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. .. . . 

1.0 SUMMARY . . 

Thi s  r e p o r t  presents t h e  r e s u l t s  o f  an experimental ana lys i  s  (boundary 1 ayer 

wind tunnel t e s t )  o f  t h e  aerodynamic fo rces  r e s u l t i n g  f rom winds a c t i n g  on f l a t  

p l a t e  pho tovo l ta i c  arrays. Local 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  and normal 

force c o e f f i c i e n t s  on t h e  arrays are  shown and compared t o  t h e o r e t i c a l  r e s u l t s .  

I Parameters t h a t  were va r ied  when determining t h e  aerodynamic fo rces  inc luded 
. . 

t i  1 t angle, a r ray  separat ion, ground clearance, p r o t e c t i v e  wind b a r r i e r s ,  and 
I 

t h e  e f f e c t  o f  t h e  wind v e l o c i t y  p r o f i l e .  Recommended design wind forces and 

pressures a re  presented, which envelop t h e  t e s t  r e s u l t s  f o r  winds perpendicular  

t o  the  a r r a y ' s  l o n g i t u d i n a l  axis. This wind d i r e c t i o n  produces t h e  maximum 

wind loads on t h e  ar rays  except a t  t h e  a r ray  edge where ob l i que  winds produce 

1 arger  edge pressure 1 oads. 

The arrays located a t  t h e  ou te r  boundary o f  an a r ray  . f i e l d  have a p r o t e c t i v e  

i n f l u e n c e  on t h e  i n t e r i o r  arrays o f  t h e  f i e l d .  A s i g n i f i c a n t  decrease o f  t h e  

a r ray  wind loads were recorded i n  t h e  wind tunnel  t e s t  on a r ray  panels l oca ted  

behind a fence and/or i n t e r i o r  t o  t h e  a r ray  f i e l d  compared t o  t h e  arrays on t h e  

boundary and unprotected from t h e  wind. The magnitude o f  t h i s  decrease was t h e  

same whether caused by a fence o r  upwind arrays. . F i g u r e . l - 1  shows t y p i c a l  

envelopes o f  t h e  wind loads on ar rays  t h a t  a re  presented i n  t h i s  repor t .  Th is  

f i g u r e  i s  f o r  arrays i n t e r i o r  t o  an ar ray  f i e l d  o r  on t h e  boundary o f  a f i e l d  

when a fence e x i s t s  t o  p r o t e c t  t h e  f r o n t  arrays. Since these loads envelop t h e  

measured wind tunnel  r e s u l t s ,  they  can be used as gu ide l i ne  design steady-state 

wind 1 oads on photovol t a i c  arrays w i t h  wind pro tec t ion .  Sf m i  1 a r  guide1 i n e  wind 

1 oads are  g iven i n  t h e  r e p o r t  f o r  arrays unprotected f rom the  wind. 

The wind loads on t h e  arrays w i t h i n  two s l a n t  he ights  from t h e  s ide  edges a r e  

considerably d i f f e r e n t  from t h e  remainder o f  t h e  a r ray  f i e l d .  Vor t ices  are  

produced by t h e  ar ray  corners and a t  t h e  fence corner  i f  a fence ex i s t s .  These 

. v o r t i c e s  cause l o c a l  h igh  pressure loads on o r  near t h e  ar ray  edges. 'Severa l  

methods t o  reduce t h e  s t rength  o f  t h e  v o r t i c e s  and r e s u l t i n g  pressures were 

t r i e d  w i t h  1 i m i  t e d  success. Endpl a t i n g  the  ar rays  (compl e t e l y  enc los ing  t h e  

ends o f  t h e  arrays w i t h  a 50% p o r o s i t y  p l a t e  t o  s imula te  shrubs o r  gates a t  t h e  

a r ray  ends) was the  most successful i n  reducing t h e  wind loads on t h e  ar ray  

s i d e  edges, decreasing these loads by approximately 50% . Modi fy ing the  fence 

corner  was a l s o  successful but  t o  a l esse r  ex tent  than  endp la t ing  t h e  arrays. 



However, the edge pressures are, a t  best, several t imes l a rge r  than the 

pressure several s l an t  heights away from the s ide edge. 

Theoret ical  l y  ca lcu l  ated steady s ta te  wind 1 oads were 1 arger i n  magnitude than 

wind tunnel determined wind loads. Wind tunnel determined wind loads using a 

un i form wind p r o f i l e  and -a 1/7 boundary 1 ayer wind p r o f i l e  were simi 1 a r  i n  

shape and magnitude. The magnitude o f  the wind loads f o r  the  uni form wind 

p r o f  i 1 e , a1 though simi 1 a r  t o  t h e  boundary 1 ayer p ro f  i lx; were no t  consi s ten t  1 
I 

I 
..l 'a'rger o r  smaller than the  boundary l aye r  p r o f i l e  r e s u l t s  and thus could not  be 

used r e 1  i a b l y  f o r  design purposes i n  preference t o  the boundary layer  " .. resu l ts .  



r CN based on wind reference -4eloci t y  a t  10 meters 

0 
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Figure 1- 1. Steady State Wind Normal Force and Normalized Pressure Coefficient 
Envelope for Arrays Behind a Protective Wind Barrier 
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2.0 INTRODUCTION 

Th is  r e p o r t  summarizes an experimental ana lys i s  (wind tunnel  t e s t )  o f  t h e  

aerodynamic l oad ing  on long, f l a t  p l a t e  pho tovo l ta i c  ar rays  r e s u l t i n g  f rom 

exposure t o  t h e  wind environments, eval'uates and compares t e s t  r e s u l t s  t o  

t h e o r e t i c a l  r e s u l t s ,  and presents gu ide l i nes  f o r  aerodynamjc loads t o  be used 

i n  t h e  design o f  s p e c i f i c  'photovo l ta ic  arrays. This r e p o r t  i s  an extension t o  

t h e  t h e o r e t i c a l  ana lys i s  repor ted  i n  DOE/JPL 954833-79/2. The study was 

performed under con t rac t  number 954833 t o  t h e  J e t  Propu ls ion  Laboratory as p a r t  

o f  t h e  Engineer ing Area Task o f  t h e  Low-Cost So lar  Array (LSA) P ro jec t .  This 

p r o j e c t  i s  be ing managed by JPL f o r  t h e  Department o f  Energy, D i v i s i o n  o f  So lar  

Tec hnol ogy . 

2.1 Study Object ives 

The Department o f  Energy (DOE) pho tovo l ta i c  program l has t h e  o v e r a l l  o b j e c t i v e  

t o  ensure t h a t  pho tovo l ta i c  conversion systems w i l l  c o n t r i b u t e  s i g n i f i c a n t l y  

(50 Gwe) t o  t h e  n a t i o n ' s  energy supply by t h e  year 2000. The cost  associated 

w i t h  t h e  design and cons t ruc t i on  o f  s o l a r  p h o t o v ~ l t a i c  ar rays  t o  produce 

e l e c t r i c  energy f rom s u n l i g h t  i s  an important  f a c t o r  i n  t h e  acceptance and use 

o f  s o l a r  energy. DOE has es tab l ished s p e c i f i c  p r i c e  goals t o  produce energy a t  

55-92 m i l l  s/KW-h by 1986 (expressed i n  constant  1980 do1 l a r s )  which a re  deemed 

necessary t o  achieve t h e  des i red  i n d u s t r y  growth and market penetrat ion.  

Therefore, i t  i s  necessary i n  the  t r a d e - o f f  phase,of  system design t o  ensure 

t h a t  t h e  design requirements are  r e a l  i s t i c .  The o b j e c t i v e  o f  t h i s  study was t o  

e s t a b l i s h  wind l o a d  gu ide l  ines  f o r  f l a t  p l a t e  pho tovo l ta i c  arrays w i t h  var ious 

con f igu ra t i ons  i n  r e l a t i o n  t o  chord lengths, a r ray  spacings, he ight  o f  a r rays  

f rom t h e  ground, wind d i r e c t i o n ,  a r ray  angles o f  a t tack ,  and w i t h  and wi thout  

p r o t e c t i v e  fences used t o  reduce the  wind load ing  (see F igure  2-1). The 

gu ide l  ines  were t o  be es tab l  ished by t h e o r e t i c a l  aerodynamic methods and 

experimental techniques. Wind tunnel t e s t i n g  was t o  be used t o  v e r i f y  t h e  

t h e o r e t i c a l  r e s u l t s  repor ted  i n  reference 5 and t o  determine steady s t a t e  wind 

loads on ar rays  f o r  cond i t i ons  t h a t  cannot p resen t l y  be obta ined by t h e o r e t i c a l  

methods. These loads are  requ i red  t o  ensure r e a l i s t i c  design requirements. , 



2.2 Discussion and Background 

The l oad  due t o  wind on an a r ray  and on i t s  support s t r u c t u r e  s t r o n g l y  

i n f l uences  t h e  design and u l t i m a t e l y  t h e  cos t  of t he  pho tovo l ta i c  panels, panel 

and a r r a y  support s t r u c t u r e  and foundations o f  t h e  arrays. A  prev ious design 

s tudy  of f l a t  p l a t e  a r r a y  support s t r u c t u r e  showed t h a t  t h e  ar rays  ( s t r u c t u r a l  

framework and foundat ion)  cos ts  were o f  t h e  same order  o f  magnitude as t h e  

p h o t o v o l t d i c  module costs. Furthermore, t h e  a r r a y  cos ts  were s t r o n g l y  

dependent on t h e  assumed wind l oad ing  f o r  l oad ing  i n  t h e  range of 35 t o  7 5  psf. 

Another study, us ing  t ransparent  i n f l  a ted enclosures t o  p r o t e c t  t h e  modul es3, 

p r e d i c t e d  wind load ings  on the .enc losures  near t h e  low end o f  t h e  range 

compared t o  those used i n  re fe rence 2, and showed s i g n i f i c a n t  cos t  savings 

compared t o  convent ional  a r rays  w i t h  s i m i l a r  wind l oad ing  c r i t e r i a .  It i s ,  

there fore ,  essen t i a l  t o  determine t h e  t r u e  maximum wind l oad  t h a t  t h e  a r ray  

w i l l  experience du r ing  i t s  1  i f e t i m e  i n  o rder  t o  minimize t h e  s t r u c t u r e  cost .  

Three'  f a c t o r s  a f fec t  t h e  amount of wind l oad ing  on a  body: t h e  f l o w  f i e l d  i n  

which t h e  body i s  placed, t h e  aerodynamic c h a r a c t e r i s t i c s  o f  t h e  body i t s e l f ,  

and t h e  dynamic ,response of t he  body due t o  t h e  wind loading.  A1 though the  
. . 

s t r u c t u r a l  loads r e s u l t i n g  from t h i s  l a t t e r  f a c t o r  a re  no t  t o t a l l y  composed of 

aerodynamic fo rces  ( they  a1 s-a. i n c l u d e  i n e r t i a  f o rces ) ,  these s t r u c t u r a l  loads 
' .  do r e s u l t  from the  wind load ing ,  o r  more p r e c i s e l y ,  t h e  f l u c t u a t i o n s  i n  wind 

1 oadi ng . 

A f low f i e l d  o f  t h e  t ype  t h a t  would be found around ar rays  i n  an a r ray  f i e l d  

s i t u a t e d  i n  an open t e r r a i n ,  as dep ic ted  i n  F igure  2-2, has t h r e e  aspects: 1) 

t h e  steady s t a t e  f l o w  be fo re  i t  encounters any obstac les,  2)  atmospheric gusts, 

and 3 )  turbulence.  The steady s t a t e  f low cons i s t s  o f  a  shear l a y e r  adjacent t o  
. ' ,  t h e  ground whose shear ing e f f e c t s  decrease w i t h  e l e v a t i o n  above t h e  ground 

u n t i l  a  un i fo rm f low i s  a t ta ined .  The shear l a y e r  f o r  most open f l a t l a n d s  can 

be mode: ed as a  117 power 1  aw4.' Gust ing i s  t he  r e s u l t  o f  ve loc i , t y  v a r i a t i o n s  

and changes i n  t he  d i r e c t i o n  o f  t h e  p r e v a i l i n g  wind due t o  atmospheric 

i ns tab i  1  i t i e s .  Turbulence may be caused by several f ac to rs .  Gust ing can cause 

t u r b u l  ence when adjacent volumes of a i r  a re  moving a t  d i f f e r e n t  ve l  oc i ' t i es ,  

t hus  producing .a  shearing ef fect .  The roughness o f  t h e  1  and causes tu rbu lence 

because o f  shear ing e f fec ts .  An obs tac le  i n  t he  path o f  t he  f l o w  can a l so  

c r e a t e  tu rbu lence by u p s e t t i n g  t h e  f low and thus causing eddies. and v o r t i c e s  t o  



form. In addition, the shape of the body will a f fec t  the charac ter i s t ics  of 

the  turbul ence. Turbul ent f l  ow is  highly complex, w i t h  varying frequencies and 

i ntensi t i es occurring i n  a random manner. 

The body in the case of a photovoltaic array consists of modules assembled on a 

framework tha t  i s  mounted on a support s t ructure (Fig. 2-3). The 

aerodynamic character is t ics  of an array are the same as those of a f l a t  plate  

when only steady s t a t e  f 1 o w . i ~  considered. Uhen gusting and turbulence are  

i ntroduced, these character is t ics  are not as we1 1 defined; however, the 

aerodynamics fo r  a f l a t  plate are  a good approximation in 1 ieu of '  a more 

detailed structural design. The ef fec t  on ttie array forces due t o  the flow 

f i e l d  are  a functibn of the type of impingement and the resul t i i g  pressure 

dis t r ibut ion over the array. When the flow i s  turbulent, the pressure 

dis t r ibut ion and, consequently, the forces exerted on the array are  nonuniform 
. . 

in  frequency and intensity.  These forces may cause' vibrations in the ' .  

structure resulting in additional structural dynamic forces on the array. 

Since turbulence varies in frequency and intensi ty ,  the resulting loading will ' 

. . 
also vary as a function of the frequency and intensity.  

2 . 3  Study Requirements 

The requirements of t h i s  study involve . , analysis and. t e s t  within f.ive specif ic  . '  

areas. They are: 

1. ' Wi nd tunnel t e s t  plan. 

2 .  ~i nd tunnel t e s t .  

3 .  Test and theoretical resu l t s  analysis and comparison. 

4. Modif ictition ck theoretical resu l t s  t o  r e f 1  ect  empirical resul ts .  

5. Establishment of design guidelines fo r  estiflating wind loads on 

photovoltaic arrays. 

The following i s  a summary of the statement of work f o r  Phase 111. 

o Verify the analytic resu l t s  obtained in phase I1 and expand the e f fo r t  

t o  establ ish wind load and pressure dis t r ibut ions tha t  can be used 



as module and support s t r u c t u r e  design gu ide l  ines  by per forming t h e  

f o l l o w i n g  f o u r  tasks. 
. . 

1 )  Task 1 - Pre-Test P lann ing .  

Review t h e  data requirements f rom . the  Phase I I work. f o r  meeting 

phase I 1 1  o b j e c t i v d s  and opt imize  t h e  wind tunnel  t e s t  cond i t i ons  

and c o n f i  gurat io 'ns t h a t  w i  11 meet t h e  data requirements. 
. . 

2 )  Task 2 - Wind Tunnel Test ing  

Based on t h e  requirements determined i n  Task 1, perform t h e  requ i red  

wind tunnel t es ts .  Review t h e  p re l im lna ry  data  du r ing  t h e  t e s t  

program and modi fy  t h e  t e s t  p l a n  as requ i red  t o  ensure t h a t  t h e  data  

requirements are  met. 

3 )  Task 3 - Data Ana lys is  

a)  Compare t h e  wind tunnel  r e s u l t s  w i t h  t h e  r e s u l t s  o f  Phase I 1  and 

determine t h e  v a l i d i t y  o f  t h e  a n a l y t i c a l l y  i d e n t i f i e d  key l o a d  

paremeters. b )  Modify t h e  r e s u l t s  o f  Phase I 1  t o  r e f l e c t  t h e  

emp i r i ca l  r e s u l t s .  

4 )  Task 4 - Design Guidel ines 

a) E s t a b l i s h  design gu ide l i nes  f o r  es t ima t ing  t h e  wind loads on t h e  

support s t r u c t u r e  as a f u n c t i o n  o f  t h e  wind v e l o c i t y  and a r ray  

f i e l d  con f igu ra t i on .  

b )  Es tab l ' i  sh design guidel  i nes f o r  es t ima t ing  t h e  pressure 

d i s t r i b u t i o n  on f l a t  p l a t e  modules f o r  vary ing  wind v e l o c i t i e s  

and ar ray  f i e l d  conf igura t ions .  

2.4 Report Organizat ion 

The remainder o f  t h i s  report .  presents t h e  r e s u l t s  o f  t h e  wind tunnel  t e s t  and 

i t s  comparison t o  t h e  t h e o r e t i c a l  r e s u l t s  presented i n  reference 5 and t h e  

proposed design w i  nd 1 oads and concl u s i  ofis. 'Sect i o n  3.0 presents bas ic  



aerodynamic equations, d e f i i i  t i ons ,  and riomencl a t u r k  f o r  use i n  understanding 

t h e  r e s u l t s .  Sect ion .4.0 presents t h e  wind . tunnel program and r e s u l t s .  A 

comparison of t h e o r e t i c a l  r e s u l t s  t o  experimental r e s u l t s  i s  presented i n  

Sect ion  5.0. 'A d iscuss ion o f  t h e  r e s u l t s  of sec t ions  4.0 and 5.0 i s  inc luded 

i n  Sect ion6.O. t o g e t h e r . w i t h  conclusions obta ined f rom the , resu l t s .  Sect ion 

7.0 presents array,, wind. l oad  envelopes t h a t  may be used f o r  design gu ide l ines .  

New techno1 ogy and ~ e f e r e n c e s  are  .out1 ined i n  Sect ions 8.0 and .9.0, 

r e s p e c t i v e l y  . The w i  nd tunnel  t e s t  r e p o r t  which i n c l  udes t e s t  descr i  p t  i on and 

data from t h e  t e s t s  conducted a t  Colorado S ta te  U n i v e r s i t y  i n  t h e i r  . 

Meter01 og ica l  Wind Tunnel Faci 1 i t y  i s  presented i n  t h e  Appendix. 
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Figure 2-1, Array Variables Used to Study Aerodynamic Loads 
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Figure 2-3, Definition of an Army 
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3.0 BASIC AERODYNAMIC EQUATIONS AND DEFINITIONS 

• The analyses used i n  t h i s  report required the use of aerodynamic resu l t s  tha t  

were calculated in aerodynamic terms. Since these terms may be unfamiliar to  

designers of photovol t a i c  arrays, t h i s  section explains the basic aerodynamic 

terms and nomenclature and defines basic aerodynamic equations t o  a s s i s t  those 

without an aerodynamic background t o  understand the resul ts .  I n  addition, 

synonyms between aerodynamic and solar  energy terms are given where 
. . 

appl icable. 

3.1 Analysis Definitions and Nomencl a ture  

Aerodynamic coeff ic ients :  non-dimensional coefficients.  

pressure coefficient ( c p )  : re1 a tes  1 i f ing  surface pressure t o  

reference freestream dynamic pressure, 

cp p/q 

normal force (Fn ,FN ) : 

normal force coefficient 

(c", cN) :  

slope of the pressure coefqicient curve; 

re la tes  pressure coefficient t o  angle of 

a t tack,  C p  = CpaQ 

net pressure coeff ic ient  on 1 i f t  i  ng 

surface = wi ndward face pressure 

coefficient minus base pressure 

coefficient.  

force normal t o  the l i f t i n g  surface 

(posi t ive out of base pressure face) .  

re1 ates  1 i f t i  ng surface normal force 

t o  reference freestream dynamic pressure 

and reference area, CN = Fn/qA . 

slope of the normal force coefficient 

curve, re la tes  normal' force coefficient 

t o  angle of a t tack,  C N  = C N , ~ .  



l i f t  (L) 

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

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

cen te r  o f  pressure ( X )  

Angle o f  a t tack  : 

Array:  

Ar ray  f i e l d :  

Ar ray  spgcing: 

Aspect r a t i o  (AR): 

Base pressure face: 

f o r c e  on t h e  l i f t i n g  sur face perpendicular  

t o  t h e  f reestream v e l o c i t y  . . ( p o s i t i v e  up). 

re1 ates 1 i f t  t o  reference f reestream 

dynamic pressure and reference area, C L ~  

L I q 4  

f o r c e  on t h e  l i f t i n g  sur face paral. le1 t o  

t h e  freestrearn v e l o c i t y  ( p o s i t i v e  i n  t h e  

w i  nd d i r e c t i o n ) .  

r e l a t e s  drag t o  reference f reestream 

dynamic pressure and reference area, 

cD = .D/.qA. 

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 from t h e  lead ing  edge. 

angle measured from the  wind vec tor  t o  t h e  

p lane o f  t h e  1 i f t i n g  surface. 

a mechanical l y  i n teg ra ted  ass.embly of 

p,anels. tagether  with support s t r u c t u r e  

( i n c l u d i n g  foundat ions) .  

t h e  aggregate o f  a l l  arrays. 

ho r i zon ta l  .distance measured from one 

a r r a y  t o  t h e  i d e n t i c a l  l o c a t i o n  on the  next  

array.  

aerodynami c geomet:ri c  parameter ( s panlchord 

f o r  a rec tangu lar  a r ray ) .  

dow,nwind s ide  o f  1 i f t i n g  surface. 



B l u f f  body: a nonstreamline 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 

t urbul ent , 

Chord (C): distance of array between lead ing and 

t r a i  1 i ng edges and perpendicul a r  t o  the 

.edges, j. .e. : s l an t  .height o f  array, 

Dynamic .pressure (q)  : pressure due t o  f reest reamv.e loc i ty  a t  a 

re ference . . height  ( q  = ..5pV2). 

Ground clearance (2) : distance between the  ground and the 

1 owest po in t  on the  pa.nels forming ..the 

array. 

I n v i  scid: f r i c t i o n l e s s  flow. 

Leading edge (L.E,).: windward edge o f  the array. 

Moduj e : the  small es t  compl e te  envi ronmental 1 y 

prqte$ted assembly o f  sol  a r  c e l l  . . s. 

Normal wash, downwash: 

Panel : 

Plate:  

Pressure ( p) : 

Span ( b )  : 

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

s u r f  ace p1,ane. 

a co l  1 e c t i  on o f  one o r  more modules 

fastened together f.ormi ng a f i e l d  

i. ns ta l  1 able u n i t  . 

t h i n  rectangular  shaped s t ruc tu re  t ha t  

ac ts  as a l i f t i n g  surfce. 

force per u n i t  a,rea. 

distance o f  an array between the  two s ide 

edges i.e.: . . length  o f  array. 



T i  1  t Angle: 

T r a i l  i n g  Edge (TE): 

V i  scous : 

Windward face: 

Yaw angle: 

angle measured from t h e  ho r i zon ta l  t o  . t he  

p l  ane o f  t h e  a r ray  pan,el s. 

downwind edge o f  t h e  a r ray  

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

windward. s ide  o f  1  i'fti ng surface. 

angle measured from wind.d i . rec t ion  t o  t h e  

normal o f  t h e  a r ray  l ead ing  edge. 

re ference area o f  a r ray  o r  p o r t i o n  o f  t h e  

a r ray  

1  ength 

.vel  o c i  t y  . 
I 

a i r  dens i t y  . 
" .  

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

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

d is tance measured a long t h e  chord f rom a  

Feference po in t .  

3.2 Solar  Energy - Aerodynamic Synonyms 

So lar  Energy Aerodynamics Comments 

T i 1  t angle and Angle o f  a t tack ,  R e s t r i c t e d  t o  

wind d i r e c t i o n  symbol i s  a h o r i z o n t a l  winds 

S l  an t  he ight  Chord 

Wind angle Yaw angle 

16 



3.3 Aerodynamic Sign Convention and ~ a s i c  Equations 

Sign Convention: 

. . 
+ i n t o  surface - out  o f  surface (suction) 

vector . . 

Normal Force (FN) 
L i f t  (L )  (+ out of base pressure face)  

(+ up" f -z 

Wind Di rect ion  

'+ ' i n  wind d i r e c t i o n )  



- .  
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: . . 
. .  . 

. .  . 
P  = q c p  

, - < -  . . 
, . 

2. 'Normal fo rces  and normal f o r ce  coe f f i c i en t ' s  . 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 r c e  c o e f f i c i e n t s  a re  l i n e a r  

w i t h  respec t  t o  ang le  o f  a t t a c k ,  t h e  above express ions can be..changed to: 

F~ = q$c.a 
n a 

. . 
. . 

4 .  ~ o r m a l  f o r c e  c o e f f i c i e n t  f o r  chordwise s t r i p s  can be ob ta ined from 

t h e  pressure c o e f f i c i e n t s  by i n t e g r a t i n g  t h e  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 o  t h e  normal f o r c e  c o e f f i c i e n t !  

by t h e  angle o f  a t t a c k  as: 

. . . .. 

C D  = C n  s i n a  

6. L i f t  and drag fo rces  a r e  g iven  b y :  



4.0 WIND TUNNEL TEST PROGRAM AND RESULTS 

A wind tunnel  t e s t  program was developed t o  v e r i f y  t h e  t h e o r e t i c a l  r e s u l t s  i n  

reference 5  and t o  o b t a i n  t e s t  data f o r  cond i t i ons  not  p resen t l y  s u i t a b l e  f o r  

t h e o r e t i c a l  analys is .  The t e s t  p l a n  inc luded t h e  t e s t i n g  o f  wind loads on 

s i n g l e  arrays, a r rays  w i t h i n  an a r ray  f i e l d ,  t h e  e f f e c t  o f  fences on ar rays  i n  

an a r ray  f i e l d ,  and t h e  ef fect  of wind v e l o c i t y  p r o f i l e s  (un i fo rm and 1/7 power 

1  aw). The emphasis o f  t h e  program was t h e  t e s t i n g  o f  a r rays  i n  an .array f i e l d  

w i t h  a  boundary l a y e r  wind having a  1/7 power law v e l o c i t y  p r o f i l e  referenced 

a t  10 meters. This wind p r o f i l e  was used t o  represent  t h e  winds found i n  

na tu re  i n  open f l a t  t e r r a i n .  The a r ray  parameters va r ied  us ing  t h i s  wind 

p r o f i l e  were: ( 1 )  a r r a y  separa t ion  (1.5, 2.0, and 3.OC), ( 2 )  t i l t angle (20°, 

35", 60°, and 90°), ( 3 )  wind d i r e c t i o n  ( f ron t ,  rea r ,  and ob l ique winds of 45" 

and 135' f rom t h e  f r o n t ) ,  (4 )  fence ( w i t h  and w i thou t ) ,  (5 )  fence p o r o s i t y  (0% 

and 30%), and (6 )  fence-array separat ion (1.25, 2.5, and 5.OC). The a r ray  

parameters no t  va r ied  were t h e  s l a n t  he ight  ( C )  and t h e  a r ray  ground'clearance 

of .25C. Several mod i f i ca t i ons  t o  t h e  fence corner  and a r ray  edges were t e s t e d  

w i t h  ob l i que  winds i n  an attempt t o  reduce t h e  a r ray  edge loads. A  complete 

1  i s t  o f  t h e  t e s t  con f igu ra t i ons  i s  1  i s t e d  i n  Table 18, Appendix A. The fence 

corner  mod i f i ca t i ons  a re  d e t a i l e d  i n  Table 17, Appendix A, and t h e  a r ray  edge 

m o d i f i c a t i o n s  a re  shown i n  F igu re  24, Appendix A. 

A number o f  t e s t  runs were conducted u t i l i z i n g  a  un i fo rm v e l o c i t y  p r o f i l e .  

These t e s t s  d i d  not  i nc lude  any fence e f fec ts  o r  e f f e c t s  o f  ob l ique winds. The 

t e s t s  inc luded v a r i a t i o n s  o f  t i l t angle and a r ray  separa t ion  i n  an ar ray  f i e l d .  

S ing le  arrays were a l so  t e s t e d  vary ing  t h e  t i l t  angle and t h e  ar ray  ground 

clearance. Corresponding s i n g l e  a r ray  t e s t s  were performed w i t h  a  1/7 power 

1  aw v e l o c i t y  p r o f i l e  f o r  comparison t o  t h e  uniform v e l o c i t y  p r o f i l e  r e s u l t s .  

The wind tunnel  t e s t i n g  was conducted i n  t h e  Meteorological  Wind Tunnel a t  

Colorado State.  U n i v e r s i t y  (see F igure  1, Appendix A). This tunnel  i s  

charac ter ized by a  l ong  (96 f t . )  t e s t  s e c t i o n t h a t . i s .  6  ft. 8 i n .  wide by 6  ft. 

high. The long  t e s t  sec t i on  i s  requ i red  t o  p roper l y  develop and s t a b i l i z e  the  

boundary l a y e r  v e l o c i t y  p r o f i l e  used i n  t h e  tes ts .  Tes t ing  i n  a  boundary l a y e r  

wind p r o f i l e  i s  performed a t  t h e  r e a r  of t h e  t e s t  sec t i on  whereas t e s t i n g  i n  a  

un i fo rm wind v e l o c i t y  p r o f i l e  i s  performed a t  th.e f r o n t  o f  t h e  t e s t  sect ion.  



The a r r a y  model t e s t e d  was a 1:24 sca le  of an e i g h t  ft. chord f u l l  s i z e  array.  

Pressure taps were l oca ted  a t  t h e  mid-span and edge l o c a t i o n s  as shown i n  

F i g u r e  10,"Appendix A. Ten pressure taps were . located on each of t he0 f ron t  and 

r e a r  faces - o f  t h e  a r r a y  and a t  each span l o c a t i o n .  The spacing of t h e  taps  

were v a r i e d  such as t o  have more taps  near t h e  l ead ing  and t r a i l i n g  edges of 
, .  .... 

t h e  array.. Pressures a t  each t a p  were recorded d i g i t a l l y  f o r  1 6  seconds by 

means of a pressure sw i t ch  t o  a Set ra  d i f f e r e n t i a l  t ransducer  which was sampled 

a t  250 t imes per  second. The t e s t  data a c q u i s i t i o n ,  data reduc t i on  as we l l  as 

t h e  t e s t i n g  procedures a re  d e t a i l e d  i n  Appendix A. The recorded t e s t  data i n  

i t s  e n t i  r 'e ty  i s presented i n  Appendix B 'and t h e  computer p l o t t e d  t e s t  data i n  

~ p p e n d i  x' 'C. 

The f o l  1  owing sec t ions  pre;erit s i g n i f i c a n t .  f i n d i n g s  f rom t h e  t e s t  r e s u l t s .  

Sec t i on  4.1 d e t a i l s  t h e  r e s u l t s  from t h e  un i fo rm wind v e l o c i t y  p r o f i l e  f o r  an 

a r r a y  f l e l d .  Sect ion 4.2 p r e s e n t s , t h e  r e s u l t s  f rom t h e  1/7 power .law wind 

p r o f i  l e  and s e c t i o n  4.3 shows t h e  comparison o f  t h e  wind loads  on a s i n g l e  

a r r a y  due t o  a' un i fo rm and a boundary 1 ayer wind. Sect ion 4.4 summmarizes t h e  

s i g n i f i c a n t  t e s t  r e s u l t s .  

4.1 ~ n i  form Wind V e l o c i t y  P r o f i l e  

F igu res  4 - l a  through 4-1.9, show t h e  ne t  o r  d e l t a  pressure c o e f f i c i e n t  

d i s t r i b u t i o n  ( t h e  windward face pressure c o e f f i c i e n t  m i  nus t h e  base pressure 

c o e f f i c i e n t )  a long t h e  chord f o r  a'n a r r a y  f i e l d  pos i t i oned  a t  f o u r  tilt angles 

i and w i t h  a uniform v e l o c i t y  p r o f i l e  wind f rom both  f r o n t  and rearward 

d i r e c t i o n s .  I n  a l l  of these cases, t h e  ar rays  a re  .25 . s l a n t  he igh ts  above t h e  

ground and separated by a d i s tance  o f  two s l a n t  heights. Other a r r a y  

separa t i on  d is tances  (1.5 and 3.0 s l a n t  he igh ts )  were tested.  Since t h e  

r e s u l t s  from t h e  t h r e e  a r r a y  separat ions a re  s i m i l a r ,  on l y  t h e  r e s u l t s  of t h e  

2.0 s l a n t  he igh t  separa t ion  t e s t s . a r e  used t o  d iscuss s i g n i f i c a n t  f i nd ings .  

The pressures on t h e  arrays,  each recorded i n  t h e  t e s t  f o r  s i x teen  seconds, 

were used t o  c a l c u l  a te  average and rms pressure c o e f f i c i e n t s .  The rms 

pressures a re  an i n d i c a t i o n  of t h e  pressures t o  be expected from t h e  tu rbu lence I 

generated by t h e  arrays. However, t h e  rms pressures do no t  reveal  any: 
. I 

I 

c h a r a c t e r i s t i c s  of t h e  f low such as t h e  phase angle o f  . the  pressure between 

l o c a t i o n s  o r  t h e  frequency content  o f  t h e  pressures. These parameters are very 

impor tan t  t o  p r e d i c t  dynamic.pressures and fo rces  on t h e  s t r u c t u r e  and w i l l  be 

r e p o r t e d  i n  a f u t u r e  repo r t .  



The f i r s t  windward a r ray  i n  t h e  a r ray  f i e l d  experiences by f a r  t h e  h ighest  mean 

pressure c o e f f i c i e n t s  and r e s u l t i n g  normal fo rces  f o r  a l l  tilt angles.- I n  

c o n t r a s t  t o  t h e  mean pressures, t h e  rms values o f  t h e  unsteady pressure 

c o e f f i c i e n t s  caused by t h e  a r ray  induced wind turbulence i s  t h e  smal lest  on t h e  

f i r s t  windward array. The tu rbu lence i n  t h e  wind tunnel  f o r  t h e  f r e e  stream 

wind . p r i o r  t o  t h e  a r ray  f i e l d  i s  e s s e n t i a l l y  zero. , . 

The f i r s t  a r r a y  behind t h e  windward a r ray  (2nd a r r a y )  experiences considerably 

lower mean pressures than t h e  f i r s t  a r ray  but  t h e  rms pressures caused by t h e  . . 

a r r a y  induced wind t u r b u l  ence are  g r e a t l y  increased. This i s causei  p r i m a r i l y  

by t h e  tu rbu lence created i n  t h e  wind by t h e  f i r s t  array.  I n  addit i ,on, t h e  

pressure d i s t r i b u t i o n  on t h e  second a r ray  i s  s i g n i f i c a n t l y  changed by. t h e  . 

e f f e c t s  from t h e  f i r s t  array,  e s p e c i a l l y  when t h e  wind i s  . f rom . t h e  f r o n t .  For  

t h i s  wind cond i t ion ,  t h e  pressures on t h e  windward a r r a y . f a c e  become negat ive  

over  a p o r t i o n  o f  t h e  chord' f o r  several tilt angles, and A C ~  may be negat ive  

over  p a r t  o f  t h e  chord f o r  several tilt angles as shown f o r  the.  35" t i l t angle 

case. I n  t h i s  cond i t ion ,  i f  on ly  normal fo rces  were recorded on. the;,array, 

t hey  would i n d i c a t e  e s s e n t i a l l y  zero force; From t h e  pressure c o e f f i c i e n t  

d i s t r i b u t i o n  shown i n  F igu re  4 - l c  t o  4 - l f ,  i t  can be seen tha t ,  there.,.are 

va ry ing  pressures on t h e  a r ray  and a s i g n i f i c a n t  p i t c h i n g  moment i s  f e l t  by t h e  

array.  

The loads on t h e  f i f t h  a r ray  downwind from t h e  edge o f  t h e  a r ray  f i e 3 d  

experience l a r g e r  f l u c t u a t i n g  pressure c o e f f i c i e n t s  than t h e  f i r s t  array, but  

smal le r  than t h e  second array.  Although t h e  f l u c t u a t i n g  pressure c o e f f i c i e n t s  

a r e  o f  t h e  same order  as t h e  steady s t a t e  pressures on t h e  f i f t h  array,  t h e  

t o t a l  o f  these pressures i s  much smal ler  than on ly  t h e  steady s t a t e  pressures 

on t h e  f i r s t  array. Another noteworthy aspect o f  t h e  loads on t h e  f i f t h  a r ray  

i s  t h e  f l a t n e s s  of t h e  pressure d i s t r i b u t i o n  a long t h e  chord. The pressure 

d i s t r i b u t i o n  i s  e s s e n t i a l l y  constant  over  t h e  chord f o r  each t i l t angle 

considered. An except ion i s  t h e  20" tilt angle c o n f i g u r a t i o n  w i t h  t h e  wind 

approaching the  ar ray  from t h e  back, where t h e  pressure d i s t r i b u t i o n  a long t h e  

chord l i n e a r l y  increases from t h e  t r a i l i n g  edge t o  t h e  l ead ing  edge. 



4.2 117 Power 'Law Wind Ve loc i t y  P r o f i l e  

The major po r t i on  o f  t he  wind tunnel t e s t  ,program was devoted t o  the  wind 

load ing  on the arrays i n  a boundary l aye r  wind o f  117 power law v e l o c i t y  

p r o f i l e  shown i n  F igure  4-2. Th is  sect ion presents and discusses the  

s i g n i f i c a n t '  f i nd ings  of t he  wind tunnel t e s t  resul  Ls performed i n  the  boundary 

1 ayer w i  nd. The ar ray  t e s t  conf i gura t i  on, pressure measurement 1 oca t i  ons and 

wind d i r e c t i o n  are g iven i n  Table 4.1. 

Table 4- 1. Array Test Condition3 

4.2.1 Array Mid-Span Wind Loads Without a Pro tec t i ve  Wind B a r r i e r  (Fence). . 

Figure 4-3 presents the  mean and rms de l t a  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  

I 

on the  arrays i n  an ar ray  f i e l d  w i t h  a n  i d e n t i c a l  con f igu ra t ion  as i n  Figure 
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P 

4-1, except f o r  the  wind p ro f i l e .  The presbupe c o e f f i c i e n t s  are based on the  

freestream reference ve l oc i t y  located a t  a he ight  of ten  meters. The r e s u l t s  

f o r  the mean and rms aCp chordwise d i s t r i b u t i o n s  are very s i m i l a r  i n  shape t o  

those from the uni form wind p r o f i l e  t e s t  r e s u l t s  presented i n  Section 4.1. 

Because the magnitude o f  the c o e f f i c i e n t s  are a func t ion  o f  the  reference 

v e l o c i t y  t h a t  var ies  w i t h  e leva t ion  above t he  ground i n  a boundary l aye r  wind, 

a d i r e c t  magnitude comparison w i t h  t he  uni form f low r e s u l t s  cannot be made w i t h  

t h e  boundary 1 ayer r e s u l t s  referenced t o  the  freestream v e l o c i t y  a t  10 meters. 

The trends o f  the r e s u l t s  p l o t t ed  i n  Figure 4-3 are  the  same as those f o r  t he  

uniform ve loc i t y  p r o f i l e  r e s u l t s  shown i n  Figure 4-1. That i s ,  the highest  
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steady s ta te '  o r  mean pressures are on the f i r s t  array. The downwind arrays 

have lower steady s ta te  pressure than the  f r o n t  array because o f  the p ro tec t ion  

a f forded by the upwind arrays, but the rms pressures are s l i g h t l y  h igher w i t h i n  

t he  ar ray f i e l d  than f o r  the f ront  array. I n  add i t ion,  w i t h  increasing t i l t 

angle, the  greater the  amount of p ro tec t ion  from.the wind i s  received by the 

downwind arrays from the upwind arrays. 

The e f f e c t  t h a t  the upwind arrays have on reducing the  r e s u l t i n g  forces .on 

downwind arrays i s  shown by examining the normal fo rce  coe f f i c i en t s  presented 

i n  Figure 4-4. The normal force coe f f i c i en t s  were obtained by i n teg ra t i ng  the 

d e l t a  pressure c o e f f i c i e n t s  along the chord f o r  each ar ray and array 

con f igu ra t ion  f o r  the steady s ta te  wind. The maximum normal fo rce  c o e f f i c i e n t  

on the array i s  due t o  a  wind from the rear  and on the  f i r s t  windward array f o r  

a l l  t i l t angles. Regardless o f  the  wind d i rec t ion ,  t he  f i r s t  windward array 

acts  as a  b a r r i e r  t o  the wind f o r  the downwind arrays and removes most o f  t he  

wind energy. Consequently, the  steady s ta te  wind load on the second array i s  

s i g n i f i c a n t l y  reduced, and the steady s ta te  wind load on succeeding arrays 

beyond the second array are only s l i g h t l y  reduced from t h a t ' o f  the  second 

array. 

I 

I 
4.2.2 Array Mid-Span Loads w i t h  a  Protect ive  Wind B a r r i e r  (Fence) 

I 

I The p ro tec t i ve  in f luence on the high aspect r a t i o  photovo l ta ic  arrays by a  

I fence i s  presented i n  Figure 4-5 and 4-6. Figure 4-5 shows the  A C ~  on the 

1 f i r s t  array behind a  s i x  f oo t  fence (.75C). The corresponding normal force 

c o e f f i c i e n t s  f o r  the f i r s t ,  second and f i f t h  arrays are  shown i n  Figure 4-6, 

w i t h  the resu l t s  wi thout  a  fence f o r  comparison. With a  fence t o  p ro tec t  the  

arrays from the wind, the  wind-caused normal force c o e f f i c i e n t s  are 

approximately the same on the f i r s t  and succeeding arrays except f o r  the arrays 

w i t h  t i l t  angles o f  60'. The top o f  the  array a t  a  t i l t angle o f  60" i s  

approximately .375 chord lengths above the top of the  fence, so the upper 

I p o r t i o n  o f  the f i r s t  array i s  exposed t o  the freestream ve loc i t y  r e s u l t i n g  i n  
I 
I increased loads. O f  s i g n i f i c a n t  conclusion from Figure 4-6 i s  t h a t  the normal 

f o r ce  on arrays several rows i n t o  the array f i e l d  are the  same w i t h  o r  wi thout  

a  fence. Thus, the fence only pro tects  the f i r s t  couple o f  rows o f  arrays and 

the  remaining arrays are protected by the windward arrays. 



4.2.3 Ar ray  Edge Wind Loads fo r '  S t r a i  ght-On W i  nds 

F igu re  4--7 and 4-8 presents t h e  pressure d i s t r i b u t i o n  a t  a l o c a t i o n  .15 chord 

l eng ths  from t h e  s ide  edge f o r  arrays having a  t i l t  angle o f  35" and f o r  an 

.I 

a r r a y  f i e l d  w i thout  and w i t h  a  p r o t e c t i v e  fence respec t i ve l y .  F igures 4-9 and 

4-10 show t h e  normal fo rce  c o e f f i c i e n t s  f o r  t h e  same cond i t i ons  and compare t h e  

normal f o r c e  c o e f f i c i e n t s  a t  t h e  a r ray  edge l o c a t i o n  t o  t h e  mid-span loca t ion .  

F i g u r e  10 o f  t h e  Appendix A shows t h e  l o c a t i o n  o f  t h e  edge and center  of span 

pressure taps on t h e  model used i n  t h e  tes t . )  Without a  fence t o  p r o t e c t  t h e  

ar rays ,  t h e  f i r s t  windward a r ray  pressure d i s t r i b u t i o n  a t  t h e  edge i s  

e s s e n t i a l l y  the  same as a t  t h e  center  o f  t h e  a r ray  (compare Figure.  4-7 t o  

F igu re  4-3c and d) .  The ar rays  downwind from the  f i r s t  a r ray  have an edge 

pressure  c o e f f i c i e n t  d i s t r i b u t i o n  whose magnitude i s  reduced from the  fi r s t  

a r r a y  bu t  no t  n e a r l y  as much as f o r  t h e  mid-span pressure c o e f f i c i e n t s  a t  

s i m i l a r  cond i t ions .  The edge pressures are  a f f e c t e d  by t h e  formation of 

v o r t i c e s  r e s u l t i n g  from th,e a r ray  corners. This can be seen by t h e  s i g n i f i c a n t  

increase i n  t h e  rms pressure c o e f f i c i e n t  l e v e l s  between mid-span and edge 

l o c a t i o n s  and by t h e  increased steady s t a t e  pressure c o e f f i c i e n t  a t  t h e  ar ray  

corners,  e s p e c i a l l y  f o r  winds approaching from t h e  rear .  The normal f o r c e  

c o e f f i c i e n t s  shown i n  F igu re  4-9 a l so  show t h i s  trend. 

The fence reduces t h e  wind by such an amount t h a t  no l a r g e  d i f f e rences  occur i n  

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  a t  t h e  edges compared t o  t h e  mid-span 

pressure l o c a t i o n s  as seen by comparing F igu re  4-8 t o  F igure  4-5 f o r  i d e n t i c a l  

a r r a y  pos i t i ons .  One aspect o f  F igure  4-8 t h a t  i s  important  i s  t h a t  t h e  

pressure c o e f f i c i e n t s  f o r  t he  f i f t h  a r r a y  downwind are  l a r g e r  than t h e  f i r s t  

a r ray .  It i s  concei vabl e  ' t h a t  t h e  a r ray  edge pressures behind a  p r o t e c t i  ve 

fence w i  11 approach those wi thout  a  p r o t e c t i  ve fence f o r  ,downward arrays when 

t h e  wind i s  s t r a i g h t - o n  t o e t h e  arrays. This r e s u l t s  because t h e  s ide  fence has 

no e f f e c t  on t h e  s t r a i g h t - o n  wind and t h e  fence perpendicular  t o  t h e  wind has a  

decreasing e f f e c t  on t h e  wind w i t h  i nc reas ing  d is tance downwind from t h e  fence. 

E x t r a p o l a t i n g  t h e  normal f o r c e  c o e f f i c i e n t s  i n  F igure  4-10 f u r t h e r  downwind, 

supports t h i s  conc lus ion  and suggests t h a t  loads on t h e  .arrays w i t h  .a fence 

w i l l  approach those wi thout  a  fence f u r t h e r .  downstream than f i v e  arrays. 



4.2.4 Ar ray  Edge Wind Loads f o r  Obl ique Winds 

Downwind e f fec ts  o f  v o r t i c e s  formed a t  t h e  a r r a y  corners can cause l a r g e  , 

pressure c o e f f i c i e n t s  near '  t h e  a r ray  edges when t h e  winds a r e  a t  an angle t o  

t h e  arrays,  because o f  increased vo r tex  strength'. Several wind tunne l  t e s t  

runs  were performed w i t h  obi  ique winds a t  45' approaching t h e  ar rays  f rom t h e  

f r o n t  and t h e  r e a r  d i r e c t i o n s .    he ar ray  c o n f i g u r a t i o n s  were: t i l t  angle of 

3 5 0 ,  a r r a y  s e p a r a t i o n  = 2C and a r ray  ground c learance = . 2 5 ~ .  ~ a k ~ e  1  ocal 

pressures on t h e  a r r a y  edges due t o  ob l i que  winds were measured as shown by t h e  

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  1  ocated .15 chord lengths  f rom t h e  a r r a y  

edge i n  F igures  4-11, a  thrbLgh d, f o r  an a r ray  f i e i d  w i thou t  and w i t h  a  

p r o t e c t i v e  fence. 

The l ead ing  , edge' . pressure c o e f f i c i e n t s ,  espec ia l  l y  f o r  unobstructed winds 

approaching ' f rom t h e  f r o n t ,  were very l a r g e  and can' r e s u l t  i n  pressures a t  t h e  

l e a d i n g  edge approaching 45 p s f  f o r  a  90 mph wind, based on t h e  pressure 

c o e f f i c i e n t s  i n  F igures  4 - l l a  and 4 - l l b .  When no fence e x i s t s ,  t h e  a r r a y  edges 

f o r  a r rays  downwind from the  f i r s t  a r r a y  do no t  rece i ve  any p r o t e c t i o n  f rom t h e  

upwind arrays;  t he re fo re ,  t h e i r  edge pressure d i s t r i b u t i o n  i s  essen t i a l  ly  t h e  

same as t h e  f i r s t  array,  as shown i n  F igures  4 - l l a  and b. Figure  4 - l l a  a l s o  

shows t h e  pressure d i s t r i b u t i o n  loca ted ' .9  chord lengths  f rom the  edge on t h e  

f i r s t  array.  The t r e n d  imp1 i e s  t h a t  t h e  magnitude o f  t h e  pressure c o e f f i c i e n t s  
! 
I 

a r e  decreasing w i t h  d is tance away f rom t h e  s ide  edge. 
I e .  

I 
I 
1 Even when t h e  ar rays  are  p ro tec ted  by a  fence', t h e  edge pressure c o e f f i c i e n t s  *' 

I due t o  an obl  ique wind are  much l a r g e r  than f o r  s t r a i g h i - o n  winds as shown by 

comparing F igures  4 - l l c  and d  t o  ~ i ~ u r e . 4 - 8 .  The fence does g i ve  some 

p r o t e c t i o n  t o  t h e  ar rays  because t h e  ove id l  1  a r ray  edge b r e s i u r e  c o e f f i c i e n t  

d i s t r i b u t i o n  i s  somewhat 1  ower i n  magnitude than t h e  corresponding cond i t i ons  
I 

wi thou t  a  fence. Th is  can be seen more e a s i l y  by comparing t h e  normal f o r c e  

c o e f f i c i e n t s  a t  t h e  edge w i t h  and w i thout  a  fence as shown i n  F igure  4-12. 

F igu re  4-12 a l s o  shows t h e  reduc t i on  i n  normal f o r c e  c o e f f i c i e n t s  f rom .15 
I 

I chord lengths  t o  .9 chord lengths  f rom t h e  edge w i t h  and w i thou t  a  fence. The 

I combinat ion o f  a  fence corner  and an ob l i que  wind causes a  s t rong  vor tex  t o  be 

L 
generated a t  t h e  fence corner  which sweeps downwind and causes 1  ocal i z e d  h igh  

pressure loadings. The h igh  pressure l oad ing  caused by t h i s  vo r tex  can be seen 

by t h e  t w i n . l a r g e  humps i n  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  shown on t h e  

f i r s t  a r ray  i n  ~ i ~ u r e  4 - l l c  and by t h e  l a r g e  pressure c o e T f i c i e n t s  a t  t h e  



l ead ing  edge i n  Figure 4 - l l d .  Figures 4-12 and 4-13 a lso  show the  ef fect  of 

t h e  vortex. Although the  normal fo rce  c o e f f i c i e n t  f o r  an ar ray  behind a  fence 

i s  lower than wi thout  a  fence (Figure 4-12), the  corresponding maximum pressure 

c o e f f i c i e n t  i s  h igher  (Figure 4-13) on the  f i r s t  windward ar ray  when the  wind 

approaches from the rear. This maximum pressure c o e f f i c i e n t  i s  a t  t he  lead ing 

edge which i s  d i r e c t l y  downwind and i n  the  vortex from the fence. 

Because'of the h igh edge pressures on t he  arrays, several modif ied 

con f igu ra t ions  were tes ted  i n  t he  wind tunnel i n  an attempt t o  reduce these 

pressures. The modi f ica t ions (described i n  more d e t a i l  i n  the  Appendix) are as 

f 01 1  ows : 

1)  A shor t  fence o f  t he  same po ros i t y  and height  as the  p ro tec t i ve  

fence placed i n '  f r o n t  o f  the  corner o f  the p ro tec t i ve  fence and a t  

45" t o  each side. This shor t  fence would be perpend,icular t o  a  

ob l ique wind t h a t  i s  a t  45' t o  the p ro tec t i ve  fence and ar ray  

f i e l d  (See F igure 4-16, Conf igura t ion 1 )  

2 )  Three shor t  fences over lapping each o ther  and placed i n  f r o n t  o f  

the' corner o f  the  p ro tec t i ve  fence as i n  (1) (see F igure 4-16, 

Conf igura t ion 2 )  

3)  Add i t i ona l  e i gh t  f o o t  l eng th  added t o  the ar ray  'wi th the  added ' 

l eng th  having 50% po ros i t y  (See Figure 4-16, Conf igura t ion 3 )  

4)  Endplat ing o f  the ar ray  ends completely c l os i ng  the rows o f  the 

arrays w i t h  a  50% po ros i t y  end p l a t e .  T h i s  i s  t o  simul ate shrubs 

etc., a t  the ends o f  the arrays (see Figure 4-16, Conf igurat ion 

4 ) '  

5 )  Add i t i on  o f  a  50% po ros i t y  extension t o  the  top  o f  the  array a t  

t h e  corner o f  the  e x i s t i n g  p ro tec t i ve  fence (see F igure 4-16, 

Conf i gura t i  on 5  and F i  gure 4-1 19). 

The data from ' the wind tunnel t e s t  f o r  a l l  o f  these ~ 0 n f i ' ~ u r a t i o n s  i s  given i n  

Appendix B, and p l o t s  of t he  data are  presented i n  Appendix C. The r e s u l t s  

from the  conf igurat ions i n  (1 )  through (3)  are not  presented i n  the  main body 
I 

o f  t h e  repor t  f o r  the  f o l l ow ing  reasons. Conf igurat ion ( 3 )  d i d  not  produce any i 
reduc t ion  i n  edge pressures. Configurat ions (1 )  and (2 )  d i d  show reducti.ons i n  

t h e  pressure coe f f i c ien t  d i s t r i b u t i o n s  f o r  the pressure taps on the model. 

However, t h i s  conf igura t ion woul d  requ i re  more pressure readings over the t o t a l  



ar ray  area near t h e  edge t o  adequately d e f i n e  . t h i s  reduct ion.  It i s  bel ieved,  

and somewhat supported by t h e  data, t h a t  t h e  vor tex  caused by t h e  main, fence 

co rne r  i s  s i g n i f i c a n t l y  reduced, bu t  t h a t  o the r  v o r t i c e s  a r e  be ing .generated a t  

t h e  corners o f  t h e  smal le r  fences, thus pushing the  l o c a t i o n  o f  t h e . h i g h  

.pressure l oad ing  p o i n t s  inwards f rom, the  a r ray  s ide  edge. 

Conf igura t ion  (4) ,  endpl a t  i ng o f  t h e  arrays, produced t h e  small es t  edge 

pressure c o e f f i c i e n t s  o f  t h e  con f igu ra t i ons  tested.  The edge 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  t h e  endpl a t i n g '  e f f e c t  i s  shown i n  F i  gures 4 - l l e  

and f. Unfor tunate ly ,  t h i s  method o f  reducing t h e  loads may be imprac t i ca l  f o r  

several  reasons : ( 1  ) t h e  endpl a t  i ng woul d  cause va ry i  ng amounts o f  shadowi ng 

on t h e  ar rays  depending upon t h e  t ime  o f  day, ( 2 )  i f  mechanized equipment i s  

r e q u i r e d  t o  be moved down each row of t h e  arrays, a  gate would be requ i red  a t  

t h e  end o f  each row. ' 

The a d d i t i o n  o f  a  50% p o r o s i t y  extension t o  t h e  fence corner  i s  shown w i t h  t h e  

r e s u l t s  i n  F igures 4 - l l g  and h. Th is  extension does s i g n i f i c a n t l y  reduce t h e  

edge 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  from those o f  j u s t  a  regu l  a,r p r o t e c t i v e  

I fence. It appears t h a t  t h e  increased p o r o s i t y  and he ight  a t  t h e  corner  reduces 

I t h e  t i gh tness  and s t reng th  o f  t h e  corner  vortex. Add i t i ona l  b e n e f i t s  may be 

r e a l i z e d  by increased p o r o s i t y  and/or he ight  o f  t h i s  corner  add i t ion .  However, 

these parameters were not  va r ied  t o  opt imize  t h e  reduc t ion  i n  t h e  a r ray  edge 

pressure 1  oadings. 

I n  summary, t h e  a r ray  and fence corners produce v o r t i c e s  whose s t reng th  i s  

increased from a s t r a i g h t  on wind t o  an ob l ique wind. The wind loads on t h e  

areas a f f e c t e d  by t h e  corner  v o r t i c e s  a re  considerably l a r g e r  than t h e  loads a t  

t h e  non-affected areas. I n  order  t o  reduce t h e  corner  vor tex  induced loads, i t  

i s  necessary t o  reduce t h e  s t reng th  o f  t h e  corner  vortex. This i s  best  

accompl ished by 1  oweri ng t h e  wind v e l o c i t y  p r i o r  t o  reaching t h e  arrays by 

u t i l i z i n g  a  fence and by modi fy ing  t h e  fence corner  t o  reduce t h e  vor tex  

generated by it. From t h e  mod i f i ca t i ons  i nves t iga ted  i n  t h e  t e s t ,  t h e  most 

p r a c t i c a l  m o d i f i c a t i o n  i s  t h a t  o f  i nc reas ing  t h e  he ight  o f  t h e  fence a t  t h e  

corner  and by va ry ing  the  l o c a l  fence p o r o s i t y  i n  t h i s  area.as  shown by t h e  

i f i g u r e  i n s e r t  i n  F igure  4-119. 



4.3 Comparison o f  Wind Tunnel Test Resul ts  f o r .  Uni form Wind P r o f i . l e  and 117 

Power Law Wind P r o f i l e  

I n t e g r a t i o n  o f  t h e  aCp values over  t h e  chord t o  o b t a i n  normal f o r c e  

c o e f f i c i e n t s  produced t h e  r e s u l t s  presented i n F i  gure 4-15. The compari son of 

t h e  normal f o r c e  c o e f f i c i e n t s  between t h e  un i fo rm wind p r o f i l e  and t h e  117 

power law wind p r o f i l e  i s  much c l o s e r  than t h e  pressure d i s t r i b u t i o n ,  p r i m a r i l y  

because the  i n t e g r a t i o n  of l a r g e  pressure d i f f e r e n c e s  over a  small f r a c t i o n  of 

t h e  t o t a l  area does no t  have a  pronounced e f f e c t  o n ' t h e  t o t a l  normal f o r c e  

c o e f f i c i e n t .  

I n  o rder  t o  compare t h e  t e s t  r e s u l t s  between the  un<iform wind p r o f i l e  and t h e  

117 power law wind p r o f i l e ,  i t  i s  necessary t o  s e l e c t  a  re fe rence he igh t  above 

t h e  ground f o r  d e f i n i n g  t h e  re ference v e l o c i t y  i n  t h e  117 power law wind 

p r o f i l e .  I n  Phase 11, reference 5, t he  v e l o c i t y  a t  t h e  h ighes t  edge of t h e  

a r r a y  was recommended as t h e  reference v e l o c i t y  when us ing  datd obta ined by a  

uni form v e l o c i t y  p r o f i l e  because t h e  base pressure ( t h e  rnajor c o n t r i b u t i o n  t o  

t o t a l  pressure i n  most cases) i s  af fected predominately by t h e  v e l o c i t y  a t  t h e  
I 
I 

From t h e  r e s u l t s  shown i n  F igu re  4-14 and 4-15, t h e  un i fo rm v e l o c i t y  p r o f i l e  

a r r a y  edge. The mean A C ~  was c a l c u l a t e d  w i t h  t h i s  re fe rence v e l o c i t y  f o r  t h e  

117 power law wind p r o f i l e  r e s u l t s  and compared i n  F igu re  4-14 t o  t h e  A C P  

obta ined by t h e  un i fo rm wind p r o f i l e  t e s t .  The comparison o f  t h e  shape of t h e  

aCp d i s t r i b u t i o n  f rom t h e  two wind p r o f i l e  t e s t s  i s  very c lose,  t h e  magnitude 

i s  a l s o  c lose  except f o r  a  few con f i gu ra t i ons ,  such as t h e  windward a r ray  w i t h  

t h e  wind from the  r e a r  f o r  t h e  20" t i lt angle con f i gu ra t i on  and the  wind f rom 

t h e  f r o n t  f o r  t h e  60° t i l t angle con f i gu ra t i on ,  where t h e  magnitudes d i f f e r  by 

as much as .25. The second a r r a y  w i t h  a  t i l t angle o f  35" and t h e  wind f rom 

t h e  r e a r  a l so  compares poor ly ;  t h e  loads f rom t h e  117 power law wind p r o f i l e  

a r e  approximately h a l f  t h e  loads f rom t h e  un i fo rm wind p r o f i l e .  

normal f o rce  c o e f f i c i e n t s  r e s u l t s  would be s a t i s f a c t o r y  f o r  use i n  performing i 

I 

p r e l i m i n a r y  des ign  s tud ies  and i n  most cases f o r  use i n  t h e  f i n a l  design of I 
a r r a y  s t r u c t u r a l  supports. 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  r e s u l t s  a re  

n o t  a s  d e f i n i t i v e ;  t h e  un i fo rm v e l o c i t y  p r o f i l e  r e s u l t s  would be s a t i s f a c t o r y  

f o r  use i n  p r e l i m i n a r y  design s tud ies  . b u t  . are  probably no t  accurate enough f o r  I 
,! 

f i n a l  design o f  t h e  pho tovo l ta i c  panels. However, f rom t h e  r e s u l t s ,  i t  i s  
. .. I 

c e r t a i n l y  apparent t h a t  a  un i fo rm v e l o c i t y  wind tunnel  can be used t o  .evaluate 

parameter s tud ies  f o r  photovol t a i c  a r rays  such as 1  oad a1 1  e v i  a t i o n  devices. i 



Since environmental wind tunnel  s  ( requ i red  t o  model t h e  boundary 1  ayer w i  nd) 

a re  few i n  number, and sometimes d i f f i c u l t  t o  o b t a i n  t ime  i n  t h e i r  use, t h e  

c lose  comparison i n  t h e  r e s u l t s  between t h e  two wind p r o f i l e s  i s  important  i n  

a l l o w i n g  more f l e x i b i l i t y  i n  t h e  t e s t i n g  o f  a r ray  models and c o n f i g u r a t i o n  

.changes. 
I 

4.4 Test ~ e s u l  t s  summary 

The use o f  a  fence t o  p ro tec t  t h e  arrays f rom t h e  wind s i g n i f i c a n t l y  reduces 

t h e  mid-span loads on t h e  f i r s t  windward a r ray  compared t o  t h e  loads on an 

unprotected f i r s t  array.  The ar rays  l oca ted  downwind f rom t h e  f i r s t  a r ray  are  

p ro tec ted  by t h e  upwind ar rays  and t h e  mid-span loads are-approx imate ly  t h e  

same as t h e  f i r s t  a r ray  when pro tec ted by a  fence. Loca l ized a r ray  edge loads, 

caused by  corner  vo r t i ces ,  a re  considerably 1  arger  than t h e  a r ray  mid-span 

1  oads. ~ h e s e  edge loads can be reduced by us ing a. fence. t o  p r o t e c t  t h e  ar rays  
. . 

and by appropr ia te  mod i f i ca t i ons  t o  t h e  fence corners.. shown p rev ious l y  i n ' t h i s  

sect ion.  To opt imize  t h e  fence corner  mod i f i ca t i ons  o r  o the r  mod i f i ca t i ons  t o  

t h e  ar rays  f o r  minimum wind loads would r e q u i r e  an ex tens ive  t e s t  program. 

Since t h e  l a r g e  wind loads are a  l o c a l i z e d  e f f e c t  caused by t h e  corner  

vo r t i ces ,  t h e  ar rays  cou ld  be designed f o r  h igher  s t reng th  i n  t h e  edge areas t o  

w i ths tand t h e  h igh  vor tex  induced loads. 



Uni'fonn Wind P r o f i l e  

Wind F m m  Front 

Frofit Array . 

'" I \ 

0 1  
. . 

I 

0 .2  .4 .6 .8 1 .O 

' ' Fraction o f  ,Chord (S/C) 

'7 2nd ,Array From ,Front 

', ._ _[- a p  mean + 1 a 

ACp mean 

5th Array From Front 

.2 .4 .6 .8 1.0 
.. Fraction o f  Chord (S/C) 

F&um 4- la. Array Chordwise Pressure Coefficient Distribution in Uniform Wind 
Velocity Profile [Tilt Angle = 2@, Wind from Front). 



Unlfonn WInd Proflle 

.Mind From Rear 

Rear Array 

:O .2 .4 .6. ; 8 1 .O 
Fractlon o f  Chord (SIC) 

He-\ 

2nd ,Array From Rear / \ 
/ 

/ 
\ 

5th Array 'From Rear 

0 
/ -- 

H 0  

Atp mean + .I o ' 0. 

0 
0 .2 .4 .6 .8 1.0 

Fractlon of Chord (SIC) 

~igure.4- Ib. Array Chdrd~se Pretsure Coeffici&t.Distribution.in Unifonn:Wind 
Velocity Pmfile,(Tilt Angle. = 280, wind from Piear) 



Uniform U l n d ' P r o f l l e  

Wlnd From Front 

Front Array 

0 . t  I 

0 .2 .4 .6 .8 1 .O 

. . . Fract ion o f  Chord (S/C) 

.4 - 2nd Array From Front ----- 
/ /  . . \ 

ACp mean +.!'\, I 

0 
.. . . 

5th Array From Front . 

" .[ 

Fract ion o f  Chord (S/C) 

Figure 4- Ic. Amy Chordwise Pressurn Coefficient Distribution in Uniform Wind 
Velocity Profile (Tilt Angle = 39,wind'from Front) 

mean 



, " .  
. , 

% -. 2nd. Array fm Rear 

Unifonn Wind Prof i le  

Wind From Rear 

I / 
Rear Array 1 

0 .2 .4 .6 .8 1 .O 
Fraction of Chord is/?.) 

5th A w ~  'Frm Rear 

0 .2 . .4 , .6 ..8 1 .O 

~ r a c t i o n  of  Chord ( S / C )  

F&um 4- ld. Array Chordwise~Pmssum Coefficient.Distribution iniUnifonn Wind 
Velocity Profile (Tilt Angle ='3!T0, Wind from Rear) 



. . . . .  . . , . .  . . .  
. . , , ;  .!,:.. . t." . Front .,Array. . , , . . . . .  ... . .. ." . * '.. . : &  ' . . , 

Figure 4- le. Array Chordwise Pressures Coeffeknt:Distribution in-Uniform Wind- ' . - 

Velocity Profile (Tilt Angle = 600, Wind from Front) 

- 2  / .---- 
0 -. 

ACP 

* 

2nd Array From front ' / 
/ 

/ 

0 , ;  
/ 

0- 
* 

\ 
/ 

. /  
\ A C p ~ a n + I a > , / '  

----/ 

1.2 , 
, , 

i t 
-.4 - 

. . 

.1.0 - . 

A t p  .8 . . . 
. . 

.4 a. 5th  Array From Front Unjfonn Wind P m f i l e  

Ylnd From Front 
: ..6 . 

- lula) 
.4 * 

. 2  

0 

;2 .4 .6 .8 1.0 
' Fraction ,,of Chord (S /C)  

;.2 A 

4 
f .  

'0 .2 .4 .6 .8 1.0 
. . 

. . 
. Fractlon of Chord (S/C) 

, . 



- 5th Array From Rear 

Rear Array 

W 
ul ,. L 

~ n t f o &  ~ t n d  P r o f t l e  

Ulnd From Rear 

0 1  I 

0 .2 .4 " 4 .8. 1 .O 
. . .  Fraction o f  Chord ( S i c ) .  . , . , .  

\ 
\ 

2nd Array Fmm k a r  

Figure 4- 1 f ;  Array Chordwise Pressure Coefficient Distribution in uniform Wind 
Velocity Profile (Tilt Angle = 6d3, -Wind from Rear) 



Front Array 

U n i f o n  Wind Prof i le  

Wind From Front 

' 0 0 1 
.2 .J .6 .8 ' 1 .O 

Fraction o f  Chord (S/C)  

mean + i o 

Figure 4- Ig. Array Chordwise Pressure Coefficient Distribution in Uniform Wind. 
Velocity Profile (Tilt Angk = 9@) 

S* . A w  Fram Front 
.2 

ACp .O 

.-.2 

- 
8 

%mcan i l@ 
-7,= 

4. 

-_ . - * 
__-- -8 1.0 

.2 .4 .6 - 
~ c p  men 

Fractlon o f  Chord. (S IC)  

- 



Meters 

Figure 4-2. ID PO w r  Law Wind Velocity Profile 



1/7 Power Law Ytnd Velocity Prof i le  

.Wind F m  Front 

"O 1. Front Array 

2nd. Array Fnw Front. 

r 

Y .. 
p mean 

0 l I 

0 .2 .4 .6 .8 1 .O 

Fraction of Chord (S/C) 

5th Array From Front 

------ -- 
ac; 

A , C ~  man 
0 '  I 

0 .2 .4 .6 .8 i .O 

Fractfon. of Chord (S/C) 

a aCp based on wtnd reference veloct t y  a t  10 meters 

Flgure 4-3a. Array Chordwise Pressure Coefficient Distribution in Boundary Layer 
Wind (Tilt Angle = 200, Wind from Front) 



1/7 Power Law Uind Velocity p r o f i l e  

Uind From Rear 

Rear Array 

. . 
.. , 0 

0 .2 i 4  .6 .8 1 .O 

Fractton of. Chord (S/C) 

2nd .Array From Rear 

-6 r 5th Array F m  Rear 

0 1  
0 .2 .4 .6 .8 1 .O 

Fractton o f  Choid. (S/C) 

* ACp based on wind reference.ve1ocity a t  10 m t e r s  

Figure 4-35. Array Chordwise Pressure .Coefficient Distribution In Boundary Layer 
Wind ( n i t  Angle = Zoo, Wind from Rear) 



1/7 Powr L a w  Wind Velocity Profi le 

Wind From Fmnt 

Front Array 
1.0 r; 

2nd Array Fmm F m t  

" [ 

ACp mean 
J 

5th A r r a y .  Fra, F m t  

1 

0 .2 .4 .6 .8 1 .O. 

Fraction o f  Chord (S/C) 

0 -2 .4 -6 -8 1 .O 

Fraction o f  Chord (s/c) 

ACp based on wind reference velocity at 10 meters 

Figure 4-3c. Array Chordwise Pressurn Coefficient Distribution in Boundary Layer 

Wind (Tilt Angle = 3!i0, Wind from Front) 



117 Power Law Mind Velocfty Profi le 

Mind Froa Rear 

Rear Array 

ACp man + l o  7 
I,' 

0. 
0' 4 .  . . .4 .6 .8 1 .O . .  

Fraction of Chord (SIC) 

2nd Array F m  Rear 

5th Anay From Rear 
.4 r 

0 
0 '. 2 .4 . -6 -8 1 .O 

. Fraction o f  Chord (S/C) 

A C ~  '2 

.ACp based on wind reference velocity a t  10 meters 

mean + lo  
\ - - d R  

_#--- _ # -- ., --- x A C p  Bpan 

/ 

/ 

Figure 4-3d. Array Chodwise Pressure Coefficient-Distribution in Boundary Layer 
Wind (Tilt Angle = 35O, Wind from Rear) 



1/7 Power 'Law Ylnd. Velocity P r o f i l e  

Uind From Front 

Figure 4-3e. Array Chordwise Pressure Coefficient Distribution in Boundery Layer 
Wind (Tilt Angle = 680, Wind from Front) 

2nd Array From Front 

.4 r 

1.2 

1.0 

.8 

AC; -6 

.4 

.2 

0 

0 .2 .4 .6 .8 T .O Fractlon o f  Chord (S/C) 

Fraction o f  Chord (S/C) 

A Cp based on wind reference velocity a t  10 meters 

- 
Front Array 

A c; .------ / 

* ' 
\ 

- 
- .2  

* 

. 
I 

5th  Array From Front 

- 

I 
I ACpmean + l a  

-____----- A C ~  m a n  

0 
3 0 .2 .4 .6 .8 1 .O 



117 Powr Law Wind Velodty  Prof i le  

Wind . F m  Rear 

Rear Array ---- 
/ C  

, ACp man + 10 
/ /  

j., 
- '  

Fraction o f  Chord (SIC) 

2nd Array From Rear 

A Cp mean 

5th Array From Rear 

ACp ma," + l o  \ ----  -_- ----- - - _--- 
A Cp man 

0 .2 .4 .6 .8 1 .O 

Fraction o f  Chord (SIC) 

eatp based on wind reference velocity a t  10 meters 

Figure 4-3f. A m y  Chordwise Pressure Coefficient Distribution in Boundary Layer 
Wind (Tilt Angle = 6@, Wind fmm Rear) 



1/7 Power Law Mind Velocity Profile 

WInd From Front 

/ aCp mean 

I Front Array 

'0 
0 .2 .4 .6 .8 1 .o 

Fraction of  Chord (S/C) . 

2nd Array Frola Front 

[ \  \ 

i 
5th Array From Front 

! 

" 
0 .2 .4 -6 ..8 1 .o 

Fraction of  Chord (S/C) 

a a C p  based on wind reference velocity a t  10 meters 

.Figure 4 3 .  Array .Chordwise Pressure Coefficient Distribution in Boundary Layer. 
Wind (Tilt Angle =.go0) 



Arr& ~ ' 6 p k r r t i o n  - 1 .SC ' 

T i l t  Angle + 20° T i l t  Angle - 350 

Array Separation - 3.OC ,, 

1.0 ' T I 1  t Angle - 3S0 
. r ' : T i l t  Angle .- 60° 

." 
4 C  . ' 8C 

Distance from 1 s t  Array 
4C 8C 

Distance from 1 s t  Array 

Array Separation - 2.OC 

T i1  t Angle = 20° 

1 ~\ 

Legend 

;. o Wind from.Rear 

c Wind from Front 

T i l t  Angle + 3S0 I 
TI1 t ' A n g l e  600 

1.0 f 

Distance from 1 s t  Array Distance from 1 s t  Array 

CN based on wind reference v e l o c i t y  a t  10 meters 

Figure 4-4. Effect of Head-On and Reamanl Winds on Array Normal Force 
. Coefficients (No Fence) 



1/7 Power Law .Wind Velocity Profile 

Rear Array 

l t l t  hgle 200 

S I l t  Angle 0 350 

.4 .s 

0 1  I 

0 .  .2 .4 .6 .8 1.0 

Fraction-of Chord ' (S/C) 

T l l t  I\ligle 0 '600 . 

Fractlon of Chord (SIC) 
o a t p  brsed- on .wind .t+feience velocity .at 10 meters 

.4 

ACP* .2 

-Figure Q5. EEffect of a Fence on Array Chonlwise Pressure Coeff!'cient~Distribution 
for Head-On and Rearward Winds. 

- 
\ lllt Angle m 600 ,- 0 

Acp-+ lo 3 - d '  

/ 

'. 
. . , . : ' .ac; .2 

I % ACP morn, 



Mind from Rear Wnd tram Front 

Ti l tAng le*2O0 , 

.6 r r 

TI1 t Angle r 3S0 ... Legend 

O Fence 

Q  lo ~ence 

'.! Ol~tenc? . from . 1st Array 

C,, based .on wind ~ f e ~ n c e  v e l o c l t ~  s t  10 meters 

F i g w  4-6. E f k t  of s fene on A& N o w  F o p  beffgiqnts for Hiadan n d  
 earw wid winds. . . 



Ylnd Fram Rear 
Ylnd, F r a  Front 

Front Army 

Edgl~Rcrsum 

\ 
-\ 

raCp'brud on .wind reference velocity a t  10 mtrn 

5th A m y  F r a  Front 

Edg. Prirrurar 

0 .2 .4 .6 .8 1 .O 

Fraction o f  Chord (SIC) 

Figure 4-7. Array Chordwise Pressure Coefficient Distribution Located 
1 5  Chord Lengths from Side Edge for Head-On and Rear- 
ward Winds (No Fence) 

I Rear Array . 

5th Array Frar Rear 

Edge Pressures / / 

/- 

ACp man+ la .. 
& 

.2 . 
ACp man 

0 1  

G .2 .4 .6 .8 1 .O 

Fractlon of Chord (S/C) 



. 1/7 P o v r  Law Wind ,Velocl t y  Prof i le  
. .  . . ., . . 

Front Array 

Ed* Plwssuras 

.2 r ACpesrn+ lo \ ,ee ' '  \ 

\ 

5th A m y  F r a  Frant 

' ~ d g r  P m s r u m  

. Fractloa o f .  Chord ' (S/C) 

, 5th  A m y  FmcP.Rear 

Edge pressures 

ACp man + 10 1" 

Fraction o f  Chord (S/C) 

*aCp based on wlnd r e f e 9 a  veloctty a t  10 m t e r s  

Figure 4-8. Effect of Fence on .Array Chord wise Pressure Coefficient . 
. Distribution Located .15 Chord Lengths from Side Edge 
for Head-On and .Rearward Winds 



Array Septirstion 2C 

Wind fmm Rear 

Angle 

Hind fmm Front 

350 I 

4C 8C 4c- 8C 
, Distance fr#n 1st Away . .  Distance from 1st Array 

c,, based on wind reference L i o c i  t y  a t  10 & t e n  

: - ~ i ~ i ~ m  4-9. Comparison Between Array Edge and Center of W n  / ~ ~ r & o l  Form- 
Coefficients for Head-On and R a a ~ r d  Winds (No Fence) 

Array Separation 2C 

Wind from Rear Wind from Fmnt . 

I I I .! I T i l t  Angle 359 

Fence 

Fence - - 
4C 8C ' 4C 8C 

Distance f r o m  1st Array D i ~ t a n ~ a  from 1st Array .. 

C, based on wfnd reference velocity a t  -10 m t e o  . 

F i g m  4- 10. Effect of ~ence'on ~ r & y  €d& Normal Force Co;efficiene for He&-On and 
Reamerd Winds 



2.8%- 1st Array 
Edge Pressurns ( . I5  chord lengths Pram edge) 

I 
I '.' ' ' * 4% b u d  on wind k h m n s  velocity a t  10 meten 

0 . . I 

0 .2 .$ .6... -6 1 .O 

Fraction o f  Chord (s/c) 

1/7 Power Law Wind Ve lw l ty  Prof i le  

Wind 'From Front 

No Fence 8 Array Condf tions: 

TII t Angle = 35' 

yJ 45. Separatfon 2C 

/ 
Height above ground - .25C 

1st Array. 

Edge Plrssurns (.9 chord lengths fern We) 
, 

0 1 . . 
I 

0 . . - 2  . . 4 '  . .6.' 
- - .8 I..O 

Fraction of Chord (s/c) 

OAC,, based on wind rrfereny! velocity a t  10 meters 

Figure 4- 1 la Effect of Oblique Winds on Arrey.Edge Pressurn Distribution 
(IVO Fence, Wind from Front) 



3rd. Array 

Edge. Pressures (.. 15. chord Imgths. fm cdg.1 

0 .2 .4 .6 -8 1.0 

Fraction o f  chord (S/C) 

. . . . 
Figure 4- 1 la. Concluded 



1/7 Powr hw.Wnd Velocity P m f l l e  

Mind from Rear 

.&"a? 8 Arny C o n d l t l o ~ :  

1st Array . . . ,  T l l t . A n g l e . ~  3S0 

Edge Pressures (.IS chord lengths from- edge) d 4s0 
Separation - ZC 

b i g h t  above ground - .ZSC 
2.0 r 

/@- 
4 

- . 

Acp mean+ 1. 7 , 0 

1 .6  - / 

A C: 
ACp mean 

* A C ~  based on wind reference velocity a t  10,meters 

0. 

3rd Array 

Edge Pressures ( . I5 chord lsngths fra edge) 

1 I 

0 l I .  

0 .2 -4 .6 .8 1 .O 

Fraction. o f  Chord (S/C) 

0' .2 .4 .6 .8 1 .O 

Fractlon of Chord (S/C) 

Figure 4- 1 lb. Effect of Oblique Winds on Array Edge Pressure Distribution 
(No Fence, Wind from Rear) 



1st Array. 

Edge. Pressures ( . I S  chord lengths frcm edge) 

0 .2 .4 .6 .8 1.0 

Fraction' of Chord iS/C)' . 

*aCp based on wind reference velocity 

117 P0-r L a w  Wind Velocity frofi le 

Mind Fmn Front Jg 

3rd Array 

Edge Pressures (:I4 chord l-th froa &go) 

meters 

0 

0 .2 .4 .6 .0 .1'.0 

Fraction of Chord (S/C) 

Figure 4-9 Ic. Effect of Oblique Winds on Array Edge Pressurn Distribution 
(Conventional Fence, Wind from Front) 



1/7 Powr Law UInd Veloclty Proff le 

Wind- f m  Rear 

Array tondltlons: 

hfP, 4s3 . rilt Angle - 35' 

Separatfon 2C . 

Fence Height above gmund .25C 

Fence-Array.,separatfon 2.5C 

2.8, lst..Array 

. . 
3rd Array . . 

Edge Pressures . ' I 

( . IS  chord l e~g ths  from adpe) I 
I 

I 
I 

2.4 

2.0 

I 

0 .2 .4 . .6 . .8 1 .O 

.Fraction of Chord (S/C) 

Edge Pmssures . 

(.IS chord lengths fm edge) 
I 

- I 
I 
I 
I 
I 

o c  
0 .2 .4 .6 .8 1 .O 

Fraction of Chord (S/C) 

Figure 4- 1 Id. Effect of Oblique Winds on Array Edge Pressure Distribution 
(Conventional Fence, Wind from. Rear) 



kt Array 

Edge Pressures (.IS' chord lmp ths  from edge) 

I /?  P o v r  L a w  Mind Veloclty P ro f l l e  

Mind From Front g 
v Array Condl tlons: 

T i l t  Angle - 35' 

Separation - 2C 

Fence: k l g h t  rbove ground,- .25C 

Fence-Array separation -. 2.5C 

. . 

End Plater 
(502 Porosity) 

3rd Array 

Edge Pressures (.15. chord lengths t t ~ ~  

A cp0 

0 .2 .4 .6 .8 1 .O 

. Fractlon of Chord (S/C) 

*ACp based on w i n d  reference ve loc i ty  a t  10 matcrs 

0 .  

Figure 4- 1 le. Effect of Oblique Winds on Array Ed@ Plessure Distribution 
(Conventional Fence, Endplated Arrays, Wind from Front) 

I 

0 .2 .4 .6 .8 1 .O 

' Fraction o f  Chord (SIC) 



0 .2 .4 .6 .8 1 .O 

Fraction o f  Chord (S/C)  

1/7 Power Law Mind Velocity Pro f i le  

Wind F m  Rear ""'8 
. . .  . . 

I ,  . , . '  , . . . . 
. . .  

. . , ,  . Arrhy Condi t i om:  

TI1 t Angle - 35' 
' 

Separation 2C 

w i g h t  above ground .25C 
Fence 

Fence-Array separation - 2.5C 

1s t  Array 

Edge Pressures . . , : ., 1 ,  

1.2 (.IS-chord lengths from edge) End Plates . 

3rd Array 

Edge pressures ( .IS chord lengths .fy edge)' 
.4 r 

1.0 

I (SOX-Porosi ty! . ,. 
I 

I 
I . . . . . .  - 
I . . . *. 

.. I 

Fraction o f  Chord (S/C) 

at,,' .2 

*&Cp based on wind.reference ve loc i ty  a t  10 meters 

ACp mean + l o  
\ / /  

/-\ 

---- 
/ e m -  . - --- - 

A Cp mean 

Figure 4- 1 I f .  Effect of Oblique Winds on Array Edge Pressure Distribution 
(Conventional Fence, Endplated Arrays, Wind from Rear). 

. , 



1/1  P o w r  b w  Wlnd Velocity PProile 

Wtnd From Front 

Array Condf tlons: 

A k 45' T i l t  Angle = 35' 

Separatton- ZC 

k t g h t  above gmund 0 .ZSC 

Fence-Array sepsratlon - 2.5C 

1st  Array 
1.2 * 

Edge Pressures 

(.IS chord lengths fm a g e )  
j - -  

/ 
- 

C 
\ 

1.0 . / 

/ ,' . ~ C p m e a n  + 10 
\ 

3rd Array 

Edge Pressures 

(.I5 chardl lengths fm edge) 

0 

0 . 2  . 4  .6 .8 1 .O 

Fraction o f  Chord (S/C) 

0 I 

0 .2 .4 .6 .8 1 .O 

Fraction o f  Chord (S/C) 

OaCp based on wind reference velocity a t  10 meters 

Figure 4- 1 Ig. Effect of Oblique Wlnds on Array Edge Pressure Distribution 
(Modified Fence Corner, Wind from Front) 



1/7 Power Law Wlnd Helocley Profi le 

Wlnd fmnn Rear 8 
Array tondt tlons: 

kP 45' ~ t l t  h g l e  - 35O 

Separation tC 

k l g h t  above ground = .25C 

'aCp based on wind k ference ve loc l ty  a t  10 meters 

1.6 

1.4 

1.2 

1.0 

acpQ .8 

.6 

.4 

.2 

0 

Figure 4- 11h. Effat of Oblique Winds on Array Edge Pressure Distribution 
(Modiff&. Fen= Comer, Wind from Rear) 

0 .2 .4 .6 .8 1 .O 
Fract ion o f  Chord (S/C) Fraction=of Chord (S/C) . 

- 
1st  Array I 
Edge Pressures I 

- I 
(. I5 chord l w g t h o  from edge) I 

I 
I 

- I 
I 

I 
. -  I 

I 

I 
- I 

I 
I 3rd Array 

Edge Pressures 
.6 - 

(.I5 chord leitgths fm we) 

. 
.r 

/ 
/ 

/ 

ACP mean + 1 0  >, --/ / 

- .* ------ 

A Cp mean 

a 

0 
0 1 

.2 . 4  .6 .8 1 .O 
I 



.IS. chord lengths from edge 

1.4 1 Ylnd from Rear Ylnd fm Front 

-1 
-0 

No Fence 

'B 

. Fence I \ -% 

T i l t  Angle = 35' . 

I I ArraySeparet ion-2C I 1 
4 Wind Angle = 45' 2 .  

k t  
4 u 4L 2 

No Fence 

\ Fence 

YInd from Rear 

IS chord lengths from edge 

Wind from Front 

L L- 

f 
u L u , -. ,Ifled 

Fence C o m r  

\ . Plated Arrays 
0- (Standard Fence) 

0: L 
0 2c 4C 0 2c 4C 

Distance fm 1st  Array Distance from 1s t  Array 

. . 
*cN based on wind reference veloci ty a t  10 maten 

.2C 4C 2C '4C - 
Distance fm 1s t  Array . Distance from 1st Array 

. . 

Figure 4-:12. Effect of Oblique Winds on Array Normal Force Coefficients 
at Array Edge 



2.4 1 Ylnd fm *IT Mind ,fm Front 

No Fence 

- ~ 

QI 
c. TI1 t Angle = 35' 

.9 chord 1mgt)n fro a .Array  Separation = 2C 
1.4 4 Wind Angle = 45' 

1 .o 
Fence 

.8 (1- - NO Fence 

. ACpmx 
.6 * 

- 4  * Fence Fence 

." 
2C 4C 2C 4C 

Mstance from 1st Array Distance fraa 1st Array 

.15 chord lmgths fmll rdgr 

. .  . 
YInd fran Rear 

a Ylnd fran Front 

L a! 

X 
Modlfled 

.Fence comer 

End Plated Arrays 

@\ (Standard Fence) 

0:. 
0 2C 4c 0 2C 4c 

Distance frrn 1st Array Distance from 1st Array 

.hCp based on wind reference velocity a t  10 meters 

Figure 4- 13. Maximum Pressure Coefficient at Array Side Edge Due to Oblique 

'Winds 



2nd Array Frorr, Front 
.& r: 

Wnd Fmm Front ..?, ,* 
r=- 

fmnt A m y  khW \ \ \ \. 

\ 
\ 
\ 

\ 

, 2' .4 .6 .8 1.0 

Fraction o f  Chord (S/C) 

'5th Array From. Fmnt 

0 .2 .4 .6 .8 1 ;O 

Fractlan of Chord (SIC') . 

.2 . 

o aCp based on wind .reference velocl ty- a t  top o f  array 

A C; 

Figure. 4- 14a. Array Pressure .Coefficient Comparison Between Uniform and Boundary'.. 
. .  . layer Wind Profiles fPiltlt.Angle.= 20°, Wind from Front) 

unifonn prof i le  
0  



Wind From Rear 2nd. Array From Rear 

Rear .Array / 

: ..-\ 
/ 

'/ \ 

u n . i f o n  profile %, / \ \ 
\ 

0 .2 .4 .6 .8 1 .O 
Fractlon of Chord lS/C) 

*aCp based on wlnd reference velocity at top of array 

Figure. 4- 146. Aha y Pressure Coefficient Comparison Betmn.  Uniform and Boundary 
Layer Wind Profile& Ifilt Angle = 200, Wind from Rear) 



YInd F m  Front 

Fmnt Away 

, JT unlfom p m f l l e  

'> 117 power law 

0 .2 .4 .6 .8 1 .O 

' Fractlon of Chord (SIC) 

2nd Amy F r a  Front 

1/1 PO-? law - 

5th Array Froa Front 

a 2  i 117-powr law - 
0 .2 .4 .6 .8 1.0 

Fractlon of Chord (S/C) 

Atp.bascd,on wind reference velocity a t  top of atmy 

Figure 4- 14c. Array Preswm Coefficknt Comparison Betwen Uniform and Boundary 
Layer Wind Profiles (Tilt Angle = 35O, Wind from Front) 



2nd Array From Rear 

Mind From Rear 

'Rear Array 

5 th  Array F m  Rear 

.8 

-6 

I 1/7 power law 

. 
/--, 

/ \ 
/ \ 

/ '\ 
\J u n l f o n  p m f l l e  

\ 

A ~ p '  un i fo in  prof i le  

* '  

0 .2 .4 .6 .8 1.0 I 

o .2 .4 .6 .a 1..0 
Fraction o f  Chord (S/C) 

Fraction o f  Chord (S/C) 

A C ~  based an wlnd reference veloctty a t  .top o f  array 

Figure .4- 146. Array Pressure. Coefficient Comparison Between Uniform and Boundary 
Laver Wind Profiles (Tilt ~ n g l e = 3 9 ,  Wind from Rear) 



Wind From Front 
Front Array 

0 .2 .4 .6 .8 1 .O 

Fraction of  Chord (S/C) 

. , .2 , 2nd Array From Front 

prof i le  

5th Away Fma Front 

I 117 ~ o w e r  iaw - 
.2 .4 .6 .8 1 .O 

Fraction o f  fiord. (S/C) 

oatp based on wind reference velocity a t  top of array 

Figure 4- 14e. Array Pressure Coefficient Comparison Between- Uniform and Boundary . . 

Layer Wind Profiles (Tilt Angle = 600, Wind from Front) 



I 
Rear Array 

unifonn p r o f i l e  
/--\ 

\ 

\ 

1/7 power law 

0 - 
0 .2 .4 .6 .8 1 .O 

Fractlon o f  Chord (S/C) 

2nd Array From Rear 

Wind From Rear 

5 t h  Array From Rear 

'2 ' 1/7 powr law .I . 
I 

unffonn p r o f i l e .  -. 

Fraction o f  Chord (S/C) 

o a C p  based on wind reference veloci ty  a t  top of array.  

Figure 4- 14f. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles (Tilt Angle = 600, Wind from Rear) 



j Front Array 

/ 
/ unlfonn p r o f l l e  

.[-- 

. I 1/7 power law 
\ 
\ 
\ 
I 

2nd Array From Fmnt 
. .  . .  

5th Array F r k  Front 

r 

. ? .4 - -------- _---- 
uni fom p r o f i l e  

L Fraction o f  Chord (SIC) 

Fraction o f  Chord (S/C)  
eaCp based on wind r r f e r c m c  v e l o d t y  a t  top of awqy 

Figure 41 149. Array Pressure Coefficient Comparison Between Uniform and Boundary 
Layer Wind Profiles I Tilt Angle = go0) 



. . 

Array Separatlon 1 .SC 

Ylnd from Rear Yfnd from. Front 

TI1 t Angle = 200 

T I l t  Angle - 

- .2 [ Dfstance from 1st Array 

CN based on wind reference ve loc i ty  

350 

f 
, Legend 

o Uniform Yfnd P ro f l l e  

B 1 /7  Power Law Yfnd ~ r o f i l e *  

Array 

a t  top o f  array 

Array Separation = 3.OC 

Wfnd from Rear Wind fmm Front 

TI1 t Angle - 350 

T I l t  Angle - 600 

Figure 4- 15. Array Normal Force Coefficient Comparison B e t w n  Uniform and Boundary 
Layer Wind Profiles. 

Olstance from 1st  Array 



. . 
 way Separation ; 2 . 0 ~  . 

YInd from Rear. . Ulnd from front 

1.0 

cil 

. . 
. . 

- , . . . -. . . . . 

. T l l t  Angle 

I 
* 
0 ' L  ' 

a 

2 
% I 
-. -8 

. . l f  1 t Angle w. 
Legend 

Q Uniform Ulnd Profi le . 

b CN based on wind yference velocity a t  top o f  p a y  



Conf tguratton 1 

conf lgurat ton 5 
Array Extension 

Z 

. Conf tgurat Ion 4 

Figure 4- 16. Configurations for Edge Load Reduction Study 



THIS  PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



5.0 THEORETICAL - EXPERIMENTAL RESULTS COMPARISON 

The t h e o r e t i c a l  r e s u l t s  developed i n  Phase I 1  and presented i n  re fe rence  5  were 

c a l c u l a t e d  based on a  un i f o rm v e l o c i t y  p r o f i l e  and were then ad jus ted  t o  

r e f 1  e c t  t h e  boundary 1  ayer v e l o c i t y  p r o f i  1  e. F i  gure 5-1 shows t h e  compari son 

o f  t h e  t h e o r e t i c a l  r e s u l t s  t o  t h e  wind tunne l  t e s t  r e s u l t s  f o r  t h e  n e t  pressure 

c o e f f i c i e n t  d i s t r i b u t i o n  a long t h e  chord o f  a  s i n g l e  a r r a y  l o c a t e d  ou t  o f  t h e  

i n f l u e n c e  o f  t h e  ground and i n  a  un i f o rm v e l o c i t y  p r o f i l e  f o r  t h r e e  angles of  

a t t a c k  (20°, 35O, and 60'). (S incg t h e  t h e o r e t i c a l  r e s u l t s  were based on an 

i n f i n i t e  aspect r a t i o  a r ray ,  a l l  t heo re t i ca l -expe r imen ta l  comparisons u t i l i z e  

' t h e  mid-span t e s t  resu l t s . )  The r e s u l t s  d i f f e r  by approx imate ly  5% t o  10% 

except f o r  very 1  ow pressure c o e f f i c i e n t s ;  . t h i s  comparison i s  considered very  

good and demonstrates t h a t  t h e o r e t i c a l  methods can be used t o  accu ra te l y  

p r e d i c t  t h e  .aerodynamic loads  on an a r r a y  l o c a t e d  s u f f i c i e n t l y  f a r  f rom t h e  

ground so t h a t  ground e f f e c t s  a re  no t  a  cons idera t ion .  

P 

When t h e  a r ray  i s  l oca ted  i n  c l o s e  ground p rox im i t y ,  t h e  t h e o r e t i c a l  method 

tends t o  ove rp red i c t  t h e  pressure c o e f f i c i e n t s  as compared t o  t h e  wind tunne l  

t e s t ;  t h i s  i s  shown i n  F i g u r e  5-2. When t h e  t i l t angle o f  t h e  a r r a y  i s  smal l  

(20°),  t h e  t h e o r e t i c a l  r e s u l t s  match t h e  wind tunne l  t e s t  r e s u l t s  w i t h i n  

approx imate ly  20% o r  less.  However, as t h e  tilt angle increases (35' and 60°), 

t h e  t h e o r e t i c a l  -experimental  r e s u l t s  become i n c r e a s i n g l y  f a r t h e r  apar t .  The 

d i f f e r e n c e  i s  due ( a t  l e a s t  i n  p a r t )  t o  t h e  blockage e f f e c t  t h a t  occurs t o  t h e  

a i r  f low because o f  t h e  r e s t r i c t e d  area between t h e  ground and t h e  lower  edge 

o f  t h e  a r ray  and t h e  e f f e c t s  o f  a i r  v i s c o s i t y  ( n o t  considered i n  t h e  

t h e o r e t i c a l  model) i n  t h i s  r e s t r i c t e d  f l o w  regime. From t h e  t e s t '  r e s u l t s ,  o f  

which F i g u r e  5-3 i s .  a  t y p i c a l  example, f l o w  blockage i s  seen t o  occur  because 

of  t h e  ground-to-array gap. F igu re  5-3 i n d i c a t e s  t h a t  t h e  f l o w  i s  b locked and 

decreases i n  v e l o c i t y  as t h e  gap i s  reduced i n  va lue f rom H/C = 00 t o  .25 as 

evidenced by t h e  inc rease i n  pressure on t h e  lower  edge (SIC = 0)  on t h e  

windward face  o f  t h e  a r r a y  and by t h e  smal le r  negat ive  pressure on t h e  base 

pressure face. Because o f  t h e  f l o w  r e s t r i c t i o n  a t  t h e  gap, t h e  f l o w  i n  f r o n t  
I 

i 
of  t h e  windward face o f  t h e  a r r a y  i s  a l s o  a f f ec ted ,  and t h e  windward face  

pressure d i s t r i b u t i o n  i s  mod i f i ed  across t h e  t o t a l  face  depending on t h e  amount 
1 

o f  r e s t r i c t i o n  o f  t h e  f low.  I n  c o n t r a s t  t o  t h e  t e s t  r e s u l t s ,  t h e  t h e o r e t i c a l  

D 
separated i n v i s c i d  f l o w  method p r e d i c t s  t h a t  t h e  a i r  f l o w  increases i n  v e i o c i t y  

t o  a l l o w  a  g iven  mass o f  a i r  t o  f l o w  through t h e  gap t o  compensate f o r  t h e  

r e s t r i c t e d  gap area. Th is  increase i n  v e l o c i t y  i s  f u r t h e r  i n t e n s i f i e d  as t h e  



ar ray  presents a  more b l u f f  c o n f i g u r a t i o n  t o  t h e  wind a t  i nc reas ing  t i l t 

angles. Consequently, because of t h e  i n v i  s c i d  f l o w  assumptions i n  t h e  

t h e o i e t i c a l  method, t h e r e  i s  an i nc reas ing  spread w i t h  t i l t  angle between 

t h e o r e t i c a l  and t e s t  r e s u l t s  as t h e  t i l t  angle i s  increased f rom 20'. 

I n  t h e  Phase I 1  study, reference 5, i t  was recommended t h a t  t h e  t h e o r e t i c a l  

normal farce and pressure c o e f f i c i e n t s  f o r  a l l  downwind arrays be ca l cu la ted  as 

60% o f  t h e  windward array.  The amount of p r o t e c t i o n  a f fo rded t o  t h e  downwind 

a r rays  i n  an a r ray  f i e l d  i s  more complex than can be covered by a  b lanket  

percent  reduc t ion  as shown i n  F igu re  5-4; i t  i s  a  func t ion  o f  t h e  t i l t angle 

and t o  a l esse r  extent ,  t h e  wind d i r e c t i o n .  I n  general, t h e  l a r g e r  t h e  t i l t  

angle, t h e  g rea te r  i s .  t h e  p r o t e c t i o n  afforded t o  t h e  downwind' a r rays  b y ' t h e  

windward a r ray  and t h e ' g r e a t e r  t h e  l oad  reduct ion.  From t h e  t h e o r e t i c a l  - 

experimental data comparison, t h e  t h e o r e t i c a l  r e s u l t s  presented i n  reference 5  

a r e  conservat ive  f o r  steady s t a t e  wind loads on ar rays  w i thout  p r o t e c t i v e  

fences and can be used f o r  design s tud ies  o f  pho tovo l ta i c  f l a t  p l a t e  ar rays  i n  

1  i e u  of s p e c i f i c  t e s t  data r e l a t i n g  t o  t h e  design. However, t h e  design would 

be penal ized i n  terms o f  s t r u c t u r a l  cos ts  by t h e  conservat ive loads. 
. . 

When a  fence i s  used as a  p r o t e c t i v e  wind b a r r i e r  f o r  t h e  arrays,  reference 5  

recommended us ing t h e  v e l o c i t y  i so tachs behind a  fence t o  c a l c u l a t e  t h e  dynamic 

pressure. Usi ng t h i  s  dynamic pressure w i t h  t h e  t h e o r e t i c a l  normal force 

c o e f f i c i e n t s ,  t h e  average normal forces per  u n i t  area were ca l cu la ted  and 

presented i n  re ference 5  as Table 6-2 f o r  var ious t i l t angles and f o r  an 8.2 

f oo t  fence. The appropr ia te  r e s u l t s  were ex t rac ted  and are presented i n  Table 

5-1 of t h i s  document, together  w i t h  t h e  r e s u l t s  from t h e  wind tunnel t e s t  f o r  

a r rays  pos i t i oned  behind a  6  f o o t  fence and i n  a  boundary 1  ayer wind. The 

comparison i s  reasonably s a t i s f a c t o r y  a t  t h e  20' t i l t angle, l e s s  so a t  3S0, 

and poor a t  60°. Thus, t h e  technique suggested i n  reference 5  should o n l y  be 

used f o r  t h e  smal ler  ti lt angles and on ly  when more r e l i a b l e  r e s u l t s  a re  not  

ava i  1  able. 



Table 5- 1. Example of Avemge Norm1 Wind. Forces on Arrays behind Protecthe 
fences by Phmmtical and Wind Tunnel Test Methods (Behid) 

W.T. Test 1,44 -2.46 5.13 

* Dynamic factor of 1.5 removed from Table 6-2 , reference 5 

The array key wind parameters detailed in reference 5 are a1 so shown in Figure 

5-5. These parameters were verified by the  wind tunnel t e s t  except fo r  .the 

dynamic pressure which i s  a fundamental parameter used in both t e s t  and 

theoretical ' methods. In general , the trends of a1 1 parameters, except ground 

clearance, were verified.  However, the t e s t  . resu l t s  show tha t  the parameters 

a r e  a1 1 interelated and cannot be separated as in Figure 5-5. As an example, 

angle of a t tack,  ground clearance, and array spacing, are  a l l  affected by each 

other. Consequently, t o  predict the sens i t iv i ty  preci.sely, a family of curves 

would be required varying only one parameter a t  a time. This would require an 

enormous amount of t e s t  data and resul ts .  
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6.0 DISCUSSION AND CONCLUSIONS 

Cur ren t l y ,  t h e r e  a re  no known pub1 ished data  o r  r e s u l t s  o f  wind loads f rom f u l l  

s i z e d  photovol t a i c  a r rays  p l  aced i n  t h e  n a t u r a l  environment . The w i  nd tunnel  

t e s t  u t i l  i z i  ng t h e  Meteorological  Wind Tunnel and simul a t i n g  t h e  na tu ra l  

boundary 1  ayer wind as a  1 /7  power law wind p r o f i l e  i s  t h e  c l o s e s t  s imu la t i on  

compared t o  t h e o r e t i c a l  methods o r  un i fo rm wind tunne l  s imu la t ions  o f  a r rays  

p laced i n  t h e  na tu ra l  environment. Therefore, a1 1  r e s u l t s  f rom t h e  d i f f e r e n t  

analyses were compared t o  t h e  r e s u l t s  obta ined f rom t h e  wind tunnel  t e s t  t h a t  

simul ated t h e  w i  nd boundary 1  ayer. 

Theore t ica l  methods t o  c a l c u l a t e  pressures and fo rces  on ar rays  pos i t i oned  a t  

t i l t  angles g rea te r  than f i f t e e n  t o  twenty degrees r e q u i r e  t h e  use o f  separated 

f low ana lys i s  techniques t h a t  a re  d i r e c t l y  a p p l i c a b l e  o n l y  t o  s i n g l e  ar rays  

w i t h  i n f i n i t e  aspect r a t i o s .  Thus, t h e  r e s u l t s  must be ex t rapo la ted  o r  

mod i f i ed  f o r  t h e  a r r a y  edges, a r rays  pos i t i oned  behind fences, and i n t e r i o r  

a r rays  i n  an a r ray  f i e l d  as .performed i n  re fe rence 5. The t h e o r e t i c a l  a r ray  

pressure d i s t r i b u t i o n  and normal f o r c e  r e s u l t s  f o r  t h e  windward a r ray  and 

i n t e r i o r  a r rays  were shown t o  be conserva t ive  (over  designed) compared t o  t h e  

boundary l a y e r  wind tunnel  t e s t .  The t h e o r e t i c a l  norrnal f o rce  r e s u l t s  f o r  

a r rays  pos i t i oned  behind fences a re  f a i r l y  c lose  bu t  conserva t ive  f o r  t i l t 

angles l e s s  than 35' and become much more conserva t ive  f o r  t i l t  angles near 

60". As a  resu l  t , i f  t h e o r e t i c a l  means a r e  used f o r  determin ing steady s t a t e  a 

wind loads on pho tovo l ta i c  a r rays  and f o r  s i z i n g  t h e  a r r a y  s t r u c t u r a l  members, 

t h e  ar rays  w i l l  be overs t rength  f o r  steady s t a t e  wind loading.  

Most prev ious wind tunnel  t e s t s  have been conducted f o r  var ious  shapes of  

s t r u c t u r e  i n  un i fo rm.wind p r o f i l e s  and out  o f  t h e  ground ef fect .  Normal f o rce  

c o e f f i c i e n t s  f o r  f l a t  p l  ates, c y l  inders,  and spheres a re  r e a d i l y  a v a i l a b l e  i n  

t h e  l i t e r a t u r e  f o r  t h i s  cond i t ion .  I f  t h e  f l a t  p l a t e  c o e f f i c i e n t s  f o r  p l a t e s  

o u t  o f  t h e  ground e f f e c t  a re  used f o r  a r rays  c lose  t o  t h e  ground, they w i l l  

yie1.d normal wind fo rces  t h a t  a re  u l t r a  conservat ive.  I f  t e s t  r e s u l t s  a re  

ob ta ined f o r  f l a t  p l a t e  ar rays  i n  an a r r a y  f i e l d  and i n  a  un i fo rm f l o w  wind 

tunne l  w i t h  t h e  i n f l u e n c e  o f  t h e  ground e f f e c t ,  t h e  r e s u l t s  a re  v a r i a b l e ,  some 

C cond i t i ons  a re  conservat ive and ' o the rs  unconservat i ve. Consequently, t h e  

r e s u l t s  fro111 a  u r i i f o r~ i i  f l ow  wind tunnel  fo,r f l a t  p l a t e  ar rays  would r e q u i r e  a  

f a c t o r  o f  sa fe t y  t o  be app l ied  t o  assure t h a t  t h e  r e s u l t s  a re  conserva t ive  i f  



used i n  an absolute sense f o r  design values. However, t h e  r e s u l t s  a re  adequate 

t o  be used f o r  t r a d e  s tud ies  i n  p re l im ina ry  design such as using load 

a l l e v i a t i o n  devices, etc.  

The boundary 1  ayer wind tunnel  t e s t  f o r  t h e  f l a t  p l a t e  photovol t a i c  a r ray  f i e l d  

produced some i n t e r e s t i n g  r e s u l t s  and conclusions. A  fence ( o r  t h e  f i r s t  

windward array,  if no fence e x i s t s )  p ro tec ts  t h e  downwind ar rays  except near 

t h e  a r ray  edges from the.wind. The 'wind normal fo rces  and pressures o f  these 

downwind arrays a re  several t imes.  smal ler  than t h e  f i r s t  windward a r ray  when no 

fence p ro tec ts  it. I n  add i t ion , .as  t h e  t i l t angles o f  t h e  ar rays  incre3se, t h e  

g rea te r  t h e  wind p r o t e c t i o n  received by t h e  downwind ar rays  and the  smal ler  t h e  

normal fo rces  and pressures on t h e  arrays. Wind d i r e c t i o n  ( f r o n t a l  o r  

rearward) does no t  s i g n i f i c a n t l y  a f f e c t  t h e  r e s u l t s .  The normal fo rces  and 

pressures on ar rays  pos i t i oned  as c lose  as th ree  t o  f o u r  rows from the  f r o n t  

have - t h e  same magnitude whether.a fence p ro tec ts  t h e  f i e l d  o r  not. A fence 

w i l l  s i g n i f i c a n t l y  lower t h e  loads on t h e  f i r s t  a r ray  and can even lower t h e  
. . . - . . . . - . .- . . 

f i r s t  a r ray  loads below t h e  loads on t h e  ar rays  w i t h i n  t h e  f i e l d .  Thus, .a 

fenc.e-.can a c t u a l i y  overpro tec t  t h e  ar rays  c lose  t o  t h e  fence. If t h e  fence t o  

p r o t e c t  t he  ar rays  from wind i s  p roper l y  designed, a1 1  ar rays  cou ld  be designed 

f o r  t h e  wind loads experienced by t h e  i n t e r i o r  arrays. 

The pressure d i s t r i b u t i o n  on ar rays  pro tec ted by a  fence and/or w i t h i n  t h e  

a r ray  f i e l d  are  e s s e n t i a l l y  f l a t ,  r e s u l t i n g  i n  no p i t c h i n g  rnornent on t h e  array. 

I n  con t ras t  t o  t h i s ,  t h e  f i r s t  and second a r ray  w i thout  a  p r o t e c t i v e  fence have 

va ry ing  pressure d i s t r i b u t i o n s .  The f i r s t  a r ray  has a  pressure d i s t r i b u t i o n  

t y p i c a l  o f  a  s i n g l e  f l a t  p la te .  The second a r ray  i s  a f f e c t e d  considerably by 

t h e  downwash and turbulence o f  t h e  f i r s t  a r ray  and may have a  pressure 

d i s t r i b u t i o n  a long a  chord t h a t  changes f rom p o s i t i v e  t o  negat ive pressures. 

Another noteworthy observat ion i s  t h a t  t h e  pressure on t h e  base pressure s ide  

i S f l a t  f o r  a1 1  cond i t i ons  except near t h e  edges. 

The wind loads on t h e  a r ray  edges are considerably d i f f e r e n t  from t h e  remainder 

o f  t h e  ar ray  f i e l d .  Vor t ices  are  produced by ar ray  corners and fence corners 

and can produce very h igh  wind loads a t  and near t h e  a r ray  edges, depending on 

t h e  wind d i r e c t i o n .  Pressure c o e f f i c i e n t s  tend t o  be e s p e c i a l l y  h i g h  i n  t h e  

l o c a l i z e d  lead ing  edge-side edge area o f  t h e  ar ray  . The h i g h  wind loads 

d im in i sh  t o  t h e  loads w i t h i n  t h e  a r ray  f i e l d  a t  approximately two s l a n t  he ight  

d is tances f rom t h e  edge, again depending on t h e  wind d i r e c t i o n .  ~ e v e r a i  means 



t o  a1 1 e v i a t e  t h e  wind .loads a t  t h e  edges were presented i n  ~ e c t i ' o n  4 but  even 

t h e  reduced edge loads a re  s t i l l  several t imes t h e  a r ray  mid-span loads.. 

I n  t h e  wind tunnel  t e s t ,  t h e  f l u c t u a t i n g  pressures were recorded f o r ' a  f i n i t e  

t ime, averaged t o  o b t a i n  t h e  steady s t a t e  loads and t h e  rms value o f  t h e  . 

v a r i a b l e  loads ca l cu la ted  t o  ob ta in  i n d i c a t i o n s  o f  t h e  l e v e l  o f  t h e  pressures 

produced by t h e  a r ray  generated turbulence. The ac tua l  rms values w i  11. be 

1 arger  than -those recorded because ,of  t h e  damping inherent  i n  t h e  data 

acqu is i t i on .  However, t h e  rms load  values do g i ve  an i n d i c a t i o n  o f  .the - .' 

t u r b i l  ence. I n  general, f rom t h e  t e s t  r e s u l t s  , - t h e  f r o n t  a r rays  rece ived t h e  

most t u r b u l  encb induced loads when a fence e x i s t e d  and t h e  s e c ~ n d  ar,rays 

rece ived t h e  most when.no fence existed. 
. . 

- .  . ~, 

. . 

For design purposes, envelopes o f  t h e  normal force and pressure c o e f f i c i e n t s  

were developed, where appl i c a b l  e, t o  encompass t h e  steady s t a t e  1 oads. f o r  a1 1' 

t i  1 t angles and wind d i r e c t i o n s .  These design envelope 1 oads a re  expq'ained and 

presented i n  t o t a l  i n  Sect ion  7.0. - ,  

. # .  

. . 

. I . ' & '  . 
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7.0 STEADY STATE WIND LOAD DESIGN GUIDELINES 

1 
Based on the resu l t s  of the boundary layer wind tunnel t e s t  and the resu l t s  of the 

theoretical study documented in reference 5,  the following design guidelines are 

given for  determining wind loading on photovoltaic f l a t  plate arrays. The normal 

force and pressure coefficient guide1 ines were obtained by envel'oping the r e su l t s  

from the wind tunnel t e s t  and are  valid for  arrays with separations from 1.5C t o  

3,.OC. Wind tunnel t e s t s  with the winds normal t o  the spanwise axis of the arrays 

were used for  the guidelines. From the theoretical study and aerodynamic 

principles,  winds normal t o  the spanwi se axis wi 11 produce the maxi~~lum pressure 

loading on the arrays a t  locations a t  leas t  two slant  heights from the array side 

edges. 

7.1 Wind Loads on Arrays Behind a Protective Wind Barrier 

I f  a fence i s  used t o  .protect the. arrays in an array f i e l d ,  the steady s t a t e  wind 

1 oading on the f i r s t  arrays"wil1 be the same o r ' l e s s  than the arrays within the 

f i e l d  i f  the fence* i s  properly designed fo r  wind protection. Figure 7-la 

presents normal force coeffictents for  conditions where the f i . r s t  array i s  

protected from wind 1oadi'n:g.at leas t  as .well as the arrays in t e r io r  t o  . t he  f ie ld .  

This figure can be used t o  calcul ate.steady s t a t e  wind forces on arrays and array 

supporting s t ructure ' in an' array f ie ld.  These loads are  not appl icable for  the  
. . 

structure within two slant..tieights. from the edge. The steady s t a t e  normal wind 

force on the array i s  calculated by the equation: 

- - - -  ( I ,  

*The fence used i n  t h i s  study had a porosity of 30% and a height equal 
to  three-quarters of the array s l an t  height. Since this study did not 
investigate other fence configurations, i t  is  the designer's responsi- 
b i l i t y  to  assure tha t  his fence design produces as  much wind protection 
as the fence used i n  this study. There are  several papers referred t o  
i n  reference 5 tha t  investigates the e f fec ts  of fence porosity on the 
wind velocity behind the fence. In general , a porosity of from 30% t o  
50% produces the best wind protection. A sol id  fence tends t o  increase 
the turbulence compared t o  a higher porosity fence and a lso  causes 
reversed flow behind the fence. The height of the fence is  l e s s  

1 
c r i t i c a l  than fence porosity on array loads provided tha t  the height 
of the fence i s  near or above the array height. 



where : 

, I  .. 
.. .. 

FN = Steady s ta te  normal force ( l bs )  

q = Dynamic pressure (ps f )  f o r  reference design ve loc i t y  a t  10 meters 

8 = Area o f  array ( f t 2 )  :,. 

CNI = K1 CN 
= Corrected normal force coe f f i c i en t  

CN = Normal force coe f f i c i en t  from f i gu re  7- la 

K1 = .Scale f ac to r  t o -  cor rect  f o r  array s ize 

C s i n a  + tio 

8 s i n a  + 2 
. . 

C = Array s lan t  height ( f t )  

Ho = Ground clearance ( f t )  

a = ~i 1 t angle (degrees) 

The scale f ac to r  ( K ~  ) corrects  (i n a n  approximate manner). the wind forces f o r  

arrays whose s lan t  height and ground clearance are d i f f e r e n t  than the  t e s t  array 

base1 ine  s ize o f  8 ft. s lant  height and 2 f.t. ground clearance. This scale fac tor  

considers the d i f fe rence  i n  the wind v e l o c i t y  a t  the top o f  an array whose s ize  

and pos i t i on  i s  d i f f e r e n t  from the base1 ine  array r e l a t i v e  t o  the wind ve loc i t y  a t  

the  top  o f  the basel ine array. 

Figure 7 - lb  presents steady s ta te  pressure coe f f i c ien ts  . . normalized t o  the normal 

fo rce  coe f f i c i en t s  a t  correspondi ng t i  1 t angles. The steady s ta te  pressure . , 

d i s t r i bu t i pns  on the array? behir id a. fence are essen t ia l l y  constant o r  vary 

1 inear l y  ( increasing from . the . t r a i l i n g  edge t o  the leading edge) f o r  a i l  tilt 

angles. The pressures can be calculated 'by the equation: 

p = qcp1 - - - - (2) - 

where: 

P = Steady s ta te  loca l  pressure loading (psf) 

q = Dynamic pressure (ps f )  f o r  reference design ve loc i t y  a t  10 meters 

C p l  = K1 Cp 
= Corrected pressure coe f f i c ien t  



K1 = Scale fac to r  t o  co r rec t  f o r  ar ray  s i ze  and ground clearance 

- - ( C  s i n  a + ~ ~ ~ 2 8  
8 s i n a  + 2 

C = Array s l an t  he ight  ( f t )  

Ho = Ground clearance ( f t )  

a = T i  1 t angle (degrees) 

- -  Cp - Normal i zed pressure c o e f f i c i e n t  from f i g u r e  7 - lb  
CN 
CN' Normal force coe f f i c i en t  f rom f i g u r e  7 - la  

. , 

The steady s t a te  pressure load ing i s  v a l i d  f o r  a l l  f l a t  'p la te  ar ray  panels i n  

an array f i e l d  except f o r  panels w i t h i n  two s l an t  heights from the  edge,. Where 

lead ing  edge (L.E.) and t r a i l i n g  edge (T.E.) are  given, the pressure load ing 

i s  assumed as l i n e a r l y  increasing from the t r a i l i n g  edge value t o  t he  lead ing 

edge value. It should be noted t h a t  some conservatism i s  designed i n t o  the  

panel pressure load ing by assuming a f l a t  o r  1 i nea r l y  vary ing pressure 

c o e f f i c i e n t  . Thi s conserOat i sm can be seen i n  the  normal i zed pressure 

c o e f f i c i e n t  shown i n  F igure  7-1 .. I f  t he  pressure c o e f f i c i e n t  d i s t r i b u t i o n  was 

matched exact ly ,  t he  CdCN curve would be equal t o  1:0. Thus, conservatism o f  

from 10. t o  20% i s  b u i l t  i n t o  the  pressure load ing by simp1 i f y n g  the  
. . . . d i s t r i bu t i on . '  

. . 
,. . 

. . 

The use o f  these design gu-idel ines can best be i 11 us t ra ted  by the  f o l l ow ing  

exampl e: 

'1 
1. Determine the  design normal force and d i s t r i b u t i o n  on an array 

i n t e r i o r  t o  an array f i e l d  f o r  ' a  90,'mph wind approaching . t he  f r o n t  o f  the  

a r ray  and a t  sea 1 eve1 . The ar ray  s l an t  height  . . i s  . 8 feet ,  ground clearance 

i s  2 feet ,  spah.is 10 fee t ,  hnd ' the  ti lt Bngle i s  30 degrees. 

q = wind dynamic pressure a t  10 meter height  

= . 5 p v 2  

= .5 ( .002378) (131.23)' 

= 20.5 ps f  

S = area o f  array 

= 8 x 1 0  

I = 80 f t2.  



K~ =.scale . .  f ac to r  . . , . 

8 s i n  300 + 2 -28 ,. 

= ,( *) 

CN = .16 from f i g u r e  7- la  '. 

' :.\,. . . 
To ca lcu la te  the norma.1 force s o I 

= 262.4 1  bs. force normal t o  the ar iay  (300 from v e r t i c a l  ) and i n  downward 
d i r e c t i o n  per f i g u r e  7 - la  

To ca lcu la te  the pressure d i s t r i b u t i o n  along. .the chord 
. . 

P = q Cpl 

From f i gu re  7-1b 

C 
1 = 1.18 a t  t r a i l i n g  edge ( top  edge for  wind from f t6mt)  

C~ 

. = 1.26 a t  leading edge (bottom edge for  . , 

. 'wind from f r o n t )  

Ch = ..I6 from f i g u r e  7-la. . 

K1 = 1.0 . . 

therefore 

C ~ l  
= 1.18 x .16 :.- 

. . 

= .19 t r a i l i n g  edge 

and C = 1.26 x .16 P 1  
= .20 leading edge 

The l o ca l  pressure i s  

= 3.9 ps f  a t  t r a i l i n g  edge (downwakd d i rec t i on .  per f igure 7-lb) 

p = 20.5(.20) 

= 4.1 ps f  a t  leading edge (downward d i r ec t i on  per f i g u r e  7-1 b) 

90 



Therefore, the pressure var ies on the panel from 4.1 ps f  a t  the leading edge 

( lower edge) t o  3.9 psf a t  the t r a i  1 ing edge (upper edge) f o r  a 90 mph wind 

m approaching the f r o n t  o f  the array f i e l d .  

7.2 Wind Loads on Arrays Without a Protect ive  Wind Ba r r i e r  

If an array f i e l d  i s  t o  be designed without a p ro tec t i ve  fence, the f i r s t  two 

arrays from the f ront  and back need t o  be designed f o r  l a rge r  wind loads than i n  

Section 7.1. A1 1 remaining arrays i n t e r i o r  t o  these two f r o n t  .arrays can be 

designed t o  withstand wind l o a d s  given i n  Figure 7-1. The maximum normal wind 

forces on the f i r s t  t w o  arrays from the f r o n t  and back o f  the array f i e l d  can be 

calculated s i m i l a r l y  t o  those i n  Section 7.1 using, the normal force coe f f i c ien t  

envelope and t h e , d e l t a  pressure c o e f f i c i e n t  presented i'n Figure 7-2a .and b. As an 

exampl e: . .  . , 1. Calculate the normal f o r ceand  pressure on the  f i r s t  array f o r  the same 

condi t ions as i n  the example i n  7.1. 

I To ca lcu la te  the normal force: 

From before 

q = 20.5 ps f  

S = 80. ft 
2 

K1 = 1.0 

From f igure 7-2a 

CN = .65 

Therefore the normal fo rce on the array i s  

= 1066 l b s  i n  downward d i r ec t i on  per fig& 7-2a 
. . 



To c a l c u l a t e  t h e  panel p ressure  

= 0.8 a t  t r a i l i n g  edge 
c N 

= 1.28 a t  ' leading ,edge 

CN = .65 

p = 20.5 x 0.8 x .65 ' 

= 10.7 ps f  a t  t r a i l i n g  edge 

= 20.5 x 1.28 x .65 

= 17.1 psf a t  l e ad ing  edge . , 

Therefore ,  t h e  pressure  v a r i e s  from 17.1 psf a t  t h e  lead ing  edge t o  10.7' psf  a t  

the t r a i l i n g  edge w i t h  t h e  pressure  i n  downward d i r e c t i o n  per f i g u r e  7-2b. , 

7.3 Array Edge Wind Loads 

The wind loads wi th in  two s l a n t  he igh t s  from the s i d e  edges have a  d i f f e r e n t  

c h a r a c t e r  than those  within the a r r a y  f i e l d  because o f  t h e  corner  vo r t i ce s .  This 

t es t  program was pr imar i ly  d i r e c t e d  towards the wind loads  within an a r r a y  f i e l d '  

and 'only a  l im i t ed  amount of t e s t i n g  was devoted t o  the edge loads.  Consequently, 

a  comprehensive set of wind load gu ide l ines  f o r  t h e  edge loads cannot be d e t a i l e d  

from t h e  t e s t  da t a .  However, the following normal f o r c e  c o e f f i c i e n t s  and pressure  

c o e f f i c i e n t s  a r e  given a s  guidelines and can be used i n  the design of t h e  edge 

a r r a y s  i  f  t he  fo l  lowing design condi t ions  a r e  s a t i s f i e d .  

Array - t i 1  t angle  = 35" 

Fence design d e t a i l s ,  i f  app l i cab l e ,  a s  footnoted i n  Sec t ion  7.1 

Fence corner  modi f ica t ions ,  i f  ' appl icab l  e ,  a s  shown i n  conf igura t ion  5,  

Figure 4-16 

The normal f o r c e  c o e f f i c i e n t s  and. d e l t a  p ressure  c o e f f i c i e n t s  f o r  a r r ays  within 

two s l a n t  he ights  from the s i d e  edge of  the a r r a y  f i e l d  and f o r  t h r e e  f i e l d  

con f igu ra t i ons  - - no fence ,  fence ,  and fence w i t h  t h e  corners  modified - a r e  shown 



i n  Figures 7-3a t o  7-3c. These coe f f i c i en t s  are based on the  t e s t  data located 

.15 chord lengths from the s ide edge. Since the  loads decrease w i t h  distance i n  

b from the edge, these coe f f i c i en t s  are conservative i f  used over the two s lan t  

heights from the s ide edge. I n  addi t ion,  the  pressure d i s t r i b u t i o n s  show h igh 

pressure coef f ic ients  located w i t h i n  5% t o  10% from the upper edge. Since a . , 

s t ruc tu ra l  support i s  l i k e l y  t o  be located on the leading and t r a i l i n g  edges t o  

support the  arrays, these high pressure loads, w i t h i n  10% o f  the top  edge, may not 

be c r i t i c a l  t o  the design o f  the panels and may not need t o  be considered i n  t h e i r  

design. The e f fec t  o f  t h i s  h igh pressure loading . i s  i n  the normal force 

coe f f i c ien t  ca lcu la t ion  which i s  a parameter used t o  s ize the supporting 

structure.  - 
. . 

The appl i c a t i o n  of these coe f f i c i en t s  i s  s i m i l a r  t o  the examples shown i n  Section 

7.1 and 7.2, except t h a t  Cp rep1 aces (2)  (cN) i n  the exampl es. 
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$ based on wind reference v e l o c i t y  a t  10 meters 
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lexception: not  v a l i d  w i t h i n  two i l a h t  heights from t h e  s i d e  edges 

Figure 7- la. Steady State Wind Normal Force Coefficient Envelope ,for Arrays 
Within an Array Field or Behind a Protective Wind Bgrrier. 
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Figure 7-2a. Steady State Wind Normal Force Coefficient Envelope for the Two : . 
Outer Boundary Array Rows in an Array: Field Unprotected from the 
Wlnd 
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Figure 7-36. Steady State Wind Normalized Pressure Coefficient Envelope for the 
Two Outer Boundary Array Rows in an Array Field Unpro'mted f p m  
the Wind 



Based on: 

- T i  1 t' Angle = 350 

Wind reference ve loc i ty  

a t  10 meters 

Fract ion o f  Chord (S/C:) ; 

Figure 7-33. Steady State Wind Pressure Coefficient and Normal Force 
Coefficient Guidelines for Edge Arrays in an ~ r r a ~  Field 
(No Fence) . .  . 
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Figure 7-36. &eadi State Wind Pressure coefficient and Normal Force 
coefficient Guidelines for Edge Arrays in an Array Field 
(Fence) 

9 9 



.. . . 

0 .8' . 1 .O  

F r a c t i o n  o f  Chord ( S I C )  

Figure 7 3 .  Steady State Wind Pressure Coefficient and Normal 
Coefficient Guidelines for Edge Arrays in an Array 
(Fence with Modified Coinerd 
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No repor tab le  items o f  new technology have been i d e n t i f i e d  by ~ o e i n g  during 

t h e  contract  o f  , t h i s  work. . . . . . . .  ., 
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1. INTRODUCTION 

An important factor influencing.the design and subsequently 

cost of large photovoltaic power.generating systems, which involve a 

I large number of simple structural e1ements.and supports, is the 
/' 

I magnitude of wind-induced loads.;. It has been,recognized that usual 

I design procedures, like the ANSI, code (A58.1 - 1972) for example [I], 

I .  are not adequate for accurate wind design of these repetitive,' 

I . .  
photovoltaic arrays with their distinctive configuration,, orientation 

I . : .  and limited height. In fact, the informati,oh:presently available in 

. .. 

. . .the technical literature is not sufficient even, for an. optimum design 
. . 

. . 
of the structure for supporting a single phokovbltaic array. Wind . . . . 

loads on individual arrays at different locations in a large array 

field are, more difficult to determine. as th,ey vary according to the 

array 1-ocation in the field and wind direction in a complicatid 

manner. Higher loads are expected to exisf..at..the edges of.the 'field, . . . , 

, .. 

i 
but those can be reduced by carefully designed fences or barriers. 

A theoretical study of the aerodynamics of flat plate arrays 

was recently.,made by Ronald D. Miller and Donald Zimmerman [2] at the 
. .  . 

Boeing Engineering and Construction Company. (BECC). The study identi- :' 
. . 

fied the basic features of the flat plate array loading .which. can be . 

.. . . . 

I, used for design purposes. It has been recognired by the authors, 

1 however, that theoretically derived design criteria are conservative 

and a wind-tunnel. study of the wind loadings of such arrays was 

therefore recommended. , . . . 



This repor t  descr ibes  t h e  experimental s tudy of wind loading 

on f l a t  p l a t e  photovol ta ic  a r rays  and a r r a y  f i e l d s  performed i n  

t h e  Meteorological Wind Tunnel o f  t h e  Fluid  Dynamics and Diffusion 

Laboratory a t  Colorado S t a t e  u n i v ~ ~ s i t y  f o r  BECC. The experimental 

program was developed i n  cooperation with Ronald D. Mil le r  (BECC). 

The program1 s objec t ives  were t o  determine t h e  pressure  d i s t r i b u t i o n  

and fo rces  a c t i n g  on photovol ta ic  , a r rays  f o r  d i f f e r e n t  axigles of  

a t t a c k ,  two wind d i r e c t i o n s ,  head on winds and cornering winds (WD = 0' 

and 45' a s  defined i n . F i g u r e  11) and two v e l o c i t y  profil:es,. a s  well a s  

t o  i n v e s t i g a t e .  t h e  e f f e c t  of d i f f e r e n t  fences  and b a r r i e r s  on t h e  wind 

loading a t  t h e  edges and corners  of an a r r a y  f i e l d .  

The wind-tunnel r e s u l t s  were a n a l y ~ e d ~ a n d  t h e  effe.ct of t h e  var ious  

parameters a r e  presented i n  a form permit t ing  c a l c u l a t i o n  of t h e  wind 

loading on prototype phot,ovoltaic s t r u c t u r e s .  - 

I n  view o f  t h e  l a rge  number of d a t a  po in t s  c o l l e c t e d  . i n  t h e  

r e p o r t ,  it was f o m d  convenient t o  present  most of t h e  pressure  mea- 

surements i n  a separa te  Appendix. The main repor t  inc ludes ,  

however, a  f u l l  desc r ip t ion  o f . t h e  various runs and t h e  ca lcu la ted  

values o f  , the normal force  c o e f f i c i e n t ,  t h e  maximum loca l  pressure  

c o e f f i c i e n t  and i ts  loca t ion  f o r  each run i n  a t abu la ted  form 

(Table 1 t o  16) as  well a s  a  graphical  r epresen ta t ion  of these  data .  



2.1 Wind Tunnel , ' 
. , - .  

The Meteorological Wind Tunnel o f  t h e  Flu id  Dynamics and Diffusion 
. . . . , . . . 

Laboratory a t  Colorado . . s t a t e  Universi ty (Figure 1) i s  character ized  
. . 

by a  long (96 f t ) ,  s l i g h t l y  diverging t e s t  sec t ion ,  6  f t - 8  i n .  wide ( a t ,  . . . . * I .  

. .  . . . 
. . . .  , 

t h e  tu rn tab le )  and 6 f t  high.  The c e i l i n g  i s  ad jus tab le  t o  avoid . . . . .  . . 
. . . . . . .  " : 

pressure  gradient  along t h e  t e s t  s e c t i o n .  This f a c i l i t y  i s  dr iven .by a  
. , 

. . :  . .  . . . 4 1 

400 HP v a r i a b l e  p i t c h  p r o p e l l e r  with a i r  flow v e l o c i t y  varying 
. .  . . .  - .  . . . . . . . . 

. I  . 

continuously from 0 . 5  fps  up t o  100 f p s .  . a - . '.. . , 

. , . .  . , .  . 
2.2 Flow Simulation 

The primary consi-deration i n  modeling wind fo rces  'on structure's' 

i n  a  wind tunnel. ,is tha t .  t h e  .wind -characteeris t i 'cs  : i n  t h e  .tunnel- , : 

simulate n a t u r a l  boundary-layer winds a t  t h e  actual '  s i t e  .' In'  general  
' 

t h i s  r equ i res  t h a t  the  v e r t i c a l  d i s t r i b u t i o n  o f  mean ve.locity and 

turbulence i n -  the  wind tunnel boun.dary l a y e r  match those  a t  t h e  s i r e  

and t h a t  t h e  Reynolds numbers of  'the-model and. ihe  p ro to type .be  equal . . -  

In add i t ion ,  the  small.-scale model must be 'geometrical'lj. s i m i l a r  t o  

i t s . . p ro to type .  A d e t a i l e d  d iscuss ion of. these  requirements and t h e i r  

implementation i n  t h e  wind-tunnel. environment can be found In 

.. . references  3 ,  4, and 5'. , 

The const ruct ion  of  a  l i 2 4  s c a l e  model of  a  prototype s t r u c t u r e  

and i t s  immediate surroundings ( i n  t h i s  case,  a f l a t ,  open a r e a ) ,  

submerged i n  a  tu rbu len t  boundary l a y e r  o f ' t h e  Meteorological Wind 

Tunnel, shown i n  Figure 1, s a t i s f i e s  a l i  t h e  above c r i t e r i a  except 
. .. 

those  of equal Reynolds numbers and s i m i l a r i t y  o f  turbulence 

i n t e n s i t y  and s c a l e .  



. . 

The kinematic v i s c o s i t y  v appearing i n  the  ~ e ~ n o l d s  number ' 

UDIv is the  same f o r  both the  tunnel  and t h e  f u l l - s c a l e  s t r u c t u r e .  

~ e c a u s e  of t h i s ,  t h e  wind-tunnel a i r  speed, U, would have t o  be  

24 times the  f u l l - s c a l e  va lue  i f  the  model and. prototype Reynolds 
. . .  

' , 

numbers a r e  t o  be  equal .  ~ e s t i n ~  a t  such high wind speeds is hot  

4 
f e a s i b l e .  Hauevir, f o r  Reynolds numbers larger than 2 x 10 f o r  

sharp-edged s t r u c t u r e s  where t h e  flow separa t ion  po in t  is f ixed ,  

these  is. no s i g n i f i c a n t  change i n  t h e  va lues  of aerodynamic coe f f i -  

c i e n t s  a s  the  Reynolds number increases .  Since t y p i c a l  Re'ynolds 

6 7 
number values are 10 -10 f o r  high-wind, f u l l - s c a l e  flow and about 

4 
5 x 10 f o r  wind-tunnel flows, acceptable  f lo" similarity is 

, . 

achieved without e q u a l i t y  of Reynolds numbers. 

A t  a model s c a l e  of 1:24, 'the l a r g e r  s c a l e s  of turbulence 

. . 

' i n  t h e  atmospheric boundary laye'r a r e  no t  simulated i n  t h e  wind- 

tunnel  f 14.   ow ever , becausd , t h e  i n t e g r a l  s c a l e  of t h e  turbulence 

i n  t h e  wind t u n n e l w a s , 2  t o  3 t imes the  l a r g e s t  dimension of t h e  

model c o l l e c t o r ,  t he  inf luence  of t h e  s c a l e  of turbulence is not 

expected t o  b e  s igni f icaxi t  [61. Evidence e x i s t s  which demonstrates 

some inf luence  of turbulence i n t e n s i t y  on drag of f l a t  plzites 

[6,7,81. Because t h e  turbulence i n t e n s i t y  d i f fe rence  between the  

c u r r e n t  s imula t ion  and a s imula t ion  wi th  complete s i m i l a r i t y  of 

. . 

t u rbu len t  s t r u c t u r e  is n o t .  l a rge ,  the  e f f e c t s  due t o  t u r b h e n c e  
' 

i n t e n s i t y  should b e  small. For cases where an upstream c o l l e c t o r '  

d i s t u r b s  the  approach flow, turbulence c h a r a c t e r i s t i c s  a r e  dominated 

by t h e  wake c h a r a c t e r i s t i c s  of t h e  upstream ob jec t  and poss ib le  

d i f f e rences  due t o  turbulence i n t e n s i t y  should f u r t h e r  decrease.  



An important f a c t o r  which a f f e c t s  t h e  wind loadings is  t h e  

s t r u c t u r e  o f  t h e  atmospheric boundary l a y e r ' n e a r  t h e  ground. The 
. . 

boundary l a y e r  which develops over a f l a t  t e r r a i n  is usua l ly  

cha rac te r i zed  by a non-uniform v e l o c i t y  p r o f i l e  which is  c l o s e l y  

described by a 1/7th power law mean v e l o c i t y  d i s t r i b u t i o n .  . I t  i s  

impossible t o  s imula te  i n  a wind tunnel  t h e  e n t i r e  atmospheric 

boundary l a y e r  at t h e  des i red  model s c a l e  f o r  t h i s  s tudy (1:23). One 

can, however, s imulate t h e  lower p a r t  o f  t h e  atmospheric boundary 

l a y e r  i n  a 45 i n .  deep wind tunnel  boundary l a y e r  [3-51. 

The shape of  t h e  1 /7 th  power law boundary l aye r ,  which w i l l  be 

r e f e r r e d  t o  a s  t h e  Nonuniform flow 1 was obtained by means of  

se lec ted  roughness on t h e  wind-tunnel f l o o r  upstream of t h e  model. 

Forty f t  of  t e s t  s e c t i o n  length  were covered with 1 i n .  cubes 

followed by a 40 f t  length  o f  pegboard with 0.25 i n .  diameter 

pegs p ro jec t ing  0. 5 in .  above. t h e  pegboard base ( see  Figure 2) . In 
I .  

add i t ion  t o  t h e  f l o o r  roughness, four  t r i a n g u l a r  s p i r e s  were 

i n s t a l l e d  a t  t h e  t e s t  s e c t i o n  ent rance  i n  o rde r  t o  ge t  a t h i c k e r  

boundary l a y e r  than would otherwise be obtained.  The normalized 

v e l o c i t y  and turbulence p r o f i l e s  o f  t h i s  boundary l a y e r  a r e  shown 

i n  Figure 3 and d a t a  is  t abu la ted  i n  the  Appendix. Turbulence i n t e n s i t y  
. . 

i s  t h e  root-mean-square o f  t h e  longi tudinal  f l u c t u a t i n g  v e l o c i t y  

divided by t h e  l o c a l  mean ve loc i ty .  The turbulence i n t e n s i t y  reached 

values o f  20 percent  i n  t h e  boundary layer .  

The spectrum of  longi tudinal  v e l o c i t y  f l u c t u a t i o n s  is  shown i n  

Figures 4 and 5, including two suggested a n a l y t i c a l  models o f  

v e l o c i t y  s p e c t r a  f o r  the  atmosphere by Harr is  (9) and Davenport (10). 
. . 



The spec t ra  were obtained a t  4 and. 8 i n .  above the.wind-tunnel  f l o o r .  

2 

a 
I n  t h i s  p l o t  N i s  frequency, F(N). i s  t h e  v e l o c i t y  spectrum, -... 'rms :is, 

t h e  var iance  of t h e  f l u c t u a t i n g  ve loc i ty ,  6 i s  t h e  simulated boundary 

l a y e r  height  (900 f t f u l l - s c a l e ) ,  and Us i s  t h e  v e l o c i t y  a t  6. The . 

region where turbulence s t r u c t u r e  may be important t o  t h e  de terminat ion ,  . 

of mean loading ranges.  upward .from absc i s sa .  values o f  about: 20 ,for'.wind. ... , 

speeds up t o  about 30 mph a t  3 0  f t ;  Thus.,;:the .s imulat ion has a turbu-. ". 

lence  i n t e n s i t y  somewhat t o o , h i g h  i n  t h e  frequency range a f f e c t i n g  . 

mean wind loading on t h e  model and too low i n  .the..low-frequendy. gusts.. 

The "Uniform Flow" veloc5ty  p r o f i l e  was obtained by p lac ing tshe . 

model a t  t h e  upstream end of  t h e  t e s t  sec t ion .  The measured v e l o c i t y  

p r o f i l e  a t  t h a t  s t a t i o n ,  shown i n  Figure 6, i n d i c a t e s  t h a t  a very t h i n  

boundary l aye r  has developed along t h e  s h o r t  upstream sec t ion .  I t s  

e f f e c t  on t h e  wind loading on e levated  panels  i s  expected, however, 

t o  be small.  A t y p i c a l  v e l o c i t y  d i s t r i b u t i o n  ac ross  t h e  tunnel  i s  

shown i n  Figure 7. 

2.3 The Models 

Aluminum models of  t h e  f l a t  photovol ta ic  a r r a y  f i e l d  having a 

geometrical  sca l ing  of 1:24 (Figure 2) and 1:12 (Figure 8) were 

const ructed .  (The 1:12 model was used i n  a l imi ted  number of t e s t s  

on ly ) .  

The chord s i z e  of t h e  1:24 model was c = 4 i n . ,  corresponding 

t o  a proto type  value  of  8 f t .  Rows of  p ressu re  t a p s  were d r i l l e d  on 

each f a c e  of t h e  a r r a y  a s  shown i n  Figure 10. Each pressure  t a p  

rep resen t s  t h e  average p ressure  . along . a small sec t ion  of  t h e  chord. 

The row a t  t h e  edge of  t h e  a r r a y  was used t o  s tudy t h e  wind loading 

. . , a t  t h e  s i d e  edge of  t h e  f i e l d .  



rn To s tudy the  wind loadings on an a r r a y  located i n  an a r r a y  f i e l d ,  

1:24 s c a l e  models ' o f ,  a r r a y  rows were constructed,  which could be '. 

placed on t h e  wind tunnel  f l o o r  a t  des i red  locat ions  t o  simulate 

t h e  r e l a t i v e  pos i t ion  i n  t h e  f i e l d  on t h e  a r r a y  with t h e  pressure  

t a p s  on which the.wind loading was measured. Figure 2 shows a 

photograph.of a l i 2 4  model of  a photovol ta ic  a r r a y  f i e l d  i n  t h e  wind 

tunnel .  Figure 8 shows a photograph of t h e . l : 1 2  model. 

The fence was simulated i n  the.mode1 by.perfora ted  sheet  metal, 

with h o l e s  'of 3/16 i'n. diameter; having the '  same poros i ty  (about 

30 percent)  as t h e  prototype fence (see Figure 9 ) .  



3. INSTRUMENTATION AND DATA ACQUISITION 

3.1  Measurements of  Flow C h a r a c t e r i s t i c s  

Veloci ty and turbulence  i n t e n s i t y  p r o f i l e s  f o r  t h e  approach 

f low under t e s t  cond i t ions  were made at t h e  l o c a t i o n s  of  t h e  model 

i n  t h e  tunnel  ( tu rn tab le )  with t h e  model removed. 

The .measurements were made with a Thermosystems Model 1650 

constant- temperature anemometer with a 0.001 i n .  diameter  platinum 

f i l m  sensing element 0.02 i n . . l o n g ,  The sensing probe was a t tached 

t o  a v e r t i c a l  t r a v e r s e  t o  measure v e l o c i t i e s  and tu rbu len t  in tens ' i r i e s  

a t  d i f f e r e n t  h e i g h t s . .  Output was processed through t h e  Laboratory 

on- l ine  d i g i t a l  d a t a  a c q u i s i t i o n  system. 

Tes t s  were made a t  only one wind speed i n  t h e  tunnel  around 

50 f t / s e c .  This  wind was s u f f i c i e n t l y  high t o  ensure Reynolds number 

s i m i l a r i t y  between t h e  model and prototype.  

The re fe rence  v e l o c i t y  a t  each t e s t  was measured using a p i t o t -  

s t a t i c  tube which was connected t o  a S e t r a  d i f f e r e n t i a l  p ressu re  

t ransducer .  The p i t o t  tube  was placed o u t s i d e  t h e  simulated boundary 

2 
l a y e r  and recorded t h e  value  of qw = pUe/2, where p *8s t h e  mass 

d e n s i t y  of t h e  a i r .  The r a t i o  of t h e  r e fe rence  v e l o c i t y  Uref, a t  a 

prototype  height  of  10 m above t h e  ground, t o  Uw was determined from 

t h e  v e l o c i t y  d i s t r i b , u t i o n  of t h e  boundary l a y e r  according t o  the '  s c a l e  

of t h e  model. . The value  



a t  t h e  he ight  corresponding t o  10 m above ground i n  t h e  prototype 

was l a t e r  used i n  c a l c u l a t i n g  t h e  dimensionless fo rce  and moment 

c o e f f i c i e n t s  of t h e  a r ray ,  so  t h a t  it was not  necessary t o  measure 

t h e  d e n s i t y  of t h e  a i r .  

3 . 2  Pressure Measurements . . 

Each pressure  t a p  was connected through a . p r e s s u r e  swi tch  t o  a 

c a l i b r a t e d  S e t r a  d i f f e r e n t i a l  t ransducer  which measured t h e  value 

o f  t h e  loca l  pressure  above t h e  ambient pressure  a t  t h e  test 

s e c t i o n  away from t h e  model. The output from t h e  p ressure  

transducers.  was recorded f o r  16 secoiids a t  a 250 z q l e  per  second . . 
. . i 

r a t e .  The da ta  was then analyzed by a Hewlett-Packard System . . 

1000 minicomputer under program contro l  and recorded. The.. . .  

minicomputer calculat .ed t h e  'lo'cai pressure  c o e f f i c i e n t s  and, 1 

using t h e  r e fe rence  t o t a l  va lue  qref, a t . 3 0  f t  prototype height ,  

3.3 Normal Force Calcula t ions  . . 

The l o c a l  f o r c e  per  u n i t  a r e a  ac t ing  on each sec t ion  of  t h e  

a r r a y  i s  equal t o  t h e  d i f fe rence  i n  t h e  p ressures  me.asured a t  t h e  

.c.enter of . that  sec. t ion.pn t h e  opposi te  f a c e s  of  t h e  a r ray .  The 

.magnitud.e of t h i s  pressure  d i f fe rence  i s  

'ppls) = P(s) lower f a c e  df a r r a y  - P(s)upper f a c e  of  a r ray  

where s des ignates  the  ' pos i t ion  o f  t h e  sec t ion  as defined i n  

Figure 11. A p o s i t i v e  value of  .Ap(s) w i l l  t hus  correspond t o  a 



normal net force per unit area with an upward component as shown 

schematically in Figure 11. 

The dimensionless local pressure.difference is defined as 

The maximum value of this coefficient, AC is of particular 
. .  Pmax 

. . , .  

interest. The normal force N acting on the entire array can be 

calculated by integrating the value of Ap(s) over the cord. 

Similarly, the normal force coefficient CN is given by 

. . . . .  

The direction of a positive normal force is shown in Figure 11. In 

most cases one would expect to find negative values of CN for 



4 . ,  PRESENTATION AND ANALYSIS OF THE EXPERIMENTAL DATA . . . . . . 

4.1 Single Array Tests . .  . . . 

Typical records of the.pressure distribution on a single photovoltaic 

array, for head-on winds (WD = 0 ' )  in the uniform flow are shown .in Figures 

12-14.* The solid lines in Figure 12 show the local pressure' coefficient 

distributions on the upstream face of.the.panel. Positive values :are .: 

usually recor,&d on the upstream face.' The pressure ,coefficients on the 
- , . ' >X*  . _ .  . .  - . . , . 

downstream face, marked by dashed lines, .are negative and hardly vary 
. ,. 

across the panel, indicating a flow separation, which was observed in , .  
. . .  - : .  

the flow visualizat.ion study for both the single array and many of the 

arriyi in an array field, see for example Figure 31. 'The shape" of 

the pressure distribution curves on the upstream face of the panel is 
, . . .,, . . 

.I. . . I .  

almost 'symmetric for a = 900, but it becames more and . more . skewed " 

. . . . ~. , . . . .. . . . 
as the angle of attack decreases (F'igure 12) or iricreaiis (Figure 13). 

Figure 14 shows the same data but for a large ground clearance, 

H/c = (actually measured at H/c = 1.7) . 

Comparing Figures 12 and 14 one finds that the pressuredistribution 

on the upstream face of the panel is not affected to g large estent 

by the ground clearance. The back pressure, on the other hand, 

appears to change significantly. A value of C -1.35 was recorded 
P 

for a = 90°, H/c = =, whereas a value of C = -0.75 was recorded 
P 

for the same angle of attack with a ground clearance of H/c = 0.25. 

This reduction .of the back pressure reduces significantly the normal 

force acting on the Figure 15 shows the absolute values of 

*Unless explicitly stated, the data refers to the measurements 
at the center of the array (see ~ i ~ u r e  10). 



t h e  normal f o r c e  f o r  a l l  t h e  s i n g l e  a r r a y  t e s t s  i n  a uniform flow. 

Evidently, t h e  same e f f e c t  i s  apparent  a t  a l l  angles  of a t t a c k .  
. . . -. 

The reduced drag  a t  small ground c l e a r i n c e s  maybe  due t o  t h e  
. . 

changes i n  t h e  wakes caused by t h e  reduct ion  i n  t h e  eddy s i z e  
, 

downstream of  t h e  panel .  I t  should be r e c a l l e d  t h a t  t h e  approach, 

v . e loc i t i e s  i n  t h e s e  tests a r e  independent of  he ight .  The complicaied 

na tu re  of  the-  i n t e r a c t i o n  between t h e s e  eddies  and t h e  flow,-which 

determine t h e  base. 'press6re,  makes it d i f f i c u l t .  t o  p r e d i c t  the .  va lue  

of t h e s e  pressures~theoretically. 

The pressure  d i s t r i b u t i o n s  on a s i n g l e  a r r a y  (H/c = 0 . 2 5 ) % i n  . : . . - !  

a nonuniform flow a r e  shown i n  Figures 16 and.17.  A c l e a r  reduct ion  . 

of t h e  p ressure  c o e f f i c i e n t s  r e l a t i v e  - t o  t h o s e  i n  t h e  uniform flow 

i s  observed. The,.corresponding abso lu te  v a l u e s  of t h e  normal f o r c e  ,. 

f o r  t h e  two cases  a r e  shown i n  Figure 18.- The average r a t i o  

CN(uniform)/CN(nonuniform) i s '  1.43 - + 5%- f o r  t h e s e  t e s t s - .  This  

l a r g e  reduct ion  i s  primari'ly. due , t o  . the  r e l a t i v e l y  small .wind 

speeds a t  t h e  he ight  of  the. :array f o r  t h e  nonuniform v e l o c i t y  

p r o f i l e .  I t  should be r e c a l l e d  t h a t  qref i s  measured a t  t h e  

he ight  of 10 m above t h e  ground whereas t h e  cen te r  - o f . t h e  panel ,  . 

f o r  t h i s  va lue  of  ground c learance ,  v a r i e s  from 3.36 f t  f o r  a = 20" . . 

. . 

t o  6 f t  f o r  a = 90°. The corresponding. . ra t ios  of  q . /q . . 
r e f  cen te r  o f  panel " 

f o r  these  cases  i n  a 1 /7 th  power law v e l o c i t y  d i s t r i b u t i o n  a r e  1.89 

and 1.61 respec t ive ly .  Obviously, t h e  d ' i fference ' in.  t h e  dynamic. 

p ressu re  of  t h e  f r e e  stream a t  t h e  he ight  of t h e  panel a lone  cannot 

f u l l y  explain t h e  observed changes. Comparing t h e  r a t i o  of* t h e  back 

p ressures  i n  the  two cases,  f o r  example, one f i n d s  an average r a t i o  



of almost 2, whereas t h e  r a t i o  of t h e  p ressure  c o e f f i c i e n t s  on t h e  
< .  . . .  

upstream f a c e  of  t h e  panel i s  only  around 1 .5 .  ,The shape of  t h e  
. .  . 

corresponding pressure  d i s t r i b u t i o n  curves i s  , a l s o  d i f f e r e n t  f o r  t h e  
. . , ,  

two cases .  
. , - . 

4 . 2  Array Field.  :Tests . . . . 

A wide f i e l d  of photovoltaic. a r r a y s  i s  c h a r a c t e r i z e d . b y  the  . ' . , 

separa t ion  d i s t ance , .x /c ,  between.the a r r a y  (see  F-igure.11) and . . 

t h e i r  angle  of a t t a c k .  The value  of  t h e  normal f o r c e  a c t i n g  on , 

each a r r a y  depends, of  course,  .on i t s  p o s i t i o n  i n  t h e  f i e l d .  . 

~ i g u r e  19 shows. t h e  v a l u e s  o f .  CN , f o r  t h e  .lst, - 2nd a n d  5 th  a r r a y s  . .- 

(froni the  upstream edge of t h e  f i e l d )   for head-on.uniform kinds.. , . ,  ~ 

The magnitudes of  t h e  normal f o r c e . o n  a r r a y  No. 1 a r e  approximate ly .  

equal t o  t h e i r  va lues  i n  a  s i n g l e  array;.:... A d r a s t i c  reduct ion  i n  : - 

t h e  magnitude .of the.  normal fo rces  on t h e  -2nd. and 5 th  a r r a y s  is  , . . . 

observed. In  some cases  :the dir-ect ion of  the: normal f o r c e  i s  . . . . 

reversed.  

The magnitude of t h e  f o r c e s  a c t i n g  on t h e . l s t . a r r a y  can be . 

reduced by bui ld ing a  fence  o r  a  b a r r i e r  .(.zero p o r o s i t y  fence) 

upstream of t h e  f i e l d .  The e f f e c t  of t h e  f e n c e  depends on i t s  

poros i ty ,  height  and distance. .  Figure 20 shows t h e  e f f e c t  of a  

30 percent  porosi.ty fence  and a  z e r o p o r o s i t y  f e n c e , o n  the:magni-,- 

tude of t h e  normal f o r c e s  a c t i n g  on t h e  1st and 2nd rows f o r  

d i f f e r e n t  fence heights ,  and f o r  an angle  of a t t a c k  a = 35". . - 

Similar  r e s u l t s  a r e  obtained a t  d i f f e r e n t  angles  o f .  a t t a c k s  . . 

(see Figure 21) :. ' . .. . . . .. . . 



The,magnitude of t h e  normal f o r c e s  a t  t h e  edge of  an a r ray ,  
.. . 

.. . 

i n  case  of  head-on winds, i s  expected t o  be smaller  than t h a t  of 
. . .  . . _  . . 

t h e  f o r c e s  a c t i n g  on t h e  c e n t e r  of t h e  a r ray .  In  case  of s i d e  
i .  

winds, however, t h e  edges . . of . .  t h e  f i e l d  and p a r t i c u l a r l y  t h e  upstream 
..I Z . . . . .  

corner  w i l l  be exposed t o  h igher  loads.  These f o r c e s  can be reduced 
. . . . . . 

by a s i d e  fence and/or by d i f f e r e n t  corner fence  conf igura t ions .  . . . . 
I , I  . .. 

Figure 22 shows t h e  corner  fence  conf igura t ions  t e s t e d  i n  t h i s  study. 
. . . . 

The i r  e f fec t  on t h e  magnitude o f  t h e  normal f o r c e  f o r  cornering winds 

is  shown i n  Figure 23, which c l e a r l y  e x h i b i t s  t h e  e f f e c t  of  proper ly  

designed fences 0.n the  norinal f o r c e s  a t  t h e  f i e l d  edges and corners .  

Another way t o  reduce f o r c e s  a t  t h e  edge of  t h e  a r r a y  f i e l d  i s  

t o  extend t h e  a r r a y  by.an  inexpensive s t ronger  s t r u c t u r e  o r  by modi- 

fy ing  t h e  shape o f . t h e  a r r a y  edges. Several  conf igura t ions ,  shown 

i n  Figure 24, have been s tud ied .  The fence  conf igura t ions  a r e  a l s o  

t abu la ted  i n  Table 17. Thei r  e f f e c t  on t h e  normal f o r c e s  a t  t h e  corner 

f o r  WD = 45" i s  shown i n  Figure 25 f o r  a = 35" and a = 145". 

An o v e r a l l  view of t h e  r e s u l t s  and t h e  e f f e c t  of t h e  var ious  

parameters on t h e  normal f o r c e s  is  shown i n  Figures 26-30. Figures 26 

and 27"show t h e  e f f e c t  of  t h e  d i s t a n c e  between t h e  a r r a y s  f o r  d i f f e r e n t  

angles  of  a t t a c k .  ~ i g u r e  28 summarizes .the fence study f o r  head-on 

winds. Figures 29-30 show t h e  e f f e c t  of the  corner fences and t h e  

modif ica t ions  of t h e  a r r a y  edges. A l l  t e s t  conf igura t ions  inves t iga ted  

f o r  t h i s  s tudy a r e  l i s t e d  i n  Table 18. 

4.3 Flow Visual iza t ion  

Flow v i s u a l i z a t i o n  was useg i n  t h i s  s tudy t o  explore t h e  s t r u c t u r e  

o f  t h e  flow i n  t h e  a r r a y  f i e l d  and t o  ob ta in  a b e t t e r  understanding of 

t h e  f o r c e  and p ressure  measurements. 



" .  . .  

Figure 31a shows t h e  wake behind t h e  f i r s t a r r a y  i n  t h e  f i e l d  

and behind an a r r ay  i n  t h e  cen te r  of t h e  f i e l d .  Clear flow separa- 

t i o n  is observed f o r  t h i s  angle of a t t a ck  and spacing. Figures 31b 

and 31c show the  s t ruc tu r e  and t he  nature  bf t h e  flow a t  d i f f e r en t  
. - 

- ,  

poin t s  between t h e  arrays .  
. . 

. . 

Figure 32 shows two corner fence configurations and t h e i r  e f f e c t  

on t h e  flow s t ruc tu r e  near t he  fence. 
., . 



5 .  CONCLUSIONS 

Wind loadings on photovoltaic arrays in a large array field were 

measured on 1:24 .and 1:12 scale wind-tunnel models. The dimensionless 

pressure and force coefficients measured are independent of the Reynolds 

number and can therefore be.used for the design of prototype arrays. 
. . . 

Considerable differences.were found between the normal force 

coefficients for uniform and nonuniform velocity fields. The arrays 

at 'the edges and corners of the field.wil1 .usually be exposed, to much 
. . 

larger forces than the arrays in the interior of the field., . ~hese . . . 

. , 
forces can be cons.iderabl.y.~reduced, however, by fences and,barriers. . 

Data.is presented which make it possible 'to design the prototype array. 
. . 

field and .fences for given atmospheric winds. 
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Figure 1. Meteorological Wind Tunnel 



Figure 2. Array Field Models in Meteorological Wind Tunnel 



Fi.gure 3.  Mean Velocity and ~urbulence  Distribution i n  Nonuniform Flow 
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Figure 4. One Dimensional Velocity Spectra in Nonuniform Flow 



.Figure 5 .  Turbulence. Spectra in  Nonuniform Flow (BL1) Compared t o  Atmospheric Spectra 
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Figure -6. Mean Velocity and Turbulence Distribution in Uniform Flow 



Figure 7. Typical Horizontal Velocity Distribution across Meteorological Wind Tunnel 
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Figure d 1: 12 Scele Models in Meteorologiwl Wind Tunnel 
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Figure 10. Position of Pressure Taps on Instrumented Model 
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. ~ i ~ u r e  1 2 .  Front  and Back ~ r e s s u r k s  on a s i n g l e  Array 
i n  Uniform Flow, W D  = 0°, H/c. = 0.2-5, 
a = 20°, 3S0, 60" and 90' 





1:igurc 1 4 .  Front and Back Pres su re s  on a S i n g l e  Array i n  Uniform 
Flow, WD = 0° ,  H/c = i n f i n i t y ,  a = 20°, 30°,  60°,  

and 90" 
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Figure 1 5 .  Absolute Values of Normal Force Coefficients 
on a Single Array i n  Uniform Flow, WD = 0' 
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Figuie 1 7 1 .  Front and Back Pressures on a Single Array in 
, ' -  Nonuniform Flow, WD = 0°, H/c = 0.25, u = .  120'; 

145' and 160" 



ANGLE OF ATTACK, a 

Figure 18 .  Absolute Values of  Normal Force Coef f i c i en t s  
on a S ing le  Array i n  Nonuniform and Uniform 
Flows, WD = 0 ° ,  H/c = 0.25 
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Figure 19. Normal Force Coefficients for an Array Field 
in Uniform Flow, WD = 0°, x/c = 2.0, H/c = 0.25, 
No Fence 



. , > . .. . . . .  . ARRAY NO. 

0 1 
0 

0 2 
0.5 - - 

. > 0 Pf =. 30°/o 

0 0 f3 0 8 .O 

0 
- 0 

. F-igure 20. Normal Force Coefficients for  an. Array Field 
. . :  , 

. . 
. . 

' 

with a Fence o f  Various Height and Porosity, 
'WD = 0° ,  xLc-= 2 .0 ,  H/c = 0,25,  a = 35' 

1.0 

0.5 

9 

-0.5- 

. ;  . I I 

. ,- ARRAY NO. 

0 0 I 
0 2 - . - 

P, = 0% 

0 
0 

0 
. . 

. - 
0 
u .  U 0 '0 

1 I 

0 
' .  -- . 

0.5 
. . 

1.0 .  , 

" H f / c  ' 



0 . . ARRAY NO. 

0.5 I I I 

. . 
. , 
. . . . 

a e 0 
0 

0 b 
0 

. . . .  . 
ARRAY NO. . . 

-0.5- 
' 0 

0 I - 

. . 
: . .  . ,  , I 

. ,  . . . . . 

Figuie 21. ~ o m a l  Force Cbefficiints .for an Array ~ i e l d  
. . with a Fence of various . ' ~ e i ~ h t  and Porosity, 

WD = 0°, x/c = 2-0, H/c = 0.25, a = 14S0 



STANDARD FENCE 

( I  

3 ADDITIONAL SPOILERS 

(3) 

I ADDITIONAL SPOILER 

(2 )  

P, = 30% 

ADDITIONAL FENCE AT CORNER 

(4)  
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Figure 23. Normal Force Coefficients for an Array Field with 
Various Fence Configurations; WD = 4S0,  x/c = 2.0, 
H/c = 0.25, RC = 0 
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Various Model Configurations, WD = 4S0, x/c = 2 .O, . . 

H/c = 0.25, FC = 1 
. .  . . , 



Figure  26. Normal Force C o e f f i c i e n t s  f o r  an Array Fie1d .h-Nonuni form Flow., 

No Fence, WD = 0°, H/c = 0.25, a = 20°, 3S0, 60' and 90" . . 
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F i g u r e  27.  Normal Force  C o e f f i c i e n t s  f o r  an , I r r a y  F i e l d  i n  Nonuniform Flow, 

No Fence,  WD = 0 ° ,  H/c = 0 . 2 5 ,  a = 120° ,  145" and 160" 



Figure 28a:. NO-1. ~ o r c e .  Coefficients. for.  an Array Field with Various Fences, 
WD = o0 , x/c. = 2.0, H/C = 0.25, a = 35O, Nonuniform F l o w .  



Figure 28b. Normal Force Coeff ic ients  for  an Array Field with Various Fences, 
WD = 0 ° ,  x /c  = 2 . 0 ,  H/c = 0.25 ,  a = 90°, Nonuniform Flow 



Figure 28c. Normal Force Coefficients for an Array Field with Various Fences, 
WD = 0 ° ,  x/c = 2.0, H/c = 0.25, a = 145O, Nonuniform Flow 
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'Figure 29a. Normal Force Coefficients for an Array Field; Edge and. Corner Studies, 
x/c = 2.0, H/c = 0.25, a = 35', Nonuniform Flow 
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Figure 29b. Normal Force Coe f f i c i en t s  f o r  an Array F i e l d ,  Edge and Corner Studies ,  

x / c  = 2 .0 ,  H / c  = 0.25 ,  a = 145', Nonuniform Flow 



Figure 30a. Normal Force Coefficients for an Array Field, Corner 
Study with Various Fence and Model Configurations, 

x/c = 2.0, H/c = 0.25, a = 35', Nonuniform Flow 



Figure 30b. Normal Force Coefficients for an Array Field, Corner 
Study with Various Fence and Model Configurations, 
X/C = 2.0, H/c - 0.25, a = 14S0. Nonuniform flow 



... . , .  lure 31a. Flow Visualization for an Array Field, WD = O0 

@>* 



Figure 316. Flow Visualization for an Array Field, WD = a0 



Figure 31c. Flow Visualization for an Array Field, WD = OD 



Figure 32. Flow Visualization for an Array Field, WD = 45O 



TABLES 



Table 1.  Normal Force and Maxfmum Pressure Difference 
for a Single Array i n  Uniform Flow 

File Name H / c  a 
C~ Cp max 

s /c max 



Table 2. Normal Force and Maximum Pressure Difference 

for an Array Field in Uniform Flow, x/c = 2.0 

File Name Array I a 
C~ Cp max 

s / C  max 



Table  3. Normal Force and Maximum P r e s s u r e  D i f f e r ence  

f o r  an  Array F i e l d  i n  Uniform Flow, 
x / c  = 1 . 5  and 3.0 

F i l e  Name x/c Array # a 
C~ A Cp max s / C  max 

DO3501 1 .5  1 35 1.065 1.32 0 .92  



Table 4. ' Normal Force and Maximum Pressure Difference 
. . for a Single.Array in Nonuniform Flow. 

File .NBme . . Hf/c . a A.C * s / t i '  c ~ *  p max - . . max . 

G02001. --- 20 " 0.725 0.96 0.96' 

GO250 1 1.25 145 -0.196 -0.28 0.06 

*referenced to 10 m on prototype 
.., , 



Table 5. ~ormal Force and Maximum 'pressure Difference 
for an Array Field in Nonuniform.Flow,. 
xlc = 2.0 

File Name ' Array 11 " a C N *  A c *mx s ' ../e 
.. pax .. 

102001", 1 20 0.521' 0.73 '0.95' 

I16101 2 160 -0.211 -0.32 0.05 

I16201 5 160 -0.066 -0.08 0.59 

*referenced to 10 m on prototype 



Table 6. Normal Force and Maximum Pressure Difference 

for an Array Field in Nonuniform Flow, 
x/c = 1.5 and 3.0 

File Name X / C  Array # a 
C ~ *  

A C *  
p max 

s / c  max 

H0350 1 1.5 1 3 5 0.732 0.85 0.93 

*referenced to 10 m on prototype 



Table 7. Normal Force and Maximum Pressure Difference 
for an Array Field with a Fence, Hf/c = 0.75, 
Pf = 30%, xf /c  = 1.25 

Fi le  Name Array a 
CN* 

A C *  
p max smax/c 

KO3501 1 35 0.168 0.20 0.82 

K16101 2 160 -0.011 ,-0 .Q3 0.82 

K16201 5 160 -0.050 . -0.07 0.61 
. . 

, . 
*referenced to 10 m on prototype 



Table 8. Normal Force and Maximum Pressure Difference 
for an Array Field with a Fence, nf/c = 0.75, 
Pf = 30%, x /c = 2.5 

File Name Array # a C ~ *  A Cp*max s m a x  / C  

LO350 1 1 35 0.119 0-13 0.58 

*referenced to 10 m on prototype 



Table 9. Normal Force and Maximum Pressure Difference 

for an Array Field with a Fence, Hf/c = 0.75, 
Pf = 30%, xf/c = 5.0 

File Name Array {I a 
C ~ *  A 'p*max s max /C 

M0350l 1 35 0.097 0.13 0.83 

M03601 2 35 0.102 0.14 0.84 

*referenced to 10 m on prototype 



Table 10. Normal Force and Maximum.Pressure Difference for an Array 
Field with a Fence of Various Height and Porosity 

F i l e  Name P f  nf/c Array I a c~ A Cp*max 
s ' / C  
max 

N l l l O l  30% 0 .25  1 35. 0.339 0.49 0.96 

*referenced t o  10 m on prototype . . 



Table 11. Normal Force and Maximum Pressure Difference 

for an Array Field, Edge Study 

Fiie Name . Fence Array # a 
C ~ *  A Cp*max s max /C 

~ 0 3 5 0  1 .; .J 1 35 0.083 0.18 0.91 

~1C4601 2 145 -0.200 -0.34 0.06 

414701 --- 5 145 -0.227 -0.36 0.06 

*referenced to 10 m on prototype 



Table 12. Normal Force and Maximum Pressure Difference 

for an Array Field, No Fence, Corner Study 

Fi le  Name MC . Array# a c ~ *  A cp*ma; . s .ma; / C  

*referenced to 10 m on prototype ~ 



I Table 13. Normal Force and Maximum Pressure Difference for 

1 an Array Field with Various Fences, Corner Study 

File Name . F C  Array /I a CN* A C *  s /c 
p. max max 

. . 
Roll01 1' 1 35 0.655 1.93 0.96 



Table 14. Normal Force and Maximum Pressure Difference 
for an Array Field with Various Fences, 
MC = 1, Corner Study 

FileName FC Array # a CN* A Cp* 
max 

s / C  

. . .. . . 
w x  

. . .  \ . . . .  
I 

RlllOl 1 1 35 0.322 0.77 0.96 1 
I 

SlllOl 1 2 35 0.421 0.78 0.96 I 
TlllOl I 3 3 5 0.259 0.34 0.84 

*referenced to 10 m on prototype 



Table 15. Normal Force and Maximum Pressure Difference 
for.an Array Field with Various Models, FC = 1 

and 4, Corner Study 

File Naple ' MC FC a Array # C ~ *  
A C * 

p max 
s 1.c 
max 

*referenced to 10 m on prototype 



. . 
' Table 16. Nbrmal Force and ~ a x i m G  pressure ~ i f f e r e n c e  

for an Array Fieldwith a Fence, Hf/c = 1.0 ,  
... , 

a = 60° and 120' . . 

. . 

File  Name a Array I/ 
C ~ *  A c * m ~  s max / C  

-- -- - - 

*referenced t o  10 m on prototype 



Table 17.  Fence Configurations 
. . . . I 

' .FC HJ~" ' . . if/='.  Pi'. 
. . 

2.5 ' 30% 
. . 

1 
. . 

0.75 
. ., . 

. . 
,, . . . . .  ' . .  . 

2.5 ' ' 2 0.75 . . 

see Figure 22  ..-.. 

3 0.75 2.5 30% 

4 0.75 2.5 30% 
i :  



Table 18. List of Test Configurations 

File Name 
Flow Profile Arrn 

HI c x a Arrav F C ~  MC' 
Uniform 117 th WD Single Mtltiple 

A02001 f 0 f 0.25 - 20 - n 

A03501 f 0 f 0.25 - 3 5 - - 0 

A06001 f 0 f 0.25 - 60 - 0 

A09n01 f 0 f 0.25 - 90 - - 0 

A12001 f 0 f 0.25 120 - - 0 

A14501 f 0 f 0.25 - 145 - - 0 

A16001 f 0 f 0.25 - 160 - - 0 

BOZOOl f 0 f 0.5 - 20 - - 0 

BObOOl f 0 f 0.5 - 60 - - 0 

BOY001 f 6 f 0.5 - 9Q - - 0 

BlZOOl f 0 r' 0.5 - 120 - - 0 

El6001 f 0 f 0.5 - 160 - - 6 

C02001 f 0 f m - 20 - - 0 

C03501 f 0 f m - 35 - - 0 

CObOOl f 0 f (D - 60 - - 0 

co9on1 f 0 f - - 90 - - 0 

UOZOOl f 0 f 0.25 1.5~ 20 1 - 0 

DO2101 f 0 4 0.25 1.5~ 20 2 - 0 

DO2201 f 0 f 0.25 1.5~ 20 5 - 0 

DOj5U1 f 0 f 0.25 1.5~ 35 1 - 0 

DO3601 f 0 / 0.25 1.5~ 35 2 - 0 

DO3701 f 0 f 0.25 1.5~ 35 5 - 0 

f 0 f 1 Dl4501 0.25 1.5~ 145 ,- 0 

D146C1 J 0 f 0.25 1.5~ 145 2 - 0 

Dl6001 / 0 / 0.25 1.5~ 160 1 - 0 

Dl6101 f 0 f 0.25 1.5~ 160 2 - 0 

EO2OOl f 0 f 0.25 2.0~ 20 1 F 0 

E02101 f 0 f 0.25 2.0~ 20 2 - 0 

EOL201 / 0 f 0.25 2.0~ 20 5 - 0 

E03501 f 0 f 0.25 2.0~ 35 1 - 0 

E03601 f 0 f 0.25 2.0~ 35 2 - 0 

E03701 f 0 f 0.25 2.0~ 35 5 - 0 

EO6OOl f 0 / 0.25 2.0~ 60 1 - 0 

E06101 f 0 f 0.25 2.0~ 60 2 - 0 

E06201 f 0 f 0.25 2.0~ 60 S - 0 

E09001 f 0 f 0.25 2.0~ 90 1 - 0 

E09101 f 0 f 0.25 2.0~ 90 2 - 0 

E09201 f 0 f 0.25 2.0~ 90 5 - 0 

El2001 J 0 J 0.25 2.0~ 120 1 - 0 

El2101 f 0 t 0.25 2.0~ 120 2 - 0 

El2201 f 0 f 0.25 2.0~ 120 5 - 0 

El4501 f 0 f 0.25 2.0~ 145 1 - 0 

El4601 f 0 f 0.25 2.0~ 145 2 - 0 

El0 701 f 0 f 0.25 2.0~ 145 5 - 0 

El6001 f 0 f 0.25 2.0~ 160 1 - 0 

El6101 4 0 4 0.25 2.0~ 160 2 - 0 

El6201 f 0 f 0.25 2.0~ 160 5 - 0 

F03501 f 0 f 0.25 3.0~ 35 1 - 0 

l d r f l t l L d  I n  Table 17 

'dct lned Ln Flgure 24 



Table 18. (continued) 

Flov Profile Arra 
Uniform 117 c h  WD Single Miltlple 'IC 

X a Array 0 fC MC 

F03601 / 0 4 0.25 3.0~ 35 2 - 0 

F03701 4 0 / 0.25 3.0~ 35 4 - n 

Fob001 4 0 J 0.25 3.0~ 60 1 - 0 

F06101 4 0 4 0.25 3.0~ 60 2 0 

PO6201 4 0 4 0.25 3 . 0 ~  60 4 0 

F12001 4 0 4 0.25 3.0~ 120 1 - 0 

F12101 / . O  / 0.25 3.0~ 120 2 - 0 

F12201 / 0 4 0.25 3.0~ 120 4 - 0 

F14501 f 0 J 0.25 3 . 0 ~  145 1 - 0 

F14601 4 0 : 0.25 3.0~ 145 2 - . O  

F14701 v' 0 / 0.25 3 . 0 ~  145 4 - 0 

GO2001 / 0 / 0.25 - 20 - - 0 

GO3501 / 0 / 0.25 - 35 - 0 

GO6001 J 0 J 0.25 - 60 - - 0 

GO9001 4 0 / 0.25 - 90 - - 0 

C12001 J 0 J 0.25 - 120 - - 0 

G14501 / 0 / 0.25 - , 145 - 0 

~16001 4 0 J 0.25 - 160 - - 0 

GO1101 4 0 J 0.25 3 5 7 0 

GO1201 J 0 v' 0.25 - 35 - 8 0 

GO1301 4 0 J 0.25 - 35 - 1 0 

GO1401 / 0 4 0.25 - 35 9 0 

GO1501 / 0 4 0.25 - 35 - 10 0 

GO2101 / 0 J . 0.25 - 145 7 0 

GO2201 / 0 / 0.25 - 145 - 8 0 

GO2301 / 0 J 0.25 - 145 - 1 0 

GO2401 / 0 , f 0.25 - 145 - 9 0 

GO2501 J 0 J 0.25 - 145 - 10 0 

HOZOOl 4 0 4 0.25 1.5~ 20 1 - 0 

HOZlOl / 0 4 0.25 1 . 5 ~  20 2 - 0 

H02201 / 0 J 0.25 1.5~ . 20 5 - 0 

H03501 / 0 / 1 0 0.25 1 . 5 ~  35 

~03601 J 0 J 0;25 1.5~ 35 2 - 0 

H03701 / 0 r /  . 0.25 1.5~ 35 5 - 0 

HI4501 / 0 J 0.25 1.5~ 145 1 0 

H14601 / 0 / 0.25 1.5~ 145 2 - 0 

J J HI6701 0 ' 0.25 1.5~ 145 5 - 0 

Hl6OOl v' 0 / 0;25 1.5~ 160 1 - 0 

H16101 J 0 J 0.25 1.5~ 160 2 0 

Hl62Ol / 0 / 0.25 1.5~ 160 5 0 

I02001 . / 0 4 0.25 2 . 0 ~  20 1 - 0 

102101 / 0 / 0.25 2 . 0 ~  20 2 - 0 

I02201 4 0 / 0.25 2 . 0 ~  20 5 - 0 

I03501 4 0 J 0.25 2.0~ 35 1 - ,  0 

163601 / 0 . / 0.25 2.0~ 35 2 - 0 

I03701 / 0 f 0.25 2 . 0 ~  35 5 - 0 

I06001 .' 0 4 0.25 2.0~ 60 1 0 

I06101 / 0 J 0.25 2.0~ ' 60 2 - 0 



. . 

 able 18. (continued) , .. . 

Name Flow P r o f i l e  Arra 
X 0 Array 0 FC NC 

"ni.form 117 t h  VD Single & t i p l e  

I06201 J 0 f 0.25 2 . 0 ~  60 5 
- 0 

I09001 L! 0 f 0.25 2 . 0 ~  90 1 
- ' 0  

. - 
I09101 J 0 f 0.25 2 . 0 ~  90 2 

- 0 
, - 

109201 f 0 f 0.25 2 . 0 ~  90 5 
- 0 

112001 f 0 J 0.25 2 . 0 ~  120 1 - 0 

I12101 / 0 J 0.25 2 . 0 ~  120 2 - ' P  
I12201 4 0 J 0.25 2 . 0 ~  120 5 - 0 

114.5fll 4 0 f 0.25 2 . 0 ~  145 1 - 0 
114601 J 0 J 0.25.  2 . 0 ~  145 2 

- 0 

114701. 4 0 f 0.25 2 . 0 ~  145 5 - 0 

I16001 f 0 f 0.25 2 . 0 ~  160 1 - 0 

I16101 / 0 ' f 0.25 2 . 0 ~  160 2 - 0 

11.6201 f 0 f 0.25 2 . 0 ~  160 5 - 0 

303501' / 0 I/ 0.25 3 . 0 ~  3.5 1 - 0 

503601 4 0 f 0.25 3 . 0 ~  35 2 - 0 

303701 / 0 / 0.25 3 . 0 ~  35 4 - 0 

506001 ' J 0 f 0.25 3 . 0 ~  60 1 - 0 

506101 f 0 f 0.25 3 . 0 ~  60 2 - 0 

f Job201 f 0 0.25 3 . 0 ~  60 4 - 0 

512001 f ' 0  f 0.25 3 . 0 ~  120 1 - 0 

512101' - f 0 / 0.25 3 . 0 ~  120 2 - 0 

f J 512201 ' 0 0.25 3 . 0 ~  120 4 - 0 

316501 . d  0 4 0.25 3 . 0 ~  145 1 - 0 

f 
. . 3: 

514601 . f 0 0.25 3 . 0 ~  145 2 - 0 

J14701 J 0 f 0.25 3 . 0 ~  145 4 - 0 

~01501 f 0 / 0.25 2 . 0 ~  35 1 5 0 

KO1601 f 0 f 0.25 2 . 0 ~  35 2 5 0 

KO3701 f 0 f ,  0.25 2 . 0 ~  35 5 
5 0 

J f KO9001 0 0.25 2 . 0 ~  .90 1 5 0 

KO9101 J 0 / 0.25 2 . 0 ~  90 2 5 0 

KO9201 f 0 J 0.25 2 . 0 ~  90 5 5 0 

" K14501 / .  0 f 0.25 2 . 0 ~  145 1 5 0 

Kl4601 4 0 / 0.25 2 . 0 ~  145 2 5 . .  0 

f f ~ 1 4 7 0 1  0 0.25 2 . 0 ~  145 5 5 0 

K16001 4 0 f 0.25 2 . 0 ~  160 1 5 .  0 

K16101 4 0 4 0.25 2 . 0 ~  160 2 5 0 

K16201 / 0 f 0.25 2 . 0 ~  160 5 5 0 

LO3501 ' f 9 0.25 2 . 0 ~  35 1 l .  0 

LO3601 i o f 0.25 2 . 0 ~  35 2 1 o 

f03101 f 0 f 0.25 2 . 0 ~  35 5 1 0 

LO9001 4 0 f 0.25 2 . 0 ~  90 1 1 0 

LO9101 J 0 f 0.25 2 . 0 ~  90 2 1 0 

LO9201 / 0 f 0.25 2 . 0 ~  90 5 1 0 

~ 1 4 5 0 1  f o / 0.25 i . 0 ~  145 1 1 : 0 
~ 1 4 6 o i  f o . f 0.25 ' 2;0c 145 2 l .  0 

L14701 f 0 ' f 0.25 2 . 0 ~  145 
" . 

5 1 0' 
LlhOOL f ' 0 J 

. . 
0.25 2 . 0 ~  160 . 1 l .*  . o  

LlhlOl / 0 f 0.25 2 . 0 ~  160 2 1 0 



Table 18. (cdnt inued) . . 

File Name 
Flow Profile 

Uniform 117 th 

J 

J 

J 

J 

4 ,  

f 

J 

J . .  

J 

f 

J 

f 

Aira 
Single dltiple ' 'Ic x 

4 0.25 2.0~ 

/ 0;25 2.0~ 

4 0.25 2.0~ 

f 0.25 2.0~. 

. 0.25 2 . 0 ~  

J 0.25 2.0~ 

. 0.25 2.0~ 

f 0.25 2.0~ 

J 0.25 2 . 0 ~  

4 0.25 2.0~ 

/ 0.25 2.0~ 

f 0.25 2.0~ 

J .  0.25' 2.0~ 

f 0.25 2:Oc 

v' 0.25 . .2.0c 

f 0.25 2.0~ 

f 0.2s , 2.0~ 

f -0.25 2.0~. 

4 . 0.25 2.0~ 

f . 0.25 2.0~ 

f 0.25 . 2.0~ 

f 0.25 2.0~ 

f 0.25 2.0~ 

/ .  0.25 2.0~ 

/ 0.25 2.0~ 

/ 0.25 2.0~ 

J 0.25 2.0~ 

f 0.25 2:Oc 

4 0.25 2.0~ 

/ 0.25 2.0~ 

f 0.25 2 . 0 ~  

. . J 0.25 2.0~ 

J 0.25 2;0c 

' 4 0.25 2.0~ 

/ 0.25 2.Oc 

J .  0.25 2.0~ 

/ 0.25 2.0~ 

/ .  0.25 2;Oc 

2 0.25' 2.0~ 

/ 0.25 2.0~ 

/ 0.25 210c 

/ 0.25 2.0~ 

/ 0.25 , 2.0~ 

J 0.25 2 . 0 ~  

4 0.25 2.0~ 

f 0.25 2.0~ 

/ 0.25 2.0~ 

J 0.25 2.0~ 

a . Array 0 

160 S 

35 , 1 

35 2 

35 s 
90 1 

90 2 

90 5 

145 1 

145 '2 

145 . S  

160 1 

160 2 .  

160 5 

35 1 

35 . 1 

35 1 

35 - 1 

35 1 

145 1 

145 1 



Table 18. (continued) 

File Name Flow Profile Arro 

UniEorm 117 t h  Single dltiple 'IC x a Array 0 FC MC 

011201 f 0 4 0.25 2.01 35 2 8 0 

011401 J 0 4 0.25 2.01 35 2 9 0 

011501 / 0 4 0.25 2 . 0 ~  3s 2 10 0 

012101 4 0 4 0.25 2.01 145 2 7 0 

012201 f 0 4 0.25 2.01 145 2 a 0 

012401 / 0 / 0.25 2.01 145 2 9 0 

011501 4 0 / 0.25, 2.01 145 2 10 0 

P O R S O ~  J o (eke) 0.25 2.01 35 I 1 Q 

PO3601 J 0 (edge) 0.25 2 . 0 ~  35 2 1 0 

PO3701 4 0 ( )  0.25 2.01 25 5 1 0 

PI4501 4 0 (1) 0.25 2.01 145 1 1 0 

P14601 J 0 ( 1  0.25 2.0~ 145 2 1 0 

P14701 f 0 , 0.25 2.01 1 0  5 1 0 

903501 / 0 0.25 2.01 35 1 
(@ 

- 0 

Q03601 / 0 ( 0.25 2.01 35 2 - U 

903701 J 0 ( )  0.25 2.01 35 5 . -  0 

Q14501 / 0 0.25 2.01 145 1 - 0 

414601 4 0 0.25 2-01 145 2 - 0 

Q14701 J 0 0.25 2.01 145 5 - 0 
(e ge) 

ROllOl f 4 5 J 0.25 2.01 . 35 1 1 0 

R02101 4 , 45 J n.25 2.0~ 145 1 1 o 

ROl2Ol J 45 / 0.25 2.01 35 1 2 0 

RO22Ol 4 45 J 0.25 2.01 145 1 ' 2  0 

R01301 / 4 5 J 0.25 2.01 35 1 3 0 

J RO2 301 45 J 0.25 2.01 145 1 3 0 

R01401 J 4 5 J 0.25 2.0~ 35 1 4 0 

R02401 J 4 5 f 0.25 2.01 I45 1 4 0 

RlllOl 4 45 4 0.25 2.01 35 1 1 1 

R12101 4 45 / 0.25 2.01 145 1 1 1 

R11201 J 45 J 0.25 2.01 35 1 2 1 

Rl22Ol / 45 / 0.25 2.01 145 1 2 1 

it11301 4 45 J 0.25 2.0~ 35 1 3 1 

R12301 f 45 J 0.25 2.01 145 1 3 1 

R2llOl J 45 / 0.25 2.0~ 35 1 1 2 

RZZlOl 4 45 4 0.25 2.0~ 145 1 1 2 

R31101 / 4 5 / 0.25 2.01 35 1 1 3 

R32101 / 45 / 0.25 2.01 145 1 1 3 

SO1101 4 45 / 0.25 2.01 35 2 1 0 

SO2101 4. 4 5 / 0.25 2.01 145 2 1 0 

so1201 J 45 J 0.25 2.0~ 35 2 2 0 

Sot201 J 45 J 0.25 2.01 145 2 2 0 

soi3oi f 65 J 0.25 ' 2.0~ 35 .2 3 o 

SO2301 / 4 5 4 .  0.25 2.01 145 2 3 0 

SO1401 4 45 J 0.25 2.01 35 2 4 0 

SO2401 f 45 / 0.25 2.01 145 2 4 0 

slllol J 4 5 f 0.25 2.0~ 35 2 . .1 1 

~12101 J. 45 J 0.25 2 . 0 ~  145 2. 1 1 

$11201 / 45 J 0.25 2.0~ 35 2 2 . 1  



Table  18. (continued) 

File Name Flow P r o f i l e  A r r a  

Uniform 117 t h  ? S i n g l e  H z l t i p l e  'IC 
a A r r a y  I/ FC MC 

S12201 4 4 5 4 0.25  2 . 0 ~  1 4 5  2 2 1 

S11301 J 4 5 J 0.25 2 . 0 ~  35 2 3 1 

S12301 f 4 5 / 0 . 2 5  2 . 0 ~  1 4 5  2 3 1 

S21101 / 4 5 J 0.25 2 . 0 ~  35 2 1 2 

S22101 J 4 5 4 0 . 2 5  2 . 0 ~  1 4 5  2 1 2 

S31101 4 4 5 / 0 . 2 5  2 . 0 ~  35 2 1 3 

S32101 J 4 5  / 0 . 2 5  2 . 0 ~  1 4 5  2 1 3 

TO1101 J 4 5  4 0.25  2 . 0 ~  35 3 1 0 

TO2101 J 45 4 0 . 2 5  2 . 0 ~  1 4 5  3 1 0 

TO1201 / 4 5 4 0 . 2 5  2 . 0 ~  35 3 2 0 

TO2201 / 4 5 J 0 . 2 5  - 2 . 0 ~  1 4 5  3 2 0 

TO1301 4 4 5 J 0 . 2 5  2 . 0 ~  35 3 3 0 

TO2301 / 4 5  4 0 . 2 5  2 . 0 ~  145 3 3 0 

TO1401 J 4 5 / 0.25  2 . 0 ~  35 3 6 0 

TO2401 / 4 5  / 0 . 2 5  2 . 0 ~  1 4 5  3 4 0 

T l l l O l  J 4 5 J 0 . 2 5  2 . 0 ~  35 3 1 1 

T12101 J 4 5  4 0 . 2 5  2 . 0 ~  1 4 5  3 1 1 

T11201 4 4 5  J 0.25 2 . 0 ~  35 3 2 1 

TI2201 / 4 5 / 0 . 2 5  2 . 0 ~  1 4 5  3 2 1 

T11301 J 4 5  / 0.25 2 . 0 ~  35 3 3 '  1 

T12301 4 4 5 4 0.25  2 . 0 ~  1 4 5  3 3 1 

T21101 J 4 5 J 0 . 2 5  2 . 0 ~  35 3 1 2 

T22101 / 4 5 J 0.25 2 . 0 ~  145 3 1 2 

T31101 J 4 5 / 0 . 2 5  2 . 0 ~  35 3 1 3 

T32101 J 45 / 0 . 2 5  2 . 0 ~  1 4 5  3 1 3 

U03501 J 4 5  / 0 . 2 5  2..Oc 35 1 '  0 

U03601 J 4 5 / 0 . 2 5  2 . 0 ~  35 2 - 0 

U03701 J 4 5 J 0 . 2 5  2 . 0 ~  35 3 0 

u145r-11 J 4 5 J 0.25 2 . 0 ~  1 4 5  1 o 

U14601 / 4 5 J 0 . 2 5  2 . 0 ~  145 2 - 0 

U14701 4 45 J 0 . 2 5  2 . 0 ~  145 3 0 

V03501 4 45 J 0 . 2 5  2 . 0 ~  35 1 1 

V03601 4 4 5 f 0 . 2 5  2 . 0 ~  35 2 - 1 

V03701 4 4 5 J 0.25  2 . 0 ~  35 3 - 1 

V14501 / 4 5 J 0 . 2 5  2 . 0 ~  1 4 5  1 - 1 

V14601 4 4 5 J 0 . 2 5  2 . 0 ~  1 4 5  2 - 1 

V14701 J 45 J 0.25 2 . 0 ~  1 4 5  3 - 1 

W03501 4 0 (edge) 0 . 2 5  2 . 0 ~  35 1 
0 - (1:12) 

W03601 / 0 0.25 2,Oc 35 2 
0 - (1:12) 

W03701 / 0 .  (e 0.25 2 . 0 ~  35 5 .  
0 - (1:lZ) 

W14501 4 0 ( )  0 .25  2 . 0 ~  145 1 - (1:12) 0 

w146o1 4 o (ef.) 0 .25  2 . 0 ~  1 4 5  2 - (1:12) 0 

W14701 4 0 (, ge) 0 . 2 5  2 . 0 ~  1 4 5  5 - (1:?2) 

xo35o1 J .  o ( e f )  0 .25  2.0.: 35 1 ( I : ] ? )  o 

X03501 / 0 0 . 2 5  2 . 0 ~  35 2 0 1 (1:12) 

XI4501 / .  o ::J:: 0 . 2 5  2 . 0 ~  1 4 s  1 (1:12) n 

X14601 J 0 ( )  0 . 2 5  2 . 0 ~  1 4 5  2 (1 :?2) 

203501 J 0 J 0 . 2 5  - 35 - 0 - (1:12) -- 



APPENDIX B 

Pressure Data Referenced to 10 m on Prototype 



This  appendix p r e s e n t s  t h e  d a t a  supplement c o n s i s t i n g  o f  t h e  

v e l o c i t y  and t u r b u l e n t  p r o f i l e  o f  t h e  nonuniform flow, t h e  d i g i t i z e d  

p r e s s u r e  d a t a  r e f e renced  t o  10 m on p ro to type  and t h e  v a r i o u s  p l o t s  

o f  p r e s s u r e  d i s t r i b u t i o n  a long  t h e  chord o f  t h e  s o l a r  a r r a y .  

Pressure  c o e f f i c i e n t s  a r e  de f ined  i n  Sec t ion  3.2 on t h e  main 

r e p o r t .  The p r e s s u r e  t a p  numbers shown i n  Appendix B a r e  def ined  

t h a t ;  on t h e  upstream s u r f a c e  o f  t h e  s o l a r  a r r a y ,  t h e  number runs  

1 through 10 from t h e  edge where s / c  = 0,  and on t h e  downstream 

s u r f a c e ,  20 through 11. The f i l e  name f o r  each t e s t  c o n f i g u r a t i o n  

is  formulated as fo l lows .  

COHF I G U R I \ T I O N  & U I N D  D I R .  122 T U B I N G  N O .  

F i l e  name R 12201 

Force and model con f igu ra t ions  a r e  schemat ica l ly  expla ined  i n  

F igures  22 and 24 o f  t h e  main r e p o r t ,  r e s p e c t i v e l y .  Fence configu- 

r a t i o n s  a r e  a l s o  t a b u l a t e d  i n  Table 17 o f  t h a t  r e p o r t .  



List of Run Configurations 

Flow Profi le  Arra 
Uniform 117 th  VO Single d l t i p l e  H l c  

X a Array FC MC 



Flov Profile 
File Name 

. . Arra 
Uniform 117 t h  WD Single Miltiple 

H/c x a Array /I 
-- 



File Name 
Flow Profile Arra 

Uniform 117 th Single Uzltiple 

4 0 f 

f 0 4 

f 0 f 

f' 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f' 

f 0 f' 

i/ 0 f 

f 0 f' 

I! 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

f o i 
/ 0 f 

f 0 f 

f 0 f 

f 0 / 

f 0 f 

f' 0 f 

f 0 f 

f 0 f 

f 0 f 

f 0 f' 

f 0 f 

f 0 f 

f 0 f 

f ' .  0 f' 

f 0 f . 

f 0 f 

f 0 f 

f 0 f 

f 0 f 

; 0 f 

f 0 f 

f 0 f' 

f 0 f 

f 0 f 

f 0 f' 

f 0 J 

f 0 f 

Array I! FC MC 



File Name 

L16201 

M03501 

M03601 

M03701 

MO9OOl 

M09101 

M09201 

M14501 

MI4601 

MJ.4701 

MJ.6001 

M16101 

MJ.6201 

NO1101 

NO1201 

NO1301 

NO1401 

NO1501 

NO2101 

NO2201 

NO2301 

NO2401 

NO2501 

NlllOl 

N11201 

N11401 

N11501 

N12101 

N12201 

N12401 

N12501 

N23401 

N24401 

N25401 

N33401 

N34401 

N35401 

001101 

001201 

001301 

001401 

001501 

002101 

002201 

002301 

002401 

002501 

011101 

Flow Profile 
Uniform 117 th 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J'  

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J .  

J 

J 

J 

J 

J 

J 

J 

4 
J 

J 

J 

.J ' 

4 

J 

J 

Arra 
Single Milciple 

0 J 

0 J 

0 J 

0 J 

0 J 

0 J 

0 J 

0 J 

0 /. 

0 J 

0 J 

0 J 

0 J 

0 J 

0 4 



File Name 

011201 

011401 

011501 

012101 

012201 

012401 

012501 

PO3501 

PO3601 

PO3701 

P14501 

P14601 

P14701 

403501 

403601 

403701 

414501 

414601 

414701 

ROllOl 

R02101 

R01201 

R02201 

H01301 

R02301 

R01401 

R02401 

RlllOl 

R12101 

R11201 

R12201 

R11301 

K12301 

R21101 

It22101 

R31101 

R32101 

SO1101 

SO2101 

SO1201 

SO2201 

SO1301 

SO2301 

SO1401 

SO2401 

s11101 

S12101 

S11201 

Plow Profile Arra 

Uniform 1/7 th Single nEltiple 
Array 0 



P Flow P r o f i l e  Arra 
Name Uniform 117 th  

H/c 
WD Single d l t i p l e  . x 

a Array I\ FC MC 

J 0.25 2 . 0 ~  145 

4 0.25 2 . 0 ~  35 

J 0.25 2 . 0 ~  145 

I/ 0.25 2 . 0 ~  35. 

. J  0.25 2 . 0 ~  35 

J 0.25 2 . 0 ~  .35 

J 0.25 2 . 0 ~  145 

J 0.25 2 . 0 ~  145' 

J 0.25 2.05 145 

4 0.15 2 . 0 ~  35 

I/ 0.25. 2.0:: 35 

J 0.25 2 . 0 ~  35 

/ 0.25 2 . 0 ~  145 

1/ 0.25 2 . 0 ~  145 

J 0.25 2 . 0 ~  145 

(edge) 0.25 2 . 0 ~  35 

(edge) 0.25 2 . 0 ~  35 

. (edge) 0.25 . ' 2 .0~ .  35 

cedeel 0.25 2 . 0 ~  145 

(==PI 0.25 2 . 0 ~  145 

(, ge) 0.25 2 . 0 ~  145 

0.25 2.0q 3 5 

(efe) 0 . 2 5  2.Oc 35 

(, ( e l e )  ge) 0.25 2 . 0 ~  145 

iedge) 0.25 2 . 0 ~  145 

J 0.25 - 35 
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f4F P!EAti RWS N A X  R I N  T A P  M E A N  R # S  M I X  I I N  T A P  NEIN R R S  NIX #I#  T A P  M E ~ ~ N  RKI ~ k %  MIN 

D A T A  F O R  F R O J E C T  6 6 2 2  C G N F I G .  F U l N D  D I R .  6 0  T U B I N G  N O .  1  D A T A  F O R  P R O J E C T  6 0 2 2  CONFIC. F MIND D I R .  6 1  T U B I N G  N O .  1 

T A F  AEAI4  R;1E MRX n I N .  T R P  M E A N  R R S  M I X  P l I W  TIP M E Q H  R R S   AX' NIN TIP PIER!( R N S  IAX AIN 

f i k T A  F O R  P L O J E C T  6 0 2 2  C O t I F I C .  F M!ND D I R .  6 2  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6022  C O N F I G .  F  U I W D  D I R .  1 2 0  T U B I N G  N O .  1 

T A P  G ;  = E S  ~ R X  R : N  TIP NERN ~ n s  M A X  MIN T A P  R E A N  R M S  N A X  RIN T ~ P  N E R N  R N S  R R X  MIN 



G I T M  F O E  F R O J E C T  6 0 2 2  C O N F I G .  F  M I N D  E ! R .  1 2 1  T U B I N G  N O .  1 O A T I  F O E  P R O J E C T  6 0 2 2  C O N F I C .  F  U ! n D  o r R .  1 2 2  T U B I N G  N O .  1 

T A F  n E k M  R N S  H A X  H I N  T A P  R E I N  RMS M R X  N I N  T I P  R E A N  R N S  A I X  M I N  T A P  H E A N  RMS A k X  n l N  

O ~ T G  F O E  P R O J E C T  6 0 2 2  C O N F I G .  F  M I N D  D I R .  1 4 5  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  F  M I N D  D I R .  1 4 6  T U B I N G  N O .  1  

T G F  R E A N  R R S  H A X  n I n  T A P  N E A N  R H S  R A X  HIN T G P  H E A N  R N S  n f i x  n ~ t i  T A P  H E G ~ I  R H S  R G X  n r n  

D a T A  F O E  P R O J E C T  6022 C O N F I G .  F  M I N D  D I R .  1 4 7  T U B I N G  N O .  1. D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  C  D I N D  D I R ,  2 0  T U B I N G  N O .  1 

T A F  R E I N  Et!S R A X  M I N  T,AP M E A N  R N S  M A X  F I I N  T A P  R E A N  E N S  A X  A I N  T A P  H E A N  R H S  A  R I N  



D R T f i  F O P  P R O J E C T  6.0.22 C O N F I G .  F U I N D  D I R .  1 4 7  T U B I N G  N O .  1 

T f i P  f l E A N  R1S5 WfiX' R I t l  T R P  H E R t l  R R S  H A X  f l I N  

D f i T i i  ' F O E  P R O J E C T  6022 C O N F I C .  C  U I N D  D I R .  . 35 . T U B I N G  N O .  1 

T A F  M E B N  ENS # A X  H I M  . T A P  HEfiN RWS H f i X  f l I N  

D A T A  FOF: P R O J E C T  6022 C O N F I G .  C M I N D  D I R .  .90 T U B I N G  N O .  1 

T R P  K E R t l  R W S -  P?AX 1 T A P  R E A N  RWS R B X  P I I N  

D A T R  F O P  P R O J E C T  6022 C O N F I C .  C '  M I N D  D I R .  20 T U B I N G  N O .  1 

T A P  n E A N  RIIS 9 %  M I n  T A P -  M E A N  RHS H A X  f l l N  

D L T L  FOE! P R O J E C T  6022 C O N F I C .  C M l H D  D I R .  60 T U B I N C  . N O .  1 

T L P  N E ~ N  R n s  H R X  1 r n p  n E n n  R N S  R n x  n r N  

D f i T A  F O B  P R O J E C T  6022 C O N F I G .  S M I ! I D  D I R .  1 2 0  T U B I N G  N O .  1 

T A P  R E k N  !?nS f!BX n 1 N  T R P  R E A N  R5S R A X  M I N  



G f i T G  F O R  P R O J E C T  6 0 2 2  C O I I F I G .  C V I N D  D I R .  1 4 5  T U B I N G  N O .  1 D A T A  F O E  P R O J E C T  6 0 2 2  C O N F I G .  C . M I N D  D I R .  1 6 0  T U B I H G  N O .  1 

T Q P  R E G I ~  E S S  n s x  r ~ ~ n  T R P  R E A N  R U S  M A X   IN T R P  q ~ ~ t i  E I ~ S  M B X  A I N  TIP. ~ I E ~ I I  R N S  R R X   IN 

, 4 7 4  , 1 2 9  
. 4 5 *  , 1 2 2  
:395 , 1 1 0  
. 3 4 6  . 399 
, 2 7 6  , 0 8 6  

4 .. . r c l  . t i 7 8  
. 0 4  7 . 0 6  E 

- 4  6 5 6  

C A T A  F O F  P R O J E C T  6 0 2 2  C O t i F I G .  C U l N D  D I R .  1 1  T U B I N G  N O .  1 D R T R  F O R  P R O J E C T  6 0 2 2  C O H F I G .  G  W I N G  D I R .  1 2  T U B I N G  N O .  1  

T ~ F  REQI! rns nax t i r ~  T ~ P  N E R N  R H S  M A X   IN T R P  R E A N . R A S  N B X .  N : N  T A P  HE.RN R Y S  R A X  R:N 

D B T k  F O R  P R O J E C T  6 6 2 2  C O N F I G .  C U l N D  D I R .  13 T U B I N G  N O .  1  D A T A  F O E  P R O J E C T  6 0 2 2  C O N F I G .  C V l N D  D I R .  1 4  T U e I t I G  N O .  1 

T f i F  R E k N  EMS M R X  U I N  T A P  # E R N  R U S  r I A X  R I N  T B P  N E A N  E M S  f i A X  . U I N  T k P  n E I N  R R S  M G X  Pi1 ti 



G 1 T 1  F O R  F E O J E C T  6 0 2 2  C O N F I G .  C  M l N D  D I R .  IS T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. G Y ~ W D  DIR.  2 1  TUBING N O .  1 

T A P  R E A N  R n S  1 A I N  T A P  H E A N  RflS # A X  n 1 N  T A P  N E A N  R 4 S  f l A X  H I #  T A P  H E R N  R N S  M A X  R l N  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  C  M I N D  D I R .  2 2  T U B I N G  N O .  1 DAJA F O R  PRO'JECT 6 0 2 2  C O N F I G .  C M I N D  D I R .  22 T U B I N G  N O .  1 

T A P  M E A N  E N S  R I X  W I N  T A P  M E A N  R N S  . # A X  B I N  T I P  M E A N  R f l S  !TAX # I N  T A P  R E A N  R A S  M A X  R I N  

O A T U  F O R  P R O J E C T  6 0 2 2  C O N F I C .  C M I N D  D I R .  2 4  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  G  Y l N D  D I R .  2 5  T U B I N G  N O .  1 

T A P  N E A N  R N S  WAX f l I N  T A P  N E A N  RH'S . # A X  P I [ N  , T A P  f l E L N  R R S  WLX R I N  T A P  # E L I 4  R H S  A X  M I N  



D h T f i  F O R  P R O J E C T  6 0 2 2  CO'NFIG. H W I N D  D I R .  2 0  T U B I N G  N O .  1 D k T h  F O R  F R O J E C T  6 1 2 2  C O N F I G .  H W I N D  D I R .  21, T U B I N G  N O .  1 

T A P  N E R H  E N S '  N A X  NIN TIP H E A N  R M S  W R X  FIN TIP FIEAH R F ~ S   AX n r t i  T A P  n ~ a n  ~ n s  r r a x .  n i n  

D f i T I  F O R  P R O J E C T  G O 2 2  C O N F I G ;  H M I N D  D I R .  2 2  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  L O 2 2  C O N F I G .  H V I N D  D I R .  35 T U B I N G  N O .  1 

T A P  R E R N  R R S  A A X  N I N  T A P  f l E A N  R H S  R f i X  A I N  T R P  N E A N  R f l S  N f i X '  f l I N  T f i P  R E R N  R f l S  M A X  f l I N  

D A T A  F O R  P R O J E C T  6022  C O H F I G .  H  W I N D  D I R .  36 T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG.  H Y I W D  D l R .  3 7  T U B I N G  N O .  1 

T A P  M E A N  sns M A X  MIN T A P  R E A H  RH.S R A X  MIN T A P  a n s  nax  HIH T A P  R E A H  R H S  R A X  RIH 



' D h T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  H U I N D  D I R .  1 4 5  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O H F I G .  H  U l H D  D I R .  1 4 6  T U B I N G  N O .  1 

T A P  H E A N  R H S  M A X  WIN T A P  M E A N  R H S  .wax n ~ n  T A P  HERN R H S  R A X  HIN T A P .  A E R N  R H S  H R X  1 . 1 1 ~  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  H  M I N D  D I R .  1 4 7  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. K M I N D  DIR. 1 6 0  TUBING N O .  1 

T f i P  R E I N  R R S  M I X  W I N  T A P  M E A N  R H S  A X  i l I N  T A P  H E A N  R R S  M A X '  f l I N  T R P  A E A N  R N S  f l h X  R I N  

OATfi F O R  P R O J E C T  6 0 2 2  C O N F I G .  H M I N D  D I R .  1 6 1  T U B I N G  N O .  1 D A T A  F O E  P R O J E C T  6 0 2 2  C O N F I G .  H B I N D  D I R .  1 6 2  l U 8 I N G  N O .  1 

T R P  f i E k N  E N S  U I X  H I N  T A P  R E A N  R f l S  H k X  R I N  T h P  N E k N  RWS t l h X  N I N  T L P  R E I N  R H S  R A X  M I H  



D b T A  FOR P R O J E C T  6022 C O N F I C .  I U I N D  D I R .  20 T U B I N G  NO.  1 D A T b  FOR PROJECT 6022 C O N F I G .  I M I N D  D I R .  21 T U B I N G  NO.  1 

T A P  H E A N  RHS H A X  I N  T A P  ~ E A N  R H S  R A X  HIN T A P  M E A N  R U S  H A X  IIIN TAP.  H E A N  RHS R A X  FIIN 

DATA FOR PRO'JECT 6022  CONFI 'C.  I MIND D I R .  22 T U B I H C  NO. 1 D A T A  F O R  P R O J E C T  6022 COIFIC. I MIND D ~ R .  3s TUBING N O .  1 

TRP HEAN RHS HAX M I N  T A P  HEAW RHS AAX H I N  T A P  MEAN RHS HAX H I N  TAP MEAN RHS H A X  M I N  

D A T A  F O R  P R O J E C T  6022 C O N F I C .  I M I N D  D I R .  1 6  T U B I N G  NO. 1 D A T P  FOR PROJECT 6022 C O N F I C .  I M I N D  D I R .  37  'TUB'INC NO. 1 

T A P  H E A N  RHS MAX M I N  T A P  MEAN RMS HRX H I N  T A P  HERN RHS H b X  R I N  T A P  H E A N  RHS MAX H I N  



DATA FOR PROJECT 6 0 2 2  CONFIG.  I M I N D  D I R .  6 0  T U B I N G  NO. 1 DATA FOR PROJECT 6 0 2 2  C O N F l G .  1  U I M D  D I R .  6 1  T U B I N G  NO. 1  

T A P  H E A N  R M S  M A X  MIN T A P  M E A N  R M S  M A X  T B P  M E A N  R N S  M A X  MIH T A P  M E A N  R H S  MIX n~ n 

DATA FOR PROJECT 6 0 2 2  

T A P  HEAN RMS MAX 

CONFIG.  

M I H  

- .  3 3 2  - . 3 0 8  - . 3 6 7  - , 3 4 9  - . 5 5 5  - . 7 8 8  - . 3 5 4  - , 4 1 3  - . 4 6 0  - . 6 9 4  

I M I N D  D I R .  

TAP MEAN 

6 2  T U B I N G  

RMS MAX 

NO. 1 

R I H  

- . 8 5 5  
- . 9 6 1  - . 8 0 8  - . 5 2 6  - . 8 3 2  - . 7 2 9  
- . 6 1 8  - . 5 5 0  - , 5 5 5  - . 7 8 7  

D A T l  FOR PROJECT 6 0 2 2  

TAP MEAN RMS MAX 

D 'DIR.  

MEAN 

.-. 4 2 1  
- .  4 3 0  
- .  4 3 9  
- . 4 4 1  
- .  4 3 6  
- .  4 4 6  
- .  4 5 3  
-. 4 5  1  
-. 4 3 6  
- .  4 4 9  

9 0  TUBINC NO. 1  

RMS MAX t l I H  

DATA FOR PROJECT 6 0 2 2  C O H F I G .  I U l M D  D I R .  91 T U B I N G  NO. 1 DATA FOR PRO'JECT 6 0 2 2  C O n F l G .  I M I N D  D I R .  9 2  T U B I H ~  NO. 1 

T A P  MEAN RMS A X  M I N  TAP BEAN RMS MAX B I N  TAP MEAN RMS MAX M I N  T A P .  REAM RMS MAX H I M  



D A T A  F O P  P R O J E C T  6 0 2 2  C O N F I C .  I M I N D  D I R .  1 2 4  T U B I N G  N O .  1 D A T ~  F O R  P R O J E C T  6 0 2 2  C O N F I C .  I MIND D I R .  1 2 1  T U B I N G  N O .  1 

T A P  M E A H ' E A S  R A X  NIN T A P  E E R N  R R S  U A X  PIIN T A P  R E A N  R N S  A MIN. T O P  F E R N  R M S  L NIH 
I 

D d T n  F O R  P ~ ~ O J E C T  6 0 2 2  C O N F I C .  I U I N D  D I R .  1 2 2  ' T U ~ I N C  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  I U I N D  D I R .  145 T U B I N G  N O :  ' 1 

T A P  H E A H  RMS MAX I N  T R P  M E A N  RMS M A X  M I H  T A P  H E A N  RMS MAX H I N  T R P  M E R I  R#S R A X  B 1 H  

D A T A  F O R  P R O . J E C T  6 0 2 2  CONFIC.  I VIND DIR.  146 TUBINC * o .  1 D A T A  F O R ' P R O ~ E C T  6 0 2 2  CONFIG.  I VIND D I R .  1 4 7  TUBING N O .  i 

T,nP M E A N  M  M L X  # I N  T A P  H E A N  RMS M A X  M I N  . T A P  M E A N  E M S  MAX I I H  T A P  M E A N  R f f S  A X  # I N  



D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  I M I N D  O I R .  1 6 0  T U B I N G  N O .  1 O A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  I M I N D  D I R .  161 T U B I N G  N O :  1 

T A P  H E L H  R H S  H R X  HIM T A P  H E A N  R H S  W A X  WIN T I P  U E A N  R H S  HRX H I M  T A P  H E A N  R H S  H A X  n I N  

D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG'. I M I N D  D I R .  1 6 2  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  c 0 N ~ i . G .  J UIND O I R .  3s T U B I N G  N O .  1 

T I P  WEAN R R S  RRX R I N  T I P  W E I N  R H S  R A X  P I I N  T I P  R E I N  RMS R I X  R I N  T A P  WEAN R H S  WAX H I M  

D R T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  J  M I N D  O I R .  3 6  TUBING N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG M I N D  D I R .  3 7  TUBING N O .  1 

T R P  U E B N  R H S  H R X  WIN T A P  HEAN R R S  A X  RIN T A P  H E A H  R R S  H A X  MIN T A P  HEIN R R S  R L X  WIN 



D A T A  F O R  P R O J E C T  6022  C O N F I C .  J V I N D  D I k .  60 T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6022 C O N F I C .  J  U l H D  D I R .  61 T U B I N G  'NO. 1 

T R P  R E R N  R U S  f l R X  R I N  T A P  ' H E A N  R H S  U R X  f l I N  T R P  N E f i N  R R S  MAX N I N  T A P -  R E f i H  R R S  R f i X  H I N  

D A T A  F O P  P R O J E C T  6022  CONFIC. J U'IND DIR. 62  TUBIHC N O .  1  D A T A  F O R  P R O J E C T  6022  CONFIG. J UIHD DIR. i 2 0  TUBING N O .  1 

T A P  R E A H  R R S  I A X  I I N  T A P  R E A H  R H S  R A X  I I N  T A P  H E A H  P M S  A A X  R I M  T A P  N E A N  R R S  A  F l I N  

D A T R  F O R  P R O J E C T  6022 C O N F I C .  J M I N D  D l # .  121 T U B I M C  N O .  1  D A T A .  F O R  P R O J E C T  6022  C O N F I G .  J U I U D .  D I R .  122  TUBING N O .  1 

T A P  I E A N ' R U . S  I A X  R I H  T A P  R E A M  R H S  R A X  f l I N  T A P  M E A N  R H S  MAX N I N  T A P  R E A H  RMS H B X  f l I N  

I - .  1 2 5  
2  - . 1 5 6 .  
3 - .  1 6 8  
4 - . 2 0 8  
5 - . 2 0 c  

- .  1 8 5  ' - . I 7 1  
k - . I 6 8  
0 - . I 7 4  

1 0  - .  i e o  



D A T A  F O R  P R O d E C T  6 0 2 2  C O N F I G .  J M I N D  D I R .  1 4 s  T U 8 1 N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F l G .  J U : 4 D  D I R .  1 4 6  T U B I N G  N O .  1 

TIP R E G N  R R S  R R X  RIN T A P  R E A H  R R S  U G X  HIN TIP R E G H  R U S  N R X  . n i ~  T A P  ~EIU R R S  A X  n ~ n  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  J M l N D  D I R .  1 4 7  T U B I N G  N O .  1 O A T A ' F O R  P R O J E C T  6 0 2 2  C O N F I C .  K U l N D  D I R .  39 TUBING N O .  1 

T G P  n E n H  R R S  N A X  RIH T A P  R E A M  R N S  M A X  n I H  T G P  R E A N  R R S  x RIN TIP M E A N  R R S  A X  n r n  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  K M I N D  D I R .  3 6  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  K Y I N D  D I R .  3 7  T U 8 l N C  N O .  1 

TIP N E O N  R R S  M A X  RIN T A P  H E A N  R R S  N A X  nrn  T A P  N E A N  R R S  N A X  RIH TIP R E A H  R R S  NIX RIN 



D L T R  F O R  P R O J E C T  6 0 2 2  C O N F I C .  K U I N D  D I R .  9 0  T U B I N G  N O .  1 D A T R  F O R  P R O J E C T  6 0 2 2  C O H F I C .  K' M I N D  D I R .  9 1  TUBING N O .  ' 1 

T R P  R E A N  R H S  nax HIN T A P  H E R N  R R S .  H A X  NIN T A P  B E R N  R M S  nnx RIM TRP.  ~ E A N  R H S   fix RIN 

D l T A  F O R  P R O J E C T  6 0 2 2  C O H F I G .  K U I H D  D I R .  9 2  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2 . ~ 0 N ~ l t .  K U I H D  DIR.  1 4 5 .  TUBING N O .  1 

T A P  U E A N  RRS M A X  RIN T A P  R E A M  R R S  H A %  MIN T R P  U E R N  R R S  N A X  R I N  T A P  R E A N  R f f S  MRX M I N  

D A T A  F O R  P E O J E C l  6 0 2 2  C O N F I G .  K U l N D  D J R .  1 4 6  T U B I N G  N O .  1 D R T A  F O R  P R O J E C T  6 0 2 2 -  C O N F I C .  K U I H D  D l R .  1 4 7  T U B I M G  N O .  1 

T n ?  M E R N  R U S   AX HIN TIP ' R E A N  R M S  R R X  AIN T A P  R E R N  R N S  ~ A X  T IN T R P  R E R N  R M S  R R X  MIN 



D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. K MIND DIR. 1 6 0  TUBING N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O M F I G .  

T A P  H E A N  R n S  R R X  M I N  T A P  M E A N  R  R I X  N I N  T A P  HEA,N R N S  N Q X  R l N  

D A T A  F.OR P R O J E C T  6 0 2 2  C O N F I G .  K M I N D  D I R .  162 T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O H F l G .  

T A P  N E A N  R W S  W A X  I T A P  M E A H  R W S  IAX RIM T A P  M E A N  R N S  I A X  R I N  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  L M I W D  D I R .  36 T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F l G  

T A P  R E A N  RWS N A X  I I N  T A P  M E  RMS M A X  W I N  T A P  M E A N  RWS MAX M I W  

. . 
K U I H D  D I R .  1 6 1  T U B I N G  N O .  1 

T A P  R E A M  R N S  N A X  R I W  

L U I U D  D I R .  35 T U B I N G  N O .  1 

T A P  R E A M  R N S  WAX H I M  

L UIHD DIR'. 3 7  TUBING N O .  1 

T A P  M E A N  R N S  M A X  M I N  



DATA FOR PROJECT 6 0 2 2  C O N F I C .  L M I N D  D I R .  9 0  T U B I N G  NO. 1  DATA FOR' PROJECT 6 0 2 2  C O N F I C .  L M I N D  D I R .  9 1  T U B I N G  NO. 1 

TAP HEPN RMS MAX M I H  TAP MEAN RMS K A X  M I N  TAP HERN RnS MAX M I N  TAF REAN RMS MAX M I N  

DATA FOR PROJECT 6 0 2 2  C O N F I C .  L M I N D  D I R .  92 T U B I H C  NO. 1  DATA F O R ' P R O J E C T  6 0 2 2 .  

T A P  R E A N  R n s  n a x  I N  T A P  R E A N  R M S  M A X  n x N  T A P  M E A N  R M S  M A X  

DATA FOR PROJ.ECT 6 0 2 2  C O N F I k .  L M I N D  D I R .  1 4 6  TUBXNC NO. 1  OATA FOR P R O J E C T  6 0 2 2  

TRP MEAN RMS MAX MIW TAP REAN RMS MAX f l I N  TAP MEAN RMS MAX - 

CONFI'C. L M I H D ' D I R .  14's TUBING no. 1 

M I N  TAP MEAW RMS MAX.  R I N .  

C O N F I C .  L U I H D ' D I R .  1 4 7  TUBING"NO.  ' I 

R I N  TAP MEAN RMS MAX M I N  



D A T A  F O R  P R O J E C T  6 0 2 2  C O I F I C .  L M I N D  D I R .  1 6 0  f U B I N C  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  L M I N D  D I R .  1 6 1  TUB IN^ N O .  1 
1 
I 

T R P  R E d N  R R S  N I X  M I N  T I P  M E A N  R N S  R A X  M I N  T I P  R E A M  R R S  N A K  H I N  T A P  M E A N  R R S  M A X  R I N  

D R T R  F O R  P R O J E C T  6 0 2 2  COMFIG. L MIND DIR. 1 6 2  TUBING NO. 1 D A T A  F O R  P R O J E C T  ~ ~ ~ ~ ' C O N F ' I C .  M  UIUD D I R .  35 T U B I M C  N O .  1' 

T 6 P  H E B N  R N S  MAX M I N  T A P  M E L N  R R S  M A X  R I N  T A P  M E A N  R R S  MAX I N  T I P  R E A N  RMS M A X  R I N  

D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. M UIND DIR. 36  TUBING N O .  1 D A T I  F'OR P R ' Q ~ E C T  6 0 2 2  C O N F I C .  N V I N D  D I R .  37  TUBIN(; N O .  1  

T R P  R E A M  R R S  R R X  R I N  T I P  M E A N  R R S  A X  R I N  T A P  M E A N  RMS R L X  M I N  T A P  M E A N  RMS M I X  R I N  



3 R T d  FOR F R O J E C T  6622 C O N F I C .  H M I N b  D I R .  90 T U B I k c  N O .  1 D ' L T A '  F O R '  P R O J E C T  6 6 2 2  c o n i r c ;  H ~ I N D  D I R  9 1  T U E . I t + C  N O .  .l 

T b F  H E A N  RMS # A X  M I N  T A F  M E A N  RMS M A X  M I N  T A F  M E A N  R H S  A X  M I N  T A P  M E A N  R H S  H A X  R I N  

D A T A  F O R  F R O J E C T  6 0 2 2  C O N F I C .  H M I N D  D I R .  92 T U B I N G  NO.  1 D L T A  F O R  P R O J E C T  6022.  CONFIG.  UIWD DIR.  145 TUBIWC N O .  1  

T A P  R E A N  R M S  H A X  HI IN TAP' M E A N  RMS # A X  M I N  T A P  R E A N  RMS A X  R I M  T A P  N E A N  R I S  IRX R I N  

D A T A  F O R  P R O J E C T  6 0 2 2  C ' O N F I C .  M  M I N D  D I R .  1 4 6  T U B I H C  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  H  U I N D  D I R .  1 4 7  T U B I N G  N O .  1 

T R C  NEn?4 P X S  A X  M I N  T A P  M E A N  P M S  H A X  N l N  T A P  H E A N  R C S  H A  M I N  T A P  R E n Y  P R S  H A *  H I N  

0 3 6  , 1 0 5  - .  
0 3 8  , 1 0 2  - .  
0 3 6  , 1 2 2  - .  

0 3 5  0 3 4  . 1 2 $  , 1 2 4  - .  - .  
3 3 5  . i t 9  - .  
0 3 6  . I @ ?  - .  
O J ?  , 0 9 3  - .  
0 3 6  , l C a P  - .  
I);$: . I : ?  - .  



D A T A  F O R  P R O J E C T  6022 C O N F I G .  

T A P  K E R N  R K S  H R X  # I N  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  

T R P  M E A H  . E M S  MAX H I M  

H  M I N D  D I R .  160  T U B I N G  N O .  1  . D A T A  F O R  P R O J E C T  6022  CONFIG.  

T A P  . R E A N  RRS R k X  A I N  I A P  R E R N  . R R S  RRX K I N  

N  M I N D  D I R .  1 6 2  T U B I N G  N O .  1  D A T A  F O R  P R O J E C T  6 @ 2 2  C O N F I C .  

T A P  H E A N  RMS H R X  M I N  T A P  H E A N  R I S  I f R X  N I H  

H  M I N D  D I R .  1 6 1  T U B I N G  no.  1  

1 b P  R E 1 N  R A S  I P X  R I  N  

/ 

D A T A  F O R  P R O J E C T  6022  C O N F I C .  N M I N D  D I R .  12 T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6022  C O N F I C .  I4 M I H D  D I R .  13 T U B I N G  N O .  1 

T A P  R t R N  R R S  R R X  R I H  T A P  H E A H  R K S  M R L  R I N  T R P  h E n H  R R S  RAX H I M  T A P  R E R N  R R S  H R X  R I N  



D A T A  F O R  P R O J E C T  6022  C O N F I G .  N  M I N D  D I R .  1 4  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  N  U I N D  D I R .  15 T U B I N G  N O .  1 

T k P  R E R N  R R S  R A X  H I M  T A P  M E A N  R H S  M I X  t l l N  T A P  M E A N  R f l S  MAX R I N  T R P  H E A N  R H S  MRX t l l N  

D R T R  F O R  P R O J E C T  6022  C O N F I G .  N  U I N D  D I R .  2 1  T U B I N G  N O .  1 D I T R  F O R  P R O J E C T  6 0 2 2  C O N F I G .  N  U I N t  D I R .  ' 22 T U B I N G  N O .  1  

T A P  R E H I I '  RRS I R X  M l N  T a p  M E A N  R H S  M A X  H l N  T R P  H E A N  R R S  MAX M I N  T A P  M E A N  R f i S   AX n I N  

D A T A  F O R  P R O J E C T  6022  C O N F I G .  H W I N D  D I R .  23 T U P I M C  N O .  1  D A T A  F O R  P R O J E C T  6 0 2 2  C O W F I G .  N  Y I N D  D I R .  2 4  T U B I N G  N O .  1 

T A P  H E R M  'RMS R A X  H l H  T A P  M E A N  RMS M I X  n I N  T A P  H E R N  R I I S  H R X  H 1 N  T A P  M E A N  R H S  f l A X  R I M  



D R T R  

T R P  

F O R  P R O J E C T  6 0 2 2  

H E A N  R H S  H A X  

C O N F I G .  

H I N  

N  M I N D  D l R .  2 5  T U B I N G  N O .  1 D R T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  N  U l N O  D I R .  1 1 1  T U e l N G  N O .  1 

T A P  H E A N  R H S  H A X  H I N  T A P  H E A N  R H S  H I X  H I N  T P P  M E A N  R R S  H L X  R I N  

D P T R  F O R  P R O J E C T  6 0 2 2  C O N F  It. N  M I N D  D l R .  112 T U B l N G  N O .  1 D R T R  F O R  P R O J E C T  6 0 2 2  C O M F I C .  N  @ I N )  D I R .  1 1 4  T U B I N G  N O .  1  

T A P  B E R N  R H S  H R X  NIN T A P  H E A N  R H S  H A X  RIN T A P  R E A N  R H S  ' H O X  HIN T R P  H E A N  R R S  H A X  RIN 

D R T R  F O R  P R O J E C T  6 0 2 2  C O N F I C .  N  U l N D  D I R .  1 1 5  T U B I N G  N O .  I D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  N  U I N F  D I R .  1 2 1  T U B I N G  N O .  1  

T L P  R E L N  R H S  H R X  H l N  T A P  R E R N  R R S  R R X  R I N ,  T R P  H E A N  RHS f l a x  HIN T A P  H E R N  R H S  # A X  HIN 



I D h T h  F O R  P R O J E C T  6 0 2 2  C O U F I G .  N  M I N D  D I R .  1 2 2  T U B I N G  N 3 .  1 D A T R  F O R  P R O J E C T  6 0 2 2  C O N F I G .  N U I H D  D I R .  1 . 2 4  T U B I N G  N O .  1 

T A P  # E R N  R # S  A X  f 4 I N  T A P  # E R N  R # S  N I X  R I M  T A P  R E I N  R # S  I b X  # I N  T A P  l E A N  A S  M A X  B I N  

D R T R  F O R  P R O J E C T  6 0 2 2  C O N F I C .  N  H I N D  D I R .  1 2 5  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O H F I C .  N U I N D  D I R .  2 3 4  T U B I N G  N O .  1 

T A P  H E R N  R A S  NIX AIM T A P  A E R N  R ~ S  # A X  RIN T A P  H E A N  R A S  n A X  # I N  T A P  M E A N  R A S  I A X  R 1 H  

D A T I  F O R  P R O J E C T  6 0 2 2  C O N F I G .  N  U I N D  O I R .  2 4 4  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  H U I N D  D I R .  2 5 4  T U B I N G  N O .  1  

T A P  R E A M  R A S  MAX U 1 N  T A P  M E A N  R N S  N I X  R I N  T A P  H E I N  R A S  R A X  A 1 N  T A P  H E A N  P A S  A R X  R I N  



D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  N  U l N D  D I R .  3 3 4  T U B l N C  N O .  1 D A T A  F O R  P R O J E C T  6022  C O N F I C .  N  U l H D  D I R .  344  T U B I N C  N O .  1 

A  R E A N  R R S  WAX W I N  T A P  A E A t i  R R S  M A X  P l l l i  T A P  R E A M  R # S  A A X  I 1 H  T A P  M E A N  R f l S  I A X  B I N  

D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  # V l N b  D I R .  354  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6022  C O H F I C .  0  U - I R D  D I R .  ' 1 1  T U B I H C  N O .  1  

T A P  R E R N  BflS flLX R l H  T A P  M E A N  RMS M A X  I I N  T A P  MEAM R R S  # A X  A I N  T A P  M E A N  R H S  I A X  R I M  

DFITA F O R  P R O d E C T  6 0 2 2  C O N F I C .  0 U l N D  D I R .  12 T U B l N C  N O .  1 D A T A  F O R  P R O J E C T  6022 C O N F I C .  0  M I N D  D I R .  13  T U B I N G  N O .  1 

T A P  R E A l i  R R S  I A X  I N  T A P  R E A N  R H S  M A X  A I M  T A P  M E A N  R N S  I R X  A I N  T A P  M E A N  R f l S  M A X  A I N  



. P L T n  FOR P R O J E C T  6 0 2 2  C O H F I C .  0 U l H D  D I R .  14 T U B I H C  N O .  1 O A T &  F O R '  P R O J E C T '  6 0 2 2  C O H F I C :  0  U I i l D  D I R .  13 T U B I k C  N O .  1 

T'RP R E A N  R H S  MAX M 1 N  T A P  M E A N  RMS M A X  I I N  T A P  M E A N  R R S  R A X  N I N  T A P  M E A N  R R S  M A X  W I N  

D A T A  F O R  P R O J E C T  6022 C O N F I C .  0  M I N D  D I R .  21 T U B I N G  N O .  1. D A T A  F O R  P R O J E C T  , 6 0 2 2  C O N F I G .  0  M I N D  D I R .  2 2  T U B I N G  N O .  1 

T A P  N E P W  R H S  R A X  MIN T A P  M E A N  RNS M A X  WIN T A P  M E A N  R I S  R A X  R I N  T A P  R E R N  R R S  U A X  R I N  

D A T A  F O R  P R O J E C l  6 0 2 2  C O H F I C .  0  M I N D  D I P .  2 3  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O H F I G .  0  U I N D  D I R .  2 4  T U B I N G  N O .  I 

T A P  R E A N  RMS MAX M I N  T A P  R E A N  R R S  M A X  W I N  T A P  R E A N  R R S  R A X  R I N  T A P  n E A N  R R S  R A X  n l N  



D l T A  FOP PROJECT 6 0 2 2  C O N F l C .  0  M I N D  D l R .  2 5  T U B l N C  NO. 1  DATA FOR PROJECT 6 0 2 2  C O N F l C .  0  M I N D  D l R .  1 1 1  T U B I N G  NO. i 

T l P  NESN RHS HBX H I N  TAP MERN RMS MAX H I N  TAP MEPN RMS #AX M 1 N  TAP MEAH RMS MAX M l N  

D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. 0  MIND DIR. 1 1 2  ~ U B I ~ G  N O .  1  DATA FOR PROJECT 6 0 2 2  C O N F I G .  0 MIWID D l R .  1 1 4  T U B l N C  NO. 1  

T A P  M E A N  RHS  AX MIN T A P  H E A H  S M A X  HIM T A P  MEAN RMS M I X  M I N  TBP MEAN R  MAX M I N  

DATA FOR PROdECT 6 0 2 2  C O N F I G .  0  M I N D  D I R .  1 1 5  T U B I N G  NO. 1 DATA FOR PROJECT 6 0 2 2  CONFIG.  0 U I O D  D I R .  1 2 1  T U B I N G  NO.  1 

TA'P H E A N  R W S .  M A X  MIN T A P  M E A N  R M S  M A X  n rn  T A P  R E A M  R M S  M A X  MIN T A P  M E A N  R M S  R A X  RIN 

, 0 4 5  
. 0 6 3  
, 0 8 5  
. o e i  
. 0  90 
, 0 9 3  
. I 2 2  
, 0 9 0  
. l o 1  
. 0 7 3  



D R T I  F O R  P R O J E C T  6022 C O t t f l G .  0  Y l t t D  D I R .  1 2 2  T U B I N S  NO. 1 D R T R  FOR PROJECT 6022  C O N F I G .  0  M I N D  D l R .  1 2 4  T U B I N G  NO. 1 

T I P  R E A N  R R S  MAX R I N  T A P  R E R H  R R S  A  R I N  T A P  M E R H  R R S  MAX R I N  T A P  R E A H  RMS RRA' R I H  

- .  o e o  . o b S  
- . 0 5 9  . 0 8 3  - . 0 2 2  , 0 8 9  

D I T R  F O R  P R O J E C T  6022  C O H F I C .  0 M I N D  D I R .  1 2 5  T U B I H G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O H F I C .  P  M I N D  D I R . '  35 TUBIHC N O .  1 

T f i P  R E A N .  R R S  A X  R I M  T A P  R E I N  R R S  H A %  R I N  T I P  R E R H  R R S  M I X  R I H  T A P  R E A H  R R S  A X  n r N  

D I T R  F O R  P R O J E C T  6 0 2 2  C O H F I C .  P  M I N D  D I R .  36 T U B I H G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I C .  P  U l H D '  D I R .  3 7  T U B I H C  N O .  1 

TIP M E A N  R R S  M A X  RIN T R P  M E R N  R M S  M A X  nxH T A P  M E A N  R M S  M A X  RIN T A P  R E A N  R N S  A X  ~ I H  



0A.TA FOR PROJECT 6 0 2 2  C O N F I C .  P M  l N D  D I R .  1 4 5  T U B I N G  NO.  1 D A T A  FOR PROJECT 6 0 2 2  C O N F I C  P  M I N D  D I R :  1 4 6  T U B I N G  NO. 1 

T A P  REAN RRS MAX M I N  T A P  MEAN RMS MAX M I N  T A P  M E ~ N  RMS MAX M I N  TRP MEAN RRS R R X  M I N  

O ~ T R  F O R  P R O J E C T  6 0 2 2  CONFIG. P HIND DIR. 1 4 7  TUBING N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  CONFIG. a Y ~ N D  DIR. 3s TUBING no. 1 

T A P  MEAN RMS M A X .  M I W  T A P  MEAN RRS MRX n t N  T A P  MEAN RHS MAX. I N  T n P  REAM RMS MAX B I N  

D L T A  F O R  P R O J E C T  6 0 2 2  CONFIC. 4 UIND DIR. 3 6  TUBING NO.  I D A T A  F O P  P R O J E C T  6 0 2 2  CONFIG. a UIHD DIR. 3 7  TUBING no. 1 

T A P  MEIN R M S  nax HIM T A P  M E A N  R M S  M A X  RIM T A P  M E A N  R M S  M B X  MIN T R P  M E A N  R R S  W A X  RIM 



D R T R  F O R  P R O J E C T  6 0 2 2  COWF'IC. a UIND DIR. 1 4 5  TUBING N O .  1  D R T R  F O R  P R O J E C T  6 0 2 2  CONF I C .  0 U I N D  D I R .  1 4 6  T U R I N G  M O .  1 

T A P  # E R N  R R S  R R S  MIN T A P  H E A N  RFIS R A X  n r n  T A P  M E A N  RFIS M A X  R I N  T R P  M E A N  R R S  I I ~ X  n r n  

D A T A  F O P  P R O J E C T  6 6 2 2  C O N F I C .  B MIND DIR. 1 4 7  T U B l N C  N O .  I D R T R  F O R  P R O J E C T  6 9 2 2  C O N F I C .  R  M I N D  D I R .  1 1  T U B I N G  N O .  1 

T ~ P  R E A N  W M S  n n x  , M ~ M  T A P  N E A H  R # S  F ( A X  B I N  T A P  R E A N  R R S  x MIH T A P   ERN R R S  M R X  n l n  

D R T R  F O R  P R O J E C T  6 0 2 2  C O N F I G .  R  U I N D  D I E .  2 1  T U B I N G  N O .  1 D A T A  F O R  P R O J E C T  6 0 2 2  C O N F I G .  R  M I N D  D I R .  1 2  T U B l N C  N O .  1 
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Plot 5-3-1. (Continued) 
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