work. The disadvantage i s  t h a t  m u l t i p l e  

sensors cannot be used on a  s i n g l e  l i n e ,  as i n  t h e  l a t t e r  approach. 

A l though t h e  t e t h e r e d  b a l l o o n  system may use cup o r  p r o p e l l e r  anemometers 

t o  measure wind speed, t h e  accuracy and response o f  t he  e n t i r e  system a r e  n o t  



identical t o  the accuracy and response of a system with the same sensors 
mounted on a tower. The balloon i s  unfortunately not r igidly fixed i n  place. 

The vertical  l i f t  on the balloon, dynamic plus buoyant, i s  balanced by the 

weight of the instruments and the vertical component of tension i n  the te ther .  

The te ther  follows the shape of a catenary curve. The horizontal force balance 

on the balloon i s  between the drag force of the wind and the horizontal component 

of the tension. In gusty winds these force balances change, causing the 

balloon t o  climb and sink and move upstream and downstream. The upstream and 

downstream motions contaminate the wind speed signals coming from the balloon. 
The properties of th i s  contamination are a function of the characteristics of 

the balloon system's response to  fluctuations of different  frequencies, and 
the spectrum of the ambient turbulence (see Appendix 2 ) .  One could expect the 

accuracy and precision of mean wind  speed measurements from a tethered balloon 

system to be less  than from similar sensors mounted on a tower. Since the 

balloon motions introduce variance to  the wind  speed signal,  interpretations 

of turbulence intensi ty  should be made with caution unless one i s  familiar with 
both the spectral dis t r ibut ion of variance in the boundary layer (Appendix 2 )  

and with the character is t ics  of the balloon system. 

Signals from tethered balloon systems are typically digit ized and multi- 

plexed within the instrument package and telemetered on an FM car r ie r  wave. 
Usually, pressure, temperature, wind speed and direction, and perhaps relat ive 

humidity a re  measured. The user should find out fo r  a particular system how 
often each of these variables i s  sampled and i f  the sample represents averages 
or instantaneous readings. 

10.2.5 K i  tes  and K i  t e  Anemometers 

Kites can serve as wind indicators in two ways. F i r s t ,  they can provide 
a visual indication of the wind direction and of the steadiness of wind a t  
t he i r  level of f l i gh t .  Anyone who has struggled with adjusting the t a i l  and 
bridle of old-fashioned crossed-bow paper kites can well imagine tha t  k i te  
aerodynamics have as much to do with unsteady ki te  f l i g h t  as do turbulent 
winds. There are ,  however, some remarkably s table  flying kites on the market. 



K i t e s  can be used t o  i n d i c a t e  reg ions  of h i g h l y  t u r b u l e n t  separated f l o w  (see 

Chapter 5 ) .  However, i t  must be remembered t h a t  t he  k i t e  f l i e s  and i n t e r a c t s  

w i t h  t u rbu lence  and i s  n o t  j u s t  a pass ive  r i d e r  o f  t u r b u l e n t  gus ts .  

The second a p p l i c a t i o n  o f  k i t e s  uses t h e  t ens ion  on t h e  l i n e  as an i n d i -  

c a t o r  o f  wind speed (Woodhouse 1980).  Two t ransducers a re  a v a i l a b l e  f o r  

t u r n i n g  t h e  1 i n e  t e n s i o n  i n t o  a usabl'e s i g n a l  - a s t r a i n  gage t h a t  produces a 

v o l t a g e  o u t p u t  o r  a sp r i ng- sca le  t r a n s l a t i n g  s t r e t c h  i n t o  wind speed. Both 

system c a l  i b r a t i o n s  a r e  e a s i l y  checked i n  t he  f i e l d  a1 though bo th  c a l  i b r a t i o n s  

may change w i t h  system wear. 

I n  wind tunne l  t e s t s ,  t h e  t e n s i o n  on t he  l i n e  can be c a l i b r a t e d  t o  w i t h i n  

+ 2%. I t  i s  expected t h a t  a k i t e  c a l i b r a t i o n  determined i n  t h e  w ind  tunne l  - 

w i l l  be l e s s  accura te  i n  t h e  r e a l  atmosphere, j u s t  as t he  cup anemometer 

behaves d i f f e r e n t l y  i n  t h e  t u r b u l e n t  atmosphere than  i n  t he  wind t u n n e l .  The 

k i t e  anemometer concept was t e s t e d  as p a r t  o f  an i n t e r n a t i o n a l  comparison 

exper iment  f o r  l ow- leve l  meteoro log ica l  i n s t r u m e n t a t i o n  a t  t he  300-m tower o f  

t h e  Boulder  Atmospheric Observatory  (BAO) (Kaimal e t  a1 . 1980).  I n  t h a t  

exper iment,  analog v o l t a g e  s i g n a l s  f o r  l i n e  tens ion ,  l i n e  azimuth, and l i n e  

i n c l i n a t i o n  were sen t  d i r e c t l y  t o  t he  BAO computer where they  were d i g i t i z e d  

a t  10 Hz. S i m i l a r  da ta  f rom G i l l  and son i c  anemometers mounted on t h e  BAO 

tower  were used f o r  comparison. Numerous 20-minute runs were made over  a 

severa l  day p e r i o d  f o r  comparing t h e  average w e s t e r l y  ( U )  component and t h e  

average s o u t h e r l y  ( V )  component o f  t h e  wind. The r e s u l t s  presented by Kaimal 

e t  a1 . (1980) a r e  reproduced i n  Tab le  10.1. 

TABLE 10.1 . S t a t i s t i c a l  Summary o f  Comparison Between K i t e  Anemometer and 
BAO Tower. Speeds i n m/sec-1 ( Kaimal e t  a1 . 1980). 

No. o f  
20-Min BAO Sensor RMS BAO Mean 

V a r i  ab l  e Sensor Averages - Mean Mean D i f f e r e n c e  Co r re l  a t i o n  Speed 

U TALA 1 ( a )  25 0.94 0.97 0.96 0.94 4.31 
(Weste r l y )  TALA 2 12 3.89 2.94 1.72 0.92 8.64 

V TALA 1 2 5 1.12 1.24 0.82 0.98 4.31 
(Sou the r l y )  TALA 2 12 6.51 5.99 1.15 0.97 8.64 

( a )  TALA 1 i s  a smal l  k i t e  used i n  1 i g h t  winds and TALA 2 i s  a l a r g e r  k i t e  used 
d u r i n g  s t r o n g  winds. 



The data o f  Table 10.1 a re  appropr ia te  f o r  assessing inst rument  performance 

where both wind d i r e c t i o n  and speed are  important.  For many p o t e n t i a l  uses o f  

k i t e  anemometers i n  wind energy app l i ca t i ons  subs tan t i a l  wind d i r e c t i o n  e r r o r  

cou ld  be t o l e r a t e d  and o n l y  t he  wind speed s igna l  would be o f  i n t e r e s t .  Since 

some o f  t he  rms d i f f e r e n c e  repor ted  i n  Table 10.1 i s  due t o  e r r o r  i n  t he  wind 

d i r e c t i o n ,  i t  i s  n o t  poss ib le  t o  est imate wind speed e r r o r  from those data. 

Comparisons o f  wind speeds measured by the k i t e  anemometer and the  BAO 

tower were made(a) us ing  p re l im ina ry  bu t  unva l ida ted  data generated by the  BAO 

computer a t  t h e  end o f  each day 's  measurements. These r e s u l t s  a re  encouraging. 

Nineteen comparisons o f  wind speed were made f o r  winds between 5 and 12 mlsec. 
2 L inea r  regress ion  between tower and k i t e  measurements y i e l d  r =0.92, where r 

i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  and a  standard e r r o r  o f  the  est imate o f  

+ 0.4 m/sec. It appears t h a t  a  k i t e  anemometer system can d e l i v e r  a  s igna l  - 
use fu l  f o r  determin ing t h e  mean wind speed. 

Since the  response c h a r a c t e r i s t i c s  o f  the  system are  n o t  we l l  known, i t  

i s  premature t o  at tempt t o  i n f e r  any q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  turbulence 

from the  k i t e  s igna ls .  Th i s  inc ludes us ing  the  standard dev ia t i on  o f  wind 

speed measured by the  k i t e  t o  produce a  turbulence i n t e n s i t y .  There i s  no 

doubt t h a t  t he re  i s  some r e l a t i o n  there, b u t  the  d e t a i l s  remain unclear .  

10.2.6 Remote Sensing Systems 

A remote sensing system makes measurements w i thou t  p lac ing  an a c t i v e  

sensor a t  t h e  p o i n t  of measurement. A t  the  present  time, no remote sensing 

system i s  f r e e  f rom shortcomings, which l i m i t s  t he  p o t e n t i a l  o f  these systems 

f o r  wind energy s i t i n g  measurements. I n  some cases these d e f i c i e n c i e s  a r i s e  

from the  i n a b i l i t y  o f  the  measurement system t o  make measurements requi red;  i n  

others,  because t h e  systems a r e  t o o  complex, too  expensive, t oo  labor- in tens ive ,  

e t c .  However, development i s  cont inu ing  on several systems and they may 

become more use fu l  and access ib le  i n  the fu tu re .  Hooke (1980) provides a  

(a )  From an unpubl ished communication from FWG and Associates, Tullahoma, 
Tennessee. Va l ida ted  data a r e  those t h a t  have been screened and reviewed 
f o r  q u a l i t y  by t h e  BAO s t a f f .  



thorough rev iew  o f  t he  a p p l i c a b i l i t y  o f  remote sensing i n s t r u m e n t a t i o n  and 

techniques f o r  wind energy problems. F u r t h e r  d e s c r i p t i o n s  may be found i n  

De r r  (1 972). T h i s  s e c t i o n  w i  11 t h e r e f o r e  o n l y  p resen t  t h e  bas i c  concepts.  

A l l  techniques f o r  remote sensing o f  wind speeds work on t h e  same funda- 

mental  p r i n c i p l e .  Some fo rm o f  propagat ing wave i n t e r a c t s  w i t h  some e n t i t y  a t  

t h e  p o i n t  o f  measurement and i s  moni tored a t  t he  remote r e c e i v i n g  s t a t i o n .  The 

s imp les t  p ropagat ing  wave and r e c e i v e r  system i s  v i s i b l e  l i g h t  and t h e  eye. 

Watching t h e  e v o l u t i o n  o f  a  d u s t  o r  smoke plume i s  a  form o f  remote sens ing.  

Tha t  p r i n c i p l e ,  developed t o  i t s  f u l l e s t  p o t e n t i a l ,  uses two t h e o d o l i t e s  t o  

t r i a n g u l a t e  on t h e  p o s i t i o n  o f  a  p i l o t  ba l loon ,  o r  p i b a l  , as i t  i s  moved by 

t h e  winds. Modern equipment can p rov ide  ve ry  good d i g i t a l  da ta  on t h e  mot ion  

o f  t h e  b a l l o o n  as i t  r i s e s  through t he  lower  atmosphere. A meaningfu l  average 

wind p r o f i l e  can o n l y  be ob ta ined  f rom an ensemble o f  many b a l l o o n  ascents,  

s i n c e  each ascent  produces j u s t  a  s t r i n g  o f  quas i- instantaneous wind measure- 

ments f rom t h e  t u r b u l e n t  boundary l a y e r .  I n  complex t e r r a i n ,  repea ted  p i b a l  

r e l eases  f rom the  same p o i n t  may r e s u l t  i n  s u b s t a n t i a l l y  d i f f e r e n t  t r a j e c -  

t o r i e s ,  due t o  t h e  behav io r  o f  t h e  l a rge- sca le  t u r b u l e n t  eddies and secondary 

c i r c u l a t i o n s .  There fo re ,  an ensemble average wind speed re fe renced  t o  a  g i ven  

t e r r a i n  f e a t u r e  may n o t  be achievable.  

Echoes o f  beams s c a t t e r e d  f rom atmospheric s t r u c t u r e s  o r  c o n s t i t u e n t s  a r e  

t h e  bas i s  o f  most remote sensing techniques. To begin,  some k i n d  o f  beam i s  

em i t t ed .  Microwaves ( r a d a r ) ,  1  aser  1  i g h t ,  o r  a c o u s t i c a l  waves a r e  t h e  usual  

beam sources. The beam i s  sca t te red ,  d ispersed,  and a t tenua ted  as i t  passes 

th rough t h e  atmosphere. A r e c e i v e r  looks  a t  a  sample volume o f  t h e  atmosphere 

t o  cap tu re  t h e  p o r t i o n s  o f  t h e  em i t t ed  beam t h a t  were s c a t t e r e d  w i t h i n  t h a t  

v o l  ume. 

Radar uses 1-cm t o  10-cm wavelength r a d i a t i o n .  The s c a t t e r i n g  o f  t h i s  

r a d i a t i o n  i s  s t r o n g  f r om hydrometeors ( c l o u d  d rop le t s ,  r a i n  drops, i c e  c r y s t a l s )  

w i t h i n  a  c e r t a i n  s i z e  range, which depends on t h e  wavelength o f  t h e  r a d i a t i o n .  

Small f o i l  s t r i p s  o r  chaff can be dumped i n t o  a  d r y  atmosphere t o  p r o v i d e  

s t r o n g  s c a t t e r e r s .  I n  a  nonsaturated b u t  m o i s t  atmosphere, t h e r e  i s  a  weak 



s c a t t e r i n g  of microwaves, p r i m a r i l y  from humidi ty  v a r i a t i o n s .  Lidar senses 

l a s e r  l i g h t  sca t te red  p r i m a r i l y  from aerosols and again, t he  opt imal  p a r t i c l e  

s i z e  depends upon the  wavelength used. However, t he  coherence o f  t h e  l a s e r  

beam i s  q u i c k l y  degraded i n  a  t u r b u l e n t  atmosphere by index o f  r e f r a c t i o n  

v a r i a t i o n s  caused by temperature and humidi ty  v a r i a t i o n s .  To m i t i g a t e  t h i s  

undesired e f f e c t ,  l ong  wavelength l ase rs  such as a  10.6 Llm Cop l a s e r  a re  used. 

Acoust ic  waves a re  sca t te red  f rom temperature v a r i a t i o n s  and v e l o c i t y  tu rbu-  

1  ence. 

Wind speed may be i n f e r r e d  f rom the  r e t u r n  s igna ls  i n  two ways. Since 

the  sca t te re rs  a re  c a r r i e d  along w i t h  the  wind and s ince the concentrat ions o r  

s t r u c t u r e  of the  s c a t t e r i n g  regions do n o t  change q u i c k l y ,  compared t o  the  

t ime between samples c o l l e c t e d  by the  rece iver ,  the d r i f t  o f  the  s c a t t e r e r s  

from one sample t o  the  nex t  can be used t o  i n f e r  wind vectors.  A l t e r n a t i v e l y ,  

as t h e  beam i s  scat tered,  t h e  frequency o f  the  r a d i a t i o n  w i l l  be Doppler 

s h i f t e d ,  due t o  the  v e l o c i t y  o f  t h e  sca t te re r .  Measuring the  Doppler s h i f t  

y i e l d s  the  component of wind v e l o c i t y  between the  rece i ve r  and the  s c a t t e r e r .  

Measuring a l l  t h ree  components o f  the  wind speed requ i res  t h a t  t h ree  non- 

c o l i n e a r  rece i ve rs  be focused on the  sample volume. 

The techniques do n o t  work i f  s c a t t e r e r s  a re  n o t  present,  i f  the  a i r  i s  

t oo  f ree  o f  aerosols f o r  l a s e r  techniques, i f  there  are  no temperature f l u c -  

t u a t i o n s  (and t h e r e  a r e  none i n  a  neu t ra l  s t a b i l i t y  layer-- see Appendix 2 )  f o r  

monostat ic  acoust ic  sounder techniques,(a) o r  i f  the  a i r  i s  so d r y  t h a t  t he re  

a r e  no humidi ty  f l u c t u a t i o n s  o r  hydrometeors f o r  radar  techniques. 

The range o f  a l l  echo-sounding techniques i s  l i m i t e d  by the  a t tenua t i on  

o f  the  emi t ted  and sca t te red  beams, and the  weak s igna ls  produced by i n t e r -  

a c t i o n  o f  t he  beam and the  sca t te re r .  E f f o r t s  t o  increase the  range u s u a l l y  

at tempt t o  increase the  power o f  t he  beam. The s p a t i a l  and temporal r e s o l u t i o n  

o f  echo techniques depends upon the  i n t e r s e c t i o n  o f  t he  geometr ical  and temporal 

c h a r a c t e r i s t i c s  o f  t he  emi t ted  beam and the  geometr ical  and temporal charac- 

t e r i s t i c s  o f  t he  reg ion  sampled by the  rece iver .  

( a )  Monostat ic  acous t i c  sounder systems (colocated t r a n s m i t t e r  and r e c e i v e r )  
sense o n l y  waves backscattered f rom temperature f l u c t u a t i o n s .  B i s t a t i c  
systems (separated t r a n s m i t t e r  and rece i ve r )  sense waves sca t te red  from 
f l u c t u a t i o n s  o f  temperature and v e l o c i t y .  



For example, one of several possible configurations of acoustic Doppler 
systems emits a pulse of sound vert ical ly .  The pulse spreads o u t  to  f i l l  a 

sol id  angle determined by the construction of the transmitter. The radial 

length of the pulse i s  jus t  the speed of sound mu1 t ip l ied  by the pulse duration. 
Pulse travel time i s ,  i n  the same way, proportional to  height above ground. 

Portions of the pulse a re  scattered in the direction of a receiving antenna. 

If the scattering occurred within the solid angle scanned by the antenna, the 
receiver will pick u p  the signal,  determine the Doppler s h i f t ,  and hence, the 

component of velocity along the trajectory of the received signal.  

A ver t ica l ly  oriented receiver antenna (usually the transmitter antenna 

a1 so) can sense vertical  veloci t ies .  Antennas oriented a t  an angle can be 
used to  sense horizontal wind components when the vertical  velocity i s  known. 

The angle should be f a r  enough from vertical  to contain a resolvable component 

of horizontal wind speed, b u t  not so f a r  from vertical  that  the signal becomes 

too attenuated. 

In th i s  system, we see that  the pulse width and the w i d t h  of the region 

scanned by the antenna determine the horizontal dimensions of the sample 
volume, and the speed of sound and the pulse duration determine the vertical  
dimension of the sample volume. Pulses are repeated a f t e r  a l l  signals from 
the highest a t t a i  nab1 e 1 eve1 s above ground have been received. Simi 1 a r  p r i n -  

ciples a r e  involved in the other echo-sounding techniques. 

A technique using laser  l i gh t  tha t  i s  not an echo sounding technique 
measures the average component of the wind normal t o  a beam path through the 
atmosphere. The index of refraction variations that  are to  be avoided in 
laser-Doppler wind sensing techniques are the cornerstone of transverse wind- 

sensing techniques using 1 asers.  These variations,  due t o  temperature and 

humidity structures of various s izes  along the beam path, cause the image of 

the laser  to  s c i n t i l l a t e  or twinkle. The turbulent eddies that  cause the 
sc in t i l l a t ions  do not change appreciably over the time required fo r  the wind 

to  advect those eddies a short distance. Therefore, two receivers a t  the end 
of two closely spaced parallel beam paths will see the time ser ies  of irradiance 



a t  the upwind receiver repeated a very short  time l a t e r  in the downwind receiver. 
A signal correlation computer can produce a real-time readout of the transverse 

wind component. Lawrence e t  a1 . (1972) used th i s  technique to  measure the 

average wind  normal to  a 15-km path. Measurements along a 1-km path have 

shown good agreement between spaced, averaged propeller anemometer readings 

and the 1 aser derived wind (Beran and Hal 1 1974). 

Hooke (1980) concludes tha t  the high costs and demanding operational 

requirements of remote sensor devices preclude the i r  use in the early stages 

of the s i t i ng  process, b u t  t ha t  remote sensing devices could be used effect ively 

in the s i t e  development phase (see Chapter 2) a t  the s i t e  of a large cluster  

of WECS. Though these devices may produce suff ic ient  data, they are  not 

necessarily as simple to  operate, as re l iab le ,  or as economical as the conven- 

tional i ns trumented tower approach. Remote sensi ng systems i n  i ncreasi ng 
order of expense and operating demands are: 

optical transverse wind sensors 
acoustic Doppler sounders 
1 idar  
Doppler radar. 

Only the f i r s t  two of these are  currently commercially available. Finally, 

Hooke concludes that  i f  user requirements for  s i t i ng  data become more s t r ingent ,  
as inf lat ion increases the cost of conventional s i t i ng  methods, and as improved 

techno1 ogy reduces the cost  of remote-sensing a1 ternatives , those a1 ternatives 
wi 11 become increasingly a t t rac t ive .  

10.2 .7  Speci a1 ty Sensors 

Other sophisticated sensors ex is t  for  making wind measurements. Among 
these are: hot-wire and hot-film anemometers, sonic anemometer-thermometers, 
and vortex anemometers. These instruments are  commonly used in research b u t  

are n o t  appropriate for  use in WECS s i t i ng  programs. The principles and 
applications of these specialty sensors are  br ief ly  described in th i s  section. 

The hot-wire anemometer measures the e lec t r ica l  energy necessary to  main- 
t a in  a constant temperature or current in a res i s t ive ly  heated wire tha t  i s  

cooled by the wind.  The hot-film anemometer i s  a more rugged version of the 



hot-wire tha t  uses a quartz-coated wire. These sensors are useful for  provid- 

ing very accurate data on the very f ine  scales of turbulence, much f ine r  than 

are  important to  wind turbines (see Appendix 2 ,  Section A.2.2.3 for  a discussion 

of the scales of atmospheric turbulence). Hot-wires are very del icate  and 

sophisticated systems tha t  require a great deal of attention. They measure 

high frequency fluctuations very well b u t  do not measure mean winds well 

because the signal can d r i f t  a significant amount. Hot-films are used only i n  

occasional short-term micrometeorological research experiments where f ine  

structure must be measured. 

Sonic anemometer-thermometers are also used in micrometeorology for  very 

f ine  structure measurements, b u t  are generally not suitable for  measuring mean 

wind  speeds. Sound waves propagate re la t ive  to the a i r  they move in.  The 

sonic anemometer-thermometer measures the speed of sound in opposite directions 

across a short  gap of several centimeters. The difference in the two speed 
measurements i s  twice the component of wind speed i n  the direction of the 
measurement. The sum of the two speed measurements i s  equal to twice the 
speed of sound and, therefore, proportional t o  the square root of the tempera- 

ture.  

The vortex anemometer measures the w i n d  speed by measuring the frequency 

a t  which vortices a re  shed from a cylindrical obstruction to the flow. When a 
small, c i rcu lar  cylinder i s  placed in a flow, vortex s t ree ts  form downwind of 
the cylinder. A vortex s t r e e t  consists of very regular patches of vor t ic i ty ,  
shed f i r s t  from one side of the cylinder, then from the other. The r a t e  a t  
which these vortices are shed depends upon the Reynolds number, Re = UL/v, 

where U i s  the wind speed, L i s  the diameter of the cylinder, and v i s  the 
kinematic viscosity of a i r .  A hot-film placed downstream of the cylinder i s  
used to  detect the frequency of vortex shedding. Changing calibrations and 
d r i f t  of the hot-film system are not s ignif icant  problems here, since only a 

frequency i s  being detected. The vortex anemometer provided wind measurements 

fo r  the Viking spacecraft that  landed on Mars. However, i t  i s  more sophisti-  
cated than i s  necessary fo r  s i t i ng  measurements. 



10.2.8 Conc lus ion  

I n  t h i s  sec t i on ,  we have d iscussed bas i c  f e a t u r e s  o f  severa l  types o f  

wind sensors.  The convent iona l  wind speed and d i r e c t i o n  sensors, i .e., t h e  

cup o r  p r o p e l l e r  anemometers and t h e  wind vane, a r e  most app rop r i a te  f o r  wind 

energy s i t i n g  measurements. T h i s  i s  because o f  t h e  proven r e l i a b i l i t y  and 

base o f  exper ience w i t h  conven t iona l  systems, and because t h e  accurac ies and 

responsiveness a r e  a p p r o p r i a t e l y  matched t o  t h e  problem. I t  i s  c u r r e n t l y  f e l t  

t h a t  conven t iona l  anemometry i s  more p r a c t i c a l  ( bo th  long- te rm and shor t- te rm)  

f o r  s i t i n g  measurements than  i s  anemometry us ing  remote sensors. I n  t he  

f u t u r e  t h i s  may no l o n g e r  be so. Tethered b a l l o o n  and k i t e  measurements have 

p o t e n t i a l  f o r  making sho r t - te rm  wind speed measurements. 

10.3 RECORDING SYSTEMS 

T h i s  s e c t i o n  d iscusses methods o f  hand l i ng  and r e c o r d i n g  o n- s i t e  da ta  

produced by wind sensors and t h e i r  assoc ia ted  t ransducers.  Each method has 

advantages and drawbacks. The p a r t i c u l a r  problem w i l l  d e f i n e  t h e  da ta  r e q u i r e -  

ments, which i n  t u r n  d i c t a t e  t h e  cho ice  o f  r e c o r d i n g  methods. Based on da ta  

s to rage  c a p a b i l i t i e s ,  wind da ta  c o l l e c t i o n  systems can be grouped i n t o  f o u r  

general  c l asses  (Ramsdell e t  a l .  1980), which a r e  l a b e l e d  as I, 11, 111, and 

I V :  

Class Data Storage C a p a b i l i t y  

I None; d i s p l a y  on a  meter; observer  
r eco rds  read ings  

I I L i m i t e d  t o  a  s i n g l e  s to rage  r e g i s t e r  

I 1 1  Processed i n f o r m a t i o n  s to red  i n  da ta  
l ogge r  w i t h  more than  one s to rage  
r e g i s t e r ,  b u t  sequence o f  da ta  i s  l o s t  

I V Processed o r  raw i n f o r m a t i o n  w i t h  
sequence r e t a i n e d .  

The c h a r a c t e r i s t i c s  o f  these da ta  systems a re  d iscussed below and a re  sum- 

mar ized i n  Tab le  10.2. The o p t i o n  o f  r e l a y i n g  da ta  f rom the  s i t e  v i a  a  

t e l e m e t r y  1  i n k  i s  a l s o  discussed. 



TABLE 10.2. Instrument Systems 

Class .- 

I 

Recording Device Data Product - Advantages 

None D isp lay  o f  c u r r e n t  Low c o s t ,  p o r t a b l e ,  
c o n d i t i o n s  s imp le  t o  use. 

S i n g l e  s to rage  r e g i s t e r ;  I n t e g r a t e d  s t a t i s t i c  Low c o s t ,  s imp le  t o  
mechanical  o r  e l e c t r o n i c .  such as month ly  mean use, can be l e f t  

wind speed. unat tended i n  remote 
l o c a t i o n s .  

Mu1 t i p l e  r e g i s t e r /  S t a t i s t i c s ,  h is tograms.  Preprocess ing o f  da ta  
p rocess ing  da ta  l ogger ;  reduces da ta  a n a l y s i s  
s o l i d  s t a t e  memory. c o s t s .  

Raw da ta  s to rage  o r  Time s e r i e s  o f  raw data  Maximum f l e x i b i l i t y  i n  
preprocessed data .  and/or t ime s e r i e s  o f  use o f  da ta .  Usable 
S t r i p  c h a r t ,  magnet ic sub-sampl i n g  i n t e r v a l  p a r t i a l  r e c o r d  may 
tape, magnet ic d i s k ,  s t a t i s t i c s .  e x i s t  i f  remote system 
s o l  i.d s t a t e .  f a i l s .  E a s i e r  t o  

assess qua1 i ty o f  da ta  
c o l  1  ec ted.  

Disadvantages 

Humans must r e c o r d  da ta ;  t h i s  
i n t r o d u c e s  obse rve r  b iases .  

L i m i t e d  u t i l i t y  o f  data .  

Choice o f  o u t p u t s  must be 
c a r e f u l l y  made s i n c e  
p rep rocess ing  o f  da ta  l i m i t s  
use fu lness  o f  data .  H igher  
c o s t  . 
More i n t e n s i v e  d a t a  r e d u c t i o n  
e f f o r t .  H ighe r  c o s t .  

( a )  Consider o p t i o n s  o f  o n - s i t e  reco rd ing  o r  t e l e m e t r y  da ta  1  i n k .  



10.3.1 Class I Systems 

Class I ins t rumen t  systems do n o t  have any da ta  s to rage  c a p a b i l i t y .  I f  

da ta  a r e  t o  be c o l l e c t e d ,  a  human observer  must mon i t o r  t h e  system and r e c o r d  

t h e  data.  S ince  da ta  c o l l e c t i o n  r e q u i r e s  s u b s t a n t i a l  human invo lvement  t h e  

c o s t  o f  da ta  c o l l e c t i o n  p e r  sample i s  l i k e l y  t o  be h igh.  Th i s  r e s t r i c t s  

Class I systems t o  two k i nds  o f  uses: 

sho r t - te rm  i n t e n s i v e  measurement programs 

long- te rm programs t h a t  r e q u i r e  o n l y  a  smal l  p o r t i o n  o f  t he  observers 

r e g u l a r  d u t i e s  be devoted t o  r ead ing  t he  ins t ruments .  

An example o f  t h e  f i r s t  k i n d  i s  t h e  use o f  handheld anemometers o r  k i t e  

anemometers w i t h  s p r i n g  sca les  as p a r t  o f  a  s e r i e s  o f  spo t  measurements a t  

se lec ted  p o i n t s  o f  i n t e r e s t .  There a r e  un ique e r r o r s  assoc ia ted  w i t h  t h i s  use 

of  a  Class I system, rega rd less  o f  t h e  accuracy o f  t h e  sensor. These e r r o r s  

a r e  due t o  t h e  observers  a t tempt  t o  read  sca les  t h a t  a r e  f l u c t u a t i n g  f a s t e r  

t han  t h e  eye can t r a c k .  

Consider t h e  sp r i ng- sca le  k i t e  anemometer. The wind speed i s  measured by 

t h e  d e f l e c t i o n  o f  a  sp r i ng ,  a t tached  t o  t h e  k i t e  l i n e ,  w i t h  sca les  niarked o f f  

i n  i n t e g r a l  va lues o f  m/sec o r  mph. The marks a r e  packed c l o s e r  t oge the r  a t  

h i ghe r  wind speeds because of t h e  n o n l i n e a r  r e l a t i o n s h i p  between wind speed 

and s p r i n g  s c a l e  extens ion.  

An observer  r ead ing  t h e  f l u c t u a t i n g  s p r i n g  sca le  cannot make a s i n g l e  

read ing  t o  any b e t t e r  t han  - + 1 s c a l e  d i v i s i o n ,  p robab l y  worse a t  t h e  h i g h  wind 

speed end o f  t h e  sca le .  Even i f  t h e r e  were no need t o  t ake  repeated measure- 

ments because o f  t h e  sampling e r r o r  caused by sampl ing t o o  few o f  t he  l a r g e s t  
t u rbu lence  eddies (Appendix 2, A.2.2.3), t h e  observer  would need t o  make 

repeated read ings  i n  an e f f o r t  t o  s t a t i s t i c a l l y  m in im ize  what a r e  hoped t o  be 

random e r r o r s  i n  r ead ing  t h e  sca le .  Observat ions o f  t h i s  t ype  a r e  w e l l  known 

t o  e r r  s y s t e m a t i c a l l y  and n o t  s t r i c t l y  randomly. Observers p r e f e r e n t i a l l y  

p i c k  s i g n i f i c a n t  s c a l e  i n t e r v a l s  many t imes d u r i n g  an ensemble o f  measurements. 

I n  one exper iment  w i t h  t h e  sp r i ng- sca le  k i t e ,  60 samples, one every  5 seconds 

f o r  5 minutes,  were read  from t h e  sca le  t o  t h e  neares t  1  mph i n  about 28 mph 

winds. A n a l y s i s  o f  t he  s e r i e s  o f  numbers se lec ted  showed t h a t  t h e  observer  

r e p o r t e d  an unexpected ly  h i g h  number o f  25 and 30 mph read ings .  Furthermore, 



the analysis showed that  the observer preferred t o  round downward to  those 

values and not u p .  In tha t  measurement the observer bias alone contributed 

about 2% er ror  in  the uncertainty of the mean. From the original 60 samples 

was derived an a r t i f i c i a l  synthesis of two separate wind speed measurements 

using 30 samples, one every 10 seconds for  5 minutes. Therefore, one group 

consisted of the odd sample and the other group the even sample of the original 

60 samples. The means of these two groups differed by 0.6 mph. That i s ,  

there was an unavoidable error of 2% jus t  from the choice of samples. I t  i s  

therefore recommended tha t ,  i f  short-term intensive measurements are  to  be 

made with Class I data systems, the users consider and weigh the potential 
contribution of observer bias and error.  

Examples of the second kind of use of Class I data systems include routine 

brief observations made hourly a t  National Weather Service off ices ,  a i rpor t s ,  

mili tary bases, ships, and so on .  In programs of th i s  type i t  i s  best t o  

adhere to  a s t r i c t  routine schedule of operations and  not l e t  observers 

choose the i r  own observing times. This i s  because people tend to  selectively 

notice and record higher wind speed events i f  they are n o t  regimented by 

external constraints,  such as a schedule. 

10.3.2 Class I 1  Systems 

Class I1 instrument systems characterize the wind  w i t h  a single number. 
The wind-run anemometer i s  a c lassic  example of these systems. The wind-run 
anemometer i s  such a simple system that  the storage mechanism and the sensor 
are  frequently bu i l t  as one unit .  The storage unit  keeps a running count of 
the miles of wind tha t  pass through the anemometer. There i s  no reason why a 
more complicated s t a t i s t i c  could not be accumulated by a Class I1 system, such 
as wind speed cubed or the product of wind speed cubed and temperature. 

However, since the accumulator sacr if ices  a great deal of temporal information, 
there i s  no compelling reason to record anything more than miles of wind. Use 
of these instruments requires tha t  the storage regis ter  or accumulator be read 
twice and tha t  the time between readings be known. If a wind-run anemometer 
i s  used, the average speed for  the observation period i s  found by dividing the 

wind-run (difference i n  readings) by the elapsed time between readings. 

The average wind speed may be used t o  approximate the wind speed proba- 

b i l i  ty density function ( P D F ) .  The Rayleigh dis t r ibut ion i s  an analytical 



express ion  t h a t  c l o s e l y  resembles many measured wind speed d i s t r i b u t i o n s  (see 

F i g u r e  10.1) .  The mean wind speed i s  t h e  o n l y  parameter r e q u i r e d  t o  spec i f y  

t h e  Ray le igh  d i s t r i b u t i o n ,  which i s :  

7Tv 
p ( v i  = - P exp [$-I 

where 

p ( v )  = p r o b a b i l i t y  d e n s i t y  of wind speed ( f r a c t i o n  p e r  m/sec) 

v = wind speed 
- 
V = l o n g  te rm average wind speed. 

Class I 1  systems a r e  p a r t i c u l a r l y  u s e f u l  i n  remote l o c a t i o n s  where access 

and power f o r  system o p e r a t i o n  a r e  l i m i t e d ,  and where s i t e  v i s i t s  a r e  i n f r e -  

quent.  I f  t h e  i n t e r v a l  between v i s i t s  i s  long, t h e r e  i s  a g r e a t e r  r i s k  of a 

c o s t l y  l o s s  o f  da ta  due t o  system o r  sensor f a i l u r e .  I f  t h e  ins t ruments  a r e  

read  on a r e g u l a r  bas i s  (weekly  o r  month ly ) ,  bo th  t h e  t o t a l  w ind resource and 

i t s  seasonal v a r i a t i o n  can be es t imated  w i t h  da ta  f r om these systems. These 

ins t ruments  cou ld  be read  as f r e q u e n t l y  as once an hour t o  p r o v i d e  d i u r n a l  

w ind  i n fo rma t i on ,  b u t  such an obse rva t i on  program resembles a Class I use o f  

t h e  system r a t h e r  than  t a k i n g  advantage o f  t h e  i n t e g r a t i n g  a b i l i t y  o f  t h e  

Class I 1  system. The user  can t r e a t  t h e  l o s s  o f  temporal  r e s o l u t i o n  i n  Class I 1  

systems f o r  wind speed i n  one o f  two ways. Assumptions about t h e  d i u r n a l  

v a r i a t i o n s  i n  mean wind speed and t h e  d i s t r i b u t i o n  o f  wind speeds about t h e  

mean (e.g., Ray le igh  d i s t r i b u t i o n )  can be made. O r  more approx imate ly ,  t h e  

use r  can s imp ly  acknowledge t h e  da ta  as they  are:  t h a t  on t h e  average one 

s i t e  has more wind a t  t h e  l e v e l  of  t h e  anemometer than  another  s i t e ,  and t h a t  

f u r t h e r  assumptions about t h e  s t r u c t u r e  o f  t h e  wind resource  a r e  n o t  substan- 

t i a t e d  by t h e  da ta  p rov ided  w i t h  a Class I 1  system. 

There i s  no reason why a Class I 1  system f o r  wind d i r e c t i o n  cou ld  n o t  be 

developed; however, t h e r e  i s  no good reason t o  develop one. Wind d i r e c t i o n s  

averaged over  t h e  t ime  i n t e r v a l s  t y p i c a l  o f  Class I 1  systems a r e  meaningless 

f o r  wind energy s i t i n g .  Wind d i r e c t i o n  i n f o r m a t i o n  i s  va luab le  i f  coupled 

w i t h  t h e  simultaneous wind speed i n fo rma t i on .  Th i s  r e q u i r e s  e i t h e r  a Class I 1 1  

o r  Class I V  system. 
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FIGURE 10.1. Wind Speed Frequency Distr ibution from Ki ngsley, Nebraska 
(Sol i d )  and t he  Rayleigh Distr ibution (Dashed). A Rayleigh 
d i s t r i bu t i on  i s  obtainable with a Class I 1  instrument system. 

Class I11 System 

Class I11 systems process data and record i t  in summaries o r  histograms. 

A microprocessor i s  used t o  compute the s t a t i s t i c s  of i n t e r e s t  and s t o r e  the 

appropriate information in  one of many storage r eg i s t e r s .  By care fu l ly  se lec t ing  

o r  designing the  data logger of Class I11 systems, i t  i s  possible t o  c o l l e c t  

and s t o r e  very powerful data in a form ready f o r  f i na l  analys is  and presentation.  

However, care  must be taken t o  ensure t h a t  a l l  needed summaries a r e  formed and 

stored i n  the  data logger. Because information on individual observations 

i s  l o s t  in  the  summaries, i t  i s  not possible t o  s ign i f ican t ly  change the  types 

of summaries a f t e r  data col lect ion.  The potential  e x i s t s ,  of course, t o  



produce data  loggers  t h a t  a r e  user-programmable so t h a t  t he  user can change 

the  data processing rou t i nes ,  i f  necessary, a f t e r  1  month's data have been 

analyzed. Data f rom Class I11 systems t y p i c a l l y  are r e t r i e v e d  from the  memory 

by some form o f  " m i  1  ker"  t h a t  d isp lays,  p r i n t s ,  o r  t r a n s f e r s  the data onto a  

po r tab le  medium such as casset te  tapes. The storage r e g i s t e r s  a re  then rese t .  

D i r e c t  accumulation o f  t he  wind speed frequency d i s t r i b u t i o n  i s  t he  most 

fundamental measurement need capable o f  being f u l f i l l e d  by Class 111 systems. 

The Rayle igh d i s t r i b u t i o n  does n o t  always match the shape o f  the  PDF as 

F igure  10.2 c l e a r l y  shows. More complicated wind d i s t r i b u t i o n s  e x i s t .  For 

example, t h e  Weibul l  d i s t r i b u t i o n  (Justus e t  a l .  1976) i s  a  unimodal d i s t r i b u -  

t i  on descr i  bed by: 

where 

p (v )  = p r o b a b i l i t y  dens i t y  o f  wind speed ( f r a c t i o n  per m/sec) 

c  = scale fac to r  r e l a t e d  t o  the  mean wind speed (9 by 
- 
V = c r (1 + l / k )  

r = the  gamma f u n c t i o n  
n 

k  = shape f a c t o r  r e l a t e d  a l s o  t o  t h e  var iance o f  wind speed (ovL) by 

o = c2 {r (1  + 2/k) - [T (1 + l / k ) 1 2 } .  v  

Note t h a t  t he  Rayle igh d i s t r i b u t i o n  i s  a  spec ia l  case o f  t he  Weibul l  where 

k=2. A Class I11 system cou ld  compute V and ov, which cou ld  then be used t o  

f i t  a  Weibul l  d i s t r i b u t i o n .  From F igure  10.2 i t  i s  ev ident  t h a t  i n  some cases 

the  Weibul l  d i s t r i b u t i o n  would n o t  be a  good f i t .  

D i r e c t  measurement of the wind speed d i s t r i b u t i o n  i s  the  p re fe r red  approach. 

Once the  d i s t r i b u t i o n  has been measured, one could perform a  least-squares f i t  

t o  a  f u n c t i o n  such as the  Weibul l  d i s t r i b u t i o n  func t i on .  I f  the  f i t t e d  func-  

t i o n  adequately models the measured d i s t r i b u t i o n ,  t he  a n a l y t i c a l  f u n c t i o n  

prov ides a  concise expression f o r  represent ing  the measured data. ( I t  i s  

i n t e r e s t i n g  t o  no te  t h a t  the  bimodal d i s t r i b u t i o n  o f  F igure 10.2 can be we l l  
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10.2. Wind Speed Frequency D i s t r i b u t i o n  f rom San Gorgonio, 
C a l i f o r n i a  (Dashed Curve i s  t h e  Ray le igh  D i s t r i b u t i o n ) .  
The ac tua l  d i s t r i b u t i o n  i s  ob ta i nab le  w i t h  Class I11 o f  
I V  i ns t rument  systems. 

represen ted  by t h e  sum o f  two separate Weibul l  d i s t r i b u t i o n s ( a )  which suggests 

two independent wind mechani sms a r e  respons ib le .  ) Several commercial l y  ava i  1 - 
ab le  Class I11 systems a r e  capable o f  accumulat ing t he  wind speed f requency 

d i s t r i b u t i o n .  

The p o t e n t i a l  f o r  f u r t h e r  development o f  t h i s  t ype  o f  s to rage  system i s  

tremendous and as y e t  l a r g e l y  undeveloped. I t  i s  a n t i c i p a t e d  t h a t  more o f  

these  advanced da ta  l ogge rs  w i l l  be commerc ia l ly  a v a i l a b l e  i n  t h e  near  f u t u r e .  

The f o l l o w i n g  a r e  j u s t  some examples o f  t he  k inds  of s t a t i s t i c s  t h a t  c o u l d  be 

produced by Class I I1  systems: 

( a )  Personal communication from N. J. Cherry, L i n c o l n  Col lege,  New Zealand. 



produce d a t a  l o g g e r s  t h a t  a r e  user-programmable so t h a t  t h e  user  can change 

t he  da ta  p rocess ing  r o u t i n e s ,  i f  necessary, a f t e r  1  month's da ta  have been 

analyzed. Data f r om C lass  I I 1  systems t y p i c a l l y  a r e  r e t r i e v e d  f rom t h e  memory 

by some fo rm o f  " m i l k e r "  t h a t  d i sp lays ,  p r i n t s ,  o r  t r a n s f e r s  t h e  da ta  on to  a  

p o r t a b l e  medium such as casse t t e  tapes. The s to rage  r e g i s t e r s  a re  then  r e s e t .  

D i r e c t  accumulat ion o f  t h e  wind speed f requency d i s t r i b u t i o n  i s  t h e  most 

fundamental measurement need capable o f  be ing  f u l f i l l e d  by Class I 1 1  systems. 

The Ray le igh  d i s t r i b u t i o n  does n o t  always match t h e  shape o f  t h e  PDF as 

F igu re  10.2 c l e a r l y  shows. More compl icated wind d i s t r i b u t i o n s  e x i s t .  For 

example, t h e  Weibul l  d i s t r i b u t i o n  (Jus tus  e t  a l .  1976) i s  a  unimodal d i s t r i b u -  

t i o n  descr ibed  by: 

where 

p ( v )  = p r o b a b i l i t y  d e n s i t y  o f  wind speed ( f r a c t i o n  pe r  m/sec) 

c  = sca le  f a c t o r  r e l a t e d  t o  t h e  mean wind speed (n by 
- 
v = c r ( 1  + l / k )  

I' = t h e  gamma f u n c t i o n  
n 

k  = shape f a c t o r  r e l a t e d  a l s o  t o  t h e  va r i ance  o f  wind speed (ovL) by 

ov = c2 {r ( 1  + 2/k)  - [r ( 1  + i / k ) 1 2 } .  

Note t h a t  t h e  Ray le i gh  d i s t r i b u t i o n  i s  a  spec ia l  case o f  t h e  Weibul l  where 

k=2. A Class I 1 1  system c o u l d  compute V and ov, which cou ld  then  be used t o  

f i t . a  We ibu l l  d i s t r i b u t i o n .  From F igu re  10.2 i t  i s  e v i d e n t  t h a t  i n  some cases 

t h e  Weibu l l  d i s t r i b u t i o n  would n o t  be a  good f i t .  

D i r e c t  measurement o f  t h e  wind speed d i s t r i b u t i o n  i s  t h e  p r e f e r r e d  approach. 

Once t h e  d i s t r i b u t i o n  has been measured, one cou ld  per fo rm a  least- squares f i t  

t o  a  f u n c t i o n  such as t h e  Weibu l l  d i s t r i b u t i o n  f u n c t i o n .  I f  the  f i t t e d  func-  

t i o n  adequate ly  models t h e  measured d i s t r i b u t i o n ,  t h e  a n a l y t i c a l  f u n c t i o n  

p rov ides  a  conc ise  express ion  f o r  r ep resen t i ng  t he  measured data.  ( I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  bimodal d i s t r i b u t i o n  o f  F i gu re  10.2 can be w e l l  
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FIGURE 10.2. Wind Speed Frequency Di s t r i  bution from San Gorgonio, 
California (Dashed Curve i s  the Rayleigh Distribution).  
The actual distribution i s  obtainable with Class I11 of 
IV instrument systems. 

represented by the sum of two separate Wei bull d i s t r i  butions(a) which suggests 
two i ndependent w i  nd mechani sms are  responsi bl e. ) Several commerci a1 1 y avai 1 - 
able Class I11 systems are  capable of accumulating the wind speed frequency 
dis t r ibut ion.  

The potential fo r  fur ther  development of t h i s  type of storage system i s  
tremendous and as yet largely undeveloped. I t  i s  anticipated tha t  more of 
these advanced data 1 oggers wi 11 be commerci a1 ly available in the near future.  
The following are  just  some examples of the kinds of s t a t i s t i c s  tha t  could be 
produced by Class I11 systems: 

( a )  Personal communication from N .  J .  Cherry, Lincoln College, New Zealand. 



frequency d i s t r i b u t i o n  o f  wind speed (see Figures 10.1 and 10.2) by t ime 

o f  day 

frequency d i s t r i b u t i o n  o f  wind speed-wind d i r e c t i o n  by t ime o f  day 

average d i u r n a l  v a r i a t i o n  o f  wind speed (see F igure  10.3) o r  wind 

d i  r e c t i o n  

maximum wind speed 

frequency d i s t r i b u t i o n  o f  d u r a t i o n  o f  wind speed episodes w i t h i n  g iven 

speed c lasses (see F igure  10.4) 

frequency d i s t r i b u t i o n  o f  t he  magnitudes o f  changes of wind speed o r  

d i r e c t i o n  w i t h i n  a g iven t ime i n t e r v a l  (see F igure  10.5) 

frequency d i s t r i b u t i o n  o f  wind shear between two anemometers (see 

F igu re  10.6) 

d i s t r i b u t i o n  o f  subhourly var iances o f  wind speed o r  wind d i r e c t i o n .  

It i s  a n t i c i p a t e d  t h a t  more o f  these advanced data loggers w i l l  be commercially 

a v a i l a b l e  i n  t he  near f u t u r e .  The o n l y  l i m i t a t i o n  on the  type and amount o f  

processing t h a t  a Class I11 system i s  capable o f  i s  the  amount o f  t ime neces- 

sary t o  make t h e  computations t h a t  must be completed before  the  nex t  sample i s  

taken. 

One does n o t  wish t o  produce histograms t h a t  a re  broken down i n t o  f i n e r  

r e s o l u t i o n  than  i s  necessary b u t  i f  the re  i s  any doubt, a f i n e  r e s o l u t i o n  

should be selected.  For example, i f  t ime of day i n fo rma t ion  recorded i n  

histograms w i t h  t ime groups 3 hours wide i s  adequate, t he re  i s  no need t o  

c rea te  s t a t i s t i c s  f o r  each hour o f  the day. Hour ly  histograms may be summed 

t o  prov ide  th ree- hour ly  histograms b u t  the  converse i s  impossible. 

Class I11 systems share some o f  t he  advantages o f  Class I1 systems, 

a l though they  a re  more expensive. They may be operated i n  remote reg ions  and 

v i s i t e d  i n f requen t l y  s ince  they  a l s o  can be operated w i t h  t h e i r  own b a t t e r y  

power sources. They share the  r i s k  o f  t o t a l  data l o s s  i n  any g iven i n t e r v a l  

between s i t e  v i s i t s  i f  t h e  system f a i l s ,  o r  p a r t i a l  da ta  l o s s  i f  the  s o l i d -  

s t a t e  memory sa tura tes .  



LOCAL TI ME OF DAY 

FIGURE 10.3. D iu rna l  V a r i a t i o n s  o f  Wind Speed by Season f o r  Boone, 
No r th  Ca ro l i na .  These da ta  a r e  o b t a i n a b l e  w i t h  e i t h e r  
Class I 1 1  o r  I V  i n s t r umen t  systems. 

10.3.4 Class I V  Systems 

Class I V  d a t a  systems r e c o r d  t ime- se r i es  da ta  o f  e i t h e r  raw o r  processed 

i n f o r m a t i o n .  Processed i n fo rma t i on  cou ld  s imp l y  be t h e  average wind speed and 

d i r e c t i o n  f o r  every  hour  o r  perhaps t h e  mean, va r iance ,  skewness, maximum wind  



HOURS 
DURATION OF EPISODES FOR WINDS < 4  mlsec 

FIGURE 10.4. Wind Speed Persistence i n  Speed Class. 
These data are  ob ta inab le  w i t h  e i t h e r  
Class I11 o r  I V  inst rument  systems. 
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FIGURE 10.5. P r o b a b i l i t y  o f  D i f f e r e n c e  Between 50 second Averages 
o f  Wind D i r e c t i o n  Exceeding 10" as a  Func t ion  o f  
comparison I n t e r v a l  (Doran 1979). These da ta  a r e  
o b t a i n a b l e  w i t h  e i t h e r  Class 111 o r  I V  i ns t r umen t  
sys tenis. 

speed, maximum g u s t  ampl i tude,  etc. ,  f o r  each hour beginn ing w i t h  1-sec 

samples, o r  maybe 1-min samples. Raw i n f o r m a t i o n  would s imp ly  be ins tan taneous  

va lues o f  wind speed and d i r e c t i o n  sampled a t  d i s c r e t e  i n t e r v a l s  o r  perhaps 

t h e  s i g n a l s  a r e  recorded con t inuous ly .  R e t a i n i n g  t he  sequent ia l  i n f o r m a t i o n  

r e s u l t s  i n  more da ta  f rom Class I V  systems than  f r om Class I 1  o r  111 systems. 

Class I V  systems p r o v i d e  t h e  g r e a t e s t  f l e x i b i l i t y  f o r  da ta  a n a l y s i s  o f  

a l l  approaches. Any summary t h a t  can be programmed i n t o  a  Class I11 system 

may be produced w i t h  Class I V  system data.  If the  user  a n t i c i p a t e s  v i ew ing  

t h e  da ta  i n  such a  m u l t i p l i c i t y  o f  ways t h a t  a  Class I 1 1  system c o u l d  n o t  

e f f e c t i v e l y  be used t o  c a r r y  o u t  t h e  processing, then Class I V  systems p r o v i d e  

t h e  more e f f

i

c i e n t  approach. I n  a d d i t i o n ,  t he  t ime  s e r i e s  ob ta ined  i n  Class I V  
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FIGURE 10.6. Frequency D i s t r i b u t i o n  of P a r a l l e l  and Normal Shear Components 
(Heald 1979).  P o s i t i v e  normal shea r  i s  def ined  a s  clockwise 
r o t a t i n g  wind d i r e c t i o n  w i t h  he igh t .  These da t a  a r e  ob ta in-  
a b l e  with two anemometers and Class  I11 o r  IV instrument  systems. 
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systems al lows s imula t ions  of wind t u r b i n e  performance w i t h  ac tua l  da t a ,  

whereas s t a t i s t i c a l  models would have t o  be developed t o  do t h e  same th ing  

w i t h  parameters ob ta ined  from Class  I11 system d a t a .  

Data o f  a Class  IV system may be recorded i n  a v a r i e t y  of media. S t r i p  

c h a r t s  have always been a widely used method. The primary advantage t o  

recording on s t r i p  c h a r t s  i s  low cos t .  Where a high da t a  recovery r a t e  is  



r e q u i r e d  (e.g., t h e  Nuclear  Regu la to ry  Commission Guide 1.23 s p e c i f i e s  a  90% 

da ta  recovery  r a t e )  t h e  s t r i p  c h a r t  cou ld  serve as a  low- cos t  a u x i l i a r y  t o  a  

d i g i t a l  da ta  l ogge r .  A secondary b u t  impor tan t  advantage i s  t h a t  an i n v e s t i -  

g a t o r  can q u i c k l y  l o o k  a t  a  l o n g  t ime  s e r i e s  and spo t  p o t e n t i a l  problems w i t h  

t h e  data,  such as i n t e r m i t t e n t  ins t rument  f a i l u r e .  I n t e r m i t t e n t  f a i l u r e s  a r e  

f r equen t l y  imposs ib l e  t o  d e t e c t  f rom s t a t i s t i c a l  process ing o f  da ta  s t o r e d  on 

magnet ic  tapes i f  t h e  i n v e s t i g a t o r  does n o t  produce and s c r u t i n i z e  a  graph of 

t h e  t ime  s e r i e s  f r om t h e  data.  ( a )  I n  t h e  event  o f  a  t o t a l  system f a i l u r e ,  a  

s t r i p  c h a r t  r e t a i n s  a l l  da ta  up t o  t h e  t ime  o f  f a i l u r e .  T h i s  may o r  may n o t  

be t r u e  o f  o t h e r  r e c o r d i n g  op t i ons .  There a r e  a l s o  problems w i t h  s t r i p  c h a r t s .  

S ince t i m e  i s  k e p t  by t he  r a t e  a t  which t h e  c h a r t  i s  d r i ven ,  va r i ance  o r  b i a s  

i n  t h i s  r a t e  can l e a d  t o  s i g n i f i c a n t  t ime  e r r o r s  a t  t h e  end o f  a  week's o r  

month 's  da ta  c o l l e c t i o n .  A b i a s  can develop over  t ime  so t h a t  a  s t r i p  c h a r t  

t h a t  reads 0 mlsec when t h e  anemometer i s  h e l d  s t a t i o n a r y  when t h e  system i s  

s e t  up may r e a d  something d i f f e r e n t  when t he  same procedure i s  a p p l i e d  1  month 

l a t e r .  I n  one documented s i t i n g  exe rc i se  (Zambrano 1980), s t r i p  c h a r t  f a i l u r e  

was t h e  ma jo r  cause o f  da ta  l o s s .  

I f  t i m e  s e r i e s  a r e  t o  be processed f r om s t r i p  cha r t s ,  t h e  s t r i p  c h a r t s  

must be d i g i t i z e d  i n  some way. T h i s  i s  a  time-consuming, c o s t l y  procedure. 

If a t e c h n i c i a n  d i g i t i z e s  t he  c h a r t s  by hand, t h e  observer  e r r o r s  d iscussed i n  

t h e  p rev ious  s e c t i o n  a r e  aga in  a  problem. For  example, much o f  t h e  sp i ked  

appearance t o  t h e  wind speed frequency d i s t r i b u t i o n s  shown i n  F igures  10.1 and 

10.2 i s  a t t r i b u t a b l e  t o  observer  b i a s  i n  d i g i t i z i n g  s t r i p  c h a r t s .  D i g i t i z i n g  

may a l s o  be performed w i t h  a  d i g i t i z e r .  No m a t t e r  which method i s  used, 

q u a l i t y  c o n t r o l  checks on t h e  d i g i t i z e d  da ta  should be made. 

It i s  a  f a c t  t h a t ,  w i t h  t h e  inc rease  i n  computing power a v a i l a b l e  t o  more 
people, t h e r e  i s  a  tendency f o r  p r i n c i p a l  i n v e s t i g a t o r s  (PI) t o  ass ign  
t e c h n i c i a n s  t he  t a s k  of p rocess ing  raw da ta  i n t o  formats t h a t  t h e  i n v e s t i -  
g a t o r  can d i g e s t .  T h i s  can and does r e s u l t  i n  a n a l y s i s  and conc lus ions  
based on erroneous da ta  because what would have been an e a s i l y  recogn ized  
problem f o r  t h e  P I  was n o t  n o t i c e d  o r  even looked a t  by t h e  l e s s  t r a i n e d  
t e c h n i c i a n .  The bad da ta  i s  then thorough ly  d i sgu i sed  by t h e  process ing.  
We cannot  overemphasize what should be obvious: a  t r a i n e d  s p e c i a l i s t  must 
l o o k  a t  raw da ta  and, i n  a d d i t i o n ,  p r o v i d e  c o n t i n u a l  assurance t h a t  p ro-  
cess ing  r o u t i n e s  f u n c t i o n  as they a r e  supposed t o .  



There a r e  a  v a r i e t y  o f  magnetic record ing  devices, o f  which the  casset te  

tape i s  t he  most common. The pr imary advantage o f  a  casset te  system i s  i t s  

convenience. However, depending on how t h e  da ta  a re  w r i t t e n  onto the  tape, 

casset tes can be somewhat t ime consuming when reading the  data from the  casset te  

onto a  computer compat ib le 7 o r  9- t rack  tape. I n  the  wors t  case o f  some t e l e -  

metered systems (e.g., from a  te the red  ba l l oon  system), the  casset te  records a  

r e a l - t i m e  s igna l  t h a t  i s  n o t  compressed, so playback o f  data i s  a l s o  i n  r e a l  

t ime. Other op t ions  t h a t  a re  much more soph is t i ca ted  b u t  circumvent these 

problems may s t o r e  the  ou tpu t  o f  an e n t i r e  a r ray  o f  sensors d i r e c t l y  on a  7 o r  

9- t rack  computer-compati b l e  tape, o r  onto a  " f l oppy"  magnetic d isk .  These 

systems a r e  capable of s t o r i n g  g r e a t  amounts o f  data and a re  i n  a  form t o  

r a p i d l y  t rans fe r  t he  data t o  a  computer system. 

When func t i on ing  p rope r l y  the  magnetic tape o r  d i s k  s torage systems 

should prov ide  more convenient and r e l i a b l e  se rv i ce  than w i l l  s t r i p  char ts .  

The i n i t i a l  cos ts  a re  o f  course h igher  b u t  l a b o r  cos ts  o f  data processing are  

1  i k e l y  t o  be l e s s .  Many new systems t h a t  appear on the  market prove t o  have 

some problems t o  work ou t .  The user should attempt t o  determine i f  r e l a t i v e l y  

new systems have a  proven record  o f  r e l i a b i l i t y .  Some o f  these data loggers 

may be more s e n s i t i v e  t o  harsh o r  r a p i d l y  changing environmental cond i t i ons .  

Therefore, c a l i b r a t i o n  checks through the  e n t i r e  system, onto the  tape and n o t  

j u s t  t o  a  d isp lay ,  should be made. Although the  p o s i t i o n  i n  the  record  o f  

da ta  s to red s e r i a l l y  on a  tape should be tantamount t o  the  sample time, record ing  

the  t ime i n  each record  i s  a  f u r t h e r  check on the  r e l i a b i l i t y  and c o n t i n u i t y  

o f  system performance. 

S o l i d  s t a t e  memory may a l s o  be used t o  s t o r e  t ime- ser ies  data. This  form 

o f  memory may be more r e l i a b l e  than tape data storage, al though the  cos t  per  

b i t  o f  s torage i s  h igher ;  there fore ,  l ong  records can on l y  be obta ined by 

us ing  a  l ong  i n t e r v a l  between samples. T r a n s f e r r i n g  the  data from a  f i e l d  

u n i t  t o  t he  l a b o r a t o r y  f o r  processing i s  u s u a l l y  done v i a  a  casset te  tape. 

Once again, i t  i s  wise t o  determine i f  a  newly a v a i l a b l e  system has a  proven 

record  o f  r e l i a b i l i t y .  

The four  c lasses o f  inst rument  systems were summarized i n  Table 10.2. 



10.3.5 Remote Access o r  Te lemetry  Data L i n k  

Te lemet ry  o f  da ta  i s  an o p t i o n  t o  o n s i t e  r e c o r d i n g  t h a t  deserves se r i ous  

c o n s i d e r a t i o n  i n  a  l a r g e  wind t u r b i n e  s i t i n g  program. Two bas i c  approaches 

a r e  poss ib le :  

ground- to-ground t e l e m e t r y  o r  d i r e c t  hookup t o  a r e l a y  s t a t i o n  connected 

w i t h  a  te lephone l i n e  

g round- to- sa te l l i t e - to- g round  t e l e m e t r y  t o  a  b u f f e r  da ta  c o l l e c t i o n  

c e n t e r  access i  b l  e  by te lephone 1  i ne. 

I n  these systems an o n s i t e  da ta  l ogge r  c o u l d  accumulate raw o r  processed da ta .  

The use r  may d i a l  up t h e  da ta  r e l a y  s t a t i o n  t o  o b t a i n  a l l  o f  t h e  accumulated 

da ta  and t r a n s f e r  those da ta  d i r e c t l y  i n t o  a  computer f i l e .  I n  f a c t ,  t h e  

u s e r ' s  computer c o u l d  be programmed t o  r o u t i n e l y  d i a l  up and o b t a i n  t h e  da ta  

w i t h  no e f f o r t  r e q u i r e d  o f  t h e  user. 

The i n i t i a l  equipment cos t s  a r e  h i ghe r  b u t  t h e  advantages must be weighed 

a g a i n s t  t h i s .  S i t e  v i s i t s  f o r  da ta  c o l l e c t i o n  a r e  unnecessary. If t h e  da ta  

a r e  c a l l e d  up every  few days system f a i l u r e s  may be spo t t ed  very  soon a f t e r  

t hey  occur  i n s t e a d  o f  n o t  be ing  d iscovered  u n t i l  t h e  r o u t i n e  s i t e  v i s i t  i s  

made. Data t r a n s f e r  d i r e c t l y  i n t o  t h e  u s e r ' s  computer i s  a  d i s t i n c t  advantage 

t h a t  e l i m i n a t e s  a  ma jo r  bo t t l eneck  o f  da ta  reduc t i on .  As s i g n i f i c a n t  w ind  

events  occur,  such as a ma jo r  storm, t h e  progress can be mon i to red  n e a r l y  i n  

r e a l  t ime.  The da ta  may be r o u t i n e l y  cons idered a long  w i t h  t h e  concu r ren t  

s y n o p t i c  cond i t i ons ;  even i f  t h i s  i s  done casua l l y ,  i t  can b u i l d  up cons ider-  

a b l e  s u b j e c t i v e  exper ience w i t h  t he  s i t e .  Such exper ience i s  u s e f u l  f o r  t h e  

s i t i n g  program as i t  progresses and f o r  o b t a i n i n g  da ta  on t he  a b i l i t y  t o  f o r e -  

c a s t  winds a t  t h e  s i t e .  

10.4 ICE DETECTORS 

I c e  format ion p resen ts  a  hazard t o  nearby personnel f rom i c e  thrown o f f  

r o t a t i n g  w ind  t u r b i n e  b lades and a  s t r u c t u r a l  hazard t o  wind t u r b i n e s .  Water 

t h a t  i s  i n  a  supercooled l i q u i d  s t a t e ,  i .e., t h e  water  temperature i s  < O°C, 



will not freeze until  i t  encounters a n  object t ha t  can i n i t i a t e  crystal l izat ion.  

When supercooled cloud or raindrops encounter a solid object they freeze imme- 
diately.  In t h i s  way, large volumes of ice  can build u p  very quickly. If a 

potential wind s i t e  i s  i n  an area prone to  icing i t  may be of in te res t  to  know 
the frequency of occurrence of these conditions since a wind turbine may have 
t o  be shut down because of icing (Linscott 1978). 

The existence of icing conditions i s  easi ly  detected, b u t  icing rates  a re  

not. A common instrument used to  detect the presence of ice i s  a quartz 

crystal osc i l la tor .  The natural frequency of the osc i l la tor  changes due to  

pressure of ice  on the crystal  and the piezoelectric effect .  If the frequency 
changes a specified amount a binary signal can indicate tha t  ice  i s  present. 
The number of occurrences of ice  could easi ly  be accumulated i n  a dedicated 
Class I1 accumulator (Section 10.3.2) or  as part of a Class 111 system making 
wind measurements. 

10.5 SATELLITE AND AIRCRAFT IMAGERY OF THE EARTH 

Interpretation of features of the ear th ' s  surface i s  frequently made 
simpler from an aer ial  perspective and with sophisticated imaging equipment 

(Rosenfeld and Maule 1979). H i g h  a l t i tude  imagery i s  useful fo r  outlining 

boundaries of vegetation communities, boundaries tha t  may ref lec t  the i nfluence 
of different  wind regimes (Chapter 6 ) .  The imagery i s  useful for  locating 
eol ian 1 andforms (Chapter 7) .  And f inal ly ,  the high a1 t i  tude perspective 

i 11 umi nates some cul tural  patterns that  are not cl early interpretable from the 

ground-based perspective (Chapter 8 ) .  Techniques using indicators observed 
with h i g h  a l t i tude  imagery are  not particularly accurate, re l iab le ,  or univer- 
sa l ly  appl i cable as other techniques b u t  the materials are easily accessed. 
The investigator can readily obtain the images, quickly analyze them for  the 
limited information they contain, and move on. Note however that  interpreting 
some of the imagery, especially sa te l l  i t e  imagery of eolian landforms, requires 

experti se. 

The most readily obtained data are  from the: 

Landsat ser ies  of s a t e l l i t e s  

SKYLAB 

NASA high a l t i t ude  U2 photography 

U.S. Geological Survey aer ial  mapping photography. 



Information about and orders  f o r  items from the  ex i s t ing  data base a r e  handled 

through two centers:  

User Services 
Earth Resources Observation Systems ( EROS) Data Center 
Sioux Fa l l s ,  SD 57198 
(609) 594-651 1 ex t .  151 

and 

National Cl imatic Center 
Federal Bu i 1 di ng 
Asheville, N C  28801 
(704)254-0961 ex t .  620. 

The user of these data  spec i f i es  h is  region of i n t e r e s t ,  the time frame, the  

type of information and products he wants, and any cons t ra in t s  he may have on 

the  qua1 i t y  of the  image or cloud cover. A computer search provides a 1 i s t i n g  

of the products t h a t  meet those c r i t e r i a ,  from which the  user orders spec i f i c  

products. 

Landsat. S a t e l l i t e  coverage from the  Landsat s e r i e s  of s a t e l l i t e s  began 

i n Ju ly  of 1972 when Landsat-1 (formerly Earth Resources Techno1 ogy Sate1 1 i t e  

o r  ERTS-1) was launched. Landsat-1 served un t i l  January of 1978. Since then 

an ident ica l  s a t e l l i t e ,  Landsat-2, and an improved s a t e l l i t e ,  Landsat-3, have 

been launched. A Landsat-4 i s  scheduled f o r  launch i n  1981. 

The polar  o r b i t  of Landsat s a t e l l  i t e s  a t  an a1 t i t u d e  of 920 km allows 
each vehic le  t o  repeat  i t s  coverage of a given scene every 18 days. When two 

s a t e l l i t e s  a r e  up simultaneously the coverage of a scene i s  repeated every 

nine days. The o r b i t s  a r e  designed t o  repeat  each scene a t  the  same local 

time. A t  the  equator on t he  southward path the local time i s  about 9:30 a.m. 

Each Landsat c a r r i e s  three  data acquis i t ion systems: 

e mult ispect ra l  scanner o r  MSS 

re tu rn  beam vidicon o r  RBV (a te levis ion system) 

a data  co l l ec t ion  system f o r  relaying ground base environmental data ( see  

Section 10.3.5). 



The MSS i s  t he  pr imary system; i t  captures images o f  185 km per  s ide  

(para1 1 elogram) i n  each spec t ra l  band. The spec t ra l  bands are:  

Band 4, t h e  green band, 0.5 t o  0.6 micrometers wavelength, emphasizes 

movement o f  sediment- laden water and de l ineates  areas o f  shal low water. 

Band 5, t he  r e d  band, 0.6 t o  0.7 micrometers, emphasizes c u l t u r a l  f ea tu res  

such as metropol i tan areas. 

Band 6, t h e  nea r- in f ra red  band, 0.7 t o  0.8 micrometers, emphasizes vegeta- 

t i o n ,  t he  boundary between land  and water, and landforms. 

Band 7, t he  second nea r- in f ra red  band, 0.8 t o  1.1 micrometers, prov ides 

t h e  bes t  pene t ra t i on  o f  atmospheric haze and a l s o  emphasizes vegetat ion, 

t h e  boundary between land and water, and landforms. 

Band 8, emi t ted  (no t  r e f l e c t e d )  i n f r a r e d  band, 10.4 t o  12.6 micrometers, 

measures temperatures between -13°C and 67°C and d i sc r im ina tes  tempera- 

t u r e  d i f f e rences  as small as 1.5"C. 

Landsats 1 and 2 used o n l y  bands 4 through 7 w h i l e  Landsats 3 and 4 use band 8 

a lso .  The r e s o l u t i o n  ob ta inab le  w i t h  Landsats 1-3 i s  about 100 m whereas 

Landsat-4 w i l l  improve upon t h i s  f i g u r e .  

The RBV system on Landsats 1 and 2 cons is ted  o f  t h ree  cameras s imu l ta-  

neously sensing d i f f e r e n t  wavelengths o f  r e f l e c t e d  l i g h t .  Each scene was 185 km 

on a s ide  and the r e s o l u t i o n  was about 100 m. Beginning w i t h  Landsat-3, the 

RBV system cons i s t s  o f  two broadband panchromatic cameras t h a t  produce adjacent  

images. Each camera resonds t o  r e f l e c t e d  l i g h t  o f  wavelengths o f  0.5 t o  

0.75 micrometers and covers a 99 km by 99 km area, w i t h  a t o t a l  swath w id th  

o f  185 km. Four RBV images, o r  subscenes, co inc ide  approximately w i t h  one MSS 

scene. The r e s o l u t i o n  o f  the  improved RBV system i s  about 50 m. 

The user  o f  Landsat data products can choose f rom a number o f  opt ions.  

The d i g i t a l  s i gna ls  from the  s a t e l l i t e s  undergo some t ransformat ions fo r  

rad iomet r i c  and geometric co r rec t i ons  and are  then s to red  on coniputer tape o r  

converted t o  photographic products. For a p p l i c a t i o n s  i n  wind energy prospect ing,  



process ing  o f  d i g i t a l  da ta  i s  n o t  l i k e l y  t o  be c o s t  e f f e c t i v e ,  b u t  t h e  advantage 

t o  p rocess ing  d i g i t a l  da ta  i s  t h a t  one cou ld  employ d i g i t a l  image enhancement 

techniques.  A n a l y s i s  o f  t h e  photographic  da ta  may be performed f r om b l a c k  and 

w h i t e  p r i n t s  from each band o r  f r om f a l s e - c o l o r  composites. Fa l se- co lo r  

composites a r e  formed by exposing b l ack  and w h i t e  nega t i ves  from severa l  bands 

th rough d i f f e r e n t  c o l o r  f i l t e r s  on to  c o l o r  f i l m .  

One use o f  these  da ta  i s  i n  t h e  geomorphological  i n d i c a t o r  techniques.  

From t h e  photographs, l o c a t i o n s  o f  a c t i v e  e o l i a n  processes may be noted, 

e.g., dune f i e l d s ,  p l aya  f i e l d s .  Wi th  t h e  h i ghe r  r e s o l u t i o n  RBV data,  ve ry  

l a r g e  i n d i v i d u a l  dunes may be recognizable.  C l imate  wind d i r e c t i o n s  and w ind  

p a t t e r n s  a r e  observable w i t h  these data,  s u b j e c t  t o  t h e  caveats d iscussed i n  

Chapter 7. 

A e r i a l  Photography. A e r i a l  photographs a r e  a v a i l a b l e  f o r  se lec ted  areas 

of  t h e  U.S. Much o f  t h e  coun t r y  i s  covered by low a l t i t u d e  photography. High 

a1 ti tude (U- 2 research  and reconnai  ssance) photography i s  ava i  1 a b l e  f o r  many 

l o c a t i o n s  as w e l l ,  some o f  which i s  made through s p e c t r a l  bands. Local  govern- 

ment agencies a r e  a va luab le  source f o r  l o c a t i n g  t h e  sma l l- sca le  l o c a l  photo 

coverage. Loca l  h i s t o r i c a l  photographs may show wind i n d i c a t o r s  t h a t  have 

s i nce  been erased by l a n d  use changes. The U.S. Department o f  A g r i c u l t u r e  

A e r i a l  Photography F i e l d  o f f i c e  m a i n t a i n  f i l e s  o f  access ib l e  da ta  and t h e  EROS 

da ta  cen te r  can p r o v i d e  a e r i a l  photographs used f o r  mapping. 

The use and i n fo rma t i on  con ten t  o f  a e r i a l  photography depends upon t h e  

s c a l e  and q u a l i t y  o f  photo coverage. High a l t i t u d e  reconnaissance photography 

p rov ides  adequate d e t a i l  f o r  i d e n t i f i c a t i o n  and mapping o f  smal l  (10 m) e o l i a n  

f ea tu res .  When t h e  photographic  coverage i s  i n  s te reo  p a i r s ,  t h e  a b i l i t y  t o  

i n t e r p r e t  t h e  fo rm and m i g r a t i o n  o f  e o l i a n  f e a t u r e s  i s  s i g n i f i c a n t l y  enhanced. 

Low- level  o b l i q u e  view and s te reoscop ic  photography can be used t o  i d e n t i f y  

wind-deformed v e g e t a t i o n  (Rosenfeld and Maul e 1979). Topographic f ea tu res ,  

o f t en t imes  inadequate ly  represented by topographic  maps, a r e  e a s i l y  and q u i c k l y  

screened through l ow- leve l  reconnaissance. C u l t u r a l  i n d i c a t o r s  o f  wind poten-  

t i a l  a r e  e a s i l y  i d e n t i f i e d  and l a n d  access problems may be most e a s i l y  i d e n t i f i e d  

f rom 1 ow-1 eve1 imagery. 



Table 10.3 i s  a  summary o f  t he  remote-sensing imagery t h a t  i s  use fu l  t o  

t h e  wind energy prospector .  
. 

10.6 INSTRUMENT DEPLOYMENT AND SITING STAGES 

The measurements requ i red  a t  each stage o f  t he  s i t e  s e l e c t i o n  problem, 

as o u t l i n e d  i n  Chapter 2, d i f f e r .  The previous two subsect ions discussed the  

a v a i l a b l e  wind sensors and the  v a r i e t y  o f  record ing  systems t h a t  can be used. 

Th i s  s e c t i o n  now looks  a t  which systems should be used t o  f u l f i l l  t he  data 

c o l l e c t i o n  requirements a t  each o f  the  f i v e  stages o f  t h e  wind prospect ing 

approach t o  s i t i n g  (Chapter 2) and considers some o f  t h e  problems o f  deploy ing 

those systems. A l l  measurements a re  assumed t o  be recorded on- s i te ,  b u t  the  

use o f  te lemet ry  f o r  data t r a n s f e r  requ i res  no major changes i n  the  arguments. 

Even i f  a  u t i l i t y  does n o t  f o l l o w  i d e n t i c a l l y  the  s t r a t e g i e s  o u t l i n e d  i n  

Chapter 2  i t  i s  very l i k e l y  t h a t  stages resembling those o f  t he  wind prospect ing  

s t ra tegy  w i l l  be encountered. 

10.6.1 Analys is  o f  Region of I n t e r e s t  

By d e f i n i t i o n ,  the  reg ion  of i n t e r e s t  (ROI) ana lys i s  does n o t  r e q u i r e  

a d d i t i o n a l  wind data, s ince  the  reg iona l  wind energy resource assessments and 

e x i s t i n g  wind data a r e  the  foundat ion  o f  t h i s  ana lys is .  S a t e l l i t e  and a i r c r a f t  

imagery may be used i n  t h e  R O I  ana lys is .  

10.6.2 Candidate Resource Area Eva lua t ion  

The Candidate Resource Area (CRA) eva lua t i on  stage seeks t o  i d e n t i f y  t he  

l o c a t i o n s  o f  spec i f i c ,  a t t r a c t i v e ,  p o t e n t i a l  wind t u r b i n e  c l u s t e r  s i t e s  w i t h i n  

an area def ined by the  R O I  ana lys is .  When those s i t e s  have been t e n t a t i v e l y  

i d e n t i f i e d  some crude est imate o f  t he  p o t e n t i a l  resource i s  made. A crude 

est imate i s  made because a t  t h i s  stage the  expense o f  towers over 10 t o  15 m 

h igh  i s  n o t  j u s t i f i e d ,  and as Appendix 2 c l e a r l y  shows, v e r t i c a l  ex t rapo la t i ons  

a t  t he  most i d e a l  s i t e s  are  too  unce r ta in  f o r  economic eva lua t i on  o f  wind 

t u r b i n e  output .  

Chapter 2 o u t l i n e d  two approaches t h a t  may be used f o r  the  CRA eva lua t ion .  

The f i r s t  approach, CRA ana lys is ,  requ i res  wind data f rom several l o c a t i o n s  t o  
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d r i v e  a numerical  model o r  use i n  con junc t ion  w i t h  o t h e r  ana lys i s  techniques 

t o  determine t h e  f l o w  c h a r a c t e r i s t i c  throughout an e n t i r e  area. The second 

approach, CRA documentation, s imp ly  chooses t o  est imate what s i t e s  w i t h i n  a 

CRA a r e  h i g h  wind areas and v e r i f y  those est imates w i t h  wind data. The data 

requirements a r e  l e s s  s t r i n g e n t  i n  t he  l a t t e r  case; however, t h e  u t i l i t y  o f  

t h e  da ta  f o r  assessing reg iona l  wind pa t te rns  from j u s t  a few sensors i s  

l i m i  ted. 

Numerical models o n l y  p rov ide  s o l u t i o n s  f o r  t he  mean f low,  n o t  t he  turbu-  

l e n t  f l o w  (see Chapter 3 ) .  Therefore, data c o l l e c t e d  t o  d r i v e  o r  compare w i t h  

a model ( o r  any ana lys i s  technique) should be rep resen ta t i ve  o f  t he  mean f low 

and n o t  t he  t u r b u l e n t  f l ow .  The requ i red  measurement i s  t he re fo re  an average 

t h a t  inc ludes  a s i g n i f i c a n t  sample o f  t he  longer  pe r iod  t u r b u l e n t  motions y e t  

i s  n o t  so long as t o  be i n f l uenced  by changing ex te rna l  cond i t ions .  The e r r o r  

associated w i t h  sampling an i n s u f f i c i e n t  number o f  t h e  l a r g e s t  t u r b u l e n t  

eddies i s  one form o f  sampling e r r o r .  ( a )  For a g iven averaging time, sampling 

e r r o r  increases w i t h  he igh t  o f  measurement above ground and va r ies  w i t h  

atmospheric s t a b i l i t y  because t h e  f r a c t i o n  o f  t he  var iance o f  v e l o c i t y  due t o  

1 arge-scal e eddies increases w i t h  he igh t  and decreasing s t a b i  1 i ty (Appendix 2.2.3). 

For measurements i n  t h e  CRA eva lua t i on  stage, averages o f  15 minutes t o  1 hour 

a re  adequate t o  o b t a i n  est imates o f  t he  mean wind speed f o r  ana lys is .  

Ana lys is  requ i res  data f rom several  l o c a t i o n s  recorded synchronously. 

Therefore, Class I V  systems a r e  requ i red  t o  p rov ide  t ime se r ies  of averaged 

wind data. The cheapest system t o  use would be the  s t r i p  c h a r t  recorder  i f  

t h e  user  in tended t o  sho r t cu t  the  ana lys i s  o f  the  c l i m a t o l o g i c a l  c h a r a c t e r i s t i c s  

o f  t he  area. For example, i f  an i n v e s t i g a t o r  f e e l s  t h a t  he can s e l e c t  c l ima-  

t o l o g i c a l l y  rep resen ta t i ve  cases f rom the  measurement program, he would need 

on l y  t o  d i g i t i z e  the  s t r i p  c h a r t  data f o r  those s p e c i f i c  hours. However i f  a 
more r i go rous  study of t he  resource area wind c l imato logy  i s  t o  be performed, 

t he  l a b o r  invo lved i n  completely d i g i t i z i n g  a se r ies  o f  s t r i p  cha r t s  may be 

p r o h i b i t i v e .  Then the  choice o f  some form o f  d i g i t a l  data logger  i s  appropr ia te .  

(a) See Wyngaard (1973), o r  Lumley and Panofsky (1964), f o r  excel l e n t  discussions 
on t h e  sampling e r r o r  and averaging t ime requirements i n  t he  t u r b u l e n t  
boundary 1 ayer.  



There a r e  f o u r  ways t h a t  wind da ta  cou ld  be logged o r  processed t o  

r ep resen t  h o u r l y  averaged data.  These are:  

v e c t o r  average w ind  speed and d i r e c t i o n  

s c a l a r  average wind speed and d i r e c t i o n  

s c a l a r  average wind speed and v e c t o r  averaged d i r e c t i o n  

s c a l a r  average speed and instantaneous wind d i r e c t i o n .  

The d i f f e rences  among t h e  f i r s t  t h r e e  a r e  smal l  except  i n  r a p i d l y  changing 

c o n d i t i o n s .  When wind speed and d i r e c t i o n  a r e  changing q u i c k l y ,  as when a  

f r o n t  passes, t h e  s c a l a r  average speed can exceed t h e  v e c t o r  average speed 

s i g n i f i c a n t l y  and t h e  s c a l a r  average d i r e c t i o n  w i l l  be c l o s e r  t o  t h e  w ind  

d i r e c t i o n  assoc ia ted  w i t h  t he  lower  wind speeds than w i l l  t he  v e c t o r  average 

d i r e c t i o n .  The o n l y  s i g n i f i c a n c e  o f  t h i s  i s  t h a t  models keep account o f  mass 

f l o w  th rough t h e  area, which t h e  v e c t o r  average process measures, whereas t h e  

s c a l a r  average process w i l l  overes t imate  t h i s .  Since models u s u a l l y  a r e  n o t  

r u n  i n  such nons ta t i ona ry  cond i t i ons ,  t h e  d i f f e r e n c e  can be ignored .  

The f o u r t h  way l i s t e d  above, which many da ta  loggers  use f o r  convenience, 

causes more concern. Because o f  turbu lence,  any g iven  instantaneous sample o f  

wind d i r e c t i o n  can be s u b s t a n t i a l l y  d i f f e r e n t  than  any o t h e r  fo rm o f  e s t i m a t i n g  

an average d i r e c t i o n .  Whi le  i t  can be expected t h a t  these e r r o r s  a r e  Gaussian 

and average o u t  f o r  long- te rm s t a t i s t i c s ,  t h e  use o f  t h a t  k i n d  o f  da ta  f o r  a  

model s i m u l a t i o n  i s  w h o l l y  unappropr ia te .  I f  t h a t  k i n d  o f  i ns t rumen t  system 

must be used, i t  should a t  l e a s t  be equipped w i t h  a  wind vane w i t h  a  l o n g  

d i s t a n c e  cons tan t  t o  h e l p  f i l t e r  o u t  as much o f  t h e  h i g h  f requency o s c i l l a t i o n  

as poss ib l e .  

I f  t h e  documentat ion approach i s  e lec ted ,  a  rough es t ima te  o f  t h e  magni- 

tude  o f  t h e  resource a t  s p e c i f i c  s i t e s  i s  ob ta ined  w i t h  i ns t rumen ta t i on .  

A l though severa l  s i t e s  may be instrumented, t h e  i n t e n t  i s  n o t  t o  i n t e r p o l a t e  

t h e  f l o w  between anemometers. Therefore,  synchronous measurements a r e  n o t  

r equ i red .  T h i s  i m p l i e s  t h a t  e i t h e r  Class I 1  o r  Class I 1 1  i ns t rumen t  systems 

a r e  app rop r i a te .  

The a p p l i c a b i l i t y  of these da ta  must be kep t  i n  perspec t i ve .  I f  t h e  

resource  i s  s i g n i f i c a n t l y  g rea te r  a t  one s i t e  compared t o  another  a t  10 m  



then i t  i s  probably t rue a t  hub  height as  well; however, t h i s  i s  not certain.  

The use of diurnal wind information obtained a t  10 m i s  of some help i n  analyzing 

the character is t ics  of the s i t e ,  especially i f  the interpretation i s  coupled 

with an understanding of the effects  of topography on the diurnally osci l la t ing 

boundary layer. However, i t  i s  premature to  use 10-m data from one s i t e  in an 

area to  make predictions w i t h  much certainty on the phase and amplitude of the 

diurnal modulation of power output. Finally, the effects  of the small-scale 

s i t e  topography on the wind  speed a t  the anemometer s i t e  must be understood to 
properly interpret  both Class I 1  and Class I11 system data. I f ,  for  example, 

there i s small -scale topographic enhancement of the wind tha t  influences only 
a shallow layer near the ground and would not contribute significantly to  the 
output of a large wind turbine, a wind-run anemometer will overestimate the 
resource. A Class I11 wind  system might show the enhanced winds from a part i-  
cular direction. The investigator must judge whether or not the data represent 

mi nor l ocal flow enhancement or a genuine large-scal e enhancement. 

Anemometers for  the C R A  evaluation stage are  commonly placed a t  the 5-m 
to  15-ni level.  The most inexpensive apparatus to support the anemometer 
(existing towers excepted) a re  tubular aluminum or s teel  poles supported by 

guy wires. These are  very portable and easy to erect .  The base can be sup- 
ported with a p i le  of rocks or  be s l ight ly  buried i f  necessary. The guy wires 
a re  easi ly  supported with metal fence posts driven into the ground normal to  

the wire. One of the guy wires should be easily detached so that  the en t i re  

mast can be lowered to  the ground to reach the sensors. Alternatives to  pole 
masts are  triangular t russ  towers, e i ther  crankup or in sections, and telephone 
poles. For 10-m sensors the t russ  towers are  probably not worth the i r  cost.  
Telephone poles have an advantage over tubular poles in that  they are  very 
sturdy and undamageable by heavy icing or wind.  Telephone poles can be inexpen 
sive to ins ta l l  b u t  an auger track i s  required so there are  l imitations on 
where they can be placed (Barnett and Reynolds 1980). Transmission l ine  
towers might also be used to  support instruments, b u t  there are problems with 

tower interference with the windflow, and there can be e l ec t r i c  f i e ld  inter-  
ference with the instrument e l e c t r o n i c ~ .  With any small mast or  tower, a spar 
that  protrudes from the mast jus t  a few fee t  on e i ther  side provides a mounting 
platform for the sensors. 



The choice of the specific location for  anemometer masts i s  dictated by 

the anticipated flow conditions and local topography. The s i t e  should be f ree  

of the influence of obstacles (Chapter 5)  as much as  possible. Small-scale 
topographic enhancement of winds a t  10 m that  i s  n o t  representative of the 

winds a wind turbine would experience or of the surrounding region should be 

avoided, especially i f  numerical models a re  to be used. 

If estimating the annual mean wind speed i s  the only intent ,  as in the 

simplest form of the C R A  documentation program, portable towers could be moved 
from one location to  another. Ramsdell (1980) shows that  rotating one anemometer 

through four separate locations during a 2-year measurement program provides 
the same confidence i n  the estimate of the annual mean wind  speed a t  each of 

those four s i t e s  as i f  four anemometers were used continuously, one a t  each 
s i t e ,  fo r  a period of 1 year. I t  i s  unlikely, however, that  t h i s  cost saving 

will be s ignif icant  for  a u t i l i t y  tha t  i s  s i t ing  a large c lus te r ,  b u t  small 

u t i l i t i e s  or agencies s i t i ng  one turbine in a f a i r l y  remote location could 

consider th i s  strategy. 

There a re  a number of common problems that  come u p  when deploying these 

small instrument systems. Lightweight tubular masts can be: 
blown down by ice and wind loading 

knocked down by c a t t l e  
vandalized. 

Very l i t t l e  can be done about the f i r s t  item except to keep the base and guy 
wires in adjustment. Ice and wind damage may be an indicator of detrimental 
environmental conditions i f  i t  occurs frequently enough. Barbed wire fence 
provides protection from ca t t l e .  A determined vandal, however, i s  hard to  
beat. The f i r s t  l i ne  of defense against vandals i s  to s i t e  the anemometer 
in a location tha t  i s  not easily noticed from nearby t r a i l s  or roads or s i t e  
i t  on secure private property. If a tubular pole i s  used for  the mast and i s  
rigged fo r  one guy l ine  to  separate in order to  lower the tower, a padlock 

should be used a t  the separation point. Data loggers are  also subject t o  
vandalism. Data loggers may be placed i n  strong boxes b u t  the strong boxes 



need t o  be bul let  proof. Some investigators have had to  resort  to  burying the 

data logger. Disguising the data logger as an electr ical  transformer has also 

been suggested since transformers do not seem to be frequent targets .  

Other fa i lures  of the data loggers resu l t  from battery f a i lu re ,  extreme 

temperatures, 1 ightning, e l ec t r i c  f i e ld  interference, and s t r i p  chart  fa i lure .  
Battery l i f e  i s  reduced by cold temperature and, fo r  contact anemometers, by 

high wind speed. Batteries rated a t  3 months l i f e  should be replaced every 

month to  provide an adequate safety margin. Only data loggers specified to  

withstand the expected temperature ranges should be used, and even then the 

data loggers should be checked out by reputed r e l i a b i l i t y  or actual t e s t s .  

Insulated boxes seem to  provide l i t t l e  protection without a heat source, which 

requires too much power for  remote locations (Barnett and Reynolds 1980). 

Direct lightning s t r ikes  can ruin the en t i re  system so the only defense i s  t o  

t r y  and avoid the lightning prone areas; unfortunately those areas are  poten- 

t i a l l y  good wind energy s i t e s  as well. Strong e l ec t r i c  potential f ie lds  due 
to  an imminent 1 ightning s t r ike  or h i g h  voltage power l ines  can cause inter-  
ference within the data logger. Careful grounding and shielding al leviates  
t h i s  problem. S t r ip  charts f a i l  when pens clog or dry; thermofax recording 
solves tha t .  Changes i n  chart drive speed occur quite often. This i s  detected 
by noting whether actual time elapsed between s i t e  v i s i t s  corresponds to  the 
length of chart use. If not, look for  evidence to  suggest when the time base 
changed, e.g. ,  ink blobs and crinkled paper may indicate a paper jam. Linear 
time corrections could be applied. The quality of the correction may be 
generally checked by studying the diurnal wind  signals,  b u t  even i f  the correc- 
tion i s  close the data should not be used to  drive models. 

Icing of the sensors produces ei ther  reduced wind speed estimates or ,  i f  
heavy icing i s  accompanied by strong winds, the icing can stop the rotation of 
the sensors which then break under the wind s t r e s s  (Barnett and Reynolds 
1980). Spraying vegetable (non-stick) cooking o i l  or s i l icone lubricants on 

the sensors may help a l lev ia te  the icing problems. Intermittent freeze up of 
the cups i s  undetectable with Class I 1  data systems; th i s  shows u p  as an 



anomalous frequency of calm spe l l s  in a Class I11 system record. With a 

Class IV system genuine calm can probably be separated from icing. 

10.6.3 Potential Candidate S i t e  Screening 

Numerous v i s i t s  t o  the s i t e  are  made in the potential candidate s i t e  (PCS) 

screening stage, during which wind measurements between 10 and 150 m are  made. 

Kites, k i te  anemometers, o r  tethered balloon systems are the usable systems 

until cost-effective remote sensing systems are proven. The intent  of wind 

measurements in the PCS screening stage i s  twofold: 

t o  seek wind  profile character is t ics  that  disqualify a s i t e  

to  determine whether or n o t  the wind f ie ld  a t  the s i t e  has a great deal 

of s t ructure.  

The u t i l i t y  of the wind measurements made i n  t h i s  stage must be kept i n  

perspective. Recall tha t  the de ta i l s  of the flow structure over a s i t e  will 
depend on s t a b i l i t y  in the boundary layer,  ambient levels of turbulence, 

s t a b i l i t y  of the flow above the boundary layer,  wind direction, wind  speed, 
baroclinicity,  and so forth.  S i t e  v i s i t s  only sample a meager fraction of the 
climatology. The assumption that  a given day represents prevailing flow 

conditions i s  risky since the important knowledge of the flow conditions in 
the upper-boundary layer and above are  uncertain. Therefore, conclusions on 
the magnitude and subtle spatial  variations of the wind resource should not be 

made on the basis of PCS screening measurements. 

The existence of zones of flow separation can easily be determined w i t h  

kites.  Extensive regions of flow separation i s  a reason to disqualify a s i t e .  
Kites will f l y  very e r ra t i ca l ly  in the turbulence within the flow separation 
region b u t  f l y  relat ively more smoothly in the quiescent stronger winds outside 

of the zone. The occurrence and extent of flow separation are functions of 

s t a b i l i t y  and ambient 1 evels of turbulence, so repeated probing of an area on 

many v i s i t s  in different  conditions i s  necessary t o  adequately determine the 
extent of a potential hazard. 



Kite anemometers and tethered balloon systems are also useful for  deter- 

mining how much horizontal wind  structure exis ts  a t  hub  height over a potential 
c lus te r  s i t e .  A great deal of horizontal structure a t  the s i t e  i s  not a good 

indicator since verifying the de ta i l s  of the horizontal structure requires 

substantially more instrumentation and analysis than in a more benign s i t e  and 

since horizontal s t ructure may be associated with high levels of turbulence. 

The presence of a high degree of horizontal wind  structure can be determined 

by flying k i te  anemometers simultaneously a t  key points around the s i t e ,  a t  

h u b  height. Measurements should be about 30 minute to  1 hour in duration 

compared t o  shorter measurements of 15 to  30 minute for  near-surface sampling, 

since sampling error  increases with height. Simultaneous measurements are 
required rather than ser ial  measurements a t  different  locations because to  

cover several locations se r i a l ly  en ta i l s  error  caused by one, or both, of two 

sources: sampling error  caused by too short of a measurement a t  any one 
location or nonstationarity of the mean flow i f  too long a time i s  spent 
covering a1 1 1 ocations. 

The use of tethered balloons and kites in the candidate s i t e  screening 

stage requires only a few considerations. If a tethered balloon system i s  to  

be flown there may be local Federal Aviation Administration regulations to  

follow. One in particular i s  tha t  the balloons must be equipped w i t h  a pressure 
a l t i t ude  sensor to  puncture the balloon in the event that  the te ther  l i ne  

breaks. Some tethered balloons are  too f r ag i l e  to  f l y  in winds stronger than 
10 m/sec. Since one of the chief uses of a ki te  i s  to indicate the presence 
of turbulent flow separation zones, frequent checks should be made of the 
k i t e s '  rigging to  ensure tha t  they are in proper aerodynamic trim. If they 
are  n o t  f lying properly there may be confusion between high turbulence and 
moderate turbulence with poor ki te  performance. 

10.6.4 Candidate S i t e  Evaluation and S i t e  Development 

Candidate s i t e  evaluation and s i t e  development data requirements a re  
similar,  differ ing only in the number of measurements made a t  a potential 

c lus te r  s i t e  and perhaps i n  the sampling frequency. The recommendations and 



r a t i o n a l e  f o r  d e s i r a b l e  measurement s t r a t e g i e s  a re  d iscussed i n  Chapter 2. 

The cand ida te  s i t e  e v a l u a t i o n  measurements a r e  p r i m a r i l y  used t o  es t ima te  

c l u s t e r  energy p r o d u c t i o n  c h a r a c t e r i s t i c s  f o r  economic eva lua t i on .  Chapter 2 

recommends 1-min averages o f  wind speed and d i r e c t i o n  a t  a  l e v e l  near  hub 

h e i g h t  as d e s i r a b l e  and s u f f i c i e n t ,  based on c u r r e n t  knowledge o f  wind t u r b i n e  

behavior .  The s i t e  development s tage may r e q u i r e  an expansion o f  t h e  measure- 

ment program and some measurements o f  5- t o  10-sec averages a t  va r i ous  l e v e l s  

i n  o rde r  t o  make f i n a l  dec i s i ons  on s i t e  development and t o  address c e r t a i n  

ques t ions  of  wind t u r b i n e  opera t ions .  I n  bo th  stages, i c i n g  measurements may 

be d e s i r a b l e  i n  r eg ions  prone t o  i c i n g .  

It i s ,  o f  course, p o s s i b l e  f o r  u t i l i t i e s  t o  depa r t  f rom t h e  s p e c i f i c  

measurement recommendations presented i n  Chapter 2. Recording da ta  from every  

channel a t  a  cand ida te  s i t e  (wh ich  m igh t  c o n s i s t  o f  severa l  towers ins t rumented  

a t  more than one 1  e v e l )  a t  a  r a t e  o f  once pe r  minute p rov ides  t h e  g r e a t e s t  

f l e x i b i l i t y  i n  f u t u r e  da ta  ana l ys i s ,  b u t  a l s o  produces a  l o t  o f  data.  The 

da ta  a r e  e a s i l y  managed i f  t h e  system records  d i r e c t l y  on to  a  computer tape.  

I f  c a s s e t t e  tapes a r e  used, more f r equen t  s i t e  v i s i t s  a r e  requ i red ,  which can 

be good f o r  ensur ing  da ta  c o n t i n u i t y .  Never the less,  o t h e r  o p t i o n s  e x i s t  a t  a  

t r a d e o f f  i n  a n a l y s i s  c a p a b i l i t y .  I t i s  conce ivab le  t h a t  models c o u l d  be 

developed t h a t  would be capable o f  s i m u l a t i n g  r e a l i s t i c  t ime  s e r i e s  and s p a t i a l  

v a r i a t i o n  o f  s i t e  winds and be d r i v e n  by parameters computed and s t o r e d  a t  a 

s i t e  u s i n g  Class I 1 1  da ta  loggers .  U n t i l  these models and ins t ruments  a r e  

developed, i t  i s  c l e a r  t h a t  Class I V  systems w i l l  be requ i red .  A  Class I V  

o p t i o n  t o  t h e  recommendations o f  Chapter 2 i s  t o  sample t h e  s i g n a l s  every  1  t o  

30 seconds, compute means, va r iances  o r  o t h e r  s t a t i s t i c s  t h a t  may be deemed 

app rop r i a te ,  and r e c o r d  o n l y  t h e  s t a t i s t i c s  once each hour.  A f t e r  more e x p e r i -  

ence i s  ob ta ined  w i t h  va r i ous  models f o r  p r e d i c t i n g  wind t u r b i n e  energy produc- 

t i o n  c h a r a c t e r i s t i c s  a t  a  s i t e  (see Sec t i on  1.3.2),  an o p t i o n  such as t h i s  may 

prove t o  be o f  adequate accuracy and s i m p l i c i t y .  

Assuming t h a t  t h e  measurement recommendations o f  Chapter 2  a r e  f o l l owed ,  

t h e  cho i ce  o f  which t ype  o f  Class I V  system i s  s t i l l  a  fundamental d e c i s i o n  



r e q u i r i n g  ca re fu l  c o n s i d e r a t i o n  o f  t h e  needs and c o n s t r a i n t s  o f  t h e  s i t i n g  

program. Recording d i r e c t l y  on to  computer tape  s i m p l i f i e s  and exped i tes  da ta  

r e d u c t i o n  and q u a l i t y  c o n t r o l ,  b u t  t h e  requi rements f o r  i ns t rumen t  s h e l t e r i n g  

a re  more severe than  f o r  o t h e r  op t i ons .  I f  ac power i s  a v a i l a b l e  a t  a  s i t e  

t h e r e  i s  no d i f f i c u l t y  i n  p r o v i d i n g  hea t  t o  a  smal l  i ns t rumen t  s h e l t e r .  The 

s h e l t e r i n g  problems a re  more severe when c o l d  c o n d i t i o n s  a r e  expected and t h e r e  

i s  no power a t  a  s i t e .  I f  numerous towers a re  t o  'be e rec ted  i n  an area i t  may 

be j u s t i f i a b l e  t o  e s t a b l i s h  one c e n t r a l  da ta  a c q u i s i t i o n  shed and te lemeter ,  

o r  t r a n s m i t  v i a  f i b e r - o p t i c  cables,  s i g n a l s  f rom a l l  towers t o  t h e  shed. The 

c l i m a t e  of t h e  shed cou ld  be c o n t r o l l e d  f rom b a t t e r y  banks i n t e r m i t t e n t l y  

charged by a  standby genera to r  o r  a  smal l  WECS. Another o p t i o n  i s  t o  r e c o r d  

on c a s s e t t e  da ta  l ogge rs  a t  each tower and be w i l l i n g  t o  accept  some l o s s  o f  

da ta  d u r i n g  c o l d  weather. I n  t h i s  case, i t  i s  b e s t  i f  t h e  da ta  l ogge r  keeps a  

c l o c k  runn ing  th roughout  t h e  c o l d  episode and be designed so t h a t  when i t  

warms normal f u n c t i o n  can r e t u r n  a u t o m a t i c a l l y  w i t h o u t  needing t o  be r e s e t  by 

a  t e c h n i c i a n  d u r i n g  a  r o u t i n e  tape-changing v i s i t .  Independent da ta  l ogge rs  

have some advantage i n  redundancy o f  da ta  c o l l e c t i o n ,  however, independent 

da ta  l ogge rs  w i t h  independent c l ocks  sometimes l o s e  t h e i r  t ime synch ron i za t i on  

( B a r n e t t  and Reynolds 1980). I f  t ime  synch ron i za t i on  i s  impor tant ,  such as 

f o r  numer i ca l l y  model ing f l o w  over  a  s i t e ,  a  c e n t r a l i z e d  c l o c k  i s  r equ i red .  

Environmental  cons ide ra t i ons ,  such as these, must be c a r e f u l l y  eva lua ted  when 

s e l e c t i n g  a  da ta  a c q u i s i t i o n  system f o r  deployment i n  t h e  candidate s i t e  

e v a l u a t i o n  and s i t e  development stages. 

A p r ima ry  deployment problem i n  these stages i s  t h e  placement o f  sensors 

on t h e  towers.  Tower i n t e r f e r e n c e  w i t h  t h e  wind i s  a  problem f o r  t h e  t r i a n g u l a r  

t r u s s  towers used i n  these stages. The wind f l ows  through and around t h e  

tower.  The wind acce le ra tes  around t h e  s ides  o f  t h e  tower caus ing overest imates 

o f  t h e  f r e e  steam wind on downwind f l a n k s  o f  t h e  tower. D i r e c t l y  downwind o f  

t he  tower t h e  winds reach ing  t h e  anemometer have come through t h e  tower where 

mean f l o w  k i n e t i c  energy has been conver ted t o  t u rbu lence  caus ing an under- 

es t ima te  o f  t h e  f r e e  stream wind speed. G i  11 e t  a1 . (1967) made wind tunne l  

s t u d i e s  o f  t h e  f l o w  through t r i a n g u l a r  towers.  Booms f o r  meteoro log ica l  

sensors were mounted i n  two c o n f i g u r a t i o n s :  



f a c e  conf igurat ion- - boom p r o t r u d i n g  normal t o  f ace  of tower 

a c o r n e r  conf igurat ion- - boom p r o t r u d i n g  f rom corner  o f  tower, para1 1  e l  

t o  one face,  

Experiments were performed f o r  boom leng ths  o f  1  D and 2  D where D i s  t h e  

w i d t h  o f  t h e  f a c e  o f  t h e  tower.  The a rc  leng ths ,  centered around t h e  upwind 

d i r e c t i o n  o f  t h e  boom over  which s p e c i f i e d  accurac ies o f  wind speed and d i r e c t i o n  

measurements a r e  achieved, a re  presented i n  Table 10.4. From these r e s u l t s ,  

G i l l  e t  a l .  make t h e  f o l l o w i n g  recommendations: 

Corner c o n f i g u r a t i o n  o f  t h e  boom i s  p re fe r red .  

Boom should be downwind o f  d i r e c t i o n  of l e a s t  f r equen t  winds o r  winds o f  

1 e a s t  concern. 

Boom should be l o c a t e d  a t  h e i g h t  of minimum tower dens i t y ,  above o r  below 

h o r i z o n t a l  c ross  members. 

I f  accurac ies  o f  + 5% i n  wind speed and + 5" i n  wind d i r e c t i o n  a r e  requ i red ,  - - 

two se t s  o f  sensors mounted on two corner  con f i gu red  booms p o i n t  i n  

oppos i t e  d i r e c t i o n s  w i t h  l eng ths  o f  a t  l e a s t  1-112 D a r e  r e q u i r e d .  

TABLE 10.4. Arc  Over Which Wind Speed and Wind D i r e c t i o n  
Measurements a r e  Accurate ( G i l l  e t  a1 . 1967) 

Accuracy o f  Speed (%)  and D i r e c t i o n  ( O )  

Boom + 5%, + 5" + lo%, + 10" t 5%, + 5O t l o%,  t 10" 
Length Corner C o n f i g u r a t i o n  Face C o n f i g u r a t i o n  

Towers may r e q u i r e  a  person t o  c l i m b  t h e  tower t o  r e t r i e v e  and s e r v i c e  

ins t ruments  o r  t h e  ins t ruments  may be mounted on an e l e v a t o r  system so t h a t  no 

c l i m b i n g  i s  r e q u i r e d .  The l a t t e r  system i s  s a f e r  and can be a  l i g h t e r ,  l e s s  

expensive tower.  

T a l l  towers r e q u i r e  l o n g  s i g n a l  cables.  For  ins t ruments  t h a t  produce 

pu lsed  o r  d i g i t a l  i n f o r m a t i o n  t h i s  i s  n o t  a  problem. However, t h e r e  w i l l  be 



s i g n a l  l o s s  f rom anemometers t h a t  generate a  vo l t age .  The magnitude o f  t h i s  

l o s s  i s  e a s i l y  c a l c u l a t e d  and may be checked a long  w i t h  an anemometer genera to r  

c a l i b r a t i o n  check whereby t h e  anemometer s h a f t  i s  spun w i t h  an e l e c t r i c  motor  

a t  a  known r a t e .  

E r e c t i n g  towers o f  h e i g h t  - > 200 f t  may r e q u i r e  a  c a r e f u l  assessment o f  

c o s t - b e n e f i t  t r a d e- o f f s .  The Federal  A v i a t i o n  A d m i n i s t r a t i o n  r e q u i r e s  r e l i a b l e  

a i r c r a f t  beacon l i g h t s  on those  towers. Ach iev ing  r e l i a b i l i t y  can be f a i r l y  

expensive i f  ac power must be b rought  i n t o  a  remote s i t e .  O f  course, i f  a  

cand ida te  s i t e  i s  found t o  be economica l ly  v i a b l e ,  power f o r  c o n s t r u c t i o n  w i l l  

be b rought  i n  anyway. A1 so, where l a r g e  c l u s t e r s  a r e  be ing  considered, t h e  

p r i c e  o f  b r i n g i n g  power i n  may be n e g l i g i b l e .  However, one should keep i n  

mind t h e  o p t i o n  o f  u s i n g  199- f t  t a l l  towers d u r i n g  t h e  cand ida te  s i t e  eva lua-  

t i o n  stage. 

10.7 QUALITY ASSURANCE 

The d e c i s i o n  t o  i n s t a l l  m i l l i o n s  o f  d o l l a r s '  wo r th  o f  wind t u r b i n e s  a t  a  

s i t e  w i l l  be based, i n  p a r t ,  upon t h e  me teo ro log i ca l  measurements made through-  

o u t  t h e  s i t i n g  process. Qua1 i t y  da ta  a r e  c r u c i a l  t o  a  q u a l i t y '  dec i s i on .  I f  

me teo ro log i ca l  c o n s u l t a n t s  a r e  used t o  ga ther  da ta  f o r  a  u t i l i t y ,  i t  i s  u l  ti- 

ma te l y  t h e  r e s p o n s i b i l i t y  o f  t h e  u t i l i t y  t o  see t h a t  t h e  da ta  c o l l e c t e d  conform 

t o  d e s i r e d  q u a l i t y  s p e c i f i c a t i o n s .  T h i s  i s  b e s t  ach ieved th rough a  w r i t t e n  

qua1 i ty  assurance (QA)  p lan ,  p robab ly  prepared by t h e  c o n s u l t a n t  b u t  c e r t a i n l y  

agreed t o  by bo th  t he  u t i l i t y  and t h e  consu l t an t .  

A  q u a l i t y  assurance p l a n  documents t h e  procedures t o  be f o l l owed  t h a t  

should r e s u l t  i n  m a i n t a i n i n g  s p e c i f i e d  l e v e l s  o f  da ta  accuracy and recovery  

r a t e s .  Those l e v e l s  can be s e t  t o  any m u t u a l l y  agreed upon standards matched 

a p p r o p r i a t e l y  t o  t h e  problem. I n  t h e  cand ida te  s i t e  e v a l u a t i o n  and s i t e  

development s tages o f  s i t i n g ,  t h e  standards r e q u i r e d  by t h e  Nuclear  Regulatory  

Commission (NRC) f o r  me teo ro log i ca l  measurements a t  nuc lea r  power p l a n t  s i t e s  

(NRC Regu la to ry  Guide 1.23) serve as s t r i n g e n t  goa ls  f o r  a  wind da ta  c o l l e c t i o n  

program. ( a )  The NRC gu ide1 i nes s p e c i f y  t h a t  measurement system ( i  .e. , sensor, 

( a )  These a r e  a l s o  t h e  goa ls  o f  t h e  Department o f  Energy 's  Candidate S i t e  
me teo ro log i ca l  measurement program. 
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cables, signal conditioner, recorders, and data reduction) errors  should not 

exceed - + 5" in wind direction, - + 0.22 m/sec (0.5 mph)  in wind speed, and 

recorded time within 5 min of actual time. The data recovery ra te  of 90% i s  

specified and redundant systems may be required to achieve th i s .  

A s t r i c t  QA plan would describe procedures used to i n i t i a l l y  ca l ibra te  

each sensor, and how those calibrations may be traced to  the National Bureau 

of Standards. The periodic (e .  g . ,  quarterly or semiannual ) system calibration 

process should be described. This process might entail  testing tha t  the 

torque required to  turn anemometer or vane shafts remains within specified 

l imi ts ,  tha t  anemometers driven a t  known speeds produce the expected s ignal ,  

that  known signals applied to  the signal conditioning equipment and data 
loggers produce the expected recorded output, and that  time i s  being kept 

properly. The documentation and correction procedures applied to  components 
found to  be out of tolerance should be described. Standard procedures or 
checklists of routine s i t e  inspection and tape changing a c t i v i t i e s  help ensure 
that  no problems go unnoticed. For example, without a checklist  a technician 
might f a i l  t o  properly reset  the data logger clock, or f a i l  to note potentially 
troublesome corrosion. I n  the same way, s t r i c t  documentation of changes i n  

data reduction and processing procedures provides a traceable t r a i  1 should 
questions a r i se  a t  some time about data quality.  

10.8 SUMMARY 

In t h i s  chapter measurement systems, sensors, and recorders are  described. 
A summary of the instrumentation applicable a t  each stage of the s i t i ng  process 
outlined in Chapter 2 i s  presented in Table 10.5. Typical problems and t i p s  
for  deployment of these instrument systems are  also summarized. Because the 

r i sk  of making decisions on poor qual i ty data belongs to  the u t i l i t y ,  i t  i s  
recommended tha t  the ut i  1 i  ty review and agree upon qual i ty assurance procedures 

implemented by those individuals or consul tants responsible for  making the 
measurements. 



TABLE 10.5. Summary o f  Measurements and Instrumentation for Wind Prospecting Strategy 

Stage Sensor Recording System Use, Deployment Cons idera t ions,  o r  Problems 

Used f o r  b i o l o g i c a l ,  geomorphological ,  and c u l t u r a l  i n d i c a t o r  techniques. 

Expe r t i se  i n  i n t e r p r e t a t i o n  o f  Eo l i an  landforms requ i red.  

Sate1 1  i t e  o r  
a i r c r a f t  camera 

F i l m  o r  d i g i t a l  
imagery 

Region o f  
I n t e r e s t  
Ana l ys i s  

Data a re  e a s i l y  obtained, q u i c k l y  analyzed, b u t  have l i m i t e d  i n f o r m a t i o n  content.  

Candidate 
Resource Area 
Eva lua t i on  

S a t e l l i t e  o r  F i l m  o r  d i g i t a l  
a i r c r a f t  cameras imagery 

Same as Region o f  I n t e r e s t  ana l ys i s .  

Wind 
Analys is  

Cup and vane Class I V ;  
preprocessed o r  
raw data 

Measurements a t  10 t o  15 m. Tubular aluminum poles w i t h  one de ta t chab le  guy w i r e  
( t o  lower po le  f o r  s e r v i c i n g  ins t ruments)  i s  l e a s t  expensive and most mobi le .  
Telephone po les  a re  more rugged and wi ths tand i c i n g ,  bu t  a re  imnobi le  and cannot 
be erec ted everywhere. Stee l  towers are  probab ly  more expensi.ve t han  they a re  
wor th  f o r  t h i s  stage. 

S i t e  po les  away from minor topograph ica l  f ea tu res  t h a t  a re  unrepresenta t ive  o f  
deeper l a y e r s  o r  sur round ing reg ion .  

Wind 
Documen- 
t a t i o n  

Cup and vane 
W i  nd-run anemometer 

Class I 1 1  
Class I 1  

Problems i nc lude :  

I c i n g  o f  sensors (use spray s i l i c o n e  l u b r i c a n t s  o r  spray non- st ick  coa t i ngs ) .  
I c i n g  o f  po les  ( te lephone po les  are  du rab le ) .  
C a t t l e  (surround po les  w i t h  barbed w i r e  fence) .  
E l e c t r i c a l  i n t e r f e r e n c e  (avo id  h igh  vo l t age  l i n e s ,  l i g h t n i n g  prone areas; 

check s h i e l d i n g  and grounds).  
Vandalism (avo id  popu lar  t r a i l s  and roads; d i sgu i se  o r  h i de  equipment).  
Extreme temperatures (change b a t t e r i e s  f r equen t l y ;  eva lua te  temperature 

s p e c i f i c a t i o n s  on equipment).  
S t r i p  c h a r t  f a i l u r e s :  pen c logg ing,  i naccu ra te  c h a r t  speed. 

P o t e n t i a l  K i t e s  
Candidate Tethered ba l loons 
S i  t e  Screening 

Class I 
Class I V  

Use f o r  de tec t i ng  f l o w  separat ion zones and f o r  i n v e s t i g a t i n g  t he  ex is tence o f  
s i g n i f i c a n t  ho r i zon ta l  wind s t r u c t u r e  a t  hub h e i g h t  (wh ich makes s i t e  eva lua t i on  
more d i f f i c u l t ) .  

Check aerodynamic t r i m  o f  k i t e s  and l o c a l  FAA r e s t r i c t i o n s  on ba l loons.  

Candiate Clip and vane 
S i t e  
Eva lua t i on  

Class 111 
o r  

Class I V  

Tcwers w i t h  e l eva to rs  f o r  ins t rument  booms i s  most convenient.  
Consider tower shadowing o f  sensors. 
I f  h igh  r a t e  sampling i s  t o  be used i n  t h e  s i t e  development s ta te ,  cons ider  
us ing  data  loggers  capable o f  both  low r a t e  preprocess ing and h i g h  r a t e  raw 
data  sampl i n g  . 
Other problems a re  s i m i l a r  t o  cand idate  resource area e v a l u a t i o n  s tage.  

I c e  de tec to r  Class I 1  o r  
w i t h  Class I 1 1  
wind system 

Towers 200 f t  t a l l  o r  more r e q u i r e  beacons s a t i s f y i n g  FAA standards. Th i s  w i l l  
usu? l l y  r e q u i r e  r e l i a b l e  ac power a t  t he  s i t e .  

S i t e  
Development 

T a l l  tower 

Same as i n  cand idate  s i t e  eva lua t i on  stage. 

Cup and vane Class I V  
o r  l i g h t  p rope l l e r s  

Sate1 1  i t e  
towers 

Cuo and vane Class 111 
o r  

Class I V  
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APPENDIX 1 

REGIONAL WIND RESOURCE ASSESSMENT 

Three national wind energy resource assessments were performed early in 
the Federal Wind Energy Program (Reed 1975; Coty 1976 and Garate 1977). 
A1 though a 1 arge portion of the data used in these assessments was common to 

a1 1 , the analysis techniques differed considerably. Not surprisingly, s ignif i  - 
cant discrepancies in the magnitude and the dis t r ibut ion of wind power density 

can be found among the three national assessments. A re-analysis and synthesis 

were also completed (El 1 i o t t  1977) to  determine the causes of the discrepancies 

and to  include the most plausible resul ts  in a single assessment (see Figure 1 .2 ) .  

As in teres t  in wind  energy increased, a need arose fo r  resource assessments 

tha t  were more refined and re l iab le  than the national assessments so that  

energy planners, WECS manufacturers and pub1 i c  u t i l i t i e s  could assess the wind 

power potential on a s t a t e  and regional basis. Assessments for  the twelve 

regions of the United States are  being prepared by the Department of Energy 
(Figure A-1 . l ) .  ( a )  Each regional assessment consists of a regional wind 

energy a t l a s ,  a regional wind power data base and a narrative report describing 

the procedures used in producing the assessment. The regional assessments are 
the s ta r t ing  point fo r  a u t i l i t y  considering the inclusion of WECS into i t s  
mix  of generating equipment. The analyses provide preliminary information fo r  
assessing the potential fo r  wind  energy u t i l iza t ion  within a u t i l i t y ' s  area. 
The assessments also indicate l ikely areas for  finding s i t e s .  

A.l.l THE WIND ENERGY ATLASES 

Each wind energy a t l a s  contains wind resource information summarized by 
region and by s t a t e .  The a t l a s  also contains more detailed resource informa- 
tion a t  individual weather stations.  Information that  i s  provided in a regional 
format i ncl udes: 

( a )  Copies of the regional assessments will be available from the National Tech- 
nical Information Service as they are completed. All assessments should be 
available by early 1981. A l i s t  of t i t l e s  i s  provided a t  the end of th i s  
appendix . 





maps of cultural geographic, topographic, and land-surface form c la s s i f i -  

cation 

a map of the annual available wind power 

a map showing the season of maximum wind  power. 

A n  example of the level of detai l  provided in the regional format i s  given i n  

Figure A-1.2, which shows annual average wind power fo r  the Northwest region. 

Considerably more detail  i s  provided on a state-by-state basis. State 
features include: 

maps of cul tural  geographic, topographic, and 1 and-surface form cl assi f i - 
cation 

maps showing the location of data s ta t ions 

maps of annual and seasonal wind power 

aer ial  dis t r ibut ion of wind  power 

maps of confidence level of resource estimates. 

Figures A-1.3 and A-1.4 show average available wind power during summer and 
winter f o r  the s t a t e  of Washington. Maps of th i s  type are useful for  identifying 

areas where the seasonal variations i n  wind power best match the seasonal 
needs of the u t i l i t y .  

The numbers shown on the maps correspond to wind power categories defined 

in the figure legends. Each category re f lec ts  the best exposed s i t e s  within 
the overall area associated w i t h  that  category. Mountainous areas are stippled 
on the map to  indicate that  the values shown on the map are estimates of the 
wind resource on exposed mountain ridge crests  or summits. Most of the struc- 
ture  shown in the analysis i s  a resu l t  of interpreting meteorological and 
topographical i n d i  cators. 

One of the principal problems in wind resource assessment i s  characterizing 

the spatial  var iab i l i ty  of the wind (see Appendix 3 ) .  Available wind  power 
can change dras t ica l ly  over the distance of a few miles; therefore, one must 

account for  the percentage of land tha t  i s  not well exposed to prevailing 

winds in order to  r ea l i s t i ca l ly  assess the total  wind resource. Each region 
was divided into a grid one-third of a degree in longitude by one-fourth of a 





FIGURE A-1.3 Washington Summer Average Wind Power 





degree i n  l a t i t u d e ,  and t h e  r e p r e s e n t a t i v e  va lue  o f  t h e  wind power d e n s i t y  a t  

exposed s i t e s  w i t h i n  t h e  g r i d  box was determined. A percentage o f  t h e  l a n d  

a rea  f a l l i n g  i n t o  severa l  ca tego r i es  o f  wind exposure was es t imated  us ing  t h e  

land- sur face  fo rm c l a s s i f i c a t i o n  scheme o f  Hamrnond (1964).  From t h i s  i n fo rma t i on ,  

an es t imate  was made o f  t h e  percentage o f  t h e  l a n d  area w i t h i n  a  g r i d  box 

expe r i enc ing  a v a i l a b l e  w ind  power d e n s i t i e s  g r e a t e r  than, equal t o ,  s l i g h t l y  

l e s s  than, o r  f a r  l e s s  than  t h e  va lue  f o r  t h e  g r i d  box. The assignment o f  

w ind  power ca tego r i es  t o  these  percentage areas was based on t h e  land- sur face  

f o rm  c l a s s i f i c a t i o n  and t h e  amount o f  l o c a l  t e r r a i n  r e l i e f .  The f r a c t i o n a l  

va lues f o r  each area i n  each g r i d  box were summed t o  determine t h e  a rea l  

d i s t r i b u t i o n  o f  t h e  annual average wind power d e n s i t y .  F i gu re  A-1.5 shows t h e  

percentage o f  l a n d  area i n  each g r i d  box where t h e  wind resource exceeds 

c l a s s  3 f o r  t h e  s t a t e  o f  Washington. 

For  t h e  s m a l l e s t  space-scale t r e a t e d  i n  t he  a t l a s  (a  s i n g l e  weather 

s t a t i o n ) ,  t h e  wind resource  can be descr ibed  i n  cons iderab le  d e t a i l  . S t a t i o n s  

se lec ted  f o r  t h i s  p o r t i o n  o f  t h e  a t l a s  a r e  those f o r  which h o u r l y  o r  t h ree -  

h o u r l y  da ta  a r e  a v a i l a b l e  on magnet ic tape  a t  t h e  NCC. I n f o r m a t i o n  p rov ided  

f o r  i n d i v i d u a l  s t a t i o n s  i nc l udes :  

a  map o f  s t a t i o n  l o c a t i o n  

t a b l e s  o f  s t a t i o n  l o c a t i o n  and w ind  power 

graphs o f  month ly  speed and power 

graphs showing i nterannual  v a r i a t i o n  

p l o t s  o f  speed f requency 

p l o t s  o f  speed-di r e c t i o n  f requency 

p l o t s  o f  speed d u r a t i o n  

graphs o f  power d u r a t i o n  

p l o t s  o f  d i u r n a l  v a r i a t i o n  by season. 

Examples o f  weather s t a t i o n  da ta  presented i n  g raph i ca l  fo rm a r e  p rov ided  

i n  F igures  A-1.6 t o  A-1.12. 

A.1.2 NARRATIVE REPORTS 

Summary r e p o r t s  of  t h e  methods used t o  eva lua te  t h e  wind energy resource 

i n  each r e g i o n  a r e  a l s o  be ing  prepared. I n  a d d i t i o n  t o  t h e  methodology desc r i p-  

t i o n s ,  l i s t s  o f  a l l  da ta  s t a t i o n s  and some da ta  a r e  inc luded .  T i t l e s  o f  these 

r e p o r t s  a r e  l i s t e d  a t  t h e  end o f  t h i s  appendix. 
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FIGURE A-1.6 Monthly Average Wind Power and Speed f o r  Washington 
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FIGURE A-1.7 Interannual Wind Power and Speed for Washington 
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F IGURE A-1.8 D iurna l  Wind Speed by Season f o r  Washington 
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FIGURE A-1.9 Annual Average Wind Speed Frequency f o r  Washington 
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FIGURE A-1.10 D i r e c t i o n a l  Frequency and Average Speed f o r  Washington 
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FIGURE A-1 . l l  Annual Wind Speed Duration f o r  Washington 
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FIGURE A-1.12 Annual Wind Power Dura t i on  f o r  Washington 



A.1.3 THE WIND ENERGY DATA BASE 

I n  a d d i t i o n  t o  t h e  r e g i o n a l  wind energy a t l ases ,  a r e g i o n a l  wind energy 

da ta  base w i l l  be mainta ined.  Th i s  da ta  base w i l l  be a v a i l a b l e  f r om DOE'S 

P a c i f i c  Nor thwest  Labora to ry .  The da ta  base w i l l  i n c l u d e  a l l  da ta  acqu i red  

d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  r e g i o n a l  a t l a s e s .  The data base w i l l  a l s o  

i n c l u d e  g r idded  annual and seasonal wind power i n f o r m a t i o n  and g r i dded  i n f o r -  

mat ion  on t h e  cha rac te r  o f  t h e  su r f ace  topography. T h i s  i n f o r m a t i o n  w i l l  be 

a v a i l a b l e  on magnet ic tape. Tabular  da ta  o f  t h e  parameters presented i n  

g raph i c  form and o t h e r  p e r t i n e n t  s t a t i s t i c s  w i l l  be a v a i l a b l e  on m i c r o f i c h e .  

A1 1 a t l a s e s  a r e  a v a i l a b l e  f rom Na t i ona l  Technica l  I n f o r m a t i o n  Se rv i ce  i n  

S p r i n g f i e l d ,  V i r g i n i a .  

A.1.4 LIST OF ATLAS TITLES 

D. L .  E l l i o t t  e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 1 - The 
Northwest Region. PNL-3195 WERA-1. 

D. L .  Freeman e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 2 - The 
No r th  Cen t ra l  Region. PNL-3195 WERA-2. 

D. L.  Paton e t  a1 . 1980. Wind Energy Resource A t l a s :  Volume 3 - The Great  
Lakes Reaion. PNL-3195 WERA-3. 

K. E. P i c k e r i n g  e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 4 - The 
Nor theas t  Region. PNL-3195 WERA-4. 

R. Brode e t  a1 . 1980. Wind Energy Resource At1 as : Volume 5 - The East 
Cen t ra l  Region. PNL-3195 WERA-5. 

J. M. Zabransky e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 6 - The 
Southeast Region. PNL-3195 WERA-6. 

L. Graves e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 7 - The South 
Cent ra l  Region. 

S.  P ,  Anderson e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 8 - The 
Southern Rocky Mountain Region. PNL-3195 WERA-8. 

G. L.  Norman e t  a l .  1980. Wind Energy Resource A t l a s :  Volume 9 - The Southwest 
Reaion. PNL-3195 WERA-9. 



J. E. Wise e t  a l .  1980. Wind Energy Resource A t l as :  Volume 10 - Alaska. 
PNL-3195 WERA-10. 

T. A. Schroeder e t  a1 . 1980. Wind Energy Resource A t l a s :  Volume 11 - Hawaii 
and P a c i f i c  T r u s t  T e r r i t o r i e s .  PNL-3195 WERA-11. 

H. L. Wegl ey e t  a1 . 1980. Wind Energy Resource A t l a s :  Volume 12 - Puerto Rico 
and U.S. V i r g i n  Is lands .  PNL-3195 WERA-12. 

D. L. E l l i o t t  e t  a1 . 1980. Wind Energy Resource A t l a s :  Volume 13 - Nat iona l  
Synthesis.  PNL-3195 WERA-13. 

The n a r r a t i v e  r e p o r t s  desc r i b ing  t h e  development o f  each o f  t h e  wind energy 

a t l ases  are:  

D. L. E l l i o t t  e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t he  
Northwest Region. PNL-3360. 

D. L. Freeman e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t he  
Nor th Centra l  Reaion. PNL-3667. 

D. L. Paton e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t he  
Great Lakes Region. PNL-3668. 

K. E.  P i cke r i ng  e t  a l .  1981. Techniques f o r  Assessing the  Wind Resource i n  
t he  Nor theast  Region. PNL-3452. 

R. Brode e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t h e  East 
Centra l  Region. PNL-3451 . 

J. M. Zabransky e t  a l .  1981. Techniques f o r  Assessing the  Wind Resource i n  
t he  Southeast Reaion. PNL-3669. 

L. Graves e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t h e  
South Centra l  Region. PNL-3670. 

\ 

S. R .  Anderson e t  a l .  1981. Techniques f o r  Assessing the  Wind Resource i n  
t he  Southern Rocky Mountain Region. PNL-3671. 

G. T. Norman e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  t he  
Southwest Region. PNL-3672. 

T. Wentink e t  a l .  1981. Techniques f o r  Assessing t h e  Wind Resource i n  Alaska. 
PNL-3519. 

T. A. Schroeder e t  a1 . 1981 . Techniques f o r  Assessing the  Wind Resource i n  
Hawaii and the  P a c i f i c  T r u s t  T e r r i t o r i e s .  PNL-3673. 



H. L .  Wegley e t  a1 . 1981 . Techniques for  Assessing the Wind Resource in 
Puerto Rico and the U.S. Virgin Islands. PNL-3674. 
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APPENDIX 2 

SOME BACKGROUND METEOROLOGY PERTINENT TO SITING LARGE WECS 

To properly s i t e  large wind energy conversion systems (WECS), the inter-  

action of the a i r  flow with the ea r th ' s  surface must be considered. Terrain- 

flow interaction i s  a continual process that  i s  rarely simple to  understand. 

This appendix provides a groundwork for  understanding the fundamental principles 

of terrain-flow interaction tha t  are relevant to  the problem of s i t i ng  large 

WECS. 

Important character is t ics  of the ea r th ' s  surface a re  the distribution of:  
surface elevations or topography 
surface roughness 
surface temperature. 

These character is t ics  force or modify the atmospheric flow, depending on the 
ambient character is t ics  of the flow. The most important flow character is t ics  
are  the dis t r ibut ion of: 

a i r  temperature 

pressure 
e wind speed and direction 

turbulence. 
These flow character is t ics  are  related to  each other so that  te r ra in  modifica- 

tions affecting one flow character is t ic  a f fec t  a l l  of them. Terrain forcing 
of the atmosphere occurs on a range of scales from the planetary scale to  the 
small scale near the ea r th ' s  surface where molecular viscosity i s  a s igni f i-  
cant force. 

Scales relevant to  the s i t i ng  of large wind turbines are considered here. 
The horizontal scale ranges from tens of kilometers i n  complex terrain to  tens 
of meters near a mountain summit. The vertical  scale ranges from < 2 km, a 

value based on the structure of the atmospheric flow, to  10 m ,  approximately 
the lowest point on the rotor disk of a large wind turbine. 

Understanding basic flow features i s  necessary t o  understand more compli- 

cated te r ra in  and flow interactions. Therefore, t h i s  introduction deals with 



t he  most bas i c  o f  f lows,  which i s  f l o w  over f l a t  t e r r a i n .  I t  begins w i t h  a  

l ook  a t  the equat ions t h a t  govern atmospheric f lows.  The cen t ra l  d iscuss ion  

i s  a  b r i e f  rev iew of knowledge about f l o w  over h o r i z o n t a l l y  un i fo rm t e r r a i n  on 

which the  sur face temperature va r ies  w i t h  the heat ing  by the  sun. Such a  f l o w  

i s  a  good approximation t o  f l o w  c h a r a c t e r i s t i c s  over many f l a t  s i t e s .  The 

problems o f  v e r t i c a l  ex t rapo la t i ons  o f  winds and the turbulence c h a r a c t e r i s t i c s  

over  f l a t  l a n d  are  discussed. The c h a r a c t e r i s t i c s  o f  the boundary l a y e r  over  

f l a t  t e r r a i n  should be understood i n  order  t o  attempt t o  understand the  response 

o f  the atmosphere i n  f low over complex t e r r a i n .  

A.2.1 FUNDAMENTAL EQUATIONS AND DEFINITIONS 

A small number o f  equations descr ibe the  physical  c o n s t r a i n t s  t h a t  atmo- 

spher ic  f l ows  obey. F i r s t ,  the c o n t i n u i t y  equat ion, based on the conservat ion 

o f  mass, i s :  

where 

a p = density 
a U = v e l o c i t y  component i n  x d i r e c t i o n  

a V = v e l o c i t y  component i n  y d i r e c t i o n  

a W = v e l o c i t y  component i n  t ( v e r t i c a l )  d i r e c t i o n .  

The d e r i v a t i v e  o f  d e n s i t y  i s  the t o t a l  d e r i v a t i v e  f o l l o w i n g  the  f l u i d  motion. 
d  The t o t a l  d e r i v a t i v e  operator ,  x, may be separated i n t o  a  l o c a l  ( f i x e d  coor-  

d ina tes)  t ime d e r i v a t i v e  and the  terms desc r ib ing  the  advect ion by the  wind 

o f  the  operand along the  x, y ,  and z d i r e c t i o n s ,  as i n  the  fo l l ow ing  equat ion: 

Densi ty  v a r i a t i o n s  as a  r e s u l t  o f  pressure f l u c t u a t i o n s  caused by f low over 

small obstac les are  n e g l i g i b l e  so the  f l o w  i s  t r e a t e d  as incompressible. 

Larger  scale motions do i n v o l v e  dens i t y  changes, however, and the  f u l l  con- 

t i n u i t y  equat ion must be considered. 



Secondly, the equations of motion express the conservation of momentum. 

For the horizontal wind components, t h i s  i s :  

where 
- 

= an averaging operator, aueraging over a period that  i s  long 

compared t o  the time scales of turbulent motions b u t  short 
compared to  time scales of s ignif icant  changes in the mean 
flow, say about 1 hour. 

f = 2 R sin $ ( the Coriolis parameter) w i t h  

Q = angular velocity of earth 
4 = l a t i tude  

P = pressure 
F = f r ic t iona l  terms representing drag on the flow. Fx'  y 

In a turbulent atmosphere, the f r ic t ion  terms represent the divergence 

of the turbulence transport of momentuni. Turbulence momentum transport i s  
a resul t  of the covariance of the turbulence wind  components. The f r ic t ion  
terms may be written then as:  

where the turbulence fluctuations from the mean are: 
- 

u = U - U  

v = v - a  
- 

w = W - W  
- - 
u w ,  vw, and are call  ed Reynolds s t resses  



t h e  turbulence k i n e t i c  energy (TKE) i s  p ropo r t i ona l  t o  t he  sum o f  
- - 
UU, V V ,  and G. 

(See Busch 1973 f o r  a  d e r i v a t i o n  o f  t he  mean momentum and tu rbu lence equat ions) .  

For example, consider  f l o w  i n  the  x  d i r e c t i o n  a t  some h e i g h t  z above the  

ground. Since t h e  wind a t  z + Az i s  u s u a l l y  s t ronger  than a t  z, downward 

t u r b u l e n t  motions (w < 0 )  a t  z a re  b r i n g i n g  h igher  momentum a i r  down f rom above 

( u  > 0)  so t h a t  t he  average c o r r e l a t i o n  < 0. Also, s i nce  the  inc rease i n  

windspeed w i t h  h e i g h t  i s  gene ra l l y  g rea te r  - a t  z than a t  z + LE,  we see t h a t  

i s  l e s s  nega t i ve  a t  z + Az so t h a t  > 0  and the re  i s  a  p o s i t i v e  term i n  Fx 
z 

which i n  t u r n  becomes a  s i n k  f o r  h o r i z o n t a l  momentum. Th is  s i n k  must be 

balanced by some o t h e r  term i n  t he  equat ions o f  motion. A g rea t  deal o f  

research goes i n t o  f i n d i n g  ways t o  express the  f r i c t i o n  terms as f u n c t i o n s  o f  

known o r  e a s i l y  obta ined q u a n t i t i e s .  

When v e r t i c a l  acce le ra t ions  are  smal l ,  the  v e r t i c a l  equat ion o f  mot ion 

reduces t o  a  statenlent o f  h y d r o s t a t i c  balance: 

where 

g = a c c e l e r a t i o n  o f  g r a v i t y  . 
T h i r d l y ,  t he  equat ion o f  s t a t e  i s :  

p = p r t  

where 

T = absolute temperature i n  Ke lv ins  ( K )  

R = gas constant  f o r  a i r  = 287 j o u l e s  kg 
-1 ,(-I 

Four th ly ,  conservat ion o f  energy i s  expressed i n  t h e  f i r s t  law o f  thermo- 

dynamics as: 



where 

- dH - - r a t e  of external heat addit ion per u n i t  mass of a i r  
d t 

C = 1004 joules k g - '  K - I ,  the  spec i f i c  heat a t  constant pressure f o r  
P 

a i r .  
*t 

When an a i r  parcel is  moved from one pressure level t o  another ad iaba t ica l ly ,  
w i t h  no external  heat addi t ion,  Equation (A-2.9) can be used t o  determine the  
change i n  temperature associated w i t h  the work done agains t  (by) the lower 

(higher)  pressure a t  the  new level .  I t  i s  convenient, especia l ly  where ve r t i c a l  
motions a r e  involved, t o  define a potential  temperature, 8, as the temperature 
a parcel of a i r  would have i f  i t  were brought ad iaba t ica l ly  t o  the pressure 
level  of 1000 mb. This r e l a t i on  i s  readi ly  derived from Equations (A-2.9) 

and (A-2.8) t o  be: 

The s t a t i c  s t a b i l i t y  of a layer  i n  the atmosphere i s  measured i n  terms of 
the  ve r t i ca l  gradient  of potential  temperature. I f  ae/az i s  pos i t ive ,  then 

when an a i r  parcel of potential  temperature eo a t  height z i s  displaced 

ad iaba t ica l ly  ( i t s  potential  temperature i s  conserved) t o  height z + &, 

the potential  temperature 8 and consequently the temperature T of the  parcel 
wil l  be lower than the ambient temperature a t  height z + Az. The now cooler 
parcel i s  forced back down. Such a layer  i s  sa id  t o  be s t ab l e .  Gravity waves 
a r e  o sc i l l a t i ons  of f l u i d  i n  a s t ab l e  layer .  I f  ae/az < 0 the layer  i s  unstable 
and a disturbed parcel continues i t s  motions away from i t s  o r ig in .  A neutral 
layer  i s  one where ae/az = 0 and a disturbed parcel experiences no res tor ing 
o r  des tab i l i z ing  forces.  

Another form of the conservation of energy may be approximately expressed 
in the thermodynamic energy equation, which i s :  

a e ae ae  ae 1 a - - +  u - + v - +  b&= -- -  
a t  ax a~ P C  P ax ( p c p u e l  + R X )  

a - a - 
+ - ( P C  v0' + Ry) +, ( p c  w e f  + RZ) aY P P 



where 
- 
0  = averaged p o t e n t i a l  temperature 

- 
0 '  = 0  - 8 i s  t h e  f l u c t u a t i n g  p o t e n t i a l  temperature 

Rx,Ry,Rz = t h e  components o f  t he  r a d i a n t  energy f l u x  

pC m, pC and pC wB' a r e  t u r b u l e n w e a t  f l u x e s .  
P  P  P  

It i s  th rough  t h i s  equa t i on  t h a t  t u r b u l e n t  heat  f l u x e s  above a  h o t  su r f ace  add 

heat  t o  t h e  atmosphere. 

I f  a l l  terms i n  t h e  h o r i z o n t a l  momentum Equat ions (A-2.3) and (A-2.4) a r e  

smal l  excep t  t h e  C o r i o l i s  and pressure g r a d i e n t  f o r ces ,  t he  f l o w  i s  i n  " geos t roph i c "  

balance and t h e  wind v e c t o r  ( U  V ) i s  t h e  geos t roph ic  wind where: 
g '  g  

and 

I f  t h e  winds a r e  n o t  i n  geos t roph ic  balance, one may s t i l l  use t h e  geos t roph i c  

wind as a  shorthand way o f  d e s c r i b i n g  t h e  p ressure  g r a d i e n t  f o r c e  o r  as an 

approx imat ion  t o  t h e  a c t u a l  winds. 

The geos t roph ic  wind may be a  f u n c t i o n  o f  he igh t .  I f  so, t h e  atmosphere 

i s  c a l l e d  ba roc l  i n i c ;  i f  no t ,  i t  i s  c a l l e d  b a r o t r o p i c .  D i f f e r e n t i a t i n g  

Equat ions (A-2.12) and (A-2.13) w i t h  r espec t  t o  he igh t ,  u s i n g  t h e  equa t i on  o f  

s t a t e  (Equat ion  A-2.8) and t he  h y d r o s t a t i c  equa t ion  (Equat ion  A-2.7) r e s u l t s  

i n :  

The d i f f e r e n c e  between t h e  geos t roph ic  wind a t  zl (U z V z ) and a t  z2(Ugz2, 
g l '  9 1  

V z  ) i s  c a l l e d  t h e  thermal wind. The components o f  t h e  thermal wind (UT, VT) 
g  2  

a r e  ob ta i ned  by i n t e g r a t i n g  Equat ions (A-2.14) and (A-2.15), [ n e g l e c t i n g  t h e  

smal l  terms on t h e  r i g h t  s ides  o f  (A-2.14) and (A-2.15)]. The r e s u l t  i s :  



where <T> i s  the average temperature in the layer  between z2 and z,. The thermal 

wind equations show the  important re la t ionship  between horizontal temperature 
s t ruc ture  of a baroclinic atmosphere and the ver t i ca l  s t ruc ture  of the winds. 

The planetary boundary layer  (PBL) i s  loosely defined as t h a t  layer  of 
the  atmosphere near the  e a r t h ' s  surface where in teract ion of the flow and the 

e a r t h ' s  surface i s  achieved, usually through turbulent  t ranspor t  of momentum 

and heat. Therefore, i n  t he  P B L ,  Fx and F are  s ign i f ican t  terms i n  the 
Y 

momentum balance. In the  PBL,  Equations (A-2.3) and (A-2.4) are  used t o  
describe the  mean flow. Those equations may be rewrit ten as :  

The PBL depth may be qu i te  variable.  Over the Great Plains i t  may grow from 
a few hundred meters i n  the morning t o  a few km i n  the afternoon. Over coastal  
areas i t  may remain a constant depth f o r  days. The magnitudes of the components 
of the f r i c t i ona l  force a t  a given height z a l so  varies tremendously. To 
understand t he  winds i n  the PBL one must understand the turbulence s t ruc ture  

t h a t  determine Fx and F 
Y '  

A number of mechanisms influence the  s t ruc ture  of turbulence in  the PBL. 

Turbulent k inet ic  energy (TKE) i s  mechanically produced by wind shear. I t  

i s  a l so  thermally produced by the buoyancy forces associated w i t h  an upward 

heat f lux and unstable s t r a t i f i c a t i o n .  Turbulence generated near the ear th  ' s 

surface,  where production by shear and an upward heat f lux i s  g rea tes t ,  may 
be transported upward t o  higher levels  in the  PBL. I f  horizontal gradients 

of mean quan t i t i es  a re  not small, which ce r ta in ly  occurs i n  flow over uneven 



t e r r a i n ,  t u rbu lence  may accumulate a t  a  p o i n t  because o f  t r a n s p o r t  and d i f -  

f u s i o n  o f  TKE f r om upstream sources. A t  a  p o i n t ,  TKE i s  reduced by buoyancy 

f o r c e s  assoc ia ted  w i t h  a  downward hea t  f l u x  i n  s t a b l e  s t r a t i f i c a t i o n ,  by 

mo lecu la r  v i s c o s i t y  i n  t h e  s m a l l e s t  t u r b u l e n t  eddies,  and by t r a n s p o r t  of 

TKE o u t  o f  t h e  neighborhood. Turbulence a l s o  i n t e r a c t s  w i t h  g r a v i t y  waves 

i n  a  s t a b l y  s t r a t i f i e d  f low i n  ways t h a t  a r e  p o o r l y  understood. The TKE can 

be r a d i a t e d  away by g r a v i t y  waves, o r  g r a v i t y  waves can "break"  t he reby  adding 

TKE t o  t h e  f l o w .  

D e s c r i b i n g  t u rbu lence  i n v o l v e s  sca l  i ng parameters t h a t  a r e  assumed t o  

c h a r a c t e r i z e  t u r b u l e n t  f l ows  (Tennekes 1973b, Wyngaard 1973).  There a r e  

two impo r tan t  s c a l i n g  parameters t h a t  r e l a t e  t o  t h e  p r o d u c t i o n  o f  TKE. 

Mechanical p r o d u c t i o n  o f  TKE i s  parameter ized by t he  f r i c t i o n  v e l o c i t y  u,, 

which i s  t h e  square r o o t  o f  t h e  k inemat ic  su r f ace  s t r e s s  and i s  r e l a t e d  t o  t h e  

Reynol ds s t resses  as : 

where 

T = h o r i z o n t a l  shear s t r e s s  

s u b s c r i p t  o  means t h e  va lues a r e  measured very  near t h e  sur face .  

Buoyancy p r o d u c t i o n  o f  t u rbu lence  i s  r e l a t e d  t o  t h e  near  su r f ace  v e r t i c a l  hea t  

f l u x  (Ho = C p p ( m o ) .  

The Obukhov l e n g t h  (L)  i s  a sca le  r e l a t i n g  t h e  s t r eng ths  o f  shear p ro-  

duced and t h e r m a l l y  produced tu rbu lence ,  as: 

where k = 0.35 (Bus inger  e t  a l .  1971) i s  t h e  von Karman constant .  I n  uns tab le  

c o n d i t i o n s  w i t h  an upward hea t  f l u x ,  -L i s  about  t w i c e  t h e  d i s tance  above t h e  

su r f ace  where buoyancy p roduc t i on  o f  t u rbu lence  becomes l a r g e r  than  shear p ro-  

duc t i on .  I n  s t a b l e  c o n d i t i o n s  w i t h  a  downward hea t  f l u x ,  L i s  about  t h e  s i z e  

of  t h e  l a r g e s t  t u r b u l e n t  eddies.  



Boundary l a y e r  h e i g h t  (h )  i s  another  s c a l i n g  parameter t h a t  charac ter izes  

t h e  f l ow .  A dimensionless s t a b i l i t y  parameter (h/L) can be formed which 

a p p r o p r i a t e l y  represents s t a b i  1  i t y  o f  t he  PBL. Consider an unstable PBL 

where h/L < 0. I nc reas ing  h  w h i l e  keeping L  cons tan t  i s  equ i va len t  t o  

i nc reas ing  the  heat  f l u x  w h i l e  keeping h  and u, f i x e d ,  o r  decreasing u, w h i l e  

keeping h and ( w ) o  f i x e d .  I n  a l l  cases, t he  f i n a l  s t a t e  r e s u l t s  i n  the  

buoyancy produc t ion  o f  tu rbu lence dominat ing a  l a r g e r  f r a c t i o n  o f  t h e  PBL, 

which i s  tantamount t o  a  more uns tab le  PBL. 

The t e x t u r e  o f  t h e  e a r t h ' s  sur face  i s  descr ibed by t h e  roughness l e n g t h  

sca le  ( z o )  The roughness l e n g t h  i s  e m p i r i c a l l y  de r i ved  f rom the  l o g a r i t h m i c  

wind p r o f i l e  descr ibed i n  Sec t ion  A.2.2. Table A-2.1 compares roughnesses 

over  severa l  surfaces. For a  g iven  geostrophic  wind, t he  s t r e s s  near t he  

ground i s  g rea te r  f o r  a  rougher sur face  than f o r  a  smooth one. L ikewise,  

t he  near- sur face tu rbu lence i n t e n s i t y  i s  g rea te r  and t h e  near sur face  wind 

speed i s  l e s s  over a  rougher surface. 

The roughness l eng th  must sometimes be q u a l i f i e d .  I t  can be a  f u n c t i o n  

of wind speed: s t rong  winds c rea te  a  rougher sea sur face  b u t  bend wheat 

over  resu l  ti ng i n  a  smal l e r  zo f o r  wheat1 ands . O r ,  when the  sur face  i s  

densely covered w i t h  t rees ,  zo may be somewhat smal le r  than f o r  a  sparser  

fo res t ,  s i nce  the  o v e r l y i n g  f l o w  responds o n l y  t o  t he  sur face  o f  the  f o r e s t  

canopy, i .e . ,  t he  top  o f  t he  t r e e  cover.  However, a  downward e x t r a p o l a t i o n  

of  the  l o g a r i t h m i c  wind p r o f i l e  f rom above the  canopy y i e l d s  zero wind speed 

a t  some h e i g h t  above t h e  f o r e s t  f l o o r  and w i t h i n  t he  canopy. This  h e i g h t  i s  

t he  displacement he igh t  (D) .  The e x t r a p o l a t i o n  t o  zero wind speed does no t  

mean t h a t  no f l o w  e x i s t s  below 0. Usua l l y ,  a  weak and compl icated f l o w  known 

as canopy f low e x i s t s  below the  displacement he igh t .  The most severe q u a l i -  

f i c a t i o n s  on the  use o f  t he  roughness l e n g t h  a r i s e  when the  l and  i s  n o t  f l a t .  

The l o g a r i t h m i c  wind p r o f i l e  has no v a l i d i t y  i n  uneven t e r r a i n  y e t  i n t u i t i v e l y  

t he  t e x t u r e  o f  t he  e a r t h ' s  sur face  i s  impor tant .  Therefore, t he  roughness 

o f  uneven l and  i s  o f t e n  descr ibed i n  analogy t o  zo. It i s  n o t  c l e a r  however 

how one should separate o u t  t he  e f f e c t s  o f ,  f o r  example, t r ees  and t e r r a i n  

i n  a  d e s c r i p t i o n  o f  t h e  roughness o f  r o l l i n g  f o r e s t e d  h i l l s .  



I n  t h i s  sec t i on ,  bas i c  d e f i n i t i o n s  and fundamental equa t ions  were 

i n t r oduced  w i t h  which bas i c  fea tu res  o f  t u r b u l e n t  atmospheric f l ows  may be 

discussed. The govern ing equat ions i n c l u d e  t he  momentum equat ions,  c o n t i n u i t y  

equat ion,  h y d r o s t a t i c  equat ion,  equa t ion  o f  s t a t e ,  and t h e  f i r s t  law of 

thermodynamics. From these equat ions d e f i n i t i o n s  were p rov ided  f o r  t h e  geo- 

s t r o p h i c  wind, thermal wind, the  f o r c e  balance w i t h i n  the  p l a n e t a r y  boundary 

l a y e r ,  and p o t e n t i a l  temperature and atmospheric s t a b i l i t y .  The gene ra t i on  o f  

tu rbu lence  was b r i e f l y  d iscussed and some of t h e  s c a l i n g  parameters necessary 

t o  desc r i be  t u r b u l e n t  f l o w s  were presented.  These i n c l  ude t h e  f r i c t i o n  v e l  o- - 
c i t y  (u,), t he  hea t  f l u x  ( P C  we ' ) ,  t he  Obukhov l e n g t h  ( L ) ,  the  PBL h e i g h t  (h ) ,  

P 
and t he  roughness l e n g t h  zo. With these d e f i n i t i o n s  we can d iscuss  f low ove r  

u n i f o r m  f l a t  t e r r a i n .  

TABLE A-2.1. T y p i c a l  Values o f  Sur face Roughness Length ( z o ) ,  f o r  
Var ious Types o f  Surfaces ( F r o s t  e t  a l .  1978) 

Type o f  Sur face Range o f  z,, m 
w 

Mud F l a t s ,  I c e  

Smooth Sea 

Sand 

Snow Sur face  

Mown Grass (0.01 m)  

Low Grass, Steppe 

Fa l low F i e l d  

H igh  Grass 

Pal met to  

Fo res t  and Wood1 and 

Suburbia 

C i  ty 

A.2.2 FLOW OVER UNIFORM FLAT TERRAIN 

Flow i n  t h e  PBL over  u n i f o r m  f l a t  t e r r a i n  i s  t h e  s i m p l e s t  PBL f low con- 

ce i vab le .  Even so no exac t  s o l u t i o n s  t o  t he  equat ions o f  mot ion  a r e  p o s s i b l e  



because o f  t h e  na tu re  o f  tu rbu lence .  However, combined t h e o r e t i c a l  and e x p e r i -  

mental  progress has l e d  t o  a  good understanding o f  these most s imp le  PBL f l ows .  

Many WECS w i l l  be s i t e d  i n  f l a t  t e r r a i n  where t he  concepts presented here w i l l  

be s u i t a b l e  f o r  q u a n t i t a t i v e  a p p l i c a t i o n .  Much o f  t h e  bas i c  s t r u c t u r e  pre-  

sented here i s  a l s o  p resen t  i n  t he  more compl icated f l o w s  d iscussed i n  

Sec t i on  A.2.3. I n  t h i s  s e c t i o n  we p resen t  d iscuss ions  on: 

d i u r n a l  c y c l e  o f  PBL s t r u c t u r e  

e x t r a p o l a t i o n  o f  near  su r f ace  winds t o  he igh t s  o f  100 m  

tu rbu lence  c h a r a c t e r i s t i c s  . 
A.2.2.1 D i u r n a l  Cyc le  o f  PBL S t r u c t u r e  

Uur ing  t h e  course of d a i l y  hea t i ng  by the  sun and c o o l i n g  o f  t he  e a r t h  

by r a d i a t i o n  a t  n i g h t ,  t he  temperature s t r u c t u r e  o f  t he  lower  atmosphere 

changes. The temperature s t r u c t u r e  i s  impo r tan t  i n  d e f i n i n g  t he  cha rac te r-  

i s t i c s  of t he  tu rbu lence  i n  t h e  boundary l a y e r .  The tu rbu lence  s t r u c t u r e  

c o n t r o l s  t he  f r i c t i o n  terms i n  t h e  momentum balance which c o n t r o l s  t he  

w ind  s t r u c t u r e .  The wind s t r u c t u r e  feeds back i n t o  t h e  tu rbu lence  s t r u c t u r e  

t o  mod i fy  t he  temperature s t r u c t u r e .  These processes occur  w i t h i n  t h e  p lane-  

t a r y  boundary l a y e r  which may be changing i n  depth r a p i d l y .  Add i n  t h e  

e f f e c t s  o f  advec t i on  and b a r o c l i n i c i t y  t h a t  occur  i n  r e a l i s t i c  f l o w s  and i t  

i s  no wonder t h a t  p r e d i c t i o n s  o f  boundary l a y e r  s t r u c t u r e s  o r  e x t r a p o l a t i o n s  

o f  c h a r a c t e r i s t i c s  f rom one l e v e l  t o  another  a r e  ve ry  unce r ta i n .  

Three broaa c lasses  o f  PBL s t r u c t u r e  can be i d e n t i f i e d ,  based on t h e  

s t a b i l i t y  near  t he  sur face.  These c lasses  a re  n e u t r a l ,  uns tab le ,  and s t a b l e .  

The c h a r a c t e r i s t i c s  o f  these c lasses  a r e  s i g n i f i c a n t  t o  t h e  s i t i n g  of WECS 

i n  two ways. F i r s t ,  WECS opera te  i n  t he  lowes t  p o r t i o n  o f  t h e  PBL where t he  

wind c h a r a c t e r i s t i c s  a r e  determined by t h e  l a r g e r  PBL s t r u c t u r e ;  and second, 

t h e  response o f  t h e  PBL t o  non-uniform t e r r a i n  depends upon ambient PBL 

s t r u c t u r e .  

F i g u r e  A-2.1 shows p o t e n t i a l  temperature p r o f i l e s ,  wind p r o f i l e s ,  and 

boundary l a y e r  he igh t s  d u r i n g  t h e  course o f  a  day. Th i s  hypo the t i ca l  f l o w  i s  

u n r e a l i s t i c a l l y  s imp le  because t h e r e  i s  no t ime  v a r i a t i o n  o f  t he  upper l e v e l  

f l o w  and t h e  f l o w  i s  b a r o t r o p i c .  F i g u r e  A-2.1 a l s o  exaggerates some charac-  

t e r i s t i c s  i n  o r d e r  t o  demonstrate a  number o f  impo r tan t  p r o p e r t i e s .  
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By 0600 the  n igh t ime r a d i a t i o n a l  c o o l i n g  and downward heat  f l u x  has 

es tab l i shed  a noc turna l  temperature i n v e r s i o n  and boundary l a y e r  h e i g h t  t o  

about 500 m. Turbulence i n  a noc turna l  boundary l a y e r  achieves some m ix ing  

between d i f f e r e n t  l e v e l s ,  thereby reducing v e r t i c a l  g rad ien ts  o f  bo th  wind 

and p o t e n t i a l  temperature. However, t o  ma in ta in  shear p roduc t ion  o f  t u r b u l e n t  

k i n e t i c  energy (TKE), t he  o n l y  source o f  TKE i n  t he  s t a b l e  PBL, t he  wind shear 

must be l a r g e  enough t o  overcome the  e f f e c t s  o f  t he  s t a b l e  s t r a t i f i c a t i o n ;  o r :  

where 

R i  i s  t he  Richardson number s t a b i l i t y  parameter 

R i  Z 0.2 i s  t h e  c r i t i c a l  Richardson number. 

I f  R i  2 0.2 t h e  f l o w  becomes laminar  and t u r b u l e n t  t r a n s f e r  o f  heat  and momentum 

ceases. I n  t h i s  way l a y e r s  i n  t h e  atmosphere can become decoupled and behave 

independent ly.  Th i s  i s  presented i n  the  h i g h l y  v a r i a b l e  wind p r o f i l e  o f  0600. 

I n  t u r b u l e n t  l a y e r s  above and below a laminar  o r  quiescent  region,  downward 

momentum t r a n s p o r t  cont inues, which increases the  wind shear enough t o  drop 

the  Richardson number below i t s  c r i t i c a l  va lue and t h e  l a y e r  once again becomes 

t u r b u l e n t .  Patchy i n t e r m i t t e n t  tu rbu lence a1 so a r i s e s  from the  p o o r l y  under- 

stood i n t e r a c t i o n  between tu rbu lence and g r a v i t y  waves which propagate through 

t h e  s t a b l e  PBL. A t  0600, t h e  wind d i r e c t i o n  changes f a i r l y  con t inuous ly  

through t h e  boundary l aye r ,  except  a t  t he  decoupled l aye rs ,  f rom the  f r i c t i o n a l  

f o r ce  balance a t  t he  sur face  t o  geostrophic  balance a t  the  top  o f  the  PBL. 

By 0900 s o l a r  hea t i ng  o f  t he  e a r t h ' s  sur face  has begun. I n  t he  sur face  

l a y e r  t he  lowest  20-30 meters, t h e  p o t e n t i a l  temperature p r o f i l e  i s  super- 

ad iaba t i c ,  i .e., ae /az  < 0. From the  sur face l aye r ,  warm bubbles r i s e  through 

an a d i a b a t i c  l a y e r  ( a e / az  - 0) c a l l e d  the  mixed l a y e r ,  u n t i l  they encounter 

t he  s t a b l e  p o t e n t i a l  temperature p r o f i l e  o f  t he  remnant nocturnal  i nve rs ion .  

The base o f  t he  temperature i n v e r s i o n  separates the  t u r b u l e n t  mixed l a y e r  from 

t h e  non- turbu len t  f l o w  a l o f t .  Therefore, the  he igh t  o f  t he  uns tab le  PBL i s  

t he  h e i g h t  o f  t he  lowest  p o t e n t i a l  temperature i nve rs ion .  The warm bubbles 

penet ra te  a smal l  d i s tance  i n t o  t he  i n v e r s i o n  l a y e r  where they e n t r a i n  some 



o f  t he  warm a i r  o f  t h e  i n v e r s i o n  l a y e r  i n t o  t he  mixed l a y e r .  Hence, t h e  mixed 

l a y e r  grows by ent ra inment .  There i s  a  downward hea t  f l u x  i n  t h e  upper p o r t i o n  

o f  t h e  boundary l a y e r .  

F i gu re  A-2.1 shows t h a t  by noon the  mixed l a y e r  has grown by e n t r a i n -  

ment t o  500 m. I n  t he  uns tab le  PBL, v e r t i c a l  m i x i n g  i s  s t r ong ,  thus  a l l  

l e v e l s  a r e  s t r o n g l y  coupled. The r a p i d  communication between l e v e l s  makes 

g rad ien t s  o f  p o t e n t i a l  temperature and wind become ve ry  sma l l .  S h o r t l y  a f t e r  

noon t he  mixed l a y e r  e n t r a i n s  t he  r e s t  o f  t he  noc tu rna l  i n v e r s i o n  and encounters 

t h e  remnant o f  t he  p rev ious  day ' s  mixed l a y e r  (seen between 500 and 1000 m  

on t he  noon p o t e n t i a l  temperature p r o f i  1  e )  . The remnant mixed 1  ayer  p resen ts  

no obs tac le  t o  PBL growth so the boundary l a y e r  q u i c k l y  grows t o  t h e  h e i g h t  

o f  t h e  p rev ious  day ' s  m i x i n g  depth.  

By 1500, when t h e  m ix i ng  i s  a t  i t s  s t r onges t ,  t h e  winds a r e  n e a r l y  u n i -  

form i n  speed and d i r e c t i o n  throughout  the  mixed l a y e r .  The PBL i s  as deep 

as i t  i s  go ing t o  get .  The t r a n s p o r t  o f  h i g h  momentum a i r  e n t r a i n e d  a t  t h e  

i n v e r s i o n  down t o  near the  su r f ace  r e s u l t s  i n  t he  d a i l y  maximum wind  speed 

near t h e  sur face .  The momentum t r a n s p o r t  near t he  su r f ace  i s  h i g h e r  than i n  

t he  morning so t h a t  t h e  su r f ace  s t r e s s  i s  l a r g e r .  Th i s  means t h a t ,  a l though 

t h e  mixed l a y e r  has l i t t l e  wind shear, t he  lowes t  t e n  o f  meters e x h i b i t s  

h i ghe r  wind shear than e a r l y  i n  t he  morning. Note t h a t  most o f  t he  a d j u s t -  

ment o f  wind d i r e c t i o n  t o  t he  geos t roph ic  wind d i r e c t i o n  occurs i n  t h e  i n v e r -  

s i o n  l a y e r  a top  the  mixed l a y e r .  

A f t e r  s o l a r  hea t i ng  stops, t h e  su r f ace  heat  f l u x  decreases t o  0. The 

1800 p o t e n t i a l  temperature p r o f i l e  shows a9/az = 0  throughout  t he  boundary 

l a y e r .  T h i s  i s  an example o f  a  t ype  o f  n e u t r a l  boundary l a y e r .  

The n e u t r a l  boundary l a y e r  i n  an atmosphere w i t h  a  cons tan t  p o t e n t i a l  

temperature has been t h e o r e t i c a l l y  s t u d i e d  e x t e n s i v e l y .  I t  i s  from t h i s  

assumption t h a t  t h e  var ious  forms o f  t he  c l a s s i c  'Eknian s p i r a l H  w ind p r o f i l e  

a r e  der i ved .  I n  such a  boundary l a y e r  where t h e r m a l l y  f o r ced  convec t ion  i s  

nonex is ten t ,  the  dominant l e n g t h  sca le  was presumed t o  be u,/f. The n e u t r a l  

PBL then  was determined t o  have a  depth o f  0.2 u,/f t o  0.3 u,/f. Th i s  

boundary l a y e r ,  however, i s  v i r t u a l l y  never observed. 



A somewhat more l i k e l y  case o f  a neu t ra l  PBL i s  l i k e  t h a t  shown a t  

1800 i n  F igure  A-2.1. I n  t h i s  case M / a z  = 0 up t o  the temperature i n v e r s i o n  

t h a t  c l e a r l y  separates the t u r b u l e n t  PBL from the non- turbulent  a i r  a l o f t .  

Therefore, the  he igh t  o f  the  i n v e r s i o n  base i s  s t i l l  the  appropr ia te  he igh t  

sca le  f o r  the  boundary l aye r .  Entrainment a t  the i n v e r s i o n  causes a down- 

ward heat  f l u x  which goes t o  0 a t  the surface. Even t h i s  type of boundary 

l a y e r  i s  r a r e l y  observed, a t  l e a s t  as a s teady- state phenomenon. Instead, 

t he  neu t ra l  PBL i s  a very non- s ta t ionary  t r a n s i t i o n  s t a t e  t h a t  occurs between 

the  unstable daytime PBL and the  s t a b l e  n ight ime PBL. (a 

By 2100 the  ground i s  cool ing.  The downward heat  f l u x  has cooled a 

t h i n  l a y e r  near the  sur face t h a t  i s  the  nocturnal  boundary l a y e r .  Above, i n  

t h e  remnants of t he  day 's  mixed layer ,  there  i s  no product ion  o f  turbulence 

and so the  turbulence d ies  o u t  q u i c k l y .  I f  the  geostrophic winds are  s t rong  

enough the  PBL w i l l  remain cont inuous ly  tu rbu len t .  The PBL then s lowly  grows. 

However, by midnight ,  F igure  A-2.1 shows the  boundary l a y e r  has reve r ted  t o  

being spo rad ica l l y  t u rbu len t ,  and w i l l  remain so u n t i l  morning s t a r t s  t he  

c y c l e  anew. 

Re-establ ish ing the  boundary l a y e r  he igh t  near the  ground a f t e r  sunset 

and the subsequent decay o f  turbulence i n  what was the  daytime mixed l a y e r  

cause the  f r i c t i o n  terms i n  the  momentum budget t o  become n e g l i g i b l y  smal l .  

The upper 1 eve1 s a re  then suddenly decoupled from the  PBL below. When the  

decoupl ing occurs the winds are  sub-geostrophic, i .e . ,  the  wind speed i s  

below the geostrophic wind speed and the  wind d i r e c t i o n  i s  counterclockwise 

o f  the  geostrophic wind d i r e c t i o n  by ten  o r  more degrees. With f r i c t i o n  

removed from the  f o r c e  balance we can w r i t e  the equat ions o f  mot ion f o r  the  

ageostrophic wind as: 

(a )  I n  Sect ion A.2.2.2 wind p r o f i l e s  near the  ground a re  discussed f o r  s tab le ,  
n e u t r a l  , and unstable cond i t ions .  I n  t h a t  context ,  neu t ra l  cond i t i ons  
imp ly  t h a t  the reg ion  being considered i s  s u f f i c i e n t l y  near the  ground 
t h a t  shear p roduct ion  of turbulence i s  much l a r g e r  than e i t h e r  buoyancy 
product ion  o r  buoyancy d e s t r u c t i o n  o f  turbulence.  Viewed t h a t  way, a 
neu t ra l  wind p r o f i l e  can e x i s t  as a s t a t i o n a r y  s ta te .  



where 

The s o l u t i o n  t o  these equat ions i s  t h a t  o f  an i n e r t i a  c i r c l e :  

u 1  = u0 I cos ( f t )  + vo l  s i n  ( f t )  (A-2.25) 

v '  = vo cos ( f t )  - uO1  s i n  ( f t )  (A-2.26) 

where uO1 and v O 1  a r e  t h e  va lues o f  t h e  ageos t roph ic  wind components when t h e  

upper f low becomes decoupled. The winds above t he  noc tu rna l  PBL then  beg in  

t o  o s c i l l a t e  about t he  geos t roph ic  wind v e c t o r  w i t h  a  f requency o f  2 ~ r / f .  I n  

f a c t ,  day t ime h e a t i n g  w i l l  i n t e r r u p t  t h e  i n e r t i a  c i r c l e  be fo re  i t  i s  complete, 

b u t  t h e  f l o w  may reach  i t s  maximum winds, above t he  geos t roph i c  wind speed i n  

112 i n e r t i a l  p e r i o d  o r   IT/^ a f t e r  sunset. Th i s  i s  i l l u s t r a t e d  i n  t h e  0300 

wind p r o f i l e  o f  F i g u r e  A-2.1. I t i s  obv ious f rom Equat ions (A-2.25) and 

(A-2.26) t h a t  t h e  more subgeost rophic  t h e  wind speed i n  t h e  mixed l a y e r  i s  

d u r i n g  t h e  day, t h e  l a r g e r  w i l l  be t h e  a c c e l e r a t i o n  a t  n i g h t .  I f  t h e r e  i s  a  

s u b s t a n t i a l  i nc rease  o f  t h e  wind w i t h  h e i g h t  i n  t he  dayt ime mixed l a y e r  o r  a  

decrease i n  t h e  geos t roph ic  wind w i t h  he igh t ,  t he  winds w i l l  a c c e l e r a t e  most 

j u s t  above t h e  t o p  of  t h e  noc tu rna l  PBL, l e a d i n g  t o  a  l ow- leve l  noc tu rna l  j e t  

(B l  ackadar 1957).  ( a )  

The d i f f e r e n c e s  between t he  d i u r n a l  wind speeds near t h e  su r f ace  and 

those  one t o  two hundred meters above t h e  su r f ace  deserve emphasis. The 

dayt ime coup1 i n g  o f  a l l  l e v e l s  mixes h i gh  momentum a i r  down t o  t h e  su r f ace  

caus ing  a  dayt ime wind maximum. The n i g h t t i m e  s t a b i l i t y  causes a  decoup l ing  

o f  many l a y e r s  f rom t h e  e f f e c t s  o f  t h e  su r f ace  f r i c t i o n  r e s u l t i n g  i n  a  n i g h t t i m e  

wind speed maximum, sometimes as low as 100 meters .  Th i s  behav io r  i s  n o t  always 

( a )  T e r r a i n  and b a r o c l i n i c i t y  o f  t h e  f l o w  can a m p l i f y  t he  i n e r t i a l  o s c i l l a t i o n s .  
T h i s  i s  d iscussed i n  Chapter 5 .  
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t he  same f rom day t o  day, however, s ince  i t  i s  very s e n s i t i v e  t o  the  cond i t i ons  

o f  a  s p e c i f i c  day. Th i s  makes the  use of near-surface winds t o  i n t e r p r e t  t he  

winds t h a t  a  WECS w i l l  experience very  uncer ta in .  I n  s p i t e  o f  the  d i f f i c u l t i e s  

o f  ca tego r i z ing  an i n f i n i t e  v a r i e t y  o f  f l o w  regimes, some bas ic  c h a r a c t e r i s t i c s  

o f  unstable, s t a b l e  b u t  cont inuous ly  tu rbu len t ,  o r  s t a b l e  and spo rad ica l l y  

t u r b u l e n t  boundary l aye rs  are  always observed. 

V e r t i c a l  E x t r a p o l a t i o n  o f  Near-Surface Winds 

To est imate the  na ture  of t he  wind resource t h a t  a  l a r g e  wind t u r b i n e  

w i l l  experience, i t  i s  necessary t o  est imate the  wind c h a r a c t e r i s t i c s  everywhere 

between 10 and 100 meters above the surface. These approximations cou ld  be 

made by an a r b i t r a r y  guess, i n s t a l l a t i o n  o f  a  p l e t h o r a  o f  wind sensors on a  

100 meter tower, o r  u l t i m a t e l y  by i n s t a l l i n g  the wind tu rb ine .  The q u a l i t y  

requ i red  o f  the  est imates depends upon the end use o f  the  data. How much i s  

spent on ob ta in ing  the data invo lves  cos t  and b e n e f i t  t r adeo f f s .  

Only d i r e c t  measurements a t  l e a s t  as h igh  as the  hub he igh t  o f  t he  proposed 

machine w i  11 be accurate enough t o  make a  respons ib le  assessment of the  value 

of  the  resource, because o f  the  extreme complexi ty  o f  even very  simple f lows 

such as t h a t  discussed i n  the preceding sec t ion .  Nevertheless, p re l im ina ry  

est imates o f  winds a t  o r  above hub he igh t  may be des i rab le  w i t h o u t  the  expense 

o f  making d i r e c t  measurements. Ex t rapo la t i ons  o f  winds from lower and more 

e a s i l y  intrumented he igh ts  t o  h igher  l e v e l s  a re  one poss ib le  approach. 

Two approaches t o  e x t r a p o l a t i n g  the winds t o  h igher  l e v e l s  a re  commonly 

used. The f i r s t ,  the  l o g  law, has i t s  o r i g i n s  i n  the  f o r e f r o n t  o f  f l u i d  

mechanics and atmospheric research. I t  stems from a  combination o f  t h e o r e t i c a l  

and semi-empir ical  research. The second approach, used ex tens i ve l y  by the wind 

engineer ing community, i s  the power law. The l o g  law has the  b e t t e r  c l a i m  t o  

accuracy and phys ica l  j u s t i f i c a t i o n .  The s t r i c t l y  emp i r i ca l  power law i s  

popular  because o f  i t s  s i m p l i c i t y  i n  c a l c u l a t i o n s ,  a l though attempts t o  i n c o r -  

pora te  new parameters i n t o  i t  t o  descr ibe more complicated f l o w  fea tures  

r e s u l t  i n  s u b s t a n t i a l  complexi ty  a lso.  Both approaches are  sub jec t  t o  uncer- 

t a i n t y  caused by the  va r iab le ,  complicated nature o f  t u r b u l e n t  f lows.  

I n  t h i s  sec t i on  we w i l l  d iscuss the  l o g  law, t he  power law, and the r e l a -  

t i o n  between the  two approaches. As we descr ibe the  uses o f  the  power law f o r  



ex t rapo la t i on ,  the  fundamental reasons f o r  the  inadequacy of a l l  schemes f o r  

ex t rapo la t i on ,  even over  t he  most un i f o rm s i t e s ,  wi 11 become apparent. 

Log Law 

I n  t he  atmosphere t h e r e  a re  a number o f  ways t o  a r r i v e  a t  a p r e d i c t i o n  

of a l o g a r i t h m i c  wind p r o f i l e ;  e.g., m ix ing  l e n g t h  theory,  eddy v i s c o s i t y  

theory,  and s i m i l a r i t y  theory  (Businger 1973). These approaches u s u a l l y  

begin w i t h  t he  d e f i n i t i o n  (assumption) o f  t he  sur face  l a y e r  where the  f l u x e s  

of heat  and momentum a re  cons tan t  w i t h  h e i g h t  and t h e  e f fec ts  o f  t he  C o r i o l i s  

fo rce  are  n e g l i g i b l e .  The Monin-Obukhov s i m i l a r i t y  theory  (see Monin and 

Yaglom 1971 ) f o r  example, s t a t e s  tha t ,  under a1 1 t he  r e s t r i c t i v e  assumptions 

t h a t  d e f i n e  f l o w  i n  t he  sur face  l aye r ,  the o n l y  parameters a v a i l a b l e  t o  govern 
- 

the f l o w  are:  g/Ty u,, w e ' ,  and z. The o n l y  dimensionless group of these 

parameters i s  z/L, t h e r e f o r e  dimension1 ess q u a n t i t i e s  a re  hypothesized t o  be 

f u n c t i o n s  o f  z/L on ly .  As discussed i n  Sect ion A.2.1, z/L may be i n t e r p r e t e d  

as a s t a b i l i t y  parameter where: 

z/L < 0 i s  uns tab le  

z/L = 0 i s  n e u t r a l  s t a b i l i t y  

z/L > i s  s tab le .  

One can d e f i n e  a dimensionless wind shear(a)  which must be a f u n c t i o n  o f  z/L 

as: 

where k = 0.35 i s  t he  Von Karman constant .  Th i s  f u n c t i o n a l  fo rm has been 

v e r i f i e d  by measurements and found t o  be (Businger e t  a l .  1971): 

- & 
Qm = ( 1  - 15 1) L f o r  z/L < 0 - (A-2.28) 

z B m = 1 + 4 . 7 ~  f o r  z /L  - > 0 . (A-2.29) 

( a )  I t  should be emphasized t h a t  we are speaking o f  average wind speeds and wind 
shears where the  average represents an average over 15 minutes t o  an hour.  



One way t o  measure t h e  s t a b i l i t y  i n  t h e  su r f ace  l a y e r  ( a  s i m p l e r  b u t  l e s s  

accura te  method i s  d iscussed under t h e  power law s e c t i o n  below) i s  t o  measure 

t h e  Richardson number (Equat ion A-2.22) u s i n g  two wind speed and two ve ry  

s e n s i t i v e  temperature sensors o r  a thermocouple. The Richardson number i s  

r e l a t e d  t o  z/L by: 

z z %i 0.74 i (1 - 15 
R i  = z f o r  < 0 (A-2.30) 

( 1  - 9 t)+ 

I f  one knows t h e  Richardson number one can use Equat ions (A-2.28), (A-2.29), 

and (A-2.27) t o  determine u,. 

Another approximate method t o  o b t a i n  u, uses b u l k  t r a n s f e r  techniques. 

One such " b u l k  t r a n s f e r "  o r  " res i s tance"  law i s  due t o  Z i l t i n k e v i c h  and Dea rdo r f f  

(1  974) : 

where Uh i s  t h e  wind speed j u s t  above t h e  t o p  o f  t h e  PBL, which presumably 

may be es t imated  f rom a nearby rawinsonde o r  f rom t h e  850 mb geopo ten t i a l  

f i e l d .  Here, a and b a r e  f u n c t i o n s  o f  t h e  s t a b i l i t y  parameter h/L. Resis tance 

1 aws may a1 so be m o d i f i e d  t o  account f o r  ba roc l  i n i c i  t y  (Arya 1978). Curves of  

a and b have been de r i ved  f rom exper imenta l  da ta  by Me lgare jo  and Dea rdo r f f  

(1974).  These a r e  shown i n  F i g u r e  A-2.2. F i gu re  A-2.3 shows t h r e e  curves 

from Equat ion (A-2.34) as f u n c t i o n s  o f  h/zo; f o r  h/L = 10, h/L = 0, and h/L = -10. 

The dependence o f  u,/Uh i s  o n l y  v e r y  s e n s i t i v e  t o  h f o r  uns tab le  cases over  

v e r y  rough sur faces  o r  f o r  v e r y  l ow  boundary l a y e r  he igh ts .  Equat ion (A-2.32) 

p rov ides  a convenient  way t o  i l l u s t r a t e  t h e  changes i n  t h e  wind p r o f i l e  as 

boundary l a y e r  h e i g h t  changes o r  as s t a b i l i t y  changes, as w i l l  be seen below. 



STABILITY PARAMETER (hlL) STABILITY PARAMETER (hlL) 

FIGURE A-2.3. Resistance Law Parameters 
a and b as Funct ions o f  t h e  
S tab i  1 i ty Parameter ( h /L )  

FIGURE A-2.4. R e l a t i o n  Between t h e  Bu l k  Momentum T rans fe r  C o e f f i c i e n t  (u,/uh) 
as a Func t ion  o f  t h e  S t a b i l  i t y  Parameter (h /L)  and h/zo. 



When z/L = 0, Equat ion (A-2.27) i s  r e a d i l y  i n t e g r a t e d  t o  g i v e  the  wind 

p r o f i l e  f o r  n e u t r a l  cond i t i ons  as: 

where zo i s  t h e  roughness leng th .  Above t h e  canopy o f  displacement h e i g h t  (D)  : 

I f  z >> zo, z i n  t h e  numerator o f  Equat ion (A-2.33) and (A-2.34) may be 
0 

dropped. 

Paul son (1 970) i n t e g r a t e d  Equat ion (A-2.27) us ing  Equations (A-2.28) 

and (A-2.29) t o  g e t  t h e  su r face  l a y e r  wind p r o f i l e s  over  t he  e n t i r e  range of 

s t a b i  1 i t y .  These p r o f i l e s  are: 

where : 

and 

- z z z U = ( I n  - +  4.7 E) f o r  r >  0 . 
zo 

Equations (A-2.32) and (A-2.33) a re  t h e o r e t i c a l l y  o n l y  v a l i d  i n  t he  

sur face  l a y e r .  Whi le t h e o r e t i c a l l y  matching t h e  sur face- layer  l o g  law w i t h  

o u t e r  PBL v e l o c i t y  p r o f i l e s ,  Tennekes (1973a, b)  showed t h a t  t h e  matching 

l a y e r  must a l s o  obey a l o g  law. As a r e s u l t ,  t he  l o g  law may be app l i ed  

through about t h e  f i r s t  150 m o f  t h e  neu t ra l  PBL. Panofsky (1973) presents 

da ta  t h a t  show t h a t  t he  Monin-Obukhov s i m i l a r i t y  theory  i s  app l i cab le  t o  a t  

l e a s t  150 m i n  t h e  uns tab le  PBL as w e l l .  However, Wyngaard (1973) p o i n t s  o u t  

t he  p o s s i b i l i t y  t h a t  v a r i a t i o n s  i n  t he  PBL h e i g h t  h may i n f l u e n c e  0,. Businger 



and Arya (1  974) argue t h a t  i n  a  con t i nuous l y  t u r b u l e n t  s t a b l e  boundary l a y e r ,  

Equat ion (A-2.33) w i l l  h o l d  f o r  t h e  component o f  wind p a r a l l e l  t o  t h e  su r f ace  

wind ( t h e r e  w i l l  be c lockwise  t u r n i n g  o f  wind w i t h  h e i g h t  i n  t h e  s t a b l e  boundary 

l a y e r )  th rough  a t  l e a s t  15% o f  t h e  boundary l a y e r .  

F i gu re  A-2.4 shows t h r e e  wind p r o f i l e s :  one f o r  a  s tab le ,  a  n e u t r a l ,  and 

an uns tab le  boundary l a y e r .  Equat ions (A-2.33), (A-2.35) and (A-2.36) were 

used. The same roughness, PBL he igh t ,  and wind speed a t  t h e  t o p  o f  t h e  PBL 

have been assumed f o r  each p r o f i l e .  The r e s i s t a n c e  law p l o t t e d  i n  F igu re  A-2.3 

was used t o  o b t a i n  t h e  app rop r i a te  u, f o r  each p r o f i l e .  The PBL h e i g h t  used 

i s  p robab ly  t o o  1 arge f o r  a  s t a b l e  PBL b u t  F i gu re  A-2.3 shows t h a t  u, i s  n o t  

v e r y  s e n s i t i v e  t o  h  i n  t h e  s t a b l e  case. I t i s  a l s o  u n l i k e l y  t h a t  a  case as 

windy as t h i s  cou ld  be as uns tab le  as h/L = -10. From t h e  Obukhov l e n g t h  and 
2  u,, t h e  hea t  f l u x  can be es t imated  a t  900 watts/m o r  65% o f  t h e  s o l a r  cons tan t ,  

which i s  ex t reme ly  l a r g e .  There fo re  t h e  uns tab le  p r o f i l e  o f  F i gu re  A.2-4 i s  

viewed as a  l i m i t i n g  case. 

F i g u r e  A-2.4 does demonstrate t h a t  i n  an uns tab le  atmosphere h i g h  momen- 

tum a i r  i s  mixed down near t h e  sur face .  The s t rong  coup l i ng  o f  a l l  l a y e r s  

causes t he  wind shear over  most o f  t h e  WECS r o t o r  d i s k  t o  be l e a s t  f o r  an 

uns tab le  boundary l a y e r ,  a1 though t he  wind shear i s  s i g n i f i c a n t  v e r y  near t he  

ground. I n  t h e  s t a b l e  case t h e  wind shear i s  almost cons tan t  over  t h e  WECS 

r o t o r  d i s k ,  thereby  caus ing near- sur face winds t o  be s u b s t a n t i a l l y  weaker t han  

those h ighe r  up. I n  a d d i t i o n ,  i n  t h e  s t a b l e  case t h e r e  i s  u s u a l l y  some t u r n i n g  

o f  t he  wind w i t h  h e i g h t .  

F i g u r e  A-2.5 descr ibes  t h e  e f f e c t s  o f  sur face roughness on t h e  n e u t r a l  

s t a b i l i t y  w ind  p r o f i l e .  Wind speeds a t  15, 65, and 115 m  a r e  shown as a  

f u n c t i o n  o f  zo, assuming Uh = 20 m/sec and u s i n g  u, ob ta ined  f rom F igu re  A-2.3. 

The advantage t o  s i t i n g  wind t u r b i n e s  i n  smooth t e r r a i n  i s  c l e a r .  

I n  summary, t h e r e  a r e  f o u r  main p o i n t s  t o  remember concern ing t h e  l o g  

law.  F i r s t ,  Equat ions (A-2.33), (A-2.35) and (A-2.36) a r e  accepted as t h e  

b e s t  d e s c r i p t i o n  o f  t h e  wind p r o f i l e  i n  t h e  su r f ace  l a y e r  over  un i f o rm  f l a t  

t e r r a i n  because o f  t h e i r  t h e o r e t i c a l  foundat ion  and e m p i r i c a l  con f i rma t i on .  



Second, those equat ions,  o r  any o t h e r  equat ions d e s c r i b i n g  a wind p r o f i l e  

based on near  su r f ace  measurements o r  theory,  a r e  suspect  when a p p l i e d  above 

30 m. However, evidence e x i s t s  t o  suggest t h a t  t h e  l o g  l aw  equat ions niay be 

used through 10 t o  15% o f  t h e  boundary l a y e r  under some r e s t r i c t i v e  c o n d i t i o n s .  

Th i rd ,  w i t h  measurements o f  t h e  Richardson number, Equat ions (A-2.30) and 

(A-2.31) may be used, i n  p r i n c i p l e ,  t o  measure u, v i a  Equat ions (A-2.27) 

and (A-2.28), and then  t o  o b t a i n  zo us ing  Equat ions (A-2.33), (A-2.35) and 

(A-2.36). F i n a l  ly ,  w i t h  t h e  use o f  a bu l  k t r a n s f e r  o r  r e s i s t a n c e  l aw  such as 

Equat ion  (A-2.32), t h e  response o f  t h e  boundary l a y e r  t o  va ry i ng  c o n d i t i o n s  

beneath a cons tan t  geos t roph ic  wind h e u r i s t i c a l l y  may be examined. 

5 10 15 20 

SPEED (mlsec) 

FIGURE A-2.4. Stab le ,  Neut ra l  and Unstab le Wind P r o f i l e s  f o r  
a Roughness Typ i ca l  of High Grass and a Wind Speed 
a t  t h e  Top o f  a 1-km Deep Boundary Layer o f  20 m/sec 
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FIGURE A-2.5. Wind Speeds Near t h e  Bottom and Top of a Large WECS 
Rotor  Disk,  and Near Hub He igh t  Versus Roughness. 
A wind speed o f  20 m/sec above a 1-km deep boundary 
l a y e r  was assumed. 

Power Law 

An a l t e r n a t i v e  d e s c r i p t i o n  o f  t he  wind p r o f i l e  i s  t h e  power law.  I n  i t s  

most general  form i t  i s :  

where 

U2 = w ind  speed a t  h e i g h t  z 
2 

U1 = w ind  speed a t  h e i g h t  z, 

a = power l aw  exponent. 



The exponent a i s  the  key parameter t h a t  determines the  shape of the wind pro- 
f i l e .  One hopes t h a t  a i s  a simple function so t h a t  the  s impl ic i ty  of 

Equation (A-2.37) i s  preserved. 

The power law has not proven t o  be a simple parameter. Early assumptions 

o r  hopes t ha t  a i s  a constant f o r  a l l  s i t e s  have been discarded, unless the use 

of a more complicated function i s  not j u s t i f i ed  by the accuracy of the input 

data o r  the required accuracy of the extrapolated wind speed. Several inves t i-  

gators repor t  o r  employ a as  a decreasing function of wind speed (Justus and 

Mi khail 1976, Fichtl and Smith 1977, American Society of Civil Engineers 

1961 and Fa1 es 1961). Spera and Richards (1 979) have proposed a model of a 

t h a t  depends on roughness and wind speed. 

There i s  no question t ha t  the  log law expressed by Equations (A-2.33), 

(A-2.35), and (A-2.36) a r e  the  most accurate description of the  wind p ro f i l e  

in  the surface layer  over uniform t e r r a i n  and, w i t h  due caution, t h a t  those 

equations a r e  usable through 10-15% of the  boundary layer .  Beyond tha t  height,  

even in  the boundary layer  over uniform t e r r a i n ,  there  a re  too many parameters 

t o  describe the wind p ro f i l e  accurately in a t rac tab le  way w i t h  t h a t  or  any 

other s e t  of equations. 

The log law and the  power law may be equated t o  see how the  power law 

exponent should vary over f l a t  t e r r a in .  This i s  done by using the  log law 

equations a t  2 heights z l ,  and z2,  equating t h e i r  quotient  t o  Equation (A-2.37), 

and solving f o r  a. The r e su l t s  are:  

z f o r  = 0 

z f o r  - > 0 L 

f o r  2 < o L 



where 

Therefore,  a i s  a  f u n c t i o n  o f  z2, zl, zo, and L; i t  i s  n o t  a  f u n c t i o n  o f  

wind speed. From t h i s  parameter l i s t  a lone, i t  i s  apparent  t h a t  t h e  wind speed 

dependence r e p o r t e d  i s  a  r e f l e c t i o n  o f  t he  v a r i a t i o n  i n  s t a b i l i t y .  Th i s  w i l l  

be d iscussed f u r t h e r  a f t e r  the  s e n s i t i v i t y  o f  a t o  o t h e r  parameters i s  examined. 

The s e n s i t i v i t y  o f  a t o  t he  parameters a f f e c t i n g  i t  determines, i n  t u r n ,  

t he  s e n s i t i v i t y  o f  t he  e x t r a p o l a t i o n  t o  some g r e a t e r  h e i g h t .  D i f f e r e n t i a t e  

Equat ion (A-2.37) t o  determine t h e  s e n s i t i v i t y  o f  t h e  e x t r a p o l a t i o n  t o  v a r i a t i o n s  

i n  a. T h i s  r e s u l t s  i n :  

6". - 2  
I n -  6a. 

2  z1 

So i f  one wishes t o  e x t r a p o l a t e  a  10 m  wind speed measurement t o  60 m  w i t h i n  

+ lo%,  a must be known t o  w i t h i n  + 0.06. - - 

Figu re  A-2.6 shows a as a  f u n c t i o n  o f  z2 f o r  t h r e e  s t a b i l i t y  groups, t h r e e  

va lues o f  t he  re fe rence  h e i g h t  z,, and f o r  zo = 0.05 m. For n e u t r a l  and uns tab le  

c o n d i t i o n s ,  e x t r a p o l a t i o n s  t o  hub he igh t s  above 30 m  may be w e l l  approximated 

by an a based on 60 m  ( a )  There i s  somewhat more s e n s i t i v i t y  t o  t he  

cho ice  of a  re fe rence  he igh t .  For  s t a b l e  c o n d i t i o n s ,  sys temat ic  e r r o r s  of 

5-10% cou ld  e a s i l y  occur  i f  the  v a r i a t i o n  o f  a w i t h  z2 and zl a r e  ignored .  

The v a r i a t i o n  o f  a t o  zo and L w i l l  be cons idered nex t ,  b u t  f i r s t  cons ide r  

t h e  P a s q u i l l  s t a b i l i t y  ca tegory  scheme ( P a s q u i l l  1974) which i s  f r e q u e n t l y  

used as an easy way t o  es t ima te  t he  s t a b i l i t y  w i t h  l i m i t e d  i n f o r m a t i o n .  

( a )  We w i l l  use a(z2, 
)l 

t o  i n d i c a t e  t h e  l e v e l s  a t  which t h e  power law 
exponent app l i es .  W en zl i s  absent, z1 = 10 m i s  assumed. 



P a s q u i l l  ca tego r i es  a r e  determined f rom es t imates  of: 

t h e  wind speed a t  10 m  

dayt ime i n s o l a t i o n  and c l oud  cover 

n i g h t t i m e  r a d i a t i o n  and c l o u d  cover .  

The P a s q u i l l  s t a b i l i t y  system neg lec t s  temperature advect ion.  Th i s  i s  an 

omiss ion o f  convenience b u t  i s  se r i ous  f o r  r e a l i s t i c  f l ows .  Fi.gure A-2.7 

summarizes t h e  P a s q u i l l  ca tego r i es :  A i s  t he  most uns tab le  and F  t h e  most 

s t a b l e  (Turner  1970). F i g u r e  A-2.8 r e l a t e s  these s t a b i l i t y  groups and t h e  

roughness l e n g t h  t o  t h e  Obukhov l e n g t h  (Golder  1972). 

F igure  A-2.9 shows t h e  dependence o f  a on roughness l e n g t h  and t h e  

Obukhov l eng th ,  f o r  an e x t r a p o l a t i o n  f rom 10 m  t o  60 m. I t  i s  c l e a r  t h a t  a 

i s  a  ve ry  weak f u n c t i o n  o f  s t a b i l i t y  when t h e r e  i s  even a  s l i g h t  upward hea t  

f l u x ,  b u t  when c o n d i t i o n s  a r e  s tab le ,  a becomes a  very  s t r o n g  f u n c t i o n  o f  

s t a b i l i t y .  The power law c o e f f i c i e n t  increases w i t h  roughness leng th ,  and 

inc reases  w i t h  s t a b i l i t y  most q u i c k l y  over  t h e  rougher  sur faces.  

0 l I I I I I I I 

0 10 20 30 40 50 60 70 

Z, meters 

FIGURE A-2.6. The Power Law C o e f f i c i e n t  as a  Func t i on  o f  He igh t  
f o r  D i f f e r e n t  S tab i  1 i ty  and Reference He igh t  groups 



FIGURE A-2.7. The Pasqui 1 1  Stab i  1 i t y  Groups 
(Turner  1970) 



FIGURE A-2.8. Obukhov Length Related t o  P a s q u i l l  S t a b i l i t y  
Category and Roughness Length (Go1 der 1972) 

It i s  ev iden t  why many i n v e s t i g a t o r s  see a as a  decreasing f u n c t i o n  o f  

wind speed. Over most f l a t  l a n d  surfaces, daytime hea t i ng  causes unstable 

cond i t ions ,  which mix h i g h  momentum a i r  f rom h ighe r  l e v e l s  i n  t he  PBL down t o  

near t h e  surface; t h e  dayt ime sur face  winds are  maximum when a i s  a t  a  minimum. 

Conversely a t  n i g h t  t h e  near- sur face wind speed minimum i s  associated w i t h  a  

l a r g e r  a and s t a b l e  s t r a t i f i c a t i o n .  Th i s  behavior  may no t  h o l d  t r u e  i n  

complex t e r r a i  n. 

F igu re  A-2.9 p rov ides  a convenient way t o  l ook  up t h e  accuracy o f  a  g iven  

e x t r a p o l a t i o n  us ing  Equat ion (A-2.41 ) , o r  a1 t e r n a t i v e l y ,  t o  determine the  

accuracy w i t h  which the  roughness l e n g t h  and Obukhov l e n g t h  must be known. 

For example, i f  i t  i s  be l i eved  t h a t  0.05 - < zo (m) - < 0.15 and t h a t  1000 - > L  (m) 

> 200 then 0.18 < a60 5 0.24, which by Equat ion (A-2.41) imp l i es  t h a t  the  - - 

e x t r a p o l a t i o n  i s  good t o  about - + 5%. 

The Pasqui 11 s t a b i  1 i t y  de termina t ion  scheme i s  inadequate f o r  determin ing 

t h e  s t a b i l i t y  t o  use i n  ex t rapo la t i ons .  The P a s q u i l l  groups are  drawn i n t o  

F igure  A-2.9 us ing  F igu re  A-2.8. The near neu t ra l  group encompasses a  v a r i -  

a t i o n  i n  a of n e a r l y  0.2 f o r  f l o w  over  h igh  grass. Are the re  o the r  ways t o  

determine L, s h o r t  o f  measuring the  Richardson number? 
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I f  wind speed measurements a re  avai lable  a t  two leve l s ,  e .g ,  10 and 20 m 
o r  5 and 10 m ,  and i f  zo i s  known, the log law equations can be used in prin- 
c ip l e  t o  r e l a t e  u 2 / u 1  t o  L. Figure A-2.10 i s  s imilar  t o  Figure A-2.9 except 

the  ordinate i s  in  terms of  u 2 / u l  instead of a ,  and z2 = 10 o r  20 ni and z, = 5 

o r  10 m .  ( a )  Consider, though, a given anemometer system tha t  i s  accurate t o  

+ 2%. Then u 2 / u 1  i s  known t o  within + 4%. I f ,  f o r  example, u 2 0 / u 1 0  = 1.2 - - 

over t e r r a in  where zo i s  known t o  be equal t o  0.25 m ,  then one can only 

est imate the Obukhov length t o  be L > 150 m o r  L < -150 m.  Compare t h i s  with 

Figure A-2.9 and note t ha t  t h i s  method proves no be t t e r  than the Pasquill 

method. 

Compounding these d i f f i c u l t i e s  a re  uncer ta int ies  i n  the value of zo. 

Figure A-2.10 shows t ha t  i f  zo i s  not known f a i r l y  c losely ,  there a re  substan- 

t i a l  systematic bias e r ro rs  introduced i n  the estimate of the s t a b i l i t y ,  which 
feed through t o  become e r rors  i n  the extrapolation.  The roughness length can 

be determined more accurately by using mu1 t i p l e  l eve l s  of wind speed and tem- 

perature measurements, but t h i s  requires a level of sophis t ica t ion beyond t h a t  

assumed f o r  rout i  ne s i  t i  ng programs. 

These conclusions can be drawn about extrapolations of wind speeds from 

5,  10, o r  20 m to  h u b  height in order t o  obtain a time s e r i e s  of h u b  height 
wind speeds suf f ic ien t ly  accurate f o r  responsible approximations of wind tur- 
bine output. Extrapolations are  possible i f  i t  i s  ce r ta in  t ha t  the heat f lux 

i s  upward. This i s  not determinable using e i t h e r  the  Pasquill s t a b i l i t y  groups 

o r  two anemometers i f  conditions a re  unstable b u t  near neutra l .  Accurate 

determination of s t a b i l i t y  i s  only possible using sens i t ive  wind and tempera- 

tu r e  instrumentation. During s t ab l e  conditions, no accurate time-series 

extrapol a t ion i  s  feas ib le ,  even over the simplest t e r r a in .  Extrapol a t ions  

wil l  be inaccurate over any t e r r a in  in  which the power-law coef f ic ien t  i s  a 

rapidly varying function of some parameter, e.g.,  s t ab i  1 i t y  o r  wind direct ion 

over a r idge.  The implications of t h i s  inadequacy of short-term wind extrapo- 

l a t i ons  extend a l so  t o  short-term wind prof i l e  measurement programs. A s e r i e s  

of wind p rof i l es  obtained with tethered balloon systems or  k i t es  cannot be 

( a )  Figure A-2.9 could a1 so have been presented in  terms of u2/u1 i instead of a ,  
b u t  u 2 / u l  i s  a  stronger function of 22 and zl than i s  a ;  therefore a i s  
more convenient. 



FIGURE A-2.10. R a t i o  o f  Winds a t  2 He igh ts  Versus 
Obukhov Length ( L )  and Roughness Length ( z o )  



regarded as hav ing  any c l i m a t o l o g i c a l  s i g n i f i c a n c e ,  nor  can a  s i t e - s p e c i f i c  

wind e x t r a p o l a t i o n  scheme be dev ised f r om those measurements. D i r e c t  measure- 

ments o f  winds a t  hub h e i g h t  a r e  t h e  o n l y  p o s s i b l e  method f o r  o b t a i n i n g  reason- 

a b l y  accu ra te  hub- height  wind-speed t ime  se r i es .  

We migh t  a l s o  cons ider  t h e  problem o f  e x t r a p o l a t i o n s  on l onge r  te rm wind 

averages such as annual average wind speeds o r  t he  average w ind  speed f o r  a  

g i ven  hour o f  t h e  day f o r  a  g i ven  season. An e r r o r  a n a l y s i s  o f  these es t imates  

w i l l  n o t  be s imp le  because many o f  t h e  s t a t i s t i c s  t h a t  e n t e r  t h e  problem w i l l  

be non-Gaussian, i n  p a r t  due t o  t h e  non-1 i n e a r  r e l a t i o n  between a and L. 

There i s  a t  l e a s t  a  s imp le  1  i m i t i n g  answer t o  t h e  q u e s t i o n  o f  whether such 

e x t r a p o l a t i o n s  a r e  u s e f u l .  I f  i t  takes a  f u l l  season o f  wind speed measure- 

ments t o  come w i t h i n  10% o f  t he  seasonal mean wind speed w i t h  90% conf idence 

( C o r o t i s  e t  a l .  1977) then an e x t r a p o l a t i o n  t o  t h e  hub h e i g h t  annual average 

w i l l  c e r t a i n l y  n o t  improve upon t h a t  accuracy. S ince t h e  e x t r a p o l a t i o n s  a r e  

expected t o  be s e n s i t i v e  t o  t h e  s i t e - s p e c i f i c  wind regime, i t  i s  a l s o  as y e t  

v e r y  unc lea r  whether e m p i r i c a l  evidence gathered f rom e x i s t i n g  t a l l  towers 

w i l l  shed much l i g h t  on t h e  conf idence w i t h  which long- te rm average wind speed 

e x t r a p o l a t i o n s  can be made a t  a  new s i t e .  

Summary 

I n  t h i s  s e c t i o n  t h e  l o g a r i t h m i c  wind p r o f i l e  f o r  n e u t r a l  c o n d i t i o n s  and 

i t s  v a r i a t i o n s  f o r  s t a b l e  and uns tab le  c o n d i t i o n s  were presented. These p ro-  

f i l e s  g i v e n  by Equat ions (A-2.33), (A-2.35) and (A-2.36) a r e  t h e  accepted 

d e s c r i p t i o n s  o f  t h e  wind s t r u c t u r e  i n  t h e  l owes t  30 m o f  t he  boundary l a y e r .  

Under some c o n d i t i o n s  t hey  may be a p p l i e d  th rough 10-15% o f  t h e  boundary 

l a y e r .  A  b u l k  t r a n s f e r  r e l a t i o n ,  Equat ion (A-2.32) was presented so t h a t  t h e  

reader  can i n v e s t i g a t e  f o r  h i m s e l f  t h e  v a r i a t i o n s  o f  wind p r o f i l e  s t r u c t u r e  as 

va r i ous  boundary l a y e r  parameters change underneath a  cons tan t  geos t roph ic  

wind speed above t h e  PBL. The power law, which i s  a  convenient  d e s c r i p t i o n  o f  

t h e  wind p r o f i l e  used by t h e  wind eng ineer ing  community was compared t o  t h e  

l o g  law.  From t h i s  comparison, t h e  problems o f  e x t r a p o l a t i n g  near- sur face  

wind speeds t o  hub h e i g h t  were considered. Even over  t h e  s imp les t  t e r r a i n ,  a  

t ime  s e r i e s  o f  hub- he igh t  winds s u f f i c i e n t l y  accura te  f o r  assessing t h e  per-  

formance o f  w ind  t u r b i n e s  cannot  be obta ined.  D i r e c t  measurements a r e  necessary. 



Short term wind profi le  measurements are meaningless fo r  determining a wind 

profi le  climatology. The accuracy of extrapolating long-term average wind 

speeds to  hub  height were not considered; however the accuracy of these estimates 

i s  certainly worse than the accuracy of the estimates of the near-surface 

measurements used in the extrapolation. 

A.2.2.3 Turbulence Characteristics 

Wind turbines operate in a turbulent environment; therefore the charac- 

t e r i s t i c s  of the turbulence that  they interact  with are of in t e re s t .  Most 

questions of wind turbine and turbulence interaction are of importance to  
design engineers only. However, people involved in s i t e  selection fo r  WECS 

need to  be cognizant of the behavior of turbulence behavior too. Excessive 

turbulence may exceed design specifications of a given wind turbine. The 

operating s t rategies  of a large wind turbine work on time scales tha t  coincide 

with time scales of large turbulence eddies or gusts. And f ina l ly ,  the nature 
of turbulence dictates  in part the usefulness of short-term measurements. 

This section provides a brief summary of the magnitude of turbulence wind 

fluctuations over uniform terrain and the spectral distribution of those f luc-  

tuations.  The summary serves as a ballpark indication of the turbulence 

levels to  expect in simple flows, and a benchmark to use i n  understanding the 
departures from ideal character is t ics  that  occur in more complicated flows. 
Most of the information presented here i s  derived from surface-layer measure- 

ments and therefore provides only a rough guideline for  the behavior from 30 
t o  100 m .  

Turbulence Intensi t v  

The amount of turbulent kinetic energy per unit  mass i n  a u n i t  volume ( e )  
i s  jus t  one half the sum of the variances of the three wind components, or: 

The variance of the vertical  velocity i s  not very important for  the s i t e  

selection problem, except that  as ou becomes large,  the vertical  momentum 

transfer  becomes greater. This implies that  ou normalized by the f r i c t ion  



veloci ty  should be a universal function of the governing parameters. In the  
unstable surface layer  the observations f i t  the following form (Panofsky e t  a l .  
1977) : 

This i s  only good f o r  the  surface layer ;  i t  overestimates ow i f  z 2 0.1 h .  

A form t h a t  i s  useful under unstable conditions above the surface layer  i s  

(Hiester  1977) : 

2 21 3 (2)2 = ( 2  - 1 .3  f-) (-L)  L fo r  ( - i) h -I < (ji) z )< 1 . (A-2.44) 

Measurements a r e  sparse in the continuously s t ab l e  PBL and very r a r e  in 
the  sporadically turbulent  PBL. In the continuously turbulent  PBL we can only 
crudely est imate t h a t  the  near-surface values of %2 are  roughly equal t o  the  
neutral s t a b i l i t y  value and t ha t  ow decreases t o  0 a t  z = h ,  or: 

In the s tab le  PBL f o r  z > L where the turbulence i s  sporadic, internal  waves 
a r e  responsible f o r  variances of u ,  v ,  and w ,  a1 though very 1 i  t t l e  turbulent  
t ranspor t  of heat o r  momentum occurs. We can only indicate t h a t  under these 
conditions < cry < cr 

U ' 

Descriptions of the horizontal velocity variances a re  1 ess uni versa1 than 

the descriptions of the ver t i ca l  velocity variances. This i s  par t ly  a r e s u l t  
of the d i f f i c u l t y  i n  handling the averaging and f i l t e r i n g  of the data and 
because of the spectrum of the horizontal variances which i s  influenced by 
the  boundary layer  height, even in the unstable surface layer.  For the 

unstable surface layer  Panofsky e t  a l .  (1977) present data t ha t  shows both 

components of the  horizontal velocity variances may be described by: 



h f o r  -i. < 0  . 

There i s  evidence t o  suggest however t h a t  t he  var iances decrease w i t h  h e i g h t  

i n  t h e  lower  mixed l a y e r  (Dea rdo r f f  1974). Some data show t h e  cons tan t ,  12, 

decreases 1  i n e a r l y  w i t h  h e i g h t  t o  about 8.6 a t  z = 0.15 h, t hen  decreases more 

s l o w l y  so t h a t  ou and ov a r e  approx imate ly  cons tan t  w i t h  h e i g h t  i n  t h e  upper 

mixed 1  ayer  (Hi  e s t e r  1977). 

Equat ion  (A-2.46) shows ou I ov which i s  t r u e  under ve ry  uns tab le  c o n d i t i o n s  

where these var iances  a r e  produced p r i m a r i l y  by t r a n s f e r  o f  energy f rom t h e  

buoyancy-produced ow. However, f o r  near- neu t ra l  and s t a b l e  c o n d i t i o n s ,  shear 

p r o d u c t i o n  o f  TKE goes d i r e c t l y  i n t o  t h e  ou (where t h e  x  coo rd ina te  a x i s  i s  

p a r a l l e l  t o  t h e  mean wind) and then  some o f  t h i s  i s  t r a n s f e r r e d  t o  t h e  v  and 

w components. Therefore,  near- neu t ra l  au i s  l a r g e r  than  ov. The b e s t  e v i -  

dence f o r  n e u t r a l  c o n d i t i o n s  i s  summarized by Panofsky e t  a l .  (1979) which 

shows : 

z  f o r  = 0  

Z f o r  - = 0 . L 

For  s t a b l e  c o n d i t i o n s  we can aga in  o n l y  r ough l y  say t h a t  t he  var iances  

decrease w i t h  h e i g h t  as: 

z f o r  > 0 

z f o r  > O . 

Any o f  these  equat ions o f  t h e  normal ized var iances  may be r e l a t e d  t o  mean 

wind speed us ing  t h e  1  og-1 aw equat ions,  Equat ions (A-2.33), (A-2.35), and (A-2.36) 



t o  r e l a t e  u, and U. For example, Equations (A-2.47) and (A-2.48) fo r  neutral 
conditions become: 

Turbulence Spectra 

z fo r  = 0 

z for  C =  0. 

The formulas l i s t ed  above that  quantify the magnitude of the wind compon- 
ent  variances represent, for  example, the variances of a 1-hr time ser ies  of 

the fluctuations measured a t  a single point. The total  variance represents a 

sum of the contributions to  the variance by fluctuations of an en t i re  spectrum 
of frequencies. When the velocities of turbulence fluctuations are small 

compared to  the mean wind speed, the turbulence structure i s  advected along 

by the mean wind speed without substantial change. Then the Taylor hypothesis 
or  "frozen turbulence approximation" niay be used to  view the turbulence spa- 
t i  a1 ly in terms of wavenumbers and wavelengths instead of frequencies and 
periods. The variances represent then a summation of contributions of different  
wavelengths. A spectrum i s  normally derived from the time ser ies  recorded a t  
a single anemometer. The spectral energy density gives an estimate of the mean 
amplitude of fluctuations near a particular frequency or wavenumber. 

S t r i c t l y  speaking these a re  one-dimensional longitudinal spectra and one 
must be cautious when attempting to decipher the structure of the three- 
dimensional flow from a one-dimensional spectrum. For example, waves of 
wavelength h approaching a beach appear to have a wavelength of 1.4121 i f  one 

views the wave motion a t  a 45" angle from the beach. The same aliasing occurs 
in the boundary layer; smaller eddies can show u p  a t  longer wavelengths in the 

spectrum. This i s  not a problem a t  the high wavenumber end of the spectrum. 

For wavelengths very much larger than the rotor dianieter of the turbine we can 

assume tha t  the disturbance i s  affecting the en t i re  wind turbine; i . e . ,  a low 
frequency gust or wind  direction osci l la t ion.  One should keep in mind, however, 



that  fo r  large WECS, some of the energy that  appears in the one-dimensional 
spectrum a t  wavelengths that  appear to be larger than the rotor diameter may 

be associated with three-dimensional eddies w i t h  s izes  that  are  about the 
same size as the rotor. Eddies that  are the same s ize  as the rotor will 
create the largest  component of the fluctuating wind shear seen by the blade. 
(For a more detailed discussion of the spectral properties of turbulence see 

Tennekes and Lumley 1972). 

I t  i s  not simple to obtain turbulence spectra in geophysical flows. The 

point of examining the spectrum i s  to  study the fluctuations caused by turbu- 
lence and ignore the longer term fluctuations associated with the diurnal cycle 

or  changing weather. I n  some turbulent flows over uniform ter ra in  there i s  a 
spectral gap a t  periods of about an hour where there i s  very l i t t l e  energy. 

This i s  the fundamental reason fo r  averaging over periods of about an hour; 
most of the turbulence i s  sampled b u t  the longer term, externally forced 
variations are  screened out. In most r e a l i s t i c  flows, however, there i s  a 

s ignif icant  amount of energy in and around the frequency where the spectral 

gap i s  supposed t o  be, especially fo r  the u and v component variances. These 

low frequency osci l la t ions a r i se  from nonturbulent secondary circulations 

within the PBL,  from remnants of dis tant  mesoscale weather disturbances, or  

from horizontal shear production of u and v variance by interaction of the 
flow and the topography i f  the terrain i s  not completely f l a t .  For example, 
Psnofsky e t  a1 . (1979) suggest that  ou and ov are 30% larger over rol l ing 
farmland and perhaps doubled in the lee of low wooded mountains. These contri-  
butions to  the variances enter the spectrum a t  the low frequency end. 

There has been some success i n  finding universal descriptions of spectra 

in the unstable boundary layer and s table  suface layer over f l a t  te r ra in .  We 

will f i r s t  discuss the spectra of the velocity components in the unstable 

boundary layer and conclude with a look a t  spectra in the continuously tur-  

bulent s table  boundary layer. 

Figure A-2.11 shows spectra f o r  the w ,  u ,  and v f luctuating wind compon- 

ents (Kainial e t  a l .  1976). The units of the abscissa and ordinate are chosen 

to  provide universal curves a t  the high frequency end of the spectrum. The 

presentation of these normalized spectra i s  such that  the area under a given 
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FIGURE A-2.11 . One-Dimensional Long i t ud ina l  V e l o c i t y  Spect ra  i n  t h e  
Unstab le Boundary Layer.  From Kaimal e t  a1 . (1976). 
Average va lue  o f  h/L = -137. w, i s  a  buoyancy s c a l i n g  
v e l o c i t  r e l a t e d  t o  t h e  f r i c t i o n  s c a l i n g  v e l o c i t y  by 
(w,/u,)s = -h/kL. $ i s  t he  r a t e  o f  d i s s i p a t i o n  of 
tu rbu lence  k i n e t i c  energy (TKE) d i v i d e d  by t h e  r a t e  
of buoyancy p r o d u c t i o n  o f  TKE, and i s  o f  o r d e r  u n i t y .  



l o g a r i t h m i c  increment  o f  t he  absc issa  i s  p r o p o r t i o ~ a l  t o  t h e  f r a c t i o n  of t h e  

t o t a l  va r i ance  t h a t  i s  c o n t r i b u t e d  by frequencies ( o r  wavenumbers) w i t h i n  t h a t  

increment.  F i g u r e  A-2.1 1  shows t h a t  i n  the  uns tab le  PBL t h e  u  and v  spec t ra  

a r e  n o t  ve ry  h e i g h t  dependent, i n  c o n t r a s t  t o  the  w  spectrum. The frequency 

o f  t he  peak o f  t he  u  and v spec t ra  a t  the  hub h e i g h t  o f  a  WECS occurs a t  a  f r e-  

quency o f  about  n  = 0.5 u /h .  I n  a  10 m/sec wind i n  a  1 km deep boundary l a y e r  

t h e  waves w i t h  t h e  most energy have a  wavelength (one-dimensional)  o f  about 2  km 

and one wavelength passes t h e  wind t u r b i n e  i n  about 3 minutes.  

The l a r g e  amount o f  va r iance  a t  t he  low f requenc ies  has s i g n i f i c a n c e  f o r  

t h e  des ign of c o n t r o l  s t r a t e g i e s  f o r  a  wind t u r b i n e .  I f  a  wind t u r b i n e  t h a t  

i s  designed t o  a d j u s t  t o  changes i n  wind d i r e c t i o n  r e q u i r e s  a  s i m i l a r  t ime  

p e r i o d  t o  diagnose and make the  adjustment,  t he  wind t u r b i n e  c o u l d  o s c i l l a t e  

around the  t r u e  mean wind d i r e c t i o n ,  never ca t ch ing  up t o  t h e  changing wind. 

S i m i l a r l y ,  a  machine may c u t  i n  and c u t  o u t  t o o  o f t e n  i f  t h e r e  i s  s u b s t a n t i a l  

va r i ance  i n  pe r i ods  t h a t  a r e  c l ose  t o  t h e  t i m e  sca le  o f  t h e  c o n t r o l  s t r a t e g y ' s  

s t a r t u p  cyc le .  The des igners  can op t im i ze  t h e  machine c o n t r o l  s t r a t e g i e s  by 

a d j u s t i n g  t h e  averaging i n t e r v a l s  o f  t h e  wind s i g n a l s  t h a t  a r e  i n p u t s  t o  

machine c o n t r o l  a l go r i t hms ,  o r  by a d j u s t i n g  t he  out-of- bounds l i m i t s  f o r  d i r e c -  

t i o n  e r r o r  e t c .  t o  be more t o l e r a n t .  

The s i t e  e v a l u a t i o n  personnel need n o t  wor ry  about des ign ing  a  c o n t r o l  

s t r a t e g y  t h a t  op t im i zes  wind t u r b i n e  performance; t h a t  i s  t h e  machine d e s i g n e r ' s  

domain. However, t he  s i t e  e v a l u a t i o n  personnel should be aware of t h e  response 

c h a r a c t e r i s t i c s  o f  t he  machine and t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  u  and v  

var iances  a t  a  s i t e .  A s i t e  w i t h  ampl i tudes i n  t he  low frequency w ind  compon- 

e n t s  t h a t  a r e  l a r g e  enough t o  f r e q u e n t l y  a c t i v a t e  machine ad justment  procedures 

i s  l e s s  p r e f e r a b l e  than  a  s i t e  w i t h  more benign winds, even i f  a  machine i s  

op t im i zed  f o r  t he  wind c h a r a c t e r i s t i c s  a t  t he  s i t e .  

Turbulence a t  a  s i t e  t h a t  th rea tens  t he  s t r u c t u r a l  i n t e g r i t y  of t h e  

machine i s  a l l - i m p o r t a n t .  One does n o t  want t o  s e l e c t  a  s i t e  where e i t h e r  

t h e  f l u c t u a t i n g  o r  mean wind shears a r e  so l a r g e  and so f r e q u e n t  t h a t  they  

exceed t h e  f a t i gue- load ing  des ign  s p e c i f i c a t i o n s  of t h e  machine. Consider t h e  

f l u c t u a t i n g  wind shear across a  50 m b lade  of a  100 m d iameter  r o t o r .  The 

maximum c o n t r i b u t i o n  t o  t h e  f l u c t u a t i n g  wind shear across t h a t  b lade  w i l l  come 



f rom eddies t h a t  a re  about 50 m i n  diameter.  Eddies o f  t h i s  s i z e  a re  n o t  sim- 

p l e  c i r c u l a r  whor ls  b u t  a re  elongated by the  mean wind shear; never theless,  we 

can c rude l y  approximate t h a t  eddies o f  t h i s  s i z e  a re  rough ly  associated w i t h  

wavelengths o f  t he  same magnitude. Then i n  a 20 m/sec wind, these eddies con- 

t r i b u t e  var iance a t  a  frequency o f  0.4 Hz. Near t h i s  frequency, then, one does 

n o t  wish t o  see excessive energy i n  t he  spectrum o f  u. 

T h i s  frequency a1 so d i c t a t e s  t h e  sampling r a t e  t h a t  anemometers (p laced 

a t ,  say, hub he igh t ,  bottom o f  r o t o r ,  and t o p  o f  r o t o r )  must sample a t  i f  

measurements o f  t he  tu rbu lence shears between those l e v e l s  a re  requ i red .  I n  

t h e  above example, one needs t o  sample a t  l e a s t  as f r e q u e n t l y  as every 2.5 seconds. 

Sampling a t  s u b s t a n t i a l l y  h igher  f requencies o n l y  ob ta ins  i n fo rma t i on  on t h e  

f i n e r  sca le  turbulence i n  t h e  v i c i n i t y  o f  each anemometer, which doesn ' t  g i v e  

use fu l  i n f o r m a t i o n  on t h e  wind shear across the  e n t i r e  blade length .  Sampling 

should be two o r  more t imes as f a s t  i f  t h e  spectrum i s  t o  be computed (see 

Luml ey and Panofsky 1964). However, having made these arguments t o  determi ne 

data-sampl i ng r a t e s  based on know1 edge o f  t he  t u r b u l  ence spectrum, simp1 e 

s t a t i s t i c s  of t he  wind shears a t  those sampling r a t e s  should answer t he  

quest ions about tu rbu lence i n t e n s i t y  w i thou t  having t o  compute a spectrum. 

I n  t h e  cont inuous ly  t u r b u l e n t ,  s t a b l e  sur face  l a y e r ,  un i ve rsa l  forms o f  

t h e  v e l o c i t y  component spec t ra  have a l s o  been determined. F igure  A-2.12 shows 

spec t ra  f o r  the  u, v, and w components. The boundary l a y e r  i s  gene ra l l y  con- 

t i n u o u s l y  t u r b u l e n t  if z < L. For f-  < 0.2, t he  Richardson number i s  rough ly  

p ropo r t i ona l  t o  f; therefore,  t he  spectrum i n  a cont inuous ly  t u r b u l e n t  stab1 e 

PBL i s  approx imate ly  independent o f  h e i g h t  up t o  about hub he igh t  i f  the  

Obukhov l e n g t h  i s  l a rge .  

Spectra f o r  t he  s p o r a d i c a l l y  t u r b u l e n t  boundary l a y e r  have n o t  been c o l -  

lapsed t o  any un i ve rsa l  f unc t i ons .  The phys ica l  processes t h a t  p rov ide  energy 

t o  the  spectrum i n c l u d e  i n t e r n a l  wave a c t i o n  and wave- turbulence i n t e r a c t i o n .  

Ne i the r  of these have y i e l d e d  t o  parameter iza t ion  e f f o r t s .  



FIGURE A-2.12. Frequency-Weighted Spect ra  o f  u,  v,  and w, as a Func t i on  
o f  nz/(c,U R i ) ,  Where n = ( pe r i od ) - 1 ,  f rom Kaimal (1973) .  
Respect ive va lues o f  c, a re  g i ven  w i t h i n  t h e  f i g u r e .  

A.2.3 SUMMARY 

I n  t h i s  sec t i on ,  a  general  g u i d e l i n e  t o  t h e  t u rbu lence  c h a r a c t e r i s t i c s  o f  

boundary l a y e r s  over  f l a t  t e r r a i n  were presented. The magnitudes and t h e  spa- 

t i a l  d i s t r i b u t i o n  o f  t h e  var iances  o f  t he  t h r e e  wind components were discussed. 

The problem o f  t u rbu lence  i n t e r a c t i o n  w i t h  a  wind t u r b i n e  i s  a  des ign problem: 

It becomes a s i t i n g  problem i f  tu rbu lence  c h a r a c t e r i s t i c s  a t  a  s i t e  exceed 

des ign  c r i t e r i a .  The numbers and f i g u r e s  presented here g i v e  a rough i d e a  o f  

t h e  t u rbu lence  c h a r a c t e r i s t i c s  over  f l a t  t e r r a i n  so t h a t  r e a l  s i t e  cha rac te r-  

i s t i c s  may be compared i n  perspec t i ve .  I t  i s  n o t  necessary f o r  a  s i t e  eva lu-  

a t i o n  team t o  compute spec t ra  i f  t h e i r  da ta  c o l l e c t i o n  and p rocess ing  r e f l e c t s  

an understanding o f  t he  na tu re  o f  tu rbu lence .  
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APPENDIX 3  

VARIABILITY OF THE WIND RESOURCE 

The s p a t i a l  and temporal  v a r i a b i l i t y  o f  t h e  wind resource  i s  t h e  p r i n c i p a l  

problem i n  wind t u r b i n e  s i t i n g .  Wind c h a r a c t e r i s t i c s  such as wind speed, 

t u rbu lence  l e v e l s ,  and seasonal and d i u r n a l  modulat ions can change d r a s t i c a l l y  

over  r e l a t i v e l y  s h o r t  d i s t ances .  Therefore, t h e  use fu lness  o f  e x i s t i n g  wind 

measurements i n  e v a l u a t i n g  t h e  wind energy p o t e n t i a l  o f  nearby s i t e s  i s  l i m i t e d .  

Th i s  appendix i l l u s t r a t e s  t h e  degree o f  s p a t i a l  and temporal v a r i a b i l i t y  t h a t  

can be expected i n  key wind c h a r a c t e r i s t i c s  and examines l i m i t a t i o n s  t o  t h e  

use of t h e  e x i s t i n g  da ta  base i n  de te rmin ing  t h e  economic va lue  o f  wind- 

generated e l e c t r i c i t y .  Examples o f  t h e  s p a t i a l  and temporal v a r i a b i l i t y  o f  

c r i t i c a l  wind c h a r a c t e r i s t i c s  have been i n c l u d e d  because a  sound a p p r e c i a t i o n  

f o r  t he  c o m p l e x i t i e s  of wind c l i m a t o l o g y  i s  necessary b e f o r e  r e a l i s t i c  s i t i n g  

s t r a t e g i e s  can be de r i ved .  

S p a t i a l  v a r i a b i l i t y  o f  t h e  wind depends on topography, t h e  complex i t y  o f  

t h e  meteoro logy w i t h i n  a  reg ion ,  t h e  season o f  t h e  year ,  and t h e  t ime  o f  day. 

Some i n d i c a t i o n  o f  s p a t i a l  v a r i a b i l i t y  w i l l  be i l l u s t r a t e d  i n  t h i s  s e c t i o n  by 

a c t u a l  wind data.  As t h e  da ta  show, l a r g e  d i f f e r e n c e s  i n  wind behav io r  can be 

found i n  p laces  a  s h o r t  d i s t a n c e  a p a r t  ( i  .e., w i t h  1  i t t l e  h o r i z o n t a l  sepa ra t i on ) .  

D i f f e r e n c e s  i n  observed wind c h a r a c t e r i s t i c s  can a l s o  r e s u l t  f rom d i f f e r e n c e s  

i n  e l e v a t i o n .  Very s i g n i f i c a n t  v e r t i c a l  d i f f e r e n c e s  can occur  ove r  t he  sca le  

o f  1  arge w ind  t u rb i nes .  

Temporal v a r i a t i o n s ,  such as t h e  year- to- year  v a r i a b i l i t y  o f  t h e  wind, 

a re  a l s o  v e r y  impo r tan t  i ssues  i n  s i t i n g .  Year- to-year v a r i a b i l i t y  governs 

t h e  l e n g t h  o f  t i m e  t h a t  w ind  measurements a t  a  s i t e  must be made. A  few 

examples a r e  g i ven  of  t h e  year- to- year  v a r i a b i l i t y  o f  some impo r tan t  wind 

c h a r a c t e r i s t i c s  . 

A.3.1 EFFECTS OF HORIZONTAL SEPARATION 

To i l l u s t r a t e  how c e r t a i n  wind c h a r a c t e r i s t i c s  may v a r y  w i t h  h o r i z o n t a l  

separa t ion ,  e i g h t  s t a t i o n s  i n  t h e  s t a t e  o f  Montana have been chosen. Table A-3.1 

1  i s t s  t h e  s t a t i o n  names and l o c a t i o n s ,  he igh t s  o f  t h e  s t a t i o n s  above sea l e v e l  





and t h e  he igh ts  o f  t h e  anemometers above the  ground. F igure  A-3.1 i s  a  map 

o f  t h e  s t a t i o n  l o c a t i o n s .  As seen f rom t h e  map, several p a i r s  o f  s t a t i o n s  can 

be se lec ted  t h a t  would show how wind c h a r a c t e r i s t i c s  vary  over f a i r l y  s h o r t  

d is tances.  

F igure  A-3.2 i s  a  t ime- ser ies  p l o t  o f  monthly average wind speeds f o r  two 

Montana s t a t i o n s .  Only 13 m i l e s  apar t ,  bo th  s t a t i o n s  a re  l oca ted  i n  t ab le-  

lands, w i t h  l o c a l  r e l i e f  o f  l e s s  than 500 ft. The 5- y r  averaged wind speeds 

a t  the  two s i t e s  d i f f e r  by about 0.5 m/sec and the  f i g u r e  shows a  very  h igh  

c o r r e l a t i o n  between the  two s i t e s .  Although a  h igh  c o r r e l a t i o n  between monthly 

averages o f  sur face wind speed i s  no t  s u r p r i s i n g  f o r  two nearby s t a t i o n s  i n  

f a i r l y  simple t e r r a i n ,  monthly averages o f  wind speed can a l s o  show a  h igh  

degree o f  c o r r e l a t i o n  over considerable d is tances.  For example, F igure  A-3.3 

shows a  14- yr  t ime se r ies  o f  monthly averaged wind speeds f o r  two s t a t i o n s  i n  

eas tern  Montana separated by 130 mi les :  M i l es  City and Glasgow I n t e r n a t i o n a l  

A i r p o r t  ( I n t . ) .  For t he  9- y r  pe r iod  from January 1968 t o  December 1976, both 

the  phase and the  ampli tude o f  t he  two t ime se r ies  are  nea r l y  i d e n t i c a l .  I n  

f a c t ,  the  average wind speeds a t  t he  two s t a t i o n s  f o r  t h i s  9- yr  pe r iod  show 

them t o  be equal.  

F igure  A-3.3 a l s o  i l l u s t r a t e s  one o f  t he  more maddening aspects o f  wind 

behavior.  The behavior o f  the  wind a t  M i l es  City du r ing  the  5- yr  pe r iod  from 

January 1963 t o  December 1967 d i f f e r s  s u b s t a n t i a l l y  from the  behavior recorded 

a t  Glasgow I n t .  f o r  the  same per iod.  For example, the  average wind speed a t  

M i l es  C i t y  was 0.8 m/sec lower than the  average over the  same pe r iod  f o r  

Glasgow I n t .  A t  Glasgow, however, t he re  i s  no i n d i c a t i o n  t h a t  t h i s  5- yr  

pe r iod  was unusual. I n  f a c t ,  t he  5- yr  average wind a t  Glasgow i s  the  same as 

the  ' 4 -y r  mean. A poss ib le  reason f o r  the  discrepancy between these two 

s t a t i o n s  cou ld  be a  change i n  the  way wind data were recorded a t  M i l es  City, 

f o r  example: a  change i n  anemometer l oca t i on ,  a  change i n  the surroundings o f  

t he  anemometer, a  change i n  the  type o f  inst rument  used, a  change i n  c a l i b r a -  

t i o n  procedures, o r  a  change i n  the  way data were sampled. However, changes 

i n  anemometer l o c a t i o n s  a re  u s u a l l y  w e l l  documented. A  check o f  weather 

se rv i ce  records f o r  M i l es  City shows no change i n  anemometer l o c a t i o n  between 

1963 and 1977. Other poss ib le  reasons f o r  t he  discrepancy are  extremely 
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FIGURE A-3.2. Time Ser ies of Monthly Averaged Wind Speed f o r  G l  asgow ( ~ o n t a n a )  I n t e r n a t i o n a l  
A i r p o r t  and Glasgow (Montana) A i r  Force Base. The s t a t i o n s  a re  13 m i les  apar t .  
Hor izonta l  l i n e s  represent  5- yr  average wind speed. 
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FIGURE A-3.3. Time Ser ies of Monthly Averaged Wind Speed f o r  Glasgow ( ~ o n t a n a )  I n t e r n a t i o n a l  
A i r p o r t  and Mi les  C i t y ,  Montana. The two s t a t i o n s  a r e  130 m i l es  apar t .  Ho r i -  
zonta l  l i n e s  represent  14- y r  average wind speed. 



d i f f i c u l t ,  i f  not impossible, to  eliminate. Much of the information on exposure, 

calibration and sampling i s  not recorded. Thus, i f  wind speed records show 

anomalous behavior, i t  may be impossible to  t e l l  whether the anomaly i s  real 

or caused by instrumentation and the way th i s  instrumentation was sampled. 

Separation distance i s  not an in fa l l ib l e  predictor of wind speed correla- 

t ions.  I f  time ser ies  of monthly averaged wind speeds fo r  a 14-yr period are  
compared for  Billings and Miles City (about 135 miles apa r t ) ,  the correlation 

i s  not nearly as good as fo r  Glasgow Int .  and Miles City. Billings shows a 

very strong early winter wind maximum (see Figure A-3.4). A t  Miles City, 

however, the seasonal wind maximum i s  less  pronounced, broader, and occurs 2 

t o  3 mo later- - in the spring. These phase differences are even more evident 

i f  Bill ings and Gl asgow I n t .  (190 miles apart)  are  compared (see Figure A- 3.5)  

Figures A-3.3 through A-3.5 indicate that  the wind climatology in Billings 
i s  different  from that  of Glasgow and Miles City. The l a t t e r  two stat ions are 

roughly the same distance from the Rocky Mountains and are situated in the 

plains of eastern Montana. In the eastern plains, the average winds are 

strongest in the springtime and are caused by strong pressure gradients asso- 
ciated w i t h  spring storms. Bi 11 ings, on the other hand, i s  mudh closer t o  the 

mountains and i s  located in a region of greater local te r ra in  r e l i e f .  The 
strong winter winds a t  Billings are caused by strong pressure gradients tha t  

form jus t  t o  the eas t  of the mountains. The pressure pattern i s  a prevalent 
mid-winter feature along the eastern slopes of the northern Rockies. The 
patterns r e su l t  from interactions between both large- and small -scale features 
of the topography and certain character is t ics  of the wintertime meteorology 
(Barchet and El 1 i o t t  1979). 

Very s ignif icant  changes in wind climatology can occur even over short 
distances. Such behavior i s  common in regions w i t h  large topographic r e l i e f  
or in areas of s ignif icant  changes i n  t e r ra in  type (perpendicular to  coast 
l ines ,  for  example). Figure A-3.6 i l l u s t r a t e s  the behavior of monthly averaged 

wind speeds a t  Butte and Whitehall, 17 miles apart .  Butte i s  located in a 
sheltered valley i n  the mountains of southwestern Montana. Whitehall i s  on 

the other s ide of a ridge and i s  near the mouth of a l o n g ,  northeasterly 
sloping valley. In Montana, winds are  usually strong in large valleys having 
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t h i s  o r i e n t a t i o n .  The h i g h e s t  winds a r e  observed i n  t h e  w i n t e r t i m e  when 

s t r o n g  winds a t  h i g h e r  e l e v a t i o n s  i n  t h e  atmosphere a r e  f rom t h e  southwest and 

a long  t h e  v a l l e y  a x i s .  Wind speeds a t  Wh i t eha l l  a r e  a good i l l u s t r a t i o n  o f  

t h i s  phenomenon. 

A.3.2 EFFECTS OF ELEVATION DIFFERENCES 

D i f f e r e n c e s  i n  e l e v a t i o n  can a l s o  l e a d  t o  d i f f e r e n c e s  i n  t h e  wind c l ima-  

t o l o g y  o f  ad jacen t  s i t e s .  The e f f e c t s  e l e v a t i o n  changes can have on t h e  

w ind ' s  d i u r n a l  bahav io r  a r e  p a r t i c u l a r l y  impor tan t  (see F igures  A-3.7 and 

A-3.8). F i g u r e  A-3.7 shows t h e  average d i u r n a l  v a r i a t i o n  o f  t h e  wind speed a t  

Dal l e s p o r t ,  Washington (see F i g u r e  A-3.9) f o r  4 i n d i v i d u a l  months. These 

curves rep resen t  12 y r  o f  data,  so t he  4 mo should rep resen t  average c o n d i t i o n s  

f o r  each o f  t h e  f o u r  seasons. The da ta  show summer and s p r i n g  as t he  w i n d i e s t  

t imes  o f  t h e  yea r  w i t h  w i n t e r  and f a l l  winds as v e r y  1  i g h t .  The seasonal 

modu la t ion  i 11 u s t r a t e d  a t  D a l l  e s p o r t  i s  t y p i c a l  o f  t he  seasonal c h a r a c t e r i s t i c s  

o f  wind speed i n  t h e  eas te rn  p o r t i o n  o f  t h e  Columbia R i v e r  gorge ( E l l i o t t  and 

Barchet  1980) . 
F i g u r e  A-3.8 shows t he  average d i u r n a l  v a r i a t i o n  i n  wind speed f o r  4 

i n d i v i d u a l  months f o r  an anemometer l o c a t e d  on Goodnoe H i  11 s  ( F i g u r e  A-3.9). ( a >  

Goodnoe H i l l s  i s  about 30 m i l e s  eas t  o f  Da l l espo r t ,  b u t  t h e  most s i g n i f i c a n t  

d i f f e r e n c e  i s  t h a t  t h e  Goodnoe H i l l s  anemometer i s  l o c a t e d  on a  r i dge ,  2200 f t  

above t h e  D a l l e s p o r t  s i t e .  

A l though o n l y  1  y r  o f  da ta  was analyzed, t h e  r e s u l t s  show a  wind c l ima-  

t o l o g y  a t  Goodnoe H i l l s  d i f f e r e n t  f r om l o c a t i o n s  near t h e  f l o o r  o f  t h e  gorge. 

A t  Goodnoe H i l l s ,  seasonal v a r i a t i o n s  i n  w ind  speed appear much l e s s  pronounced 

( a t  l e a s t  f o r  t h e  yea r  d u r i n g  which da ta  were c o l l e c t e d ) .  D iu rna l  behav io r  i s  

a l s o  d i f f e r e n t .  A l though t he  magnitude o f  t he  d i u r n a l  modu la t ion  v a r i e s  w i t h  

season, h i ghe r  winds c o n s i s t e n t l y  occur  a t  n i g h t  a t  Goodnoe H i l l s .  Th i s  i s  a  

phenomenon n o t  uncommon on i s o l a t e d  mountains and r i d g e s .  

( a )  December 1978 i s  used r a t h e r  t han  January 1979 because wind speed da ta  a r e  
a v a i l a b l e  f o r  o n l y  a  p o r t i o n  o f  t h e  month o f  January. 
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FIGURE A-3.7. Monthly Average D iu rna l  V a r i a t i o n  i n  Wind Speed a t  
Da l l espo r t ,  Washington- Curves a r e  based on 12 y r  
o f  data.  
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FIGURE A-3.8. Monthly Average Diurnal Var ia t ion  i n  Wind Speed a t  
Goodnoe H i l l s ,  Washington. - Curves a r e  based on a 
s i n g l e  y e a r  o f  measurement. 





S i g n i f i c a n t  changes i n  the  d i u r n a l  behavior o f  the wind can occur, however, 

over  smal l  v e r t i c a l  d is tances.  F igure  A-3.10 shows the  annual average d i u r n a l  

wind v a r i a t i o n  a t  th ree  l e v e l s  observed a t  a s i t e  i n  c e n t r a l  Oklahoma. The 

curves were created f rom t h e  ana lys i s  o f  a s i n g l e  y e a r ' s  data a t  a very t a l l  

meteoro logical  tower (Crawford and Hudson 1973). The l e v e l s  shown correspond 

to :  t h e  h e i g h t  a t  which sur face wind measurements are  t y p i c a l l y  taken, t he  

hub he igh t  f o r  a multi-megawatt ho r i zon ta l - ax i s  wind tu rb ine ,  and the  t o p  o f  

t h e  r o t o r  d i s k  f o r  such a tu rb ine .  

F igure  A-3.10 shows how g r e a t l y  d i u r n a l  behavior can change over v e r t i c a l  

d is tances comparable t o  the  s i z e  o f  l a r g e  wind tu rb ines .  A wind t u r b i n e  

l oca ted  a t  a s i t e  w i t h  wind behavior as dep ic ted  i n  the  f i g u r e  would, on an 

annual average, produce more energy a t  n i g h t  than du r ing  the day. ( a )  This  i s  

con t ra ry  t o  what would have been expected from the  sur face data. 

As was mentioned i n  Chapter 1, the  temporal match between energy genera- 

t i o n  and a u t i l i t y ' s  l oad  c h a r a c t e r i s t i c s  has an impor tan t  bear ing  on the  

economic value o f  wind tu rb ines  (JFB S c i e n t i f i c  Corp. 1979, Marsh 1979). 

Thus, a thorough understanding o f  t he  d i u r n a l  behavior o f  the  wind f l o w i n g  

through t h e  r o t o r  o f  a wind t u r b i n e  i s  important  i n  determin ing the  d i u r n a l  

c h a r a c t e r i s t i c s  o f  energy product ion.  Very few l o c a t i o n s  e x i s t  where wind 

measurements have been made f o r  l ong  per iods a t  e leva t i ons  comparable t o  the  

he igh ts  o f  l a r g e  wind tu rb ines .  The wind behavior i l l u s t r a t e d  i n  F igure  A-3.10 

i s  thought  t o  be t y p i c a l  o f  t he  Great P la ins ,  a l though d e t a i l s  o f  t h i s  behavior 

a r e  very s i t e  s p e c i f i c .  The he igh t  a t  which the  d i u r n a l  modulat ion o f  wind 

speed changes f rom a daytime maximum t o  a n igh t t ime  maximum va r ies  from day t o  

day, depending on the  t ime of year, l o c a l  topography, and l o c a l  meteorology. 

The shape, phase and magnitude o f  the  d i u r n a l  modulat ion a l s o  show s i m i l a r  

changes. Since the  behavior o f  t he  n igh t t ime  wind a t  he igh ts  comparable t o  

the  he igh ts  o f  t y p i c a l  l a r g e  wind tu rb ines  i s  so complicated, i t  i s  n o t  

poss ib le  t o  deduce i t s  behavior by v e r t i c a l l y  e x t r a p o l a t i n g  sur face measure- 

ments. The d i u r n a l  behavior must be de f ined by ac tua l  measurements. (b )  

(a )  Changes i n  d i u r n a l  behavior w i t h  he igh t  can be very  dependent on the  
season. Unfor tunate ly ,  Crawford and Hudson (1  973) do n o t  present  seasonal 
i n fo rma t ion .  

(b)  See Appendix 2 f o r  a more thorough d iscuss ion  o f  t h i s  sub jec t .  
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F I G U R E  A-3.10. Annual-Average D iu rna l  V a r i a t i o n  a t  Three E leva t i ons .  Resul t s  --- 
a r e  based on a  s i n g l e  y e a r  o f  measurement a t  a  s i t e  near  
Oklahoma City , Oklahoma. E leva t i ons  correspond t o  a  t y p i c a l  
near- sur face  measurement h e i g h t ;  hub h e i g h t  f o r  a  l a r g e ,  h o r i -  
z o n t a l - a x i s  wind t u r b i n e ;  and t h e  t op  o f  t h e  r o t o r  d i s k  o f  
such a  t u r b i n e .  



A.3.3 INTERANNUAL VARIABILITY 

The v a r i a b i l i t y  of key wind  cha r ac t e r i s t i c s  from year t o  year is  important 

i n  determining the  value of wind energy conversion t o  a u t i l i t y  and i n  deter-  

mining the  length of time data should be col lec ted a t  a potential  s i t e .  

However, the  magnitude of t h i s  v a r i a b i l i t y  depends on the  par t i cu la r  charac- 

t e r i  s t i  cs exami ned. In t h i s  discussion,  the  i nterannual variabi  1 i ty  of the 

mean wind speed, the seasonal va r ia t ion  i n  wind speed, and the diurnal modula- 

t i on  of wind s t rength  a r e  examined. 

The annual mean wind speed f o r  any given year i s  a good est imate of the 
1 ong-term average (Coroti s e t  a1 . 1977, Ramsdell 1979). Figure A-3.11 shows 

the  var ia t ion  i n  the  r e l a t i v e  uncertainty of a wind speed measurement a s  a 

function of the  sample length (Ramsdell 1979). The f igure  i s  based on up t o  

30 y r  of data from 40 s t a t i ons  throughout the United S ta tes .  A long-term mean 

was defined a t  each s t a t i on  by averaging a l l  monthly means. A t  each locat ion,  

the  standard deviat ion of the  monthly means about the long-term average was 

computed. T h i s  standard deviat ion was defined as  the base standard deviat ion 

o Next, the standard deviat ion of est imates of the  30-yr mean based on 2 
0 ' 

consecutive months was computed. The same thing was done f o r  3 consecutive 

months, 4 mo, and so  fo r t h .  Relat ive uncertainty was defined as  the r a t i o  of 

these standard deviat ions t o  oo. 

Figure A-3.11 shows the  r e l a t i ve  uncertainty a t  these s t a t i ons  dropping 

very quickly f o r  the  f i r s t  12 mo of measurements. As sampling time increases 

beyond 12 mo, the  change i n  r e l a t i v e  uncertainty i s  slow. This slow decrease 
i n  r e l a t i v e  uncertainty indicates  t h a t  year-to-year var ia t ions  i n  annual mean 

wind speed should be small. 

Year-to-year va r ia t ions  i n  annual mean wind speed a r e  shown more e x p l i c i t l y  

i n  Figure A-3.12, which presents time s e r i e s  of annual means a t  e igh t  Montana 

locat ions .  Rarely, a t  any of these s t a t i ons ,  did the annual mean change by 

more than 1 m/sec i n  consecutive years.  In general ,  year-to-year va r ia t ions  

a r e  small ( l e s s  than 0.5 m/sec). However, the  r e s u l t s  of these e igh t  s t a t i ons  

suggest t h a t  the more compl icated the topography and meteorology, the  1 arger 

the  i nterannual vari  abi 1 i t y  wi 11 be. 
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FIGURE A-3.12. Time Ser ies o f  Year ly  Averaged Wind Speed a t  E igh t  Locat ions i n  Montana 



The lack of cor re la t ion  in  the  annual mean between adjacent s i t e s  i s  

pa r t i cu la r ly  in te res t ing .  A t  Great Fa1 1 s International  Airport ( I n t .  ) , fo r  

example, 1964 appears t o  have been an exceptionally windy year;  y e t  a t  Great 

Fa1 1 s Air Force Base ( A F B )  , only 10 mi 1 es away, 1964 was not very unusual . 
Similar behavior i s  observed when Whi tehal l  i s  compared with Butte (separation 

distance of 17 m i  1 es )  . A t  Whi tehal 1 , 1950 and 1951 appear t o  have been windier 

than normal, whereas these  same years were f a i r l y  normal fo r  Butte. Thus, an 

abnormal year a t  one s i t e  may not correspond to  an abnormal year a t  a nearby 

s i t e ,  pa r t i cu la r ly  in  regions where the topography s ign i f ican t ly  a f f ec t s  the 

meteor01 ogy . 
Seasonal changes in wind energy potential  have an important influence on 

the  economic value of wind-generated e l e c t r i c i t y .  A close examination of 

long-term time-series da ta ,  however, shows t ha t  seasonal modulation can change 

s ign i f ican t ly  from year to  year ( see  Figures A-3.2 through A-3.6). Year-to-year 

changes in the seasonal modulation of wind speed a re  shown more exp l i c i t l y  in  

Figures A-3.13 t o  A-3.15 f o r  Bi l l ings ,  Montana. 

Figure A-3.13 compares the seasonal var ia t ion of monthly averaged wind 

speeds f o r  3 consecutive years with the  18-yr mean. This f igure ,  a s  well as  

Figures A-3.2 through A-3.6, shows t ha t  the  mean behavior of the  seasonal 

var ia t ion i s  not well defined by a s ingle  year of data .  A be t te r  est imate of 

the  cliniatological mean i s  obtained by examining wind data from more than 

1 y r .  Figure A-3.14 compares 2-, 3-, and 5-yr averages w i t h  the 18-yr mean. 

Several years of data a r e  needed to  define seasonal wind cha rac t e r i s t i c s  . 
Even with 3 y r  of da ta ,  the  windiest m o n t h  a t  Bi l l ings  would have been incor- 

r ec t l y  iden t i f i ed  as  February. The 3-yr mean a l so  shows secondary wind speed 

maxima in May and October, which do not show u p  in  the 18-yr average. 

Figures A-3.14 and A-3.15 indicate  t ha t  a 5-yr average defines the  general 

nature of the  seasonal modulation. However, the data fo r  Bi l l ings  show t h a t  

f o r  a given m o n t h ,  the  5-yr average can d i f f e r  from the 18-yr mean by a s  much 

as 10%. A t  locations where the year-to-year va r i ab i l i t y  i s  g rea te r  ( e . g . ,  

Whitehall),  t h i s  d i f ference will probably be greater .  

A wind c l imatologis t  would consider the  year-to-year differences i n  the  

seasonal behavior of the wind a s  described above to  be s ign i f ican t .  Whether 
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FIGURE A-3.13. Seasonal V a r i a t i o n  o f  Month ly  Averaged Wind Speeds 
a t  B i l l i n g s ,  Montana. Three consecu t i ve  years  a r e  
compared w i t h  an 18.5-yr mean. 
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FIGURE A-3.14. Seasonal V a r i a t i o n  o f  Month ly  Averaged Wind Speeds 
a t  B i l l i n g s ,  Montana. The 18.5-yr mean i s  compared 
w i t h  2- , 3- , and 5- yr  averages. 
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FIGURE A-3.15. Seasonal V a r i a t i o n  o f  Month ly  Averaged Wind Speeds 
a t  B i l l i n g s ,  Montana. The 18.5- yr mean i s  compared 
w i t h  success ive 5- yr  averages. 
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such d i f f e r e n c e s  would be s i g n i f i c a n t  t o  t h e  economic va lue  o f  wind- generated 

e l e c t r i c i t y  f o r  a  p a r t i c u l a r  u t i l i t y  depends on t he  na tu re  of t h e  u t i l i t y  and 

i t s  load .  

Examples o f  year- to- year  d i f f e r e n c e s  i n  d i u r n a l  behavior  a t  two f a i r l y  

windy l o c a t i o n s  a r e  g i v e n  i n  F igures  A-3.16 and A-3.17. I n  these f i g u r e s ,  t h e  

month ly  average d i u r n a l  cyc les  f o r  3  consecut ive years  a re  compared t o  t h e  

1  ong- term means. The f i gu res  show t h a t  year- to- year  d i f f e r e n c e s  can be s i g n i  - 
f i c a n t .  A l though gross f e a t u r e s  of t h e  d i u r n a l  c y c l e  (such as whether t h e  

s t r onges t  winds come a t  n i g h t  o r  d u r i n g  t h e  day) can be es tab l i shed  w i t h  a  

s i n g l e  yea r  o f  data,  more d e t a i l e d  c h a r a c t e r i s t i c s  (such as t h e  ampl i  tude o f  

t h e  d i u r n a l  o s c i  1  l a t i o n  and t h e  t ime- of- day o f  maximum winds)  cannot.  

A.3.4 CLIMATOLOGICAL ADJUSTMENT OF SHORT-TERM RECORDS 

Because o f  t h e  l e n g t h  o f  t ime  r e q u i r e d  t o  e s t a b l i s h  t h e  c l i m a t o l o g i c a l  

average o f  many wind c h a r a c t e r i s t i c s ,  methods have been proposed f o r  a d j u s t i n g  

sho r t - te rm  es t imates  o f  t h e  c h a r a c t e r i s t i c s  t o  t h e  c l i m a t o l o g i c a l  mean. A l l  

o f  these techniques r e q u i r e  s imultaneous wind measurements a t  t he  s i t e  i n  

ques t i on  and a t  a  nearby s i t e  w i t h  a  1ot:g h i s t o r y  o f  wind measurements. 

Comparisons a r e  made between t h e  measurements a t  the  two s i t e s  and between t h e  

measurements a t  t h e  h i s t o r i c a l  s i t e  and i t s  long- term mean. The measurement 

a t  t h e  s i t e  w i t h  t h e  sho r t - te rm  reco rd  i s  then ad jus ted  acco rd ing l y .  

To use such a  method r e q u i r e s  t h a t  t h e  wind a t  t he  two s i t e s  be h i g h l y  

c o r r e l a t e d  ( C o r o t i  s  1977) . ( a )  High c o r r e l a t i o n  can be found over  l a r g e  

d i s tances  (e.g., F i g u r e  A-3.3) o r  may n o t  be found over  ve ry  s h o r t  d i s t ances  

(e .g . ,  F i g u r e  A-3.6). However, i f  a  h i g h  c o r r e l a t i o n  e x i s t s ,  a d j u s t i n g  s h o r t -  

te rm  measurements can be very  accurate.  For  example, Table A-3.2 shows t h e  

r e s u l t s  o f  e s t i m a t i n g  t h e  5- y r  mean wind speed a t  Glasgow AFB from a  3-mo 

measurement pe r i od .  I n  a d j u s t i n g  t h e  sho r t - te rm  es t imates  o f  t h e  5- y r  mean a t  

Glasgow AFB (see F i g u r e  A-3.2), Glasgow I n t .  was used as t he  h i s t o r i c a l  s i t e .  

( a )  High c o r r e l a t i o n  must e x i s t  f o r  t h e  t ime sca les of i n t e r e s t .  For  example, 
t h e  month ly  averages of wind speed between two s i t e s  cou ld  be h i g h l y  co r re-  
l a t e d  even if t h e i r  d i u r n a l  behavior,  f o r  example, were comple te ly  d i f f e r e n t .  
L ikewise ,  h o u r l y  da ta  f o r  two s i t e s  hav ing  s i m i l a r  d i u r n a l  behav io r  c o u l d  be 
more h i g h l y  c o r r e l a t e d  than  t h e i r  month ly  averages. 



















Wind measurements were assumed t o  have been made d u r i n g  t he  w i n d i e s t  season 

(March, A p r i l ,  and May) and t he  method o f  ad justment  was: 

where x = sho r t - te rm  average a t  Glasgow AFB (March, A p r i  1, May) 

x '  = s imultaneous sho r t - te rm  average a t  Glasgow I n t .  ( t h e  h i s t o r i c a l  s i t e )  

y = es t imated  5- y r  mean a t  Glasgow AFB 

y '  = a c t u a l  5- y r  mean a t  Glasgow I n t .  

d = c o r r e c t i o n  f a c t o r .  

TABLE A-3.2. 

Average W i  nd 
Year Speed, m/sec 

A d j u s t i n g  Short-Term Records a t  Glasgow AFB ( a  > 
D i f f e r e n c e  From Ad jus ted  Wind D i f f e r e n c e  From 

5-Yr Mean Speed, m/sec 5-Yr Mean 

( a )  Months used were March, A p r i l ,  and May. The 5- yr  average (1963-1967) was 
4.3 m/sec f o r  Glasgow AFB and 4.9 m/sec f o r  Glasgow I n t . ,  t he  h i s t o r i c a l  
s i t e .  

I f  t h i s  same techn ique  i s  a p p l i e d  t o  a p a i r  o f  s t a t i o n s  hav ing poorer  

c o r r e l a t i o n ,  t h e  r e s u l  t s  a r e  n o t  as good (see Tab1 e A-3.3). I n  t h i s  example 

t h e  7- y r  average wind speed a t  Wh i t eha l l  was es t imated  us ing  B u t t e  as t he  

h i s t o r i c a l  s t a t i o n  and assuming measurements were made du r i ng  January, February 

and March. 



T A B L E  A-3.3. Adjusting Short-Term Records a t  Whitehall ( a )  

Average Wind Difference From Adjusted Wind Difference From 
Year Speed,m/sec 7-Yr Mean Speed, m/sec 7-Yr Mean 

( a )  Months used were January, February, and March. The 7-yr average (1948-1954) 
was 5.9 m/sec a t  Whitehall and 3.8 m/sec a t  Butte, the historical s i t e .  

There are  several problems with cl imatol ogical adjustment techniques such 

as the one described above. F i r s t ,  i t  i s  d i f f i c u l t  to  accurately estimate 

long-term averages with less  than 10 y r  of data a t  the historical s i t e .  Few 

stat ions have wind records exceeding 10 y r ,  particularly in the western United 

States.  Secondly, the correlation between two s i t e s  cannot be estimated 

accurately by short-term comparisons. 

Wind speed correlations can be affected by seasons. For example, a t  

temperate la t i tudes winter winds are driven by large-scale pressure patterns 

associated with large storms. Therefore, the correlation between a coastal 

s i t e  and a weather s ta t ion in the in te r ior  could be substantially higher in 

winter than in summer when winds on the coast are greatly affected by the sea 

breeze. 

The interannual variabi 1 i  ty of the correlation between s i t e s  can also be 

large. Table A-3.4 summarizes year-to-year variations in the correlation of 

monthly mean wind speeds for  two se t s  of s i t e s  in Montana--one for  which the 

correlation i s  higher and one for  which i t  i s  lower. For the two stat ions 



near Gl asgow, year- to-year  changes in  t h e  corre l  a t ion  c o e f f i c i e n t  ( r )  were 

small (with the  exception of 1963). For the  uncorrel a ted  p a i r ,  r var ied  from 

-0.38 t o  +0.54 r e f l e c t i n g  t h e  l a r g e  variance in  monthly means a t  t h e  Whitehall 

s i t e .  

TABLE A-3.4. Var ia t ion  of Yearly Estimates of the  Corre la t ion  
Coef f i c i en t  of Monthly Mean Wind Speed Between 
Two S t a t i o n s  

Glasgow AFB and Glasgow I n t .  

Corre la t ion  Coeff ic ient  Over 60 Months: r = 0.79 

Year 
1963 1964 1965 1966 1967 

Corre la t ion  0 .  59 
Coef f i c i en t  0.81 0.78 0.89 0.85 

Whitehall and Butte 

Corre la t ion  Coeff ic ient  Over 84 Months: r = 0.12 

Year 
1963 1964 1950 1951 1952 1953 1954 

0.27 0.23 -0.38 0.01 Coef f i c i en t  -0.20 0.54 0.03 

A.3.5 CONCLUSIONS 

Wind c h a r a c t e r i s t i c s  c r i t i c a l  t o  the  performance of wind energy conver- 

sion systems can show considerable s p a t i a l  and temporal v a r i a t i o n .  Spat ia l  

v a r i a b i l i t y  in  t h e  horizontal  i s  most important when a l a rge  area i s  screened 

f o r  v iable  wind energy conversion s i t e s .  The s p a t i a l  v a r i a b i l i t y  of the  wind 

has both p o s i t i v e  and negat ive aspects .  When wind tu rb ines  o r  wind tu rb ine  

c l u s t e r s  a r e  placed a t  neighboring s i t e s  with low o r  even negat ive c o r r e l a t i o n ,  

t h e  r e l i a b i l i t y  of t h e  wind generat ion system increases .  This ,  of course,  i s  

a  p o s i t i v e  a spec t  of s p a t i a l  v a r i a b i l i t y .  The negative aspect  i s  t h a t  e x i s t i n g  

wind da ta  cannot be used r e l i a b l y  t o  p red ic t  wind behavior a t  ad jacent  s i t e s .  



T h i s  aspect  magni f ies  t he  s i t e  s e l e c t i o n  problem. Temporal v a r i a b i l i t y  i s  

most i m p o r t a n t  once p o t e n t i a l  s i t e s  a r e  chosen. S ince i t  governs t h e  temporal  

c h a r a c t e r i s t i c s  o f  energy p roduc t i on  and t h e  l e n g t h  o f  t ime,  s i t e - s p e c i f i c  

measurements may have t o  be made. 

The v e r t i c a l  v a r i a t i o n  o f  wind c h a r a c t e r i s t i c s  i s  more impo r tan t  than  

h o r i z o n t a l  v a r i a b i l i t y  because of t h e  problems i t  presen ts  i n  wind t u r b i n e  

s i t i n g .  S ince  wind behav io r  i s  observed t o  change s i g n i f i c a n t l y  over  v e r t i c a l  

d i s t ances  comparable t o  t h e  s i z e  o f  l a r g e  wind t u rb i nes ,  such c r i t i c a l  charac-  

t e r i s t i c s  as t h e  d i u r n a l  modu la t ion  o f  wind speed cannot be i n f e r r e d  f rom 

su r face  wind measurements. I n f o r m a t i o n  on d i u r n a l  l o a d  matching w i l l  r e q u i r e  

w ind  da ta  r e p r e s e n t a t i v e  of  t h e  average wind speed across t he  r o t o r  d i s k  o f  

t h e  machine. For  l a rge ,  h o r i z o n t a l - a x i s  machines, wind da ta  f rom a t  l e a s t  as 

h i g h  as hub h e i g h t  w i l l  be requ i red .  

I n te rannua l  v a r i a b i l i t y  (and t he  s e n s i t i v i t y  o f  economic va lue  t o  t h i s  

v a r i a b i l i t y )  d i c t a t e s  how l ong  wind da ta  must be sampled a t  a  p a r t i c u l a r  s i t e .  

The amount o f  i n t e rannua l  v a r i a b i l i t y  v a r i e s  w i t h  t he  p a r t i c u l a r  wind charac-  

t e r i s t i c  o f  i n t e r e s t .  The c o s t  o f  energy, f o r  example, depends on t h e  annual 

average o f  t h e  energy produced by a  machine a t  a  p a r t i c u l a r  s i t e .  Both a 

s tudy  by Doran e t  a1 . (1  977) and exper ience i n  t he  DOE cand ida te  s i t e  eva l  ua- 

t i o n  program have shown es t imates  o f  annual average energy p roduc t i on  t o  

c o r r e l a t e  ve ry  w e l l  w i t h  average annual wind speed. S ince t he  annual mean 

wind speed i s  reasonably  w e l l  de f i ned  by a  s i n g l e  yea r  o f  measurements, e s t i -  

mates o f  average annual energy p roduc t i on  w i l l  be reasonably  w e l l  known w i t h  a  

yea r  o f  on-s i t e  data.  

The v a l u e  o f  energy, however, i s  determined by l oad  matching, which i s  

governed by t h e  seasonal and d i u r n a l  c h a r a c t e r i s t i c s  o f  t h e  wind f l o w i n g  

through t h e  r o t o r  d i s k .  I f  wind-generated e l e c t r i c i t y  i s  t o  be o f  t h e  g r e a t e s t  

va lue,  i t  must be c o n s i s t e n t l y  a v a i l a b l e  d u r i n g  t he  t imes o f  peak demand. 

However, a  s i n g l e  y e a r ' s  da ta  i s  n o t  s u f f i c i e n t  t o  e s t a b l i s h  t h e  seasonal and 

d i u r n a l  c h a r a c t e r i s t i c s  o f  t h e  wind. How a c c u r a t e l y  these c h a r a c t e r i s t i c s  

must be known w i l l  undoubtedly depend on t he  l o a d  c h a r a c t e r i s t i c s  and gener- 

a t i n g  mix  o f  t h e  u t i l i t y .  
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APPENDIX 4 

ESTIMATING AVERAGE WIND SPEEDS FROM AVERAGE SAND TRANSPORT RATES 

Bagnold 's  t h e o r y  o f  sand t r a n s p o r t  suggests t h a t  t h e  mass t r a n s p o r t  r a t e ,  
-1 -1 q, pe r  u n i t  w i d t h  o f  p a t h  i n  kg m  sec i s  g i ven  by: 

The average r a t e  of sand t r a n s p o r t ,  q, may be computed f rom t h e  f o l l o w i n g  con- 

v o l u t i o n :  

where p(u,) i s  t he  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  u,. I f  a  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  i s  assumed then  q may be determined as a  f u n c t i o n  o f  t h e  

probabi  1 i t y  d e n s i t y  f u n c t i o n  parameters. As a  reasonable approx imat ion,  we 

w i l l  assume t h a t  p(u,) i s  g i ven  by a  Ray le igh  d i s t r i b u t i o n .  Th i s  may n o t  be 

t h e  b e s t  assumption, as d iscussed i n  Sec t i on  7.2.2; however, o n l y  e f f o r t s  t o  

o b t a i n  approximate r e s u l t s  a r e  warranted due t o  t h e  u n c e r t a i n t i e s  i n  t he  

t heo ry  of  sand t r a n s p o r t .  S ince t he  Ray le igh  d i s t r i b u t i o n  depends on j u s t  

one parameter, t h e  mean o f  t h e  d i s t r i b u t i o n  4, we l ook  t o  d i scove r  a  func-  

t i o n a l  r e l a t i o n s h i p  o f  t he  fo rm 

P l  ugging t h e  Ray le igh  d i s t r i b u t i o n  i n t o  Equat ion (A-4.2) (we s h a l l  drop 

t he  a s t e r i s k  f o r  convenience b u t  r e c a l l  t h a t  we a r e  speaking o f  f r i c t i o n  

v e l o c i t i e s )  one ob ta ins :  



where 

The terms in Equation (A-4.6) are defined in Chapter 7 .  

To evaluate the integral in (A-4.4) we will perform the integration in 

terms of easi ly  solved defini te  integral s ,  i . e . ,  

Consider the integral 

Note that  by different iat ing with respect to a we obtain the following recur- 

sion relation 

Let 

u = a  -+ 
du = a-' dy 

3i z = a  x = a  4 
U~ 

so tha t  Equation (A-4.8) becomes 



Then we can see  t h a t  

where the  e r r o r  function i s  defined as 

2 
e r f  z : - J e-Y dy 

4i-T 
0 

The e r r o r  function i s  computed numerically and tabulated in handbooks of 

mathematical funct ions .  In the  1 imi t as  Z approaches i n f i n i t y  the  e r r o r  func- 

t i o n  approaches 1 ,  so t h a t  

I t  i s  s traightforward t o  determine 1 ( 1 )  as 

To evaluate  Equation (A- 4.7)  we need I ( 4 ) ,  which by Equation (A- 4.9)  may be 

determi ned as  

n 



Since 

i t  i s  a lso eas i ly  shown tha t  

We can now write Equation (A-4.4) in i t s  simplest form, using Equations (A-4.5) 

through (A-4.7), (A-4.12), (A-4.18) and (A-4.20), as :  

where 

B = U*/u* . 
T 

The quantity in braces can be defined as: 

This function i s  plotted in Figure 7.6; the use o f  t h i s  figure i s  discussed in 

Chapter 7 .  

I n  a similar way a function could be generated to  describe the average 

sand transport  ra te  according t o  the theory of Lettau e t  a l .  (1978). We have 

chosen to  use Bagnold's theory because of i t s  simp1 i c i ty  and completeness, and 

in consideration of the very gross approximations and assumptions in the use 

of sand transport  r a t e  measurements of climatological wind speed. 
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GLOSSARY 

ADIABATIC LAPSE RATE - The r a t e  o f  decrease o f  temperature w i t h  h e i g h t  o f  a  

pa rce l  o f  a i r  l i f t e d  a d i a b a t i c a l l y  ( w i t h o u t  e x t e r n a l  hea t  a d d i t i o n ;  tem- 

p e r a t u r e  changes as i n t e r n a l  energy i s  conver ted  i n t o  work done a g a i n s t  

t h e  env i ronment)  th rough  an atmosphere i n  h y d r o s t a t i c  equi  1  i brium. For 

d r y  a i r  t h i s  i s  equal t o  g/C where g  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y  and 
P  

C i s  t h e  s p e c i f i c  hea t  o f  a i r .  
P  

ADVECTION - The process o f  t r a n s p o r t  o f  an atmospher ic p r o p e r t y  s o l e l y  by t h e  

mass mot ion  o f  t h e  atmosphere; e.g., t he  advec t i on  o f  temperature ( T )  by 
-f 

t h e  mean wind ($) i s  desc r i bed  by -V*VT. 

AidABATIC WIND - An ups lope wind; u s u a l l y  a p p l i e d  o n l y  when t h e  wind i s  b low ing  

up a  h i l l  o r  mountain as t h e  r e s u l t  o f  l o c a l  su r f ace  hea t i ng ,  and a p a r t  

from t h e  e f f e c t s  o f  t h e  l a r g e r - s c a l e  c i r c u l a t i o n .  

ANALYSIS - Used i n  t h i s  work t o  s i g n i f y  a  d e t a i l e d  examinat ion o f  t h e  s t a t e  o f  

t h e  atmosphere based on ac tua l  observa t ions ,  u s u a l l y  i n c l u d i n g  a  separa-  

t i o n  o f  t h e  f i e l d  be ing  analyzed i n t o  component p a t t e r n s  and i n v o l v i n g  

t h e  drawing o f  f a m i l i e s  o f  i s o p l e t h s  f o r  va r i ous  elements, and u s u a l l y  

s u b j e c t  t o  c o n s t r a i n t s  r e q u i r e d  by t h e  phys i ca l  laws govern ing t h e  atmo- 

sphere ( e .  g., conse rva t i on  o f  mass). 

ANEMOMETER, - An i ns t r umen t  t o  measure wind speed. 

BAROCLINIC ATMOSPHERE - An atmosphere i n  which t h e  d e n s i t y  depends on bo th  t h e  

temperature and t h e  p ressure .  I n  a b a r o c l i n i c  atmosphere t h e  geos t roph ic  

w ind  g e n e r a l l y  has v e r t i c a l  shear,  and t h i s  shear i s  r e l a t e d  t o  t h e  h o r i -  

z o n t a l  temperature g r a d i e n t  by t h e  thermal w ind  equa t ion .  

BETZ LIMIT - The l i m i t i n g  e f f i c i e n c y  o f  an i d e a l  w i n d m i l l  e x t r a c t i n g  energy 

f rom a i r  f l o w i n g  th rough  t h e  w i n d m i l l .  The Betz  l i m i t  i s  16/27 = 59%. 

BLOCKING - The process whereby a  b a r r i e r  t o  s t r a t i f i e d  f l o w  p reven ts  t h e  dense 

f l u i d  l a y e r s  nea res t  t h e  su r f ace  f r om c r o s s i n g  t h e  b a r r i e r  because of 

i n s u f f i c i e n t  k i n e t i c  energy.  



BOUNDARY LAYER - The l a y e r  o f  t h e  atmosphere where t h e  d i r e c t  e f f e c t  o f  tu rbu-  

l e n t  t r a n s f e r  o f  hea t  and momentum i s  observable.  Above t h e  boundary 

l a y e r  t h e  f r e e  atniosphere i s  i n  approximate geos t roph ic  o r  g r a d i e n t  w ind  

balance. 

CAPACITY FACTOR - The r a t i o  o f  t h e  average power l o a d  o f  an e l e c t r i c  power 

p l a n t  t o  i t s  r a t e d  capac i t y .  A lso  known as p l a n t  f a c t o r .  

CIRCULATION - The l i n e  i n t e g r a l  o f  t he  t a n g e n t i a l  component o f  t h e  v e l o c i t y  

f i e l d  about a c l osed  path.  The c i r c u l a t i o n  (C) i s  a l s o  equal t o  t h e  

average normal component o f  t he  v o r t i c : i  t y  ( c )  t imes t h e  area enc losed by 

t h e  loop;  i . e . ,  

CLUSTER - A  group o f  any number of wind t u r b i n e s  s i t e d  w i t h i n  a  s u f f i c i e n t l y  

c l o s e  p r o x i m i t y  t h a t  they  may be cons idered,  f o r  most purposes, as a  

s i n g l e  power p roduc ing  u n i t ;  a l s o  c a l l e d  a  WECS farm. 

COEFFICIENT OF PERFORMANCE - See Power C o e f f i c i e n t  

CONTROL STRATEGY - The a l g o r i t h m  o f  t h e  wind t u r b i n e  microprocessor  t h a t  takes 

w ind  da ta  and w ind  t u r b i n e  s t a t u s  o r  performance da ta  t o  determine what, 

i f  any, changes i n  machine o p e r a t i o n  should be i n i t i a t e d  (e.g., s t a r t u p ,  

shutdown, yaw maneuver, p i t c h  c o n t r o l  ) . 
CONVECTION - Atmospheric mot ions i n i t i a t e d  o r  perpetuated by buoyancy f o r c e s .  

CORIOLIS EFFECT - The d e f l e c t i o n  r e l a t i v e  t o  t h e  e a r t h ' s  su r f ace  o f  any o b j e c t  

moving above t h e  ea r th ;  an o b j e c t  moving h o r i z o n t a l l y  i s  d e f l e c t e d  t o  t h e  

r i g h t  i n  t h e  n o r t h e r n  hemisphere, t o  l e f t  i n  t he  southern.  Therefore,  a i r  

a c c e l e r a t i n g  toward low pressure  i n  t h e  no r the rn  hemisphere i s  e v e n t u a l l y  

d e f l e c t e d  toward t h e  r i g h t  so t h a t  t h e  a i r  moves a long  l i n e s  o f  cons tan t  

p ressure  w i t h  low pressure  on t h e  l e f t .  Th is  i s  geos t roph ic  ba lance.  

CORIOLIS PARAMETER - Denoted by t h e  symbol f. 

f = 2 fi s i n  $ where fi = t h e  angu la r  v e l o c i t y  o f  t h e  ear th ,  $ i s  t h e  

l a t i t u d e .  The magnitude o f  t h e  h o r i z o n t a l  component o f  t h e  C o r i o l i s  

f o r c e  p e r  u n i t  mass on a  h o r i z o n t a l l y  moving f l u i d  pa rce l  i s  equal t o  t h e  

p roduc t  o f  t h e  C o r i o l i s  parameter and t h e  speed o f  t he  p a r c e l .  



COST OF ENERGY - A  minimum l e v e l i z e d  p r i c e  t h a t  must be charged f o r  energy 

consumed t o  r e c o v e r  expenses f o r  pu rchas ing ,  i n s t a l l i n g ,  owning, o p e r a t i n g ,  

and m a i n t a i n i n g  an energy p r o d u c i n g  f a c i l i t y .  D i s t i n c t  f r o m  v a l u e  o f  

energy.  

CUT-IN - The w ind  speed a t  wh ich t h e  wind t u r b i n e  c o n t r o l  system i n i t i a t e s  

s t a r t u p  procedures.  

CUT-OUT - Cu t- ou t  i s  t h e  w ind  speed a t  wh ich t h e  w ind  t u r b i n e  c o n t r o l  system 

i n i t i a t e s  shutdown procedures.  

DIAGNOSTIC EQUATION - Any e q u a t i o n  govern ing  a  system wh ich  c o n t a i n s  no t i m e  

d e r i v a t i v e  and t h e r e f o r e  s p e c i f i e s  a  ba lance  o f  q u a n t i t i e s  i n  space a t  a  

moment o f  t i m e .  

DRY ATMOSPHERE - An atmosphere i n  wh ich condensa t ion  o f  w a t e r  vapor  has n o t  o r  

i s  n o t  t a k i n g  p l a c e  and t h e r e f o r e  where t h e  thermodynamics o f  t r a n s i t i o n  

between vapor,  l i q u i d  and i c e  phases o f  w a t e r  may be ignored .  

DYNAMICAL SIMILARITY - A  r e l a t i o n  between two systems (one o f  wh ich  may be a  

model)  such t h a t  by p r o p o r t i o n a l  a1 t e r a t i o n s  o f  t h e  u n i t s  o f  l e n g t h ,  

mass, t i m e ,  e t c . ,  measured q u a n t i t i e s  i n  one system go i d e n t i c a l l y  ( o r  

w i t h  a  c o n s t a n t  m u l t i p l e  f o r  each) i n t o  those  i n  t h e  o t h e r ;  i n  p a r t i c u l a r ,  

t h i s  i m p l i e s  c o n s t a n t  r a t i o s  o f  f o r c e s  i n  t h e  two systems. 

EINSTEIN SUMMATION CONVENTION - A  n o t a t i o n a l  conven ience used i n  v e c t o r  and 

t e n s o r  a n a l y s i s  whereupon i t  i s  agreed t h a t  any t e r m  i n  wh ich  an i n d e x  

appears t w i c e  w i l l  s t a n d  f o r  t h e  sum o f  a l l  such terms as t h e  i n d e x  

assumes a l l  o f  a  p reass igned  range o f  v a l u e s .  

EULERIAN EQUATION - A  mathemat ica l  r e p r e s e n t a t i o n  o f  t h e  mot ions o f  a  f l u i d  i n  

wh ich  t h e  b e h a v i o r  and t h e  p r o p e r t i e s  o f  t h e  f l u i d  a r e  d e s c r i b e d  a t  f i x e d  

p o i n t s  i n  a  c o o r d i n a t e  system. The p r o p e r t i e s  o f  a  f l u i d  a r e  ass igned t o  

p o i n t s  i n  space a t  each g i v e n  t ime ,  w i t h o u t  a t t e m p t  t o  i d e n t i f y  i n d i v i d u a l  

f l u i d  p a r c e l s  f r o m  one t i m e  t o  t h e  n e x t ;  as opposed t o  a  Lagrang ian 

d e s c r i p t i o n  o f  f l o w .  Fo r  example, an anemometer a t  a  f i x e d  p o i n t  makes 

an E u l e r i a n  measurement o f  w ind  speed. 



FLAGGED TREE - A  t r e e ,  deformed by t h e  wind, w i t h  c h a r a c t e r i s t i c  crown asym- 

metry.  

FLAT - I n  t h e  mic rometeoro log ica l  sense t e r r a i n  may be cons idered f l a t  o n l y  i f  

topograph ica l  p r o t r u s i o n s  o r  s lopes have no s i g n i f i c a n t  i n f l u e n c e  on t h e  

s t a t i s t i c s  o f  i n t e r e s t  (e.g. ,  w ind  speed o r  wind shear) throughout  t h e  

r e g i o n  o f  i n t e r e s t  (e .g . ,  t h e  h e i g h t  o f  a  wind t u r b i n e  o r  t h e  dimensions 

o f  a  c l u s t e r ) .  The c r i t e r i a  f o r  f l a t n e s s  niay be a  f u n c t i o n  o f  s t a b i l i t y .  

FLOW SEPARATION - Flow i s  s a i d  t o  separate f rom an o b j e c t  when upstream o f  t h e  

sepa ra t i on  p o i n t  t h e  s t r eam l i ne  near t h e  su r f ace  f o l l o w s  t h e  s u r f a c e  

whereas a t  t h e  sepa ra t i on  p o i n t  t he  s t r eam l i ne  depar ts  f rom t h e  sur face .  

Downstream o f  t h e  sepa ra t i on  p o i n t  and beneath t h e  sepa ra t i on  s t r e a m l i n e  

a  reverse  f l o w  eddy forms. A t  some d i s tance  f u r t h e r  downstream t h e  sepa- 

r a t i o n  s t r eam l i ne  comes back t o  t h e  sur face ,  f o l l o w s  t he  sur face ,  and t he  

f l o w  i s  s a i d  t o  be rea t tached.  

Flow sepa ra t i on  may be caused when f l u i d  momentum, dep le ted  by downward 

momentum t r a n s p o r t ,  i s  i n s u f f i c i e n t  t o  a l l o w  the  f l o w  t o  proceed i n t o  

reg ions  o f  i n c r e a s i n g  pressure,  o r  when t h e  i n e r t i a  o f  t h e  f l o w  pass ing  

over  a  sharp edge does n o t  enable t he  f l o w  t o  n e g o t i a t e  t h e  sudden change 

i n  s u r f a c e  contour .  

FROUDE NUMBER - A  d imension less parameter = 
U where u  = speed, g  = acce l -  

e r a t i o n  o f  g r a v i t y ,  p = d e n s i t y  o f  [g 'I1'* f l u i d ,  Ap = d e n s i t y  

d i f f e r e n c e  between two l a y e r s  o f  f l u i d ,  and L  i s  a  c h a r a c t e r i s t i c  l e n g t h  

sca le .  T h i s  parameter i s  a  r a t i o  o f  i n e r t i a  t o  buoyancy f o r ces ,  o r  

e q u i v a l e n t l y  a  r a t i o  o f  f l u i d  speed t o  g r a v i t y  wave speed. 

GEOMETRICAL SIMILARITY - P rope r t y  o f  two f l u i d  f l ows  f o r  which a  s imp le  a l t e r a -  

t i o n  o f  sca les  and l e n g t h  and v e l o c i t y  t ransforms one i n t o  t h e  o the r .  

GEOSTROPHIC WIND - The h o r i z o n t a l  w ind v e l o c i t y  f o r  which t h e  C o r i o l i s  acce l -  

e r a t i o n  e x a c t l y  balances t h e  h o r i z o n t a l  pressure g r a d i e n t  f o r ce ;  i - e . ,  

-+ 
where V i s  t h e  geos t roph ic  wind vec to r ,  nHP i s  t h e  h o r i z o n t a l  p ressure  

g  A 

g rad ien t ,  k  i s  a  v e r t i c a l  u n i t  vec to r ,  p i s  dens i t y ,  and f i s  t h e  Cor io-  

1  i s  parameter. 



GRAVITY WAVE - A  wave i n  a  f l u i d  medium i n  which r e s t o r i n g  f o r ces  a r e  p r i m a r i l y  

due t o  buoyancy ( t h a t  i s ,  g r a v i t y )  r a t h e r  than by conipression. 

HEAT FLUX - I n  t h e  c o n t e x t  used here t h i s  u s u a l l y  means t u r b u l e n t  t r a n s f e r  o f  

heat  e i t h e r  up o r  down w i t h i n  t h e  p l a n e t a r y  boundary l aye r .  

HISTOGRAM - A  g raph i ca l  r ep resen ta t i on  o f  a  d i s t r i b u t i o n  f u n c t i o n  by means o f  

r ec tang les  whose w id ths  rep resen t  i n t e r v a l s  i n t o  which a  range o f  observed 

va lues i s  d i v i d e d  and whose he igh t s  r ep resen t  t h e  number o f  observa t ions  

o c c u r r i n g  i n  each i n t e r v a l .  

HORIZONTAL A X I S  WIND TURBINE - A  wind t u r b i n e  i n  which t he  r o t o r  r o t a t e s  about 

an a x i s  t h a t  i s  h o r i z o n t a l  and p a r a l l e l  t o  t he  wind. The a x i s  i s  a t  hub 

h e i g h t  above ground. 

HUB HEIGHT - The h e i g h t  above ground o f  t h e  a x i s  o f  a  h o r i z o n t a l  a x i s  wind 

t u r b i n e .  I t  i s  f r e q u e n t l y  assumed t h a t  hub h e i g h t  winds may be used t o  

c o n s t r u c t  an adequate r e p r e s e n t a t i o n  o f  t h e  winds a f f e c t i n g  t h e  e n t i r e  

wind t u r b i n e .  For a  v e r t i c a l  a x i s  wind t u r b i n e  such a  h e i g h t  would be 

midway between t he  t op  and bottom o f  t h e  r o t o r .  

HYDRAULIC JUMP - A steady s t a t e ,  f i n i t e - a m p l i t u d e  d i s tu rbance  i n  a  channel, i n  

which water  passes t u r b u l e n t l y  f rom a  reg ion  o f  ( un i f o rm)  low depth and 

h i g h  v e l o c i t y  t o  a  r e g i o n  o f  ( un i f o rm)  h i gh  depth and low v e l o c i t y .  The 

atmosphere analog i s  t he  p ressure  jump where dense a i r  beneath t h e  i n v e r -  

s i o n  i s  t h e  f l u i d ,  and t h e  i n v e r s i o n  h e i g h t  changes. 

HYDROSTATIC APPROXIMATION - The assumption t h a t  t h e  atmosphere i s  i n  hydro-  

s t a t i c  e q u i l i b r i u m ,  i . e . ,  t h a t  t h e  p ressure  a t  a  p o i n t  i s  s o l e l y  due t o  

t h e  we igh t  o f  t h e  a i r  mass above t h a t  p o i n t .  Th is  assumption ho lds i f  

v e r t i c a l  acce le ra t i ons  a re  smal l  compared t o  t h e  a c c e l e r a t i o n  o f  g r a v i t y .  

INERTIAL FORCE - The f i c t i t i o u s  f o r c e  a c t i n g  on a  body as a  r e s u l t  o f  us i ng  

a n o n i n e r t i a l  frame o f  re fe rence ;  examples a r e  c e n t r i f u g a l  and C o r i o l i s  

f o r ces  t h a t  appear i n  t h e  r o t a t i n g  e a r t h  coo rd ina te  system. 



INERTIAL OSCILLATION - When t h e  f o r c e  ba lance on a  f l u i d  pa rce l  changes q u i c k l y  

t h e r e  i s  a  component o f  t h e  f l o w  t h a t  i s  n o t  i n  e q u i l i b r i u m  w i t h  t h e  

f o r ces  upon t h a t  p a r c e l ,  i . e . ,  due t o  t he  i n e r t i a  o f  t h e  f l u i d  e q u i l i b r i u m  

i s  n o t  ach ieved ins tan taneous ly .  Th is  component, w i t h  no r e a l  f o r ces  on 

i t  i n  an i n e r t i a l  frame o f  re fe rence ,  exper iences o n l y  t h e  f i c t i t i o u s  

C o r i o l i s  and c e n t r i f u g a l  f o r ces  i n  t h e  r o t a t i n g  frame o f  re fe rence .  The 

unbalanced component o s c i l l a t e s  a t  a  p o i n t  w i t h  a  p e r i o d  o f  2~ + C o r i o l i s  

parameter. 

INTERNAL BOUNDARY LAYER - Wi th i n  t h e  p l a n e t a r y  boundary l a y e r  when d i s c r e t e  

changes i n  t h e  su r f ace  occur  (e .g . ,  roughness, su r f ace  temperature)  t h e  

e f f e c t s  of t h e  change a r e  observed w i t h i n  an i n t e r n a l  boundary l a y e r  

which grows downstream o f  t he  change. 

I N V E R S I O N  - See Temperature I nve rs i on .  

ISOPLETH - A  l i n e  o f  cons tan t  va lue  o f  a  g iven  q u a n t i t y  w i t h  r espec t  t o  e i t h e r  

space o r  t ime.  

KATABATIC W I N D  - A  wind ( o r  component t h e r e o f )  d i r e c t e d  down the  s l ope  o f  an 

i n c l i n e  and caused by g r e a t e r  a i r  d e n s i t y  near  t h e  s l ope  than a t  t h e  same 

l e v e l s  some d i s tance  h o r i z o n t a l l y  f rom t h e  s lope.  A lso  known as dra inage 

wind. 

KELVIN-HELMHOLTZ WAVE - An uns tab le  were fo rming  i n  a  system o f  two l a y e r s  o f  

f l u i d  w i t h  a  v e l o c i t y  d i s c o n t i n u i t y  a t  t h e  i n t e r f a c e .  The uns tab le  wave 

gains k i n e t i c  energy a t  t he  expense o f  t h e  k i n e t i c  energy o f  t h e  winds 

i n  each l a y e r .  U l t i m a t e l y  t he  wave breaks, l i k e  an ocean wave, and 

becomes t u r b u l e n t .  Kelv in-Helmhol tz  waves occur  i n  t h e  atmosphere a t  

i n v e r s i o n  sur faces  where t h e r e  i s  h i g h  w ind  shear. 

KINEMATIC SIMILARITY - A  r e l a t i o n s h i p  between f l u i d  f l o w  systems i n  which 

corresponding f l u i d  v e l o c i t i e s  and v e l o c i t y  g rad ien t s  a r e  i n  t h e  same 

r a t i o s  a t  corresponding l o c a t i o n s .  

L  - See Obukhov Length. 



LAGRANGIAN DESCRIPTION - A d e s c r i p t i o n  o f  f l u i d  mot ion  i n  which one cons iders  

volume elements which a r e  c a r r i e d  a long  w i t h  t h e  f l u i d ,  and across whose 

boundar ies m a t e r i a l  does n o t  f l ow ;  i n  c o n t r a s t  t o  t h e  E u l e r i a n  desc r i p-  

t i o n .  For  example, f o l l o w i n g  t h e  mot ion o f  a f r e e  b a l l o o n  p rov ides  a 

Lagrangian measurement o f  t h e  wind f i e l d .  

LAPSE RATE - The r a t e  o f  change w i t h  h e i g h t  o f  temperature o r  p o t e n t i a l  tem- 

pe ra tu re .  

LARGE SCALE TERRAIN - Def ined  f o r  t h i s  document t o  be t e r r a i n  i n  which t h e  

v e r t i c a l  r e l i e f  i s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  boundary l a y e r  depth or 

exceeds t h e  boundary l a y e r  depth.  

LEE WAVE - A g r a v i t y  wave t r a i n  which i s  e x c i t e d  by a mountain o r  r i d g e  and 

extends downwind, i n  t he  l ee ,  o f  t h e  mountain. Wave c louds f r e q u e n t l y  

f o rm  a t  t h e  c r e s t  o f  each wave. 

LEVELIZATION - The process by which a s e r i e s  o f  nonuni form f u t u r e  payments i s  

conver ted  t o  a un i f o rm  ( l e v e l )  s e r i e s  o f  payments whose p resen t  va lue  i s  

equal t o  t h a t  o f  t h e  o r i g i n a l  nonuniform s e r i e s .  

LOAD MATCH - The phase r e l a t i o n s h i p  between t he  l o a d  on t h e  u t i l i t y  network 

and t h e  wind generated power; i . e . ,  wind generated power peaking i n  t h e  

a f t e rnoon  w i t h  maximum load  o c c u r r i n g  i n  t he  a f t e rnoon  i s  a good l o a d  

match. Load matching a l s o  a p p l i e s  t o  seasonal wind and wind v a r i a t i o n s .  

LOG LAW - I n  t h i s  document l o g  law r e f e r s  t o  a wind p r o f i l e  i n  which t h e  wind 

speed increases w i t h  t h e  l o g a r i t h m  o f  he igh t ,  o r  t o  wind p r o f i l e  desc r i p-  

t i o n s  t h a t  mod i fy  t h e  l o g a r i t h m i c  d e s c r i p t i o n  t o  account f o r  s t a b i l i t y  

e f f e c t s .  

MEAN WIND - The d e f i n i t i o n  v a r i e s  w i t h  con tex t .  I f  no averaging i n t e r v a l  i s  

s p e c i f i e d  such as annual mean wind t he  re fe rence  i s  p robab ly  i n d i c a t i v e  

o f  an averaging i n t e r v a l  j u s t  l o n g  enough t o  f i l t e r  o u t  t h e  tu rbu lence  i n  

t h e  wind, e.g., 1 5 m i n  t o  1 h r .  



MESOSCALE - A  s c a l e  of  atmospheric mot ions t h a t  a r e  sma l l e r  than s y n o p t i c  

s c a l e  b u t  l a r g e r  than  microscale;  i . e . ,  h o r i z o n t a l  sca les  between 1  km 

and hundreds o f  km. Mesoscale meteorology i s  e s p e c i a l l y  d i f f i c u l t  because 

t h e  mesoscale f l o w  i n t e r a c t s  w i t h  t h e  synop t i c  s c a l e  and t h e  m ic rosca le  

i n  ways t h a t  a r e  p o o r l y  understood. 

MICROSCALE - The s c a l e  o f  mot ions i n  t h e  atmosphere assoc ia ted  w i t h  tu rbu lence ;  

i. e. , sca les  s m a l l e r  than about 1  km. 

M I X E D  LAYER - The p o r t i o n  o f  t h e  p l a n e t a r y  boundary l a y e r  i n  uns tab le  condi-  

t i o n s  above t he  s u r f a c e  l a y e r  and below the  i n v e r s i o n  where convec t ion  

couples (mixes)  a l l  l a y e r s  r e s u l t i n g  i n  snial l  g rad ien t s  o f  p o t e n t i a l  tem- 

pera tu re ,  w ind  speed, and w ind  d i r e c t i o n .  

MOMENTUM FLUX - I n  t h e  c o n t e x t  used here  t h i s  means t u r b u l e n t  t r a n s f e r  o f  

momentum w i t h i n  t h e  p l a n e t a r y  boundary l a y e r .  However, momentum may a l s o  

be t r anspo r ted  by g r a v i t y  waves i n  a  non tu rbu len t  f l ow .  

NEUTRAL STABILITY - L o c a l l y ,  n e u t r a l  s t a b i l i t y  e x i s t s  when t h e  v e r t i c a l  g ra-  

d i e n t  o f  p o t e n t i a l  temperature equals zero  so t h a t  per tu rbed  p a r c e l s  

w i l l  n o t  be acce le ra ted  o r  r e t a r d e d  by buoyancy f o r ces .  However, i n  a  

mixed l a y e r  t h e  l apse  r a t e  o f  p o t e n t i a l  temperature may equal ze ro  ove r  

much o f  t h e  mixed l a y e r  b u t  t h e  boundary l a y e r  would n o t  be cons idered 

n e u t r a l l y  s t a b l e  s i n c e  t h e r e  i s  an upward hea t  f l u x  o r i g i n a t i n g  f rom t h e  

uns tab le  su r f ace  l a y e r .  

NOCTURNAL JET - A  l ow- leve l  wind speed maximum t h a t  forms a t  t h e  t o p  o f  t h e  

noc tu rna l  boundary 1  ayer .  

NONDIMENSIONAL PARAMETER - A r a t i o  o f  va r i ous  phys i ca l  p r o p e r t i e s  (such as 

dens i t y ,  hea t  c a p a c i t y )  and c o n d i t i o n s  (wind speed, temperature)  o f  such 

na tu re  t h a t  t h e  r e s u l t i n g  number has no d e f i n i n g  u n i t s  o f  l eng th ,  t ime,  

e t c .  Study o f  f l u i d  f lows,  where no exac t  s o l u t i o n s  a r e  poss ib l e ,  may be 

s i m p l i f i e d  by t r ans fo rm ing  measured s o l u t i o n s  f o r  one f l o w  i n t o  s o l u t i o n s  

f o r  ano ther  f low,  i f  t h e  two f l ows  have i d e n t i c a l  values o f  t h e  nondinien- 

s i o n a l  parameters which govern t h e  f low,  such as t h e  Reynolds number, 

Froude number, and z/L where z i s  h e i g h t  and L  i s  t h e  Obukhov l e n g t h .  

See S i m i l a r i t y ,  Dynamical S i m i l a r i t y ,  K inemat ic  S i m i l a r i t y ,  Geometr ical  

S i m i l a r i t y .  



NUMERICAL MODELING - The f o r e c a s t i n g  o r  d iagnos is  of t h e  behav io r  o f  atniospheric 

d is tu rbances  by t h e  numerical  s o l u t i o n  o f  t h e  govern ing fundamental equa- 

t i o n s  o f  hydrodynamics, s u b j e c t  t o  observed i n i t i a l  and/or boundary con- 

d i  t i o n s .  See D iagnos t i c  Equat ion, Prognos t i c  Equat ion, and P r i n i i  t i  ve 

Equat ions. 

OBJECTIVE ANALYSIS - Ana lys is  o f  t h e  f l o w  f i e l d  f rom a  few observa t ions  where 

t h e  r e l a t i o n  o f  f l o w  v a r i a b l e s  a t  separate p o i n t s  i n  space o r  t ime  i s  

cons t ra i ned  t o  s a t i s f y  govern ing equat ions,  which may o r  may n o t  i n c l u d e  

a l l  r e l e v a n t  phys ics .  Th is  i s  opposed t o  a  s u b j e c t i v e  a n a l y s i s  where t h e  

i n d i v i d u a l  per fo rming  t h e  a n a l y s i s  r e l i e s ,  as b e s t  he can, on h i s  under- 

s tand ing  o f  a l l  o f  t h e  govern ing phys ics t o  gu ide  h i s  i n t e r p r e t a t i o n  o f  

f low fea tu res  between observa t ions .  

OBUKHOV LENGTH - A l e n g t h  s c a l e  which r e l a t e s  t h e  r a t e  o f  shear p roduc t i on  o f  

t u rbu lence  k i n e t i c  energy t o  buoyancy p roduc t i on  o f  tu rbu lence  k i n e t i c  

energy. z/L and h/L where z i s  t h e  h e i g h t  above ground and h  i s  t h e  h e i g h t  

o f  t h e  boundary l a y e r  a r e  fundamental nondimensional parameters o f  tu rbu-  

l e n t  boundary l a y e r  f l ow .  

PHYSICAL MODELING - The a t tempt  t o  measure s o l u t i o n s  t o  a  smal l  sca le- f low,  

e.g., i n  a  wind tunne l  o r  a  wate r  towing tank,  so t h a t  t h e  measured so lu-  

t i o n s  may be a p p l i e d  t o  f u l l - s c a l e  f l o w  fea tu res .  Phys ica l  model ing 

r e q u i r e s  s t r i c t  a t t e n t i o n  t o  p rese rv i ng  dynamical ,  k inemat ic  and geo- 

m e t r i c a l  s in i i  l a r i  ty between model and f u l l  s ca l  e- f low. 

PITCH CONTROL - The mechanisms by which t he  change o f  t h e  o r i e n t a t i o n  o f  t h e  

wind t u r b i n e  b lade  r e l a t i v e  t o  t h e  wind i s  achieved, thereby a1 t e r i n g  

t h e  aerodynamic e f f i c i e n c y  o f  t h e  b lade.  

PLANETARY BOUNDARY LAYER (PBL) - See Boundary Layer.  

PLANT FACTOR - Same as Capaci ty  Fac to r .  

POTENTIAL TEMPERATURE - The temperature t h a t  a  pa rce l  o f  a i r  would have i f  i t  

were b rought  a d i a b a t i c a l  l y  ( i  .e. , w i t h o u t  e x t e r n a l  heat  a d d i t i o n )  t o  a  

p ressure  o f  1000 mb. P o t e n t i a l  temperature i s  a  conse rva t i ve  p rope r t y  

( i  .e., does n o t  change) f o r  v e r t i c a l  mot ion o f  s h o r t - t i m e  sca les  where 

condensat ion has n o t  taken p lace.  



POWER COEFFICIENT - The r a t i o  of t h e  energy conver ted  t o  t h e  w ind  energy i n t e r -  

cepted. Th is  can be a  power c o e f f i c i e n t  o f  a  r o t o r ,  s p e c i f y i n g  t h e  e f f i -  

c i ency  o f  t h e  r o t o r ,  o r  a  power c o e f f i c i e n t  o f  t h e  e n t i r e  system, i n c l u d i n g  

a l l  l osses  f rom aerodynamic t o  mechanical t o  e l e c t r i c a l .  

POWER CURVE - The cu rve  spec i f y i r l g  t h e  power produced by a  wind t u r b i n e  when 

t he  t u r b i n e  i s  synchronized w i t h  t h e  g r i d  as a  f u n c t i o n  o f  wind speed 

(measured a t  hub he igh t ,  f o r  example). 

POWER LAW - A d e s c r i p t i o n  o f  t h e  v a r i a t i o n  o f  wind speed w i t h  h e i g h t  used exten-  

s i v e l y  i n  t h e  eng ineer ing  community where t he  r a t i o  o f  wind speeds a t  two 

he igh t s  i s  equal t o  t h e  r a t i o  o f  t h e  two he igh t s  r a i s e d  t o  some power. 

Th is  i s  opposed t o  t h e  l o g  law used e x t e n s i v e l y  by t h e  me teo ro log i ca l  

research  commun i t y  . 

PRESENT VALUE - The p r i n c i p a l  o f  a  sum of money payable a t  a  f u t u r e  da te  t h a t  

upon drawing i n t e r e s t  a t  a  g i ven  r a t e  w i l l  equal t h e  sum a t  t h e  da te  

on which t h i s  sum i s  t o  be pa id .  Present  va lue  (PV) c a l c u l a t i o n s  compare 

investment  op t i ons  a g a i n s t  each o t h e r  and a g a i n s t  i n v e s t i n g  t h e  money a t  

t h e  h i g h e s t  a v a i l a b l e  i n t e r e s t  r a t e .  For example, a t  8% i n t e r e s t  t he  PV 

o f  an investment  o p t i o n  t h a t  y i e l d s  $200 a t  t h e  end o f  1  yea r  and $100 a t  

t h e  end o f  t h e  second yea r  i s :  

The PV o f  a  second o p t i o n  y i e l d i n g  $40 a t  t h e  end o f  1 y e a r  and $270 a t  

t h e  end o f  2 years  i s  $269. Therefore,  t h e  f i r s t  o p t i o n  i s  t h e  s u p e r i o r  

o f  t h e  two investments  and i f  i t  can be purchased f o r  1  ess than  $271 , i s  

a l s o  s u p e r i o r  t o  i n v e s t i n g  a t  8% p e r  year .  

PRIMITIVE EQUATIONS - The E u l e r i a n  equat ions o f  mot ion o f  a f l u i d  i n  which t h e  

p r imary  dependent v a r i a b l e s  a r e  t h e  f l u i d ' s  v e l o c i t y  components. I n  

meteorology these equat ions a r e  f r e q u e n t l y  s p e c i a l i z e d  t o  app ly  d i r e c t l y  

t o  1  arge-scal  e  niot ions by the  i n t r o d u c t i o n  o f  f i  1  t e r i n g  approx imat ions.  

PROBABILITY DENSITY FUNCTION (PDF) - A f u n c t i o n  whose i n t e g r a l  ove r  any s e t  

g i ves  t h e  p r o b a b i l i t y  t h a t  a  random v a r i a b l e  has values i n  t h i s  s e t .  

A lso  known as d e n s i t y  f u n c t i o n ,  f requency d i s t r i b u t i o n .  



PROFILE - A g raph ic  r ep resen ta t i on  o f  t h e  v a r i a t i o n  o f  one p roper ty ,  such as 

wind speed o r  temperature,  w i t h  r espec t  t o  another  p rope r t y  such as d i s -  

tance o r  p o s i t i o n .  

PROGNOSTIC EQUATION - Any equat ion  govern ing a  system which con ta ins  a  t ime  

d e r i v a t i v e  o f  a  q u a n t i t y  and t h e r e f o r e  can be used t o  determine t h e  va lue  

o f  t h a t  q u a n t i t y  a t  a  l a t e r  t ime  when o t h e r  terms i n  t h e  equat ion  a re  

known. 

RADIOSONDE - A bal loon- borne i ns t rumen t  f o r  t h e  siniul taneous measurement and 

t ransmiss ion  o f  atmospheric pressure,  temperature and humid i t y .  

RATED WIND SPEED - The wind speed a t  which t he  power o u t p u t  o f  a  wind t u r b i n e  

reaches i t s  r a t e d  value. 

RAWINSONDE - A rad iosonde sys tem w i t h  t h e  a d d i t i o n a l  capabi 1 i ty o f  e v a l u a t i n g  

wind speed and d i r e c t i o n  a l o f t  by means o f  t r a c k i n g  by rada r  o r  r a d i o  

d i r e c t i o n  f i n d e r .  

RAYLEIGH DISTRIBUTION - A unimodal one parameter probabi  1  i t y  d e n s i t y  f u n c t i o n  

descr ibed  by : 

P ( X )  = exp [-nx2/4 y2] 
2y2 

where x i s  t h e  average va lue  o f  t h e  v a r i a t e  x. The Rayle igh d i s t r i b u t i o n  

i s  f r e q u e n t l y  used t o  desc r i be  t h e  d i s t r i b u t i o n  o f  wind speed. 

REGIONAL RESOURCE ASSESSMENT - I n  t h i s  document t h i s  r e f e r s  t o  d e t a i l e d  wind 

resource assessments c a r r i e d  o u t  by U.S. Department o f  Energy subcon- 

t r a c t o r s  i n  12 reg ions  o f  t h e  Un i t ed  S ta tes  and i t s  t e r r i t o r i e s .  

RESOURCE ASSESSMENT - I n  t h i s  document t h i s  r e f e r s  t o  i n t e r p r e t a t i o n s  o f  t h e  

s p a t i a l  and temporal d i s t r i b u t i o n s  o f  t h e  w i ~ d  c l ima to logy  and wind 

resource  i n t e r p o l a t e d  between permanent o r  long- term da ta  s t a t i o n s  us ing  

h i s t o r i c a l  da ta  f rom those s t a t i o n s .  The r e s o l u t i o n  o f  these assessments 

i s  as f i n e  as can be respons ib l y  made f rom sparse data,  b u t  i s  too  coarse 

t o  be used i n  WECS s i t e  s e l e c t i o n  except  t o  p rov ide  a  p r e l i m i n a r y  i n d i c a -  

t i o n  of t h e  magnitude and d i s t r i b u t i o n  o f  t he  wind resource f o r  an area. 



REYNOLDS NUMBER - A  dimensionless number which i s  s i g n i f i c a n t  i n  t h e  des ign 

o f  a  model of any system i n  which t h e  e f f e c t  o f  v i s c o s i t y  i s  impo r tan t  i n  

c o n t r o l l i n g  t h e  v e l o c i t i e s  o r  t h e  f l o w  p a t t e r n  o f  a  f l u i d :  

where u  i s  a  c h a r a c t e r i s t i c  v e l o c i t y  

L i s  a  c h a r a c t e r i s t i c  l e n g t h  

p i s  t h e  d e n s i t y  

and p i s  t h e  dynamic v i s c o s i t y  o f  t h e  f l u i d .  

A t  h i g h  Reynolds numbers i n  t he  atmosphere (p = 0.181 kg/m sec a t  20°C) 

t h e  l a r g e  s c a l e  s t r u c t u r e  o f  t u rbu lence  becomes independent o f  Reynolds 

number; however, f i n e  s t r u c t u r e  t u rbu lence  i s  ve ry  dependent on Reynolds 

number s i nce  f i n e  s t r u c t u r e  t u rbu lence  i s  d i s s i p a t e d  by v iscous  f o r ces .  

REYNOLDS STRESS - The n e t  t r a n s f e r  of  momentum across a  su r f ace  i n  a  t u r b u l e n t  

f l u i d  because of f l u c t u a t i o n s  i n  f l u i d  v e l o c i t y ;  a l s o  known as eddy s t r e s s .  

The eddy s t r e s s ,  due t o  the  5verage c o r r e l a t i o n  o f  f l u c t u a t i n g  v e l o c i t y  

coniponen t s  i s  

where T = Reynolds s t r e s s  

p = dens i  t y  

Ui and U .  a r e  f l u c t u a t i n g  wind components and t h e  E i n s t e i n  sumniation 
J 

convent ion  i s  used, and an overbar  denotes an averaging opera to r .  

ROSSBY NUMBER - The nondimensional r a t i o  o f  t h e  i n e r t i a l  f o r c e  t o  t h e  C o r i o l i s  

f o r c e  f o r  a  g i ven  f l o w  o f  a  r o t a t i n g  f l u i d  g i ven  as: 

where U i s  a  c h a r a c t e r i s t i c  v e l o c i t y ,  f i s  t he  C o r i o l i s  parameter, and L  

a  c h a r a c t e r i s  t i c  l eng th .  The smal lness o f  t h e  Rossby number i s  an i n d i c a -  

t i o n  o f  t h e  goodness o f  t he  geos t roph ic  approx imat ion t o  t h e  winds. 



ROTOR - 1  - The r o t a t i n g  dev ice  o f  a  w ind  t u r b i n e  t h a t  conver ts  wind power 

i n t o  to rque  on a  r o t a t i n g  s h a f t .  

2 - A  t u r b u l e n t  eddy t h a t  forms beneath t he  c r e s t  o f  some l e e  wave 

d is tu rbances .  

ROUGHNESS LENGTH - A  parameter ( z o )  used t o  desc r i be  t he  t e x t u r e  o f  t h e  e a r t h ' s  

su r f ace  and i t s  e f f e c t s  upon t h e  l o g a r i t h m i c  wind p r o f i l e .  S ince t he  

l o g a r i t h m i c  wind p r o f i l e  i s  v a l i d  o n l y  over  f l a t  t e r r a i n ,  t he  roughness 

l e n g t h  i s  n o t  r e a l l y  an a p p l i c a b l e  parameter f o r  n o n f l a t  t e r r a i n ,  however, 

t he  t e x t u r e  o f  n o n f l a t  t e r r a i n  i s ,  f o r  comparison, o f t e n  descr ibed i n  terms 

o f  a  roughness l eng th .  

SAMPLING ERROR - The e r r o r  o r  u n c e r t a i n t y  r e s u l t i n g  f rom the  a t tempt  t o  i n f e r  

t h e  c h a r a c t e r i s t i c s  o f  t he  t r u e  p o p u l a t i o n  f rom t h e  s t a t i s t i c s  o f  a  

1  i m i  t e d  sample o r  subset  o f  t h e  popu la t i on .  For example, when one wishes 

t o  measure t h e  wind speed corresponding t o  a  g iven  s e t  o f  ex te rna l  condi-  

t i o n s  t h e  sampl ing e r r o r  i s  determined by t he  na tu re  o f  t h e  turbu lence;  

i f  one averages over  o n l y  a  p o r t i o n  o f  o r  a  few l a r g e  t u r b u l e n t  eddies 

t he  es t ima te  o f  t he  t r u e  average wind speed can be i n  cons iderab le  e r r o r .  

SAMPLING RATE - The r a t e  a t  which measurements o f  phys i ca l  q u a n t i t i e s  a r e  made. 

Th is  r a t e  i s  determined by t he  temporal r e s o l u t i o n  r e q u i r e d  o f  t h e  da ta  

and sampl ing e r r o r  cons ide ra t i ons .  

SCALE - A  c h a r a c t e r i s t i c  va lue  o f  a  p rope r t y  o r  f e a t u r e  o f  a  f l o w  o r  an o b j e c t  

o r  a  domain o f  cons ide ra t i on ,  such as a  c h a r a c t e r i s t i c  l eng th ,  f requency, 

t ime, v e l o c i t y ,  e t c .  

SECONDARY CIRCULATION - A  c i r c u l a t i o n  superimposed upon t he  mean f l o w  so t h a t  

if l o n g  average o r  l a r g e  s p a t i a l  averages a r e  taken t he  c i r c u l a t i o n  i s  

averaged o u t .  These c i r c u l a t i o n s  are, however, d i s t i n c t  f rom tu rbu lence  

i n  t h a t  t h e i r  dynamics a r e  n o t  c h a r a c t e r i s t i c  o f  tu rbu lence .  Never the less,  

secondary c i r c u l a t i o n s  can e x i s t  i n  t he  p l ane ta ry  boundary l a y e r  caus ing 

p e r i o d i c  v a r i a t i o n s  o f  wind speed and d i r e c t i o n  a t  a  g iven  l o c a t i o n  w i t h  

t ime  sca les  o f  an hour  o r  more, thereby compounding sampl ing e r r o r  problems. 

An example o f  secondary c i r c u l a t i o n s  i s  h o r i z o n t a l  r o l l  v o r t i c e s ,  l ong  



v o r t i c e s  w i t h  d iameters  o f  t h e  same o r d e r  as boundary l a y e r  he igh t .  

These v o r t i c e s  a r e  n o t  q u i t e ,  b u t  c l o s e  t o  p a r a l l e l  t o  t h e  mean wind, so 

t h a t  i t  takes a  s u b s t a n t i a l  t ime  f o r  one wavelength t o  pass a  f i x e d  p o i n t  

on t he  ground. 

SEPARATION STREAMLINE - The s t ream l i ne  sepa ra t i ng  t h e  separated f l o w  r e g i o n  

beneath t h e  s t r e a m l i n e  f rom smoother f l o w  above t he  s t r eam l i ne .  See Flow 

Separat ion.  

SHEAR - I n  t h i s  document used synonymously w i t h  wind shear.  

SHEAR STRESS - A  s t r e s s  i n  which t h e  m a t e r i a l  on one s i d e  o f  a  su r f ace  ( o r  i n  

t h e  case o f  f l u i d s ,  an imaginary  p lane  between l a y e r s  o f  f l u i d ,  o r  f l u i d  

above a  s o l i d  boundary) pushes on t h e  o t h e r  s i d e  o f  t h e  su r f ace  w i t h  a  

f o r c e  which i s  p a r a l l e l  t o  t he  su r f ace .  

I n  a  t u r b u l e n t  f l o w  t h i s  i s  t h e  momentum t r a n s p o r t .  

SHUTDOWN - The procedure whereby a  w ind  t u r b i n e  r e t u r p s  t o  parked standby 

s ta tus .  Shutdown procedures may be i n i t i a t e d  by w ind  speeds exceeding 

c u t - o u t  , wind speeds dropping below c u t - i  n  be fo re  s t a r t - u p  i s  complete,  

by power o u t p u t  f a l l i n g  below a  p r e s c r i b e d  value, o r  by excess ive  changes 

i n  wind speed o r  wind d i r e c t i o n .  

SMALL SCALE TERRAIN - Def ined f o r  t h i s  document t o  mean n o n f l a t  t e r r a i n  i n  

which t h e  v e r t i c a l  r e l i e f  i s  a  smal l  f r a c t i o n  ( < l o % )  o f  t h e  boundary l a y e r  

dep-th . 

SPECTRUM - A  p l o t  o f  t h e  d i s t r i b u t i o n  o f  va r iance  ( s p e c t r a l  d e n s i t y )  o f  a  

g i ven  s i g n a l  as a  f u n c t i o n  o f  f requency o r  wave number ( l /wave leng th ) .  

When t h e  p l o t  i s  d i sp layed  w i t h  t h e  l o g a r i t h m  o f  t h e  p roduc t  o f  t h e  f r e -  

quency and t h e  s p e c t r a l  d e n s i t y  on t h e  o r d i n a t e  and t h e  l o g a r i t h m  o f  t h e  

frequency on t h e  absc issa,  t h e  area under t he  curve  between a  g i ven  s e t  

o f  p o i n t s  represen ts  t h e  f r a c t i o n  o f  t h e  var iance  con ta ined  between 

those f requenc ies .  



SPEEDUP - Relates t he  wind speed a t  h e i g h t  z above t h e  c r e s t  o f  a  h i l l  t o  t h e  

h e i g h t  z above f l a t  t e r r a i n  upstream o f  t h e  h i l l :  

where Uc = wind speed over  t he  c r e s t  

Uo = upstream wind speed. 

STABILITY o r  STATIC STABILITY - The p r o p e r t y  o f  a  f l u i d  i n  which any depa r tu re  

f rom an e q u i l i b r i u m  s t a t e  g ives  r i s e  t o  f o r ces  which tend t o  r e t u r n  t h e  

f l u i d  t o  an e q u i l i b r i u m  s t a t e .  I n  a  d r y  atmosphere, a  p o s i t i v e  v e r t i c a l  

g r a d i e n t  o f  t h e  p o t e n t i a l  temperature causes buoyancy r e s t o r i n g  f o r ces  t o  

a c t  on a  v e r t i c a l  d is tu rbance ;  t h i s  i s  a  s t a b l e  atmosphere. I f  t h e  g ra-  

d i e n t  o f  p o t e n t i a l  temperature i s  nega t i ve ,  d i s t u r b e d  pa rce l s  exper ience 

f o r c e s  t h a t  d r i v e  t h e  pa rce l  f u r t h e r  f rom t h e i r  o r i g i n ;  t h i s  i s  an uns tab le  

atmosphere. I f  t h e  p o t e n t i a l  temperature i s  cons tan t  w i t h  h e i g h t ,  d i s -  

tu rbed  pa rce l s  exper ience no r e s t o r i n g  o r  d e s t a b l i z i n g  f o r ces  and cond i-  

t i o n s  a r e  s a i d  t o  be n e u t r a l l y  s t ab le .  

STABLE - See S t a b i  1  i ty 

STARTUP - The procedure whereby a  wind t u r b i n e  s t a r t s  f rom parked standby 

s ta tus ,  i s  made o p e r a t i o n a l l y  ready, achieves synch ron i za t i on  w i t h  t h e  

g r i d  and begins t o  s a t i s f y  load.  S t a r t u p  r e q u i r e s  severa l  minutes.  

STREAM FUNCTION - A  s c a l a r  f u n c t i o n  o f  p o s i t i o n  used t o  desc r i be  steady, incom- 

p r e s s i b l e  two-dimensional f l ow .  The stream f u n c t i o n  I) i s  r e l a t e d  t o  

v e l o c i t y  components U and W f o r  f l o w  i n  a  v e r t i c a l  p lane  as:  

STREAMLINE - A  l i n e  which i s  everywhere p a r a l l e l  t o  t h e  d i r e c t i o n  o f  f l u i d  f l o w  

a t  a  g i v e n  i n s t a n t .  When f l o w  i s  two-dimensional , stream1 i nes represen t  

l i n e s  o f  cons tan t  values o f  t h e  s t ream f u n c t i o n ,  and hence t h e  more c l o s e l y  

spaced t h e  s t reaml ines  a r e  t he  h i ghe r  t h e  v e l o c i t y  o f  t h e  f l u i d  i s .  



SYNOPTIC SCALE - The s c a l e  of m i g r a t o r y  h i g h  and low-pressure systems o f  t h e  

lower  t roposphere, w i t h  wavelengths o f  1000-2500 kni. A  re fe rence  t o  

synop t i c  s c a l e  winds r e f e r s  t o  winds due t o  t h e  p ressure  g r a d i e n t  o f  t h e  

synop t i c  s c a l e  waves. There may be mesoscale w ind  d is tu rbances  super-  

imposed upon t h e  synop t i c  s c a l e  w i n d f i e l d .  

TEMPERATURE INVERSION - A l a y e r  o f  t h e  atmosphere where t h e  temperature inc reases  

w i t h  he igh t .  I n  t h i s  document temperature i n v e r s i o n  o r  i n v e r s i o n  i s  a l s o  

used t o  imp ly  a  l a y e r  where t he  p o t e n t i a l  temperature inc reases  w i t h  

h e i g h t  fo rming  a  s  tab1 e  1 ayer,  however, t he  reader  shou ld  r e a l  i ze t h a t  

t h e  p o t e n t i a l  temperature can be i n c r e a s i n g  w i t h  h e i g h t  w h i l e  t h e  tempera- 

t u r e  i s  decreas ing w i t h  he igh t .  The s t a b l e  boundary l a y e r  i s  a  p o t e n t i a l  

temperature i n v e r s i o n  whereas t h e  base o f  t he  l owes t  p o t e n t i a l  temperature 

i n v e r s i o n  marks t h e  t o p  o f  an uns tab le  o r  n e a r l y  n e u t r a l  boundary l a y e r .  

THERMAL WIND - The w ind  shear v e c t o r  between t h e  geos t roph ic  winds a t  two 

p ressure  l e v e l s  and r e l a t e d  t o  t h e  mean temperature g r a d i e n t  between t h e  

two cons tan t  p ressure  sur faces .  

THRESHOLD VELOCITY - The w ind  speed a t  which sand f i r s t  begins t o  move ( f l u i d  

t h r e s h o l d  v e l o c i t y )  o r  t h e  minimum speed necessary t o  m a i n t a i n  sand mot ion  

once i t  has been s e t  i n t o  mot ion ( impac t  t h r e s h o l d  v e l o c i t y ) .  

TURBULENCE - Mot ion  o f  f l u i d s  i n  which l o c a l  v e l o c i t i e s  and pressures f l u c t u a t e  

i r r e g u l  a r l y  i n a  random manner. Addi t i o n a l  l y  , three- dimensional  tu rbu-  

lence,  u s u a l l y  known j u s t  as turbu lence,  i s  d i s t i n g u i s h e d  f r om o t h e r  

random f l o w s  i n  t h e  atmosphere by t he  cascade o f  k i n e t i c  energy o f  t h e  

d i s tu rbance  t o  sma l l e r  and sma l l e r  sca les  caused by t h e  s t r e t c h i n g  and 

a m p l i f i c a t i o n  o f  v o r t i c i t y .  

TURBULENCE INTENSITY - A s t a t i s t i c  t o  convey t h e  niagni tude o f  t u rbu lence  k i n e t i c  

energy o f  a  component o f  a  f l o w .  Turbulence i n t e n s i t y  o f  t h e  l o n g i t u d i n a l  

w ind  component as expressed by mic rometeoro log is ts  i s  



where ou i s  t h e  s tandard d e v i a t i o n  o f  t he  v e l o c i t y  f l u c t u a t i o n s  o f  t h e  

wind component p a r a l l e l  t o  t h e  mean wind, and u, i s  t he  f r i c t i o n  v e l o c i t y .  

Another express ion o f  tu rbu lence  i n t e n s i t y  used more by engineers i s  

where U i s  t h e  mean wind speed. 

TWO-DIMENSIONAL FLOW - Flow i n  which i s  independent o f  one space coo rd ina te  

and hence a l l  c ross  sec t i ons  o f  t he  f l o w  normal t o  t h a t  coo rd ina te  a x i s  

a r e  i d e n t i c a l .  

u, - A r e fe rence  w ind  v e l o c i t y ,  known a l s o  as t he  f r i c t i o n  v e l o c i t y ,  de f i ned  

by t h e  r e l a t i o n  

where T i s  t he  Reynolds s t r e s s  

p i s  t h e  d e n s i t y  

u, i s  t h e  f r i c t i o n  v e l o c i t y .  

UNSTABLE - See S tab i  1  i t y .  

VALUE OF ENERGY - f o r  WECS, t h i s  i s  t he  p resen t  va lue  o f  t h e  sav ings ob ta ined  

by t h e  a d d i t i o n  o f  WECS t o  t he  c u r r e n t  o r  planned genera t ion  mix  o f  t h e  

u t i l i t y .  The va lue  o f  energy represen ts  t h e  amounts o f  money t h a t  a  

u t i l i t y  c o u l d  a f f o r d  t o  spend on a  WECS o r  WECS c l u s t e r ,  over  t h e  expected 

l i f e t i m e  o f  t h e  c l u s t e r .  Th i s  i s  d i s t i n c t  f rom t h e  c o s t  o f  energy. 

VERTICAL AXIS WIND TURBINE - A wind t u r b i n e  f o r  which t h e  r o t o r  r o t a t e s  about 

a  v e r t i c a l  a x i s .  The concept o f  hub h e i g h t  does n o t  e x i s t  f o r  a  v e r t i c a l  

a x i s  machine so re fe rences  t o  measurements a t  hub h e i g h t  should be sub- 

s t i t u t e d  by nieasurements a t  t he  m idpo in t  o f  t he  r o t o r .  

VORTEX - A  f l o w  w i t h  c l osed  s t reaml ines ;  any f l o w  possessing v o r t i c i t y ,  e.g., 

an eddy, w h i r l p o o l .  



VORTEX LINE - A l i n e  drawn t h r o u g h  a  f l u i d  such t h a t  i t  i s  everywhere t a n g e n t  

t o  t h e  v o r t i c i t y .  

VORTEX SHEDDING - I n  f l o w  o f  f l u i d  p a s t  o b j e c t s ,  t h e  shedding o f  f l u i d  v o r t i c e s  

p e r i o d i c a l l y  downstream f r o m  t h e  r e s t r i c t i n g  o b j e c t .  

VORTICITY - A v e c t o r  equal  t o  t h e  c u r l  o f  t h e  v e l o c i t y  arid used as a  measure 

o f  t h e  l o c a l  a n g u l a r  v e l o c i t y  o f  t h e  f l u i d ;  

WAKE - The r e g i o n  downstream o f  a  body immersed i n  a  f l u i d  i n  wh ich  t h e  e f f e c t s  

o f  t h e  body on t h e  f l u i d ' s  mo t ion  a r e  concen t ra ted .  

WECS - Wind Energy Convers ion  System. 

WEIBULL DISTRIBUTION - A  unimodal p robab i  1  i t y  d e n s i t y  f u n c t i o n  depending on 

two parameters ,  a  s c a l e  f a c t o r  and a  shape f a c t o r .  The W e i b u l l  d i s t r i b u -  

t i o n  i s  g i v e n  by 

where C i s  t h e  s c a l e  f a c t o r ,  r e l a t e d  t o  t h e  mean v a l u e  o f  x  (x) by  

where r i s  t h e  gamma f u n c t i o n  and k i s  t h e  shape f a c t o r  wh ich  i s  r e l a t e d  
2 t o  t h e  v a r i a n c e  o f  x  (a, ) by 

The R a y l e i g h  d i s t r i b u t i o n  i s  a  s 'pec ia l  case o f  t h e  W e i b u l l  d i s t r i b u t i o n  

where k = 2. 

WIND PROFILE - See P r o f i l e .  

WIND SHEAR - The l o c a l  v a r i a t i o n  o r  g r a d i e n t  o f  t h e  w ind  v e c t o r  o r  any o f  i t s  

components i n  a  g i v e n  d i r e c t i o n .  Unless o t h e r w i s e  s t a t e d  w i n d  shear  

r e f e r s  t o  t h e  v e r t i c a l  shear  o f  t h e  h o r i z o n t a l  w inds.  

YAW - The r o t a t i o n  o r  movement o f  a  h o r i z o n t a l  a x i s  abou t  a  v e r t i c a l  a x i s .  
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