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1. INTRODUCTION 

The present work is a continuation of a previous study on the 

magnitude of wind loadings on photovoltaic arrays. (l) A series of 

wind-tunnel tests were conducted in that study to determine the effect 

of various design parameters on the wind loadings for different wind 

directions and wind profiles on a single array and on individual arrays 

at different locations in a large array field. The tests showed that 

arrays at the upwind edges and corners of the field are subjected to 

very large loadings, but that these loadings can be drastically reduced 

by fences designed to act as wind barriers. No measurements of the 

relative effect of the fence further in the field were made. All the 

previous array field tests were conducted with a "standard array 

configuration" (see Figure 6) in which the height of the arrays above 

ground was H = 2.0 ft. 

Subsequent analysis of the wind-tunnel data by Bechtel National, 

Incorporated, showed that it might be advantageous to use a smaller 

array height, H = 1.5 ft, and that in many situations the use of fences 

for reducing the wind loadings on the upwind edges and corners of the 

field would not be economical. 

It was therefore decided to extend the previous study and to examine 

more closely the mean forces and moments on individual arrays in the 

field with H = 1.5 ft, with and without a fenc.e. The tests were per

formed in a 1/7 power-law boundary layer (BLl) at which the highest 

loads had been observed. The fence used in the study had 30 percent 

porosity and an additional corner fence (see [1], Figure 26). 

The results of the present investigation are presented in a ready

to-use form, adopting the previously defined aerodynamic dimensionless 

force and moment coefficients and notation. 
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2. EXPERIMENTAL CONFIGURATION, INSTRUMENTATION AND DATA ACQUISITION 

The tests were conducted in the Meteorological Wind Tunnel of the 

Fluid Dynamics and Diffusion Laboratory at Colorado State University 

in which the earlier study was performed, using the 1:24 scale array 

(Figure 1). Some changes have been made in the wind tunnel since 1979 

and a different upstream roughness configuration (see Figures 1 and 2) 

had to be installed in the tunnel to obtain a 1/7 power law at the test 

section. One of the changes was the installment of a larger turntable 

which made it possible to rotate most of the array field model as one 

unit. This has, however, resulted in a slight dependence of the equiva-

lent roughness in the neighborhood of the model on the wind direction 

which could cause a 2 to 3 percent change of the mean local velocities 

very close to the floor (1 to 2 in.) which might affect the single 

array tests. Figure 3 compares the velocity profiles at the test 

section (NEWBYL) with the profile measured in 1979 (OLDBYL}. The 

dimensionless velocity profiles were normalized by the velocity at 

50 in. above the floor. Figure 4 shows the velocity distributions in 

the lower portion of the boundary layer. The velocity at H = 10 in. 

was used to normalize the profiles in this graph. The old and the new 

velocity distributions appear to be very similar but small differences 

between them exist. Although these differences can affect the values 

of the aerodynamic coefficients by a few percent, they are undoubtedly 

small compared to the observed differences in the atmospheric velocity 

distributions above apparently similar smooth sites. 

The mean force and moment measurements on the instrumented model 

were made with a new 6-component balance designed by G. K. Keily and 

(2) J. A. Peterka. Figure 5 shows a view of the new balance and the 
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metric array connected to it. The vanes which are attached to the bottom 

of the balance were submerged in a viscous oil bath to damp vibrations 

of the array. The balance was designed to measure relatively small 

forces and moments of the order of 1 lb- and 3 lb-in. Its load-voltage 

coefficients and its axes of zero moments were determined by a careful 

calibration prior to the tests. Frequent checks of its response were 

also made during the course of the tests. Since the balance used in the 

previous study was a 50-lb balance which worked at the lower part of its 

useful range, it is estimated that this could have caused relatively 

larger scatter and errors in the moment measurements and that the 

present moment measurements are much more reliable. 

The use of the new balance made it possible to measure, in 

addition to the normal force and pitching moment coefficients CN and 

CMZ, the yawing moment coefficient on the structure CMS around the cen-

ter chords of the array S {see Figures 6 and 7). The pitching and yaw-

ing moments were then used to calculate the displacement of the normal 

force from the center of the balance, which will be designated by ES 

and EZ (see Figure 7). Note that the sign of ES and EZ is deter-

mined by the sign of both the moments and the normal forces. The same 

mean dynamic pressure QREF 
2 

(= l/2pUREF) at the reference height of 

30 ft was used in this study so that the dimensionless coefficients 

given in the report are: 

CN 
FN = 

QREF • A 
(1) 

CMZ MZ = 
QREF • A • DXY 

(2) 

ES CMZ - -eN" (3) 



CMS = 

EZ = 

MS 
QREF • A • DXY 

CMS 
CN 

4 

(4) 

(5) 

where A is the area of the array (192 sq ft in the prototype) and 

DXY = C/2 is half the chord length of the array (C = 8 ft in the 

prototype). The normal force was calculated using the equation 

FN = FX • sin 35° - FY • cos 35° (6) 

where FX and FY are the forces in X- and Y-direction as 

shown in Figure 7 respectively. 

It should be stressed that the shape of the array which resembles 

to a large extent that of a flat plate ensures the resultant force on 

the array is practically equal to the normal force FN. Thus the co-

efficients of FX and FY on the array can be determined by 

lcFxl = lcNI sinS 

lcFYI leN! cose 

where e in the present study is 35°. 

(7) 

(8) 

The moment coefficients acting on the arrays CMX, CMY and CMZ 

(see Figure 7) are determined by the position of the resultant force 

FN and are given by 

CMZ = CN • ES (9) 

and 

= CN • EZ CMY CMS = sin 35° = CMX 
(10) cos 35° 

where MS is the moment around the S axis (see Figure 7). 

In the above equations we have used the values of ICFXI and ICFYI 

since the sign of FX and FY varies with the wind direction. Note 



s 

that FX is defined as the force in either the south or the north 

direction and not in the direction of the wind. 

The above calculations are, however, correct only within an error 

of approximately 5 percent in the force coefficient calculations and 

10 percent in the moment calculations. 
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3. ANALYSIS OF THE EXPERIMENTAL RESULTS 

3.1 The Single Array Tests 

The single array tests were made for comparing the data obtained 

in the present and the previous report to examine the effect of the 

reduced array height H from H = 2.0 ft to H = 1.5 ft and to measure 

the yawing moment coefficient CMS, which was not measured in the pre

vious study. The data for the single array runs is tabulated at the 

end of the report in Files 820 and Sl5. Figure 8 compares the previous 

and the new measurements for H = 2.0 ft. The agreement between the CN 

data is satisfactory in view of the slight changes in the velocity 

profile. The data confirms the previous observation that the maximum 

value of CN is obtained around a wind direction of 45°. 

Larger differences exist, however, between the present and the 

earlier measurements of the pitching moment coefficient CMZ. As 

explained earlier the previous measurements are less reliable than the 

present ones. 

Figures 9 and 10 compare the aerodynamic coefficients of the single 

array for H = 2.0 ft and H = 1.5 ft. The dependence of the coefficients 

on the wind direction is very similar. A small reduction in the values 

of the coefficients is observed for H = 1.5 ft. As one sees from the 

yawing moment coefficient the maximum moment around the S axis occurs 

around wind directions of 45° and 135°. Slightly larger moments are 

observed for the southerly winds. 

3.2 The Array Field Tests 

The results of the array field tests are tabulated in the Appendix 

at the end of the report using the notation shown in Figure 18. The 

data is also presented in Figures 11 through 17 using a schematic 



7 

description of the array field. The H • 2.0 ft data are from the 

Phase I study. 

3.2.1 The Normal Force Coefficient 

The measurements of the normal force coefficients showed that all 

the coefficients measured at the northeast corner of the field for wind 

directions 0°, 30°, 45° and 60° are negative, indicating an upward lift. 

Similarly, all the coefficients measured at the southwest corner of the 

field are positive, except for a few cases in which the absolute value 

of CN is very small. We shall therefore refer in the following dis

cussion to the absolute value of the normal force coefficient expressed 

in percent ICNI x 100. 

Figure 11 shows the values of I CN I x 100 measured in 17 6 runs. 

Each section of these figures shows the values measured at the northeast 

corner for one wind direction together with the values measured at the 

southwest corner for the opposite wind direction; WD • 0° and 180°, 

30° and 210°, etc. Two numbers are shown in the space allocated for 

each array. The left-hand number shows the value of leN! x 100 for 

the field without a fence and the right-hand number shows the value of 

!cNj x 100 for the fenced field. The 30 percent porosity fence used in 

this study was always augmented at the corners by the corner fence used 

in the previous study (see [1), Figure 26). Figure 26 also shows the 

spacings between the rows and the distances to the fence. The height of 

the fence in the prototype was HF = 5 ft. 

One sees from Figure 11 that the normal force coefficients recorded 

at the upwind edges of the unfenced field were close to those recorded 

in the single array tests and that the largest value CN •- 0.79, was 
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recorded at the corner of the northeast field. Slightly smaller values 

were recorded at the east and west edges of the field. 

A drastic reduction in the absolute values of the normal force 

coefficients is observed in the inner part of the field where a maximum 

of CN = -0.27 was recorded at array B2 for WD = 30°. Significantly 

lower values are observed for southerly winds. 

Figure 12 compares the values of ICNI obtained in the unfenced 

field in the present study for H = 1.5 ft with those obtained in the 

unfenced field previously with H • 2.0 ft. In general the H = 2.0 ft 

values are larger. The only significant difference is at array NC2. 

(The arrays denoted by 1,2,3,4,5,6,7 and 8 in the previous report are 

being denoted now by Al,Cl,A2,C2,A4,C4,A7 and C7.) 

The use of a 5-ft high fence, with a corner fence, has drastically 

reduced the values of the normal force coefficients on the array facing 

the wind. The fence was particularly helpful when the wind was normal 

to it. It was not very effective,however,in reducing side winds. The 

normal force coefficients on the east side were, in some cases, even 

higher than in the unfenced field probably due to the effect of the cor

ner fence. The fence has also increased the values of some of the 

coefficients inside the field. 

Figure 13 compares the normal coefficients measured in the present 

study with those measured in the previous study (H = 2.0 ft). Some of 

the values from the previous study were measured without a corner fence. 

These are denoted by an asterisk. 

The order of magnitude and the distribution of the two sets of 

data appear to be quite similar. One sees, for example, that the increase 

in the values of the coefficients from array C2 to array C4 and array C7 
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for wind direction 45° exists in both cases and that the relatively 

high value of ICNI at C7 was not due to an experimental error. 

Figures 14 and 15 show the maximum value of lcNI obtained at each 

array for all wind directions for the unfenced field and for the fenced 

field. 

3.2.2 The Pitching Moment Coefficients 

The pitching moment coefficients in the unfenced field were 

generally low, see Figure 16. The maximum value recorded was 

lcMZI = 0.09 at the southern edge of the field for wind directions 180° 

and 210°. The values of CMZ in the fenced field were practically zero. 

3.2.3 The Yawing MOment Coefficients 

The distributions of the yawing moment coefficient are shown in 

Figure 17. Very small values of lcMSI were recorded for WD = 0° and 

180°. Larger values were recorded at the west edge of the field for 

WD = 210° and very large moments were recorded at the same edge for 

WD = 225°. The reason for these large moments is that only one side of 

these arrays is exposed to the wind. A similar effect is noticed in the 

eastern edge for WD = 45°, but apparently the protection provided by 

upwind arrays in this case is larger. 

The fence appears to reduce to one-half the large moments recorded 

on the west side for WD = 225°, as well as the rest of the large 

moments in the field. However, in some cases small amplifications of 

lcMSI are observed, as in arrays SFB2 and SFB3. 
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4. CONCLUSIONS 

The measurements made in the present study appear to be consistent 

with those made in the previous study and a clear picture of the load

ings in the field emerges. 

In the unfenced field one can divide the field into two parts; the 

edges of the field where the values of leN! are larger than 0.30 and 

reach a maximum near 0.8, and the inner part of the field where 

lcNI < 0.30. The yawing moment is also large only in the arrays at the 

edges of the field. 

The introduction of a fence with a corner fence reduces the high 

loadings on the outer arrays to a maximum of ICNI = 0.37 and also 

reduces the very large yawing moments in the field. However, the 

fence slightly increases the loadings on some inner arrays. Thus, the 

loadings on the entire fenced field appear to be approximately of the 

same order of magnitude for design purposes. 
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Figure 1. A view of the array field model and fence in the 
Meteorological Wind Tunnel (configuration NFA4). 
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Figure 5. A view of the 6-component balance system 
and the 1:24 scale model. 
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..----4'"""1113 2ol [==:==:~j 146 1sl7 z II 1 

2 II 3 10·1 

3 1135 
c 

WD • 60 
for NE corner 

• • • 

• 
/ 

c B A 

32 8 131 9 I 54 2~ I 
8 8 116 241 44 1412 

§ 1§ l15 2s I 39 1413 

6 l!t 
·--------, 
Ll§. ____ to_J 39 1~4 

r----------1 ,---------., .. --------. 
I II II 15 
L-------.J '---------..1 L--------J 
r--------,r--------,r--------~ 
I •• •• •6 .._ _______ .J L-------J '--------J 

31 II 11.----~II 6 141 [=~:~:~~j I 41 1J 1 

21 I :=1 ===:11 I 
II II II I 

A B c 

Figure 11 (continued). 
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c B A 
WD = 0 
for NE corner I Zl z1ll II 74 7711 

I 2 Jlll II 12 
WD = 180 

I II II 13 
for SW corner 

lcNI x 100 
H =fh-5 -2-.o--.lft 

B c No fence 

c B 
WD = 30 

flJ ~211 II Z2 for NE corner 

12 3JII II 
WD = 210 II II 
for SW corner 

21 II II 7 4 I lcNI x 100 

I 148 6211 II 51 511 
H = 11.5 

A B c 

c B 
WD = 45 

G1 4611 II 79 for NE corner 

/ 115 zz II II 
WD = 225 I II II 
for SW corner 

21 II II 3 41 leN! X 100 

I 146 5111 II 35 351 
H = 11.5 

A B c 

Figure 12. Comparison of values of lcNI x 100 for 
H = 1.5 ft (left) and H = 2.0 ft (right) 
without a fence. 

A 

9111 

12 
13 

2.0,ft 

A 

8311 

12 
13 

2 ."Q] ft 
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c 8 A 

~r = N~ corner :=1::8:::::=::1::9::: ::===:::::::11:=1::4===15::*::::11 

\,;;;1 __ 1 ___ 1=3-* ....._ __ ___.II 1 10* 12 
'------- ...________.ll....._ _ ___,l3 WD = 180 

for SW corner 

lcNI x 100 _1_1 ___ 11_*_ [~ ==~ ~~--J '-1111111....,1 _ _..1~6.;]4 
r-.--------.. r--------~ r-------, 
: ; I tl 15 ._ _________ _. '---------..1 ._ ________ _, 

fenced 
,..---------· ,.---------., ------- .. -. 
I II II 16 L _______ j L ________ J :_ ________ J 

31 ____ ,-~---11 18*1[=====~~jll9 22*17 II 
==::::II 2 5* I 
_____ II 8 10* I 

21 {t -6*1 I 
I I 6 11*11 

A 8 c 

c B A 
WD = 30 

1Z II I for NE corner 1:2 11 13 

6 10*11 12 26 2 

II 3 
WD = 210 
for SW corner 

lcNI x 100 
I ;--------1 
L--- .. --.. -" 4 

H=ll.S 2.01ft 
.--------, ,----,_ ........ ., .-------- ... 
I II II •5 
L. ___ ,_ ___ _, .._ _________ .J L-------J 

fenced r---~----,r--------,~----~---~ 
~ t I II 16 '--------.J , ________ J '--------J 

31 II II II I :---------,1 '- .. _______ . 17 
2(15 1411 112 6*1 
II 8 lQ II II !t ~*I 

A 8 c 

*Denotes a fence without a corner modification 

Figure 13. Comparison of values of lcNI x 100 for fenced fields 
with H = 1.5 ft (left) and H = 2.0 ft (right). 



\.,1) = 225 
for st-.r corner 

c~ X 100 

H = I 1.5 2. ol ft 

fenced 

31 II 
2l2z ,~11 
1116 2311 

A 8 

c~ x 100 

fenced 
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c 8 A 
\.,1) = 45 I . I 
for ~E corner:=1~1==1~2*=: !:===:::::=1=4==1::7:::::: I 

7 9 ..___ __ .... I 21 33 12 === __ 9 __ ___, ..___ __ ___,) 22 2 9* f3 
12 17* :-------: .__ __ __.....14 .........._ _____ .;......., ._ _______ _,_ . 

-/. 
,.---------·, r----.. ---~ r-------,5 
: :I I 1 I .. ____ ., ____ _, .._ ________ _, '---------"' 
,--..-.-------· ,----------., ---------. 
I It II t6 
I II 11 '------ --.-J .... _______ -J ._.,_ ________ J 

II .-----ll2o 27*1[~=~=~~~:JI,, 22*f7 
ll1o 

II 2 
c 

\,1) = 60 
for ~E corner 

• 

c 8 A 

II 20 18 

~ 2*11 l4 lZ 2 

II 3 

I r--------: 
L..--------"' 4 

,. - .. - - - .. - -1 I- - .... - ... - .. ., r -- - -- - - -, 
I II II t5 
L-------..J l--------.J L-·-----J r--------,r--------,r--------, I •• II 1 6 
"-' ------ - .J ·- ------- J '-' ----- -- J 

3l II 1...-1 -------.11 I[~~~~~~~] I l1 
2! I :=1 ===11 I 
tl II II I 

A 8 c 

Figure 13 (continued). 
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c B A 
WD = All 

171 1179 9111 for NE corner 71 72 

115 33 27 1145 12 

WD = All 
l11 16 lb9 13 for 

11.5 

3131 

2130 

1153 

SW corner • • 
• 

hl :~;-----: b9 14 leN I X 100 '--------.J 
I ft 

r---------, ,.---------.,--------, 
2.0 • : H ;~ ,5 

'---------~ '----------' L--------~ • .----------· ,---------., ---------. no fence • I •• 11 
16 1 II I ._ _______ _. ._ _______ -" '---------1 

II 4 II 2 J 114 
I r--------1146 
'---------..J 17 

II 8 II 7 I 
6211 52 II 51 I 

A B c 

Figure 14. Maximum values of lcNI x 100 without a fence for all 
wind directions for H = 1.5 ft (left) and 
H = 2.0 ft (right). 

c B A 

118 19 115 1120 18 I 
WD = All 
for NE corner 

l11 13 124 lb7 33 2 

WD = All • 116 128 lbo 3 
for 

11.5 

3126 

2127 

1116 

SW corner • 
• 

lcNI x 100 114 17 G]~~~~~==Jb7 29 4 

2.0,ft • 
r---------1 ,---------.,.---------. 
~ II q 15 ... _______ J t_ _______ .J '--------J • • fenced r--------,,---------,r--------., I •• II •6 
'-'-------.J '--------J L-------J 

117 II 4 ...-----ll2o 21f [==~~:~~] bo 22l1 

25114 ll1o I 
23118 II 8 

A B c 

Figure 15. Maximum values of lcNI x 100 with a fence (and a 
corner fence) for all wind directions for H = 1.5 ft 
(left) and H = 2.0 ft (right). 
Note: Higher values for H = 1.5 ft are usually from 

the WD = 30 which is missing in the H = 2.0 ft 
tests. 
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c B A 

WD = 180 
for SW corner 

lcMZI X 100 

1 14 1113 
0 14 111~ 
1 Ia a II a 

WD = 0 
for NE corner ::::4==:::::::::::: 

l· .. 
4 

1 ol3 
o g ~==~~~-;]fo 1l4 

lno fence fence J 
r---------, ~-- ... -----.... ,--------, 
: I ; ; I ,5 
~--------J .__ ... _______ _. ._ ________ _, 

H = 1.5 ft 
,-----... ------· ,.---.. ---..., ----.-----. L _______ J L----~---1 L ________ ~s 

310 1llz 
2lo 1111 

1ll,_o ___ l"""'llo 1l [==::::~J l1 1l1 === ollz ol 
I 19 === oils ....__ _ __.lila o I 

A 

WD = 210 
for SW corner 

H = 1.5 ft 

311 1110 
211 1llo 
lis oll9 

A 

Figure 16. 

8 

B 

c 

c B A 
WD = 30 I 
for NE corner:=2===~ ol f~ ol J 0 I 

13 oll1 Ql 4 Q 2 
oil Q 11 J Q 3 

I o 11 r;------~1 3 1 4 
~----~- L--------4 ......_ __ __.... .---------,,---------.,,---------. 
I II II I 5 L--------..J ._ .. ____ .., _ _. L-------J ,.--------,,---------,,.--------, I •• II •6 
'--------.1 ·--~-----J L-------J 

2110 ......----1llo 31[=~~~~~~]11 zl7 
olio ol 
oll9 

c 

Distribution of jcMZj x 100 in the field (left 
number--without fence, right number--with fence). 
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c 8 A 
WD = 45 1 13 for NE corner 2 :=:::== 11 1 111 

WD = 225 
for SW corner 

JcMZI x 100 

lno fence fencel 

H = 1.5 ft 

2 1 11 21 2 11 2 

0 1 11 11 2 ol3 
0 r~------0: 2 ol4 

0 ~-------~~----~-r---------, ,----------.. r-------, 
: H :• 15 
'---------~ '----------' L--------~ .----------i ,..--------., i--------. 
I .; I· 16 L _______ _. L..--------J '---------J 

312 1ll1 2l..-lo--..... 1llo 1I[=~===~~JI1 1)1 === 213 oll2 1ll o 1l 
lfs 1ll1 oll7 ol 

A 8 

lcMZI x 100 

H = 1.5 ft 

c 

WD = 60 
for NE corner 

• • • 

• • 
/ 

c 8 A 

2 ol l1 ol 4 rll 
0 1112 21 3 ol 2 

Q oll1 ol 3 1)3 
0 of i1-------il 3 

L--------" o)4 
r--------, ,---------,,---------. 
I II II I 5 L _______ J L. _______ .J L _______ j 

r--------,,---------,r--------, 
I I I I I ) 6 
:._ _______ .J ·--------l '--------J 

3J II 1-1 -~II o of[~~~~~~~] 13 oJ 7 

2::::1 ==1 :=I ==:::::::11 I 
I I II II I 

A 8 c 

Figure 16 (continued). 



WD = 180 
for SW corner 

lcMSI x 100 
lno fence fence I 

H = 1.5 ft 

31 8 211 2 
21 5 1111 
I I J 211 3 

A 

WD = 210 
for SW corner 

lcMSI x 100 

bo fence fence J 

H = 1.5 ft 

A 

B 

B 

32 

c B A 
WD = 0 14 0 16 o lis 111 for NE corner 

11 o lo o llo 112 
lo 0 11 0 lh 113 
11 0 :3-------;:14 

&.:~---- .. --' 214 r---------, ,----~-~----. ,--------, : • l ; • ,5 
'--~-------J '------------ ... _____ ,_ __ ., r--------... ,--------..., ------... --. 
I : ; I: •6 L------... -' '-----... --~-~ '------- ..... -1 

1111 1111 21 r--------,ls ._ _______ _, 217 
1111 11 
o II 5 11 

c 

c B A 
WD = 30 .zll1o 2ll1z I for NE corner 2 1 

0 a Ill o II 2 J 2 
0 til 1 1 611 ~ ll 3 
6 

31 r~------;11 9 
L. ------ .. 

13 4 .-.-------, ,.----------.,---------. 
I II II 15 
L-------.J '-------- .J L-------J 
~----~---,~--------,r-~---~--~ 
I p II 16 
~--------~·--- .. ----J '--------·J 

c 

Figure 17. Distribution of lcMSI x 100 in the field (left 
number--without fence, right number--with fence). 



WD = 225 
for SW corner 

lcMSI x 100 
Ina fence fence I 

H = 1.5 ft 

3140 2111 6 
21 {ig 2oll z 
1130 1oll18 

A B 

lcMsl x 100 
lno fence fencel 

H = 1.5 ft 

33 
c B A 

WD = 45 1 for NE corner 1 
:===:::::: I 1 

128 
31121 511 
91116 21 2 2 3 

11 9 112 5ll11 81 3 
6 6 :1_4 ______ 1: 117 

~.,; _______ .J 714 
,----------i r---------. r-------, 
: :I 1 1 ,5 
'---------~ '---------_. L---------' r---------i r--------., ~---------. 
: II I• 16 ._ _______ _. L.-----..-.---J '----------1 

,.-------.511 6 41 [~=~===~~] bo 1l7 911 6 
lJ II tt 41 
61113 

c 

WD = 60 c B A 

for NE corner 15 4 I 7 311 8 7 I 

• • • 

• • 
/ 

12 10 I 5 61115 2 2 

JJ z I 6 {i Ill 3 3 3 
JJ 5 

;~------~1 b J 
L ------ " l 4 

r---------1 r---------, r--------. 
: II q 15 '--------J L-------.J ~-------J r--------,r---------,r--------, 
I It II 16 
L-------.J •--------ll.-------J 

31 II 1.--1 ----.1114 o I [=~~~~~~] l14 2l1 
2 :=:1 ======:1 :::=1 ====::::::11 I 

I I II II I 
A B c 

Figure 17 (continued). 



WD = 180,210,225 
for· SW corner 

3( SOA3 II 
21 SOA2 II 
I I SOAl II 

A 

WD = 180,210,225 
for SW corner 

31 SFA3 II 
21 SFA2 II 
tl SEAl II 

A 

SOB3 

SOB2 

SOB! 
8 
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WD = 0,30,45,60 
for NE corner 

• • 
• 

• 
• • 

c 8 A 
NOCl NOB! NOAl 

NOC2 NOB2 NOA2 2 

NOC3 NOB3 NOA3 3 
.---------, 

NOC4 : NOB4 I NOA4 4 L-------.J r----... ,_ ___ , ,---------... r----.... -, 
! :1 :· t5 ._ __________ ,..~ \. ....... _____ _. ._ __ .., __ ... __ _, 

,-----------i ,.---------..------.--. 
• d Ia 1 6 
L_,.. ____ ....,_. '- .... -------" '---------~ 

II SOC3 II NOC7 t r--------,1 ._ _______ _, NOA7 f7 
II SOC2 I 
II SOC! I 

c 

Notation for the field with no fence. 

c 8 A 
WD = 0,30,45,60 ~ 

NFBl II NFAl J for NE corner ~Cl 

NFC2 NFB2 II NFA2 12 
• NFC3 NFB3 II NFA3 13 • 

• ,---------, 
NF'A4-.J 4 NFC4 L __ ~F_!l~ ___ j l 

• • 
,..--------.,---------, ,..--------. 
: II q 15 '---------.J .._ _______ .J '--'-------J 

• ,..--------,,---------,r--------, I •• II •6 
'- ------ -.J ·- ------- J '- ------- .J 

SFB3 II SFC3 ...-------.,, NFC7 J:--------11 NFA7 f7 
-~--------·~·--------~. 

SFB2 II SFC2 I 
SEBl II S[Cl 

8 c 
Notation for the field with fence. 

Figure 18. Notation used for array location and field test files. 
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APPENDIX A 

AERODYNAMIC COEFFICIENTS FOR 
PHOTOVOLTAIC ARRAYS 

H = 1.5 ft 
(see Figure 18 for file notation) 

and 

S20 = Single array at H = 2.0 ft 

SlS = Single array at H = 1.5 ft 
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DATA fOR FILE ! 52~ 

F.U t4 COtff ~H t~ C: CH C 11Z ES c"s EZ 

292 35 (,.~. y -·. 7'1 . (t3 .ti4 .01 -.02 

293 35 15.¢ -·. 81 .¢4 .05 -.12 . t 5 

294 35 30.0 -.83 .¢5 . ()' -.24 .29 

295 35 45.0 -.86 .to . 12 -.30 .35 

296 35 60. (t -.60 .09 . t 5 -.tt . 18 

2fJ.7 -:c 7~. (: -·. 27 . ¢2 ,0, .06 -.23 vv 

2~8 "::I; 9¢. (! -·. 1)6 -.(tO -.03 . 1 C) -1. 1' "tJ •J 

29~ "'W:: 1¢5. (: .¢~ . c~2 - '70 . 2(! 3.8~ ........ • ..., 4" 

3() (: -:c:: 12¢.(: .29 ·"' -.21 .31 1.08 ·.:-..• 

3C) 1 '711: 13~. (t . 4' .07 - .1' .34 .72 v ••• 

3Ct2 35 15¢.0 . 50 .Cii -. 12 . 25 .51 

303 "'ilt -.1 ••• 1 f.5. 0 .51 .07 -. 13 . 14 .28 

304 35 180.0 .48 . (t' - .13 . (t 2 .04 
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C.ATA FO F.: FILE ; S15 

J;tll ~· .vn CO NF' fd!~IC• CH c"z ES CI1S EZ 

99 35 ;) . (r -·. 75 -.(l(t -. Ot' . 03 -.04 

100 35 1'- (• -.7, -.(10 -.00 -.06 .08 

1 ~-~ 1 ... I:' 
.:;. .J 3~. ~· -·. ?8 . (• 1 . ;) 1 -. 18 .23 

• IIIIi ...... ..,I:' 45. (;. -·. 81 - (•b . 08 -.27 .34 l. 1..::. .:; .-.; 

1 :~! 3 35 £~!. t! -·.58 . t;.~ . 1 5 -.0~ 1 .-~ 

1 ~, .. 35 75. C• -.30 . 02 .06 .0~ -.17 

1C•5 35 90 . (• -.(1£ -. 00 -.01 .0£ -1. 0? 

106 35 1 (•5. 0 .07 .02 -.25 - 18 2.71 

1 r;< 7 35 120. (r .30 .f/7 -.22 . 3 (t .99 

1 ~) s 35 135.0 .41 .f/8 -.20 . 27 .65 

U'd~ 35 i St< . (1 .45 .08 -. 1 s . 19 .43 

11 ,. 35 165. (r .49 . (•9 -. 19 .09 .19 

1 i 1 35 '! 8~. (• .49 . (•9 -. 19 O? . - .03 
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vATA FOF. FILE ' HOAl ' 

F.U t~ COHf ftl I tiCs CH c"z ES CHS EZ 

1~8 35 () . (t -·. 74 - . 03 -.G4 . 08 -. 1 (I 

1 o4 9 3!5 3C..Ct -.79 -.03 -.04 -. 17 . 21 

15 (t 35 45.Ct -·. 79 . (t 1 . 01 -.21 .26 

151 35 fr~.¢ -·.54 .¢4 .oe -.08 . t 5 

C•ATA FOR FILE ; NFAi 

RUt~ CONF' WIND CN CMZ ES CMS EZ 

14? 35 (< . (t -. 14 - . (tt -.0, . 01 -.04 

14£ 35 30. (• -·. 11 - . CtO -.04 . 01 -.07 

145 35 45.(t -. 14 .Ctt .05 -.05 .3£ 

144 35 £Cc. (• -·. 20 .C.t .03 .07 -.34 

CtATA FOF. FILE ' HOA2 ' 

RUH COHF WIHD CH c"z ES c"s EZ 

14(t 35 0.¢ -.12 - . 05 -.37 .00 -.03 

141 35 30-¢ -·. 38 - . 04 -.09 .02 -.04 

142 35 45. (t -·. 44 - . 02 -.04 -.1£ .37 

1 o4 3 35 E-0 . (t -·. 44 .¢3 .06 -.15 .34 

C•ATA FOR FILE ~ NFA2 

RUN CONf WI NC• CH CJIIZ ES CMS EZ 

13B 35 0. (• -.~? - . (•C) -.04 -.01 . 15 

i37 35 J(c . (• -·. 12 - . (•C) -.60 -.ol .27 

136 35 45. (• -·. 27 . (•1 .02 .02 -.09 

i35 35 '0 . (• -·. 14 -.CtO -.OCt • C) 2 -·. t 3 
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!)ATA FOF.: FIL£ ' HOA3 

F.~U N CONF Ll IN C• CN CMZ ES c"s EZ 

13 t:r 35 0. (• -·. 07 .00 . 01 -.02 .31 

129 35 30. (• -.28 -. 03 -.11 -.0£ .21 

128 35 45. (I -·. 39 -. (•2 -.Ct5 -. 1? .45 

12 7 35 f.:.) . (t -·. 39 .03 .07 -. 13 .33 

trATA FCF. FILE : HfAl 

F.U ~t CONF It! I tHi CH c"z ES c"s EZ 

1 -:: i 
L "o/ L 

-::c; ...: ._. (j . (t -·. 08 - . 00 -.04 -.01 . 17 

132 35 30. (t -.30 .<ao . 01 - . 11 
... ... . .)( 

177 
& .,., ...... 

-;rc; 
-.~..., 45.(: -.2, - . 00 -.02 . 08 -·. 29 

134 -;rc; 
•.!•.! €-0.(: -·. 14 - . (tl -.C)5 . C13 -.23 

f>A TR FO j;~ FILE NOA7 

PU~f CONF iaJ I NC• CN CPI2 ES CMS EZ 

234 35 0. (• -.21 . (t 1 . OS -.05 .,7 ....... 
233 35 3() . (• -·. 34 - . 01 -.c>4 - . 1 (t .30 

·=·., ., -.;/- 35 45. (• -· .. , - . (t 1 -.03 -.20 .43 

231 35 t,Q . (• -·. 41 .03 .OB -. 14 .35 

t:•A TA fOF. FILE l HFA7 

fi:UN CONf WIND CH c"z ES CHS EZ 

235 35 0.¢ -·. 19 - . (t 1 -.07 -.02 .13 

;:3 E· 35 30. (t -.30 - . (t2 -.Ofr .05 -. 18 

237 35 45. (t --. 14 .Ct1 . 05 -.01 .07 

23 <) 35 ~0.¢ -·. 14 .¢0 . 01 -.02 . 14 
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t•ATA FOR FilE ~ HOSt 

FUH COHF WI NC• CH c"z ES c"s EZ 

186 35 ~. (• -.?2 - . 04 -.05 .0, -.f.\8 

185 35 30. (• -.£2 - . (tO -.00 - .1 0 . 1' 

184 35 45. (• -.52 - . ol -.os .Ot -.02 

4 '"'.., l C• .:0 35 £(t. (• -.31 - . (t 1 -.04 .0? -.24 

DATA FOR FILE : HFit 

FUM COHF WtHCr CH c"z ES c"s EZ 

17<; 35 0.¢ -·. 15 .00 . 01 -.OCt .03 

1 e v ':C ..,.., 30.¢ -·. 11 - . (t(t -.04 -.02 . 19 

IS 1 35 45.¢ -·. (tCJ -. 01 -. 10 -.03 .28 

162 35 E.G.Ct -·. 09 -.c.o -.03 . 03 -.3C. 

[•ATA FOR FILE ; H082 

~~u H COHF' WIHD CH CMZ ES CMS EZ 

178 35 0. (• -. 14 - . 04 -.31 .00 -.01 

1'"'""' { ( 35 J(:c. (• -.27 -.(ti -.03 . 01 -.02 

17' 35 45.0 -· . 1 7 - . (t 1 -.04 .28 -1. '' 
175 35 £0. (• -·. 1' -. (•2 - .12 .05 -.28 

t•ATA FOR FILE . HFB2 . 
F.U ti CONF WI ti Cr CH c"z ES c"s EZ 

171 35 o.c. -.1)9 . (t 1 . (t 9 -.oo .05 

172 35 30. (t -·. 07 .... (tC) -.03 • Q (t -.0, 
173 35 45.C. -.tO -.c-2 -.17 .09 -.89 

174 35 £0. (t -.24 .Ct2 .07 .0£ -.25 
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i)fi T:i FDR FILE NOB3 

RUN GONf LJINCr CH Cl12 ES CMS EZ 

i "? \;t 35 Q. (t -.03 . c-o .05 -.01 . lt· 

1 b '1 35 3Q. (• -. 1b - . 00 -.oo . 11 -.b9 

168 35 45. (• -·. 14 - • (a 1 -. 1 (t t ·"\ . ~ -.as 
t ~· -, 35 r;o . o - 15 - . (ti -.09 .06 -.40 ! ~ ( 

CtATA FOF. fiLE : NfB3 

FIJ N CONF WI~~Cr CH C HZ ES c"s EZ 

u:.::, -:c:: <) . (: -·. 07 .00 .02 . QQ -.Ql 
•..! ·-· 

16 4 -;:~:; 30. (: -.09 - . (: 1 -.09 . Q' -.7¢ •./ ._ .. 

1 €- 5 7C:: 
-..1·-t 45.¢ -·. 2' - . (:1 -.04 • C) 5 -. t e 

16 t· -;:~:; 
fii,J• .. • €.C). (r -.28 .C:O .01 .04 -. 14 

C•ATA FOR FILE : N084 

RUN CONf Y r N£• CH CMZ ES CMS EZ 

1.; 2 35 6. (• -.05 . (•2 .38 -.03 .59 

1~1 35 3t<. Q -·. 23 -. (•1 -.03 . f) 3 -. t 2 

1 f, 0 35 45. (• -. 1' - . (a(c -.03 . 14 -.87 

15 9 35 60. (• -. 1' -. (•1 -.07 .05 -.33 

£:HTA F'OR FILE HF84 

RUN CONf t..:ItfCr CH CHZ ES C"S EZ 

i 55 35 G.¢ -. 15 - . (: 1 -.04 - . C12 . 1 1 

15€. 35 30.0 -. 16 - . (:1 -.04 . 0 5 -.27 

~c::-
!~( 

-;:~:; 

•.! ·-· 
45. (t -·. 33 - . (rC) -.00 . Q t -.02 

15 e 35 t.O. C• -·. 20 - . (t1 -.03 . Q2 -.1¢ 
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DATA FOR FILE . HOC t ' 
RUH COHF WIND CH c"z ES c"s EZ 

227 35 0.0 -.71 -. 04 -.05 .04 -.05 

22' 3~ 30.0 __ ,3 -. 02 -.03 -.05 .09 

22!5 3!5 4S.O -.51 -. 02 -.03 . 01 -.02 

224, 3!5 60.0 -.32 -. 02 -.08 . 15 -.46 

CtATA FOR FILE . HfC 1 . 
RUH COHf WINCJ CH CftZ ES CftS EZ 

220 3~ O.Ct -. 19 - . Ctt -.06 -.00 .01 

221 35 JG. 0 -. 15 -.00 -.01 -.02 . 1 1 

222 35 45.0 -. t 1 -. 01 -.tO .01 -.0£ 

223 35 iO.O -.08 . 00 .03 .04 -.46 

CaATA FOR FILE ' HOC2 ' 

RUN COHF WIND CH CMZ ES CMS EZ 

211 35 0.0 -.09 -. 04 -.43 • c) 1 -.07 

212 35 30.0 -. 12 -.03 -.23 -.00 .04 

213 35 45.0 -. 15 -. 02 -. t 3 -.02 .13 

214 35 ,0.0 -.08 .00 .02 . t 9 -2.28 

DATA FOR FILE ' HFC2 . 
RUtt COHF WIHD CH C"Z: ES CftS EZ 

219 35 0.0 -. 11 - . 00 -.04 .00 -.01 

217 35 30. (t -.06 -. 00 -.02 -.00 .00 

216 35 45.(t -.07 - . (t1 -.09 .03 -.47 

215 35 60.0 - .-oe -. Ot -.08 . 10 -1.27 
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DATA FOR FILE : HOC3 

RUH COttf Wit4Ct CH c"z ES CMS EZ 

21 (• 35 (< • (t -.0? - . (ti -.07 -.00 .05 

2t1 9 35 30. (• -.11 - . (tt - .12 -.00 .01 

~:t;t B 35 45. (• -. 11 . (t1 .08 . 1 t -1.00 

2t) 7 35 £0.(t -.0, . ·eao . 01 .13 -1. '' 

t>ATA FOR FILE : NFC3 

F.U ti COHF WI HI> CN c"z ES CMS EZ 

2£) 3 35 0. (t -·. 07 .01 .0, -.00 .05 

2«)4 35 30.¢ -.09 . (tO .03 .01 -. 14 

2«)5 35 45.0 -.09 -. 01 -.16 .09 -.9£ 

20f. 35 f,O.¢ -. t' -. 00 -.00 .07 -.41 

C•ATA FOR FILE . NOC4 I 

RUN CONF WIND CH CMZ ES CMS £2 

195 35 («. (• -.08 .00 .01 -.01 .08 

196 35 3(•. (• -.tO .... 00 -.02 .0£ -.60 

19? 35 45.0 -. 11 .00 .01 .0£ -.,0 
198 35 £(• . (t -.0, -.00 -.04 . 13 -2.21 

CtATA FOR FILE : HFC4 

r:u N CONF WItt &t CH CI'IZ ES CMS EZ 

2t)2 J5 0.¢ -.11 . ¢0 .03 -.00 .02 

2(t1 35 30.¢ -.10 .Ctt .1 0 .03 -.35 

200 35 45. (t -. 12 . (tO .02 .06 -.52 

199 35 f,(t. 0 -·. t 7 -. ¢0 -.00 .05 -.31 
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DATA FOR FILE HOC? 

RUN COHF WIHta CN CMZ ES c"s EZ 

194 35 o.c- -. 14 -. 00 -.02 -.01 .0£ 

347 35 30. (a -. 14 . 00 .00 -.03 -.22 

1"" . ... 35 .,.(t -. 13 - . 00 -.02 .0£ -.,0 

18 9 35 60. (• -.0, . 00 .02 . t 4 -2. 13 

CrATA FOF. FILE . NFC7 . 
F.Ut4 COHF WI HI> CH c"z ES c"s EZ 

348 35 v.¢ -. 14 -.¢0 .02 -.02 .02 

34 'J 35 30. (t -. 17 - . C.O .02 .04 -.25 

191 ":&: 4'. (: -.20 .01 . 04 .04 -.22 ..,.., 

1 e 1 35 bO. (r -. 14 . (•0 .03 . 0 (t -.03 



45 

!)ATA FOR FILE SOA 1 

RUN CONF WIND CN Cl12 ES CI1S EZ 

252 35 1 so . ea .48 . (•9 -. 1 e . f) 3 .0? 

25i 35 210.0 . 53 . (•8 -. 1' -.23 -.43 

25 ,, 35 225.(t .... , .08 -. t e -.30 
__ ,, 

CtATA fOR filE t SfAt : 

RLI N CONF w t ti Ct CH c"z ES CMS EZ 

253 35 180.¢ .06 - . (te) . ¢1 .02 .31 

254 35 210.¢ . 08 - . (tQ .01 -.05 -.57 

255 35 225.¢ . 16 -.¢1 .06 - . t (t -.62 

t•~TA FOR FILE . SOA2 : 

t;:UN CONF LJINC• CH CI1Z ES CMS EZ 

·"\A ... 
.:."t't 35 1 so. (• -·. 07 - . (l(c -.05 -.05 .83 

248 35 21(c.(t ._20 . (•1 -.Ob -.35 -1. ?o 

24') 35 225.0 .30 .Ol -.09 -.4£ -1.52 

t~ATA fOR fiLE ! SFA2 

RIJH C:Ofif witt&: CN CI'IZ ES CMS EZ 

24& '7C "' .... 1 eo.(! .... ¢4 - . (t 1 -.21 -.¢1 .4¢ 

245 35 210. (t .15 - . ¢1 .07 -.17 -1. 12 

244 7C 
..t·..,f 225. (: .27 - . (t(: .¢1 •.. 2(t -.73 

C•ATA FOR FILE . SOA3 : 

RUN COHF WIND CN CftiZ ES CMS EZ 

24 t> 35 18(<.(t . t\2 - . 00 . t 5 -.08 -3.27 

239 35 210.0 . 25 . (•t -.tc2 -.31 -1.23 

23£: 35 225.0 . 31 . (•2 -.05 -.40 -1.29 



46 

£!~TH ftJF: FilE ' SFA3 

RUN CONF ~.!INC! CH CMZ ES CHS EZ 

241 35 18<1.¢ -· . (tl - .¢1 - . b5 - . () 2 9.99 

242 .,.:: 2:1¢.(: .27 - . (•1 • c) 5 -.25 -.93 
~·-· 

24:3 35 225. (• .2tr - . (t t . c) 2 -.21 -.1'9 

c~~ TA FO j;: FILE SOSi 

RUN CONF faJ I NC• CH Cl12 ES CHS £2 

271 35 1 so. C• . 52 • CaS -. 15 -.03 -.06 

272 35 21 Ct t;t . 44 . (•9 - .20 -. i? -·. 3~ 

2?3 35 225. (t . 35 .07 - . :2 0 - . 1 s -. 5(t 

r~~TA FOR FilE ~ SFB 1 

Rl1N CONF ft.i r t~ c! CH Cl'tZ ES c"s EZ 

27C: ~c:: 1 eo . o .oe . (: 1 -.oe . (: (t .01 ..: ·~ 

2€· 9 35 21¢ (: . C)J . (:0 .. .05 -.OCt -.oe 
2€·8 ":C:: ,. .... II: 

c~ -·. oe . (:(t . 01 -.Oft .68 .., ._. .::.:..-.~ 

[t~TA FO h~ FILE ' SOS2 

RUN CONF WI Nt• CN CI'IZ ES CMS EZ 

264 35 1 so. (• -·. C•2 - . (t1 -.b2 . () 1 -.36 

2f, 3 35 210. C• .OJ .00 -. 10 -.05 - 1. 9(• 

2£2 35 225. (t . <.\2 . (•2 -.94 -.t)-7 -2.,7 

vATA FOR FILE l SFB2 

RUN COHF Wif;Ct CH CMZ ES CftS EZ 

2i-5 35 180. (! -. (•1 - .00 -.3ft .01 9.99 

~~a!. lt· 35 210. (t -·. ()4 . (tO . (J ,;. -.05 t.J(t 

2b 7 35 2 25. (t o· .. • ,;! - . (!1 . e t -. 13 9.99 
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t•ATA FOR FilE ; SOS3 

RUN cot~F LJI t~ C• CH CMZ ES CMS EZ 

25 ·;. 35 1 80 . (• -·. 01 -. (t2 -2.00 . o2 9.99 

26(• 35 210. (• . 08 . (10 -.02 -.0£ -.78 

2£1 35 225.0 .01 . 01 -.98 . ()' 9.9, 

[tfiTA FO F. FILE ; Sf83 

F.UN CCNF lilHD CH CftZ ES CfiS EZ 

258 35 180.¢ -·. 01 - . ¢1 -.CJ5 • C) 1 '·'' 
257 711; 210.(: .Ot -. 02 1.39 -. 12 '·'' -..t•J 

25t· 35 225. (! .01 .... <-2 .28 -.(s'J -1.25 

C•ATA FOR FILE . soc 1 ' 

RUN CONF WI HI:• CH CMZ ES CMS EZ 

288 35 180. (• . St .08 -. 15 -.oS -. 1 (• 

2B? 35 210.(• .. , . (•9 - .19 -.21 -.45 

22b 35 2:25.(• .35 .07 -.20 -. 13 -.38 

[!14 TA F'O R FILE : SFC 1 

RHN C:ONF 1,! I H &t CH CftZ ES CMS EZ 

289 7£::: .... -.~ teo. o . oe .OG -.01 . 01 . t Q 

29¢ .,c: 
-.! ._. 210.¢ . 04 . (t 1 -.22 -.()2 -.6¢ 

291 ":C: 
....: ·-· 225.¢ -·. 02 - • (tC) -. 12 -.02 -.,. ,(..., 

C•ATA F'O ii: FILE . SOC2 I 

RUN CONF' WI NC• CH CMZ ES CMS EZ 

283 35 18().(• -·. 07 -. (•2 -.25 .01 -. 14 

2B4 35 21t),(• -·. 05 - . (•() -.02 - . .:~ 2 . J<.'t 

285 35 225. (• -·. 03 . (t() .08 -.04 1.52 
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t:ATA fOF. fiLE ! SFC2 

F.UN COHF WI tiC. CH CI'IZ ES c"s EZ 

262 35 1 8~ . (t -.02 - . vO -.08 .01 -.34 

281 35 210.¢ -·. 02 -.¢0 -.04 -.02 .77 

zev 35 225.Y -·. 10 . (t 1 . oe -.04 .36 

C•;4 TA FOR F'ILE : SOCJ 

RUN COHF WINC• CN c"z ES CHS EZ 

27f, 35 18(}.(t .00 -. 00 1. b5 -.00 9.99 

275 35 2 1&- . (• -·. 02 -. 00 -.06 -.0£ 2.80 

274 35 225. (t . (•1 . 00 -. 15 '"".0£ 9.99 

lifiTA FOR FILE . SFC3 . 
FUN CONF Wttt&t CH CftZ ES c"s EZ 

277 -:c: 
-.1•-f 180.¢ -·. C) t -. vt -t .48 .01 '·'' 278 -:c:: ....: ._. 21G.¢ -·. 03 - . Ctl - .17 -.03 .86 

279 35 225. (l .... 04 - . Ctl -.22 -.05 1.19 
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