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FOREWORD 

. . . 

. . . ; . : . . . 

This doc~ment contains the Detail D~sign of re~earch experiment 

hardware for the collector subsystem of a 10 MW solar thermal . . e 
pilot plant. It was prepared by Boeing Engineering and Con-
sttuction, a division of The Boeing Compahy, .in fulfillment of 
Data Requi.rement No. 6 under ERDA Contract E(04-3)~llll. D~­

tailed drawings of components were provided at the Detail Design 
Review, and are available upon request. Simplifi~d versions of 

these drawings and schematics are included in this report. 
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1.0 EXECUTIVE. OVERVIEW 

This document contains the detail design (DO) of research experiment 
hardware to support the 10 MW Pilot Plant preliminary design (PO). Ad-

• e 
ditionall~, test plans for assembly, integration: and array tests are p~e-
sented, along with results of completed component/material tests. 

Research experime~t ~0 and ·tests described herein were ~lanned to 
provide design verification and supporting data, with hardware which either 
duplicates, ·or tlos~ly simulates the Pilot Plant PO baseline. 

1.1 .. RESEARCH EXPERIMENT HARDWARE DESIGN 
Significant feature:s of the res~arch ex·periment hel iostat design are 

summarized in Fi~ure 1.1-1. The Tedlaidome wili be ~upported from~ 1.09m 
. . - . 

-high (43 in.) ~teel ring, ~hich.is in turn attached to a concrete foundation. 
The. ring is designed ·to allow the lower portion of the reflector to extend 
below the base plane of the dome, when oriented near vertical. This feature 
allows a larger reflector size within a fixed dome size, which ultimately 
reduces collector subsystem costs. It also elevates the dome material above 
adjacent soil and vegetation. The Tedlar dome will be tethered and seale? to 
the steel ring by use of a segmented clamping ring. 

A blower assembly, mounted on the inside wall of the dome support 
ring, provides filtered ~ir at a pressure of 0.038 N/sq. em (0.056 psi) to 
support the dome. The need for humidity control will be established during 
preliminary tests on domes prior to installation of reflectors. Access to 
the dome interior will be provided through a hinged door in the support 
ring. Calculations have shown that entry can be made. without the. use of an 
airlock during periods of off-peak wind velocity. 

The reflective assembly utilizes a commercially-available 0.05 mm 
(2 mils) thick Mylar film which is coated with vacuum-deposited aluminum 
on one surface. The aluminum coating functions as a front-surface reflector, 
hence providing maximum reflectance, and protecting the Mylar from direct 
sunlight. The research experiment membrane reflector employs an aluminum. 
coating on only one side of the Mylar film. ~ong term desert exposurP. tests 

1 
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are underway on similar Mylar films protected by Tedlar. If these tests 

indicate. that. sufficient ultraviolet ~adiation passes through the.Tedlar dom~ 
to damage the Mylar during. the Pilot Plant lifetime, an aluminum coating will 

be applied to both surfaces of the Mylar in t~e final PD. 

A toroidal aluminum ring, 4.57 m (15ft~) diameter, s~pporis the membrane 
reflector in the required planar configuration. The membrahe is pre-tensioned 
and bonded to a flat reference surface on the toroid~l ring. A three-point 

support is used to interface the toroidal ring with the orientation gimbal and 
base. Membran~ tension will be nominally fixed at 6189 MN/sq.m (1000 psi), 

. . ' 

which will be adequate to ~liminate wrinkl~s and ~omp~nsate for ther~al ex-

pansion/contraction and creep effects. Subsequent studies on focusing effects, 
long-term creep, and dome buffeting may indicate the desirability of selecting 

other tension values for the final PD. 
A··functi6nal diagram of.the research experiment drive and control assembly 

i~ shown in Figure· 1.1-2. The heliostat control comm~nd conf~guration .~hown, 
incorpor'ates a central control simulator, a mini-computer, drive actuators, 

and a gi~bal assembly 6n each heliostat. The c~ntral control simulatbr commands 
operational modes, provides the system clock for synchronization, and provides 

heliostat failure information. The mirii-computer (field controller) directly 
controls 3 individual heliostats. The basic control concept is an open-loop 
system utili2ing incremental positional feedback from optical-encoders on 
each heliostat drive. Open-loop control is performed commanding the reflective 
assembly to a predicted angle based upon the known geometric relationship 
between the sun, the heliostat, and the central receiver. Microprocessors 
·in the field controller accept operational mode signals from central control, 
and generate p6sition control signals for each heliostat. 

Initial and subsequent alignment checking of heliostats is accomplished 
using a lase~geodolite mounted on the tower near the image display area. 

Deviations of the DO from the PO baseline include~ hard-wired simulation nf 
central control interface and heliostat interface eliminating the use of 

coded serial-bit data transmission required when a full array of 64 heliostats 

is involved; ~nd manual assistance in the automated laser alignment technique 
planned for the PO baseline. · 

2 
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HELtOSTAT FEATURES 

e TEDLAR DOME 
6.18 METER DIAMETER 
0.10 MM THICK 

e ALUMINIZED MYLAR REFLECTOR 
4.57 METER DIAMETER 
0.05 MM THICK 

. e OPEN-LOOP AUTOMATED CONTROL 
MINICOMPUTER CONTROL 
MANUAL LASER ALIGNMENT 

. . . . 

Figure: 1.1-1 Heliostat Assembly for Research Exper,iments 

r--------~~--------~ 
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Figure: 1.1-2 Field Controller Interface Heliostats Blo_ck Diagram 
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1~2 TEST PLANS 
· Experime~tal work on the collector subsystem will include as·sembly, 

integration, and array tests as shown in Figure 1.2-1. Assembly ·tests; 
will be aimed at qu~lificatton of the transparent enclosure assembly, 
reflective assembly, and drive and coritrol assembly before integration into 
a complete heliostat. Integration tests will be aimed at verifying com­
patibility and fit of all assemblies within the heliostat prior to field 
testing. Array tests will demonstrate satisfactory operation of the over­
all collector subsystem (3 heliostats) and provide desi~n data including: 
pointing accuracy, image intensity distribution; dome transmittance; and 
heliostat reflectance. 

In assembly tests, two Tedl ar domes wi 11 be exposed to ambient 
. . 

weather at Boardman, Oregon, over an approximately 7-month pe.riod 
. (Sep.tember, 1976 through March, 1977). Array tests will also be conduct.ed 
at Boardman, bu't only the time period from January, 1977 through March, 1977. 
All o~her ass~mbly and integration tests Will be performed in liboratories 
at the Boeing facility in Kent, Washington . 

. 1.3 RESULTS OF RESEARCH EXPERIMENTS 
The first phase of Research experiments (component/materials testing) 

is now complete, with the exception of long-term weathering tests on 
selected materials which are underway at Albuquerque, ~ew.Mexico and 
Inyokern, California. 

Testing has included: accelerated simulated sunlight exposure; creep 
and tensile ~trength'Of both basic materials and fabricated joints in 
materials; optical property measurements (reflectance and transmittance); 
cleanability/chemical exposure; weatherometer; and humidity tests. Component/ 
materials testing has been aimed at developing supporting data for key design 
considerations: specular reflectance and transmittance of reflector and 
dome materials, respectively; size limitations on the dome dictated by 
wind loads and available thickness and tensile strength of Tedlar; and life~ 
time. Results of t~sts have generally shown that mechanical and optical 
properties assumed in conceptual design and PO baseline studies will be 
achieved with materials selected for research experiment hardware. 

4 
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Accelerated simulated ·sunlight tests showed that. of three Tedlar 

compositions tested, the 11 no-addltive 11
_ variety is preferred, showing n~ 

·change in transmittance and the .least change in percent elongation at 

ultimate strength. Long-term creep tests showed tha:t the Tedlar dome .will 

not undergo significant dimensi.onal changes; and tension in the Mylar 

. refl~ctor will remain sufficiently high to retain optical flatness after 

pre-tensioning and bonding. · Cleaning and chemical exposure tests showed 

that baselin~materials are.cleanable using conventional methods and 

resistant to the chemiCal contaminants ant'icipated at the Pilot Plant •. 

. I 

f+- ·coMPONENT· .. •I• 
t 

. ~ MA~ERIALS ti PROCESSES 

. ~. 

MANUFACTURING 
TECHNOLOGY . 

ASSEMBLY ~INTEGRATION~' ARRAY TESTS .;......,.fl~'!--~llo4 
TESTS 

Figure:·1.2-1 Test Flow Logic 
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2.0 REQUIREMENTS/SPECIF~CATIONS . 

Performance requirements and specifications-for the research experi­
ment hardware are ·summarized in Table 2.0-1. Requirements which are 
generally applicable are listed under the item, 11 0verall Heliostat Array ... 
All other requirements are listed under the respective s~bassembly items 
11 Reflective Assembly, .. 11 Transparent Enclosure Assembly, .. and 11 Drive and . . . 
Control Assembly ... A more detailed discussion of performance requirements 
and specifications is given in Reference 2-1. It must be recognized that 
although quantitative values have been assigned to some specifications in the 
table, changes to some values are likely to occur as the studies progress. 
Also, specifications will ·be quantized wherever possible throughout the 
research experiments. 

In accordance with ERDA/Sandia program planning, the order of. 
precedence in establishing requirements and specifications is as follows: 

· 1) Performance 
2) Capability to withstand natural environmental conditions 
3) Owning cost ($/sq. meter/yr.) of collector subsystem 
Generally, the detail design was chosen to meet the same requirements 

and specifications as the PD baseline for the 10 MWe Pilot Plant. 

7 
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TABLE 2.0-1 

SUMMARY OF PERFORMANCE REQUIREMENTS 
AND SPECIFICATIONS (RESEARCH EXPERIMENT HARDWARE). 

Item -Performance Requirement 
Overall ·Heliostat 
Array Temperature Environment 

Reflective 
Assembly 

Transparent 

Earthquake Environment 
Maintenance 

Transportability 

Electrical Transients 

Interchangeability 

Safety 

Specular Solar Reflectance 

Stowage Position 

Maintainability 

Specification 

-30. to.42°C Survival 
-20 + 49 C Operating 
Seismic Zone 3 
Use of normal skills 
and_minimum special­
ized equipment and 
tools. 
Subject-. to all 
pertinent federal 
and. ~tate regulations. 
Protected against 
external ~nd inte~nal 
transients. 
Major components to 
be inte~changeable. 

Comply with pertinent 
OSHA rule~ and iegu­
lations. 

Greater thgn 85% 
within 0.3 scat­
tering angle. 
Horizontal position 
for maintenance and 
high wind conditions. 
Ease of replacement 
of reflector. 

Enclosure Assembly Specular Solar Transmittance Greate6 than 86% with-. 
in 0.3 scattering 
angle. 

Power Input To Be Determined. 

8 
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Table 2.0~1 - continued 

Item 

Drive and 
Control Asse~bly 

Performance Requirement 

Wind Environment 

Air Quality 

Rigidity 

Maintainability 

Humidity, Rain, Snow, 
Ice, Hail, and Sandstorm 
Environment 

Qrientation Accuracy 

9 
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Specification 

Height Velocity 
{meters} {M/ sec} 

3 29 
6 33 

10 . 37 . 

. 1) Prevent condensat­
ion on internal· 
surfaces. · 

2)Minimize particu­
late deposition on 
reflector, less 
than 10% reflect­
ance decrease in 
10 years. 

Provide adequate 
clearance from 
reflective assembly 
under all environ­
ment~l conditions. 
1) E~se of cleaning~ 
2) Ease of repair of 

1 eaks. 
3) .Ease of replace­

ment of parts in 
air supply 
apparatus. 

Withstand conditions 
at test sites. 

D&C Assembly +0.057° 
Reflective 
Assembly · +0.057° 
Transparent 
Enclosure +0.057° 

Worst Case +0.171° 
RSS ~0.1° 



Table 2.0-1 - continued 

lteni 

Drive and Control 
Assembly 

Performance Requirement 
Safety 

Power Input 
Emergency Shutdown 

Acquisition (Beam -
on Command) 

·Normal Shutdown 

Synthetic Tracking 

Manual Control 

Limit Controls 

Alignment 

Ma i nta i nabi 1 ity 

10 
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Specification 
Fail saf~ operation 
during power out~ge 
and electrical 
transients .. 

To Be: Deternii ned. 
·Reduce incident radiation 
on ~ec~iver to less than 
3% of initial value · 

· within 40 sees. 
Orient heliostats to 
refle~t sunl~ght to 
receiver, upon command 
from-central control 
s~mul a tor .. 

. . 
Ori~nt heliostat~ to 
safe stowage position 
upon command from cen­
tral control simul_ator. 
Provide continuous 
tracking during 
intermittent cloudy 
periods. 
Provide manual control 
station outside trans­
parent enclosure. 
Provide limit control 
switches on drive 
mechani$m. 
Provide alignment 
check upon command 
from central control 
simulator. 
Ease of replacement 
and maintenance of 
components. 
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3.0 RESEARCH EXPERIMENT DETAIL DESIGN 

This section of the report discusses the cl.es.ign concept and rationale for 
each of the major subassemblies of the collector subsystem. Additionally, 
thermal design and safety studies are discussed. 

3.1 TRANSPARENT ENCLOSURE ASSEMBLY 
Design of .the transparent enclosure assembly involved configuration 

studi.es, structural analyses and materials studies. Results of these studies· 
are discussed below. 
3.1.1 Configuration 

. The tran~parent enclosure assembly for researth •xperiments includes 
a transparent dome, base and an air supply system. 
3 . 1. 1. 1 Dome 

The dome design selected for re~earch experiments is an air-sup-
. ported transparent spriere ~s show~ in Figure 3.1-1. Th~ di~meter is 5.1~m 

(17ft:} and the base is truncaied at an angl~ of 60° from the. spheric~l 
center to provide a mount ring 4.48m (14.72 ft.} in diameter~ The dome is 
fabricated from 18 gores of .0.10mm (4-mil} thick Tedlar film which is over­
lapped and seam welded. A circular polar cap forms the top of the dome. 

' ' 

The bottom edges of gores are do~bled back ave~ a plastic rope and seam 
welded. This ~oped edge· is attached to a steel ring bas~ as shown ~n Figure 
3.1-1. This attachment method was selected on the basis of cdst~effectiveness 
and f~vorable experience of manufacturers of air supported buildings. 

Selection of dome material involved preliminary screening of 
various candidate materials based on their transmittance, strength, weather­
ability and cost. A summary of information on the various materials is 
given in Figure 3.1-2. Tedlar was selected .. as the preferred material. 
Subsequent experiments were then conQucted to select the optimum composition 
of Tedlar from three varieties: 11 Standard 11

; 
11 UV screen 11

; and 11 no additive. 11 

Results of research experiments on these specimens (detailed in Section 6 .0} 
showed. that the 11 no-additive 11 composition exhibited superior UV resistance 
and specular solar transmittance, and has comparabl~ strerigth characteristics. 
Accordingly, it was selected as the bas~line material far rP.search experiment 

. dames. 

11 
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5.18M 17FT DIAMETER 
. POLAR CAP 

. ' 

18 GORES 

ELECTRONIC 
TRANSMISSION 
UNIT 

0.10 MM (4 MIL) TEDLAR 

REFLECTOR DIAMETER 
4.57M (15FT) 

Figure: 3.1-1 En~losure and Base Design for Research Experiments 

90 89 

SOLAR 80 

SPECl)LAR 
TRANSMITTANCE 
(%) z 

u.o 
. 70 z u.o 

0 c:: ... 
~ u.o 

0 > z ;:) 

6 4.20 

COST 
$1M2 

10 

16 

78 

.. ,.. 
,;,:.· 
... ;"'· 
:·.· 

9.69 

13.99 

87 MINIMUM TRANSMITTANCE 116% 
', ----. REOUIREMENT-

80.5 

45 

·: .... 

·., .. 

11:65 

~--~---r-------~--~~----r--~-----~--~~-r-------~ TEAR RESISTANCE GOOD 

THICKNESS · 0.10MM 
~---~--~------~~------~--~----~--~--~~~--~ 

"TRANSMITTANC£ AND COST DATA BASED ON THICKNESs 
REQUIRED FOR EQUIVALENT SIZE DOME 

Figure: 3.1-2 Summary of Dome Material Properties* 
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Research experiments on the baseline material showed specular 
solar transmittances in the range of 88 to 90% at normal incidence. Since 
sunlight passes through the dome at angles of incidence as large as about 

0 . . . 
68 ·from normal, the average dome transmittance will, however, be somewhat 
lower. Transmittance data on typical baseline Tedlar material at various 
angles of incidence is shown in Figure 3.1-3. This data was integrated 
over a reflector/dome geometry utilizing a 7m diameter dome and 6.48m 
diameter reflector. Results indicate a reduction in transmittance from 
about 90% at normal incidence, to 86.6% ·averaged over the reflector area. 
3.1.1.2 · Base 

The base design selected fo~ research expe~iment hardware c~n­
sists -of a locally-reinforced ~oncrete slab, ~ reilec~or support post, and 

. . . 

a cylindrical steel ring as shown in Figure 3.1-1.- Tie-downs for the 
reflector support post and steel ring will be imbedded in the concrete. 
The 1.09m (43 in.)-hi~h x b~25 em {n.1 in:)-thick steel ring will be fabricat­
~d in 90° segments and then assembled on the concrete slab at the test site. 
Mechanical fasteners w1ll be used t~ facilitate assembly ·and dis-assembly 
of the ring segments. 

The 183 em (72 in. )-high reflector support post will pe formed 
from 10.16 em (4 in.) diameter steel pipe, and will have interface plates 
welded to each end. The upper plate, equipped with threaded connectors, 
will both interface and level the gimbal apparatus. 

The base design includes a 61 em {24 1n.) square door for ingress 
and egress to the dome. The door will be hinqed to swing inward, and will 
be equipped with appropriate sealing gasket material. Calculations have 
shown that an air-lock or auxiliary blower will not be required when 
entering the dome during off-peak wind velocities. 
3.1.1.3 Air Supply 

The air supply selected for research experiment .domes is a single­
stage centrifugal blower (Cincinnati Fan Model No. PB-10) which will be 
direct-driven w1th a nominal 1/3 hp DC motor. Characteristics of this 
blower, compared to the predicted dome leakage rate, are shown in Figure 
3.1-4. Dome leak rate was estimated using the. following empirical relation­
ship from Reference 3.1~1. 
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Q = KL 

Q = rate of leakage, cfm 
K = empiric~l constant, cfm/ft. length at 

1.0 in. water pressure differential. 
K = 3 for curb attachment design 

L = length of seal 
Values of leakage rate at 1.0 in. water pressure differential were extra~ 
polated to other pressures using a squa~e root pressure r~la~ionship and 
plotted tn Figure 3.1-4. As shown in the figure, a leak rate.of about 195 
cfm is expected at the design pressure of 3.9 em (1.55. in.) of water. 
Approximately 0.1 hp will be consumed at this pres~ure/flow condition. The 
small difference between blower capacity and leak rate curves at the design 
pressure, will be eliminated by throttling with a variable damper at the 
blower inlet. 

. . 

Inlet air to the blower will be filtered th~o~gh a commercial· 
cartridge filter (Model No. LM~6,manufactured by Cincinnati Fan Co.r which 
Will be located out~ide th~ ~ome.support ring as sh~~n in Figure 3:1-1. 

Dehumidification apparatus has not been included in the detail 
design. Analyses have indicated that condensation could occur on critical 
components inside the dome during certain winter temperature/humidity 
conditions.· Accordingly, humidity and temperature data will be recorded 
and typical material/component specimens will be placed in the first 
domes erected at the Boardman test site. If condensation is predicted or 
occurs in these tests, de-humidifiers will be installed in domes for array 
tests. 

Electrical power will be supplied to the 32 volt DC blower 
motor from an array of batteries. Batteries will be retained at near full­
charge by an automatic charger operating with AC line power. This arrange­
ment, although not necessarily optimized for PD hardware, was chosen for 
research experiment hardware based on reliability and availability con~ 

· siderations. 
3.1.2 Structural Design 

The transparent dome consists of a spherical Tedlar membrane 
supported by internal air pressure. The spherical shape is truncated at 
the base~ where the Tedlar is attached to a steel ring .. The principal 
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design parameters for the dome are: 
Diameter· 
Base Angle 

5.18 m (i7.0 ft.) 
60° 

Material· Tedl~r 

Thickness 0.10 mm (4 mil) 
Internal Pressure (Max.) 0.038 N/cm2 (0.056 psi} 
The rationale for selecting the above design is developed in the 

following subsections: 
3.1.2.1 Desfgn Loads. 

The principal loads acting on the ir~nspare~t dome a~e produced by 
the environment {wind, snow, ice and earthquake) a~d by the internal static 
air pressure. 

The design wind loads are based upon annual extreme fastest-mile 
winds with a 50-year mean recurrence interval (Reference 3.1-2). · These 
winds, ~or a height of ~.14 ~(30ft.), ar~ reprb~u6ed ·~rb~ Reference ~.1-3. 
in Figure 3.1-5. Shown in the figure are two locations that have been 
discussed as possible pilot plant locations--Inyokern, California and 
Albuquerque, New Mexico--and the site to be used for the research experiments-­
Boardman, Oregon. The wind velocities are more severe at Albuquerque and are, 
hence, the ones used as the basis for the d~sign loads. The wind velocity as a 
function of height above ground iis shown in Figure 3.1-6 for all three locations. 
These profiles are based upon the following equation from Reference 3.1:4. 

I 

v, - V30 (tot 
where: 

= . wind velocity at height z above ground 
'. 

= wind velocity at 9.14 m (30ft.) above ground 

= a factor which is a function of ground roughness and 
where the value of oc. 1 s def1 ned as: 

ex = 7; level or lightly rolling land with some obstructioni; 
e.g., farm land with scattered trees and buildings and 
airports. 

c< = 5; rolling or 1 evel country broken by numerous obstruc-
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tions of various sizes; e.g.; sOburbs whe~e lots are 
. 1/2 acre or more~ 
3; broken surface with large obstructions; e.g., near 

. . . 

suburbs with 1/4 atre or less lots and outskirt~ of 
large cities. 

. . 

o< - 2; large obstructions; .e.g., center of large city .. 
A value o"f o< = 5 was used for determining the wind distribution. 

on research experiment domes. The design· parameter required to size the 
dome is the aerodynamic pressure, ~ . 

~- = 1/2P v2 

where:· ·g. = aerodynamic pressure · 
p = density of a·ir. 

v = velocity of wind 
The resulting pre~sure~ Pi' on a point i of the dome is: 

. Pi = . cPi ~ i 

where Cp is the pressure coefficient at point i on the dome. But, since 
the desi~n equation used in sizing the dome has incorporated the pressure 
distribution, Cp, around the dome, only the value of the dynamic pressure 
is required. Also, since the design ~quation is based upon a sphere 
subjected to·a uniform wind velocity,,and the actual velocityon the "dome is 
a function of height, an effective uniform dynamic pressure is used.· The 
effective pressure obtained by integrating the pressure distribution over 
the frontal area of the dome is: 

where 

() effective = 0.69 ', max. f . 

~ max = l/2<? Vh 2 

. Vh -. wind velocity at the top of the dome 

~ = angle at which the dome is truncated 
The corresponding wind velocity i.s: 

~ffective = 0·83 vh 
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The resulting design p~rameters for a base angle~= ~0° are: 

veffective 

'f effective 

· 25m/sec. (56 mph) 

0.038 N/cm2 (0.056 psi) 
The dome base connections must resist the combined aerodynamic 11ft and 

drag forces and the force produced by the internal·pressurization. These 
loads are.con~ervatively based upon the~at the top of the~dome. The lift 
and drag forces are obtained from Figure 3.1-7~ The upward lift due to 
internal pressurization, P1, must be added to the aerodynamic lift to obtain 
the total upward force. The internal lift is given by:· 

F 

These loads are summarized below: 
Aerodynamic Lift 9657 newtons ( 2171 1 b. ) 
Aerodyrlami c Drag · 
Internal Lift 

. 2598.newtons ~5b4 ~b.) 
8158 newtons (1834 lb.) 

Total Upward Force 17811 newtons (4004 lb.) 
··The transparent dome can ·withstand the weight caused by the following 

accumulation of precipitation without exceeding the dynamic pressure that 
would be caused by the design wind: 

Snow 31.2 em (12.3 in.) 
Ice 4.6 em (1.8 in.) 

Thes~ ca~ab11ttie~ exceed the accumulations expected. 
The dome must also withstand a 0.85 "g" lateral load due to Zone 3 

earthquake criteria (Section 3.2.2.2.3). 
3.1.2.2 Configuration, Material, Size 

The transparent dome is supported entirely. by internal air pres­
sure. Internal static pressure must be high enough to keep the dome in 
tension and thus in shape. This is accomplished by·maintaining the internal 
pressure equal. to or greater than the wind dynamic pressure. Wind deflec­
tion magnitude is a function of the wind velocity relative to the maximum 

.design wind and the base angle at which the spherical dome is truncated. 
Figure 3.1-8 shows maximum relative radial deflections versus relative 
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wind velocity for domes with various base angles. Maximum .radial deflec­
tion for a 60° base angle at the maximum design wind vel.oc.ity is· 0.125 of 
the dome radius ... Deflections for domes with smaller.base angles are un-

. accept~bly large. To obtain a reasonable clearance e~velop~ inside the 
dome for the reflective assembly, a minimum base an~le of 60° is specified. 

Dome diameter is controlled by wind velocity and allowable stress of 
the material. The maximum stress in the material, as given in Reference 
3.1-1 is: 

s R = 2.1q(t) 

where:. s is the maximum material stress, 
q is the dynamic pressure due to the wind ve1ocity, 
R is the dome radius, 
t is the dome material thickness 

. . 

The above e~uation i~cludes the effect of iniernal pre~sure, which is 
assumed equal to the maximum dyhamic ~re~su~e to maintain the shape of the 
dome. The maximum stress given by the equation is a peak stress that may 
occur.locally at any point in the membrane depending on direction of the 
wind. 

As discussed earlier, Tedlar has been selected for the enclosure 
material. A thickness of 0.10 mm (4 mil), the thickest presently available, 

· w~s sel~cted to obtain the largest possible dome size. A yield strength for 
Tedlar of 27.6 MN/m2 (4000 psi) was used in the design of the dome. Tensile 
test data from research experiments (see Section 6.2.1) has justified the 
use of the above yield strength for detail design of research experiment 
domes. 

The design allowable stress is taken as 75 percent of the material 
yield to allow for reduced joint efficiencies and for local stress con­
centrations at tiedowns or other discontinuities. The. material, when new, 
has good elong~tion characteristics, with ultimate tensile strength ap­
proximately twice the yield stress. Therefore, local stress concentrations 
exceeding the above allowance, caused by unexpected design or manufacturing 
problems or by abnormally high wind gusts, will be accommodated by local 
yielding of the material, resulting in redistribution of internal loads 
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to lower material stress le~~ls.· 
The enclosure size is obtained from data presen~ed in Figure 3~1-9, 

. . . . 

which shows dome diameter versus effective wind velocity for 0.10 mm (4 
mil) Tedlar at different yield stresses. DuPont information and results of research 
experiment tests indicate that yield stress for Tedlir will not significantly 

. . . . . 
change with exposure ·until embrittl ement is reached. Therefore, the curve 
for the initial yield stress of 27.58 MN/sq. m (4000 psi) is used. Effective 
wind velocities versus dome diameter are indicated for three typical loca­
tions by the dashed curves on the 'figur.e. The Albuquerque, N.M. location 
is used, which has the most severe environment _of the three, giving a dome diameter 
of 5.18m (17.0 ft.) at an effective wind vel.ocity of 25 ~/sec (56. mph). 

The effective wind velocity of 25 m/sec (56 mph) requires an internal 
pressure of .038 N/cm2 (0.056 psig) to equal the effective dynamic wind 

. . 

pressure.· Under design wind environment, maximum veloCity at the top of 
the dome will exceed the effective velocity. However, in this region 
pressure coefficients are negative (Reference·3.1-l) and identatidn 

. ' . 

of the dome will not result. The above internal p~essures cause a con-
stant uniform membrane tensile stress of approximately 5.1 MN/sq. m (740 
psi). Results of creep tests, presented in Section 6.2-3 indicate that 
no significant dimensional changes in the dome will occur with time. 

Total lift and drag forces calculated conservatively for maximum 
wind velocity at the height of the dome are 17.81 kN (4004 lb.) and 2.60 
kN (584 lb.), respectively. These forces are resisted with adequate 
margin of safety by the concrete and steel foundation. Foundation stres­
ses are low and minimal reinforcing is required to distribute hold down 
forces into the concrete. Soil bearing pressures due td foundation weight 
are l~ss than 9.58 kN/m2 (200 lb./ft. 2) and no soil stab{lization require­
ment is anticipated. 

A preliminary earthquake analysis of the dome using the Uniform Building 
Code approach (Reference 3.1-3) has been made! Using the most con-
servative values for all coefficients gives an equivalent lateral force of 
0.86 g for Zone III earthquake design (Section 3.2.2.2.3) .. Applying this 
acceleration to the mass of the dome material plus the mass of the enclosed 
air results in lateral deflections which are less than the clearances 
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established for maximum wind deflection. Film stresses for the earthquake 
loading.will.be. cons·iderably less than for the design maximumwind con­
dition b~cause the large aerodynamic lift forces, which contribute most to 
the maximum film stress, ~ill not be present. · 
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3.2 . REFLECTIVE ASSEMBLY 

Desi~n 6f the reflective assembly involved confiQuration studies, 
material~ studies and structural design. Results of these st~dies are dis­
cussed in this section. 
3.2.1 ·Configuration 

. . . . . . 

Configuration studies on the reflective as~embly were aimed at selecting 
the most cost-effective shape and support technique for the membrane reflecto~. 
consistent with meeting optical performance requirements. The reflective 
assembly s.elected for r~sea~ch experiments as a resui t of these studies is 
sho~n in Figure 3.2-1. It consists of a 4.57 m (15ft.) diameter ring of 
aluminum tubing with a circular reflective surface of 0.05 mm (2 mi.l) thick 
aluminized Mylar bonded to a flat, rigid urethane foam surface, cast onto the 
ring. The ring is supported at three points by tubular aluminum arms welded 
to the ring a~d bolted to a hub plate. 

Earli~r studies evaluated a reflective assembly which consisted of a 
hexagonal-shaped alumin1zed Mylar film, pre-stressed by spring-loaded edge 

. .· . . 0 . . . . . . 
members attached to three 120 spaced sides of the hexagon. Recognizing that . . 

a circular reflector cbuld have about 20% more are~ within a giv~n clearance 
envelope than a hexagonal reflector, a study was initiated to develop a more 
effective concept .. Nine reflector and support concepts were evaluated for 
their effective areas, relative costs, manufacturing feasibility, and optical/ 
structural characteristics. Based on these studies, the present concept was 
selected. 

It is essential that the reflector substrate film has a highly specular 
(smooth) surface, low cost, and sufficient strength to carry a load 6.9-13.8 
MN/m2 (1000-2000 psi) w1thout sign1f1cant creep1ng. The film candidates 
~valuated for this program, their reflectances, respective costs and strengths 
are shown in Table 3.2-1 .. From the standpoint of reflectance, strength and 
cost, Mylar (polyester) was selected for research experiment hardware. Reflec­
tance tests on Mylar showed that various types produced different reflectance 
values .. The highest surface quality material (DuPont designation 200 XM648A) 
was sele~ted on the basis of these tests. Vacuum deposited alumi~um will be 
applied to the "adherable" side of this material since it has a higher reflec­
tance than the back "non-adherable" side. 
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An unprotected aluminum coating has been selected for the research ex­
periment membrane reflector. This selection was made on the basis of cost, 
solar reflectance, and long-term stability when operating in a protected 
environment. Candidate coating combinations which were evaluated are shown 
in Figure 3.2':"2 .. Preliminary cost and reflectarice.data (including cost of 
plastic ~~lm) w~re established through disc~ssions with coating manufacturers, 
publications, and prior experience .. Letters ~f inquiry were sent to five 
manufacturers, and followed up by telecon discussions. 

Long-term stability of the reflective coating is an important considera­
tion because of the costs associated with replacement of membrane ~eflectors . 

. · ~· . . 

Data show that the largest change in reflectance during aging (growth of the 
natural oxide film) occurs in the vacuum ultraviolet wavel~ngth region, and 
that the rate of change decreases with time. Data from Boeing tests, in 

. . 

which aluminized mirrors were measured after a 9-year period, show that no 
significant change in reflectance during aging (growth of the natural oxide 
film) occurs in the vacuum ultraviolet wavele~gth region, and that the rate 
of change decreases with time~ Data ftom Boeing ~ests, in which ~luminized 
mirrors were meas~red after a 9-year .p~riod, show that no significant change 
in reflectance ~ccurred in the wavelength region larger than about 300 nano-

® 

FEP TEFLON FILM 
POLYESTER SUBSTRATE FILM 

SILVER·· 

© 
S/M2 • 8.06-10.76 

Rs • o.87·0.88 

$~M2 •19.16·12.371 

I I I'UL VESTER 
L_ SUBSTRATE FILM 

ALUMINUM 

PROTECTIVE FILM" 

S/M2 • 8.07 

As • o.85·0.9 

S/~2 ·18.97 9.49j 

POLYESTER SUBSTRATE 

Figure: 3.2-2 Candidate Refl~ctive/Protective Coatings 

26 



D277-10022-l 

meters. Specimens had a solar refl~~t~nce ·Of about 89.6% in 1966, and values 
of 89a5, 89.4, ~nd 89.5% in September 1975. It should be noted .that the· 
Boeing specimens were stored in an environment of nearly constant tempera­
ture, relative humidity 30~50%, and in the dark. Results of r·esearch experi­
ments showed that an unprotected aluminized Mylar specimen degraded from 
approximately 88.8 t.o 87.5% at a wavelen9th of 0.628 nanometer~, in the 
accelerated simulated sunlight test. The specimen was exposed for 500 hours 
in Xenon lamp·radiation containing about 9.5 equivalent air-mass 2 ultraviolet 
suns. 

· Considering th~ above dafa and co~t savings, ~n unpfotected aluminum 
. . 

refl~ctoi coating was selected. In the event that unforeseen degradation 
occurs to un.pro.tected aluminum during testing, an oxide or acrylic overcoated 
f~6nt-surface aluminum ~~flector will be s~ecified in the P~lot Plant Pb. 
. . 
3.2.i Structural Design 

Reflector s.ize is controlled by the size of the transparent dome, less 
·clearance for wind deflection. A nominal radial clearance between the reflec­
tor and dome of 0:30 m (1 .0 ft.) has been established (Section 3.1 .3.2) fo.r 
the research e~uipment. This clearance establishes the maximum reflector 
outside diameter of 4.58 m (15ft;). 
3.2.2.1 Design Loads 

The reflective assembly is protected from direct contact with the niajor 
elements of the environment (wind, snow, fee) by the transparent dome. There 
could, however, be some indirect effect of wind on the reflector through 
unsteady aerodynamic buffeting of the dome. Also, the Pilot Plant specifi­
cations call for structural design subject to a Zone 3 earthquake envirnnmPnt. 
Other design considerations are gravity, temperature, and loads produced by 
the.design concept of the reflector; i.e., tensioning methods and control 
systems·. 

The lateral "g" loading for earthquake design is given in Reference 

3.1-2 as: 
v g = W = ZKCS 

where 
v . = total 1 atera 1 load at the base 
w = total dead load 
z = numerical coefficient related to a seismic zone 
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K = numerical coefficient related to the type. of structure 
C = base shear coefficient dependent upon the dynamic response 

of the· structure 
S · = coefficient dependent on soil properties and· relative natural 

·period of the soi~· and structure 
Evaluating these coefficients by using the most conservative value for 

each coefficient results in a design g load factor of 0.86 at the base of the 
reflective ass~mbly suppott structure. This value is used for the design of 
th.e entire s·tructure. 
3.2.2.2 Design Analyses 
3.2.2.2.1 . Membrane Stress· Analys.is 

As diScussed in Section 3.2.1, a pa~si~ely ten~ioned circ~lar membrane 
reflector has been selected. The membrane wili be prestretched to a uniform 
biaxial tension of 6.89 MN/m2 (1000 psi), and bonded to a circular ring. Mylar 

·. . . . 

material of 0.05 mm (2 mil) thickness was selected for the reflector .membrane. 
This thi~kness material is less susceptible to d~mage from handling than thin­
ner films, yet does not require large stretching forces and heavy support 
structure neces~ari·~ith thicker films. 

Variations in temperature and humidity will cause changes in membrane 
stress. Differential expansion of the Mylar and the aluminum frame over an 
extreme temperature range of 89°C (160°F) will result in a c~ange of plus or 
minus 26 percent from the nominal membrane stress of 6.89 MN/m2 (1000 psi). 
The effect of humidity on membrane stress is less pronounced than that of 
temperature. It will usually tend to reduce the effect of temperature because 
relative humidity tends to decrease as temperature increases. 

Long term creep tests of the Mylar reflector material at 60°C (140°F) 
w~re conducted at stress levels of 3.45 MN/m2 (SOb psi) and 6.89 MN/M2 (1000 
psi). No creep was observed at the lower stress level, but at the higher 
level creep strain stabilized at 0.15% to 0.18% (Section 6.2.3.) These 
data indicate that loss of membrane tension due to creep relaxation will not 
have significant effect on reflector performance. 
3.2.2.2.2 Gravity Deflection 

Maximum gravity deflection of the 4.58 m (15.0 ft.) diameter circular 
. me~brane stretched horizontally to 6.89 MN/m2 (1000 psi) is 0.26 em (0.10 in.). 
A more corivenient way of expressing thi~ deflection is in terms of the reflec-
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tor frical· length corresponding to the parabolit deflection mode that the 
membrane assumes, Figure 3.2-3 shows focal lengths for a uniformly-stretched 
circular Mylar membrane as a function of membrane-stress and angle of tilt of 
the reflector plane from vertical. Focal length is independent of membrane 
thickness and diameter. Minimum focal length for the nominal membrane stress 
of 6.89 MN/m2 .(lbOO psi) is 502 m (1647 ft.) when the reflector plane is 
horizontal.· This is approximately 
get distance for the Pilot Plant. 
remains normal to the plane of the 

the same as the maximum heliostat to tar­
The axis of the deflected parabolic surface 
reflector support frame rega~dless of the 

angle of tilt. Therefore~ gravity deflections will not affect pointing 
accuracy. 

The reflector support structure consisting of the circular ring and 
three support arms is of tubular alu~inum constructidn. The structure is 
designed by stiffness, and stress levels are very low. Maximum out-of-plane 
deflection of the circular rihg between supports due to gravfty, when hori­
zontal, causes a maxim~m angular deviation of a small portion 6f the reflec­
tor surface from the nominal reflector plane of 0.05°, which will have negli­
gible effect on reflector performance. The vertical deflection at the ends 
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·of thesupport arms causes a rigid body downward translation of the ring of 
0.74 em (0.29 in.). Adequate clearance between the·reflector plane and the 
central mounting hub is provided to accommodate the vertical deflection of 
the ring p 1 us the sag of the membrane so that defocusing wi 11 not occur with 
the reflector in the horizontal position. 
3.2.2~2.3 Earthquake Anaiysis 

. . 

A ~onservative estimate of maxi~um lateral deflection of the reflector 
support structure has been made. Using the equivalent lateral load of 0.86 g, 
derived in Section 3.2.2.1 for a Zone 3 earthquake, the maximum lateral 
deflection of the reflective assembly is 2.5 em (1.0 in.). Adding this to 

·the maxi~u~ ~arthquake dome deflections (Section ·3.1.2.2) gives maximum possible 
relative deflections of reflector and enclostire whfch are less than the clear­
ances provided for wind deflection. 
3.2.2.2.4 Buffeting Analysis. 

Although the wind does not impact the reflector directly because of the 
protection provided by the transparent dome, it could have an indirect effect 
d·ue to unsteady aerodynamic buffeting of the d6me. Buffeting of the dome wi 11 
produce air movement inside the dome and if the movement is severe enough, 
buffeting of the reflector will result. The possibility of reflector buffet­
ing is not considered a structural problem, however, buffeting of the reflec­
tor could be detrimental to the optical performance of the reflector. Even 
if significant buffeting exists, the phenomenon will occur at intermittent 
intervals and, thus, overall efficiency may not be affected significantly. 
The magnitude of the effect will depend on the response of the dome due to the 
wind and the subsequent coupling of this response with thP. reflector. The 
dynamic respo~se is amplified when the frequehcy of the structure matches the 
gust frequency. 

The effect of buffeting will be evaluated ·during full-scale testing; and 
if a problem does exist, appropriate means will be employed to aileviate 
the problem, i.e:, tiedown interior point of the reflector, increase stiff­
ness of reflector, etc. 
3.2.2.2.5 Thermal Stress Analysis 

Thermal gradients are. small enough that thermal stresses in the aluminum 
reflector support structure are insignificant. An analysis was made to · 
determine possible thermal stresses due to differential expansion of the 
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aluminum support ring and the cast polyuretha~e foam ring to which the reflec~ 
tor film is bonded. Because of the very low modulus of the foam, it was found 

0 0 . . . . . 
that an extreme temperature change of 38 C (100 F) from the fabrication temp-
erature would increase the bond shear stress between the foam and the aluminum . 2 . 2 . 
by only 0.69 KN/m (0.1 lb/in. ); 
3.2.2.2.6 Vibration Analysis 

The dynamic respon~e ch~racteristics of the reflector system subjected 
to intermittent step inputs from the stepper motor are presented in Figures 
3.2-4 through 3.2:6. 

Figure 3.2-4 shows the response of the reflective assembly as a function 
of the relationship between the duration of the i~put pulse and the s~ructural 
frequency. This relationship i~ expressed as the frequency ~atio, B, which 
has been calculated as 1.21 for the present system. The corresponding ampli­
fication of 0.85 means that there will be an initial ove~shoot amplitude 
equal to 85% of the. input step. Th~ response a~ter t~e initial step depends 
on the damping in the syste·m and the phasing of stepper motor input. 

Analysis sh~ws that aerodynamic damping availabie at the velocities 
experienced during the nor~al tracking mode of ~peratio~ is only .05% of 
critical. Because of the present welded construction of .the assembly struc-
tural damping is assumed to be negligible. Figure 3.2-5 shows the effect 
of damping after five seconds (expected minimum period of step inputs during 
normal tracking). With .05% damping the amplitude of oscillat1on is still 
96.3% of the initial amplitude after five seconds, therefore~ damping can be 
ignored when considering the response of .the system to repeated step inputs. 

Fig11rP, ~.2-fi shows the undamped reflector response (solid curve) to the 
initial step input (dashed curve) with four alternative phasings for the 
beginning of a subsequent step. Figure 3.2-7 shows the response of there­
flector to repeated steps for these four.different phasings. For the worst 
case (Case I) the amplitude of oscillation will built up to exceed the 0.1° 

accuracy tolerance after five steps. The responses indicated in Figure 3.2-7 
indicate worst conditions which could only occur if the structural frequency 
.is ~orne exact multiple of the stepping rate so that consistent phasing is 
maintained. This is very unlikely to be the .case and the possible amplitude 
build-ups indicated are not expected to occur. If excessive amplitude build­
up is observed in actual operation, additional damping will be incorporated 
into the system to suppress it. 
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The response of the reflector during emergency stow operation is shown in 
Figure 3.2.::.8~· The response tends to oscil..late .within a narrow band, never 
butlding up to ~xcessive amplitude. 
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3.3 DRIVE AND CONTROL ASSEMBLY 

The primary function of the drive and control assembly is to position the 
the reflective assembly so that the solar imag~ ~s reflected onto the central 

receiver. The sun's rate of progression (to an observer on the earth's surface) 

through the sky. is such that positioning cont~ol af the reflector could occur 
incrementally at intervals of several seconds. Ephemeris data for a particular 

site ~ay be tabulated or can be computed (with the addition of a correction 

factor). A proper gimbal mechanism, a small angle-stepped·incremental drive 
. . . 

~ctuator, solid ~tate electronics and the solar-reflector-receiver geometric 

equations form the elements suitable for the dev~lopment of a digital controller 

as th~ solution to this particular probl~m-application. 
3.3.1 Configuration 

· The general configuration of the research experiments drive and control 

assembly is representative of. the PO baseline assembly design. The research 

experim~nts drive and control system schematic (Figure 3.3-1) illustrates the 

configuration in detail. Intluded ~re 3 helfosiat assemblies and one fi~ld con­

troller with interfacing peripherals. The two drive actuators position the 2:..axis 

gimbal me~hanism, which supports th~ reflective assembly, in elevatibn and azimuth. 
. . 

the eiettro~ic transmission unit recei~es input commands and provides the neces-

sary electrical power to the drive actuators. The field controller includes a 

mini-computer and an interface controlle~ for the teletype, the time-of-day clock, 

the remote panel, the operator panel, and the heliostats. The field controller 

contains a software program which processes ~phemeris data and individual heliostat 
geometric data ·to provide input digital step commands for each specifi~ heliostat 

drive axis. 

3.3.1.1 Control Loop Baseline Design 
The type of heliostat control is an o~en~loop system with incremental 

positional feedback. Open loop control is performed by commanding the reflective 

assembly to a predicted angle based upon the known geometric relationship between 
the sun, the heliostat, and the central receiver. The actual control method used 

· provides an additional step update signal to achieve synchronization between the 

number of steps commanded and the number registered .. Figure 3.3-2 illustraies the 

method of digital step trackinq used in the control system. 

3.3.1.2 System Operation Capabnities 

The requirements were defined in Section 2.0. 

the drive and control assembly is configured witlt 

following. The modes of operation provided are: 
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~he tr~ck mode will accomplish the placement of the reflected solar image 

upon the receiver target with a 1-si~ma orientation accuracy of approximately 

· 0.057°. The· standby mode will accomp.lish the placement of the reflected solar 

image to a position offset from the receiver target apprriximately .7 ft. in the 

azimuth direction. This mode will demonstrate removal of the solar image from 

the receiver target in the required 40 seconds, and re-acquisition to the track 

mode. The shutdown mode will accomplish the positioning of the reflective as­

sembly· (heliostat) in the shutdown (or stowage ~osition.) A slew rate of 0.125°/ 

sec is ~mployed during the shutdown mode. The shutdown (stowa~e) position is 

ob in elev~tion ·(reflective surface horizontal and upward), and b0 (t~~e south) 

in azimuth. The alignment mode provides the command/control function identifica­

tion of the heliostat-receiver relative geometry, which ·is necessary 'for the . 

origi~al heliostat orieritation and subsequent realignment ·following maintenance 

procedures.· 

3.3.1 .3 Hardware Desigri 
Table 3.3-1 illustrates the breakdown of the drive and control assembly into 

major hardware component areas. These areas will be described in the following 

sections~ 

3.3.1 .3.1 Drive Actuator 

The drive actuator function is to provide small angle step increments to a 
reflective assembly rotational axis. There are 2 drive actuators per heliostat, 

(as shown in Figure 3.3-:3) one for the azimuth rotational axis and the other for 
the elevatiori rotational ~xis. Each drive actuator includes a stepper motor of 

1 .8°/step, 40 oz-in of output torque, detent torque, and bi-directional capability. 

The motor weighs 1.6 lbs. (0.7 kg), has q frame diameter of 5.6 em (2.2 in) and a 
shaft diameter of 0.64 em (0.250 in.). The mechanical gearing is accomplished with 

a harmonic drive unit of 80/l gear reduction (and torque multiplication) .and over 

200 in-lbs of output torque capability. Feedback is provided by the actuator­

contained optical encoder, :which provides 1000 cycle/revolution resolution, with 

TTL-compatible self-contained electronics. The drive actuator is manufactured as 

a cartridge assembly and is interchangeable and replaceable on the gimbal mechanism 

without removal of the reflective assembly or gimbal mechanism: 
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The drive ~ctuator packa~e provides an output ~haft rotational step of o.b225°/ 

step. The configuration of the drive actuators is identical to the baseline design. 
3.3.1 .3.2. Drive Structural Support Mechanism 

Figure 3 .. 3~3 illustrates the configuration of th~ 2~axis gimbal mechanism 

necessary to drive the reflective assembly. The 2 axes are orthogonal, one for 
azimuth and one for elevation, and configured for dynamic balance for optimization 

of endurance and reliability. The gimbal mechanism is configured for ease of re­

placement or mainten~nce and is identica1 for research ~xperiment to.the PO baseline 

gimbal mechanism. 

3.3. 1.3.3 · Heliostat Control Transmission 

Fig~re 3~3-4 illustrates a block diagra~ of the control transmission interface 

at each heliostat. The interface consists of a collect~on of electronic circuit 

cards and individual DC power supplies housed in an enclosure called an Electronic 

Transmission Unit. This unit is portable, and lightweight~ and is louvered to 
afford adequate ventil~tibn for the two open-frame power sup~lies· (which contain 

overvoltage proteGtion). The interface provides for transmission of the reflective 

assembly positioning commands via the field controller or the manual control unit 
at the heliostat. The electronic cards will be accessible and easily removal for 

maintenan~e purposes. 

Table: 3.3-1 Drive and Control Assembly 

1. Drive Actuator (2/heliostat) 

A. Stepper motor 
B. Harmonic drive actuator 
C. Drive bearings 
D. Optical encoder 

2. Drive Structural Support 
(1/hel iostat) 

A. 2-axis gimbal mechanism 
B .. Counterweight 
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3. Heliostat control t~ansmission 
(1/hel iostat) 

A. Electronic control box 

1) Motor drive cards 
2) Manual/automatic inter­

tace card 
3) Computer decoder card 
4) Power supply ~odules 

B. Manual remote control box 
\ 

C. Limit switches 

4. Central controls interface 

A. Field microprocessor controller 
1 ) Electronic chips: CPU, 

PROM, RAM, etc. 
2) Power supply modules 
3) Ephemeris data 
4) Processor equations and 

Programming 

B. Cabling and wiring 

5. Alignment 
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The manual control unit is a rugged, lightweight, portable switchbox with 

a 3~04 m (10 foot) cable and connector which plugs into either ~f the 3 helio­

stats to provide manual positioning, of any reflective assembly .. A 3-position 

selector switch enables the. 11 automatic 11
, 

11 manual 11 or 11 0ff 11 control modes. Two 

spring return-t6-center switches enable individual elevation (up/driw~) and 
azimuth (left/right) control of the. reflective assembly: 

There are limit switches on each gimbal axis to secure power to the drive 

~ctuators and thereby prevent overtravel, windup, and equipment damage in ~ase 

of an electronic malfunction . 
. The he~iostat driv~ an~ control assembly include$ the wire bundle cabling 

inside th~ helio~t~t (which enables easy disconnection of the electronic units) 
as well as the above ~entioned el~ctronic~ control. components .. 

3.3. 1.3.4 Field Controller 
The field ~ontroller with associated periphera1 components is shown in 

Figure 3.3-5: Th~ field controller hardware includes~ PDP 11/03 mini-computer, 

an inte~face controller, havin~ computer electr6~ic~ cbntai~ed in a chassis 
separate from the ~ainframe 0ith a hinged operator's front panel, a time-of-day 
clock, a remote operator panel, and a teletype. The teletype is not a deliver­

able item. Connections to the heliostats and peripherals.will be through 

differential drive~~ and receivers on direct radi~l channels with dedicated 

wire cabling. 

The interface controller provides all circuitry required to n1onitor and 

control heliostat fu~ctions. These monitor and control functions include motor 
commands for 2 axes of 3 operating heliostats, individual encoder monitoring 
tor each axis and limit switch mbnitoring. All functions are under direct 

computer contrql. The computer will issue single step commands for each step 

and each motor. The computer will read the state of the associated encoder 
for each step issued, after a pre-determined delay which allows the motor to 

respond and mechanical oscillations to diminish. Limit switch data is available 
to the computer upon request. 

The heliustat controller interface to the computer is a 16 bit parallel 

word per transfer via a purchased DEC interface card .. The controller will 

provide one step pulse to the addressed heliostat 1110torfor each con1puter out­

put transfer of a step co111mand. Hel iostat encoder and 1 i111it switch data n1ust 
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be selected by the computer and then read .. Selection.is made· by writing into 
. . 

the i~terface control ~nd status register (CSR) wtth appropriate CSR bits. All 
data transfers are on a non-interrupt basis under program control 

The time-of-day clock (TOO) controller is the interface between.the main­
frame and a time clock. The time clock has a parallel BCD seconds-to-day TTL 

compatible 6utput and a request/reply interface. The com~uter feads in TOO data 

~nder program contr61. Two 16 bit words ~re required for complete TOO information. 

The computer selects the input word via the interface control and ·status register. 

New data will be read from the time clock.whenever CSRO changes from a 0 to 1. 

The clock·output r~gister is held (not ~pdated) whenever CSRO is 1. 1 

Two operator panels will be.provided with the associated interface control-

ler. One pahel is actually the interface c6nt~oller chassis hinged cover .. This 
panel contains 16 switches and 16 indicators.used for operator control and mon~ 

itoring, simulating functions normally provided by a central computer. The field 

controller computer can write to the indicators or read the switches via a DEC 

interface card. The other panel is a remote control box used to control the 
heliostats during ali~n~ent .. This box contains 5 switches that may be read in 
the same manner as the operator panel switches. Selection of which panel is 
read is made by bit 0 of the interface CSR register (1 =Operator Panel; 0 = 

Remote Panel).· Actual bit assignments will be made later. Functions required 

on these panels as presently identified are as follows: 

Operator Panel 
o Switches 

0 Standby 

0 Track 

0 Shutdown 

0 Alignment 

o Displays 

0 Standby Mode 

0 Track Mode 

o· Shutdown Mode 

0 Alignment Mode 

0 Fine Align 

0 .Course A·l ign 

l 
~ 
I 
i 

...) 

Mode Select 

Rotary Switch 
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0 He.l iostat Failure 

0 Heliostat 2 Failure 

.0 Heliostat 3 Failure 

0 Heliostat 1 Selected 

0 Heliostat 2 Selected 

0 Heliostat 3 Se 1 ected 

Remote Panel 

o Switches 

0 Heliostat Select ( Rotary l of·3 ) 

0 Azimuth/Elevation Select 

0 Single Step (Momentary Pushbutton) 

o Alignment Complete 
oDisplays 

(None) . . . 

A logic l will turn the display fight ON 6r indicate the switch is acti-

vated (functi6n selected)·. 

The interface controller will be housed in a 19-inch standard card cage 

chassis with hinged front panel. As much as possible, all circuitry will be 

TTL logic and will be mounted on wire wrap cards for ease of fabrication and 

modification. The backplane will be wire wrap for similar reasons. All .cables 
will be connected via t0ist loc or screw secured cannon type connectors. 

The Remote panel will be a small BUD type box. One cable 250 feet long 

with connectors at each end will be provided for each heliostat connection. One 

cable 3 feet long will be provided for the time-of-day clock connection. One 

cable 100 feet long will hP rrovided for connection to the Remote panel. 

3.3.1.4 Software Design 
. Software design philosophy for the heliostat drive and control assembly is 

based on simplicity and hardware cost. To lower heliostat-computer interface 

hardware cost, the following additional functio~s will be performed by software: 
1. Encodei absolute position (.36° increment). 

2. _Drive stepper motor at one step per 180 ms maximum. 

3. Limit switching monitor. 

To simplify software.design, the computer will have only two interruptable 
modes, the real time processor interrupts and power failed/auto restart inter-
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rupts .. When a power failed/auto restart event occurs, upon power return the 

system entersthe-Power-On sequence, reinitializes and continues. 

The commanding of the stepper motor to step one step at a time will allow 
the correlation of each .36° increme~t output from the encoder to a particular 
command motor step. Hence, if an error existed, a correlation factor can be . . . 

generated readily. One limitation to this approach is that the maxi-

mum number of steps that can be commanded to the motor is fixed. 
At this time, the computer time frame has been chosen as five seconds. The 

calculation time needed per heliostat is approximately 30 ms. Using this 

number for 64 heliostats, the maximum number of steps that can be commanded is 
approximately is (.337°) steps in one computer time frame. 

The primary function~· of t~e ioftwa~e modules are ~o implement. the 

different modes of operation as required by the collector subsystem. These 

modes are: 
l. SHTDWN 
2 .. ALIGN 
3. STANBY 
4. TRACK 

(Shut.:down) 

(Standby) 

The first 'level flow charts for .these four (4) major modules are given in 

Figures 3.3-6 to 3.3-14. 

A brief description of the four major modules that accomplish the required 

modes of operation are given below: 
3:3.1.4.1 Shtdwn Module 

This module returns all non-failed heliostats tot~ 'zeroth' step reference 
position. The program accomplishes the drive to the 'zeroth' reference position 

as follows: 
l. Inhibit Real Time Processor. 
2. Determines if mirrors are at 'zeroth' reference position first. 

If all mirrors are at 'zeroth' reference position, program enters 

at infinite loop that monitors the input mode ·ccimmand. Exit from 
this loop t~n ohly be accomplished by a mode change (Step 8). 

· 3. If the mirrors are not at 'zeroth' reference position, .the program 
uses the internal apparent mirror position and generates the 

necessary commands to drive the mirror to its reference position . 
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4. The mirrors are driven in the azim~th direction first and then 

in the elevation dir~ction. (Drivel) 

5. On completion of all output pulses, the program enters into a 
l 00P tO hunt for the encoder IS reference' POS itJon, (bri Ve 2) 

6. On completion of Step 5, the program enters another loop to hunt 

for the first (zeroth) step of the mirror•s position. (Drive 3) 

7. On completion of the above steps, the program knows exactly where 
each mirror is at. Flag•s infernal to the program are set 

accordingly. 
8. Program then enters the infinite loop that monitors mode changes. 

The shutdown module can be entered from the track, power-on, and standby 

modules. 
3.3.1.4.2 Align 

This module provid~s a means of updating the heliostat•s mirror to col­
lector angles needed in the control law calculations. The function is semi­
automatic. That is, an operator must provide manual inputs. The-sequence of 

events for this module is as follows: • 
1. Drive heliostats to the •zeroth• reference position if not at zeroth 

reference position. 
2. Drive selected heliostat to the last known tower angles (azimuth 

first and then elevation). 

3~ Wait for operator inputs to fine-tune both azimuth arid elevation 
angles or ~none• command. 

4. Update both azimuth and elevation angles on receiving •Done• command 
from operator. 

5. Wait for operator input to change modes or align next hel.iostat. 
3.3.1.4.3 Stanby 

The stanby module provides a dummy target for the system to track the sun . 
. The sequence of events for this module is as follows: 

1. Inhibits the Real. Time Processor. 
2. Initializes system parameters to the standby mode. 

3. Supplies a dummy target for tracking. 
4. Enters the Track module at (Track~) . . 

These tasks will enable the heliostats to slew onto the dummy target and then 

track the sun. 
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• 3.3.1.4.4 Track Module 
The track module performs the functions of slewing the mirrors onto .the 

target or off the target and initializes the R~al Time Prcicessor to tr~ck the 
sun. When in the track module, program can only exit to the~shutdown o~ 
standby modules. 

The track program performs its functions as follows: 
1. Determines if a request is made to enter the shutdown .or standby 

modes. Enter that requested mode's module or continue in track. 
2. Determines if mirrors are to be driven in the slew mode. If 

so, set-up for slew mode operation to slew onto target or off 
of target. 

3. Determines if mirrors are on target. If not on target, generate 
commands to slew onto target in elevation and then azimuth, or 
to slew off of target in azimuth and then elevation. This process 
repeats. until target has been acquired. 

4. Once on target, the Real Time Processor is initialized to track 
the sun. Flags are set and program continues to loop in this module 
to monitor for mode change. 
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3.3.2 Design Analysis 
The drive actuator output torsional loads were analyzed to produce the torque 

requirements of the drive components. This detailed analysis is given in the 
appendix. The loads on the actuator output shaft include the torques due to: 
friction, reflective assembly inertia, counterweight inertia, and air mass inertia. 
The counterweights serve to minimize the static torque load of the reflective 
ass~mbly. The results of this analysis indicate that a capabilitY of 22.6 Nm (200 

· in-lbs) is required for positional control of the PO baseline 39 Kg (86 lb) re­
flective assembly. Since the research experiments reflective assembly is much 
lighter than the PO baseline, a design margin is inherent in the design, which is 
configured to baseline requirements. As the harmonic drive provides an 80/l 
torque a~plification, the stepper motor output torque of 0.20 Nm (1~81 in-lbs) was 
calculated as the minimum required to perform functional operations .. The stepper 
motor selected has an output torque capability of 0.28 Nm (2.5 in-lbs), which thus 
~rovides an additional margin in capability and performance; 

The drive and control assembly error budget analy~is is illustrated in 
Table 3.3-2. The total error for any sigma value (normal distribution) is the 
root sum of the squares of the listed component errors. This value is for the 
single-axis positioning accuracy of the reflective assembly, (commonly called 
pointing accuracy). The alignment and drive actuation errors are the two major 
contributors of system error as indicated in the table. 
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3.3.3 Alignment 

I The purpose of the alignment task is (l) to initially set the "alignment 
position'' of each heliostat mirror and (2) to define the angular displacement 
of the 11alignment position" from a predetermined 11reference position" for input 
to the solar tracking control actuator; This task wil) be ac~omplished using 
a spherical coordinate laser measuring system developed by The Boeing Company. 

The measuring system consists of a laser ran~ing device mounted on a 
high precision two axis yoke/rotab assembly shown in Figure 3.3~15. The 
ranging function is accomplished (See Figure 3.3-16) by transmitting an 
amplit~de modulated CW laser beam to a small target area, collecting a portion 
of the ~~fleeted l~ght in a r~ceiver teles~ope where an electrical signal is 
generated, and determining the phase delay, at the modulation frequency, between 
the transmitted light and the received light .. The phase delay provides a very 
accurate measurement of the di~tance to the target. The absolute distance 
measurement a~~uracy of this system has been certified-to! 0.016 inc~ (two 

. . 

sig~a) o~er a range of 10 to ibo feet using a laser interferometer as a stan-
dard. For lack of a ·longer calibration range, accuracy over longer distances 
were not evaluated. Under optimum conditions, the laser measur.ing system has 
been used to measure distances of up to 5 miles.· 

The angle measuring function of the laser measuring system is accomplished 
by two high precision angle encoders, one for measuring elevation angle and 
one for measuring azimuth angle. These encoders are built into the two axis 
yoke/rotab assembly in .the proper locations to sen£e the ap~ropriate Movement. 
The resolution of each systeni is 0.36 seconds of arc. 

The proper alignment of the heliostat mirrors (Figure 3.3-17) is dependent 
on the definition and establishment of r~ference directions rel~tive to the 
solar system's coordinate system. These references are (1) true vertical from 
the earth's surface and (2) true south.· The references are established in the 

·following manner. The gimb~l aXis drive is initially set to a vertical position 
by placing an electronic level (+ 1/5 second resolution") on the mirror inter­
face plate and adjusting its orientation to horizontal. The mirror is then 
attached to the interface plate using predetermin~d shims to assure parallelisn1 
between the mirror surface and gimbal plate. The actuator encoder/dri~e 
mechanism is then fin~ Rdjust~d and locked. 
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The true south direction. relative to the laser measuring system is defined 
• by a precision direction finder and marked with an existing benchmark monument 

bearing. 
With the laser measurement system in measurement position behind the solar 

collector target, the laser beam is.rotated and tilted until it illuminates the 
bench mark. The azimuth angle of the laser system•s rotab is set at zero for 
later calculation of mirror gimbal azimuth setting. 

The actual alignment of the heliostat mirror commences by first pointing 
the face of the mirror toward the laser measuring syst~m relative to true normal 
vertical and a predetermined·azimuth angle·position. The laser-system then 
ranges on each of two sets of two targets which are positioned diametrically 
opposed·to each other and in line with.gimbal axes of rotation. The targets are 
installed during the fabrication of the mirror. Azimuth and elevation adjust-
ments are made by the laser measuring system operator v1a a remote control box 

. . 
until th~ distances to all of the diametrically opposed targets are the same. 
Ai t~~~ stage, the alignment position has been esiablished; i:e., the elevation 

. . 
angle, ~, re1aiive to the true vertical reference, and azimuth angl~ relative 
to the.predefinedazimuth position are known, but the azimuth angle,~, relative 
to true south is not known. The position actuator controller is then signalled 
that this position is the alignment position . 

. To determine angle ~ , the laser system is positioned such that the beam 
is incident on a center target installed during mirror fabrication. The angl~ 
measured by the laser system azimuth angle encoder is used to calculate the 
azimuth angle the mirror must rotate to obtain the true south reference orienta­
tion. The laser system operator then directs the heliostat azimuth gimbal 
actuator to move the?> angle while monitoring pu.lses relative to the predefined 
azimuth position. At this orientation the azimuth true south reference position 
is obtained and established in the position actuator controller. 

Re-checks of the heli6stat alignment positions can be accomplished by 
causing the position controller to move the mirror to the alignment position. 
The laser measuring system can re-measure the target distances and associated 
angles to determine whether the alignment position has. changed~ ·Adjustments . 
can be easily updated to re-establish new alignment position using portions of 
the above procedure. 
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3 .A THERMAL DESIGN 

3.4.1 Thermal Control System Description 
The therma 1 environment requirement imposed on the !=011 ector subsystem 

is survival of ambient temperature variations from -30 to 49°C, The baseline 
temperatur~ co.ntrol approach is essentially passive, depending on the use of 
·materi~lS· :With acceptable thermal radiative properties ... Radiation is the dom-

. .. . . . . 

inant heat tr-nsfer mechanism of the heliostat~ Natural convection accounts for 
the remaining heat transfer ~ithin the heliostat, Use of the pres~urization 
air for cooling is not considered at present; however, the air source can be 
used to force cool the electronics if the need arises. 

. . . -

As.sumptions of materials, finishes and geometry used in calculations are 
detailed below. Recognize, however, that thermal analys~s were performed dur­
ing conc~ptual design studies and that some design changes were made during de­
tail design. The physical heliostat model and major components used in calcu­
lations are shown in Figure 3.4-1. For the present, the aluminum reflector 
frame ~nd frame skeleton will use the a~-received mill finish. The vertical 
mast was assumed to be a galvanized steel post with an access hole cut in the 
s~de t; expose the azimuth gimbal drive actuator. Both the azimuth and ele­
vation gimbal drive actuators were presumed _to have a hard anodized ~rotective 
finish. The ~round liner and dome support walls were presumed to be concrete, 
although a steel sidewall has been incorporated in detail design. The elect­
ronics mod~le associated with the ~ontrol system was presumed to rest near the 
liner, dissipate an average 50W and has a painted protective finishon the case . 

. The analyzed pro,tective enclosure is a 5.18M (17-foot) diameter dome made 
from 0.15 mm ·(6 mil) Tedlar with high specular transmittance. The reflector was 
assumed to be. a hexagonal film of 13.2 sq. m. rnade from a 0.05 mm (2 mil) Mylar 
aluminized and overcoated with SiO on the first surface~ The dome is truncated 

. . .·· X 0 . . . 
and mounted to the foundation with a 60 base angle. 

The current design differs thermally from the configuaration described 
above to the extent that 1) the reflector surface is now cir~ular and 2) no 
overcoat is specified for the metalized reflecto~ surface. The change to a 
circular refle~tor will produce a larger reflector area relative to the dome 
cross-sectio~·with a trend to slightly lower reflector temperatures because 
a larger fraction of direct solar insolati~n will be reflected out. 
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.The physical heliostat configuration, shown in Figure 3.4-1 with its 
principal. components was inf~rpreted in terms of its ess.ential thermal properties 
resulting in a modular thermal model. This model, with appropriate boundary 
conditions, was then submitted for computer solution using the 11 Boeing Engineering 

Thermal Analyzer 11 program described in Reference 3,4-1. 
3.4.2.2 Thermal Properties 

Thermal optical properties have the greatest effect of all relevant thermal 
properties in controlling temperatures of the heliostat. A summary of the 
optical properties used in the analysis are shown in Table 3.4-1. Among the 
soyrces from which these values were derived are those contained in Reference 

! . t ' 

3.4-2, 3.4-3, 3.4-4, and 3.4-5. 
3.4.2.3 Thermal Analysis 

Thermal analysis involved predicting transient thermal behavior based on 
actual tem~erature and insolation profile data for assumed ·Inyokern and Albuquer­
que :sites. The basic thermal difference between the PO baseline heliostat and 

I . . . 

·the research ·experi~ent heliostat i~ that the Pilot Plant heliostat is sur-
. . . . 

rounded by identical hel iostats ·at the same temperature. Since heat rejection 
to space by the enclosure surface is a significant mechanism, the Pilot Plant 
heliostat will therefore run hotter than its research experiment counterpart. 
This analysis is based on a heliostat located internally in the heliostat. 
field. 

The insolation and temperature profiles for the Inyokern and Albuquerque 
sites wer~abstracted from data tapes obtained from the Aerospace Corporation, 
Reference i'~ 4~6. One profi 1 e each for Inyokern and A 1 buquerque. containing 
the extr"l::!llle h1gh temperature recorded in 1962 - 1963, are shown in Figures 
3.4-2 and 3.4~3. Each profile covers the 24-hour day containing the record 
temperature and consists .of the ambient temperature, direct and diffuse insola­
tion ~alues. (Profiles based on peak insolation occurred in late autumn or 
early spring, and the thermal consequences were less severe.) The third pro­
file shown on Figures 3.4-2 and 3.4-3 was obtained from the Inyokern data by 
averaging the ·insolation and temperature data by hour for ·a period of 15 days 
before and. after June 21st. 

The diffuse component of the solar insolation was obtained indirectly from 
the tape data using the published 11 Direct 11 and 11 Tota1 11 insol~tion quantities. 

64 



ELEVATION GIMBAL 
ACTUATOR (9) 

· AMBIENT AIR 111\ 
~EFFECTIVE SPACE . 

TEMP (13). 

SOIL (12) 

. Fi"gur~: 3.4-1 Thermal Model 

Table: 3.4-1 Optical Properties 

-r·· . : 

COMPONENT d'l . ' SOLAR 
SOLAR SPEC 1- DIFF TOTAL 

DOME t4ATERIAL . .03 .87 .04 • 91 

REFLECTOR MATERIAL 

r-ront Side with Cdating .14 .0 

.rant Side H/0 Coating .08 .0 

Backside 
I 

65 

0277-10022-1 

ENCLOSURE (2) 

. REFLECTOR (4) 

.REFLECTOR FRAME (5) 

AZIMUTH GIMBAL 
ACTUATOR (8) . 

BASE LINER (10) 

fsOLARl .. · ( -~_, . fJ l 
. I IR IR IR 

.06 .• 35 
1: 

.50 .• 15 

I. 

~86 . 10 0 .90 

.92 

I 
.03 0 .97 

I .85 0 . 15 
I 



80~--~------------~-----------------, 

-u 
C2... 60 
w 
a: 
::::> 

~ 40 
a: 
w 
Q, 

~ 

~ 20 

INYOKERN EXTREME TEMP DAY-AUG. 14, 1962 

INYOKERN-JUNE 211-DAY AVG ±. 15 DAYS 
1962·1963 DATA BAS~: .. 

ALBUOUEROUEEXTREMETEM~DAY­
JUL Y 24, 1963 

, __ ,.,.. ___ _ 
_,. ' 

,., ... ~·---------~ .. .... ~· ---:_Y.. . 

SOLAR TIME (HOURS) 

Figure:· 3.4-2 Model Ambient Temperatt1re Profiles 

800 

Dl FFUSE SOLAR 
INSOLATION (WIM21 600 

400 

200 

0 

1.000 

800 I 
I 

DIRECT SOLAR 
600 

INSOLATION (WIM2) 

400 

200 

I 
I 
I r-; 
I I I ' I l1 

\ I ~.J I 
I I I p I .JJ I I 

L..- i I I I I 
0 

0 4 8 12 16 20 24 
SOLAR TIME (HOURS) 

Figure: 3.4-3 Model Solar lnsolatio.'1. Profiles 

66 .. · 

0277-10022-1 



0277~1 0022 .. 1 

Since the "Total" insolation value is equivalent to the total insola.tion ·of a 

flat hori zonta 1 surface, the "Diffuse" quantity was obtai ned from the fo 11 owing 

relationship: 

I · - I · -1 · Sin fJ diffuse - total specular 

where fJ is the apparent sun inclination angle. 

3.4.3 Results and Conclusions 

The temperature relationshi~s between various components in the heliostats 

for component temperature variatioris througho~t a daiiy cycle are ·shown on 

Figures 3.4-4 and 3.4-5 for the "Inyokern June 21st," "Maximum Temperature Inyokern 

Day" and "Maximum Temperature Albuquerque Day," t·especti vel y. Comparison of these 

temperatures with analyses of larger heliostats located in a close-packed array 

(Pilot Plant configuration), has indicated that components in research experiment 

heliostats w.ill run 5 to 6°C cooler . 
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3.5 SAFETY 
A summary of potential safety hazards and precaution or corrective action 

incorporated in the detail design is given in Table 3.5-1. 

HAZARD 

INSTALLATION 

ELECTRICAL 

LIGHTNING 

FLOOD 

FIRE 

WIND· 

· PRECAUTIONS OR CORRECTIVE ACTION 

NORMAL SAFETY PROCEDURE FOR EXCAVATION & CONCRETE HANDLING 
~ITH HEAVY EQUIPMENT. PREVENTION OF PUBLIC ACCESS. NORMAL 
HARD-HAT SAFETY PROCEDURES AND EQUIPMENT FOR OVERHEAD CRANE 
INSTALLATION OF EQUIPMENT. 
MANUAL CONTROL STATION AT EACH HELIOSTAT WITH CAPABILITY .TO 
BLOCK CONTROL COMMANDS FROM CENTRAL AND TO SHUT OFF ALL 
POWER TO HELIOSTAT. PROVISIONS IN CENTRAL CONTROL TO SHUT 
OFF POWER TO INDIVIDUAL HELIOSTATS. 

GROUND CENTER POST. 
GROUND ENCLOSURE HOLD DOWN SEGMENTS .. 
GROUND REFLECTOR ~TRUCTURE DIRECTLY TO CENTER POST 

DO NOT SITUATE FIELD IN A FLASH FLOOD AREA. 
IF SOIL CONDITION IS CONDUCIVE TO FORMATION OF SURFACE WATER 
IN CLOUDBURST CONDITION PROVIDE DRAINAGE IN PATHWAYS BETWEEN 
DOMES. 

PROVIDE ADEQUATE CO EXTINGUISHER WITH INSTALLATION AND 
MAINTENANCE CREWS. 2EACH PERSON ENTERING AN ENCLOSURE MUST 
HAVE PERSONAL EQUIPMENT TO CUT OUT THROUGH ENCLOSURE. 

EACH PERSON ENTERING AN ENCLOSURE DURIN& HIGH WIND CONDITIONS 
SHOULD HAVE A HARD HAT AND PERSONAL EQUIPMENT TO CUT THROUGH 
ENCLOSURE. 

THE DOME AIR PRESSURE SYSTEM MAY NOT PROVIDE ADEQUATE AIR FOR 
SOLVENT, VAPORS, PERSONNEL. ADDITIONAL VENTILATION IS MANDATORY FOR. PROLONGED 
OXYGEN CONSUM- STAYS OR IF OXYGEN CONSUMING EQUIPMENT SOLVENT OR VAPORS ARE 
ING EQUIPMENT PRESENT IN ENCLOSURE. LOCK DOO.R TO PREVENT UNAUTHORIZED ENTRY. 

TABLE 3.5-1 

SUMMARY OF SAFETY CONSID~RATIONS 
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4.0 MANUFACTURING 

Manufacturing processes and tool designs have been selected for the fabri­
c~tion of the transparent enclosure and reflector. All of the processes have 
been proven by the fabrication of tests, parts and subscale prototypes. 
4.1 TRANSPARENT ENCLOSURE FABRICATION 

The enclosure will.be fabricated from polished Tedlar film using 18 gores 
and one polar cap. The joi~ts will be heat sealed to form the spherically · 
shaped ~nclosure. 
4. 1.1 Fabrication Steps 

The fabrication sequence for the transparent enclosure is shown in Figure 
4.1-1. The gores are first trimmed using a template and then the base seams 
are made. These gores are joined to form the dome shape. ·The polar cap is 

· then trimmed and heat sealed in place. 
It ~as fdund to be cost effective to use 18 gores because it eliminated 

the need to thermoform the polished Tedlar .film and allowed more effective 
. use of the available film width. With 18 flat gores the shape of the dome 
around the circumference will be less than 1.5% out of round. A special 
the~moforming technique is required with the polished Tedlar film. The 
polishing process imparts an unequal shrinkage of the film in the machine 
direction. This will cause wrinkles to form during the heating cycle unless 
the film is pre-tensioned. 
4:1.2 Dome Seam Fabrication 

All joining of the Tedlar film will be by heat sealing. This requires a 
temperature of 205 to 2l8°C 14dO to 425°F) ~nd 20 psi press~re at the joint. 
The press·ure is required during both the heating and cooling cycle to restrain· 

·the film and prevent localized shrinkage. Two methods have provided satis-
. . 

factory heat seals; ultrasonic and impulse sealers. 
4. 1.2.1 Ultrasonic Sealing 

The ultrasonic sealer generates heat and pressure at the tip of a vibrating 
horn. The film is positioned between this horn and a relatively massive, hard 
surfaced anvil. A spot weld is made by a timed pulse of sonic energy to the 
horn. A continuous joint can be made by either moving the fTim in relation to 
the vibrating horn and anvil or by moving the vibrating horn ovet· the fixed 

71 



' 
I 

I 

• 
CUTOUT GORES 

HEAT SEAL GORES . 

HEAT SEAL 
BASE SEAMS 

• 

,· •·'· 

... CUTOUT 
POLAR CAP 

. HEAT SEAL POLAR CAP 

Figure: 4.1-1 Transparent Enclosure Fabrication Steps 

72 

0277-10022-1 



0277 .. 10022 .. 1 

film and anvil. During movement, the distance between the horn and anvil must 
be maintained within a very cl~se ~oleranc~. For 4 mil film the tolerance is 
+ .0012 inches. Also, the rate of movement must be uniform for any given 
machine setting. Satisfactory seals at speeds up to 6.1 meters per minute (20 
feet per minute) have been made. 

The ultrasonic sealer being us~d to fabricate a 1.07 meter (42 inch) 
diameter dome is shown in FigUre 4.1-2. The film and anvil are beihg moved 
under the vibrating horn to make a gore seam. The same technique was used to 
attach the polar cap with the ~ddition of spot welds being u~ed in th~ overlap 
areas where three layers of Tedlar were heat sealed; 
4.1.2:2 Impulse Sealing. 

'An impulse sealer consists of a resistance ribbon and a pressure source 
which runs the full length of the joint being made. The heat is generated by 
a short. (1 to 5 sec) impulse of electric energy to the ribbon. The pressure 
must be continuous to prevent bridging. A sili~one ·rubber pad is used to 
distribute th~ pressure. Kapton fil~ is used over the heating element to 
~ssu~e a smo~th surface on the Tedla~ heat seal ahd as a parting film. 

Satisfactory impulse seals have been made on up to 4 layers of Tedlar 
film. A curved impulse sealer 4.9 meter~ (16 feet) in length with a 2.6 meter 
(8.5 feet) radius has been made. Satisfactory seals have been made with this 
heat sealer. Heat seals can be reworked with an impulse sealer by overlapping 
existing seals. 

The heating ribbon and support structure for ·an impulse sealer is shown in 
Figure 4.1-3. This sealer produces flat seals up to .86 m~ters (34 inches) 
in length. It can be used to make the gore base seams. 
4. 1.3 Tool Design 

. The major tool~ required to fabricate the dome are a gore seam tool and 
a polar cap seam tool. Concepts of these tools are shown in Figures 4.1-4 
and 4.1-5. Both of these tools are .designed to use impulse type heat seals. 
This type of heat seal was selected to reduce tooling costs for the research 
~xperiment domes. Ultrasonic heat seals are still expected to be used in 
localized areas. 

Two templates, one for Qores and one for the polar cap will be required 
along with layout and storage surfaces. The base seams will be done in the 
flat· to eliminate any special tool requirements .. 
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4.2 REFLECTOR FABRICATION 

The reflector consist~ of pretenstoned aluminized Mylar bo~ded to a 
circular ring made of welded aluminum tubing. The bonding surface of the ring 
will be a foamed surface, flat within 0.76 mm (0.030 inch). 

4.2. 1 Fabricating Steps 
The fabrication steps for the reflector are shown in Figure 4.2~1. The 

aluminum tubing will be rolled to shape and then welded to form the ring. The 
in-plane bonding surface will be formed by foaming a surface on the aluminum 
tubing against a flat reference surface. The aluminized Mylar sections will 
be bonded and then placed in a tensioning ring. The reflector membrane will 
be tensioned and bonded to the support ring by first applying adhesive to the 

foam surf~c~. positio~ing the membrane in the t~~~ioning ring on the foamed 
surface, and· then tensioning by adding weights to the tensioning ring. The 
tensioning ring will have a larger diameter than the reflector ring. The 
tension on. the membrane will be rna i nta i ned until the adhesive is cured. The 
reflector will then be trimmed io shape and the tensioning ring remov~d. 
4.2.2 Reflector Seam Fabrication 

The aluminized Mylar will be bonded together with a polyester adhesive 
using a butt joint with an overlapping tape on the back. side. The adhesive 
is a solvent dispersion that is either brushed or sprayed onto the Mylar. 
Masking can be used to prevent the adhesive from covering non-bonded areas. 

To obtain the bond, the dried adhesive must be heated to 135° to 162°C 
(275° to 325°F). This melts the adhesive so that it will ade~uately wet the 
Mylar surface. If the Mylar is restrained during this localized heating it 
will not wrinkle, thus eliminating the need for an additional heat treatment. 
A vacuum bag will provide sufficient restraint. 

A curing agent ·is added to the adhesive to provide imp~ov~d environmental 

resistance to the bond area. This is a room temperature cure which takes 
several days to complete. It does not appreciably improve bond strength but 
does improve thermal resistance. 
4.2.3 Foamed Surface Fabrication 

The flat surface of the reflector ring will be obtained by foaming 
between the aluminum tubing and a flat in-plane reference surface. The foam 
used will be a two part Urethane self-skinning foam. It will be constrained 
during foaming to produce the density required and th~ surface skin. The 
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normal cure will be 16 hours at room temperature, however, it can be removed 
from the mold within 30 minutes. The cure rate can be accelerated with 
elevated temperatures. 

Te~sile and creep tests have indicated adequate strength of the foam and 
of the foam to aluminum bond. A subscale reflector has been fabricated success­
fully using the foam in an independent research program ~t Boeing. 
4.2.4 Bonding the Pre-Tensioned Reflector 

The Mylar reflector film will be bonded to the foam surface with a 2 part 
·Urethane adhesive. This is a room temperature curiDg 100% solids adhesive. 
A layer .of: the adhesive is placed on the foam and then the reflector film is 
placed on the surface. The film is then tensioned while the adhesive is in the 
uncured state. ~ufficient pressure on the bond line is obtained from the weights 
used to provide the tensioning. The tensioning must be maintained until the 
adhesive has cuted. Elevated temperatures will accelerate th~ cure. 
4.2.5 Tool Design . . 

. The reflector fabricati6n will require only ~ne major tool to foam ih~ in-
plane. surface and tension and bond the film to this. surface. A concept of this 
tool is shown in Figure 4.2-2. Other fabricating aids will be a template for 
rolling the ring segments; a welding jig, and a layout table that can be 
vacuum bagged. 
4.3 SMALL SCALE PROTOTYPES 

A subscale heliostat has been .fabricated with a 1.07. meter (42 inch) diameter 
dome and a .91 meter (36 inch) diameter reflector in ah independent researc~ 
program at Boeing. The dome consisted of 11 gores and a polar cap with heat 
sealed joints. The reflector had a rolled aluminum ring with a cast-in-plane 
surface·. The aluminized Mylar was pre-tensioned and bonded to this ring. Figure 
4.3-1 shows the bonding and tensioning operation. 

In the same program, a.l.32 meter (52 inch) diameter reflector was fabricated 
with 2 bonded seams in the film. The Mylar used had been used in the Tedlar 
polishing step and was not aluminzed. The seams were bonded with polyester 
adhesive. Polyurethane ·foam was used to obtain the in-plane surface and 
polyurethane adhesive wa~ used to bond the film to the foam. A picture of this 
reflector is shown in Figure 4.3-2. 
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5.0 RESEARCH EXPERIMENTS TEST PLAN 

5.1 INT~ODUCTION AND SUMMARY 

This section of the document describes the assembly, integration, and array 

tests planned for the Collector Subsystem Research Experiment (CSRE) and Pre­

liminary Design of a Pilot Plant- Phase I and was prepared in accordance with 

the re~ui~ements of CDRL Item 6. It provides a list of planned tests, a des­

cription of each test, states the test objectives, and shows the sequence of 

testing and schedule for test performance. 

Table 5.1-1 summarizes the planned tests along with individual objectives. 

5.2 ASSEMBLY TEST PLANS 

The planned tests are intended to verify satisfactory performance of the 

transp~rent enclosure, reflective, and drive and control assemblie~ when sub­

jected to a variety of environ~ental conditions and to gene~ate structural and 

electrical/mechanical data required for design refinement. 
. . 

.The over~ll objectives of these tests are: 

1. Collect technical design data; 

2; Collect qualitative hand~ing and maintenan~e data; 

3. Expose ass~mblies to environments simulating those anticipated 

during plant operation; 

.4. Assure assemblies are adequate in performance and configuration for 

subsequent integration tests. 

5.2.1 Transparent Enclosure Tests 

5.2.1,1 Press~re and Leak Rate Test· 

PurrnsP 

a) Verify.design pressure is adequate to support enclosure and provide 

desired surface quality. (.056 pSi internal pres~ure) 

b) Verify.ability of total enclosure to withstand design allowable stress. 

(.236 psi internal pressure) 

c) Evaluate seam and seal quality for leakage. 

Configuration 

The test configuration will consist of a transparent enclosure installed on 

a foundation without reflective assembly or drive and crintrol assembly. 

Enclosure support will be provided by a blower and/or manifolded compressed 

qas supply. 
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TEST TYPE 

ASSEMBLY 
Transparent 
Enclosure 

ASSEMBLY 
Reflective 
Assembly 

ASSEMBLY 
Drive & 
Control Assy. 

INTEGRATION 

ARRAY 

TABLE 5. 1-l 

TEST TITLE 

PRESSURE 

LEAK RATE 

ENVIRONMENTAL 
EXPOSURE 

MAINTAINAB IL lTV 
HANDLING 

DYNAMICS 
(Nat. Frequency) 

~~AI NT A I NAB I L lTV 
& HANDLING 

ASSEMBLY TESTS 

THERMAL TEST 

REFL. ASSY/ 
D&C INTEGRATION 

RCFL. ASSY/DRIVE 
& CONTROL/TRANS. 
ENCL./INTEGRATION 

OPTICAL TEST 

DRIVE & CONTROL 
TESTS 

EXTENDED OPERATION 
DEMONSTRATION 
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PLANNED TESTS 

OBJECTIVE 

Qualify enclosure for maximum 
· tiperational ·stress to be expected 

on portions of the dome. 

Measure enclosure air leakage at 
operational pressure. · 

Verify survival of enclosure under 
3 seasons of desert weather condi­
tions. 

Develop and demonstrate handling/ 
installation and repair/cleaning 
techniques. 

Measure dynamic characteristics. 

Develop and demonstr~te handiing/ 
installation and repair/cleaning 
techniques. · · 

Verify functional performance for 
a 11 modes. 

Verify performance before, during, 
and follo~ing exp6sure between 
temperature extreme~. 

Verify fit and clearance. 

Verify fit and clParance. 

Measure energy collection perform­
ance. Measu~e heliostat trans­
mittance. Measure heliostat 
reflectance. 

Demonstrate calibration & alignment. 
Demonstrate operational modes. 

DenDnstrate continuous array 
O!Jeration. 
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Test Description. 

The transparent enclosure will be inflated to and maintained at design 

pressure while a walk around inspection is mad~ to locate major leaks or 

configuration problems. Photographs will be taken at. selected ~earn and 

tiedown locations and of the overall setup. 

The air supply apparatus will be valved off and a pressure vs. time pro­
fi.le taken. 

Next, the enclosure will be repr~ssurized gradually until the maximum test 

pr~ssure is reached (de~ign pressure+ TBD margin). Strain gages located 

at selected locations will be monitored durin~ pressurization. The air 

s~ppl~ apparatus will be valved off and a pressure vs. time profile taken. 
Figure 5.2-l shows the setup ·and pressure time his·tory schematic. 

5.2.1:2 Environmental Exposure 

. Purpose 
a) Verify ability of enclosure to survive 3 seasons (summer, fall, winter) 

of real-time desert-like weather conditions, incl~ding sand ibrasion, 
ultraviolet d~gradation, thermal cycling, rairi, sno~, hail, ice, and 

wind loading. 

b) Measure performance of enclosure under wind loading. 

c) Demonstrate foundation in~tallation. 

Configuration 

The test configuration will consist of 2 transparent enclosures with 

foundations and blowers installed at ·the Boardman, Oregon, test site. 

The setup will include instrumentation and recording equipment that needs 

minimal attendance. 

Test Description 

The transparent enclosures will be exposed to the weather for 3 seasons 

. to assure that a ~ide variety of typical desert conditions are experienced. 

Meteorological data will be recorded during the exposure. 

The enclosure will be instrumented with thermocouples, deflection indicat­

ors, strain gages, and ~ccelerometers to measure the structural prope~ties 

under wind loading. The following will be measured: 

a) Deflection vs. wind velocity 
b) Membrane stress· vs. wind velocity 

c) Natural frequency and mode shapes 
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d) Dynamic response due to wind 
e) Sel.ected time/temperature histori.es 

f) Internal relative humidity 

Data will be continually recorded and time indexed to allow later cor­

relation to meteorological data. 

Figure 5.2-2 depicts the environmental exposure setup. 

5.2.1.3 Handling and Maintainability 

Purpose 
a) Document enclosure's resistance to permanent wrinkling, scratching, 

or other damage during fabrication, storage, transportation, and 

installation. 

b) Develop cleaning and repair procedures. 

Configuration 
a) Config~rations shall be those resul~ing f~om riormal iooling, packag­

in~, t~ansportation, ~nd erection methods d~veloped in the man~­

fact~ring and installation ~rogram. 

b) An erected enclosure will be used to verify cleaning and repair 

procedures. The enclosure should be visibly dusty (or dirty). 

Test Description 
Optimum handling shall be determined during the course of manufacturing 

operations. Folding techniques, protective cloth or paper, stora~e and 

transportation containers will be evaluated. Handling operations during 
fabrication and installation will be developed, documented, and photo-

. graphed. Special attention will be given to the avoidance of creasing or 
scratching the mater1a1 or seams. 

Using the cleaning methods and materials developed from coupon level 

testing, the enclosure will be cleaned. The cleaning apparatus will be 

of sufficient scale to demonstrate technique. 

Demonstrate ingress and egress by entering and exiting enclosure with 

heliostat tool kit. Observe visually, any change in enclosure shape and 

height due to pressure losses during entry or exit. 

Repair of the transparent enclosure material will be demonstrated at the 

~oupon level. In the event a puncture, tear, or seam failure occurs during 

handling, installation or field operation repair will be demonstrated. 
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5.2.2 Reflective Assembly Tests 

5.2.2.1 Dynamic Tests 
. . 

·Purpose 

a) Determine natural frequency of a~sembly 

b) Determine simple mode shapes of assembly 

c) Measure dynamic response of assembly to drive motor inputs·. 

Con.fi gurat ion 

The test configuration will consist of a reflective assembly including 

reflector, support b6om, and gimbal assembly with drive modes. The gimba1 

must be complete to the extent that representative pulses can be i~put to 
. .. . 

the refle~tor by a partial drive/control assembly or simulator. The sup-

port boom will be rigidly mounted to the laboratory floor or the portable. 

heliostat base. 

Test Description 
The support boom and the reflector will be instrumented with accelero­
meters at TBD locations. R~adout eq~ipm~nt shall consist.of a CRT display 

and a multichannel strip chart recorder (visicorder). Dynamic responses 

to manual inputs at various locations and drive motor inputs (tracking 

and ~mergency stow) will be measured and recorded. (See Figure 5.2-3) 
5.2.2.2 Handling and Maintainability 

Purpose 

a) Document reflector's resistance to permanent wrinkling, scratching, 

or other damage during fabrication, storage, transportation, and 

installation. 
b) . Develop cleaning and repair procedures. 

Configuration 

a) Configurations shall be those resulting from riormal tooling, ~ackag­

ing, transportation, and erection methods developed in the mariu­
facturing and installation program. 

b) An erected reflector will be used to verify cleaning and repair 

procedures. 

Test D~_?criptio.!l_ 

Optimum handling shall be determined during the course of manufacturing 

operations. Protective cloth or paper, storage, and transportation 

containers will be evaluated. Handling operations during fabrication·and 
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installation will be developed, documented, and photographed. Special 

attention will be given to the avoidance of creasing or scratching the 

material or seams. 

Using the cleaning methods arid materials developed from coupon level 

testing, the reflector will be cleaned. The cleaning apparatus will be 

of sufficient scale to demonstrate technique. 

Repair of the reflector material will be demonstrated at the coupon level. 

In the event a puncture, tear, or seam failure occurs during handling, 

installation or field operation repair will be demon~trated. 

5.2.3 Drive & Control Assembly Tests 
Drive & Control Assembly Integration Tests 

Purpose 
Verify functional operation of drive and control assembly including field 

controlle~ and on~ heliostat set of d~i·ve and c6ntr~l components. 
Configuration. 

Th~ test configuratio~ will ~onsist of the field controller ~nd ~ne 

heliostat set of drive and control components. 

Test Location 

Tests conducted in an electronics test lab at Boeing Kent. 

Test Description 

Integrate electronic trans. unit 182-12711, manual control unit 182-12713, 

drive actuators 182-12715, andgimbal mechanism 187-12717, verify opera­
tional performance of components. 

Perform field controller hardware functional checkout. 

Perform f1eld controller ~urLwar-e runctional checkout .. 
Perform field controller hardware/software functional checkout. 

Integrate field controller and one heliostat set drive and control com­

ponents. Verify functional operation of control modes, including: 
o Normal tracking 

o Shutdown 

o Standby 

o Alignment 

5.2.3.2 Thermal Test 

Purpose 
Verify performance of drive and control assembly before., during, nnd 

following exposur~ to the temperature extremes called out in the 
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requirements specification. 
Configuration 
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Th~ com~lete.drive and control assembly, in operational condition, ~ill 
be tested~ The following components are included: 

Drive Actuators 
. Gimbals 

Heliostat Electronic Transmission Unit 
Heliostat Manual Control Unit 
Hel iostat Hiring System· 
Field Controller 

Te~t Description 

The assembly ·will be installed inside a thermal 'test chamber, 

The field contrblle'r will be. situated outside th~ chamber, 
as it must be maintained in the· range of +5 to +50°C. Thermocouples will 
be attached to individual .components and continuously monitored on a 
strip ch~rt recbrder. The drive and ~ontro1 assembly will be subj~cted 
to the following conditions: 

1) Chamber and components at ambient temperature- verify 
functional performance 

2) Chamber at +49°C (+120°F) components temperature stable -
verify functional performance 

3) Chamber at -20°C (-4°F) components temperature stable -
verify functional performance 

4) Chamber at -30°C (-22°F) components temperature stable -
surviv.al - non-operational 

5) Chamber and components at ambient temperature - verify 
funct1onal performance 

Performance shall be verified visually thru a window in the test chamber 
and by monitoring encoder responses. 

5.3 INTEGRATION TEST PLANS 
Integration testing is performed to assure that the 3 major assemblies 

(reflective assembly, transparent enclosure assembly and drive and control 
assembly) a~e compatible in function and fit. This testing allows the 
systematic stepwise buildup and checkout of a complete hel.iostat on a portable 
foundat·iun inside a laboratory high bay prior to the commenc::ernent of field 
testing. 
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5.3.1 Integration of the Reflective Assembly and.th~ Drive and Control 
Assembly 

5.3.1.1 Fit and Clearance Verification 
Purpose 
Verify that the reflective assembly, dri-ve ano·control assembly and 
heliostat base interfaces are compatible and mutual clearances exist 
that are per drawing and adequate for all operational modes. 
Configuration 
A complete drive and control system (or prototype), a reflective 
assembly and the portable heliostat base will be utilized for the 
integration. The work will be performed in a laboratory high bay where 
minimal air cur~~nts exist and an overhe~d crane is available; 
Test Description 
The drive and control assembly support post with gimbal mechanism will 
be installed on the portable heliostat base per drawing. The reflective 
assembly will then be attached· at the gimbal inte~face. The drive and 
co.ntrol assembly will be operated thru all azimuth arid elevation 
confi gu.fati on t~ v~rify mechani ca 1 c"l earances' non-interference of 
wiring harness, and operatic~ of limit switches. 

5.3.2 Integration of Transparent Enclosure, Reflective Assembly and 
Drive and Control Assembly 

5.3.2. 1 Fit and Clearance Verification 
Purpose 
Verify transparent dome interfaces with reflective assembly and heliostat 
portable base per drawing and with idequat~ clearance for all operational 
modes. 
Configuration 
The test configuration will consist of the drive and control asse~bly 

integrated with the reflective assembly on the portable base. A transparent 
dome and blower apparatus will be available for integration fn this test. 
Work will be performed in the laboratory high bay with the use of an 
overhead crane. 
Test Description 
Blower apparatus will be installed and functionally checked out for fit, 
clearance and capacity. The transp~rent dome will then be lowered over 
the reflector and attached at the base interface following installation 
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procedures previously developed. All details will then be completed 
such that a complete heliostat configuration exists. ·The drive and 
control assembly will be operated thru all azimuth and elevation 
attitudes to verify fits and clearances of the transparent dome are 
per drawing and adequate. 

5.4 ARRAY TEST PLANS 
Array testing will be performed at the Boeing Boardman Test site near 

Boardman, Oregon. The objective of array testing is t~ demonstrate overall 
operation of a collect6r subsystem, using a 3 heliostat array. 

The array setup will be accomplished by complimenting the 2 base/ 
enclosure s~tups erected earlier for environmental exposure (assembly level) 
with a 3rd base/enclosure setup, installing 3 reflective assemblies and 3 
drive and control systems. 

Also included at the test site are a ll.Om x ll.Om x l3.4m high test 
. ·stand (36ft x 36ft x 44ft hig~), a power and ~ontrol room where the field 

processor and ele~trical power (including D.C. backup power bank) are located, 
the target with scanning. and fixe·d radiometers', solar tracking radiometer, 

laser alignment equipment', support equipment and a meteorological station 
nearby. 

Plan and ~levation schematics of the array test layout are shown in 
Figures 5.4-1 and 5.4-2. 
5.4.1 Optical Tests 
5.4~1.1 Energy Collection Performance Test 

Purpose 
The purpose of this test is to measure the i~tegrated en~rgy collection 
efficiency, the uniformity of irradiance and focusing effect of the 
projected solar image for each heliostut and for the array. 
Configuration 
The configuration for this test includ~s the complete.array arranged 
with respect to the tower as shown in Figures 5.4-1 and 5.4-2. The 
drive and control system will be aligned and fully operational . 

. Test Description 
The projected solar image of each heliostat will be mapped using the 
scanning apparatus ·on the tower. The scanner, which is equipped with 
many solar sensors, can map th~ entire image in a few minutes while 
direct solar measurernenL ·is being taken with an equatorial mounted 
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tracking radiometer. The total energy measured by the scanner will be 

compared with the energy measured by the direct reading solar monitor 
to obtain overall collection efficiency. The iso-solar map provided by 

the. scanner will also be used to evaluate non-uniformities and focusing 

effects that may result from non-flatness in the reflector. Scans will 
be taken at several different times of the day to evaluate reflector 
flatness and image shape as a function of reflector attitude. 
The above scanning will be repeated with all 3 heljostat images being 

projected on the tower simultaneously. 
5.4.1.2 Heliostat Transmittance Tests 

Purpose 
The objective of these tests is to establish th~ sol~r transmittance of 
fabricated domes for both comparison with coupon level test data and use 
in collector subsystem perforrna~ce calcul~tio~s. This data will co~pli­

ment coupon level data because it accounts for wrinkles, dust, and the 
real solar spectral distribution. 
Configuration· 

The conf~g~ra~ibn wi.ll consist of a compleie heliostat with the reflector 

stowed approximately vertical and parallel to the sun's rays as shown 
in Figure 5.4-3. This configuration allows transmittance measurements 
inside and outside the dome without obstruction from·the reflector. 

Test Description 
Data transmittance tests will be performed using an EPPLEY Normal-Incidence 
pyrheliometer as shown in Figure 5.4-3. This instrument measures the 
incident radiation subtending an angle of 5.73°. Transmittance scans 
across the dome cross-section will be made with the pyrheliometer located 
both inside and outside the dome. For reference purposes, solar intensity 

will be measured outside the dome during each scan. Data taken with the 
pyrheliometer .located within the dome will be useful for calculating 
transmittance losses of the heliostat (without shadowing or blocking). 
Data taken with the pyrheliometer located outside the dome will provide 

data for calculating losses due to shadowing and blocking by adjacent 
domes. Transmittance data will be correlated to position and angle of 

incidenc~ on the dome. 

Dome transmittance measurements will be made at the beginning and end of 
the 7 month exposure period at Boardman. 
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·5.4:1.3 H~liostat Reflectance Tests 

Purpose 

D277-10022-l 

The· objective of these tests is to determine the effective reflectance 

of a heliostat considering both reflectance and tnansmittance losses. 
Configuration 
The configuration will consist of a complete heliostat with the reflector 
positioned as required to allow the m·easurements described in Figure 5.4-4 · 

and below.· 
Test Description 
Similarly to dome transmittance tests, the normal incidence pyrheliometer 
will be used to measure the reflected sunlight at various angles of 
incidence of.sunlight on the mirror. A schematic of t~e test apparatus 
for this measure~ent i~ shown in Figure 5.4-4.· Heliostat reflec~ance 
tests will.be ~ade at the beginning and en~ of the 3 month period in 
which m1rrors will be operating in domes. 

5.4.2 Drive and Control Assembly Tests 
5.4.2~1 Op~rational Modes Demonstr~ted 

. . 

Purpose 
. The purpose of these tests is to den16nstrate the ability of the drive· 

and control ~ssembly to perform in the following modes: 
A) Track (Normal) 
B) Shutdown 
C) Standby 
D) Manual 

Calibration and alignment mode demonstration was outli~ed in Section 
3.3.2.5. Individual heliostat as well as array control will be demon­
strated. 
Configuration 
The requi.red configuration is the fully operational heliostat array 
(3 units) described in paragraph 5.4 above. Included in the control 

room wi 11 be: 
Field Controller 

. PDP-11/03 Computer 
Interface Box. 
Operator Panel 
T.O.D. Clock 
Teletype 
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Description 
A) Tracking will be demonstrated by commanding the drive and control 

system ·to reflect the solar image onto the test targ~t. Visual 
observaiions and image scans will be made at the target periodically 
to verify image position is located within predetermined spatial 
limits and to estimate the ~-value for alignment. Tracking accuracy 
wi 11 be eva 1 uated from this test. 

B) Emergency shutdown mode will be performed by initiating shutdown 

cOmmand at operator pane 1 and. verifying that the. image departs from 
the target in the prescribed horizontal motion, and that it can be 
removed from an imaginary receiver in less than 40 sees. 

C) The standby mode will be demonstrated by initiation of the standby 
command at 'the operator panel and verifying that the image is 
reflected onto the appropriate target position. If proper operation 
is performed, the image will be projected along a line 1-2° off azimuth 
axis. This will be visually observed and s~anned periodicaily. The 
target will be marked to aide in observing the offset image. 

D) Demonstration of the manual control mode will be performed by plug­
ging the portable m~nual control unit into the desired heliostat 
receptacle and verifying: 
1) Control.of reflector thru all azimuth and elevation attitudes 
2) Limit switch operation 
3) Field controller disable operation 

The above will be repeated for all three heliostats. 
5.4.3 Extended Operation Demonstration 

Purpose 
The intent of this testing is to gain confidence in the array design 
and hardware by demonstrating continuous semi-unattended operation of 
the array for approximately 3 months. 
Configuration 
The confi~uration for this test includes the complete array arranged 
with respect to the tower as shown in Figures 5.4-1 and 5.4-2. The 
drive and control system will be aligned and fully operational. 

Test Description 
Subsequent to installation, alignment and checkout, the 3 heliostats 
will be operating in the tracking mode for approximately 3 months. 
Interruptions will occur when the array tests described in above 
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paragraphs are performed. Fixed solar monitors on th~ test tower will 
pfovjde continuous verificatiori t~at the reflectors a~e properly 

tracking the sun. 
5. 5 SCHEDULE 

Figure 5.5-1 is the te~t schedule for the entire test program. 

5.6 TEST EQUIPMENT REQUIREMENTS 
Table 5.6-l is a matrix of the equipment required for the indicated 

tests and the availability status. 
Those items that are shown in the status. column as"fabricate"are con­

sidered project-peculiar deliverable hardware. Equipment that ii shown as 
available such as voltmeters, accelerometers, solar measuring equipment, are 
considered as Noh deliverable. 
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Test 
· Enclosure Pressure 
Test 

Enclosure 
Environmental 
Exposure 

Reflective Assy. 
Dynamic Test 
Drive and Control 
Environmental test 

Reflector/Drive/ 
Control Integration 

Table 5.6-1 

TE.ST EQUIPMENT REQUIREMENTS 

Required Equipment 
- Gas Pressurization Values, 

Regulator, etc. ' 
- Simple Test Fixture 
- Strain Gages and Readout 

Equipment 
- Deflection Instruments 
- Meterological · 

·lnstrumenta_ti on 

- Strain Gages and 
Readouts 

- Deflection 
Instruments and Readout$ 
. . 

- Thermocouples and Readouts 
- Accelerometers and 

Readouts 
- Foundations (3) 

- Accelerometers 

- Thermal Chamber 

- General Purpose· 
Te~ L Eyu ·i pment 

- Thermocouples 
- Portable Foundation 

- Gen. Purpose Test 
Equipment + Tools 

Reflector/En~closure/ - Portable Foundation 
-drill Cu11trul 
. Integration 

- Gen. Purpose Test 
Equipment and Tools 
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Fabricate 
Status: Available 
Available 

Fabricate 
Available 

Avail ab 1 e 
Available at Boardman 
Site (Portland 
General Electric 
Station) 
·Available 

Available 

Buy 
Available 

Fabricate 
Available 

Available 

Available 

Available 
Fabricate 

Available 

Available 
above) 

Available 
above) 

(from 

(from 



Test 
Array Test· 

Tab 1 e 5. 6-1 ( Contd) 

Required Equipment 
- Geodolite Laser 

Alignment Equipment 
- Foundations (3) 

- Beam Scanner 
- Solar Measur.ing 

Equipment 
- Normal Incidence 

Pyroheliometer 
Gen. Purpose Test Equip. 

- Central Control 
Simulator 

- Meterological 
Instrumentation 
Washing Equipment 

- Truck with Boom 
- Surveyors Equipment 

transit, tape, rod, etc. 
Portable Scaffolds 

- Step 1 adders · 
- Mechanical Toois 
- Electrical Trouble-

shooting Tools 
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·Fabricate 
.Status: Available 

Available 

Available (from 
above) 
Fabricate 
Available 

Available 

Available. 
Available 

Available 

Fabricate 
Available 
Available 

Available 
Available 
Avail ab 1 e 
Available· 



6.0 RESEARCH EXPERIMENTS TESTS AND RESULTS 

This section of the document is a presentation of results of materials 
testing to-d~te. Ihcluded are test descriptions and r~sults of optical tesls, 
mechani~al tests, environmental exposur~s and washability tests. 
6. 1 OPTICAL PROPERTIES 
6.1. 1 Specular Transmittance 

Special specular transmittance apparatus assembled for these measurements 
utilizes an existing Beckman DK-2A spectrophotometer and. a Gier~Dunkle inte­
grating sphere to provide specular transmittance within an acceptance cone angle 
6f 0.56 , as a function of wavelength from 250 to 2500 nanometers. All tests 
were conducted at 0.5° cone angle and 12° 1ncident angle~ 

. . . . 

Transmittance properties for transparent ~orne cahdidates ~re presented in 
Tables 6.1~1 and 6.1-2. 

· Tedlar, with no additives, produced transmittance in the range ·of 85-90%. 
Teflon FEP (0.25 mm) similarly produced transmittances in the range of 85-90%. 
All other candidates either fail to meet the ~ransmittance/thickness requ~~e­
ments (86%) or have been eliminated for reasons discussed in Sections 3.1 and 
3.2. 
6. 1.2 Specular Reflectance 

Specular reflectance tests are performed with a modified bi-directional 
reflect~meter utilizing a 628 nanometer wavelength laser ligh~ source. Apertures 
defining various solid angles are placed at the entrance port to the integrating 
sphere/detector to determine the distribution of energy in the reflected beam. 

Reflectance data for reflector substrate film candidates ar~ presented 
in Table 6.1-3. All samples were coated with 1000 Angstroms of aluminum by 
vacuum deposition prior to tests. All, except as noted, were coated in a 
single batch. 

At the cone angle 6f interest for Pilot Plant design (0.28°), only Mylar 
(200XM648A) and Aclar 22A me,et the reflectance requirements with 90% and 87% 

. . 
reflectance, respectively. The terms "mate-Co.P" and "non-mate Co.P" refer 
to Mylar that has been co-polished with Tedlar, and "mate" means that surface 
of Mylar that is next to the Tedlar in the polishing operation. The. co-polish-· 
ing process appears to affect the Mylar surface such that when aluminized there 
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6.1-1 Specular Transmittance-Other Transparent Films· . . 

Actu1l Trensmiuion thicknns 
Identity Description (mml "' 

7825 Standard Tld .. r DuPont roll polish .099 81.1 

7825 St1ndard T Idler .099 81.2 

7826A No epon .093 87.9 

78268 No epon (leu solids) .091 86.3 

78268 No epon lle1110lidsl .093 87.9 

7827 Standard Tedler .097 85.3 

8006 No epon (Ina solids) .097 90., 
Dunmon roll polish 

8152·1 Sunderd Tld .. r (DuPont mill roll No. 7827) .099 86.4 

8152·1 Stendard Tedlar .100 84.7 

8152·2. Stendard Tedlar .099 84.8 

8152-2 Sundard T eel lar .099 84.8 

8152·2 Standard Ted!ar .099. 85.9 

8152·3 Standard Tedler (unpolished) (Virgin No. 7827) .o93 38.2 

8377 Standard Tidier DuPont prea polish .107 78.3 

8378 IUV ICI'etn end no ipon) I .093 87.5 

(50 pt calc .. 0.5 cone enole .net 1 ~ incident e~qle) 

Table: 6.1-2 Specular Transmittance-Other Transparent Films 

!Wimple description 
Nominal Actual Transmiuion 
thidtnon thickness "' mm mm 

Acler 22C (as received) . 13 .124 63.3 
Aclar 22C 10 min, 350·375°F, 200 psi .13 .114 80.4 

FEP 10 min, 246°C·260°C, 1.38 mn/m2 .51 .618 . 80.3 
I II received) .51 .513 79.1 
( n received I .25 .249 88.3 
( as received ) .13 .124 90.6 
( 111 received ) UV control .25 .257 86.2 
111 received I UV I.'Qntrol .25 .254 88.1 

--····----·-Halar (as received) .19 .203 39.2 
120 min, 2400C, 1.38 mn/m2, llow cool) .19 .152 72.9 
(5 min, 2.W°C, 1.38 mn/m2, quic:k cool) .19 .152 78.4 
(10 min, 2.W°C 8t 1.38 mn/m2) .25 .119 73.0 
CTFE rich (5 min, 23~C. 0.34 mn/m2) - .132 78.5 
No antioxident 

J 

- .348 66.8 
Standard .05 .051 84.6 
Standard .19 .206 72.7 
Standard .25 .259 80.3 
(8 min, 2400c. 0.69 mn/m2l .25 .191 80.8 

Kond A·CV (as received) .05 .046 75.6 
Korad A-CV (as received) .08 .079 84.6 

Tafzel 1000 AE (II received) .25 .254 n.o 
600 AE (as received) .13 .117 84.1 

11~ incldont, 0.6 cone, 60 ptl 
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Table 6.1"3 Reflectance Data 

Cone An_gl e 

Material Description 0.28 0.59 .1.53 
.. 

% %· % 
ACLAR 22A, Polished 87.4 89.3 90.5 
(5 MIL), Umpolished 64.9 85.9 . 88.8 

FEP "A", Polished 43.1 81.2 82.6 
(20 MIL), Unpolished 10.7 34.7 70.1 

HALAR, Polished 18.5 48.4 81.4 
(7.5 MIL), Unpolished 0.9 4.5 20.1 

KAPTON "H" Glossy Side 62.5 80.9 90.4 
(1 MIL) Dull Side 7.1 13.0 31.1 

KAPTON "F" Side 1 6.6 21.2 50.1 
(2 MIL) Side 2 24.9 46.0 66.5. 

TEDLAR Polished 38.7 .69.6 82.4 
MILL ROLL #7825 (4 MIL) 

MYLAR MATE-:O.P 74.2 79.8 84.3 
(CO. POL. #7825) NON:..MATE CO. P 74.3 78.4 82.5 

MYLAR 200XM648A, Non-Adherable 90.0 90:1 90.3 
AS RECEIVED~ Adherable 83.7 . 84.8 85.3 

MYLAR (200SM648A) MATE-CO. P 84.5 91.5 93.3* 
(CO. POL. 8~52-2) NON-MATE CO .. p 80.3 83.9 84.9* 

MELINEX (442) 86.7 87.2 87;8 
AS RECEIVED (2 MIL) 

*Cone angle 1.43° instead of 1.53° 
**Front surface vacuum-deposited, 12° incident angle from normal 

Comments 

Metalized as one batch 

Metalized at Boeing with 
Aluminum 

0 
1000A 

I 

0 
0 
N 
N 
I 
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is about a 5% loss in reflectance at the 0.28° cone angle~· 

6.2 MECHANICAL PROPERTIES 
6.2.1 Tensile 

Tensile properties were determined for Tedlar, Mylar and Teflon FEP, as 
shown in Table 6.2-l. Tests were conducted at 2l°C {70°F) in accordance with 
ASTMD882 using a 2.54 em wide specimen, 15.24 em gage length and a strain rate 
of 83% per minute, except as indicated in test va~iabl~ column. It should be 
noted that ultim~te strength and elongation for s~veral of the batches may be 
conservative due to the number of "grip" and "near-grip" failures. These 
conservative values could not be discarded from the average as they were as 
high, and sometimes higher, than 11 Center-of-test-secti on" failures. Averages. 
are based on 5 samples per test, except as noted. 

Tedlar, 400SG20TR, has an average yield strength of 33.1 MN/m2 (4800 psi) 
in both the machine and transverse directions. Its yield strength is not 
affected by leaving out the·commercial additives and is not affected by the 

. . 

polishing process. Mylar, 200XM648A, has an average yield strength of 85.7 MN/ 
m2 (12.4 Kps~ in both the machin~ and tra~sve~se d1rections. · The yield 
strength reduced by 6% due to co-polishing with Tedlar . 

. Teflon FEP has an average yield strength of 10.0 MN/m2 (~450 psi) in both 
machine and transverse directions and appears to be relatively unaffected by 
co-polishing. 

Tensile properties as a function of temperature were also determined for· 
I 

Tedlar, Mylar and Teflon FEP as shown in Figures 6.2-1 and Figure 6.2-2 Yield 
strength, ultimate strength and elongation were determined using "micro-tensile 
specimens. 
6.2.2 Joint 

Tensile lap shear ~ests were conducted on ultrasonically welded, impulse 
welded and bonded joints of Tedlar and Mylar. The same test procedures were 
followed in joint tests as were used in tensile property tests of th~ parent 
materials. The test results are summarized in Table 6.2-2. 

In all cases the joint failure stress exceeds the design stress with the 
exception of one ultrasonic weld of Tedlar 8606. Post test examination of 
the Tedlar, 8606 weld showed poor fusion characteristics. 

Test data indicates that superior Tedlar joints were obtained with impulse 
welding. 
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Table 6.2-1 Tensile Properties 
Yield Yield Ultimate · 

Material identity Direction strength elongation Modulus strength 
GN/m2 MN/m2 "' MN/m2 

400SG20TR MD 33.4 3.5 0.93 72.3 
(DuPont Roll Polish) (31.9·36.2) (3.3·3.8) (.84·1.02) (68.2·77.9) 
(Mill Roll No. 7825· 
·Standard) · 29.5 2.7 1.11 76.5 

TO 
(29.3·30.2) (2.2·3.3) 1.89·1.33) (75.8·78.5) 

400SG20TR 34.7 2.3 1.54 68.9<D 
(Dunmore Roll Polish) MD 

(33.9·36.7) (2.0·2.5) (1.37·1.84) (62.7·73.0) 
Dun·Lar No. 8152·1 

62.7(1) Pkg w/o mylar TO 
34.6 2.3 (49 

(DuPont MR #7827) (33.1·35.9) (2.0·2.5) 1.37·1.69 (58:6-69.6) 

400SG20TR 
MD 33.5 2.2 1.51 67.5G) 

(Dunmore Roll Polish), (32.8·34.7) (2.0·2.5) 1.34·1.67 (64.1·71.0) 
(Dun·Lar #8152·2 

lso.J<D Pkgw/mylar 
TO 34.0 2.4 1.41 

(DuPont MR 7827) (32.7·34.5) (2.2·2.7) (1.l6·1.56) (44.1··58.6) 

400SG20TR MD 35.6 2.3 1.60 81.3<D· 
(Not Polished) (34.2·37 .51 (1.7·3.3) (1.12~2.20) (78.5·85.4) 
Dun Lar #8152-3 

34.5 2.3 1.51 75.1 (i) (DuPont MR #7827) TO 
(33.3·35.3) (2.0·2.5) (1.37·1.67) (72.3·77.9) 

33.5 2.3 1.50 77.9<D~ 
400SG(EXP)TR MD (31.3-35.1) (2.0-2.5) (1.36·1.75) (77.2-79.9) 
(DuPont Roll Polish) 
(DuPont MR 78288- 35.7 2.6 . 1.37 78.5. Q) 
no epon) TO 

(33.7-37.6) 2.3·3.0 (1.25·1.47) (75.1·81.3) 

400SG(EXP)UT (fJ 
24.0 ~ 1.8 ~ 1.31 ~ 68.9 (1)(l) 

(DuPont Preu Polish) (22.9·24.7) (1.7·2.0) ( 1 .24· 1 .34) (66.8·71.0) 

(DuPont #8378., 
26.9 (l) 1.9 ~ 1.41 ~ 93.0 ~ UV screen 8r no epon) goo 
(24.7-28.7) 1.7·2.0 ( 1 .36· 1 .46) (89.6·98.5) 

MD 
28.1 2.6 1.14 73.8 

(DuPont Polish) (27 .5·28.3) (2.5-2.7) (1.10-1.17) (73.1-74.5) 
(DuPont MR 8606 
no additive) TO - - - -

rP 86:8 2.2 3.97 243 a>" 
200XM848A 81.3-89.6 2.1·2.3 (3.84·4.07) (240-247) 
(as received from 
DuPon~) goo 84.7 2.3 3.62 183 

(82.0-88.2) (2.2·2.5) (3.50·3. 71) (158·190) 

MD 86.1 2.4 3.70 158 
200XM648A (80.6·95.1) (1.8·3.3) (2.87·4.72) (144-171) 
Dunmore Roll #8152·2 
eopolished with Tedlar 

TO 75.1 1.7 4.35 225 
(62.7·80.6) (1.8·2.0) (4. 1 1-4.49) (214·231) 

MD 10.1 2.8 0.37 32.6 
FEP (10 mil) (9.4-1 1 .0) (2.5·3.0) 1.31 ·.40) (28.0-3.91) 
(as receivad from 
DuPont) 

TO 9.9 2.4 0.42 30.4 
(9.3-10.1) (2.2·2.7) (.37-.44) (25.1·34.0) 

(i) Data may be conservative due to significant number of jaw and near-jaw failures 
® Average of 3 specimens 
® Average of 4 
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Ultimate Test 
elongation variables 

"' 
2·23 
(114·265) 

LR = 
212 12.7 em/min 
(195·258) 

Gage=: 

18o<D 15.24 em 

(163·190) 

2so<D 
(237·275) 

18o<D 
(170-193) 

204<D 
(170·243) 

180 (j) 
(172·193) 

223<D 
(210·2321" 

191(1) <Z> 
1"182·198) 

178 <!) 
(177-188) 

241 (!) aJ 
LR = (232·246i 
5.1 em/min 

150 ~ 
(141-165) 

10.2 em. gage 

182 
(180-185) 

-

77.7 (l) 
(76.7·78.3) LR = 

12.7 em/min 
114 
(101·118) Gage= 

15.24 em 
71.9 
(53.9-96. 7) 

70.8 
(59.2·78.0) 

367 (3) 
(333·397) 

404 
(362·442) 
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TABLE 6.2-2 

{' 
JOINT TENSILE TEST RESULTS 

Film Stress 
Type of at Failure 

Material Joint MN/m2 Type of Failure 

Tedlar, 4 Mil Ultransonic 45.3 Tear parallel to weld. 
MR # 7827 3/16 11 Anvil Film fully yielded 

Ultrasonic 39;3 Tear parallel to and 
1 /l6 11 Anvil separation of weld. 
Wide stop Film fully yielded 

~ 1 yr~s~ni c; 37.4 Tear parallel to weld. 
I y nv1l Film not yielded Sma 1 Sto~ 

Tedlar, 4 Mil Ultrasonic 36.5 Tear parallel to weld. 
MR # 8378 Film fully yielded 
with UV Screen 

. Ted 1 a r, 4 M i 1 Ultrasonic 17.0 Tear parallel to and 
MR #. 8606 (8.0 to 32.5) separation·of weld. 
No Additives Range Film not yielded 

Impulse 52.5 Tear parallel to weld. 
(Hot Ribbon) Film fully yielded 

Ted 1 a r, 8 Mil Impulse 52.0 Tear parallel to weld. 
MR # 8605 (Hot Ribbon) Film fully yielded 
No Additives 

Mylar, 2 Mil Adhesive 141.3 Shear failure of 
200XM648A Tape adhesive. Film fully 

Dupont 46971/ yielded 
RC805 

Mylar, 2 t4il Adhesive 54.7 Shear failure of 
200XM648A Epoxy Jdhesive at Mylctr to 

to Type 38 foam bond. Film not 
Rigid Urethane ·yielded 
Foam to Note: Bonded area = Aluminum 3.2 cm2 (0.5 IN2) Shear 

Stre~s at Failure = 228 
KN/m. (33 PSI) 

Mylar, 2 Mi 1 Adhesive 103.4 Shear failure of 
200XM648A Polyurethane adhesive at Mylar to 

to 3M XA354981A foam bond film fully 
Foam to y'i e 1 ded 
Aluminum Note: Bonded area = 

3.2 cm2 (0.5 IN2) 
Shear Stre2s at Failure 
= 440 kN/m. (64 PSI) 
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6.2.3 Creep 
Creep studies were performed on Tedl ar, Myl ar,Tefl on FEP and various joints as 

shown in Tables 6.2-3 and 6.2-4. Tests were conducted at 45°C (ll3°F) and 60°C 
(140°F) in accordance to ASTMD2990 using a 2.54 em wide by 30.48 em long spec­
imen. 

Figure 6.2·3 shows the 2 temperature GOntrolled test boxes, temperature 
controllers, readouts and microscope used in the overall test setup. Time/ 
creep histories are shown graphically in Figures 6.2-4 and 6.2-5 for Mylar 
200XM648A and Tedlar 78268 (Baseline) under basel1ne design loading and maximum 
design temperature conditions. Approximately 80% of the observed creep strains 
occurs during the first 50 hours of exposure. Data presented on the tables 
and ~raphs show that neither of the baseline materials nor material joints show 

I , 

significantlylong-··term creep effects. The creep observed is not considered t'o 
have significant impact on dome or reflector optical or mechanical performance. 
6.3 ENVIRONMENTAL EXPOSURt 
6.j.l Accel~rated Ultraviolet 

The purpose ot' this testing was to obtain data for the comparison of 
~ltravio1et res1stance of candidate films. It is not intended that these tests 
provide quanti.tative ultraviolet life data, since principles of accelerat~d 
testing are not fully understood and beyond the scope of this study. 

A Spectrolab X-200 solar simulator with special filtering and a water 
window (to remove infrared radiation) was utilized to provide ultraviolet 
radiation at approximately 9.5 "suns" in the wavelength region less than 400 
nanometers (based on air mass 2 spectrum). Figures 6.3-1 and 6.3-2 show the 
overall test setup and specimen monitoring board, respectively.· Table 6.3-1 
lists the specimen material and the assuciated tests performed before, during 
and after ultraviolet exposure. Transmittance and reflectance specimens were 
exposed and periodically withdrawn during exposure. Microtensile specimen~ 
were removed from the mounting board at various intervals, and tested for 
tensile properties. 
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TABLE 6.2-3 

t' CREEP TESTS. RESULTS OF SEAMS/JOINTS 

Stress Test Exposure Creep 
Material Identity Level Temp. Time Strain 

MN/m2 oc Hrs. Of 
10 

Tedlar to Tedlar, 5.00 45 65 1.82 
4 Mi 1 , I~R #8378; 120 1. 90 
No EPON_, .. 400 2.00 
With UV Scree·n, 890 2.08 
Ultrasotii c 
Weld Seam 

FEP to FEP, 1. 79 45 65 0.36 
lO Mi 1 , 120 0.35 
As Received 400 0.36 
Heat Seal 890 0.38 
Welded Seam 

Mylar to Mylar, 6.89 60 65 0. 15 
2 l~il' 120 0. 16 
200XM648A, 400 0.20 
Mylar/Adhesive 890 0.22 

·Tape Joint 

Mylar to Rigid 6.89 60 65 0.33 
Urethane Foam 120 0.30 
Type 38 Epoxy . 400 .0.40 
Adhesive Joint 890 0.40 

Mylar to Rigid 6.89 60 65 0. 13 
Urethane Foam 120 0. 16 
Polyurethane 400 0. 19 
Adhesive .Joint 090 0.20 
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Material Identity 

Tedlar, 4 mil 
MR #78268 
No Epon, Less 
Solids 

Tedlar, 4 mil 
MR #8378 
No Epon, 
with UV Screen · 

FEP, 10 mil 
As Received 

Mylar, 2 mil 
200XM 648 A 
Virgin 

TABLE 6.2-4 
CREEP TEST RESULTS 

Stress Test 
Level Tem_Q_ .. 
MN/mL oc 

5.00 45 

3.76 45 

5.00 45 

1. 79 45 

6.89 45 

3.45 60 

6.89 60 
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Exposure Creep 
Time Strain 
Hrs Ol 

/o 

50 1. 34 
310 1. 53 
890 1. 60 

1660 1. 61 

45 1. 06 
305 1. 20 
885 1. 34 

1660 1. 34 

45 1. 62 
. 310 1. 83 . 
890 1. 98 

1660 1. 99 

50 0.41 
310 0.44 
890 0.48 

1660 0.48 

45 -0.02 
310 . 0.02 
885 0.02 

1660 0.02 

40 0.03 
305 -0.01 
885 -0.02 

1660 -0.05 

45 0.14 
310 0.14 

. 890 0.18 
1660 0.15 
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Figure 6.2.3. Overall Test Set-Up 
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TABLE 6.3-l 

Accelerated UV Screening Specim~ns 

Material Identit 
Tedlar, 4 Mil MR #7826B 
No Additives 
Tedlar, 4 Mil MR #7825 
Standard with EPON 

Tedlar, 4 Mil MR #8378 
W/UV Screen, No EPON 

. FEP Teflon, 10 Mil 
As Received 
Mylar 2 Mil (200XM648A) 
Aluminized (1000 Angstroms) 
(1st Surface Toward Source) 
Aluminized Mirror 
(Nickel Substrate) 
S.apphi re Disc 

Tests Performed 
Microtensile, Transmittance Tests 
(Baseline Dome Material) 

Microtensile, Transmittance Tests 
(Co~mercial Grade Material) 
Microtensile, Transmittance Tests 
(Ultraviolet Screen Material) 
Microtensile, Transmittance Tests 
(Al~ernate Baseline Dome Material) 
Reflectance Tests 
(Baseline Refiector Material) 

Contamination Control Specimen for 
~efl ectance 
Contamination Control Specimen for 
Transmittance 

Figures 6.3-3 through 6.3-7 are curves of optical and ~echanical properties 

as a function of exposure hours for Tedlar, Teflon FEP, and Mylar. The exposure 
in the figures is plotted in terms of real-time solar.simulator exposure at 
normal incidence to the light beam. 

Results of tests on the three types of Tedlar indicate that the baseline 
material (#7826B) showed no degration in 1474 hours. FEP Teflon showed only 
slight degradation in the test. Standard composition Tedlar (#7825) degraded 
in transmittance from about 81 to 74.5%. 

The aluminized Mylar specimen (200XM648A Mylar - deposited with 1000 
Angstroms pure Al) was exposed with aluminum surface toward source for 500 hours. 
The measured reflectance after exposure was 87.4%. This compares with a pre-test 
reflectance of 88.9%. 

Reflectanc~ and transmittance control specimens were measured for optical . 
properties prior to and following exposures. The purpose of the~e specin1ens was 
to monitor contamination that mighl. be present in the viciriity of thP. test setup. 
No significant reflectance or transmittance change was detected. 
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6.3.2 Desert Exposure 

Specimens of candidate materials are being subjected to real time exposure 

in the desert environments and will be measured for optical and mechanical prop­
erty degradation. Of particular interest are ultraviolet degradation and sand 
abr.asion. Testing will be performed in two phases: 

(1) desert exposure (Albuquerque, N.M. and Inyokern, California) 
(2) laboratory measurements (Boeing-Kent Labs) 
The plastic film candidates were mounted on text fixtures and shipped to 

the desert test sites, where the fixtures were erected in dedicated areas. The 
exposure will continue for approximately 18 months unattended. The only ~ctivity 
required duirng this exposure period will be the extraction of specimens for 
evaluation at pre-determined intervals (sample extraction at 6, 12 and 18 months). 

The test apparatus is shown in Figure 6.3-8. It consists of a 20 ft. tower 
with 28 cylindrical specimen mounts. The tower is held in its vertical orienta­
tion by guy wires. The base plate is held down with tent stakes. 

Specimens extracted from the desert exposure test setup will be sent to 
the Boeing-Kent laboratory for optical and mechanical testing. 

6.3.3 Weatherometer and Humidity Tests 
One sample each of 4 mil Tedlar (MR #7826A) and aluminized Myler 

(200XM648A) was placed in the weatherometer chamber, and one sample of each was 
placed in the humidity chamber. The weatherometer environment was 60°C 
(140°F), carbon arc sol~r simulation, and 18 minutes of rain eve~y two hours. 
The Tedlar and Mylar specimens were exposed to 590 hours of this environment. 
The humidity chamber environment was 49°C (120°F) and 100% relative humidity. 
The Tedlar and Mylar specimens were exposed to 984 hours of this environment. 

Tedlar remained unchanged in yield strength, ultimate strength and ultimate 
elongation following these exposures. A drop in transmission of approximately 
2% was measured, in both cases, however. 

The aluminized Mylar samples s~owed substantial degradation in reflectance 
and ultimate elongation as expected following the exposures. Reflectance 
decreased to 58% following weatherometer exposure and 0% following humidity 
(aluminum washed off). The ultimate elongation decreased by 22% due to weather­
ometer exposure and 42% due to humidity exposure. The yield strength increased 
by 13% and the ultimate strength decreased by approximately 5% for both exposures. 
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6.3.4 Corrosive Environments· 
Tedlar and Mylar specimens were exposed to corrosives representative of 

those anticipated at plant l~cations. Included were cleani~g solutions and bird 
droppings. 

Aluminized Mylar specimens were exposed to repeated washes (on aluminized 
side only) with distilled water and with ethyl alcohol w . .ith no loss in specular 
reflectance. 

Tedlar specimens were subjected to a 24 hour soak in detergent solution and 
a 30-day ex~osure to bird droppings. In both cases the loss in trans~ission after 
cle~ning was less than 1%. 
6.4 CLEANABILITY 

The objective .of these tasks was to assist in the selection of a cleaning 
technique for the protecti~e enclosure.and reflective assembly surfaces.· The 
intent was to identify an acceptable technique for baseline materials rather 
than cond~ct a comprehensive study of cleanability of heliostat materials. 

Visual appearance, tran~mittance and reflectance measurements were taken 
prior to and following.contaminatin~ exposure ~nd cleaning operation. 

The results of using various cleaning methods are tabulated in Table 6.4-1. 
Data shows that all contaminants associated with the protective enclosure 

are cleanable with detergent, water and a soft brush, with minimal loss iri trans­
mission. If dust is the only contaminant a simple water rinse was shown to be 
satisfactory. 

Cleaning of the reflective assembly with ethyl alcohol or distilled water 
was found to be satisfactory for dust contamination, which is expected to be 
the most likely contaminant. For combined dust and moisture (humidity) contami­
nation a distilled water/soft brush technique was used with negligible loss in 
reflectance. 

The most promising techniques, as discussed above, will be used to clean 
full scale assemblies later in the test- program. 
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Table 6. 4-1. Test Results Cleanability of Tedlar and Mylar 

Exposures Cleaning method 

1) Rain A) Detergent/water 

2) Dust B) Detergent/water/soft brush 

3) Water/dust C) Compressed gas (GN2) 

4) Bird droppings D) Vacuum cleaner 

5) Bird droppings allowed to dry E) Alcohol (ethyl) 
for 30 days F) Distilled water 

:::-
6) Detergent solution 23-1 /2-hour soak G) Water rinse (tap) 

H) Distilled water/soft brush 

Cleaning Transmittance/reflectance· 

Material Exposure method Before exposure After cleaning 

Tedlar, 4-mil MR No. 8378 . 1) N/A 84.6% transmittance No change 
with UV screen 2) A) 84:6% transmittance No change 

2) B) 84.6% transmittance No change· 
2) C) 84.6% transmittance 80.6% 
2) D) 84.6% transmittance 73.0% 
2) Gl 84.6% transmittance No change 
3) A) 84.6% transmittance Unacceptable 
3) B) 84.6% transmittance 82.6% 
3) C) 84.6% transmittance 81.0% 
3) D) 84.6% transmittance 72.0% 
3) G) 84.6% transmittance Unacceptable 
4) A) 84.6% transmittance Unacceptable 

4) B) 84.6% transmittance 84.0% 
5) B) 84.6% transmittance 83.8% 
6) G) 84.6% transmittance 84.0% 

Mylar, 2-mil aluminized 1) E) 90.0% reflectance No change 
200 XM 648A 1) F) 90.0% reflectance No change 

2) C) 90.0% reflectance 87.3% 
2) E) 90.0% reflectance 89.4% 
2) F) 90.0% reflectance 85.5% 
3) E) 90.0% reflectance Unacceptable 
3) F) 90.0% reflectance Unacceptable 
3) H) 90.0% reflectance 88.5% 
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APPENDIX 

STEPPER MOTOR SELECTION 

1.0 The output torque required of the drive system is: 

T = Jm(dwm/dt) + JL(dwl/dt) + Jcw(dwc/dt) + JA(dwl/dt) + Bwl + TF + \ 

where: 

J = motor inertia m 
wm = motor angular velocity 

. JL = load inertia 

WL = load angular velocity 

J ~ counter weight inertia cw . 

JA = air mass density 

B = damping factor 

TF = friction torque 

TL = load torque 

1.1 The lo~d torque is defined as the effective weight of the baseline reflective 
assembly, 86 pounds, on a moment arm of approximately 4.0 inches (RL}. 

. 4 in. = 344. in. - 1 bs. 

However, ct cuunter weight of th~ same torque va·lue is applied as an opposing 
weight of 28.7 lbs. on a moment arm of 12 inches (R ). . cw 

T cw = Wcw . Rcw = 28.7 1 bs. ( 12 in.) = 344 in. - 1 bs. 

Then the effective load torque is TL = 0 . 

. 1.2 The friction torque, TF, results from the friction in the whole drive assembly. 
As an est·imate, 

"TF = 0.1 TL = 0.1 (344 in. - lbs.) = 34.4 in. - lbs. 

1.3 The load angular velocity, wl, for one motor step is the average velocity, which 
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1 . 3 (continued) 

is the step divided by the time .for one step.· Note that the actual velocity 
during slewing will be the same, as slewing is a sequence of single steps. 

The load step increment is: 

1.8°/80 = 0.0225°/step 

The time for each step is: 

ts = 0.180 seconds/step 

Therefore, 
0.0225° 

wl = 0. 180 sec. X IT rad 
180° 

( 

= 0.0022.rad/sec. 

1.4 ·The re~ist~nce to~que due to the damping factor.~nd angular velocity was cal­
culated in refer~nce 1 as 0.6 in -lb. The follbwing approximation method 
calculation of ihe damping f~ctor B is presented. 

The damping factor, B, results from the action of the reflective assembly 
rotating about an axis in an air medium. 

As an approximation, the square membrane is substituted in the calculations. 

The torque resulting from air damping is defined as: 
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T = Bwl = ·s y . dDf 

where of is the damping force. 

Then 

B = w~ f y dDf 

The aerodynamic equation for drag force is 

D -o £. 2 A. 
. f - 0 2 v ' 

where: 

0
0 

- drag coefficierit 

p = mass density of air 

v = tra~slation~l velocity 

A = area of the membrane 

· Si nee 

v = wly 

and 

A = 2Ly · ( ~ ~ y . >.. 0) 

dO = Do pwl· 
2 2 1 dA; y 2 f 

then 

dDf/dy = 0
0 pwl 2Ly2 

and 

dDf = Dopwl 
2LY 2dy 

dA 
dy 

= 2L 
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Then 

or: 
\L/ 2 3 _ 1 5 
j Y dy - 64 Dopwl L 

0 

Since: 

For a 

then: 

and: 

. 1/2 
L = 1\. R 

5/2 
R5 B = 1t Do pwl 

64 

flat plate 

o·· = 1.9 
0 

0.00249 slug/ft. 3 p = 

WL = 0.0022 rad./sec. 

R = 10 ft. 

B = 0 • 27 ( 1. 9 ) 

2 
(0.00249 slug/ft. 3) (0.0022rad./sec.) (10 ft.)5 (.lb.~;~g~sec.) 

B = .3ft. -lbs. -sec. 

B = 3.38 in. -lb~. -sec. 

Bwl = (3.38 in. - lbs. -sec.) (0.0022 rad./sec.) 

Bwl·= 0.01 in. -lb. 

1.5 The angular acceleration, dw/dt, of the load weight i.s estimated graphically as 
follows: Fo~ each step, 
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wo = 0 

wf = 0 

WL = average velocity 
.003 

ts = 0 .18o' sec. dw 
dt 

.002 WL (ave) 

WL 

(rad/set) 
.001 

0 ~- 45-1. 90 t(ms)--- 180 

Graphic Estimation of Angular Load Velocity during a Step 

From the graphic representation, 

dwl = 6.003 rad./sec. 
-at 0.045 sec. 

2 
= .074 rad./sec. 

The angular acceleration of the motor rotor,·dwm/dt, can be estimated as: 

dwm = 80 dwl = 6 rad./sec. 2 

.(ff dt 

where 80 is the gear reduction factor between motor and load. 

1.6 The resistance .torque due to the acceleration and inertia of the air mass, is: 

JA (dwl/dt) = (373.6 in -lbs -sec 2
) (.074 rad./sec. 2 ) = 27.7 in -lbs. 

1.7 The inertia of the counter weight is calculated a~: 
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Therefore, total output torque is: 

T
0 

= (0 + 81.7 + .8 + 27.7 + 0 + 34.4) in. -lbs. 

T 
0 

= 145 in -1 bs . 

0277 ~ 10022-1 

Since all torques but rotor inertia are reduced by the gear reduction (80:1) the 
effecti.ve motor torque is calculated as: 

Tm. =· 145/80 = 1.82 in -lb 

Tm · = 1:.82 in. -lb (16 0~/lb) · = 29 in. -oz. 

The stepper motor specification are then: 

(1) nominal running torque: 35 in -Oz. 

(2) detent. torque: 2 oz -in (minimum) 

(3) · stepper motor size: 23 

{4) operating temperature: -20° to + 60° C 

(5) slew speed: 6 step/second 

The drive actuatio~ specification~ are then: 

(1) yedr redu~tiun: 80/1 

(2) output toraue: 200 .in.·-:- lbs. 
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1.7 (coniinued). 

J cw 

= (28.7 lbs.) (12 in.) 2 ·~ 4132 in2 -lbs. 

1.8 The resistance torque due to the acceleration and inertia of the load, 
from reference 1·, is: 

JL (dwl/dt) = {1104 in. -lbs -sec2) (.074 rad./sec. 2) = 81.7 in -lbs. 

1.9 the· inertia of th~ ~ot6r rotor is estimated from v~rious vendor catalogs as: 

2.0 

. . 2 . 
Jm= .1 1n ..., lbs. 

From Section 1 . 0 

To = J dWm +J dwl dw dWL CW m dt . L ·- + Jew + JA dt + BWL dt crt 

J~ d~~ = (2.1 in2 -lbs) (6 rad/sec2) 1 {386.06 in/sec2) 

= negligible 

J dWL = 81.7 in ~lbs. 
Ldt 

= 

ow 2 . 2 . 2 l1cw L = (4132 in -lbs) (.074 rad/sec) (386.06 1n/sec) 
. crt 

= .8 in -1 bs 

JA dWL = 27.7 ·in -1 bs 
. dt 

BWL = negligible 

TF = 34.4 in -lbs 

TL = 0. 
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