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ABSTRACT

The purpose of this design method is to define wind loads on flat heliostat and parabolic 
dish collectors in a simplified form. Wind loads are defined for both mean and peak loads 
accounting for the protective influence of upwind collectors, wind protective fences, or 
other wind-blockage elements. The method used to define wind loads was to generalize 
wind load data obtained during tests on model collectors, heliostats or parabolic dishes, 
placed in a modeled atmospheric wind in a boundary-layer wind tunnel at Colorado State 
University. For both heliostats and parabolic dishes, loads are reported for solitary 
collectors and for collectors as elements of a field. All collectors were solid with negligible 
porosity; thus the effects of porosity in the collectors is not addressed.
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WIND LOAD DESIGN METHODS FOR GROUND BASED HELIOSTATS 
AND PARABOLIC DISH COLLECTORS

J. A. Peterka^ and R. G. Derickson^

INTRODUCTION

Optimum design of isolated units or fie lds  of heliostats and parabolic dish 

collectors is dependent upon obtaining re a l is t ic  design wind loads. In the 

future these structures may become even more sensitive to wind loads as gravity  

loads decrease through innovative technology.

The purpose of this design method is to define wind loads on f la t  

heliostats and parabolic dish collectors in a simplified form. Wind loads are 

defined for both mean and peak loads accounting for the protective influence of 

upwind collectors, wind protective fences, or other wind blockage elements. The 

method used to define wind loads was to generalize wind load data obtained during 

tests on model collectors, heliostats or parabolic dishes, placed in a modeled 

atmospheric wind in a boundary-layer wind tunnel at Colorado State University. 

For both heliostats and parabolic dishes, loads are reported for so litary  

collectors and for collectors as elements of a f ie ld .  All collectors were solid 

with neglig ib le  porosity. Thus the effects of porosity in the collectors is not 

addressed.

This methodology is based on experimental research performed for Sandia 

National Laboratories and the Solar Energy Research In stitu te  (now the National 

Renewable Energy Laboratory) over a period of several years, Peterka et a l .

 ̂ Professor, Fluid Mechanics and Wind Engineering Program, Colorado State 
University, Fort Collins, CO 80523.
Graduate Student, Fluid Mechanics and Wind Engineering Program, Colorado State 
University.



(1990, 1988, 1987 and 1986), and e a r l ie r  references cited therein. A summary of 

these e fforts  is provided in Peterka et a l . (1990 and 1989). The measured mean 

and peak wind loads have been compiled and presented here in a simplified design 

procedure that should provide re a l is t ic  design guidance for the range of module 

shapes and f ie ld  layouts considered. This methodology represents current 

research knowledge which may be modified through future research.

The user of this design method is encouraged to become fam ilia r  with the 

various principles, assumptions, and lim itations of application outlined herein.

Design parameters for heliostats and parabolic dish collectors are 

contained in separate tables or sections to minimize confusion. I t  is not 

exhaustive in its  treatment of case scenarios. I t  is possible that higher loads 

than those outlined herein are possible, although wind-tunnel tests were designed 

to iden tify  the higher load cases. The geometries studied were idealized and did 

not have attached to them a ll of the truss structures which might be on a 

production unit. I t  is not clear that truss structure loads are simply additive  

to loads shown herein. In many cases that assumption w ill be valid - -  in others, 

the truss structure might s ign ificantly  modify the wind flow about the collector  

and thus the loads as calculated in this document (including possible s ignificant  

load decreases).

The design methods outlined in this document are based only on wind-tunnel 

tests. While wind-tunnel tests have proven highly useful in defining wind loads, 

i t  must be emphasized that fu l l-sca le  validating experiments would be highly 

desirable, in view of the high sens it iv ity  of loads to turbulence (gustiness in 

the wind) observed in the wind-tunnel tests. The procedures proposed herein are 

not intended to replace but to supplement existing codes, standards, and other 

design methods and procedures.



ATMOSPHERIC WINDS

Discussions of atmospheric wind flow and its  physical model simulation can 

be found in Simiu and Scanlan (1986), Counihan (1975), Cermak (1971, 1975), and 

Reinhold (ed., 1982). A b r ie f  summary of the important characteristics for use 

in this document are summarized below. Some material is included for educational 

purposes and to c la r i fy  reasons for the design approach suggested in this  

document.

Several types of atmospheric winds can lead to design level winds on a 

solar co llector. Strong low pressure areas can generate design level winds. 

These are called extratropical lows i f  th e ir  origin is in temperate regions; 

th e ir  winds are the normal straight line  winds with which we are most fam ilia r .  

Low pressures of tropical origin give r ise to tropical cyclones which are

indistinguishable from extra-tropical lows unless they become strong enough to 

be c lass ified  as tropical storms or hurricanes. Tornados are concentrated

rotational winds with a re la t iv e ly  small spatial extent of high speed; the weaker 

ones could be resisted by a solar collector, but more intense versions are not 

within the normal design range of solar collectors. Dust devils are also 

rotational winds sim ilar to a tornado, but with lower speeds, which typ ica lly  

originate with a clear sky as opposed to a storm origin for tornadoes. Downslope 

wind storms occur in local areas in the lee of some mountain ranges and can reach 

speeds above hurricane magnitude.

Winds of interest for solar collector design have some common 

characteristics near the ground. Mean (time averaged) wind speed increases with 

height above ground, and winds have gusts of short duration which are

s ig n if ican tly  higher than the mean and which define peak wind loads on solar 

collectors. Both the variation of speed with height and the gustiness,

frequently called turbulence, must be accounted for in the design of solar



collectors. For example, wind load coefficients determined by wind tunnel in a 

flow without vertical variation of speed and without s ignificant turbulence, such 

as ASCE (1961), are not appropriate for design. The quantitative impact of 

proper modeling w ill  be shown in the section on atmospheric turbulence.

Design of solar collectors for wind outlined in this document assumes a 

boundary layer structure to the wind; the classical example is the straight line  

winds of the extra-tropical low or tropical cyclone. The structure of the wind 

for other types of high wind event is not as well known, but is assumed to be 

sim ilar enough to the boundary layer structure for design purposes. Boundary 

layer wind tunnels capable of simulating the structure of boundary layer winds 

are available for modeling wind loads on structures, and have been used to define

wind loads on various solar collector shapes. The results of several research

test series were used in development of this design methodology.

In an atmospheric boundary layer wind, the variation of wind speed with 

height is frequently represented by a power law 

U(Z)/U(Zref) = (Z/Zref)"

where

U(Z) = mean velocity at height Z;

u(Zref) = mean velocity at reference height Zref; and

n = power law exponent, a measure of ground roughness; 0.13 to 0.15

in open country.

An alternate expression which works well is the logarithmic law 

U(Z)/U* = (1/k) ln (Z /Z J  .

A form of this equation for transferring mean velocities between heights is 

U(Z)/U(Zref) = ln (Z /Z J / ln (Z re f /Z J

where

U* = the shear velocity;
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k = von Karman constant, 0.4;

In = natural log function; and

Zq = e ffec tive  roughness length, another measure of ground roughness; 0.01 

to 0.05 meters in open country.

An expression for turbulence is (Simiu and Scanlan, 1986)

Tu = (B)(U*)/U(Z)

where

B = a constant, approximately 2.5 for open country.

Examples of ground surface roughness characteristics are included as Table 1. 

This table is for informational purposes; i t  is not e x p lic i t ly  used in the design 

methodology of this document.

Gust ve locities  of 2 to 3 second duration can be related to mean velocities  

at 10 meters height in open country by 

Upk(lOm) = (R) U(lOm)

where

Upk(lOm) = 2-3 second gust magnitude at 10 m; and 

R = constant, 1.53 to 1.6 in open country.

MEASURED PEAK AND QUASI-STEADY PEAK WIND LOADS

Wind load codes and standards have tra d it io n a lly  assumed a "quasi-steady" 

wind load in which a time averaged, or mean, load coeffic ient is used with a peak 

gust wind speed to determine peak wind loads. The "quasi-steady" approach 

assumes that the short duration peak wind load is essentially  a "steady" wind 

load. I f  that assumption were s tr ic t ly  true, then we would obtain the same load 

by using a mean wind with a measured peak coeff ic ien t. Experiments have shown 

that the "quasi-steady" assumption works well for some cases, for example the



Table 1. Estimated values of the surface roughness.

Repre­
sentative  

Value of 
(m)

Terrain n
Turbulence 

In tensity, % 
at 10 m*

0 .5 -1 .5 0.7 Center of large towns, 
c it ie s , forests

0.35 34

Dense forests of 
re la t ive ly  non-uniform 
height

0 .27-0.30** 34

Dense forests of 
re la t iv e ly  uniform height

0 .23-0.25** 34

0.15-0.5 0.3 Small towns, suburban 
area

0.24 26

0.05-0.15 0.1 Wooded country v illages, 
outskirts of small towns, 
farmland

0.20 21

0.015-0.05 0.03 Open country with 
isolated trees and 
buildings

0.17 17

0.007-0.015 0.01 Grass, very few trees 0.15 14

0.0015-0.007 0.003 RUNWAY AREAS (Average) 
Surface covered with 
snow, rough sea in storm

0.13 13

<0.0015 0.001 Calm open sea, lakes, 
snow covered f la t  
te rra in . Flat desert

0.11 11

*Turbulence in tensities  calculated from information in Simiu et a l . 
(1986)
Zg = e ffec tive  surface roughness
n = power law exponent for mean velocity variation with elevation

**A11 roughness entries in table except these are from ESDU (1982)



peak force where mean force is large. The peak force is essentially  the gust 

factor in wind, squared, times the mean force.

For other cases the "quasi-steady" assumption does not work well at a l l .

For example, the mean moment about the elevation axis for a f l a t  heliostat in

stow position (horizontal orientation with minimum area exposed to wind) is quite 

low. The fluctuating part of the moment leading to the peak value oscillates  

about the near-zero mean and is due in large part to vertical components of the 

turbulent approach flow. Thus the peak moment is determined mainly by the 

fluctuating part of the moment and is not predicted well by a gust factor 

(representing the square of the ra tio  of actual wind gust to mean wind speed) 

m ultiplied by the mean.

For reasons given above, i t  is best to determine peak loads by using a 

measured peak coeffic ient in combination with the mean wind. Load coefficients  

are thus defined using the dynamic pressure, Q, of the mean wind speed. Since 

both mean and peak wind loads may be of in terest, this document includes both 

mean and peak coeffic ients .

SPECIFICATION OF DESIGN WIND SPEEDS

Since wind speed varies with height above ground, with gust duration and

with upwind surface ground roughness, i t  is important that the wind speeds used 

for co llector design be specified for height, duration and exposure. A clear 

specification of required wind speed might be: X miles per hour mean hourly wind 

at 10 meters above ground in open country, or a peak gust of Y miles per hour at 

10 meters height in open country. A peak gust typ ica lly  means the highest point 

traced on an anemometer recording chart which is about a 2 to 3 second duration 

gust. For a stra ight line boundary layer wind, the peak gust is about 1.5 times 

the mean hourly wind based on H o llis ter (1970) and about 1.53 times the hourly
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speed based on ANSI/ASCE 7-88 (1988). Conversion of mean wind from one height 

to another is performed using the wind p ro fi le  equations l is te d  above. Peak 

winds follow a d if fe ren t p ro fi le .

Converting winds from one exposure to another is not completely 

straightforward. I f  the upwind ground roughness is constant for 5 to 10 

kilometers, then the conversion can be accomplished by 

Ur = Uo (Zgo/Z10)"° (ZlO/Zgr)"'’

where

Ur = mean speed at 10 meters in roughness r exposure;

Uo = mean speed at 10 meters in open country exposure;

Zgo = e ffec tive  gradient height in open country exposure;

Zgr = e ffec tive  gradient height in roughness r exposure;

ZIO = 10 meters, standard specification height for wind; 

no = power law exponent for open country, 0.143; and

nr = power law exponent for roughness r exposure.

Consistent pairs for Zgr and nr (Zgo and no for open country) taken from 

ANSI/ASCE 7-88 are:

Exposure Category Z

A - Large City Centers 

B - Urban and Suburban Areas 

C - Open Country

D - Flat Unobstructed Coastal Areas 

I t  is recommended herein that collectors be designed for an open country 

environment and that design wind requirements be specified also at 10 meters in 

open country environment. The primary reason to change the exposure would be for 

collectors located on the edge of a large body of water or on exposed terra in

(h i l l to p s , ridges) where wind speeds might be higher than in open country.

meters nr

450 0,.333

350 0..222

275 0..143

210 0,.100



H illtop  exposures have special problems (not addressed herein) in defining wind 

speeds due to accelerated flows.

PRINCIPLES OF WIND LOADING

Structural fa i lu re  from wind loads can be due to d iffe ren t mechanisms. One 

type is overstressing in which the peak stresses induced by the near s ta tic  wind 

loads exceed the material capacity. Measurement of peak loads in the studies 

leading to this method provide a method for design against over-stressing 

fa i lu re .  Fatigue fa i lu re  can be caused by dynamic, repeated loading at stresses 

less than the s ta t ic ,  allowable material capacity. Fatigue design is not 

addressed in this methodology. Fatigue is not e x p lic i t ly  addressed in Peterka 

et a l . (1990 and 1989), but the range of fluctuating load magnitudes for many 

c r i t ic a l  situations is shown in figures in these two references. The load 

spectra, or frequency distribution of loads, was not measured.

Mean loads are defined as an average over a period ranging from 10 minutes 

to an hour. Values of these loads are reported herein. However, i t  is the peak 

fluctuating loads that provide the stresses for design. Peak forces may be a 

result of peak, near-static  applied wind loads, or may be due to s ta tic  or 

dynamic wind loads augmented by resonant vibrations in the structure. Resonant 

additions to the applied wind loads of this design method may be s ignificant i f  

structural damping is low. The research studies leading to this method included 

only determination of peak applied wind loads and did not include the prediction 

of resonant e ffec ts . The importance of resonant effects is not clear, since 

aerodynamic damping due to collector motion (resistance to motion caused by 

velocity of the collector through the a ir )  may l im it  resonance. As the natural 

frequency of co llector increases, any resonant response w il l  decrease.
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With respect to resonant loads, one reviewer of this document made the 

following comment which was su ffic ien tly  s ignificant that i t  is included here 

verbatim: "I must highly emphasize to designers of large pedestal supported 

arrays that resonant vibrations must be considered. In our e a r l ie r  designs, we 

experienced several drive fa ilures in the f ie ld  when only s ta tic  wind loads were 

considered in the design. Naturally we were forced to consider dynamic effects  

to correct the problems."

COORDINATE SYSTEM OF COLLECTORS - Forces and Moments

The coordinate systems for a heliostat or parabolic dish collector are the 

same. Forces or moments for e ither an isolated or in - f ie ld  collector are based 

on the same set of equations. In the equations, the values of the various 

coeffic ients d i f fe r ,  depending on a particu lar isolated or in - f ie ld  collector  

configuration. Particular coeffic ient values for isolated or in - f ie ld  heliostats  

and parabolic dishes are presented la te r .

Based on the coordinate system shown in Figure 1, the defining set of 

equations are as follows (forces in lb, moments in Ib - f t ) :

Drag Force:  ̂ Q ^

L i f t  Force: F̂  = *  Q *  A (2)

Base Overturning Moment: *  Q * A *  H (3)

Hinge Moment: *  Q *  A *  h (4)

Azimuthal Moment: M
Z

*  Q *  A *  h (5)

C„ is obtained from C„ = Cp + *  (h/H) (6)
y y  ̂ y
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X Axis at Hinge

Y Axis at Base,

Axis at Hinge

(Azimuth Angle)

Cp z:::̂

X Axis at Base,, x
Z Axis, z

Figure 1. Coordinate system for collector (he liostat or parabolic dish).

where

= dynamic pressure of the mean approach wind (psf)

= 0.00255 *  with U in mph (0.00256 includes a ir  

density at sea level at standard conditions);

= mean approach wind at elevation H =  Umean
H

ŵind

mean

gust

ufastest mile

= the power law exponent for the approaching wind;

= mean approach wind at elevation =  Û astest n̂iie/*^

mean gust' ’

= 2-3 second gust magnitude at height Zŷ „̂  above ground;

= fastest mile wind speed at height above ground;
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obtai ned from 
Hon is te r  
(1970)

R = 1.30 i f  fastest mile wind is 90 mph

= 1.24 i f  fastest mile wind is 60 mph

R has no units;

A = solid surface area of heliostat (include openings in

solid area i f  they constitute less than 15 percent of

the total area) ( f t ^ ) ;

h = chord length of the heliostat ( f t ) ;

H = height of the center of the heliostat area from ground

( f t ) ;  and

Cpj^,CFj,C„y,etc. = the respective force and moment coeffic ients (no units).

*  indicates m ultiplication

Note: The approach flow is identical for the isolated or

in - f ie ld  cases, i . e .  outside the f ie ld .

The equation for U assumes a wind with a re la t iv e ly  stable mean value and 

direction over at least a 10-minute period. Thunderstorm outflows of short 

duration, dust devils , or tornados may not have the same gust-to-mean-wind ra tio .  

However, i f  the mean wind is based on Ug^jg^l.S using the above equations for  

these wind events, then the provisions of this document might reasonably apply.

No coeffic ients  are included for y-axis forces or for x-axis moments. In 

some wind-tunnel tests an attempt was made to measure these components for f la t  

plates, but the forces and moments were s u ff ic ie n t ly  low that re liab le  

measurements were not obtained. Since those components were never a requirement 

for any of the wind-tunnel tests, extra e fforts  were not made to obtain these 

values. For parabolic collectors, these forces and moments can be obtained from 

x-axis forces and y-axis moments by a suitable coordinate transformation.
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The wind-tunnel models were mostly ideal shapes which did not include 

supporting trusses. The forces on the supporting trusses may, in many cases, be 

larger than the y-axis forces on the collectors.

All tested heliostats were nearly square in shape or were round f la t  discs. 

Both f l a t  shapes had essentially the same load coeffic ients . The influence of 

other shapes or aspect ratios is not known from tests leading to this document.

The specific location of the hinge point about which hinge moments are 

defined is centered on the collector geometry and is 0.062 h from the rear 

surface (downwind side when beta = 0 and alpha = 90), where h is the heliostat  

chord or parabolic collector diameter.

EFFECTS OF ATMOSPHERIC TURBULENCE

The wind load data in this document were obtained in a boundary-layer wind 

tunnel in which the mean velocity and turbulence intensity variation with height 

were modeled. As part of the research studies, the effect of varying turbulence 

in tensity was studied. A s ignificant effect of turbulence intensity was found. 

Figures 2 and 3 show this v a r ia b i l i ty .  Figure 2, taken from Peterka et a l . 

(1989), shows that load coefficients increase dramatically for turbulence 

in tensities  above 10 percent. Turbulence intensity for an open country 

environment on these graphs is about 15 to 18 percent. Collectors designed for  

a rougher environment than open country should include the increase in load 

coeffic ien t from turbulence. Table 1 provides some guidance in the level of 

turbulence in tensity  expected in various exposures. Note that some of the 

increase in load from turbulence w ill  be removed by lower mean wind speeds in the 

rougher exposures. Higher turbulence does not always mean higher loads. For 

example, in a dense f ie ld  of collectors where mean velocities  are very low and 

turbulence in tensities  are high, there is a net decrease in peak wind loads.
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Figure 3 is also taken from Peterka et a l . (1989). I t  shows the variation  

of base moment C„y with elevation angle alpha. The solid line  represents ASCE 

(1961) which was based on wind-tunnel data obtained with near-zero turbulence 

in tensity  and no mean velocity variation with height. The dashed line in the 

figure is data obtained by Peglow (1979) on a fu l l-s ca le  20 x 20 foot heliostat 

insta lled  in the 40 x 80 foot wind tunnel at NASA Ames Research Center. This 

wind-tunnel test also had a near-zero turbulence intensity. Comparison to the 

ASCE (1961) data is excellent. The solid squares in Figure 3 show base moment 

coeffic ients on a Colorado State University heliostat model placed in a 1.2 

percent turbulence intensity in a boundary-layer tunnel in which the atmospheric 

simulation was removed from the tunnel. The comparison with both 1961 ASCE and 

Peglow data is good - the CSU measurements are s lig h tly  higher than the two near­

zero turbulence cases due to the low, but non-zero, level of turbulence in the 

CSU tunnel. Three other data sets in Figure 3 show the influence of increasing 

turbulence in a CSU boundary-layer simulation (which also included the variation  

of mean velocity  with height) on base moment. The variation of load coefficient  

with turbulence was not an effect of the mean velocity variation with 

height since th is  variation was the same in the 12, 14 and 18 percent turbulence 

cases.

The conclusion based on these data is that atmospheric turbulence 

s ig n if ican tly  increases wind loads on solar collectors and cannot be ignored. 

Data based on low-turbulence tests, such as those typ ica lly  obtained in 

aeronautical-type wind tunnels and in ASCE (1961), is not appropriate for solar 

collector design.
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LARGEST WIND LOADS ON ISOLATED COLLECTORS - H e lio s ta ts  and P ara |)c lic  Dishes

Table 2 presents the largest mean and peak wind force and moment

coeffic ients as a function of wind direction, and collector t i l t ,  a, for a
i

f l a t  (or nearly f l a t )  rectangular or c ircu lar heliostat alone in an open-country 

atmospheric wind. Table 3 presents the same information f()r an isolated 

parabolic dish co llector. Note that the maximum drag force and maximum base 

overturning moment occur at the same a and  ̂ as might be expectfed for both the 

heliosta t and the parabolic dish. Less in tu it iv e ly ,  the maximutij l i f t  force and 

maximum hinge moment occur at the same a and for the he liosta t. Stow loads 

have been included in Tables 2 and 3. Stow load coeffic ients are small but are 

usually used with higher survival wind speeds. The total vector force acting on 

a he liosta t acts almost paralle l to the normal to the collector surface. This 

indicates a small component of force in the plane of the collectpr (wind-tunnel
I

collectors had minimal truss supporting structure). Where MĤ  is largest, the 

heliostat normal force is non-uniform with largest (but unknown) value near the 

upwind edge.

LOAD COMBINATIONS FOR ISOLATED HELIOSTATS AND PARABOLIC DISHES

component is aLoad combinations at conditions other than those where one 

maximum (which are tabulated in the previous section) are usei^ul for design. 

Mean and peak load coeffic ients for heliostats for a range of elevation angle a

and wind direction  ̂ are shown in Figures 4 to 7. Similar c(|efficients for
i

parabolic dishes with depth-to-diameter ra tio  of 0.1 (f /D  = 0.62^) are shown in 

Figures 8 to 15.

Some guidance is helpful in the use of Figures 4 to 15:

1. Uncertainty in portions of graphs is s ig n if ican tly  hijgher than for 

the data in Tables 2 and 3. The number of experiments in most
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Table 2. HELIOSTATS - -  Wind load coefficients on isolated heliostats when one 
component is a maximum.

Fx, My 
Max

Fz, MHy 
Max

Mz
Max

Stow
Loads

PEAK LOADS
a, degrees 90 30 90 0

degrees 0 0 65 0
Fx 4.0 2.1 3.7 0.6
Fz 1.0 2.8 0.5 0.9
MHy 0.25 0.5 0.15 0.2
Mz 0.29 0.06 0.7 0.02

MEAN LOADS
a, degrees 90 30 90 0

degrees 0 0 65 0
Fx 2.0 1.0 1.6 0.1
Fz 0.3 1.35 0.3 0.1
MHy 0.02 0.25 0.02 0.02
Mz 0 0 0.25 0

n = 0.15 Tu = 18% Zo = 0.03 meters

e 3. PARABOLIC DISHES - -  Wind load coefficients on isolated parabol 
dishes when one component is a maximum.

Fx Fz MHy Mz Stow
Max Max Max Max Loads

PEAK LOADS
a, degrees 90 30 60 90 0

degrees 0 0 180 60 0
Fx 3.5 1.9 -1.8 3.03 0.33
Fz 0.31 3.1 0.8 0.33 0.98
MHy 0.31 0.25 0.35 0.35 0.22
Mz 0.15 0.06 .08 0.35 0.02

MEAN LOADS
a,  degrees 90 30 60 90 0
/3, degrees 0 0 180 60 0
Fx 1.75 1.1 -1.0 1.32 0.13
Fz 0.17 1.7 0.5 0.09 0.1
MHy 0.11 0.13 -0.17 0.14 0.09
Mz 0 0 0 0.13 0

n = 0.15 Tu = 18% Zo = 0 . 0 3  meters

Note: All data 
diameter

in Table 3 
ra tio  of 0.1

is for a parabolic 
(f /D  = 0.625).

dish shape with depth
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low-coefficient-magnitude areas of the graphs is not as large as those 

near maxima where the wind-tunnel data was concentrated. The range of 

uncertainty is d i f f i c u l t  to quantify, since no f ie ld  measurements are 

available for comparison and since the sens it iv ity  to wind turbulence 

is high as shown in Figure 2. Parabolic dish loads have a smaller 

uncertainty than heliostats. As a rough guide heliostat (parabolic 

dish) coeffic ients probably have an uncertainty of 15-20 (10-15) 

percent of the largest values in each graph.

2. The heliostat loads of Figures 4 to 7 for 90 < < 180 were folded onto 

the 0 - 90 degree range since the loads are nearly symmetric about « 

90 degrees when the heliostat has no supporting truss work. For this  

reason, the load coefficients do not have signs. To determine signs, 

referring to Figure 1, the sign of Fx is positive for ^ < 90 and 

negative for $ > 90. Fz is negative when the wind impinges on the 

upward surface, positive when the wind hits the lower side. The sign 

of a l l  heliostat moments is such that the wind action tr ie s  to force 

the collector toward a maximum drag orientation with the wind impinging 

d ire c t ly  on its  face.

3. The parabolic dish loads of Figures 8 to 15 are presented separately 

for ^ < 90 (called FRONT in the figures) and for  ̂ > 90 (called BACK). 

Coeffic ient signs are placed d irec tly  on the graphs. For some graphs 

( fo r  example. Figure 15), the sign of the peak changes suddenly from 

positive to negative. This occurs when the absolute value of the 

negative peak moment becomes larger than the magnitude of the positive  

peak load.
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LOCAL PRESSURE DISTRIBUTION

The d istr ibution  of local mean or peak pressures over the surface of 

collectors cannot be determined unambiguously from the tota l forces and moments 

presented in previous sections. There is an in f in i te  set of pressure 

distributions which can be integrated over the collector surface to obtain the 

recorded forces and moments. The research studies leading to this design method 

were directed toward integrated loads, and so pressure distributions were 

measured in only one study involving parabolic dishes. Insuffic ient local

pressure d istributions on heliostats have been measured for general use.

Figures 16 to 23, taken from Peterka et a l . (1990), show mean pressure 

distributions on an isolated solid parabolic collector at a variety of 

orientations. The defining equation for mean pressure in terms of the pressure 

coeffic ients in the figures are:

Mean Pressure: P = Cp *  Q. (7)

In each figure, the concave face is displayed above the convex face. 

Contours on the concave face correspond to the viewer looking d irec t ly  at that 

face, while the contours on the convex face are viewed from the concave side 

through the collector as i f  the concave face were inv is ib le . Thus the viewer can 

readily  make a correspondence between values on the opposing surfaces of the 

collector. Since the pressure taps were not placed on the collector edge, the 

inner ring in the figures corresponds to the maximum radius of tap placement. 

The space between the inner and outer rings in the figures represents the area 

on the collector surface for which pressures were not measured.

Peak pressures were measured on the parabolic dish collectors but have not 

been presented in plots in Peterka et a l . (1990). The largest values of

peak pressure coeffic ient were +2.6 and -5 .9 . These occurred for the same
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Figure 16. Mean pressure coe ff ic ie n ts  { a  = 90 and ^ = 0)
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Figure 20. Mean pressure coe ff ic ie n ts  (a = 60 and = 0)
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Figure 23. Mean pressure coe ff ic ien ts  (a = 60 and ^ = 180)
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orientations which gave the largest mean coefficients (shown in Figures 16 to 23) 

of +1.1 and -2 .1 . Peak pressure differences across the collector must be 

measured d ire c tly  to be valid; these were not part of that research program.

MAXIMUM WIND LOADS ON COLLECTORS IN A FIELD - General Blockage Area

This section may be used when calculating maximum loading on heliostats and 

parabolic collectors as part of a f ie ld  for a given load component. For loads 

not at th e ir  maximum, in su ff ic ien t data is available to re liab ly  use this section 

and the following section should be used.

A convenient parameter correlating to the wind loading of an in - f ie ld  

collector is its  Generalized Blockage Area or GBA that is defined as

Solid area of upwind blockage projected to wind direction
boA ==    —     '    .

Area of ground occupied by the blockage objects 3̂ ^

The GBA includes the effects of wind fences and upwind collectors.

The calculation of the GBA can be a cumbersome task using the above general 

d efin it io n  since the wind direction, /3, re la tive  to the collector, the collector  

t i l t ,  Qt, and the angle of the wind re la tive  to a wind fence must be taken into 

consideration in determining the area projections of the various blockage 

elements upwind of a particu lar in - f ie ld  collector unit. Therefore a simplified  

method for GBA calculation has been developed that uses a factor, K, to 

correspond to the maximum loads for each component of loading. We redefine the 

GBA as

(K)(AH) + ASGBA =
AF (9)
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where

AH is the actual surface area of the collectors (chord times width for a 

rectangular unit; Trĥ  for a parabolic unit) in the AF;

AF is the representative ground area occupied by the collectors;

AS is the solid area of fences (external and internal) within AF; and 

K is a factor to account for elevation and azimuth angle of collector for  

maximum loading for a given force or moment component; 

in which the factor K has the following values:

Comoonent K

Fx 1.0

Fz 0.5

Mhv 0.5

Mz 0.5

Figure 24 i l lu s tra te s  the layout for a simplified GBA calculation for f ive  

unit locations, rows 1 through 5. I t  is not necessary for the user to know the 

wind direction or collector t i l t  in performing the simplified GBA calculation, 

because that knowledge is im p lic it  in the factor K.

The treatment of collector units in rows 1 through 4 should be self-evident  

from the figure. Collectors denoted by a square, solid symbol within each 

representative f ie ld  ground area are included in the calculation of AH in the 

sim plified GBA equation, Eq. (9 ). Note that a unit in the f i f t h  row is treated  

d if fe re n t ly  from the other cases. By the f i f t h  row, an external wind fence is 

no longer an e ffec tive  blockage element (by the fourth row for a denser f ie ld  of 

co llecto rs ). Therefore the representative f ie ld  ground area, AF, for a collector  

in the f i f t h  row is reduced as shown in Figure 24.
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Figure 24. Layout for simplified GBA calculations for collector units in rows 
1 through 5.

Field density is an issue of s ign ificant importance in designing heliostats  

and parabolic dishes. Research has shown two separate regimes of in - f ie ld  unit 

performance for f ie ld  densities delimited by a GBA value of 0.15 to 0.2.

(A) I f  the GBA < 0.15 to 0.2, wind loads on in - f ie ld  units actually  

increase in the f i r s t  two or three rows from the edge of the f ie ld .  

Percentage increases are larger for peak loads than for mean loads. 

External wind fences w ill  abate this e ffect s ig n if ican tly . I f  the 

f ie ld  is quite sparse ( i . e .  GBA < 0.1 - 0 .15), internal wind fences 

may be used to increase GBA and lower wind loads on units in te r io r  

to the f ie ld .
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(B) I f  the GBA > 0.15 to 0.2, wind loads on in - f ie ld  units w i l l  decrease 

with row placement from the perimeter. However, an external fence 

w ill  s t i l l  have a significant beneficial e ffect on reducing wind 

loads on the perimeter collectors and on those up to three rows into 

the f ie ld .  By the fourth row, unit performance is the same with or 

without an external fence. Internal fences have negligible effect  

and therefore are not recommended for in - f ie ld  cases with the 

GBA > 0.2.

Note: I f  a fence is to be used in the calculation of GBA, cred it for  

blockage area can only be obtained for wind directions within 60 

degrees of perpendicular to the fence. Wind fences should be no 

more than 30-50 percent porosity and at least 1.15 to 1.3 H t a l l  for  

maximum beneficial shielding. These conditions must be met for  

proper use of this data.

The following special conditions hold for calculating the GBA with Eq. (9):

(a) GBA = 0.01 for row 1 with no external fence;

(b) GBA = 0 . 0 2  for row 2 with no external fence;

(c) calculation for rows 6 , 7, etc. are the same as for row 5 when the

basic f ie ld  density corresponds to a GBA < 0 . 1 5  - 0.2; and

(d) calculation for rows 5, 6 , etc. are the same as for row 4 when the

basic f ie ld  density corresponds to a GBA > 0 . 2 .

The wind load within a f ie ld  is calculated using the curves in Figures 25 

through 28 for heliostats and Figures 29 through 32 for parabolic dishes. Curves

are given for both mean and peak loads. The calculated GBA is used for the

abscissa.
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MAXIMUM COEFFICIENTS FOR IN-FIELD HELIOSTATS AND PARABOLIC DISHES

The force and moment coefficients for a heliostat placed in an array of 

collectors are given in Figures 25 through 28. Coefficients are a function of 

the Generalized Blockage Area (GBA). The in - f ie ld  parabolic dish coeffic ients  

are presented in Figures 29 through 32. The thin solid lines shown in the 

figures represent upper bound values determined by wind-tunnel tests . All in ­

f ie ld  cases fe l l  on or below these lines. The thick vertical solid lines in some

graphs show the highest GBA values for which data exist.

The dotted lines in the figures denote GBA values separating the thin line  

segments and serve as an aid to the user in calculating the appropriate force or 

moment coe ff ic ien t. The sloping lines have an associated equation that may be 

used d ire c t ly ,  with the appropriate GBA value. We have included the figures, 

instead of equations only, to i l lu s tra te  the dramatic reduction in the 

coeffic ients with increasing GBA values.

In each figure, only GBA values in the range of 0 to 0.3 are presented 

corresponding to available data. The following special conditions hold:

(a) GBA = 0.01 for row 1 with no external fence, and

(b) GBA = 0.02 for row 2 with no external fence.

Note that load coeffic ients for these f i r s t  two rows without external fence may

be larger in magnitude than the coefficients for an isolated un it.

I t  should be noted that data for this guideline were obtained in array 

f ie lds  with a regular pattern as shown in Figure 24. Data were not obtained for  

other array geometries.

LOAD COMBINATION COEFFICIENTS WITHIN A FIELD

Load combinations within a f ie ld  of heliostats or parabolic dishes at con­

ditions other than those where one component is a maximum are presented in this
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Figure 31. Mean and peak hinge moment c o e ff ic ie n ts ,  MHy, o f a parabolic dish un it w ith in  a f ie ld  o f parabolic
dishes.



Parabolic Dishes
Mean Azimuthal Moment Coefficient Peak Azimuthal Moment Coefficient

a
<D
B

It

0,8

0.7

0.6

0.5

0.4

0.3

0.140.2

y = -0.6i*GBA + 0.16
0.1

0  210 03

0.1 0.2 0.3
GBA

CO
CUfX

It

0.8

0,7

0.6

0.5 0.41

0.4

0.88'GBA i  0.42
0.3

0.2

0.1

001

0.1 0.3

CJl
OJ

GBA

Figure 32. Mean and peak azimuthal moment co e ff ic ie n ts , Mz, o f a parabolic dish un it w ith in  a f ie ld  o f
parabolic dishes.



54

section. Because the research leading to this method was directed at obtaining 

maximum loads, there is very l i t t l e  data to support the calculation of load 

combinations in a f ie ld .  What data exists tends to show smaller reductions 

within a f ie ld  than occurs for the largest values of component loads. For that 

reason, what data was available is presented. While the data presented here is 

thought to be reasonable and conservative for design use, there is no guarantee 

that the data used to prepare this section found the largest load combination 

values. The data are presented with the caveat that use of this data might lead 

to under-prediction of some loads. The data leading to the results of this  

section were obtained for GBA values near 0.1.

Tables 4 and 5 show factors to be used as m ultip liers  of coefficients shown 

in Figures 4 to 15. The data are divided into four c lassifications: heliostats  

or parabolic dish collectors with and without an external wind fence with 

porosity no larger than 30 to 50 percent.
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Table 4. Multiplying factors for isolated load combinations for in - f ie ld  
heliostat performance.

(a) without external fence

Row 1 2 3 4

pX.peak
x,mean

0.69 0.69 0.69 0.69
1.01 0.76 0.73 0.69

pZ.peak
z,mean

0.93 0.95 0.91 0.72
1.26 1.15 1.03 0 .8 6

M *
Hy.peak^
Hy.mean - - - -

MuZ,peak
Mz,mean

0.51 0 .66 0.70 0.72
0 .6 8 0.78 0.96 0.95

(b) with external fence

Row 1 2 3 4

pX.peak

x,mean

0.25 0.56 0.65 0.69
0.26 0.48 0.56 0.69

pZ.peak
z,mean

0.32 0.48 0.57 0.72
0.32 0.53 0.72 0 .8 6

M *Hy.peak^
Hy.ntean - - - -

Mz,peak
Mz,mean

0.25 0.54 0.72 0.72
0.43 0.62 0.98 0.95

*  in su ff ic ie n t data

Note: For cases where a component load is near its  maximum, use 
Figures 25 to 28 instead of this table.
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Table 5. Multiplying factors for isolated load combinations for in - f ie ld  
parabolic dish performance.

(a) without external fence

Row 1 2 3 4

p 1.07 1.00 0.97 0.93
x.peak
x,mean 1.03 0.81 0.58 0.55

c 1 .10 1.04 0 .8 8 0.80
z,peak
z,tnean 1.06 0.76 0.63 0.61

M 1.07 1.07 1.06 1.16
Hy.peak

Hy,mean 1.07 0.78 0.75 0.72

M 1 .00 1.38 1.26 1.27
z.peak
z,n>ean 0.94 0.94 0.94 0.94

(b) with external fence

Row 1 2 3 4

F 0.45 0.71 0 .8 6 0.93
x.peak

0.36 0.43 0.54 0.55
x,mean

F 0.48 0.70 0.75 0.80
' z.peak

0.44 0.52 0.65 0.61
z,mean

Mu 0.60 0.92 1.04 1.16
"H y.peak

0.37 0.55 0.65 0.72
Hy.mean

M 0.46 0.90 1.12 1.27
z.peak

0.43 0.61 0.96 0.94
z,mean

Note: For cases where a component load is near i ts  maximum, use
Figures 29 to 32 instead of this table.
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EXAMPLE PROBLEM 1

An example problem is presented for an in - f ie ld  heliostat to demonstrate 

the calculation of peak wind forces and moments when a collector is embedded 

within an array. The same procedure is followed for an in - f ie ld  parabolic dish. 

For an isolated heliostat or parabolic dish, Step 1 and Step 3 are omitted and 

Table 2 or Table 3 are used d irec tly  in Step 4.

PROBLEM: Calculate peak operational drag force, l i f t  force, hinge

moment, and azimuthal moment for a 40 x 40 foot square 

heliostat with a center, H, 22 f t  above ground. Perform 

calculation for (a) heliostat in th ird  row and (b) heliostat  

in f i f t h  row.

Given: H = 22 f t ;  a 25 ft-h igh external fence with a 50% porosity is

located 80 f t  from edge of f ie ld  of collectors; no internal 

fences; heliostat spacing is 80 f t  along rows (para lle l to 

external fence) and 80 f t  between rows (perpendicular to 

fence). Wind has peak gust speed of 55 mph at 10 m (32.8 f t )  

elevation.

Note: Refer to Figures 1 and 24 in doing this problem. Coefficient

values for an in - f ie ld  heliostat are presented in Figures 25 

through 28. I f  the calculations were to be performed for 

an isolated he liostat, use Table 2 in place of Figures 25 

to 28.

Steo 1. GBA Calculations (see Figure 4 and Eqs. (1) through (6 ) ) .

(a) Heliostat at the th ird  row

AF = (160 + 80) X 80 = 19200 ft^ (includes 2 upwind collectors and
external fence)
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AS = 80 X 25 X 50% = 1000 ft^ (external wind fence only)

AH = 2 X 40 X 40 = 3200 ft^ (2 upwind collectors included as
shown in Figure 24)

K AH AS
GBA

c c roi, 1-0  ̂ 3200 + 1000For Fx: GBA =  ----------------------------- =  0.219
19200

AF

c 0-5 X 3200 + 1000 -Fz: GBA =  ----------------------------- =  0.135
19200

MHy: GBA =   ̂  ̂ ■ = 0 .1 3 5
19200

0.5 X 3200 + 1000 -Mz: GBA =  ------------------------------ =  0.135
19200

(b) Heliostat at the f i f t h  row

AF = 160 X 80 = 12800 ft^ (2 upwind collectors included as shown in
Figure 24)

AS = 0.0 ft^ (external fence is not e ffec tive  at 5th row)

AH = 2 X 40 X 40 = 3200 ft^

K AH AS
GBA

C C 1-0  ̂ 3200 + 0.0 „For Fx: GBA =    =  0.25
12800

AF
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Fz: GBA =  1 i 1 2 L ! £ 2 1 J L ^  =  0.125 
12800

MHy: GBA =  =  0.125
12800

Mz: GBA =  M J L ! 2 £ 2 J lM =  0.125 
12800

Step 2 . Dynamic pressure calculation

Umean at 10 IH = Ug^^l.S = 55/1.6 = 34.4 mph 

H = 22 f t ,  Z„,.^ = 10 m = 32.8 f t  

Open country te rra in , n = 0.14 

Un«anatH =  34.4 ^  = 3 2 .5  mph

Q = 0.00256 X 32.5^ = 2.70 Ib /f t^

Step 3 . Maximum coefficients on the bounding curves (use Figures 25 through 28 

for heliostats)

(a) The th ird  row

Slope GBA Const.

Peak: CFx =  ( -13.6 x 0.219 + 6.52 ) =  3.54

CFz = (-10.6  X 0.135 + 4.31) = 2.88 

CMHy = ( -3 .2  x 0.135 + 0.90) = 0.468 

CMz = ( -4 .6  X 0.135 + 0.92) = 0.299
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(b) The f i f t h  row

Peak: CFx = (-13.6  x 0.25 + 6.52) = 3.12

CFz = (-10.6  X 0.125 + 4.31) = 2.98

CMHy = ( -3 .2  x 0.125 + 0.90) = 0.50

CMz = ( -4 .6  X 0.125 + 0.92) = 0.345

The calculation of the base overturning moment, CMy for the th ird  and 

f i f t h  rows is determined from Eq. (6 ):

CMjjgse = CMy = CFx + CMHy x (h/H) (h = 40 f t  in this problem)

Step 4 . Forces and moments (re fer to Eqs. (1) through (6 ))

(a) The th ird  row

Peak: Fx = 3.54 x 2.70 x 1600 = 15300 lb

Fz = 2.88 x 2.70 x 1600 = 12400 lb

Mbase = My = (3.54 + 0.468 x 40/22) x 2.70 x 1600 x 22

= 4.18 x 10̂  Ib - f t

Mhinge = MHy = 0.468 x 2.70 X 1600 x 40 

= 8.14 X 10"̂  Ib - f t

Mazimuth = Mz = 0.329 X 2.70 x 1600 x 40 

= 5.54 x 10̂  Ib - f t
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(b) The f i f t h  row

Peak: Fx = 3.12 x 2.70 x 1600 = 13500 lb

Fz = 2.98 X 2.70 x 1600 = 12900 1b

Mbase = My = ( 3 . 1 2  + 0 .5 0  x 4 0 / 2 2 )  x 2 .7 0  x 1600 x 22

= 3 .8 3  X 10^ Ib - f t

Mhinge = MHy = 0 . 5 0  X 2 .7 0  X 1600 x 40

= 8 .7 2  X 10^ Ib - f t

Mazimuth = Mz = 0.375 X 2.70 X 1600 x 40 

= 6.36 X 10̂  Ib - f t

EXAMPLE PROBLEM 2

An example problem is presented for an isolated or in - f ie ld  parabolic disi 

to demonstrate the calculation of peak load combinations for the major components 

of the co llector where loads are not at th e ir  largest values. The same procedure 

is followed for a he liostat.

Problem: Calculate the peak load combination of the major structural

components for a parabolic dish with a diameter, h, of 40 

fee t. The dish is in the second row of an array of 

collectors. Perform the calculations with and without an 

external fence.

Givens: 1) H = 22 f t  (height of center of dish from ground), 2) wind

has a peak gust speed of 55 mph at 10 m (32.8 f t )  elevation, 

3) wind direction, 0,  is 50” , 4) co llector t i l t ,  a, is 70”, 

and 5) open country te rra in .
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Note: Refer to Figure 1, to Figures 8 to 15, and to Table 5 in

solving this problem.

Steo 1. Dynamic pressure calculation. See Example Problem 1.

Q = 0.00256 (32.5)^ = 2.70 I b / f t ^

Steo 2 . Calculate isolated collector peak loads for = 50" and a = 70".

(a) Drag force, F̂  ̂ (Figure 9 and Eq. (1))

^FX Q A

f"x,peak =  ( 3 . 0 )  ( 2 . 7 0 )  (1257 )  =  10 ,200  l b

where A = TrhV^ is collector area.

(b) L i f t  force, F̂  (Figure 11 and Eq. (2))

Cfz Q a 

^ , peak =  (-0 .95) (2.70) (1257) =  -3200 lb

(c) Azimuthal moment, M,, (Figure 13 and Eq. (5) )

C„z Q A h  

Mz.peak =  (0.30) (2.70) (1257) (40) =  40,700 Ib - f t
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(d) Hinge moment, MH (Figure 15 and Eq. (4))

MH,

CMHy Q A h 

.peak =  ( 0 . 2 8 )  ( 2 . 7 0 )  (1257)  (40 )  =  38 ,00 0  Ib - f t

(e) Base overturning moment. My (Eqs. (3) and (6 ))

CF̂  CMHy h,H

r40‘
'My,peak =  3.0 + 0.28

22
=  3 .51

Therefore, the peak base overturning moment is

CMy Q A H

My.peak =  (3-51) (2.70) (1257) (22) =  2.62 x 10  ̂ I b - f t

Step 3 . Calculate in - f ie ld  collector performance at second row for  ̂ = 50* and 

a = 70°. See text for discussion of Table 5.

(a) Drag force, F̂  (use values from Step 2 and Table 5)

Without external fence:

isolated Tbl 5

x̂.peak =  ( 10 , 200 ) ( 1 . 0 0 ) =  10,200  lb

With external fence:

f'x.peak = (10.200) (0.71) = 7000 lb
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(b) L i f t  force,

Without external fence:

f'z.peak = (-3200) (1.04) = -3300 lb

With external fence:

f'z.peaic = (-3200) (0.70) = -2200 lb

(c) Azimuthal moment,

Without external fence:

Mz.peak = ( 4 0 , 7 0 0 )  ( 1 . 3 8 )  = 56 ,2 00  Ib - f t  

With external fence:

Mz.peak = (40,700) (0.90) = 36,600 Ib - f t

(d) Hinge moment, MHy 

Without external fence:

MHy,peak = ( 3 8 ,0 0 0 )  ( 1 . 0 7 )  = 40 ,7 00  Ib - f t  

With external fence:

MHy,peak = (38,000) (0.90) = 34,200 Ib - f t

From th is  example problem one can see the obvious advantages of an external 

wind fence in reducing loads for an in - f ie ld  collector in the second row. The 

above calculations yield a component load combination for one specific collector  

orientation and in - f ie ld  placement wind direction, and wind speed. The method
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allows for a wide range of collector orientations and placements in studying load

combinations.
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