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ABSTRACT 

T h i s  r e p o r t  desc r ibes  a  t h e o r e t i c a l  s t udy  o f  t h e  aerodynamic f o r ces  r e s u l t i n g  

from winds a c t i n g  on f l a t  p l a t e  p h o t o v o l t a i c  a r r a y s .  Local  p ressure  d i s t r i -  

b u t i o n s  and t o t a l  aerodynamic fo rces  on t h e  a r rays  a re  shown.' Design l'oads 

a r e  presented t o  cover  t he  c o n d i t i o n s  o f  a r r a y  angles r e l a t i v e  t o  t h e  ground 

f rom 20" t o  60°, v a r i a b l e  a r r a y g  spacings, a  ground c learance  gap up t o  

1.2 m ( 4  f t )  and a r r a y  s l a n t  he igh t s  o f  2.4 m ( 8  f t )  and 4.8 m (16 f t ) .  , 

Several  means o f  a1 l e v i a t i n g  t h e  wind loa-ds on t h e  .arrays a re  d e t a i l e d .  . The 

expected r e d u c t i o n  o f . t h e  s teady  s t a t e  wind v e l o c i t y  w i t h  t h e  use o f  fences 

as a  l o a d  a l l e v i a t i o n  dev i ce  a r e  i n d i c a t e d  t o  be i n  excess o f  a  f a c t o r  o f  

t h r e e  f o r  some c o n d i t i o n s :  ~ h ' i s  y i e l d s  s t eady  s t a t e  w ind  l o a d  reduc t i ons  

as much as a f a c t o r  o f  t e n  conpared..to. t h e  l o a d  i n c u r r e d  i f  no fence' i s  used 

t o  p r o t e c t  t h e  ar ' rays.  Th i s  ste.ady s t a t e  wind l o a d  r e d u c t i o n  i s  o f f s e t  by 
. . C 

t h e  inc rease  ' i n  t ~ ~ r b u l e n c e  due t o  t h e  fence bu t  s t i l l  an o v e r a l l  l o a d  

r e d u c t i o n  bf 2.5 can be r e a l i z e d .  Other l o a d  a l l e v i a t i o n  dev ices suggested 

a re  t h e  i n s t a l l a t i o n  o f  a i r  gaps i n  t h e  a r rays ,  b l o c k i n g  t h e  f l o w  under t h e  

a r rays  and round ing  t h e  edges o f  t he  a r r a y .  

. < 

I n c l uded  i s  an oitl i n e  o f  a ' i i  nd tunne l  ' t e s t  p l a n  t o  supplement t h e  

t h e o r e t i c a l  s tudy  and t o  eva l  ua te  , t he  l o a d  a1 1 e v i a t i o n  dev ices.  
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Th is  r e p o r t  descr ibes a  t h e o r e t i c a l  s tudy  o f  t h e  aerodynamic f o r ces  r e s u l t i n g  

from winds a c t i n g  an f l a t  p l a t e  photovol  t a i c  a r rays .  Local  p ressure  d i s t r i  bu- 

t i o n s  and t h e  t o t a l  aerodynamic forces on t h e  a r rays  a r e  shown. Recommended 

aerodynamic des ign loads a r e  presented f o r  use i n  des ign ing  t h e  p h o t o v o l t a i c  

a r r a y  l o c a l  s t r u c t u r e  as w e l l  as t h e  o v e r a l l  suppor t  s t r u c t u r e .  Design wind 

loads were c a l c u l a t e d  t o  cover  t h e  c o n d i t i o n s  o f  t h e  a r r a y  t i l t  angles o f  

f rom 20" t o  60°, a  ground c learance  gap up t o  1.2 m ( 4  f t ) ,  va r i ous  a r r a y  

spacings, a r r a y  s l a n t  h e i g h t  o f  2 .4 :m (8  ft) and 4.8 m (16 ft), and w i t h  and 

w i t h o u t  t h e  b e n e f i t  o f  p r o t e c t i v e  wind b a r r i e r s .  Two, w ind  environments were 

considered; a  u n i f o r m  v e l o c i t y  and a  1/7 power law p r o f i l e  re fe renced  t o  40 

meters/sec (90 mph) a t  10'.m (32.8 f t ) .  

For  f l a t  p l a t e s  p o s i t i o n e d  a t  t i l t  angles g r e a t e r  than  15", t h e  a i r  f l o w  

detaches from t h e  p l a t e  and separated f l o w  a n a l y s i s  theor ie 's  must be used t o  

analyze t he  aerodynamic fo rces  on t h e  f l a t  p l a t e s .  Using a  p r o t o t y p e  separated 

f l o w  a n a l y s i s  program developed by t h e  Boeing Commercial A i r p l a n e  Company, t h e  

aerodynamic fo rces  were c a l  c u l  a t e d  f o r '  a r rays  p o s i t i o n e d  a t  severa l  t i 1  t angles 

between 20" and 90" w i t h  t he  wind d i r e c t i o n  from bo th  t h e  f r o n t  and r e a r .  From 

t h e  r e s u l t s ,  i t  was determined t h a t  t h e  aerodynamic loads  on t h e  a r rays  i nc rease  

w i t h  i n c r e a s i n g  t i l t  angle and decreas ing ground c1,earance. It was a l s o  es t ima ted  

t h a t  ,a r e d u c t i o n  o f  'Gi'nd fo rces  o f  as much as 60% can be a t t a i n e d  by spac ing 

t h e  a r rays  such t h a t  t h e  downstream a r rays  a re  i n  t h e  wake o f  upstream a r r a y s .  

F igure  1-1 summarizes t h e  aerodynamic l o a d  s e n s i t i v i t y  o f  a r rays  f o r  key a r r a y  

parameters. 

Because t he  angle between the  sun and' t he  h o r i z o n  va r i es ,  depending on t ime  of 

yea r  and geographic l o c a t i o n ,  t h e  t i 1  t angle of  f i x e d  a r rays  w i l l  v a r y  depending 

on t h e i r  l o c a t i o n .  Expected wind aerodynamic f o r ces  on t he  a r r a y s  i n  c l o s e  

ground p rox im i  ty were c a l  cul 'a t e d  u s i  ng t he  normal f o r c e  c o e f f i c i e n t s  determi  ned 

by the  separated f l o w  a n a l y s i s  program and t he  des ign  wind dynamic p ressure  on t i l e  i 
a r r ays .  (The geometr ic p o s i t i o n  of  t h e  a r rays  w i t h  r espec t  t o  t h e  ground were con- 

s i de red  when ca1,cu la t ing t he  wind dynamic p ressure) .  These fo rces ,  shown i n  

F igu re  1-2, a r e  recommended f o r  use i n  des ign ing  t h e  a r rays  f o r  s teady s t a t e  wind 

loads  w i t h o u t  t h e  b e n e f i t  o f  p r o t e c t i v e  fences. 
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P r o t e c t i v e  fences can e f f e c t  a  considerable decrease i n  the  wind v e l o c i t y  

behind the  fence compared t o  the  wind v e l o c i t y  windward o f  the  fence. The 

amount of reduc t i on  i s  dependent upon several parameters, p a r t i c u l a r l y  the fence 

p o r o s i t y  and the d is tance behind the  fence. I n  general, the  l a r g e s t  decrease i n  wind 

v e l o c i t y  i s  loca ted  c lose  behind the  fence. The wind v e l o c i t y  ten,ds . , t o  

increase w i t h  increas ing  d is tance t o  the  freestream v e l o c i t y  a t  a  d is tance 

behind the  fence o f  from 13 t o  17 times the  fence he igh t .  Isotachs ( l i n e s  o f  

constant  v e l o c i t y )  behind fou r  d i  f f e r e n t  p o r o s i t y  fences are presented. These 

isotachs can be used t o  est imate the  aerodynamic forces t h a t  pho tovo l ta i c  

a r rays  may i n c u r  when pos i t i oned  a t  var ious 1ocat ions.behind a  fence. 

Several o t h e r  techniques were suggested as poss ib le  means t o  reduce the  wind 

1  oads . Inco rpo ra t i ng  porosi  ty i n t o  the ar rays  a t  the perimeters o f  the  s o l a r  

panels may reduce the .  wind forces on the  arrays and may a l so  tend t o  c lean 

the  ar rays  by . i n t roduc ing  s w i r l i n g  motions t o  the  wind.. Other techniques . 

t h a t  may reduce wind loads a re  b lock ing  the  f low o f  a i r  under the  arrays and 

rounding t h e  edges o f  t he  arrays.  

These wind load reduc t i on  techniques w i l l  be appraised i n  a  recommended wind 

tunnel  t e s t .  I n  add i t i on ,  t h e  recommended wind tunnel  t e s t  w i l l  a l so  deter-  

mine whether t he  est imated 60% reduct ion  i n  wind loads on the arrays can be 

a t t a i n e d  when ar rays  a re  spaced such t h a t  a r rays  are  i n  the  wind wake o f  o t h e r  

ar rays  . 



' 2.0 INTRODUCTION 

Th is  r e p o r t  describes a theo re t i ca l  ana lys is  of the  aerodynamic- load ing on 

long f l a t  p l a t e  photovo l ta ic  arrays r e s u l t i n g  from exposure t o  the  wind 

envi ronme,nt.. The study 'was performed under con t rac t  number 954833 t o  the  

J e t  Propulsion Laboratory a s  p a r t . o f  t h e  Engineering Area analyses f o r  t h e  

LOW-cost ~ o l a r ~ r r a y  (LSA) Project .  This p r o j e c t  i s  being managed by JPL 

f o r  the Department o f  Energy, D i v i s i o n  of Solar .Technology. 

2.1 Study Object ives ' 

The Department o f  Energy (DOE) photovol t a i c  progra<'lu has t h e  o v e r a l l  objec- 
t i v e  t o  ensure t h a t  photovol t a i c  conversion systems w i l l  con t r i bu te  s i g n i -  

f i c a n t l y  (50 GWe) t o  the  na t ion ' s  energy supply by the  year 2000. The DOE 

has establ ished s p e c i f i c  p r i c e  goals which are  deemed necessary t o  achieve . 

the desi red indust ry  growth and market penetrat ion. ~ h e s e  goals, i .e., 

producing energy a t  50-80 m i l  ls/KW-h by 1986 (expressed i n  constant 1975 

do l l a rs ) ,  'a re  recognized as very chal lenging, s ince t o  meet them i n d u s t r y  
\ 

must reduce a l l  aspects o f  costs r e l a t e d  t o  the  const ruc t ion  and maintenance 

o f  t h e  arrays. 
. . 

One such area.where some r e d u c t i o n . o f  costs may. be a t ta ined  i s  i n  t h e  

s t r u c t u r a l  costs o f  the  photovol t a i c  panels, panel and array support s t r u c -  

t u r e  and foundations, o f  a photovol t a i c  power s t a t i o n .  Any reduct ion  i n  the  

wind design loads w i l l  r e s u l t  i n  some reduct ion  i n  s t r u c t u r a l  costs: 

Previous s tud ies  have shown t h a t  t he  design wind loads on the.  pho tovo l ta i c  

arrays can s i g n i f i c a n t l y  a f f e c t  s t r u c t u r e  costs. A design ,study o f  f l a t  

p l a t e  ar ray  sup,port s t ruc tu re3  shbwed t h a t  t he  arrays ( s t r u c t u r a l  frane- 

work and foundation) costs were o f  t he  same order o f  magnitude as t h e  . 

photovo l ta ic  module costs. Furthermore, the  ar ray  costs were s t r o n g l y  

.dependent on , the assumed wind loading, f o r  loads i n  the  range o f  35 t o  75 
2 

psf .  Another conceptual design study evaluated a photovol t a i c  a r ray  design. 

us ing t ransparent  i n f l a t e d  enclosures t o  p r o t e c t  t he  modules from wind loads.  ' 

The load ing  on the  enclosures f o r  t h i s  study were based on l i m i t e d  data 

a v a i l a b l e  i n  the  l i t e r a t u r e ,  wind tunnel  t e s t  r e s u l t s ,  and/or ana lys i s .  

Pred ic ted wind loadings on t h e  enclosures were near the  low end of t h e  range 

compared t o  those used i n  Reference 3, and showed s i g n i f i c a n t  cos t  sav ings .  

compared t o  conventional arrays w i t h  s i m i l a r  wind 1.oading c r i  t e r i , a .  



r .  

This repor t  evaluates the aerodynamic loading on very high aspect r a t i o  (span! 

chord length  i s  very large)  f l a t  p la te  photovol ta ic arrays located on .or  i n  

close proximity t o  the 'ground, i n  close proximity t o  each 'other, and e'xposed 

t o  tt ie wind environment. The 'ob~ec t i ve  o f  the study was t o  determine wind 

1 oading ' c r i t e r i a  for  f l a t  p l a te  photovol t a i c  arrays w i . t l i  various;conf i gura- 

t i o n s  i n  r e l a t i on  t o  chord lengths, ar iay  spacings, he igh t  :of the arrays from 

the ground, wind di rect ions,  and array angles o f  attack. , A f u r t he r  ob ject ive  

was t o  determine means of reducing the aemdynamic loads on the arrays by using 

protect ive  fences, bui 1 ding porosi ty,  in30 . the arrays, o r  any .other techniques . . 
considered feasible as a 1 pad reducing method. . 

2.2 study Ground Rules 

The basic approach t o  t h i s  study was t o  .use ex is t ing  s ta te  of the a r t  theo- 

r e t i c a l  aerodynamic techniques t o  p red ic t  the aerodynamic 1 oads and t o  inves- 

t i g a t e  means o f  reducing the loads on f l a t  p l a te  arrays. Ex is t ing  published 

experimental resu l t s  would be used (when possible) t o  va l idate  the resu l t s  and 

t o  p red ic t  aerodynamic f low.pat terns and loads f o r  condit ions t ha t  cannot be 

s a t i s f a c t o r i l y  solved by ex i s t i ng  theories. 

2 ..3 Study Requirements 

" .  6 .  

  he requi  rements o f  t h i s  study involves ana lys is  and t e s t  'pl arming w i t h i n  

five' speci f ic  areas. They are: 

, i )  W indp ro f i l es  

ii) Mind Loads on F l a t  Plates 

i i i ) Key Mind Loads Parameters and Parameter S e n s i t i v i t y  

' i v )  ioad Reduction Techniques 
' , 

I v )  Test Program Planning 

Non-dimensional wind p r o f i l e s  were to ,  be developed i n  the v i c i n i t y  o f  f l a t -  

p l a te  array f i e l d s  w i t h  and wi thout  p ro tec t i ve  wind bar r ie rs ,  u t i l i z i n g  

ex is t i :ng theore t i ca l  techniques and data published i n  the H t e r a t u r e .  The 

aerodynamic pressure 1 oadi n.g and r e s u l t i n g  s t r uc tu ra l  support forces are 

s t rong ly  dependent on these wind p r o f i l e s .  ,The aerodynamic pressures and 

forces resu l t i ng  from the wind environment was t o  be determined f o r  spec i f i c  



free stream wind profiles , wind angles , array heights, spacings ,, and t i 1  t 
angles and protective barriers.  Figures 2.1 and 2.2  summarize these 

array configurations and working environment. Key parameter and the' 

parameter sens i  t iu i  t i e s  a f f ec t ing  the aerodynamic loads and means of 
. . 

reducing the aerodynami c loads were, to  be  determined from the analysis . 
A t e s t  program was then t o  be planned that  would verify and augment the 
analytical resu l t s .  The following i s  a detailed summary of the statement 
of work. 

Analytically develop non-dimensional wind profiles i'n the vicinity 
of,  and within f la t -plate  array f ie lds  ut i l iz ing existing data found 
in the 1 i terature. The wind profiles developed i n  this study were 

, 

to be normalized to  the reference profile, a 1'17th power wind velo- 
c i ty  profile associated'with open terrain having a 40 meterlsecond 
wind veiocity a t  an  elevation of 10 meters w i t h  sea level standard 
atmospheric conditions. The fol iowing represent areas for  eval ua- 

i ) Identify possible natural terrain features that  would produce 
a more severe profile than the reference, and depict the i r  
associated velocity profiles. 

i i )  Determine the effects on the reference profile of a r t i f i c i a l  
' barriers. ~etermine and depict the profile downstream from 

the barrier and a t .  specified horizontal distances i n  terms of 
barrier heights and a t  the point of optimum expected' reduction 
in the velocity profile for fences 2.5 and 5.0 meters high for: 

a )  sol id  fendis w i t h  incident wind angles of 0' (head-on) and 
45O. , . 

b) 50% geometrically porous fences with incident wind angles 

of 0' (head-on) and 45'. 
i i i )  Identify any variations of the barriers or other types of bar- 

r i e r s  that. would further reduce the velocity profiles and depict 
their  associated profiles . 

iv) Determine the effects on the reference profile of array f i e l d  
parameters a t  a horizontal distance of two meters upstream of 
a single row array for: 

a )  Incident wind angles of 00' (head-on), 450, go0, 135O, and 
180'. 

. . 



Wind angle = 45' \ / Wind angle = 90° 

Fencg (optional) 

Wind 
angb = 180' 

- Possible 
Free streant wind profile 
wind profiln behind fences 

Uniform 117 power ' . 
wind law wind 

Figure 2- 1. Wind Environment on Study Arrays 

Ground clearance (2 )  = 0 + 1.2 m (0  + 4 ft) 
slant height (C) = 2.4 m and 4.8m (8 and 16 ft) 
Array spacing (X) = OC +5C 
Angle of attack ( a 1 = O0 + 180° 
Tilt angle = o0 + 90° 
Span (YI  = = 

Figure 2-2. Array Variables Used to'Study Aerodynamic Loads 



b) NO barr ier ,  the optimum barr ier ,  and an intermediate barrier.  
c)  Array f i e ld  parameters including : 

1 )  specified array s lan t  heights. 

2)  specified array leading edge ground clearance. heights. 
3) specified array t i l t  angles. 

Determine the effects on 'the reference profile of rows of arrays. 
Determine and depict the profile a t  specified horizontal d i s -  

tances upstream of an array f i e ld  and a t  horizontal distances 
ha1 fway in between specified rows of an array f ie ld  for: 

a )  A combination of array f i e ld  parameters determined from iv) .  
b) Specified incident wind angles. 

c )  No barrier,  and the optimum barrier wind profile. 
d )  . Specified ar ray  row' spacings.' 

Determine the resultant wind loads on. the modules and panels that  would 
be transmitted to  the array support structure and fouridations for  each 
of the following: 

i )  The most severe wind profile found previously a t  an incident wind 
angle of 0' (head-on), 45O, go0, 135'~ and 180'. 

i i )  The optimum barrier wind profile a t  an incident wind, angle of 
0' (head-on), 45O, go0, 135'~ and 180'. 

Interpret the resul tant  wind loads on the .modules, panel s ,  and support 
structure to identify key parameters, and load sens i t iv i t ies  to  those 
parameters. 

9 Identify possible design configurations tha t '  would further reduce wind 
loading on the arrays. 

Out1 ine and describe a t e s t  program that  would verify the analytical 
resul ts  including an assessment of the level of confidence of t h e  t e s t  
program resul t s .  



2.4 Report  O rgan i za t i on  

The remainder o f  t h i s  r e p o r t  presents  t h e  d e t a i l e d  s tudy  r e s u l t s  w i t h  

proposed des ign aerodynamic loads  and, conc lus ions .  Sec t ion  3.0 presents  

bas i c  aerodynamic equations', d e f i n i t i o n s  , and 'nomenclature used i n  t h e  

a n a l y s i s .  Sec t ion  4.0 g ives  a b r i e f  synopsis o f  t h e  e x i s t i n g  l i t e r a t u r e  

t h a t  i s  r e l a t e d  t o  t h i s  s tudy .  A b r i e f  summary o f  t h e  t h e o r e t i c a l  r e s u l t s  

f o r  b o t h  p o t e n t i a l  and separated f l o w  a n a l y s i s  on f l a t  p l a t  a r rays  i s  

presented and discussed i n  Sec t i on  5.0. Sec t i on  6.0 presents  proposed 

des ign  loads  f o r  f l a t  p l a t e  a r rays  and p o t e n t i  a1 'w ind  1 oad reduc ing  .dev ices 

f o r  t h e  a r rays .  Proposed w i n d  des ign p r e s s u r e  d i s t i i  bu t i ons  a long  t h e  chord 

o f  t h e  a r r a y s  a r e  presented i n  Sec t ion '7 .0 .  I n  Sec t ion  8.0, . the  purposes o f  

a proposed wind t unne l  t e s t  p l a n  and ga ins  t o  be r e a l i z e d  from a t e s t  are 
g iven .  Conclusions and recommendations a r e  i n  Sec t i on  9.0; 

Appendix I presents  t h e  d e t a i  1 ed r e s u l t s  f o r  t h e  t h e o r e t i c a l  aerodynamic 

a n a l y s i s  o f  t he  f l a t  p l a t  a r rays  i n  bo th  t h e  separated and p o t e n t i a l  f low 

regimes. Appendix I 1  d e t a i l s  a comprehensive w ind , tunne l .  t e s t  p lan .  



3.0 BASIC AERODYNAMIC EQUATIONS AND DEFINITIONS 

The analyses used i n  t h i s  r e p o r t  r e q u i r e d  t h e  use o f  aerodynamic ' t h e o r e t i c a l  

methods and c a l c i l  a t ed  r e s u l t s  i n  aerodynamic terms. S ince most people 

employed i n  t h e  des ign o f  p h o t o v o l t a i c  a r rays  a r e  n o t  aerodynamic is ts ,  t h i s  

s e c t i o n  exp ia i ns  t h e  bas i c  aerodynamic te rms and nomenclature and de f ines  

b a s i c  aerodynamic equat ions such t h a t  a'ny engineer  may understand t h e  r e s u i  t s  . 
I n  addi  t i ' on  , synonyms between aerodynami c  and so l  a r  . . energy terms a re  g i  ven 

. . 
where ' appl i cab1 e  . ". 

. . .  

3.1 ' .. Ana l ys i s  D e f i n i t i o n s  and .Nomenc,lature 

Aerodynamic c o e f f . i c i e n t s :  non-dimensional c o e f f f c i e n t s  . 
pressure c o e f f i c i e n t  (C ) :  .. r e l a t e s  1  i f t i n g  su r f ace  p ressure  t o  

P  
f rees t ream dynamic pressure, Cp = p/q.  

C s l ope  o f  t h e  p ressure  c o e f f i c i e n t  
Pa 

curve; r e1  a tes  p ressure  c o e f f i c i e n t  

. to angle of  attack, C = c . a. 
P Pa 

normal. f o r c e  c o e f f i c i e n t  r e 1  a  t es  1  i ft i  ng sur face  fo rce  normal 
(Cn, cN):  t o  su r f ace  t o  f reest ream dynamic . 

pressure; CN = Fn/qA. 

l i f t  c o e f f i c i e n t  (CL) : 

drag c o e f f i c i e n t  (CD) : 

s lope  o f  t he  normal f o r c e  c o e f f i c i e n t  

curve, r e 1  a tes  normal f o r c e  c o e f f i c i e n t  

t o  ang le  o f   attack,^ = C a, 
N N a  

r e l a t e s  1 i f t i n g  sur face fo rce  normal 

t o  f r e e s  tream v e l  o c i  ty  t o  f rees tream 

dynamic pressure,  CL = LIqA. 

r e l a t e s  l i f t i n g  surface fo rce  i n  

f rees t ream v e l o c i t y  d i r e c t i o n  t o  

f rees t ream dynamic pressure,  CD = D/qA. 

c e n t e r  o f  p ressure  (x) : l o c a t i o n  o f  t o t a l  f o r c e  .on  1  i f t i n g  

surface measured f rom t h e  l e a d i n g  edge. 

Angle o f  a t t a c k  ( a ) :  angle measured f rom t h e  wind v e c t o r  

t o  t he  p lane  o f  t h e  l i f t i n g  surface. 



Array : 

Array f i e l d :  

Array spacing: 

Aspect r a t i o  ( A  ): 

Base pressure face: 

El u f f body': 

Doublet: 

Dynamic pressure (q) : 

Ground clearance ( f ) : 

Inv i sc i d :  

Leading edge: 

Module: 

Normal wash, downwash: 

Panel :' 

Plate: 

Pressure (p )  : 

Reynol ds Number: 
. , 

. . 

Span ( b )  : 

a mechanically in tegra ted  assembly of 
- panels together w i t h  support s t r uc tu re  

( inc lud ing  foundations). 

the aggregate o f  a1 1 arrays. 

hor izonta l  d istance measured from one 

a r ray  t o  the i d e n t i c a l  l oca t i on  on the 

next array. 

aerodynamic geometric parameter (span/ 

chord f o r  a rectangular  array).  

downwind s i de  o f  1 i f t i n g  surface. 

a nonstrearnline body t h a t  causes 
. . .  

' a i r f l o w  about i t s e l f  t o  become 

separated and tu rbu len t ,  

d istance o f  ar ray between leading and 

t r a i l i n g  edges and perpendicular t o  the 

edges, i .e.: s l a n t  he igh t  o f  array.  

source and s ink  located a t  the same 

locat ion,  an ana l y t i ca l  device used i n  

po ten t i a l  f l ow theory. 

pressure due t o  f rees tream vel  o c i  t y  
2 ( q  = . 5 P V  ). 

distance between the ground and the  

lowest p o i n t  on the  panels forming the  

array.  

- f r i c t i o n l e s s  f low. 
. . 

windward edge o f  the array.  

the small es t complete environmental 1 y 

protected assembly o f  so la r  c e l l  s. 

f low o f  a i r  perpendicular t o  the 1 i f t i n g  

surface plane. 

a c o l l e c t i o n  of one o r  more modules f a s t -  

ened together forming a f i e l d  i n s t a l l a b l e  

un i t .  ' 

t h i n  rectangular shaped s t ruc tu re  t h a t  acts  

as a l i f t i n g  surface. 

force per u n i t  area 

ind ica tes  i n e r t i a  e f f e c t s  o f  ' f l u i d .  

d istance o f  an a r ray  between the two 

s ide edges i .e.: l eng th  o f  ar ray.  

12 



. . ., 
So lar  &ll : 

T i 1  t angle: 

T r a i l i n g  edge:. . 

viscous: 

Windward face: 

Yaw angle: 

t h e  basic  photovol t a i  c  device which 

g'enerates e l e c t r i c i t y  when exposed t o  

sun1 i g h t .  

angle measured f r o m  the  ho r i zon ta l  t o  

t h e  plane o f  the  a r ray  panels. 

downwind edge o f  t h e  array.  

f l ow  t h a t  has f r i c t i o n .  

windward s ide  o f  1 i f t i n g  surface. 

angle measured from wind d i r e c t i o n  t o  

the  normal o f  the  a r ray  lead ing  edge. 

. a r ray  sur face area. 

1  ength. 

wind ve loc i t y .  

a i r  densi ty .  

c o e f f i c i e n t  o f  v i scos i t y .  

k inematic v iscosi ty .  

f r a c t i o n  o f  span. 

area o f  1  i f t i n g  surface. 

3 . 2  Solar  Energy - Aerodynamic Synonyms 

So lar  Energy . ' 

T i l t  angle and wind 
d i r e c t i o n  

S lan t  he igh t  

Wind angle 

Aerodynamics Comments 
. . . . 

Angle o f  a t t a c k  R e s t r i c t e d  t o  h o r i  - 
zonta l  winds 

Chord 

Yaw angle Symbol i s  a. 

3 . 3  ~ e r i d ~ n a m i c  's ign Convention and Bas ic  Equat ions 

Sign Convention:' 

vec tor  

+ i n t o  sur face 
- o u t  o f  sur face (suc t ion)  

+ L i f t  ,,, Normal 



Aerodynamic Equat,ions : 

. 1. Pressures and pressure c o e f f i c i e n t s  a re  r e l a t e d  by: 
. . . . .  

. . . . , . ,  

2. ~ o h a l  forces and normal f o rce  coef f i :c ients a re  r e l a t e d  by: ' 
. . . . 

3.  When the  pressure c o e f f i c i e n t s  and normal f o rce  co ( f f i c i en ts  a r k  1 i near 
. . . . . . _  

. t  . 
w i t h  i espeb t  t o '  angl e d f  attack,";the above &xp;essions ban' be changed t o :  

,. . . ,  ~ 3 .  
. . 

p = q c 0 a  
Pa 

4 -  Normal fo rce '  c o e f f i c i e n t  fo 'r  chordwi s e  s'tr i 'ps can b e  obta ined from 
' 

t h e  pressure coe f f i c i ' en ts  by i n t e g r a t i n g  the  pressure ' c o e f f i c i e n t  

a long t h e  chord and i s  expressed by: 

o r  f o r  a sur face as: 

. .. 

5 .  L i ' f  t and drag c o e f f i c i e n t s  a re  r e l a t e d  t q  the  norkal  f o rce  coe f f i c i en t : .  . . . .  

by the  angle o f  a t t a c k  as: . 

cos a 

6. ' L i f t  and drag forces a r e  g iven by : 



4.0 HISTORICAL DEVELOPMENTS - A I R  FLOW ABOUT BLUFF BODIES 

U n t i l  recently, most research on the pred ic t jon o f  the aerodynamic forces 

on and a i r  f low about b l u f f  bodies has been concentrated mainly on the f low 

over and around fences and bui ld ings.  The number o f  invest igators and pa- 

pers w r i t t en  on t h i s  subject i s  imnense as i l l u s t r a t e d  by the review o f  the 
5 publ icat ions referenced by Van ~ i m e r n l ,  Frost  , and cermak6. s i n c e  t h i s  

study i s  concerned w i th  the wind flow about and aerodynamic forces on photo- 
. vo l t a i c  f l a t  p la te  arrays, only publ icat ions t ha t  are appl icable i n  some 

respects t o  t h i s  problem are b r i e f l y  reviewed. 

4.1 Theoretical Developments Synopsis 

The main featur,es o f  a i r  f low over b luf f  bodies i n  contact w i th  the ground 

i s  shown i n  Figure '4-1 and consists o f  the f i v e  zones7 shown i n  the figure. 

- zoh - 5- Z O ~  2 ---b 'zone 3 -+ Zone 4 -)-- 20- 6 - 

S - Front Ragnetkn point ' 

Zone 1: Zone of unobstructed flow 
Zone 2: Zone of pressure rise 
Zone 3: Standing eddy zone 
Zone 4: Zone of redevelopment 
Zone 5: Zone of redeveloped flow 

Figure 4- I .  Air Flow Concept About Bluff Bodies 
Immersed in the Wind Boundary Layer 



I n  Zone 2, a standing vor tex i s  1,ocated on the windward s ide o f  t he  b a r r i e r ,  

i n  the  corner between t h e  'ground and the  windward face; the  vor tex  diameter 
i s  approximately equal t o  the  d is tance between the  ground and f r o n t  stagna- 

t i o n  p o i n t  on the windward wa l l .  A t  t he  b a r r i e r  top edge . the f l ow  i s  ac- 

ce lera ted and separates and then reattaches t o  the'ground a t  t he  Zone 3 - 
Zone 4 boundary downstream o f  t h e  b a r r i e r  a t  a d is tance o f  approximately 

13-17H, where H i s  the  h e i g h t  o f  t h e  barr ier8".  The f l ow  between the bar- 
r i e r  and the reattached flow and below the separated f l ow  boundary cons is ts  

o f  a standing eddy zone o f  reduced steady s t a t e  v e l o c i t y  .and increased t u r -  

bulence ind ica ted as Zone 3. 

The exact theo re t i ca l  representat ion of t he  boundary l a y e r  equations o f  

motion f o r  incompressible f low a re  the  Navier Stokes equations given as: 

where 

and 

and P = f l u i d  dens i ty  

v = kinematic v i s c o s i t y  

u,v,w = f l u i d  v e l o c i t y  i n  the x, y, z d i rec t ions ,  respec t i ve l y  



Because o f  the  complex boundary l a y e r  f low, these equations are d i f f i c u l t  

t o  so lve w i thout  s i m p l i f i c a t i o n s  even f o r  f l ow  over simple b lu f f -bod ies .  

Several authors-  have performed theo re t i ca l  analyses o f  the f l o w  over b l u f f -  
10 bodies w i  t h ' . l  im i ted  success. B i  t t e  -. employed .several  d i f f e ren t  theor ies  

t o  p r e d i c t  the f l ow  over a two dimensional s o l i d  fence perpendicular t o  

the f r e e  stream .f low. One method employed by B i t t e  and a l so  Kiya 11,12 
was 

the use' o f '  i n v i s c i d  f l ow  t o  develop t h e  'equations o f  motion. .This method 

produced.:resul t s  : t h a t  matched wind tunnel r e s u l t s  f a i r l y  we1 1 as used by 

sakamdto f o r  the f l ow  on the  wimdwakd s i d e  o f  a fence, the  f l o w  outs ide.  

of the standing .eddy zone , and f o r  the windward face pressure d i s t r i b u t i o n  

on a fence. The f l o w  'i'n the standing.  eddy zone was n o t  p red ic ted  us ing 

t h i s  method. P red i c t i ng  the flow i n  a l l  o f  the  zones does r e q u i r e  empir i -  

ca l  data usua l l y  obtained from wind tunnel r e s u l t s .  The requ i red  empir ica l  

data i s  the  windward face stagnat ion p o i n t  l o c a t i o n  and pressure, t he  se- 

p a r a t i  on p o i n t  l o c a t i o n  and pressure and. t he  downstream reattachment po i  n t  

loca t ion .  Sakamoto l4 appl i e d  t h i s  method t o  inc lude two-dimensional p l a t e s  

perpendicular t o  the f r e e  stream f low. He showed good comparison o f  t he  

t h e o r e t i c a l l y  p red ic ted  pressures on the windward surface t o  those obtained 

from a wind tunnel study. B i t t e  a l s o  app l ied  the concepts o f  t u rbu len t  

boundary l a y e r  theory w i t h  the  i n v i s c i d  flow equations t o  p r e d i c t  the  f l ow  

i n  the wake. He r e l a t e d  the eddy v i s c o s i t y  t o  the mean f l ow  th rough the  

Prandt l  mix ing length  hypothesis and described the viscous tu rbu len t  atmos- 

pher ic  motion upstream o f  t he  fence by a,510gari thmic v e l o c i t y .  d i s t r i b u t i o n .  

~ a u l b e e "  used a r o t a t i o n a l  f l ow  analysis,  dubbed " f rozen v o r t i c i t y  theory' 

t o  p r e d i c t  the f l ow  and pressure d i s t r i b u t i o n  i n  f r o n t  o f  and ,on the wind- 

ward surface o f  a forward fac ing  step. seginer15 proposed a method based 

on the momentum equation and knowledge of the f l ow  f i e l d  t o  c a l c u l a t e  drag 

and moment on a two dimensional porous fence of po ros i t y  g rea ter  than ap- 

proximately 40' percent. Seginer d i d  no$ show any comparison o f  h i s  method 



wi th  experimental resu l ts .  This method uses a 1 ogar i  thmic ' ve l oc i t y  p r o f i l e  

and requires know1 edge o f  the pressure and shear ' s t ress a1 ong ' the  surface. 

Parkinson l7 used two-dimkniional compressible po ten t ia l  f low theory and 

conformal mapping t o  p red ic t  the f low and wake geometry of a symmetrical 

bluff-body ( f l a t  plate) which i s  no t  i n  the turbu lent  boundary layer  o r '  

attached t o  the f l o o r .  counihan18 employed a simple eddy v i scos i t y  theory 

t o  describe the-wake geometry behind two-dimensional surface obstacles i n  

turbu lent  boundary 1 dyers. This theory describes the mean ve loc i t y  reason- 

ab ly  wel l .  It also suggests t ha t  the ve l oc i t y  d e f i c i t  i s  a f fec ted by the  

roughness o f  the te r ra in .  

Most o f  these theoret ica l  analyses requ i re  p r i o r  knowledge o f  the f low and 

are on ly  appl icable t o  two-dimensional flows. The flow pred ic t ions from 

these analyses on the windward s ide o f  a fence match resu l t s  from wind 

tunnel tes ts  f a i r l y  we1 1. I n  most cases, the  ve l oc i t y  p r o f i l e  i n  . the 

standing eddy zone behind the bluff-body i s  not  predicted. 

4.2 Experimental Studies Synopsis 

There have been numerous experimental wind tunnel studies and a few natural  

wind studies on the a i r  f low about fences. I n  contrast,  studies o f  f l a t  

p la tes  inc l i ned  t o  the free stream ve loc i t y  are r e l a t i v e l y  few i n  number. 

One o f  the more referenced studies on a i r f low about fences was performed by 
8 Good and Joubert who performed a tunnel' t e s t  of the f low over 'a  fence w i t h  

the wind boundary layer  p r o f i l e  .simulated as a 1/7 power law. Good and Jou- 

b e r t  measured the ve l oc i t y  f i e l d  windward and behind a two-dimensional s o l i d  

fence as wel l  as the pressure d i s t r i b u t i o n  on the fence. O f  considerable 

importance . i n  t h e i r  f ind ings i s  t h a t  the ' , re l  a t i v e  extent  ' o f  upstream inf luence 

of the b l u f f  p l a t e  on the boundary layer i s  found t o  increase rap id l y  as h/6 

decreases where' h i s  the height  of the, b luf f  p l a t e  and 6 i s  the boundary layer  

thickness. O f  s ign i f icance i n  t h e i r  study i s  that ' , they d i d  no t  co r rec t  t h e i r  

resul  t s  due t o  tunnel blockage effects. Tunnel blockage ef fects were studied 

for  the f low f i e l d  and drag o f  a two-dimensional s o l i d  fence by cas t r o l g  and 

was shown to  s i gn i f i can t l y  a f f e c t  the flow f i e l d  and pressures.' 
. . 



woodruff ''O performed both wind tunnel t e s t s  and natura l  f u l l  s ize  t e s t s  

o f  from one to'  th ree  fences pos i t ioned 15 times t h e i r  height  behind each 

o ther .  From the  tes ts ,  i t  appears a s i f  the f low behind one o r  a l l  th ree  

fences ar; no t  very  d i f f e r e n t .  Woodruff a1 so performed f u l l  s i z e  tes ts  

o f  th ree  dimensional fences a t  an ob l ique angle o f  approximately 45' t o  

the  a i r  f low. The t l r b u l e n t  f low behind these fences a1 so does not  ap- 

pear t o  be mu.ch ' d i f f e r e n t  whether the  f l ow  i s  perpendicular o r  a t  an 

obi  ique angle, p rov id ing  the  f l o w  ' .  i s  compared along the  d i r e c t i o n  o f  a i r -  
4  flbw.  his i s  a l so  shown to  be t r u e  by Van Eimern provided the  f l ow  

angles t o  the  fence are  1 ess than 50'. 

The e f f e c t  o f  fence p o r o s i t y  on the  tu rbu len t  f l ow  and fence drag i s  re -  

por ted by   ens en '', ~ a l  taxe 22, and ~ a i  ne 23. Raine showed t h a t  a sol  i d  o r  

low permeable fence (0%-20% permeable) gives s l i g h t l y  be t te r  wind pro-  

t e c t i o n  than a 34% o r  50% prermeable fence ( ~ i g u r e  4-2). Raine a1 so showed 

tha t  l o c a l  t u rbu l  ence increases w i th  decreasing permeabil i ty  (Figure 4-3). 

This turbulence spectrum c lose t o  the  fence i s  dominated by the  h igh  f r e -  

quency turbulence shed by the  fence elements (F igure 4-4) .  Far ther  a f t  

o f  the fence, t h i s  h igh frequency turbulence decays and the  turbulence 

spectrum i s  dominated by the approach f low tu rbu len t  spectrum. Most 

authors have assumed t h a t  Reynold's numbers do no t  a f f e c t  the  f low above 

a given Reynol d t  s  number; Raine s ta ted  t h a t  t h i s  i s  t r u e  o n l y  i f  the r a t i o  

o f  fence he igh t  t o  sur face roughness remains constant. Rainet s  f i nd ings  
h .  

i n d i c a t e  t h a t  c r i t e r i a  r e l a t e d  t o  the wind loading on panels behind a 

fence must consider the f r e e  stream turbulence, fence induced turbulence, 

and the  reduct ion  o f  the  f r e e  stream v e l o c i t y  by the  fence. 

Wind tunnel s tudies o f  the  a i r  f l ow  over f l a t  p la tes  i n c l i n e d  t o  the  f r e e  

stream vel  o c i  t y  were performed by sakdmotol 4, ~a ju24, and ~ o d i  ''. Sakamoto 
mounted the p l a t e  i n  the boundary l a y e r  p r o f i l e  w i t h  one edge on the ground 

plane and va r ied  the i n c l i n a t i o n  (angle of a t tack )  o f  t he  p l a t e  from 30' t o  

150' t o  the f r e e  stream v e l o c i t y .  Windward and base pressure d i s t r i b u t i o n s  

were presented f o r  the  various i n c l i n a t i o n  angles. Modi mounted a p l a t e  i n  

the f r e e  stream' a i r  f l o w  and var ied  the  angle o f  a t tack  from 0' t o  90' t o  
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obtain 1 i f t  and drag force coeff ic ients .  The r e su l t s  'from Modi ' s  study ' 

were used i n  t h i s  contract  to  validate the theoretical  resu l t s  calculated 
using a Boeing developed computer program for  separated flow analysis .  

4.3 Wind Velocity Profi 1 es i n  Ground Proximity 

Investigators have assumed a variety of shapes fo r  the  velocity p rof i l e  
used in  theoretical  and experimental. studies t o  match the natural boundary 
layer velocity p rof i l e  found in nature. ,There a re  essen t ia l ly  two analy- 

; t i c a l  r e p r e s e n t a t i o n s u s e d c o n s i s t i n g o f  e i the ra loga r i thmicorpower law.  

The logarithmic representation was developed using Prandtl ' s  mixing 1 ength 
hypothesis. Prandtl 26assumed tha t ,  L ( length) i s  proportional to y (boun- 
dary layer thickne'ss) , ' i , .e.  , 

Then the change i n  velocity ( v )  i n  the .boundary layer i s  

which on integration yie lds  . 

y = L {G In y + constant 
k 

where 7 = shear s t r e s s  including Reynolds s t r e s s  
p = f lu id .densi ty  

Yon ~ a r n a n ' s ~ '  hypothesis and dimensipnal theory yi eld resu l t s  
which di f fer . f rom Prandtl Is only in the value of  the constant k .  In 
general, the logarithmic p rof i l e  i s  found to be valid o.nly i n  regions 
c lose  to the surface where viscous effects  tend to  dominate over t u r b u -  

1 ent  mectiani sms . Sakamoto 13'14 and ~ e g i  ner16 used logari  thmic velocity 
profi.1 es  in t he i r  studies.  

The power law for velocity d i s t r i  bution has, i t s  beginning , i n  the older  
1 i t e r a tu r e  of aerodynamics. The power law does lend i t s e l f  to matching 
experimental resu l t s .  I t  has i t s .  origin i n  the early work (1 91 3)  of 



Blasius. Prandtl proposed a vkloci ty profll e of the fom 

where V = velocity a t  height y 
, V o =  reference velocity a t  6 
6 = boundary layer thickness 

. . 

and found n to  equal 117 using appropriate assumptions for  T, (laminar shear 
s t r e s s )  based on steady flow considerations. The actual value used for  n 
varies considerably among investigators. ~ a u l  bee1 used a power deficiency 
1 aw w i t h  several different exponents. touni han18, ~ o o d ~ ,  and ~ a i n e * ~  used. 
a power law ,mean velocity profile w i t h  exponents of 118, 117, and 116, res- 
pectively. ~ a v e n ~ o r t ~ '  matched theoretical power 1 aw velocity prof i 1 es to  
measured profiles over a number of di-fferent terrains and reported the re- 
sul t s  i n  a table that  shows the exponent to vary from 112 to 1110.5. He 
recommended using 117 as the exponent for most open flatlands. Sturrock 30 

also measured the wind profile over several types of flatland and growth. 
Figure 4-5 shows his resul ts  compared to a 117 power law. 

From'the overall data and resul ts  presented by the numerous investigators, 
i t  i s  concluded that  a power law velocity profile with an exponent of 117 
appears to match most of the velocity profiles found in nature and i s  a 
satisfactory velocity profile to  use for  design purposes for use in open 
country terrain.  
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5.0 AERODYNAMIC LOADS - FLAT PLATE ARRAYS 

Wind aerodynamic fo rces  on b l u f f  bodies i s  an everyday occurrence and no 

s ign i f i cance  i s  placed onto i t s  d e s t r u c t i v e  p o t e n t i a l  u n t i l  a  s t rong wind 

s t o m  occurs. A f t e r  such a storm, t h e  damaging ef fects o f  wind caused 

aerodynamic fo rces  on b l u f f  bodies are  r e a d i l y  apparent by the  number of 

roofs t o r n  o f f  o f  bu i l d ings ,  windows blown out, and t rees  and fences 

blown down. O f  pr imary importance i n  t h e  s o l a r  energy f i e l d  i s  the wind 

aerodynamic fo rces  t h a t  t he  s o l a r  a r rays  may be expected t o  be subjected 

t o  du r ing  the  working 1 i f e  o f  t he  arrays.  These s o l a r  a r rays  c o n s i s t  of 

i n  essence f l a t  p l a t e s  w i t h  aspect r a t i o s  t h a t  vary  from u n i t y  t o  very  

l a rge .  The wind caused aerodynamic forces on these arrays a re  s i m i l a r  t o  

t he  aerodynamic fo rces  on fences fo r  l a r g e  aspect r a t i o  a r rays  and on s i g n  

boards f o r  smal l  aspect r a t i o  a r rays .  Th is  s tudy i s  d i r e c t e d  a t  o n l y  t he  

wind generated fo rces  on l a r g e  aspect r a t i o  arrays. 

The normal f o r c e  c o e f f i c i e n t s  determined i n  aerodynami c  experiments 

on f l a t  p l a t e s  has a form dep ic ted  i n  F igure  5-1. When a p l a t e  i s  ex- * 
posed t o  the  wind a t  a small angle o f  a t t a c k  ' (angle measured Prom t h e  

wind vec tor  t o '  t he  p la te ) ,  t he  pressure d i s t r i b u t i o n  i s  1 i n e a r  

w i t h  the  angle o f  a t tack .  A t  small angles, t he  f low remains at tached t o  

the  p l a t e  and p o t e n t i a l  f l o w  aerodynamic theo r ies  a r e  v a l i d  (F igure  5-2). 

As t h e  angle o f  a t tack  i s  increased, the  f low begins t o  separate from t h e  

p l a t e  and the  t o t a l  pressure decreases (F igure  5-3). The. boundary o f  t h e  

separated f l o w  encompasses a reg ion  t h a t  i s  t u r b u l e n t  i n  na ture  and i s  

commonly known as the  wake. With f u r t h e r  increase i n  t h e  angle of a t tack ,  

more o f  t he  f l o w  separates from the  p la te ,  the  t o t a l  pressure decreases t o  

a minimum value and then gradua l ly  increases as the  w id th  o f  t h e  wake 

increases, c r e a t i n g  a l a r g e r  reg ion  o f  t u r b u l e n t  f low.  Since the  flow 

i s  non- l inear  and t u r b u l e n t  a t  these l a r g e r  angles o f  a t tack ,  more sophis- 

t i c a t e d  ana lys is  techniques than p o t e n t i a l  f l ow  theor ies  must be used t o  

analyze the f low.  
- 
'The a r r a y  t i l t  angle and the  angle of a t tack  (when less  than 90") a re  i d e n t i c a l  

i n  magnitude for  ho r i zon ta l  winds. However, the  d e f i n i t i o n s  ,and imp1 i c a t i o n s  o f  
each i s  completely d i f f e r e n t  and should be recognized. The t i 1  t angle i s  

.def ined as the  angle from ho r i zon ta l  t o  the  plane o f  the ar ray ,  whereas the  
angle o f  a t tack  i s  def ined as the angle measured from the  wind vec tor  t o  t he  
plane o f  the  ar ray .  Consequently, t he  angle of a t tack  var ies  as the  d i r e c t i o n  
o f  wind var ies  and can vary from zero t o  180°, whereas the t i l t  angle va r ies  
from 0° t o  90". I n  add i t i on ,  fo r  angle of  a t tack  measurements the  wind does 
not  need t o  be h o r i z o n t a l .  

. . . . 2 7 
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H i s t o r i c a l  l y  , aerodynamic t h e o r e t i c a l  methods and procedures have been 

developed f o r  use i n  d i r c r a f t  and aerospace r e l a t e d  p r o j e c t s .  Most o f  

these methods and procedures were d e r i v e d  f o r  o p e r a t i n g  i n  a  cons tan t  
' 

dynamic pressure,  cons tan t  v e l o c i t y  p r o f i l e  environment.  The t h e o r e t i c a l  

development and use o f  any aerodynamic method i s  much s i m p l e r  i f  t h e  w ind  

environment i s  a  cons tan t  v e l o c i t y  p r o f i l e  r a t h e r  than  a  v a r y i n g  p r o f i l e .  

Consequently, t h i s  s e c t i o n  eva l  uates t h e  aerodynamics on h i g h  

aspect  r a t i o  f l a t ' p l a t e s  exposed t o  a  cons tan t  wind environment.  The 

e f f e c t s  o f  v e l o c i t y  p r o f i l e s  on t h e  aerodynamics, s p e c i f i c a l l y  a  117 power 

law v e l o c i t y , i s  appra ised  i n  Sec t i on  6.0. 

5.1 T h e o r e t i c a l  Ana l ys i s  - Constant V e l o c i t y  P r o f i  1  e  

For f i x e d  photovo l  t a i c  a r rays  t h a t  have t i 1  t . a n g l e s  between 20' and 90°, t h e  

wind ang le  o f  a t t a c k  i s  s u f f i c i e n t l y  l a r g e  t h a t  t h e  a i r  f l o w  ove r  t h e  a r r a y  

i s  i n  t h e  separated f l o w  regime. A  p r o t o t y p e  computer program32 was used t o  

p r e d i c t  t h e  wake behind t h e  a r r a y  and t h e  p ressure  d i s t r i b u t i o n  on t h e  a- r ray 

su r faces .  F i gu re  5-4 shows t y p i c a l  r e s u l t s  f rom t h e  computer program ( t h e  

wake d e f i n i t i o n  and wind v e l o c i t y  on t h e  wake boundar ies r e l a t i v e  t o  t h e  

f rees t ream v e l o c i t y  f o r  a  f l a t  p l a t e  a r r a y  i n  c l o s e  ground p r o x i m i t y ) .  The 

corresponding p ressure  c o e f f i c i e n t  d i s t r i b u t i o n  on t h e  a r r a y  i s  shown i n  

F i gu re  5-5. bu he p ressure  c o e f f i c i e n t  d i s t r i b u t i o n  and wakes were c a l c u l a t e d  

f o r  a  number o f  d i f f e r e n t  angles o f ' a t t a c k  and severa l  ground c learances  

i n c l u d i n g  a r r a y s  i n  f r e e  a i r .  The d e s c r i p t i o n  o f  t h e  a n a l y s i s  and t h e  r e s u l t s  

a r e  presented +n d e t a i l  i n  Appendix A . )  I t  can be seen i n  F i g u r e  5-4 t h a t  t h e  

w i d t h  and l e n g t h  o f  t h e  t u r b u l e n t  wake and t h e  wake boundary v e l o c i t y  a t  t h e  

a r r a y  edges inc reases  as t h e  ang le  o f  a t t a c k  ( t i 1  t ang le )  inc reases .  Th!s 

causes t h e  p ressure  c o e f f i c i e n t s  t o  i nc rease  on t h e  a r r a y  su r f ace  as t h e  ang le  

o f  a t t a c k  inc reases  as shown i n  F igure .5 -5 .  

F igures  5-4 and 5-5 a r e  f o r  a  s i n g l e  a r r a y .  The computer program cannot  

ana lyze  t h e  aerodynamic f o r ces  on a r rays  i n  t h e  w a k e ' o f  o t h e r  a r r a y s .  However, 
f rom t h e  l i t e r a t u r e  i t  i s  es t imated  t h a t  an aerodynamic fo rce '  r e d u c t i o n  o f  as 

much as 2'.5 w i l l  be a t t a i n e d  on t h e  a r rays  immersed ' i n ' t h e  wake o f  o t h e r  

a r r a y s .  From t h e  geometry o f  t h e  a r rays  (assuming t h a t  one a r r a y  shou ld  n o t  

be i n  t h e  shadow o f  ano ther  a r r a y  w i t h  t h e  sun pe rpend i cu l a r  t o  t h e  a r r a y  f a c e )  

and t h a t  a  minimum sepa ra t i on  o f  a r r ays  o f  8 f e e t  i s  ' requ i red  f o r  maintenance 

access, t h e  l o c a t i o n  o f  downwind a r rays  were determined and superimposed on 

F igu re  5-4 and'shown i n  F i gu re  5-6. Th i s  shows t h a t  t h e  a r rays  w i l l  . .  
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be i n  the  wake of  each o t h e r  ( a t  l e a s t  a t  minimum a r r a y  spacing) and a r e d u c t i o n  

i n  aerodynamic f o r c e s  on the  downwind a r r a y s  w i l l  be r e a l i z e d .  

I f  t h e  t i lt ang le  o f  t h e  f i x e d  p h o t o v o l t a i c  a r rays  a r e  l e s s  than  20°, t h e  

aerodynamic f o r ces  o n . t h e  a r rays  must be analyzed by p o t e n t i a l  f l o w  theo ry .  

Since these angles w i l l  seldom occur  i n  t h e  c o n t i n e n t a l  U n i t e d  States,  t h e  

resu l t ' s  o f  t h e  p o t e n t i a l  f l o w  t h e o r e t i c a l  aerodynamic a n a l y s i s  i s  o n l y  h igh-  

1i .ghted i n  t h i s  s e c t i o n  b u t  i s  presented i n  d e t a i l  i n  Appendix A t o g e t h e r  

w i t h  t h e  separated'  f low a n a l y s i s .  

F igure  5-7.shows t y p i c a l  p ressure  c o e f f i c i e n t  pe r  u n i t  ang le  o f  a t t a c k  

d i s t r i b u t i o n s  a long  t h e  chord when i n  c l o s e  ground p r o x i m i t y .  The l a r g e  

pressure c o e f f i c i e n t s  o n t h e  l e a d i n g  edge and w i t h  a  cen te r  o f  pressure 

- l o c a t e d  a t  t he  q u a r t e r  chord l o c a t i o n  a r e  t y p i c a l  f o r  f l a t  p l a t e s  a t  smal l  

angles o f  a t t a c k .  The normal f o r c e  s l ope  c o e f f i c i e n t s  a long  t h e  span shown 

i n  F igure  5-8 a r e  a l s o  t y p i c a l  f o r  p o t e n t i a l  f l o w  analyses. 

men t h e  wind comes a t  an o b l i q u e  angle,  d i f f e r e n t  than head-on t o  t h e  c r x j  
( e f f e c t i v e l y ,  t h e  a r r a y  i s  yawed t o  t h e  w ind) ,  t h e  aerodynamic pressures w i l l  

decrease. F igure  5-9' presents  t h e  r e s u l t s  f o r  a  s i n g l e  a r r a y  w i t h  t h e  a r r a y  

yawed a t  45' t o  t h e  wind. F igure  5-9 i,s a  p l o t  o f  t h e  normal f o r c e  s l ope  

c o e f f i c i e n t  a long  t he  span w i t h  t h e  a r r a y  yawed a t  45' t o  t h e  wind compared 

, t o  t he  r e s u l t s  f o r  a  head-on wind. The magnitude o f  t h e  r e s u l t s  f o r  t h e  yawed 

' a r r a y  a r e  s i g n i f i c a n t l y  lower .  However, t h e  shape o f  t h e  f o r c e  s l ope  c o e f f i c i e n t  

w i t h  t he  wind a t  45 degrees i s  s i m i l a r  b u t  s l i g h t l y  d i sp laced  compared t o  t h e  

head-on r e s u l  t s  . 

The aerodynamic pressure c o e f f 4 c i e n t s  a r e  use fu l  ' f o r  de te rmin ing  t h e  l o c a l  

pressures on t h e  panels o f  t h e  p h o t o v o l t a i c  a r rays .  To o b t a i n  t h e  t o t a l "  
aerodynamic loads  on t h e  suppor t  s t r u c t u r e ,  t h e  pressures a r e  i n t e g r a t e d  

over  t h e  chord t o  produce normal f o r c e  c o e f f i c i e n t s  on t h e  panels .  Us ing  
these normal f o r c e  c o e f f i c i e n t s ,  t h e  area o f  t h e  panels  and t h e  wind dynamic 

p ressu re ,  t h e  t o t a l  aerodynamic f o r c e  normal t o  t h e  a r r a y  photovol  t a i c  panel s  

can be c a l c u l a t e d  by t h e  equat ion:  



F i g u r e  5-10 p resen ts  t h e  normal f o r c e  c o e f f i c i e n t  ( C N )  as a  f u n c t i o n  o f  t he  

a r r a y  angles o f  a t t a c k  f o r  b o t h  t h e  p o t e n t i a l  and separated f l o w  regimes. 

Th i s  f i g u r e  shows t h a t  a r rays  w i t h  t i l t  angles o f  around 20"-25" would 

exper ience  t t i e  1  owes t aerodynamic 1  oads . 
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Figure 5-7. Chordwise Pressure Coefficient Distribution atsmall Angles of Atrack 
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6.0 AERODYNAMIC DESIGN LOADS' AND .LOAD REDUCING PROCEDURES 

Wind aerodynamic loads on a s t r u c t u r e  w i l l  always occur i n  nature.  However, 

the  design o f  t he  s t r u c t u r e  can s i g n i f i c a n t l y  a f fec t  t he  magnitude of t he  

aerodynamic loads on t h e  s t r u c t u r e .    his sec t i on  w i l l  p resent  proposed wind 

design forces f o r  h igh  aspect rat . io  arrays us ing  the  r e s u l t s  from the  ana lys i s  

technique def ined i n  Sect ion 5'.0 and a l so  i d e n t i  fjl several means o f  reducing 
. 

t h e  wind aerodynamic l oad ing  on f l a t  p l a t e  arrays.  The l oad  a l l e v i a t i o n  

techniques a re  i d e n t i f i e d  o n l y  as wind Toad reducing devices and a re  n o t  

eval'ua'ted f o r  t h e i r  i n i t i a l  c o s t  requirements and thus whether an ac tua l  cos t  

r c L u c i i o n  of the  t o t a l  s t r u c t u r e  i s  real ized. .  

6.1 Appraisal o f  Theoretical '  Analys is  f o r  1 /7 Power Law Vel o c i  t y  P r o f i  1 e' 

I n  order .  t o  develop wind design fo rces  f o r  h igh  aspect. r a t i o  arrays,  i t i s  

necessary $0 determine the e f f e c t  o f  ve l  o c i  t y  p r o f  i 1 es on the  aerodynamics of 

the arrays.  The r e s u l t s  i n  Sect ion 5.0 were der ived f o r  a constant  p r o f i l e  

wind.  his sec t i on  w i l l  appra ise how the  r e s u l t s  would be a f fec ted .  by  a wind 

p r o f i l e  t h a t  v a r i e s  as a 1/7 power law. 

The f a c t  t h a t  the  aspect r a t i o  o f  the ar rays  s tud ied  i s  la rge ,  t h a t  i s ,  the 

l e n g t h  t o  chord r a t i o  i s  large,  the f l o w  around the s ide  edges has no impact - 
on the  fo rces  over, much o f  the s t ruc tu re .  The s ide  edges o n l y  a f f e c t  t he  

pressures very c lose  t o  . the side. For separated f low nn a h igh  aspect r a t i o  

array,  the base pressure i s  a t  -1 eas t  twl'ce the  w i  ndward-side pressures. 3 3 

Also, the  windwerd pressures aye a f f e c t e d  very  l i t t l e  by  the  v e l o c i t y  p r o f i l e  

and a re  o n l y  a f u n c t i o n  o f  the  average dynamic pressure on the windward face. 

As a resu l  t, o n l y  the base pressures need t o  be evaluated f o r  wind p r o f i l e  

e f f e c t s ,  and 'only the a i r  f l ow  over the  top  and bottom edges need t o  be 

considered f o r  determin ing the base .pressure d i s t r i b u t i o n .  

For cond i t i ons  where an a r r a y  i ~ s  placed i n  c lose  p r o x i m i t y  t o  the  ground 

b u t  w i t h  a gap between the  a r r a y  and the  ground, a i r  w i l l  f l o w  through t h i s  

ground clearance gap. Because the a r r a y  i s  b lock ing  the a i r  f low, th,e volume 

o f  blocked a i r  must f l o w  up over the top  o f  the  a r r a y  o r  through the  

ground clearance. Because of the  d e f l e c t i o n  of a i r  caused by  t h i s  blockage, , 



the a i r  ve loc i t y  must increase t o  a l low the blocked volume o f  a i r  t o  flow 
over and under the array.' The tendency i s  f o r  the a i r  ve loc i t y  t o  ad just  

i t s e l f  t o  be equal a t  both the top and bottom edges of the array when the 

flow over the array 4s separated flow. I f  the ve loc i t i es  are no t  equal, 

there w i  11 be a pressure' d l  fferen;; between the top and bottom on the base 
pressure side and a f low o f  a i r ,  from the higher t o  lower pressure area. I n  

pract ice, the pressures 'are found t o  be essen t ia l l y  constant: across the rear  
side of a p la te '  f o r  l a rge  angles o f  attack. 

The d i f ference i n  array aerodynamic- forces resu l t i ng  .from a 1/7 power law 

ve loc i t y  p r o f i l e  co'mpared t o  a constant ve loc i t y  p r o f i l e  can be appraised 

by examining the d i f ference i n  the volume o f  a i r  blocked (def lected) by 

arrays using these two p ro f i l e s .  This volume o f  blocked a i r  can be ap- 

proximated by the equation: 

Vol luni  t length = X Zarray 
where 

Zarray = height o f  the array 
= average wind ve loc i t y  over the helght  of the array 

Since the array he igh t  i s  equal for  both ve loc i ty  prof i les,  the volume o f  

a i r  blocked (def lected) i s  only af fected by the averase freestream v e l o c i t j  

extending over the reg ion 'o f  the array height  (e levat ion from the bottom t o  

the top of the .array). By examining Figure '6-1 ( the ve loc i t y  p r o f i l e  of a 
117 power law), the dif ference i n  average ve loc i t i es  between the two p ro f i l es  

can be estimated. This i s  best done w i th  an example. as shown on Figure 6-1. 

Assume t h a t  a 2.4 m (8 f t )  chord array w i th .  a ground clearance o f  .6 m 

(2  f t )  and posit ioned . a t  + an angle o f  90' t o  the ground i s  t o  be studied, 

the average ve loc i t y  t o  use f o r  the 'constant ve loc i t y  p r o f i l e  would be 
9. . 
t h a t  of the 117 power law veloci ty,  a t  the top o f  the array. This value i s  
33.7 meters/sec. Estimating the average ve loc i t y  for the 117 power law 

ve loc i t y  p r o f i l e  from Figure 6-1 as 31 meters/sec., using the constant 

ve loc i t y  p r o f i l e  would be conservative :by 8% f o r  the average ve loc i t y  which 

trans1 ates i n t o  approxfmated 165 f o r  pressures :and forces, since pressures 

vary as the ve loc i t y  squared. I n  general, the wind vei  oc i  ty over the top . . 
. . 

. . 



and 'bottom edges f o r ,  a constant  wind p r o f i l e  and a 117 power law p r o f i l e  a r e  

very nea r l y  'equal (8% d i f f e r e n c e  us ing  the  example) w i t h  the  v e l o c i t y  re -  

su l  t i n g  from a constant  wind p r o f i l e  being s l i g h t l y  l a rge r .  . I n  c a l c u l a t i n g  

design aerodynamic loads, i f  ' t h e  normal f o r c e  and pressure c o e f f i c i e n t  da ta  . . . . _ .  ' t 

i s  obtained "s ing  a constant  wind p r o f i l e  and the  dynamic pressure o f  the  

1/7 power law wind p r o f i l e  a t  t h e  e leva t i on  o f  t h e  top o f  t he  a r ray  i s  used 

t o  ca. lcu late aerodynamic forces and pressures, the r e s u l t s  would b e ' f a i r l y  

accurate and .conservative. 

Reference Condition 
Z o = l O m  
Vo = 40 mlrec 

4 

3' 
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2 
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Figure 6 1. OneSeventlr P o w r  6 a w Vehcify Profife 

Figure 6-2 shows an appl i c a t i o n  o f  ' t h i s  procedure t o  ob ta in  the dynamic 

pressure f o r  use i n  the ca lcu la t ions .  The v a r i a t i o n  o f  dynamic pressure 

w i t h  respect  t o  he igh t  f o r  a 1/7 power law wind p r o f i l e  w i t h  a nominal wind 

speed o f  40 m/sec (90 mph) a t  a 10. meter (32.8 f t )  e leva t i on  was calculate'd 

and i s  shown i n  Figure 6-2.  From the geometry o f  the a r ray  ( t h e  angle the  

a r ray  makes w i t h  the ground, yround clearance, and ar ray  chord length) ,  t h e  
< 

e leva t i on  a t  the top  of the array can be ca lcu la ted .  F igure 6-2 shows the  

e leva t i on  o f  an ar ray  top edge superimposed on the 117 power law v e l o c i t y  

. p l o t  f o r  a 2.4 In (8  f t )  chord a r ray  w i t h  a ground clearance o f  1'.2 m ( 4  f t )  

and f o r  var ious angles t h a t  the a r ray  i s  posi t ioned.  The dynamic pressure 



t o  be used i n  the force and pressure calculat ions can be eas i l y  determined 

fmm the speci f ied wind veloci ty,  VO, and height Zo, and p l o t t ed  s im i l a r  t o  

Figure 6-2 f o r  the array a t  i e s  design conf igurat ion w i th  respect t o  the 

ground by using the equations: 

q = 1 1 2 ~ 8  

where 
q = dynamic pressure 
g = a i r  dens i ty  

4( = top edge elevat lon o f  arrays 
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6.2 Proposed Wind Design Forces f o r  High Aspect R a t i o  Ar rays  

1 1.0111 t he  r e s u l t s  presented ' i n  Sec t ion  5.0 and Appendix A, and u s i n g  t h e  

liiethod i n  Sec t ion  6.1 t o  c a l c u l a t e  t h e  dynamic pressure, a  s e t  o f  recommended 

wind des ign fo rces  were developed t h a t  should p rov ide  conse rva t i ve  des ign 

loads o f  a r r a y  s t r u c t u r a l  suppor ts .  Because o f  t h e  angle o f  t h e  sun over  t h e  

c o n t i n e n t a l  U.S.A., t he  angles t h a t  t h e  a r rays  w i l l  be r e l a t i v e  t o  t h e  ground 

a re  expected t o  va ry  from 20" t o  60" depending on l o c a t i o n .  Us ing t h i s  range 
, 

o f  angles and t h e  r e s u l t s  f rom F igu re  5-10, normal fo rces ,  l i f t  forces, ,  and 

drag f o r ces  were c a l c u l a t e d  f o r  angles o f  a t t a c k  from 20" t o  60" and 120" t o  

160" and f o r  ground sepa ra t i on  o f  d is tances .  up t o  1.2 m (4  f t ) '  b u t  exc lud ing  

t h e  c o n d i t i o n  o f  no ground, separa t ion .  The dynamic pressures used i n  t h e  

c a l c u l a t i o n s  were ob ta ined  us ing  t h e  v e l o c i t y  a t  t h e  e l e v a t i o n  o f  t h e  t o p  

. edge o f  t h e  a r r a y  from t h e  117 power law v e l o c i t y  p r o f i l e .  An i n t e r e s t i n g  

r e s u l t  i s  ob ta ined  from t h e  f o r c e  c a l c u l a t i o n s :  a1 though t h e  aerodynamic 

c o e f f i c i e n t s  inc rease  w i t h  decreas ing ground c learance,  t h e  dynamic.pressure 

decreases w i t h  decreas ing ground c learance  because o f  a  s l i g h t l y  l owe r  

e l e v a t i o n  a t  t h e  a r r a y  t o p  edge. The n e t  r e s u l t  i s  t h a t  t h e  forces ca l cu la ted ,  

a t  d i f f e r e n t  ground clearances a r e  n e a r l y  equal and w i t h i n  t he  u n c e r t a i n t y  

o f  t h e  a n a l y s i s .  The values o f  t h e  normal force, 1  i f t ,  and 'drag f o r ces  

(average fo rces  on t h e  a r r a y )  a r e  t a b u l a t e d  as a  f u n c t i o n  o'f ground c learance  

f o r ,  va r ious  angles o f  a t t a c k  and f o r  t h e  2.4 m ( 8  f t ) ,  and 4.8 m (16 f t )  chords 

and presented in , .Tab le  6.1. The envelope o f  these fo rces  a r e  shown i n  

F igure  6-3 f o r  bo th  chord leng ths .  

To f a c i l i t a t e  t h e  use o f  t h i s  t ab le ,  t h e  f o l l o w i n g  example i s  presented as a  

gu ide.  For t h i s  example, assume an a r r a y  p o s i t i o n e d  a t , a  t i l t  angle o f  40" 

w i t h  a ground c learance o f  .6 m (2  f t ) ,  a  s l a n t  h e i g h t  o f  2.4 m (8  f t )  and 

sub jec ted  t o  a  des ign wind O f  40 mlsec a t  10 meters t h a t  has a  117 power 

v e l o c i t y  p r o f i l e .  A  schematic o f  t h i s  c o n f i g u r a t i o n  and t h e  aerodynamic f o r ces  

a r e  shown i n  F igure  6-4. 
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Table 6 1. Recommended Wind Design Loads 
(117 Power Law Wind Prom,  IVO Protective Barriers, Single Array) 

A R R A Y  CHORD LENGTH=8 f t  

Ground Clearance=2 ft ' ' ' Ground Clearance=4 ft 

TILT WINO O V W l C  WINO OYNRlllC C14 FN F L ,  
ANGLE ALPHA VELOClTV PRESSURE '"N F0 F1 ALPHA VELOCIN PRESSURE 

DEGREES OEGREES . FPS PSF PSF PSF PSF DEGREES FPS PSF PSF PSF PSF 

' 20 20.0 .  . 99.5 11.7 1.18 13.8 4.7 13 .0  20.0 104.6 13.0 1.04 13.5 4.6 12.7 

I $ 25.0 101.3 12.2 1.25 15.2 6.4 13.8 25.0 106.0 13.3 1.15 15.3 6.4 13.9 
30.0 102.9 12.5 1.34 16.8 8.4 '14.6 30.0 107.2 13.6 1.26 17.2 8.6 14.9 

wim 
35.0 104.3 12.9 1 18.6 10.6 15.2 35:O 108.3 13.9 1.37 19.1 10.9 15.6 Itom 35 

reu 40 40.0 105.5 13.2 1.55' 20.5 13.1 15.7 40.0 109.3 14.2 1.08 21.0 13.5 16.1 
45.0 106.5 13.5 1.68 22.6 16.0 16.0 . 45.0 110.1 14.4 1.61 23.2 16.4 16.4 I 45 

50 50.0 . ' 107.5 13.7 1.79 24.5 18.8 15.8 50.0 110.9 14.6 1.72 25.1 19.2 16.1 
55.0 108.2 13.9 '1 .89  26.3 21.5 5 1  . 55.0 111.5 14.8 1.83 27.0 22.1 15.5 1 :  60.0 108.9 14 1 . 1.98 27.9 24.1 . 13.9 60.0 '112.1 ,14.9 1.93 28.8 24.9 14.4 -r : IZO'.O 108.9 - . 14:l' ' 1.70 23.9 20.7 -11.9 120.0 112.1 14.9 1.74 26.0 22.5 -13.0 

125.0 108.2 13.9 1.58 . 22.0 18.0 -12.6 125.0 111.5 14.8 1.62 23.9 19.6 -13.7 
50 130.0 107.5 13.7 1.44 9 . 7  15.1 -12.7 130.0 110.9 14.6 1.49 21.7 16.6 -14.0 

wiw 48 135.0 106.5 13.5 1.31 17.6 12.5 -12.5 135.0 110.1 14.0 1.36 19.6 13.8 -13.8 
horn 40 140.0 105.5 1 3 . 2 . .  1.18, 15.6 10.0 -11.9 140.0 109.3 14.2 1.22 17.3 11.1 -13.2 
hont 145.0 104.3 12.9 1.06 13.7 7 .8  -11.2 145.0 108.3 13.9 1.11 15.4 8 . 8  -12.6 

30 150.0 102.9 12.5 .95 1 1 . 9 .  5.9 -10,3 - . ,150.0 . 107.2 13.6 1.00 13.6 6 . 8  -11.8 
155.0 101.3 12.2 .85 10.3 4.3'  - 9.4 155.0 106.0 13.3 .91 12.1 5.1 -11.0 l 8  160.0 99.5 11.7 .77 9.0 3.1 - 8.5 160.0 104.6 . 13.0 - .82 . 10.6 3.6 -10.0 

..- 

Ground Clearancea2 ft , Ground Clearance=4 f t  

TILT WINO O'fHA)(Ic F~ F~ F~ MINO O Y W l C  
ANGLE ALPHA VELOClN PRESSURE ' ALPIN VELOCITT PRESSURE . FN F0 FL 

DEGREES OEGREES FPS PSF PSF PSF PSF OEGREES FPS PSF PSF PSF PSF 

NOTE: THE FORCESs .F i9  FL9 AND FD ARE NOT ADDIT IVE ,  SEE FIGURE 6-4 BELOW. 

wind 
b 

vector 

Figure . 6-4. . Array Configuration and Aerodynamic Force Schematic 
I .. ' . .. .. . . 



The wind can approach t h e  a r r a y  from e i t h e r  t h e  f r o n t  o r  back so bo th  

c o n d i t i o n s  must be considered. F i gu re  6-4 shows t h e  wind from t h e  back 

which w i l l  produce an aerodynamic f o r c e  normal t o  t h e  a r r a y  and i n  an upward 

d i r e c t i o n .  Conversely, a  wind from t h e  f r o n t  w i l l  a l s o  produce an aerodynamic 

f o r c e  normal t o  t h e  a r r a y  b u t  i n  a  downward d i r e c t i o n ,  Th i s  normal f o r c e  

can be reso l ved  i n t o  a  h o r i z o n t a l  and v e r t i c a l  f o r c e  (d rag  and 1  i f t ,  r e s p e c t i v e l y  

by t h e  t i lt angle geometr ic  parameter and t h e  d i r e c t i o n  o f  t h e  wind. Th i s  i s  

a l r eady  performed i n  Tab le  6-1 as F,, and FL. Using Table 6-1, t h e  average 

normal f o r c e  on t h e  a r r a y  i s  20.5 p s f  and 15.6 psf  f o r  a  wind ang leao f  180' 

and 0°, respec t i ve ly ,and  f o r  a  t i l t  ang le  o f  40'. For  a  s l a n t  h e i g h t  o f  8 ' ,  

t h e  normal force pe r  f o o t  o f  span i s :  

FN 
= 8 x 20.5 = 164 1 b s / f t  @ w ind  ang le  = 180' 

= 8 x 15.6 = 122.4 l b s / f t  @ w ind angle O0  

If t h e  average normal f o r c e  needs t o  be reso l ved  i n t o  h o r i z o n t a l  and v e r t i c a l  

components, F,, and FL r e s p e c t i v e l y ,  t h e y  can be ob ta ined  d i r e c t l y  f rom t h e  

t a b l e  as: 

F,, = 13.1 p s f  @ wind. angle = 180° 

= 10.0 p s f  8 wind angle = 0" 

F~ 
= 1'5.7 p s f  @ w ind angle' = 180" 

= -11.9 p s f  8 wind ang le  = O0 

From t h i s ,  i t  i s  seen t h a t  t he  v e r t i c a l  f o r c e  i s  up f o r  a  w ind  f rom t h e  r e a r  

and down f o r  a  wind from t h e  f r o n t .  The drag f o r c e  i s  always i n  t h e  d i r e c t i o n  

o f  the' wind. 

A l though a r rays  p o s i t i o n e d  behind t h e  windward f r o n t  a r r a y  would have reduced 
. . 

aerodynamic fo rces ,  t h e  t h e o r e t ' i c a l  l y  c a l c u l a t e d  r e d u c t i o n  (1  i m i  t e d  t o  spacings 

w i t h  a r r a y s  n o t  i n  wakes) i s  n o t  s u f f i c i e n t  t o  ' a f f e c t  t h e  r e s u l t s  by more 

than 10%; To o b t a i n  f o r ces  o n  a r rays  i n  t he  wake o f  o t h e r  a r rays  o t h e r  t han  

, an  es t imated  r e d u c t i o n  o f  60% r e q u i r e s  use . . o f  . t e s t  methods. consequent ly,  

t h e  f o r ces  shown i n  F igu re  6-3 and. Table -6-1' wou1.d be s a t i s f a c t o r y  des ign 

loads  a t  t h i s  t ime  f o r  a1 1  o f  t h e  a r r a y s  withJ t he  f o r c e s  f o r  t h e  a r rays  

behind t h e  f r o n t  a r r a y  be ing  consi'd&rably more.cons, i r "a t ive than t h e  f r o n t  
. .  . a r r a y  fo rces .  . . . . . 

. . 



6.3 A r ray  Key Load Parameters. and ~ e n s i  t i v i  t i e s  
. . 

A des igner  can min imize t h e  loads on t h e  bas i c  s o l a r  a r rays  by o p t i m i z i n g  

. the p o s i t i o n .  o f  t h e  a r rays  w i t h  r espec t  t o  t h e  ground, themselves, and wind 

d i r e c t i o n s .  Th is  s e c t i o n  i d e n t i f i e s  t h e  key on the '  bas i c  a r r a y  

and t h e i r  s e n s i t i v i t y  t o  these parameters based on t h e  r e s u l t s  f r o m  Sec t ion  

3 . 0  and Appendix A. 

. . 

' Key parameters . . a f f e c t i n g  t h e  aerodynamic loads  on a r rays  when, t he  a r rays  a r e  
. . 

' p o s i t i o n e d . a t  t i 1  t angles g r e a t e r  than  15O are: 
. . 

s ' p l a t e  angle o f  a t t a c k  

s ground c learance 

a a r r a y  spac ing 

e. a r r a y  yaw angle t o  t h e  wind 

o wind dynamic pressure ( v a r i e s  as t h e  f rees t ream wind v e l o c i t y  

squared which i s  'dependent on . the  re fe rence  v e l o c i t y ,  weloc i  ty  

p r o f i l e  and e l e v a t i o n  o f  t h e  t o p  of: t h e  a r r a y )  .. 

F igure  6-5 shows t h e  s e n s i t i v i t y  o f  these parameters f o r  t y p i c a l  ranges t h a t  

these parameters may encompass. T h e . s e n s i t i v i t y  i s  shown as a f u n c t i o n  o f  

t h e  aerodynamic f o r c e  f o r  each parameter normal ized t o  t h e  maximum expected 

va lue  o f  t h e  parameter. 

O f  these parameters t h e  a r r a y  yaw angle must be se lec ted  . . t o  . g i v e  t h e  

maximum f o r c e  which occurs a t  zero yaw ang le '  f o r  most l o c a t i o n s  s i nce  t h e  

wind d i r e c t i o n  u s u a l l y  can come from any d i r ec t i ' on .  For o t h e r  parameters t h e  

aerodynamic fo rces  inc rease  w i t h  i n c r e a s i n g  ang le  o f  a t t a c k ,  wind dynamic 

pressure, and decreasi.ng ground c learance ( u n t i l  ve r y  c l o s e  t o  t h e  ground 

where t he  f l o w  becomes s i  gn i  f i c a n t l y  b locked from f l  owi ng through t h e  ground 

c learance gap). 

The s e n s i t i v i t y  t o  a r r a y  spacing i s  e s s e n t i a l l y  cons tan t  when one a r r a y  i s  

o u t s i d e  o f  t h e  wake o f  another.  The wake d i s tance  depends on t h e  angle o f  

a t t a c k  and was c a l c u l a t e d  t o  be from 2 t o  5 a r r a y  chords i n  1  ength. When 

t h e  downwind a r r a y  i s  p o s i t i o n e d  i n  t he  wake o f  t h e  upstream a r ray ,  t h e  sen- 

s i  t i v i  t y  was es t imated  from t h e  wake v e l o c i t y  p r o f i  1  es behind fences as 

determined from the  l i t e r a t u r e .  A wind tunne l  t e s t  would be r e q u i r e d  t o  

accu ra te l y  determine t h e  aerodynamic f o r c e  s e n s i t i v i t y  t o  t h i s  parameter. 
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Of these parameters shown i n  Figure 6-5, the l a rges t  aerodynamic force 

reduct ion can be obtained by min imi l ing the wind angle o f  a t tack t o  the : 
array and the wind dynamic 'pressure (wind ve loc i t y ) .  The s e n s i t i v i t y  of 

the ground clearance and array spacing i s  not  nearly, as great as these other 

parameters. 

6.4 Protect ive  Wind Bar r ie rs  and Result ing Array Loads 

The use o f  wind ba r r i e r s  such as fences can ef fec$ some reduct ion i n  the 

steady s ta te  ve loc i t y  o f  the wind by i n te r rup t i ng  the a i r '  f low. Figure 4-1 

o f  Section 4.0 shows conceptual ly the f low d is rup t ion  t h a t  a fence w i l l  caus.e. 

Based on published resu l t s  i n  the l i t e r a t u r e  and s p e c i f i c a l l y  from the paper 

presented by ~ a i n e ~ ~ ,  reduct ion i n  the steady s ta te  ve loc i t y  behind a  fence 

and the resul  ti ng aerodynamic steady .s ta te  loading on a  s t ruc tu re  betii nd 

the fence can be estimated. The vel'oci t y  isotachs (1  ines o f  equal ve loc i ty , )  

behind the fences o f  d i f f e r e n t  poros i t y  are shown i n  Figure 4-2.. I t  should 

be noted t ha t  these isotachs are f o r  the condi t ion t ha t  no b a r r i e r  ex is ts  

downstream o f  the fences. Barr iers  downstream (such as photovol ta ic arrays) 

w i l l  a f f e c t  the upstream f low depending on t h e i r  l oca t i on  and shape. Never- 

theless, these isotachs do give a  quan t i ta t i ve  idea o f  the f low f i e l d  and 

are useful i n  pos i t ion ing the arrays behind a  fence and i n  evaluat ing the 

height  and type o f  poros i ty  o f  a  fence t o  r ea l i ze  the greatest  reduct ion 
V1 

. . 

i n  aerodynamic 1  oads on the arrays. 

The isotachs i n  Figure 4-2 were used t o  t rans la te  the e f f e c t  t h a t  the fence 

has on the wind ve loc i t y  behind a  fence using a  117 power law f o r  the f ree-  

stream ve loc i t y  p r o f i  1  e. The wind vel  oc i  ty p ro f  i 1 es are presented i n  Figure 

6-7 f o r  f i v e  locat ions downstream shown i n  Figure 6-6 o f  a  2.5 m (8.2 f t )  

fency o f  d i f f e r e n t  fence porosi ty.  It should be noted t ha t  because the i so -  

tachs do not  show f low d i rec t ions,  the ve loc i t y  p r o f i l e s  derived from the 

isotachs a lso cannot show f low d i rec t ion .  I n  fac t ,  some o f  the ve loc i t i es  
. . 

shown i n  Figure 6-7 may be reversed. From Figure 6-7, the posi t i o n  cl.ose t o  

the fence y i e l ds  the la rges t  decrease i n  steady s ta te  f low ve loc i t y .  This i s  

p a r t i a l l y  of fset  because the turbulence leve l  i n  the f low i s  increased c loser  

t o  the fence espec ia l ly  a t  fence top elevations as indicated by Figure 4-3. 



Figure 6-6 Location of Velocity Prvfile Determinations Relative to the Fence 
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Nevertheless, t he  reduct ion  i n  steady s t a t e  f low behind a  fence causes s i g -  

n i f i c a n t  reduct ion  i n  wind dynamic pressures (as much as 90 percent)  r e s u l t i n g  

i n  a  ne t  load reduct ion  of as much as .GO% because o f  t he  increased turbulence. 

This a l so  i nd i ca tes  t h a t  if one a r ray  can be placed i n  the  wake o f  another 

array,  s i g n i f i c a n t  r i d u c t i b n  o f  aerodynamic forces on downstream arrays could 

be achieved. . 

performance and c o s t  s tud ies  should be made if a wind b a r r i e r  i s  considered as 

a  device t o  reduce wind derodynamic . .  . forces, Ad jus t ing  parameters o f  such 

th ings as he igh t  o f  fences r e l a t i v e  t o  a r ray  heights,  closeness o f  the fence 

t o  the  a r ray  f i e l d  and p o r o s i t y  o'f the  fence may r e s u l t  i n  an o v e r a l l  c o s t  

reduct ion  f o r  an a r ray  f i e l d .  ~ i ~ u r e  6-8 i s  a  cross p l o t  o f  F igure 6-7 and 

d e t a i l s  the ve1:ocity p r o f i l e s  as a  func t i on  of fence permeabi l i t y  der ived 
2 3 from the  data presented from Raine This data shows t h a t  fences, o f  0% and 

20% p o r o s i t y  g i ve  s l i g h t l y  b e t t e r  steady s t a t e  wind p r ~ t ~ c ~ i o n  than 35% and 

50% poros i t y .  However, f rom.  f igure's.. 4-3. and 4-4 the  r o o t  mean squared 
. ... 

turbulence v e l o c i t y  (unsteady f low)  i s  h igher  f o r .  the  0% p o r o s i t y  than the  

50% p o r o s i t y  fence. The o v e r a l l  p r o t e c t i o n  a f fo rded by the  fences appears 

t o  be bes t  f o r  t he  20% p o r o s i t y  fence although t h i s  i s  a l so  dependent on the 

l o c a t i o n  (d is tance and e leva t ion )  behind the  fence. 

A1 though the  he igh t  o f  the  fence used i n  Figures 6-7 and 6-8 i s  2.5 m (8.2 f t )  

high, any fence h igher than t h i s  can be evaluated from these f i gu res  by 

simply m u l t i p l y i n g  a l l  scales o f  the f i g u r e s  by the  r a t i o  o f  new fence h e i g h t  

i n  meters d i v ided  by 2.5 meters. The e r r o r  invo lved us ing  t h i s  procedure i s  

minimal because the  slope o f  the 1/7 power v e l o c i t y  p r o f i l e  curve a t  the  fence 

he ight  o f  2.5 m (8.2 f t )  and above i s  small. As an example, us ing t h i s  method 

f o r  a  5  m (16.4 f t )  h igh  fence would r e s u l t  i n  an e r r o r  l ess  than 10% f o r  the 

vel o c i  ty p r o f  i 1 es. 

The r e s u l t s  shown i n  Figures 6-7 and 6-8 can be used t o  est imate the reduct ion  

i n  the wind dynamic pressures and the r e s u l t i n g  aerodynamic forces on ar rays  

pos i t ioned behind a  fence.. This can be best  shown by using an example o f  the  

e f f e c t  t h a t  a  fence located a  spec i f i ed  d is tance from an a r ray  has on the  

forces i n  Table 6-1 f o r  one ground clearance and ar ray  s l a n t  he ight .  For t h i s  

example, the  condi t i o n s  used a re  a  34% permeable 2.5 m (8.2 f t )  fence w i  t h  an 

ar ray  located 4 meters' behind the fence. The ar ray  i s  assumed t o  have a  2.4 m 

(8 f t )  s l a n t  he igh t  and a  .6 m ( 2  f t )  ground clearance. 
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The top o f  an ar ray  w i t h  a ti 1 t angJ e o f  200, ground clearance ..of . . .6 m .  ( 2  f t )  

.and a s l an t  he ight  o f  2.4 m ( 8  f t )  would be l o c a t e d  at : ,  . . 

Z = 8 s i n  20° + 2' 
= 4.75 ft. above the ground 

Examining Figure 6-8 for  ,a 34% permeable fence and a fence distance o f  4 meters, 

the v e l o c i t y  a t  a hei'bht o f  4.75 ft. i s  approximately 34 f t l s e c .  . .  ,The dynamic 

pressure f o r  a 34 f t l s e c  wind i s  ca lcu la ted as: - 4 4  ' . . . .  . . . . . .  k '  
' ,  . 

= 1.374 psf  

~ a i n e * ~  shows t h a t  the fence causes increased turbulence which as an est imate 

may increase the l oca l  ve l oc i t y  by 2 ( l oca l  dynamic pressure by 4) .  If the l oca l  

turbulence co r re l a t i on  func t ion  on the panel i s  one' ( 0 )  t h a t  i s ,  the v e l o c i t y  

due t o  the turbulence a f f e c t s  a l l  o f  the panel simultaneously ( i n  phase and 

magnitude), the steady s ta te  wind loads would have t o  be increased by 400% t o  

account f o r  the unsteady wind loads due t o  turbulence,. However, because 

tu ibulence i s  random, the l oca l  turbulence c o r r e l a t i o n  func t ion  i s  much less  

than one, and the unsteady wind loads are  on ly  a f r a c t i o n  o f '  the steady s t a te  
36 ,loads varying from near zero t o  less  than 50%. . It should be noted t h a t  a1 though 

the unsteady wind loads are less  than 50% o f  the steady s ta te  toads, the loca l .  

unsteady pressures on any p a r t  o f  the panel may be several magnitudes l a r g e r  than 

the steady s ta te  pressures. Using 50% . i n  the example,which i s  conservative 

f o r  the unsteady loads36, the ca lcu la ted steady s t a te  dynamic pressure i s  i n -  

creased by 50% t o  account f o r  the increased turbulence : 

= 2.06 ps f  

The dynamic pressure i s  ca lcu la ted t o  be 11.7 ps f  .wi thout  a fence. The normal 

force, drag force, and l i f t  forces are ca lcu la ted f o r  a wind from the rea r  as: . .  . 

= 2.06 x 1.18 

= 2.44 ps f  

F,., = .83 ps f  

F~ = 2.29 ps f  
8 ' , #  3 , I I  I ) D  I I , , ,  I , I  54 . 

0 0 8  I ,  I I . ,  8 ! 



Performing. these ca lcu la t i ons  fo r  a l l  of the  t i 1  t angles presented i n  Table 6-1 

and f o r  an a r ray  . o f  dimensions deta ' i led i n  t h i s  example, the normal ,drag ,and 

1 i ft forces a re  obtained and presented i n  Table 6-2. Comparing Tablex-6-2 

t o  the  app l i cab le  po r t i on .  o f  Table 6-1 f o r  the l a rge  t i l t angle o f  60°, the  

aerodynamic fo rce  on ar rays  behind the  fence i s  60% o f  those w i thou t  a fence. 

The reduct ion  i n  wind loads a t  t h i s  t i lt angle would be much greater  i f  the  

top o f  the  a r ray  was lower compared t o  the  fence. I n  t h i s  example, the  top  

o f  the  a r ray  i s  approximately three-quarter  fee t  (314 ' )  above the top  o f  

the fence. .For heights greater  than the.fence height ,  the wind v e l o c i t y  

p r o f i  1 e r a p i d l y  increases t o  the  undi s turbed wind ve l  oc i  t y  p r o f  i 1 e (see 

Figure 6.8) resu l t i ng '  i n  h igher  wind' loads. 

. Table 62. Estimated Wind Loads Behind a Fence 

.. . 
Conditions 
Array , h o d  = 2.4 m (8 ft) 
Array ground clearance = 0.6 m (2 ft) Fence to array sepjration = 4m 
Fence height = 2.5 m (8.2 ftl Fence porosity = 34% 

Wind 
from 
rear 

Wind 
from 
front 

'Wind velocity 4 meter behind the fence and at the height corresponding to the top of the array. 
"lncludesa factor of 1.5 to account for turbulence generated by'the fence. 

degrees 

20 
25 
30 
35 
40 

e5 
50 
55 
60 
60 
55 
50 
45 
40 
35 
30 
25 
20 

b 

~ l p h a  
degrws 

20 
25 
30 
35 
40 
45 
50 
55 
60 

120 
1 25 
130 
1 35 
140 
145 
1 50 
155 
160 

Wind i 
velocity 
fm 

34 
34 
34 
36 
42 
47 
53 
60 
69 
69 
60 
53 
47 
42 
36 
35 
34 
34 

*a 

Dynamic 
pressure 
psf 

2.06 
2.06 
2.06 
2.31 
3.14 
3.94 
5.01 
6.42 
8.49 
8.49 
6.42 
5.01 
3.94 
3.14 
2.31 
2.06 
2.06 
2.06 

CN 
psf 

1.18 
1.25 
1.34 
1.44 
1.55 
1.68 
1.79 
1.89 
1.98 
1.70 
1.58 
1.44 
1.31 
1.18 
1.06 
.95 
.85 
.77 

N 
Pf f 

2.44 
2.58 
2.77 
3.33 
4.87 
6.62 
8.97 

12-14 
16.81 
14-43 
10.14 
7.22 
5.16 
3.71 
2.45 
1.96 
1.76 
1.59 

D 
ps f 

.83 
1.09 
1.39 
1.91 
3.13 
4.68 
6.87 
9.94 

14.56 
1250 
8.30 
5.53 
3.65 
2.39 
1.40 
.98 
.74 
.55 

L 
psf 

2.29 
2.34 
2.40 
2.72 
3.73 
4.68 
5.77 
6.96 
8.41 

-7.22 
-5.81 
-4.64 
-3.65 
-2.84 
-2.00 
-1.70 
-1.59 
-1.49 

b 



For more accurate resul  ts ,  a wind tuqnel o r  natural  wind, study i s  required 

since the a i r  flow i s  inf luenced .by the shape of the. arrays and the posl . . t i o n  

of the arrays r e l a t i v e  .to themselves apd t o  the ,fence. The, e f f e c t  on ar ray 

steady s ta te  aerodynamic forces f o r ,  a n~tnbek- of fence and ar ray parameters w i l l  

be evaluated i n  a proposed wind tunnei t e s t  p l an  de ta i led  i n  Appendix B if 

the t e s t  i s  implemented. . . 

One condi t ion t h a t  should be avoided o r  protected against  when using fences 

as wind p ro tec t i ve  bar r ie rs ,  i s  to. 'avoid changing fence d i r e c t i o n  w i t h  a 

sharp corner.35 Sharp fence corners cap generate a vortex from a wind yawed 

t o  one side and can actual l y  increase $he wind vel  oci  t y  i n  a narrow region. 

To avoid th is ,  the fence should be bui  1 t t o  go around the corner i n  a gent1 e 

radius o r  i f  a sharp corner i s  required; t o  b u i l d  another fence i n  f r o n t  o f  

the corner and a t  an angle tha t  i s  perpendicular . to the b i sec t  l i n e  o f  the 

corner. 

6.5 Miscel l  aneous Potent ia l  Load A1 l e v i a t i o n  Techniques 

I   here are several po ten t ia l  load a l l e v i a t i o n  techniques t h a t  may reduce the 

wind aerodynamic loading i n  a more cos t  e f f e c t i v e  manner than reducing the 

freestream ve loc i t y  w i  t h  p ro tec t i ve  bar r ie rs .  These techniques w i  11 be d i s -  

cussed i n  t h i s  sect ion bu t  w i thout  regard. t o  d e t a i l  i.ng any values o f  expected 

force reduc.tions. Each o f  these techniques i s  dependent on the de ta i led  ,geo- 

metry and actual force reduct ion values, can on ly  be obtained by t e s t  methods. 

. . 

One o f  the most promising po ten t ia l  ' load a l l .ev ia t ion  techniques f o r  h igh aspect 

r a t i o  arrays i s  t o  have b u i l t - i n  a i r  gaps w i t h i n  the array. ' A i r  gaps 

cons is t ing o f  holes, s lo ts ,  etc., w i l l  a l l o w  a i r  t o  f low through the arrays 

and as such w i l l  cause decreased windward pressures as.wel1 as less  

negative pressures on the base pressure side. The a i r  w i l l  move from the 

h igh pressure side through the a i r  gaps t o  , f i l l  the a i r  c a v i t y  on the base 

pressure side and r e s u l t  i n  a t o t a l  force t h a t  i s  reduced from t h a t  o f  an 

ar ray w i t h  no a i r  gaps. Furthermore, t h i s  po ten t ia l  load a l l e v i a t i o n  tech- 



nique may he lp  t o  keep the  arrays c lean because o f  t he  turbulence t h a t  w i l l  

be generated as the  a i r    asses through the  ar ray .  Dust and d i r t  may be 

c o n t i n u a l l y  sw i r led .  and have a  c lean ing  e f fec t  on t h e  a r r a y  when the re  i s  wind 

and/or r a i n .  The shape o f  the  a i r  gaps may a l so  af fect  t h e  se l f - c lean ing  

e f f i c i e n c y  o f  t h e  ar ray .  I n  p rac t i ce ,  the  pho tovo l ta i c  arrays w i l l  probably 

be made up o f  a  number o f  modules. A i r  gaps cou ld  be i n s t a l l e d  on the  

perimeter o f  these modules w i t h i n  t h e  s t r u c t u r e  support ing the  modules. 

Another p o t e n t i a l  l oad  a l l e v i a t i o n  technique when the  arrays a re  a t  l a r g e  . . 

angles o f  a t t a c k  i s  t o  have one edge of  t he  a r r a y  pos i t i oned  o n  the  ground 

t o  b lock the  f l ow  of  a i  r under the  a r r a y  and thus reduce the  suc t i on  ef fect  

on the  base pressure s ide  of t he  ar ray .  Unfortunately,  t h i s  method of  . .  

p o s i t i o n i n g  the  arrays on the  ground w i l l  cause d i r t  t o  c o l l e c t  onto the  

lower p a r t  . o f  the  a r r a y  du r ing  winds and r a i n  because o f  an increased . . 

s tagnat ion area on the  windward s ide .  As a  r e s u l t ,  an a l t e r n a t e  technique 

would be t o  p o s i t i o n  the  a r ray  o f f  t he  ground b u t  b lock the  ground clearance 

gap around the  per imeter  o f  the  a r ray  f i e l d .  The advantage o f  t h i s  technique 

and o f  adding b u i l d - i n  a i r  gaps w i t h i n  the  arrays w i l l  be evaluated i n  a  

proposed wind tunnel  t e s t ,  thi proposed p lan  o f  which i s  d e t a i l e d  i n  

Appendix B . 

A t h i r d  technique t o  reduce the  aerodynamic loads t h a t  does no t  have the  

po ten t i a l  o f  the  precedi,ng techniques but  t h a t  might. be incorpora ted  i n t o  

manufactur ing techniques w i t h  1  i t t l e  o r .  no a d d i t i o n a l  cost,  i s  rounding 

the edges o f  the  a r r a y  as much as possib le.  The more gent le  the  curva ture  

o f  t he  edges, t he  l e s s - d r a g  t h a t  the  p l a t e  generates. The drag on f l a t  . . 
p la tes  i s  reduced us'ing t h i s  procedure by causing f l ow  separat ion from the  

p l a t e  i n  a  much smoother manner. Improving on t h i s  c o n d i t i o n  f o r  t he  r e a r  

s ide  o f  the  array,  f u r t h e r  drag reduct ions cou ld  be achieved w i t h  the  use 

o f  f a i r i n g s  t h a t  causes a  slower t r a n s i t i o n  o f  the  f l ow  from .an at tached 

t o  a  separated f low.  Caution must be exercised i n  designing such a  f a i r i n g  

t h a t  an a i r f o i l  i s  no t  developed t h a t  reduces the  drag bu t  produces l a r g e r  

l i f t  forces. 



I 6.6 Unsteady Winds and S t ruc tu ra l  Dynamics Re la t ionsh ip  

The previous discussions address on ly .  winds t h a t  a re  i n  a  steady s t a t e  cond i t ion .  

(The previous sect ion,  sec t i on  6.4, uses a  dynamic f a c t o r  on the  steady s t a t e  
I 

c o n d i t i o n  which accounts f o r  turbulence generated by o t h e r  arrays o r  fences). 

~f t h e  winds a re  gusty and tu rbu lent ,  the  winds have an unsteady component t h a t  

should a l so  be, considered i n  the  design loads f o r  s o l a r  a r rays .  To accura te ly  

p r e d i c t  wind loads on an a r ray  due t o  the  unsteady wind component i s  cos t l y ,  t ime 

consuming, and d i f f i c u l t  t o  ob ta in .  The reason f o r  t he  d i f f i c u l t y  i n  p r e d i c t i n g  

these loads i s  t h a t  t he  unsteady wind w i l l  e x c i t e  the  s t r u c t u r a l  modes o f  the  

a r ray  r e s u l t i n g  i n  s t r u c t u r a l  v i b r a t i o n s  o f  t h e  array.  These v i b r a t i o n s  may 

a t tenuate  because o f  t he  i n t e r n a l  damping i n  t h e  s t r u c t u r e  o r  may b u i l d  up and 

can even destroy t h e  s t r u c t u r e  f o r  cond i t ions  where phasing o f  t h e  s t r u c t u r a l  

v i b r a t i o n s  modes produce a  f l u t t e r  cond i t ion .  To completely analyze t h e  

s t r u c t u r e  for unsteady wind loads, a  dynamic s t r u c t u r a l  ana lys is  must be per- 

formed t h a t  considers both the  wind proper t ies  (wind v e l o c i t y  magnitude and 

frequency content)  and the  a r ray  s t r u c t u r a l  and aerodynamic p roper t i es  (a r ray  

aerodynamic shape and s t r u c t u r a l  v i b r a t i o n  mode shapes which i s  dependent on 

the  s t r u c t u r a l  mass, s t i f f n e s s  and 'shape). 

I n  l i e u  o f  a  d e t a i l e d  s t r u c t u r a l  dynamic analys is ,  some ' i nd i ca t i . on  o f  t h e  

unsteady wind loads can be obtained from basic s t r u c t u r a l  dynamic considerat ions.  

The r o o t  mean square (rms) turbulence v e l o c i t y  l e v e l  and frequency content  o f  

t he .w ind  should be obta ined a t  t h e  s i t e  where the  s o l a r  a r rays  a re  t o  be located 

s ince both t h e  wind rms turbulence . leve l  and the  frequency content  i s  a f f e c t e d  

by the  loca l  t e r r a i n .  Once the  determinat ion o f  these wind unsteady parameters 

are obtained, t h e  unsteady wind load  magnitude can be approximated by s c a l i n g  

t h e  steady s t a t e  wind loads by the  r a t i o  o f  the  rms turbulence v e l o c i t y  t o  steady 

s t a t e  wind v e l o c i t y .  This unsteady wind ' l oad  needs t o  be combined w i t h  t h e  
. 

steady s t a t e  wind loads f o r  t h e  t o t a l  wind loads. I n  add i t i on ,  t h e  frequency 

o f  t he  ar ray  panels and support s t r u c t u r e  must be determined and t h e  lowest  

frequency should be a t  l e a s t  tw ice  the  frequency content  o f  t h e  wind turbu-  

lence '  t o  prevent e x c i t a t i o n  o f  the  s t r u c t u r a l  model v i b r a t i o n s .  (This should 

a l s o  be considered f o r  t h e  turbulence generated be fences and o the r  ar rays) .  



. . 
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7 .o PROPOSED WIND BESIGN PRESSURE DISTRIBUTIONS 
FOR HIGH ASPECT RATIO ARRAYS 

' 8  , . .. . 

The loads prii6nted i n  Sect ion 6.0 a r e u s e f u l  i n  t he  design o f  t h e  foundations 

and support ing s t r u c t u r e .  However, t o  s t r u c t u r a l l y  desi'gn the  photovol t a i c  

I modules and panels fo r  aerodynamic forces, i t  i s  necessary t o  know the  aero- 

dynbmic pressure d i s t r i b u t i o n  across the  .modules and panels . The pressure 

c o e f f i c i e n t  d i s t r i b u t i o n s  f o r  the  w i  nd'ward face and the  base pressure face 

o f  t he  a r ray  . !, . i s  presented i n   able' 7-1 and 7-2, respec t i ve l y ,  f o r  var ious 
. . 

angles o f  attac'k ( t i 1  t angles) and a*iay ground c l e d r a ~ c e s .  I n  addi t i o n ,  t he  

I t d t a l  fo rce  c o e f f i c i e n t  and center  o f  pressure as a func t i on  o f  the  chord l e n g t h  

I and 'measured from the  l ead ing  edge i s  a l s o  presented i n  t he  ' t a b l e s  f o r  both the  

.windward and base pressure faces. 

. . 
An e-iample i s  presented t o  show the  use o f  these tab les .  An a r r a y  i s  assumed 

a t  20° , a s l a n t  he igh t  . (chord) . o f  2.4 n ( 8  ft), ground clearance o f  .25c and 

a wind f iom the  r e a r  o f  40 m e t e r s l s e c w i t h  a T/7 law p r o f i l e .  From t h i s  data, 

t he  ac tua l  ground clearance ' o f '  the  i r r a y  ' i s :  

. ' .  , 

The top  o f  t he  a r r a y  i s  a t  d he igh t .  o f :  

I . .  H = 4 ft. + 8 s i n  20" 

= 6.74 ft. 

The dynamic pressure a t  a he igh t  o f  6.74 ft. and a 40 mlsec w ind  v e l o c i t y  
I a t  10 meters and w i t h  a 117 power law i 's ca l cu la ted  as: 

= 11.77 p s f  . . 

Note: t h e  wind v e l o c i t y  a t  6.74 ft. i s  99.5 fps , assuming standard atmosphere 
densi ty a t  sea l e v e l  . 

The pressures can be ca l cu la ted  a long the  chord from the  t a b l e  us ing  t h e  

r e l a t i o n s h i p  t h a t  



Using a  l o c a t i o n  o f  .88c f o r  t h e  f r a c t i o n  o f  the  chord i n  t h i s  example 

' (C,, = - .0222), t he  pressure. a t  t h i s  l o c a t i o n  i s :  

p  = 11'.77 x  -.0222 

= -.261 p s f  

which j s  a  suc t ion  pressure or  a  pressure vec tor  away from the  windward 

face. This type o'f c a l c u l a t i o n  can be performed f o r  a l l  l oca t i ons  on 

t h e  l e n g t h  o f  the  chord. 

The l o c a t i o n  o f  the  center  o f  pressure on t h e  windward s ide  i s :  

= 2.488 ft . from the lead ing  ,edge 

I t  should be noted t h a t  these ca lcu la t i ons  are  on ly  f o r  t h e  windward s ide .  

The pressures on the  base pressure s ide  c a n  be s i m i l a r l y  calculated., and 

I must be a l g e b r a i c a l l y  added t o  the f r o n t  sur face pressures t o  ob ta in  the  

t o t a l  pressure (assuming the modul e  i s  a  s i n g l e  p l a t e  w i  t h  no cav i  ty) . 
. . 



Table 7- 1. Windward Face Pressure Coefficient Distribution 
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Table 7- 1. Windward Face Pressure Coefficient Distribution - Concluded - 
Wind f rom front  
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Table 7-2 Flat Plate Aerodynamic Base Pressure Coefficients 

in ,Close Ground Proximity 
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8.0 WIND TUNNEL TEST PLAN 

Theoret ica l  ana lys is  techniques of boundary l a y e r  a i r  f low over b l u f f  bodies 

can a t  bes t  analyze o n l y  very  simple bodies and 1  i m i  ted boundary condi t i o n s  

and must u s u a l l y  be supplemented w i t h  wind tunnel t e s t  r e s u l t s .  The p o t e n t i a l  

flow reg ion  (a = 10' - 15' f o r  LR =-) where the f low remains attached t o  the 

a i r f o i l  i s  f a i r l y  we1 1  studied and the theo re t i ca l  r e s u l t s  i n  t h i s  reg ion 

match t e s t  resu l  t s  f a i r l y  we1 1  . Once the  f l ow  becomes separated, match- 

, i n g  o f  the  a n a l y t i c a l  resu l  t s  o f  simple a i r f o i l s  and boundary cond i t ions  t o  ~ 
t e s t  r e s u l t s  i s  d i f f i c u l t .  The matching o f  the r e s u l t s  i n  t h i s  study fo r  

s i n g l e  f l a t  p la tes  a t  l a r g e  angles o f  a t tack  t o  the  wind tunnel r e s u l t s  a re  

considered exce l l en t  f o r  t h i s  type of f l ow  even though the. t h e o r e t i c a l l y  

c a l  cu la ted base pressures appear t o  be overpredicted by approximately 30%. 

However, a  theo re t i ca l  ana lys is  of the f l ow  w i t h  ar rays  i n  the wake of o the r  

. ar rays  i s  p resent ly  u i l a t ta i  nable. 

As a  r e s u l t  o f  t h i s  theo re t i ca l  study, a  wind tunnel t e s t  plan. was developed 

( t h e  d e t a i l e d  t e s t  spec. i f icat ions are  presented i n  Appendik B ) .  This t e s t  

p lan  i s  arranged t o  v a l i d a t e  the theo re t i ca l  r e s u l t s  and ob ta in  
r e s u l t s  f o r  condi t ions n o t  s u i t a b l e  f o r  t heo re t i ca l  analysis. The t e s t  p lan 

i s  intended t o  confirm t h a t  f o r  l a rge  aspect r a t i o  arrays, t h e  aerodynamic 

force coef f ic ients on arrays from studies w i t h  constant v e l o c i t y  p r o f i l e s  

and 1/7 power law v e l o c i t y  p r o f i l e s  are  e s s e n t i a l l y  i d e n t i c a l  f o r  arrays 

w i t h  chords of 2.4 m (8 ft) o r  greater.  I f  t h i s  i s  confirmed, t e s t s  could 
be performed a t  most wind tunnel f a c i l  i t i . e s  rathCr than a t  those few f a c i l i -  

t i e s  t h a t  have environmental wind tunnels. The: t e s t  p lan  i s  a1 so intended 
t o  conf i rm t h a t  aerodynamic 'loads are on ly  a f fec ted  i n  a  secondary way from 

the ground clearance gap f o r  gaps n o t  approaching zero. Other parameters 

var ied  i n -  t he  t e s t  .plan fo r  condi t ions no t  s u i t a b l e  f o r  t heo re t i ca l  analys is  
are  corner e f f e c t s  from yawed wind, a r ray  spacing, fence. to ar ray  spacings 

and fence height  t o  ar ray  height.  Other po ten t ia l  load a l l e v i a t i o n  devices 

w i l l  be tes ted t o  determine t h e i r  ef fect iveness i n  reducing the  aerodynamic 

forces. These devices w i l l  cons is t  o f  a i r  gaps b u l l  t i n t o  the  arrays and 

1 t he  blockage o f  a i r .  f l o w  beneath t h e  arrays. 
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. . 
. . ' .  

From the proposed wind tunnel t es t  plan resul ts  and the analyt ical  resul ts  

from th i s  study, a detai led set o f  design aerodynamic force and presture 

loads w i l l  be presented f o r  detai ied . .  . : . : .  mod"1e : and panel structural design as 

well as a r ray  st'ructural support design. The detai led set o f  design aero- 
dynamic force and pressure loads w i l l  encompass m s t  design conditions f o r  
an array f i e ld .  . . , . ,  



9.0 CONCLUSIONS AND RECOMMENDATIONS 

( . i  
. .  . 

A number of conclusions can be der ived by examining the  a n a l y t i c a l  r e s u l t s  i n  

sect ions 5.0 through 7.0 and from the r e s u l t s  r e v l e i e d i n  the  l i ' t e r a t u r e  and 

d iscussed i n  Sect ion 4.0. important conclusions regarding the wind aerodynamic 

loads on photovo l ta ic  ar rays  are: . . 

a .  Winds perpendicular t o  the  a r r a y ' s  long hopizonta l  a x i s  produce the  
l a r g e s t  aerodynamic loads on the s t ruc ture ;  

e Winds from the  sideways d i r e c t i o n s  t o  the  arrays produce i n s i g n i f i c a n t  

aerodynamic loads resu l  t i n g  o n l y  from the s k i n  f r i c t i o n ;  

o Aerodynamic loads increase as a r ray  t i 1  t angles increase and a re  

a maximum a t  a tilt angle o f  90"; 

Aerodynami c 1 oads i ncrease w i  t h  decreasi ng ground c l  earance; 

Arrays pos i t ioned i n  the wake o f  o the r  arrays o r  behind fences 

w i  11 experience a reduct ion  i n  aerodynamic 1 oads. 

Wind aerodynamic loads peak a t  two t i l t angles f o r  h igh  aspect r a t i o  ar rays  

(10"-15" and 90'). The wind loads can be the  h ighest  depending on' conf igura-  

t i o n  .a t  t i 1  t angles o f  10"-15" fo r  the  wind from the  f r o n t  o r  t he  rea r .  

Below 1.0"-15", the  arrays a c t  as an e f f i c i e n t  a i r f o i l  and can generate 

s i g n i f i c a n t  1 i f t  forces. Above 20°, the arrays a re  b l u f f  bodies r e s u l t i n g  

i n  separated f l o w  and h igh  drag forces w i t h  the  aerodynamic forc'e being a 

maximum a t  a r ray  t i lt angles o f  90". Fortunately, i n  the cont inenta l  U.S.A., 

f i x e d  arrays w i l l  never be a t  t i 1  t angles o f  10"-15" o r  90". . Consequently, 

the angles o f  a t tack  o f  h ighest  aerodynamic forces can be avoided. For t h e '  

p r a c t i c a l  range o f  a r ray  t i 1  t angles, (20'-60°), the  wind loads increase as 

ti 1 t angle increases. 

The e f f e c t  o f  ground clearance greater  than zero causes wind 1 oad c o e f f i c i e n t s  

t o  increase w i t h  decreasing clearance. This i s  - o f f s e t  by t h e  wind dynamic 

pressure t h a t  decreases w i t h  decreasing e leva t ion  above the ground such t h a t  

the e f f e c t  o f  ground clearance on 'wind load increases on ly  s l i g h t l y  f o r  

decreasing ground clearance. This t rend i s  only.. t r u e  f o r  ti 1 t angles between 

20" and 90". Between 0-15", wind loads increase s i g n i f i c a n t l y  w i t h  decreasing 

ground clearance f o r  ground clearances greater  than zero. For a ground 
clearance of zero where the wind cannot f l o w  under the  array, the  resu l  ti ng wind 

loads a re  l ess  than' f o r  a r rays  w i t h  ground clearances. 
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Array spacing has minimal e f f e c t  on wind loads provided the arrays are 

no t  i n  the wake o f  another. For arrays i n  the wake of other arrays, the 

a r ray  spacing e f f e c t  can only be estimated. The wind loads are e s t i -  

mated t o  decrease w i t h  decreasing array spa'cing t o  a minimum value of 40 

pe rcen t  o f  the array wind loads out  o f  the wake effect. 

Fences can s i g n i f i c a n t l y  reduce the wind aerodynamic loads on arrays b j  

as much as 60 percent. Fence heights greater khan t he  ar ray heights 

produce no s i gn i f i can t  benefi ts i n  increased load reductions than f o r  a fence, as 

high as the arrays. Based on Raine's r.esults, a fence of 20% geometric poros i t y  

appears t o  produce the highest  overa l l  wind aerodynamic load reduct ion 

on the arrays when considering both steady and unsteady wind e f fec ts .  

Because o f  unsteady wind loads, the array natural  frequencies must be 

s i g n i f i c a n t l y  h igher than the frequency content of the turbulence. This 

i s  required t o  minimize wind loads and s t r uc tu ra l  response t h a t  may occur 

from s t ruc tu ra l  dynamics. I f  the frequencies of the ar ray and.turbulence 

are s im i la r ,  l a rge  's t ruc ture  response may occur and needs t o  be calcu- 

1 ated using s t r uc tu ra l  dynamic techniques t h a t  are s t r uc tu ra l  config- 

u ra t i on  dependent, both i n  shape and .physical propert ies.  

The theore t i ca l  l y  derived design wind aerodynamic .forces and pressures 

can be used f o r  design purposes since they are conservative. A wind 

tunnel t e s t  p lan i s  proposed t h a t  w i l l  augment the t heo re t i ca l l y  derived 

. forces by developing design wind aerodynamic forces and pressures t h a t  

cu r ren t l y  cannot be analyzed theore t i ca l  l y  . The t e s t  program w i  11 a1 so 

inves t iga te  and appraise load a l l e v i a t i o n  devices such as bu i l d i ng  

poros i t y  i n t o  the array. I t  i s  recommended t h a t  the proposed t e s t  p lan 

be implemented i n  order t o  remove some of the conservatism from the 

ana l y t i ca l  design forces and a lso include forces from load a l l e v i a t i o n  

devices f o r  design purposes. 



10.0 NEW TECHNOLOGY . . 

No repo r tab le  i terns o f  new technology have been i d e n t i f i e d  by Boei ng 'dur ing  

the c o n t r a c t  o f  t h i s  work. 

. . . . 
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APPENDI'X A 

THEORETICAL AERODYNAMIC ANALYSIS OF 

FLAT PLATE ARRAYS IN THE 

SEPARATED AND POTENTIAL FLOW REGIME 

Sect ion 5.0'presents a b r i e f  d e s c r i p t i o n  and d iscussian o f  t he  t h e o r e t i c a l  

r e s u l t s .  For completeness, t h i s  sec t i on  presents i n  d e t a i l  t he  t h e o r e t i c a l  
aerodynamic r e s u l t s  ca l cu la ted  by both p o t e n t i a l  f l ow  and separated f low 

ana lys is  theor ies .  

A . l l  Small Angles o f  A t tack  - Attached Flow 

When f l a t  p la tes  are pos i t ioned a t  small angles o f  a t tack  (angles 1 ess 

than 10') t o  t he  freestream ve loc i  ty ,  p o t e n t i a l  flow theory aerodynamic 

methods a re  v a l i d .  One such method ex tens ive ly  used i n  the  a i r c r a f t  i n -  

dus try i s the  Doubl e t  L a t t i  ce Aerodynamf c Program (a th ree  dimensional 

f i n i t e  element concept method t h a t  evaluates the  i n t e g r a l  equations re -  

1 a t i  ng pressure and normal wash on 1 i f t i n g  surfaces) described i n  re fe r -  

ence 31. B r i e f l y ,  t h e  l i f t i n g  surface (p la te )  t s  paneled i n t o  a l a r g e  

number o f  quad i l a te ra l  boxes o f  which two sides are  p a r a l l e l  t o  t h e  

frees tream d i r e c t i o n .  Doubl e t s  a r e  1 ocated along t h e  quar te r  chord o f  

each box and used t o  ca l cu la te  the  aerodynamic pressures over t he  t o t a l  

p l a t e  surface. The aerodynamic pressures are assumed constant over  each 

box and a c t i n g  a t  the geometric center  of the box. 

Potent ia l  flow theor ies use a 1 inear  re1 a t i onsh i  p between pressures and 

normal wash. Consequently, the Doublet L a t t i c e  Program can be exercised 

us ing a u n i t  angle o f  a t tack  and a u n i t  dynamic pressure so t h a t  t h e  

pressures ca lcu la ted  over the.  surface are, i n  f ac t ,  pressure c o e f f i c i e n t s  

per u n i t  angle o f  at tack.  



/ 
From these pressure coefficients per uni t  angle, pressures can be readily 

I calculated. for any condition using the relationship that: 

P = q Cp,'= 

where : 

p = pressure 
q = dynamic pressure 

C = pressure coefficient 
P a  
QE = angle of attack (radians) . . 

In addition, because the program calculates pressure coefficients on boxes 
that are located on chordwise s t r ip s  w i t h  the box boundaries parallel t o  

the freestream veloci ty,normal force curve slope coefficients can be obtained 
for each chordwise s t r i p  or for the total  surface by the.'equations: 

and Cn, = h t P p  

respectively, 
where: 

C = normal force curve slope coefficient . '  ; 
nar 
C = chord length 

, S = surface area 
Using th is  relationship w i t h  the actual environmental condi tions for  dyna- 
mic pressure and the angle of attack. The normal force coefficient and to- 
tal  normal force on the plate surface can be calculated by:. . , 

where: . < .  - , . .  

C n  = normal force coefficient for the total  surface 

Fn = total  normal force on the surface 
I t  should be noted that  using the preceding equations the pressures and the 
normal force can be calculated for  any angle of attack because the theory is 
a linear idealization. However, since flow separation begins t o  occur bet- 
ween 10' and 150 angle of attack on large aspect r a t io  f l a t  plates, the pres- 
sures and normal force calculations using these equations are  only valid u p  

to an angle of.  attack where separation begins. Above these angles the pres- 



sures and normal .forces are  non-l inear w i t h  respect  t o  angle o f  a t tack  

and po ten t ia l  f l ow  theory analyses a r e ' n o t  val  i d .  

Figure A,-1 shows . the panel ing scheme modeled i n  the  Doublet L a t t i c e  pro- 
gram and the  spanwise locat ions  where r e s u l t s  are .displayed f o r  t h e  

2.4 m (8 f t )  and 4.8 m (1 6 ft) c'hord f l a t  p l a t e  arrays. Because each 

box i s  a constant pressure box i n  t h i s  technique, the  dens i ty  o f  t h e  

boxes should be more dense near the  leading edge where the  pressures vary 

r a p i d l y  i f  the  pressure d i s t r i b u t i o n  i n  t h i s  reg ion needs t o  be def ined 

reasonably accurate ly  . a  

. .. . 

Figure A;- 1. Flat Plate Paneling Used in Doublet Lanioe P m g m  



A -1 . I  Single Array, Head-On Wind 

Figures A -2 tol  A-7 presents the resel t s  for a single array a t  various 

heights above the ground and for a head-on wind (a wind a t  180' will pro- 
duce identical results). Figures A -2 and A -3 shows the pressure coeffi- 

cients along the chord a t  three spanwise stations: one station a t  the mid 
span location and two stations near the t ip  for chord lengths of 2.5 m 
(8 f t )  and 4.8 m (16 f t )  respectively. From these figures, the pressure 
coefficients are seen to vary from c large pressure on the leading edge to 
lower pressures towards the trailing edge. The center of pressure i s  lo- 
cated a t  the quarter chord location. The shape of the pressures a t  all 
three stations are similar w i t h  only the magnitude of the pressures de- 
creasing towards the t ip load stations compared t o  the mid span load sta- 
tion. These pressure coefficient distributions are typical for  any high 

aspect ratio lifting surfhe before the onset of separated flow. Figures 
A -4 and A -5 depict the normal force slope coefficient a t  the three span- 

wise stations as i t  varies with ground clearance. Figures A -6 and A -? are 
crossplots of Figures A -4 and A -5 and show the normal force slope cgefficient 

a1 ong the span for  ground clearances of .6 m ( 2  f t )  and 1.2 m (4  f t )  for the 
2.4 m (8 f t )  chord plate and 1.2 m (4 f t )  for the 4.8 m (16 f t )  chord plate. 
The theory wi 1 1 produce results for ground clearance very close to the ground 
b u t  the results begin t o  become questionable. This i s  because the theory i s  
based on inviscid (frictionless) flow and the viscous flow effects become 

more important when the ground clearance becomes small. The level where the 
confidence in the results deteriorates is  below the non-dimensional value of 
ground clearance/chord length (Z/C) = .25 that corresponds to the plate 
ground clearance of .6 m ( 2  f t )  and 1.2 m ( 4  f t )  for the 2.4 m (8 f t )  and 

4.8 m (16 f t )  chords, respectively. 

When the wind comes a t  an oblique angle different than head-on to  the 
array (effectively, the array i s  yawed t o  the wind), the aerodynamic pres- 
sures will decrease. Figures A -8 and A -9 present the results for a 
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single  array w i t h  the array yawed. a t  45' t o  the wind (.I 35' wind angle will 

produce identical ' resul ts)  . Figure A '-8 is  a plot of the normal force 
slope coefficient along the span w i t h  the array yawed a t  457 to  the wind 
compared to the resul ts  for a head-on wind. The magnitude of t h e  resul ts  
for the yawed array are  significantly lower. However, the shape of the 
force slope coefficient w i t h  the wind a t  45 degrees i s  similar b u t  s l ight-  
l y  displaced compared to the head-on resul ts .  The peak loading and pres- 
sures occur s l ight ly downwind of the mid span location. Figure ~ : - 9 '  shows 
the pressure coefficient along the chord for  three spanwise s tat ions,  one 
s tat ion near each t i p  and one station a t  the span location of maximum pres- 
sure. The shape of the pressure distribution is typical .of f l a t  plates a t  
small angles of attack: large leading edge pressures decreasing towards. the 
t r a i l  i ng edge and the center o f  pressure a t  the quarter chord location. 

The condition of ana r ray  yawed 90' to  the wind was not analyzed because no 
aerodynamic forces resu l t  from this condition except f o r ,  the forces resul t- 
i n g  from skin drag. Skin drag is of many orders smaller than t h e ' l i f t  for- 
ces generated by a plate even a t  very small angles of attack for a head-on 
wind . 

A.1.3 Array Fields 

When two arrays a re  placed i n  close proximity to  each other, the downwash 
from the forward array will cause the pressure on the downstream array to 
decrease. Also, the downstream array wi.11 cause an .induced pressure r i s e  
on the upstream array. Figures 8-1 0 to  A -17 presents the resu1.t~ for  two 
arrays post tioned i n  close proximity to .  each other and' wi t h  the wind d i  - 
rection as head-on. Figures A -10 to An-13 are  for 2-.4 m (8 f t )  chord arrays 

and Figures A-14 t o  A-17 are  for  4.8 m (16 f t )  chord arrays. Figure A-10 
shows the effect that ground clearance has on the array aerodynamics. The 

. . 
resul ts  are very simi,lar t o ,  the results for a single 'array w i t h  the aero- 
dynamics forces increasing with decreasing ground clearance. The effect of 

. . 

varying the distances between the arrays is shown i n  Figure A , - 1 1 .  I f  the 
arrays are spaced a t  intervals greater than three times the chord (3C), the 

effect  of one array on the other i s  minimal and varies very 1 i ttl e. Wit@ 
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arrays spaced a t  c loser  i nterval s ' than ' th ree  chords, the  e f fec t  of one 
array on the other becomes more pronounced. The upstream array aero- 

dynamic forces increase while the downstream array forces decrease w i t h  

decreasing array spacings. As the spacing between, arrays become very 
close ( less  than .5C) the flow affected by the  gap causes potential flow 
theory to  be questi onabl e t o  i t s  val i di t y  fo r  so la r  array configurations. 
The theory i s  valid when the  leading edge of the  downstream array and 
the t r a i l  i n g  edge of the  upstream array a re  a t  the  same height. In t he  
theory', when the plates become close the t r a l l i ng  edge vortex of the  up- 
wind pla'te s ignif icant ly  a f fec t s  the:pressures on the  'downwind pla te  and 
vice versa;.  his e f fec t  would be sf gnificantly reduced for  so la r  arrays 
because the; leading edge of  t h e  arrays a re  a t  d i f ferent  heights than the 
t r a i l i n g  edges w i t h  the difference depending on the t i l t  angle of the  arrays 
and the chord 1 ength. Consequently, no resul ts are  shown for arrays spaced 
a t  interval s cl oser, than 1.5C ( .5C separation distance between arrays) .  

. . 

The normal force slope dis t r ibut ion along the  array span and the  pressure 
coeff ic ient  'd is t r ibut ion along the  chord a r e  presented i n ~ i g u p e s  A,-12 and 
A-13, respectively. These resu l t s  are  .as expected and typical of f l a t  
plates a t  small angles of at tack and a,re very similar  to  the  resu l t s  for  

., . 

a single array. The center of pressure fo r  Figure A-'1-3 i s  located a t  the  
quarter chord (C/4) measured from t h e  p la te  leading edge which i s  a l so  typi- 
cal of f l a t  plates i n  potential flow. The discussion fo r  Figures A -10 to  
A-13 on the 2.4 m (8 f t )  arrays i s  a lso  vaiid fo r  the  corresponding Figures 
A -14 to  A -17 on the 4.8 m . ( I6  ' f t )  chord arrays. 

Because the resul ts  for  two arrays a r e  s imi i i r  t o t h e .  resul ts  for  a sing1 e 
array,  no analysis was performed for  the  e f fec t  on the  aerodynamic forces 
of array f i e lds  yawed'to the  wind. The resu l t s  for  the  yawed arrays would 
produce pressures and forces of l esse r  magnitude than a head-on wind con- 
dit ion and a s such  would not be a design condition. 
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A .2 Large Angles o f  Attack - Separated Flow 

Beyond angles o f  a t tack  o f  15' 1 inear  attached f l ow  theory analys is  must 

be replaced w i t h  separated f low theory techn3ques t o  p r e d i c t  the wind aero- . 

dynamic forces. A prototype program has been developed by the Boeing Com- 

mercial  Ai rp lane company f o r  use i n  computing the 1 i f t o f  two-dimensional 
32 mult i-element a i r f o i l s  i n  incompressible flow . The procedure employs 

repeated app l i ca t i on  . . o f  a panel method t o  solve f o r  t he  separated wake d i s -  

placement surface u s i n g  e n t i r e l y  i n v i s c i d  boundary condit ions. ' This pro- 
%'< " .  ) '  . 

cedure ,: al lows f o r  t he  c a l c u l a t i o n  o f  l i f t  on an a i r f o i l  ( f i a t  p la te )  f o r  

any angle o f  attack. Ground e f f e c t s  can be included i n  the  analys is  by 

applying appropr iate boundary condit ions; t he  ground plane i s  modeled by a 

s t r i n g  o f  doublets t h a t  a l low no f l ow  through the  s t r i ng .  Conditions t h a t  

t h i s  analys is  present ly  cannot solve i s  fo r  1 i f t i n g  surfaces i n  contac t  I 

w i t h  the ground o r  when one l i f t i n g  surface i s  immersed i n  the  wake o f  o ther  ( , I  
surfaces. This precludes the analys is  of an array f i e l d  w i t h  arrays spaced 

s u f f i c i e n t l y  c lose such. tha t  downstream arrays are i n  the wake o f  t he  up- 

stream arrays. Because t h i s  analys is  technique i s  t ime consuming and c o s t l y  

t o  exercise, the angles of a t tack  selected fo r  ana lys is  were l i m i t e d  t o  :- .! 

20°, 40°, 60°, 120°, 140°, and 160' and w i t h  on ly  a head-on wind d i rec t i on .  

The procedure 'employed . in  using t h i s  analys is  technique t o  obta in  aerody- 

namic Porces on f l a t  p la tes  a t  l a r g e  angles o f  a t tack  was to: 

analyze the  f low outs ide o f  the. ground plane. 

compare the r e s u l t s  w i t h  e x i s t i n g  published experimental r e s u l t s  i n  

the 1 i tera tu re  f o r  i den t i ca l ,  condi t ions.  

ob ta in  a co r rec t i on  f a c t o r  f o r  the  theo re t i ca l  r e s u l t s  by comparing 

them t o  the pub1 ished experimental resu l t s .  . ' 

analyze t h e o r e t i c a l l y  the p l a t e  aerodynamic forces a t  l a rge  angles 

and i n  c lose prox imi ty  t o  the  ground and apply co r rec t i on  fac to rs  

i f  deemed necessary. 



Single Array i n  Free A i r  

Figure A-18depicts a f l a t  p l a te  posit ioned a t  three d i f f e r e n t  angles o f  

a t tack t o  ' the freestream wind ve loc i t y  and outside of any ground ef fec ts .  

The separated f low program calculated the boundary o f  the wake and the 

ve loc i t y  on the wake boundary r e l a t i v e  t o  the freestream ve loc i ty .  The 

pressuresot i  the f r o n t  (windward) and rear  (base pressure) surfaces f o r  

the corresponding anglesof  at tack are shown i n  ~ i g u r e  A -19. The pressures 
are in tegrated over the chord t o  produce normal force coe f f i c i en t s  f o r  the 

f r o n t  and rear  surfaces and the loca t ion  . . o f  the center o f  'pressure measured 

from the leading edte. This data i s  tabulated and presented i n  Table A -1. 

Using the geometric re la t ionsh ip  between l i f t ,  drag and normal force as: 

where 

CL = l i f t  coe f f i c i en t  

C,, =' drag coe f f i c i en t  

the l i f t  and drag coe f f i c ien ts  were calculated including the po ten t ia l  f low 

resu l t s  from 0' t o  10' and compared t o  the resu l t s  published by and 

shown i n  Figure A-20. The theoret ica l  resu l t s  calculated using the separated 

f low program were approximately 30% higher than those pub1 ished by Modi . 
Examining the pressure d i s t r i bu t i ons  i n  Figure A-19, the windward pressures 

appeared reasonable w i t h  a 'stagnation po in t  (Cp = 1 .O) l y i n g  between the mid 
chord and 1 eadi ng edge posi t ion.  These pressures a1 so compare favorably 

33 w i th  those presented by Sachs i n  a t e x t  on wind forces . By examination 
and comparison t o  the resu l t s  presented by,Sachs, the base pressures were 

suspected as being overpredicted. Consequently, the base pressure was ad- 

justed a t  the angle o f  a t t a c k o f  60' t o  match the base pressures published 

by ~ o d i ~ ~ .  This adjustment r a t i o  o f  .73 was then used t o  ad just  the ca l -  

.culated base pressures f o r  the other angles o f  attack. With the base pres- 

sures modified, the 1 i f t  and drag f o r ~ e s  match those published by Modi qu i t e  
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Figure. A - 18. Wake Definition and Velocity on Wake Boundaries 
for flat Plates at Lam Angles of Attack in Free Air 

: cD = Windward side average pressure 

Figure A - 19. Theoretical Separated Flow Analysis Pressure Dis~ribution on Two-Dimensional 
Flat Plates in Free Air 



Table A .- I. Flat Plate Aerodynamic. Coefficients in Free Air 

*Center of pressure measured as faction of chord measured 
from plata leading edge 

**Correction factor = .732 based on theoretical pmsure 
coefficients compared to test results shown by Modi 



well ,  being s l i g h t l y  higher; when extrapolated t o  go0, the predicted drag 

coe f f i c i en t  i s  a t  the upper range of the drag coe f f i c ien ts  pub1 ished i n  

the 1itera.ture and also shown i n  Figure A-20. The comparison obtained 

between Modi's resul ts,  other resu l t s  i.n the 1 i t e r a t u r e  and the separated 

f low program resul  t s  was considered excel lent. Based on these resul ts,  the 

separated f low analysis program was used t o  p red ic t  aerodynamic forces f o r  

f l a t  plates located a t  close proximity t o  the ground and a t  1 arge angles o f  

attack. 

a - degrees a - degrees 

Figure .A !-20. Theoretical - Experimental Aerodynamic Force Comparison 



A. .2-.2 Sing1 e Array i n  Ground Proximity 

The ground clearance between the f l a t  p la te  array and the ground .was de- 

f ined as a function o f  the p l a te  chord. Figure A-21 pictures the wake boun- 

dary for  the condit ions of a = 20' and 160' and a ground clearance o f  .125C. 

O f  i n t e res t  i n  Figure :A-21 i s  t ha t  the wake f o r  a = 160' i s  sucked down towards 
the ground and flows para1 l e l  t o  the ground u n t i l  i t  i s  past the plate. An 

analogous phenomenon happens i n  nature when wind flows through a gorge t h a t  

opens up t o '  a va l ley  w i t h  h i l l s  on one side. The wind tends t o  be sucked t o  

the h i l l s  and Plow pa ra l l e l  t o  the h i l l s .  Th is ,  phenomenon ( the Coanda effect) 
34 i s  reported i n  papers i n  meteorology journals . The pressure d i s t r i b u t i o n  for  

the condit ions shown i n  Figure.A-21 and also the other four  angles calculated 

(40°, 60°, 1 ZOO, and 140') are  shown i n  Figure A -22. The normal force coef- 

f i c i e n t s  and the center of pressure locat ions f o r  the s i x  angles o f  a t tack (20°, 

40°, 60°, 120°, 140' and 160') and the three ground clearances ( .125C. .25C,. 
and .50C) are tabulated i n  Table A-2. The wake boundaries and ve loc i t i es  on 
the wake f o r  the threg ground. clearances. and f o r  three angles o f  a t tack 

(20°, 40° and 60') are shown i n  ~i gur'e A -23. 

The base pressures on the p l a te  for the above condit ions .are overpredicted 

as they were fo r  the f r ee  a i r  condition. For angles o f  at tack less than 
90' i t  i s  reasonable t o  bel ieve tha t  the base pressures are overpredicted 

Wind ----.--------- ------------------------------------ - ------ __------- -------- _____------- 

Wind 
direction 

1------------------------ 
e _____-__----__------------------- 

z = . lac 
I / / / /  I f  I f f / I / / / / / f  / / / ~ f f I I / / f / I  

Figure A -21. Wake Boundary of Separated FIo w Analysis 
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Figure .A -22. Effect of Angle of Attack on Two-Dimensional Theoretical Plate 
Pressure Distribution in Close Ground Proximity 



Table .A -2. Flat Plate Aerodynamic Coefficients in Close Ground Proximity 



Ground clearance = .125C 

1.40 velocity relative to nominal wind velocity 

# 
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Distance from A m y  - Chords 

Figure A -23. Wake Definition and Velocity on Wake Boundaries for Flat Plates 
in Close Ground Proximity and at Large Angles of Atrack . 
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Figure A -23, Wake Definition and Velocity on Wake Boundaries for Flat Plates 
in Close Ground Proximity and at Large Angles of Attack - Continued 



Figure A -23. Wake Definition and Velocity on Wake,Boundaries for Flat Plates 
in Close Ground Proximity and at Lam Angles of Attack - Concluded 



by the same arnunt as those i n  f r ee  a i r .  For angles o f  a t tack greatertha'n,  

go0, the base pressures are g rea t l y  overpredicted and are considered i nval id .  

These overpredict ion o f  the base .pressures i s  believed t o  be caused by the 

use o f  i nv i sc i d  f low techniques which r e s u l t  i n  la rger  f low ve loc i t i es  over .  

the edges, and la rger  suct ion forces than Pss viscous flow, especial ly  f o r  
angles greater than 90'. With angles greater than go0, more volume o f  a i r  

spl  i t s  i n  f r o n t  o f  the p l a te  and passes throigh the ground clearance gap than 
would occur i f  the f low was viscous. For t h i s  volume o f  a i r  t o  pass through 
the ground clearance gap i t  must increase s ign i f icant ly  i n  veloci.ty.  his 
increased ve loc i t y  causes la rger  suct ion forces to be developed on the base 

pressure side than would occur i f  the f low was viscous. It i s  expected t h a t  

the base pressures f o r  a and 180' - a  would be very s im i l a r  i n  magnitude, 

based on the resul t s  presented by sakamtal4 CFigure A -24). Sakamota per- 

formed a wind tunnel study of a f l a t  p l a te  i n  contact w i th  the ground and for 

angles of at tack o f  30°, 60°, go0, 120°, and 150'. Comparing h i s  r e s u l t s  

shown i n  Figure A-24 f o r  a and 180' - a , the base pressures are equal o r  

s l i g h t l y  higher i n  magnitude f o r  a compared t o  180' - a . Thus, i f  the 
base pressures calculated b y  the separated f low analysis program for  o are . .  

used i n  place of the resu l t s  f o r  180' - a , the resu l t s  would be f a i r l y  ac- 

curate and conservative. Table A -.2 shows the base pressures w i t h  t h i s  correc- 
t i o n  a'nd wi th the. cor rect ion fac to r  determined from the f r ee  a i r  analysis as 
wel l  as the uncorrected resul ts.  

Another noteworthy r e s u l t  t ha t  can be seen from Table A -2 and Figure A-22 i s  

t h a t  the p la te  windward s ide pressure's and normal force coef f ic ients  increase 
as the angle o f  at tack approaches 90'. I n  addit ion, the t o t a l  normal force 
coe f f i c i en t  on the p la te  a1 so increases as the ground clearance decreases. 

This w i l l  approach a maximum p r i o r  t o  a ground clearance o f  zero. As stated 
i n  a t e x t  book33 on wind forces and also demonstrated by comparing, 

Figures A -24and'~-22, the normal force coe f f i c i en t  for  the condi t ion 

where one edge o f  the p la te  . is  i n  contact w i t h  the ground i s  less than 

when off of the ground. This i s  because o f  the suct ion e f f e c t  o f  the 
flow passing over each edge. If one edge i s  i n  contact w i th  the ground, 
no flow and thus no suction i s . e f f ec ted  a t  t h i s  edge and so the base pres- 

sures are a minimum for  these conditions. Again examining Figure A-22,. 
the center of pressure for the base pressures are always a t  the mid chord 



location whil'e the center of pressure on the windward side moves in the 
direction from the leading edge to the mid chord as the angle of attacks 
approaches 90'. The center of pressure locations are also tabulated in 
Table A . - 2 .  

. . 

Figure A -24. Experimental Alormalizea' Pressure Distribution for a Two- Dimensional 
Plate in Contact with the Ground 



A.2.3 Array Fields 

Only i few condit ions were s,tudied t o  evaluate the e f f e c t  o f  one array on 

another because the analysis program was incapable of analyzing the f low when' 
one array was i n  the wake o f  another. From the separated f low analysis, im-  

mersion i n  the wake o f  the upwind array occurs when spacing/chord r a t i o s  are 
less than 3C f o r  a = 20' and 5C f o r  = 60°. Table A-3presents the normal 

force coe f f i c i en t  resu l t s  f o r  ,$wo arrays spaced a t  in te rva ls  b f  three chords 
and f i v e  chords compared t o  onear ray  by I t s e l f  f o r  the two angles o f  at tack 
(20' and 60') respectively. From the resul ts,  the upwind, array normal force 

coef f ic ients  increase s l  i gh t l y  whereas the downwind array force coe f f i c ien ts  
decrease s l  i gh t l y .  However, because o f  the' program 1 i m i  tat ions, the benefi t  

o f  the reduced loads from pos i t ion ing arrays i n  the wake o f  another array '  

cannot be evaluated ana ly t i ca l l y .  One can only speculate on the ' load  reduc- 

t i o n  afforded by innersing an array i n  the wake of another array from the 

wind ve loc i t y  reduction behind fences. Using Raine's resul  tP3 as a basis, 
a steady s ta te  dynamic pressure reduction +actor o f  as much as 10 and an un- 

steady s ta te  dynamic 'pressure increase factor o f  a t  most 4' can be obtayned 

assuming no dynamic response o f  the structure. This would produce a net  
aerodynamic load reduction fac to r  of 2.5 compared t o  an array not  i n  a wake. 

This aerodynamic load .reduction o f  60 percent appears t o  be a reasonable 

factor t o  expect f o r  arrays positioned i n  the wake o f  other arrays. 

A .  3 Summary o f  Results 

Usitig the resu l t s  i n  Section A .1 and ' :A .2 f o r  one array and 'the geometric 
re la t ionsh ip  between the n o m l  force, lift, and drag coe f f i c ien ts  and angle 
o f  attack, corrected normal force, 1 i f t  and drag coe f f i c ien ts  were calculated. 

The base pressure corrections as discussed i n  Section A .2 were appl led. 

B r i e f l y ,  f o r  angles o f  at tack between 20' and 160' the base pressures f o r  180' 

. - e were replaced by the base pressures calculated at. a and also the base 

pressures were modified by the factor .73 t ha t  was found t o  be required i n  match- 
i ng  wind tunnel t e s t  resul ts.  Figures A -25 t o  A - 2 7  summarize the resu l t s  i n  



, 
Table k -3. Multi-Array Flat Plate Aemdynamic Coefficients \ .  . 

of Attack '= mO, array spacing = 5~ 

Windward fam 
Bate pressure face 

Windward face 
Base pressure face 

Widward face 

h g l a  of Attack = 200, army spacing = 3C 

Windwad fats 

. . , .. ..: ._. 



Sections A .1 and A .2. From the:summary resUl t s  shown 

i n  these figures,  i t  can be seen that  the arrays should not be positioned 
a t  angles of attack where the flow remains attached (lo0 to  15'). A t  
these smal*l angles, the arrays ac t  as an ef f ic ien t  a i r fo i l .  The lowest 

aerodynamic loads on the structure occur a t  angles s l  ightly greater than 
10' - 15' where the flow has separated but the aerodynamic force from the 
separated flow i s  a t  a minimum. T h i s  occurs near o = 20'. 

At.  angles greater than 15' to  20°, the difference between the force coef- 
f ic ien ts  for ground clearances of .P25C to .5C is minlmal . The resul ts  for  
array f ie lds  are  not presented because w i t h  the lfmitations of the theore- .. .. ,>+ 

t ical  analysis, the resul ts  for  the windward array for  a91 practical pur-  
, - 

poses i s  identical to  the single array results.  The resul ts  for  the down- . 

stream array (not imersed in upstream array wake) are s l ight ly  reduced 
from the single array and t h u s  using.single array resul ts  would be .sl ightly 
conservative, Experimental resul ts  a re  required for  more 'closely spaced 
array fields.  The yawed wind condition to the &rays was a1 so not pre- 
sented since i t  p~oduces lower loads than the head-on conditton and, - a s  a 
resul t ,  i s  not a c r i t i ca l  design condition. 

Figure A :-25. Two- Dimensional Plate Theoretical Normal Force Coefficient . 

in Free Air and in Close Ground Proximity 
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Figure.A -26. , T-Ohamional Plam Theorsrical Drag ~oifficienr 
in Free Air and in close Ground Proximity 

Figure A i27. TWO-Dimensional Plat8 Theoretical Lift Coefficient 
in Free Air and.in Close Ground Proximity 
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APPENDIX B 

PHOTOVOLTAIC ARRAY WIND TUrlNEL TEST PLAN 

The specifications fo r  a wind tunnel t e s t  of photovoltaic arrays to  deter-  
mine deta i led aerodynamic pressures and loads fo r  various key array para- 
meters and load reducing techniques f o l l  ows: 

-1. Photovol t a i c  Array Model Requirements: 

1 )  10 f l a t  p la te  models sized to  span the  tunnel when a t  90' airf low 
consisting of: 

a )  8 f l a t  plate dummy model s sized to  8 f t .  and 16 f t .  chords ; 

b) 1 t e s t '  f1-at p la te  model w i t h  pressure taps located a t  the  mid- 

span location and 15% of  chord from the  end of the span and 2 
t e s t  f l a t  p la te  models w i  th pressure taps located only a t  t he  
midspan location.  Pressure taps a re  required, on both front  and 
r ea r ,  surfaces and spaced i n  the chordwlse di rect ion such as to 
adequately define the pressure d i s t r i  bution on both surfaces. 
The pressure taps a t  the  mid-span s ta t ion will be used and 
assumed to  represent the  pressures over a l l  of the individual 
plates of the array when t he  flow i s  90 ' to  the array. The 
pressure taps a t  15% of the chord from the  span edge will be 
used to  evaluate the  pressure loading near the  array edges caused 
by flowdisturbance from forward pla te  edges when the plates are  
a t  small yaw angles to  the  airflow. 

2) .The array model is required t o  be rafsed from the  ground plane t o  c/2 
above the ground. plane. 

3)  The array plates a r e  required t o  be rotated about "y" from 20' t o  60' 1 
and 120' t o  160' w i  t h  the test angles being 20°, 30°, 45'. 60°, 1 20°, 
135O, 150°, and 160'. 

4) The array pla te  spacing needs to  be varied from dense to  sparse spacing. 



5) To study the  edge e f fec ts ,  t h e  a r r a y  i s  requ i red  t o  r o t a t e ,  approximately 

20" i n t o  the. wind about' the z ax i s  and t h e  a r r a y  edge pos i t ioned near 

t he  center  o f  t h e  tunnel  t o  prevent  w a l l  e f f ec t s .  ' 

I I .  Load A1 1 e v i a t i o n  Model ~ e ~ u i  rernents : 

' -'! 

1 ) Fences o f ,  20% and 35% p o r o s i t y  and i i z e d  . . f o r  actual  he igh t  o f  6 ft., 

8.2 ft. and 1 6 . 4 . f t .  h igh  and . l e n g t h  ...., t h a t  spans the  tunnel.  . . . 

> , ? .  

2)  P la te  po ros i t y  t o  be loca ted a t  t h e  boundary o f  each module. 
. , 

I' 

3 )  Panels t o  be attached t o  the  a r ray  p l a t e s  t o  block the  f low from 

f lowing under the  p la tes .  

III. Wind Tunnel Test Requirements - Steady Sta te  Test 

A. Constant wind p r o f i l e  - design wind v e l o c i t y  = 4 0 m / s  . 
. > 

i ) one p l a t e  

i i ) mu1 t i  p l  e p la tes  - measure pressures on p la tes  1 , 2 and 5. 
I 

ground clearance i s  .125c I 

Repeat for  ground clearance - = -  .25c?' ' 

**Only do x ' s  i f  the  normal fo rce  f o r  these angles are greater  than f o r  
t he  corresponding acute angle forces 

. . . . 



B. 1/7. power wind p h f i l e  - .design .wind v e l o c i t y  o f  40 m/s a t  10 m 

P la te  chord = 8 ft. - , .  * . .  

i ) one p l a t e  +,  . 

. . 

i i )  mu1 t i  p l  e p la tes  - measure. pressures on p la tes  1 , 2 and 5 
. . ground c l  earance i s  2 ,ft .q <a a - : , - -  

- 

Ground 
C l  earance (z) 

0 ft 

2 f t  

4 ft 

Repeat f o r  .ground clearance = 4 ft. 
, - 

Separation 
Distance ( x )  

12 f t  

16 ft 

24 ft 

**Only do x ' s  i.f the  normal fo rce  f o r  these angles are  greater  than for  
the  corresponding acute angl'e - forces.  

Angles o f  A t tack  ( a ) 

i ii ) repeat (i i ) f o r  ground clearance -.. ' o f  2 ft. on ly  and w i t h  fence 10 ft. 

i n  f r o n t  o f  a r ray  f o r :  ; ', . ,. 
a )  6 ft. fence o f  po ros i t y  20% and 35% 

b) 8.2 ft. fence ' o f  p o r o s i t y  20% and 35% 

i v )  repeat ( i  i) f o r  ground clearance o f  2 ft. o n l y  and w i t h  fence 20 ft. 

i n  f r o n t  o f  a r ray  f o r :  

' a )  8.2 ft. fence o f  p o r o s i t y  35% 

v )  repeat ( i v )  w i t h  fence 40. f t . '  i n  f r o n t  o f  array.  

Pressures on t h e  p la tes  need o n l y  be recorded . f o r  p la tes  1, 2 and 5. 

. Angles o f  At tack ( a ) 

160" 

/ 

20" 

I/ 

t 0  

4 

20" 

&/ 

r/ 

r, 

170' 

r )  

30" 

/ 

,/ 
,/  

'45" 

L . 4  

- ' ; /  

/ 

30" 

&/ 

fl 

r )  

60" 

4 

r /  

d 

120" 

/** 
x 

45" 

/ 

r /  

J 

160° 

X 

r/ 
** 

x 

135" 

X 
** ,, 

x 

60" 

H 

/ 

120" 

J 

150" 

X 
** 
/ 

x 

135" 

/ 



C .  117 power wind p r o f i l e  - Optional 

P l a t e  chord = 16 ft. 

i ) m u l t i p l e  p la tes  - measure pressures.on p l a t e s  1 , 2 and 5. 

'ground clearance i s  2 ft. 

Repeat f o r  ground clearance = 4 ft. 

**See note from B 

Separation 
Distance ( x )  

24 f t  

32 ft 

i i ) repeat (1) f o r  ground clearance o f  2 f't. and w i t h  fence 20 ft. i n  

f r o n t  o f  a r ray  and p o r o s i t y  producing min. loads i n  ( B ( i i i ) .  

a )  8.2 ft. h igh  fence 

b)  16.4 ft. h igh  fence 

D. Edge e f f e c t s  

Repeat B ( i  i )  fo r  ground clearance o f  2 ft. and w i t h  a r r a y  r o t a t e d  i n t o  

f l ow  fo r :  

Angles o f  At tack ( 0 ) 

The pressure need o n l y  t o  be recorded from t h e  pressure taps' loca ted  

near the ar ray  s ide edge. The a r ray  should be repos i t ioned such t h a t  

t he  wal l  of the  tunnel does .not a f f e c t  t h e  edge pressures. 

E. Other l o a d  a l l e v i a t i o n  devices 

160' . 
X 
* ' 

r /  

a )  Repeat B ( i1 )  w i t h  f l o w  blocked from f lowlng under t h e  a r ray  p la tes  

150' 

X 
** 
/ 

20' 

d 

v 

b) ~ e ~ e a t  B ( i i )  f o r  ground clearance o f  2 f t .  o n l y  and w i t h  p o r o s i t y  
but l t  i n t o  the  

30' 

/ 

d 

p la tes  f o r  t he  fo l l ow ing  combination o f  module sizes. 

135' 

X 
** 

/ 

120' 

** 
J 

45' 

w 

# 

60" 

d 



F. Movie 

Smoke v i sua l i za t i on  should be performed f o r  each t e s t  and motion 

p ic tures  taken so that 'a movie can be made of  the tes t .  

111. Wind Tunnel Test Requirements . - . ' Unsteady Test 
, , 

, A 177 powerwind p r o f i l e  

. . 4 )  mu1 t i p l e  p la tes  - measurg"unsteady pressures on p la tes  f o r  one 

conddtion o f  t e s t  XI1 B ( l i d )  t h a t  i s  mu l t i p l e  p la tes  w i t h  a  

fence posi t ioned i n  f r o n t  o f  the array.  

~ b t e  : ~ e s  ides p re isu re  measureiekts along the  chord, force resul t s  

are deslred by i n t eg ra t i ng  t he  pressures over the chord. 
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