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ABSTRACT 

A survey has been combleted t o  examine the  problems and complicat ions 
a r i s i n g  from,wind loading on s o l a r  concent ra tors .  Wind loading  is  s i t e  
s p e c i f i c  and has an  important bear ing  on t h e  des ign ,  c o s t ,  performance, 
ope ra t ion  and maintenance, s a f e t y ,  s u r v i v a l ,  and replacement of s o l a r  ' 

c o l l e c t i n g  systems. Emphasis h e r e i n  is on pa rabo lo ida l ,  two-axis t r a c k i n g  
systems. Thermal r e c e i v e r  problems a l s o  a r e  d iscussed .  

Wind c h a r a c t e r i s t i c s  a r e  d iscussed  from a gene ra l  po in t  of view; cu r r en t  
methods.for  determining design wind speed a r e  reviewed. Aerodynamic 
c o e f f i c i e n t s  a r e  def ined and i l l u s t r a t i v e  examples a r e  presented.  Wind tunne l  
t e s t i n g  i s  discussed,and environmental wind, t unne l s  a r e  reviewed; recent  
r e s u l t s  on h e l i o s t a t  a r r a y s  a r e  reviewed a s  wel l .  A e r o e l a s t i c i t y  i n  r e l a t i o n  
t o  s t r u c t u r a l  design is  d iscussed  b r i e f l y .  

Wind loads ,  i . e . ,  f o r c e s  and moments, a r e  p ropor t iona l  t o  t h e  square of 
t h e  mean wind ve loc i ty .  Forces are p ropor t iona l  t o  the square  of concent ra tor  , 

diameter ,  and moments a r e  p ropor t iona l  t o  t h e  cube of diameter.  Thus, wind 
loads have an  important bear ing  on s i z e  s e l e c t i o n  from both cos t  and per for -  
mance s tandpoin ts .  It i s  concluded t h a t  s u f f i c i e n t  information e x i s t s  s o  t h a t  
reasonably accu ra t e  p red ic t ions  of wind loading a r e  poss ib l e  f o r  a  given 
parabolo ida l  concent ra tor  con f igu ra t ion ,  provided t h a t  r e l i a b l e  and r e l evan t  
wind condi t ions  a r e  s p e c i f i e d .  Such p red ic t ions  w i l l  be u s e f u l  t o  t h e  design 
engineer  and t o  t h e  systems engineer  a s  w e l l .  Information i s  lacking ,  however, 
on wind e f f e c t s  i n  f i e l d  a r r a y s  of parabolo ida l  concent ra tors .  Wind tunne l  
t e s t s  have been performed on model h e l i o s t a t  a r r a y s ,  but t h e r e  a r e  important 
aerodynamic d i f f e r e n c e s  between h e l i o s t a t s  and parabolo ida l  d i shes .  

iii 
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SECTION I 

INTRODUCTION 

Many f i e l d s  of engineering and t h e  phys i ca l  s c i ences  come t o  bear i n  t h e  
succes s fu l  des ign ,  cons t ruc t ion  and ope ra t ion  of pa rabo lo ida l  r e f l e c t o r s ,  
whether they  a r e  s o l a r  concent ra tors ,  r a d i o  an tennas ,  o r  astronomical  r a d i o /  
o p t i c a l  t e lescopes .  They a r e ,  t o  varying degrees ,  l a r g e  p r e c i s i o n  ins t ruments  
t h a t  must.perform we l l  even i n  o f t e n  h o s t i l e  environments. 

Performance of r e f l e c t i n g  su r f aces  d e p e n d ~ ~ e s s e n t i a l l y  on two types  of 
f a c t o r s :  (1 )  manufacturing and assembly t o l e r a n c e s ,  and ( 2 )  changes brought 
about by environmental condi t ions.  There is no s i n g l e  u n i v e r s a l l y  accepted 
d e f i n i t i o n  of s u r f a c e  accuracy, p a r t l y  because of a d i s p a r i t y  between app l i ed ,  
t h e o r e t i c a l  s t a t i s t i c a l  methods and p r a c t i c a l ,  low-cost measurement techniques.  
The problem i s  t o  r e l a t e  measurable and q u a n t i f i a b l e  s u r f a c e  i r r e g u l a r i t i e s  t o  
o v e r a l l  o p t i c a l  performance. Surface s l o p e  e r r o r  f r equen t ly  has been used for 
c h a r a c t e r i z i n g  t h e  o p t i c a l  performance of s o l a r  parabolo ida l  s u r f a c e s ,  e.g., 
s e e  Appendix A of Reference 1. 

Environmental f a c t o r s  may stem from cl imatelweather  e f f e c t s  o r  geo log ica l  
e f f e c t s .  Among t h e  former a r e  h a i l ,  snowlice loads ,  s a n d l d i r t  e ros ion ,  thermal 
d i f f e r e n t i a l s  caused by v a r i a b l e  hea t ing  e f f e c t s  such a s  p a r t i a l  shading ,  and 
wind loads  varying from "normal" t o  those  caused by seve re  l o c a l  storms such a s  
thunderstorms and tornados;  wind loading  tends  t o  exacerba te  o t h e r  environmen- 
t a l  e f f e c t s .  Included i n  t h e  l a t t e r  (geo log ica l  f a c t o r s )  a r e  Ea r th  s e t t l i n g  
and s l i ppage ,  and earthquakes. Addi t iona l ly ,  t h e r e  a r e  s ta t ic  g r a v i t a t i o n a l  
loads t h a t  must be addressed during design. C lea r ly ,  a l l  of t h e s e  f a c t o r s  must 
be considered i n  a  cos t  and performance t radeoff  f o r  des ign ,  f a b r i c a t i o n ,  and 
long-term opera t ion .  The u t i l i t y  o r  degree of expected usage of a  s o l a r  p lan t  
w i l l  s i n g u l a r l y  a f f e c t  t h e  t r adeo f f s .  

The present  survey i s  confined mostly t o  wind load ing ,  which i t s e l f  is  
extremely complicated and has far-reaching consequences. Wind loads  have a 
d i r e c t  i n f luence  on t h e  des ign ,  c o s t ,  o p t i c a l  performance, ope ra t ion  and 
maintenance, s a f e t y ,  s u r v i v a l ,  and replacement of s o l a r  concent ra tors .  These 
w i l l  a f f  e c t :  

e Dimensional s t a b i l i t y  of s t r u c t u r a l  r e f l e c t i n g  s u r f a c e s  and support  
s t r u c t u r e s  

e Poin t ing  and t r ack ing  accuracy 

o Loads on d r i v e  mechanisms 

e ~ a f  e t y / s u r v i v a l  ( i n  high winds) 

~ a s e / f  oundation design 

P o t e n t i a l  s t r u c t u r a l  v i b r a t i o n s  t h a t  depend on wind cond i t i ons ,  
aerodynamic shape, natural f r eq~ lency ,  and s t r u c t u r a L  damping 



Wind loads ,  i.e., f o r c e s ,  and moments o r  torques,  depend on a l a r g e  number of 
v a r i a b l e s  t h a t  inc lude  : 

Dish conf igura t ion ,  e.g., f o c a l  length  t o  diameter r a t i o  (£/Dl,  and 
poros i ty  of r e f l e c t i n g  surfaces  

Dish diameter (concentrator  s i z e )  

o Wind v e l o c i t y  (speed and dir .ect ion) 

e Wind v e l o c i t y  p r o f i l e  

o Gust ( turbulence)  magnitude and frcquency 

e Ground c learance  (d ish  t o  ground) 

Steer ing  a x i s  pos i t ion / loca t ion  

e .  Design of base, r e f l e c t i n g  su r face  support ,  and multipod s t r u c t u r e s  

F ie ld  layout  (mult iple d i s h  systems) 

The main purposes of t h i s  survey were t o  review wind loading consid- 
e r a t i o n s  f o r  paraboloidal  s o l a r  concentrators  and t o  document u s e f u l  sources 
of information t h a t  a r e  per t inent  t o  t h e  various a spec t s  of wind loading. 
Information is  presented on general  wind c h a r a c t e r i s t i c s ,  design wind speed, 
aerodynamic c o e f f i c i e n t s ,  wind tunnel  t e s t i n g  of models, and a e r o e l a s t i c i t y  
problems. Resul ts  on h e l i o s t a t  f i e l d  a r r a y s  w i l l  be discussed a s  well.  Some 
wind d a t a  f o r  Edwards A i r  Force Base is  presented i n  t h e  Appendixes. The 
m a t e r i a l  i s  not  intended t o  be d i r e c t l y  app l i cab le  f o r  design purposes bu t ,  
r a t h e r ,  t o  i l l u s t r a t e  desc r ip t ive  examples. L ibe ra l  use has been made of 
c h a r t s ,  graphs, and t a b l e s  taken (o r  adapted) from other  l i t e r a t u r e ;  the re fo re ,  
a n  unavoidable mixrure of English and m e t r i c  u n i t s  18 seen. 



. . SECTION 11 
- ,  

BACKGROUND 

Rudimentary wind engineering has h i s t o r i c  roo t s  da t ing  a t  l e a s t  a s  e a r l y  
a s  t h e  design of windmills, t o  develop mechanical power, and wind s h e l t e r s .  
The development of l a rge  urban and i n d u s t r i a l  cen te r s  conraining many l a r g e  
and complex s t r u c t u r e s  required more soph i s t i ca ted  approaches f o r  wind load- 
ing  design. An e a r l y  app l i ca t ion  of modern wind engineering was t o  suspension 
bridges (Ref. 2). Building codes have evolved and a r e  s t e a d i l y  being improved 
as the  l o c a l  s a f e t y  and comfort needs d ic ta t e .  A l a r g e  abd growing l i t e r a t u r e  
on wind engineering e x i s t s ;  a new,periodical ,  The Journal  of I n d u s t r i a l  
Aerodynamics, is  devoted t o  such d ive r se  app l i ca t ions  a s  wind tu rb ines ,  smoke 
s t acks  and cooling towers, high-rise bui ld ings ,  ground. t ranspor ta t ion ,  a i r  
po l lu t ion  problems, and atmospheric physics. Within t h e  l a s t  decade s p e c i a l  
wind tunnels  have been developed and used i n  model s t u d i e s  f o r  numerogs 
i n d u s t r i a l ,  environmental, and meteorological appl ica t ions .  

The s t a r t i n g  point  for '  t h i s  review was t h e  l i t e r a t u r e  re la t ing:  t o  
terrestrial r a d i o  antennas f o r  deep-space communications. Work on l a rge ,  
s t e e r a b l e  r ad io  antennas began i n  t h e  l a t e  1950s and continued throughout t h e  
1960b; a wealth of information is furnished i n  Ref. 3 . .  The J e t  Propulsion 
~ a b o r a t o r y  (JPL) began wind tunnel  ' t e s t ing  of paraboloidal  -ref l e c t o r s  during 7 
t h e  e a r l y  i'960's ; t h e  immediate ' app l i ca t  ton  of %hat  work 'was t o  t h e  l a r g e  
Goldstone rad io  antenna a t  t'he   old stone- Deep-Space ~omiwnicat ion  Complex 
(GDSCC)'; see Ref. . 4 .  It is in te resg ing  t h a t  the  t o t a l  cos t  of t h e  modell wind 
tunnel  t e s t i n g  f o r  t h e  Goldstone antenna was l e s s  than 1% of the'  t o t a l '  est imated 
p ro jec t  .cost  (Ref. 5 ) .  It i s  l i k e G  t h a t  'wind tunnel  t e s t i n g  c o s t s  f o r  model 
paraboloidal  s o l a r  concentrators,  :and f i e l d  ,a r rays  wouxd be an even smaller ' 

, . 
f r a c t i o n  of t h e  t o t a l  cos t  of a - s o l a r  plant., 

' 

. , . , 

' 
There are'  s.everal recurr ing  themes i n  the  radio  'iiitenna wind engineering 

l i t e r a t u r e .  Wind condit ions a r e  highly s i te  apecif i c  and, theref  o re ,  r e l i a b l e  
wind measurements a s  c lose  t o  the  se lec ted  s i t e  a s  poss ib le  a r e  highly des i rab le ,  
and records should include a s  many years of observation a s  possible.  Both 
"steady" and gust  v e l o c i t i e s  should be known t o  help determine t h e  design wind 
v e l o c i t y  a s  w e l l  a s  various s a f e t y  f a c t o r s  f o r  design. The cost/performance 
t radeoff  dl1 be s t rongly  influenced by t h i s  input  information. Clear ly ,  a 
too-high design wind ve loc i ty  w i l l  r e s u l t  i n  an over-designed, c o s t l y  r e f l e c t o r ;  
but t h e  p robab i l i ty  of reduced performance, reduced opera t ing  time, and suscep- 
t i b i l i t y  t o  damage w i l l  increase  wi th  decreasing design veloci ty .  Good wind 
tunnel  d a t a  should be ava i l ab le  f o r  design. Wind tunnel  tests on s c a l e  models 
should be performed because they may provide c r u c i a l  information, and w i l l  incur 
an i n s i g n i f i c a n t  r e l a t i v e  investment. 

Very l i t t l e  wind tunnel  information on s o l a r  d i s h  concentrators  e x i s t s  
f o r  s i n g l e  models, and none e x i s t s  f o r  f ie ld-ar ray  models. Radio antenna da ta  
probably are s u f f i c i e n t  f o r  preliminary design purposes, but may not be adequate 
fo r ,  f i n a l  des.ign o r  f i e l d  deployment. Radio antennas d i f f e r  from s o l a r  
concen t ra to r s . in  many respects .  Large rad io  antennas a r e  l a r g e r  than s o l a r  
concentrators  a r e  ever l i k e l y  t o  be. They a r e  custom, one-of-a-kind designs 
t h a t  a r e  not intended f o r  mass production. They.are r e l a t i v e l y  deeper (shor ter  



£ I D ) ,  and have d i f f e r e n t  operat ing modes; long-term r e l i a b i l i t y  must be higher 
than s o l a r  concentrators .  F ina l ly ,  they a r e  not used i n  close-packed ar rays .  

Although r a d i o  antennas a r e  moving ( t r ack ing)  s t r u c t u r e s ,  paraboloidal  
r a d i o  r e f l e c t o r s  genera l ly  a r e  designed by methods s imi la r  t o  those used f o r  
bu i ld ings ,  i.e., a s t a t i c  design wind ve loc i ty  is  used. However, t h e r e  a r e  
d i f f e r e n t  wind v e l o c i t y  values associa ted  wi th  d i f f e r e n t  performance and s a f e t y  
l e v e l s .  Some prel iminary wind requirements f o r  t h e  Goldstone an ten ia  a r e  
shown i n  Table 1 a s  they were s e t  f o r t h  i n  Ref. 5 .  

A scenar io  f o r  p robab i l i ty  of wind damage is shown i n  Figure 1 (from 
Ref. 6 ) ,  where wind p ressure  is propor t ional  t o  t h e  square of wind ve loc i ty .  
F a i l u r e  modes a r e  converted t o  t h e  p robab i l i ty  of wind dama'ge occurrence i n  
t h e  lower par t  of Figure 1. Repair cos t s  mount with inc teas ing wind veloci ty .  
F a i l u r e  (Ref. 6)  i s  defined a s  s t r u c t u r a l  co l l apse  o r  permanent deformations 
t h a t  a f f e c t  po in t ing / t r ack ing  accuracy and/or performance. S t r u c t u r a l  def or- 
mations have been widely discussed i n  t h e  l i t e r a t u r e  (e.g., Refs. 6,  7 ,  and 8). 
Complete damage o r  f a i l u r e  necess i t a t e s  module replacement. In  the  case of a 
l a r g e  f i e l d  a r r a y ,  it  might be poss ib le  t o  develop d i f f e r e n t  s t r a t e g i e s  f o r  
repair lreplacement us ing  s t a t i s t i c a l  models f o r  l o c a l  wind condit ions and 
r e l i a b i l i t y  s t a t i s t i c s  developed f o r  components, modules, and groups of modules. 
Such s t u d i e s  might a f f e c t  i n i t i a l  c a p i t a l  c o s t s  a s  well  a s  operat ion and 
maintenance cos ts .  



, . SECTION I11 

, . 
WIND CHARACTERISTICS 

Wind-is caused by atmospheric pressure d i f fe rences  t h a t  a r i s e  from unequal 
heat ing of t h e  Ear th ' s  surface.  Atmospheric disturbances may vary i n  s i z e  from 
very small ( severa l  meters) t o  almost global  proportions. Important f a c t o r s  
t h a t  inf luence  t h e  wind include the  Ear th ' s  r o t a t i o n ,  cloud cover, p r e c i p i t a t i o n ,  
nonuniform sur face  temperature and roughness, and topographic r e l i e f  (Ref. 9).  
It is very d i f f i c u l t  t o  cha rac te r i ze  wind mathematically because of i ts  extreme 
v a r i a b i l i t y  and randomness. Useful descr ip t ions  can be formulated by s t a t i s t i c a l  
approaches, expecia l ly  when high-quality, long-term wind measurements e x i s t  
f o r  a s p e c i f i c  s i t e  of i n t e r e s t .  Such work has been i n  progress f o r  t h e  s o l a r  
thermal p lant  planned f o r  t h e  Barstow, Ca l i fo rn ia  s i t e  (Ref. 10).  In  t h a t  case,  
10 years  of da ta  a t  t h e  Daggett, China Lake, and Edwards A i r  Force Base weather 
s t a t i o n s  have been u t i l i z e d .  Parameters i n  common use  include time-average of 
wind speed and temperature, recurrence periods f o r  maximum wind speeds, proba- 
b i l i t i e s  coupling wind h i r e c t i o n  a t  a spec i f i ed  speed, and va r i a t ions  i n  ve loc i ty  
components ( turbulence).  A l l  of these  parameters may vary with height  above 
the  Ear th ' s  surface.  Height va r i a t ions  a r e  discussed subsequently. 

A. THE ATMOSPHERIC SURFACE LAYER 

The planetary,  o r  atmospheric, boundary l aye r  is  loosely  described a s  a 
l aye r  t h a t  has' a thickness of roughly 1000 f t ,  i . e . ,  it extends t o  an a l t i t u d e ,  
which va r i e s  with many condit ions such as  su r face  roughness, of seve ra l  thou- 
sand f e e t .  I n  approximately t h e  upper 90% of t h i s  l a y e r ,  t h e  Ear th ' s  r o t a t i o n  
and thermal s t r a t i f i c a t i o n  play dominant ro les .  There may be s t rong  v e r t i c a l  
mixing; wind d i r e c t i o n  v a r i e s  with a ' l t i t ude  and need not be p a r a l l e l  ( l o c a l l y )  
t o . t h e  Ear th ' s  surface.  It i s  a t  t h e  upper regions of t h e  planetary boundary 
l aye r  t h a t  t h e  geostrophic o r  "free-stream" wind speed is  achieved unencumbered 
by surface  f r i c t i o n .  This velocity is  sometimes ca l l ed  t h e  gradient  ve loci ty ,  
and has been expressed (Ref. 11) as:  

where r is  t h e  radius  of curvature of i sobars ,  w i s  t h e  Ear th ' s  r o t a t i o n a l  
speed, A is  angle of l a t i t u d e ,  dP/dN represents  t h e  pressure gradient ,  and P . 
is  the  dens i ty  of a i r .  For example, Equation (1)  i s  u s e f u l  when prec ise  weather 

I d a t a e x i s t s .  

Figure 2 (from Ref. 9) '  shows a t y p i c a l  p lanetary  boundary l aye r  model. 
Conditions f o r  the  model a r e . t h a t  t h e  atmosphere is  hor izon ta l ly  homogeneous, 
dry,  with a d i a b a t i c  l apse  r a t e ,  no v e r t i c a l  motions, invar iant  ve loci ty  
f luc tua t ions ,  and neg l ig ib le  e f f e c t s  of turbulence. The lower port ion of t h e  
planetary boundary l aye r  i s  o f t en  ca l l ed  t h e  atmospheric surface  layer  
(Figure 2).  Its thickness may vary from 100 f t  (Ref. 12) t o  perhaps 500 f t 
and, f o r  n e u t r a l l y  s t a b l e  atmospheres, it o f t e n  is  a region of constant s t r e s s ,  
momentum, and heat  f luxes  f o r  moderate t o  s t rong  winds. The atmospheric surface  



l a y e r  may be very t h i n  a t  n igh t  (Ref. 12),  when thermal s t r a t i f i c a t i o n  i s  
s t rong.  Because most man-made s t r u c t u r e s  w i l l  be immersed i n  t h e  atmospheric 
s u r f a c e  l a y e r ,  it i s  t h e  region of 'main  i n t e r e s t .  The Ear th ' s  r o t a t i o n  and 
thermal s t r a t i f i c a t i o n  a r e  not dominant e f f e c t s  f o r  s t rong  wind condit ions i n  
t h e  atmospheric s u r f a c e  l aye r .  Moderate t o  s t rong wind condit ions a r e  important 
f o r  s t r u c t u r e  design; conversely, weak wind condit ions may be more c r i t i c a l  f o r  
a i r - p o l l u t i o n  problems. 

B. VELOCITY PROFILES AND MODELS 

An awareness of wind ve loc i ty  v a r i a f i o n  with height  above ground i s  
important t o  the  wind and design engineers f o r  two reasons: (1)  wind loads 
vary  a s  t h e  square o t  time-mean ve loc i ty  and, the re fo re ,  t h e  e f f e c t s  of varying 
f o r c e s  and moments become increas ingly  important a s  t h e  s i z e  of a s t r u c t u r e  
i n c r e a s e s ,  and (2) wind tunne l  t e s t i n g  of model s t r u c t u r e s  should be conducted 
us ing a boundary l a y e r  t h a t  c lose ly  models an expected atmospheric surface  
l aye r .  The l a t t e r  point  becomes apparent f o r  d i s h  antennas i n  Figure.3 (from 
Ref. 13). Note t h e  v a r i a t i o n  of dynamic pressure across  t h e  antenna su r face  
f o r  var ious  e l eva t ion  angles.  Note, a l s o ,  t h a t  t h e  u m o d i f i e d  wind tunnel  
boundary l aye r  would l ead  t o  e s s e n t i a l l y  constant  ( v e r t i c a l l y  i n v a r i a n t )  
v e l o c i t y  across  t h e  antenna surface.  

Various empir ica l  and semi-empirical forms have been developed t o  express 
t h e  v a r i a t i o n  of wind v e l o c i t y  with height .  These inc lude  t h e  s p i r a l ,  exp,o- 
n e n t i a l  and logar i thmic  forms. Various logari thmic forms have been developed 
(e.g., Refs. 12, 14, and 15).  Exponential, o r  power law, forms a r e  more 
commonly used f o r  design purposes because of t h e i r  s impl ic i ty  and r e l a t i v e l y  
good accuracy (e.g., Refs. 9,11, and 15). The general  power-law expression is: 

where z is  height  above ground, VG i s  t h e  gradient  wind ve loc i ty  a t  the  gradient  
he igh t  zG, and n i s  t h e  power-law index. Equation (2)  i s  s imi la r  t o  common 
boundary l a y e r  p r o f i l e s  t h a t  occur i n  f l u i d  dynamics, e.g., n has t h e  value of 
2 and 7,  r e spec t ive ly ,  f o r  f u l l y  developed laminar and turbulent  f l a t - p l a t e  
boundary layers .  A test of t h e  power-law expression f o r  t h e  wind ve loc i ty  
p r o f i l e  shown i n  Figure 2 i s  presented i n  Figure 4, where individual  po in t s  
have been taken from Figure '2 .  The inverse  s lope  i n  log-log coordinates is 
0.35 s o  t h a t  n = 2.86; t h e  f i t  i s  good up t o  a height  of approximately 300 m, 
o r  about 1000 it. Equation (2)  was found t o  f i t  s i x  d i f f e r e n t  s e t s  of a i r p o r t  
weather da ta  (measured a t  e i t h e r  10 m o r  100 m) using a value of n = 6 (Ref. 16). 

Both n and ZG vary with su r face  roughness, and ZG may vary a t  t h e  same 
s i t e  between day and night  and the  seasons of t h e  year. Surface roughness 
does not  r e f e r  t o  t h e  height  of individual  s t r u c t u r e s  o r  obs tac les  (trees, 
rocks,  e tc . )  but r a t h e r  t o  t h e  s t a t i s t i c a l  average t h a t  gives rise t o  t h e  
l o c a l  s u r f a c e  f r i c t i o n .  Davenport (Ref. 11) was a b l e  t o  c o r r e l a t e  a l a r g e  
amount of wind d a t a  t o  a r r i v e  a t  a r e l a t ionsh ip  between su r face  roughness and 
values of n and ZG. H i s  r e s u l t s  a r e  reproduced here i n  Table 2 and Figure 
5. Cermak (Ref. 9) r e p l o t t e d  Davenport's da ta  i n  a form shown here  i n  Figure 6,  
where l / n  and z~ a r e  plot t ,ed a s  funct ions  of t h e  s t a t i s t i c a l  surface  roughness 
l eng th  zoo The lower curve f o r  l / n  (Figure 6)  i s  based on an empirical  
express ion proposed i n  Ref. 17. 



The reference ve loc i ty  VG (gradient  wind ve loc i ty )  used i n  Equation (21, 
and displayed i n  Figure 5, i s  based on r e l a t i v e l y  f ewhigh-a l t i tude  measurements 
and i s  d i f f i c u l t  t o  e s t ab l i sh .  Wind measurements i n  t h i s  country and Europe , 

a r e  becoming standardized a t  30 f t  and 10 m off t h e  ground, respe 'ct ively.  
Airport  weather da ta  abounds. Thus, it i s  convenient t o  convert 'Equation (2)  
t o  a  reference ve loc i ty  a t  30 f t  f o r  f l a t ,  open country ( i .e . ,  n  = 7,  
zG'= 900 f  t ): 

where V, is  wind speed a t  height  z ,  V30 i s  t h e  r e fe rence .ve loc i ty  a t  30 f t  
above ground, and zG i s  t h e  gradient  wind height  (Table 2 o r  Figure 6) .  

Power-law and logari thmic ve loc i ty  p r o f i l e  models a r e  v a l i d  only f o r  
neu t ra l  o r  near-neutral atmospheric condit ions i n  f l a t  t e r r a i n  f a r  removed 
from l a r g e  topographic f ea tu res .  They apply f o r  r e l a t i v e l y  slow-changing 
weather condit ions (near-steady s t a t e )  when changes i n  t h e  hor izon ta l  p lane  
a r e  small. The simplest  case of n e u t r a l  s t a b i l i t y  occurs when t h e  v e r t i c a l '  
temperature d i s t r i b u t i p n  follows t h e  a d i a b a t i c  l apse  r a t e .  Thus, these  models 
apply f o r  moderate t o  s t rong winds and t o  large-scale mature storms where 
turbulence causes thorough mixing without v io len t  thermal interchange;  t h e  . 
dominating inf luence  i s  surface  roughness. They do not apply t o  storms wi th  
s t rong v e r t i c a l  interchanges t h a t  destroy t h e  boundary l aye r  s t r u c t u r e  and 
a r e  the re fo re  unstable.. Examples of uns table  storms a r e  severe'  l o c a l  thunder- 
storms, f r o n t a l  s q u a l l s ,  tornados, and hurricanes. I n  such storms v e r t i c a l  
heat  and momentum exhanges a r e  dominant f a c t o r s ,  not t h e , s u r f a c e  roughness; i n  
f a c t ,  t h e  power-law exponent l / n  may approach zero f o r  such storms. I n  recent  
years  much progress has been made i n  modeling t h e  p lanetary  boundary l a y e r ,  
f o r  both s t a b l e  and uns table  atmospheric condit ions (Ref. 18).  

S tab le  atmospheric condit ions.occur when t h e  temperature inc reases  wi th  
he ight ,  i.e,., t h e  invers ion  case. .Temperature invers ions  most o f t e n  occur a t  
ulghi: when the atmospheric siirfaee layer tends t o  be t h e  th innes t  and t h e  
surface  wind speeds a r e  t h e  smallest .  However, they may occur during t h e  day 
a s  well.  I n  Figure 7, (from Ref. - l9) ,  a  low-level jet i s  revealed by t h r e e  
smoke plumes i s su ing  from a weather tower a t  Brookhaven, New York. A hypo- 
t h e t i c a l  ve loc i ty  p r o f i l e  ( a r t i s t ' s  r e n d i t i o n ) ,  divided i n t o  t h r e e  zones, has 
been superimposed on t h e  photograph. The loca t ion  of zero ve loc i ty ,  but 
maximum wind shear ,  appears t o  be about 75 f t  above ground. Low-level jets 
can be dangerous t o  landing a i r c r a f t  (Ref. 14). Rather l a r g e  (inesoscale) 
nocturnal  jet winds may occur between invers ion  l aye r s  and a r e  common i n  f l a t ,  
J 
open country ( R e f .  20). 

For a d d i t i o n a l  information t h e  reader .may consul t  Ref s. 9,  11, 12, 14, 15, 
17, and 18. 



C . GUST CHARACTERISTICS 

Gust and tu rbu lence  c h a r a c t e r i s t i c s  are important f o r  s o l a r  concent ra tors  
i n s o f a r  as they  c o n t r i b u t e  t o  a d d i t i o n a l  wind loads  above those  based on mean 
wind speed,  cause aerodynamic v i b r a t i o n  and a m p l i f i c a t i o n ,  and a f f e c t  po in t ing  
and t r ack ing .  Of i n t e r e s t  a r e  t h e  magnitude of f l u c t u a t i n g  components of 
v e l o c i t y ,  t h e i r  d u r a t i o n  o r  per iod ,  t h e  frequency and p r o b a b i l i t y  o f l t h e i r  
occur rence ,  r e l a t i o n s  o r  c o r r e l a t i o n s  among t h e  va r ious  components, and t h e  
s p a t ' a l  s i z e  of eddies .  Th i s  i s  a s p e c i a l i z e d  and extremely complex f i e l d  t h a t  
cannot be t r e a t e d  i n  depth  i n  t h i s  r e p o r t ;  t h e  reader  may consu l t  Refs. 9, 15,  
19 ,  21, and 22 f o r  more d e t a i l e d  information.  Short  wind f l u c t u a t i o n s  t h a t  
appear  over  a per iod  of 1 hour a r e  gene ra l ly  termed g u s t s  (Ref. 22); t u rbu len t  
f l u c t u a t i o n s  s e e m  t o  be a s s o c i a t e d  wi th  even s h o r t e r  t ime du ra t ions ,  and u s u a l l y  
r e f e r  t o  r a p i d ,  random depa r tu re s  from t h e  mean wind speed. 

A t y p i c a l  r eco rd  of h o r i z o n t a l  wind speed is  shown a t  t h r e e  he ights  above 
ground i n  F igu re  8 (from Ref. 22). Note t h a t  t h e  wind speed seems t o  have a 
s t e a d y  component wi th  superimposed i r r e g u l a r  f l u c t u a t i o n s .  The s t eady  component 
i n c r e a s e s  wi th  he igh t  but  t h e  f l u c t u a t i n g  component seems t o  be r e l a t i v e l y  
independent  of h e i g h t ,  i n  agreement wi th  one of t h e  conclusions of Ref. 19. Long- 
d u r a t i o n  f l u c t u a t i o n s  seem s i m i l a r  a t  t h e  d i f f e r e n t  he igh t s ,bu t  t h i s  is not  
t r u e  of shor t -dura t ion  f l u c t u a t i o n s .  Mean wind speed c a l c u l a t e d  over per iods 
of 20 min t o  1 hour probably w i l l  d i f f e r  l i t t l e  over va r ious  randomly s e l e c t e d  
pe r iods ,  bu t  mean wind speeds f o r  s h o r t  pe r iods ,  such a s  112 min, w i l l  vary 
cons iderably .  Hence, wind speeds averaged over a 1-hour d u r a t i o n  a r e  b e s t  
adapted  t o  determining wind loads except f o r  condi t ions  when weather i s  changing 
r ap id ly .  

It is we l l  known t h a t  f l u c t u a t i n g  f l u i d  components can markedly inc rease  
t h e  f o r c e s  on a submerged body. F igure  9, f o r  example, shows t h e  inc rease  i n  
d rag  c o e f f i c i e n t  i n  a i r  of a f l a t  p l a t e  i n  f l u c t u a t i n g  flow. I n  F igure  9 
(from Ref. 22),  t h e  a b s c i s s a  is  t h e  dimensionless reduced frequency. I n  f l u i d  
mechanics t h i s  i s  t h e  S t rouha l  number commonly a s s o c i a t e d  wi th  p e r i o d i c ,  o r  
vo r t ex ,  f lows;  t h e  symbol n is  t h e  frequency of t h e  "per iodic"  f l u c t u a t i o n s  
superimposed on a mean speed of V. The St rouhal  number i s ,  e s s e n t i a l l y ,  a 
dimensionless  frequency of vo r t ex  shedding o r  wake p e r i o d i c i t y .  I n  t h e  example 
shown he re ,  t h e  e f f e c t i v e  drag  c o e f f i c i e n t  may i n c r e a s e  by a f a c t o r  of 1.5 t o  
1.8 because of f l u c t u a t i n g  flow. See Ref. 16 f o r  f u r t h e r  examples and 
d i scuss ion .  

The magnitude of g u s t s  r e l a t i v e  t o  t h e  mean wind speed i s  of i n t e r e s t  f o r  
des ign  purposes.  A t y p i c a l  example of t h e  maximum 3-s gus t  speed i n  a given 
hour ,  and t h e  mean speed a t  a he ight  of 10 m,  is shown to be dependent an 
s u r f a c e  roughness i n  F igure  10a (from Ref. 23). The s u r f a c e  roughnesses , 

i n d i c a t e d  i n  F igure  10a a r e  s i m i l a r  t o  t hose  shown i n  F igure  6. F igure  10b 
(from Ref. 23) shows how t h e  power-law index [Equations ( 2 )  and ( 3 ) )  v a r i e s  
w i t h  t h e  same s u r f a c e  roughness c o e f f i c i e n t .  & used i n  F igure  10a. 

The anomolies of wind a t  s p e c i f i c  s i t e s  a r e  i l l u s t r a t e d  by t h e  experimental  
obse rva t ions  of Ref. 24. A t  a s i te  i n  Bedf o rd ,  England, t h e  occurrence of l a r g e ,  
r a p i d  wind f l u c t u a t i o n s  under otherwise l i g h t  wind condi t ions  is  a r e l a t i v e l y  
f r equen t  event.  These squa l l - l i ke  f l u c t u a t i o n s  d i d  not  correspond t o  t h e  u s u a l  
r e l a t i o n s h i p  between t h e  phys i ca l  s i z e  of t h e  f l u c t u a t i o n s  and t h e  mean wind 
speed,  and were a t t r i b u t e d  t o  atmospheric convection. 



Figure  11 (from Ref. 22) c h a r a c t e r i z e s  t h e  energy spectrum of wind 
f l u c t u a t i o n s  (mean square)  a s  a  func t ion  of f l u c t u a t i o n  wavelength. The 
s i g n i f i c a n c e  of t h e  energy spectrum i s  r e l a t e d  t o  t h e  v i b r a t i o n a l  response 
t imes o f  s t r u c t u r a l  elements exposed t o  t h e  wind. F igure  11 shows t h e  spectrum 
of combined h o r i z o n t a l  components of wind v e l o c i t y .  The dimensionless  s p e c t r a l  
dens i ty  con ta ins  a  f a c t o r  K, which is  t h e  s u r f a c e  drag  c o e f f i c i e n t ;  K depends 
on surface.roughness  and has suggested va lues  t h a t  correspond t o  t h e  f o u r  
t e r r a i n  types  ind ica t ed  i n  Figure 6. The energy spectrum peaks a t  a  wavelength 
of about 2000 f t  i n  Figure 11. Thus, t h e  per iod  would be about 20 s f o r  a  wind 
speed of 100 f t / s  (68 mph), which i s  much longer  t han  v i b r a t i o n a l  s t r u c t u r a l  
per iods  of even l a r g e  antennas. For smal le r  per iods  ( f r a c t i o n s  of a  second),  
t h e  energy drops off s i g n i f i c a n t l y .  A t  he igh t s  lower than  10 m t h e  energy 
spectrum r e t a i n s  a s i m i l a r  shape, bu t  s h i f t s  t o  t h e  r i g h t .  

Hor izonta l  gus t ines s  genera tes  f o r c e  and moment f l u c t u a t i o n s .  V e r t i c a l  
g u s t i n e s s  may be important t oo ,  and may c o n t r i b u t e  t o  problems r e l a t e d  t o  stow 
condi t ions  i n  parabolo ida l  concent ra tors  ( face-up ,  o r  face-down). V e r t i c a l  
g u s t i n e s s  has a spectrum s i m i l a r  t o  t h a t  shown i n  F igure  11, but  t h e  energy is  
less. Frequency d i s t r i b u t i o n s  f o r  t h e  l o n g i t u d i n a l ,  t r a n s v e r s e  (c ross -wind) ,  
and v e r t i c a l  wind v e l o c i t y  components a r e  shown i n  F igure  12 (from Ref. 19) ;  
they  can be approximated by Gaussian d i s t r i b u t i o n s .  The h o r i z o n t a l  components 
gene ra l ly  a r e  much l a r g e r  than  t h e  v e r t i c a l  component f o r  near -neut ra l  s t a b i l i t y  
condi t ions .  F luc tua t ion  i n t e n s i t i e s  tend  t o  remain cons tan t  wi th  inc reas ing  
height .  Standard dev ia t ions  of t h e  t h r e e  wind f l u c t u a t i o n  components vary 
l i n e a r l y  w i th  mean wind speed and bear  f i x e d  r e l a t i o n s  t o  one another  (Ref. 19) .  

D. SOME IMPLICATIONS FOR SOLAR MODULES AND PLANTS 

r There a r e  many e x i s t i n g  s t u d i e s  t h a t  c h a r a c t e r i z e  t h e  energy cos t  and 
performance of candida te  concepts f o r  s o l a r  product ion of e l e c t r i c  poser (e.g., 
Refs. 1, 25, and 26). I n s o l a t i o n  d i f f e r e n c e s  among r e p r e s e n t a t i v e  s i t e s  have 
been s t u d i e d  as w e l l  (e.g., Ref. 27) .  I n  a l l  of t h e s e  s t u d i e s ,  t h e  annual  
product ion of energy is  ca l cu la t ed  assuming var ious  s i t e - s p e c i f i c  models of 
i n s o l a t i o n .  Assuming t h a t  l o c a l  wind c h a r a c t e r i s t i c s  c o n t r i b u t e  s i g n i f i c a n t l y  
t o  concent ra tor  and module design,  c o s t ,  and performance, i t  i s  c l e a r  t h a t  
l o c a l  wind models should be incorpora ted  i n t o  annual  energy product ion es t imates .  

Annual energy product ion depends on v i a b l e  ope ra t ing  time a s  we l l  a s  
i n s o l a t i o n .  Operating time w i l l ,  i n  t u r n ,  depend on wind cond i t i ons ,  i . e . ,  
s t a t i s t i c a l  measures of d a i l y ,  seasonal ,  and yea r ly  wind speed and d i r e c t i o n  
p r o p e r t i e s  t h a t  a f f e c t  ope ra t iona l  modes (Table 1 ) .  There w i l l  be s i t e - s p e c i f i c  
i n t e r s e c t i o n s  of s o l a r  i n s o l a t i o n  models and wind models t h a t  modify ope ra t ing  
time. For some sites, inc luding  perhaps t h e  h igh  d e s e r t ,  t h e r e  may occur 
higher  o r d e r ,  wind-condition models t h a t  r e l a t e  p r o b a b i l i t y  of i c e  formation 
(which con t r ihu tea  to s t a t i c  loads)  wi th  high-wind condi t ions .  F i n a l l y ,  t h e  
p r o b a b i l i t y  of i n t e n s e  and damage-producing s torms,  such a s  tornados and 
hu r r i canes ,  needs t o  be included a s  a  t radeoff  wi th  ear thquake damage. I n  t h e  
longer  range,  p r o b a b i l i t y  and r i s k  s t u d i e s  a s soc i a t ed  wi th  wind damage t o  
f i e l d  a r r a y s  may merit i nves t iga t ion .  I n  l a r g e  f i e l d  a r r a y s ,  t h e  damage o r  
d e s t r u c t i o n  p r o b a b i l i t y  of i nd iv idua l  modules w i l l  i n f luence  p l an t  ope ra t ions  
and maintenance. A s  a  suppor t ing  example, it has been observed (Ref. 1 )  t h a t  
t h e  occurrence of 2ocal  wind d i r e c t i o n  not  p a r a l l e l  t o  t h e  ground i s  not  



uncommon i n  Southern Ca l i fo rn ia  locat ions .  Thus, opera t ional  condit ions near and 
a t  t h e  stow p o s i t i o n  of paraboloidal  concentrators  could be a f fec ted  s i g n i f i c a n t l y .  

Hybrid opera t ion  of s o l a r  modules, i .e . ,  t h e  use  of f o s s i l  f u e l  combustion 
t o  supplement s o l a r  energy i n p u t ,  presents  ye t  d i f f e r e n t  problems when consid- 
e r i n g  wind environments. The p o t e n t i a l  f o r  fou l ing  of r e f l e c t i n g  surfaces  by 
exhaust products would seem t o  be high f o r  f o s s i l  f u e l  operat ion during nighttime 
hours when t h e  paraboloidal  d i s h  is  stowed fac ing  t o  t h e  ground. Addit ionally,  
t h e  d i s s i p a t i o n  of p o l l u t a n t s  might be a problem under very s t a b l e  atmospheric 
condi t ions  t h a t  genera te  invers ions  or  low-level j e t s  (e.g., Figure 7).  Although 
t h e  l a t t e r  problem might be minimal f o r  s o l a r  p lan t s  i n  c i t i e s  and l a r g e  suburbs, 
t h e  e f f e c t  i n  remote sites and small communities could be more ser ious .  

The JPL Parabol ic  Dioh Tcot S i t e  (PDTS) i s  locat~t-l a t  Edwards  A i r  Force 
Base, Ca l i fo rn ia  ( ~ e f .  28). It is appropr ia te  here in  Lo i ~ l c l u d e  $bole wind 
measurement da ta  f o r  t h a t  s i t e  (see  Appendix A f o r  some r e s u l t s  and d iscuss ion) .  
An i n t e r e s t i n g  problem concerns the  design wind speed t h a t  is appropr ia te  f o r  
t h e  PDTS: Only minimal t e s t  da ta  can be obtained or1 hardware t h a t  i s  designed 
and r a t e d  f o r  a  much lower, annual average wind speed than is  indigenous t o  
t h e  PDTS. However, t h e  problem i s  mit igated by the  r e l a t i v e l y  shor t  hardware 
test  times ( a  few months t o  a  year o r  two) i n  comparison t o  s t a t i s t i c a l  design 
wind speeds obtained from many years of weather data.  

F i n a l l y ,  t h e r e  is  concern t h a t  the re  may be a d i s p a r i t y  between design 
wind speed, f o r  s p e c i f i c  si tes,  and a c t u a l  values used f o r  general  design 
purposes. Suppose, f o r  example, t h a t  only one, o r  a  few, gener ic  concentrator  
designs a r e  t o  be developed a s  l imi ted  by the  a v a i l a b i l i t y  of development funds,  
a n d - t h a t  t h e  intended s i t e s  f o r  app l i ca t ions  experiments a r e  unknown during t h e  
development period.  Then, t h e  designs must be developed t o  meet t h e  h ighes t  , 
expected design wind speed. This would lead  t o  over-designed, high-cost 
systems i f  t h e  a c t u a l  app l i ca t ions  s i t e s  turned out t o  have much'more benign 
wind environments. That is ,  it i s  un l ike ly  t h a t  a  few designs can be develped 
t o  match t h e  needs f o r  a i i  expected s i t e s  unless  a  penalty f o r  over-design i s  
deemed'acceptable. To i l lumina te  t h i s  problem, i t  would be u s e f u l  t o  s e l e c t  a 
s p e c i f i c  concentrator  concept,  and t o  es t imate  how i ts  mass production cos t  
would vary with design wind speed and concentrator  s i z e .  

E. SITE SELECTION AND COMPLEX TERRAIN 

The s i t e  s e l e c t i o n  f o r  l a r g e  s o l a r  thermal p l a n t s  obviously depends on 
many requirements and f a c t o r s .  Good annual average i n s o l a t i o n  is  a leading 
requirement and has been d e a l t  with i n  d e t a i l ,  e.g., Ref. 27. Of i n t e r e s t  here in  
is  t h e  cons idera t ion  of wind e f f e c t s ,  which have received l i t t l e  a t t e n t i o n .  
Desi rable  would be a s i t e  having high inso la t ion  and moderate-to-low mean wind 
speeds, wi th  a minimum number of l a r g e ,  peak-wind events.  Useful information 
c o r r e l a t i n g  i n s o l a t i o n  and wind speeds has become%available r ecen t ly  (Ref. 29). 
Resul ts  f o r  26 SOLMET s t a t i o n s  d i s t r ibu ted , th roughou t  t h e  United S t a t e s ,  which 
u t i l i z e d  wind speed d a t a  f o r  more than 12 years ,  were analyzed. The c o r r e l a t i o n s  
ind ica ted  t h a t  more than 97% of the  ava i l ab le  d i r e c t  i n s o l a t i o n  occurred a t  
wind speeds of 1 5  m / s  (approximately. 34 mph) o r  iess, f o r  a l l  26 s t a t i o n s .  As 
w i l l  be.shown l a t e r ,  t hese  r e s u l t s  a r e  encouraging with respect  t o ' r o u t i n e  d i s h  
opera t ion ,  a l b e i t  a t  degraded accuracy. Methodology developed f o r  wind energy 
.conversion systems (Ref. 30) w e l l  might be u s e f u l  f o r  s o l a r  thermal p l a n t s  a s  



well. This three-dimensional model in te rpo la tes  values of wind from measure- 
ments a t  i r r e g u l a r l y  spaced s t a t i o n s  (weather s t a t i o n s )  and accounts f o r  t e r r a i n  
fea tures .  " . .,. 

The influence of complex t e r r a i n  f e a t u r e s  on l o c a l  wind condit ions has 
received considerable a t t e n t i o n  i n  recent  years ,  e.g.,:Refs. 31 through 34. 
I n  Ref. 31, t h e o r e t i c a l  s t a t i s t i c a l  models involving t h e  key turbulence 
parameters were developed f o r  uniform and r o l l i n g  t e r r a i n ,  a s  w e l l  a s  f o r  
complex t e r r a i n  including h i l l s  and escarpments. Table 3 (from Ref. 31) shows 
a q u a l i t a t i v e  r e l a t ionsh ip  t h a t  was conjectured f o r  turbulence and atmospheric 
.weather conditions. Note t h a t  moderately and extremely uns table  condithons 
tend t o  occur together  with l i g h t ,  daytime winds. Wind tunnel  model tests and 
measurements f o r  a ' v a r i e t y  of complex t e r ra i r i - conf igura t ions  a r e  'reported i n  
Refs. 32 and 33. A c l a s s i f i c a t i o n  of t h e  e f f e c t s  of t e r r a i n  on atmospheric 
motions is shown i n  Table 4 (from Ref. 32). Note use of the  terms:   micro scale, 
mesoscale, and macroscale, and the  regimes f o r  which physical  models have been' 
s tudied.  

. Fie ld  measurements over complex t e r r a i n  a r e  reported i n  Ref. 34. It was 
found t h a t  f l u c t u a t i o n s  i n  v e r t i c a l  ve loc i ty  were governed a lone  by t h e  surface  
roughness length. However, l a r g e r - s c a l e ' t e r r a i n  f e a t u r e s  themselves were'found 
t o  increase  f l u c t u a t i o n  of t h e  hor izon ta l  wind components. 

A t  a  se l ec ted  s i t e ,  t h e  placement of both i n s o l a t i o n  and wind measurement 
instrumentat ion i s  important f o r  determining accurate,.  long-term plant  performance 
and, i n  t h e  case of wind, f o r  determining when the  concentrators  (or  h e l i o s t a t s )  
a r e  t o  be driven t o  stow pos i t ion  f o r  s a f e t y  and su rv iva l  during p lant  shutdown. 

Inso la t ion  measurements made a t  Barstow, Ca l i fo rn ia ,  (Ref. 35) over a  
f i e l d  a r e a  approximating t h e  Solar 10-MWe P i l o t  Plant  s i z e  indica ted  [both . 
s p a t i a l  and temporal changes due t o  i r r e g u l a r  cloud cover. These phenomena 
have p r a c t i c a l  appl ica t ions  f o r  s e l e c t i n g  t h e  number and loca t ion  of inso la t ion  
measurement instruments t h a t  determine p lant  performance and con t ro l  t r a n s i e n t  
opera t ion .  It is i n t e r e s t i n g  t h a t  t h e  wind energy conversion developers 
(Ref. 36) have made a s i m i l a r  study with respect  t o  wind measurements from wind 
tu rb ine  f i e l d  ar rays .  Errors  i n  e s t ab l i sh ing  reference  wind ve loc i ty  can occur 
according t o  the placcmcnt of the mtaeareuient l~lalrume~lcbl (anernameeefs)'with . 
respect  t o  t h e  f i e l d  array.  



SECTION I V  

DESIGN WIND SPEED 

. A t  one time t h e  building and s t r u c t u r e s  indust ry  used peak v e l o c i t i e s  from 
maximum gust  records f o r  design wind speed; the  inadequacy of t h i s  approach 
has been discussed (Ref. 11).  It is  now common p r a c t i c e  i n  the  United S t a t e s  
t o  use  t h e  annual extreme wind ve loc i ty  averaged over 1 mile,  or  1 min, a s  t h e  
b a s i c  design wind speed f o r  s teady wind loads. The approach has been developed 
by Davenport (Refs. 11 and 37), Thom (Ref. 3e) ,  and o thers .  The "extreme . 

f a s t e s t  mile" (o r  minute) has a  sound physical  b a s i s ,  is  w e l l  s u i t e d  t o  n a t u r a l  
wind phenomena, .adapts well  t o  e x i s t i n g  wind instrumentat ion and, the re fo re ,  
permits maximum u i t i l i z a t i o n  of t h e  numerous weather s t a t i o n  recording f a c i l i t i e s  
a t  a i r p o r t s .  It seems t o  be t h e  best  approach f o r  s o l a r  f i e l d  appl ica t ions  a s  
w e l l .  

Se ts  of windlweather records may be r e l a t e d  numerically by extreme value 
theory t o  account f o r  t h e  number of years  of record,  t h e  q u a l i t y  and consistency 
of records,  t h e  loca t ion  of instrument height  above ground, and t h e  r e l a t i v e  
ground surface  roughness. The standard height  f o r  quoting bas ic  design wind 
speeds i s  30 f t ,  i n  t h e  United Sta tes .  These da ta  e a s i l y  can be converted t o  
any des i red  height by applying the  power-law ve loc i ty  p r o f i l e ;  f o r  many a i r p o r t  
sites t h e  weather da ta  correspond w e l l  t o  a  117 power law (Figure 6) .  As w i l l  
be shown, da ta  t h a t  a r e  adequate f o r  preliminary design purposes e x i s t ,  and may 
be u s e d . i f  s p e c i f i c  s i te  da ta  i s  lacking. 

A. STATISTICAL APPROACHES 

Wind r i s k  models a r e  u s e f u l  f o r  generat ing design approaches. The proba- 
b i l i t y  f o r  t h e  occurrence of wind ve loc i ty  near Barstow,.California,  i s  
i l l u s t r a t e d  i n  Figure 13 (from Ref. 10);  t h e  annual p robab i l i ty  f o r  winds t o  
exceed 50 mph i s  35 t o  40%. Note t h a t  t h e  p robab i l i ty  of occurrence of 
tornados (an extreme, uns table ,  l o c a l  storm) i s  orders  of magnitude l e s s  than 
%t ra igh t "  winds associa ted  with l a r g e ,  mature storms (Figure 13). This is  i n  
agreement with o ther  estimtes f o r  tornados (Ref. 38) .  

Essen t i a l ly  equivalent  approaches a r e  out l ined i n  Refs. 11, 37, 38, and 39.. 
Annual extreme wind d a t a  series a r e  f i t t e d  with an empir ica l  d i s t r i b u t i o n  
funct ion  which can be expressed as:  

where V is a  threshold wind veloci ty ,  13 and 6 a r e  parameters t h a t  a r e  estimated 
from a c t u a l  wind da ta ,  and F  i s  t h e  p robab i l i ty  t h a t  t h e  annual extreme f a s t e s t  
mile w i l l  be l e s s  than V. An example of such a  f i t  i s  i l l u s t r a t e d  i n  Figure 14. 
The parameter (1  - F )  is  r e l a t e d  t o  the  r i s k  p robab i l i ty  of Figure 13. 
However, i t  seems t h a t  diff .erent  d i s t r i b u t i o n  funct ions  were employed t o  ob ta in  
Figures 13  and 14 (note  t h a t  t h e  ordinates  of Figure 14 a r e  not logari thmic 
sca les ) .  Information such a s  shown i n  Figure 14 can be applied f o r  design 
purposes. 



A more u s e f u l  and p r a c t i c a l  approach introduces t h e  concept of s t r u c t u r e  
( p l a n t )  l i f e t i m e .  Li fe t ime i s  defined a s  t h e  number of years  of usefulness ,  T, 
as determined by obsolescenceor de te r io ra t ion .  Introducing a r i s k  q t h a t  t h e  
b a s i c  des ign wind v e l o c i t y  V w i l l  be exceeded i n  T years ,  the  . mean . . return ( o r  
recurrence)  per iod  R of t h e  b a s i c  wind speed i s  given by: 

R = - T / l n ( l -  q ) ,  o r  --T/q f o r  small  q (5) 

Building codes (e.g., Ref. 40) speci fy  t h a t  R should be: (I) 100 years f o r  
permanent s t r u c t u r e s  t h a t  present  a high s e n s i t i v i t y  t o  wind and an unusually 
h igh  degree of hazard t o  l i f e  and property,  (2)  50 years  f o r  ordinary permanent 
s t m e z u r e a ,  and (3) 25 years  f o r  neg l ig ib le  r i s k  s t r u c t u r e s  t h a t  a r e  not 
intended f o r  human app l i ca t ion .  U n t i l  cont rary  evidence id-presented,  i t  
seems t h a t  R = 100 years  should be adopted f o r  s o l a r  p l a i ~ ~ s .  Equation (5)  i e  
p l o t t e d  i n  Figure 15  f o r  t h r e e  d i f f e r e n t  values of T. 'Clearly, l a rge  values 
of R a r e  requi red  t o  achieve a low r i s k ,  8.  For T = 1U ?ud Q 0.10, R = 100 
years.  S t r u c t u r e  designs become increas ingly  robust  a s  t h e  r i s k  q diminishes, 
OP as t h e  recurrence period R increases.  

The requi red  gradient  wind ve loc i ty  (see  Section 111.1 and Figure 2) t o  
s a t i s f y  t h e  b a s i c  design speed is  obtained by extreme value theory ( see  Refs. 11, 
37, and 38): 

vG = $ 1-ln [In - (6  

where a and u a r e  determined from l o c a l  wind data.  Values of VG can then be 
transformed t o  b a s i c  design speed a t  a reference  height  (e.g., 30 f t )  by 
applying t h e  appropr ia t e  t e r r a i n  roughness f a c t o r  and t h e  power-law ve loc i ty  
p r o f i l e  (Equation 2). 

This process has been done f o r  t h e  e n t i r e  United S t a t e s  (e.g., see Ref. 40), 
and t h e  r e s u l t s  a r e  s u i t a b l e  f o r  very rough design purposes. Contour maps t o r  
t h r e e  d i f f e r e n t  recurrence i n t e r v a l s  a r e  given i n  Appendix B; t h e  annual extreme 
f a s t e s t  mile is referenced t o  a height  of 30 f t  above ground. The average 
extreme f a s t e s t  mile governs the  annual maximum, s teady wind loads;  it does 
not  account f o r  gust  loading. Values of the  bas ic  wind speed from the  f i g u r e s  
g iven i n  Appendix B can be converted t o  any height des i red  by us ing Equation(3). 

B. EFFECTS OF W I N D  GUSTINESS 

For s t r u c t u r e s  t h a t  a r e  an t i c ipa ted  t o  be s e n s i t i v e  t o  gust  loading,  the re  
a r e  s tandard  procedures f o r  deal ing with gus t iness  (Ref.40). This is done by 
ass igning gust  response f a c t o r s  that account fo r  an  inc rease  111 loading over 
t1uL derived from t h e  bas ic  design speed. A genera l  expression f o r  the  gus t  
response f a c t o r  is: 

Gp = C 1  + c2 (a*) , (7)  

where a i s  t h e  r a t i o  of t h e  standard devia t ion  bf t h e  wind loading t o  t h e  
mean wind loading,and c l  and c2 a r e  constants .  A value of + = 1.0 corresponds 
t o  t h e  fas tes t -mi le  wind,speed. Gust response f a c t o r s  do not account f o r  
vortex shedding o r  i n s t a b i l i t i e s  because of ga l loping o r  f l u t t e r .  Vortex 
shedding, a precursor of ga l loping,  can generate aeo l i an  v ib ra t ions  ( l i k e  



v i o l i n  s t r i n g s ) ;  gal loping i s  a high-amplitude, low-frequency v ib ra t ion  such 
a s  may occur i n  ice-coated electric transmission l i n e s ,  towers, and t a l l ,  
s lender  buildings.  Gust reponse f a c t o r s  a r e  bes t  determined from wind tunnel  
model t e s t s .  Detai led information on gust  response f a c t o r s  can be found i n  
Refs. 41, 42,- 43, and 44. It is  i n t e r e s t i n g  t h a t  some wind da ta  shows t h a t  
t h e r e  is  a l i n e a r  r e l a t ionsh ip  between peak wind gus ts  and t h e  annual f a s t e s t  
mile (Ref. 38). However, i n  Ref. 44 i t  i s  shown t h a t  t h e  annual mean wind 
speed and t h e  annual peak gust  speed c o r r e l a t e  very poorly. 

For s p e c i f i c  design purposes, more soph i s t i ca ted  approaches have been 
developed (Ref. 22) The ve loc i ty  of gust  responses i s  examined with respect  
t o  t h e  mean response, the  probabi l i ty  of the  response, and,  i t s  ,spectrum (Figure 
16). Using conventional assumptions, a l i n e a r  d i f f e r e n t i a l  equation can be 
developed f o r  t h e  response of an e l a s t i d  s t r u c t u r e  t o  f l u c t u a t i n g  pressure 
fo rces  (Ref. 22). I f  t h e  ve loc i ty  f l u c t u a t i o n s  a r e  small compared t o  the  mean 
wind speed and a r e  s inuso ida l ,  ana lys i s  i n d i c a t e s  t h a t  pressure  f l u c t u a t i o n s  
a r e  four  t i m e s  a s  g rea t  a s  the  ve loc i ty  f luc tua t ions .  Corresponding fo rces  
and moments a r i s i n g  from gusts  then may be ca lcula ted .  In  Figure 16, t h e  
aerodynamic admittance r e l a t e s  t h e  f l u c t u a t i n g  aerodynamic fo rces  with t h e  
f l u c t u a t i n g  v e l o c i t i e s  a r i s i n g  from wind gusts .  

Short dura t ion  gus ts  can be an important concern t o  t h e  antenna o r  
concentrator  designer. Dynamic load response depends on t h e  h i s t o r y  of t h e  
load a s  w e l l  a s  t h e  s t ruc tu re .  S t ructure  behavior can be assessed i n  terms of 
t h e  na tu ra l  period of v ib ra t ion  of e l a s t i c  systems. Peak loads and time h i s t o r y  
have no s ign i f i cance  f o r  gust  dura t ions  t h a t  a r e  small  compared with t h e  na tu ra l  
period. The opposi te  i s  true f o r  gust  dura t ions  of t h e  same order a s  t h e  
n a t u r a l  period. C r i t i c a l  components smaller  than the  r e f l e c t o r  s t r u c t u r e  may 
have much s h o r t e r  n a t u r a l  v ib ra t ion  periods;  thus ,  information on very shor t  
dura t ion  gus ts  may be necessary t o  e s t a b l i s h  s a f e t y  f a c t o r s  f o r  a l l  t h e  
individual  s t r u c t u r a l  components. 

.C. HEIGHT SELECTION FOR DESIGN WIND SPEED \ 

Because wind fo rces  are proport ional  t o  t h e  dynamic pressure (pv2/2), and 
t h e  wind ve loc i ty  verfeo with height above ground, a n a t u r a l  quest ion a r i s e s  a s  
t o  how t h e  height  above ground should be se lec ted  f o r  a given s t ruc tu re .  If 
t he  maximum height  of t h e  s t r u c t u r e  is  s e l e c t e d ,  then it  is  l i k e l y  t h a t  a very 
conservative s t r u c t u r a l  design w i l l  r e s u l t ,  i .e . ,  an over-design. I n  t h e  f i n a l  
s t ages  of design,  l a r g e  and very t a l l  s t r u c t u r e s  (o r  s t r u c t u r e s  t h a t  a r e  highly 
s e n s i t i v e  t o  wind) w i l l  r equ i re  s p e c i f i c  and d e t a i l e d  analyses u s i n g - t h e  bes t  
s i t e - s p e c i f i c  wind da ta  t h a t  a r e  avai lable .  For preliminary design, more 
convenient and simpler  approaches o r e  appropriate.  

To assess  t h i s  problem f o r  s o l a r  concentra tors ,  an elementary a n a l y s i s  
has been performed (Appendix C).  As an approximation, a square p l a t e  with 
bas ic  dimension L and a ground clearance g is  placed v e r t i c a l  and normal t o  an 
approaching wind with speed V. A power-law wind ve loc i ty  p r o f i l e  i s  assumed 
but ground in te r fe rence  e f f e c t s  a r e  ignored. Force is obtained by i n t e g r a t i o n  
of t h e  wind pressure  over t h e  a rea  of the  square p l a t e ;  f o r  t h i s  purpose f o r c e  
c o e f f i c i e n t s  a r e  assumed t o  be unity.  The r e s u l t  is compared with the  borce 
ca lcula ted  using t h e  ve loc i ty  a t  t h e  height  of t h e  p l a t e  cen te r l ine .  A second 
case  i s  considered by comparing the  f o r c e  ca lcula ted  using the  wind speed a t  



t h e  t o p  of the  p l a t e  and t h e  fo rce  ca lcula ted  using the  c e n t e r l i n e  speed. When 
t h e  f o r c e  r a t i o s  a r e  formed f o r  t h e  two cases,  the  r e s u l t s  can be expressed i n  
terms of two parameters,  t h e  dimensionless ground spacing b = g/L, and the  
denominator n of t h e  power-law exponent, s e e  Equation (2) .  

The r e s u l t s  a r e  shown i n  Figure 17. Figure 17a is  a p lo t  of th;! r a t i o  of 
t h e  "ac tua l "  ( i n t e g r a t e d )  f o r c e  t o  the  fo rce  derived from using t h e  c e n t e r l i n e  
v e l o c i t y .  For n = 2, i.e., parabol ic  wind ve loc i ty  p r o f i l e ,  t he  r a t i o  i s  uni ty  
f o r  a l l  b , ' i n d i c a t i n g  t h a t  zero e r r o r  i s  incurred by using t h e  p l a t e  cen te r l ine  
ve loc i ty .  Use of t h e  c e n t e r l i n e  ve loc i ty  w i l l  underestimate the  a c t u a l  fo rce  by 
approximately 3% o r  less f o r  b > 0.1. The fo rce  r a t i o  using wind v e l o c i t i e s  
a t  t h e  t o p ' a n d  c e n t e r l i n e  of the  p l a t e ,  respect ive ly ,  is  shown i n  Figure 17b. 
This ratio my be viewed a s  a s a f e t y  f a c t o r .  For n = 7, the  r a t i o  is  between 
1.2 and 1.1 f ~ i !  b > 0.1. 

These r e s u l t s  c l e a r l y  a r e  i l l u s t r a t i v e  only; they w i l l  not be accura te  f o r  
pa rabo lo ida l  concentra tors  over widely varying azimuth and e leva t ion  angles. 
They do show, however, t h a t  t h e  design wind speed corresponding t o  the  concen- 
t r a t o r  c e n t e r l i n e  probably i s  adequate f o r  f i r s t - o r d e r  es t imates  of wind forces .  

D. RECOMMENDED DESIGN SPEEDS FOR EDWARDS A I R  FORCE BASE 

The JPL Parabol ic  Dish Test S i t e  (PDTS) i s  located a t  Edwards Air Force 
Base, Ca l i fo rn ia  (Ref. 28). The approach used i n  Table 1 was adopted; t h e  
cen te r ,  poin t  of t h e  Goldstone antenna was assumed t o  be 115 f t  above ground. 
A l l  va lues  were sca led  down t o  a s tandard 30-ft height  using a 117 power-law 
wind-speed p r o f i l e  app l i cab le  t o  f l a t ,  open country. An exception was made 
f o r  t h e  s u r v i v a l  of t h e  r e f l e c t o r  i n  any pos i t ion;  f o r  t h i s  case the  design 
speed was re t a ined  as 70 mph, which agrees with Figure B-1 (Appendix Bj f o r  
R = 100 years.  Fur ther  adjustments were made taking i n t o  account t h e  da ta  
given i n  Ref. 45. The base values f o r  searidard 30-ft height  then were scaled 
with  height  above ground us ing a 117 power-law p r o f i l e .  The r e s u l t s  a r e  shown 
i n  Figure 18. Design speeds f o r  any s i z e  concentrator  may be obtained f o r  the  
f i v e  s e l e c t e d  opera t ing  condit ions by s e l e c t i n g  a height  above ground corre- 
sponding t o  t h e  r e f l e c t o r  c e n t e r l i n e ,  o r  pivot  point .  

E. STANDARDS AND CODES 

Although t h e  annual extreme f a s t e s t  mile is  used a s  t h e  b a s i s  f o r  design 
wind spe'ed i a  the ~ n i r e d  S t a t e s  (Ref. 40), t h i s  1s 11uL Lilt! case Iil A u s t ~ a l i a ,  
B r i t a i n ,  and Canada (Refs. 44 and 46). Tables 5, 6,  and 7 (from Ref. 46) show 
comparisons of t h e s e  four  s tandards f o r  wind loading. Tables 5 and 6 show the  
d i f f e r e n c e s  i n  t h e  reference  wind speed; t h e  d i f fe rences  a r e  s i g n i f i c a n t ,  
cons ider ing  t h a t  wind f o r c e s  and moments depend on t h e  square of wind speed. 
Table 7 i n d i c a t e s  t h a t  t h e  Aust ra l ian  and Canadian standards a r e  more f l e x i b l e  
than t h e  B r i t i s h  and United S ta tes  s tandards.  Consult Ref. 46 f o r  the  c i t e d  
references  t o  t h e  fo re ign  standards.  



SECTION V 

REVIEW OF PREVIOUS STUDIES 

Although emphasis is placed here in  on paraboloidal ,  two-axis t racking 
s o l a r  concentra tors ,  it is of i n t e r e s t  t o  review, b r i e f l y ,  previous work done 
on o the r  types of c o l l e c t o r s  and concentrators .  

Experimental and t h e o r e t i c a l  wind loading and heat  t r a n s f e r  work on f l a t -  
p l a t e  c o l l e c t o r s  is reported i n  Refs. 47, 48, and 49. References 48 and 49 
a l s o  g ive  r e s u l t s  on a i r  flow over bui ld ings  f o r  the  app l i ca t ion  of roof-top 
c o l l e c t o r s ,  a subjec t  t h a t  is not widely discussed i n  t h e  s o l a r  l i t e r a t u r e .  
Single c o l l e c t o r s ,  o r  a r rays ,  mounted on t h e  roofs  of i n d u s t r i a l ,  commercial, 
o r  r e s i d e n t i a l  buildings w i l l  experience g r e a t l y  d i f f e r e n t  approaching wind 
condit ions than a r e  discussed i n  Sections 111 and I V .  The power-law index l / n  
(Table 2 and Figures 5 and 6)  is  very l a rge  f o r  urban cen te r s  and may.not be 
appl icable  i n  s p e c i f i c  cases because of t h e  complex conf igura t ion  of l o c a l  
bui ld ings  and s t ruc tu res .  One e f f e c t ,  t he  l a t e r a l  spacing of bui ld ings ,  is 
t r e a t e d  i n  Ref. 50, 

Work on f l a t - p l a t e  photovoltaic a r rays  is reported i n  Refs. 51 through 53, 
and work on parabol ic  troughs and trough f i e l d  a r rays  is  reported i n  Refs. 54 
through 57. Considerable work has been accomplished on h e l i o s t a t s  (Refs. 58 
through 65), varying from wind tunnel  t e s t s  on a fu l l - sca le  l i e l i o s t a t  t o  models 
of f i e l d  a r rays  including t h e  e f f e c t s  of perimeter fences. Fur ther  discussion 
on h e l i o s t a t s  i s  given i n  Section I X .  Sachs (Ref. 44) provides much information 
on the  aerodynamic c o e f f i c i e n t s  of paraboloidal  r ad io  antennas. A d e t a i l e d  
review of paraboloidal  r e f l e c t o r s  and concentrators  is  given next i n  Section V I .  
Murphy (Refs. 66 and 67) provides some i n t e r e s t i n g  wind-loading comparisons 
among various types of c o l l e c t o r s  and concentrators;  h i s  work w i l l  be discussed 
i n  Section V I .  I .  



SECTION V I  

AERODYNAMICS OF PARABOLOIDAL DISHES 

A paraboloidal  concentrator  e s s e n t i a l l y  is a c i r c u l a r ,  parabolic-arc 
a i r f o i l  which, depending on design,  may o r  may not have a sharp leading edge. 
I n  genera l ,  it w i l l  behave aerodynamically l i k e  an a i r f o i l ,  o r  a i rp lane  wing, 
located  near t h e  ground. Ground in te r fe rence  e f f e c t s  may be more important a t  
some combinations of azimuth and e leva t ion  than a t  o the r s  ( t h e  corresponding 
terms i n  aerodynamics a r e  yaw, and p i t ch ,  o r  angle  of a t t a c k ) ,  j u s t  a s  a i r f o i l s  
experience an  "added" l i f t  a t  angle of a t t a c k  near t h e  ground. The r e s u l t a n t  
f o r c e  on t h e  concentrator  a c t s  through t h e  center  of pressure and, f o r  con- 
venience, may be resolved i n t o  t h r e e  components, e.g., l i f t ,  drag,  and l a t e r a l  
force .  Moments a r i s i n g  from these  fo rces  w i l l  depend on t h e  s t r u c t u r a l  pivot- 
point  loca t ion  with respect  t o  t h e  paraboloidal  surface.  The power required 
f o r  ac tua t ing  d r i v e  components w i l l  be determined by the  moments, o r  torques. 

Even when t h e  wind is  p a r a l l e l  t o  t h e  ground, t h e  r e l a t i v e  wind vector  
may d i f f e r  i n  a t t i t u d e  because of upwash and downwash e f f e c t s  inducea by t h e  
concentrator  a c t i n g  a s  an a i r f o i l .  J u s t  a s  an a i r c r a f t  has wing-fuselage 
i n t e r f e r e n c e  e f f e c t s ,  s o  a s o l a r  concentrator  w i l l  have varying aerodynamic 
i n t e r f e r e n c e  e f f e c t s  a r i s i n g  from t h e  base s t r u c t u r e ,  t h e  supporting s t r u c t u r e ,  
a l idade ,  multigod s t r u c t u r e  supporting t h e  rece iver lengine ,  etc. I n  addi t ion  
t o  s t a t i c  wind loads ,  dynamic wind loads a r i s i n g  from turbulence o r  gus t s  may 
be important f o r  point ing/tracking considerat ions.  F ina l ly ,  i n  a f i e l d  a r ray ,  
mutual f low blockage of adjacent  concentrators  and wind-channeling e f f e c t s  ' 

between rows cannot be ignored. I n  a f i e l d  a r ray ,  t h e  f i e l d  layout f o r  "best" 
aerodynamic behavior may not coincide with optimal layouts  determined from 
s o l a r  concentrator  shadowing considerat ions.  It is not d i f f i c u l t  t o  s e e  t h a t  
wind aerodynamic e f f e c t s  a r e  very complex and t h a t  wind loads must be thoroughly 
understood t o  a r r i v e  a t  v iab le  designs. 

F l a t  p l a t e s ,  at  angle of a t t a c k ,  behave somewhat d i f f e r e n t l y  than a i r f o i l s ;  
an  analogy is t h e  d i f fe rence  i n  wind loads between h e l i o s t a t s  and paraboloidal  
concentrators .  A d i s h  facing i n t o  the wind w i l l  hove a higher drag thati a 
f l a t ,  c i r c u l a r  p l a t e  of equivalent  diameter. Figure 19 i n d i c a t e s  t h i s  c l e a r l y ,  
and shows t h e  drag c o e f f i c i e n t  of hollow sheet  metal caps f ac ing  d i r e c t l y  i n t o  
t h e  wind -as a funct ion  of depth-to-diameter r a t i o  h / ~ .  Radio antenna l i t e r a t u r e  
more f r equen t ly  uses  h/D than f/D; t h e  l a t t e r  is  more f a m i l i a r  t o  s o l a r  concen- 
t r a t o r  inves t iga to r s .  Because wind load samples from rad io  antenna l i t e r a t u r e  
w i l l  be presented later, i t  w i l l  be convenient t o  t h e  reader t o  have a ready 
reference.conversion.  The re la t ionsh ip  between h/D and £ / D  i s  shown i n  Figure 20.. 
An extens ive  t h e o r e t i c a l  treatment of paraboloidal  d i s h  aerodynamics is presented 
i n  Ref. 68. Some wind tunnel  da ta  on models of l a r g e  rad io  antennas a r e  given 
i n  Ref. 69, and a r e  compared with theory developed there in .  JPL wind tunnel  
test r e s u l t s  on paraboloidal  r e f l e c t o r  models, including t h e  Goldstone antenna, 
a r e  given i n  Refs. 13, 70, and 71, which are summarized i n  Ref. 5. Extensive 
b ib l iographies  a re . . ava i l ab le  i n  Refs. 68 and 70. 



A. AXES SYSTEMS FOR FORCES AND MOMENTS 

I n  us ing the  wind tunne l  l i t e r a t u r e  on paraboloidal  r e f l e c t o r s ,  t h e  reader 
i s  cautioned t o  determine which coordinate system is being used i n  a  s p e c i f i c  
reference .  Addit ionally,  t h e  s ign  conventions f o r  p o s i t i v e  and negative direc-  
t i o n s  of f o r c e s  and moments vary among d i f f e r e n t  authors and need t o  be under- 
s tood by t h e  user .  A s t a r t i n g  assumption i s  t h a t  t h e  ground su r face  i s . a lways  
f l a t  and l e v e l ,  which is  automatical ly s a t i s f i e d  i n  most wind tunnel  t e s t i n g .  
F ie ld  condi t ions ,  however, may vary. 

Forces and moments a r i s i n g  from wind loads,  which a r e  caused by pressure 
v a r i a t i o n s  across  t h e  r e f l e c t o r  surfaces ,  may be expressed i n  s e v e r a l  orthogonal 
Car tes i an  coordinate systems with varying angular  o r i e n t a t i o n  (Ref. 70): 

(1) Wind A x l o t  An axis system t h a t  i s  always p a r a l l e l  t o  the  ground 
surface ,  t h e  wind d i r e c t i o n ,  and t h e  d i r e c t i o n  of gravi ty .  

(2)  Body Axis: An a x i s  system t h a t  is always p a r a l l e l  and perpendicular 
t o  the  a x i s  of symmetry of t h e  model body (paraboloidal  generat ing 

. . cen te r l ine ) .  I n  t h i s  p a r t i c u l a r  case,  the  s i d e  f o r c e  i s  a l s o  p a r a l l e l  
: to  the  ground su r face  a s  t h e r e  is  no r o l l  angle. 

( 3 )  S t a b i l i t y  Axis: An a x i s  system t h a t  i s  p a r a l l e l  t o  the  ground surface  
and the  d i r e c t i o n  of gravi ty  but i s  perpendicular t o  the  model a x i s  
of symmetry (and, the re fo re ,  not necessar i ly  p a r a l l e l  t o  the  wind 
d i r e c t i o n ) .  

These t h r e e  axes systems coincide when t h e  yaw and p i t c h  angles (azimuth 
and e l e v a t i o n  angles)  a r e  zero. The wind-axis system is used commonly lu 
aeronaut ics .  For azimuth-elevation mounted paraboloidal  r e f l e c t o r s ,  Kef. 70 
recommends use  of t h e  s t a b i l i t y - a x i s  system; however, t h e  body-axis system is 
used i n  Ref. 72. References 68 and 69 uec t h e  wind-axis and t h e  s tabgl i ty-axis  
systems, respect ive ly .  The pos i t ion  of t h e  center  of moments f o r  t h e  s t a b i l i t y -  
a x i s  system, Refs. 13 and 70, is  t h e  paraboloidal  surface-generating cen te r l ine  
measured from the  ve r t ex  of t h e  paraboloidal  r e f l e c t i n g  surface .  

The s t a b i l i t y - a x i s  system i s  shown i n  Figure 21; t h e  s i g n  co.nventions f o r  
t h e  var ious  fo rces  and moments a r e  those used i n  R e f .  13. I n  t h e  body-axis 
system. (Ref. 7 2 ) ,  t h e  l a t e r a l  fo rce  is  ca l l ed  t h e  s i d e  force ;  t h e  normal and 
a x i a l  f o r c e s  a r e  perpendicular  and p a r a l l e l  t o  the surface-generating centerJ.ine, 
r e s p e c t i v e l y ,  and the. a x i a l  f o r c e  i s  p a r a l l e l  t o  t h e  ground only when the  
e l e v a t i o n  angle i s - z e r o .  

B. DEFINITIONS OF MKODYNAMIC COEFFICIENTS 

Conventional dimensionless aerodynamic c o e f f i c i e n t s  a r e  used. The fo rce  
c o e f f i c i e n t s  a r e  defined as: 

( fo rce )  
(dynamic pressure)  x ( r e f l e c t o r  f r o n t a l  a r e a )  



and t h e  moment c o e f f i c i e n t s  as:  

(moment ) 
(dynamic pressure)  x ( r e f l e c t o r  f r o n t a l  a r e a )  x ( r e f l e c t o r  diameter) 

and t h e  pressure c o e f f i c i e n t s  as: 

. . 
( l o c a l  surf  ace pressure)  - (ambient s t a t i c  barometric pressure)  

(dynamic pressure)  

Reflector  f r o n t a l  a r e a  i s  t h e  same a s  ape r tu re  area .  Sometimes (Ref. 70) t h e  
pressure c o e f f i c i e n t s  are p lo t t ed  i n  the  form c p ,  where the  d e l t a  r e f e r s  t o  
the  d i f ference  i n  pressure c o e f f i c i e n t s  between' the f r o n t  and r e a r  surfaces  of 

. t h e  r e f l e c t o r  a t  corresponding coordinate pos i t ions .  The dynamic pressure is 
defined a s <  

(1/2)(ambient s t a t i c  a i r  dens i ty )  x ( a i r  ve loc i ty )2  
,. . 

For exainple,' when standard sea-level dens i ty  is used with a wind speed of 50 mph, 
t h e  dynamic pressure exceeds s i x  pounds per square foot .  

Having determined t h e  aerodynamic c o e f f i c i e n t s  from wind tunnel  model 
tests, wherein t h e  forces,moments,and pressures  a r e  measured experimentally o r  
from theory, then the  fo rces  and moments f o r  any s i z e  s t r u c t u r e  o r  wind speed 
can be determined from the  known coef f i c i en t s .  This presumes, of course, t h a t  
t h e  condit ions of dynamic s i m i l a r i t y  between model and fu l l - sca le  s t r u c t u r e  
have been preserved. 

For convenience, t h e  r a t i o s  of force-to-force c o e f f i c i e n t ,  and moment-to- 
moment c o e f f i c i e n t ,  a r e  p lo t t ed  i n  Figures 22 and 23 a s  a funct ion  of mean wind 
speed f o r  concentrators  of varying diameter. These p l o t s  correspond t o  t h e  
product of dynamic pressure  and aper ture  a r e a ,  and t o  t h e  product of dynamic 
pressure ,  ape r tu re  a rea ,  and d i s h  diameter,  respect ive ly .  Absolute values of 
f o r c e  and moment may be obtained from Figures 22 and 23 by mult iplying graphica l  
values by appropr ia te  f o r c e  and moment c o e f f i c i e n t s  determined experimentally 
o r  obtained from t h e  l i t e r a t u r e .  

C. ASPECTS OF WIND TUNNEL' TESTING 

Full-scale and ,model t e s t i n g  i n  wind tunnels  has become an indispensable 
and cos t -ef fec t ive  research and development t o o l  i n  aeronaut ics  and as t ronau t i c s .  
Many spec ia l i zed  wind tunnels  have been developed t o  address s p e c i f i c  require-  
ments. I n  recent  years  environmental wind tunnels  have been developed t o  s tudy 
wind c h a r a c t e r i s t i c s  of a l l  types of man-made s t r u c t u r e s ,  e.g., model ci t ies,  
srnokeetacks, erc., and t o  ca r ry  out research on topographic land surf ace models. 
When compared with fu l l - sca le  f i e l d  tests, wind tunnel  tests using models a r e  
convenient, low-cost, and have the  advantage of super ior  and systematic 
c o n t r o l l a b i l i t y .  However, t h e  drawbacks and l i m i t a t i o n s  should be recognized 
a s  well.  

Careful a t t e n t i o n  should bc given t o  preserve geumetrical s i m i l a r i t y  
between model and f u l l  s ca le ;  the re  a r e  ins tances  where t h i s  muat be v io la ted  
because of p r a c t i c a l  cons t ra in t s .  For example, su r face  f i n i s h  cannot always 



be modeled accura te ly .  I n  t h e  case of paraboloidal  d i shes ,  t h e  expected 
ground su r face  roughness should be modeled; fo r tuna te ly  t h i s  i s  not d i f f i c u l t  
f o r  t e r r a i n  t h a t  c o n s i s t s  of f l a t ,  open country (Figure 6) .  

Flow s i m i l a r i t y  nmst be maintained, and t h i s  has two aspects :  (1)  mean, 
o r  quasi-steady flow, and (2 )  f l u c t u a t i n g  flow. The l a t t e r  aspect  i s  much 
more d i f f i c u l t  t o  s imulate.  For paraboloidal  d i sh  modeling t h e r e  a r e  a t  leas t .  
t h r e e  key simulat ion f a c t o r s  t o  be preserved: (1)  dynamic (quasi-steady) 
flow, (2)  v e l o c i t y  p r o f i l e  of wind (Figure 3 ) ,  and (3 )  turbulence p roper t i e s  
( i n t e n s i t y ,  eddy s i z e ,  and t h e  frequency of turbulent  f luc tua t ions ) .  The 
tu rbu len t  p roper t i e s  of wind can be modeled, but the  very random gust iness  
c h a r a c t e r i s t i c s  are more d i f f i c u l t .  

The usua l  flow s i m i l a r i t y  parameter i s  t h e  Reynolds number, which can be 
perceived a s  a r a t i o  of i n e r t i a  t o  viscous f l u i d  fo rces ,  and i s  dimensionless. 
Reynolds number cha rac te r i zes  d i s t i n c t i v e  flow, regimes. Compressibility 
e f f e c t s  (Mach number) 'w i l l  not be important f o r  paraboloidal  d ishes ;  however, 
very high-speed wind tunnel  tests using t i n y  models should be avoided. Thermal 
modeling of wind flows cannot be ignored completely, but thermal e f f e c t s  a r e  
thought t o  be of second order.  

Flow-scaling laws f o r  paraboloidal  d ishes  (o r  h e l i o s t a t s )  have not been 
f i r m l y  es tabl i shed.  A reasonable approach is  given i n  Ref. 5. The drag 
c o e f f i c i e n t  of common bluzf ob jec t s  a s  a funct ion  of Reynolds number is given 
i n  Figure 24. C i rcu la r  and square f l a t  p l a t e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  
Reynolds number. Bodies t h a t  have curvature i n  t h e  d i r e c t i o n  of flow (cyl inders ,  
spheres)  are very s e n s i t i v e  t o  Reynolds number, e spec ia l ly  i n  the  range 
lo5 < Re < lug. 'the onset of t h e  c r i t i c a l  Reynolde number, whioh may depend 
on free-stream turbulence l e v e l  and r e l a t i v e  su r face  f i n i s h ,  portends t r a n s i t i o n  
t o  f u l l y  tu rbu len t  boundary l aye r  and wake s t ruc tu re .  Figure 24 suggests t h a t  
Reynolds numhers g r e a t e r  than lo6 should be maintained. Full-scale dishes i n  
moderate winds e a s i l y  w i l l  exceed t h a t  value. 

Fur ther  i n s i g h t  is  obtained from Figure 25, which is  a general  p lo t  of 
Reynolds number a s  it v a r i e s  with mean wind speed and c h a r a c t e r i s t i c  geometric 
dimension. A d i s h  wi th  diameter of 30 m w i l l  have R e  > lo6  f o r  almost a l l ,  but 
zero,  wind speeds. A 1/100 s c a l e  model, i .e . ,  diameter equal  t o  0.3 m, would 
r e q u i r e  wind tunnel  speeds i n  excess of 100 mph t o  achieve Re > lo6. The 
p i c t u r e  f o r  smaller s t r u c t u r e s ,  i .e . ,  quadripod supports ,  is d i f f e r e n t .  The 
p o s s i b i l i t y  e x i s t s  t h a t  small, f u l l - s c a l e  s t r u c t u r e s  i n  high winds w i l l  be 
sub jec t  t o  a d i f f e r e n t  flow regime when modeled.to small  sca le .  The consequences 
probably a r e  not s i g n i f i c a n t  except f o r  aerodynamic ampl i f ica t ion  a r i s i n g  from 
vor tex  shedding t h a t  could cause d i f f e r i n g  v i b r a t i o n a l  c h a r a c t e r i s t i c s  i n  t h e  
d i f f e r e n t  flow regimes. 

Figure 24 suggests  t h a t  curved surfaces  should be avoided because of 
inhe ren t  flow i n s t a b i l i t y  problems, e.g., s e e  Ref. 73. A s  a matter of f a c t ,  
most l a r g e  rad io  antennas employ box-like supports i n  t h e  quadripod s t r u c t u r e  
r a t h e r  than p ipes  o r  cy l inders  t o  a l l e v i a t e  t h i s  problem ( s e e  Refs. 5 and 68). 
See a l s o  Ref. 2 r e l a t i v e  t o  bridge s t r u c t u r e s .  The vortex shedding a& wake 
s t r u c t u r e  of cy l inders  a r e  extremely complex (Ref. 73). 

A f f n a l  concern is wind tunne1,blockage. Obviously, i f  models a r e  
r e l a t i v e l y  l a r g e  compared t o  t h e  wind tunnel  cross-sect ional  a rea ,  then t h e  



flow f i e l d  experienced by t h e  models w i l l  become modified and w i l l  not . '  

represent  undisturbed "free-stream" conditions. Ways t o  o f f s e t  t h i s  problem 
a r e  discussed commonly i n  t h e  wind tunnel  l i t e r a t u r e .  Fur ther ,  accepted . 
methods of correc t ing  f o r  wind tunnel  blockage a r e  ava i l ab le  (Ref. 74). 
Bas ica l ly ,  t h e  treatment of bluff bodies i n  wind tunnels  cannot be t r e a t e d  
with independent cont r ibut ions  of body blockage and wake blockage, a s  is  t h e '  
case f o r  s lender  bodies. 

Despite a l l  caveats ,  meaningful wind tunnel  t e s t i n g  of paraboloidal  ' 

concentrators  i s  f e a s i b l e  and has re levant  p r a c t i c a l  .applicat ion.  His tor ica l ly . ,  
t h e  successful  design and app l i ca t ion  of l a r g e  rad io  antennas would have been 
severe ly  hampered without guidance provided by wind tunnel  t e s t i n g  of models,. 

D. GENERAL FLOW FIELD CONSIDERATIONS 

Some i n t e r e s t i n g  f e a t u r e s  of wind flow over s i n g l e  concentrator  modules 
a r e  suggested by Figure 26, which shows t h e  concentrator  a t  an e l eva t ion  ang le .  
of approximately 45 deg (zero  azimuth ang le ) ,  but with t h e  wind approaching the  
f r o n t  surface  (upper f i g u r e )  and the  r ea r  surface'  (lower f i g u r e ) ,  respec.tively. 

If  t h e  approaching wind ve loc i ty  was uniform, ground e f f e c t s  were 
neg l ig ib le ,  and t h e  e f f e c t s  of base and concentrator  support s t r u c t u r e  and 
receiver  support s t r u c t u r e  were neg l ig ib le ,  then  symmetry would p reva i l  i n  t h e  
wind-axis system. That is, equivalent  azimuth o r  e l eva t ion  angles  (expressed 
a s  a  s i n g l e  angle-of-attack) would y ie ld  i d e n t i c a l  wind loading. Departures 
from symmetry w i l l  depend on a l l  of the  above f a c t o r s .  An i l l u s t r a t i o n  i s  
shown i n  Figure 27; t h e  s i d e  f o r c e  and t h e  l i f t  f o r c e  a r e  symmetric and 
equivalent  except f o r  angles of about plus and minus 30 deg from t h e  zen i th  
pos i t ion .  

A tu rbu len t  wake w i l l  p reva i l  behind t h e  d i s h  and, beyond t h e  s t a l l  point  
of t h e  d i sh ,  separated flow with reversed ve loc i ty  w i l l  occur. Experimental 
da ta  f o r  t h e  flow f i e l d  behind a c i r c u l a r ,  f l a t  p l a t e  normal t o  a  uniform wind 
a r e  shown i n  Figure 28 (from Ref. 68). It i s  evident  t h a t  the  region of 
separated flow extends about th ree  p l a t e  diameters downstream. A rece iver  
placed behind t h e  p1.at.e would experienoa a reversed flow ragion. Tile s i z e  and 
shape of t h e  separated flow region obviously w i l l  depend on angle of a t t a c k  
with respect  t o  the  wind. 

Shielding e f f e c t s  a r e  evident i n  Figure 26. For f  ront-facing wind (upper ' 

p a r t  of f i g u r e ) ,  t he  rece iver  wake would inf luence  a por t ion  of t h e  top  su r face  
of t h e  dish.  This e f f e c t  diminishes a t  higher e l eva t ion  angles near zenith.  
Conversely, fo r ' r ea r - fac ing  wind (lower p a r t  of f i g u r e ) ,  t he  rece iver  is  in f lu -  ' 

enced by t h e  wake of t h e  dish.  Similar comments apply t o  t h e  base s t ruc ture . .  

For front-facing wind (upper p a r t  of Figure 26), t h e  l i f t  f o r c e  is negative 
and t h e  e l eva t ion  moment tends t o  r o t a t e  t h e  d i s h  towards the  wind. For rear-  
fac ing wind, the  e l eva t ion  moment tends t o  r o t a t e  t h e  d i s h  t o  t h e  opposi te  
d i rec t ion .  However, a t  e l eva t ion  angles below t h e  s t a l l  poinL, t h e  moment is  
i n  f a c t  opposi te  t o  t h a t  shown i n  t h e  lower pa r t  o f .F igure  26. 

Ground e f feccs  w i l l  depend mainly on t h e  s i z e  of a  concentrator  and t h e  
r e l a t i v c  ground spacing. An ins igh t  i n t o  ground plane e f f e c t s  is  shown i n  



Figu re  29 (from Ref. 68). P l o t t e d  i s  t h e  a d d i t i o n a l  c o n t r i b u t i o n  t o  l o c a l .  
f r e e - s t r e a m v e l o c i t y  because of ground presence;  t h e  r e s u l t  shown is  based on 
theo ry .  Ground e f f e c t s  become n e g l i g i b l e  when t h e  gap-to-diameter spac ing  g/d 
exceeds 0.3. The c a s e  shown (F igure  29) i s  f o r  a  s o l i d  r e f l e c t o r  w i th  a  va lue  
of g/d = 0.0167 f o r  z e r o  e l e v a t i o n  angle .  B a s i c a l l y ,  t h e  presence of t h e  
ground changes t h e  p r e s s u r e  d i s t r i b u t i o n  over  t h e  r e f l e c t o r  s u r f a c e ;  ground 
p r e s s u r e  w i l l  t end  t o  i n f l u e n c e  l i f t  f o r c e s  more t han  drag  fo rces .  Ground 
e f f e c t s  should be e s s e n t i a l l y  n e g l i g i b l e  f o r  d i s h e s  i n  t h e  stow ( h o r i z o n t a l )  
p o s i t i o n .  

An example of v e l o c i t y  p r o f i l e  e f f e c t s  is  shown i n  F igure  30 (from Ref. 5 ) .  
Wind t u n n e l  r e s u l t s  f o r  a p a r t i c u l a r  r e f l e c t o r  model a r e  g iven  f o r  e l e v a t i o n  ' 

moment a t  two ang le s  of e l e v a t i o n  f o r  vary ing  azimuth angle .  Cont ras ted  a r e  
r e s u l t s  f o r  a n  e s s e n t i a l l y  f l a t  boundary-layer p r o f i l e  and au  approximate 
117 power-law p r o f i l e  ( s e e  a l s o  F igure  3 ) .  Considerable  e f f e c t s  a r e  ev ident .  
The o t h e r  two moments and t h e  t h r e e  f o r c e s  are not  a s  much a I f e c t e d  by v e l o c i t y  
p r o f i l e  when t h e  r e f e r e n c e  v e l o c i t y  i s  taken  a t  t h e  d i s h  c e n t e r l i n e  (Appendix C). 
D e t a i l e d  r e s u l t s  f o r  t h e  Goldstone antenna model a r e  g iven  i n  Ref. 5, whlch 
c o n t r a s t s  t h e  same two ve loc i ty  p r o f i l e s  . U t  her i n f  otmacion on wind p r o I l l e  
e f f e c t s  i s  g iven  i n  Ref. 69. 

'l'he smooenest f low f i e l d  aruund a tllsl~ c~ucet~t~iit~~. might: be cxpccted 
when t h e  d i s h  i s  edge-on t o  t h e  wind (s tow p o s i t i o n ) .  Damage r e s u l t s  of an  
i n t e n s e  h a i l  s torm a t  Sandia ,  Albuquerque, a r e  desc r ibed  i n  Ref. 75. During 
t h e  s torm t h e  Raytheon d i s h  was stowed f a c i n g  v e r t i c a l l y  upwards and s u s t a i n e d  
no h a i l  damage. Specu la t i on  may be employed t o  a s s o c i a t e  l ack  of damage t o  
d i s h  aerodynamics,  i.e., h a i l  impact could have been minimized because of t h e  
f low f i e l d  induced by t h e  wind. 

I n  a f i e l d  a r r a y ,  t h e  wakes of d i s h  concen t r a to r s  w i l l  have some i n f l u e n c e  
nn downstream concen t r a to r s .  Also, ad j acen t  concen t r a to r s  w i l l  be in f luenced  
by one awlher. 

E. REVIEW OF W I N D  TUNNEL TEST KESULTS 

All known wind tunne l  test  r e s u l t s  f o r  pa rabo lo ida l  r e f l e c t o r s  were 
obtained f s ~ m  model s t u d i e s  on r a d i o  an tennas ;  comparable r e s u l t s  f o r  s o l a r  
c o n c e n t r a t o r s  appa ren t ly  a r e  no t  a v a i l a b l e .  Mosc of t h e  e a r l i e r  t h e o r e t i c a l  
and exper imenta l  s t u d i e s  f o r  pa rabo lo ida l  r e f l e c t o r s  were performed wi th  
un i form v e l o c i t y  p r o f i l e s  u s ing  s i n g l e  r e f l e c t o r s  (no f i e l d - a r r a y  r e s u l t s ) .  
Sample r e s u l t s  g iven  h e r e i n  d e r i v e  from Refs. 5 ,  13 ,  68, and 72. 

F igu re s  31, 32 ,  and 33 (From Kef. 68) Show wind tunne l  tesC r e s u l t s  f o r  
t h e  d rag ,  l i f t ,  and yawing (azimuth) moment c o e f f i c i e n t s ,  r e s p e c t i v e l y ,  of a  
s o l i d  r e f l e c t o r  ( p o r o s i t y  4 = 0 )  a s  a  f u n c t i o n  of ang le  of a t t a c k  i n  t h e  wind- 
a x i s  system. Curves f o r  va r ious  depth-to-diameter r a t i o  va lues  a r e  shown ( s e e  
F igu re  20 f o r  conversion t o  £ID). The ang le  of a t t a c k  a i n  t h e  wind-axis 
system e a s i l y  can be expressed i n  terms of both t h e  e l e v a t i o n  and azimuth 
a n g l e s  (Refs.  68 and 69).  Note t h a t  t h e  r e l a t i v e  wind vec to r  V may d i f f e r  
from t h e  a c t u a l  wind vec to r  (with r e s p e c t  t o  ground) because of upwash e f f e c t s  
c r e a t e d  by t h e  d i s h  a c t i n g  a s  an  a i r f o i l  ( s e e  Ref. 68). 



A s  expected, t h e  minimum drag (Figure 31) occurs a t  zero angle of a t t ack ;  
the  deeper d i sh  has the  higher drag. Maximum l i f t  (Figure 32) occurs a t  a 
p o s i t i v e  angle of a t t a c k  of 30 deg, which corresponds t o  an e leva t ion  angle of 
60 deg f o r  zero azimuth angle,  and i s  d i rec ted  towards t h e  ground; t h e r e a f t e r  
t h e  d i s h  becomes aerodynamically s t a l l e d .  The l i f t  i s  low, and d i rec ted  upwards 
f o r  negative angles of a t t a c k  (see  Figure 26). .The yawing moment i s  negative 
( a s  defined i n  Figure 33) f o r  pos i t ive  angles of a t t a c k  g r e a t e r  than 20 deg t o  
30 deg; peak moments occur a t  a negative angle of a t t a c k  of about 30 deg. Note 
t h a t  t h e  deeper dishes a r e  subjec t  t o  t h e ' h i g h e s t  yawing moments, a s  might be 
expected. The da ta  i n  Figure 33 came o r i g i n a l l y  from Ref. 70. 

A composite graph (from Ref. 68) i s  shown i n  Figure 34. The r e s u l t s  were 
ca lcula ted  from empirical  considerat ions.  A purely t h e o r e t i c a l  l i f t  r e s u l t  i s .  
a l s o  shown f o r  comparison a s  based on p o t e n t i a l  flow theory; i t  is  high because 
i t  does not account f o r  r e a l  flow e f f e c t s .  

A wide v a r i e t y  of da ta  i l l u s t r a t i n g  the  e f f e c t s  of various parameters on 
t h e  wind tunnel  r e s u l t s  of model paraboloidal  r e f l e c t o r s  a r e  given i n  Ref. 5; 
most of t h e  r e s u l t s  presented were f o r  t h e  azimuth o r  yawing moment because 
of i t s  design importance. Selected graphs a r e  shown i n  Figures 35 through 38. 
The test Reynolds number based on d i s h  diameter was 2.7 x lo6. Results  were 
f o r  a s i n g l e  model with an e s s e n t i a l l y  uniform and steady wind ve loc i ty  
p r o f i l e .  The s t a b i l i t y - a x i s  system (Figure 21) was used t o  reduce data.  Data 
were used t o  help design the  210-ft Goldstone rad io  antenna; s e e  a l s o  Refs. 13  
and 44. 

Figure 35 shows t h e  azimuth moment coe f f i c i en t  (about t h e  ref l e c t o r  
su r face  ver tex)  a s  a funct ion  of azimuth and e leva t ion  angles. When t h e .  
azimuth angle is  zero,  t h e  d i s h  faces  d i r e c t l y  i n t o  t h e  wind; when it  .is 90 deg 
t h e  d i s h  "sees" the  wind approaching edge-on; and when it  i s  180 deg t h e  d i sh  
faces  d i r e c t l y  downstream. For high-elevation angles (approaching zen i th )  , 
t h e  azimuth moment is  small and va r i e s  l i t t l e  with t h e  azimuth angle. 

The e f f e c t  of depth-to-diameter r a t i o  is  shown i n  Figure 36; note  t h a t  
h / ~  = 0 corresponds t o  a f l a t ,  c i r c u l a r  p la t e .  The curves f o r  h / ~  = 0.189 i n  
Figures 33 and 36 a r e  i d e n t i c a l .  I n  Figure 36, t h e  arrows i n d i c a t e  azimuth 
snglea at  which the edge of the r e f l e c t o r  is  p a r a l l e l  with the  d i r e c t i o n  of t h e  
approaching wind. For a f l a t  p l a t e ,  t h i s  angle i s  90 deg; f o r  o ther  h/D, t h i s  
is  not t r u e  because the  flow f i e l d  is  three-dimensional because of t h e  d i s h  
curvature ,  a s  explained previously. Side (or  l a t e r a l  f o r c e s )  a r e  a s t ronger  
funct ion  of h / ~  than a r e  t h e  a x i a l ,  or  drag, fo rces  (Ref. 5) .  

The e f f e c t  of moving t h e  azimuth moment cen te r  forward o r  a f t  of the  
ver tex ,  but along t h e  ~ a r a b o l o i d  c e u t e r l i n e ,  is shown i n  Figure 37. Both 
pos i t ive  and negative peak moments can be reduced considerably by moving t h e  
moment cen te r  forward of the  vertex. However, depending on t h e  p a r t i c u l a r  
design,  a penalty might be incurred by increased s t r u c t u r a l  weight and changes 
i n  s t i f f n e s s .  

A f i n a l  example i s  shown i n  Figure 38, where some e f f e c t s  of r e f l e c t o r  
su r face  support s t r u c t u r e  a r e  i l l u s t r a t e d .  Extended counterweights, using 
f a i r i n g s ,  f o r  example, can reduce azimuth moments. According t o  Ref. 5,  support 
s t r u c t u r e s  genera l ly  have a tendency t o  reduce peak loads,  but i n  c e r t a i n  cases 
they may inc rease  t h e  loads. 



Complete wind tunne l  r e s u l t s  f o r  t h e  model Goldstone rad io  antenna (from 
Ref. 13) a r e  presented i n  Appendix D f o r  reference.  These r e s u l t s  depic t  t h e  
t h r e e  f o r c e  and t h e  t h r e e  moment c o e f f i c i e n t s  a s  they vary with azimuth angle 
from zero  t o  180 deg and e leva t ion  angle from zero t o  90 deg, a l l  i n  the  
s t a b i l i t y - a x i s  system (Figure 21). Reference 72 contains extensive t a b l e s  of 
suggested aerodynamic f o r c e  and moment c o e f f i c i e n t s  f o r  four  s p e c i f i c  
paraboloidal  r e f l e c t o r  configurat ions.  Basic parameters a r e  h/D, o r  £ID,  and 
r e f l e c t o r  poros i ty  P. Combination No. 1 per ta ins  t o  a  s o l i d  r e f l e c t o r  with 
f/D = 0.313. A l l  r e s u l t s  a r e  r e fe r red  t o  t h e  body-axis system. Recall  t h a t  
t h i s  axi's system u t i l i z e s  t h e  surface-generating c e n t e r l i n e  of the  r e f l e c t o r .  
Trigonometric r e l a t i o n s  a r e  r ead i ly  employed t o  convert fo rces  and moments 
from one a x i s  system t o  another. A s e t  of summary curves is  shown i n  Figure 
39 (from Ref, 72) f o r  t h e  four  configurat ions a t  zero azimuth angle,  i.e., 
only e l e v a t i o n  angle  i s  varied.  The r e l a t i v e  magnitude of the  various 
c o e f f i c i e n t s  can be i n t e r p r e t e d  f o r  t h e  body-axis eystem from Figure 39: the  
predominant f o r c e  and moment i s  t h e  a x i a l  f o r c e  ( p a r a l l e l  t o  the  generat ing 
c e n t e r l i n e )  and t h e  p i t c h ,  o r  e l eva t ion ,  moment. Because t h e  aximuth angle i s  
zero ,  t h e  o ther  four  aerodynamic c o e f f i c i e u t s  are small  o r  neg l ig ib le ,  a6 
would be expected. 

Another convenient and i l luminat ing  comparison is  found i n  r e s u l t s  f o r  
( f l a t - p l a t e )  h e l i o s t a t s .  Wind tunnel  t e s t  r e s u l t s  of a  s i n g l e ,  fu l l - sca le  
h e l i o s t a t  a r e  a v a i l a b l e  (Ref. 61). Hel ios ta t  i n v e s t i g a t o r s  tend t o  use  yet 
another  a x i s  system: f o r c e s  and moments a r e  measured with respect  t o  the  
i n t e r s e c t i o n  of t h e  ground and t h e  c e n t r a l ,  post  support.  Some t y p i c a l  
measurement r e s u l t s  a r e  presented i n  Appendix E; t h i s  experimental. da ta  may be 
compared with t h e  a n a l y t i c a l  r e s u l t s  (Ref. 65) presented i n  Appendix F. 
H e l i n s t a t  r e s u l t s  would be expected t o  approximate f l a t - p l a t e  r e s u l t s ,  and 
t h i s  t u r n s  out t o  be t h e  case. 

Reynolds number e f f e c t s  were found t o  be neg l ig ib le  i n  Ref. 5 provided 
t h a t  t h e  values exceeded 106 based on 'dish diameter. Soue data ava i l ab le  for 
h e l i o s t a t s  (Ref. 62) permit an assessment of s c a l e  f a c t o r .  Results  a r e  shown 
i n  Figure 40, where base moment c o e f f i c i e n t s  a r e  p lo t t ed  agains t  Reynolds 
number. The moment c o e f f i c i e n t s  have been normalized t o  t h e  value obtained 
f o r  a  f u l l - s c a l e  h e l i o s t a t  ( see  a l s o  Ref. 61); the  cross-hatched region has 
been est imated by t h e  present  author. It is  encouraging t h a t  r e s u l t s  f o r  
models w i l l  tend t o  overest imate t h e  values appropr ia te  f o r  l a r g e r ,  fu l l - sca le  
configurat ions.  Errors  o n , t h e  order  of 10% t o  20'6 maximum might be at ir icipated 
f o r  models where the  test Keynolds number exceeds 106. Comparable da ta  a r e  
not a v a i l a b l e  f o r  paraboloidal  dishes.  

An i n t e r e s t i n g  R6D program was hegun i n  1970 by LTV Electrosystems, Inc. 
(Ref. 79). The ob jec t ives  were: (1)  t o  compare a l l  ava i l ab le  wind cunnel 
test da ta  f o r  paraboloidal  antennas t o  produce computer p l o t s  of wind load 
c o e f f i c i e n t s ,  (2 )  t o  u s e  t h e  p l o t s  t o  q u a n t i t a t i v e l y  e s t a b l i s h  t h e  e f f e c t s  of 
changes i n  t h e  antenna s t r u c t u r e  on wind load c o e f f i c i e n t s ,  and (3)  t o  develop 
empir ica l  forunrlas f o r  t h e  c o e f f i c i e n t s  t o  he used f o r  design purposes. LTV 
obtained s i x  sets of test da ta  f o r  nine d i f f e r e n t  wind tunnel  models ( including 
JPL r e s u l t s  given i n  Ref. 13 and 70) and one set of da ta  f o r  a  fu l l - sca le  60-ft 
d i a  antenna. F i r s t ,  a l l  d a t a  had t o  be converted t o  one s e t  of coordinates,  
axes,  and s ign  conventions; a  computer program was developed f o r  t h e  body-axis 
system. Only l imi ted  r e s u l t s  were given. Two succeeding quar t e r ly  r epor t s  



following Ref. 79 have not been located.  "Universal" c o e f f i c i e n t s  f o r  wind 
loads would be very u s e f u l  t o  a high degree of confidence. 

Another i n t e r e s t i n g  study i s  seen i n  Ref. 80. Three diameters of para- 
boloidal  r e f l e c t o r s  (15 m, 26 m, and 40 m) were examined t h e o r e t i c a l l y ;  tiackup 
s t r u c t u r e s  were designed t o  accommodate combinations of g rav i ty ,  seismic,  wind, 
and snow loads. Changes i n  s t r u c t u r e  weight were determined a s  a funct ion 'of  
wind speed. Survival  wind speed was assumed t o  be twice t h e  maximum value f o r  
d r ive  t o  stow. Percent weight increases  (and, presumably increas ing s t r u c t u r e  
c o s t s )  were not found t o  be s t rongly  influenced by wind speeds less, than about 
80 mph. Rather, t h e  slenderness r a t i o  of s t r u c t u r a l  elements, i.e., t he  r a t i o  
of length  t o  radius  of gyra t ion  of t h e  cross  s e c t i o n ,  was found t o  be t h e  
con t ro l l ing  f a c t o r  f o r  backup s t r u c t u r e  weight. The 15-m d i s h  was examined 
f o r  a p p l i c a b i l i t y  as' a s o l a r  c o l l e c t o r  and found t o  be s a t i s f a c t o r y .  I f  cos t  
i s  proport ional  t o  weight, t he  r e s u l t s  given i n  Ref. 80 would' seem t o  suggest 
t h a t  wind loads a r e  not of major concern. 

However, t h e  assumptions described i n  Ref. 80 need t o  be examined. F i r s t ,  
t h e  backup s t r u c t u r e  consisted .of the  t r a d i t i o n a l  microwave antenna r ing  and 
r i b  cons t ruct ion  t h a t  is not l i k e l y  t o  be cos t  e f f e c t i v e  f o r  s o l a r  concentrators .  
Second, performance degradation because of p o t e n t i a l  r ' e f lec tor  panel deformation 
was not inves t iga ted .  Third, only wind loads i n  varying e leva t ion .ang le ,  and 
not i n  azimuth, were examined. F ina l ly ,  only s t a t i c  wind loads were consihered, 
and no allowance was made f o r  gust  loading o r  s a f e t y  f a c t o r s .  S,o.lar concen- 
t r a t o r s  may.have a wide v a r i e t y  of s t r u c t u r a l  design concepts (see  Appendix A 
of Ref. l ) ,  some of them very f l imsy indeed. Hence, t h i s  author remains 
convinced t h a t  wind loads on s o l a r  paraboloidal  concentrators  a r e  and w i l l  be 
important t o  t h e i r  design, performance,operation, and cos t .  

F. METHODS OF REDUCING AERODYNAMIC LOADS 

The parameter t h a t  had t h e  s i n g l e  g r e a t e s t  e f f e c t  on reducing aerodynamic 
loads i n  Ref. 5 was r e f l e c t o r  porosi ty.  The pressure  r e l i e f  gained from 
uniformly d i s t r i b u t e d  poros i ty  can be construed a s  a "spoi ler"  e f f e c t .  Peak 
moments ( p o s i t i v e  and negative) ,  e spec ia l ly  t h e  azimuth msmont, can be reduced 
oubs tan t l a l ly  by porosi ty.  Nor i s  poros i ty  required over t h e  e n t i r e  r e f l e c t o r  
surface;  reductions i n  loads can be achieved by incorpora t ing  poros i ty  over 
t h e  ou te r  por t ion  of the  rim only. A value of 25% poros i ty  o v e r , t h e  outer  25% 
of the  r e f l e c t o r  radius  is  reasonably e f fec t ive .  The impl ica t ion$ ' for  s o l a r  
concentrators  i s  less c lea r .  Whereas t h e  o p t i c a l  cont r ibut ions  t o  f o c a l  plane 
f l u x  a r e  l e a s t  a t  the  r i m ,  t h e  cont r ibut ing  a r e a  a t  t h e  r i m  i s  nevertheless 
t h e  l a rges t .  The in t roduct ion  of r i m  poros i ty  would requ i re  a r e l a t i v e l y  
l a r g e r  concentrator  aper ture  area.  Because wind loads a r e  the  l a r g e s t  s i n g l e  
cont r ibutor  t o  concentrator  cos t s ,  t h e  tradeoff  i n  increased s i z e  aga ins t  
p o t e n t i a l  wind ioad reductions would have t o  be examined c a r e f u l l y  f o r  each .  
s p e c i f i c  design. Many concentrator  designs,  e.g., those  employing gore seg- 
ments, indiv idual  mir rors ,  o r ,  p e t a l s ,  w i l l  provide some n a t u r a l  wind r e l i e f .  

An unusual Presnel-type parabol ic  concentrator  has been designed and 
t e s t e d  successful ly  t o  provide a l a r g e  amount of wind r e l i e f  ( ~ e f .  81). The 
concentrator  cons i s t s  of annular conica l  frustums arranged on a parabol ic  
subs t ructure .  Two designs were inves t iga ted:  (1)  a front-focus design, and 
(2)  a rear-focus design, t o  correspond t o  f r o n t a l  and rear-ward winds, 



r e s p e c t i v e l y .  Whereas l a r g e  r educ t ions  i n  wind d rag  were measured, t h e  o p t i c a l  
performance of t h e s e  concen t r a to r s  was g r e a t l y  reduced compared t o  more conven- 
t i o n a l  types .  

For f r o n t a l  winds,  l i t t l e  can be done t o  dec rease  f o r c e  c o e f f i c i e n t s  on 
s o l i d  concen t r a to r s .  Enclosure of concen t r a to r  suppor t  s t r u c t u r e ,  by shrouds 
o r  f a i r i n g s ,  i s  probably no t  worth t h e  e f f o r t  f o r  rearward winds. Base and 
a l i d a d e  s t r u c t u r e s  could be provided wi th  f a i r i n g s ,  but  they  would need t o  be 
r o t a t i o n a l l y  symmetric t o  a f f o r d  ga ins  cons ider ing  wind from a l l  d i r e c t i o n s .  
Small  g a i n s  can be  achieved by i n s t a l l i n g  " s p o i l e r s "  ( s h o r t  t r i p - r i b s  pro t rud ing  
from t h e  r e a r  of r e f l e c t o r  s u r f a c e ,  see Refs. 5 and 13 ) .  Moment c o e f f i c i e n t s  
can be  reduced by s h i f t i n g  t h e  p ivo t  cen t e r  of r o t a t i o n  forward of t h e  r c f l e c t o r  
v e r t e x  (F igure  37 ) ,  and by provid ing  aerodynamic f a i r i n g s  t o  t h e  counterweights  
(F igu re  38) .  Methods of reducing aerodynamic loads  on pa rabo lo ida l  r e f l e c t o r s  
are reviewed by Sachs (Ref. 44, Chapter 9 ,  S p e c i a l  S t r u c t u r e s ) .  

Because wind f o r c e s  vary  wi th  t h e  square  of concen t r a to r  d iameter ,  and 
moments vary  r e s p e c t i v e l y  a s  diameter  cubed, s i z e  a lone  w i l l  have important  
effects, A "wind engineer ing"  viewpoint t o  keep concen t r a to r  s i z e s  sma l l ,  and 
c l o s e  t o  t h e  ground, is  unders tandable  but cannot be j u s t i f i e d  a  p r i o r i .  

I n  f i e l d  a r r a y s ,  per imeter  wind f ences ,  hedges, o r  o t h e r  wind breaks can 
reduce l oads  on t h e  outermost concen t r a to r s  ( t h e  f i e l d  i n t e r i o r  is  a f f e c t e d  
l i t t l e ) .  This  w i l l  be d i s cus sed  l a t e r .  

G. AEROELASTICITY AND STRUCTURAL BUFFETING EFFECTS 

An e a r l y  and aafa6trcrphi.c f a i l ~ i r e  of a u j ~ i  engineer ing  otructur 'e  occurrrrl 
40 y e a r s  ago when t h e  Tacoma Narrows Bridge ( ~ u g e t  Sound, ~ a s h i o g t o n )  co l lapsed  
because of wind i n t e r a c t i o n s  s u f f e r e d  i n  a  mild g a l e  (Ref. 2 ) .  This  b r idge  had 
been designed f o r  dead loads ,  l i v e  l oads ,  and temperature  e f f e c t s ,  but only f o r  
s t a t i c  wind loads .  An e a r l y  pioneer  who recognized aerodynamic i n s t a b i l i t i e s  
as p o t e n t i a l l y  dangerous was Steinman (Re[. 2 ) .  l l i s  d c f i n i t i o n  of aerodynamic 
instability is  s t i l l  t imely :  "The e f f e c t  of a  s t eady  wind, a c t i n g  on a  f l e x i b l e  
s t r u c t u r e  of convent iona l  c r o s s  s e c t i o n ,  i s  t o  produce a  f l u c c ~ l a t i n g  ~ e s u l t a n t  
f o r c e  au toma t i ca l l y  synetlrouiziug i u  t iming and d i r e c t i o n  with the harmonic 
motions of t h e  s t r u c t u r e  s o  a s  t o  cause a  p rog re s s ive  a m p l i f i c a t i o n  of t hose  
motions t o  dangerous o r  d e s t r u c t i v e  amplitudes." Much has been learned  s i n c e  
that  t-i mc. Today, f o r  exarnpl.~, aerodynamic a n a l y s i s  f o r  f l u t t e r  of a i r c r a f t  
wings and s t r u c t u r e s  i s  r o u t i n e ;  hydrodynamic a n a l y s i s  i s  app l i ed  to t inderwa~er  
s t r u c t u r e s .  Large b u i l d i n g s  and s t r u c t u r e s  a r e  designed t o  account f o r  wind 
g u s t  l oad ing  (Refs.  22, 37,and 41 through 44). 

The des ign  of l a r g e  r a d i o  antennas has  not neg lec ted  aerodynamic 
c o n s i d e r a t i o n s  e i t h e r  (Ref. 3 ) ;  gene ra l  d i s cus s ions  a r e  a v a i l a b l e  ( ~ e f s .  82 
and 83).  Aside from wind cond i t i ons ,  t h e  compa t ib i l i t y  between t h e  dynamic 
s t r u c t u r a l  response of a  pa rabo lo ida l  d i s h  and i t s  c o n t r o l  system, when 
o p e r a t i n g  i n  an  au tomat ic  t r a c k i n g  mode, needs t o  be determined (Ref. 83).  It 
i s  important  t o  recognize,  t h a t  aerodynamic i n s t a b i l i t i e s  can occur i n  s t eady  
winds because of a e r o e l a s t i c ,  s e l f - exc i t ed  v i b r a t i o n s  which d e r i v e  t h e i r  



energy from t h e  a i r s t r eam.  Addi t iona l ly ,  t h e r e  a r e  t h e  e f f e c t s  of unsteady 
a i r s t r e a m  con t r ibu t ions  a r i s i n g  from turbulence  and g u s t s  t o  cons ider .  

Scruton (Ref. 82)  has def ined  t h r e e  c l a s s e s  of dynamic wind e f f e c t s  f o r  
pa rabo lo ida l  r e f l e c t o r s :  ( 1 )  o s c i l l a t i o n s  of t h e  r e f l e c t o r  bowl a s  a  r i g i d  
body on a  f l e x i b l e  mounting, ( 2 )  o s c i l l a t o r y  deformations of t h e  f l e x i b l e  
r e f l e c t o r  bowl, and (3)  t h e  v i b r a t i o n  of i n d i v i d u a l  s t r u c t u r a l  members ( t h e s e  
may, o r  may no t ,  be coupled).  The va r ious  aerodynamic i n s t a b i l i t i e s  t h a t  may 
occur i n  pa rabo lo ida l  d i shes  a r e  complex and, even today,  a r e  not  amenable t o  
r igorous  a n a l y s i s  i n  t h e  des ign  phase. Experimental wind tunne l  i nves t i ga -  
t i o n s  t h e r e f o r e  a r e  a  u s e f u l  ad junc t  t o  a n a l y s i s .  

To g a i n  a  b e t t e r  understanding of aerodynamic i n s t a b i l i t y  e f f e c t s ,  i t  is  
i n s t r u c t i v e  f i r s t  t o  cons ider  s imple s t r u c t u r a l  e lements ,  e.g., c y l i n d e r s ,  
pr isms,  and o t h e r  b lu f f  bodies ,  i n  t h e  l i g h t  of vo r t ex  shedding phenomena 
(Refs. 73 and 84). A s  mentioned e a r l i e r ,  vo r t ex  shedding a t  low Reynolds number 
can l ead  t o  a e o l i a n ,  o r  "s inging,"  small-amplitude v i b r a t i o n s ;  t h e s e ,  i n  t u r n ,  
c a n ' l e a d  t o  large-amplitude, o r  ga l l op ing ,  v i b r a t i o n s  t h a t  can become des t ruc-  
t i v e .  Typ ica l ly ,  t h e  l a t t e r  occur when t h e r e  e x i s t s  a  resonant  cond i t i on  
between p e r i o d i c  wake s t r u c t u r e  and one of t h e  n a t u r a l ,  s t r u c t u r a l  v i b r a t i o n a l  
modes, e.g., t r a n s v e r s e  o r  t o r s i o n a l .  Ampl i f ica t ion  of aerodynamic loads  can . 
r e s u l t  i n  such circumstances.  Nonuniform f ree-s t ream cond i t i ons  can a f f e c t  
t h e  r e s u l t s  (Refs. 85 and 86).  

S i g n i f i c a n t  v i b r a t i o n a l  motion i t s e l f  may f u r t h e r  enhance t h e  wake s t r u c -  
t u r e  and modify t h e  f low f i e l d  and r e s u l t i n g  loads  (Kefs. 84 and 87).  The 
e f f e c t  of t h e  upstream turbulence  s c a l e  t o o  i s  an  important  cons ide ra t i on ;  i n  
gene ra l ,  d rag  f o r c e s  reach  a  peak when t h e  eddy s i z e  of t u r b u l e n t  f l u c t u a t i o n s  
i s ' a b o u t  t h e  same s i z e  a s  t h e  bluff-body dimension measured i n  t h e  d i r e c t i o n  
of f low (Ref. 88).  This  has  consequences f o r  model wind tunne l  experiments.  
The vo r t ex  shedding parameter ,  o r  S t rouha l  number, cannot always be he ld  f i x e d  
f o r  cons tan t  Reynolds number modeling. However, t h e r e  a r e  s i m i l a r i t i e s  between 
two-diaensional and axisymmetric wakes t h a t  have u s e f u l  a p p l i c a t i o n s  (Ref. 89).  

Tubular elements f r e q u e n t l y  a r e  used a s  members i n  r e f l e c t o r  support  
s t r u c t u r e s .  Slender  c y l i n d r i c a l  e lements ,  which arp  specially s u c a c p t i b l c  t o  
f low i n s t a b i i i t i e s ,  have been s tud i ed  exper imenta l ly  (Refs.  82 and 90);  h e l i c a l  
s t r a k e s ,  o r  spirally-wound s p o i l e r s ,  have been found e f f e c t i v e  f o r  suppress ing  
aeroelastically-generated l i f t  f o r ce s .  Weaver (Ref. 91) has developed des ign  
c h a r t s  f o r  l a t e r a l  v i b r a t i o n s  of r e f l e c t o r  support  frames c o n s i s t i n g  of t ubu la r  
aluminum members. 

Dish r e f l e c t o r  v i b r a t i o n s  might be expected t o  occur when se.parated f low 
cond i t i ons  o r  s t a l l i n g  phenomena occur a t  high angles  of a t t a c k .  An analogy i s  
s t a l l i n g  f l u t t e r  t h a t  can occur i n  a i r c r a f t  wings. Under a c c e l e r a t i n g  wind 
g u s t s ,  n e u t r a l  s t a b i l i t y  may occur a s  t h e  c r i t i c a l  wind speed i s  achieved. 
Above t h e  c r i t i c a l  speed,  c a l l e d  t h e  c r i t i c a l  f l u t t e r  speed i n  Ref. 83, d iver -  
gent  o s c i l l a t i o n s  may occur wi th  s u f f i c i e n t  i n t e n s i t y  t o  cause s t r u c t u r a l  damage 
o r  d e s t r u c t i o n .  

A v a r i e t y  of r e f l e c t o r  system v i b r a t i o n a l  i n s t a b i l i t i e s  a r e  descr ibed  i n  
Ref. 83, which presents a s i m p l i f i e d  (bu t  not  e lementary)  a n a l y s i s  of d i s h  
r e f  l e c t o r  f l u t t e r .  It i s  concluded t h a t  f  l u t t e r - t y p e  aerodynamic i n s t a b i l i -  
t ies  a r e  p o t e n t i a l l y  s i g n i f i c a n t  and should be checked f o r  s p e c i f i c  r e f l e c t o r  



designs. Some r e s u l t s  of Hul l ' s  ana lys i s  f o r  a p a r t i c u l a r  r e f l e c t o r  design 
a r e  reproduced here  i n  Figure 41; w, i s  t h e  n a t u r a l  p i t c h  frequency and wh 
is t h e  n a t u r a l  plunge frequency (perpendicular t o  t h e  generat ing a x i s  of t h e  
r e f l e c t o r ) .  The f l u t t e r  speed (Figure 41a) has a mininum a t  wa/* - 1.0, 
but  i s  s u f f i c i e n t l y  high t h a t  the  system is s t a b l e  f o r  usua l  wind speeds. 
Corresponding s t r u c t u r a l  damping f a c t o r s  f o r  bending and p i t c h  modes a r e  
shown i n  Figure 4 l b ; l a i r c r a f t  c r i t e r i a  c h l l  f o r  specifying f l u t t e r  speeds a t  
wind speeds f o r  which a damping f a c t o r  of +0.02 e x i s t s .  

Aeroelas t ic  wind tunnel  inves t iga t ions  using models of l a r g e r  s t r u c t u r e s  
may be quest ionable because it is d i f f i c u l t  t o  reproduce dynamic model sca l ing  
parameters such a s  s t i f f n e s s ,  mass d i s t r i b u t i o n ,  and structural/aerodynamic 
dampi,.ng (Ref, 92). I n  genera l ,  e l a s t i c i t y  modeling is  accomplished by providing 
a f l e x i b l e  m o u ~ ~ t i a g / s u p ~ o r t  arrangement. 11r~tge radiv errtannag are rolat ive ly  
s t i f f  and s o l i d ,  and v ib ra t ions  of t h e  e n t i r e  d i s h  have been observed only 
r a r e l y .  Large r e f l e c t o r  v ib ra t ions  have been observed i n  models, however 
(Refs. 82 and 92). For example,'Fox -(Ref. 92) observed v ib ra t ion  amplitudes 
of t h e  order of 1 in .  a t  t h e  edge of an 18-in.-dia model r e f l e c t o r .  

Some model experimental r e s u l t s  a r e  given here  i n  Figures 42 and 43 (from 
Ref. 92). Figure 42 shows osci l lograph t r a c e s  of r e l a t i v e l y  high-frequency 
o s c i l l a t i o n s  i n  t h e  t h r e e  moment coef f i c ien t s .  I n  Figure 43, pitch-moment 
amplitudes a r e  shown versus azimuth angle a t  zero e leva t ion  angle; they a r e  
compared t o  t i m e  averages (dashed curve). 

Davenport (Ref. 22) has developed an approach f o r  analyzing t h e  response 
of paraboloidal  r e f l e c t o r s  t o  wind gusts .  An i l l u s t r a t i v e  ca lcu la t ion  was 
given f o r  a s p e c i f i c  design of a 140-ft-dia r ad io  antenna. The r e s u l t s  were 
i n t e r e s t i n g :  14% of t h e  t o t a l ,  dynamic t h r u s t  load was a t t r i b u t e d  t o  gus t s ,  
and 59% of the  t o t a l  monkenc was a t t r i b u t e d  t o  gust act ion.  

H . STRUCTURAL DEFORMATIONS 

Ear ly  work on s t r u c t u r a l  deflections/deformations was c i t e d  previously 
(Refs. 6 ,  7,and 8). S t a t i c  wind loads and gust loads a f f e c t  t h e  design and 
performance of paraboloidal  concentrators i n  a t  l e a s t  t h r e e  ways. F i r s t ,  t h e  
incrcaclad stresses, which may be random and va r iab le ,  a f f e c t  t h e  design of t h e  
r e f l e c t i n g  surfaces  and backup s t ruc tu re .  SecOdd, t h e  d i s t o r t i o n  of o p t i a a l  
su r faces  w i l l  a f f e c t  o p t i c a l  performance by reducing s o l a r  c o l l e c t i n g  e f f i c iency  
and increas ing t h e  s i z e  o f t t h e  receiver  aperture.  F ina l ly ,  t h e  con t ro l  system 
must be designed Ld compenaatc oo that yointj,ng ~ n d  t racking design requirewents 
a r e  met. 

JPL performed a preliminary ana lys i s  of s t r u c t u r a l  deformation e f f e c t s  at  
t h e . r e c e i v e r  f o c a l  plane f o r  an advanced s o l a r  concentrator  conceptual design 
(Ref. 93). The s t r u c t u r a l  deformation e f f e c t  on t h e  conaentrat ion of rays 
r e f l e c t e d  by a represen ta t ive  concentrator  with aper tu re  diameter of 12 m was 
evaluated by determining t h e  displacement of ray i n t e r c e p t s  associa ted  with 
100 equal  a rea  regions o f .  t h e  dish- r e l a t i v e  t o  t h e  displaced focus. The . 

impinging rays  were p a r a l l e l  with t h e  undis tor ted  o p t i c a l  a x i s  (Figure 44a). 
For an  undis tor ted  d i sh ,  t h e  rays would a l l  i n t e r c e p t . e x a c t l y  a t  t h e  focus. 
The e f f e c t s  of displacements and r o t a t i o n s  of t h e  r e f l e c t i v e  su r face  support 
s t r u c t u r e  (o ther  than t h e  mirrored g lass  gores) ,  t h e  feed support quadripod, 



t h e  azimuth a x i s  pedes ta l ,  t h e  s t r u c t u r e  between t h e  azimuth and e leva t ion  
a x i s ,  including the  e levat ion  d r ive  l i n e a r  ac tua to r ,  were included. While t h e  
mirrored g l a s s  gores were t r e a t e d  a s  r i g i d ,  t h e  e f f e c t  of t h e i r  d i s t o r t i o n  i s  
expected t o  be small. The r e s u l t i n g  d i s t o r t e d  ray i n t e r c e p t s  a r e  shown i n  
Figures 44b, 44c, and 44d f o r  t h r e e  separa te  loading condit ions f o r  a l l  t h e  
100 points .  

The envelope of i n t e r c e p t s  f o r  t h e  cases considered was no l a r g e r  than a 
9.0-cm-dia c i r c l e .  It can be located wi th in  t h e  ape r tu re  f o r  s t a t i c  and slowly 
changing condit ions such a s  wind loads,  but  - not gust  loads. The d i spe r s ion  of 
i n t e r c e p t s  (e.g., c i r c u l a r  envelope diameter of 9.0 cm) due t o  s t r u c t u r a l  defor- 
mation under t h e  opera t ional  design loads a t  the  f o c a l  point  would con t r ibu te  
no more than 6% growth of rece iver  aper ture  (e.g., 1.6 cm above the  base l ine  
aper ture  diameter of '25 cm.). This work was extended i n  Ref. 94 by t r e a t i n g  
the  mirrored g l a s s  gores a n d . t h e i r  associa ted  support s t r u t s .  a s  e l a s t i c  r a t h e r  
than r i g i d  bodies. The e f f e c t  of t h i s  assumption, f o r  t h e  case considered, was 
t o  increase  t h e  diameter of the  c i r c u l a r  envelope of i n t e r c e p t s  by 25% compared 
with t h e  rigid-body case. 

I n  t h e i r  t radeoff  s tud ies  on t h e  low-cost concentrator  design (Ref. 95),  
Acurex considered t h e  e f f e c t  ofewind speed on the  thermal power co l l ec ted  by 
t h e  concentra tor / rece iver  a s  a f fec ted  by o p t i c a l  surface  d i s t o r t i o n .  The 
r e s u l t  is  shown i n  Figure 45. A s  expected, the  decrease i n  r e l a t i v e  thermal 
performance i s  s i g n i f i c a n t  when t h e  r e l a t i v e  rece iver  ape r tu re  diameter i s  
small and the  wind speed is  high. However, a t  t h e  base l ine  value of d / ~  = 0.022, 
t h e  l o s s  i n  performance f o r  a 30-mph wind is  only about 6% compared t o  t h e  
zero wind case. 

An i n t e r e s t i n g  study performed on h e l i o s t a t s  was reported i n  Ref. 65. 
The t o t a l  su r face  s lope  e r r o r  was ca lcula ted  f o r  various combinations of g rav i ty  
and wind loads a s  a funct ion  of h e l i o s t a t  e l eva t ion  angle. The combined s lope  
e r r o r  was taken a s  the  vector  sum of the  beam ( ray)  de f l ec t ion  e r r o r ,  the  
torque-tube (mounting pos t )  t o r s i o n a l  d e f l e c t i o n  e r r o r ,  and t h e  torque-tube 
bending de f l ec t ion  e r ro r .  Results  a r e  shown i n  Figure 46, where the  r m s  s lope  
e r r o r  i s  expressed i n  mi l l i radians .  The contr ibut ion  due t o  wind is  r e l a t i v e l y  
less than f o r  gravi ty .  For t h e  combined case,  wind plus g rav i ty ,  t h e  maximum 
s lope  e r r o r  occurs when t h e  hel.instet' i s  a t  an angle of 20 Jag wlih respect t o  
t h e  wind d i rec t ion .  (See a l s o  Appendix.F.) 

To o f f s e t  wind-induced de f l ec t ions ,  t h e r e  i s  a t radeoff  between increas ing 
t h e  concentrator  s t r u c t u r a l  r i g i d i t y  and u t i l i z i n g  compensation provided by 
t h e  guidance (point ing  and t racking)  con t ro l l e r .  This problem i s  s tudied  i n  
Ref. 96. Use of a compensating con t ro l l e r  allows a l a r g e  reduction i n  concen- 
t r a t o r  r i g i d i t y .  However, an a r ray  of wind sensors wi th in  a f i e l d  a r r a y  of 
concentrators  i s  required t o  provide t h e  information necessary t o  c a l c u l a t e  
compensating correc t ions  and a:ctuator pos i t ions .  

. . 

I. COF~PARISON TO OTHER COLLECTOR/CONCENTRATOR TYPES 

Murphy (Refs. 66 and 67) has compiled information and tabula ted  compari- 
sons of d i f f e r e n t  collectors/concentrators f o r  wind speed requirements and 
represen ta t ive  wind load coef f i c i en t s .  Table 8 (from Ref. 67) shows wind speed 
requirements f o r  various conceurrator operat ing condit ions.  Values f o r  



parabo l ic  d ishes  may be compared with values given i n  Table 1. Drag, l i f t ,  
and moment c o e f f i c i e n t s  a r e  compared i n  Table 9 (from Ref. 67); geometry and 
coordinates  a r e  defined i n  Figure 47. The aerodynamic coef f i c ien t s  among t h e  
var ious  concentra tors  a r e  of roughly comparable value (Table 9 )  but t h e  para- 
b o l i c  d i s h  drag and l i f t  coe f f i c ien t s  tend t o  be t h e  highest ,  i n  agreement 
wi th  previous observations. '  Maximum drag per u n i t  a rea  and dynamic pressure 
versus  wind speed a r e  shown i n  Figure 48; values were taken from Table.9, 



SECTION V I I  

An Ornnium-G (OG) u n i t  (OG-7500) purchased by JPL was i n s t a l l e d  and t e s t e d  
f o r  s e v e r a l  years  a t  t h e  PDTS loca t ed  a t  Edwards Air Force Base, Ca l i fo rn i a .  
General ly ,  i t  was operated i n  t h e  manual ove r r ide  mode because of e a r l y  f a u l t s  
i n  t h e  t r ack ing  e l e c t r o n i c s  and t h e  ephemeris clock. Subsequen t ly , , i t  was 
t e s t e d  i n  t h e  automatic  ope ra t ion  mode. 

A weakness i n  t h e  e a r l y  Omnium-G des ign  was t h e  e l e v a t i o n  d r i v e ,  which 
had cons iderable  p lay ,  i .e., was " loose ." This  was evidenced by motion t h a t  
could be introduced i n t o  t h e  system when t h e  concen t r a to r  was s t a t i c a l l y  
balanced, t h e  t r a c k e r  e l e c t r o n i c s  w a s  tu rned  o f f ,  and t h e r e  w a s  no power being 
suppl ied  t o  t h e  d r i v e  motors. For t h i s  s i t u a t i o n ;  a n  ope ra to r  could grasp  t h e  
concent ra tor  support  s t r u c t u r e  and, by applying phys i ca l  f o r c e ,  could induce 
a cons iderable  motion a t  t h e  f o c a l  plane. I n  i t s  "as de l ive red"  s t a t e ,  t h i s  
plane motion was approximately f 6  t o  f 7  inches.  Severa l  hardware changes 
were made by t h e  Omnium-G Company: a d d i t i o n  of an  outboard bear ing  and a n  
a d d i t i o n a l  10-to-1 gear  reduct ion  t o  t h e  e l e v a t i o n  d r i v e  assembly. This  
a l l e v i a t e d  t h e  problem somewhat s o  t h a t  t h e  f o c a l  plane motion was.reduced t o  
approximately half  of i t s  o r i g i n a l  va lue ,  but  some motion s t i l l  pe r s i s t ed .  
This  motion was no doubt i n t ima te ly  r e l a t e d  t o  some of t h e  observed-behavior 
of t h e  concent ra tor  i n  winds. 

Focal  p lane  o s c i l l a t i o n s  were observed f o r  winds a s  low a s  5 mph. 
Apparently,  t h e  t r a c k e r  command s i g n a l  and t h e  mechanical d r i v e  motion became 
unsynchronized leading  t o  a n  o s c i l l a t i o n  i n  t h e  e l e v a t i o n  plane which has been 
termed a "hobby horse" motion. The amplitude of t h e  o s c i l l a t i o n  was s u f f i -  
c i e n t l y  l a r g e  s o  t h a t ,  a t  maximum d e f l e c t i o n ,  t h e  s o l a r  image a t  t h e  f o c a l  
plane moved e n t i r e l y  out  of t h e  f i e l d  of i n t e r c e p t  f o r  a 4-in. a p e r t u r e  
diameter.  Under some wind condi t ions  t h a t  motion s t a b i l i z e d ,  and then  damped 
out.  

I n  high winds, wi th  g u s t s  exceeding 40 t o  45 mph, t h e  OG concent ra tor  
"weather vaned" on a t  looot two occasione,  iic., t h e  couceuCrator suddenly 
spun on i t s  t r a c k ,  due t o  l o s s  of f r i c t i o n a l  contac t .  P a r t l y  f o r  t h i s  reason, 
t h e  concent ra tor  l a t e r  was stowed f a c i n g  z e n i t h  when not  i n  u s e ,  and tie-down 
ropes were employed. High wind g u s t s  caused s e v e r a l  mechanical f a i l u r e s  i n  
t h e  e l e v a t i o n  dr ive .  On one occasion,  t h e  OG system w a s  h i t  broadside by a 
"dust d e v i l "  (whirlwind).  This  occurred i n  e a r l y  a f t e rnoon  when t h e  concentrator  
was po in t ing  20 deg t o  30 deg from zeni th .  Immediately, t h e  concent ra tor  was 
d r iven  t o  t h e  z e n i t h  p o s i t i o n ,  but  re turned  t o  i t s  o r i g i n a l  p o s i t i o n  a f t e r  t h e  
dus t  d e v i l  passed. It was a n  u n s e t t l i n g  exper ience  f o r  on-s i te  personnel.  

Q u a l i t a t i v e  observa t ions  were made concerning t h e  quadripod l e g s . '  These 
l e g s  were tubu la r  members t o  which had been welded f a i r i n g s  t o  approximate a 
sharp ,  "s t reamlined" t r a i l i n g  edge ( s e e  F igure  49);  t h e  t r a i l i n g  edges a l l  
poin t  towards t h e  concent ra tor  c e n t e r l i n e .  The quadripod l e g s  were observed 
t o  v i b r a t e  because of bu f fe t ing  i n  winds exceeding 40 t o  45 mph. Judged 
v i s u a l l y ,  amplitudes of approximately 0.25 i n .  occurred i n  a t o r s i o n a l  mode. 
Moreover, under some cond i t i ons ,  t h e s e  v i b r a t i o n s  genera ted  a u d i b l e  sounds. 
For reasons mentioned e a r l i e r ,  t h e  c ross -sec t iona l  shape of t h e  quadripod l egs  



w a s  not  optimal  from a f l u i d  dynamic point  of view. This shape i s  s t a b l e  only 
when t h e  leading edge f a c e s  the  wind and t h e  cross  s e c t i o n  is a t  zero angle of 
a t t a c k .  Thus, when t h e  quadripod l e g s  a r e  arranged a s  shown i n  Figure 49, 
almost any wind d i r e c t i o n  w i l l  render a t  l e a s t  two of t h e  l e g s  suscep t ib le  t o  
aerodynamic i n s t a b i l i t y .  See Ref. 2 f o r  a d iscuss ion of s t a b l e  and uns table  
s t r u c t u r a l  sec t ions .  

Motion p i c t u r e s  of t h e  OG concentrator  operat ing i n  t h e  "hobby horse" 
mode were analyzed frame by frame. The motion p i c t u r e s  were made during t h e  
late  s p r i n g  of 1979 when t h e  wind was gus t ing  t o  40 t o  45 mph. The cold-water 
ca lo r ime te r  wi th  a p e r t u r e  p l a t e  was i n s t a l l e d  a t  t h e  f o c a l  point.  Some sequences 
were shot  of t h e  image mot i o n  a s  it appeared through i n t  ensity-reducing f i l t e r s  . 
Motion of t h e  image, pr imar i ly  i n  t h e  e l eva t ion  plane,  was pro'bably due t o  .a 
r e l a t i v e  motion of t h e  quadripod s t r u c t u r e  with respect  t o  the  d i s h  as well as 
t o  t h e  gross  motion of t h e  dish.  The r e s u l t s  of the f i l m  analyoie were quali- 
t a t i v e  and incomplete, but revealed some i n t e r e s t i n g  behavior. Image motion, 
at' t i m e s ,  was approximately per iodic  ( s inuso ida l )  and a t  o ther  times was not.  
The per iod  and amplitude of the  o s c i l l a t i o n  was approximately 4 s ,  and f6 t o  
f 7  in. 



SECTION V I I I  
. . 

THERMAL RECEIVER ;P~RODYNAMIC ENVIRONMENTS 

The point-f ocusing d i s t r i b u t e d  receiver  concept employs a thermal receiver  
and, f o r  electric power production, a power conversion u n i t  a t  t h e  f o c a l  point 
of t h e  paraboloidal  dish. Means f o r  mounting and loca t ing  t h i s  hardware usual ly  
is afforded by a multipod (multilegged) s t ruc tu re .  Currently,  i n t e r n a l  cavity- 
type rece ive rs  a r e  most commonly used. The presence of winds w i l l  a f f e c t  the  
multipod and f o c a l  plane s t r u c t u r e s  i n  th ree  ways: (1) wind loading, which w i l l  
a f f e c t  t h e  concentrator  design-and may a f f e c t  performance because of pointing 
and t r ack ing  e r ro re ;  (2)  convection heat t r a n s f e r  losses ,  which w i l l  cont r ibute  
t o  receiver  performance degradation; and (3) noise  generat ion from open cavi ty  
receivers ,  which may merely be a nqisance f a c t o r  but might be r e l a t e d  t o  cavi ty  
heat  convection losses.  . . I  

, , 

A. WIND LOADING EFFECTS 

The.multipod s t r u c t u r e  i t s e l f  is not l i k e l y  t o  con t r ibu te  s i g n i f i c a n t l y  t o  
d i s h  wind loading (Ref. 5); however, it must be s u f f i c i e n t l y  r i g i d , t o  prevent 
l a r g e  . f o c a l  plane motions i n  moderate winds. Wind tunnel  t e s t  r e s u l t s  on s o l a r  
d i s h  models with i n s t a l l e d  receiver and power conversion u n i t  models have not 
been performed s o  t h a t  t h e  'winds loading e f f e c t s  of f o c a l  plane s t r u c t u r e s  can 
only be conjectured. Radio antennas probably have a l e s s e r  problem because 
they have a r e l a t i v e l y  shor te r  f o c a l  length and less weight and bulk a t  t h e  
f o c a l  point.  

The receiver  and enginelgenerator package is a bluff  body t h a t  may have a 
roughly c y l i n d r i c a l  shape and an aspect r a t i o  (length-to-diameter r a t i o )  on 
t h e  order of two t o  three.  There is not much experimental information known 
about t h e  flow over such a body shape, e spec ia l ly  f o r  a wide range of wind 
d i r e c t i o n s  and high Reynolds numbers. Reference t o  Figure 26 w i l l  b r ing t h e  
reminder t h a t  i n  manyeinstances t h e  receiver/engine w i l l  per turb  t h e  flow over 
t h e  concentrator. I n  o ther  ins tances  t h e  concentrator w i l l  block/shield flow 
over t h e  receiver/engine,  s o  t h a t  the lntter  may bc i n  t h e  concentrator wake 
(Figure 28). It would appear t h a t  wind loading e f f e c t s  on t h e  concentrator 
caused by t h e  receiver lengiae  would become maximum f o r  grazing wind flow, i.e., 
when t h e  angle of a t t a c k  of t h e  wind ( t h e  angle cr i n  Figures 31, 32, and 33) 
is zero with respect  t o  t h e  concentrator. I n  t h i s  case, a s u b s t a n t i a l  moment 
could be exerted on t h e  concentrator s t r u c t u r e  due t o  drag of t h e  f o c a l  point  
s t ruc tu re .  

The flow over long c i r c u l a r  cyl inders  (and other  cross-sect ional  shapes) 
has been s tud ied  extens ively  over a w$de range of Reynolds nu~ubers, and t h e  
vortex shedding and wake s t r u c t u r e s  a r e  w e l l  understood. P r a c t i c a l  appl ica t ion 
i s , v e r y  wide, e.g., flow over cables,  bridge s t r u c t u r e s ,  pos ts ,  smokestacks, 
submarine cables,  etc. There is l i t t l e  information, however, ava i l ab le  f o r  
s h o r t  cyl inders  where t h e  f low is highly three-dimensional due t o  end e f f e c t s .  
More information is needed f o r  appl ica t ion t o  s o l a r  concentrators. 



B. CONVECTION HEAT TRANSFER LOSSES 

Receiver wind convection losses  w i l l  occur from t h e  e x t e r n a l  su r face  ( s h e l l )  
of t h e  r ece ive r  a s  wel l  a s  from the  aper ture .  When quiescent  ambient condit ions 
p r e v a i l ,  t h e  loss  mode i s  f r e e  convection caused by buoyancy forces .  Forced 
convection occurs with t h e  blowing wind. When t h e  t r a n s i t i o n  occurs,  i .e . ,  when 
forced convection dominates f r e e  convection, i s  not wholly c l e a r ,  especj.ally 
f o r  l a r g e  surfaces .  It is standard p r a c t i c e  t o  c a l c u l a t e  t h e  f r e e  and forced 
convection heat  t r a n s f e r  c o e f f i c i e n t s  (Ref. 103), and t o  use  t h e  l a r g e r  of t h e  
two f o r  engineering heat  t r a n s f e r  ca lcula t ions .  Attempts t o  analyze combined 
f r e e  and forced convection have not been notably success fu l  (Ref. 104). 

S h e l l  convection l o s s e s  can be minimized by providing ample i n s u l a t i o n  
thereby reducing t h e  e x t e r i o r  surface  teuiperature. Aperture convection losses  
can be minimized by reducing t h e  aper ture  a rea  t o  the  minimum poss ib le ,  or  by 
providing an ape r tu re  window. A l l  convectloi~ losses w i l l  depelld oil tlie 
d i r e c t i o n  and magnitude of t h e  wind with respect  t o  both t h e  concentrator  and 
t h e  r ece ive r .  It i s  l i k e l y  t h a t  t h e  g r e a t e s t  f r e e  convection l o s s  from the  
rece ive r  ape r tu re  would occur when the  ape r tu re  1s fac ing v e r t i c a l l y  upwards 
(concentra tor  nadi r  p o s i t i o n ) ,  but t h i s  would occur only during t h e  n ight  and 
i s ,  t h e r e f o r e ,  an i n s i g n i f i c a n t  case when an ape r tu re  cover is provided. 

Estimates of s h e l l  f r e e  and forced convection losses  a r e  hampered by t h e  
same b a s i c  d i f f i c u l t y  mentioned i n  the  previous sec t ion ,  i .e . ,  l ack  of de f in i -  
t i v e  knowledge concerning t h e  flow over s h o r t ,  c i r c u l a r  cyl inders .  Of a l l  t h e  
thermal rece iver  l o s s e s ,  including thermal r a d i a t i o n  from t h e  s h e l l  ( r e l a t i v e l y  
i n s i g n i f i c a n t )  and aper tu re  r ad ia t ion ,  t h e  most d i f f i c u l t  t o  a s s e s s  is  forced 
convection l o s s  from t h e  aper ture .  This is  due t o  the  complex i n t e r a c t i v e  
e f f e c t s  of f l u i d  flow and heat  t r a n s f e r .  Aperture forced convection losses  
w i l l  be explored i n  subsequent paragraphs. 

The present  author has compared standard beak t r a n s f e r  c o e f f i c i e u ~  
express ions  f o r  hor i zon ta l  and v e r t i c a l  cyl inders  i n  free and forced convec- 
t i o n ,  and f o r  a x i a l  f low (wind p a r a l l e l  t o  t h e  cyl inder  a x i s )  and normal flow 
(wind normal t o  t h e  cyl inder  ax i s ) .  Sources f o r  heat  t r a n s f e r  c o e f f i c i e n t s  
a r e  Refs. 103, 105, and 106. A r e l a t i v e ,  composite p red ic t ion  f o r  r ece ive r  
convection losses  i s  suggested i n  Figure 50, based on these  comparisons. 
Approximate ~ s s u m p t i o n s  f o r  ape r tu re  convection were employed. The decreases 
i n  ape r tu re  convection when t h e  cu~ lcen t ra to r  e l c i t a ~ i o n  angle i ' e d c l ? ~ ~  nbout 
135 deg a r e  due t o  wind blocking (shie ld ing)  by the  concentrator  (Figure 26). 
For example, f o r  f/D = 0.6 (r im angle equal t o  45 deg), t h e  geometric f o c a l  
point  Ii.es d i r e c t l y  behind t h e  upper r i m  of t h e  concentrator  when t h e  con- 
c e n t r a t o r  e l eva t ion  angle  is 135 deg. Much more experimental and t h e o r e r i c a l  
work w i l l  be required before rhese convective losses can bc ouseeuud 
quan t i t a t ive ly .  

The previous d iscuss ion f o r  forced convection r e l a t e s  t o  s teady wind 
speeds. Heat t r a n s f e r  f o r  cyl inders  i n  unsteady crossflow, e.g., because of 
t h e  inf luence  of turbulence and gus t s ,  is  poorly understood. Most of the 
e x i s t i n g  experimental work app l i e s  t o  long, s lender  cy l inders  a t  very low 
Reynolds numbers, e.g., Ref. 107. However, some l imi ted  information f o r  shor t  
cy l inders  a t  high Reynolds numbers is  ava i l ab le  (Ref. 108); t h e r e  is  a s t rong  
e f f e c t  on heat t r a n s f e r  f o r  aspect  r a t i o s  l e s s  than 3. Time-dependent heat  
t r a n s f e r  i n  combined f r e e  and forced convection, even wi th  steady upstream 



flow, occurs i n  connection with per iodic  vortex shedding, e.g., Ref. 109. The 
complexity of flow and the  convective heat t r a n s f e r  from c i r c u l a r  cyl inders ,  
which is appl icable  t o  thermal r ece ive r s ,  is  e a s i l y  es tabl i shed;  t h e  consequences 
f o r  thermal rece iver  performance a r e  not ye t  f u l l y  determined. Further  infor-  
mation on cylinder flow and vortex formation can be found i n  Refs. 110, 111, 
and 112. 

Forced convection losses  from the  ape r tu re  a r e  l i k e l y  t o  be unsteady f o r  
near-grazing flow because of flow i n s t a b i l i t i e s  t h a t  a r e  common i n  c a v i t i e s .  
Under some condi t ions ,  it i s  d e a r  t h a t  mass flow of a i r  i n t o ,  and out o f ,  the  
cavi ty  w i l l  occur on an unsteady bas is .  Cavi t ies  may behave l i k e  c l a s s i c  , 

Helmholtz resonators  ( o f t e n  designed and used t o  suppress,  or  muffle, flow 
pulsa t ions  i n  duct flows). Thermo-acoustic e f f e c t s  must be explored more f u l l y  
with reference t o  i n t e r n a l  cavi ty  s o l a r  receivers .  

.Claus ing has performed considerable a n a l y t i c a l  and experimental work on 
l a rge ,  s o l a r  c e n t r a l  cavi ty  rece ivers  (Refs. 113, 114, and 115). There a r e  
s p e c i a l  problems associa ted  with such l a rge  rece ivers  because the  dimensionless 
parameters associa ted  with the  cavi ty  flow and heat  t r a n s f e r  a r e  beyond t h e  
range of conventional engineering experience. Conversely, the re  is  r e l a t i v e l y  
l i t t l e  information ava i l ab le fo r  small cav i ty  r ece ive r s  designed f o r  paraboloidal  
concentrators.  Some experimental da ta  f o r  rece iver  ape r tu res  fac ing an on- 
coming wind a t  varying angles of a t t a c k  has recent ly  become ava i l ab le  (Ref. 116) .  

This author be l ieves  t h a t . t h e  design of high-temperature rece ivers  w i l l -  
be d i f f i c u l t ,  not only from the  standpoint  of excessive thermal r a d i a t i o n  
losses ,  but a l s o  because convective wind losses  from t h e  ape r tu re  w i l l  be 
d i f f i c u l t  t o  a sce r t a in .  There may be a non-linear e f f e c t  of absolute  aper ture  
s i z e ,  i .e. ,  ape r tu re  convective losses  might become r e l a t i v e l y  l a r g e r  a s  
aper ture  s i z e  increases.  Very l a rge  d ishes  w i l l  r equ i re  proport ionately l a rge r  
rece ivers ,  which could s u f f e r  se r ious  convective losses  i n  moderate winds. 
Prospects f o r  improving t h e  e f f i c i ency  of thermal cav i ty  rece ivers  has been 
explored by Owen (Ref. 117). 

C. NOISE GENERATION ASPECTS 

The a b i l i t y  of a cav i ty  t o  produce sound, and even d i s c r e t e  tones,  is  
fami l i a r  t o  near ly  everyone. A t  an e a r l y  age chi ldren  discover t h a t  sounds can 
be made t o  emanate from various b o t t l e s  by blowing across  t h e i r  openings 
(mouths) a t  j u s t  the  r i g h t  speed. Indeed, the  p i t c h  can be changed by adding 
varying amounts of water t o  the  b o t t l e .  An e legant  treatment of t h i s  seemingly 
simple problem ( i t  is '  not simple) was given by.Cummings (Ref. 118). The sound 
f i e l d  within t h e  b o t t l e  can be predicted by simple plane-wave theory neglect ing 
f r i c t i o n .  

There a r e  two aspects  of wind-generated cav i ty  noise  a s  i t  r e l a t e s  t o  
cavity thermal rece ivers :  (1)  noise generat ion may prove t o  be no more than a 
nuisance f a c t o r ,  but the  p o t e n t i a l  problem of dozens, o r  hundreds, of separa te  
noise sources i n  combination may be g rea te r  than an t i c ipa ted ;  perhaps the  
problem can be el iminated by employing receiver  ape r tu re  designs using shrouds 
and/or wind screens;  and (2)  per iodic  in-flow and out-flow across t h e  ape r tu re  
plane, which may occur with o r  without noise  generat ion,  may be a dominant 



f a c t o r  i n  ape r tu re  convection heat t r a n s f e r  losses .  Flow-disturbance waves 
may not be i n f i n i t e s i m a l  i n  amplitude, a s  are mere acous t i c  waves. 

There i s  extens ive  l i t e r a t u r e  f o r  unsteady flow and acoust ics  of c a v i t i e s ,  
e.g., Ref. 119. Self-sustained o s c i l l a t i o n s  a r i s e  from t h r e e  sourczs: (1)  f l u i d  
dynamic o s c i l l a t i o n s  caused by wave i n s t a b i l i t i e s  across  the  cav i ty  opening, 
(2) f l u i d  resonant o s c i l l a t i o n s  caused by standing waves wi th in  t h e  cavi ty ,  
and (3) f l u i d  e l a s t i c  o s c i l l a t i o n s  caused by s o l i d  boundary v ibra t ions .  For 
cavity-type rece ive r s ,  t h e  dominant mode, and probably t h e  only mode of impor- 
t ance ,  is  due t o  f l u i d  resonant o s c i l l a t i o n s .  Flow o s c i l l a t i o n s  and acous t i c  
waves i n  c a v i t i e s  depend on t h e  volume and shape of the  cav i ty ,  t h e  s i z e ,  
l e n g t h  and conf igura t ion  of t h e  neck, o r  opening, dynamic flow condit ions a t  
t h e  mouth o r  opening, and t h e  gas proper t ies .  I n  t h e  case of r e l a t i v e l y  shallow 
rec tangu la r  c a v i t i e s ,  it was found t h a t  e x i s t i n g  theor ie s  genera l ly  were 
adequate t o  c o r r e l a t e  experimental da ta  (Ref. 120). The s tud ies  i n  Ref. 1ZU 
were motivated p a r t l y  by airframe noise  i n  a i r c r a f t  landing-gear wheel w e l l s .  
One i n t e r e s t i n g  r e s u l t  could have app l i ca t ion  t o  cav i ty  rece ivers  t h a t  have a 
t h i n ,  sharp l i p  forming t h e  ape r tu re  entrance:  tona l  i n t e n s i t i e s ,  perhaps 
edge-tones, could become amplified i n  such a geometry. Unsteady flow pas t  
c a v i t i e s  has been s tud ied  experimentally (Ref. 121). I n  Ref. 122, an a n a l y t i c a l  
s tudy was performed t o  i n v e s t i g a t e  t h e  heat  t r a n s f e r  from a square cav i ty  a s  
inf luenced by varying-angle crossflow. 

'It is appropr ia te  t o  d iscuss  Helmholtz resonators  b r i e f l y  because they 
a r e  not un l ike  cavity-type thermal rece ivers .  Helmholtz resonators  can be 
tuned t o  absorb o r  cancel  per iodic ,  upstream flow o s c i l l a t i o n s  (grazing flow), 
and thereby a c t  as muffling devices,  o r  they can be exci ted  t o  generate no i se  
of t h e i r  own. Steady o r  o s c i l l a t i n g  grazing flow produces pulsa t ing  flow 
condi t ions  across  t h e  opening t h a t  a r e  highly three-dimensional. A complete 
cyc le  of opera t ion  c o n s i s t s  of an in-flow phase and an out-flow phase t h a t  
have roughly equivalent  tidie periods (Ref. 123). 

Based on one-dimensiodal wave propagation, t h e  fuudeueutal frequency of a 
Helmholtz resonator  can be expressed a s  (Ref. 124): 

where a is  t h e  v e l o c i t y  of sound, S is  t h e  a rea  of t h e  neck o r  opening, R' is 
t h e  e f f e c t i v e  neck length ,  and V is  t h e  cav i ty  volume. I f  t h e  geometric length  
of t h e  neck is  R', t h e  e f f e c t i v e  neck length  is  estimated from R'  = 1 + 0.75 d ,  
where d is  the  neck diameter.  There w i l l  a l s o  be higher harmonics than 
expressed by Equation (8),  and these  may not necessarily be i a t e g e r  mul t ip les  
of fo. Equation (8) ,  app l i cab le  only t o  shor t  necks, i s  p l o t t e d  i n  Figure 51. 
Est imates a r e  included f o r  t h e  f i r s t -genera t ion  a i r  and steam receivers  i n  
Figure 51; whereas t h e  fundamental frequencies a r e  low (61  Hz and 75 Hz, 
r e spec t ive ly ,  f o r  t h e  a i r  .and steam rece ive r s ) ,  they a r e  wel l  above t h e  hearing 
threshold  f o r  normal human.ears (approximately 15 t o  20 Hz). 

Again, f o r  i d e a l  flow, t h e  sound pressure l e v e l  ga in  expressed i n  decibels  
is given f o r  Helmholtz resonators  (Ref. 124) as:  

"0 - 10 log ( 4 ~ 2 '  S / s 3 )  



Recall, however that sound intensity is proportional to the square of sound 
pressure. 

When the resonator is excited by an external, turbulent boundary layer, 
strong excitation has been noted to occur for a Strouhal number range 
35 < Sto < 40 (Ref. 125), where the Strouhal number based on the fundamental 
frequency is Sto = 2fod/u* and u* is the wall-friction velocity. 

The previous discussion applies mainly to idealized flow conditions. 
(grazing flow) and in£ initesimal disturbances without the presence of high, gas 
temperatures and significant heat transfer and wall friction. Conditions in 
real thermal receivers may be significantly different than ideal. It is well 
known that deep cavities (e.g., like an organ pipe) driven by..a perpendicular 
high-speed jet (stagnation entrance flow) can generate intense gas heating. 
effects within the cavity (Refs. 126 and 127). Disturbances are not infini- 
tesimal and take the form of standing or moving shock waves. This author does 
not believe that resonance-tube modes would be important for receivers facing 
directly into a high wind; however, if these gas heating modes did occur, they 
probably would cause receiver burnout, and very quickly (fractions of a second). 
Fortunately, thermal receivers in point-focusing concepts can never face 
directly into the wind because of concentrator blocking. Clearly, however, 
thermo-acoustic effects in thermal receivers merit further investigation- 

Thermo-acoustic effects in heat and mass transfer were recognized years - '  

ago (~ef. 128) as an important new field. The emphasis has been on promoting: 
increased heat transfer in engineering applications. In the present context 
the emphasis is, rather, to recognize augmented heat transfer conditions and 
then to take appropriate steps to minimize or eliminate these, conditions through 
judicious design methods. 



SECTION I X  

FIELD ARRAYS 

F ie ld  a r rays  cons is t ing  of groupings. of individual  c o l l e c t o r s  o r  modules 
w i l l  be required i f  s i g n i f i c a n t  amounts of e l e c t r i c i t y  o r  thermal energy a r e  
t o  be generated by s o l a r  co l l ec to r s .  Examples include f l a t - p l a t e  co l l ec to r s , '  
photovoltaic panels ,  parabol ic  troughs, h e l i o s t a t s  i n  t h e  c e n t r a l  rece iver  
concept (power tower),  and paraboloidal  d i s h  modules. Arrays a r e  characterized.  
by: (1) f i e l d  layout ,  i.e., the  geometric d i s t r i b u t i o n  of individual  modules, 
which may be uniform o r  nonuniform; and (2)  land packing f a c t o r ,  i.e., t h e  
r a t i o  of t o t a l  concentrator  ape r tu re  a r e a  t o  t o t a l  land area.  Additional 
considerat ion includes perimeter wind protec t ion  by n a t u r a l  o r  man-made ba r r i e r s .  

Of i n t e r e s t  here  a r e  the  c h a r a c t e r i s t i c s  of f i e l d  a r rays  subjec t  t o  wind 
of varying speed and d i r e c t i o n ,  with and without p ro tec t ive  wind fences a t  the  
perimeter.  It is  important t o  determine the  wind loads on individual  modules 
wi th in  an a r r a y  because t h e  aggregate flow f i e l d  i s  influenced by adjacent 
modules. This i s  espec ia l ly  t r u e  i f  mutual i n t e r a c t i o n s  between modules were 
such a s  t o  augment wind loads compared t o  those t h a t  would occur on a s i n g l e  
concentrator  a t  equivalent  wind free-stream conditions. Some information i s  
ava i l ab le  f o r  photovoltaic and parabolic-trough a r r a y s ,  e.g., Refs.51 through 57, 
but such concentrators  d i f f e r  considerably from paraboloidal  d ishes  from an 
aerodynamic point  of view.' 

Some i n t e r e s t i n g  wind loading considera t ions  f o r  paraboloidal  d i s h  a r rays  
a r e  suggested by reference  t o  Figure 52. Shown (Figure 52) is  a por t ion  of a 
t y p i c a l  rec tangular  f i e l d  ar ray .  North-to-south spacing i s  1.25D between d i s h  
cen te r l ines ,  where D is t h e  d i sh  diameter; east-to-west c e n t e r l i n e  spacing is  
2.OD. Thus, t h e  land packing f a c t o r  i s  0.314. The d ishes  a r e  shown fac ing 
w e s t  a t  an e l eva t ion  angle' of 45 deg. A range of wind d i r e c t i o n s  a r e  indica ted;  
some a r e  symmetrical and some a r e  not. Direct ion a and a '  a r e  symmetrical and 
would y i e l d  equivalent  wind loading r e s u l t s .  Direct ions b and b ' ,  and c and c '  
a r e  symmetrical, but d i rec t ions  b and c ' ,  and d and e a r e  not symmetrical. 

The land requirements f o r  s o l a r  t h e r ~ l / ~ l e c t r i c  power syotems a r e  easy 
t o  demonstrate i n  r e l a t i o n  t o  t h e  land packing f a c t o r  (PF). If  a l l  t h e  s o l a r  
.energy inc ident  on a por t ion  of land could be konverted t o  e l e c t r i c  power 
without losses ,  then approximately 0.25 ac re  of land would generate 1 MWe of 
power f o r  PF = 1.0 and an i n s o l a t i o n  of 1.0 k~/m2.  Figure 53 shows land 
requirements per MWe of power plotted agains t  o v e r a l l  system conversion e f f i -  
ciency f o r  various values of packing fact.or.  Dish concentrators  would have a 
maximum packing f a c t o r ,  i f  a l l  'concentrators  when fac ing zeni th  were touching 
each o ther  physica l ly ,  of 0.907 f o r  a diamond-packed square a r r a y  (Figure 53). 
P r a c t i c a l  values of packing f a c t o r  might be i n  the range 0.3 < P F ' <  0.4 f o r  
dish-concentrator f i e l d  ar rays .  The current  l i m i t  of system e f f i c i ency  f o r  
non-solar power conversion i s  about 0.5 (advanced combined-cycle power p lan t s ) .  
Hence, t h e  range of app l i ca t ion  i s  t o  t h e  l e f t  of the  v e r t i c a l  limit l i n e  
indica ted  i n  Figure 53. 

It i s  not d i f f i c u l t  t o  s e e  t h a t  some d i f fe rences  i n  mutual blockage, wake 
i n t e r f  t r ence  e f f e c t s ,  and wind channeling between d i s h  rows and columns, might 
occur i n  f i e l d  a r rays ,  depending on wind ve loc i ty  and d i rec t ion .  Such e f f e c t s  



a l s o  w i l l  depend on f i e l d  layout .  I n  add i t ion  t o  rec tangular  a r r a y s ,  o ther  
dish-array types inc lude  diamond, hexagonal, r a d i a l ,  etc. Except f o r  r a d i a l  
a r r a y s ,  however, they a l l  tend t o  use  uniform packing d i s t r i b u t i o n .  An optimal 
f i e l d  layout  must consider: (1) mutual d i s h  shading, (2 )  composite wind loading 
e f f e c t s  and, i n  t h e  case  of s torage  o r  thermal t r anspor t ,  (3)  t r anspor t  layout .  
Least is known about wind loading. 

Because t h e r e  a r e  no w i n d  tunnel  test r e s u l t s  ava i l ab le  f o r  model a r rays  
of paraboloidal  d i shes ,  emphasis was placed here in  on reviewing the  information 
a v a i l a b l e  f o r  h e l i o s t a t  a r rays .  It is l i k e l y  t h a t  t h e  genera l  r e s u l t s  f o r  
h e l i o s t a t  a r r a y s ,  with and without perimeter wind fences,  w i l l  be v a l i d  f o r  
paraboloidal  d i s h  a r rays .  

A. WIND FENCES AND BREAKS 

Some e a r l y  work on wind b a r r i e r s  and breaks was due t o  Woodruff and Zingg 
(Ket. 129). Au extensive l i t e r a t u r e  r ~ v ' I P w  and rrer wind tunnel  t e e u l t a  Were 
presented by Raine and Stevenson (Ref. 130). The l a t t e r  reference  d iscusses  
reasons f o r  s i g n i f i c a n t  d i f f e rences  between r e s u l t s  obtained f o r  fu l l - sca le  and 
wind-tunnel model t e s t s  of wind breaks. Reference 131 presents  extensive wind 
tunnel  r e s u l t s  f o r  a  wide v a r i e t y  of wind fences;  parameters t h a t  were varied 
included permeabil i ty (poros i ty ) ,  shape, and s i z e  r e l a t i v e  t o  the  'boundary 
l a y e r  thickness.  Also included i n  Ref. 131 a r e  r e s u l t s  f o r  two wind breaks in '  
series (and e f f e c t s  of corner fence junct ions) ,  a s  w e l l  a s  na tu ra l  fences 
composed of vegeta t ion  such a s  hedges. Natural and man-made wind breaks a l s o  
a r e  discuesed i n  Ref. 44 (Appendix 4, "Shelter  Effec ts") .  

The aerodynamic e f f e c t s  of wind breaks, o r  s h e l t e r s ,  a r e  not dLI I i cu l t  t o  
understand. Drag on t h e  b a r r i e r  modifies t h e  upstream ve loc i ty  f i e l d  and 
causes a l o s s  of momencum l u  ~ h s  ai r f low,  thus producing a " she l t e r ing  e f fec t . "  
A s o l i d  b a r r i e r  w i l l  d l sy lacc  the  maximum wind velocitie~ upwards, and c r e a t e  
a  flow separac ioa  bubble. The flow reattachment point  w i l l  vary with t h e  height  
of t h e  fence ,  o r  b a r r i e r  ( r e l a t i v e  t o  surface  boundary l aye r  th ickness) ,  and 
t h e  permeabil i ty o r  poros i ty  of t h e  b a r r i e r .  Permeability w i l l  introduce a 
modifying "bleed flow" t h a t  w i l l  so f t en  t h e  e f f e c t s  of a  s o l i d  b a r r i e r .  

These e f f e c t s  a r e  indica ted  schematical ly i n  Figure 54 (from Ref. 130). 
The wind s h e l t e r i n g  e f f e c t  becomes a t radeoff  between mean wind ve loc i ty  
reduct ion  i n  t h e  l e e  of t h e  b a r r i e r  and turbulence i u  rha a tpa re t ion  bubble sa 
determined by b a r r i e r  permeability. Of course,  t h e  loca t ion  of flow reat tach- 
ment is important because chere w l l l  be nearby regions of hflgh wind shear ,  
which has iapl icot iorru lor I o c ~ t i o n  and spacing of p rn tec t ive  wind perimeter 
fences  . 

Appropriately designed perimeter fences ( o r ,  hedges, t r e e s ,  e t c . )  could 
se rve  a mul t ip le  func t ion  f o r  f i e l d  a r rays  of paraboloidal  dishes:  
(1)  a l l e v i a t i u l ~  of wind loads on, a t  l e a s t ,  t h e  outer  f r i n g e  of concentrators;  
( 2 )  s e c u r i t y  b a r r i e r ;  and (3)  e s t h e t i c  appearance of t h e  ar ray .  



B. HELIOSTAT WIND TUNNEL TEST PROGRAMS 

A s  seen from Table 10, furnished by S. Peglow (Ref. 62), a wide va r ie ty  
of h e l i o s t a t  wind tunnel  tests were conducted i n  t h e  l a t e  1970's. Tests  have 
been conducted on models varying from 1/60 t o  f u l l  scale (see a l s o  Figure 40), 
and p a r t i a l  a r rays  with and without fences. Wind fo rces  and moments have been 
measured, vortex shedding has been s tudied,  and turbulence measurements and 
flow v i sua l i za t ion  have been performed. There a r e  no p a r a l l e l  e f f o r t s  t o  da te  
f o r  paraboloidal d i s h  concentrators or  f i e l d  arrays.  

It i s  t r u e  t h a t  some of t h e  h e l i o s t a t  wind tunnel  da ta  tends t o  be somewhat 
conf l i c t ing  and nonreproducible. This may be due p a r t l y  t o  e a r l y  inexperience; 
nevertheless,  a g rea t  dea l  has been learned and has been u t i l i z e d  f o r  design 
purposes. Table 10 ind ica tes  t h a t  a va r ie ty  of wind tunnel  test f a c i l i t i e s  have 
been employed. Perhaps t h e  most v e r s a t i l e  o v e r a l l  f a c i l i t y  is  the  one located 
a t  Colorado S t a t e  University. This w i l l  be discussed i n  a subsequent sect ion.  

C. SAMPLE WIND TUNNEL RESULTS 

Table 10 ind ica tes  t h a t  t h e r e  have been severa l  f i e l d  a r ray  s t u d i e s ,  with 
and without perimeter fences,  sponsored by DOE f o r  c e n t r a l  r ece ive r /he l ios ta t  
systems. References 58 through 60 d i f f e r  i n  numerical and t echn ica l  d e t a i l ,  ? 
and i n  model s c a l e  s i z e ,  but tend t o  a g r e e . i n  q u a l i t a t i v e  r e s u l t s  with respect  
t o  perimeter fences . That 'is, perimeter wind fences o r  breaks tend t o  markedly 
decrease t h e  h e l i o s t a t  base bending moments i n  t h e  extreme periphery of a 
h e l i o s t a t  array.  However, wind loads i n  t h e  f i r s t  few rows of per iphera l  
h e l i o s t a t s  can a c t u a l l y  be increased i n  regions downstream of sharp corners of 
per iphera l  fences. I n  addi t ion ,  i n  t h e  c e n t r a l  por t ions  of f i e l d  a r rays ,  f a r  
removed from per iphera l  wind breaks, wind fences provide l i t t l e  protec t ion 
from wind loads but mutual flow blockage a l l e v i a t e s  t h e  problem. Results  
described here in  w i l l  be l imi ted  t o  Ref. 60, because it is  t h e  most complete 
study, and includes t h e  accumulated experience of e a r l i e r  s tudies .  

I n  Ref. 60, 1/60 c a l e  model h e l i o s t a t s  were t e s t e d  f o r  Reynolds numbers 
varying from l o 4  t o  105. The c e n t r a l  receiver ,  or  power tower, was not 
simulated. Two zones of t h e  h e l i o s t a t  a r ray  (Figure 55) were inves t igated .  
Zone A had,a land packing faccor of 0.36, and Zone H (mixed f i e l d  ar ray)  had 
an average packing f a c t o r  of 0.13; Zone B is f a t  removed from t h e  power tower. 
Variables i n  these  tests included wind speed, h e l i o s t a t  e l eva t ion  angle and 
stow configurat ions,  and fence s i z e  and spacing r e l a t i v e  t o  t h e  f i e l d  array.  
However, i n  most kases, t h e  fence permeability (poros i ty)  was 0.32. Ef fec t s  
of fences i n t e r n a l  t o  t h e  per imeter ' fence  a l s o  were studied.  Flow v i sua l i za t ion  
s tud ies  were performed t o  provide q u a l i t a t i v e  f low-f i e l d  information. A 117 
power-law ve loc i ty  p ro f i l e  [eee Equation (2 ) )  Wa8 used, t y p i c a l  of f l a t ,  open 
country (see  Figure 6). 

Results  from Ref. 60 a r e  shown i n  Figure 56 f o r  Zones A and B (Figure 55) 
with and without fences. The e f f e c t  of t h e  perimeter fence i s  evident 
e spec ia l ly  a t  t h e  outer  edge of t h e  ar ray .  Base bending moments were lower 
and pe rs i s t ed  f u r t h e r  i n t o  t h e  f i e l d  i n  t h e  more densely packed Zone A, indi-  
ca t ing t h e  g rea te r  mutual blocking protec t ion i n  t h a t  zone. I n  Zone A, with 
o r  without a fence, the  base bending moment was roughly constant from 25 m 



i n t o  t h e  f i e l d  and inwards. Zone B ,  however, shows increases  i n  base 
bending moment a t  a point  of 75 t o  100 m i n t o  the  f i e l d .  

Some of t h e  more i n t e r e s t i n g  conclusions of Ref. 60 were: (1)  sharp 
corners  i n  fences a r e  t o  be avoided, (2)  fences need t o  be r e l a t i v e l y  high and 
c l o s e  t o  t h e  f i e l d  o r  t h e i r  benef i t  i s  compromised, (3)  fence poros i ty  ranging - 
from 0.32 t o  0.57 had l i t t l e  e f f e c t  on h e l i o s t a t  loads ,  (4 )  l i t t l e  di f ference  
i n  loads was seen f o r  t h e  stowed condit ions of a l t e r n a t e  rows a t  87-deg and 
93-deg p i t c h  angle,  and a l l  rows a t  90-deg p i t c h  angle ,  and (5)  row alignments 
caused no t i ceab le  f low channeling, e spec ia l ly  f o r  winds out  of t h e  w e s t  
(Figure 55). Whereas var ious  individual  h e l i o s t a t  models were instrumented i n  
Ref. 60, none of t h e  cases s tudied  involved two adjacent  models i n  s e r i e s  ( t o  
t h e  wind d i r e c t i o n )  s o  t h a t  downstream flow blockage could be s tudied  d i r e c t l y .  
Flow blockage has ' i n t e r e s t i n g  p r a c t i c a l  implicat ions f o r  aerodynamic loads 
because of vortex shedding, turbulence generat ion,  e t c .  Realizing t h a t  a very 
l a r g e  number of parameters and var iables  a r e  involved, it would be i n t e r e s t i n g  
t o  know under what condi t ions ,  i f  any, wake in te r fe rence  e f f e c t s  might augment 
wind loading e f f e c t s .  

A v a r i e t y  of wind tunnel  t e s t s  were performed i n  Ref. 64: s t a t i c  tests 
on a 1/20 s c a l e  model h e l i o s t a t ,  dynamic tests on a 113 s c a l e  model, tests on 
s i n g l e  models i n  comparison with an a r ray ,  and t e s t s  of a fu l l - sca le  model. 
An i n t e r e s t i n g  d i f fe rence  between r e s u l t s  f o r  a s i n g l e  model and an a r ray  was 
t h a t  downstream models i n  an  a r ray  were subjec t  t o  reduced loading (compared 
t o  a s i n g l e  model), but  had much higher o s c i l l a t i o n  amplitudes because of wake 
buffe t ing .  Reference 64 is  of i n t e r e s t  because i t  is one of t h e  few s tud ies  
a v a i l a b l e  t h a t  addresses dynamic response of a r e f l e c t o r  ( h e l i o s t a t )  t o  wind 
loading. 

D. VORTEX SHEDDING AND BLOCKAGE INTERFERENCE 

IL 16 well known frsm'wind tunncl  otudioa of model buildings, obstacl~n, 
and bluff  bodies, e.g., Refs. 132 and 133, t h a t  ob jec t s  i n  t h e  l e e  of one another 
can experience s i g n i f i c a n t  e f f e c t s  i n  fo rces  and moments. 

An i n t e r e s t i n g  study,  wi th  app l i ca t ion  t o  h e l i o s t a t s ,  has been performed 
t o  study vor tex  shedding from a square p l a t e  with va r i ab le  ground spacing, set 
normal t o  t h e  ground and t h e  p a r a l l e l  wind d i r e c t i o n  (Ref. 134). Because the  
boundary l aye r  was very t h i n  i n  t h i s  wind tunnel  s tudy,  t h e  p l a t e  was sub jec t  
t o  an  e s s e n t i a l l y  uniform ve loc i ty  p r o f i l e .  Wake o s c i l l a t i o n  frequelicies were 
determined by hot  w i r e  anemometer.and then cast i n t o  the  dimensionless shedding 
frequency, or Serouhal number. Empirical da ta  c o t r e l a t i o n s  successful ly  
accounted f o r  ground spacing and Reynolds number. Above Re -lo5 t h e  Strouhal  
number approached a constant  value (cons is tent  with Ref. 16). Ground spacing 
e f f e c t s  became n e g l i g i b l e  f o r  p l a t e s  placed a t  he ights  g r e a t e r  than half t h e i r  
breAdth from t h e  ground. For t h i s  case St-0.12. 

Utrirlg the l a t t e r  r e s u l t ,  the wake o e c i l l a t i o n  frcqucncy is  p lo t t ed  i n  
Figure 57 versus wind speed f o r  various s i z e s  of square p la te s .  The vortex 
shedding frequency increases  with wind speed and decreases with p l a t e  s i z e .  
Shedding frequencies are ,of i n t e r e s t  when they approach n a t u r a l  v ib ra t iona l  
f requencies  of a p l a t e ,  f o r  then aerodynamic coupling leading t o  exci ted  
v i b r a t i o n a l  amplitudes can occur. 



The r e s u l t s  of Figure 57 probably can be appl ied  t o  paraboloidal  d ishes  
with f a i r  approximation. I n  Ref. 16, i t  is shown t h a t  t h e  drag c o e f f i c i e n t  of 
a va r i e ty  of body shapes i s  d i r e c t l y  r e l a t e d  t o  t h e  Strouhal  number f o r  high 
Reynolds numbers. Because the  drag of d ishes  ( f ac ing  i n t o  the  wind) is  some- 
what higher than f l a t  p l a t e s  (see  Figure 19) ,  t h e  corresponding Strouhal  number 
is  somewhat lower ( a l s o  see Figure 28). 1.n Ref. 16,  i t  i s  suggested t h a t  a 
un ive r sa l  Strouhal  number e x i s t s  a t  high Reynolds numbers regardless  of t h e  
body shape. Vortex shedding was discussed previously i n  Section V1.G. 



SECTION X 

ENVIRONMENTAL WIND TUNNELS 

A br ief  discussion w i l l  be given of s imulat ion requirements and c r i t e r i a  
f o r  t e s t i n g  model man-made s t r u c t u r e s  i n  labora tory  simulat ion of t h e  atmospheric'  
boundary l aye r ,  and of e x i s t i n g  wind tunnel  f a c i l i t i e s .  

A. SIMULATION REQUIREMENTS AND CRITERIA 

Rigorous modeling of the  atmospheric boundary l aye r ,  and t e s t i n g  of models 
the re in ,  r equ i re  modeling t h e  flow f i e l d  according to :  (1)  dynamic s i m i l a r i t y  
a s  obtained from t h e  f l u i d  dynamic conservation equations of mass, momentum 
and energy, (2) surface  boundary-condition s i m i l a r i t y ,  and (3)  approach-flow 
s i m i l a r i t y  (Refs. 9 and 135). Some of t h e  dimensionless parameters involve 
t h e  Earth 's  r o t a t i o n ,  atmospheric dens i ty  s t r a t i f i c a t i o n ,  and o ther  (probably) 
second-order e f f e c t s .  A l i s t i n g  of requirements from Ref. 9 is: 

(1)  Dynamic Flow S imi la r i ty  

( a )  Undistorted geometry sca l ing  
'(b) Equal Rossby number (Earth's r o t a t i o n )  
( c )  Equal gross'Richardson number (mixing) 
(d) Equal Reynolds number (flow) 
(e)  Equal Prandt l  number (gas .p roper t i e s )  
( f )  Equal Eckert number (heat  t r a n s f e r )  

(2 )  Surface Boundary Condition 

(a)  Equivalent su r face  roughness d i s t r i b u t i o n  s i m i l a r i t y  
(b) Preservat ion of topographic r e l i e f  
(c)  Surface temperature d i s t r i b u t i o n  

(3) Approach-Flow S imi la r i ty  

( a )  ,Dis t r ibut ions  of mean and turbulent  ve loc i ty  
(b) Dis t r ibu t ions  of mean and f l u c t u a t i n g  temperatures 
(c)  Zero longi tudinal  pressure gradient  
(d)  Equali ty of length  s c a l e s  f o r  atmospheric s t r a t i f i c a t i o n  

I n  add i t ion ,  t h e r e  are r e l a t i v e  p roper t i e s  of t h e  models t h a t  need t o  be 
considered. For. example, f o r  t a l l  bui ld ings  and towers i n  dynamic motion, 
Refs. 136 and 137 recommend t h a t  equa l i ty  between model and prototype be 
preserved i n  t h e  following dimensionless parameters: (1)  frequency ratio: 
r a t i o  of n a t u r a l  frequencies about hor i zon ta l  and v e r t i c a l  axes; (2)  r a t i o  of 
energy d i s s i p a t i o n  per cycle  t o  t o t a l  energy of o s c i l l a t i o n ;  (3)  dens i ty  r a t i o :  
s t r u c t u r e  t o  a i r ;  and (4) r a t i o  of mean wind ve loc i ty  t o  reference  o s c i l l a t i o n  
veloci ty .  The d i f f i c u l t y  of e l a s t i c  modeling of paraboloidal  d ishes  was dis-  
cussed previously i n  Section V1.G. 

F ina l ly ,  t h e r e  a r e  condit ions imposed by t h e  wind tunnel  i t s e l f  t h a t  can 
a f f e c t  t h e  model flow f i e l d .  Blockage r e s u l t s  when the  model is not small 



compared t o  t h e  wind tunnel  cross-sect ional  a r e a  (Section V1.C); t h e  presence 
of t h e  wind tunnel  wa l l s  can produce three-dimensional disturbances i n  t h e  
flow f i e l d  t h a t  a f f e c t  t h e  fo rce  and moment measurements. 

Not a l l  of t h e  requirements and c r i t e r i a  discussed above can be s a t i s f i e d  
simultaneously i n  e x i s t i n g  labora tory  f a c i l i t i e s .  For s teady-state t e s t i n g  of 
paraboloidal  d i s h  modules i n  wind tunnels ,  i t  probably i s  s u f f i c i e n t  to :  
(1)  u t i l i z e  geometric s i m i l a r i t y  between model and prototype; (2)  maintain 
Reynolds numbers above R e  > l o5  based on d i s h  diameter; (3) model a  " typica l"  
time-mean boundary l a y e r ,  e.g., f o r  f l a t ,  open country, 4) preserve t h e  turbu- 
lence  scale, o r  f l u c t u a t i o n  i n t e n s i t y ;  and (5)  minimize wind tunnel  blockage, 
o r  determine t h e  co r rec t ions  necessary f o r  app l i ca t ion  t o  experimental data. 
For f i e l d  a r r a y s ,  t h e  topographic r e l i e f  should be preserved with zero longi- 
t u d i n a l  pressure  gradient  and, of course, t h e  f i e l d  packing f a c t o r  should be 
simulated geometrical ly.  Thermal and heat  t r a n s f e r  e f f e c t s  probably a r e  
i n s i g n i f i c a n t  f o r  most design purposes. 

B. EXAMPLES OF EXISTING FACILITIES 

The JPL r e s u l t s  f o r  paraboloidal  dishes (Refs. 5,  13 ,  70, 71, and 92) were 
obtained i n  an ordinary subsonic wind tunnel  located a t  ~ o r t h r u p  Aircraft 
Company. This tunne l  has a  20-ft-long t e s t  sec t ion  which is rectangular  i n  
cross  sec t ion ,  i.e., 7  f t  high and 10 f t  wide. Tunnel a i r  speeds up t o  250 mph 
a r e  poss ib le .  The JPL d i s h  model ( see  a l s o  Appendix D) had an 18-in. diameter. 

Wind tunnel  r e s u l t s  f o r  the  Honeywell t e s t s  on h e l i o s t a t  a r rays  ( ~ e f .  58) 
were obtained i n  t h e  Georgia I n s t i t u t e  of Technology (GIT) wind tunnel  (Figure 
58). The G I T  tunnel  is  a  c losed-c i rcui t ,  s ingle- re turn  subsonic tunnel  capable 
of t e s t  s e c t i o n  speeds of up t o  160 mph. It has a  c i r c u l a r  t e s t  sec t ion  9 f t  
i n  diameter and 12 f t  long. Boundary l aye r  p r o f i l e s  a r e  adjus ted  by using 
var ious  mesh conf igura t ions  a t  t h e  test s e c t i o n  i n l e t .  

The Fluid Dynamics and Diffusion Laboratory, a t  Colorado S t a t e  University 
(CSU), has t h r e e  wind tunnels  used f o r  environmental t e s t i n g .  They a r e  the  
meteorological  wind tunnel  (Figure 59),  t h e  environmental wind tunnel  (Figure 
601, and t h e  i n d u s t r i a l  aerodynamics wind tunnel .  A l l  of these  a r e  described 
b r i e f l y  i n  Ref. 136. The most soph i s t i ca ted  of these  i s  the  meteorological 
wind tunne l ,  which has a  very long test s e c t i o n  (27 m), ad jus tab le  c e i l i n g  f o r  
pressure  gradient  c o n t r o l ,  t e s t . s e c t i o n  walls  t h a t  can be heated or  cooled, and 
provis ion  f o r  heat ing  o r  cooling r e t u r n  a i r .  The t e s t  sec t ion  is  1.8 m x  1.8 m 
square; maximum a i r  speeds up t o  30 m / s  a r e  a t t a inab le .  

The CSU environmental wind tunnei  (Figure 60) i s  an induction tunnel  
( s i n g l e  pass) with a  t e s t  sec t ion  17.4 m long by 3.7 m wide by 2.4 m high. It 
i s  t h e  simplest  of t h e  CSU tunnels  and i s  v e r s a t i l e ;  the re  a r e  th ree  tu rn tab les  
i n  t h e  f l o o r .  The i n d u s t r i a l  aerodynamics tunnel ,  not shown here ,  is  l e s s  
expensive t o  opera te ;  it i s  a  conventional closed-loop subsonic tunnel  with an 
18.3-m-length t e s t  sec t ion .  

Many other  appropr ia te  wind tunnels  e x i s t ;  however, almost none can be 
r o t a t e d ,  s o  t h a t  e a r t h  r o t a t i o n  cannot be simulated. .Rossby number cannot be 
simulated; t h i s ,  however, is not c r i t i c a l .  Other f a c i l i t i e s  e x i s t  a t  t h e  



Universi ty of Toronto, Canada, i n  Great Br i t a in ,  i n  France (Ref. 171, and i n  
New Zealand (Ref. 138). 

Cryogenic wind tunnels  have been developed (Refs. 104, 139, and 140) t o  
exp lo i t  the  l a rge  gains t h a t  can be obtained i n  Reynolds and Grashof numbers 
f o r  heat  t r a n s f e r  experiments i n  forced,  f r e e ,  and combined heat  convection. 
Such tunnels  a r e  compact and have low operat ing c o s t s  because of reduced 
compression requirements. The University of I l l i n o i s  tunnel  (Figure 61) has 
a  rectangular  test sec t ion  measuring '0.6 m by 1.2 m. It can achieve Reynolds 
numbers g rea te r  than lo6 and Grashof numbers g rea te r  than lo1', values t y p i c a l  
f o r  a  c e n t r a l  rece iver  (power tower concept). Some e a r l y  heat  t r a n s f e r  measure- 
ments f o r  v e r t i c a l  cyl inders  i n  crossflow a r e  presented i n  Ref. 140. It is 
shown i n  Ref. 1 4 1  t h a t  turbulent  boundary-layer s imulat ion i n  cryogenic wind 
tunnels  i s  not s i g n i f i c a n t l y  a f fec ted  by r e a l  gas e f f e c t s .  This i s  comforting 
because r e a l  gas e f f e c t s  can be d i f f i c u l t  t o  dea l  with. 



SECTION X I  

CONCLUSIONS 

A. MAJOR CONCLUSIONS 

The major conclusions reached a s  a r e s u l t  of t h i s  study a r e  given below: 

(1) Wind loads have a d i r e c t  influence on t h e  design, cos t ,  performance,, 
operat ing and mhintenance, sa fe ty ,  su rv iva l ,  and replacement of s o l a r  
dieh concentrators. 

(2)  Force and moment wind loads are funct ions  of a l a rge  number of 
va r iab les  t h a t  depend on wind condit ions a s  w e l l  a s  t h e  design and 
configurat ion of t h e  concentrator. 

(3)  Forces and moments depend on t h e  square of t h e  mean wind speed. 
Forces a r e  proport ional  t o  t h e  d i s h  diameter squared and moments a r e  
propcr t ional  t o  t h e  d i sh  diameter cubed. 

(4) Wind c h a r a c t e r i s t i c s  a r e  highly nonuniform and random, and are handled 
bes t  by statistical approaches; f u r t h e r ,  wind condit ions a r e  highly 
s i te  spec i f i c .  Thus, t h e  s e l e c t i o n  of t h e  b a s i c  design wind speed 
is very important f o r  concentrator design. Reliable wind measurements 
c lose  t o  a se lec ted  s i te  a r e  highly des i rab le ,  and records should 
include a s  many years observation a s  possible.  

( 5 )  The e f f e c t s  of gus t s  on concentrator wind loads,  , espec ia l ly  moments, 
can be considerable. Wind speeds t h a t  a r e  averaged over periods of 
1 hour a r e  s a t i s f a c t o r y  f o r  design purposes, except f o r  r ap id ly  
changing weather conditions. Empirical gust  reponse f a c t o r s  derived 
from t h e  l i t e r a t u r e  can be u t i l i z e d  t o  assess  t h e  e f f e c t s  of gus t s  
on wind loading. 

( 6 )  Reduction of aerodynamic wind loads i s  poss ib le  by applyiag various 
means, e.g., t h e  in t roduct ion of poros i ty  i n t o  the  r e f l e c t i n g  surface,  
t h e  use  of s p o i l e r s  and f a i r i n g s ,  and by s h i f t i n g  t h e  pivot  center  
of r o t a t i o n  forward of t h e  d i sh  ver tex  (especia l ly  e f f e c t i v e  . for  
reducing moment loads.). Porosi ty is most e f f e c t i v e  near t h e  r i m  of 
t h e  concentrator. Faceted concentrators provide na tu ra l  wind r e l i e f  
i f  air gaps are permitte.d between adjacent  f ace t s .  6ap spacing 
should be increased with increas ing d i s t ance  from t h e  d i sh  axis .  

(7) There a r e  no wind tunnel  da ta  ava i l ab le  f o r  paraboloidal  s o l a r  concen- 
t r a t o r e .  However, s u f f i c i e n t  da ta  are a v a i l a b l e  from model radio  
antenna tests t o  assist i n  preliminary design. Also, the re  are no 
d a t a  a v a i l a b l e  f o r  f i e l d  ar rays  of paraboloidal  r e f l ec to r s .  Wind 
tunnel  da ta  f o r  h e l i o s t a t  a r rays  a r e  ava i l ab le  and should be general ly 
appl icable  f o r  d i s h  f i e l d  arrays.  

(8) Considerable reductlone i n  wind loads a r e  evidenced i n  t h e  outer  
periphery of concentratore i n  a f i e l d  a r r a y  enclosed by a s u i t a b l y  
designed perimeter fence, o r  wind break. However, t h e  fence 



inf luences  mainly t h e  outer  rows of concentrators and does not 
p e r s i s t  f a r  i n t o  t h e  f i e l d  i n t e r i o r .  

(9)  The s e l e c t i o n  of b a s i c  design wind speed, and t h e  l e v e l  of wind speed 
chosen t o  permit concentrator  performance a t  acceptable degradation, 
w i l l  inf luence  t h e  annual operat ing t i m e  a t  s p e c i f i c  sites. Thus, 
t h e  annual energy production may depend on wind conditions'  a s  .well 
a s  annual v a r i a t i o n s  i n  insola t ion.  

(10) Opt ica l  f i e l d  layout  designs f o r  s o l a r  concentrators,  based on trade- 
o f f s  between land packing f a c t o r s  and m&ual concentrator  shading, 
may not be optimal f o r  l o c a l ,  annual wind conditions. 

Addit ional  conciusions reached a r e  given below: 

(1) The atmospheric su r face  l ayer  is t h e  region of i n t e r e e t  f o r  man-made 
s t r u c t u r e s .  For n e u t r a l l y  s t a b l e  atmospheric condit ions,  t h i s  region 
extends t o  a height  above ground of approximately 100 f t  t o  500 f t  
during t h e  daytime and i s  th inner  a t  night.  The atmospheric surface  
l a y e r  is governed mainly by surface  roughness and not by thermal 
s t r a t i f i c a t i o n  o r  t h e  Earth 's  ro ta t ion .  

(2)  I n  genera l ,  wind speed va r ies  ( increases)  with height above ground 
i n  t h e  absence of s i g n i f i c a n t  v e r t i c a l  motion t h a t  might occur i n  
v io lent  a t  orms 

( 3 )  Power-law models f o r  wind p r o f i l e s  general ly a r e  s a t i s f a c t o r y  f o r  
engineering design purposee. They a r e  va l id ,  howev~r, only fo r  
s p e c i f i c  condit ions,  e.g., no vlolent ,  v c r t i c a l  rnixj.ng. They are 
appl icable  even f o r  mature storme. 

(4) Most of t h e  a v a i l a b l e  wind tunnel  da ta  f o r  model paraboloidal  
r e f l e c t o r s  ( rad io  antennas) was obtained f o r  s teady flow condit ions 
with a uniform ve loc i ty  p r o f i l e  of t h e  approaching wind, 

( 5 )  Parabologdal d ishes  e s s e n t i a l l y  a r e  c i r c u l a r ,  parabolic-arc a i r f o i l s ,  
and t h e i r  aerodynamic behavior is  i a te rp re led  i n  t h i s  l i g h t  accounting 
f o r  ground e f f e c t s .  The l a r g e r  t h e  f / ~ ,  t h e  more they behave l i k e  
f l a t  p la tes .  Hel ios ta ts .behave e s s e n t i a l l y  l i k e  f l a t  p la tes ,  

( 6 )  Aerodynamic f o r c e  and moment coef f i ' c ients  vary considerably with wind 
,angle  of a t t a c k  (e levat ion and azimuth), and may have p o s i t i v e  o r  
negative values - 

(7 )  The dimensionless aerodynamic cuef f i c ien ta  can be determined from 
wind tunnel  t e s t i n g  and then used t o  predic t  fo rces  and moments f o r  
d ishes  of a r b i t r a r y  s i z e  provided t h a t  proper flow modeling is  
observed. 

(8) To avoid s c a l e  e f f e c t s  (Reynolds number), as indicated  by experience 
with model h e l i o s t a t  t e s t i n g  i n  wind tunnels ,  Reynolds numbers g rea te r  



than  lo5,  and preferably  lo6,  should be preserved i n  wind tunnel  
t e s t i n g  a s  based on d i s h  diameter. However, t e s t i n g  very small  
models a t  very high wind tunnel  speeds i s  not advisable.  

( 9 )  The reader luser  of radio  antenna wind tunnel  t e s t i n g  l i t e r a t u r e  is  
cautioned t o  exerc ise  care  t o  determine exac t ly  which coordinate 
systems and s ign  conventions have been employed i n  a given reference. 
Three d i f f e r e n t  a x i s  systems commonly a r e  u t i l i z e d :  (1)  wind-axis, 
(2 )  body-axis , and (3) s t a b i l i t y - a x i s  . They a r e  equivalent  only 
when t h e  e l eva t ion  and azimuth angles of the  d i sh  concentrator  a r e  
zero r e l a t i v e  t o  t h e  approaching wind. 

(10) F ie ld  a r rays  of d i s h  concentrators  may be subjec t  t o  varying wind 
e f f e c t s  depending on wind d i r e c t i o n  and ve loc i ty ,  f i e l d  layout  p a t t e r n ,  
and land packing fac to r .  If  perimeter fences a r e  used f o r  wind 
protec t ion ,  t h e  fences should not have sharp corner junctions,  which 
can augment wind loads on nearby concentrators .  

(11)-  L i t t l e  i s  known about aerodynamics e f f e c t s  f o r  rece ivers  mounted a t  
, ' t h e  f o c a l  plane. Wind loads on the  receiver/power conversion u n i t  

s t r u c t u r e  could augment d i s h  wind loads ,  e spec ia l ly  f o r  small d i s h  
angles of a t t a c k  r e l a t i v e  t o  t h e  approaching wind vector ,  o r  f o r  
grazing flow when t h e  wind approaches the  d i s h  edge-on. Wind-flow 
p a t t e r n s  over the  rece iver  could have s i g n i f i c a n t  e f f e c t s  on ape r tu re  
convective heat  losses .  Because of concentrator  blocking, d i r e c t  
s tagnat ion  flow i n t o  the  rece iver  cav i ty  cannot occur physica l ly .  

(12) A v a r i e t y  of wind tunnel  f a c i l i t i e s  s u i t a b l e  f o r  t e s t i n g  models of 
concentrators  and f i e l d  a r rays  a r e  a v a i l a b l e  a t  modest t e s t  c o s t -  
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SECTION X I 1  

RECOMMENDATIONS 

A s  a r e s u l t  of t h i s  s tudy,  t h e  following recommendations have been made: 

(1)  The appropr ia te  bas ic  design wind speed f o r  s o l a r  concentrators  is  
t h e  "annual extreme f a s t e s t  mile" (see  Section IV), a s t a t i s t i c a l  
concept based on a c t u a l  wind measurements and extreme value theory. 
Design wind speed should not be based on maximum gust  records,  which 
w i l l  lead t o  over-design. 

(2)  Basic design wind speeds usua l ly  .a re  quoted f o r  a he ight  t h a t  is 
30 f t  above ground. Such values e a s i l y  may be converted t o  any 
des i red  height  by using an appropr ia te  wind p r o f i l e  model, e.g., t h e  

. power-law model. The bas ic  design wind speed may be appl ied  t o  
s u r v i v a l  of the  r e f l e c t o r  i n  any pos i t ion  (conservat ive) ,  o r  t o  
s u r v i v a l  a t  stow pos i t ion  (op t imis t i c ) .  

( 3 )  For design purposes of a s p e c i f i c  concentra tor ,  t h e  b a s i c  design wind 
speed should be spec i f i ed  a t  the  concentrator  centerl ine.when t h e  
e l eva t ion  angle  is zero. 

(4) Unless f u t u r e  s t u d i e s  determine otherwise, bui ld ing code p r a c t i c e  
(Section 1V.A) should be employed and the  r e tu rn ,  o r  recurrence, .  
period of t h e  bas ic  design speed should be R = 100 years  £.or a 
l i f e t i m e  of 30 years. 

(5) As soon a s  reasonably f ixed  designs f o r  f i r s t -genera t ion  d i s h  concen- 
t r a t o r s  a r e  developed, wind tunnel  t e s t i n g  of models is encouraged 
and should be supported. Single and f i e l d  a r r a y  models should be 
t e s t e d ,  and s t r u c t u r e s  a t  t h e  f o c a l  point  ( rece ivers /engines)  should 
be simulated i n  t h e  model. Such wind tunnel  t e s t  programs probably 
w i l l  cos t  only a 8-11 f r a c t i o n  of the  concentrator  development. 
For p o t e n t i a l  urban s i t e s  u t i l i z i n g  roof-top concentra tors ,  model 
concentrators  should be mounted on wodel lnril.di.nga ( i n d u s t r i a l ,  
commercial, e tc .)  t o  model t h e  se lec ted  l o c a l e  i n  wind tunne l  t e s t i n g .  

(6)  Thermal r ece ive r s  should be s tudied  t o  determine t h e i r  con t r ibu t ions  
t o  concentrator  wind loads at  varying e leva t ion  and azimuth angles. 
Aperture wind convec t ion~ losses  should be s tudied  t h e o r e t i c a l l y  and 
experimentally. Aperture convection losses  a r e  poorly understood. 

(7)  Wind condit ions,  i n  add i t ion  t o  annual inso la t ion ,  should be con- 
s ide red  t o  determine i f  p lant  operation'  t i m e  a t  s p e c i f i c  loca t ions  
might be a f fec ted  s i g n i f i c a n t l y  by winds. A t  a p a r t i c u l a r . s i t e ,  f o r  
example, suppose t h a t  t h e  frequency of incidence of high 'winds w a s  
"subs tant ia l"  during hours of peak inso la t ion .  Such a s i te  would , 

not be t h e  bes t  choice f o r  a s o l a r  thermal p lant .  That is, site- 
s p e c i f i c  s t u d i e s  should be performed t o  determine ' i f  annual energy 
production is  impacted s i g n i f i c a n t l y  by annual,  s t a t i s t i c a l  wind 
condit ions.  



(8) Fie ld  layout  designs and ' s tud ies  should include prevai l ing  wind 
condit ions (magnitude, d i rec t ion ,  frequency spectrum s t a t i s t i c s )  i n  
addifion t o  mutual d i s h  shading and thermal t r anspor t  ( i n  t h e  case 

,of  process hea t ) .  However, t o  accomplish t h i s ,  wind tunnel  f i e l d  
a r r a y  test r e s u l t s  f i r s t  would be required. That is, optimal f i e l d  
layouts  f o r  land u t i l i z a t i o n  from an insolation point  of view may not 
be optimal f o r  performance and s u r v i v a l - i n  winds. 
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Table  1. Pre l in i ina ry  Wind Requirements f o r  the '2 '10- f t -d ia  
Goldstone Antenna (Reproduced,from Ref. 5 )  

Preclslon I 
o ration fulF accuracy 

Preclsloa I1 
o ratlon 

delpagd accuracy 

Wind velocity, mph., average velocity 
across anteMa . . 

AZ-12.5 X lo' 
~ ~ 1 0 . 3  X 1 0  

Llmit operation 
drive to stow 

(worst position) 

Associated axis torque from steady-state 
wind, reflector in worst position, 
pound-fccdt . . 

30 

6 2 . 3  X 1 0  
EL-1.9.X 1 0  

Surface accuracy, RMS, in., wont po- 
sition including wind, gravity, and 
thermals 1 0.25 

Swlvnl  
rsflector m y  

posltlb 

Tracking accuracy at 0.0015°/scc. deg. 

Swlval  r~~ 

45 

Tab le  2. Types of T e r r a i n  Grouped According t o  
T h e i r  Aerodynamic Roughness (Adapted 
from Ref .  11) 

0.01 

Required axis velocity, at max. wind 
' torque, deg./sec. 

Very smooth surfacus: e.g. larue expanme of open 
wntsr; low unshelkrsd Isllade; rich1 flats: low- 
lrn& verging on tbe .a8 

50 

Level surfaoer with only low. surface obstruc- 
tlons: e.g. p r d r l e  gmsaland; desert; arctic tundra 

0.02 

t Torques based on a solid surface for the inner 105-ft. diameter and a perforated surface $ Stow locks may be u k d  in elevation. 
over the outer 52%-ft. radius. 

0.5 

Tavml, o r  aUghtly rolllng surfaces, 4 t h  811ghtIY 
larger  surface obstnrtions: e.g. farmland with 
very scattered t rees  m d  bufldlngs, wlthout hedge- 
m w r  o r  other b a r r l c r r  wasteland 4 t h  low brush 
o r  rurfaoe rsgetatlar; moorland 

70 

Gaatly rolUng, o r  l e d  o w t r y  wtth low obstruc- 
dons  and k r r l e r r :  cy open flelds with walls and 
hedger matbred and buildidgs 

120 

- 

0.2 

Rolllng or level surtrs broken by more numerous 
obst ru~t loos  of n r f n ~ l r  rlresc e.g. farmland. wlth 
small Qel& and danm hedges o r  barriers;  scat- 
tared wtndbmaks of trees,  scattered two-stow 
buf ldings 

Rolling o r  level nub. uniformly covered 4 t h  
numerous hrgs obswct ime:  e.g. foreat, scrub 
-6. prrkl.ad 

- 

0.1 

Very broken a u h a  d t b  large obrtruclons: 0.6 
DDws; mburbs; oub)drts ol hrgu  cities; farm- 
land 4 t h  numerms roods and copses and l v g s  
wiadbreaks of W I  trees 

- 

0.0 0.0 



Table 3 .  R e l a t i o n  o f ,  Atmospheric S t a b i l i t y  Conditions t o  
Weather Conditions (From Ref. 31) 

A - Extremely unstable conditions D - Neutral conditions* 
B - Moderately unstable conditions E - Slightly stable conditions 
C - Slightly unstable conditions F - Moderately stable conditions 

Nighttime conditions 

Thin overcast 
Dayt h e  insolat ipq Surface wind ,. . at 2 418 ' z 318 

5-eed, U/&BC Ctrong btoder.irt.e S U g h f  clou$~ness+ .- -- cloudiness 
. . - ' 1  

< 2 A A-B B . . 
..? ... . 

2 A-B B C E , F  

6 C ' C-D D D D 

Applicable to  lrcavy overcast, day' br  night; 

+ The degree of cloudinees i e  defirred ae that fraction of the sky 
. shave the loca l  apparent horizon which ie covered by cloude. 



Table 4 .  C l a s s i f i c a t i o n  of Te r r a in  E f f e c t s  on Atmospheric 
Motions (From Ref. 32) 

r K.' 

M AS LOWW .' DAY )(OUR MINUIZ SECOND 

I , '. 
LIIICmSCAlE QOW S U B W I C A L  I1 SIKAMS 

WUWIAIN QOW WIND P A ~ W ~ S  
AREA LONG-WAN RlDQS M IROUWS 

18 - . . . . . .  
. WCROStALL 

W I W M I M  STOAM W S  
M ) W l A I N  YI(Y)(*Is 

. B .  A- CYQO(IS AWO . r u(IIcva0w 



a 
Table 5. Factors  Considered i n  American and Foreign National Standards 

Factors  Considered ANSI A58.1-1972 t h s t r a l i a n  B r i t i s h  Canadian 

WINDSPEED 

Reference speed Fas tes t  die Twc,-second gust  Tm-second gust  Mean hourly 

Var ia t ion  with Yes 
heigbt  

Y e s  Yes 

Ter ra in  roughness ' T k e e  Your F m r  Three 

Local t e r r a i n  Ncne Yes Yes None 

id 
I 
00 

GUSTS 

Magnitude Gust response Gust Speed 
f a c t o r  

G~JS t Speed Gust e f f e c t  f a c t o r  

S p a t i a l  P a r t s  a d  port ions R e d ~ c t i o n  f o r  &ne 
Corre la t ion  large a rea  

Gust e f f e c t  f a c t o r  

Gust frequency Dynamic considera- Dynamic considera- Dynamic considerar  . Dynamic considera- 
f i o t  f o r  h/b > 5 t:on f o r  h/b > 5 t ion .  not included t i o n  f o r  hbb > 4 

o r  f o r  h > 400 f t  

WIND PRESSURE 

Pressure Tables, t e x t  Tables i n  Tables, includes Figures and t a b l e s  
c o e f f i c i e n t s  Appendix, includes sketches i n  commentaries 

sketches ' a .  
, . 

a Adapted from R e f .  46 



Table 6. Comparison of Reference Wind Speeds i n  National standardsa 

Reference. Windspeed ANSI A58.1-1972 Aust ra l ian  B r i t i s h  Canadian 

Averaging time Fas tes t  m i l e  2-3-sec. 2-sec. Mean hourly 
gust  gust  average 

Equivalent reference 100 mph . 118 mph 118 mph 78 mph 
w i n d s p e e d t o f a s t e s t  (161kmIh) (190 km/h) (190 km/h) (126-km/h) 
mile 100 mph 
(161 km/h) 

Table 7. Level* of Approaches Permitted I n  National standardsa . 

- - - - - - - - - 

Levels of Approaches ANSI A58.1-1972 Austral ian B r i t i s h  Canadian 

Tables o r  simple 
procedures 

Detailed procedures 

Yes 

Yes 

Yes Yes Yes 

No No Yes 

Wind tunnel  No Yes Yes Yes 

References Yes ' 

a 
A d a p t e d  from R e f .  46 



Table 8 .  C r i t e r i a  i n  Use (Circa 1980) f o r  t h e  Design of Solar 
Concentrators/Collectors (Adapted from Ref. 67) 

- --  

Collector  . ~ h o t o v o l t a i c ( ~ )  
Technology ~ e l i o e t a t e ( ~ )  ~ r o u g h e ( ~ )  ~ i e h e s ( ~ )  Arraye (Nontracking) 

- - -- 

Maximum surv iva l  wind 
epeed, m/e(mph) 

- -- -- -- - 

(stowed) (etowed) (stowed) Baeed on IOO-yr 
40 (90) 35 (80) 44 (100) mean recurrence a t  e i t e  

Deeign wind speed f o r  12 (27) 11 (25)' I6 (36) Baeed on 25-yr 
normal operat ion,  d e  (mph) mean recurrence a t  s i t e  

Maximum wind epeed during 22 (50) 22 (50) 16 (36) Not appl icable  
which c o l l e c t o r  must t rack,  
m/e(mph) 

S ta ted  o r  implied mean 100 25 100 25 
recurrence i n t e r n a l ,  yr (extreme) ground mounted (extreme) (operat ing)  

50 100 
roof mounted (extreme) 

(extreme) 

' ~ e f e r e n c e  97. 
b ~ c f c r e n c e  98. 
' ~ e f e r e n c e  99. 
d ~ e c o m e n d a t i o n  i n  Reference 100. 

Table  9.  Typica l  Maximum Force and Moment C o e f f i c i e n t s  Determined 
Experimental ly  f o r  Various So la r  C o l l e c t o r s  Subjected t o  
Wind Loadingasb  (Adapted from Ref. 67) 

Coef f i c i e n t  Plar Plate  [ l o l l  HelluuCclL (611 Trough [[.541C 
- a 

Dioh (721 

La te ra l  Load 
$ (0 - 0") 

L i f t  Load 
c, (0 - 0 " )  

Moment Coefficient 
$ Z  (0 - 0") 

'See Fig, 47 for def in i t lono  of Reornotry and force di.recr.l.onn. 

bMoments a r e  taken with respect t o  the attachment o r  pivot point,  which f o r  simplicity is 
assumed coincident with the center  ( i n  the  h e l i o s t a t  case) o r  the sur face  apex ( i n  the rich 
and trough cases).  In r e a l  hardware caeee, there w i l l  be some amount of o f f e e t ,  which must 
be care fu l ly  conaidered. Further, data very of ten i e  given f o r  momente a t  the  base of the 
s t ruc ture .  In  t h i s  case, the  resu l t ing  momente from the l i f t  and l a t e r a l  loads must a l s o  
be considcrcd. For exadtple, see Ref. 61. 

r i m  angle lengthlaperture - 3.75. 

d75° r i m  angle, dish depthldiameter - 0.20. 

eTheee r e l a t i v e l y  high valuee for  the pi tching moment appear t o  be caused primerily by 
combination of boundary layer  and ground e f fec t s .  

see Refe. 64 (pp. 294-295) and 102 (pp. 3-48). 



Teble 10. Chronology of H e l i o s t a t  Wind Tunnel T e s t s  (Adapted from Ref. 62) 

FACILITY DATE CONTWCTOR SCALE COMMENTS 

Nov 1975 Martin Mar i e t t a  
EY-77-C-03-1110 

C su 
I n d u s t r i a l  

PDR Work 

PDR Work McDonnell Douglas 
EY-76-C-03-1108 

Douglas 

June 1977 Honeywell 
.EY-76-C-03-1109 

G IT 1/10 
9-f t 'subsonic 

Tes t  of SRE 
Model 

August 1977 

Jan  1978 

U of Washington 1/30 PDR Work 
. . 

PDR Work , 

Fence Study 
(Ref. 58) 

Honeywell 
EY-76-C-03-1109(14) 

GIT ' ,1130, 
9-f t Subsonic 

Fence Study . ' 

$50K (Ref. 59) 
J u l y  1978. 

Dec 1978 

MDAC 
EY-76-C-03-1108 (20) 

Sandia Livermore NASA F u l l  
40 x 80 f t  

MDAC Pro to type  
$12K (Ref. 61) 

Feb 1979 Martin Mar i e t t a  
DE-AC03-76ET20422 

CSU 1/60 Array Study 
Environmental $62K ( ~ e f  .. 60) 

Ongoing Texas Tech Texas Tech 1 122 Vortex Shedding 
EG-774-01-3974 M.E. Blower $3 1K 
Task V I I  

Proposed' McDonnell Douglas .. CSU 1/22 P r o f i l e  E f f e c t s  
Environmental $2 1K 
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' COMPLETE DAMAGE 

w w 

2 
8 .  . MINOR DAMAGE 
% 

D z 
5 

a, W!ND PRESSURE n WIND VELOCITY . 

1 

C 

REPAIR COST 
I N  DOLLARS 

b. OCCURRENCE PROBABILITY OF WIND VELOCITY 
AND REPAIR COST ESTIMATES 

Figu re  1. P r o b a b i l i t y  Scenar io  of Antenna Wind Damage 
( ~ d a ~ t e d  from Ref .  6 )  



MEAN WIND SPEED, mph 

0 20 40 80 100 120 
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Figu re  2. Typ ica l  P l ane t a ry  Boundary Layer f o r  Rough 
Sur f aces  (Based on Data i n  Ref.  9) 



Figure 3.  Velocity prof i l e  Related t o  Paraboloidal Antennas 
. .(From Ref. 13) 



20 40 60 

MEAN WIND SPEED, m/s  

Figure  4 .; Tes t  of t h e  Power-Law Veloc i ty  P r o f i l e  
. f o r  t h e  P l ane t a ry  Boundary Layer Model 

Shown in Figure  2 



GRADIENT VELOCITY, % 

F i g u r e  5.  ha& of V e l o c i t y  w i t h  He igh t  Over 
Leve l  Ground f o r  Three  D i f f e r e n t  Types 
of S u r f a c e  Roughness According t o  t h e  
Power Law (Adapted from Ref .  11) 



CURVE 4 --- EXPRESSION PROPOSED I N  REF. 17: - 

(1,'n) = 0.24 + 0.096 log Zo + 0.016 (log Zo) 2 

I L URBAN A, I 

SURFACE ROUGHNESS LENGTH Zo, m 

F i g u r e  6. Pcwer-Law Wind P r o f i l e  Paramete rs  f o r  S t r o n g  Winds Over S u r f a c e s  of 
D i f f e r e n t  Roughness (Based on Data i n  Ref. 9) 



Figure 7 .  Smoke Emission f r d  Three Heights of a Weather 
Tower During a Temperature Inversion, Note 
Differing Wind Directions (Adapted from Ref. 19) 



Figure 8 .  *pica1 Record of Horizontal wind Speed at Three 
Heights (Reproduced from Ref. 22) 

Figure 9. Coef'ficient of Drag for a Flat Plate in Fluctuating 
Flow (Reproduced from Ref. 22) 
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a. RATIO,, MAXIMUM 3-second GUST.PER HOUR 
TO MEAN WIND SPEED 
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b. POWER-LAW INDEX RELATED TO 
TERRAIN ROUGHNESS FACTOR 

Figure 10. Gust Rat ios  and Power-Law Index f o r  
Various Te r ra in  Categor ies  
(Adapted from R e f .  23). 
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Figure  11. Spectrum of I Ior izonta l  C u ~ t i n e s s  i n  High Winds 
(Adapted from Ref. 22) 

... . - ,  . 

,--- , -FRWJENCY HISTCK;RAM 
, -------MORMAL DISTRIBUTION 

-.-.- ,... 9,--- 

, ( I -0.06 m l i  I~NI. 
w. a 1.69 m / s  

bONGITUBIN4C , 

WIN D SPEED, m /s .. _ .  . 

Figure  12. Frequency D i s t r i b u t i o n  of Wind Components 
(Adapted f romRef .  19) , -  . 



WIND SPEED, mph 

Figure  13. Risk Model f o r  Extreme Winds 
a t  D ~ g g e t t  A i rpo r t ,  Located 
Near Barstow, C a l i f o r n i a  
(Frorr: Ref. 10) ' 

WIND SPEED, rnph 

*F IS THE PROBABILITY THAT THE ANNUAL EXTREME 
FASTEST MILE WILL BE LESS THAN A SELECTEDVALUE - 

1 

Figure  1.4. D i s t r i b u t i o n  of F a s t e s t  Mile speed 
' a t  30-ft  E leva t ion ,  E lk ins  Ai rpor t  
. .  (Approx. 40 m i l e s  from Sugar Grove 

Antenna in '  West Vi rg in i a )  
(Adapted from Ref. 37) 



RISK THAT THE BASIC DESIGN WIND SPiED WI-L BE EXEEDED, q.. 
r, 

F i g u r e  15. Mean Recurrence P e r i o d  f o r  D i f f e r e n t  S t r u c t u r e  L i f e t i m e s  



V E L O C I T Y  

7 
FORCE RESPONSE 

I 
O U S T  AERO AERO FORCE MEC HANICAL RESPONBE 

SPECTRUM A DM ITTANCE SPECTRUM ADMITTANCE 

L O G .  FRBOUENCY 

PROBABILITY DENSITIES 

F i g u r e  16. Elements of a S t a t i s t i c a l  Approach t o  Gust Loading 
(Reproduced from Ref .  22) 



p , ~ ? / 2  = 3YNAMIC PRESSURE 
SQUARE PLATE FACING NORMAL TO WIND 

l/n = iXPCNENT .IN POWEE-LAW VELOCITY PROFILE 

DIMENjIONLESS C-ROUND SPACING, b =g/L 

a. IMEGFATED 1 0  AVERAGE FORCE RATIO 

DIMENSIONLESS GROUND SPACING, b = S/L 

b. MAXIMUM TO AVERAGE FORCE RATIO 

Figure 17. Calculated Horizontal Force Ratios on a Square Plate 



(FLAT, OPEN COUNTRY) 

HEIGHT ABOVE GROUND, ft 

Figure 18. Recornended Design Wind Speed for  t h e  

Parabolic Dish T e s t  S i t e  a t  Edwards Air 

Force.Base, California 



REYNOLDS NUMBER: I 

\ 
\ 
\ 
\ 
\ 
\ 
'\ 

MINIMUM 

.DEPTH TO DIAMETER RATln, h / ~  

Figure 19.  Drag of Sheet Metal Caps Facing Directly Into Wind 
(Adapted from Ref. 16) 

Figure 20. Relationship Between h/D, $I, and f / ~  for Paraboloidal 
Ref l ec tors  



LIFT FORCE LIFT FORCE 

PITCH 

+ ELEVATION 
ANGLE , 

,.:- ! 

a. FRONT ELEVATION b. SIDE ELEVATION 

AXIAL FORCE YAW MOMENT 

+ + 
. ' 

AZIMUTH AI.IGLE 

i ,, 

LATERAL FORCE 
+ 

c.  PLAN 

- Figure 21. Stability-Axes System for Paraboloidal 
~ e f  i ec tors  (From Ref. 13) 



MEAN WIND SPEEDV, mph 

Figu;e '22. kat'io 'of Force-to-Force Coefficient 



MEAN WIND SPEED 8, mph 

Figure 23. Ratio of Moment-to-Moment Coefficient 



REYN3UZS NUMBER W E D  ON CHARACTERI5TIC DIMENSION) 

Re =Vd;v 

Figure 24. Drag Coefficient Versus Reynolds Nmber for Common Shapes 
(Based on Data in Ref. 16) 



CHARACTERISTIC 
D IMENSION d, rn 

M E A N  W I N D  SPEED v, rnph 

F i g u r e  25. Reynolds Number V a r i a t i u n  w i t h  Wind Speed and 
C h a r a c t e r i s t i c  Dimension . . . 



F i g u r e  26. C o n c e ~ t u . a l  Flow P a t t e r n s  A r - ~ u n d  a P a r a b o l o i d a l  
C o n c e r t r a t o r  a t  Zero Azimut-3 Angle 



AZIMUTH OR ELEVATION ANGLE FROM WIND, dag 
' 

0 LIFT FORCE COEFFICIENT vr ELEVATION ANGLE, AZIMUTH ANGLE = 0 deg 

SIDE FORCE COEFFICIENT vs AZIMUTH ANGLE, ELEVATION ANGLE = 0 deg 

F i g u r e  27.  Depar tu re  from Symmetry ( w i n d - ~ x e s  .System) Caused by 
Ground-Plane ~ n t e r f a c e  (Adapted from Ref.  5) 

F i g u r e  28. Exper imental  Flow F i e l d  Behind a C i r c u l a r  F l a t  P l a t e  
Normal t o  t h e  A i r s t r e a m  ( ~ e p r o d u c e d  from Ref. 68) 



I G A P  - D I A M E T E R  R A T I O ,  

Figure 29.  Theoretical Effect of Ground Plane on the 
Local Velocity Near a Paraboloidal 
Reflector (Reproduced from Ref. 68) 



OUTER 25% OF RADIUS HAS 25% POROSITY 
h/D = 0.149 Re (dio) = 2 x 106 

COEFFICIENT REFERENCED TO VELOCITY AT 
REFLECTOR CENTER HEIGHT 

AZIMUTH ANGLE FROM WIND, deg 

Figure  30. E f f e c t s  of Nonuniform Ve loc i t y  P r o f i l e  on 
E l eva t i on  Moment ( S t a b i l i t y  Axis System) 
(Adapted from Ref. 5) 
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ANGLE OF. ATTACK. a 

Figure  31. Drag C o e f f i c i e n t s  f o r  ,Sol id  Pa rabo lo ida l  R e f l e c t o r s  
(Adapted .from Ref.  68) 

AM8LE OF ATTACK,  O 

Figure  32 .  L i f t  C o e f f i c i e n t s  f o r  So l id  Pa rabo lo ida l  Ref l ec to r ' s  
(Adapted from Ref. 68) 



F i g u r e  33.  Yawing Moment ~ o e f f  i c i e n t s  f o r  S o l i d  R e f l e c t o r s  
-(Reproduced from Ref .  68) 

ANGLE OF A T T A C K .  a 

F i g u r e  3 4 .  Empir ica l  Aerodynamics C o e f f i c i e n t s  f o r  S o l i d  P a r a b o l o i d a l  
Reflectors, h / D  = 0.156 (Reproduced f r o m  Ref.  68) 



I I I 
ELEVATION ANGLE. dea 

30 60 90 120 I SO 180 

AZIMUTH ANGLE FROM WIND,deg 

Figure  35. E f f e c t  of Eleva t ion  Angle on Azimuth (Yawing) Moment of 
So l id  Pa rabo lo ida l  Ref l e c t o r s  (Adapted from Ref. 5)  

I I I I I I 

- -- 

ARROWS INDICATE EDGE-ON ANGLE T O  WIND 

I I I 
- 

- - 

60 90 120 

AZIMUTH ANGLE FROM WIND, deg 

Figure  36. E f f e c t  of Depth-to-Diameter Ra t io  on Azimuth Moment'of Sol id  
Pa rabo lo ida l  R e f l e c t o r s ,  Arrows Denote Angles a t  which Edge 
of Re f l ec to r  is P a r a l l e l  w i t h  t h e  Wind Di rec t ion  
(Adapted from Ref. 5) 



0 30 60 90 , 120. . 150 180 

AZIMUTH ANGLE FROM WIND, deg 

Figure 37. Effect of Rotation Center Posit ion on Azimuth Moment 
for Zero Elevation Angle (Adapted from Ref. 5) 

AZIMUTH PNGLE FROM WIND, deg , ' .  . ' .  

ELEVATION ANGLE = 0 deg 

25 % POROUS O N  OUTER 25 % RADIUS . . 

, I .  . 

Figure 38. Effect  of Reflector Surface Support Structure on 
Azimuth Moment (Adapted from Ref. 5) 



+ N O M A L  
FORCE 

LOOKING INIO COW% 
SlDE OF PARABOLA 

+AnlAL 
FORCE 

SlDE VIEW 

Dady-axis orientation 

ELEVATION ANGLE, dcg 

F i g u r e  39. C o e f f i c i e n t  Curves f o r  0-deg Azimuth (From Ref.  72) 



=WIND SPEED 
Ah = HELIOSTAT GROSS AREA 
Hh = SUPPORT HEIGHT 

. L = CHARACTERISTIC DIMENSION 

. .REYNOU)S NUMBER, Re = VZ/V 

. . 

.Figure 40. Wind Tunnel H e l i o s t a t  T e s t s - -  E f f e c t s  of Sca le  S i ze  
- (Based"-on Data i n  .Ref. 62) 



ma- NATURAL PITCH FREQUENCY 
Wh - NATURAL PLUNGE FREQUENCY 

r a c a u c t c s t  RATIO-.% 
Oh 

a. FLUTTER SPEED vr FREQUENCY RATIO ' 

' S )  

b. STRUCTURAL DAMPING FACTORS FOR BENDING 
AND PITCH MODES vr AIRSPEED 

Figure  41.  Example of T h e o r e t i c a l  F l u t t e r  Analys i s  f o r  
a  30-ft-dia Pa rabo lo ida l  Antenna, 
(Adapted from Ref. 83) 



WIND VELOCITY 282 ft/s 
MODEL PITCH (ELEVATION) ANGLE = 0 deg 
MODEL YAW (AZIMUTH) ANGLE = 90 deg 
CONFIGURATION 501 
OSCILLOGRAPH TRACE 12944 

b. ROLL MOMENT 

c. PITCH MOMENT 
1 

I . -  . . r V  1 I 
0 0.5 1 .O 

TIME SCALE, s 

Figure 42. Wind-Induced Vib ra t ions  of an Antenna Mo,del: 
Samples of Time-Dependent Moment Amplitudes 
(From Ref. 92) 



WIND VELOCITY 282 ft/s 
MODEL PITCH (ELEV4TION) ANGLE = 0 de9 

SYM. CONFIG ... PARt.BOIA DEPTH, in. WEIGHT ,Ib - 
0 301 3.4- 11.3 

501 . 2.7 l0.9 

CYMBOLS REPRESENT MAXIMUM 
PEA K-TO-PEA K 
OSCIL'ATORY AMPLITLIDE. 

DASHED LINE REPRESENTS 
ONE-HAL F OF TIME- 
AVERAGE M O M E M  . 

'dAW (AZI.MUTH) ANGLE. deg 

Figure 4 3 .  Ccmparison of Oscillatory to Steady Pitch Poment Amplitude (Adapted from Ref. 92) 
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Figure 44.  Theoretical Displacement of Ray Intercepts :and Focal 
Points Due to Structural Deformation, ~ a r a s p l o i d a l  
Concentrator Under Gravity and Wind Loads Facing the 
Horizon (From Ref. 93) 
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Figure .45. .Effect of .Wind..Speed on Thermal Performance of 
Acurex ~oncentrator/Receiver Design 
(From Ref. 95)' 
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Figure 46. Contribution of Gravity and Wind ~ b a d s  to 
Calculated.Surface Slope Error for a Second-, 
Generation Heliostat Design 

, . (Based on Data in Ref. 65) 



FORCE I LIFT 
Y 

AXIAL FORCE AND 
WIND DIRECTION 
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PITCHING 
MOMENT 

FORCE A N D  MOMENT 
DIRECTIONS 

Figure  47. D e f i n i t i o n  of ~ e o m e t r ~  and Coordinates  Used i n  
Table  9 (From Ref.  6 6 )  

C a HELIOSTATS 
8 TROUGHS 

VELOCIN u, m/s (mph) 

THESE'LEVELS ARE SHOWN FOR COMPARATIVE PURPOSES O N L Y  A N D  SHOULD N O T  BE REACHED 
I N  PRACTICE. I N  THE STOWED CONFIGURATION THE LOAD NORMAL TO THE COLLECTOR 
SURFACE SHOULD BE MUCH LOWER. 

Figure  48. Maximum Drag Per  Unit  Area, qCD, v s  Wind Speed 
Showing Typica l  C o l l e c t o r  Design C r i t e r i a  (Drag 
~ o e f  f i c i e n t s )  from Table 9 (From Ref. 6 6 )  



I QUADRPOD LEG 

I 
CROSS-SECTION 

SECTION A-A 
(NOT TO SCALE) 

Figure  49.  Omnium-$3 Module, Quadr ipod b e g  Cross-Sect ion D e t a i l  



CONCENTRATOR ELEVATION ANGLE, deg 

45 90 1 35 

FREE CONVECTION, 

1 35 90 45 

RECEIVER ANGLE OF ATTACK, dog 

Figu re  50. R e l a t i v e  Convective Heat T rans f e r  Losses  
Conjectured f o r  Cavi ty  Thermal Rece ivers  



o =VELOCITY OF SOUND 
P'= EFFECTIVE NECK LENGTH 

= P+ 0.75 d 
S = NECK CROSS-SECTIONAL AREA 

= nd2/4 
V = CAVITY VOLUME 

" Figure 51. Theoretical Fundamental Frequency of 
Short-Neck Cavity Helmholtz Resonators 
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F i g u r e  52. P o r t i o n  of  a T y p i c a l  Rec tangu la r  Array w i t h  Dishes  Fac ing  West a t  a n  E l e v a t i o n  Angle of 
45 deg. Varying Wake and Mutual I n t e r a c t i v e  E f f e c t s  Depend on Mean Wind Speed and 
D i r e c t  i o n  (Labeled Arrows) 



Figure  53.- ~ a n d l ~ o w e r  Ra t io  v s  System Conversion E f f i c i e n c y  
f o r  Various Packing F a c t o r s  
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Figure 54. Streamline Patterns for Flow 0ver.Solid 
and Permeable Wind Breaks 
(Adapted from Ref. 130) 
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F i g u r e  55.  C e n t r a l  Tower H e l i o s t a t  F i e l d ' A r r a y  Showing 
Zones S e l e c t e d  f o r  Model Wind Tunnel T e s t i n g  
(From Ref. 60) 
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Figure 56 .  Wind Tunnel Results for Model Xeliostat  Array. Base 
Bending Moments (Averaged) v s  Distance into  the 
Fie ld ,  With and Without Perimeter Fences (Wind Breaks) 
(From Ref. 60) 
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F i g u r e  57 .  V a r i a t i o n  of Wake O s c i l l a t i o n  Frequency w i t h  Wind 
Speed and P l a t e  Dimension f o r  a Square  P l a t e  
F a c i n g  D i r e c t l y  i n t o  a Uniform A i r s t r e a m  
(Based on Data i n  Ref .  134) 
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Figure 58. Georgia Ins t i tu te  of Technology Single Return, Subsonic 
Wind Tunnel, Used for Honeywell Heliostat  Array Tests 
(From Ref. 58) 
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Figure 59. Meteorological Wind Tunnel (Completed in 1963), Fluid Dynamics and 
Diffusion Laboratory, Colorado State University (Ada?ted from Ref. 59) 
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Figure 60. Environmental Wind Tunnel, Colorado Statq.University (From Ref. 60) ' 
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F i g u r e  61. U n i v e r s i t y  of  I l l i n o i s  Cryogenic  Wind Tunnel f o r  Heat 
T r a n s f e r  Exper iments  a t  High Reynolds and Grashof 
Numbers (From Ref.  104)  
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APPENDIX A 

WIND DATA FOR EDWARDS AIR FORCE BASE AMD OTHER SOUTHERN CALIFORNIA SITES 

Air Weather Service data f o r  Edwards Air Force Base (EAFB) fo r  the  years 
, 1961 through 1972 has been examined (Ref. 4'5) and some r e su l t s  a re  presented i n  

Figure A-1. Measurements were made a t  13 f t  above ground. Figure A-la shows 
tha t  the  mean wind speed is most l i ke ly  t o  achieve maximum values i n  l a t e  
af ternoon (about 4 pm) during the  l a t e  Spring months. This is  evident again i n  
Figure A-lb, which shows tha t  winds i n  the  17-to 21-knot range tend t o  occur 
i n  l a t e  afternoon. A gust record is shown i n  Figure A-lc, which'hndicates a 
peak gust of 56 knots (64.5 mph) out of the  NNE during the  year 1971. As 
mentioned i n  t h e  t e x t ,  peak gusts should not be used f o r  basic  wind speed, o r  
design speed. Figure A-ld shows operation time a s  function of design speed. 
( I t  was unclear t o  t h i s  author whether "operation'time" referred t o  24-hour 
periods or t o  sunny, daylight hours only.) A system would be operational 
about 90% of the  time f o r  design speeds between 10.8 knots and 15.4 knots 
(12.4 eo.17.7 mph). Figure A-ld is comparable i n  magnitudes and shape with 
the  SOWT correla t ions  of insolat ion and wind.speed (Ref. 28). For a l l  26 
S O W T  st .at ions surveyed, 97% of the  avai lable  d i r ec t  insolat ion occurred a t  
wind speeds of 34 mph or l e s s  (approx. 29 knots). Figure A-ld ind4cates be t t e r  
than 99X.operation f o r  t h i s  wind speed. 

The data .for EAFB showh i n  Figure A-2 (from Ref. 60) is  presented dif-  
f e r en t ly  but,  i n  general, tends t o  corroborate the  previous data. Note t ha t  
t he  percent of t i m e  of a l l  wind ve loc i t i es ,  i n  various months, is dominated by 
winds from the  SSW t o  SW (Figure A-2d); however, peak gusts tend t o  come from 
the  EJME (Figure A-lc). The EAFB data of Fi.gure A-2 r e f e r s  a l s o  t o  measure- 
ments a t  13 f t  above ground and could be the  same data examined i n  Ref. 45; 
however, t h i s  is by no means cer ta in .  
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APPENDIX B 

BASIC WIND SPEEDS FOR THE UNITED STATES 

Airport wind measurements observed over many years have been analyzed t o  
determine basic wind speed (design speeds) derived from the  annual extreme 
fastest-mlle speed. I n  general, a 117 power-law velocity p ro f i l e  is appropriate 
f o r  a i rpor t s  which, usually, are located i n  f l a t ,  open country ( ~ i g u r e  5, of 
text) .  Some re su l t s  (reproduced from Ref. 40) are shown i n  Figures B-1, B-2, 
and B-3 f o r  mean recurrence periods of 100, 50, and 25 years, respectively. 
A l l  data have been standardized t o  a reference height above ground of 30 f t .  
Reading these figures,  it may be determined that the  basic  wind speeds f o r  
Edwards Air Force Base, California, are approximately 70, 65, and 50 mph fo r  
R values of 100, 50, and 25 years, respectively. 



Figure B-1. Annual Extreme Fastest M l l e  Speed 30 F e e t  Above Ground, 100-Year Mean 
Recurrence I n t e r v a l  (Adapted from R e f .  40) 



Figure B-2. Annual Extreme Fastest Mile Speed 30 Feet Above Ground, 50-Year Mean 
Recurrence Interval (Adapted from Ref. 40) 



Figure B-3. Annual Extreme Fastest Mile Speed 30 Feet Above Ground, 25-Year Mean 
Recurrence Interval (Adapted from Ref. 40) 



APPENDIX C 

APPROXIMATE WIND FORCE RATIOS FOR A SQUARE PLATE 

Wind fo rces  are proport ional  t o  t h e  dynamic pressure pv2/2 where P is 
a i r  densi ty  and V is time-averaged wind speed. Consider a square p l a t e  with 
bas ic  dimension L mounted v e r t i c a l l y ,  with a va r iab le  ground spacing which is 
a f r a c t i o n  b of the  bas ic  dimension, i.e., g = bL. The center  o f ' t h e  p l a t e  i s  
located at  a height  g + L/2 above ground. As'sumihg, f i r  a moinent, t h a t  t h e  
fo rce  coef f i c ien t  is  un i ty ,  t h e  in tegra ted  wind force.18:  

. . 

Force = l ( o V 2 / 2 )  dA" 

where t h e  d i f f e r e n t i a l  a rea  dA is Ldz.   or a power-law wind ve loc i ty  p r o f i l e  
V = Bz1In, where B = constant ,  , 

Force = (oLB2/2) 

(C-1) 

Force = Q L'2 [ ( b ~  + L ) ( * ~ ) / ~  - ( ~ L ) ( * ~ ) I ~ ]  
v j  

A t  t h e  cen te r l ine  V Vo, at  z g + L/2, SO t h a t  t h e  fo rce  corresponding 
t o  Vo is: 

For ceCL = ( pvo2 / 2 ) L ~  

ForceCL a ( P B ~ L ~ / ~ ) ( ~ ~ )  2/n (c-2 1 

ForcecL = (PB2L2/2)(bL + 1 1 2 ) ~ ~ ~  

The r a t i o  of Equation (C-1) t o   quat ti on' (C-2) is 

n Ratio = 
(n .+  2) 

(1/2 + b) 

which is  p lo t t ed  i n  Figure 17a .of t h e  t e x t .  

I f  t h e  t o t a l  fo rce  f s  based on V,, which occurs at t h e  top  of the  p l a t e  
where z - g + L, t h e  fo rce  is: 



and the ratio of Equation (C-4) to  Equation (C-2) is: 

Ratio = [ ( l  + b ) / ( l / 2  + b)] 2'n 

which is  plotted i n  Figure 17b of the text .  



APPENDIX D 

SELECTED W I N D  TUNNEL RESULTS OF THE MODEL 
GOLDSTONE RADIO ANTENNA 

Extensive wind tunnel  r e s u l t s  f o r  a  model of the  210-ft-dia Goldstone 
rad io  antenna a r e  given i n  Ref. 13. In  add i t ion  t o  inves t iga t ion  of the  b a s i c  
configurat ion,  e f f e c t s  were measured fo r :  (1) a l idade  cont r ibut ions ,  
(2)  changes i n  ref l e c t o r  support s t r u c t u r e ,  ( 3 )  changes i n  base con£ igura t  ion ,  
( 4 )  boundary-layer ve loc i ty  p r o f i l e ,  and (5) a x i a l  loads on quadripod legs .  
Most of t h e  da ta  were taken using t h e  normal wind tunnel  boundary layer  ( t h i n  
compared t o  t h e  r e f l e c t o r  diameter);  some da ta  weretaken using an approximate 
117 power ve loc i ty  p r o f i l e .  Only r e s u l t s  f o r  t h e  b a s i c  configurat ion a r e  
presented here. 

Model Descript ion 

Size:  18-in.-dia d i sh  (paraboloidal)  
Scale f a c t o r :  11140 
h/D = 0.149, £ I D  = 0.420 
Outer 25% of d i s h  radius  had 25% poros i ty  . 

Dish cen te r l ine :  located 0.535 d i a  above tunnel  f l o o r  
Moment center:  located 0.142 d i a  a f t  of r e f l e c t o r  ver tex  

A i r  (wind) Conditions 

Wind speed: 242 mph = 355 f  t / s e c  
Dish Reynolds number: 3.4 x 106 
Boundary layer:  normal wind tunnel ,  and 117 power-law p r o f i l e  

Data Reduction 

S tab i l i ty -ax i s  system (Figure 21) 
Dynamic pressure: a t  d i sh  c e n t e r l i n e  
Corrected for .wind tunnel  blockage 

Results  f o r  t h e  th ree  fo rce  c o e f f i c i e n t s  and t h e  th ree  moment c o e f f i c i e n t s  
a r e  shown i n  Figures D-1 through D-6, f o r  t h e  bas ic  configurat ion.  Peak values 
f o r  t h e  a x i a l  and l a t e r a l  fo rce  c o e f f i c i e n t s ,  and the  yaw ( p i t c h )  moment 
coe f f i c i en t  occurred a t  5-deg e leva t ion  angle  (probably 0 deg, ac tua l ly ) .  Peak 
coef f i c i en t  values occurred a t  e l eva t ion  angles of 50 deg, 60 deg, and 75 deg 
f o r  l i f t ,  pitch-moment, and roll-moment, respect ive ly .  Note t h a t ,  with exception 
of the  l a t e r a l  fo rce  coe f f i c i en t  , a l l  c o e f f i c i e n t s  exhibi ted  both p o s i t i v e  and 
negative values. 
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Figure D-1. Effec t .o f  Antenna Attitude on Lift-Force Coefficient . . 
(From Ref. 13) 4 



Figure  D-2. E f f e c t  of Antenna A t t i t u d e  on Axial-Force C o e f f i c i e n t  
(From Ref. 13) 
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F i g u r e  D-3. E f f e c t  of Antenna A t t i t u d e  on L a t e r a l - F o r c e  C o e f f i c i e n t  
(From Ref .  13) 
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Figu re  0-4. Effect of Antenna A t t i t u d e  on Yaw-Moment C o e f f i c i e n t  
(From Ref. 13) 
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Figure D-5. Effect  of Antenna Attitude onpitch-Moment Coefficient 
(From Ref. 13) 
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WIND TUNNEL RESULTS OF A FULL-SCALE HELIOSTAT 

Some fo rce  and moment coe f f i c i en t  da ta  a r e  a v a i l a b l e  f o r  a  s i n g l e ,  f u l l -  
s c a l e  h e l i o s t a t  t h a t  was t e s t e d  i n  t h e  l a r g e  NASA Ames wind tunnel  ( ~ e f .  61). 
The prototype McDonnell Douglas/DOE f l a t - p l a t e  h e l i o s t a t  has a  wind s p e c i f i c a t i o n  
of 50 mph maximum opera t ional  ve loc i ty  ( including gus t s )  and a maximum s u r v i v a l  
ve loc i ty  of 90 mph ( including gus t s ) , ,  both referenced t o  a  30-ft height  above 
ground; compare these  values with Figure 18. 

The f o r c e  and moment d a t a  were taken a t  t h e  base (see  Figure E-1, whikh 
shows the  coordinate system). The angle of a t t a c k  a is  t h e  e l eva t ion  angle and 
B is t h e  azimuth angle; t h e  h e l i o s t a t  is normal t o  t h e  wind when a = 90 deg. 
Test  Reynolds number was about 6.5 x 106. L i f t  and drag c o e f f i c i e n t  da ta  a r e  
shown i n  Figures E-2 and E-3, respectively.  Reference t o  ca lcu la t ions  based 
on da ta  from t h e  American Society of C i v i l  Engineers (Ref. 101) is  denoted by 
"ASCE Data," where X denotes t h e  aspect  r a t i o  of a  rectangular  p la t e .  Pos i t ive  
and negative s t a l l  occur when t h e  .angle of a t t a c k  is about 30 deg and 150 deg, 
respect ive ly .  As the  angle of a t t a c k  approaches 90 deg (zero  l i f t )  , it  is 
seen i n  Figure E-3 t h a t  t h e  mirror drag i s  bes t  represented by two f l a t  p l a t e s  
with aspect  r a t i o  of X = 3. (See Figure E-1 .) 

Base moment c o e f f i c i e n t s  a r e  shown f o r  two azimuth angles i n  Figures E-4 
and E-5. With t h e  mirror s i d e  t o  t h e  flow (Figure E-4), i t  is seen t h a t  the  
pitch-moment is  c lose ly  approxiinated by f l a t - p l a t e  data.  Departures a r e  seen, 
however, when t h e  s t r u c t u r a l  s i d e  is  toward t h e  wind (Figure E-5),and more 
turbulence is  generated i n  Che range of a from 25 deg t o  45 deg where the  maxi- 
mum l i f t  is generated. 
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(From R e f .  61) 



APPENDIX F 

ANALYTICAL RESULTS FOR A SECOND-GENERATION HELIOSTAT 

Work on second-generation h e l i o s t a t s  performed f o r  DOE by Northrup, Xnc., 
is  reported i n  Ref. 65. This l a t e r  design is  d i f f e r e n t  than shown i n  Figure E-1 
(Appendix E); it is not designed t o  stow fac ing downward and the re fo re  does not 
have t h e  v e r t i c a l  gap seen i n  Figure E-1. The angle of a t t a c k  used i n  Ref. 65 
i s  equivalent  t o  90 deg minus the  angle of a t t a c k  used i n  Ref. 61. I n  t h i s  
Appendix, t h e  same manner of p l o t t i n g  da ta  is  used a s  was employed i n  Appendix E. 
Reference 65 repor t s  wind load ca lcu la t ions  based on t h e  ASCE methods 
of Ref. 101; these  methods a l s o  were used i n  Ref. 61 ( see  Figures E-2 through 
E-5). 

Analyt ica l  wind fo rce  c o e f f i c i e n t s  (Ref. 65) a r e  shown i n  Figure F-1. 
The pressure coe f f i c i en t  and the  maximum base moment c o e f f i c i e n t  a r e  shown i n  
Figure F-2. The maximum base'moment, i n  t h i s  case,  occurs with a rearward 
wind, i.e., t h e  s t r u c t u r e  s i d e  of t h e  h e l i o s t a t  f aces  the  wind, which i s  com- 
parable t o  Figure E-5. The agreement of t h e  da ta  shown i n  Figure F-1 with the  
da ta  of, Figures E-2 and E-3 is  reasonably good. The same i s  t r u e  of the  da ta  
f o r  moment c o e f f i c i e n t ,  Figure F-2 and Figure E-5. 



ANGLE OF ATTACK, deg 

F i g u r e  F-1. L i f t  and Drag v s  Angle of A t t a c k  
(Based on Data i n  Ref.  65) 

ANGLE OF ATTACK, deg 

F i g u r e  I?-2. Maximum Base Moment and P r e s s u r e  
vs Angle o f  A t t a c k  
(Based on Data i n  Ref.  65' 




