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BXECUTIVB SUMMARY 

Thi• report describes the continuation of activities directed 

toward the installation ar.d operation of a test point concentration 

collector at Sandia Laboratories, Albuquerque. A previous prO(Jram 

had developed the requirements for and preliminary design of a 22 

ft diameter point c~ncentrator, using curved glass mirrors to focus 

energy into an annular Aperture thereby heating fluid to 600°F. 

The principal objectives of this prog£a.m were to produce detailed 

aanufacturing drawings of the collector and procure and iLstall the 

collector at Sardia for teat and evaluation. These objectives were 

acc0111Plished and the collector is currently being operated by 

Sar.d ia per •onnel. 

Foremost in the ~llector design and manufa,cturing problems 

addressed were those associated with the mirror support structure 

and the airrora themselves. Mirror angular alignme~t accuracies on 

the order of a few milliradians were required to ensure reflected 

energy passage through the entrance aperture with minimal loss. 

'J'hia requirement vaa recognized aa difficult, particular_y in a 

collector whose aanufacturing concept had not been demonstrated 

beforehand. Con• equently the ability to perform individual mirror 

alignment• vaa designed-in to reduce program ri•ka to acceptable 

level• 
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During the cour• e of -nufa=turing the airrora and mirror 

• upport • tructure, variou• inaccuracies caused both to deviate 

from • pecification by • ignificant amount•• The mo• t • ignificant 

problem vaa the tendency of the curved glass to relax to a flatter 

• hape during • ilvering and cutting processes following annealing. 

Typically, the mirror radius of curvature increased approximately 

251, although larger and smaller increases were noted, occurring 

on a seemingly rand0111 basis. A solution to the problem was not 

attained during the program although an attempt to incorporate the 

unexpected radius growth into the mirror selection process was 

partially successful. The individual mirror alignment ability of 

the collector was utilized to minimize energy loss caused by the 

larger than expected •pot size at the ~bsorber entrance aperture. 

The report contains a detailed description of requirements, 

design and manufacturing of collector major components, including 

the airrors, airror support atructure, absorber and its support 

atructure, and the pedestal and driv-ea. Numerous illustration• of 

the in-process and fini•hed and installed e']Uipment are included. 

Aleo included are the requirement• for the collector control 

• y• tea, automatic and -nual, aa well•• a deacription of a fluid 

circulating • yatem to maintain delivered fluid temperature at a 
preselected value. 
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1.0 Introduction and Summary 

Thia ls a report on activitiea performed under contract with 

Sandia Laboratoriea, Alblquerque, Nev Mexico toward the develop-

aent of point concentrator• for Solar Total Energy Systems appli-

cation. The contract vaa one of a aeries resulting in the design 

and fabrication of a 22 ft. diameter collector, and. delivery of 

HIiie to the Albuquerque teat facility. Erection and engineering 

evaluation will be performed by Sandia personnel. 

Figure 1-1 1• an artiat' • concept of the point concentrator 

collector. The collector ia a reflective quasi-parabola 22 ft. 

in diameter with an effective aperture of 375 ft2• Concentrated 

aolar energy ia focu • Hd in a 3 ft2 annular entrance aperture to 

a cavity absorber located on the -:ollector centerline. The 

abeorber ia cylindrical with a disc shaped upper aection encloaed 

in a reflective caniater. The abaorber material is zirconium 

copper, plated with Bar •hav black chrane • elective coating. Ab-

90rber efficienciea of 90 percent. are expected, attained by the 

relatively high energy concentration, the selective coating, mini-

aization of reflected radiatf.o~ leaving the ab•orber cavity, and 

the convection auppre• aion effect of the cavity design. 

Tbe reflective quaai-parabolic de• ign is implemented by 

1Spherical airror Mglllenta hard aounted on an aluminum aubatructure. 

The • irrora are aagged, water white cryatal gla ••, back ailvered 

to prcwlde aax.laua reflectance over the courae of an expected 

twenty year life. Specular reflectance value• on the order of 

0.9 are •pected frm the airror• • 
The collector 1• driven 1n aziinuth and elevation by de 

ateppl.ng • otora, ocapiter controlled. The elevation drive •yatem 

oonal•ta of a ball aerev cSr lven by a worm 9ear reducer frm the 

1-1 
t 

UNCLASSIFIED 



UNCLASSIFIED 
-------------------------,------------
(UI 

fCOVtlS NOT 
SHOWN) 

/ 

,· . 
.. ,;·--

PIGOD 1-1. Point Concentrator Solar Collector 
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, atepping motor. A double reduction chain drive and worm gear 
canpriae the azimuth drive ayat•. 

1.1 Background 

The subject developnent program ia one of a aeries that 
began in early 1976, with an award to • tudy the applicability of 
point concentrators to 8<"lar total energy systans per Sandia 
Laboratories requirements. Among the requiranenta were: 

a) Fluid Delivery Temperature: == s92•r 
b) Beat Transfer Fluid: Therminol -66 

c) Env!roment.al Conditions (Partial): 

Wind: Operate - 30 mph 
Non-operative - 90 mph 

Bail: Survive 1/2• dia. hail at te:minal 
velocity with no damage to major 
structural members 

Insolation: Per curves aupplied by Sandia 
typified by Figure 1-2. 

d) Energy Delivery: 1.85 to 2.31 MB'?U/day, depending 
on day of year, for a test field of collector• 
(three of thia design). 

The studies evaluated point concentrator collector design• 
applied to a •camnercial• facility producing 10,000 kw thermal 
peak power with the objective of minimizing coat of net energy 
delivered fran the field. At their concluaion, a eet of operat-
ing requiranent• for optimized collector• were Jcnown, and the• e 
formed the baaia of a detailed deeign activity aimed at proc!ucing 
three teat coller.tora for u • e at Albuquerque. Table 1-1 li• t• 
the desired design goals for a three collector field. 

1-3 
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5 6 7 I t 10 II 12 13 14 15 16 17 II It 

TIME Of DAY 

FIGURE 1-2. Average Sunny Summer Day Direct Normal Incident 
Solar Radiation 

TABLE 1-1 
TH~E COLLECTOR FIELD DELIVERED THERMAL ENERGY 

SUMMER FALL 
SOLSTICE EQUINOX 

Met Incident Energy: 3.75 3.32 
MB'l'U/Day 

Predicted Conversion .80 .80 
Efficiency, Percent 

Wet Collected 3.00 2.66 
Energy, MB'l'U/Day 

Piping Loasea/Day 0.32 0.26 

Right Loasee, MBTO/Day 0.11 0.11 

Bet Delivered Ener9J 2.57 2.29 
• BTU/nay 

Ninfauli Required, NBTO/l)ay 2.31 ·1.85 

1-• 
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WINTER 
SOLSTICE 

2.82 

.80 

2.26 

0.23 

0.11 

1.92 

1.95 

SPRING 
EQUINOX 

3.37 

.80 

2. 70 

0.26 

0.11 

2.33 

1.85 
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Collected energy goals for a single collector at the ab•orber 

were determined by dividing the Net Collected Energy value• among 

three collector•• 

Amenc!ments to the basic atudy contract resulted in the begin-

ning of the final collector design process in late 1976. At the 

beginning of the current contract, the design wa at the layout 

atage, avaiti.ag detailed manufacturing drawings leading to fabri-

cation. 

1. 2 Program Objectives 

The continuation of the collector developnent program to the 

hardware stage was to be accanplished as follows: 

Raytheon canpany 110Uld canplete manufacturing drawings for 

all collector hardware, fabricate the collector (principally via 

subcontract) supervise its installation at Albuquerque and perform 

limited experilnental evaluation. 

Sandia Laboratories would design and implement aite support 

activities per Raytheon requirsnents consisting of a canputerized 

control aystem, a data. acquisition system, a fluid circulating 

system, and a foundation to which the pedestal wuld mount. 

In addition, Raytheon would perform limited design of three-

collector field control and fluid circulating systems. 

'J'he collector installation na planned for the Solar Collec-

tor Teat Facility at Sandia' a Alblquerque site, and it would mate 

uae of various services already in existence at that location. 

During the courae of the progrllll the objttetivea were changed 

aich that the collector wa installed at one of the industrial 

reNarch areas to the IIOrth of the Collector Teat Facility, and 

t.be installation and evaluation ta.at was asauned 
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1.3 Program summary 

The collector design and fabrication program has been con-
cluded with hardware delivery to Sandia Laboratories. Moat 
significant design CJO&l• established largely have been upheld 
during the fabrication1 experimental.evaluation will determine 
the degree of success of the design process. 

A l'ignificant problem developed during the program with an 
unexpected growth in the mirror radius during cutting and plating 
operations after a~nealing. Corrective actions undertaken by the 
vendor were unsuccessful, with the delivered glass averaging from 
20-501 above specified curvature radius. 

Figures 1-3, 1-4 and 1-5 show the assembled collector, the 
energy absorber and one of the sagged glass mirrors and mounting 
hardware r!spectively. The collector has been assembled and is 
currently being chP.Cked out and tested by Sandia Labs personnel. 

The collector is shown mounted on concrete pi~rs at one of 
the Industrial Research areas at the Albuquerque test facility. 
A closed-loop via shaft encoder position control system has been 
d.esigned and implemented for initial operation. 

Data acquisition is via a Sandia supplied HP 2100S computer 
located in Building 832 at the test site. 
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FIGURE 1-3. Mount ancl Collector 
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FIGURE 1-4. Energy Absorber 

78 8139? 

FIGURE 1-5. Curved Glass Mirror and Mounting Hardware 
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2.0 Design Requirements 

2.1 Collector Subsystem Requirements 

The collector subsystem as used in a solar Total Energy 

Systan is understood to include collectors that focus an.i con-
vert aolar radiant energy, a fluid circulating system to trans-
port the converted energy to a storage system, and whatever con-
trol device• are required to ensure the satisfactory operation 

of the subsystan. Collector subsystem requirements for the Sandia 

installation are listed below. 

2.1.1 Interfaces and Requirements 

2.1.1.1 Interfaces 

a) The solar collector field subsystem will be con-
fined to the boundaries of one of the Industrial 
Research areas. 

b) The heat transfer fluid used by the collector field 
subsystem may be sel~cted by the contractor. Thfl 
heat transfer fluid used by the Sandia Solar Total 
Energy System is Therminol 66, mGnufactured by 

Monsanto Co. 

c) The collector field subsystem shall pump the 
'l'berminol 66 fran a supply line and return it to 
a return line. If the contractor chooses Therminol 
66 as his heat transfer fluid, the fluid drawn fran 
the supply line may be used by the subsystem. If 
the contractor chooses a different fluid, the 
Tberminol 66 must be heated by a heat exchanger 
at t.he output of the subsystem, driven by the other 

fluid. 

2-1 
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2.1.1.2 Temperature Requirement• 

The contractor may design the aubsyatem to operate &t 
one of two output temperature options. The high temperature op-
tion i • ccmpatible with the Sandia Total Energy System and thus 
•hould be selected if possible. 

a) High Temferature Option 

The tanperature of the Therminol 66 as it is 
returned to the return line must be 592°F !5°F (311°C !3°C) under 
steady-state conditions. The ncminal temperature of the Therminol 
66 in the supply line will vary fran season to season as follows: 

1) Winter solstice - 470°F (243~C) 

2) Spring equinox - 468°F (242°C) 

3) Summer soltice - 486°F (252°C) 

4) Fall equinox - 468°F (242°C) 

b) Low Temperature Option 

The temperature of the Therminol 66 as it ia 
returned to the return line must be 450°F +2°F (232°C ~1°c) 
under steady-stace conditions. The naninal temperature of the 
Therminol 66 in the supply line will vary froo, season to season 
aa follows: 

1) Winter solstice - 339~F (171°C) 

2) Spring equinox - 324°F (162°C) 

3) Swmner eolstice - 349°F (176° C) 

4) Pall equinox - 324°F (162~c) 

2.1.1.3 Performance Requirement• 

'fbe naninal minimum energy the solar collector subsystun 
1• required t.o deliver per day varies from seaeon to sea110n as 
follows · 
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•> High Temperature Option 

1) Winter solstice - 1.95 MBTU/day (2.05 x 106 kj/d5y) 

2) Spring equinox - 1.85 MBTU/day (1.95 x 106 kj/day) 

3) Summer solstice - 2.31 ~BTU/day (2.44 x 106 kj/day) 

4) Fall equinox - 1.85 MBTU/day (1.95 x 106 kj/day) 

b) tow Temperature Option 

1) Winter solstice - 2.43 MBTU/day (2.55 x 106 kj/day) 

2) Spring equinox - 2.46 MBTU/day (2.28 x 106 kj/day} 

3) SUmrner solstice - 2. 60 !ttBTtt/day (2. 75. x 106 kj/day} 

4) Fall equinox - 2.16 MBTU/day (2.28 x 106 kj/day} 

The low temperature option must provide more energy per 

day because the energy output is used to drive an organic rankine 

cycle turbine for the generation of the electricity and the cycle 

efficiency is reduced due to th~ lower available te"lperature. 

For this reason, the low temperature option will tend to be penalized 

when it is rated alongside the high temperature option subsystems. 

The proposed subsystem must be designed to meet the 

above deily energy output requirf"J'l\ents on the dates of the aol-

•tices and equ~oxes under the follolliing conditions and assumptions. 

1) •Average sunny days•, are assumed. These are 
defined for each of the four aeaaons by Figure 
2-1. 

2) Assumed temperature data for each of these days 
aa li• ted. (Listing not included). 

3) A wind apeed of 5 m/sec (11.2 mi/br) normal to 
the absorber is aasumed. 

4) AsllWDe that solar noon coincide• with clock noon. 

S) The installation • ite is located at 35• North 
latitude and an altitude of 5400 ft. mean •ea 
level. 
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2.1.1.4 Operating Requuement• 

a) At eta.rt-up time each morning the fluid in the 

aupply line will be at ambient temperature. Pro-

vision• must be made to accept this cold fluid 

until the supply line is filled with fluid at the 

naninal temperature by the atorage tank. 

b) At start-up time and other times of transient 

operation, the temperature of the Therminol 66 

being returned may vary fran its steady tolerance 

by not 1110re than 1a•F (lO•c). The volume of 

Therminol 66 passed at thiE temperature may not 

exceed 10.57 gallons (40 liters). 

c) The maximum allowed film ternpe ... ature of Therminol 

66 i • 70S•F (l74°C) and its maximum allowed bilk 

temperature is 6S0°F (34l•c). Safeguards must be 

provided to ensure that Therminol or other heat 

transfer fluids are not overheated under any 

circumstance•• 

d) Canniercial power will be provided for the eubsystem 

auxiliary power, but attention is requested in 

keeping power consumption to a minimum. EXcessive 

auxiliary power consumption will penalize the rat-

ing of a aibsy• te. 

e) The collector• must be atrueturally capable of 

aurviving a 90 apb wi.DIS. In addition, they must be 

structurally rigid enough to o~rate in a 30 mph 

wind. · .. e collector should withstand hailstones 

of 1/2 inch diameter without damage, and hailstones 

of 1 inch dillaeter without atructural or mechani-

cal aechani• d-a;•. 

2.1.2 Teat Collector Requirement• Allocation 
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2.1.2.1 Collector 

Given the collector aubsystan requirements, ayatan 
analyses performed under a preceding program determined that the 
collector subsystem ahould consist of three collectors producing 
energy at each absorber •• ahown in Table 2-1. In that table, 
t.he •Net Collected Energy• values are at the ab.10rher1 •Piping 
·LoaHa• J.nelude intra-collector as well as field interconnecting 
piping. Consequently, the immediate goals of the ccllector design 
and fabrication progra111 ia to design a systan to produce the 
energy value• shown in Table 2-1 at the absorber, with the appro-
priate inaolationa. 

The energy delivery is affected by numerous system and 
component performance characteristics, including: 

TABLE 2-1 

SINGLE COLLECTOR ABSORBED ENERGY 

Ab.eorbed Energy 
KBTU/day 

SUMMER FALL WI!rt'ER 
SOLSTICE EOOINOX SOLSTICE 

1.00 0.87 o. 76 

2-C 
UNCLASSIFIED 

SPRING 
EQUINOX 
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a) Collector aperture, 

b) Mirror specular reflectance, 

c) Abeorber aperture aize, 
d) Mirror/atructure aligmente, manufacturing 

tolerance• and pointing error, 

e) Absorber radiation and convection performance. 

The systematic canbination of the above should result 
in leas than 25 percent energy loss when operating at 600•F. 

Parameter values for the collector are: 

a) Apf".rture Size: Twenty-two ft. diameter collector, 
with 3 ft. diameter nonreflectorized center hub 
section. Resulting aperture size i=:s375 ft2 • 

b) Mirror Specular Reflectance: 92 percent specified 
and agreed to by vendor. Mirrors are Schott B-270 
water white crystal glass, rear surface silvered. 
Total reflectance measurements at Sandia Labora-
tories yielded values of r:=0.95 for the glass/plat-
ing caubination. (Figure 2-2). 

c) Absorber Aperture Size: Given the basic design 
concept of an annular input aperture, the objective 
i• to gather as much energy •• possible while mini-
aizing reradiation and convection losses. Initial 
aiZL'\CJ calculation• indicated that a 5 inch annular 
dimen• ion, formed by a 9 1/2 inch inner radius and 
14 1/2 inch outer radius would pass •97 percent of 
the input energy. Provisions were made to provide 
additional (or le••) aperture area by providing 
r•ovable aperture plAte• on the absorber cover. 
'f'belr r•oval lf0U14 increase t.he aperture aize 40 
percent. 

2-7 
UNCLASSIFIED 



UNCLASSIFIED 

1.0 

0.9 

0.8 

0.7 Average Refl~ctance • 94.11 

0.6 • C, 
C ., o.s ..., 
¥ 
r4 ... 0.4 • • 

0.3 

0.2 

0.1 

o.o 
o.o o.s 1.0 1.5 2.0 

llaveleng th, M icraneter • 

PIGUU 2-2. Total Reflectance Data for Rayt.heon/SChott 
Mirror• 

2-1 
UNCLASSIFIED 

2.5 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

,~ I 
I 
I 
I 
I 
I 
I 

~·.· I 
I 

UNCLASSIFIED 
d) Mirror/Structure Aligmenta, etc. s Theae Pactor• 

•erve to form and direct the concentrated energy 
beam to the absorber aperture, which is then • ized 
to accaamodate 97 percent of the possible energy. 

The analysis required to specify the beam ia exten-
• ive, and ia diacuased in depth in Section 3. 

e) Absorber Thermal Performance: Previous atudiea 
had indicated that with Harahaw Black Chrane 
selective plating, and the geanetry to be used, 

that peak absorber efficienciea would be above 
90 percent at 600•F fluid outlet temperature and 
peak insolation. 

Canbining the abov• factors with the apecified insolatlon 

for each day yields a requirements allocation in reasonable agree-

aent with that required to attain the goal. For example, on a 
summer solstice day, 375 ft2 of aperture collect• 1.24 MBTU. The 

expected energy delivery, greatly simplified, would be: 

1.24 X .92 X .97 X .90 • 1.00 MBTU/day, 

the desired value. 

The esaence of the design and fabrication program i• to 

enaire that the above values are attair,ed or bettered •• the con-

cept 1• reduced to practice. 

The ranaining requirements applicable to the collector 

are tho•e of wind and hail aurvivability. The design approach 

taken vaa to airvive these effect• in any orientation. Previoua 

aperimental atudiea, eaubliahed that the 1/2 inch hail and 

vorat-caae wind load• are eaaily airvived by the 1/8 inch gla•• 

with the planned mounting technique. 

2.1.2.2 Ancillary Syatema 

The ancillary • yatema ares 

2-, 
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a) Control, 

b) rn•truaentation, 

c) Pluid Circulating System. 

The progrm had two tasks in these areas: 

a) Define ancillary requira.·3nts for the single 
collector teat at the Solar Collector Teat 
Facility. 

b) Define (partially) ancillary syatans for future 
installation in one of the Industrial Research 
areas to support a three-collector field. 

Thia section presents the requirements for ancillary systans for 
the single collector, and Section S presents further information 
on the three collecbr field requiranents. 

2.1.2.2.1 Control 

As envisioned by the control systems designers, the 
collec;tor drive and control systan operated on a quasi open loop 
basis, with a control proceaaor providing the number of steps to 
be taken by the drive stepper motors at each time update. At 
selected locations (index points) in each axi• , the time to reach 
position for each axis would be canpared with desired time via 
ahaft encoders to determine the accuracy of the approach. The 
abaft encoders perfoI111 the aforementioned indexing function, pro-
vides axis pointing data, and a closed loop axis positioning 
capability if one •hould prove necessary. 

Specilic collector control requiranenta imposed on the 
Sandia control syaun designers are: ., sun Follow : The control syatea should cause the 

collector to follow the apparent aun po• ition 
within an accuracy of t0.5 ar. 
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Startup and Sbltdovn: '!'be control •y•ta ahauld 

cause the collector to acquire the • un at any time 
during the day, and cease following at any time dur-

ing the day. If the •un i• to be acquired or fol-
lowing cea•ed any time other than aunrise or 1Un-
aet, the control system aust provide that the line-

of-aight between the collector optical axi • and 

the calculated aolar poaition, e0 _8 , be changed at 

a rate of no leaa than 4 deg/min within t.h• range 

of 2 ar seo-s S 10 degrees. 

~: 'l'he control ayatem ahould be capable of 
driving the collector to two stow po• itiollt which 
aay be either: a) maxilllum elevation or, ~) •t.f.unum 
elevation and ea• t nortl", ea • t aziJnuth cJuett,on. 
Stow poaition: a) minimise• vine! irduc .. 1t1tic 
loading on the collector, and b) represent, the 

location furthermost away frcn the aun for uee 
when wind load is not a factor. The selection 
of final atow po•ition for a given operation• 
ecenario muat take into consider11,tion peraonnel 

safety during a • tow wjth inaolation • 

Stow initiation ahould occur aanually and/or auto-

aatically. Aut.om.atic • tow initiators include: 

1) A aignal fran the abaorber over temperature 
protection switch that the abaorber tempera-
ture 1• above a preset maxiJDum, to be deter-

ained via teat.a. 

2) A control •pt.an self-determination that the 

11.ne-of-aight angle error ia fJl'e&ter than 

2 ar. 

Error Cmpenaations The control syataa should 

incorporate error ccnpensation term• • milar to 

thoN abovn a• follow•: 

2-11 
UNCLASSIFIED 



where 

UNCLASSIFIED 

AA • E4 + E5 tan E + E' •in A tan E + t, co• A tan E 

£1 • elevation bia• 

c 2 • gravity droop effect 

c3 • verticality error 

c4 • azhnuth bia• 

c5 • cro• s-level error 

e6 ,c, • location error• 
Initially these error• vil:i be aet to zero. Teat• 
and analyse• will select value• for the error para-
aeter • at a later date. 

e) Fault Protection: The collector control system 
abould be designed to minimize damage to the col-
lector in t.he event of equipnent or service failures. 
Thia includes, as a miniannn, • tow capability in case 
of electrical power failu're and protection of drive 
ayetan canponent• fran overload by driving at maxi-
llUIII torque into the • echanical atop•. 

2.1.2.2.2 In•trumentation 

The inat:ruaentation requir•ente for the single collector 
were to provide auff icient data to determine the degree to which 
the collector deatgn • et lt• goal •, and other data judged to be of 
Yalue. Since Sandia Laboratorie• provide• a• part of the collector 
teat facility exten• ive aD5 ccaplete enviromental data, tbeH 
requir•enta were applied to only the abaorber (tftlperature data), 
fluid •r•ta (inlet and outlet. taaperature) and axe• (poaition). 
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2.1.2.2.3 Pluid Circulating Syatm 

The fluid circulating ay• taR for ttae teat collector w.• 
provided •• part of the collector teat facility. Punctional re-
quir•ent• ware aiaply u, provide aufficient flow to prevent ab-

eorber overheating ewer all operating temperature range• and to 
prO¥ide aufficient flaibility within the collector to allow motion 
in the admut.h and elevation axes. Requiranents are • tated in 
Section S. 

2.1.3 Teat Collector Interface• 
By contractual agreement, collector teat service• were pro-

vided by Sandia Laboratoriea a • ahown in Figure 2-3. An inter-
face control docwne.nt vaa generated u, e • tablish and control the 
interface at the fluid circulatory ayatem, the data acquisition 
and control ayatEna, and the foundation. An electrical encloaure 
waa provided at the base of the collector and vaa the terminu • of 
the control and data wiring prO¥ided by Raytheon. 

IAYTHfON 
~SUVICU COlUCTOI 

RUI) QIOJI.ATtO, MSCIIH M1IM 

I 
I 

MIA IICQUISmON ..... I CONC9fTIATOI I M1IM 

ll.lCTIKAl 
INCL05Ull -- ,.._ 

CCINTIOLMTIM OIMrmtMS ....... L _____ ---
[ : JOC.NMnot ] 

PlGUU 2-3. bytheon/Sanr.U.a Servicea Interface 

2-13 
UNCLASSIFIED 



1: 
UNCLASSIFIED 

I 
I j 

l 
! 

I: 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1-14 I UNCLASSIFIED 

I 
"" 



' ,-
i 

I 
I 
I 

- I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

UNCLASSIFIED 

3.0 Colledor Design and Fabrication 

3.1 Concentrator 

3.1.1 Mirror Radius of curvature Requirement• 

The Solar Concentrator use• 228 spherical mirror• on seven 

ring • to sredirect •olar energy to the abaorber. The entrance 

aperture is an annulus with an opening of ;t2. 5 inches around a 

mean radius of 12 inches. The plane of the aperture is 120 inches 

fran the concentrator center. 

Mirror ring radii and distance tran the diah reference point 

is ahown in Figure 3-1 and given in Table 3-1. 

JlDIG 
RO. 

l 

2 

J 

• 
5 

' 7 

TABLE 3-1 

SIGNIFICANT CONCENTRATOR DIMENSIONS 

z ' 8 

(Inches) (Inchea) (Arc Deg.) 

.C37 

3.052 

,.121 

11. 745 

17 .653 

24.560 

32.3C5 

26.483 3.453 

43.387 7.512 

60.142 11.522 

76. 789 15.450 

92.953 19.171 

108.896 22.717 

124.452 26. 032 
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L 
(Inehea) 

120.437 

121. 087 

122.986 

126.162 

130.C93 

136.006 

142.579 
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PIGOU 3-1. Concentrator Geaaetry Data 
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The tilt angle of the mirror (8) and the di• tance betwen 

the mirror and the aperture (L) are al110 given in Table 3-1. The 

minimum spot • ise in the y direction is achieved if the radiu• 
of curvature of the mirror i • * 

R • 2L cos 8 

and the dimensions of the apot in the plan~ 1.1f the aperture 

are 

s1 • 2 tL , s2 • 2r • in 2 8 + L 
co• 28 

where 
s1 • radial direction 

s2 • circumferential direction 

r • mirror half dimension • 9 inche• 

t • half angle of the sun • 0.0045 radians 

The apot • ize for perfect mirror• i • given in Table 3-2. 

RIRG 
so. 

1 

2 

3 

• 
5. 

' 7 

TABLE 3-2 

PERFECT MIF.ROR S-:,oT SIZB 

R • 8 
(Inche•) (Inche•) 

241.312 1.092 . 
244.270 1.128 

251.031 1.203 

2,1.114 1.323 

21,.309 1.497 

294.188 1.744 
317.354 2.087 

2r • in2 e + ~L 
· (Inches) 

1.149 

1.397 

1.825 

2.413 

3.11& 

3.toa 
•• ,so 

1 lpperi!Ux X 9lve• the derivation of the equation. 
. ,~ 
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!'he original mirror specification, Appendix B, a • swned that 
• gla •• manufacturer can achieve a radiu • of curvature with a 
reaaonable tolerance. Therefore, in order to minimize cost •, two 
radii of curvature were chosen - Rings 1-4 250 ±10 inches, Rings 
5-7 295 tl0 inches. The s 1 and s 2 values (fran Appendix A) for 
perfect mirrors are: 

(2r ( cos e - R
2L •I L) 

1 
/ __ ;;....._ _______ , (2r l _ 2L cRos 8 + L\ 

cos 28 1 

Table 3-3 gives the minimum and maximum spot sizes for perfect 
mirror a that meet the •pee if ication. 

RING 
HO. 

1 

2 

3 

4 

5 

' 
7 

TABLE 3-3 

MINJMUM AND MAXlMUM SPOT SIZE FOR PEP.FECT MIRRORS 

R 
(INCHES) 

240 
260 

240 
260 

240 
260 

240 
260 

285 
305 

285 
305 

285 
305 

L e 
(INCHES) (ARC DEG.) 

120.437 3.453 

121.087 7.512 

122.986 11.5~1 

126.162 15.450 

130.493 19.171 

136.006 22.717 

142.579 26. 032 

3-4 
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sl s2 
(INCHES) (INCUES) ,_ 

1.191 1.117 
2.3~3 2.438 

1.457 1. 097 
2.246 2.468 

2.084 1.183 
1.864 2.427 

3.159 1.376 
1.462 2.298 

2.158 3.605 
3.536 4.626 

2.565 3.377 
2.529 4.416 

5.074 2.332 
3.153 I 4.162 
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When Schott Optical Company •tarted to aake_ the •pherical 

airror •, the accuracy of tbe radius of c11rvature vaa poorer than 

anticipated, therefore, it ta• decided that the radiu• of curvature 

of each airror be aeaaured. To maximize yield and at the aame 

tiae to minimize spot size, the radiu• of curvature specification 

ta• changed 90 that any radiu • of curvature between 236.3 inches 

and 329.8 inches can be used in an &ppropriate ring. Table 3-4 

give• the new specification and the associated spot size. 

TABLE 3-4 

SPOT SIZES FOR SEVEN DIFFERENT RADIUS OF CURVATURE MIRRORS 

RING ll 
NO. {INCHES) 

1 236.3 
246.3 

2 239.3 
249.3 

3 246.0 
256.0 

• 256.0 
267.6 

5 267.6 
285.0 

' 285.0 
304.8 

7 304.8 
329.8 

L e 
(INCHES) (ARC DEG.) 

120.437 3.453 

121.087 7.512 

122.986 11.522 

126.762 15.450 

130.493 19.171 

136.006 22. 717 

142.579 26. 032 

3 .. 5 
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51 52 
(INCHES) (INCHES) 

1.476 1.399 
1.458 1.512 

1.512 1.150 
1.501 1. 754 

1.595 1.472 
1.•575 2.160 

1. 780 2.035 
1. 763 2.776 

2.203 2.593 
2.158 3.605 

2.565 3.377 
2.514 4.407 

3.171 4.152 
3.080 5.153 



UNCLASSIFIED 
3.1.2 Relationship Between Slope Error• and Radiue of 

curvature Variations 

The meaairanents that were made on the mirror& were radius 
of curvature measuranents at nine differen1;. points on the mirror 
(See Figure 3-2) Appendix 3 lists the radius of curvature mea-
al!."anent for each glass segment manufactured. The radius of curva-
ture for the mirror was taken as the mean of the nine meaaure-
ments and the slope error was asSU!tled to be proportional to the 
etandard deviation of the nine measuranents. The following 
analysis establishes the relationahip between the slope error 
and the radius of curvature variation. 

' 

JID.._.._. a. I. 4, I are 12• a.c. 
JIDl.aaq •• , ••• tare 11• a.c. 

' 

+~. 
• • 

• 

I 

PIGUU 3-2. Location of Sphere11eter Neaair•ant 
Point.a. ,_, 
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Let the equation of the aurf ace in polar coordinate• be 

r • ll + AR co• ne 

where 

' - t.an-1 I. 
Jl 

R • Rcainal radiu• 
AR • ;cu !awn variation 1n rad iu • 

The • lope of the surface 1• 

dr . - -1 d v 1 a'e • in 8 + r co• 8 
tan ;::,,L. • tan 

dx ft., cos e - r ain e 

The normal to the surface 1• 

-1 • 8 _ tan -1 ! dr 
dy/dx r de 

The rac!iu• of curvature of the aurface i • 

llC • r 

Por the a• IIWDed surf ace 

r • a + AR coa ne 

1 dr n AR ain.nt - - - ... _.,;;;;....;:;~=---r di a+ •co••• 
J-7 
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! 42~ • _ n2 AR COB ne 
r 48 R + AR cos ne 

..... 

and for !! << 1 • 
90 - • e +~sin ne 

R 

. RC= R - (n2-l) AR COB ne 

The elope error i • approximately 

A• s= • in A8 
R 

If the mirror has one cycle of the radius of curvature 
variation 

or 

- - n 
RC• b 

0 RC • I 
0ac • R 

n r. 

(n2-1) 

Th 

~- tn2-1J 
a -y;:; 

(RC) d8 • R 

1•/n r/2 2 
{ (RC) _ icJ 2 48 • (n -1) AR 

-w/n V2 

At 

At~!!!!. 
V2 
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6• < .002 

n • 75 

0 ac -< .21 
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The uee of the standard deviation of many radius of curvature 

measurements as a measure of the slope error assumes that the slope 

errors result fran low frequency spatial effects over the mirror. 

High frequency spatial effects such as draw lines do not enter into 

this type of evaluation. 

3.1.3 Mirror Manufacturing Tolerance 

There were the basic assumptions in the mirror ~election 

approach that the curvature measurements, taken after annealing 

and before cutting and drilling, would accurately represent the 

delivered item. Such was not the case. The first set of glass 

(:2/3 of total) delivered to the United States deviated signifi-

cantly from the planned radius values, aee Table 3-5, and 

Figure 3-3. 

The •Y•tem impact of auch a deviation fran desired radiua of 

curvature i• to reduce collection efficiency by increaai.ng the 

concentrated beamwidth at the aperture, cau• ing large mnount• of 

energy t.o impinge on the ~perture plates, or even abaorber cover. 

Plqurea 3-4 and 3-5 danonat.rate the effect of larger than deaired 

radius airrora at the ab90rber, particularly in the aperture plane. 

The raJ' trace• abovn are for ideal airror• (no •lope error •, draw 

line•, etc.) aaing an actual 90lar di•c •• a 80Urce. A• can be 

Men, the broadened 90lar !aage virtually fill• the aperture in 

the radial direction, cau • ing aigrilficant energy lo• Ha by 

,_, 
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TABLE 3-5 

FIRST GROUP MIRROR DATA SYNOPSIS, AS SHIPPED 

APPROXIMATE ACTUAL ACTUAL RADIUS PER 
SPECIFICATION AVERAGE MIN./MAX. 

(MM) (MM) (MM) 

6125 7506 6816/8159 

6200 7940 7602/8772 

6375 8115 7680/8793 

6650 8227 7555/9213 

7025 8412 7631/9479 

7500 9180 8543/10158 

8050 9259 8306/10870 

1 X (Ring 7) 

en (;) I C:) 

9 
E 
• ... 

M (:) I (;) 

8 C:)x (Ring 6) e First Group 

9 (;) x second Group 

E E> ...i 
M a 

7 

' 7 8 ' SPHERCMETER INDICATED RADII, 
METERS (PRIOR TO CUTTING) 

PIGOU 3-3. Expected Va. Realized lla4ll 
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spillover when additional beam •preading effect• are included, 
such a• airror misalignment, angular tolerance•, etc. Figure 3-6 
which considered real mirrors (within specification) and structure 
tolerance effects, demon~trates how the beam spreads to fill the 
aperture. Clearly, use of mirrors significantly deviating from 
specification would ·result in correspondingly reduced system 
efficiencies. An intensive effort on the part of the vendor, 
Schott Optical, revealed that the radius error occurred after the 
annealing operation, which had not been expected, and that no 
simple solution was available. There is some evidence that the 
radius deviation is repeatable and future systems can include it 
as an additional factor in the mirror selection process. 

However, in the current program the principal r.oncerns became 
~isposition of the mirrors that had been manufactured, and what 
if anything could be accomplished with the remaining blanks, des-
tined for rings 6 and 7. The absorber design, and the glass 
mounting system had been designed to accommodate fairly subst,.n-

tial errors on the part of the glass, or any of many other beam 
spreading components. To wit, the mirror mounts and absorber 
aperature plates were each designed to allow great flexibility in 
aligning individual mirrors and accommodating larger than planned 
beams at the aperature. The system performance penalty of using 
the built-in devices was estimated at a 5 percent reduction in 
efficiency, a value probably within the accuracy level of the 
calculation•• If in an extreme case, the absorber cover were to 
be removed completely, system performance could euffer efficiency 
penalties at 10 percent. 

-The problem was resolved as follows: 

a) The airrors for Rings 1-5, those first delivered, were 
used u ia. 

b) Mirrors for Rings 6 and 7, which had not been manufac-
tured at the time the problem was noted, were manufac-
tured using •aall radius glass, and their curvatures 
vere as ahown in Table 3-6. 

3-12 
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c) Mirror• for all rings were individually aligned, u• ing 

data taken during manufacture•• a 9uide. 

A• can be Men from Table 3-6, the blanks •elected for the 
aecond cutting operation were well below the desired radiu• in 
an attempt to acheive an acceptable end product. The radius growth 
phenomena continu~ with the ring 6 mirrors behaving nearly as ex-
pected, and ring 7 airrora for surpassing any previous values of 
radiu• ~owth. The ring 7 results might not be as poor as indi-
cated, in that fewer data points (five per lllirror) were taken. The 

- points were in the vicinity of holes which may cause a local per-
turbation, and the spherometer sensitivity at large radii was • uch 
that a small silver or paint buildup in the vicinity of the data 

point could significantly offset the reading. The partial success 
demonstrated by the ring 6 mirrors (see Figure 3-3 and Table 3-6) 
indicates that given additional work on the problem, it will be 
possible to deliver mirrors within specification, and thereby 
acheive superior optical performances from the collector. 

3-13 
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rtGDU J-1. Energy Diatribution at Aperture 
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TABLB 3-6 

SBCOIID GJIOUP (RUG I MD 7) NIRR()R DATA SYROPSIS 

Average Average 
Blank Radiu• Mirror Radiu• Av..rage 

After Annealin9 a• Received Radiua Radius 
Rln9 (max/min) (max/min) Specification Brror, I 

' 6528 8044 7500 7 
(1910/5826) (10140/6690) 

7 7024 9869* 8050 23 
('7304/6751) (12 500*/6830) 

•A 12,500 - radiu• wlmne wa• •••umed for any mirror who•• average wa• abow 
12,500 -, due to •pheroaeter calibration limitation•• 

C z 
0 ,-
)> 
(I) 
(/) --n -'" 0 
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3.1.4 Concentrator Struct:I!!:!, 

The approach adopted in the atructural design of the concen-
trator vaa to mild the atructure a • accurately • ci possible, with-
in the conatraint• of exiating fabrication tech •. ~quea and economic 
consideration• and to attach the mirror aegment• to this structure 
without requiring aubaequent optical aligment. This epproach 
vaa implanented in auch a manner that aligment of each mirror 
aegment, u • ing optical techniques, was posaible ahould such a 
procedure becane either necessary or desired during evaluation of 
the collector performance, •• it indeed did. 

An additional conatraint imposed upon the conc£-:ntrator struc-
tural design waa that it be capable of assanbly at the site fran 
easily transportable part• and eubassemblies without +'" _ ...... u.i; 

ext.enaive on-aite asaanbly jigs and tools. 

3.1.4.1 Concentrator De•!g~ 

'l'M concentrator optical aurtace 1• canprised of 228 
spherically curved mirror segments, the dimensions of which were 
constrained to a aaximum of approximately 18 inches square because 
of glass faJrication limitation•. The reflector parabola was then 
appraxmated by individual apherical mirror segments with two 
different radii of curvature (later changed to seven radii) to 
permit a feasible approach to the glass sagging process. Each 
aegment ta• made aa large •• po• aible to minimise the nwnber of 
airrora required. Thi• approach reBQlted in aeven concentric 
rinrJ• of trapezoidal a.lrror segments aa shown in Figure 3-7. 'l'o 
ainiaize the effect of mirror dimen• ional tolerances and atructural 
aa•-1bly tolerance•, each ring of • 1:ror segments overlap• the next 
inner ring. Segment• within each ring are aeparated by a gap of 
appraxiaately 0.2 inch. 

J-16 
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Bach ring of • irror aegment• i • mounted nn a concentric 

at.ructural aupport ring by a four-point attac:bnent bracket. The 

• lrror• are bolted to the bracket• (Figure l•8) u• ing ela•tcaeric 

9rammet• and accurately machined blahinga to limit the attacment 

preload. The structural aupport rings are attached to 12 • imple 

plane-frame truaae• which are bolted to a central lllb. The lllb 

1• aupported on the collector elevation axi• • 
The following paragraph• descrit,., each of the above 

canponents in • ore detail. 

3.1.4.1.1 Mirror.! 

The reflecting surface la n:.: 5e up of 228 l'lirror segments. 

These segments are described ln Raytheon Specification No. MP778340 

(Appendix 2) fran which Figure 3-9 i • taken. The use of spherical 

mirror segments reduces the coat of the glass sagging tools while 

at the same time, avoiding the necessity of accurately orienting 

the segment in the plane of the reflecting 8Urface. 

3.1.4.1.2 Mirror Kounting 

It was decided to mechanically attach the mirrors to their 

·•· mounting bracket• using elastaner ic granrneta and preload b.1Shinga. 

Structural te• t • were conducted on a typical mounting configuration 

and the detail approach w • found to be acceptable. Adhesive 

mounting wa• rejec~ after considerable inveatigation and di•-
cu• aion with potential mirror supplier•• 

The individual mirror 9egmenta are iaolated fran any loads 

imposed by • tructu.ral defomation of the aipporting • tructure by 

the aounting bracket. The • ountlng bracket design • s traded off 

in con• i4e1able detail and the reaulting configuration l• a flat 

casting with four • irror attactnent points and a flat machined 

aounting aurf ace which i• bolted to a machined pad on the aupport 

•tructure ring. Two bolt• are u Nd to ~n r~ , • radial al ignnent of 

the • irror •egaent which i• re1ative1J :".O'C critical. Th• UN 

of individual • lrror mpport bracket• permit• accurate machining 

to fit the • irror ·curvature u • ing • tandard machine tool •• The 

J-1'7 
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large number of aupport brackets required indicated that a easting 
ahould be u Nd for thi• part. 

3.1.4.1.3 Mounting Rings 

An aluminum tube of circular croaa section waa choaen 
for the • tructural mounting rings 1which support the mirrors and 
tie the trusses together into a rigid apace frame. The circular 
tube was chosen primarily on the basis of structural efficiency, 
availability and ease of fabrication into the ring configuration. 
The mounting r.f.ngs are attached to the trusses by 12 pads machined 
accurately to restrain the ring in a plane normal to the axis 
of the reflecto1·. Machined pads are also provided on the opposite 
aide of the ring to which are bolted the individual mirror 
support bracket•• These pads are made fran a canmon casting 
accurately welded to the rolled ring to provide mirror tilt angle 
and ring at~chnent point•• 

3.1.4.1.4 Tru.SN• 
Twelve welded al1~inum alloy trusses or rectangular 

tube and angle members are used and conform to the 30 degree re-
peating pattern of the mirror segments. No curved members are 
used and f itti.ng of the individual members is reduced to a m'.ni-
mum by an overlapping joint construction technique. Pads to 
attach the mirror •upport ring a are welded to the trusses air. 
are machined after aasembly to provide the proper location ot 
the ring attachnent points. The trusses are attached to machine:1 
lug• at the front and rear periphery of the central hlb which 
al90 contains the elevation axia and elevation drive arm. To 
en~re ani.JUlar accuracy of the trusses relative ~o the hlb axi• , 
theae attaclnent points are match drilled and reamed on aasembly. 
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TRUSS 

PIGOU 3-8. Mirror Aaaanbly Detail• 
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3.1.4.1.5 Concentrator Aasembly 

The truases, the aipport ring• and the hlb were aaaembled 
prior to •hi~ent to Sandia to ensure fit and structural align-
ment. The concentrator wa• then disaasembled and • hipped to 
Sandia for reassembly and installation on the collector pede• tal. 
The concentrator structure incorporate• pickup point• for uae 
during field erection. At this time, mirror m~unting bracket• 
are bolted to the corresponding support ring mirrcr pads uaing 
the two pre-drilled bolt holes. The mirrors are then assanbled 
on the mounting bracket using elastaneric gra-amets, and stain-
less steel bushings, bolts and washers. Individual mirrors may 
be replaced without removing adjacent mirror segments and the 
mirrors may be installed either before or after the concentrator 
1• installed on the pedeatal. 

3.1.4.2 Concentrator Fabrication 

Con~entrator fabr !cation was aibcontracted to Motor 
Machine, Co., Ec!ison Nev _Jersey. Figures 3-10 through 3-14 
ahov various ccnponenta and aasemblies, the photographs taken 
at Motor Machine during fabrication. Figure 3-15 shows an 
artiat•• rendition of the aipport members attached to the rear 
of tt..e trussea to reaiat aide loada. casting• shown in Figure 
3-11 were aupplied by Raytheon to the subcontractor. 

The concentrator fabr !cation ard e 1aembly sequence 

•> 

b) 

Fabricate the trusses, rings and elevation 
bib. 

Attach the appropriate ca • tinga to the truasea 
and ring a, and • achine for f latne•• and ortho-
gonality. 
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CN-6-5325 f9A 
FIGURE 3-10. Concentrator Assembly 
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FIGURE 3-11. Concentrator Castings 
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CN-6-S3Z5 fl 9A 

FIGURE 3-12. Truss/Ring Attacl'IDent 
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FIGURE 3-13. Hub Before Machining 

3-26 
UNCLASSIFIED 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I· 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 

' I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

UNCLASSIFIED 

CJ\T-6-5325 I l 7A 

FIGURE 3-14. Hub/Truss Attacbnent 
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PIGUU J-15. Tru•• support Syata 
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c) Assemble the truaaes to the bib. 

d) Position and attach the rings to the trusses. 
(The 3 inner rings are complete, canpriaing 
360 d8!Jreea ot arc. outer rings are split 
(180 degrees each} for shipping purposes. 

e) Set-up the mirror support pads on the rings 
at appropriate angles, and tack weld in place. 

f) Machine mirror mounting brackets. 

g) Attach the t-.russ supports in place. 

h) Disassemble tor shipping. 

The entire process went very well, especially consider-
ing the fact that this was the first such concentrator of that 
type built. The single most critical fabrication process was 
attaching the mirror support pads to the rings at the correct 
angle. Angular tolerance on this process was originally speci-
fied at tl5 min. arc, equivalent to approximately 4.4 mr. The 
original design for the collector hypothesized the machining 
of these angles after the pads had been rough set and positioned 
on the ring. Vendors that responded to the concentrator fabrica-
tion request for quote that possessed requisite machining cap-
ability were very high in their total coat estimates (there was 
however, no indication that the desired procedure was responsible 
for the higher coat estimates). Theref~re, the fabrication 
apt.·oach was changed to finish machining the pads off-ring, and 
accurately attaching and welding than at the desired angle. Thia 
change reailted in a great reliance on the welding process not 
disturbing the Ht angle, which constituted a large unknown. 
Prior planning in the manufacturing techniques had foreseen eome 
ot these potential difficultiea, and the design incorporated the 
ability to aake numerou• adjuataent• in the final mirror po• i-
tJ.oning, either by adjuating the airror aipport bracket backface 
by cutting at an &n9le, or by ahimming the apace between the 
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mpport bracket and t.he machined pad, or by adjuating the aup-
port. bracket at the four mirror mount point.a. 

The detailed approach towar4 mounting t.he machined pad 
•• t.o Nt t.he pad at t.he proper angle tB• of arc uaing a aine bar 
and • achiniat•• level. Tack veld • were then applied at four 
corner location• along the sani-circular pad/ring interface. 
Pull walding along the area at the ends then canpleted the attach-
• ent. 

The initial pad attachnents were set up and taoked, with 
the reault• generally being that t~e tacking operation introduced 
a 6 min. rotation in the casting, and the full weld introd1Jced a 
20 min. rotation. The rotation direction could be selected by 
locating the initial application of heat, and first experiments, 
eight t.otal, resulted in all pads being within specification. 
However, t.he production tacking and welding of the remaining 220 
pada yielded rotation• exceeding apecification. Thia was caused 
by excessive filler material and heat application. As a result, 
the mirror mounting castings were selectively machined •• dia-
cuaaed belc.,w, which utilized their correct.ability for provid-
ing an accurate mirror mounting surface. There is general agree-
• ent 11111ong those who were engaged 1n the fabrication program that 
the potential ia there for accurately and inexpensively manufac-
turing large acale concentrator• using approaches similar to those 
4eacribed herein. A reasonable amount of weld development, pro-
c••• specification and special tooling (none was uaed) could 
bring the as-manufactured concentrator into specification without 
aelec:tive machining of ml.tror mounting castings. In addition, 
the concept of final angle machining on the ring could prove to 
be the • oat accurate and leaat expensive approach. The inherent 
capability of the procesa and the available tooling i• approxi-
aatalJ 1 • in. of arc. The• concepts might be pursued •• part 
of a larger aanufacturing proceaa developnent program that c.:iiuld 
precede aubatantial quantity • anufacturing of the concentrator. 
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3.1.4.3 Mirror Mounting Angle Mju•t:ment 

The tilt angle of all of the machined pa4a on all of 
the rings were measured with a •sine bar•. The value of the 
tilt of each caating ia 9iven in Table 3-7, in minut•• of arc, 
with • ign convention and further definitions ahovn ln Figure 
3-16 and 3-17. 

The tilt angle rotation (error) varies fre111 -31 minutes 
(Ring 2) to +51 minute• (Ring 6). Minuses denote a rotation 
array fran the abaorber toward the aun. The specification on 
the mirror tilt wa• t15 minutea. The tilt angle can be corrected 
by machining an equal and opposite tilt on the mirror mounting 
bracket. Pour alternatives were investigated to reduce the 
error within the conatraint of reasonable coat hnpact. 

a) Machine all of the brackets with no rotation 
correction. This would minimize the aet-up 
time for machining the bracket• bit would 
result in the largest error -31 min. to +51 min. 
The mean error of the 228 mirror a ia a. 7 111in. 
and the atandard deviation of the error variation 
i• 19.1 • in. The error i • unacceptable. 

b) Machine all the bracket• of each ring to the 
mean rotation of that ring. There would be •even 
Nparat• bracketa. Thi• would leave 26 mirror 
tilt angle• out of •pecification (Ring 1-0, 
Ring 2-1, Ring 3-3, Ring 4-1, Ring 5-10, Ring 6-5, 
Ring 7-6). The error would vary fran -28 min. 
to +25 min. with a • tandard deviation of 9.4 min. 
The error i • large, bit the number of machine 
Ht-up• i • al•o large. 

c) Machine thrH bracket conf ig·,rationa, one with 
a 30 • in. rotation correction, one with no cor-
rection and one with +30 • in. correction <•• 
Pi9ur• J-17). All bit three of the • irror• can 
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TABLE 3-7 

8BBE'1' •o. 2 1 'l'I'l'LB& Pad/Brr.cket Data 

RING •o. 1 TILT ANGEL REQUIREMENT 3•27 1 +0•1s• 

PAD 

1 
2 
3 

' 5 

' 7 
8 
t 

10 
11 
12 

• 

PAD ROTATION BRACICET 
(PROM IDEAL) TYPE USED 

ARC MINUTES 

-19 A 

-26 A 

-15 B 

-7 B 

-15 B 

-23 A 

-16 A 

-22 A 

-10 B 

-15 B 

-20 A 

-12 B 

3-32 
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RESCLTING ROTATION 
(PRCM IDEAL) 

ARC MINUTES 

+11 
+4 
-15 
-7 
-15 
+7 
+14 
+8 
-10 
-15 
+10 
-12 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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TABLE 3-7 (CORT.) 

SHEET NO. 3 1 Tm.Ba 

amc !10. 2 TILT MGEL llEQUIREMEHT 7•31• +0•15• 

PAD 

1 
2 
3 .. 
5 

' 7 
8 
9 

10 
11 
12 
13 
14 
15 
1, 
17 
18 
19 
20 
21 
22 
23 
24 

PAD ROTATION BRACDT 
(PRCJ,1 IDEAL) TYPE USED 

ARC MINUTES 

-12 B 

-7 B 
-1, A _, B 

+5 B 

-12 B _, B _, B 
. _, B 

-10 B 
0 B 
-10 8 

-• 8 
-4 B _, B 

-3 8 _, 8 
-1, A 
-1, A 
+4 B _, 8 

-15 B 

-15 8 

-30 A 

3-33 
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RESULTING ROTATION 
(FRCJ,1 IDEAL) 

ARC MINUTES 

-12 
-7 
+14 
-9 
+5 
-12 ~, 
-6 
-6 
-10 
0 
-10 

-• 
-4 
-6 
-3 _, 
+11 
+14 
+4 _, 
-15 
-15 
0 
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TABLE 3-7 (CONT.) 
SHEET NO. 4 1 Trn.B: 

RING NO. 3 TILT ANGEL REQUIRBMEN'l' 11•31• +0•15• 

PAD 

1 
2 
3 .. 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2• 

PAD ROTATION BRACJCE'l' 
(FRc»t IDEAL) TYPE USED 

ARC MINUTES 

-6 B 
-29 A 
• 3 B 
-10 B 
-23 A 

-• B 
-12 B 
-20 A 
-22 A 
-7 B 
-16 A _, B 
-3 B 
-16 A 
-10 B 
-6 B 
-s B 
-4 B 
-18 A 
-22 A 
-10 • 
-17 A 
-28 A 
+2 8 

3-34 
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RESULTING ROTATION 
(FRQol IDEAL) 

ARC MINUTES 

-6 
+l 
+3 
-10 
+7 
-a 
..:12 
+10 
+8 
-7 
+14 
-6 
-3 
+14 
-10 
-6 
-5 
-s 
+12 
+8 
-10 
+13 
+2 
• 2 
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I 
I 
I 
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TABLE 3-7 (CONT.) 

SHEET NO. 5 a IJ'rn.£1 
15•27 I +_0•15 • 

llING 110. f TILT ANGEL llEQUIRDIENT _________ _ 

PAD 

1 
2 
3 
4 
5 

' 7 
8 

' 10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

PAD ltOTATION BRACKET 
(FRC»I ID£AL) TYPE USED 

ARC MINUTES 

-1 B 

-3 B 
-7 B 
-10 8 

+10 B 
+20 C 

-3 B 
+2 8 

-• B 

-7 8 

+5 • 
-3 • 
-14 • 
+7 • ., 8 

-12 B 

-• 8 

-3 B 

+3 8 

-• • -• • _, • _, • 
-10 • _, • 

3-35 
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RESULTING ROTATION 
(FRa-t IDEAL) 

ARC MINUTES 

1 
-3 
-7 
-10 
+10 
-10 
-3 
+2 
-8 
-7 
• 5 
-3 
-14 
+7 
+6 
-12 

-• 
-3 
+l 

-• 
-4 _, _, 
-10 
-3 
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TABLE 3-7 (CONT.) 
8R£ET 110. 6 I TITLlh 

aING •o. • TIL!' ANGEL REQUIREMENT 1s•21 • to• is• 

PAD 

26 
27 
28 
2, 
30 
31 
32 
33 
34 
35 
36 

PAD ROTATIOR BRACn:T 
(FRCM IDEAL) TYPE USED 

ARC MINUTES 

-4 B 
-10 B _, B 
-14 8 
-12 8 
-6 B 
-18 A 
-3 8 _, 

B 

-• B 
0 B 

J-36 
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RESULTING ROTATION 
(FRCJi! IDEAL) 

ARC MINUTES 

-4 
-10 _, 
-14 
-12 
-.6 
+12 
-3 
-6 

-• 
0 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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TABLE 3-7 (CONT.) 

SBEET wo. 7 1 TITI,Z 1 

RDIG WO. 5 TILT ANGEL UQOIREMElft' 

PAD 

1 
2 
3 
4 
5 

' 7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2• 
25 

PAD ROTATION BRACJCET 
(l'Rat IDEAL) TYPE USED 

ARC MINUTES 

+•s C 
+36 C 
+30 C 
+30 C 

•·3 C 
+30 C 
+31 C 
+36 C 
+38 C 
0 8 
+8 8 
+8 B 

+9 8 
+8 8 
• 8 • 
+19 C 
+17 C 

+10 B 

+6 B 

• 8 B 

+8 8 
+8 B 

+16 C 

+15 8 
+10 8 

3 .. 37 
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RESULTING ROTATICN 
(P'RCM IDEAL) 

ARC MINUTES 

• 15 
• 6 
0 
0 
+13 
0 
+1 
• 6 
• 8 
0 
+8 
+8 
+9 
+9 
+8 
-11 
•13 
• 10 
+6 
• 8 
+8 
+8 
-14 
+15 
• 10 
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t'ABLB 3-7 (CORT.) 

8liZti' 110. I I !'IT1,B I 
&DIG 110. 5 !'XU ANGEL llEQOIR!X£lff lt•ll' +0•15• 

PAD 

21 
27 
28 
2, 
30 
31 
32 
33 
34 
35 
36 

PAD llOTATIJN BRACKET 
(PRCM IDEAL) TYPE USED 

ARC NIHUTES 

+3 8 
+38 C 
+22 C 
+25 C 
+32 C 
+17 C 
+ll C 
+23 C 
+25 C 
+21 C 
+23 C 

-
J-31 

UNCLASSIFIED 

RESULTING ROTATI~ 
(FRCJil IDE.AL) 

ARC MINUTES 

+3 
+8 
-8 
-5 
+2 
-13 
+8 
-7 
-5 
-2 
-7 

. . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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!'ABLE 3-7 (CQlff.) 

SJIBET 110. 9 I ~ITLB I 

aDG 110. ' nu ANGEL UQOIREMBNT 22•43 • to•15• 

PAD 

1 
2 
3 

' 5 

' 7 
8 

' 10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

PAD ROTATION BRACJCET 
(l"aaM IDEAL) TYPE USED 

ARC MINUTES 

+26 C 
+14 B 
+29 C 
+23 C 
• 30 C 
+28 C 
+41 C 
+29 C 
+23 C 
+26 C 
+38 C 
+15 C 
+21 C 
+28 C 
+35 C 
+lt C 
• 26 C 
+38 C 
+32 C 
+21 C 
+30 C 
+31 C 
+42 C 
+36 C 
+24 C 

3-Jt 

UNCLASSIFIED 

RESULTING ROTATION 
(FRCM IDEAL) 

ARC MINUTES 

-4 
+14 
-1 
-7 
0 
-2 
+11 
-1 
-7 
-4 
+8 
-15 
-9 
-2 
+5 
-11 
-4 
+8 
+2 

# 

0 
+1 
+12 ., _, 

' 



SJIEBT NO. 

R:mG NO. 

PAD 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

'' 45 
4C 
47 
Cl 
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TABLE 3-7 (C0NT. ) 

'J'n'LZ1 10 I 

' 'J'ILT ANGEL REQUIREMENT _2_2_••_3_'_t_o•_1_s_• ___ _ 

PAD ROTATION BRACJCET O'RCII IDEAL) TYPE UoED 

ARC MINUTES 

+27 C 
+30 C 
+23 C 
+26 C 
+36 C 
+25 C 
+32 C 
+10 • +32 I C 
+30 C 
+23 C 
+30 C 
+17 C 
+26 C 
+23 C 
+17 C 
+28 C 
+27 C 
+21 C 
+25 C 
+35 . C 
• 48 C .. , C 

J-40 
UNCLASSIFIED 

RESULTING ROTATION 
(FR<»t ID~AL) 

ARC MINUTES 

-3 
0 
-7 

-• 
+6 
-s 
+2 
+10 
+32 
0 
-7 
0 
-13 
-4 
-7 
-13 
-2 
-3 
-2 
-s 
+s 
+18 
+19 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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SBEB't RO. 

llDIG • 0. 

PAD 

1 
2 
3 

• 
5 

' 7 
I 

' 10 
11 
12 
13 
1.t 
15 
16 
17 
11 
lt 
20 
21 
22 
2l 
J,t 
JS 

11 I 

UNCLASSIFIED 
TABLE 3-7 (CONT. ) 

TITLB1 

7 
2,•02• +_0•15• TILT ANGEL REQUIREMENT _________ _ --

PAD ROTATION BRACn:T 
(PRCl4 IDEAL) TYPE USED 

ARC NINUTBS 

+15 8 
+22 C 

+10 8 
-3 8 
+17 C 

+2 8 
+15 C 
+t B 
+3 B 
+2C C 
+16 C 
+15 C 
+2,t C 
+26 -C 
+J,t C 
+10 • 
+19 C 

+11 • 
+17 C 
+19 C 
+19 C 
+lt C 
• 27 C 
+11 C ., • 

3-.tl 
UNCLASSIFIED 

RESULTING ROTATION 
(FRCII IDEAL) 

ARC MINUTES 

+15 

-• 
+10 
-3 
-13 
+2 
-15 
+9 
+3 _, 
-14 
-15 _, 
-• 
+,t 
+10 
-11 
+11 

' -13 
-11 
-11 
-11 
-l 
-12 
+7 
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rmi" •o. I 

TABLE 3-7 (CONT.) 

Tm.Bl 12 

llDfG •o. _,_ 2,•02• +0•1s• 'IU4' ANGEL REQUIREMENT __________ _ 

PAD 

26 
27 
28 
2, 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 ., 
47 

•• 
-

PAD ROTATION BRACJCET 
(raat IDEAL) TYPE USED 

NlC MINUTBS 

+19 C 
-11 B 
+10 B 
+8 • 
+15 • 
+22 C 
-3 • 
+8 • 
+24 C 
+12 • 
+3 B 
+17 C 
+21 C 
+23 C 
+21 C 
+I B 
+23 C 
• 31 C 
• 15 B 
+8 B 
+21 C 
+34 C 
+12 B 

3-42 
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RESULTING ROTATION 
(PRCJ,t IDEAL) 

ARC MINUTES 

-11 
-11 
+10 
+8 
+15 
-8 . 
-3 
+8 _, 
+12 
+3 
-12 _, 
-7 _, 
+9 
-7 
+1 
+15 
+8 _, 
+t 
+12 
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P.M>I COUlfftD CLOCKWIU, 
110. l JS AD.JACUT to UGft 
IMC> IJDI a, fllUII A 
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PIGURE J-1,. Pad Numbering and Sign Convention 
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NOTES1 

1. ci = Angle between planes 
A and B 

2. Three casting types as follows: 

·A•, Cl• -0•30• !0•1 1 

•a•, ci • o !o• 1 • 

Positive Cl 
Direction 

B 

PIGURE 3-17. Mirror support Bracket Alignnent 
Machining 
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be brought into specification by using the 
proper mirror support casting. The error 
ranges fran -15 min. to +21 min. with a • tand-
ard deviation of 8.8 min. 

d) Machine each mirror support casting to correct each 
mirror angle. The resulting rotation error is 
the accuracy of the measurement and the machin-
ing capability. This would result in no inter-
changeable parts for the mirror support brackets. 
This approach is the most expensive of the four 
and the result is an •overkill• in regard to this 
one system error. 

The third approach was implemented. If the mirror 
radius of curvature problem had been known at the time, another 
selection, such as (d) might have been made. However, the 
data used in the selection frocess proved useful by indicating 
the anount of adjustment required at each mirror to exactly 
align the mirror with the aperture centerline, thereby making 
the use of out-of-specif !cation mirrors feasible. 

3.1.5 Absorber Design and Fabrication 

3. 1. 5.1 Design 

Pigure 3-18 depicts the absorber mounted on its sup-
port post. The post, a standard aluminum tube, is welded to a 
support plate, via gussets, and ia bolted to the dish hub. 
Thenninol-66 lines occupy the interior of the post along with 
absorber in• trumentation lines. The fluid lines terminate in 
a flexible hose that is ultimately attached to the elevation- hose 
aaaanbly, allowing elevati~n motion on the part of the dish. 
The hose• have ur&ion type connections, allowing easy assembly/ 
disassembly and accaamodating fluid line expansion/contraction. 

The energy absorber, Figure 3-19, ia the cavity type 
deacribed in prior aectiona. The absorber i• aipported on the 
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INSI.A.ATE0 SUffLY 
ANO IETUIN U I\:!: 

SUPPORT TUIE 

FUXIBLE HOSE, 
CONNECTS T\) 
EUVATION HOSE ASSEMIILV 

FIGURE 3-18. Absorber Support System 

center post with insulating gaskets that limit heat flow to the 
post. The input aperture annulus is achieved by placing stain-
les• ateel plates, inner and outer, into the larger aperture 
formed by the absorbing surfaces and surrounding covers. The 
aperture plates are removable with the absorber in place for 
aperiment.ation purposes1 increasing or decreasing the aperture 
•ize will impact the abSl)rber collection and con~ersion efficiency. 
Fluid connection• are made to the post line• with the top cover 
rcnoved. The entering fluid flows to the top of the e.bsorber 
(near the cover) where the connection is made, and then retu.a:-ns 
to the base of the absorber, thereby achieving the max irnum cool-
ing capability at the point of maximum heat flux. The fluid then 
flows in a apiral along the cylindrical Kclion, to the disc or 
•hat Ir Jm• _aection, and then it return• to the support fluid 
llnea. 
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Figure 3-20 shows typical energy incidence curves used 

to design the absorber during earlier program phases. The 

curves are shown in terms of • agnif !cation factors, which can be 

interpreted in terms of •auns•. 

Figure 3-21 shows the results of thermal analyses of 

the absorber design. The input energy is 0.95 kW/m2 times the 

aforementioned magnification factors and the fluid flow is lSg/ 

min. The Therminol-66 temperature increases 25°F from 573°F to 

598°F with the assumed input and fluid flow rate. Material 

compatibility tests and tests on the selective coating indicate 

that the materials can handle the expected temperatures. 

3.1.5.2 Absorber Fabrication 

Figures 3-22 and 3-23 depict the ab8"Jrber prior to 

brazing the zirconium-copper tube to the weldment. At the stage 

shown a groove had been cut in the weldment, into which the tube 

was fitted, the object being to increase the braze contact area. 

During the braze process, the tube holding fixture did not func-

tion properly, causing the tube to leave the groove and beco.nP. 

brazed haphazardly along approximately 1/2 of its length at the 

post end. Attempts to unbraze the canponents werE" unsuccessful. 

A fix was acccnplished thwt consisted of additional torrh braz-

ing with Sil-Phos (Hardy , Harmon Co.), to provide up to 1/2 the 

previously desired braze/tube/weldment contact area along the 

tube. The absorber va11 originally brazed with BT alloy which 

• elts at 11oo•p" The expectlttion - l~ter confirmed - was th..,t the 

BT alloy would forr. a dam, allowing the Sil-Phos to form a fillet 

auff icient to perform .1.ta thermal -t slt. A thermal analysis 

Cl)nf irmed that the effect of reduce. braze area was minimal, 

considering the overall conductance of the copper ayatan. 
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CN-6-5147 

FIGURE 3-22. Absorber Weldment and Tube, Top View 

CN-6-Sl 46 

FIGURE 3-23. Absorber Weldment and Tube, Bot tan View 
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After brazing, and pressure teating at 750 paig at 

roan temperature, the ab•orber waa ahipped t.o Highland Plating 

Company, Loa Angeles, Calif., for application of the black 

chrane Nlective coating. The experience of other• ha• been 

that the black chrcne proce• s is •anewhat inconsistent although 

very high qu&lity teat pieces had been produced by Highland 

during • preceeding program. Sandia Laboratories provided 

portable Gier-Dunkle equipnent and techni~al support to deter-

mine solar absorptivity and 300-C emittance at Highland, verify-

ing that the process was producing the desired a• O. 92, and 

£ • 0.3. After a few •1earning• type experiments with the 

absorber and the Highland designed anode, the absorber was 

plated and measured a • 0. 97 /0. 98, £ • 0.34/0.39. These results 

were considered excellent, and with the absorber design being 

cavity like, very nearly 100 percent of the impinging solar 

energy will be absorbed. Figure 3-24 shows the absorber as 

plated. The bright spots are copper plugs containing thermo-

couples inserted after plating. Figure 3-25 is a view of the 

thermocouple patch panel, which also shows the melted effect 

of the Sil-Phos brazing fix. The wire ties on the flexible 

hoses are for restraint during shipping. 

3.1.5.3 Effect of Ernergency Defocus on Absorber System 

The cent.er-aupported absorber approach was aelected 

over rim or intermediate aupport to minimize shadowing and 

blocking effects, and to minimize piping runs. That decision 

reaulted in a ring focua, and ultimately the modified cavity-

type abeorber design fabricated. A ayatem requirement is that 

the collector be capable of airviving a utility power lo•• 

during operation, which coul4 atop fluid flow. Analysis in-

dicated that the ao•t efficient approach toward attaining the 

required aurvivability i• to equip the collector with an emer-

gency power aipply to drive the collector away fran the eolar 

line-of-sight when utility power faila. Thi• reault• in a 
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CN-6-5360 

FIGURE 3-24. Absorber After Plating 

C~-6-535i 

FIGUP.E 3-25. Absorber Instrumentation Patch 
Panel 
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gradual blurring of the ring focus as the line-of-aight error 
increases, and displacement of the focus along the absorber cover 
and the center aupport post. (The same effect would be realized 
for any absorber support scheme. The deliberate beam spreading 
caused by ring focusing may lead to a less severe problem than 
more classical point concentrators face). 

At a stage in the program where the detailed mechanical 
designs of all items were available a canputerized ray-trace inves-
tigated the effe,;ts of defocussing on the absorber cover and sup-
port post. The analysis considered actual solar and collector 
dimensions and line-of-sight errors ranging fran O to 20 degrees. 
The errors were presumed to occur along one axis, although in 
fact the emergency defocus system is designed to drive both axes 
away fran aligment. The defocus drive rates requirements are 
specified az to provide a minimum of 4 deg./min LOS error worst 
case. Pigure 3-26 summarizes the solar intensity on affected 
canponents during defocus. 

(U) 

COYll -

PUK CONClNTIATION • eG SUNS 
WMIN ,- OFF-AXIS 

PEAK CONClNTIATION • 296 SUNS 
WHEN ,- OFF-AXIS 

SUPPOIT 
,OST 

CONClNTIATOI 
'lllfflX 

,. 1.0 ,., ,io 11°0 ,Oo io io i ,i, _, .i> Ji> io 1
1
0 

DtSTANCI flOM vunx 111) 

0 

. -- -------------------------
FIGURE 3-26. Pea.It Concentration I,ocation• During Start-

Up or Sl'll tdovn 
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The magnitude of the radiation on location• such as 
the cover 111aa surpri• ingly large, and resulted in 801De equipnent 
redesign. 

The poasible protection schanes for the support post 
and absorber cover consist of at least: 

a) Ablative coati:-.gs and high temperature 
tnsulators. 

b) Reflective coatings. 

c) High temperature insulating systems. 

The first of these could consist of materials 11Uch as 
silicone rubbers or asbestos, to n~e two canmonly available. 
They could be used and re-used if, in the case of silicone rubber, 
a har~ insulating char ia fo1,ned aa does occur with sane RTV' s. 
These were a viable car¥iidate, although they were not selected. 

Reflective coatings were rejected on the basis that 
long term, high reflectance metal systems were not likely to be 
obtained, at least at minimum cost. 

The third option was selected, in the form of wrapping 
the cover and post wi~h a loose fitting stainless steel sleeve 
such as shown on Figure 3-19. The sle.?ves were assumed to have 
high thermal abaorptance, which resulted in analytical tempera-
ture prediction• of 2OOO•F at sane locales. The resultant 
energy transfer is by radiation to the protected members and the 
anbient, convection to the ambient, ar¥i conduction across an air 
gap to the protected members. This intercepting of the intense 
beam and ita subsequent rediatribltion is sufficent to limit 
aupport post and cover temperature rises to 2O0°F and 8JO•F, 

respectively. 
An additional factor was considered in the analysis, 

represented by the intensity levels at 10 degrees off axis and 
beyond. Tbeae intensities could be achieved over a long term, 
for instance when t.he collector i• atowad (vertical optical axia) 
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on a typical summer day. At noon the misalignment would be 12 

deg. of arc, at Albuquerque, and spot motion would be determined 

by the solar rate, an order of magnitude less than the defocus 

rate. Under these conditions the absorber cover is not illumin-

ated, but the protected post, experiencing 76 suns, reaches a 

local temperature of 730°F. 

In this case the problem solutions were easily imple-

mented, and were relatively inexpensive. Future designs should 

consider optilnizillg angular relationships between the defocussed 

radiation and absorber external surfaces to limit the problem. 

Collectors that edge support the absorber could have their drive 

controllers designed to prevent defocussed beam impingment on the 

supports. In canbination with these, the selection of a stow 

position must include consideration of stray radiation effects 

on the absorber supports, particularly if center supports are 

being used. 

3.2 Mount Design and Fabrication 

The concentrator mount shown in Figure 3-27, l-28 and 3-29, 

supports the concentrator and contains the azimuth and elev at ion 

drive systan. The artists concept is shown without the prote,:,-

tive panels at the azimuth mount base. 

3.2.1 Azimuth Aasembly 

The azimuth assembly provides both the supporting struc-

ture and the elevation/azimuth drive system for the concentrator 

assembly. Included is the BUpply and return piping for the 

abaorber, consisting of hard piping, an elevation hose wrap and 

the azimuth hoee wrap. Azi.muth Drive system protective covers 

encloae the baae. 

J.2.1.1 tl4e•tal 
The azimuth pedeatal assembly is a •teel quadraped with 

vertical po•t aipported at it• apex by two bearing•. This po•t 

l• rotated by the azimuth chain drive system, attached to the base 

of thl• post (Figure 3-30). Attached to the top of t.he yoke 
3-sa; 
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FIGURE 3-28. Collector Mount Rear View 
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FIGURE 3-29. Collector Mount Front View 
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aasanbly ia a horizontal shaft supported by two pillow block 

bearings (Figure 3-31). 'l'he elevation hub mount is attached to 

this abaft and the elevation drive is coMectcd between it and 

the azimuth yoke (Figure 3-32). 

The azimuth pedestal assembly is a 2200 lb. structural 

steel veldment canprising of four (4) 6.0 in. sq. x .SO in. wall 

tub.llar legs spaced 49 inches apu-t. They taper toward the cen-

ter as they rise to a height of 85 inches. At the center, a 38 

inch long x 16.50 inch dia. x .SO inch wall tub"! is welded 

vertically with support gussets to the tubllar legs. The tube 

is machined at both ends to accept the azimuth bearings and seals. 

Below the bottom of the tube, plates and brackets are welded to 

the legs to mount the azimuth drive systems sprockets and re-

ducer. Near the basu of the pedestal, 4 gussets are welded to 

thl- legs to mount thu azimuth hose wrap. One leveling bolt 

(l.O inch dia. x 6 ir.ches long) is installed at the foot of eaeh 

leg. After leveling, each leg is welded to the foundation 

plates. 

3.2.1.2 Yoke 

The azimuth yoke asaanbly is a caroon · steel weldment 

weighing 1200 lbs comprised of a vertical tube and a yoke struc-

ture welded to the top of the tube. The vertical tube was fabri-

cated vith two pieces of 13 .38 inch O.D. MT-1026 carbon steel tub-

ing, with th• lower piece having a wall thickness of 1.0 inch to 

allow for aachining the azimuth bearing seat" and seals. A plate 

wiaa welded into the oottom of the tube and machined for mounting 

the chain drive sprocket, the encoc:!er drive shaft and the azimuth 

piping clamps. At the aiddle of the t:ube, a support bracket is 

welded to attach the bottcD of the elevation ball screw drive. 

Two vertical posts, cc:apri..S of box chaMela, are welded to a 

gusseted platfora welded to the top of the tube. Thia is the eleva-

tion uia bearing aount. 

Thi• large wldaent contain• aost of t.he accurate 

• achlning required for t.he reflector aount. The elevation bearing 
3-60 
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FIGURE 3-31. Elevation Drive Shaft Bearings 
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FIGURE 3-32. Elevation Drive System 
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aount.lng airf acea are aachined flat, arthagonal and ccmcentrlc 

to the azJauth bearing ... ta. Thia provide• a flat plane by which 

t:o lwel the adauth pede•t.al •• an aaeembly during inatallat.ion•. 

There were no aignlficant. fatrlcation problana enc011nt.ered in 

welding or aachining thia aaeembly. 

3.2.1.3 Pi.pin; 

The azimuth piping a •• embly ia the aupply and return 

piping vhich ia installed through the center of the yote assembly. 

It interface• with the azmuth hose wrap at. the bot.tan aid the 

elevation flex hoses aid piping at the top. 

It is fabricated of 1.0 IPS blact iron pipe and soetet 

weld elbows. The feed and return pipes are welded together with 

spacers t.o increase its torsional atiffne••• It is t.hen wrapped 

with two inches Carhorundl.B Co., 8 lba/ft.3 ceramic fibre •dura-

blanket• inaulation. Thia a • Hlllbly was pressure tested with 

wt.er to 2000 paig. 

The assembly 1• bolted to the yoke assembly and it ia 

allowed to thermally expand downward O. 6 inch into the hose 11rap 

aaaanbly. As the piping passes through the bot.tea of the yoke 

a rectangular •lip joint ia provided which will torsionally 

mpport the pipes during the rot.ational wr ... pl)'lng of the flex lines 

in the az!aut:h ao• wap. 

Due to aanufacturing tolerance• of the yoke assembly, 

pedestal aa•-bly, and pipe assembly, the pipe ••••bly bracket 

which bolts to the yoke •• cut to fit after the piping •• 

temporarily installed and the inlet/outlet elbows were positioned 

to the proper height for the azimuth hose vrap. Thia did prove 

to be an effective aethad to achieve the end reailt• without. 

!apoaing exua coat for tight to1.erance. There were no aigni-

f lcant probl•• 1n fair lcating or in•talling thia aa•-bly. 
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3.2.1.4 Drive 

The azimuth drive consists of the motor, reducer, chains, 

sprockets and the adjusting plates and supports required to install 

it into the pedestal. 
The Superior Electric Co., ~lo-Syn No. Mll2-FJ25 step-

ping aotor, is attached to the Morse Co. No. SOW-DVBOO reducer 

input • haft with a Morse Co. Debrin No. N41.4 FB coupling and 

supported by a bracket attached to the reducer. This reducer is 

a nonbackdriving type which eliminates the necessity of provid-

ing a brake or stow lock pins. The reducer is mounted on a mov-

able plate to allow for adjusting the chain tension. A 15 tooth, 

1• pitch sprocket is attached to the reducer output shaft. It is 

connected with a single strand 1• pitch, .heavy series Morse co. 

chain to an idler sprocket assembly. The idler sprocket assembly 

consists of a canbinaUon 1• pitch 60 tooth sprocket and a double 

1 1/4• pitch 13 tooth sprocket, mounted on a center shaft supported 

by tvo SIG' Co., SYR series pillow block bearings. The bearings 

are aounted on an adjustable aipport which attaches to the azimuth 

pedestal. A double 1 1/4• pitch heavy series Morse chain is 

attached to a sprocket as&e111bly which is bolted to the bottan of 

the L.-UIUth yoke. 

3.2.1.5 Bose llrap 

The hose wap assembly is located within the base of 

the pedestal assembly. It provides the flexible feed and return 

plumbing to acccmaodate the collector azimuth rotation. The 

housing ia ineulated to Hait heat lo••• 

The aa ... bly consists of a split stainless ateeel plat-

fona, tw aplit circular aluaimm plate•, tvo flexible metal 

hoae• , a four eecUon insilated outer housing, ri9id 1 inch 
piping and val•••• and a circular •Transite• cap. The aesanbly 

1• fabricate! in MCtion• to allow for installation within the 

pedestal lega am to allow acce•• to the flaible boHa for aain-

tenance. 
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The site piping interface is a 1 inch male 37• JIC 
flared fitting, Parker sannifin co. No. 16-rrx-s. Adjacent to 
the interfa~e joint, a Vogt cu. No. 12121, 1 inch globe valve 
l• installed in the feed and return piping. On the return line, 
prior to the globe valve, a Teledyne-Farria, No. HTF-2745T aafaty 
relief valve i• installed. The pressure setting is 110 psig and 
lt vent• through a female 1/2 inch NP'1' hole. 

The two Anaconda Co. 1. 0 inch type BWL-21-1 braided 
atainleas steel flex lines attach to the right angle male 37° 
JIC flared fitting of the azim11 th piping, which protrudes down 
into thenose wrap aasanbly. 

3.2.2 alevation A• sanbly 
The elevation asseatbly consists of the elevation hub mount, 

the elevation drive, and other subsidiary hardware. 

3.2.2.l Bub Mount 
The elevation hlb mount 1• the steel weldnient whose 

function la to provide the etructure for the elev-ttion axis rota-
tion. The 3.S0 inch elevation axle ehaft paaaee through and i• 
pinned to the center horizontal tube. A 34~375 dia. flat plate 
with dowel pine and bolt holes i• provided to attach the reflec-

tor a•-bly. 

3.2.2.2 Dri•e 
The elevation drive consists of a Duff-Norton Co. ball 

8Cre¥ jack, lledel 2801 ao41fied, Yith clevlse•, and Torrington 
Co., 110. 8SF14 spherical bear i.ng attached to the top of the acrew 
and the bottca of the 8CZ'ev housing. '1'be bearing• allow for minor 
ai• -allgraent during the 90 degree elevation. The jack inpit 
abaft l • connecte4 to a Nor• co., 110. lllf-1', 25-1 worm drive 
reducer with a l!lorN co. Delrinq Ro. • 4161'8 chain coupling. '1'he 
reducer lnput abaft l• connected to the superior Electric co., 
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Slo-Syn 110. Nll2-FJ'25 stepping motor with a Mor•e co., Delrin No. 

11414FB chain coupling. The reducer and motor i • attached to a 

platform bolted to the jack ba•e. '!'he reducer is a non-back 

drive unit which eliainate• the need for a brake or • tow lock pins. 

3.2.3 Elevation Bose llrap 

The elevation hose wrap consist• of a 1.0 inch dia. 

stainless steel braded Anaconda co. flex metal hose with 37° JIC 

flared ends, 5 1 11• long. The hose was spiral wrapped 1.0 inch 

thick with Carborundum Co. 8 lb/ft3 ceramic •ourablanket• insula-

tion and jacketed with a white vinal spiral hose. As the reflec-

tor is rotated fran o• horizontal to 90° vertical, the flex line 

loop rises and wraps on a 90 degree curved support plate. A 

separate loop is provided on each aide of the assembly for the 

feed and return piping. The piping is attached to the absorber 

port piping through 2' 9• long 1. O inch dia • tainless steel braded 

Anaconda Co., flex hoses with 37• JIC flared ends. These flex 

line• allow for thermal expansion of and accessibility to connect 

the piping et site installation. Micro-Switch type LSA limit 

switches are provided t.o prevent o• to 90° rotational overtravel 

cau• ing the bolting of the Duff-Norton ball screw 1ack. Mechani-

cal stops are provided in the even to switch failure. 

3.3 Nount Aaaably 

3.3.l AsMlllbly Yoke and Pede• tal 

a) The upper bearing seal, Chicago Rawhide Co. 

110. 1325540 va• slipped onto the aziauth 

yoke and w shed to the top of the machined 

allrface. 

b) The upper TinJcJ.n Co. bearing cone, Ro. 

LL758744 •• prealled 011 the yob. 

J-1, 
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c) The upper bearing cap, Ro. LL758715 wa• pre• Nd 

into the top of the pedestal. 

d) The yoke was lowered down into the pedestal 

and the lower bearing and seal were installed, 

after packing the bearing with MOCO •h• 

industrial grease. 

e) The tapered bearing retainer (lower) was 

positioned and the 70 tooth chain drive 

eprocltet assembly weldment was bolted to the 

yoke and the three • 750 inch dia. torsional 

ahear pins were installed. 

f) The upper bearing was repacked with •h• 

!Jdu• trial grease and the seal pressed down into 

place. 

9) The bearing • were preloaded by tightening 

the tapered ring bolt• and the • tarting torque 

va• measured to determine proper fit. 

3.3.2 Installation of the Azimuth Drive System 

a) The .Idler, 13 tooth idler eprocket was aligned 

to the 70 tooth yoke aprocket and the l 1/4• 

pitch chain was installed •. 

b) The reducer •• mounted and welded to it• 
adju • table plate after it.a sprocket was aligned 

to the 60 tooth idler aprocket. The 1• 

pitch chain wa• installed. 

c) The 1 1/4• aid 1 • pit.ch chain• were freloaded 

to 1650 lb• and •15 lb• respectively. 

3.3.3 As.uauth Piping 

The asf.11uth piping assembly wa• installed and insulation 

va• addet where lt protru4e• through t.he bottml of the yoke. 

,_,, 
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Elevation A• Nlllbly 

a) The elevation bib mount with the 3.50 inch dia. 

shaft installedr •• fitted to the Tarrington 
PSAF-22518A pi_llow block bearing and then aligned 
and bolted to the top of the yoke. 

b) The elevation ball screw was assembled and the 
elevation h.lb mount was rotated 90 degrees, 
after insuring proper aligment the bolted 
clevi• bracket on the hub mount was welded. 

c) The piping and brackets of the elevatiori. support 
and drive were installed and the elevatio~ hose 
wrap waa installed. 

d) The azimuth and elevation limit swj.tches were 

installed. 

3.3.5 Covers 

The covers were installed. 
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4.0 Collector Controls Investigations 

4.1 Background 

Jl&ytheon de• igned and con• tructed a point concentration 

collector for in• tallati.on in the Solar Collector Test Facility 

(SCT,) at Sandia Alb~erque. 

The SCTP would supply circulating heat transfer fluid, 

data acquisition, collector foundation, and a HP 2116 computer 

programmed per Rayt.he?n requirements to control the collector. 

Raytheon'• responsibilities included control • ystem and inter-

face definition and collector foundation design. A block 

diagram of the contracted ay• tem is • hown in Pigure 4-1. 

During the course o! the program it became obvious that 

the scheduled installation of the collector at the SCTF would 

conflict with other test activities, and that relatively high 

energy spots could • trike a nearby building should a large 

collector pointing error occur during teat. The solution to 

Uleae problem• was to relocate the collector to a designated 

Induatrial Re• earch Area, to the North of Ule SCTP. However, 

this location ha• no provision for collector control, data 

acquisition, or fluid circulation. 

A previoualy planned study activity into three collector_ 

field contt'Ol and instrumentation requirement• was then 

coupled with single collector • illlilar activitie• to define 

the•e parameter• for eacu system,•• reported in this •ection. 

c.2 Approach 

The reloe&tion to the Raytheon Industrial Reaearch Area, 

l'i9ure 4-2, placed the collector in the region deai9nated for 
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PIGURE c-1. Solar Collector Teat Pacility Block Diagram 

Raytheon' • u• e during a following program in vJiich an entire 
collector • yb•yatem would be constructed and tested. The 
full •ubsy• tem ha• been de• cribed briefly elaewhere •• a 
three or four collector field with computer control, Local 
Control Panel, Pluid Circulating Loop and Data Acqui• ition 
Syat•• The approach taken in thia • tudy va'l to determine 
requirement• for tbeae equipment• and hopefully build-in 
capability in the • ingle collector version thereof, to 
ainiaiae recSeaign when additional collectors are installed. 
!'bu•, for ezmaple, coaputer requirement• are for up to four 
oollectora, and the Local Control Panel has a •elect •witch to 
diaplay data frca •haft encocler• frca four collector•, rather 
than jut the one aet beiDt in• talled nov. 

• 
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The Syatem Block Diagram i • ahuwn in Figure 4-3. The 
following aectiona describe the approach taken in each ct the 
major equipnent areas. 

4.2.1 Local Control Panel 

The t-ocal Control Panel (Figure 4-4) ia composed of six 
aectiona; Encoder Display and Power Supply section; Collector 
Control and Monitor section; Azimuth Indexer section: Elevation 
In~exer section; Fluid Control and Monitor section; Low Level 
Analog to Digital Data Acquisition section. 

These six section• are incorporated into a standard rack, 
with a fan aecti~n which supplies cooling air to the individual 
unit•• 

4.2.1.l Encoder Display 

The Encoder Daiplay aectiou contains two digital 
indicators which display Azimuth and Elevation positions to 
0.01 degrees, the conversion electronics to convert the 
binary Encoder signals for display, the line receives necessary 
to acc0DUDOda.te the length of cable between the Encoders and the 
display unit, the output buffer amplifiers which interface with 
the CO'llputer. 

4.2.1.2 Collector Control and Monitoring Section 
The Collector Control and monitor~ng panel (Figure 

4-5) contains the switches and indicators which are n~cessary 
to transfer control of the collector mount between the col!lputer 
and t.he manual IIOde of the Azimuth and Elevation Indexers to 
control ac power to the ayatem, and to provide an emergency 
atow capability. In addition, the panel has the capacity to 
5Vitch the encoder display to any of four incoming encoder 
ai9nal•, •hould tbia be necessary in the future. 
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4.2.1.3 Fluid Control and Monitoring Section 

'l'he Fluid Control and monitoring section (Figure 4-6) 

contains the svitches and indicators necessary to monitor and 

control the functioning of the Fluid Loop. (See Section 5). 

Absorber temperature and fluid outlet temperature are 

displayed on digital indicators, with the Absorber temperature 

section having the capability of being expanded to four 

collectors. 

Reservoir temperature is indicated and controlled by 

the Reservoir Temperature Controller. Switches are incorporated 

to allow the proportionally controlled application of heat to 

the reservoir, and to manually or automatically control the 

heat exchanger action. An indicator denotes power being 

applied to the heat exchanger solenoid. 

Pump outlet pressure is indicated on a digital indi-

cator, and high and low pressure indicator lights are controlled 

by this aodule. 'l'hese pressure lights have adjustable set 

poinU. 

Position of the system diverter valve, which will 

indicate whether flow is internal to the field, or is being 

delivered to the Sandia reservoirs, is shown by a split 

indicator on this panel. 

System flow, in gallons per minute, is displayed on a 

digital indicator. An Automatic/Manual switch allows transfer 

of fluid loop control between the COlllputer, and a manually 

adjustable pump • peed control which is located on the panel. 

4.2.1.4 Azimuth and Elevation Indexer Sections 

1'he Aziauth and Elevation Indexer • ection• (Figure 

t-7) control the pulaes to the stepping a:>tor drivera. Number 

of pul• e• to be driven 1• input into the Indexer• by the 

coaputer ln Autcaatlc aode or by front panel rotary switches 
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in aanual aode. Selection of -.de is accompli•hed. by• front 

panel evitch. 

Proper acceleration and deceleration of the .:>tor• 

i • provided in t:be indexer which functions as a pul•e generator. 

Due t.o the output requirement.a of minimal impedance in the 

.:>tor cont1ol line•, the output drive lines are not utilized 

to directly drive the aotora, but are routed to buffer ampli-

fier drivers located in the Pad Site Rack. 

During eaergency •~ow conditions, the indexers are 

programed into a free running mode, utilizing the •Jog• 

coma.nd.a, to drive the collectcr to the limit switch positions. 

The •Jog• comm.ands can also be addressed from front panel 

avitchea to a.a.nu.ally position the collector for aaintenance 

or teat purpose• • 
4.2.1.5 Data Acquisition Section 

The Data Acquisition nction consist& of a low level 

analog • ignal to coded digital signal module, which has the 

capability of accepting linear or thermocouple signals trans-

aitted over long lengths of wire, and generating digital output 

signal• of 0.1 degree Fahrenheit resolution. 

Cold juncUon coepenaation of the thermocouple signals 

ia accoapliahed by gene.rating a signal equivalent to the temper-

ature of the tendnal point of the therrocouple wires, and 

outputting t.hia • ilJD&l to the coaputer where the COlllpen&ation 

i • handled in .oftware aar.ipulation. 

•.2.1., aact -
Tbe LOc&l Control Panel couista of a standard 19 in. 

raclt 18.62 in. •ud.,. in height, composed of the following 

bardvan1 

1) St•ndarcl lt 1D. Allco frw 
2) 'l'hree • t&f'IClarc! p&Jlel two aide•, oae rear 
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3) Louvered top panel 
4) Blower aaaellbly 
5) Pour leveler• 

,... 
·~-·~ ' 

,~::fill ~·· 

•·· ··_ "'·· .. :'l..r 

The LCP will he fitted with a blower aaaeably located 
at the bottoa of tbe rack to circulate rooa air upward through 
the equipment and exhaust out the louvered top panel. 

4.2.2 Computer Sy• tea 

The System block diagraa, shown earlier, ahowa the rela-
tionship of the principal aubaystema oft.he Solar Collector 
Sy• tE:lll. 'l'he computer • yat.ea• interface i • wit.h the Manual 
operating panel. The syatem should be configured such that 
the Solar Collector Subsystem, the Pluid Circulating Subsystem 
and the aystem sensor readings can be operated manually indepen-
dent of the computer system. Thia provides the capability 
to perfona checkout of t.,ese subsystems before the computer 
i • operational. The control panel is contiguous wit.h the 
computer system which is remote from the collector subsystem. 
The inatrument.ation oft.he control panel is remotely program-
ll&ble by the 001truter; and when placed in the computer control 
a:>de will be used for data converaion an4 n>unt control: , . 

The syatea -y be placed in the computer control aocte or 
aanual IIOde at the control panel. In the computer ao4e the 
interface with the operator will be Yia the CRT Terainal. 
The operation of the •yat.ea 1n the coaaput.er a:>4e ia controlled 
by 80ftvare functionally 4eacribe4 herein. 

4.2.2.1 Solar Collector COlllputer Hardware 

2t 1• propose4 that the automatic control, instrument 
aonitorin9 ancl data recording of the Solar Collector Syatea be 
iapleaented by a Sol&r O,llector Computer (SCC) who•• oonfi9-
aration la basec! apon the IIPl000 Noc!el 31 and other D ,, .. 
acceaaoriea aa llbowD ill l'igure t-1. · •,Y 
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The Solar Collector Computer has three principal 

hardware part• : 
1) The base configuration of HP2170A together 

with accessory peripherals 

2) T~e interface to the Sandia facility (HP2100S) 

3) The interfaces to the controllers and instrumentation 
of the Solar Collector System. 

4.2.2.1.1 The Base Computer and Peripherals 

The base HP2170A Computer System consists of: 

1) A Central Computer, the HP2ll3A with 128 base 
aet instructions, 14 I/0 channels, space for 
10 memory modules, and ROM loaders for the 
disc and punched tape reader (in our case used 
only for BP maintenance). The 2170A peripherals 
and the accessory peripherals use 7 of the I/0 

channels, leaving 7 for the configuration of 
the Syate111 Interfaces, of which 3 are allocated 
leaving 4 spares for contingency. The 2113A also 

includeaa 
a) Memory Controller and 32X words of Semicon-

ductor memory (2102B in two modules) 
b) Dual-Channel Port Controll~r (128978) 
c) Memory Protect (128928) 
d) Power Fail Recovery System (12991A) 
e) CR~ Terminal Loader ROM (12992C) 
f) Time Base Generator (12539C) 
9) Firmware Acc~saory Board (13304A) 

2) Faat-accea• Program and Data Storage for the RTE-
11 software operating • yatem via a 4.9 N byte. 
cartridge di• c subsystem (12960A). Thi• di•c, 
and a• a result the RP2170A configuration, was 
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•elected for its compatability with the Sandi• 

HP2100S Computer Facility. 

3) A System Console, which consists of CRT Display 

• tation, a keyboard and dual Mini-Cartridge tape 

transports (HP264SA). The Display has a screen size 

of 5 x 10 in., a capacity of 24 lines of 80 columns, 

and a set of 128 upper/lower case Roman characters. 

The Keyboard provides the full set of ASCII character 

keys, 8 special function keys, a 10 key numeric pad 

and 18 additional control and editing keys. The eystem 

console terminal also contains two Mini-cartridge 

tape transports with a read/write speed of 10 ips, 

search/rewind of 60 ips and a total storage capacity 

of llOK bytes/cartridge. 

Two additional peripherals have been added to the base 

HP2170A. These are as follows: 

1) Hard copy, via a 240LPM Thermal Printer (12996A), to 

facilitate programming and report generation. 

2) Bulk storage, via a Magnetic Tape Subsystem (HP12970A) 

to facilitate the transfer of programs developed on 

other computers. 

4.2.2.1.2 The Sandia 2100S Interface 

The sec configuration includes part of the Hewl~tt 

Packard network central communications packag~ which supports 

program-to-program communication between RTE-II b~sed HPlOOO 

or _21MX Computer Systems. Both systems, the Sandia H~2100S 

facility and the HP2170A, must be equipped with the 91700A 

Network Central Communications Package. 

4.2.2.1.3 Loc~l Control Panel Interface 

All computer interfaces to the Solar Collector System 

are via the Local Control Panel. This configuration is bas9d 
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upon the requirement that this first solar collector have 
100 percent manual control and direct readout of all • y• tem 
parameter•• The computer, when ao directed, become• simply an 
overriding real time controller and data logger. 

The • y• tem has been configured so that all interfaces 
between the Solar Collector Computer and the Local Control 
Panel may be implemented via standard Hewlett Packard instru-
mentation techniques. Figure 4-8 shows the components used 
for the HP Computer Interface. A more detailed description 
of the interface parameters in the sec interface is shown in 
Table 4-1. 

All collector control and sensor data interfacing is 
through the Control Panel. 'l'he interface to the panel consists 
of the items listed below. 

Input• 
1) Shaft Encoder (2) 

Two shaft encoders (Az and El) are input to the 
computer, each of which ic Negative 2's comple-
ment 15 bits 

2) Discrete• 
Twenty-four bits of discrete switch closure data 
and input to the computer. Change of any of these 
diacretes cuases a computer interrupt to be 
generated. 

- 4 bit• , di• h travel limit switches (two, each 
axes) 

- 1 bit, fluid diverter valve position 

- 19 bita, control panel switches and others to 
be determined 

3) bye Instrument Sensor Scanner 

A aenaor scanner i • connected to the computer by 
way of a ftY interface. It provide• for the A/D 
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TABLE 4-1 
SCC INTERPACE 

Solar Collector Compwter 

91 Z06A Dt1lt.al-to•A--lo1 
Carrent Con,rertel' (69l70At 
lnpat IZ blt dl1ltal, O.tpat 
0 to Z0.475 mA at up to 10,5 V. 
Requlree: 91 llV. Volt••• 
Replator 

4-9lZ01A Di1ltal Outpt Carda 
Option 001 prmdee ,oeltln 
tl'ae TTL 
Data Output: l Z blte 
CTR L: Gate Output, Flq lnpat 

3-CJIZ0ZA Direct Di1ltal lnpat 
Carda, with ne1ati,re-true TTL 
Data Japut: IZ bite 
CTRL: Gate Outpot, Fla• lapat 

Z-91Z0ZA Aa above acept 
Option 00Z proridee 
poaitive-trae TTL 

91Z04A Relay Output Card 
Capacity: 12 normally open 
contact pair• • 
Ratina•: 100 V, 1,0 A, ZIJ W 

B Life: IO operatloae 

Z-1HZ05A Event Seaee 
Interrupt Card•, 
Capacity: IZ bit• 
Data lnpat: latearated l0m1 
"I" State: Contact open > I rn!J 
"O'' State: Contact cloeed -~ I 0011 
Interrupt •tale blt •electable 

l-lZ9frRA Curr.nt 1.oop lnterf•c• 
EIA compatibie, character mode 

u ... 

_48 
DATA 

8 
CTRL 

)6 
DATA 

" CTRL 

24 
DATA 

CTR(. 

u 

,, 

M•-•I Coatrol Panel 

Pllmp t;peed Control: 4-Z0 mA Input 
req11lremellt 0-16 mA to be added to 4 mA 

17 ~4mA L.-0-16 + + Pump Motor Cr.TS 

.~.... M al 4-Z.0 n1A 

Indexer Cornmaada 
Two axle each requlrln• 
Step count ,. (5 BCD), Z0 llau 
Cmda: Direction, Index, Reaet • J llMe 
CTRL: Strobe, Bu•y. Levele • TTL 

Shaft Encoden (Az and El) 
Two ule each reqalria1 
Poaltlon Data• 15 (blta) llnee 
CTR L: Hold l llne 
Levela ,. Neaatlve TTL 
Spare• Llae~· 6 data, Z CTR L 

Panp Flow ,ria OUM output 
Precleloa: l l / Z Ditlta • 14 llan 
CTRL: Hold • 1 llae, J..e,rele ,. TTL 
Spare Linea: 10 data, Z CTRL 

Dhcrete Control Action• 
• Dhh Selection : 4 line• 
• ladexer Aatomatic ., l llne 
• Jadlcator ll1hta • aparee • 7 llaee 
Life at 1/• operatloa• >5 yeara 

Dt• crete Interrupt Swltche• 
• Diah Limit Switchea • 4 llaee 
• Indexer Stahl• • 4 line• 
• DlverteT Value " l ltne 
• Dhcrete Control Switch••<. l~ 
Note: Monitor Switchea without 
lnterrupt via 1pare• o( Item (l) _________ .., 
Low Level Sen•or• read via 
Kay• lnatrumenh AID Sea-er 
lnter(ac•• Tia ElA Current Loop 

_ l l Z4 ladivldaally addreuable chaaael1 I 
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conver• ion and reading of 24 sensors. The • en• or• 
are 

- 10 Tl-pe J Thermt1c'>uples from the Absorber 

6 Type T Thermocouples fluid temperature 

- 8 • pare channels, type T 

Flow Sensor 

A DVM is connected to the co11~:,uter to provide 
diqital (BCD) measurement of the output flow rate 
of the Fluid system. 

Output• 
1) Fluid Pump Control 

The computer system outputs a 4 to 20 mA signal 
for control of the pump speed for the Fluid 
Circulation Syatem. 

2) Indexers (2) 

Two Stepping Motor Indexers are controlled by the 
computer. One for Azimuth and one for Elevation 
of the Collector Dish. Each will generate the 
commanded nwnber of steps in BCD Format for 
incremental stepping motor control. these are 
programmed either manually or with the computer. 

3) Diacretes 

The COdlputer system provides tne output of 12 
di• crete relay contacts. These are used as the 
following: 

4 select individual mounts for connection to 
the Indexer ~usaes (2) 

- 8 for light• on the control panel 

4) bye In• trumenta Sen~or Scanner Programming 

Sen• or • election may be programmed either 
111&nually or automatically from the computer. 
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4.2.2.2 Software Functional Description 

The Software ia divided by tasks running under R'l'E-II 

Real Time Executive. The tasks are: 

1) Collector Mount Control 
2) Designate Generation 
3) Pluid Loop Control 
4) Data Acquiaitio1, and Recording 

5) Sensor data atatua Monitoring 

6) Operator Interaction 

The tasks are scheduled on a real time and priority 

basis. Sensor input, control calculation and control output• 

are performed on a nominal l • frame rate. 

4.2.2.2.1 Cc1lector Mount Control Task 

Two Indexer• on the control panel provide 

stepping pulse• to stepping motor• on the AZ and EL axis of 

the mounts for movement of the dishes. Each mount is selectable 

by the computer providing for individual control or ganged 

control. The Indexers can be operatsd from their front panel 

or remotely by the computer•• Four Limit •witches (two on 

each axis) are read to the computer for sensing travel limit•• 

The processing of this task depends on the mode which ia 

•elected by the operator. 

l) Mount Mode Logic 

The operator from the Terminal lteyboard 

ahall be able to select c.he following mount 

aodea for one or more aounta. 

a) Initialize Mount Mode 
The lnitialb:e Mode will cause tl,e 

9l'OCJT&a to initialise the position that 

it keep• for the aount to either operator 

•-1, 
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input AZ and EL positions to the Limit 
• witch positions, or to the shaft encoder 
read outs. 

b) STOW Mount Mode 
The Stow Mount Mode will cause the program 
to move ti1e mount (s) to its predetermined 
atow position. 

c) £LEW Mount Mode 
The Slew Mount Mode will cause the program 
to move the mount in the direction and axis 
requested. 

d) Position Mount Mode 
The Position Mount Mode will cause the program 
to move the mount to th~ operator entered 
position. 

e) Designate Mount Mode 
The Designate Mount Mode will cause the 
program to move the mount to the position 
generated by the designate task. This is the 
mode for open loop tracking of the sun. 

f) STOP Mount Mode 
The Stop Mount Mode will cause the program 
to stop moving the mount until one of the 
above modes is reentered by the operator. 

2) Mount Misalignment Correction 

The program will correct the requested mount 
position for mount misalignment. 

3) Indexer (s) Increment ...eneration 

The J10unt movement ahall be perfor1!led by aending 
to the Indexer(•> the delta number of step• 

c-20 
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between the mount• po• ition and the reque•ted 

po• ition. The delta is limited to the nuaber of 

ateps that can be generated before the next up 

date period. The mount position is then updated 

by the number of steps sent the indexer. The 

program • hall control each mount individually 

by the time multiplexing the Indexer (s) between 

mounts. 
The number of steps per degree for AZ is 9440. 

The movement in Elevation requires a coordinate 

transformation to calculate the number of steps 

per degree. 

4) Indexer Conimand Generation 

The progr&Dl will convert the number of steps to 

BCD for output to the indexer along with appropriate 

indexer control ,nd mount selection discretes. 

The data will be output on a periodic frame basis. 

4.2.2.2.2 Designate Generation Task 

The program generates designate pointing angles 

for aolar tracking from ephermeri• data as a function of 

initialization d.ata and real time. The operator has the 

capability to override real time to determine look angles for 

any particular time of day. The time to move the collector 

fr011 the pre• ent position to the desiqnate position is alway• 

calculated and displayed for planning purposes. 

4.2.2.2.l Pluid Loop Control Ta• k 

The Fluid Loop control hardware consists of a 

D/A current 9enerator for pwap apeed control and temperature 

aenaora (thermocouples) for feedback. 

4-21 
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The operator should be able to select the 

following modes for control of the Fluid Circulation System. 

1) Fluid Circulator Manual Mode 
In this mode the operator can enter the 
percent of full purnp speed that he may 
desire and the program will generate 
the appropriate control output to the 
pump. 

2) Fluid Circulator Auto Mode 
In the auto mode the program controls 
the temperature range of the fluid by 
controlling the speed of the circulator 

pump. Parameters of the thermal control 
equation will be alterable by the operator. 

4.2.2.2.4 Data Acquisition and Recording Task 

The program performs data acquisition for control 

calculation, display and post processing and analysis. The 

aenaor data defined earlier is collected at al s rate and where 

appropriate converted to engineering units. Inputs from the 

Sandia 2100S are acquired using a •Mail Box• technique. The 

2100S loads up to 10 parameters (in engineering units) into 

the 2131A llel!IOry. All acquired parameters are part of the 

prograJU data base, updated at the frame rate. 

At the operators cOD111and the program writes 

data records to the Nag tape. The data contains the time of 

day and up to 100 parameters from the programs data base. The 

data recording rate is operator selectable fr~ every frame 

to every n frames. 

4.2.2.2.5 Sensor Data Status Monitoring Task 

The program provides out of limit checking of 

Hnaor data. The apper and lower U.aits will be JaOdifiable 
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by the operator. When a parameter ia out of limit it 1• 
displayed on the CRT. 

4.2.2.2.6 Operator Interaction Taak 

The program generates an operator display of 

operational parameters on the CRT. In addition, • elected 

discrete parameter• can be outputted to the Local Control Panel 

for indicator light•• The operator is able to display and change 

all parameters in the programs data base. Up to 19 control 

discrete cOIIIIDllnds to the program from the Local Control Panel 

are provided. All other operate inputs are by the CRT terminal 

keyboard. 

4.2.3 Pad Site Rack 

The Pad Site Rack, Figure 4-9, located in the proxi.JDity 

of the collector i • composed of five sections; Azimuth Tran•-

lator • ection; Elevation Translator •ection; Encoder Power Supply 

aectlon; Inverter •ection; Battery section. 

4.2.3.l Azimuth and Elevation Translators 

The Azimuth and Elevation Translators accept 

the pul• e input fr0111 the Aziauth and Elevation Indexer• located 

in the Local Control Panel, and generate aignala of the correct 

voltage current, and phasing to drive the Azimuth and Elevation 

Stepping Motor• in the preecribed manner. The translator au• t 

be located near the atepper-aotor•, as they require a aaxiaum 

of 50 an line re• iatance. 

4.2.3.2 Encoder Power Supply Section 

The Encoder Power Supply • ection contain• the 

power • uppliea, electronic• and line d.rivera necessary to 

tranmait encoder lnforaation to the receiver• in the Encoder 

Mction of the local Control Panel. These line driver• and 

receiver• and t.be rellOte power aupply were neceasitat.ec! by 

4-23 
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BLOWER (2 REQUIRED) 
EXHAUST AIR HOOD (2 REQUIRED) 

---ENCODER P. S. CONTROL PANEL 

NEMA 12 ENCLOSURE, 
REWORKED FOR 
WEATHERTIGHTNESS 

12V BATTERY 
(6 REQUIRED) 

STRIP HEATERS 

rIGOU 4-9. Pad ~ite Ract 
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the increase in diata.nce between the Local Control Panel and t.he 

encoder•. 

4.2.3.3 Inverter Section 

The inverter aection accepts the utility AC input, and 

convert• it into DC to charge the emergency battery pack, and 

regulated AC to power the Azbnuth and Elevation translator modules. 

t.ogi,: and switches internal to the inverter control the input 

source betlteen the utility AC input and the Battery DC input to 

provide atfficient capacity and reaction tbne to drive the col-

lector eystem to stow upon loss of utility AC power. 

A contact closure is generated in the inverter and 

routed to the canputer and local control panel, when the inverter 

switches to the emergency battery power. 

4.2.3.4 Battery Pack 

The Battery Pack section consis,:.s of six 12V batteries 

which have sufficient capability to power the collector drive 

system. for upwards of 30 min., tbls providing the power for 

111ergency stow procedures on loss of AC power. 

4.2.3.5 

The Pad Site Rack is a prefabricated encloaure with a 

hinged door for access. The encloaure will be ND4A4 rated (weather-

proof). The Enclosure Assanbly will contain the following hard-

ware: 

•> 
b) 

cl 

d) 

•> 
f) 

Internal mounting racks, 

Inlet air beater, 

Inlet air dust filter, 

Ploor st.and leg • , 

ho blower a • Nllbliea, 

ho abautrt hood asN111blie• • 
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4.2.3.6 Interconnections 

I 
I 

Figure 4-10 diagrams the interconnections between the I 
equipnenta. Table 4-2 indicates the functions carried in each 
cable group. 

Cable 

I 

2 

3 

4 

5 

TABLE 4-2 

CONTROL SYSTEM INTERCONNECTING CABLE 

-
Routing Functions 

HP ZlOO S to HP 2113 Environmental Data 
(1/0 _Modulea) Other Data 

HP 2113 to LCP lndexe r Control 
Shaft Encoder Data 
Parameter Data 
Discrete Signal& 
Spares 

LCP to Bldg 833 Translator Control 
Terminal Board Encoder Data 

Limit Switch Signals 
Bldg 833 T. B. to Parameter Data. 
Field T. B. Hexter, Pump Control 

• Spares' 

Field T. B. to PSR Translator Control 
Encoder Data 
Limit Switch Signal• 
Prime Power 
Parameter Data 
Spares 

PSR to Collector Encc,der Data 
Encoder Power 
Motor Power 
Limit Switch Data 
Temperature Data 
Spares 

•-2, 
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5.0 Fluid Circulating loop 

Raytheon' • task for the PCL was to determine key system 

requirement• and to INr,port Sardia' • design aid fabrication of 

+-.be FCL. A hydraulic schematic of a full field systems as cur-

rently envisioned is shown on Figure 5-1. ~ey FCL functions and 

parameter set points are controllable fran the LCP am the can-

puter. Ynterface data is assumed applicable to a junction box 

in Building 833. 

5.1 Operation 

supply fluid is taken fran Sandia at the field edge with a 

tanperature between 463 and 486•F depending on the season. The 

fluid pump then delivers fluid to the collector(•), controlling 

the tanperature of the return fluid back to Sandia at 592 ±5°F. 

Thia system must be adaptable to test operation with the single 

prototype collector and autanatic multiple operation with collec-

t.or• for later phases. In order· to provide this flexibility 

reservoir contains both electric heating elements and a cooling 

water heat exchange similar t.o the SCTF loops. 'l'herminol 66 i • 

pumped fran the Sandia storage tank by use ox: a fixed speed pump 

actuated through a level sensor in the reservoir. The capacity 

of the reservoir will be sufficient to accept 120 L (31.7 gal) 

of fluid at ambient temperature during startup and to stabilize 

fluid tcperature during other transient conditions. 

The primary controller is a variable apeed pump which delivers 

T~inol frCID the reservoir t.o the collector (field) with a 

flovrate bet.ween 0.5 to 15 gal/min that is proportional to the net 

energy collected. Abeorber and fluid temperature •enaor• at the 

inlet and outlet of the field (collector) provide • ignals fran 

which the CClllp.lter calculates the energy collected, and aubsequent 
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re~ired pump apeed. Manual •peed control will alao be avail-

able a • desired at the local contrc,1 panel. 

A diverter-type valve allows return flow-to Sandia only 

when the Therminol temperature is within specification (592 tS•F). 

Otherwi•e, the fluid is diverted back to the- re•ervoir. Flow 

would continue in this closed loop until either sufficient energy 

i • absorbed to bring the tanperature up to specification, or 

energy is rejected through the heat exchange reducing the f luic! 

temperature. Eventual operation will require the use of an addi-

tional diverter valve to divert fluid around the reservoir back 

to the ccllector field. This would be necessary during certain 

periods ef low in• olation when the return fluid temper3ture is 

below specification. Otherwise the closed loop ope~ation c..iuld 

result in an excessive reservoir temperature and hence system 

over-temperature should the full insolation return. These valves 

will be controlled by temperature controllers with setpoint• at 

the desired return and reservoir fluid temperatures respectively. 

Operation of the electric heater am the heat exchanger in the 

reservoir is through a temperature controller, when selected. 

Both can also be act!vated manually at th2 local control panel. 

In order to assist in manual operation as well as to provide sys-

tem monitoring, the local control panel will include remote dis-

play of the reservoir temperature, pump discharge pressure, fluid 

flow.rate through the collect.or (s), fluid tanperatures returned 

frcm the collector(•), collector absorber temperature (s), ard the 

eta tu a of the heat exchanger, high/low pressure, ard the diverter 

valve pcsition. 

The system will have a pump bypass valve for c?ld • tart-up 

when the therminol in the system is very viscous, causing greater 

than normal pump diac;harge pressure. Mixing of hot lllake-up flow 

frcm the reservoir will increase a • the fluid in the •y•t• i • 

heated (viacoua heating) until the diacharge pressure drops below 

the valve Mt point. A •afety relief valve vented back to the 
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reservoir will provide protection fran over-pressure at any tiJne. 
A nitrogen blanket of approximately 10 psig is provided at the 
reservoir to minimize oxidation of the hot therminol. 

The transient characteristics of the system at an ambient 
temperature of approximately 20°F are such that the absorber need 
not be defocused during startup with the insolation associated 
with a normal sunrise. 

The requirements for a single collector test system i& shown 
on Figure 5-2. 

- :.AIJOIA I ltAYllll(.)ll --
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sv~TlM -l POINT c m 1u vAL\ll 

NOJl~: I 
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i. HUID ILOW: 1!, 9P" MAX POINT II 

3. Plt~~l•t 010,: SO II,-;/ At 1:, CJr1"' 
AUD '.,60°1 INllt, MlA'..llfllD fll()M 
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PIGURE S-2. Fluid Circulating System Block Diagram, Require-
Ment• s-• 

UNCLASSIFIED 

j 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

.... 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

,) I 
, ./~r I 
,2 'i 
i ~.t 
..f;'~ ., 3--• 

UNCLASSIFIED 

Appendix A 

Person,wl 5afety Conslderaflona 

In order to determine the potential hazard to personnel 

during non-operating modes, an optical analysis was performed 

to determine the solar images that vould result from the sun at 

a 45 degree azimuth and 30 degree elevation orientation relative 

to a zero elevation position of the m011nt. 'l'he equations for 

solar reflection and spot size are derived in Appendix c. 

The direction cosine 0£ the incident rays are: 

a1 • - COB E COB 6.Az • -.61237 

bl• - sin E • -.50000 

c1 • sin AAz • .61237 

The direction cosines of the normal to the center of the 

mirror• are 

where 

•n • co• '1 
1 

b - - ain ~i COB~ 
ni 

c • - • in e1 sin t 
ni 

e1 • tilt of the 1th ring 

• • angle around the center post. 

!'be parametric equation• of the reflected rays are 

x2 •xi+ •2t 

y2 • r 1 co• t + bat 

s2 • r 1 •int+ c2t 

1'-1 
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x1 • poaition of the 1th ring 

r 1 • radius of the 1th ring 

a2, b2 , c 2 • direction coaine of the reflected ray 

am! 

t • par11111eter • distance tran point of incidence. 

At aome horizontal plane, y • y
0 

and 

y 0 -r1 coa f 
t - ---------

b2 

The direction coeine for the reflected rays are given in 
Appendix C as: 

The ar.gle of incidence 1• 

I• co•-1 (a1an + blbn + c1cn) 

The alse of the apot frca a mirror in a plane normal to 
the ray reflected frCII the center of the mirror 1• 

s1 • Ir { co• I - + , L 

A-2 
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l _ 2L coa I 
R 

+tL 

r • dimension of the mirror • 18 inche• 

t • angular extent of sun • • 009 mrad. 

L • distance mirror to spot 

R • radiu• of curvature of the mirror 

s1 , s2 • aolu image dimension 

The magnification i• taken to be the area of the mirror 

divided by the area of the spot or 

r2 -M• 
S1S2 

The values of xi, r 1 an! e1 !or the solar collector are 

9iven 1n Table A-1. 

tDIG 
110. 

1 
2 
3 .. 
5 
I ., 

TABLE A-1 

COLLECTOR GECMETRIC DATA 

•1 rl 
(Inche •) (Inches) 

.437 26.483 

3.0S2 43.387 

6.828 60.142 

11.745 76. 789 

11.,53 92. 953 

24.560 108.896 

J2.Jt5 124.452 

A-3 
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•1 
(Arc Deg.) 

3.4S2 
7.512 

11.522 
15.450 
19.171 
22.717 
26.032 
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The 801ar iaagea in a plane 8 ft. _below the center of the 

.cunt were determined. Figure A-1 shows the lines through the 

centttr of each spot for each ring. Ring 6 and Ring 7 extend below 

the plane that lllllS chosen. Therefore, the lines for Rings 6 and 

7 terminate at the intersection of the plane and the collector. 

For Rings 5,, and 7 8011le of the mirrors reflect the solar 

energy almost horizontal. The resulting image locations are far 

frca the collector as is seen in the upper right hand section of 

Figure A-1. Some of the solar reflections vi~l be incident upon 

other mirrors. Dcwuble reflections were not analyzed and these 

reflections are shown in the upper left hand section of Figure A-1 

as if the collector vas transparent to these reflections. 

Figure B-1 is a plot of the incidence angles on the mirrors. 

The incidence angle for the mirror that reflect the solar image 

to the hot spot in Figure A-2 is about 50 degrees. The distance 

frClll the mirrors to the hot spot is about 200 inches. The mirror 

radius of curvature varies fran 250 to 3 00 inches. The magnif i-

cation varies fraa 5 to 7 for each mirror and the reflection fran 

more than 10 mirrors are concentrated in a few square ft. region 

at the bot spot. 

The incidence angle on the mirrors for the reflections that 

fall far fran the collector are about 3 O degrees. The distance 

i• about 350 inches and the radius of curvature is about 350 inches. 

The aagnification is about 1.0. 

Although only one case vas analyzed, sane general conclusions 

can be drawn. Pust, if the mount is at a zero elevation angle 

an4 the eun 1• within 60 degrees of the azimuth of the collector, 

there will be a bot apot, 9reater than 30 suns, within 20 feet of 

the center of the collector. Secomly. at these close distances 

to the collector, it i • erroneous t.o asaune that the concentration 

of the spot on the 9roum 1• the same a• the concentration of the 

apota five feet frcn the 9round.. Third, a magnification of one 

mn will occur within 30 ft. fran the center of the collector. 
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FIGURE A-1 • St.ray Radiation Pattern 
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FIGURE A-2. Mirror Incidence Angle• 
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Because of the above considerations it is recommended1 

a) Con•truct fence• 32 ft. and 20 ft. away frm t.he 

• ount to warn per aonnel of the danger aona. 

b) Make the entrance throu~h the fence on the north 

aide and aupply dark 9last1e11 for personnel at the 

entrance. 

c) Never work on the collector with the azimuth angle 

of the sun leas than 90 degrees fran the azimuth 

angle of the mount. 
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Appe~lx I 

Error Analyala 

An error analyaia vaa performed on the Solar Collector to 

determine the •ize and location of the solar image in the absorber 

aperture. It is aa1ADDed th.et high spatial frequency errors give 

rise to spreading of the image1 while low spatial frequency errors 

give r~ae to image location errors. Examples of high spatial 

frequency errors are: 

a) Deviations fran a apher ical mirror, 

b) Error• in radius of curvature, 

c) Error• in mirror alignnent. 

Low spatial frequency errors are system pointing errors. For 

a ayat.em that uses open loop pointing (i.e., determine what the 

9illlbal angle should be for a perfect system and canmand those 

gimbai angles) the error eources are: 

a) Error in determining required gimbal angle•, 

b) Error in implementing canmanded gimbal angle, 

c) Error in North alignnent, 

d) Verticality error, 

e) ElevaUon axis non-orthogonality to the azimuth 

axis, 

f) !'racking line non-orthogonality to the elevation 

ula. 

The temporal frequency of the error • can alao be high or low. 

Tbe effect of a high teaporal frequency error la to effectively 

apr-4 t.aqe. A t.anporal frequency is conai4ered to be high 

if tha per lo4 l• abort relative to the theraal time constant• of 

a-1 
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the abeorber and of areas that can absorb spurious radiation. 
For the purpose of this analy• i •, it will be as• umed that all 
error• are relatively • tatic. 

'l"he total elevation and traverse tracking error• can be 

•pre• eed a • s 

where ££ • Total elevation angle error 

£'1" • Total traverse angle error 

A£ • Elevation g~bal angle error 

.6A • Azimuth gimbal angle error 

• Non-orthogonality of tracking line to the elevation 
axis 

• Ron-orthogonality of the elevation axis to the aximuth 
axi• 

£5 , £ 6 • Verticality errors 

A • Azimuth angle 

E • Elevation angle 

1'he gabal angle errors include the errors in the determina-
tion of the required angles and the errors in implementing the 
c0111Danded angle•• Rorth aligment, and errors in the knowledge 
of t.iae, tracker location and ephemeris data are considered to 
be error• 1n t.he determination of the required angles. 

The tracking error• are listed in Table B-1. 

'!'he radial apot aiz• 1n the absorbing aperture of the •olar 
iaage for each ring of airror• 1• given 1n Table B-2. 
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I 
TABLE 9-1 

TRACJCIHG D. OClS - .... ._.._ 

I 
I moa 

MAGNI'J'DDE 
'\irad) 

I H 
Time 100 

I 
Canputation 100 

Ephemeria 100 

Encoder Accuracy 200 

I Encoder zero set 300 

Baeklaah, Stiction 300 

I Wind Load Torque 300 

RSS 583 

I AAs 
Time 

300 

I Computation 100 

Bpheeri• 100 

I Encoder Accuracy 200 

£needer Zero set 300 

I 
Error in Horth 1000 

Backla•h 1.Stiction 300 

•~ Load Torque 300 

I ass 1192 

I &1 
Hon-canpensated Poat D"'°oop 2000 

I Mirror Average NiAli9rnent 100 

Ab80l'ber Po• itioninlJ 100 

I ass 2025 

I 
8-3 
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£2 

Mirror Average Miaaligrnent 300 
Absorber Po• itioning 100 .. RSS 316 

£3 I 2000 I Gimbal Axea Non-orthogonality 
£4 2000 

£5 I 2000 

£6 
Verticality 

2000 

2 2 2 2 112 I 
c2 (RSS) • ( (6E) + (c1 ) + (c5 • in A) + (c 6 cos A) ) • 2905 tJ rad 

2 2 2 2 1/2 
CT(RSS) • ((t.A co• E) + (£2) + (t3 sin E) + (E4 cos E) J 

• 2272 1,1rad 
TABLE B-2 

APERTURE SPOT SIZE, RADIAL DIRECTIOW 

RING RO. SPOT SIZE NO. MIRRORS 
(inches) 

1 1.092 12 

2 1.128 24 

3 1.204 24 

4 1.334 36 

5 1.498 36 

' 1.746 48 ., 2.oaa 48 
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'l'he airror• are not perfect apherical aecUon•. 1'he error• 

are in the error• in the radiua of curvature• and the deviation• 

frma a spherical aurface. (The fact that •pherical NCtiona 

rather than pa3:abolic aect.ion• are uNd, re1111lting in aphe:ric~l 

abberation•, i• negligible relat~ve to the other error•). 

The angular error • in the reflect.ion at a point can t,e 

apreaaed a• 

where n • index of refraction 

61 • • lope error• 

62 • rate of change of thickness 

The parameter of interest i • the root mean square (ms) error 

over the face of the riirror. The error parainetera are independer.t 

and therefore their canbined effect can be estimated by an RSS p:L"o-

cee• of the individual effects. The rms values of i 1 and a2 are 

estimated to be 2 mrad and l mrad respectively, resulting in al' rms 

value of 4.5 mrad for e,. The mus effect of all of the mirrors 

considering the incidence angle of the rays at the absorber aper-

ture i • 5.9 mrad. The effective rm• angular spreading re11.1lting 

from radiua of curvature errors is 2.9 mrad resulting in a total 

airror error of 6.6 mrad raa. 
The mirrors are mounted on a casting with four bolts. If 

the poaition of the four aurfaces are considered to be independent 

random varia~le• therms tilt of the mirror is 

-•x 
mirror tilt• 

d 

• The desired radii were used in the analyaia, neglecting the 

probl- diacused earlier. 
a-s · 
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where ox • rm• displacement of bolt locatio"'l 

d • bolt aeparation 

For ax • • 015 inch, d • 13. 5 inches, a doubling effect due 
to reflection and a multipl ·.er of 1.322 to account for the vary-
ing incidence angles of the rays fran the different mirrors, the 
angular spreading of the image due to mirror support machining 
error is 2. 9 mrad. 

Each mirror is tilted by an angle that depends upon the 
mirror's position. Each of these angles will be separately 
machined relative to a reference plane. The specified tolerance 
is 2.2 mrad rms. The resulting error in the image spreading is 
5.8 mrad. 

The total mirror distortion effect for a point sun is shown 
in Table B-3. 

ERROR 

mirror slope 

airror radius 

mirror 8Upport 

• irror tilt 

TABLE B-3 

MIRROR DISTORTION, POINT SUN 

RSS 

RMS ANGLE 
(inrad) 

5.9 

2.9 

2.9 

s.a 
9.2 

B-6 
UNCLASSIFIED 

RMS SIZE 
(inche•) 

• 708 

.348 

.34~ 
' .696 

1.110 
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That 1•, a point am would result in an image, in the annul&r 

aperture of the abeorber, that i • ~au • aian shaped with a •one 

aigma• value of 1.11 inches due to mirror errors. The real aun 

(9 mrad) wit.h perfect mirror • would produce an image that is more 

uniform than the Gau • sian shape ar.d has a total spread of 2. 088 

inchea. Since each mirror moves and distorts the solar image 

independently fran the other mirrors, the total image size and 

ehape ia the convolution of the above two image size and shapes. 

The convolution process can be approximated by assuming the 2.088 

inch dimension of the solar image with perfect mirrors in a 

•:2 aigma• value of a randan Gaussian distrU:ution. The total 

eolar image would then be Gaussian with a •one aigma• value of 

1.2 inches. Figure B-1 shows percentage of the total energy 

that will be in the aperture as a function of the aperture size. 

The SCS design uses a 5 inch aperture resulting in 96.5 percent 

of the energy going into the absorber. 

The pointing error of 2.9 mrad in elevation and 2.2 mrad in 

traverse are considered to be "two sigma" values. If one were to 

consider pointing error to be a high temporal frequency phenomenon, 

the •one sigma" additional image spreading i~ 0.18 inch. This 

would increase the image size by only one percent and have negli-

gible effects. 

However pointing error is low temporal frequency phenomenon. 

This will result in a slight increase in th~ total energy splashed 

on the aperture plate. This is shown in Figure J-6. 

The • ystem drawings have been generated with due reqard to 

the desires to minimize errors within manufacturing capabilities 

and cost/schedule constraints. Reviewing these drawings with 

respect to the error analysis yields the following comparisons: 

a) Verticality (£ 5, £ 6) 

Pabrication drawing a specify dimension• (verified 

by inapecticn) that yield verticality errors 

+0.8 mr v• aaamaec5 +2 mr. - -
B-7 
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APERWRE SIZE, INCHES 

Energy Acceptance Vs. Aperture Sise 
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b) Gi.Jabal Axi• Ron-Orthogonality (£ 3, £ 4) 

Fabrication drawings specify dimension• (verifi~d 

by inspection) that yield non-orthogonality error• 

t0.9 ar v • • assumed %2 mr. 

c) Post Droop, Mirror Misalignments and Absorber 

Positioning Errors (£ 1, £ 2) 

Drawings indicate ~alues that result in £1 , £ 2 
errors of tl.l mr vs. ~2 mr (£1) and ±3 mr (£ 2). 

This comparison indicates that the energy conversion effi-

ciency intent as stated by the error analysis was transferred in 

a reasonable manner to the system design. Actual determination 

of the degree of success of the design and manufacturing process 

will be determined by the test series planned by Sandj_a during 

the evaluation phase. 

a-, 
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AppendlxC 

Basic Equations for Optical Ray Trace Analy1l1 

The purpose of t.hi• analy• i • 1• to c1er ive the equation• f 01> 

reflective ray trace analy• i •• Ray trace analy• i • i • than u •ed 
to determine the apot • ise rewlting fran each epherical mirror. 

Let the :Sireetion co•in•• of the incoming ray be a1 , b1 , and 
c

1
• Let t.be direction co• ine• of the normal to the surface be 

an, bn, en• Then the direction cosine• of the reflected ray• 

area 

The • iCJn convention 111 • hown in Figure c-1. 
If the point of reflection l• x

0
, y0 , s 0 , then the paraDetric 

equation• of the reflected ray are 

where t • par,_eter. 
c.l aeflectlon• frc:11 a Spherical surface 

The 9ecaetr:r for t.ba probl- la aholffl 1n F iqur• c-2. 'Iha 

equatJ.on for the apblrlcal • lrror 1• 
(:s-a,2 + -,2 + .2 • .2 

vbar• • • ra41D• of apbara. c-1 
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INCIDENT 
RAY 

NORMAL 

REFLECTED 
RAY 

FIGURE C-1. Ray Trace Sign Convection 

JU.rror 

Principal 
Ray 

.. , .. ' , .. . .. .. ~-

FIGURE C-2. Spherical Surface Reflection Geometry 
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The direction coaine• of tbe incident ray area 

b1 • - •in e co• • 

c1 • - •in e • in • 

The direction cosine• of the normal are 

where 

a • D 

r2 ]l/2 
1- :-2' 

It 

r 
bn • - - co• t 

It 

r 
C • - - • int 

D It 

1/2 
r. (y 2 + • 21 0 0 

~t-erefore the direction cosine• of the reflected ray are: 

c-J 
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1/2 

"2 • - • tn I • tn • + • tn f [-(1-~) CO& e + ain e COB (*-•1] 
!'he parametric equation• for the reflected ray are 

'"2 + 1 -(1 ~)

112

] + •2t 

Por the principal ray r-o and 

b2 • -•in e co• • 

c2 • -•in e •in • 

~ha parametric equation• of the reflection of the principal 

ray are 

72 • -t •in I co• • 

c-• 
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Let 

• 
X2 co• e -•in e 0 1 0 0 x2 

I 

Y2 - • in e coa e 0 • 0 co• f •in • • Y2 

I 

•2 0 0 1 0 -•in. cos • z2 

• (Note y
2 

is in the plane of the principal ray and the 

principal normal) • 

or 
I x
2 

• x
2 

cos e - y2 sin e co• • - z2 sin e sin • 

I y
2 

• x
2 

sine+ y2 cos e co• • + z2 cos e sin • 

• s 2 • -y2 • in • + s 2 co• • 

Then the parametric equation• of the principal ray are 

The parmnetric equation• for the general ray are 

,.; • R (1-~ ;:r1 co• 8 - r • in 8 co• IM) 

+ t t 1 2;~ (1 - • in
2 

8 • in
2 

,.-.~} 

c-s 
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a 2 • co• e - sin e coB <, ... , 
R 

b2 • -•in 8 COB • - COB e COB ., 
R 

c 2 • -•in e sin • - coB e sin ., 
R 

x 2 • t ( co• e - 2r sin 8 COB (,-• )] 
R 

y2 • r co•• - t [-1n e co•• + 2r COB 8 
R 

s2 • r ain t - t ~in e sin • +~COB 8 
R 

Por mall variation• in e and • 

c-, 
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Ax
2 

+ c!x2 68 + dx2 6• • t Lo• 8 k ain 8 co• (1'-• > 
a8 • • [ R 

-68 ain 8 ..k A8 cos c cos lt-• > 
R 

: 6• • in e • in t;-+ ,] 

dy2 dy f 
Ay2 + ;;- Ae + • • 2 6• • r cos., ;:tlsin 8 cos • + :r cos 8 cos"' 

+ A8 cos 8 cos • 

- 68 sin 8 cos• 
R 

+ 6• • in e • in +] 
4z2 dz 

u 2 + - 68 + __! 6• • r •in • 
ae a• 

- t [• in e • in • + :r co• e • in • 

+ 68 cos 8 sin • - 68 sin 8 sin t 
R 

+ 6f • in 8 COB 

Therefore the parametric equation of the reflected ray con-

si4ering •all variation• of 8 and • are (68 • t co• n, 

A• •IA I • t •in n anr.t • • 0' 
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• x 2 • r co• t • in e + t 

y; -r cos • cos e - t~ c:os Tl + :r cos 1'1] 

a; • r • in • - t~ cos e sin 1j, + t sin 

t 
The equation of the spot at x2 • L is 

• 2 
(y2 + t L cos n) 

tr cos e - 2rL> 2 
R 

+ 
I 2 

(z2 + tr, sin n) 

(r - 2rL cos e ) 2 

R 

The area of the spot is approx iroately 

• l 

A• •[Ir co• 9 -2;LI + tLnr - 2;L cos el + tL] 
• 'l'he minimum spot • ize in the y 2 direction occurs at 

L • !. cos e 
2 

c-a 
UNCLASSIFIED 

I 
I 
I 
I 
I 
I 
I 
I 
I 
•1 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

UNCLASSIFIED 
Specification 1'o. MP '7783,0B 
Date 1 1 lfov•ber 1 '77 

Appendix D 

Mirror Purchase Specification 

1. SCOPE 

1.1 This epecification establishes the requi~ements for 

manufacture, and acceptance of the solar collector mirror ciitical 

item. 
2. APPLICABLE DOCUMENTS 

None 

3. REQUIREMENTS 

3.1 Item definition. The spherical llli.rror segments will 

be fabricated, coated, inspected and tested for us~ in a Solar 

concentrator. The wavelength range 1• the transmitted solar spec-

trum through the atmosphere, which extends from approximately 350 

to 2000 nanometer•• The convex surface and all edges of each curved 

glasa aegment shall be coated with a • llver reflective film overlaid 

with protective filme of copper and paint. '!'he copper and paint 

fil.JU are required to minimize deterioration of the silver as a 

bi9h reflective coating during handling and against the outdoor 

environment in the •outhwestern United States. 

3.2 Characteristic•• 

3.2.l Performance. 

J.2.1.1 Specular reflectanue. ~he finished coated Jnirror 

aegments •hall have a apecular reflectance of not less than (nlt) 

92 percent for combined front an4 rear reflections when measured 

D-1 
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on a witness sample of the same material at an angle of incidence 

between O and 45 degrees at any wavelength in the range from 400 

to 2000 nanometers. 

3.3 Design and construction. 
3.3.l Fabrication :;,rocess. '.'he mirror segments shall be 

fabricated from SCHOTT-DESAG B-270 w~tcr-white, ophthalmic crown, 

draw sheet glass, double strength with a thicknc5s of J.25 + 0.2 

millimeters. Physical characteristics of this glass arc sur.unarized 

in 6.3. The mirror segments shall be fabricated as specified in 

3.3.2, 3.3.3 and Figure D-1. 

3.3.2 Standards of manufacture. 

3.3.2.1 Fabrication. The fabrication requirements for 

each segt:1ent are as follows: 
a. Surface accuracy. Plus or minus 4 milliradians 

maximum slope error from best fit sphere. 

b. !£!.._erance on radius of curvature. Plus or minus 

10 inches, or the radius of curvature for each 

ring shall fall between the values of Re MIN and 

Re MAX of Figure D-1. 

c. Annealing. Each mirror segment shall be annealed 

after bending. 

d. Cutting. Each mirror segment shall be cut ~.o 

dimension• and tolerances specified in Figure D-1. 

D-2 
UNCLASSIFIED 

I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I•.•.,.:,.;: ~":1t,ir~•~ 

r~= - - - - - - - - - - - - - - - - - -

C z 
0 r 
)> 0 
(/) .!, 
(/) -,, -rn 
0 

... ... 
8 
I 
0 
I ... 
• 

• '1" ... g 
GI -I 
= ,.. 
0 
II 
I: .... .... • 

"" 
T", -t .. -

~ISC 
~:o-1 

l 
i 

II!" 

'~':;''I -----( ___ .-

(£} e-:CONE\.--,o 10 NGU - --- L 
OFIJ LT CIK:U ;t-

.. 
"'---- .. 

,W,. .f _ ll,6UtO.0tS OIAC HOllS 

!$ix [v!o.G1001A! , , 

13,,000IA 
ISC 

PlATI0 
~lfACl 

I; 
~;..._,.,u~ 

·NO IC tlO 111, 
I A A/1 • Ill •• 
o0.0301lF .0.030 

lllF 

·I 2,0 '"· 18.806 '· ,03 1.1$1 ._.,, :,_ov, 

·2 150 ;,., 13.S73 6.116 I.NI •.391 ,.o .. 
-:, 250 .... 11.,,. 1.m ,:1. "' 6.591 3,0fC 

·• 250 "'· "· 755 7. "J77 11,6'7 S.ICJ 3.09. 

·S 19S In, ''·"' 1.m ;,_,i, 1.2,, 2.621 

·6 29' '"· IS. 166 7.513 12. 952 6.C7t 2.621 

·7 29' '"· 17,171 1.519 15,01• 7. ,,, 2.621 

NOTI, All DIMS SHOWN All! TO le (PLATED SUIFACE) AND An PAIAWl TO~ 

All DIMS IN INCHES 

AlTUNAflVf IC 
1CMIN •c "'IJC 

1)6.3 1 ... , n,., 2,,.:, 
2•6.0 156.0 
156,0 267,6 

267,6 21S,O 

215.0 *·• 
30C.I ,., .. 

C z 
0 r 
l> 

en en 
i en -n ... ,, 
HI -h fl1 

0 
ti" :, 
z 
0 
• 
31: 
"d ... ... 
m w .. 
0 a, 



UNCLASSIFIED 
Specification No. MP 7783,0B 

e. Draw lines. Each airror segment shall be cut with 

the draw lines oriented within 5 degrees of paral-

lelism with its axis of symmetry. 

I 
I 

f. Mounting holes. Shall be as specified in Figure D-1. I 
9. Cracks. No cracks that are visible to the unaided eye 

are permitted as a result of the fabrication operationsl 

h. F.dge~. All edges to be ground to remove sharp 

corners and splinters. 

3.3.2.2 Coatinis• Each curved glass segment shall have 

been manufactured, inspected, and tested prior to the coating 

process in accordance with this specification. The glass segment I 
shall be coated over its entire convex area and on all edges with 

a silver reflective film overlaid with protective films of copper 

and paint. 

3.3.2.2.1 Coating Process. The coating process producing 

the rear surface, protected silver finish shall cause no impairment 

to the glass aegment. All step• in the coating procedure shall be 

accompanied by a cleaning operation in accordance with best commer-

cial practice. 

a. Silver Film. The reflective film shall be chemically 

deposited, high quality silver. There shall be no 

visible diacontinuities or blemishea that affect 

the life of the coating or the apecular reflectance 

•• apecified in l.2.1.1. 

D-C 
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b. Copper film. The silver film shall be protected 

from corrosion by a film of chemically deposited 

high quality copper. The copper film shall be free 

from holes, discontinuities or blemishes as deter-

mined by visual inspection. 

c. Paint films. The copper film shall be protected from 

corrosion and damage during handling by a film of 

high quality primer paint. The primer paint shall 

be overcoated with a film of high quality protective 

enamel paint. The primer and enamel paints shall be 

applied in accordance with best commercial practice 

for maximum durability. 

3.3.3 Workmanship. All details or workmanship shall be 

of the highest grade consistent with the intention 

of this specification • 

4. QUAL~TY ASSURANCE PROVISIONS. 

4.1 General. Prior to shipment to Raytheon, the completed 

mirror segments shall be inspected and tested to determine co~pliance 

with the requirements specified herein. 

4.1.l Responsibility for inspection. The mirror fabrica-

tion and coating vendor is responsible for the performance of all 

lnapectiona and testa. 

•.2 Quality conformance inspection. 

D-5 
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4.2.1 Fabrication process. The mirror segments shall be 

inspected to determine compliance with the requirements specified 

in 3.3.1. 

4.2.2 Cracks and edges. The mirror segments shall be 

inspected for cracks and proper edges to determine compliance with 

the requirements specified in 3.3.2.1 g and 3.3.2.l h. 

4.2.3 Coating. The mirror segment shall be inspected 

during process for coating quality to determine compliance with 

the requirements specified in 3.3.2.2, 3.3.2.2.1 a, band c. 

4.3 Test methods and procedures. 

4.3.1 Surface accuracy. The surface accuracy of the 

convex surface of all mirror segments shall be measured prior to 

the cutting, drilling, and silvering operations. The surface accu-

racy shall be determined from a total of nine spherometer measure-

ments at points defined in Figure D-2. The spherometer shall be 

centered at each of these points and the three outer legs of the 

apherometer shall form a reference circle whose diameter is not 

less than 3 inches or greater t.han 4 inches. The ratio of the max-

lll\Dll difference between the radius of curvature measurements at each 

point to the average measurement for the nine points shall not ex-

ceed 251 vhicb aeets the requirement in 3.3.2.1 a. 

4.3.2 ~~dius of curvature. The radius of curvature of 

the convex •urface of all airror segments shall be measured prior 

to the cutting, drilling, and silvering operations. The radius of 

curvature •ball be deterained from a total of nine apherometer 

D-6 
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UNCO'l', SAGGED GLASS 

I 

I 

rIGOU 0-2. LOC&Uon of Spberca•tar 
l(eaaur•ent Point.a 
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measurement••• defined in 4.3.1. The radius of curvature for the 

mirror aegment •hall be the average of the nine measurements and 

shall be marked on the mirror segment for reference. The variation 

in the radiua of curvature from one segment to another shall not 

exceed the requirement in 3.3.2.1 b. The radius of curvature of 

each aegment shall be noted, and reported to Raytheon prior to 

cutting and drilling. 

4.3.3 Mechanical dimensions. The mirror segment dimen-

sions and mounting hole locations shall be measured with the appro-

priate tools. These mechanical dimension measurements shall be as 

specified in 3.3.2.1 d and f, and 3.3.1. 

4.3.4 Draw lines. The angular orientation of the draw 

lines with respect to the axis of symmetry of the mirror shall be 

measured with an appropriate tool. These draw line measurements 

shall be as specified in 3.3.2.1 •• 

4.3.5 Reflectance. The reflectance of the finished 

• irro~ aegment ahall be determined by measuring a witness sample 

with photometric equipment presently used at SCHOTT-DESAG. The 

field-of-view of the photometer, or receiver, •hall not exceed one 

de9ree and its relative aperture as measured from the mirror surface 

•hall not be leas than f/50 so that non-specular reflections, • ucb 

•• wide and narrow angle scatter are rejected by the reflectance 

aeaaurement • et-up. The reflectance of the finish llirror segment 

•ball be aeaau.rec! at • wavelen9tb bebK·en 400 to 700 aanometer• for 

D-1 
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at least five point• on the • urface, which will include the center 

and each corner. Reflectance meaaurementa •hall be performed on a 

• ampling of at lea• t 5 percent of the mirror aegments from each 

coati~; run. The •pecular reflectance requirement •hall be as 

specified in 3.2.1.1. 
5. PREPARATION FOR DELIVERY 

5.1 Cleaning and handling. Each finished mirror segment 

shall be cleaned and handled in accordance with the best commercial 

practice. 
5.2 Packaging. Each mirror segment •hall be wrapped in 

soft tisaue, overwrapped with cushioning material, and than secured 

with tape. The packaged mirror segments shall be packed to afford 

protection against damage during direct shipment from the vendor's 

facility to Raytheon Company, Bedford, Massachu•etta. 

6. NOTES 
6.1 ~tied use. The mirror aegments covered by this 

•pecification •hall be used in a concave aolar concentrator that 

provides aaxiaum collection efficiency. 
6.2 Definition•. Word•, terms, and expressions uaed in 

thi• specification which are peculiar to the general field of op-

tic• are defined in Specification MIL-STD•l24l, Optical Term• and 

Definition•• 

.,_, 
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6.3 Glass physical properties. The nominal physical 

properties of the water-white crown glass for the solar concentrator 

lllirrors covered by this specification 31-e summarized as follows: 

Chemical properties 

I Pe2o3 ! 0.01 

Mechanical properties 

Young's modulus (0•c): 

Rigidity modulus (0•C): 

Poisson's ratio: 

Hardness: 

Density 

Expansion Coefficient (0°--Joo•c): 

Optical properties 

Index of refraction (nd): 

v-value: 

Homogeneity: -s :!:. 2xl0 maximum 
variation of nd. 

Absorption coefficients: 

l(nm) B(cm-1 ) 

300 2.41 

350 0.032 

D-10 
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lO.Sxl06PSI 
6 . 

4.3xl0 PSI 

0.21 

490 Knopp 

2.46 gm/cc 

e.7xlo-6;•c 

1.510 

63.S 
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Absorption coefficients: (continued) 

400 0.0077 

500 0.0060 

600 

800 

1000 

1500 

2000 

Viscosity data 

Strain Point 

Anneal Point 

Softening Point 

Flow Point 

0.0046 

0.0040 

0.0040 

0.0040 

o.ooso 

50s•c 

s4e•c 

73o•c 
,2o•c 

D-11 
UNCLASSIFIED 



I 
UNCLASSIFIED I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0-12 I UNCLASSIFIED 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

·I 
I 
I 
I 

UNCLASSIFIED 

Appendix E 

Schott Mirror Data 

DEUTSCHE UHRGLASFABRIK GMBH 

-------· 
Nutile~ Dlri.llan 
tllrtoell ikw 
ladfont, .... 01130 

Atai • ..-.a.1c1a.-... __ _....,. 
VW/L9p 

IDlar Colllctor llimm - T 3015 

IINr ... • ldua, 

--ZS,11,17 

.. nfer to - Ula of"·"·" an! anclOH tM r.al(>l9te list .. 

pnai.Nd. Qw c;;:ipy u allo 1ml to Mr. w.c. lluh. 

a.:.i. 
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~ing t z 4 5 6 7 I ' perapftlue I points: 

wl• of 543S 5952 6944 62SO I mc·' 543S 59SO 5682 5682 S9S2 -59a0 •.:. .r • 
2 5952 59S2 5682 543S 62SO 73SO 6944 7353 6944 6429 

s 5435 5952 6579 5682 543S 6250 7.353 6944 6S79 6245 

4 5952 543S 5682 5682 5682 6250 6250 S68Z 5682 51U. I s 62SO 62S0 6580 5682 62SO 62SO 7350 6S80 6944 6460 

6 62S0 62SO 62SO 6250 ,5952 6944 73SO 6250 S952 638j 

7 62SO 62SO 5952 543S 62SO 6250 73SO 6944 6944 6403 I • 6S90 62S0 6580 62SO 6250 62S0 6250 S950 73SO '413 

' 62S0 6Z50 6940 6250 6S80 6580 6940 6S80 7350 6636 I 10 5610 5950 62SO 6250 62SO 6250 6940 62SO 6940 6307 

11 6250 6250 5950 6250 6940 6580 6580 6250 73SO 6489 

12 6580 59SO 5950 5950 59SO 6580 6250 62SO 6580 6227 I 1!' 6250 5680 5680 S950 6250 6940 6580 6940 6S80 6317 

14 S950 5435 5580 5580 S950 6250 6S80 S9SO 6940 6024 

1S 6580 6940 6250 S580 6250 6940 6580 62SO 6940 6479 I 16 5950 S950 5440 5440 6250 6580 6250 7810 73SO 6336 

17 62SO 59SO 5680 S950 6S80 6580 6580 7350 6940 6429 

18 6940 5680 59SO 6250 59SO 6940 6250 6580 7810 6483 I 
19 -5950 5950 5950 5950 S680 6580 69~ 6580 6S80 6240 

20 6580 5950 5950 6250 59SO 6940 5680 62SO 7810 6373 I 21 6940 6250 6250 6250 6250 62SO 7350 ·6940 7350 6648 

22 5440 5680 5680 5440 59SO 6580 6S80 7350 C,580 6142 

Z3 5440 62SO 6580 5950 62SO 6940 1930 62SO 73SO 6660 I 24 5680 59S0 6580 5950 5440 6250 6S80 7810 6580 6313 

25 59SO 59SO 7110 7350 6580 8330 8930 8930 8930 7640 

26 5950 5440 5680 5440 59SO 6250 6S80 6S80 6580 6050 I r, 5950 59SO 5440 5440 6940 7110 6940 5950 1330 6528 

28 6940 69,40 '59SO 5440 73S0 1330 8330 62SO 7350 6917 

29 6250 6590 5680 5440 6580 73SO 6580 73SO 7110 6626 I 
30 6250 5680 5440 5440 5680 6250 6940 6S&O 6580 6093 

S1 6510 62S0 5680 5440 6250 7110 6S90 7810 7350 6640 

J2 6940 5980 5680 5440 5950 6580 6940 6580 5950 6227 I 
ss 6510 5680 5950_ 5680 5440 6580 6580 6580 59SO 6113 

S4 6250 SW 6250 5950 5950 6940 6940 7350 7350 6491 I JS 0250 5440 ,:so 59SO 5950 6250 6940 7350 73SO 6414 

S6 6580 6250 6580 6250 5680 6580 7350 6940 6580 6532 

S7 6250 54«> 6250 6940 5610 6580 7350 1930 73SO 6752 I JI 6SIO 5440 5440 59SO 5680 62SO 62SO 6580 6580 6083 
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• IMO BtO 7110 6510 56110 6750 1930 7110 7110 7194 

40 tNO 6250 56IO 6510 1930 7110 1350 6940 1930 7261 

I '1 6590 5950 6940 6250 5950 6580 13!0 7350 IMO 6764 

•2 6250 6510 5950 5680 19'4 7S50 7350 6SIO ISJO 6179 

t3 6NO 6250 6510 5950 5430 7SSO nso 6250 5950 MSO 

I .. 7350 6940 5610 $610 7S50 7350 U80 6!M() 7110 1115~ 

tS 6250 5950 7SSO 6250 5610 6510 IS30 6940 6250 6620 

I 
t6 6250 5680 6250 6940 5680 6940 6940 7350 6510 6512 

.. , 6250 6250 7350 6510 5950 6940 1330 6SIO 6580 6757 

... 6250 6940 5950 5610 6940 1330 7350 6580 7Jk> 6119 

I Ct 6510 5950 5950 5150 5950 6250 6940 7110 6510 6'40 

50 5950 5440 6250 6510 6250 6250 7350 7110 7110 1132 

S1 6510 6250 6510 6250 6250 6510 7350 7110 6510 6692 

I -S2 6250 5950 6580 6250 6250 6510 7110 6940 6940 6617 

ss 7140 6250 5610 6250 6250 6SIO 7350 7350 6250 6S67 

SC 62!'.0 6250 6580 5440 5680 6250 1330 6940 6NO 6511 

I ·55 6250 5440 5680 6580 5440 5610 6510 7580 7t 0 63'.\8 

56 6410 6250 6410 S6IO 5950 5110 ·1620 7350 5950 6492 

I 
57 6940 6!'40 6250 C.SIO 6510 6250 6580 7350 6510 66U 

51 6MO 5950 6100 S,jj() 6100 6250 6250 6250 6250 61Y7 

SI 5950 5520 5610 :i6IO 5S60 5950 5950 6510 56IO 5139 

I 60 7350 6940 5440 5560 6940 7350 5680 5680 7560 6500 

61 6760 5435 5950 6SIO 6940 6940 6250 6250 13!0 660t 

62 5950 5950 5560 5810 7110 6580 6940 6940 7140 6520 

I 6S 6250 6250 5950 62S0 6250 6250 6940 7350 6940 Ht2 .. 6760 7350 6250 59SO 6580 7110 7110 6250 6'10 6797 

6S 7140 7350 6250 5950 7350 1330 7510 6580 7350 7098 

I 16 6250 6250 6760 6250 5950 6940 7810 5950 5950 6457 

67 6250 6MO 6250 5610 6250 6760 7110 6250 6250 6'93 

I 
.. 6250 5610 6250 6510 6510 6510 6760 5950 IS!O 6551 .. 6510 6940 6510 6410 6250 6410 7140 7350 6410 6674 

,0 6250 6250 S440 6250 7350 6250 6760 6580 1330 6607 

I 71 6250 S950 6MO 6250 6510 6940 1330 5950 7350 6727 

n IJ!O 6510 SCIIO 5610 6!,IO 7140 7350 6250 1060 6150 

TS 5440 St50 5610 5950 5610 6250 6510 6SIIO l!'llO •~111 

I ,. 5610 6250 6940 5610 6250 7110 1930 65!0 -~ 7(U1 

75 7110 5440 6510 6940 6250 6580 7350 5950 5610 6!',00 ,. 6%50 6250 5950 6250 5950 7350 6940 7580 6510 6567 

I n 54«) 5440 6510 7350 5950 5950 7110 6250 7110 6509 

71 5950 5610 5950 5610 5680 7110 7350 5950 6580 6292 

I " S950 6250 5440 5440 5440 6940 ~o 6250 6250 1100 

., 5610 62SO 5440 5440 6250 6'40 1440 5950 6NO 6037 

I 
B-3 
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11 S440 62SO S9SO 5680 6!',80 69i0 S950 6S80 7350 6302 

12 5680 S9SO 5680 5680 suo 6940 6S80 6580 S950 6053 I 
ll 5560 5680 5440 5680 62SO 73SO 62SO 5680 6250 6016 

14 5440 5680 6250 5440 5440 6250 6940 59SO 6S80 S997 

IS 5440 59SO 5680 5610 5440 5950 6940 S950 6250 S920 I 
16 5440 7110 59SO S9S0 62SO 7lSO 1930 7350 1930 7107 

17 5950 5610 5660 S950 6250 5680 7810 6580 7350 6326 

II 6250 6250 S950 6250 5680 6S80 1340 6940 7110 6672 I 
19 5610 6250 59~ 5440 59SO 7340 7110 73S0 73S0 "" 
90 !,610 5950 7350 5680 S680 6250 8330 8060 1330 68;2 I 91 5440 5950 6580 7!',80 5680 5440 &330 6250 1330 6620 

92 5610 6250 56SO 59SO 6250 6250 7350 6580 7350 6371 

93 5950 5950 6250 6250 5950 6940 6580 6S80 7S80 6448 I 
94 6250 5950 S950 6S80 6940 7P I) 7810 7350 1330 6997 

P5 5680 5110 6760 6250 S950 6580 1330 7810 6940 6679 

96 6250 5610 6250 5950 6250 7810 7350 7810 6940 6699 

Si 6250 5610 6580 6940 6250 6S80 6940 1620 7110 6150 

98 S950 5680 S950 S950 5950 6580 7810 6S80 7810 '473 

-99 6250 S950 6250 5950 5950 6250 7810 6580 7350 6482 

100 6250 5950 5810 5950 6940 7110 7210 7350 7110 6853 

101 6510 6510 6250 6250 6250 6580 7350 8930 7350 690Z 

102 65IO 5610 6940 5950 6580 6940 8330 8620 7810 7048 

105 5950 6250 5680 6250 6250 73SO 6250 6580 7140 6411 

'°' 5950 5610 6!>40 5950 6S80 6S80 7810 76'.u 7110 6790 I 
105 5950 5950 S!>S0 5950 5680 6250 6410 6760 6S80 0164 

106 5680 5"0 5950 5440 6S80 6940 6940 5950 6250 6130 

107 S440 6940 6250 5950 7810 6940 1330 7350 6940 6183 I 
101 5440 6940 6SIO 6S80 7350 1330 8930 7110 8620 7391 

109 1930 1620 1330 7110 7350 6250 6250 6580 7110 7548 I no 7350 1330 7350 6250 1330 7350 8930 8330 7580 7756 

111 7350 6,50 6250 7350 6940 6940 6250 7350 6940 6147 

112 5950 6510 7810 7350 7810 6940 1330 1330 1330 7492 I 11J S950 stsn 6580 6940 6250 6580 6580 6760 7510 657' 

114 595'0 5950 5950 6940 6940 6S80 7350 6760 7110 6692 

115 5,440 5950 6250 5950 S.«O 7140 7140 t:330 6940 6505. I 
116 5'40 5950 6940 5950 S9~:> 6940 7110 1330 7110 6791 

117 5440 7350 5610 S,50 7350 6940 7350 6580 1330 6774 

111 5950 5950 5950 5950 6250 7110 6580 7350 •110 6622 I 
119 5610 6MO 5!150 5950 5950 6940 7350 6940 6510 6476 

IJO S6IO 6250 6510 SS60 625'0 1620 7110 ~o 6250 66eO I 
•-• I UNCLASSIFIED 
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121 5440 6510 5110 5110 6250 1330 1330 6S80 6250 6598 

I 122 5680 6510 5950 5610 6940 7350 13:SO 6940 6760 6690 

1ZJ 5'40 6250 6250 5950 5950 7810 7110 7810 6760 6670 

124 S!,60 5950 6250 6SIO 5560 7110 7110 6940 6SIO 6560 

I IZS 5560 5610 6250 5950 5680 6760 1930 1330 7110 6772 

126 6940 6250 7110 7510 6250 6760 1930 7350 7350 7247 

127 5440 6510 7350 6250 6940 6940 7110 7810 7810 6992 

I 121 5110 5110 5110 5440 5950 6940 7110 7810 7350 6526 

129 5110 5950 6250 6100 6250 1330 6940 7350 7350 6703 

I 
130 5950 6250 6100 5950 6100 6940 6760 7140 6940 64S9 

131 5950 5950 6580 6940 6250 6940 6940 8930 1930 7046 

132 6100 5950 7110 7140 5440 6580 7350 6940 7350 6740 

I 133 5610 6510 5950 6250 7350 7350 1330 6940 7110 691<, 

134 5610 5950 6!)40 5950 5950 6SIO 7350 7810 1330 6727 

1S5 5680 6510 7350 1330 6250 7350 1330 7350 1330 7283 

I 1J6 5950 7350 7350 6940 6760 6S80 1930 8330 7350 7ZA2 

137 5110 6250 6251) 6940 6760 6S80 6940 8930 6760 6802 

• 1SI 6510 6250 73S0 7110 7350 6940 7350 8330 1330 7366 

I 139 S6l0 5950 6940 6760 6410 6580 6760 7810 7810 6744 

140 5110 5610 6410 6250 5680 7350 6940 7140 6760 6447 

I 
,., 6940 6250 6940 6SIO 6250 7350 7350 6760 7810 6914 

142 6W 5950 6250 6410 6580 6580 6580 6940 7350 6580 

1'3 6940 6250 7350 7350 6250 6940 7350 7140 7350 6991 

I 144 5610 5950 6250 7810 S440 5950 6940 8930 6940 66S4 

1'5 5560 S6IO 6940 5950 51150 6760 7810 6580 6250 6387 

1'6 5950 6100 6100 6250 5950 6940 6760 6940 7140 645!) 

I 147 6100 6250 5950 6940 6510 7350 6250 6940 6Sl40 6589 

141 6100 5950 6940 7350 5680 5950 7110 1930 6250 6773 

1'9 6510 6960 6100 5610 6SM> 8930 7510 6580 7350 6924 

I 150 6250 5'40 6250 6510 6250 6940 6940 7110 7350 6646 

151 6250 7110 5950 5810 6940 7110 7350 6SSO 7810 692'.S 

I 
152 5950 5950 6760 7350 5950 7140 6760 1330 6940 6792 

153 5950 Sf.to 6760 7140 ~950 6250 6940 73;,0 7350 6570 

154 S9SO 7350 6250 5560 1330 8060 1330 6250 7810 7099 

I 155 6940 5560 7350 1930 6940 6580 7350 6410 1060 7124 

156 6100 6760 5950 5610 7350 1130 7510 62SO 7110 6868 

•157 6§10 5110 5950 7580 6940 6100 7110 1930 HSO 7111 

I 151 5680 7110 5950 6100 7510 6580 7810 6150 7110 6141 

159 "'° 6510 6250 6510 1330 6940 1330 6940 7110 7119 

160 59il' 6'40 6250 5440 1620 7350 7110 6~80 19~ 71»7 

I 
I 
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161 6760 5950 
162 7140 S950 
16l S<,80 (,!ti() 

1(,4 S560 11250 
IM 6940 7'10 
166 6250 51110 
167 6760 C.760 
1611 5950 5560 
169 6940 6250 
170 6580 6250 
171 6100 5950 
172 5440 7140 
173 S950 6940 
174 S6AO 5680 
17S 5210 6SIO 
176 62SO 62SO 
177 5810 5810 
171 S950 5950 
179 5680 5680 
110 6250 5440 
111 59SO 6250 
182 6SIO 6510 
113 6250 S560 
114 6SIO 11360 
115 6100 5950 
186 6SIO 6940 
117 S440 5950 , .. ~250 6!)40 

119 6410 6250 
HO 5560 6SIO 
un 6940 6250 
192 6250 6SIO 
1H 7110 S440 
194 7350 1930 
Its 7110 1930 

"' USO 7110 
lf7 w..o 7SSO ,. 5610 -~JO 
1'9 1330 1620 
JCX) 6250 7350 

UNCLASSIFIED 

7350 7110 5!>:iO 6250 8930 8330 
7580 6940 S9SO 6250 1930 7810 
6250 6100 73>0 ll30 1930 6580 
6940 71110 5-140 5680 1930 7910 
SlollO t,250 ti!140 6!MO 7110 6940 
6SIIO 6410 59!.f) 5810 7350 7110 
6!,80 suo 7350 6940 1930 7140 
S950 7580 6250 6580 7350 USO 

6250 6760 S9SO 1330 7S80 1330 
6100 5440 5810 6410 6760 8620 
5680 S810 5950 7140 7350 8930 
6100 5680 6940 1330 1930 5950 
6250 5810 5810 8060 8930 65B0 
6940 6580 62S0 S610 8330 1930 
59SO 5810 5950 7810 1620 6410 
59SO 7110 6100 62SO 8620 9620 
5680 6580 5810 6940 73SO 10420 
5950 59SO 6250 9620 7350 6940 
5560 6S80 6100 73SO 6940 9620 
5810 62SO 6580 9620 73SO 8330 

7580 7140 6940 6940 9620 6S80 
6100 6940 6100 6410 1330 8930 
8060 6S10 6S80 6SIO 1930 9250 
6250 6940 6940 6760 1930 6940 
73SO 7110 S950 6S80 100X> 6940 
S950 5810 1930 7B10 9n30 62SO 
8330 5950 S440 6250 9620 1330 
7110 7810 S!>SO 6250 10870 1620 
7810 7350 6250 5440 9620 6940 
6SIO 59S0 7350 10420 1CXXX) 1330 
7J10 59S0 6250 6580 10420 6510 
5810 500:) 7140 1330 7140 6?60 

6940 73SO 6940 71'0 7140 10420 

6410 7150 1930 11l60 7810 7350 
1330 7350 6760 7110 1930 11360 
1330 10'20 6580 1330 1COX) 9620 

11560 7350 ll30 7110 9620 !1620 
6SIO 7140 9620 15630 1:no ,·.so 
9620 1930 7l!i0 7110 7110 U710 

10'20 1620 1930 1330 10170 11360 

B-6 

UNCLASSIFIED 

I f~ I "i 1330 7296 ;,,'2' 
:~ 

8330 7209 
,,,~ 

I )'.11'# 

1330 7126 
7810 6914 
.. ,30 7071 I 13~ 6100 
1330 7137 
7350 6767 I 7B10 7133 
5660 6392 
6940 66~ 
8330 69B2 
7140 6830 I 1930 7<XX> 
7S80 6658 
1330 7242 I 1330 6970 
7350 6~12 
1620 69.03 
9250 7209 

1042'J 7491 
9620 7288 
9620 7490 
7110 7612 
7810 7166 
9620 7424 
6940 6917 I 7110 7590 
7350 7047 
1930 7744 I 6940 7ca0 
13~ 6116 
73",() 7392 
UK> 8202 
6' 10 1207 
7350 1421 
'6., ISS7 

13100 t31J 
1930 9123 

1:tnn 9551 



I 
I 

UNCLASSIFIED 

I 201 10420 7350 10IZO 10420 1()120 l~:.O 7110 1otZO t:\61 

202 (,940 101:?0 171160 llll90 1S630 1U60 1lll90 277!10 17860 15070 

203 6!,40 6940 12500 1330 ~20 8930 9620 10420 13890 9(118 

I 2()4 (,~ 9620 13890 1CXXX> 11300 1330 27780 1<XXD 1axn 119S1 

1m S(.a() 1930 l060 7810 12SOO 13890 9620 10420 10420 9703 

I 
Jl)b 5810 &:\30 11930 1930 14710 11360 12500 1Sf.10 16670 11430 

'11.11 SCIIO 7350 16?0 Sl2SO C,940 10420 1250 16670 11360 1616 

Z<» S440 7350 67CIO 6250 1330 10120 7110 lbZO 6940 7S47 

I zag 5950 9620 10420 12500 l<DXl 7810 11360 9620 15630 10323 

210 5950 6760 7140 7350 6940 7350 9620 1930 1930 7663 

211 5440 7810 7350 6940 9620 10420 1CXXX> 1930 10CZ0 1541 

I 212 5560 7140 59!i0 5440 7350 9620 7110 7810 1330 7223 

213 5610 1330 6760 5680 1330 10C20 1930 7810 1930 7174 

214 5320 59!10 7350 6940 6Z50 1330 7810 11360 1930 7512 

I 215 5560 6100 5320 6250 6250 7350 6940 7350 7350 6,t97 

216 6250 5680 6760 6S80 5320 5810 7810 6940 7510 6526 

I 
217 5680 6S80 6S80 5440 6940 1330 7810 6940 7810 6901 

211 7350 7110 1060 6940 92SO 7810 7810 7810 10870 1190 

219 5810 5810 7S80 7580 5680 6940 9620 9620 1330 7441 

I 220 5560 5320 6S80 6580 5320 6410 8330 7810 73SO 6S84 

221 5610 6760 5680 5210 73SO 9620 8330 6760 1330 7080 

zzz r,140 6250 56AO 5210 6410 833,0 6940 6940 7350 6506 

I 223 6SIO 6510 7350 6580 6250 7350 7SIO 12500 7350 7569 

224 5110 5950 ,sac 7350 5950 7350 9620 10870 1930 7601 

225 6100 67<,0 6250 5950 6940 8930 8330 1330 10420 7557 

I 226 5950 1330 6940 6SIO 1330 13890 14700 9620 13190 1103 

227 6SIO 962!) 7810 6250 1930 17870 13890 6250 12500 9967 

I 221 S440 1930 7140 6940 9620 15630 12SCX> 7810 10170 M31 

ZZ9 7350 6SIO 7350 1930 6940 6940 9615 7140 10420 7911 

l~ 7150 6250 ICMZO 9250 1330 7580 11360 11360 12500 1371 

I lll SS60 6SIO 62YJ 6250 7350 7350 11:560 1330 12500 7141 

DZ 7l50 6250 1~70 9620 6580 7350 11360 ICDX> JOl20 tl67 

233 6250 8060 6250 6510 73SO 1930 10C20 6940 9620 7122 

I ll4 6250 6250 9620 7350 6580 6580 9620 10420 10420 1121 

us 7350 7$80 1620 6940 6250 7110 15630 10420 10120 1113 

ZJ6 6940 7110 IOIZO 10870 1940 7110 13190 1330 070 '542 

I 2S7 6510 1150 7110 7350 6580 6940 1930 10420 usm ,m 
ZJI 6510 19!0 6Z50 7140 7110 1930 1620 7350 1620 IOZ6 

' 
DI tZSC 6250 6M) 5950 7140 11360 1620 7350 IJJO ,sn 
MO ltSO 7J50 7110 19!0 7510 113CIO 11360 6760 1Slt0 lttt 

a B-7 
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I 
UNCLASSIFIED I 

JA1 6100 1110 10420 7580 7350 11•0 12500 7B10 11360 1674 
zu 5680 7110 69•0 7810 7810 7810 9620 7810 12500 1199 I zo 7110 13190 6MO 7350 10870 8930 12500 6940 12500 9748 
244 5950 6940 8330 1330 5950 5680 10420 1CXXX) 9620 791:S 
ZIS 5680 6250 7810 7140 6250 7S80 1930 10870 7350 7540 I Zl6 5560 6940 5950 5210 6940 7810 uxm 5680 1930 7002 
Zl7 6250 6510 7810 6580 5680 6250 5950 9620 7350 6897 

I 248 544() 62SO 6580 6250 6940 1930 6940 6940 7810 H98 

249 1330 6510 7810 6250 6250 6250 1930 6S80 6S80 7CX,Z 
250 1930 1930 8760 6940 8330 10420 7810 7810 7140 8341 I ZS1 1930 10420 6940 11360 12500 13890 9620 9620 9250 10281 
252 6940 7110 8930 8930 8330 6940 9620 8330 7350 8131 
253 7350 7580 9620 7140 7810 1930 9620 7810 6940 8089 I Z54 6250 7580 1330 1330 100X> 9250 1'710 11360 12500 9812 
ZS5 62S0 8330 7140 6940 7140 7350 9620 6100 7580 7311~ 
256 5680 9620 7810 6940 8330 10420 13190 8330 9250 8919 I 257 5950 6250 5440 5210 6580 7350 7140 6250 7140 6368 
ZSI 5810 6250 6410 5810 6940 9620 7810 6410 6760 6869 
J59 5810 6760 6250 6250 6580 10870 7810 6940 8930 7356 I 
2160 5950 5210 6250 5950 5810 6250 7810 9620 6940 6643 

261 6SI0 6510 6940 6250 5950 7810 9620 78ZO 65110 712<• I 262 59SO 6510 7580 62SO 5950 6250 12500 6940 11360 7707 
263 5320 5680 7140 6250 6250 5950 10420 7570 7810 6932 
264 5950 6940 7140 6250 6940 11360 9620 62SO 7140 7510 I 265 5440 62SO 5950 5430 6940 7580 8330 6250 7580 6639 

J66 5440 5680 6760 5950 6250 5950 7810 7350 7110 6556 
267 5610 5950 5950 7140 5320 6250 8930 73:,0 1620 6799 I .. 5950 5610 6940 5950 6250 6940 9620 7140 8930 7044 

2169 5810 $HO 5950 S610 6580 10420 7350 7HO 6$80 6772 
170 62SO 5950 7110 7350 6250 6940 8330 nso '615 731(1 I 
271 5680 5950 5680 5210 5440 6250 6250 62r.o 5950 58S1 
272 54«> 5210 5210 5440 5210 6250 5320 6150 5680 5557 I m 5320 5210 5210 5210 5210 8060 5680 5810 sax> 5634 

274 5'"0 5210 5560 5950 5210 5950 6250 6760 6250 lliM2 
175 54.0 5440 5950 5680 5440 6580 S950 6940 6250 5963 I 276 5210 5320 5610 5610 5210 6580 6580 6940 5950 5H7 

ffl 54,t() 5210 5440 5440 5440 5680 6250 6580 6250 5748 

m 5440 5aX) 5950 5(IX) sax, 6250 6940 7350 5210 5?93 I ffl 5610 5210 6250 5950 5610 6250 6250 7110 6250 6141 

2IO 5,14() 5S60 625') 6250 Ma) 5680 6'40 u,o 67.50 6119 

I 
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UNCLASSIFIED 

I 2111 5440 SS60 69-10 5Z10 6Z50 7110 71'0 6Z5t) 5950 6Zl3 

212 SY,O 5440 SZIO 5560 5440 5440 5440 6250 6940 5691 

2n §680 6Z50 6Z50 5Z10 5680 6Z50 6S80 6S80 S6BO 6018 

I 214 5320 5950 6580 5810 5680 6250 7140 6580 7350 6Z96 

Zl5 5440 5440 5440 5680 S540 6250 6Z50 5440 7350 5170 

I 
216 5210 5560 6Z50 6Z50 6Z50 6250 6580 6940 7350 6Z93 

217 5440 6ZSO 59!',() SS60 6250 59S0 5950 6580 6940 6097 

211 5680 5950 S950 5440 5680 5680 6940 5950 6580 5913 

I 
zag 6100 S9SO 6580 5210 5680 6Z80 7350 S210 6580 6104 

Z90 ~~20 6580· 6250 5680 5320 5950 7350 5950 6940 6149 

291 6100 5950 62!',0 6ZSO 5440 54-10 1330 6580 6940 6364 

I ~12 5680 5440 5!J!i0 5680 5550 5610 6940 7~50 6S10 c,c»4 

zg3 5440 5440 sew 5610 5950 6S80 5680 5440 7110 5191 

294 5680 5440 500) 5210 SOX) 5440 6250 6S80 5950 5617 

I 295 5210 U10 5440 5210 SOX) 5440 6760 6250 6S80 5678 

196 5440 5440 5210 5440 544(, 6250 1330 6510 6S80 6079 

I 
297 5440 50CO S320 5210 SOX, 6Z50 6Z50 6Z50 5680 5600 

291 S210 S210 SOX) 5440 5440 6250 S9SO 6Z50 6940 5743 

Z99 4810 SCXX) scro 5440 5680 6940 6Z50 5610 6940 5749 

I 300 5(lX) 54-10 5440 S210 SZ10 6ZSO 7350 6S80 59SO SIZ6 

301 5100 62SO 5950 S440 5440 7350 1330 6580 6ZSO 6299 

302 5440 S560 5950 S210 50CO 5950 7580 8330 62SO 61'1 

I 303 5440 50'.X) sax, 5440 6250 7810 6940 6760 7110 6272 

304 5560 5440 5210 5440 5680 6760 6250 6580 6510 5944 

!OS 5610 5Z10 sax, S950 5680 5950 5950 6250 7350 5191 

I !06 5210 59SO 5CXX) 5610 6250 62SO 6940 59SO 7350 6064 

"11 5Z10 5440 5680 5440 sax> 5950 6510 8330 6580 60Z3 

I 
n 50l) 5440 59SO 6250 5680 5210 6760 6940 73S0 6064 

D 5210 5950 C.Z50 5440 5680 73SO 7350 5950 6140 6236 

S1O 1CMZO 7110 6580 6580 69'0 6250 5950 7810 6250 7177 

I 311 S5ZO 5950 6510 5440 5440 5950 1930 6Z50 6SIO 6293 

312 6510 7350 6250 5810 6580 8930 96ZO 6510 ll30 7337 

313 6250 5560 5950 5210 4110 5950 6250 5610 5440 5671 

I 314 6250 5NO 5210 6250 6940 6S80 6250 7350 1330 6551 

315 6250 5950 7810 62SO 5610 6580 1ZSCXI 1330 6250 ,., 
316 6580 5440 6940 7110 5950 6250 7110 11360 7510 7302 

I 117 6250 5950 1330 6510 5320 6580 9620 7110 6250 6'66 

111 6510 6940 5610 5610 7110 1330 6940 6940 9620 7169 

119 7110 5610 nso 6510 5210 5950 1930 6940 6510 •?I' 
I JJO '620 6510 6SCO 6%50 6510 6580 1330 am 1140 7112 

I 
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J21 10420 6580 
322 7110 6250 
m 6M0 5680 
324 6.tSO 5m) 

JZS 5950 5950 
326 5950 6250 
JZ7 5440 5950 

UNCLASSIFIED 

6510 6250 6250 6250 7810 1810 
5680 59SO 8330 9620 67(,Q S950 

5440 5CXD S«<> 5680 71«> 5950 

5950 5810 sea> 59SO 7350 6940 
5210 5950 6250 7810 !i81O 

7810 7350 6580 1350 9620 8930 

7350 7810 7560 8330 11360 7350 

z-10 
UNCL.A.SSIFIED 

6940 
96:lO 
59SO 
7350 

12500 
13890 

X 

7210 
7330 
5913 
11'71 
1790 

1192 
X 
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I 
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UNCLASSIFIED 

., 6250 6250 6250 6510 7350 1620 1620 9620 9620 7t'11 

I IIZ 6250 6250 7110 7110 6250 6250 7110 7110 6250 6MS 

363 6ZSO 6250 6250 6940 6250 IS30 1620 1620 1620 7611 .. 5610 5950 7110 7110 6510 IS30 1930 1930 7110 7537 

I 365 6250 7S50 6940 6250 6940 10420 1620 1930 1930 7959 

J66 6ZSO 6580 6250 6510 6940 1330 1330 1330 ISJO 7S2' 

I 
S67 6250 6250 6250 6580 6250 1330 6940 1330 1930 7123 .. 6ZSO 6250 6250 6250 6250 69,IQ 1330 1930 7350 6971 

J6I 6250 6250 6250 6250 6250 1330 9620 1330 1620 7491 

I S70 6250 6250 6250 6940 6250 6510 1330 9620 a:s:so 7200 

S71 5950 5950 6940 6510 6S80 7110 9620 962U 1620 7630 

S72 6250 6250 5950 7350 6580 7350 1330 1930 9620 7401 

I S7J 6250 6940 6510 6250 1330 9620 9620 19:-.0 1330 7872 

S7C 6MO 6250 1620 6940 6250 6250 1330 l'.\30 7350 7362 

S75 6250 6250 6250 6250 6250 1330 6940 6940 7l50 6757 

I S76 6250 6250 6250 6250 6250 6S80 7350 7810 7350 6704 

sn 5610 6250 6250 6250 5680 7350 10420 9620 7UO 7257 

371 6250 5680 6250 6250 5950 6580 · 1330 1930 1330 6950 

I S79 7S50 9620 7110 6940 9620 9620 9620 9620 9620 1869 

SIO 5680 6940 6940 6250 6SIO 7350 9620 9620 1930 7546 

I Sl1 6250 9620 9620 1330 6940 1930 12500 1930 10420 9060 

SIZ 6250 9620 1930 IS30 7110 9620 10420 9620 9620 191'.\ 

SIS 6250 5950 6580 6510 6940 6940 7810 1330 1930 7146 

I Sl4 6250 6940 1330 6940 7350 7110 9620 9620 1330 7910 

SIS 7S50 1930 10420 10420 7350 8930 10420 17860 10420 10233 -6250 5950 6SIO 6510 6580 6940 7110 9620 9620 7326 

I st7 6250 5950 5950 S950 5440 5610 7350 6250 6250 6119 .. 6250 5610 5610 5610 5680 6250 7350 6250 6940 61% 

ii 
Sit 6250 1950 5950 6250 6250 6940 7110 6250 6940 6510 

190 6250 1950 5950 6250 6250 C,250 MMO 7l!i0 7l~ <i!iOI 

191 6ZSO 6250 6510 6250 6250 6250 1930 7350 1330 6938 

I 
J,Z 6250 6250 6510 6250 6250 6250 1330 7350 7110 Nl13 

J83 62SO 6250 6580 5950 5950 6940 1:530 1330 a:530 6990 

3M 6250 6250 6250 5950 5950 7110 8330 1330 7350 6941 

I 115 7550 1330 1330 1620 7350 9620 9620 1930 1330 1609 

IN 6250 6250 6510 6510 6250 7110 1330 1330 1330 7190 

117 6250 5950 5950 6250 6940 6940 7110 9620 1930 7112 

I .. 6250 6250 6250 5680 7S50 1930 1330 7350 1620 7334 - 6250 6250 6250 6510 6510 1930 1930 9620 1620 7661 

,-1 
400 6510 6250 6250 6250 S210 6250 6580 1930 6940 6512 

I 
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I 
.... 1111r1,. 1 J s 4 I 6 7 I • llYWftPftlul I •I 

,ehir or I _.11~arl111: 
JZI 67(1() 7350 IJl(I 1330 6410 9620 1930 9620 1620 1330 
SZCI 64f0 1930 15130 11130 1620 9620 1620 11130 11130 1110 I 
JJO 6940 1620 1620 1620 1620 1330 1930 15130 1330 1112 
SS1 6SIIO 1930 6510 6940 1330 1930 1250 1930 1620 1232 I 332 6SIO 6940 1330 1330 73'.0 11130 1930 1615 9620 1292 
333 6510 1930 7350 6940 1620 9620 1930 7350 9620 1327 
Sl4 100X> 6S80 1330 1930 6940 nso 6940 6940 6940 7770 I 535 6940 1930 1330 7350 1250 9620 8930 1930 9620 1656 
336 6940 1620 16?0 9620 1930 1330 9620 9620 10CXX> 9144 
537 7110 6940 1620 1330 1930 1930 1930 9620 1930 1671 I )jl 6940 9620 1620 1930 1930 1930 9620 1930 1620 11016 
339 1330 0620 73SO 9620 1930 1620 1930 7110 9620 1170 

MO 6SAO 6250 62!',0 6250 6250 6250 6250 6250 7110 6C60 I 341 ft2!'.0 7350 1930 1330 1330 1330 15130 1930 1!130 1257 
S42 9250 1330 1620 1930 7350 7350 7110 1620 1930 1577 
S43 6250 1330 6250 6940 1620 9620 1330 1930 1930 1133 I 344 6250 7350 9620 7350 1330 7350 1930 1930 9620 1192 
545 6250 6S80 5950 6250 6250 1930 1330 7350 6580 6941 
l46 6250 62~ 6580 6250 6580 7110 1930 1620 6940 7246 
547 6250 6250 6940 6SIO 6250 6140 7110 7110 1330 7011 
l4I 6250 6250 6250 7350 6250 6250 6940 1930 6'40 6A2~ 
3-151 6250 6250 6250 6250 6250 1330 6940 6940 61140 6711 
:.SO 62!10 6250 6940 694v 6250 6250 1330 1330 6250 6'166 
351 7110 6250 1620 1930 1330 7350 9620 1620 9620 1S72 
352 7110 7350 1930 6250 6S80 7350 1620 1620 9620 1126 
sss 7350 9620 6940 73SO 1620 7110 9620 7350 1930 1%18 
354 6S80 6SIO 6250 6250 6250 1930 1930 6250 1330 7150 I HS 6250 6250 6250 6250 6250 7110 7110 1930 7110 7061 
JS6 6250 6250 7350 7110 6510 7110 1620 1620 1620 1079 

357 6250 6250 6250 7350 6940 7350 7350 1930 1620 7171 I JSI 6250 6510 7110 7110 7350 1330 1330 1620 9620 7967 
JSt 6250 6250 6250 6250 6250 7350 6940 6250 6940 6526 
]60 ,no 6510 7110 6580 6250 7110 1620 7110 1930 7$16 I 

I 
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DEUTSCHE UHRGLASFABRIK GMBH leJ 
.,,._ ___ -•• »u......,, 
Schott CJrtial Glass Inc. 
York Mrue 

lllryea, l~sylv.ania 18"42 

Attn. Nr. w.r..-.sh 

---
SCHOTT DUI~Yi:".A 

FEB U 1'11 

u,..... .......... 
VW/LSp 

Solar l:Ollector Mirror~ - Order T 3015 

Ugar Mr. *sh, 

I A • 6 I I II • /J j 

32230......,7 
f•rw"' Dell'IIN'• IO II 111 I '10 ff I 
t•• Olt!IO ..... wd 
, ..... - 111w.,i.., ...... fo,_,i. .. , 
aat•ISlat..,., AH_, ll-•1 

.,., .... 
6.2.78 

With reference to our talay's tclcJt 111'-asc n,..i co.:lo~'-' tlK.· CIJllll•klc• 

list for the following 96 bend &lasses 1Cas1Jl'Cd on !I points to your 

convenience. One copy is sent to Mr. Sc:tula as well. 

Yours faithfully 

Deutsche lllr&lasfabrik 

lnc:1. 

C.a.b.H. 

~.,. ~t.w'.«-
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I 
I 
I 

401 c,SIO 6580 6250 6250 6940 10420 7110 6580 1330 7304 I 
402 6~ 6940 6250 6250 6250 6250 6940 6250 6SIO 6477 
403 fi2!,0 62!",() 6250 6250 6250 6S80 6940 6580 6S80 6437 I 
404 6250 62SO 6250 6250 6250 1330 6250 6250 6250 6481 
405 6250 6250 6580 6940 7350 1330 6940 6940 7150 6992 I 406 6940 6250 6580 6940 7560 9620 7810 6580 6940 7247 
407 6250 6940 7350 6S80 6Si0 7810 7812 7140 6250 6~ 
408 6250 8330 6250 6940 7150 7140 8930 6940 1330 7384 I 400 6940 6250 6250 7350 6410 7810 6250 8930 7350 7060 
410 6940 6250 6250 7350 6250 8330 6250 8930 7350 7100 
411 6250 6250 6250 6250 7140 8330 7810 7350 7140 6974 I 412 6250 6760 6250 6580 6940 6940 6940 9620 1330 7179 
413 6!140 7350 6250 6250 7350 9620 7810 6940 8330 7427 
414 6250 6250 6250 6250 6S80 9620 6940 6250 7350 6860 I 
415 6~.SO 6940 62SO 6250 6940 8930 7140 6580 6SIO 6910 
416 6250 6250 6040 6580 6250 6940 7350 7810 1350 6151 I 41? 6580 6250 62~ 6580 7350 7810 7350 6250 1620 71i6 
418 62!i0 6250 6!140 7350 7350 7810 73SO 7350 1930 7217 
4111 6580 6250 62SO 6580 7350 92SO 6940 6940 7140 7031 I 420 6250 6SIO 6250 6S80 6250 7350 6940 7350 7140 '-74' 
'21 50X) 6250 6250 SOX) 6250 11360 8330 7350 8330 7124 
422 6250 6250 6250 6580 6250 9620 11620 6250 8330 7~7 I 423 6250 6940 6940 6940 6940 9620 8330 7350 7350 ,.m 
424 6250 6250 6250 6250 6250 9620 7350 11620 1620 7496 

I 
I 
I 
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DISTRIBUTION LIST 

External 
Aerospace Corporation 
101 Continental Blvd. 
El Segundo, CA 90245 
Attention: Elliott L. Katz 

Solar Total Energy Program 
American Technologica'. University 
P. O. Box 1416 
Killeen, TX 76541 
Attention: B. L. Hale 

Argonne National Laboratory 
9700 South Cau Avenue 
Argonne, IL 60439 
Attention: R. G. Matlock 

W. W. Schertz 
Roland Wineton 

Battelle Memorial Institute 
Pacilic Northwest Laboratory 
P. O. Box 999 
Richland, WA 99352 
Attention: K. Drumheller 

Brookhaven National Laboratory 
Aeeociated Univereitiee, Inc. 
Upton, LI, NY 11973 

Edison Electric lnetitute 
90 Park Avenue 
New York, NY 10016 
Attention: L. O. Elaaeaser, 

Director of Reeearch 

Energy lnetitute 
1700 Las Loma• 
Albuquerque, NM 87131 
Attention: T. T. Shiebman 

EPtU 
34J •. Hillview Avenue 
Pak Alto, CA 94303 
Atte1£tion: J. E. Bl11er 
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DISTRIBUTION LIST (Cont.) 

External 
Georgia lnatitute of Technology 
Atlanta, GA 3033Z 
Attention: J. D. Walton 
Ceorgia Power Company 
Atlanta, GA 3030Z 
Attention: Mr. Walter Hensley 

Vice President Economic• Service• 

Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91103 
Attention: V. C. Truacello 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, CA 94720 
Attention: Mike Wallig 
Lawrence Livermore Laboratory 
University of California 
P. O. Box 808 
Livermore, CA 94500 
Attention: W. C. Dickinaon 
Los Alamos Scientific Laboratory 
Loa Alamo•, NM 87545 

. Attention: J. D. Balcomb 
D. P. Grimmer 
C. D. Bankaton 

NASA-Lewie Reaearch Center 
Cleveland, OH 44135 
Attention: P.. Hyland 
New Mexico State Unive r • ity 
Laa Cruces, NM 88001 
Attention: R. L. San Martin 
Oalt Ridge National Laboratory 
P. O. Box Y 
Oak Ridge, TN 37830 
Attention: J. R. Blevina 

C. V. Cheater 
J. Johnaon 
S. I. Kaplan 
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DISTRIBUTION LIST (Cont.) 

External 

Office of Technology Aueument 
Old Immigration Building, Room 7ZZ 
119 D. Street, NE 
Washington, DC 20002 
Attention: Henry Kelly 
Solar Energy Reaearr'i lnatitute 
1536 Cole Blvd 
Golden, CO 80401 
Attention: C. J. Bishop 

Ken Brown 
B. L. Butler 
Frank Kreith 
Charles Groeskreutz 
B. P. Gupta 
A. Rabi 
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