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l .O INTRODUCTION 

lhis is Volume Ill of a set of 8 which comprises the fina) report of a study of Solar Power Satellites 

(SPS) conducted for the National Aeronautics and Space Administration's Johnson Space Flight 

Center under Contract NAS9- I 5196. These volumes are: 

I Executive Summary 

II Technical Summary 

III SPS Satellite Systems 

IV Microwave Power Transmission System 

V Space Operations 

VI Evaluation Data Book 

VII Study Part II Final Briefing 

VIII SPS Launch Vehicle Ascent and Entry Sonic Overpressure and 

Noise Effects 

Tnt.? study was divided into two parts of approximately equal duration. This documentation sum

marizes the Part 1 results and details the Part ~ activities and results. 

This volume concentrates upori the power generation portion of the SPS. The transmitter systems 

are not covered. although their masses are included in the overall mas~ statement. 

Two generic types of power generation systt>ms were investigated. These were the photovoltaic 

(solar cell) and thermal engine systems: both convert solar energy to the eleclrical power required 

by the transmitter systems. 

The two systems are fundamentally different in their approach to energy conversion. Solar cells an: 

passive .. no moving part" devices which effect direct conversion of solar energy to a direct current 

output. The them1al engine concept employs generators turned by turbines energized by a heated 

working fluid. Concentrated solar energy heats this working tluid: excess heat is rejected to space 

by a radiator. 

The two systems were found to be approximately equal in mass; however, in-!'! · .:e constluction of 

the thennal engine system is more complex and involves a more expensive constiuction station and 

higher .. front-end'' cost. 

Parts 2.0 and 3.0 of this volume give system requirements and a definition of the operational envi

ronment. Section 4.0 gives a brief description of the primary SPS subsystt:ms and .·xplains why 

specific subsystem types were st>lccted. for example, why the Rankine cyck was selected over the 

Brayton for themrnl engine energy conversion. ~ction 5.0 explain" trade~ ll.'ading to exact ~·onfi!!

uration st'lcction. for example. selection of thl.' Rankine cycle operating h'mpcratures. Section 6.U 

gives a detailed description of thl.' two satellite configurations. 
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2.0 REQUIREMENTS 

2.1 PROGRAMMATIC REQUIREMENTS 

Primary overall requirements of a programmatk nature are given in Volume II of this document set. 

More specific requirements influencing the actual satellite configurations are given in the following 

section. 

2.2 SPECIFIC REQUIREMENTS 

These requirements apply to foe power generation system (non-transmitter> portion of tlw SPS. 

0 I The operational location for the satellites shall be geosynchronous orbit. 

'2) Nominal life shall be 30 years lindefiniti: with appropriate refurhishml·nt l. 

(3) System sizing shall be such as to di:!i,w a mimmum of 8.2 15 MW to i:ad1 of two miaowavi: 

transmitters per satdlite. over the course of a yi:ar. ·~xci:pting occultation FrioJs and five 

minutes before and after occultation. 

(4! Station keeping systems shall be provided such that perturhating effects do not reduce intcr

satellik spacings below 50 km for a nominal ~p:icing 01 75 km. Nominal orbit error allora

tions are: out-of-plane 2.2°. equivalent to 15.5 km longitude error: cccentridty 0.0004. 

equivalent to 16.87 km longitudt• error: long-period drift. 10 km. 

The RSS of these three parameters is 25 km total random error. If the satellites ~·an he shifted 

as a group. the group may excce ' 25 km from the assigned lot·ations. 

(5) The satellites shall have attitude control capability and ~tructural inkgrity to r~cover from a 

gravity gradient stable attitude to a nominal flight attitude (in g.eo~·· "Khronous orbitl. 

(6) The power generating system shall be designed to degrade <include random rnalfun1.:tions1 by 

no more than 2'/f in the course of one yc;ir. Degradation of solar arr;iys below this qua11tity 

shall be correctable I for example. hy annealing l within a period of 60 days. 

(7) In addition to the capability of hanJling start-up and shut down power iamps. the power gen

eration system shall be capable of operating at power levels bdween 50' ~ and I 00'} cf nominal 

(for load following). 

(8) Partial shadowing by other SPS's shall not cause tot;il disruption of opt•ra ~ion or da1~1ag1.'. Loss 

of output proportionak to the shadowing is at··-·cptahk. 

3 
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(10) Saldlites 5llal be ....... !or comtntcth>n in space f.-om ~bf ~ts and odlcr 

.alerials tkheml to space ror.stntction site<s~ froft' Eanh by a space nansportation system. 

(a I) Enetgy C.olectioa _. COIKdtratioa Subsyslcm \if wed; Ille "CR~ 1- pboloroltak satellite 

Im aoae): 

(a) Tbr magy collection subsyslem !hall k designed to av'!'id variation in conccatnled ..

li&lat intensity that would damqe or seriously interfere wida operalion of. lite mefl)' coa-

Yenion ~system. 

lb) Tiie eaefl)" colltttion subsys._cm sllall actively or passivd)· c«m1~ for \atUtions in 

$1111 den.ion due to sattliw attiftlde. The eneigy collection subsyskm sllal also CGm

pensate for expa.1ed suuctunl defonmtioas in the SPS due to space nl"iromnent and 

otber oper.1tional factors. and for attilll« '-arialions due to ~ operation of the atti

tude control system. 

(c) The energy coh"tion subs}-slem sh.al be designed 10 PfC\....,.. an:in~ and/or other poten

tially dmuging effects nsociatat ,.-irh electrostatic charge build-up due to the !ll!Osyn

~hronous orbit naruraJ « ind~-ed en\-ironmtnts. 

ta) The photovoltaic s}stem shall be modular.zed into spz,-e inst=iilbble blankets ( .. strings ... ) 

of awroximatdy 80.000 KWe nominal general~ capaciry ead1 a1 beginning of life 

under nOPlinal operating conditions induding =iipplic:ablc sunli~t ..:on,"enlration. The 

nominal voltage output of c~il module shall be 44.000 \-oils.. 

'bl The photovoltaic: system shall cmrloy radiation shielding and/or annealing as appropriate 

for minimum rower COSI-

fc) lndividua! ,-onveners h:cUs) shall be wired inlo the bbnket amt)' such that eithn open or 

shon-d1cuit failures of inJ1vidual conwrt~l'i do not cause I) loss of anay output dispro

portion_ •e to the !O'\s of the individu=iil ,"On"erter ·s ,-onrributi"'1. or 1 t arcing. 

(d) The photovolraic system shall oe desiJqed such that a blanket a!!odule and/or its switch

gear can he isolared fron: Ute operatiilg onboard electric power distribution system. and 

its generated electrical roft:ttiai redu"'"Cd to safe levels. so that it may be serviced ,.;thout 

shutdowr. of the ~ntiri: cncrr.y ,-onversion subsystem. 

4 
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(a) Tltc tllmul engine SJ*'-sllall he madumized into~ installhk elements- wiltl a 

nomiml tcneminc ~ per maclline sea of l~.000 ICWe. 111e nomin .. DC wdble 
output of e3'.; •.Kf&ilrc ¥-'" ~be conbURatk widlin dae nftlt 40.000 to .fS.000 volls 

at~ power output. 

(b) WMclul lfllCQIOIS $llal he pmwide4 willl ('Gftbols and connrcled to dle onboanl 

powtr 4i51riheltioft S)'Stftll 'SUdl tllat planne4 sllul.town of an individU31 ~tor dots 

not imp1ir opeQlioas of lilt SI'S acepl f« loss of Ille ...atput contributed by lhat 

genttalOr. 

(c) lndiridml engine gennatol's dlal be ~ to alow serYicc. indudin1 miry '" lluid 

s~ems.. without sllutdown of ~tbn. ~ cnginc~tors.. ex'--crt in the asr 

v.ileR ac«ss to die inkrior of Ille cmly absorber may be rcquiled. 

(d) Fluid S)'Slcms sh3ll indudc ~nPnl anclfOf' Ht\cntory conlrol SIKh that intentional or 

unintentional bttAiles of tluid sy-slcm inlqsil}' will Rt.It cause C'l(cnsi\'e ~ o( tluld. 

(c) The thcnnal engine energy comctsK>n system silall be c .. ble of mnP"ir.g without d.am

ape a maximum.JuDtion ~osyochronous occultation (7~ minutes\ when cntmng the 

shadow cold. i.c .• aflcr an extended shuldown period. and then n"<K"hing iull rower 

•ilhin one t;,'llr. 

CO Normal restarl after <1'X"taltation. i.e .• upon entering rile shadow hot. shall reach iull 

power within five minutes after ka\ill(t the shadow. 

(ft) 1lle axes of mlation of the tu~erators shall he ('13r.tlld. One half of Ille ma..:hines 

shall rotate in one direction. the other half in the olhcr. to minimiLc the n.:t angular 

~omen tum. 

C 14 ) Power Distribution System: 

CaJ The ~'t"r distribution system shall condu\."t 0C ckctrkal Jltl\\'Cr rrom the .:ncrgy con· 

version S}'Slem interfa-.""Cs to the transmitter rotary joint interfaces. 1 It is a._'Sllmed that 

there arc t•·o 5-GW 1m.ltmJ output antenn.ts and a~soc:iat.:J rotary joinb p.:r SPS. ·; The 

distribulion s)·stcm shall surrly t~· folhwing nominal \Olta~s and currents to the rota~ 

joinl interface. 

Bus A 40.XOO ,-oils al 138.M>O amrs 15.M GW} 

Bus B 3R.700 volts al 5q_.icJ amrs (1.30 G\V) 

A common return for the~· twu supplies shall be rro\id,•d. 

s 
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T1lis ..... c:acnt is baed on ~kd IO)"Stron cllar.k:tcristk."S described in tile fono.ing. 

ad is~~ tomW.: 

Tube Tu~: 1Qystron~Oeprnse4 Co!kcwr 

RF Po••· Ocnput: 70.66 ~-
EIT.:ien...7': 0.8Si 

Numbm" cL Drpressrd ColJedors: S 

Modu.t:iing Ancde Voltagic: :1.oso ±0.S'Jt 

Body Anode V ot'.a~: : 1.0SO tO.S'l 

Body Anudr Curmtt· 0.083 Amperes 

Beam no.rent: :.10 AmpettS 

KLYSTROS TUBE f LEME!'t'T REQt.;tRENEJ\ii'TS 
ELEME"4T VOLTS D.C. CURREl\l(AMPSl POWER tWA1TS) 

Modutiling Anode :!1.050 0.088 1.85~.4 

BOOyAnode :!l.OSO 0.088 1.85:!.4 

Spike Electrode O 0 0.044 

C'olkdor#l :!l.050 0.044 9:!6.4 

Collector#:! ~.5.160 0.088 :!~14.1 

Collector #3 :q .. po 0.154 4538.4 

Collector#4 .n.SQO 0.330 I :!.503.7 

CtJ!lector #S .itHll'O I .45:! 58.080.0 

Ca<1aode TB!> TDD 50.0 

Solenoid TBD TBD 1.000.0 

TOTAL POWER 8.l.017A 

PROClSSED POWER I:! .433. 7 

EFFICIENCY 85. )'"; 

th) The rower distribuiioa s)·stcm shall employ dedicated aluminum conductors tnol p.1rt of 

main srmcturc l which are passivdy cooled by radiation to fn.-e space. 

(d The power distribution syst.:m sh•Jll h:m.· swHchint? and control equipment as necessary 

tQ isolate the rotary joint and power transmission system from energy ronv'-"rsion system 

startup and shutdown tran~nts. This requirement may be in rart met by delayed activa· 

tion of power distribution provided that the dciay is not greater than fave minutes. 

(IS) The SPS shall be designed to the ionizing radiation environment given in the .. Environment .. 

portion of this d<l\:ument «Section 3.~.I ). 

6 
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l.O ENVtaONllENT 

Tllis cectio~ specifies the environmental factors assumed. for tbis study. to prevail in the 1eosyn

dlronous ~rational orbit. Also provided are ~ factors associated with h>w orbit locations used 

for assem"ly and the intermediate n:gions used for transfer from low to bigb orbit. 

J.I ME'IEOROIDS 

l.1.1 Flax-II.- Moclel 

lbe average total meteoroid environment was based upon the model given in Referer.ce ( 1 ). The 

flux-mass model is shown in Figure 3-1. The meaning of this flux-mass model is that for a given 

aRa. say one square meter. in free 51>3'.~ particles will pass tbrough in all directions (including '1>otb 

sides .. of the area) at the avcraee ntcs specified. Models such as this are derived from observations 

of metems in our atmosphere and from limited space flight data. 

u .. , .. 
.... .... -·....... -

... ... .. 
~ 

Flllft 3-1 MeleoroW Flu..._ Model (0..nHinctioml) 

Most 1i1eteoroids are apparently in elliptical orbits about the sun and the orbits are of relatively low 

inclinalion to the ecliptic. The orbital motion of the Eanh (and of objects in orbit about the 

Eanh r, coupled with this low inclination of the meteoroids' orbit, causes a significant directional 

i:ffect. Planar objects, such as the thennal engine SPS radiators. are thus advantageously flown 

.. edge on·• to the prevalent meteoroid stream. Using such an orientation, a previous study (Refer

ence (2)) has determined that the number of hits per unit (projected) area per second, will be 

approximately 40% of that indicated by the omnidirectional nux-ntass model. Thus the '"partides/ ., 
meter"' /second .. quantities of Figure 3-1 can be multiplied by 0.4 for radiators mounted perpen-

dicular to the 11orth-south axis of the SPS. 

7 
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1be probable incidence of man-made objects smil as sateUites or satellite parts is discussed in Vol

ume VI of this document set. 

3.? RADIATION 

3.2.1 lonizins Radiation 

ne SPS shall be designed to the f ollO\\'ing ionizing radiation em ironmcnts: 

Higlt Eaftg)' hrtidts 
For hi(!h enern' trapped electrons and protons. the electron Oux maps AE-4C .! ) and AE-6(3 ~and the 

prot,,n tlux maps AP-s<4 ). AP--6(5 •. md AP-1<6 ) shall be used. The anticipated AP-8 proton llux 

mar shall be used when it becomes available. These flux maps. described in a series of publications 

by J. Veth: and co-workers at the National Space Science Data Center. are the standard high r"tergy 

trarrcJ particle data source. 

The solar rroton environment modd of J. Kinge7l_ and the survey and predictions of W. R. 

WebberC 8 •_<Q) be used to define both an expected and a worst ca~ ~lar proton environment. 

low Enft'g)' Particles 

Electrons of energy le~ than .!50 te V. and protons below 0.5 Me V are not treated in the trapped 

partide Oux mars and must be defined from the research literature. The Sf(' charging artidt.> by 

Deforrrst\ IO) is typical of the data available in this area that shall be used. 

lonosphett and Space Radiation Environment Def"mition 

The NASA Space Vehicle Design Handbook ionosphere environment shall be used. 

Rdermces: 
( l) NASA TMs-64627 ··SPace and Planetary Environmental Guidelines for Use in Space Vehicle 

Development ... Nov. IS. In I. 

(2) 0. Gregory .. Final Technical Report. Syst~:ns Definition. Space-Based Power Conversion Sys

tdns:· NAS8-316:!8. Boeing Aerospace Company Document 0180-:!0309-1. 

(3) G. Sintdey and J. Vette. A Model Environment for Outer Zone Electrons. NSSOC-72-13. 197:?. 

f4) M. Teague, K. Chan. J. Vette ... AE6: A Model Environment of Trapped Electrons for Solar 

Maximum, •• NSSOC 76-04, May. 1976. 
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1983 Space Missions;' NASA God~d X-601-73-324. 1973. 

( 9) W.R. Webber. "An Evaluation of the Radiation Hazard Due to Solar Particle Events," Boeing 

Document 02-90469, 1963. 

(JO) W.R. Webber. ••An Evaluation of Solar Cosmic Ray Events During Solar Minimum." Boeing 

Document 02-84274-1, 1966. 

(11) S. DeForrest ... Spacecraft Charging at Synchronous Orbit,'' J. Geophys. Res. 77, 651, 1972. 

3.2.l Radiation Cycle Prediction 

Predictions of the sunspot number for the coming Cycle 21 are compared in Figure 3.2-1. F. M. 

Smith bases his prediction on two non-synchronous components related to planet-caused tidal varia

tions on the sun. W. Gliessberg of the Astronomical Institute in West Germany bases his pred!ctions 

on 80-year repeatability of sunspot phenomena. Ted Cohen and Paul Lintz base their prediction on 

a periodicity of 179 years obtained from a maximum entropy analysis. 

A solar power satellite launched in 1990 will experience Cycles 2::!. ::!3 and 24 for which no predic

tions have yet been made. We therefore used data averaged for us by Professor W.R. Webber, Uni

versity of New Hampshire, who is our consultant on solar activity. 

The average expected solar proton fluence (>10 MeV), and a 90% value, are shown in Table 3.2-1 ). 

An equivalent 1-MeVelectron damage fluence for a 6 mil 10 ohm-cm n/p solar cell with 6 mil cover 

slip and 3 mils of equivalent back side Kapton, adhesive and mylar shielding is also given. The pro

ton damage coefficient used is shown in Figure 3.2-2 as .. I /E." The electron damage coefficient is 

taken from the TRW Solar Cell Handbook. The incident proton spectral shape is shown in Figure 

3.2-3, while the trapped electron spectrum is shown in Figure 3.2-4. 
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Figure 3.2·1 Predictiom For Solar Cycle 21 

Table 3.2-1 So11r Proton F1ueace 

AVERAGE FLUENCE 90'9 FLUENCE 

SOLAR CYCLE 21 

0., ( > 10 MeV)lCW 3.28. 1010 1011 

1-lleV OEN• ELECTRONS 2.3. 1014 6.98 x 1014 

SOLAR CYCLE 21. 22. & 23 

0., ( > 10 MeV)JCM2 1.1 • 1011 2.25 x 1011 

I ·MeV DENI ELECTRONS 1.1. 1014 1.6 x 1015 

TRAPPED ELECTRON FLUENCE 

YEARLY FLUENCE l >0.25 MeV) 3 • 1014 .1cm2 

YEARLY 1·MeV DENI FLUENCE 2 x 1013 1-MeV elcm2 ·YEAR 
( 8 MIL COVER SLIPS. 10 OHM-CM. n/p) 

IO 



--
., .... 

PROTON 
DAMAGE 
CoEFFICIENT 

--1/E 

---- COMSAT KL 

1cr8'----'-~~ ........ u-_,__._ ........... ~.....____,,~~'-'-L.L.U....~A...-._._~ ......... 
0 1 10 1o2 1o3 

FLUENCE 
Op(E) 

cm2-Mev 

PROTON ENERGY (MeV) 

FtgUR 3.2-2 Damage Coefrldent Comparison 

109 ------------. 

•Normalized to S x 109 protons l> 10 MeV) 

104 ......... __ __.~---------' 
0 20 100 200 280 

PROTON ENERGY (MeVJ 

Figure 3.2·3 Spectmm of Protons Incident on Solar Cells on Solar Power SateUite 

11 



1.0 

FLUENCE 
~E) 0.1 
----

2 MeV 

0.01 

0.001 

DI 80-22876-l 

Nonnalizedtolelectron(>O~lMeV) 

Geosynchronous orbit 

0o 1.0 2.0 3.0 
ELECTRON ENERGY (MeVJ 

F..-e 3.2-4 Spectrum of Electrons Incident on Solar Cdls of Solar Power Satellite 

12 



Dt•22876-3 

4.0 PRIMARY SUBSYSTEMS 

This section describes individual subsystems and the decision processes involved in desiln selections 

affecting them. 

4.1 MATERIAI.S 

If solar power satellites bect'me a 0 national energy solution," 100 or more units could be required 

for the United States alone. As a global solution, literally thousanJs of satellites might be required. 

Therefore, care fut attention should t,e given the abundances of tQalerials considered for power satel· 

lite use. Not only should the material be adequate for the application in the en6ineering sense 

(strength, temperature capability, etc.) but resources must be adequate for the expected need. 

4.1.l Provisional Material Availability Requirements 

As a general rule, the following requirements wer. used in this study: 

(I) Materials used must be probably .. sufficiently abundant" in the year 2020. It is illogical to 

baselhe materials tor SPS which will be in short supply by the time of SPS incorporation. 

(2) A program of 112 SPS units ( I 0 10 watts output each) should not use more than 5% of the cur

rently known world resources of any material. 

(3 J The current world productiun rate of any material should be adequate for the production of 

one SPS per year. Implementation of this requirement tends to insure that the .. industrializa

tion" required for SPS will be able to successfully occur. 

4.1.2 Thennal Engine Satellite Materials 

The thermal en)jne satellite must have high temperature assemblies in order to operate efficiently. 

These include the cavity absorber, boikr. turbines and radiators. The last three of these are pres

sure vessels, exposed to hoop stress for the 30 year (260,000 hour) design li!e of the SPS. Coupon 

tests of candidate makrials are, in general, for no more than I 0,000 hours so that considerable 

extrapolation is required. 

Figure 4-J contains probably the best data available for potential thermal engine materials. Shown 

is tht' one percent creep stress (the stress to obtain a one percent elongation) versus temperature for 

an accumulated exposure of 30 years. 

These allowable design stresses for weldable containment alloys have been reduced from previous 

estimates to reflect more conservative values. bast>d on long term creep tests sponsored by the 

NASA-Lewis Research Center. 

13 



iii 
w 

• 
I 

4 

z 

af 11 : . = • 
~ 1 ... 
3 ' 
f s 

4 

3 

z 

\ 
\ 
\ 

\ 
\ 
\ 

0180-22876-3 

EXTRAPOLATtDSTR£flGTltSFOR 
1% CRHP IN ll YEARS AT 
TEMPERATURE tNDICATED 

\ 
\ 

''--~~--'~~..;.L........Jl-.I.~~-'-~--''--~---...-..._..~....-...._ ...... ~~~--~-,. tC 15 111 17 11 ti 20 21 
TEMPERATURE, 1F 11 io·2 

Figure 4-1 Extrapolated Strengths for 1% Creep in 30 Years at Temperature Indicated 

Molybdenum TZM alloy is induded as a non-weldable. very high strength alloy which would be 

used for highly stressed rotating parts such as turbine discs and blades: the alloy has well docu

mented high temperature strength, is readily available and its metal pro.:essing. machining and fabri

cation technology is well .:stablished. 

High suength weldable columbium base alloys such as FS-85 contain tungsten and zirconium whkh. 

jointly. produce grain boundary embrittlement when operating in the IOOO-L?83K (1350-l850°Fl 

temperature range for long p~riods of time. Only the resolution strengthened alloys. such as C-103 

(Cb-10 Hf-Ti). or the weaker Cb-I Zr. have strengths superior to the nickel and cobalt base supcr

alloys and possess good weldability and long-term thermal stability; while weldable sup~ralloys. 

such as the nickel base alloys. Hastelloy X and lnconel 617. and the cobalt base alloy. HA-188 are 
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available and have good high temperature strenath characteristics, they will not serve in the very 
hotest portions of the system. Therefore, the weldat!e columbium alloy, C-103, appears to be the 
most promisin1 material for use in the highest temperat\lre boiler. duct and turbi~ containment 
components and the non-weldable molybdenum alloy TZM appears most suited for the hotest tur

bine rotating components. 

Figure 4-2 shows material availability data pertinent to the thennal er jine SPS. Most of the data 
was drawn from "Unitetl States Mineral Resources," Pape::- 820, U.S. Dept. of Interior, 1973 . 

..... 
• GENERAL RUlES: 1) MATERIAL TO IE PREDICTED TO IE "SUFFICIENn v ABUNDANT- m 2020. 

2) 9'S TO NOT USE OVER 5'1. OF WORLD RESOURCES OF ANY MATERIAL 
It CURRENT WORLD PRODUCTION RATE ADEQUATE FOR ONE 5'SIYEAR 

e TURBINE WttEEllBLADE MATERIAL CNEED-IOODMTISPSI 
&WROUGHT MATERIAL) 

MATERIAL 

MOL VBDENUM CTZM) 

SILICON CARBIDE 

SJATEOFABJ 

DEVELOPED 

EARLY TEST 

!ORLO RESQURCES IMJ) 

29.000.000 
VERY ABUNDANT 

e TUR8INE HOUSING MATERIAUBOILER TUBES (NEED 4000 TO 7000MTJSN) 

CWELDARLE DUCTILE MATERIAU 

MATERIAL 

TANTALLUM (T111J 

NIOBIUM IC103) 

SILICON CARBIDE 

STATE OF ART 

DEVELOPED 

DEVELOPED 

EARLY TEST 

e RANKINE CYCLE WORKING FLUID 

MATERIAL 

CESIUM 

l'OTASSIUM 

•MT• METRIC TON/SI'S 

STA!EOFAQT 

DEVELOPED 

DEVELOPED 

WORLD RESQURCES fMD 

100.000 

17.000.000 

VERY ABUNDANT 

WORLD RESQURCES IMJI 

100.000 

>109 

PRODUCTION RATE CMTN!U 

11,000 

VERY SMALL 

PR90UC!l0N RATE fMT/YQI 

PERHAPS 1,0IJO 

ABOUT 20,000 

VERY SMALL 

PRODUCTION RATE fMTNRp 

~ 

10,000,00D 

Figure 4-2 Thermal Engine SPS Material AYailaWlity 

Turbine wheel and blade materials require a material capable of taking the required stress for the 

baselined 30-year life of the system. These materials may be wrought, that is high ductility is not 

required; a molybdenum alloy has been selected. Turbine housings, however, require a weldable, 

ductile material. Tantalum would be ~deal and would pennit a very high turbine inlet temperature. 

However, it 1s in relatively short supply; therefore, niobium (also called columbium) has been 

selected. Silicon carbide is truly the ultimate material for this utilization. Early test results are 

quite promising, however, it is nm felt appropriate to baseline it. 
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4.1.3 Thmnal Engine SPS Material Selection 

The relatively large turbine sizes and weights of the potassium turbines scaled fro;11 prior land-based 

power conversicm system studies suggests the possibility of considering the use of cesium as a work

ing fluid to reduet·: turbine size. In prior space power studil·s t'1e rdati\'dy low power levels 

required and small turbine siz~ occasioned by the use of cesium as a working tluid would have 

resulted in small first stage turbine:;, very short fir;t stage turbine bladt'~ and signiftcani first stage 

tip losses. These effects are of less consequence in the larger power kvel turbines now being 

considered. 

The physical and thermodynamic properties of cesium result in smaller diamder turbines with 

fewer stages. As a result of the reduced number of stages turbine disk temperatures are lower than 

for equivalent potassium systems: furthermore. the reduced expamion ratio of cesium vapor tur

bines should limit the growth of scroll weight,; and sizes in the latter stages. 

Prior comparative studies of potassium and cesium turbines over a more limited temperature range 

indicate cesium turbines could weigh less than half that of similar potassium turbines. Specific pre

liminary design effort is necessary to determine the-effectiveness of such pokntial weight 

reductions. 

So cesium seems to have significant advantages, but is in relatively short supply. Our current lluid 

inventory for the 10 GW I ground output) SPS is about 6000 metric tons of potassium. over half of 

whi:.-h is in the radiator. An "all-cesium., SPS would have roughly the same fluid mass, which is 

high relative to the world resources ( 100,000 metric tens). A cascaded system could greatly reduce 

the amount of cesium required: the cesium loop consists only of the boiler, turbine, pumps. contact 

heaters and a cesium-to-water neat exchanger. The radiator loop employs water. So at the expense 

of the additional elements of the two liquid system. cesium may be proved to be sufficiently abun

dant (if the use per SPS is only a few hundred metrk tons). 

Due to the complexity of the cascaded system. and the relatively large radiator required (from the 

low heat rejection temperature) it was decided to baseline the relatively simple, single loop. potas

sium system. 

4. 1.4 Photovoltaic Satellite Cell Material Selection 

The primary materials evaluated were :.ilicon and gallium-aluminum-arsenide/gallium arsenide 

(multijunction). Trades leading to selection of a baseline and a discussion of gallium availability are 

,· >eribed in Section 4.4. ··solar Cells." 
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4.2 SOLAR CONCENTRATORS 

4.2.1 Photovoltaic Application 

Concentration of sunlight on 30lar cells has some advautages but also creates some ddeterious 

effects. The obvious advantages are reduction in the actual solar cell material requirements, and the 

possibility of lower system mass if the reflecting material is signifkantly less massive, per unit of 

area project.:J, than the solar cell blankets. 

Some of th-: disadvantages of concentrated systems are higher operat•ng temperature~ causinc lower 

cell efficiencies, problems associated with uneven illumination a" discussed in the Part I Final 

Report and updated in Section 5. l .1.4, and a higher d~gr;;c of complexity in system construction 

and maintenance. 

Both the advantage3 and disadvantagt>s of concentrated svstems are pattially dependent on the type 

and degree of concentration, as well as on the type of solar cell used. Figures 4.2-1 and 4.2-2 show 

planar concentrators for cor.centration ratios of twJ and three, respectively. The effective limit of 

concentration ratio for plaiar concentrators is three. For higher concentration ratios Compound 

Parabolic Concentrators (CPC's) may be used. CPC's may be either two-dimensional. cylindrkal 

(Fig. 4.2-3) or three-dimensional, conic (Fig. 4.24). The generation of a three-dimensional C'PC sur

face is illustrated as Figure 4.2-5. 

The use of concentrators was investigited in Part I of this study and are briefly revisited in Section 

5 including pertinent updates. 

4.3 SOLAR CONCENTRATION FOR THERMAL ENGINES 

Theu:?> 1rved reflector surfaces and secondary concentrator~ allows high (over I 000) concentra

to be obtained for thennat engine use. Section f... l .~.4 explains how multipk fa1.·ets ;He 

used to fonn the curved reflectors. 

4.4 SOLAR CELLS 

Significant advances have been made during the Part ~ study period by ERDA contracton: · vho are 

developing silicon anJ gallium arsenide solar cells. Metal-insulation-semiconductor strncture for 

thin-film solar cells has produced 1 l.7 percent efficiency, and a ~1 per~ent limi~ b now predicted. 

Progress in solar cells based on other poly crystal and other thin-film m:itcrials has been slower. 

Solr,r cell developments occurring during the Part 1 study period are de~ ~ed in i:1e paragraphs 

that follow. 
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Solarex Corporation, a JPL contractor~ thin sin~ iiticon solar cells. has produced 

over 3000 cells lhat are only SO 11111 (2 mils) thick (Ref. 4.4-1 ). The pilot line making the cells was 

r.onstructed in 2.S months. and one month later (June 1977). it had pr< .iuced 2000 '--ells. each 4 

cm2 in area, for delivery to Jet Provulsion uboratory. NASA bas contracted with Solarex io keep 

this pilot line in production. 

Cell yields improved from 0 to 61 percent during the fabrication of the SO ,,m cdls. A toral of 

S 173 cells was started. with 2049 passing final inspecrion. Fronr contact failure and breakage were 
" the mosr common causes for rejection. ACl..-eptable output of the 4 cm- cell without cover was 55 

mW at 2S°C when illuminated with 135.6 mW/cm~ of simulated sunlight having an air-mass-zero 

(AMO) spectrum. This cell output c~ponds to I 0.1 percent effaciency. The current-voltage 

curve of .;n 11 percent cell is sho,.,-n in Figure 4.4-1. Laboratory cells have had 12.5 pell.-ent effa

~iency. and 75 11m cells t:ave been better than l3 percent efficient. One 30 ,,.m cell had 11 percent 

effM.-ien'f· 

The solarex cells are sawed to a thickness of around 300 pm from Czochralski grown single silicon 

crystal. and then etched to 50 µm thickn~ in a 40 percent NaOH solution at 373K (2 l 2°Ft. The 

yield of tire etching process has reached 90 percent. The wafers are then phosphorous diffused at 

I 138K t l 588°f} for l 5 minutes, and the 500 X thick p+ back-surface field is generated by diffus

ing vacuum-deposited aluminum at 1073K (1471°F) for 10 minutes. Photolithography is used in 

defining the front-surface contact finger3 and bus. which are layers of titanium. palladium and 

silver, vacuum deposited and subsequently sintered. Application of a tantalum oxide anti-reflection 

coating requires a temperature of 6 73K ( 75 I °F) for one minute. This coating might not be suitable 

for the solar power sate!!ite. where we anticipate thennal annealing temperatures as high as 773K 

(931°F). Heliotek's ~O pm cells. whi'-'h have a textured surface to reduce reflectance. would not 

need an anti-reJlection coating. Hdiouk's cdls have gener-.ited 67 mW output under 1 ~5.b mW/ 

cm2 of simulated AMO sunli!!ht. This corresponds to 12.35 percent efficiency. However, Heliotek 

has not been able to match Solarex·s cell production rate. 

Four operators manned the Solarex pilot line which produced 2000 cells in one month. To build 

a production line makin~ 50.000 cells ;i month Solarex needs $800,000 and six months time. Such 

a line would produce 4 cm1 cells for SS.00 each. Solarex has also made 39 cm2 hexagonal cells and 

5 by S cm square cells from SO µm thick silicon. 

Radiation resist.ince is the most surprising characteristics of the 50 µm cells. Figure 4.4-'.!, pub· 

lished by Solarex. shows that after absorbing a fluence of tots one-MeV electrons, the thin cell can 

still produce 92 percent of its initial output. This radiation resistance is also apparent in a cross

plot of data from JPL's 0 Solar Army Design Handbook" (Fig. 4.4·3). The dur-.ibility of the 50 µm 

cells in a solar-flare proton environment in geosynchronous orbit has not yet hf-en established. 

Some insight will come wht>n Boeing irradiates with protons the ten cells that \\ere sent to SPIRE 

Corporation for electrostatic bonding to borosilicate glass covers. After the ceolls are irradiated. 

S?IRE will attempt to anneal out the radiation damage by heating with a controlled laser beam. 
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Engineers at COMSAT Laboratories say that the radiation resistance and li&ht weight of a 50 ,.m 

cell give it a clear advantage over conventional cells for geosynchronous-orbit communication satel
lites. The ndiation resistance also permits the use of thin substrates. Pr~ously thin substntcs 

were not practical for synchronous-orbit satellites because the differential contraction between the 

silicon in the cells and the aluminum in the substrate stressed the cell-to-cell interconnections during 

the long eclipses.. The thermal mass of a heavy substrate was used to limit the temperature excul'

sions to values that would permit reasonable cycle life for the panels. Now COMSAT has sponsored 

the development by MBB and Telefunken in Germany of a graphite epoxy substrate that weighs , 
only 63 grams perm•. The matrix of graphite is so arran~ that the coefracient of thermal expan-

sion of the resulting sheet matches precisely the cOt"ffJCient of thennal expansion of the silicon in 

the cells. Tests at COMSA T Labs have shown that with this new substrate. thennal cyclin~ in geo

synchronous orbit will no longer be a serious life-limiting problem. 

COMSAT Labs. with the a."5istancc of the NASA lewis Research Center, had tested lightweight sub

strates for their ability to dissipate spacecraft charging in geosynchronous orbit. The conducti\'ity 
"' of the carbon in the graphite substrate was sufficient to limit charging in a 63 grams perm- sub-

strate to one kV. However, during the tesrs the investigators discovered that a light coating of soot 

on the back of any insulated panel will limit the spacecraft charging voltage to less than I 00 volts. 

Soot. suitably applied and covered with a protective coating. will probably solve the charging prob

lem for insulated solar panels. 

4.4.2 Gallium Arsenide Solar Cells 

Previous contract reports showed that the nation's potential ~mum resources could not support a 

program of Qne or more solar power satellites per year if single-crystal 1 ~5-pm (5 mill thick cells are 

used. Fi~ure 4.4-4. reproduced from previous work. shows the gap between gallium availability and 

requirements for the solar power satellit~ program. 

Availability of pllium and other photovoltaic materials is being investigated by Ratelle Northwest 

Laboratories. with ERDA funding the work. ERDA has not yet relea..~d the first report. which will 

include a compreher.sive picture of gallium availability. The report will probably state that no sig

nificant sourct.'S of gallium other than bauxite. zinc ore. and tly ash have been identified. However. 

it will note that ALCOA has determined that the recovery of gallium from bauxite can easily be as 

high as 80 percent, rather than the 10 percent pre\riously assumed. It will also stress that gallium is 

a by-product. and that l"xpanding the production of the basic metals just to increa~ gallium output 

will probably not be practical. By 1990 the U.S. could be producing 2.5 x I 06 kg per year of gal

lium as a by-product from zinc and aluminum refining. 

On the other hand. the thin·film high-efficiency gallium-arsenide solar cell may not be far away. 

Such a cell would be made by depositing on a suitable substrate, by evaporation or by chemical 

means, a layer of gallium arsenide which is between 4 and 10 pm thick. The crystallites on the film 

would then be consolidated to a diamder of perhaps IS pm. and junctions would be fonned on 

them. Suitably large crystallites have now been grown at several institutions. At MIT's Lincoln 

Labs, for example. 25 pm crystallites have been grown on films 2 µm thick by heating with a laser 

beam. 
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Perhaps the most important breakthrough has been the formation of a gallium arsenide homojunc

tion cell by John C. Fan of MIT's Lincoln Labs. Previous high~ffidency gallium arsenide solar cells 

have had a heterojunction formed with gallium-aluminum arsenide. Fan's cell. which has a very thin 

degenerate N+ layer on p-type single-crystal gallium arsenide, had a 20.5 percent efficiency in air

mass-one sunlight. The 500 X N+ layer provides high conductivity with low light absorption. and 

anodizing reduces surface recombination velocity. No vacuum processes are involved in making the 

cell. The next step for Fan is to generate homojunctions on his thin-mm gallium arsenide with 25 
lim crystallites. 

Another approach to thin-film gallium arsenide cells is JPL's AMOS concept in which 16.2 percent 

efficiency has been demonstrated, but using sliced polycrystalline gallium arsenide rather than thin 

deposited films of gallium arsenide. The AMOS development is now ft:nded with S363K from 

ERDA. 

In general, the thin-film gallium arsenide work looks good with Jarge grain sizes grown. and with 

short-circuit currents approaching those of single-crystal cells. Achieving good contacts seems to be 

the most important remaining problem. Gold and palladium make good contacts, but are too 

costly. 

4.4.3 Other 1bin Solar Cells 

The status of other thin-film solar cells is summarized in Table 4.4-1. The changes auring the past 

year in achieved efficiency of cells other than silicon and gallium arsenide has not been significant. 

Very few materials have produced stable conversion efficiencies above 10 percent. 

Dr. Morton Prince, at ERDA ·s review of its contracted solar cell development, summarized the 

status of thin-film p-n junction silicon solar cells as follows: The key problem wi!h these C"ells is the 

substrate. If the low-cost silicon solar cell program achieves its objectives. then the lowest cost 

substrate for thin-film cells may well be single-crystal silicon! Grain-boundary recombination limits 

the performance of junction-type thin-film silicon concepts. which are based on polycrystalline sili

con. Graphite could be a low-cost substrate for amorphous silicon. Hole traps. which collapse the 

depletion .-egion and reduce the diffusion length of holes, are the most significant problem in amor

phous silicon. RCA workers have obtained 6 percent efficiency from thin-film amorphous-silicon 

cells produced by plasma deposition from silane gas. Higher efficiency could be had if hole diffu

sion length could be increased. 

Recrystallization of poly crystal and amorphous films of silicon is a tough problem, according to 

Dr. Allan Kirkpatrick of SPIRE. No one has been able to do it yet. 
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llllPllaSnO SINGLE CRYSTAL 
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18.5 21 22 25 
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15.6 18 19 22 
12.0 '. 14 16 22 
1:Z \ 12 13 22 
6..0 10 12 22 

13 15 18 22 

8..5 10 10 

15 11 
5.7 10 

15 17 

3 17 

6.2 17 
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4.4.4 Metal-Insulation-Semiconductor Cells 

Development of Schottky-barrier diodes inspired the development of solar cells incorporating 

Schottky barriers rather than a simple P-N junction. Schottky barriers are potentially advantageous 

in that the bulk material in the solar cell need not be single-crystal, nor need it be very thick. One 

approach being developed by RCA laboratories applies I "I'm thick films on amorphous silicon, 

with platinum Schottky barriers and zirconium dioxide antireflection coatings to achieve 5.5 per· 

cent conversion efficiency (Ref. 4.4-2). Amorphous silicon, being highly absorptive, net>d be only 

one pm thick, and the substr.lte can be steel or glass. Open-circuit voltages are highest with the 

most expensive metals. A platinum barrier produced 800 mV, whereas nickei. chromium and 

aluminum gave voltages below 300 m V. Of course the value of the metal used is trivial. the 

Schottky barrier metallization being only SO to 100 X thick. 

Estimates had been nwJ, ,~f the efficicm:y versus grain size for polycrystalline p-n junc:ion solar 

cells of silicon and gallium .,;s.:11ide. These estimates used one and two-dimensional analyses to sim

plify the mathematics. Lanza ;id Hovel of IBM, using a sophisticated analysis in which the three

dimensional nature of the gr.tins in polycryst2lline cells is taken into account. determined that sili

con cells 10 µm thick will be at best 8 percent efficient for 100 µm grain sizes and 10 percent 

efficient if 25 µm thick. (See Reference 4.4-3). They found that gallium ars<nide 2 µm thick ceils 

can be 12 percent efficient if the grain size is 3 µm or greater. figures 4.4-5 and 4.4-6 summarize 

their conclusions. 

The metal-insulation-semiconductor (MIS) cell does not have the limitations cited by Lanza and 

Hovel. The interfacial insulatin~ layer or oxide between the metal and semiconductor of the 

Schottky barrier increases conversion efficiency considerably. For example, Stirn ar.d Yeh report 

that they obtained 16.2 percent efficiency in JPL's AMOS gallium arsenide cell. In fact. lofersky, 

et al predict that the theor~ticaJ mu:!mum efficiency of these cells can be 21 percent under Earth

surface illumi11ation with high substrate doping. low metal work function, and low interface defect 

density. (See Reference 4.44). The MIS cell. also called a metal-oxide-semiconductor (MOS) cell 

because the insulation is usually silicon oxide. typically consists of a p-type layer of silicon. doped 

to 0.1 !lcm resistivity. onto which an oxide layer generated by hot nitric acid. anodic oxidation, or 
0 

boiling de-ionized water. The oxide layer is usually less than 60 A thick. The metal. for exampk 

titanium. is evaporated onto a thickness of 50 X. making its resistance about 800 ohms per square. 

Its transmission may be only 60 percent. Contact to the metal is then made with a silver grid. 

The best pc=rfonnance of a MIS cell was reported by Fabre et ai from the Laboratoires 

d'Flectronique et de Physique Applique...' in France (Ref. 4.4-5). They obtained an efficien..:y of 
... 

l 1.7 ~1ercent with a 2.6 cm.:. cell ffig. 4.4-7). 

Professor Lofcrski thought that the MIS was th.! most likely configuration to be used on the solar 

power sakllite. 
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F..,e 4 ..... 5 Tk effect of ... sire on AMI efficieacy of? JU11 dlict GaAs ud lnP celk and 

101118 daict (solid lines) and 25 pm thick (dotted lines) Si cells. 1be .. cllssical" 

Sdlottky ._..,dull: cm1e11t is used. and the metal transparency is I~ . 

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

Fipre 4.4-6 The effect of pain size on the AM l effldency of 2 µm thick GaAs and I 0 and 25 pm 
0 

tlaiclr. Si MOS Schottky barrier cells. The transmittance of 7SA of Au covered by an 

AR t..'Oating as used. 
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Figure 4 • .f.7 MIS Solar Cell Developed in France has l l.7 Percent Effteiency 
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4.4.S Other Solar Cell Developments 

Oak Ridge National Labontory (ORNL) nas been making rcspe..:tabk solar cells by ion implanta· 

tion and also by generating dopants by transmuting ekments with neutron-;. The neutrons. with a 
2·meter range in silicon, transmute silicon atoms into phosophorous with a uniformity that cannot 

be approached by other means. However. these radiation processes severely damage the crystal 

stmcture. ONRL scientists have found that the radiation damagt' is beth'r annealed out with a 

laser beam than with oven-heating. Apparently own-heating caust:S additi:>nal diffusio11 to take 

place degrading cell perfonnance. 

A sawtooth cover invenkd by A. Neulenberg of COMSA T is a real breakthrough <Fig. 4 . ..J-8 }. The 

s1wtooth cover makes th11 g:id lin.:s invisihk. Besides eliminating the rdlection frnm the grid~. tht' 

sawtooth cover makes it possible to put on enough grids to make the series resistanc1.' of the cell 

virtually zero. The cover can also lw made a littk la1ger than the 1.'dl to .:apture tht' light tl1at 

would otherwise be trapped in the gap between cells. The new wver can incn.•as~' solar cdl output 

by as mud1 as 12 pcrcr.t. 

4.4.6 Conclusions 

At this time 50 µm single-.:rystal solar cells look br.:st for the referen~;.' design of the solar power 

satellite. While today these cells do cot have th1.· dt.'sircd I 8 per.:ent l'fficietKY in standard air-mas"

zero conditions. there are many approaches that have a gooci d1ancl' of ad1icving this 18 percent 

goal. One of the foilowing will prohably su.:.:t'ed. 

• Single-Cr.ntal Silicon Cells. The 50 µm cells art' being developl.'d for today's space applications 

whl.'re the combination of 12.5 pe1.:lc'nt efficiency. low wt'ight. and radiation n:~ist:incc make 

these cells clearly superior to conventional cells. The program erhasis is now on production. 

Many opportunitks for impro\·ing 1.•ffi~·i,·111.:y arl' :1vailahk. For l.'xampk. Solan.:x .:hos<' to 

throw away the powl'r that would h1.· a\·ailahk from infrart•d photon~ hecause texturing 0 1· the 

1.·ell surface is nt•t compatible with till· Solarex photolithographic prol·ess for tkpnsiting grid 

fil'•.'S. 

• Tlii11-Fil111 <;u!lit:m Arse11idc. Invention of tlw hon10.1m11:tion gallium arsL•nide -.ol:ir cell. 

togdher with the laser·g1mc1atcd 25 µm cryst~dlites in 2 µm thick films of gallium arsenide. 

opt•n the route to high·efficil.'ncy thin-film gallium arsenitk ct•lls. Cell lliicknL·ss tll'L'li by only 

some 2 to 8 µm. The resulting gallium requirement frir solar pmwr satt'llites may heL·omt• 

attainabk with U.~. natio11al re~tHlfCl'S. 

• Gallium A rw11ide AMUS Ceil. JPL ha~ already :ichieved I<<~ percent efficierKy with its AMOS 

cdl. hut with sliced polycrystalline gallium arsenitk llt•r,· .t~ain only a fl.'w mkrnmekrs pf 

gallium arsenide is required for high eell cfficil'ncy. JPL's AMOS 1kw1opml'llt program is well 

funded. 
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• ~ • Oxille • Snnironthlctor. Fourteen papers at the 12th Photovoltaic Specialists Confer

atee (November. 1976) dealt with metal-insulator--semiconductor (MIS) o: its equivalent. 

met.al oxide semiconductors (MOS) solar cells. Effeciencirs up to 11. 7 percent were reported. 
Dr. Loferski of Brown Unnea..:•y predicts :!l percent as being achievable. Significant progress 

ca be expected in tile next ten years. 

4.4-1 Lindmayer. J .• ""Pilot Line Repor;. Development of a High Efrtcienc..~ Thin S->lar Cell.

Report SX/IOSPL. June. 1977. Solarex Corporation. 

4.4-2 Carlsor.. D. E .• Wrot.Ski. C. R .• Triano. A. R .. and Daniel. R. E .... Solar Cells Using Schottky 

Barriers on Amorphous Silicon;· PROCEEDINGS OF THE I :!th PHOTOVOLTAIC" SPE

CIALISTS CONFERENCE. 1976 

4.4-3 Lanze. C .. and Hovel. H.J .... Efficiency C:.lculations for Thin Film Polycrystalline Semi

r;onductor Schottky Barritt Solar (-ens:· PROCEEDINGS OF THE I :!th PHOTOVOLATIC 

SPECIALISTS CONFERENCE. t97o 

4.44 St. Pierre. J_ A .. S!ngh. R .. Shewchum. J .. and Loferski. J. J .... Solar Cells Based on Metal

Insulator-Semiconductor Structures:· PROCEEDINGS OF THE I :!th PHOTOVOLTAIC 

SPl-:CIALISTS CONFERENCE. 1976 

4.4-5 Fabre. E .• Michel. J .• ar.d Budget. Y .. ··Photocurrent Analysis in MIS Solar Cells." PRO

CEEDINGS OF THE I ~th PHOTOVOLTAIC SPECIALISTS CONFERENCE. 1976 

4.S TURBOGENERATOR SYSTEMS 

4.S.1 PotasMllm Rankine Systems 

4.S.1.1 Rationale for Rankine 

Trade studies perfonncd in l'arts I & II of this study led to the selection of the Rankine cycle as th~ 

most promising .. near-te.:hnology .. therr.tal engine option. The nearest competik1r. the dosed cycle 

Brayton. is potentially relatively · ight only with the extremely high (I 600K = 2420°F) or higher 

inlet temperature. The potassium Rankine SPS has approximately the mass of the silicon photovol

taic SPS when the turbine inlet temperature is only I :!41K ( J 776°F). 

32 



0180-22176-3 

Fsgure 4.S·l compares Brayton and Rankine systems at the same turbine inlet temperature ( l 242K 

= 1776 Of). The abscissa is the cycle temperature ratio, denned as the ratio o( the cycle working 

fluid minimum and maximum temperatures. (The Brayton working Ouid is helium; the Rankine 

fluid is fk.'tasUIP.D). Bo~h systems in this fagure produce ao9 watts busbar. Note that the Brayton 

cycle efficiency can be quite higb: 45~ at a temperature ratio of0.25; however. it fal!s to only IOC.Y 
at a temperature ratio of 0.48. This is because compnsor pumping power becomes so large as to 

take nearly all o( the power produced by the turbine. The most sipiflcant factors in this fagure are 

the ""radiator effective temperature•• and the ··radiator area.·· Sime radiat01' h~at rejection is pro

portional to Y4. a bigh temperature radiator is very effective, even if the power to be rejected is 

brge (due to low dficien"-y). The minimum Brayton radiator area o( 1.03 Km2 occurs at a cycle .., 
temper.llure ratio of 0.41 where the q.cle dTaciency is .!J'k. The Rankine radia1or area o(O. 18 km.; 

occurs al a cycle temperature ratio of 0. 7 S where the efficiell\.-y is l 9'l. At the points just mentioned. 

the Brayton solar collector area is 4.6 km2; the Rankine collector area is S.3 km2. 

The fundamental difference in mass results from the fact that the radiator contains pressure \"CSSels 

and is exposed to the meteroid environment Even with heat pipe r.tdiating elements. ii the working 

fluid loss in 30 years of operation is to be kept to a reasonable amount fsav J(Y; t siJnificant mete· 

roid annoring is required. The solar concentrator is rdati,·ely ur•lfl"ected by penetrations and can 

be quite thin. 

If a power level appropriate to a .. IO Gw·· SPS is required (approximatdy 18GW busbarl. then the .., 
areas in Figure 4.S-1 must be multiplied by 18. The resultant radiating areas are 18.54 km-. 

Braytcn and 3.24 km.!. Rankine. The corresponding radiator masses are 9.! x I06 k~. Brayton and 

16 x 106 kg. Rankine. The Brayton radiator is more massive than the entire Rankine SPS including 

transmitters. lighter Brayton satellites. previously analyzed. achieved lower mass by the use of 

higher turbine inlet temperatures Cwith ceramic .:omponents). 

Of course the preceding analysis is based on equal mass per unit area for the two radiator types. 

Our analyses indicate the Rankine radiator is actually lighter per unit area since one manifold con

t;?ins vapor as opposed to the two liquid manifolds in the NaK system which is best employed in the 

Brayton radiator. 

As a consequence. the Rankine SPS has been selected as the thennal engine baseline. Additional 

data relative to this sekction is contained in the Part l final report for this study .. Solar Power Sat

ellite System Definition Study. Part 1. Volume II, System Requirements and Energy Conversion 

Options. July 29, 1977'" (Boeing document 0180-20689-.!). 

4.S.1.2 Data Base 

A significant alkali metal data base was established in the I 960's as a result of efforts by the NASA. 

AEC. Air Force and their subcontractors. Figure 4.5-2 summarizes this data base. 
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Figure 4.S-2 National Alkali Metal Data Base (from General Electric) 
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As a result of this effort. which was primarily directed toward small scale nuclear power applkat ions 

in space. the following summary statements regarding alkali metal Rankine q·de technolo~·y status: 

(I) A I 0 year $24 M ( 1968$) space power program was conducted. 

(2) 12.000 hours of potassium turbine testing was accumulateti 

(3) 800,000 hours of alkali metal tests were conducted 

(4) Methods were established for retractory alloy p~-essing. fonning machining and welding. 

(5) Methods for alkali metal purificiltion. analysis. handling and control were establisht'd. 

(6) Materials compatibility with alkali metds were detennined 

(7) Alkali metal bearings were investigated 

(8) Electromagnetic boiler feed pumps were operated 10,000 hours at IOOO to 1-tOO C-f 

(9) :.>ump tanks. getting systems. valves. etc .. were e\·aluated 

10) A 450 tWe space-type turbo-alternator went through a preliminary design cyde 

Over 10.000 hours of potassium turbine testing have been l.7onducted on two-and three-srage rur

bines operating in a 3000 KW AISI Tt·pe 316 stainless sh.•d tesl facility. The turbines operated at 

teuperatures up to l l I 7K t 1550 Of) and represented the latter stages of a space power system 

intended for a 1422K (~ JOOof) turbine inlet temperature. Turbine design anJ performance pre

dictions were verified. Various turbine disc. blade and casing materials were e\·aluated. induding 

superallo}S and molybdenum alloys. Methods of controlling moisture and blade erosion on the tur· 

bme were evaluated including droplet extraction at the turbine blade tips Jnd in interstage swirl 

devices. The analysis. handling and control of potassium during S)'Slem op..-ration and explicit OJ'L"r· 

ating and maintenance experience was gainl"d. 

4.S.1.3 Turbine Systems 

Potassium Rankine turbine5 arc similar to the water Rankine turbint's used !O gent'rate approxi

mately~ of our current terrestrial electrical power. Shown in Figure 4.5-3 is a two-st:..ge turbine 

built by General Electric, our subcontractor in this area. Potassium ,-apor from a lloikr is admitted 

to the turbine from the kft. After passing through the two stators and rotors the expanded Cand 

consequently cooler) flow is collected in the plenum at the right. The machine in the photograph 

had a disc diameter of approximately 0.:!5M t I 0 inchesl. 

··full size·· turbines would haw more stages c 4 to 8 l. Also. by mounting two turhincs .. enJ-to-end. ·· 

with common shafts :ind housiatg. the axial thrusts resulting from tlow throurh the turbines are 

balanced. DetJils of the selected turbine configuration are gin·n in Section ~.I.:!. 
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4.S.2 Genenton 

The microwave transmitter requires direct current at approximately 40.000 volts. The power distri

bution system (see section 4.6) links the generators to t!le microwave transmitters. The selected 

power distribution system is passive. i.e., it does not convert the generator output to a different 

form. Hence, the generators are high voltage d.c. machines. They are directly driven by tile tur

bines. without gearing. The selected rotational speed is noo rpm. 

Generator design is based on light weight systems currently evolving for high power airborne use. 

Although there is• mass advantage to cryogenic generators, this tends to be offset by the mass of 

the cooling system (cryostat). This offsetting effect makes refrigerated power distribution inferior 

to passive. radiation cooled systems (as explained in Section 4.6). It is advantageous to operate 

generators at relatively high temperature to minimize the mass of the associated radiarors. These 

radiators are required since the surface area of the gener.itors themselves is not sufficient for the 

required waste he.tt rejection. 

4.5.3 Potassium Boilers 

As previously explained. a significant data base exists rdative to alkali metal boiling and .:ondensa

tion. The boilers (one per turbogenerator) are mounted inside the cavity absorber when: they arc 

exposed to the requisite thermal tlux. prodm:ed by the solar concentrator system. Z.:ro gr:.1vity con

ditions favor the use of once-through boiling and the deliwry of dry. slightly <iUpcrhcakJ ,·:.1por. 

Boiling can best occur when the liquid is in contact with the tube walls. This .:ould be .. encouraged" 

by centrifugal force induced by causing a swirling motion in the flow. 

If boiler droplet emission proves to be a problem. a separator de,·ice could be provided in the vapor 

dt:ct between the boiler and the turbine inlet. Figure 4.54 shows such a separator (separators of 

this type are sometimes called "demisters .. ). Such separators have achieved sor; effectiveness. 

4.5.4 Pumps 

Through part l of this study. motor driven mech;mical pumps had been fa,·ored for radiator fluid 

pumping, since their overall efficiency of at least 80"; was critical in achieving low SPS mass. This 

was because radiator pumping power is quite high in the Brayton systems then receiving primary 

emphasis. Since this pump type involves two parts (motor and pump). a rotating seal is required. 

This seal and the bearings were potential sources of reliability problems. 

When Rankine systems were baselined for part 2 of the study. it was found that electromagnetic 

(EM) pumps could be efft'ctively used despite tht:ir high specific mass and low efficiency. This is 

because the Rankine pumping power is relatively low. 
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EM pumps have been used extensively in the ;>u01ping of liquid mdals. They have the advantages 

of absence of seals and bearings, operating reliability and reduced maintenance requirements. 

For the Rankine cycle space power program, a light weight 193Kg (425 lbs.) electromagnetic boiler 

feed pump, capable of operating at a liquid metal temperature up to I 033 K (I 4GOOf). was designed, 

built and tested for 10,000 hours. It pumped 81 IK (1000of) potassium at flow rates up to J.47kg/ 

sec (3.25 lb/sec) at a developed head of 1650kPa (:!40 psi). a !\!PSH of 48kPa (7 psi) and an effi

ciency of 16.5%. The pump featured at T-1 J l alloy helical pump duct and a high tcm~rature 

stator with a 811 K ( IOOOof) maximum operating temperature; the stator materials consisted of 

Hiperco 27 magnetic laminations, 94Yk alumiml slot insulators, type .. S .. glass tape interwinding 

insulation and nickelclad silver conductors joined by brazing in the end turns. Pump windings 

were cooled by liquid NaK at 775K (9()()0f). 

large size annular linear EM pumps are under development for the liquid Metal Fast Breeder 

Reactor. A 680Kg/sec (1602 lbisec) pump has been built and is awaiting test: pumps of larger sizes 

have been considered in the range of 1409: 3435: 3759: and 6100 Kgisec 13108: 7573: 8:!89 and 

13470 lb/sec). Weight and cost estimates for commercial land based versions of these pumps haw 

been initiated. While these pumps were designed for handling sodium at about 73:!K (858°f). 

their development indicates pump scale-up experience well above that of the earlier higher tempera

ture boiler feed pumps for Rankine space power systems. 

Since the design technology for EM pumps is well-developed and relatively large pumps have been 

built, the design and production of pumps of the required size and operating characteristics for the 

SPS should be a straightforward engineering problem. The use of higher pump voitages and 

improved high temperature electrical insulation. magnetic and conductor materials will be required 

utilizing experience gained in the design and test of the 1033K (I 4000F) boiler feed EM pump. 

Pumping at low NPSH has been demonstrated and avoidance of cavitation in these pumps can be 

circumvenkd by (I) sub.;ooling of the conder.sed potassium to minimize possibility of cavitation 

(only very low energy losses are involved) C/ minimizing condensate return line pressure losses and 

(3) reliance upon the dynamic pressure head of the high velocity condensing potassium vapor to 

help support the minimum NPSH required to prevent cavitation. 

Figure 4.5-S shows the EM pump (as described above) fabricated by General Electric for the space 

power test program. 
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The amount of energy which must be input to a conversion system is inversely proportional to the 

efficiency, 71, where Pout is the useful power to be rejected. 

Pout =--
'1 

After removal of the useful power. the waste heat to he rejected is: 

Prej = Pin - Pout 

Thus, the heat to be reiected grows rapidly as the cycle efficiency (71) diminishes: 

11 Pin Prej 
Pout Pout 

SO'k 2.0 1.0 

40'1 :?.5 1.5 
3()lk 3.33 :?.33 

207c 5.00 4.00 

10% 10.0 9.00 

Thermal cycle efficiencies are relatable to the ideal. or Carnot, efficiency. 

flideal a: Tin-Trej 
Tin 

As will be explained in section 5.1.:?, the selected Rankine cycle temperature ratio is 0. 75, i.e.: 

TT~ej =0.75 
m 
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Consequently 11ideal is limited to 0.~S (the actual efficiency is 0.189). However, with a turbine 

inlet temperature oft 231 K ( l 7760f), the radiator temperaturt> is dose to 93~Kl 12 I 8°F). At this 

temperature, thermal radiation is quite effective, so much so that the radiator has less area than if 

the rejection temperature were lower (although the cycle would be more efficient, and there would 

be less heat to reject). Refer back to the right side of Figure 4.5-1 • 

4.S.S.2 Rsdiating Elements 

Heat pipes have been selected as the radiator heat dissipation elements. For high lt'mperature 

radiators. fins are a poor choice. This is because thennal conductivity through the fin matl.'rial is 

inadequate to keep up with high temperature surface radiation f conducti\·it/ varks din:.:tly with 

temperature; radiation, with the fourth power of temperature). If the wc>rking tluid t potassium\. 

is conducted directlv through tubular radiating elements. these ekments must be capable of isola

tion by valves. Without isolation. a smgle leak can cause loss of the entire fluid invl.'ntory. 

Heat pipes can be used as radiating elements by wrapping their cvapnrator sectil.)ns around a mani

fold carrying the working fluid to be cooled. Meteoroid penetration of a heat pipe mak1:s th<.:r pipe 

inactive but does not cause loss of worki11g tluid in the: manifold .. \ deri'.ation l)f the optimum 

spacing between heat pipes and the associated view fa1..·tor effects is ~in'n in Sl.'ction 5.1.~. 

4.5.S.3 Manifolds 

Rankine cycle radiators employ an inkt vapor du,:t and a liquid rdurn tluct. Th1..· radiatGr panels 

thcmsd\'cs in..:orporate ""throughpipes." on whid1 the heat pipes ar...: mounted. whkh acc,·pt the 

flow from thl.' inlet duct and output tlow to the return duct. Two pri:n;1ry options exist for the 

amingemcnt of tl~ese elements, as shown in Figure 4.5-6. 

4.6 POWER DISTRIBUTION AND CONTROL 

The function of the power distribution and control system is to acquire pow,·r from th<' powc'r gc11-

er:1tion sy~tt.·m. nmdition. r\.'gulall.' and control the quantity and quality of the ckccrical power. 

transmit tht· power to the MPTS ante~ma. provid•: for energy storage. and pnwid,· for fault dl't,·c

tion and isolation. The MPTS antenna power distribution system is discussed in dl.'tail in Volume 4. 

MPTS. The following paragraphs report the power distribution and cont10! system status at thi: end 

l'f p:trt 1 of the study, retrigeratl'd conductor system analy:;is. the current status of thl.' satellite 

powa distribution system. and rotary joint design analysis. 
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Figure 4.S-6 Manifold Arrangement Options 
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1
rHodule Generator Voltage - '.A'-Power Source 

fb"Hodule Generator Voltage - '8' Power Source 

1
1

• Module Gener•tors Current - 'A' Power Source 

lb• Module Cener1t~rs Current - 'B' rower Source 
y

1 
• 'A' rower Source Conductor vidt~ - Meters 

Vb • '8' Power Source Conductor Width • ~eters 
w,• Return Conductor Width· Mete~ 

"'·· 16 81 
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"·· 31.38 
..... 14.51 
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I lOSS • fi. 001 
COND. HASS• 5.370 x 106Kg 
SWITCHGEAR .. D.218 x 206Kg 

Figure 4.6-1 : Thermal Engine SPS Power Distribution 
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4.b. l Type Section 

4.b.1 1 t'ower Disnibution and Control Status-P:nt I Study E1ad 

The power distribution and .:ontrol systt'ni status for ea~·h ekment Jt thl.' c:.•nd of tr~· Part I .. rud\ 

effort was as follows: 

Condactors-Th,· .:undu.:tors for tht' ~atl.'llitt: \h'n: ,,.k.-t.·d t•' b<· ont' millimekr thi.-k ck,tri,·:!l t·on

du.:tor (EC grade aluminum sneet). Aluminum was sdl' t..-d ;i-. tk· i.;,11hlu,·t<lr 111;1t<·•ial ''.tSl'J l'll tlh' 

prmlud of resistivity and d\'.•nsity I Rt:'f. 4.ti· I l. Sh.·t.>t ,·ondudors w,·re ~t·k,·ted owr (lfl1<·r ..;!upc·s 

1'<'t'JU.;,· tht'\. lllJ.\imi:c tht• ratio ol surfa.:< ..i;ca l f,ir radi;il1· ,,f w:i,lt' 11,•;1t Ill' ._•rh"l.i~c·d .:rc.i 1 L 

;.:urrent .:ontlu..:twn \. Th-: thi.:kness of Olll' mill1ml'l•'r \\ 1s sc\-:d<'d to 1111n11ni1t· h:Hhllin~ ,l.1.11J~,· 

Switd1gear-Thc S\\'itdl!!t'Jr sde,:ti:d was the li4uid mcul plasma \:1h,· '''i!c'l' \\1th .1 p.1Lilki 

m,·,·hankal .:<1nta.-tor. CtHnmutatiun .:ir,uilry ~" ..ihl· r,'•\ti\\<:,t. On,: s\\1t.:t\g,·,1r \\;!'> r-·quir,·,l 1','I 

power s.:d~ir or j!.:n.:rator. 1,,l)bth)n Ji.,.·t11111,·<i' w,.,,. prLnitkd. 

0C, OC Converter-IX' 'OC 'onvl'rtl'I'$ had a SJ'<''i fi,· rn:i'' of ''th' k.lo!!rJm P<'r kihl\\ .1 tl , 1( input. 

Effkit:'IKY ·; • ..,, 0.l)c._ 

Main Bu!>e!i-Thrt'l' mJin bust's \h'fl' proviJl·J. Th,· DC RF C:l'lhl'rter us,·d ;i, the b;1,l·hrw durrnl,'. 

Part I wa-. a Kly,tron with tlm.~l' lkprcss,·d ,·olk..:t,irs. It \\as <kkrmirwd that it w.1.; m<'!c' ,·1:i_-i, ,, 

to pro.:,'sS all ~h\\\l.'.f ,,·quirt:d b~ th.: Ki)stron lhcata, ,,)k1h1i,\. one· lkJ'tl"'''·,I ctilk:tl'L .1·1,! .i 

eration a1h1d.:sl. ,.,,,,pr for th<' two ,kpn.·s·~cJ cl1lkd1~r, \\hk'h mkr.-,Tt t!J<· nui'" :t\ •ft.·.- r·c-.1111 

currt>nt. This effi,·:,·n.-~· was .:om pared \\Ith gt•n:r.1t111f! th,· r,·q111r,·,J ',,!t.,~c' ''!1 th,· '.111.'!litl' .nh! 

using bus.:s to transmit the pow1.·r to th,· \1PTS Kl~-.tr11n-.. n"" tine,·!''.!''"' ,,,.1,· 1,q.m,·d "' ddn:r 

th<' two \Oltagc" t-l0.000 n1lts. ,·olk,·tt•r .-\.and 37.<ll)l) \<•11'. _.,,;1,·,·1,,r Hi 111 tllL' h:h ·• 1•11' 

Power ~ec•.•rs- Powa ~c·ctors arc dcfi1ll·J J~ that !'ortwn ,,f !ht' l'''\\t'r ~,·nn.111,m .:quil'm~·nt '' \w,,· 

output i~ .:ontwlkd by ont' switchgt•ar unit. Po\\t'I ,t·,·tpr-;; !Pr the' thnm;,J, ng.mc \\ere· str.11~ht

fon\,1rd. r:tdl g.c'llt'f:.thlr \\;IS COllsiJal.'d ,l J'OWt'f ,,·.:tt'L h1r !lit• J'ht1ll'\<'lt.1i,· i;;ps tlh' ,.-lc-.:t!t'JO 

w::s n· 'ft' \.'Ptnpk.\. Plnwr St'Ctor siz-: was St•k.:tt'd has.·d on .1 rl'li:1bilit~ rnaint.1inabil1t~ .in.ii~· j, 

J1HI h:,· on the• annc•Jling. c<m<.'q'l. Th,: 1'1l\H'1 '''ch'r ,j;c ,,·k, l.'d r''i'''''''nt:d :1ppr'''.!ll1:1t.·h 

U.S': <)f tilt' tr I .ti satdlitc output I or 1 "; of ,·ad1 antt'nn.1 1'lllp.it I. 

Rotary Joint-Tlw rotan 111int dl'f111,·d in tlw JSC t>asl'lnw 1 Rt•f -l.11 -l l ''a' u.;,·d ''',::\>rt w:i..; 

expended on rotary jmnl analy'1$ in Part I of tlw stmh 1.'ffi>rt. 

Energy Storage Not d1.·fint•d 111 Part I. 

45 



01•22876-3 

Power Oistribution and Control for Self-Powered Orbit Tramftt-Bec~w _ of the severity of the 

piasnla problem at LEO. power was acquired from the array at a considerably lowtt voltage than at 

GEO operatio'IS. The Part I analt-sis showed that il was mon: efficient and a lower weight system 

was obtained if power was~ for all ion thruster requirements. Power was at.'quired from 

tile L"taY at a highervoltqe tban required by the thrusters (but much lower than the GEO Ol'Ctat

inl voltage) and a DC/DC converter used to provide the proper thruster voltages. 

C:u .. ucter Opecatieg T<..,Halm'e-Conductor operating temperatures were sel«ted during Part I. 
Tile rationale used to determine these temperatures was to minimi1.e the tot~ satellite mass. The 

~ 

sum of conductor~ and power generation system niass required to generate tile conductor r•R 
losses was minin:ized. Tite optimum conductor or.·: .tting temreraturT! for thennal engine SPS was 

determined to be 323K (I !1°F) and for the photovoltaic SFS. 373K CI !°F). 

4.6.1.2 Refrigaated Power DislrilJution Sysaems 

One of the areas that was investigated during the system definition study for th.: SPS power distri· 

bution and control system was the application of refri~rated conductor system to improve system 

efficiency and mass. The possibility of greatly redu\.."ing system size and mass by oper.1ting in either 

the superconducting or ·the cryoresistiw ( LN; temperature l regime is attracti\c. Both tcmper.iture 

regimes were investigated during the course of tih: analysis. The analysis was performed on the 

Thermal Engine SPSConfiguration. cSee Figure 4.6-U 

SupeKonducting Power Distribution System-:\ number of surx·rcondm:lnr rnah:ri;tls arc a\·ailable 

for use a;; the surerconducting medium in power transmission lines I Rds. 5-1 thru 5-<1 t Figure 

4.6·! show-s some Ct."'tlductor paramders which were used to s.:kct the surer .. :onductor and stahiliz

ing conductor for the rr.msmission line discussed herein. Aluminum w.~s sdcl.'tcd as the stabilizing 

condu...-tor for the superconducti:ig cable. 

Also shown in Figure 4.o-~ :ue scwral candidatl' sup-:r...-onducti\·e makrials which wcn: coflsider.:d 

for use in the sup.:rconducting cabk. l'\iohium-tin was sdect.:d as th~· surer-:onducting m;itcrial for 

two primary reasons: 

11) It has a relatively high critical tcrnp.:rat1m: I the kmp.:rature at which the transition to super· 

condu..:tion occurs): and 

( ~ > Niobium-tin has been shown to he ad:!;Jtabk to cable fabrication. Thl· sdt'l'tion of a material 

with :i high critkal temperature is extremely im~l()rtant in tenns of total system mass and effi· 

dcncy. The rt>frigcr~hon system mas." Jnd power rt.>quircments arl.' heav·ly dcpt.>ndl.'nt uron thl· 

~frigcration cycle •ow-..nd lemperatun-. Othl·r super ~onductivl.' rn:•h:rials haw highl.'r critical 

t·:mr.erJhares. hut :vc not been s;1own to he an11:n:i'.J: to .:.11'k fat>ri1:;11ion tedmiqul·s. 
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The thermal engine satellite was used as the baseline to perfonn the refrigerated conductor system 

analysis. Flg\lre 4.6-l shows the thermal engine SPS •ith sheet conductors against which the super· 

conductor system was compared. For the sheet conductor power distribution system, the con

ductor mass was 3.193 metric tons and the conductor losses were 0. 715 gigawatts. Using a specific 

mass of 3.3 kg/kw for the thennal engine SPS. 2.360 metric tons of power generation mass are 

required to pmvide for the conductor losses. This yields a total of S,553 metric tons of SPS mass 

which can be attributed to the power distribution ~yst~ conductors. 

Total system mass and power for the supen-onducting cable <;ystem was ddem1ined ~y designing a 

system with a typical run from the generators to the rotary joint as 2 baseline. This baseline system 

was then scaled to the entire satellite. 

The superconductor cable desi~ed for the SPS is shown in figure 4.6-3. The .:able is coaxial and is 

made up of the follo~ing eiemenrs: 

(I) An open area in the ·-;enter for refrigerant flow. The diameter of this open area if 5 cm. 

(2) A spiral helix of aluminum to provide support for cable lay'"tlp. 

(3) La}ers of counterspiraled afumir.um stabilizin~ 1:onductor. The purpose of the oounterspiraled 

aluminum stabilizing conductor. The purpose of the rounterspiraJing is to cancel out trans· 

verse magnetic fields caused by winding the conductor in a spi1al. 

C4) A superconducting layer of niobiunHin. 

(St A layer of d.:..:tri'31 insulation made of wound .mlyu.~tratluorOl!tl!yknc tetlon ( PTFE I. 

(6 J A second n:gion tJf 1..·our.tersrir:ded stabilizing aluminum conJudor simibr to t 3) abo,·e. 

c 7} A second super1..-ondm:tor similar to C·H abO\·e. 

llH An open area with spaces to provi1.k for refrig'°rant flow between the ovh.•r conductor and the 

p: ,,,su:·,, i;.i-:J......-t I effective tlow area equai to item I). 

(9 > A corrugated flt:xible stainless steel ouh:r pressurt' jacket with a thickness of 0.030 il'ches. 

C I 01 Thermal in ... ulatinn composed of 30 layers of super insulation. The thickness of the nnilti

la>-cred insu1at1on il. I inch ( ~.54 cm t 

I 11) An ,:ukr cowrin1= of TfE rnakd glass dt.th. 
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The outside diameter of the total superconducting indU<tUt, the thennal insulating _jacket is 

appro0nately 12.4 centimeters and has a mass of I 0.06 kilograms per meter of length as shown in 

lable 4.6-1. For the thennal engine SPS used for the study. a total length of 5~ . .WO meters of 

superconductor are required. This yields a total conductor mass of 5~8 metric tons. 

The reiUlts of the superconductor analysis are sht,wn in Figure 4.6-A. The power required to 

operate the refrigerators and pumps for the liquid helium refrigeration "·yde is consider;?bly less ., 
than the shttt conductor 1-"'R losses even al relativdy ~igh values of super insubti<'n thcnnal per-

formalk.-c. ne weight and power required by the refrigeration/radiator syskm is heavily depend

ent on th~ r.!friger.otion cycle temperatures. Values of 6K (-i49°Fl and 8K t-44o0n w.:re used for 

cond&etor inlet and outlet refrigerant tanperatares respectively. The primary reason for sekcting 

these values \\'3S to assure no loss of superconducti,·ity for short periods of refrigerant plant out

~- Since. with OC superconducti.1g cables. the primary heat load to the refrigu-ator system is 

leakage through the superinsulation. a considerable reduction in refriKer.itor'ra,iiatt-r mass and 

power requirements could be realized by the de\'dcpment of a superconductor •.vith a higher critical 

temperature. 

As can be seen from figure 4.6-4. the supen.xmductive conductor .;ystem • .-an be I~ massive than 

the equivalent sheet conductor system when the thennal perfonnan.:e of the su~r insulation is 

good e11ou~. Table 4.6-1 summarizes the mass of the s~peffonductor power distribution system 

tor two values of lhcrmai perfonnan.:e within the range of ,·alues measured on 'Jla.:1.· programs. 

Also shown is the shed conductor mass summary to allow for comparison. 

Based on the r~ults obtained during this study wht:r.: 'lnlyr the .:ondu.:t•lr system w;is an.II; zed. th1.• 

use of a superconducti\t: condu.:tor system on the SPS is not re.:omm:nded at this time .!ue to the 

system complexity and rot:ghly equal m;hs with th.: :iluminum -.h.-et ..:ondu .. ·tor ..-onc1.•pt. Supercon

ductor systems shouid not be totally dismis~d from considi.·ration as a SPS pow1.·~ i.hstrihution sys

h:m dt:ment. howl'\ er. The d1.·\ dopnh.·tit nl sup1. r1:ondu.:tor mat.:rials with ~·riti..-al fl•mpaaturc.; 

higher than the prt.-sent liquid hydrog::n kmperature could swing the tr;idc int\) a mor\.' fJn)ra'1k 

P<''ition. This is particularlv trut: for th1.· th..-r.nal 1.·ngin..- SPS ..:0:1.:1.·rt wb,·r\.' ti11.· l!S•" of sup .. ·r .. ·on· 

dtll.'ting generators cou!d also 1.'t)ntrihuh.· to the mas' s;i\·ings. It is recommcnlkd th:it the 5PS stud· 

1.:-.. sLou:,l _·n11 _ :11a1.· to USt' .:om .-ntional .. ·ondu .. ·tors. hut that the super..:ontlti.:wr tedmology status 

shou!,! be monitored for ad•arc..-s which \\Ould be appli.:abk tc SPS usage. 

Crvore-i<i\tin~ Power Di'itn"bution System-T:1e resistivity of aluminum de\.'rtc·as1.•s from approxi

m: L '} : .. , mLro-ol;m-c..·ntimders to o . .:::'i mil'rth)hfll .:1.·ntimt.'ll'TS •It LN" tempt.•ratures. This ...., 
r,·~'Tl'St."nts an impnwc1ncnt of ahollt I:;. i imes and ht.•nc1.• a r.-Juction of th<' 1-R lo-..~s t•.l aht-.u1 

I.ii 5 of thl.' losses nca~ 37 3K c ~I ~0r 1. 

" This dccre.isc in I- R lnsSt.'S nmst ""' more than th..- \ll fset hy the rctrigerati•lll sy,km pow .. ·r n·<1uirc-

mcnt in order for th1.· rdrigcrakd ..:ondu\.'tor .~ystcm to win out. Li,·h w:itt of cooling req11ires 14 to 
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Table 4.6-1. Superconductift Cable .... Summary 

CABLE ELEMENT MATERIAL SP.GR. " GMICM3 CM 

• SPIRAL CABLE ~T AL 2.1 s.ao 
• STABILIZERCONOUCTOR AL 2.7/1.33 &..20 

n.33 fill FACTORl 

• SUPEACONOUCTOR (INNERt f6iSn u 5.80 

• INSULATION TFE 2.2 U2 

• STABILIZERCONOUCTOR AL 2.7/1..33 &.8Z 
(Ul Fill FACTOR) 

• StJ'EACONDUCTOR COUTERt NbJSn u 7.29 

•SPACER Tf E 2.2 7.31 

• OUTER PRESSURE VESSEL STAINLESS 8.0 8.8& 
(CORRUGATED) STEEL 

• SUPERINSULA TION KAPTON/ 1.91110·2 9..86 
MYLAR/ 
NET 

• OUTER COVER TFE 274 KglM2 12.40 
COATED 
GLASS 

TOTAL 

,o1----------------,1010 

.. ~ 
Cll 

5.20 0.144 

6.80 2.1• 

s..a 0.321 

U2 2.184 

7.29 2.105 

7.31 O.lr. 

U6 O.CNO 

9.81 2.535 

12-40 0.187 

12.40t- 0.107 

10.0&1 

TOTAL WEIGHT 
CONDUCTOR SYS• 
GENERATION TO 
COMPENSATE FOR 
REFRIGERATOR• 

RANGE OF OBSERVED -
SUPER INSULATION THfRMAL 
PERFORMANCE ON ,, .. , , .. ' PUMP POWER 
FLIGHT PROGRAMS ,,, ,,,,. .. 

,-"'' W'IEIGHT to'J 
, REFRIGERATOR+ FLUID 

---::'1f"l-,SHEET CONDUCTOR 12R LOSS -

107 

TOTAL Y.'EIGHT -
REFRIG. " FLUID Q 

RADIATOR + FLUID 
CONDUCTOR 

·7'~~~~~~~~~~~----+-~TOTALMASS 

1o5 o.._..__..._ _______ _,.....___.._ ____ ,01 
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r• THERMAL PERFORMANCE 

Figure 4.6-4. SPS Superconductor Analysis Summary 

SJ 

SHEET CONDUCTOR + 

GENERATION TO 
COMPENSATE FOR 
12R LOSS OF 
SHEET CONDUCTOR 



Table 4.6·2. Superconductive Power Di1trlbution Summery 

SYSTEM SUPERCONOUCTIVE CONDUCTOR 
ELEMENT THERM. PERF • 0.02 THERM. PERF • .01 AL SHEET CONDUCTOR 

CONDUCTOR WT. .528 x 106 Kg .528 x 106 Kg 3. 193 x 1 o1 Kg 

REFRIGERATOR + FLUID 4.964 x 106 Kg 3.436 >r: 106 Kg 

RAOTAT()R • FLUID .218 x 106 Kg • 1 20 x 106 Kg 

.009 x 106 Kg • 009 x 106 Kg 
CJ 

CABLE TERMINATIONS -; Vt 
(22 REQ'D@ 4~0 Kg ea.} 

t...> 

TOTAL CONDUCTOR SYSTEM WT 5.719 x 106 Kg 4.093 x 106 Kg 3.193 x 106 Kg ~ w 

CONDUCTOR POWER LOSSES 1.08 x 108 WATTS .756 x 108 WATTS 7 .15 x 108 WATTS 

POWER GEN. WT TO 
. 356 x 106 Kg .249 x 106 Kg 2.360 x 106 Kg COMPENSATE FOR POWER 

LOSSES ~ 3.3 Kg/Kw 

TOTAL WT FOR CONDUCTOR 6 .075 x 106 Kg 4. 34 x 106 Kg S.553 x 106 Kg 
SYSTEM & LO)SES 
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.. 
l .:i watts of refrigerator and pumping power at LN .. temperatun.• Thus thr: reduction in t-R losses 

by operating at LN~ temperaturc is approximately offset by the increase in power for the refrigera

tion system. 

The resuhs of the study for cryoresistive conductors are summarited in Figure 4.6-5. Tfll.' mass of .. 
the refrigerJting system at the same current density 1449 amp/cm-) as the basdine thennal engine 

SPS shown in Figure 4.~I is approximately the same as the shed conductor weight. The total .. 
power required at the:- same current density is also approximaUI) equal to the 1-R loss...-s. Thus thl.' 

total S)·stem mass (conductor + refrigeration S)'Sh.'111) is approximatdy twice the sheet conductor .. 
mass and the power required is approximatdy equal w the sheet .:onductor 1-R losses. 

The cryoresistiw conductor system requires th1..· sank' amount of power genaation mass for an 

cquh·aknt effic1e1Ky. The cryor\.'sisti\'e conductor system is twice as massive. Thc.-refore. th-.· L'f)O· 

resistiw conductor system should not be considcreJ for use on the srs. 

SUPER CONPUCTIVITY 
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Cl)O!!\.'nk f ngin\.·~·rinµ. P3 l (l-3 ~4. Pknum. 
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4.6.1.3 Power Distribution and Control Systems for Reference Solar Power Satellites 

The design concepts de\·eloped during the Part I study effort on the satellite power distribution and 

control system remain essentially unchanged at the end of the Part II study. However, system 

updates were accomplished to: 1) reflect satellite configuration changes: 2) incorporate results of 

investigations in areas which were not covered in the Part I study effort; and 3) incorporate any 

c ... anges required to establish compatibility between the MPTS antenna and the satellite power 

distribution and control system. 

The block diagrams for the power distribution and control systems for the thermal engine and 

photovoltaic satellites arc shown in Figures 4.6-6 and ".6-"'! respt>ctivdy. The main powe1 buses are 

all conductor grade aluminum sheet conductors. 
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The basic concept is iDusllated in Fapre 4.6-8. ·The paths fOI' current Row tbroudt the cell strings 

within the power sector are as shown. Jumpers are used at the satellite edge to connect power sec

tors. These jumpers~ included in the mass summary shown in Table 4.6-3 as acquisition ~uses 

a!ong with the small buses used to acquire the power from the power sector prior t~ crnnecting to 

the swit~ sllown ir figure 4.6-8. 

Some of the important panmet~rs for the photovoltaic solar power satellite are summarized in 

Table 4.6-4. For each power sector. the main bt.:s voltage. sector curren: and the main bus power 

ioss to transmit the sa.-to; ~ummt to the rotary joint are shown. Duri~ the oond~t of ihe part I 

study effort. discusslons with the NASA/ JSC SPS S)"Stems definition study COR. C. Covington. led 

to the im .:st;ptions of satellite power distribution system buses which routeJ power in only <'ne 

dim:tion (later.al!y or longitudinally dependent upol' satellite configuration). The primal")' reason 

for the inwstiption ,..;as to attempt to take adv.intage of ihe large distance accumulated by cun· 

R.."-'"tint in series enough soiar cells to achieve 4~ to 44 kilovolts. 

OF..cussions o; the areas of switc~ar. OC/OC conwrters. and energy storage .ue included in rhe 

power distribution section of Volume IV. MPTS. of this Gnal report. Repor•s Pf(n'••.kd b) General 

E~trd: in the area .af OC OC com·erters and switchgear an· included in the ar~ndkes ofV olume I\ .. 

Power ~tor summary d<ata for the thennal engine SPS is shown in Table! -'.6-5. The mass and loss 

summary IOI' the tlh:rmal engine satellite is shown i'l fable 4.b-6. For tlh: thermal <'ngi:k satellite. 

a power sector is C(!Uivalent to a satellite module. 

A summ:tr) comparison of the power distribution systems for the tw'> satellite l'nergy com ,~;sion 

options (photO\·ohaic and thermal enpne, is shown in Table 4.6-7. In >!~·n~r.d. the rower distribu

tion system for the photovoltaic SPS is lighter. less dfi\.ient. ;md requires less energy storage than 

the lhennal engine SPS. The primary rcas.l~ for incrcased elk:Tg}' st\lrage 1equired for the thermal 

engine satellite is for engine start-up. Energy storage is required for start-up of only one engine per 

cavity. All other starl-up is bootstrapped to the first engine. 

4.6.2 Rotary Joint 

The MPTS antenr.a-to-space..:r.aft interface requires 3600 rotation about the spacecraft central axis 

with limited motion for ele,·ation steering while maintainimi structural and electrical integrity 

between the satdhte and the antenn;. Previous designs of rotary joints (Ref: 4.6-1 and 4.6-:?) were 

massive and mo..antcd dire,:tt• :-ehind the center of the microwave antenna with its hig:1 thennal 

radiatioil en\ironment. An altem3te concept was dewloped which is iig.1ter and is mounted 

between the satellite and the antenna. 
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PO\\"ER DISTANCE TO MAL~ BUS SECTOR 
SECTOR ROTARY JOINT - M. VOLTAGI:: ..... voe CUKRE.Vf >= A.\IPS 

MAIN BUSS 
12R LOSS· WAlTS 

Al 415.:P "'°-~-~.41 .:: . .:: lo.18 4.!x.~,31 

A2 41S.S7 40.Q93.41 .:: . .!ltl.18 4!S.b31 

AJ b.!5.19 41.090.UO .! . .! 14.4 .. M4.3~~ 

A4 6:!5.IQ 41.oq(l.% .:!.!14.·P n44.3.:::? 

AS S34.81 -U.188.5.! .: . .:!11.-kl 85'1.J~ 

Ao 8.'-1.81 41.1SS5: 1 . .!I L'·' 85'l.1<lo 

A' ).0'75.57 41300.57 .::.:OS.OJ 1.105.174 

A8 1.075.5'"' 41 .. •U0.5~ ..:.~s.o.-: 1.10; . .:-4 

AU l • .!85.19 -I l .3QS.13 :.:05.03 l.JIS go5 

AIO I . .:SS. l<l 41.3<.lS.D .:: . .::o~ OJ 13 IS s->5 

All l.4Q.l.81 41.4'15 08 1.101.17 l.5.~1310 

Al: 1.4'U.S I .+ l.-4'}5.oH .:: . .::01 .- 15.'1.310 

AU I .4'>.l.81 41.-l<l5.N• !..!OLP 15Jt.3\0 

:\13 1.7.H.57 41.<-0"'. ., ~ :. J-l7. 74 1.7"'5.ISl ... 
A14 ,_-3557 ..; l.o<r:-.-3 .::.l'r-4 1.7-5.ISI 

Al5 l.Q.l5.1'1 41.'05 . ..:<J .!.l~.iO l .'l:\tl . .::4-

.".lo l.Q.l5. lq 41.705 . .::<> .::.104. to 1.•lSh._::q-

A.17 :.15-l.81 41.so:.ss !. IQ\l.45 .:: . I <lt._<>•) -~ 

Al8 .::. l 5-l.81 41.so.::.ss :.1 <l\l.45 ::. i •)(,_(,<>.:; 

Al9 : .. 3'15.5? 41.•U4.Q() .::.ISl•.h' :.4.r .. ~so 

A~ ~.Jll5.57 41.'114.Q\J 2.IS{l. lb .:: . ..ir.Jso 

>\!I :.t-05.l<l .+.::.ot .::.-16 .::.ISi.SS !.MS.+i: 

A.::: .::.o05.1Q 4.::.01 :.4~ 1.181.88 1.<W5A4! 

A:.~ 1.Si-l.81 ..i:.110.01 :.1-s.:.J .::.sS.l.50.~ 

A14 1.814.SI 41.110.01 :.1-s.:.3 .::.S53.50.~ 

A15 .~.0 .. 5.5i 4:.:.~ LP :.1-:.8"' .•.i 10.1:\1 

A.:o 3.07557 4.::.1313 .. :.1-.::.8" 3.ll0.181 
A"'; -· .l.185. IQ 4.::.3.::S.<lJ .::.lhS.r .•.315 . .::Stl 

A18 •.:s5.t9 ·C.3:!8.'-l.3 .::.IMU; 3.315.:~ 

A1«> .; • .iQ.l.S I 4.::.41b.48 :.th:: ... ~ 3.51-. 745 

A30 3.4'4.81 4.::.4:6 4S :. th.!. "'Q 351:.-4s 

A31 .t .. 7~5.57 4.::.533.SS 1.158 . .:?Q J. i4:.: lh 

A31 J .,,,,i - . , -~ .... 4.!.5.>3.Sl\ :.158..::Q .•. ~ .. :.~lh 

A33 • •.\)35. IQ 4.::.(l.~ 1.44 :.154.:: 3.'145.J.::s 
:\J4 ~ Q.•5.1 \) 4:!.b3 l .14 .::. I.~4 .::.:: .l.<l45.3:5 ·' 

() l 



Table 4.6-l l'llotoYollak SPS Power Sector Summary (Cont'd) 

POWER OISTANC'ETO MAIN BUS SECTOR 
SECTOlt ROTARY JOINT - M. ~·oLTAGE .... VOC CUUENT = A.\IPS 

MAIN BUSS 
12e. LOSS ·WAITS 

A3S 4.l44.81 42,71S.99 :.149.71 4.146.769 

A36 4.144.81 42.7:?8.99 :.149.il 4.146.769 

A37 4 .. ,9S.S7 4:.845.70 2.143.9.:! 4.385.817 

A38 4.395.57 ·C.845.70 :.143.92 4.3S5.8P 

A39 4,605.19 42,Q4J.26 .:.08-56 4.58.1.-190 

A40 4,60S.l9 4:.943.26 :.138.56 4.583.490 

A41 4.814.81 43.040.81 2.1.B.:O 4.~80.0% 

A42 4,814.81 43.040.81 2.133.20 -t. 780.Q<.)o 

A4J S.055.5 7 43.152.86 2.126.QS 5.QO.t.4S6 

A44 5.0SS.57 43.152.86 2.1.::b.'18 5J>-t4ASo 

A4S 5.:?65.19 43.250.42 :::.1 :::0.62 5.1%.-UO 

A46 S,265.19 43.250.42 .:.1:0.6: 5.1%.410 

A47 5,474.Si 433:7.98 :::. l·l·+."'6 5.3SS.3tm 

A48 S.474.81 43..347.98 .::.144.'6 :' .. ~88.300 

A49 5~735.57 43.469.33 :.105.76 5.o20.%S 

A50 5.735.57 43.46<>.33 :.105.76 5.h20.%S 

ASI 5.945.19 43.560.8') :.<W9.97 5.h i0.5~() 

A52 5.Q45.I<> 43.506.~Q :.OQQ.4"7 5.SI03Sn 

A53 6.151 81 .l.3.663.05 .2.0<> i .82 5.Q88.<l85 

A54 6.151.8 l 43.6<-3.05 2.0QLS2 5.•>s~.<l~S 

A55 6 ~Q" 'i7 4 .. l .. 770 50 2.0S3.2-l 6.:00.'h4 
A56 o.390.57 43. '?7650 2.08 .. ~.::-t (•.200. -"" ,.\ --• ::- f 6.605.19 43JP4.06 :.O""S. '-l h.3SO.•>-Jl} 

A58 t1.00S. I q 43.S-4.0b 'o- - -4 -· f ::- • . · <-.3S0.'4« 

A5•1 6.Si4.81 4.~.'1-l.(l t 2.Ct>S.2.~ 655'l.n I<) 

A6L <1.814.81 43.Qi 1.o 1 2.0o~.-- t>.55Q.6; q 

·\6 l -.l'55Si 44.0~3.b6 ::.os-.s1 "· '7)(l. hl3 
A6: -.055.57 44.083.M> 2.05 -:.5 l h. 75o. I 63 

At'3 7 .::(,5.1 \) .l.4.18::.:::: ::.041'.94 6,\),:'. "7 _<ll -

AM 7.:oS.IQ 44.182.22 ::.048.l)t h.927 .IJl 7 

AoS 7A74.8l 44 . .::~s.-:s 2.0 .. N.93 7 .09h.461' 
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Table 4.'93 PllotoYGltaic SPS Power Sector Sumi 'l' (Cont•d) OF POOR QUALITY 

1'0WER DISTANCE TO MAIN BUS SECTOR MAIN BUSS 
SECl'Oll ROTARY JOINT - M. VOLTAGE- voe CURRENT= AMPS 12R LOSS. WAlTS 

Bl 7.474.81 42.178.78 2.144.80 7.461.287 

Bl 7.715.57 42.290.83 2,139.22 7,681.575 

83 7.715.57 42.290.83 2,139.22 7,681,675 

84 7.<J2S.19 42.388.38 2.134.29 7.872.073 

BS 7,925.19 42,388.38 2,134.29 7,872,073 

B6 8.134.81 42.485.94 2.130.65 8.066.513 
B7 8,134.81 42,485.94 2,130.65 8,066.513 

BS 8.39:-.57 42.607.30 2,124.64 8.301.606 

89 8.395.57 42.607.30 2.124.64 8,301,606 

BIO 8.605.19 42.704.86 2.120.14 8.490.864 
Bil 8,605.19 42.704.86 2,120.14 8.490.864 

Bl2 8,814.81 42.802.41 2.115.41 8.678.320 

B13 8.814.81 42.802.41 :u IS.42 8.678.320 

814 9,05'>.57 42.914.46 2.l I0.28 8.893.691 

BIS 9.055.57 42.914.46 2.l I0.28 8.893.691 

816 9,265.19 43.0l2.02 2.104.10 9.075.509 

817 9.265.19 43.01.:?.02 2.104.70 9.075.509 

818 9,474.81 43,109.58 2.099.34 9,257.208 
819 9.474.81 43.109.58 2.099.34 9.257.208 

·~ 9.715.57 43,221.63 2.091.84 9.458.5::!7 
821 9.715.57 43,2::!1.63 2.091.84 9.45~,527 

822 9,9::!5.19 43.319.18 2.086.05 9.635.840 
823 9,925.19 43,319.18 2,086.05 9.635.840 
824 10,134.81 43,416.74 2.078.54 9.803,933 
825 10,134.ISI 43,416.74 2.078.54 9,803.933 
826 10,375.57 43.528.79 2.072.11 10,005.784 
827 10,375.57 43.528.79 2.072.11 10,005,784 
828 10.585.19 43.626.35 2,063.96 10,167,789 
829 10.585.19 43,626.35 2.063.96 10,167.789 
830 I0,794.81 43.723.90 2.0~7.IO 10,334.665 
831 10.794.81 43,723.90 2.057.10 10,334.665 

~5.28~937 x 108 

l:M = 933,2 IOkg 
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Mii POWER BUSES 

ACQUISITI<ll BUSES 

SWITCHGEAR 

DISCONNECTS 

au STRING FEEDERS 

ENERGY STORAGE 

Dl .. 2la76-3 

Tll»le4.6-4. 

MASS 
Kg 

1,866,420 

36.838 

78,000 

78,000 

38,800 

20,000 

TOTALS 2,118,058 

'.l LOSS 

Table 4.6-S PbotovolUic SPS Power Sector Summary 

I2R LOSS 
MEGAWATTS 

1,056.6 

10.0 

NFG. 

NEG. 

INCL. IN ARRAY 

1,066.6 

6.10 

POWER DISTANCE TO MAIN BUS SECTOR ~IA.IN BUSS 
SECTOR ROTARY JOINT - M. VOLTAGE- VOC CURRUH =AMPS. t:?R LOSS· WATTS 

Ai 1 !.QO:? 44.06t> 4 

A2 Q .168 43.2f>Q_Q 

A3 6.434 425.H.l 

A4 3.700 41."'96.8 

AS 6.434 42.533.3 

A6 <l.168 43.2(1'/_t) 

A7 i 1.QO:? 44.00(1.4 

~! 10300 46 41.4-4." 

82 7 56t.Ao 40.-~R.4 

B3 10.300.46 4!.-P4.9 

B4 3.700 ... N.6'>ti.8 

24.<)01.6 2 34.15'.122 

25.020.-t 61.797.886 

25A41.8 44.0%_2~2 

14.034.0 13.<JSQ.O<ll 

25.-+41.8 44.098.272 

25.020.4 <i l. -;q-: .8X6 

24.60i.6 2 34.15 ..... 122 

2<1.103...+ .., 
~s~{'~-,~, 5h3 -

"'\ ..... - '\ 
.... b.) ! ='·- 54.1-0."188 

2t>.103...+ ! 2~U·' 1 - .5o3 

12.52 l.4 12,481332 

~12R =-LI ~q_(l_~ x 

~M = 2.i·r t 
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Tlble4.6-6. 

MAIN POWER BUSES 

ACQUISITION BUSES 

SWITCHGEAR 

DISCONNECTS 

ENERGY STORAGE 

TOTALS 

i LOSS 

NllftiER OF MIN BUSES 

CON!>l.ICTOR I2R LOSSES (P£GAWATTS} 

COHOUCTOR MASS (HETRIC lONS) 

SWITCHGEAR QUANTITY 

ENERGY STORAGE (WATT HOURS) 

CONDUCTOR OPERATING TEMP (°C) 
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HASS 
Kg 

4.295,232 

42,950 

230.400 

230.400 

198!896 

4,997,878 

I2R LOSSES 
HEGAWATIS 

835.9 

6.0 

NEG. 

NEG. 

841.9 

4.87:. 

THERMAL ENGINE PHOTOVOLTAIC 
SPS SPS 

3 3 

841.9 1,066.6 

4,338 1,942 

582 198 

8,000,000 800,000 

50 100 
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The selected design for the electrical rotary joint is shown in Figure 4.6-9. The following p;ir-.i

graphs discuss the rationale used in accomplishing the slip-ring design: 

Brusla-Slip Rina-C.andidate brush and slip-ring lt'aterials were revirwed for applicability to the SPS. 

Based on the results of the ~iew. coin silver (90'1r silver and lOo/< copper\ was sekcted for the sli1,._ 

ring material and a silver-molybdenum disulfide brush with J<~- graphite was sdected. The chara;:

teristics of this combination are shown in Figure 4.~10. The us.t· of these two maurials for the 

rotary joint is extremely attrat.'tive. With a dt:"sign using a brush current density of lO amps'cm.:! 

only about 40 k~' of power is dissipated in the rotary joint. lndudrd in the re\ kw were materials 

sho,.-n in Table 4.6-8 which were acceptabk for extrnded testing in te~ts ~rformed hy COMS \ T 

on candidate brush/slip-ring materials for application on communications satellites. 

Early designs we made for t.u: .:lectrical slip-ring/brush assembly had a diameter of 350 metrrs. 

Subsequent re\ieY• of Dl3terials availability showed that fur the large slip-ring over 5c; of tht' worlds 

total silver reserve (known and projected) would be rrquired. This material constraint caused a 

redesign effort for either a smalll."r slip-ring or the use of coin silver plating on!r anoth'-"r conductor 

material fur the slip-ring. The I~ slip-ring will require as~mMy in space. A smalkr design 

which could be assembled on earth and checked out and launched as an assrmbly ts an attr:i;:tiw 

option. The ~kcted des1'.r. shown In Figure 4.6-9 satisfies this s.:t of n.·lfuir,·ments 

The sdected materials combinatio:i Jl'-"rfom1s t'Xceedingly wdl in \"3l'tmm. C:tr<:" ilHbt h\." tak.:n in 

earth-based t~ting. however. Operatlon in the ear~h's atmosphere n.-sults in high wear r:1ks. 

The installation of a single hmsh assrmbly on a ;..'in.:ular slip-ring causrs tmwantt'd d,·flections du.: tu 

assymetrical loading. For ttus reason. thcc> slip-ring,brush assemblv was d,·signed for symmetrical 

loading as shown in Figure .J.h-9. Bnish dr;1g 1 with .:i co1:.·ffo:1t·nr of fri,:rion of 0.14 i ar a hrush rr,·s

sure of 4PSI CS .oKPa) was nlll1puted to ti.: 307N. 38'1' and 4h.~l\ 1 (lQ romhh. x- pounds. and 

l 04 pounds fon.:l· l for .::ll.·h imh.·r. middk and <'Uta slip-ring l'rn'h .1sscmhl} _ 

Th.: ·:orn-silver sii;--~; .. I! '." a hr ght surfa._·._· ;111,l. ih'IKI.'. n:i.:\."1' h.::it 'l..'t~ l''-''lrl~ _ Coin 'ih-,·r is a 'n~ 

good condudor. Ho\H'Vt:r. ti· .. • .:ombi1utions ,lftht' two result in fairly high slir-rin;? !l'tnp.:ratllfl'S 

as is sh,)wn in 1-ig:ur'-· .+ h-11. For this dkulatilm. it was ;hstm1..-d that no h..-:it b r..:_kctt:J throui:-h 

the slip-rm~ f..-cJ,·r,_ A._·tu:il op,·ratin!? tcmp..:rattm:~ will thus h.: sonlt·wh;1t lown than .;hown 'inn: 

thl.' l\.-eder.- arc dc"ignnl to l'l'\.'rate at a much lower kmpcr:it~1rc and will heir in n:nw,ing slip-nng 

waste heat. 

Hing f"eeders- f,·,·Jcrs from the nuin l'''''''-'r ,h,trihution hus'-·s ll> th,· slip-rmg Ji.: J,·:-1gn,·d to 

operate at a ,·urn.•nt density of only I 00 amps, ;:m~. l·eeJas ar,· -.p:1'-·ed 45 J,·gr,·l.'s .1part 1 .:cnh'rl11w 

to ,·,·ntt:rll!ll" i and arc spac,•d ;11 15 1:cgrl'1.' 1Jlh.'n ;1b a .. 'lwwn m hi'.ur,· .+ .h-q. The kmp,·r:1tur1· ,,f 
th<' f1.·«dn'\ ;m· slwwn in Fi!-!llTt' 4 6-1.:' ;md rl'llt·.:t th1.· ;uh-antagc of till' fr1·1kr pla.:cak•nt ~!1Pw11 111 

h!,!LllD ~-(•-'l ,111ci 4.ti-13. 
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VIEW 8-B 
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Figure 4.6-9 Electrical "Slip-Ring" Assembly 
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Table 4.6-8 OOMSAT Selected Brush/Slip Ria! Ma1erials for Sf ..ct· Applications 

.JRUSH MATERIAL 

<'OMP".CT 046-45 

Ag-12Nb~ 
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SUPRING MATERl/..L 

HARD GOLD PlA TE 
Au-l~iON 

"JICKEL PLATE 

COIN SILVER 
Ag-12~u 

COIN SILVER 
A4t12Cu 

'• 10.3 pn/cm3 
p,,. 1x10·6ocm. 
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A similar thermal analysis of the NASA/ JSC ball joint design wits performed. The rt>Sults :m~ -.bown 

in Figures 4.6-I-' ttd 4.6-1 S. The feeder temperatures are a~lproximatety the same although the 

effective conductor area of the feeders for the ball joint is approximate!,.- twenty rimes greater th.m 

the feeders for the concentric ring d~ign. The primary reason is that the inner of the coaxial feeder 

conductors must radiate to the <'uter conductor which then must reject the heat of both conductors. 

The current induced forces of the concentric ring feeders were dekm1ineJ. The resuhant r.tdial an<i 

tangential components of these forces are sho~;n in Figure 4.6-16. The rt.'sultant for..:l.'S :.ire small. 

General Electric provided rotary JOint design concepts and analysis. Their anaiysis is .. 1wwn in 

Appendi'lt A and includes an analysis of brus't/slip-ring wear. The proje.:ted wear is wry small. 

(.0289 to .061 i CM3 /year) 

4.7 PHOTOVOLTAIC REFERENCE ATTITUDE CONTROL 

The reference photovoltaic SPS was sized to be oriented perpendicular to the orbital plane t POPl to 

minimize required attitude control thrust. This orientation resl:lts in the lowest mas; and ka-t com

plex system to meet attitude control requiremc.>nts. 

The POP orientation impo~ a ~3.5 deg.""t:e cosine loss on the phtJto,·oltaic SPS at ea.:h solsti.:.:. 

This loss is ~artially compensated for by increased solar .:en dfi..:kncy r6ulting from l0wer tem(>t'r

ature operntion during these periods. 

An attitude control system ma.ss summary i Table ~. 7 -I) was O:l'lllpkted for th» rd('ft'n\.'e ,..._..,nfigur:i

ti"n- This syskm providt'S for a twenty per.:cnt .:ontrol authority margin \\ itl. 1he hsk·d "s"ump

tions. A comrar:ible sy~!.:m for an orit·nt;;h)fl p..:rix-ndi.:ular h) tlw .,yJipti.- plan .. : 1Pt:P1 \\t.1ulJ h;•n· 

5.6 tim._., th1.· hardw:ire ma"s and 35 time ... thl· pwpdlant .:ons~nnption as for th,· POP orientation. 

Sine.· till· Pl:P •'Tir..·ntation does not 1mpo'e !he .:l1'in1.. In'\~'" or POP. 1t is ah<ltlt ;1 t-u;;k"'"·wn trade 

from th.: mass anJ efficil:n-.y standpo111r l>~k· lo lht• aJdcd 'Y'item .:l'mpkxity ass~, .. :1;1tc·d \\:th .1 

Pl:.11 <'lfllC'llt:ttklO. it sho:ild (mlr I>\.· :idn!'k.i 1f 1 ! tr, '\11..ks :1 si;:.rn fl.:: nt ~nough ct,:..,i;r: :.id,·ant:..~<-' (.is 

1( <lol.'s for the.· tham;.il t'O!!inl' ~I'S I. 

4.8 l~TERFACE TO TRANSPORTATION SYSTEM 

..f '.I l>fl,,to\ol:ai\' SPS 

\ 1·r11.:f .. ummJn of th.: p:i..-k:.igin!,! ;in;il}. :' j., rcpr..·s1:;11~·.J m this ~·1.·110•1for111a_!or .:oinr1.1n~·n: ... 1>11ly. 

with a Ii.or,· Jt't:tikd an:ilysi, ;•rtl\id~·d in S;':11.·1: Or'•"L1tion,. \'ohm ... ·\_ 
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FiipR 4.6-14. Conductor Temperahnft 

""'-·-·-.......... 

1• - .. 
•AREA• 1fil. •AL.._ 

Figure 4.6-IS. Rotary Bal Joint Temperatures 
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F°lllft 4.6-16. RiJ1a Fet*r Induced Fotca in Newtons/Meter of Depth. (CulRllt Induced Forces> 

• 

Table 4.7-1. Photovoltaic llefemence Attitude Conbol Summary 

ELECTRIC ION PROPULSION 

THaursr PRODUCTION EOUIP-..t£NT 23.3 MT 

POWER PROCESc;oR;. 90.0MT 

INSTAlLATION HARDl'Li\E 16.BMT 

HoN REUCCURING TOT AL 130.1 MT 

ANNUAL PflOPCLLAtU !ARGON) 48.0 MTA EAR 

1· YEAR TOTAL 178.t MT 

ASSUMPTIONS: 

OPTIMIZED ISP .. 20.000 SEC 

stNUSOIDAl. DUTY CYCLE 1:.G MW PEAK. l2 MW AVG) 

PERFECT CONTROL lAWS (NO WASTED PROPElLAtH) 

fj> 

CHEMICAL PROPUL~IN.l FOR CONTROL IN EOUIN9CTAL OCCULTATIO•H 
(ISP- 400 SEC REQUIRES 1.0 TO 1.S MT/YEAR P~OPELLANTI 

6> All CHEM. ffiOPELLANT REQ'T WOULD BE 2100 UT NE:\R. 
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The component packaging charad~: .~ • . ;, • ;. ic;ure 4.8· l) for major photovoltaic system component~ 

is very favorable. A first (Slim;>•, ··,. If; .. mixing of various system components for delivery to LEO 

is illustrated in Figure 4.R-7. .lte n•:mber of flights indicated is that ~-lated with the mix of 

components and is nut meant to be indicative of the actual launch sequence. As indicated, the 

dominating component was the antenna subarrays included in 246 out of 247 total tlights (of 

identifiable hardware). 

In the Part I analysis :?5 to 30% of the payload shroud was u~d to transport the undefined anienna 

system. A more complete understanding of the antenna. along with the desire to deliver the sub

arrays fully assembled. has led to the use of the full length of the payloaJ shroud in orJer to achieve 

mas.o; limiteJ launch conditions. Fortunatdy. the high density solar arrays can be uscJ to offset the 

low density anteMa subamys during most of the launches. 

4.9 ANNEALING 

Analysis and tests of silicon solar c" II annealing wae conducted by Simulation Physics. lncorp

orat~. and were presented in Part I. Volume II. Section 3.~.5.3. 

Three methods of solar cell annealing were considered: thern;al buik a:mealing. electron beam 

annealing and laser beam annealing. Thermal bulk annealing us1.-s a heat source to achieve and hold 

the entire solar cell at the annealimr temperature for the desired length of time. f o do this. the heat 

source must be relatively close to th~ solar c~ll and be JesigneJ tc not exceed thL' themul limita

tions of the solar array compon.:nts. The required annealing time at temperature and the impo.;t.'d 

the mal limitatio:as result in this being the most time ...-cnsuming mdhod of ann..-:ilir~ l h1 .. ndhud 

has the largest data l'la.~. 

Recent annealing dL"wlopmL"nts employ Jirected enagy. An elt'\.'tron hcc>am can be ust•d to d.:posn 

energy in the dam3gL'd region of the solar ceU. This method localizes the thermal emirontnL'nt in 

the solar cell and makes it possibk to a\.'hie\·e Wt}' high tt'mper.:tures in the silil:on without exceed

ing the th..-rmal limitations of other blanket materials. The ma•n potential ad,·antag..- is signili\.'anlly 

shorter anneal times. Some solar l.'."dl man .. fal.'."turers us..- this methoJ to anneal out ion implanta

tion damage. The electro11 beam method requir"-s the beam to be generated rdatiwly clo~ to the 

solar cdl. 

Laser beam anncahng has many of the advantagl"S oi the ckctron ~am dL·, k1.· and the aJded potc.·n· 

tial of :rme.ding a lart!e area from one locafam. At present it is not known wh"·ther an de\'.'tr .. m 

beam ('an be used tlJ anneal throuEh a \'.over g.lass. but preliminary tests indk3k that th"• laser 

method l.'."an bes·) used. Laser annca!ing is rect.'i,·ing an in.:-rcasio~ amount of attention wh1.:l1 will 

lead to the ucvdopmcnt of a much llc:Her Jata haSt'. 
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ANT£NNA SUB ARRAY SATELLITE STRUCTURE 

• lliN• 12 KG/M3 
• MEDIAN• 28 KGfMl 

• 1CMKGJM3 
• 1980\JNllS 

• MAX• 19 KG/113 
• 13.174 UNITS 

CONDUCTOR DC-DC CONVERTOR 

1.52 • 920 KG!fiJ 

• 1Z70 6 2540 KGltlf1 • 384 UNITS 

• 112UNl1S 
NOTE: PACKAGING WITHIN PAYLOAD 

SHROUD TFNDS TO REDUCE COMPONENT DENSITY 

Figure 4.8-1. Component Packaging Ola13Ctemtics 

7o 

SOLAR ARRAY 

l640Ma 10MSTRIPJ 

2 

• 1930KG/~ 
• 18.400 UNITS 

SECONDARY STRUCTURE 



SOlAR 
ARRAYS 

D 180-22876-3 

• 21 FUS 

• 15 fl TS • 6 Fl TS 

• DELIVERY FLIGHTS : 247 
(IDENTIFIABLE HOWE) 

ANTENNA 
SUBARRAV 
(261 

• 2FLTS 

• 1 FLT 

•TOTAL FLIGHTS : 305 
(INCLUDING GROWTH ALLOW! 

Figure 4.8-2. Component Mix Per Deliftry Flight 
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Future annealing issues that need to be re~'llved are temperature versu· time requiremc;>nts. rt'p;.'at

ability of the annealinir. process, degree of n. .. covery. and the 1.kwlopment of a hetter data base. 

Since most of the previous work in annealing \\as Jone for the recovery of damage sustained in ion

implementation and not from the proton tluenc1: received by cells in geosynchronous orbit. these 

issues aru primarily importa1.t for SPS application.;. 

Simulation Physics. Incorporated. again under subco.1tract. will be annr.:aling pwton damage from 

solar cells using both laser and ekctron beam methods I aser anneaiing will ht. coaJucteJ tlO con

ventional solar cells that are electrostatically bonded to 7070 glass co\\.'rs and irradiated with a 

proton tluence by Boeing. The subcontractor will also dtsign and manufactur< ion-implan1eJ .:elb 

with deep junctions under the cont~cts. to attain greater a1:nealability. and use laser annealing to 

recover proton radiation damage. Solar cells with 75 µm CO\WS will also bt.• irradiakd with a proton 

tluence and an electron beam will be used to anneal the dama~·e. 

These tasks should demonstrate the feasibility of a solar cell blanl.:et in whkh perfom1ance degrada· 

tion caused by solar flare protons is periodically r..:moved by an a•; ·1ealing process. 
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5.0 CONFIGURATION SELECTION 

5.1 CUNFIGURATION S£LECTION TRADES 

5.1.1 Silicon Photovoltaic 

Part I of the study contract was devoted primarily to the selection of a configuration that could be 

taken to an additional level of depth for the reduc;tion of uncertainties in Part II. This section will 

summarize the results and recommendations of Part I, update the information presented in Part I 

and conclude with the final configuration used in the Part II an.tlysis. 

5.1.1.1 Part I Conclusions 

A summary of the major parts of Part I are that: 

• Silicon Costs Not ''Too High" 

• Silicon System Not Sensitive to Cell Performance 

• CR-I Preferable to CR-2 

• Annealing Critical to Silicon System 

• LEO Assy. & Self Power Show to Advantage with Annealing 

• Gallium Supply & S$ in Question 

• GaAs Thin Film Critical Technology 

• If Gallium Supply & Thin Film Okay--GaAs Attractive and not as sensitive to annealing or 

LEO/GEO trade 

• Other thin films look competitivi; but poor data base 

With respect to the cost of silicon solar i.:ells, we found that the large number (:::::2 X 1010) of 5 by 

I 0 cm i.:ells required for each solar power satellit':! i.:ould be manufactured in automated factories 

which would be entirely different from today's solar cell production facilities. and that the cell cost 

would be as proportionately low as toc:;ay's high-volume semicvnductor·products. The .. mature 

industry" approach to prici .. ., indicated that the <.:ost of the satellite would indeed be reasonable. 

The weig~t and 1.:ost of the satellite was not too sensitive to solar eel! performance. Practical satel

lites could be de ·gned around solar cell~ having efficiencies even as low as I 5.0 percent: this is 

achievable today. 

In 1.:on<.:entration ratio trades, the non-cuncentrating array always c04me out best from ~ost and 

weight standpoints. The key factor was the radiation degradation in reflectance of aluminized 

Kapton films. Project Able tests indicated that the 85 percent reflectance of the aluminized Kapton 

films would degrade to 63 per..:ent. with most of the degradation 01.:curring within the first few 

years of the 30-ye:ir projected satellite life. 
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Wort done by Simulation Physics. Inc., showed that in solar cells the radiation damage caused by 

· solaHJare protons can be annealed out, avoiding the loss of significant power sales revenue. Laser 

fiaht, electron beams and infrared radiation are possible heating methods. Thennal annealing is 

,wurtb developing. 

Low-earth-orbit tume-rt out to be the most practical place to assemble the solar power ~tellites. pro

vided electric thrusters could be used to transfer the completed satellite modules to geosynchronous 

orbit. Geosynchronous-orbit assembly required shipping huge quantities of propellants to low-earth 

orbit. Essential to the low-earth-orbit assembly approach is the thennal annealir.g of radiation dam

age occurring during transit through th Van Allen radiation belts. 

Gallium arsenide solar cells were found to be advantageous h·:cause of their probable 21 percent 

conversion efficiency and their moderate loss in perfonnance as they became wanner fas with solar 

concentration). However. gallium availability turned out to be questionable. Gallium was not con

centrated sufficiently in seawater to be worth recoveri'lg. Gallium is at present a by-product oi 

aluminum and zinc refining, with coal fly-ash being a potential source. The projeckd United States 

coal consumption and aluminum production will not be great enough to support the construction 

of several solar power satellites per year unless the gallium arsenide layer in the solar ceUs is made 

thin. say under IO µm. The U.S. Department of Energy <DOE) has funded Batdll.' Northwest to 

carefully investigate gallium availability. 

Some work has suggested that radiation damage in thin layers of gallium arsenide can be annealed 

out at fairly low tem!leratures- perhaps at only 398K C56°f). Also. gallium arsenide cells are 

more resistant than silicon solar cells to radiation damage. making them m .,.,. appli..:able to power

ing th.: transfer of a completed solar power satellite from low~arth or" it to geosynchronous orbit. 

Thin ftl1·1 ,,,lar cells, many types of which are being developed by DOE. are characterized by grt'at 

but unp;-c' n rotcntial. Th .. ir low weigh ts and thin 1.:ross-sections makl.' possible ideal satellite 

design. ~,Jm, ·>ffer the potential of good efficiency. for example 15 perccn '. ia single-crystal 

indium-phos1•tHJc!cadmium sulfide. Howe;.:r. the g.-nerat10n of sizeable 1.·rystals on thin films has 

not yct been realized. Th~ best achieved cffkkncy in other than single-cry~t;~J .:ells has been around 

8 pcr..:ent·. ror cadmium sulhdl". whkh !las not yet been proven lo be stable in perfonnam:e. 

tTsing a comparison matrix to illustrate the good or poor points of the various types of systems 

(Tahk 5 I· I) ·lsf' leads to the ... ·ondusion that a single nystal silicon. C'R-1 sysk'm is the best choice 

fnr P:;n II emphasis. The .:hoke of best altanatih·s for an advanced technology system appears to 

bl' thir. ti:m or thin ~·.-II GaAs. 
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.· •ratio ~rcm~(CRl) and anneal 
f~

1

~~e.~d~tto~ we~ Utatit pro· 
:,..;~~t sY.tcm·cQ1Dp1eXify~d ..... ......... · ' ,,;·, .. .... _.,,., . .·. '· 

.,' 

ff¢tiVCc~~ntrati® rati~ of 1.3 l whiCh provided about · 
").'":'.:::~·< :>)• :_ .,;:.';'':·;<:'··.i.Jf,_.-·.>~.:i·>/", -; - ~: · ... ', . '·:··: ·; . ', . ·:·- · .... _-_-__ _ :_ •.. ' ·· · ' systf'1l complexity :md uneven illumination 

~· .N~~m.., .IJ)Qs.ri.ijr' tOI' tire Pm· i recommended con figur:r 
:~;~~:- ... :-"-,if_-;<~:~:::~<~-;;~{~A, 1 ·'.h· -~:~~:~:-L~~ff -~J--~- ;-'.·.·,_·.·'.· ~ -,'. -· --:·-· .. :-:··_ -_- :-,-:, -; - , 

"-- ,;;~ 

~- ----.~ ·, .·· -,f_ ;-, .; . ~-"' ' ---

: ·\;;,. '.; wc1" ';~ carry·galllwtl .af$enjqe photovol tai!.'S a~ an 

.· aJ>®t ti}e gallium av.Uability an,d · thin.1.-eU tech-

;)~·.":';.: ·'.·\;•c:.•;:s· ,;·i ,,;; .. '/ ., /.,, , . . .... ""' -· ·· .. ··· . .. · 
·: of Part n }Vas ·to estal:>listf·a sys-tern that \vas designed to a depth which •vould allow a 

' ..... .. .• -...•... "" '' '.'.~ .~·unee~~~yafact0roftwo. ·To do· this it was necessary to: 
imerove t'!fe.reoce satellite deliiiltion · 
~;· ·. ~~rsbe th~SC-ll]'8as~de~ed to an additiooal level of depth: 

- . 

· ~ ... r artay . 
Prim•!Y stnictUres;:" ' 

. ~- .• Powe.~ diillib,\Jti~ . . ,._-.. _ 
Defi~ thOS;C S',grilftcant ate~ previously accepted'from JS(' green b<>vk 

· MPTS 

• Attitude control 
• Secondary strnctul"e 
• Potaryjoint 

. Punne J.;.cy issues 
• Silicon annealing 
• · Cost C:ata base 

Otttline of Part ll Effort 

To generate baseline designs, we adopted a cell size and type, a .:ov~r and substrate material, and an 

lriten:onnecting tt>chnique. An important consideration was appropriateness to automated manu

f~tuu, With :!k blanket designed W<- con Id the,1 proceed with preliminary dt·s.igns of primary 

$ftuctun~ . ~nd bu~"'" .;nd L;o.n;T11 tor 1.:arryrng the power from the solar array to the rotary joi:1t. 

-Mblinn ; manho1,:~ in t;r:•ital 1ss(·mt-1y wa..; ;m •mportant requirement of the structurt>. 
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Other areas requiring definition incllide the microwave power tra:wniuion system. attitude control. 

secondary structure and rotuy joint. 

We were to also investigate galltum arsenide solar cells further. particularly with r"sp~ct fl their use 

in concentrated sunlight, considering the reflectors. supporting strncture and performance during 

antk.'ipated mis-orientations. 

An importat1t key issue in the use of silicon solar cells is annealability. Many years ago the U.S. 

Naval Research Laboratory demonstrated that r-.idi.ltion damage :an be annealed out of sili.:on solar 

cells. Howe,·er, no one has annealed cells repeatedly. so we do not know wh;1t is the unan'lealable 

fraction of radiation damage. More work in this field is recommended. 

A full preliminary design of the solar power satellite was not possible with the available fonding. 

However. the available resources did pernut in-depth explorations of those portions -.•I the ,iesig:t 

that significantly contribute to the uncertainties of mass and cost. 

As an example. previous work was hampered b~· lack of a data base for thin-film solar c.:Us. Addi· 

tion:tl in\'estigation revealed that at this tim;: an adequate data baSI: on thin-film .:dis is not a\ailable 

because the necessary inwntions and t'r~esses have not been de\·eloped. ffowewr. in other 

development work, the single-crystal silicon solar-...-ell technology ha·1 ad,an.:ed to the .,10int where 

I :!.5 percent efficiencies are being obtained with 50 µm thkk cells. and rhe COM SA T·irm:nted tech

nique \lf textunng solar cell surfaces turned out to improve hardness to r:.tdiation. As a result we 

wer::· able to develop. with reasonahk extrapolativns of thin single-1.:rystal sifo:un cdl h'ch11;;logy. a 

blanket design that is pro~ably very close in performance to that whkh will ~ pro\ided by thin· 

film cells when they become availabie. 

Other sources cf uncertain~y. whkh resulti:d f1\m' design l..'omrkxity and an.dytkal diftkulty, wae 

likewise resolvec. The resulting .:rray ~·onl..'ept was on~ which is athievabk wi•il r;·asonable extrapo

lation 0f the present state-of th('·art. rather than requiring new inwntion. Th...- l..'orresponding 

ink rim .:untiguration is shown in Figure 5 .1-1: a mas..;; summary is gin.·r. in fobk· 5.1-3. 

5.1.1.4 Incorporation of Technology Advances 

There were advances in sofar .:di technology whkh o~·cum:J during Part II that may affrd the 

future sekction for a rhotovoltaic ~PS. These advance" arc discUsSt'd in mon: detail in the section 

on solar 1·ells f Scd1on 4...+ I. Brictly. !!1.:re has b1.·en large grain growth ( 25 µml 1>11 thin ( 2 µIll) poly

'~rystallinc GaA" u~ing la~er recrysta!li1.ation. There also has been ~0.5 pa..-ent effider,t homojunl..'

tion GaAs .:db 1kmonstratcd in A~f-1 s1mlir,tht. With a be tier data llasi.' on galiium availability 

Jno1h.:r <:n::,.t;"ation of a GaA~ pliotovoltaii.: sy~tem may be appropnalt' in thl' nt•ar future. 
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Another sianifkant advance relates to the radiation degradation c~teristks of SO pm (] mil) sili

con solar ce•. Plotting data on ill'adiated solar ceUs. from JPL ·s .. Solar Arra)· Design Handbook, .. 

reYealed that thetc was a sipificant advantage with thinner '--ells (fig. S.1-1). This :as further suh

staatiated by a degradation YS fluencc cllart (Fig. S.1-3) for 2 mil silicon cells publi·hcd by Solerex. 

Witb a 30 year Ruencc of equivalent a.Nev electrons the 2 mil cell has only degraded !'> approxi

mately 90 percent of its initial power. This lower degradation suggests that annealing is not as criti· 

cal an issue as was previously anticipated. 

In part I the CRI vs CR2 trade assumeu that the alwninized Kapton retledors degraded 2& pc:rcent 

in 30 years due to the radiation environment. This assumi;tion was based on Pro~~t Able data (Fig. 

S.1-4) whit.~ has since been updated. It is now accepted that in thin aluminimized Kart on the 

refkctivity joes not effectively degrade with a 30 year Ouence of the geo::;ynchnmous r-adiation 

environment. (J) 

Usin: new reflector degradation data from Wm. Carroll of JPL. another analysis was made to 1kter· 

mine the effect on the CR I vs CR2 trade. The effective concentration ratio (CReff) of a geometric 

CR2 system was l .31 using the Project Ahle degradation. With no reflector degradation CReff = 
1.36. The small change is due to the fact that the major portion of the power degradation in a CR2 

system is from increased solar cell operating temperature. 

The slight increase in CReff alone does not make a CR .. 2 .. system more ad\antageous. Other rrnb

lems as.~iated with the CR .. 2 .. system are uneven illuminatiou and the effods of shadowing on 

s<-'11r cd! string output (Fig. 5.J-5). These facts plus increa:.cJ system .:omplexit}· with CR .. 2" still 

shows the CR I system to be the best choice for a reference. 

5.1.1.S Structural Dnign Options 

A comparison '>f .:untinuous and non-continuous chord stru..:tural approaches i~ giwn in App~nd1'\ 

B. along with a discussion of the associated ramifo;ations. 

S.1.1.6 Final Conr~tion Selection 

The solar cell selection (Table 5.1-4) was baS\!d on known or antici!'ated. !'}85. performance char

a1.:teristics. A solar .:ell efficiency of IS. 7 5 percent is somewhat lower tha11 pr~viously shown and is 

more conservative since an 18 percent 50 µm solar ..:ell is still possibk b} 1985. 111e ··v-(.:-oon~ ·· 

co-. er adds abolll I 0 percent to the solar ,·ell cffo.:iency whkh results in an dfL•ctive efficiency cf 

17.3 pcr1:t•nt. llte major reason for using a lowe1 cdl efficiency wash' rL·du~e the effect uf solar 

cdl efficiency on system un1:ertaintks. 

The configuration for the reference system is based on a CR I. silicon ph,,towltaic. anncaiaMc sys· 

tem with an aspect ratio of appro,imaldy fom. The structun· will be composed of ta~red tube 

rm:mbt'r.; fonnirig 10 mete; beams \Fig. 5 l-6). 
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Type 

Resistivity 

Cell size 

Connections 

Tbickness 

Efficiency 

Cover 

Substrate 

TaWeS.1-4 SollrCelSelecllon 

Approx. SO cm2 

On back of cell 

so l&Rl 

IS.75%{AM=O@ 2SoC) 

3-mil borosilicate 

RATIONALE 

More radiation-resistant than P-on-N 

Boeing tests have shown that 2 ohm-cm violet 

cells had the highest output after irradiation 

with 7 x. 1010 l·MEV protons 

Adjust length and width to optimize lost area 

factors on solar array 

Compatible with automated assembly of array 

blanket 

Lower blanket mass and much lower radiation 

degradation 

Appears a..:hievable for 50 flffi production cells 

by 1985 

The cover should pro\·ide a I 0 percent increase 

microsheet with V-grooves in cell efficiency and good r.idiation protection. 

over grid lines Electrostatic bonding to cell is still applil:able. 

~-mil microsheet Radiation protection with electrostatic bonding 

and annealing compatibility 
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Thi& confaguntion provided a desip point that could be taken to an additional le\<el of detail for 

the reducti0n of uncertainties in Part II. The section on confllUfltion definition (Sec. 6.1. l ) will 
show greater detail of the system and subsystem components along with the mass and uncertainties 
that evolved in this part of the study. 

5.1.2 Rankine 1hennaJ Eagu. 

In this section will be dek:ribed the design trades leading to a fmal configuration definition. The 

most important "trade .. is the selection of the cycle temperature ratio, since it has a large impact on 

system mass. 

5.1.l.I Cycle Trmperablre Ratio Selection-First Principles 

The following is a description of :t parametric analysis of the e:!ect on thennal engine SPS power 

generation mass of a range of cycle temper.iture ratio. Study resoun.-es did not pennit numerous 

.. point desigQs .. ; however. the parametrics are .. anchored" by a few mass estimates. including 

turb~ne mass estimates by General Electric. 

As explained in Section 4.5.5, the heat rejection required is: 

Prei =Pout ( l_ 1). 
'.I '1 . 

where Pout is the useful, shaft. power and fl is the cycle efficiency. 

The cycle effidency paramt>tric used was 

Pout 
11 = Pin 

where Tin is the turbine inlet temperature and Tout is the radiator surface temperature. The tur

bine inlet temperature is. of 1.:ourse. the boikr outlet temperature. and the radiator surface tempera

ture is assumed equal to the turbine outlet temperati;r~. The cycle tcmrcrature ratio is defined as 

the ratio of Tout to Tin. 

The vapor pressure of the p,1tassium working fluid is a function of temperature. as shown in Figure 

5.1-7. 
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VAPOR PRESSURE OF POTASSIUM 

Figure S.1-7. PotasRum Vapor Presa1re Vs. Temperature 

One advantage of the use of alkali metals. such as potassium. rather than water is immediately 

apparent. The vaiJor pressure at high tc:mperaturc~ is much lower. which allows lighter duding. 

High h!mpcrature is. of course. nec.:s·;<Jry for the cumbination of good efficiency and lightweight 

r;;,J i1tors. 

The cydc f.'nipi:ratnres thm tntl 1enL~· the turbine inlet and outkt pressun:s. Section 4.1. ~ l.'xpiaincd 

how colum bium was selected for the turbine housing. The turhinc inlet temperature should l:w about 
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12421' U 1.76°F). At this temperature the vapor pressure is approximately S31 kPa (77 psi). In the 

temperature selection trade, Tin was kept constant at 1242 K. Low turbine outlet temperatures 

mean low outlet vapor pressures and a consequent hi&h pressure ratio: 

Pin Pressure in (at turbine inlet) --= 
Pout Pressure out (at turbine outlet) 

High presslire ratios mean a large number of turbine stages and large housings. The last turbine 

stages ( .. back end0
) become very large due to the low pressure. General Electric has concluded that 

the maximum number of stages (rotor/stator sets) should be five in a given housing. Beyond five. 

two separate turbine assemblies should be provided, a "high pressure turbine" and a 0 low pressure 

turbine." These have separate shafts and are interconnected by ducting as shown in Figure S. J-8. 

Sf'Sl!tl 

SYSTEM© 

TURBINE OUTLET TEMPERATURE 
TUROJNE INLET UM.-ERATURE 

TURBINE EFFICIENCY • 18.~ 

•0.75 

TURBINE OUTLET TEMPERATURE • 0.66 
'fURl:SINE INLET TE.MPERATURE 

TURBINE EFflCIENCY • 26.~ 

FROM BOILER -
C531 kPa .. 11 psi) 

HIGH PRESSURE 
TUA Bl NE 

FROM BOILER -
C531 kPa a 77 psi) 

Figure 5 .1-8. High and Low Pressure Turbines 

S.1.2.2 Cyde Temperature Ratio Selection-Turbine Mass 

A method was required for detennining the weight of potassium vapor turbines for different ther

mal cycles. Normally this would requir~ a preliminary turbine design, the preparation of drawings 

and a weight analysis of components. Time and scope did not pennit this. 

Turbine designs and weight analysis were available from a previous study of potassium vapor tur

bines as topping devices for steam power plants 1ECAS). Weights were available for turbines with 

2.03M (80 inch) dis~ diameters in a J422K/l 06JK (::2 I00°F/14S0°F) high pressure turbine (HPT) 

and a similar sized I06 l K/867K (1450°F/ I J00°F) low pressure turbine (LPT). As indicated in the 
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·ptot of enthalpy vs vapor specific volume for potassium (Pig. 5. I ·9), the area under the curve within 

.cycle temperatu.re limits is representative of turbine siZe (and weight). Area vs weight comparisons 

for both tile HPT and LPT ECAS turbines indicated relatively good agreement. Note that relatively 

·tmall areas under the curve are asscclated with enthalpy (temperature) increments at high tempera-

. ·hP'e& whereas very large areas (and large turbine weights) are associated with enthalpy (temperature) 

increments at lower temperatum. Limiting the range of cycle temperatures reduces cycle effi· 

dency and, of course, requires the addition of more compensating turbine weight. Increasing heat 

rejection temperatures eliminates much of the large "back end" portion of the turbines and favors 

teduction in radiator weisht. while reduction of a portion of the high temperature part of the cycle 

also reduces efficiency but optimizes the use of more plentiful materials in a more reliable tempera· 

tw'e range. 

Cycle A and Cycle B turbine weights were extrapolated from weight vs area comparisons with the 

ECAS turbines at a given power leveJ and correcting that weight for the relative efficiencies of the 

two cycles . 

• GENERAL 
EUCTRIC 

EXTRAPOLATION OF TURBfNE WEIGHTS apace division 

2loo0 r 
1220 

ECAS H1'T 
PRELIMINARY DESICN WT. AVAlLA!I.? 

!! 1200 "A" CYCLE 
WT. EXTRAPOLATED -~ 

I 
118 

± "B"CYCL! 
.__ ___ _....,,,._____ WT. EXTRAPOLATED 

Op 

ECAS'LPT 
PRELIMINARY DES GN WT. AVAILABLI 

20 40 

TURBINE WEIGHT IS RELATED TO THE I 
AREA WITUIN ENTHA!.PY/SPECit'IC 
VOLUME CURVE BETWEEN CYCLE TEM-
P J::RATUR E t.1MITS 

60 BO 100 120 

SPECIFIC VOLUME - F1'3/tB 

Figure 5.1·9. Extrapolation of Turbine Weights 
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The graphical method was used to estimate turbine weights for new cycle temperatures from 

weichts cidculated from preliminary t'Jl'bine designs of a prior thermal cycle. The i;pecific turbine 

weights were then determined for the new cycle at the prior cycle turbine silt. Then the specific 

weights, individual turbine weights a.,d turbine weights per cavity heat source were calculated by 

considering that specific weight varies with diameter (weight varies with o3 and power varies with 

o2). 

4800 MWe - 80" DISC. 

SYSTEM CYCLE 
TURBlNE 3YSTEM 1078 MWe • 40" !>lSC. - 34 T'1R8!SE SYSTF"l 

"' i>EFlt:ITION !!!.!£.~ TOTAL WT. SPECIF!>:: ~'T. SPECIF!C WT. TURBINE WT. TOTAL t.oi. 

EC.\S CYCLE 0. 21lf 18.572 ll 3.87 :,&/K'.I 

2100°FIU00°F 10
6 LB 

"J." CYCLE o.u22 7.826 x 1.63 LB/KW 

l 776°F/ll29°F 10
6 

LB 

"I" CYCLE 0.1882 11. 941 lt '1.49 t!l/KW 1.66 LB/KW s:.b x io3 u 1.79 x 10
6 

1776°F/1218°F 10
6 

LB 

*SPECIFIC WT. SCALED FROM 80" DISC. SIZE TO 40" DISC SIZE BASED ON \'ARlATION OF THE SPECIFIC \.:ElCHT 

DIRECTLY WITH TH~ DlA.~ETER. 

BECAUSE OF THE UNCERTAINTIES IN ~IAKING tXTRAPOLATF::: ;;EIGHT ESil!-'->.TES, IT lS ANTICIPATED ".'!V.T L\'!TR 

TURBINE DESICN A?.'D Wt!Cllr ANALYSIS COULD RESL'LT IN ACTUAL TUKBlNE l>EICH7S AS M'.:CH AS 20~ :1IGH~R cli\ 

AS MllCH AS J.>% LOl>ER TIL' .. '4 THOSE SHOWN WITll 80% PRCBABILITY. 

S.1.2.3 Cycle Temperature Ratio Selection-Radiators 

.. 
The parametric used was a mas.~ of 5.0 kilograms per square meh:r (I .O::; lbm;ft-) of r.tdiating an·a. 

The radiating area ii. twke the projected area. This mass allowance indudes manifolding and dosdy 

approximates the specific mass of the final design. Radiating area was found by: 

where o is the Skphan·Boltnnan const;inl. 

5.1.2.4 Cycle Tt!mperature Ratio Selection--t'uncentrators and Remaining Elements 

.. .. 
The con..:cntrator mass was taken as 0.1 kg/M- (O.o::; Ihm 'ft-). This indudl's the rctll·ctor fa..:~·t!. 

support structure for 1:1.! facets and the ca\ity support anns. 
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Aaaw S.1-10 slaows CGllC:!MlratOI' and ndiatot aRas Yel'SUS cydc tempenture ratio. It also shows •-beads. fo:btitouily, IDinimlUD lllW is obtaiaecl witltout the complication of a low Pl1'9-

~ sate tudtiae. From a material cost stadpoint this is good. because some of the highest price raw 
m Ill ill>-. URd in 1he tadae. 

Tiie cycle tcapenbB ratio is therefore set at 0. 75. Thus t~ turbilt'! outlet temperature is 932K 
(1218°f). 11ae l1lrbine outlet vapor pressure is 37.9 tPa (S.S psi). Since at least 10 le.Pa (I .S psi) :S 

ft' t ired r! die ~ ,._., inlet to preYeat cavitation. tbe pressure drop around the 
ndiato: must be re1a1i¥eJr _._ Very bigb cycle pressure ratios tend to be impractical for this ...... 
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-~ur>ES OVERSIZE FOR M~EOROIOS t2.2S'S1 AND RADIATION DEGRADATION (30SJ 

F..,. S.l-10. Cycle Tempmablle Ratio Selection 

Note the points .. A .. through "E" in Figure 5.1-10. These correspond to specific design points. In 

figure S.1-10 ~an be seen the physical signir1cmce of cycle pressure ratio for two examples, .. B .. 
and .. D ... 
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S.l.2.6 ...._. ne-.. Selecdoa-Heal Pipe Spad.. 1& 
()R1G1N~ PAGE 

- ttl\R .llllAilfi 
As explained in Sedion 4.S.S.2, beat pipes ha\'.: been seL~ as the radiatiJ9ilclKewt:- P'll'fiC -
S.1-l I shows candidate lleat pipe wortina fMds. For the radiator tanperatwe of93lK (l218°F}. 
_..., is appropriate. The freezin& point of sodium b 371 K (201°F). ~ freezing point of 

potaslit .11 is lowel; 336K (l4S0 r.r This insures that the heat pipes will '"shut off'* wbile the 
potaium is stiD Ii.quid. 

Optjmwn heat pipe spacina is influen'-'Cd by tb'!Se faL~ 
(I) Closely spaced pipes have a poor view factor to space~ red...:~ the effective emissMty of their 

surface. so tbat moR surface. and consequently mass. is requ•- .!. 

(2) laclUSing pipe spacing improves emittance and reduces heat pipe ntass; however. this Jm.;.~~

tllc length of the .. throughpipes" which mount the be<tt pipes. The length of the inlet and oot

let manifolds also tends to increase. 

The view factor of one heat pipe to another is 

- -ID •"'"Siil F· 
D is the heat pipe diameter. 

P is the pitcll {~te: to cenkr spa<.ing). 

I :tl 
~ ... r• ii 
! • I 

u 

• ... -----t 
Cl. 

y• I 

... - -. ----.. - -.......... 
Fiame S.1-11 C.nclidate Hat~ WOltiag fluids 

Figure 5.J-J2 shows the effe,·t of ~inJ (P/D)on the \iew factor and net emissivity. 
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fut the wb:ted $1!$.~ ~P:D •l.ol t:ie ~t emiss!,;ity is0.57 (t~ b.ua;,; surfa .. -c l"missi,ity for a ,-ie~ 

!.-.:tor~ LO is ~km Id 0.9<n. f.'or a rlntiah .. uurfact t.-~penture of Q~SK (I '.!le°Fl. tilt: hea: 
. , 

pipo "'ilt mi:ate ::4.0 kW/1n~. 

S.1.1.1 Radiator Design Sekclean-Mrff'oroid Frottttion 

As cxrlair.C'd in Section 4.5.S. it is JJ,·antag\'ous lo fiy t lC!' r.alt~\•rs '"eJgc on .. the- :irrarcnt 

ntt'tcoroid Ou'\. When this is ,fone. th4' tffn t \.,f :he flux ·; rcducnl aprro'\im.it.'1~· o0'1'. The next 

con~~ration is what pcnetratk~.1 rat,· should be aHu,.~d. ThC' f't"ndration rrvbkm ;,;an t..:- brol<en 

down !nro two , .. a~ts: the ht-'lt rir•·s .:nd :!oc m;iuifolJs. Du.: :o the i111R·n.•n1 n.itur..· of tbt..•se dt'

mcnb;. the foUowinJ 3prroxhf.'s "",·i~ h.1 .. ,·tincJ 

~I l Heat pir-:s: An • .. "\~~s shall be J'ro' i.kd stt.:h that. after the penetrations resulting from JO 

yean. of llpe"Uhon. rh~ n.·mainm~ f'tP\'S .-an Jis...t1"atc the waste ~at ass1..~·iatt>,f wirh run SPS 

rower ou1;,ut nms there will""' an initial l."'\.:.'\."SS ... ,,,l;tl\\lity cextra h.·at PIP\'S}, l\t.) mainte

nance is ... '°qum·d. 



(l) Manif'olca: Meteoroid bumpen ;n PfO¥idecl such that the pcneltations fe!Ultina m:. 30 years 

ofoperalions.'1111 result in appfOXimately a l~kmofthe total potillium i!MnlDly • ._.. 

don~ at both ends of the dvou:hl>iPes provide redundant isolation of the large liqqicl 

m..;. .a me lt'Nm mamm&d from tile larat sudaet' area ot the qpor manifold. A. pctittntion 

nf a liquid manifold therefore n,,~lls in tht loss of the majority of the potassium inwentory fur 

tbat eaginctra.liator C ~ion of tilt l\.'ICal ptt'Slllre near a hole allows vaporization: cvl"ntually 

al Of the liquid will boil-Gill. When a · :ietration OC\.."Urs, the USO\.'i&ted engine is shu1 down .. 

After Rp.air of the penettation. probably during annual mUllte~""C. th..· potMSium is topped 

off and tile cftline mtancd. The selection of a I O'l· inventory loss in 30 years is arbiuvy. 
since no comparison of operation and maint~c to.DI) costs witb initbl bunch "~~bas 

been mack, Heavy meteoroid bumpers inaease initial launch costs but mlt.~ penetrations .· 

and tbe1dore Ol.\I cost5. 

Radiator mass was C$tiluted for allowances of~. l~ and S% beat ~ ~Mtntions: the total 

"*'was least wiOt I~ The use ol rrlatiwel)' small heat pipe$ was critka1. since this lnab up ttw 
flCliaOla area into a laqe numb« of individ...a elements. A heat pipe di.vnelerof 0.6 cm (0.24"} , 
and n.'lldcmor set.'"fion lencth of O.SM ( 19.1"l gives a projected 31\'~ or _l X 10·3 M:! (4.64 8<~ 
me~;. 11\c radbting-. rvqllirrd for tht SPS is J . .!I X 1o6 M~ U.4S X ro7 ft~. to Jissipare 71 

G"W. The c~ns ~'\.'tcd are;a is: 

3.~J X lob M.: 
. -·-.. -~ ... • 

Thus the t«al number of llt'•t pipes. with I O$i- alkw.-an"-c for heat pipe Jam• .and J•t- for tJm.-.aan · 
~ pcnetnlion is: 

Tiun) )<:atio ~ 9.5 X 108 se-:onJ.'11. The mcteomtd f''il\"ltAhou rate. for the heat ri~s. is :bus: 

(0.ll x 3.83 x 1o8 x 0.399 
--- -·--·· -~. ·-·~----~-~~-~--~- - • -8 .•. -·· _., ·I 
LIS X to<• M• X 95 X I08 sc"onds - 1.4 X 10 htfs M - g:..: 

Per Figure J-1. the largest .,.rtick 1.'orrcspond1n3 to this flux r.it..- is abuut ~-" X 10·7 Jill. n-~ 
di:c1'eter. for a specific gravity of 0.0S. is 9.98 X w-5 M (0.004''l. For steel. the ·~ulncrat.ility 
thi~bc$5 .. is 3P\lf0Ximately 1.97 tiinc:s the partkk diameter. fhus lfk' heill ri~ sht'li lhidmt"SS 

sbot:ld be at lent 1.97 x 'o"" M (0.008") to insure Q0'1- of the f'ltJCS SUfVt\'(' the ttllUisitc .io le&l'S. 
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llr:teetail prota.-ctiGn for the maitoldl w .._. °" desip principles ghen in Boeing Docwnellt 

02-24¥6 "Meteoroill Protection For Spececalt Structures" tNASl-2570). 

'D',e ¥mt plOtediolt 1J11an clacribect rMm. employs triple bumpers, i.e .. thRC lay~IS of protec

tire ..-.ial ae spaced Ol&bide of the item lo be defended. Meteoroids ~ broken up by the first 

-..; tile ... two tarm •• - resultant ..... 

The 5'S will 1~ station bepiqa by tluustel'i in order to ovet\:Ollle fon."CS whk:h tend to dispbce 

H ftam * ftliced location in~ orbit tGSO). This is ttuc for any type of SPS. The 

Atelite _. llso lie staWizecl in attitucle. Two primary orielltations are possible: 

P.O.P~ Perpel.~..ftaae 

In lllis oriea.utiaa die aortll-soatlt His of the Mtdlite (wllicb is parallel to the solar oon

ceatrMor) is .,... perp:D.-.lar to ~ orbit plaae ad knee perpettdft..~tar ro Ute 

equatotial plane_ 

P.E.P.: ~tu-so-Ecliptic Plane 
la tlds ~tation the iiiGlldHwda axis of the sattUite is flown perpendicular :o the 

ediptic plaae and bmcc pcrpddk."lllar to the solar rays. 

'Ille prinwy differences betwt-en lbese two orientations are: (I ) thal when flying P .O.P _ torques 0.1 

the ate!lite from gravlt}' ,rradienb an: much kss thu when flying P.F.P. and(:!) when tl~ing P.O.P. 

die swt ~e~ tJtcoup an apparent arc of approllimatety 47 degree$. Wlh.·n ftyintt P.E.P., the solar 

rays are alw&$s ~ndicuJGr (O the solar •'oncentrator. 

In hrt l cf this st'~y the P.0.P. orientation was baselined. The solar ~on.:~r.traror ~m.~loycd steer

able s..)far fact"ts (beiioshts) to maintain focus at Ute cavity ab5orbcr \k'St:"lit~ the ;ap~~rent •nnual 

solar motion (47°). The ~laosr.us bad indit>t:.lu<tl pow..-r supplies. ~nSO!' fur the sun ar•d ..:avity. 

pt.~inting lo:ic and servomcdlanism!, Over I 00.000 of th""se unih were reqt1ired p~r SPS. The 

facets incurporated il 1..<¢nL-.d post mou!lti.llJ (\\'.ilb a pi~ot system~ and radial nu'lllwrs. P\,'r FigLm· 

5.H3. 
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FACfT ISHAOOW SIOEI SCALLOP CONTROLS EDGE WAINGLES 

FtgUre S.1-14 shows a potential se~g system for such fac.-ets and Figure 5.1-15 shows how these 

systems \\'Quid be im.·orporated in tire facr-t hub. 
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I. Without cavity light source, 
facet dme ii commanded 
to end of traYel (no power 
toeniay.). 

1 Wiien modulation or fiaht 
source is as mpdred. detector 
balJe aligns with light mun:e. 

3. Facet driYe system posidoas 
facet such that reOeeted rays 
frolll facet aft aligned widt 
detector tabe uis and laence 
11e aimed at catity. 

4.. If modulation is l'elllM'ed. 
loaic causes facet drire to 
petwstop.. 

Fi11ft 5 1·14 • ._..,. 16e Faicd5 
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HUB. 
stOE'VIEW 

P-,.ue S.1-15. Facet Hub 

With a P.E.P. orientation the sun stays .. fixed.·· Hence a properly shaped con~-entrator can provide 

the necessary focusing without movable facets. The facets do not require a hub mechamsm or 

radial members and are considerably simpler in design. 

Attitude control requirements are at GEO dominated by gravity gradient effects. Orbit trim 

requirements are dominated by solar pressure. A good llight control 'ltrategy will combine the cor

re.-tions. u~inir. unbalan..:ed coupks to pro,·ide translation corrections for solar pressure while apply

ing torque tu counter gravity gradients. Solar pressure for an absorptive surface is readily calculated 

as: 
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Tile refenace pHtovoltac system has a projected area of 119 tm2; the solar pressure is 4.51 X 

to-' x 1 19 x ao6 = $37N. 

Gradty paNcat tolques aRllUlCI tile 3 SPS axes are pen by: 

T x = 3 /2,3 <lz • ly) cos2 I sin 2 • 
Ty.• 31,_,;3 <lz-1,c)sinll cos• 
Tz:: l {2P3 <!x · iy) sin 2f sill• 

Axes ucl aapcs are defined in Fapre S.l-16 is gravitational potential and pis orbit radius. 

Orbit fath ... 

8 is around y axis 
t is around x axis 

T=3/pl UX{l)(U) 

Euler aMles for 3. 2. 1 sequence 

y 

F...,e S.1·16. Delinitioa of Angles 4 Ax.es 

where bold-face symbols arc vectors, U is a unit v-:ctor directed radially outward from the Earth's 

center through the spacecraft mass center. and I is the inertia tensor. Square brackets signify matrix 

multiplication. 
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ff!!"::. I':'fennce pllotO\'Oltaic SPS witll the JSC .. green book .. anteMa masses, the inerUa differ

ences ue: 
11 ·ly=3.9137 X tolS q.M2 
lz ·ix= 1.258 X IOl4 kl-Ml 
•x · ly • 3.181? x to1S q-N2 

The force components requittd to c."Ontrol the pavity if&dient torques are Ti/Si where Si are the 

!llOIJ\ellt arms. 

In tms case.•= 0 b;.- definition and only the Fy tenn is operative. The pe~k thrust required is 

.l90n. (100tt. each 4 places). ne duty cycle is that for a sinusoid. 0.64. 

Tbe mass penalty for v•vity gradient control includes: l) thrust production hardware: thrusters 

plus power processing: 2) ~nerating ~ty required to power the thrusters; 3) propellant 

rcquiml. The correct propellant quantity penalty reflects the time value of the cost of propellant 

resutiply; the penalty should be the net prese11t value (in economic tenns) of the lifetime propeUa.•t 

reqwrement. The value nnges from 10 ,_-ears· annual supply tl0%discount fot 30 years) to 14 

years• annual supply (7~% dis\.-ount, infmite life). 

Propulsion system lsp is a variable, assuming elcctri\: electric propulsion. As fsp is in·~reased. 

propeDant mass penalty decreases but b1mlware penalty increases. Accordingly. an optimum occurs 

(Fig. S.1-17). 20,000 seronds lsp is selected as a representative \'1.due. For POP operation. assuming 

perfect control laws (no control authority margin. no wasted propc:llant) about 2SO tons ol ha.·d

ware (including generating capacity) and 4 I tons/year argon propellmt are required. (Electric pro

pulsion characteristics were taken from Part I technical report Vol. 5.) About 50 megawatts peak, 

32 megawatts average. power is required to drive the thruster system. Chemical propulsion will be 

needed to pro\ide coatrol during equinoctal occultations. Despite the low lsp (400 sec), on{y 1 to 

J~ tons of propellant is needed annualty due to-the small duty cycle. 

All 3 tenns are operative. ti>\ dries from 0 l<.l 23~0 by sin • ~ sin i sin where i = 23.5°. 8 varies 

from 0 to 360°. An approximate numerical integration gives pe:ik thrust (total 4 comers) ac; 2230 

newtons with an aver-.ige duty l.'ycle of 0.4. Therefore. the hardware penalty is 5.6 x that for tlying 

POP (1390 tons) and the fropeUant penalty is 3.5 ' that for flying POP (144 tons/yr). This is a 

1.4% hardware mass penalty (for about 3% gain in output ,tue to ~un orientation) and a propellant 
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PROP£LLAt. TAT 20,000 SEC 
ACTUAL ANNUAL • '1 TONS ARGON 
+1.& TONS CH£MICAL FOR OCCULTATIONS 

»VEAR PROP£UANT CNliT PRESENT VALUE• 10.5 YRS ACTUAU 

'-'"~"'"''"'"~.-..~""""'"'""""~~"""'~""""'-4j~ .... ~.LL.<'""'-'""""""~~""""'~ 
&.a 15,000 20,000 25,000 

ELECTRIC PROPULSION SPECIAC IMPUl.SE, SEC 

F.-S.1-17. Altitude Contiol Propelant-PbotOYoltaic POP 
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penalty roughly eqwvalont to one chemical OT\' fli&ht i.o GEO every 2./S years. The hardwate 

plus NPV propeHant penalty is about 3~ compared to output pin of also about 3%. 

Thus flying PEP is about a break.even and should be adopted only if it provides desig1; advantages 

(as it does for the thennal engine). 

Additional aspects of the choice of a P.F .P. orientation for the thennal engine SPS are given in 

Figure 5.1-18. 

• taGtlER PROPEt.LANT CONSUMPl'ION 
NMLESSCONAGURATION tS 
INERTIALl V SVl.UETIUC. USES 
IMGNETIC TORQUelNG Olfsot.AR 
fRUIURIEFFECTSl 

• IEST PERFORMANCE RIQUIRES 
TIGHTER ATIITUOE CONTROL 
UMtlS (E.G.. 0.10, NOT G.50) 

• REQUIRES ADOITlONAL (SEASONAL) 
AXIS ON ANTENNA 

• JOO• PEAK POWER REQUIRED 
TO OP£RATt THRUSTERS 

ADVANTAGES 

• FACE1S NEED NOT FOLLOW SEASONAL SUN MOTION 

• EUMtNATES COSINE EFFECT ON SIZING 

• FM:ElS NEED NOT IE SPACED #ART TO ALLOW 
MOTION 

• LOWER METEOROID FLUX ON RADIATORS 

• ADDITIONAL ANTENNA AXIS PER'11TS TftANS. 
MtSStON TO VARIOUS RECTENNA LONGITUDES 
WITHOUT POLARIZATION LOSS (FROM GIVEN 
ORBIT LONGITUOF.) 

• ADDITIONAL ANTENNA AXIS PERMITS 
COMPENSATION FOR DIURNAL IONOSPtiERIC 
FARADAY POlARIZA TION ROTATK"N 

e AADlATOR IS AlWA VS EDGE ON TO TifE SUN 

• CONSTANT lHERMAL ENVIRONMENT FROM 
FIXED SOLAR ORIENTATION 

Ftpre S.1~18. Perpendicular-to-Ecliptic Plane Orientation 

S.l OTHER SPS OPTIONS 

This section describes alternate SPS .:onfigurations and systems that appear promising but have a 
need for either a betler data base or a technological br~akthrough. Th~ best choice for th~ ~'hoto

voJtaic alternate was a Gallium Arseniue system with a Bra}·ton cycle as the best alternate for the 

thennal enaine system. 
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5.2.1 Galliwn Arsenide Photovoltaic Alternate 

5.2.1.1 Status at the End of Part I 

A thin cell pllium arsenide SPS was selected as the best a!temate (Sec. S. I. J.1, Table 5.1 • J ). Even 

though the GaAs system was significantly less massive than the sili.;on system. there was a lack of 

data base with respect to gallium availability and :ost. 

Some of the l'Wllts of the Part I analysis were CRJ vs CR2 (Fig. 5.2-1) system sensitivity to sclar 

cell efficiency (Fig. S.2-2) and s~·stem sensitivity to solar cell thickness (Fig. 5.2-3). It is apparent 

that gallium availabilit}. cost and cell thickness are the major drivP.rs in the use of GaAs for a 

successful SPS system. New breakthroughs in the areas of thin ceJJ productior1, efficiencies and a 

better data base on gallium availability cc1dtl make a GaAs SPS most attractive. 

s.2.1.2 Part n Objectives 

W!tb respect to gallium arsenide, the main objectives of Part II were to investigate the areas of 

higher concentration ratios and gallium availability. Tv ac.;omplish these tasks sev~ral systems with 

geometric conr.entration ratios of six were analyzed using thinner GaAs solar cells. 

S .2. l .3 Part II Conclusions 

The investigaticn of higher concentration ratios leads to the use of reflectors that are non-planar 

(Sec. 4.2). Compound parabolic concentrators were used at a geometri1.: concentration ratio of six. 

To investigate the reflector cha:acteristics and to determine the orbital orientation, computer analy

sis was accomplished on CPC's with various acceptance half-angles. The results are shown in Table 

5.2-1. 
6 c acceptance half-angle 

n,, angle of offset of the incoming light rays to the axis of the CPC 

Irlo fraction of beam incident on the receiver to that which enters the CPC 

<n> the average number of reflections 

Bir average angle of incidence of reflected light rays on the reflector surface 

It is noted that as () 0 approaches 8 c the value of Ir/lo decreases rapidly. Therefore, if large values of 

1
0 

must be realized,± 23.5 clegre-:s !':;r POP vrientat;,,n. 0 c must also be very large. With three

dimensionaJ CPC's, CRg = 1 /sin28 so 24 degrees is about the maximum 8 c for CR8 = 6.0. With a 8 c 

= ~4 degrees :md a 80 ::: 23.0 dr!!rees Ir/lo= .6682 which is not acceptable . 

.\s Ac: L i"!crcased. to decrease the effect of 6 0 the CRg also decreases (Fig. 5.2-4 ). This is also 

ur ,,,_ .:: lJbh il 1.,gher conc~ntration ratios are needed. 
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Cit i llld cal are Very a.tr in GaAs. (I~) with die HiJlla Colt of at. 
C.As Am)' mhtdng tht CR l MYafttage Sft" In Silicr.a 

TOTAL.AREA: 
ACTIVt ARRAY ARU.: 
MASS.: 
PRODUCTIONCOST: a-,.t 
10TM. COIT: t-1ol 

TOTAL AREA: 
ACTM AhRAY ARU: 
llMs: 
MOO\ICTION COST: t-1ol 
10TALCOST: 1-1ol 

•n-2 ...... ,,, 
Q.13iUT 
•u 
a.c.• 

F....- 5.l-1. GaAs SateOite, CR 2 v, CR I 

IM'n 
11115 .. , ... 

tMTJ mnolt - 9250.t ..,, .,.,.. 41854 1132.1 
·~ ...-- 10.11' "41a au s.n ,..._ 

- - ,.._. ,..•;!!- --·- --

I 
WGT. COST WGT. COJT WGT. COST 

fl•1ft 

Figure S.2-2. Ga.As Satellite Sensitmty to Cell Perfonmnce 
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~ £2'"~~ns~llhl~tDdctctJFL *ellec;tofftrillg PEP or lrlOdified POP. This 
c~~~aij~;~~flllli(tl1.ta~peUtykd ~~.,, dae aiftnlage ...... ;~_~,..,. 

- ~ .. i· - ~ .. ~ .. - J" - ~ - -,. - _o - ~ 
__ ,~~" - -~- - .... ,....._:. 

~lf~8':-:ibr.e'8~ • • elrect er.t-10 ~-to-• two4iDwlnsimal (~). 
-ttc ....... id .. 11ae ru .._ tilt_isxcepred • •Uection urt1te ttoa:h. peq>eadiadar 
,;~*t(l£sc,- ---~-~---~ 

_-=z-i_·~~ 

~r ... -• ..-~~~~,...4aWAiQstefBl(fia- s.z·s>. Mor* optiom 

- ..... ~-· a·~~U!ffClt <Ctg>.t$jj_an4 ~ d>laitle4 by tnmc;ation dCompouad Par!lbollc 
c~~ OpliGC 1 usaaanc~JCPCwi11t•~Ra1ra11eor 

- 24'!:1-~ ail,... to adlieYc a CRg '= 6.0 ~- oridle4 ~to tk Orbital l'lw 
, (l(P).. ~cl --~acOllic CIC ~tis o~ P..~ to the Elipcic Plane tPEP) and 

_ -~ - ws a aa:~,_..W .._of s.:i t1w.t.d to a CRg-= 6.0. -~ 3 uses a q1indrical 

, !2~ .. CsioAJ} Cl'C orienledJOP with an ac~ balf anc1e of 59 truncated to a Ckg = 6.0. 
- :...-.: --- --

wttb die IUgbet. ~tion ratios ~- Cxtor tbat ~ust be considered is the effect of the 

~-~ in sobJ ~ ~~ Even tbOUgll GaAs 1."Ctls •~ a lower .:oeff.'(.ient of thermal 

de:Pdatba. the hid! temperatuin invofv~ rabc! the operaling eltlc~y ~Kantly. Thennal 

amlyth ~ tbal 1i!e nomin~ i1eady state ope:ar~ tt>mperature of the 1.-elts •-as approximately 

lZO°c. 1Jla. .. "aUKd a ttduction 111 cell ~r.ting eff...;~ to 14 pen.--enl. • significant d;:· ;IUX for 
_.,. ""5 solar cell. 

~i~ Qf a ther:>::tl ~iatcr (aluminum fin) wlil reduce dk.-opcr.tting temperature (Fig. 5.1-6• 

l'ut •ith a signif1<.4Dt mass fenalq• for the S}-Stem. The effo=t of the ~nnai radia.tor on solar cell 

cff Kiency. G..As mass required and represent<1ti~e sysu'tn mass for the U1rtt or~ions are shown 

(F"qs. S.2-1 a:id 5.1-8 l. Mass assumptions are listed ic Table 5.2- ... 

It wa.; t'\'ident that the Ciddition of a thennal radiator to the ~~ar cells causeJ 3 small gallium mass 

benefit m1t a large system mass penalty. It is Stlggt.~ted th;tt if a thermal raJiator is used it shoulu be 

very tfun arnl ~-:-;1 not giw a signifkant l,!ain in system oper.itingefficien..-y. From the system s::md

~at. the most favorable system appeared to be the cylindrical (two-dimensiouan CPC configura

tion C'.\ricmted POP. 

rne ma:n ~vantage nPted \\"JS die decreJ5<: in gallium mass required 1..·ompared to a CR 2.0 )yStem. 

The incr~llie in >)'stem mass. con-;cared to a CR .:?.O system. is c3used by addition of retlectors. 

added suoport str ... :ture and, in wme cases. thermal radiators. 

The availability of gallium is still in question as ti•e first report from Danelle l-4ortllwest L..ibora

tori~ to OOE hJs not yet been made available. When it is made available, it ~hould include a 

cnmpreh~.nsivc pie tu re of gallium avadab~ity. Using a projectiou on possible annual U.S. gal!ium 
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productioa quantities, from 06AnilalJility of Gallium and Arsenic .. by Dr. R. N. Anderson (fig. 

S.2-4~ die Cllg • 6.8 system ad a Pm I. CR • 1.0. GaAs sy5tan were plotted to compare the 

effect of CR Oil I rWR UllF· De ala= 6.0 gap;.am Rqllirement was dlat for Ille highest vtlium 
--.e of 1he 11uee systems mown pRViously. cylindrical ere with no themtal radiator. For this 

ase. appsoldmalely 4SO llT per satellite of p1· n is iequiml and for a prodw:tion of four satel

lites per year. 1800 MT per year of gallium would be used. Usiq a recovery of 30 percent of the 

pfium aYailaMe from bauxite and coal Oy-asb would supply the necessary amount of pllium for 

four satelites per year. 

S.2.2 lrayton llaermal &gm 

Closed cycle helium Brayton energy conversion for SPS was in\-estigated wuler NASA M.SFC con· 

tr.act NASl-31628 ("Systems Definition. Space Based Power Conversion Systems') and in part one 

of this study. A simplified schematic of tile Brayton system is given in Figure S.2·10. 

Tbe solar concentrator reflects and focuses intense solar energy into the cavity absorber aperture. 

Tbe cadty absorber is an insulated shell lined with heat exchanger tubing. Helium gas flowing 

through this tubing becomes heated (simultaneously preventing ca\·ity overheating). 

Hot helium expands through the turbine, doing the work of turning the compressor and the genera· 

tor. The compressor forces the helium flow around the cycle loop. ~tinimum gas temperature 

occurs at the exit of the cooler. whkh is a gas-to-liquid heat exchan~r inierfacing the helium loop 

to the radiator system. The ra..--uperator is a gas-to-gas heat exchan~r which increases the system 

efficiency by exchanging energy betwef" tht '"hot .. and "cold .. sides of the cycle. The recuper.ttor 

causes the average turbine temperanue to be higher and the aver.tge compressor temperature lower 

for given maximum and minimum cyde temper.itures. 

Waste heat is rejecteJ by a liquid metal radiator system. The working fluid is a sodium-potassiun. 

eukctic fNaK). NaK pumping is by a motor/pump systcm drawing power from the generator. 

To achieve relatively low system mass J high turbine inlet temperature was basdined: 161 OK 

(:!438°F). This was only obtainable by the use of ceramic (silicon carbidel turbine components and 

insulated helium ducts. aptimization studit>s of the helium loop using machine process!i1g of 

parametric models indicate..: that minimum system mass would be obtained with compressor outlet 

pr.::ssn· of approximately 4140 kPa C600 psi). Columhium was seledcd for the primary heat 

absvrf"'r. which is exposed to U1b pr,·ssmt• and, at the outlet. the full turbine irlet temperature. 

hgurc .\ 2-11 shows hl'w insulation allcwed use of a cool (and thereby stror.ger) outer shell. 
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As explained in Section 4. Brayton radiators ttnd to be relativel)· laqe. With a cycle tcmpernture 

ratio of O.lS (detennined as optimum), the projected an:a or the r.tdiator was approximately 4.S X 

to' M2 (4.8 X 10 7 ft2). A sixteen module Brayton SPS was configured. One module of this satel· 

Ute is sbown in F_,.. S.2-ll. 

This conftauntion employed a 4~ o~rsize of the solar concentralor. stnce at that time this was 

Co::\Sidertd ~ to offset the radiation-induced degradation. A mass statement for this conliJ

uration is given in rlgUl'e 5.2~14. 

Now at the end of Part 2 of this study. two microwa\~ transmitters are cxpectt"d to have a mass 

24.384 metric tons. ratiier than the 15.370 sho\\c-n. This ch:tnF would bring the total mass to 

88,615 metric tons. Af: ,. :t<ljusting this total for the current com.-ept of no concentrator raJiafion 

damage, the total mass bc .... :n:.!s approximately SS.000 metric tons. This is about six percent mon: 

than the potassium Rankinr: SP!' (with its lo\\"t'r turbine inlet temperature). 

However, the Brayton sy~te1:l is capable of further mass r~ductions through advanced technology. 

For e'ample. ceramk heat exchlll\gers 1.'0uld pos.~M~ save ~·eral thousand metric :ons. The 

Brayton system inherently avoids the potential erosion problems of the potassium Rankine system. 

It is therefore appropriate to consider it u a ;>romising iiltemative to the potassium Rankine SPS. 

fipre S.l-12. One Module, Brayton SPS 
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ITEM 

RADIATOR SYSTEM 
TRANSMITTERS• SLIP RINGS 
PRIMARY HEAT ABSORBER 
RECUPERATORICOOLERS 
GENERATORS 
FACETS. INCLUDING STRUCTURE• 
POWER DISTRIBUTtor. 
STRUCTURE 
TURBOMACHINES 
CAVITY .ASSEMBLIES 
GENERATOR COOLING 
SWITCHGEAR 
ATTITUDE CONTROL/STATION KEEPING 
LIGHT SHIELD ASSEMBLIES 
ONE YEAR•s CONSUMABLES 

IRAYTONSPS 

1o'Kt 

30.951 
15.310 
9J)10 
4.860 
4.320 
4.200 
3.310 
2.730 
1.950 
1.420 
0.&20 
o.• 
G.340 
0.2.QD 
0.2.QD -71.I01 

•STRUCTURE SYSTEM ASSOCIATED WITH 
PLASTIC FILM TENSIONING 

Fipre 5.2-14. l'rayton SPS Mall Statement 
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6.0 SATELLITE CONFIGURATION D£FINITION 

6.l CO!'iFIGURATION 

6.1.1 Slicoa PltotoYOltaJc 

" 6.1.t.t Ref.-ce l>esiin 
This section is devoted to the definition of the photovoltaic reference configuration as selected in 

Section S.1.1. The reference design is discussed from the major base assumptions, system compon

ent definition, structure and subsystems definition, and system characteristics. Mass and cost sum

maries are covered in Sections 6.2. J and 6.3. I, respectively. 

6.1.1.l .1 Baseline Data-The reference configuration selected in Section 5. l.1 is a silicon, concen

tration ratio one, annealable photovoltaic system. The solar array uses 50 µm (2 mil) silicon solar 

cells electrostatically bonded to borosilicate microsheet glass, to provide an annealable blanket con

figuration. A mo~..: complete definition is provided in the next section. 

A listin~ of the reference efficiency and energy conversion chain, along with initial sizing require

ments, is provided m Table 6.1-1. The major changes from eariier results are solar cell initial effi· 

ciency, blanket factors and 30 year non-annealable radiation degradation. 

The initial solar cell efficiency is 15.75 percent iPs:ead of the 18.0 percent assumed at the end of 

Part I. At the Part II midterm brier!llg the initial eel! efficiency was 16.5 percent but increased to 

18 percent with the addition of a V-groove cover. Since a thinner solar celJ is bdng used now, and 

to reduce the uncertainties, the lower efficiency was adopted. 

The blanket factor appears somewhat larger than in Part I, 0.9453 vs. 0.9081, but actually has not 

.:hanged. The lost area factor was removed from the blanket factor so there would be no degrada

tion of "lost area". The lost area factor was included in the sizing analysis. The other items 

included in the blanket factor were updated. An analysis of the blanket 11R loss reveaJed that it 

was significantly less th.rn previously estimated. The cell mismatch used previously was re-evaluated 

but not c:1anged. To bt• ;omewhat more conservative on the expected UV degradation, the decrease 

in 1::!R loss was cornpen5ated for by an incrtase in the UV degradation which kept the blanket 

factor cons>ant. 

The ot.lier major chc.nge in the conversion efficiency ~as in the 30 year non·anneafable radiation 

degradation factor. Recent 1esults for 50 µm silicon solar cell radiaticn degr:.•1ation, discussed in 

Sections 4.4 and 5.1.1, revealed a significantly lower degradation than previously anticipated. 

U~ng the annealing scheme seemed to warrant a decrease in the non-annealable radiation degrada

tion. The change was not that significant. 0.97 vs. 0.95, but due to the lower degradation actually 

received in a 30 year !)eriod, it suggests that annealing only has to be 70 percent effective. 
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Table 6.1·1. Pan D ltefeNace SJ*"&..., Co.....,,.., 
e IASICCELL PERFORMANCE•~ (.ll'm 

• tft IMPROVID PERFORMANCE 0U£ TO TEXTURED COVERS (. 11331 

• BLANKET FAC'f'CMlll 1.94131 
(StRfNG r2R. UV LOSSES. A MfSMATCffJ 

• SUMMER S0Uta COSiNI LOIS 1.1190) 

• ANtlUON ltlft•TV FACTOR c.tl15J 

• TEMPERATURE LOSSES f31.5°C •SUMMER SOLSTICE • 8.954al 

• 3tY~ NON-. ~E RADl4TION DEGRADATION l0.810t 

e POWER REQUIRED TO 8US CINCl.UOU 12n LOSSI 

• SOLAR CELL AREA 11$ OVERSIZE FOR ENERGY STORAGE. ATTl1UOE CONTROL 
REGULATION. 4UX. PWR It ANNEALING CAPABILtTVt 

• ARRAY AREA CCELL. PANEL. STRING ANO SEGMENT LOST AREASt 

• SATELLITE AREA flEAM. CA TE.NARY 6 ATTACHMENT LOST AREA FACTOR) 
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The sizing criteria include a one-percent oversize to pro··ide powe~ regulation during the summe: 

solstice and also provide auxiliary power including attitudt: control, energy storage and annealing 

capabilities. 

6.1.1.1.2 Reference Configuration 

6.1.J.l.2.1 Array Dimeasions-The flnal reference configuration for the photovoltaic SPS is 

illustrated in Figure 6.1-1. This configuration evolved from the integration of system, subsystem. 

c .>mponent and operational requirements. 

An illustration of the solar cell blarket i~ provided in Figure 6.1-2. A silicon solar cell must be pro

vided with a cover to increase front-surface ~mittance from around u.25 to around 0.85, and to pro

tect the cell from low-energy proton irradiation. Cerium-doped borosilicate glass is a good cover 

material because it costs only a fraction of the best alternate, 7940 fused silica. matches thl' coeffi

cient of thermal expansion of silicon. and yet resists darkening by ultrJviokt light. Borosilicate 

glass can bee !Ctrostatically bonded to silicon to form a strong and pem1anent adhesivdess joint. 

In ATS-6 flight tests the cells having int2gral 7070 borosilicate glass covers I.. st only 0.8 ± I. I per

cent of their output because of ultraviolet degradation. These cells had no cover adhesive. Other 

cells having cell-to-cover adhesives degrJJ.!d tv;!·~-:- as much. Jena Glaswerk Schott & Gen. Inc .. in 

West Germany, expects to be 1ble to manufacture 75 µm borosilicate glass sheets one meter wide by 

several meters long. 

The cell cover is embossed during bonding with grooves which refract sunlight away from the grid 

lines and buses on the cell surface. COMSAT Labs expects an 8 to 1 '.! per.·t-nt in..:r.:as;;· in cell out

put from this feature in t;;il covers. 

Solar cells only 50 µm !hick recently made by Solarex had an air·mas!!·lero effkiency of 12.5 per

cent without a back.surface field or anti-rdlection treatment. Texturing the sun-i'acing Sl'rface 

makes the incoming light arrive at the back surface of the cell 'lt an angle of over~ Io. so the light 

rays that have not been absorl-ed are reflected off the back surfact.' with virtually ro loss. the critical 

angle in a silicon-air junction being 15.3 degrees. This feature not only improves photon collection 

eft:c1ency, when compared Whh thicker cells, by lengthening the light path in silicon for infrared 

photons, but also imprvv1:s radiation resistance. Since all d1argc carries arc generated withn SO µm 

of the P-N junction which is O.'.." µm under the sun-facing surface, the cell can absorb radiation dam· 

age until the diffuskn length in the bulk silicon is reduced to 50 µm by radiation-generated recom

bination cent, _ .. 

The cells are designed with both P and N terminals brought to the backs of the cells. This feature 

makes it possible to use simple 50 µm silver-plated copper interconnections which are formed on 

the substrate glass. Complete panels arc assembled electrically by welding together the modulc-to

r .. odule interconnections. 
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Glass was chosen for the wbstnte to enable annealing of radiation ~ by heatiqg. With ail 
~ bonds made by the electro-stalk: pnk.."ess there are no elements in tlh! blanket wbidl 

cannot withsbnd the 773K (931 Of) annealing temperatme whidl at present seems to be t"e\JWl\.--d. 

One~ sdfFSl5 that 77JI: (9JJOF) may not be nee&d for ~-in! out the radiation 

damage from SO:ar·flare protons. However. his theory has not yet been confirmed by experiment. 

The solar array fundamentii ekme~t is the Wanket panel (Fig. 6.1-l) which~ adopted for desigr. 

studies. It Im a matrix of2S2 solarcdls.each fi.4 by 7.7 cm in size. cor.nected in groups of 14 

cells in paralkl by 18 cells in series. The cdls .ue eJectrostatically bonded between two shttti of 

borosilkate glass. Spacings between cells a.;d ~spa~ are as shown. Tabs are brought out at 

tWf' ;::4,~ of the panel for electrically connecting panels in seriei. Cdls within the panel are inter

ionnect~ by conductin~ elements printed on the gb.."s substrate. 

lmportanl panel r~.,. .. irements were t:iese: 

• The panel compo.'leftts and processes should be compatible with thermal 'U'nealing at 773 

(93J0Ft 

• Presence of cha~xchange plasma during ion-engine operation may ~.::essitatt- insulating the 

electrical canductors on the panel. 

• The panel design should be appropriate for the high-speed automatic assembly required for 

making the some 78 million panels required for each satellite. 

• Low weight and Jow cost are important. 

The glass-encapsulation techno!ogy. whil<! n.>t in use today. seems to be achievable ~Y 1985. Simu

lation Physics has made excellent electrost.ltic bonds of co~eJS to cells. Schott in West Germany is 

making thin microscope slides from borosilicate glass. The alternate panel design. using adhesives 

for bonding cells. covers. and substr-.ite, may also be feasible by 1985. 

The panel-to-panel assembly (Fig. 6.1-4) is accomplished to provide the larger elements required for 

the solar array. 1 "'-e interconnecting tabs of one panel are welded to the tabs o: the next pan~I in 

the string. and then the in'~rconnections are covered with a tape that also carries structural ter.sion 

between panels. After Joining. the panels are accordion-folded into a compact package for transport 

to the low-Earth-orbit assembly station. 

The 0.5 cm spacing between panels provides room for welding electrodes. and also permits reason

able tolerances in the large sheet of 75 1101 glass that co•ers the cells and t~ 50 µm sheets of sub

strate glass. 
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Tile melhocl of joining Ille panels to both odaer panels and to support is illustaled in fipft 6. I -S. 
Tile tapes pl'O\ide biaxial support requirements for the array blanket and to the satellite bay UNC· 

nn <Fis- 6.1-6). 

Primary support of the amy is at\.."'Offtplisbed by the use of a 'Prine loadcJ piston cylind.. r at dte ~ 

meter support points. This provides a constant force to tbe array Alpport ca~ It Ibo pro-

. ¥ides for a movement of up to 2 meters. in both X and Y din:ctions. whicb may oc~r due to a 

LEO-GEO transfer acceleration or I o4 g. 

A mass summary for the array blanket is shown in Table 6.1-:!. A comparison is pl'OYided for rhe 

blanket mate.up at the end of Part I. Even though signifacant chaD1;"'eS have occurred to the blanket. 

only a small variation in the unit mass has resulted. 

6.1 1.1.2.l Structual Analysis 

The structure for tbe reference photovoltaic SPS had design constr.iints rhat were used in the devel

opment of the final configuration. II was attractive to use a modular structural concept for con

stJUction in LEO with transfer to and final asser.lbly at GEO. 

lhe modular concept includes eight modules of equal size and is composed of square grid sections 

that would form a system with an aspect ratio of four on fm.J assembly. The satellite is comprised 

of 2S6 bays. each 660 meters square. They are arranged eight wide b)· thiny-two long to provide 

the aspect ratio of four as was shown in Figure 6_ l-1. Ea1.h module is 8 hays by 4 bJys; the mod

uies are joined together along the 8-bay edges. 

A loads analysis was contfucted on the satellite structure to idemify the critical beams. The module 

configuration used is shown (Fig. 6. l-i) for the ..:ase of L!::().(;EO tr-,insfr~ with an ante;ina payload. 

111e critical beams are noted and ..,,.ere used to size the stn.ctunl members. 

A section vit"w of a truss-end (Fig. l'.1-8) rdlects the geometry of t:1e basic structure used. This 

arra~~ment provides squarcJ ends w!Jich pro~·ide docking points on the rop and bottom of the 

satellite m(l(fules. The dimensions shown are those used in the reference configuration. Details of 

the method of joining the beam sections are shown in Figure 6S.'.1. Construction considerations are 

addressed in Volume S. Section 3.~.1.1.1.4. I. 

The structural beam sections were optimized for cost and mass as illustrated in Figure 6.1-10. A 20-

meter beam was chox:n ~ause :: was both structllrally .:ompatible and near the cost/mm 

optimization point. 

An edge loading analysis was accomplisheJ on the array to establish structur;;l lood criteria (fig. 

6.1-11 ). This established strut design end-loads and sizing criteria (Table 6.1-3 and Fig. 6.1-12 l for 

the graphite epoxy tapered tube beam members. Results were used to establish a mass summary for 

a 20 meter beam section (Tahle 6.1-4). It was noted that since the critical beams were in the upper 
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CEARTH FABRICATION a LEO ASSEt.IBL VJ 
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&METIRGRIO 

10 METER GRID 

~ ==-TAYM*SLOPE 

-
15 METER GRIO 

- - -
2S METER GAlO 

WEIGHTINKG 

F ..... 6.1-10. 680 Meter Beam Coat A: Weight Size Selection 

• • 
ARRAY FIRST MOOE FREOUENCY• 12CYCLESIHOUR 
ARRAY CONSIDERED AS A SQUARE MEMBRANE 
UNDER UNIFORM BIAXIAL LOADING 

ARRAY WEIGHT 
CKllOGRAMJMETERZ) 

0.50 

0.45 

0.40 

0.35 

0.30 

REFERENCE CONFIGURATION 
• STRUCTURAL BAY LENGTH • 660M 
e BEAM WIDTH• 30M 
• ARRAY WEIGHT• 0.427 KGJM2 

Q f I I 

580 820 G60 700 740 780 
STRUCTURAL BAY REFERENCE LENGTH MINUS BEAM WIDTH -METERS 

Fipre 6.1-11 Array Edge Loading 
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Table 6.1..J. LMlt/Sizina II a-.y for Critbl a.a in Upper Smface 

N'UID ILM1'J LOADIONCIUTICM.llMI llZl DATA FOR 20M11'H 
DESIGN fUl. TI!llA Ttt 

UNIFORM LOADING eot.111111 lOAD COi.Uia LOAD ON 
LONGT~TUll 

OUIGNCONDITION ALOMGllMI ---
•• ... • UJIN) Cl.Miil .... 

.. 

ARRAYPRITPISION ..em - -ARRA y PR£1'£NSIOM. ..m3 .... 411 
llOOUU SEU' TMNSl'OllT. 
NO PAYLOAD 

ARRAY PRITENSIOll. .1223 .... -110DUU UU' TRAllSl'ORT. 
P/L • 1' ANTENNA 

ARRAY l'RETENS"Jfl. ..em .... I .. 
1100UU SEU' THAllSIORT. 
PIL•Ml'lNNA 

ARRAY PRETENStON•U NEWTONSME-nR 
MAX Tiff CAPAlllUTY DURING SELF TRANSPORT· OJll01 
lmDUU WEIGHT• ......... 
MTEllNA WUGHT • 12,M.800 kt 

CRITICAL mwr 
• Ir:> 

UI .,_ 
t AAVL 

Cttll (INt , ... 
- 1UI .Ollt .511 - U.01 .0195 .DC 

nu 1112 .0191 .541 

- 1127 ..8202 .5a1 

!!>•[(:;' . • "'(:j. :) . '"~] 
..... 

L• .... •2$.984._ 
W • 2GM ~ 7fr1 IN. 
H • 17.lM ~ 682 IN. 
U.F.S. • 1.5 

[!::::> °"1-'°'wt • 113 

Table 6.1-4. Mas Definition for 2CN Beam Section (Upper Saface Beams) 

-

ITDI MATtRIM. Pt\INCU'AL DIMENSIONS 11NJ 
WT/IT£M NO.OF TOTAl.IH 

ClBI ITEMS CLBI 

T APtftlD T\JBES 
CHORD HALF SECTION GJE D • 13.3, • • 4A, L • 311.t, I• .020 1112 • (16UOI 
StC>E DIAGONAL HALF SECTION ~ - .. 433.4, t • .IUO 7.34 I 78.72 
BASE DIAGONAL HALF SECTION .. - .. ..... - 1.32 2 58.72 
BASE IATI"EN HALF SECTION .. .. .. .... .. us 2 11.64 

13.12 
TUBE CENTER JOINTS 

CHOftO CTR. JOINT HALF SECTION Al.UM FITS TUR £NO wtTK 0 • \3.3 o.a1 • '10•1 
DIAG.JBATTEN CTR. JT. HA&.f - .. .. . .. - .. 12 3M 

SECTION 7.32 

TUB£ ENO flTI'fNGS 
CHORD END FITTING ALUM FITS TU9E END WITH d • 4.4 0.21 • I !i.181 
DIAG./8ATT£N END FITTING " .. .. .. .. .. .. 12 1.81 
STUD RETENTION Sl'ftlttG INCONEL OJI002 38 3.36 
SPRING INSTALLATION BOLT STEEL o.oooa n 0.07 
SPRING INSTALLATION NUT .. 0.0001 38 o.oe 

0.01 
ITRUTINTERCONNECTFITilNGS 

APEX FITTING ALUM L • 2.25, W • 2.25, H • 1.65 D.35 1 ( 1AOt 
ilASE FITTING .. .. W• 1.65, .. 0.30 2 0.3& 
8ALL·£NP 'TUD STEtl l>eALL • 11.375, L • 1.36 0.025 11 0.80 

OM 

NOTE: FOR LOWtR SURFACE BEAMS AND INTRA SURFACE BEAMS, US£ 147.401..8 
211 118.7'LB 

CU4 kt/Ml BASED ON CHORD THICKNESS• 0.010 IN. (4.24 kt/Ml 
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• OUTIR LAYER rs GY·70l9CM ..... OF TOTAL THICKNESSI 
• CENTER lA VER IS GY·70/904 0 00 (8°" OF TOTAL TtfiCKNESS) 
• INNER LAYER ISGY·70/904 •tcaoQOSOF TOTAL·TfflCKNESSl 
• Ex• 25.1 a 100 PN 
• c. o.aJtRJZ)OJiO 
• PINNEO ENOS 
• TUBE OPTIMIZED FOR LONG COLUMN BUCKLING 
• ANO LOCAL CRIPPLING AT MIOSPAN 

15 .022 

M .020 

.. .. 
li 

.. 
13 

Ill 

! .018 :c 
u 

l ! 
N l 

0 
II: = l&I "' .. 12 .016 
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.010 
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Figure 6.1-12 Sizing Data for a 20 Meter Long Tapered Tube of Graphite Epoxy 
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surface, the lower surface beams~ auld be fabricated from minimum gauae thicknesses at a siptll!' 

cant mass benefit. 

6.1.1.1.2.3 Subsystems 

The m.;or subsystems are power distribution, el«:trical rotary joint, mechanical rotary joint, 

antenna support structure, attitude control, and instrumentation and controls. 

The reference power distribution system is a no-lateral-bus-bar cottfiguration. The main busing i.c; 

run longitudinally along the centerline of satellite. The solar array strings are run laterally starting 

at the satellite centerline with a connection to the main bus, running to the edge of the satellite, 

then returning to the centerline and connecting to the main bus through a set of switchgear. 

Aluminum sheet conductors are used for both main busing and string jumpers at the e..!ge of the 

satellite. The main busing is tenninated at the electrical rotary joint \ rhich provides energy transfer 

capabilities across the mechanical joint with the antenna. A complete descri., tion of the power dis

tribution system including switchgear and the elect. ;..;al rotary joint is covered in Sections 4.6.1 and 

4.6.2. 

To provide a means of pointing the antenna toward the earth while the energy conversion system is 

continually oriented toward the sun, it was necessary to design an interface between the energy 

collection and transmission sections of the satellite. The method chosen was to provide a support 

structure on the satellite and a yoke structure. to support the antenna. joined by a mechanical and 

electrical rotary joint (Fig. 6.1-13). 

The antenna support structure provides the interface between the main satellite structure and the 

mechanical rotary joint. It is composed of the 20 meter tapered tl!be beams discussed in the struc

tural definition se·:tion. The antenna support strudure also provides a base on which the mechani

cal rotary joint is attached. 

The mechanical rotary joint provides the interface between the antenna support structure and the 

antenn<' yoke stmcture and also provides th'! drive r::iechanism to rotate lhe antenna with respect to 

the main section of the satellite. The mechanical rotary joint is composed of two cin.:ular-geometry, 

20 meter beams fFig. 6.1-14 ), one on the antenna support structure and one on the antenna yoke 

structure. The circular beams are arranged concentrically with the adjacent members 73.2 cm apart 

with a drive and roller assembly between them (Fig. 6 l-15). 

The antenna yoke structure is the interface between the mechanical rotary joint and the antenna. 

This structure is composed of five meter beams of the 5ame geometry as the twenty meter beams 

described pre\ iously. The antenna yoke structure also provides a flexible coupling at the yoke/ 

antenna joint to allow tilt control of the antenna for alternate receiver locations. This coupling 

allows for an antenna tilt of up to eight degrees with respect to the yoke and does not require an 

electrical rotary joint. 
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Figure 6.1-13. An~nna Support and Mtth:mical Joint Weights 
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SECTION A-A 

Fiicure 6.J-14. Circular Rintt Beam Geomt"try 
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-------- 21.r ---------...... 

APEX CHORD 
OF QRCULAR RING 
IEAll CSATELUTE S10EJ 

L - s.r- _!_J 
ROLLER ASSEllBLJY. X.m 
l48PLACESI 

ORIVERlNG 
APEXQ:ORD 
OF CIRCULAR RING 
BEAM (ANTENNA SIOEI 

A ROlLERIDftlVE AS$EMBLY 1$ LOCA"1ED AT 12 Pl.ACES (EVERY TENSION CABLE) 
AROUND THE PERIPHERY OF THE CIRCULAR BEAii CSATELLITE SIOE). THIS 
ASSEMBL~lAR TO THAT St"'JllN EXCEPT THAT THE WHEELS INDICATED 
BY FLAG 1 ARE MOTOR o• IVEN FRICTION WHEELS WHICH ARE SPRING 
LOADm THE AS'SEMIL Y. 

F..-e 6.1-15. Drit'e Riag m Roh Aslllmlbly Location Rdatne 
to O.ter Ille Chonls of Circular Rime Beams 

138 



DI 80-22876-l 

Attitude control requirements were inve.tigated in Part II. Table 61-S lists the assumptions and 

m;m su.'tlrr-31)' for the attitude control system that w.as used ior the reference photovoltaic SPS 

\,rieftted perpendicular to the orbitai plane. Electric pr"!lulsion thrusters were used wherever possi

ble but :>otH~ added ct :;.nic;al propulsion equipment was necessary to provide attitu6e control 

during occcltat!on~ 

Another task that was acc0tnplished in Part II was the compilation of an instrumentation and con

trol lisr. Ta~Je (·.l-6 provi-1es a listing of instrumentation and control components along with their 

function and the !turnbrr of units required. 

6.1.1.2 Reference Conf"1g11ntion Oaancteristics 

Most of the rr.~ior system characteristics have been discussed either in Section 5.1. l or 6.1.1.1. One 

of t:1e &ltereiting characteristics that has nol been discussed is the actuaJ operating point of the 

solar cdls at different locations on the array. 

All of the solar cell strings ha\·e the same number oi solar cells in the same configuration. To com

pensate for power bus voltage drops. the strings and thus the solar cells must operate al different 

voltages dependent on their location with respect to the load. An illustration of the o~rating point 

for an average solar cell at various 10\:ations !s shown as Figures 6.1-16 through 6. 1-19. Another 

point that can be noted from these figures is that the solar cells operate near the maximum power 

points during different times of the year and at different locations within the system. 

The .ivailable power of the reference photovoltaic SPS v1ries throughout the year. This is a result of 

the variation in solar flux seen by the energy conversion system and the resulting effect on solar cdl 

operation. 

The power output of a solar array depends on tfle i11tensity of illumination at th.! cells and the tem

perature of the cells. The maximum-po"·er poinh of the cells diminish as the ;;ells become hotter. 

In geosynchronous orbit the temperan1re of the solar cell is related to the intensity of sunlight for 

ar.y given panel configuration. 

Sunlight is most intense at SFS perihelion. which occurs around winter solstice when the orientation 

of the array is such that the sun's rays arrive at :!3.5 degrees off of nom1a! inciJence. The worst

..:ase illumination is at summer solstice where the 23 5-degree miscrientc.tion is accompanied by 

apt.elion where the intensity of -.unlight is 0.9675 of average. However, the solar array temperature 

is also down, being 36.6°C rather than 46.5°C as at the spring and autumn equinoxes. 

A plot of the yearly power availability variation is shown in Figure 6.1-20. Not induded in this plot 

is the effect of occultations. 'io power is awailable when the system is occulted. 
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Tllble 6.1-5. Plaotovoltaic Refesence Attitude Control 

ELECTRIC ION PROPULSION 

THRUST PRODUCTION EQUIPMENT 21311T 

PCMER PROCESSORS 90.0MT 

INSTALLATION HARDWARE 1S.IMT 

NON AEOCCURING TOT Al 130.1 MT 

ANNUAL PROPELLANT CARGONt C8.0 MT/YEAR 

1-YIAR TOTAL 171.1 llT 

ASSlM'TIONS: 

OPTIMIZED 'Sf' - 20.000 SEC 

s:NUSOIDAL DUTY CYCLE (50 MW PEAK. 32 MW AVGI 

PERFECT CONTROL LAWS f 203 CONTROL t1ARGIN 1 
LNO •ASTED PROPELLANTJ 

6> 

CHEMICAL PROPULSION FOR CCNTROL IN EOUINOCTAL OCCULT ATIONS 
•1w-400 sec REQUIRES 1.0 TO 1.~ MTlYE.\R PROPELLANT I 

6> All CHEM. PROPELLANT REO"T WOULD 8( 2100 MT /YEAR. 
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TIMe 6.1-4. PlaotOYoltaic Satellite ............. - ... ConbGI 

Switchgear Measure N...Oer of C0111POnents 

Circuit Breakers (210) 1.680 

Status Open-Closed 
Current Allps. 
Voltage Volts 
Temperature OC 

Overcurrent On - Off 

Under voltage On - Off 

Reverse Current On - Off 

Disconnects (210) 

Status Open-Closed 

Main Bus 4 -
Current "A• Amps 
Voltage "A• Volts 
Current •B" Amps 
Voltage •e• Volts 

OC-OC Converters ( 14) 70 

Voltage (2) Volts 
Current (2) ltnps 
Temperature oc 

Rotary Joint 149 

Voltage Drop (40) Volts 
Current (40) ~s 

Position (2) 

Drive Motor Current(l2) P.mps 
Drive Motor Voltage (12) Volts 
Brush Holder Position (40) 

Tr>~erature (3) oc 
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Nile 6.1-6. «CM. f) 

Power Sectors 1152 

Voltage (192) Volts 
Current (19'l) Amps 

Temperature (768) oc l leff{J/Bay/Pwr. Sect. 

,Solar Cell Strings 

lily ""tl Voltage (18,112) Volts 
be needed Current (18,112) Current 

Total Sensors • 39,279 

CONTROLS 

Circuit Breakers (210) Open/Cloc;ed 

Disconnects (210) Open/Closed 

Rotary Joint 

Drive tt>tor Connand (12) Comand 

Drive tt>tors 12 On/Off 

Brush Holders 

Connand (40) Connand 

Operators (40) Open/Closed 
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6.1.2 Rankine Thermal Engine 

6.1.2.l Sizing 

Si.zing of an SPS must proceed iteratively; for example, the satellite must be sized to produce not 

only the transmitter power input but also parasitic loads such as power distribution losses. But 

power distribution losses are a function of the distribution path length which is a function of sys

tem size. Several iterations were involved in producing the power budget and physical size data 

which follows. 

Per requirement :! (see Set:lion :!.O) the salellik power generation system must produi:e full powt'r 

under .. worst"" conditions, corresponding to maximum parasitic power consumption at aphelion. 

The consequent power budget is as follows: 

Element 

rransminers 

Power Distribution losses 

Potassium Pumping 

Attitude & Station Control 

Mi~dlaneou:; -------
Bus Bar 

Powe ... Gw 

16.430 

O.S<J8 

C.18:! 

0.300 

0.003 

(Max• 

Since this power is to be produ .. ·ed by 570 (of the 576) genaators. ead1 gena;1tor must be capable 

of 31.416 MW output. 

With a generator t>ffidenq of 0.'184. each turbine must have a shaft output of 31.937 MW (a total 

of 18.:!0.f GWl. The qde efficiency is 0.189. hence the boilers must add 

18.:!04GW 
-Q.18~- = %.3 I 7GW 

of thennal power. 

Several loss mechanisms are associated wit!l the cavity absorber. One of these is reradiation from 

the hoiler tubes and lwt cavity interior walls. A ··worst case" calculation of these losses is per

formed as follows: The l·avitv aperture is assumed to have an unobstructed view of space and black 
"I "I 

body characteristics. i.e .. an emis..,ivity of unit)·. The total aperture area is 59.818 M- (643.75 5 n-). 
Tht> ai't'rage cavity internal temperature is estimated at I :!60K (I 80S°Ft Consequently. ead1 

square meter of aperture can radiate a maximum of 143 kW. The maximum total aperture reradia

tion is l.'onse'luently 8.836 GW thennal. Note that this is Q.~"~ of the useful power to be a\tded in 

the hoilers. 
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Reflection losses from the cavity walls must also be considered; i.e .. energy which enters the cavity 

and is reflected out again. after one or more passes. without being absorbed. Tests currently being 

conducted on subscale ( .. bench model") cavity absorbers for ground sc!ar thennal engine systems 

(Power Tower) indicate reflection l~s can be held to approximately 5%. 

The insulation of the cavity walls limits heat transfer. A low emi~ivity external coating should also 

be used; approximately 0.04 should be easily obtained. Using charaderistics for molybdenum 

Multifoil (a product of the Thermo Electron Corporation, Waltham. Mass.) a total wall loss of 500 

MW was estimated. The exterior wall temperature will be about 905K ( 1l69°F). A lower wall tt·m

perature could be produced by the use of more insulation. The resultant mass increase would not 

offset the solar concentrator mass reduction (less solar concentrator is required when cavity losses 

reduce). 

A one percent allowance is made for additional losses (such as from the walls of the manifolds 

which connect the boilers to the turbines). A summary of the cavity them1al energy balance is as 

follows: 

Element 

Useful Power to Turbines 

Re radiation 

Reflection (5%) 

Wall Losses 

Miscellaneous 

Total 

The "'cavity efficiency" can be considered to be: 

96.317 GW 
112.397 GW 

Power,GW 

96.3 t 7 

8.836 

5.620 

0.500 

1.124 

112.397 

= 85.7~ 

The compound parabolic concenfr:itor <CPC) at the cavity aperture acts a ""light ch:.nnd'" to 

increase the effective aperture opening. Figure o.l-21 gives the general configuration. 

Since the geometric concentration ratio is low: 

CPC Entrance_~rea = 
3 05 Cavity Absorber Area · · 

many of the rays from the concentrator are not reflected by the C'~C. they directly enter the cavity 

ahsorbcr. A ray trace program. developed under IR&D. indicates that 66% of the rays will have an 

aver.age cf one retlection, 34rt~ directly enter the aperture. A plating of rhenium on the molybde

num foil walls is expected to yield a rctle1.:tiYity of 0.8. TI1c net CPC reflectivity should be approxi

matl'ly f;.865. Per Section 4.2. the fact:t end-of-life reflectivity is baselined at 0.878. An additional 

allowance of 5 pcr,·ent is made for fa .. :et scallops. spacing, wrinkling. etc. for an aphelion solar flux 
; ; 

of 1.309 kW /M-, the required re tlcl"lor projl.''-'kd area is 119.0h km-. After allowance for shadow-

ing by the cavity ahsorbl'fS. etc .. ;1 total prcj.:ckd area of 119.56 km2 i~ sckdt.•<l for tht• rl'fi.•rc111:e 
; 

design. ·n1i" is 7.47J km- for e:ich of the It modules. 
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• CPC GEOMETRIC CONCENTRATION 
RATto IS 3.05 

• tie LIGHT ACCEPTANCE 
ANGLf • 300. 

• CAVITY WA.llS ARE 
I LAYERS OF MOL YSDENUM 
MULTIFOIL. 

• All BOILER TUBES MOUNT 
ON CAVITY INl ERIOR WALLS 

• CPCWALLSARE 
MOL VBDENUM FOil 
WITH RHENIUM 
INTERIOR COATING. 
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181m 

• CPC ACCEPTS ~ ARGER 
IMAGE FROM FACETS: 

-ALLOWS FEWER, 
LARGER FACETS 

-ACCEPTS POINT ING 
ERRORS a DISTORTIONS. 

F'tpre 6. l-21. Carity Absorber and Comoound Parabolic Conttntrator 
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6.1.2.2 Overall Configuration 

Figure 6.1-22 gives plan and side views of the Rankine SPS. It will he noted tlut the two trans

mitters are mounted a considerable distan~:e from the "corner" power mo<lules. This is to allow an 

unobstructt•d field of view from the tra11smitters to the ground receivers. ·n1e "southern .. antenna 

requires the greatest clearance (31°) if it is to "see" a rectenna at 50° North latitude. , 'his clear

ance angle is. of course. due to the perpendicular-to-cdiptk pl;;ne (PEPI orienta.fon. llH.' photo

voltaic SPS. flying perpendicular-to-orbit plane (POP) does not require as muc!~ angular clearance. 

The sixteen m!}dules arc arranged in a ··4 X 4" pattern. 1111.'Y arl.' connected at their corners and. Jt 

the cavity ab~orber level. by "20 metn" beams. These bear.1s provide, in addition to structural 

integrity. supports for the aluminum bus bars of the pow1.·r disirihution system. Noll.' th;,t the radi

ators of the !nodules an: arranged such that they are .. edge-on .. to the apparent mdeoruid :.;tream 

resulting from the orbital motion of the Earth. Consequently. the radiators arl' parallt'I. 

In the side view. it will be evident that the transmitters are locall'd at an de\ at ion intennediate to 

those of the solar 1.·oneentrator and the cavity absorher. 111e positior! shown 1:orrt'sponds to the 

level of the overall ce11tcr of gravity. ll1is was Jone to minimi;~e the tc>ffel·~s of the once-a.Jay trans

mitter rotation on the attitude control system. 

The P.E.P. orientati~m requires that each antenna mount have two r~ltational aXl'S. diurnal and .;ea

sor.al. Tlw diurnal axes :ire kept parallel to the rotational axis of t!w Earth hy rotation of the 

"dogleg" structure about the seasonal axes. 

6.1.:!.3 Power Generator Module 

Figure 6. '.-:!3 gin!s details of one of the power generation modules. 111l' hasic fom1 of the solar 

..:onn~ntrator dish is an elt:>mcnt of :.i sphere of radius 6740 m <22.100 ftl The cor11:entrator franw 

supports the facds. which are adjusted at installation to prodace <• common focal point at the 

entrann: to the compound paraholii: c0111:entrator tCPC). 

Tht'. foc;1l point assembly is held in proper position by four '\:avity support anns" t20M b~·amsl. 

The focal point assemhly consists of the l·avity absorber. CPC turhogenerators. radiators. and a skl'I 

tube support fr a ml·. 

The "small .. radiator system for the generators is located above the c~wity ab:-ortwr and between the 

two uprights which mount the turbogl·ncrator pallets. See Figurt' 6.1-24 A powt'r gl'neration mod

uk as shown hcre is the hasi~ "self-power transport"' elcrnl:'nt for the low Earth orbit ( LEOl asst•m

bly option. Figurt' <i. I -24 sl:ows the locations for attad1mcn t of tlw tlirel.' electric propulsion 

systems. 
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The curved '-"'Oncentrator surfac~ which supports the reflector f<K·ets is fonued of tapernl graphite 

epoxy tubes which att joined by .. sockets ... The ·1ower" members of this stmctun!' ln!' longer than 

the 1.:orresponding members in the .. upper" (f ~et side) surface: thi· produces tne n:quirec .:urw. 

Fifure 6.l-2S is a photoi ·oh of a toothpick model of a portion of the ra~-et support .;tructure. 

This facet support structure lonns the concentr.ltor assembly and is .:twered by reflector facets. 

The support structure is made up of t~red graphite epoxy tu~s joined at S01:ke< aSSt'mbhes. The 

reflector facets are mounted on the upper lewl of the> support stru;:ture. "flus sm1.:ture. ~hile 

extremely rigid, is also relatively ht".a\)'. The total mass of concentrator surrort stru~·turcs for tht;' 

thermal engine SPS is approximately b.000 metric Ii.ms. Considerable J~mbly efh)rt i:- also 

ttquired in low orbit. A structure of lowc>r mass and with a lower assen: hi\- timt' wou'.d 1:-r J.:sirabk. 

An alternative configuration for ra~-et support might ~·onsist of one. or 15. mett'r l'>~ams assemMed 

by be311l machines and arrayed across a framework of larger mem hers such as twenty meter t>e :ims. 

The mass of this system would be approximately the same. howewr. i.:onstnKtion time might be 

red~"ed. In Figure 6.1-:26 is shown how a main frame fom1ed of 20 meter beams would be used to 

support a giid of 1.0 to 1.5 meter beams formed b)- automatic '"beam machin1.·s. ·· Tne retlector 

facet mounts would be located on these.- smaller beams. This approa.:h would require a lower inwst

ment in assembly machines than the approach shown on the pre,·ious chart: a mass 1..·omparison has 

not t-ttn made. 

Tapered tubes are also u~d to form the srm .. :ture of the focal Pt'int asSt·mhl}. Howe\ er. Jul' to the 

temperatur.! en,·iro11ment <the radiators nm at 928K = I 2 I0°Ft. tyre 316 skel is hax-lineJ rather 

than the gr;-phite~po'lly used elsewhere. 

6.1.2.4 Reflector Fa'-"'~ 

Figure 6.1-~7 shows a rdledor fa1..·et. Th1..· ret11..·1..·tor 1·acl'ts are ho:.ag~ms (>t thin aluminiJ'ed Karton. 

The K;irtc'ln is J minometers thi..:k c0.0001~ .. t It is tensione\I hy -~rigid l'nd m..-mhers. pulled out

u;m .. by bridle'. lllis h!nsioning sysl<.'m caU.)C.'S tlw thn·c ··dl't> mcm~rs h' he d.lrlanar. so th:it ;i tl:it 

rclk.:tor is pro<lucl·d. 1111.· ro..:ka ann .mJ srrin~ ._·;mi,tcr systems \\hi.-h pull <•ntwarll l'll thl.' hriJk 

an· mou;;tt'd to the ~·otKl'ntrator fr.une. A "scallop .. at th~ thn:c trl.'c .. ·<lgcs of th,· fa.:l't amtrols 

wrinkling at the fa..:et eJgcs. 

Th..- thn·t' flrilfks of th,· rctleclt'r fao:ct are alta··hcd ft' the rod:c1 anns. \\ hi.:h mount lt' thc mid

point of the .:on~·entrator tuht• stn:..:tural denwn~.>. ll1c spring'>. (nntain,·d in c:miskrs. pro\ ilk tht' 

pull ih;1t 1.·.ius...·s the r0\:k1.·r amh h• knsion th1.' plas11.: t";lm. ~Pk thl.'11 th.it 1flt' f.tCl'I ,., lll•'llllk'd 

dir..-.:tly to thc (On .. ·t·ntrator surport stmdurc and d1"'" n11t include r.1d1al ann, .md a hub ~y:-t-.:m ;is 

shown in P:1n I of this study. 
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6.1.2.S Thennal Energy Control 

Figure 6.1-18 shows the CPC aperture door assembly. This door assembly is i;omposed of molybde

num foil panels mounted on cables driven by puHy assemblies attached to the cavity support ;mu 

frame. The doors are shown m the open position. The rehenium reflective coating on the doors is 

used to maintain a low temperature for the door panels when they are fully dosed and exposed to 

the full output of the solar concentrator assembly. 

6.1.2.6 TUJboaenerator Pallets 

Figure 6. l-~9 show!> a turbogener.itor .. pallet .. These pallets are launched preassembled and are 

consequently stressed for high ("'=5g) acceleration. The generator is directly drin.n by the doub!e 

ended turbine: the steel tube framework maintains alignment ~tween these elements. The electro

magnetic pumps and their associated heat pipe radi~tor are also moc.nted on the pallet. 

The intent is that these pallets be as self-contained as possible. Howe\·er. five major duct attach

ments are required. Tre two outlet connections t(l the radiator are l.6M (5.~5 ft) in diameter: the 

other three ducts are· • turbine inlet. 0.5 SM (1.80 ft): boiler inlet, 0. J45M (0.48 ft): and pump inlet 

0.55M (1.80 ft). Ibere will be several electrical control systems which must be connected at du 

time of pallet instaUation. 

6.1.2.7 Turbines 

Figure 6.1-30 is a sedion through the turbine reference desigr. as producl.'d ~y Ccnaal tk..:cric. 

Potassium vapor from the boiier at J ~4'.:!K (I 776°f) is admit!ed :lt the center and flows outward 

tia:-ough the two five stage turbine assemblies. The expJnded. and conse<.J•h~ntl)· &:ooler t932K = 

I::! J 8°Fl. ''apor from the last turbin~ stages is collected in output p!ena at the two extremes of the 

assembly. Although multiple inlets :md Jouble outiets are shown. it ~ ould p~obably be best to go 

to a single inlet and a single outlet at each end. To feed the multipl~ inkts shown could require a 

toroidal distribution manifold which fits around the l·enter of the turbine. This uanifold would 

accept the boiler flow and distribute to the multiple inlets shown. A lighter solutien would prob

ably be to merely enlarge the current inlet system and provide a single inlet. 

Bearings support the turbine shafts at each end. One end is the drive output to the genentor: the 

other end is dose<!. In the alkali metal space power testing of the I %O's, hydrodynamicaliy lubri

cated pivot pao beari!'.gs \\ere Je,,.dorcd and tested under load at temperatures in the 700-81 11\. 

4800-I000°F) range in liquid potassium for hundreds of hours. 1111: stability of hydrodynami: 

hearings and shaft ass.:mMit•s \\ere also 1.'\"<duated in ··l·asy .. tluids as a me2!1~ 0f ,,,.,.~1·~:-!!1:,! ~:.:;;f.~; 

stability prediction l'riteria. lhc t~,:hnolol!Y of alkali metal bearings also included extcnsi\·e work 

on the d1aral'krization of p•,fl•ntial alkali mt•t;1! bearing matnials such as refractory alloys and 

metal-bonded carbides. p.1rticularly in friction and wear characteristics under \acuum and liquid 

potassium. 
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Testing of alkali metal rotating seals was also undertaken in the test facility. 

The pressure feed lines for the potassium bea:ings are shown at each end of the assembly. 

Not shown is any moisture t'.Xtraction system. Droplets forming in the third stctge region are a 

potential source of erosion damage to the last two stages. 

No droplet impact erosion was observed on molybdenum aJloy-: or on nickel base superalloy blldes 

in 5000 hours operation of a two stage turoine at a temperature of I 240°F and a moisture content 

at the turbine exit of 8%. 

Very negligible impact erosion was observed on molybdenum alloy blades in the last stage of a three 

stage turbine tested for 5000 nours at about l 200°F and 7-9% moisture content. From these tests 

it was estimattd that turbine blades would pe;fonn satisfactorily for at least 50.000 hours. 

Erosion te~ts under more severe wetness conditions were performed in the 5000 hour three stage 

potassiurr. turbine test. TZM molybdenum alloy inserts were located in a position behind the third 

stage turbine blade tips where moisture content in the vapor stream was about 13% and a high con

centration of droplets was shed fron the blade tips. Highly localized dr\>plet impact damage 

pointed to the advantage of using trailing edge turbine olade moistuft' extraction methods to 

remove liquid which would otherwise collect at the outer diameter flow surfaces. 

Figure 6.1-31 shows impact damage examples. 

Following l 0.000 hours of endurance testing in the two stage and three stage potassium turbines. 

the chree-sta~e turbine and the turbine fadlity were mcdified to incorporate moisture cxtradion 

lkvices for brief perfom1ance tests. These devkes included : I) extraction of liqt.id condensate (and 

sonL· vapor) from the trailing edges of stator vanes.(:!) centrifugal extraction of liquid from the 

trailing edges of turbine blade tip shroud:. and 1,3) vortex. separation of liquid from the vapor down

stream of the third turbine stag~. The latter liquid separation device was planned to be used as an 

interstage moisturc extraction device located external to the potassium turbine in a 450 KWe potas

sium turboaltemator which received extensive preliminary design effort for space power 

applkations. 

Figure 4.5-4 showed the three extraction approaches. 

''.:<: rotor extraction dc,·i;.;e generally exceeded 307f: t'ffectivcness and thl' vortex separator achiewd 

80S''~ ttfeLtiv~n.:ss 

Th. 1 ,,,,n~r" 1 ·ic1 o' tlw:>.: ex tr;! tion techniques indicates the availability of methods for removing 

d. -,, 1ging q• 1a!,.;' tcs of liquid frim •'otas~ium vapor turbines and aiding in the minimi1ation of 

droplet impact damage and liqtiid w.1shing .:orro~ion dfrcts. 
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Calculations were initially made for the "A" l 24:?K/994K ( 1776/ l 329°F) and "C" l 242K/870K 

(1776/l 106°F) cycles and for their turbine wdghts. Costs were estimated from previous turbine 

designs which had 1.S2M (60") discs for the HP turbine and 2.03M (80") discs for the LP rotor. 

The "A" cycle was selected because the weights and costs were much lower and because the LP tur

bine was eliminated. However, it was decided to size these turbines for 40" discs in order to retain 

a practical size for molybdenum disc production. A preliminary potassium flow estimate of 202 

lb/sec was estimated for one double flow turbine with these 40" discs. 

Before the turbine design calculations and flow areas were completed. it was dt tennined that to use 

the "B" cycle 1242K/932K ( 1776/ 12 t 8°F) was more optimum for the entire power system. A 

cycle calculation gave the flow required for the 1166 MWe "B" cycle. TI13t cycle required 34 tur

bines at a flow rate of 91.63 kg/sec (102 lb/sec) each. 

Reduction of the power requirement per solar heat sou.ice from the 1166 MWe system to the I 078 

MWe interim system would logically reduce the number of turbines to 32 if the f:ow per tuibine 

was unchanged. Hcwever, the turbine design calculations indicate that the last stage will limit the 

flow rate due to a large annulus area requirement. It was decided that 34 turbines at reduced flow 

per turbine were required for the 1078 MWe system. Lacer in this study it was dt'tennined to main

tain the JO gigawatt power level requirement as a minimum r::ither than as an average and to include 

additional power necessary to meet on-board peak pow~·r requiremcnb related to satdlite position 

and attitude control needs. The 34 turbine. 1078 MWe system for each L·avity heat source was 

increased to a 36 turbine. 1136 MWe system. This revised system had a I~ power margin over the 

power required even under peak power requirements and peak power transmitter ~·arability. This 

reserve increased when attitl!dc i:ontrol power was reduc~·d and as the power transmission capability 

decreased through the year. 

Using a specific turbine \\eight of0.1 5 kg/kw (1.66 lh,fkw). the total weight for tht• 1136 MWe sys

tem was 8.48 X 105 kg (1.87 X 106 lb). 

The percent effei:tiveness was based upon the total moisture in the vapor stream irrespective of such 

factors as droplet size or whether or not droplets were i:ollected either on the turbine blade or on 

the inside wall of the swirl device. 

Figure 6.1-32 relates the size of the rotating comp1'nents of the SPS turbine to the turbine 

developed by GE for America's SST program. 

The aircraft and land gas turbine industries in the USA have advanced the design. m:.iterials. process

ing and manufacturing technologi(!s of superalloy turbine systems to a highly refined state. Tht> 

development and manuf.icture of the potassium vapor turbine can use these existing kd111ologies 

with a high degree of assurance. While specific preliminary design effort and later detailed i:ompo

nent design work will be required to more exactly define potassium turrine hardware at the powt·r 
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kveh required for solar power sateDites, no majar engineering breuthroughs are required nor do 

other serious technology barriers exist. Superalloy gas turbines of the size of the pfOPOk11 potas

r:ium vapor turbine h~ been built. Large astroloy forgings of the size required hy the potassiu.n 

turbine have been m1de for the GE-4 engine for tile supersonic transport. A production base of 

significant size exists in the USA for the manufacture of large high temperature turbines. 

Newly deveioped powder metallurgy processing capabilities including large hot isostatic powder 

compaction presses p1ovide the basis for preparing forgeable billets of molybdenum allo~·. TZM. for 

the fabrication of turbine discs of the required size. Alternatively. conventi(\llally arc-cast and 

extruded ballets of this alloy could be forgerl anc:! hot isostatically pres""...ed in stacks to fom1 forging 

uillets of the required size for forging in existing facilities within tne USA. 

6.1.2.8 ~tors 

E:...:h potassium Rankine turbine turns a generator as shown !n Figure 6. l-33. These !!t"nerators pro

duce either 41,000 or 39.000 volts direct current as required by the microwave transmitters. The 

generators a.-e o!l cooled using coolant passages !hrough ':x>th the rotor and st.;nor. Although th~y 

are quite effdent the generators must dissip<:te waste heat at such a rate that their O\\n surface area 

is not sufficient for this dissipJti< n therefore ext .. mal radiators are used. A high copper temperJ

ture i\ advantageous to r.:Uuce the area and mass of these radiators. 

6.1.2.9 Prinrny RadiatOI' System 

Sections 5.1.:!.3 through 5.1.:!.6 exrlain the deri\·ation and select;on of the most important radiator 

p:.arameten. This 'iCCtion Jescribes the resultant radiator d\."Sign. 1.etails of ~·hie" are shown in 

Figure 6. J-34. 

Shown here is a segment of 1:1e radiator for one turiiog~·nerator. A \·apor duct is at •he top _ .. l! the 

ducts. Also sh .JWn are the triple layers of m~teoroid bum rt'!' ;~Aalk<l on the du..:tin;. .-\t the lower 

left is a detail of the throughpipes ;ir.d tile wrdparnund sodium hea: pipes. Ti., .: sodium he;.t pipes 

are spaced apan such that their centerlines are 1.6 diameters from each oth1.·r. This spacin~ is an 

optimtJm compromise hetwt>en greate; <;paci'lg. \\1tich would improve heat radiation. and n:dilC\.'tt 

sr1 ing which would reduce manifolJ mass 1ty· requiri:·5 frwer th;oughpipes. On the right is a cross 

section through two adjacent radiator systems showing how the \;ipor ducts "harl.' con1r110n mckor· 

.;iu protection svstems for a reduct•or. in bumper ma\S. 

Each radiltor extends 355M (I 1<>5 ft' from it.> i. ... ho2erierator. so that th·~ liquid and v;.por du.ts 

each have that length. rhl' •·:;.,.ur ~uct is tapere<i. ·" i.!\e turbine ti'e diameter is 1.o'.\l 15.~5 fU. TI1e 

liquid duct has ._; diam.-ter C maximum t of 0.:!7SM CO.<> I fO. The throughpipcs arl· S 1:m f J. I:; 
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inches) in diameter. Assuming that one half of tilt pressure ~overy in ..-omknsation i.. usable. the 

total pressure drop in the radiator is ~l.J kh (3.09 psia). m:tkilll! an NPSH of 16 kPa (~ .• 11 l'Sil 

available to t~e pump. 

The entire radiator system. including the heat pipe ,..icks. is t!o pc 316 srainlc.-s.." stc.'CI. w::i..-h has 

excellent .. ·omp•Uibility with beth potassium and ~)(Jium. 

fig"urt ( .. i-;:S give~ a mass breakdown c-f lhc r.:J1.11or s~ ~km for one turt>o~cnc1.n0r .inJ !or thl.' 

l.'ntire SPS. 

6. 1.2. lO Eltttromaprtic Pumps 

Ele-.·trt.inugr.cti..- tEMl ~1umps hah· .l«n u~d extensi .. dy in the pumping ol lit.111iJ m.-uh ll1c). 

haw the "'kantagc-s of absl.'rKe of seals and t>e~uings. oper:uing rcliat>ilit~ and reJu .. ·..-d maintenan ... .: 

requirements. 

For the Rankine .:ydc spa.:e power rmgram. a lil!htw.<ght !<lJ kg (.t:S lb:-l-.·k,:tro-m;ig.n1.·ri._· ~oikr 

fttl pump . .:apabk of o~racing at a liquitl mer.al r.:mpt.·raturc ur tv 10.~~K 'l40l1"'n. W:l!> J\'s1gned. 

buil! ~md tested for 10.000 hc•urs ~·c Figure 45-t. 

It rum.red SI IK l 1000°f\ potassium at 11-.ni,- rat~s er to 1-t-; kg·se-.· t3 . .';:' lrm x·.- 1 ;•t J •kh·k1ped 

head \:f lo.JS 1..Pa c~-lll psi\ .. 1 '.\'PStl ,,•· .. rs1 ;mJ :m dfo:i..-n,·y ,,f !".:' : . n,.._. rump fratur<.'s a 

T-1 1 l allo'.\ heh.;al rump du..:t .. nd ;i hi~h kmp<."r:itur .. • stator\\ 1rh J ~ 11 K f I OOO"'F) mnunum 

opcr.tting temperature; lhc .-.tJh•r mat..-ri~ds ..-.. msish.·d (,f tlirc1,:o ~ - ma~nl·li.: IJtnlll.ttton-.. <l•l · 

alumtn:i .. 1l,t insulators. h·rc .. S .. glas" t.ti"' mtt·rwiPJing insul.llr•tn and nu:i..d·d.!,l ,ilwr .. ,mJti.:lllts 

joined by flr:umg in i>"te cnJ turns. Pump \\mJr1gs "'-·r..- ..:oo!,·J ._, liqc:1J ~J" Ji -0,1- .. ,<'" 
t ~00-'10ol\F 1. 

L1rge -.1h' .mnular iinc.u t:~t rumps .ire tu•.ier J._·,ri.,r.1wnr fo1 tlk· L.p11d '.\l;1.1l F.ht H~,·,·Jn 

il.•:1<'h1r_ _.\ I ..J.500 lWlll (t>8 l k~ '.\n i I I:':'~ :h sc..:\ l'lllllp has t-..· .. ·n hmit and I' J\\ .i!ll!l~ h"SL run:rs 

of l.uger 'iu" hJh' hr:1.";1 ""''nsiJ..-r,·J n1 th,· r;rng;: o'.· _;1).000. -o.OOO. ,,1).0\)1\ Jlhl J .•11.1illll !!J'lll 

< t.i IO. 3-1 .. 7:'. 3-:.o :mJ ~ l ltl kg s..-d ;.'JOS. -5 "'_q\~So .ind 13 .. ro lh ~l·,·1 Wn~l,t .mJ ,.,l,.t e-.tt

mah.·s f._•r ~·,,mmcr ... ·i.tl l.md h.i~J h·r,j,,n~ •'l thl·s...· pttmr,. h.t\<" h·.-r. ::nr .. n.·,l \\ hk th''" ;·;;mp~ 

\h•r-· J,·,1gn,·d for h.rnJling ,,>Jmm .It .1h1,ut S:'8''t ". t!'t'IT ,k\ ;;krmcnt m .. it, .11.' 1'u1111' ... , .1k-up 

•"'\l'l'rt•·n,·c· \\dl aho,,· th.Ito! the rarh\."r h1gl1l.'r k"llll'•' um.' ho1kr k·:.' ;·. ·.,' i<': R.ll~l..irw sp.1._·,· 

\·.«1!!,ht ,·:-tm1.ttl·, h1r laq.:,·r ~?J'<: pu.np .. \\1.·r.· pr.-J';ir,:J l«mi rrc .. ,·111 ",·i~~hh "f :h,· l-L "<ill ( :tt\I 

l\ifHR fM l'•lflll'- r,,r "PJn: :11)!ht .;pr!t.-.11100 ... it \\,i' ,·,!1111.;t:d 1h . .: :::c !1,1111<i 111•«·~«1; ,,,nJ.-,l 

L\fFBR pumr. ,,,.hk·h "'''!!1Wd 31.-'-.' ki:' '1<_,\0t) ii'm'. '"~ul.I h· i.·dn.,,l h .1h,11t '·' .rn,l then 

m•r,·;ix-d m \\ .-1~ht ~·- ~(')·-.- l<' ;1liP\\ i;>r .L!,fctl hqu1d n:.-L1I ~·,..,Im,:- h'.1t1•rt•' n1c 1!1~hl \\1·1)!11! 

loo 
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PERENGINE PEhft 

Ko '°'"6 
llANIFOL!:S - 2.2C 

VAPOR DUCT t1MN fQ.711 

LIOUIDDUCT IZMI (.12) 

METEOROID PROTECTION omt c1.• 

TMROUGWIPES 1500 0.81 

TMRour.tavfS C335/ENGINEJ (1981 ..... 
ISOLATION VALVES (110J C.411 

HEATPftS 13.299 1.-

SHELL '10.838) tu') 

WICK n•211 CG..991 
SODIUM (13ZI (0.43) 

POTAS$!Uft1 • 8046 4.63 

TOTAL 21.140 15.39 

Figure 6.1-JS. Radiator Mas 5ummal)' 

rt·mr was estimated to W\.'igh 19.0' I kg (·C.000 lbm )_ For the larger rroro~d 70.00U GP~t rumr. 

the \Wight was Jeri\cd from :i1e a~w llight weight pump l.1y s..:aling its weight upward from the 

19.051 kg (·C.000 lbm •pump in .J..:..:ordan..:c with the in.:rc;ased flow ..:apadty ano th~·~ r1:dti.:1ng 

wc:-ight by 30'; for s.:aling effi..:i.:ndc:-s. Wc:-ights of other pumps for .• 1 ..... R .. ..:~ ..:k at thc:-ir pre· 

s..:ribed tfow r;ih.·s. wer\.' th,.·n estinukd from J weight \s. tfow ..::ipa.:ity ,·uf\c duih·J from these 

flight wc;ght pumps. 

6.1.1.11 Boiler" 

Th.· boikr tu~c-. an~ lll,:ateJ msidi.- tht• ... a, ity at>sorbcr \0 11crc .. ·on..:1.·ntratt·J solar ~·nag\ is a\ ai:ablc 

for the illumination. rhe boiler manifolds arc:- k>.:atcJ ''utsidc of the ~·a\·ity atisor~x·r wall panels and 

.m· inst:lat.:d with ~lultifoil c multiple l.tyi.-r rdra.:t0ry alloy insulatton) to rcdu.:i.- 1.·ncrgy waste. The 

manifvld-. and boikr ~ubcs would bc fabri..:ah:J from niobium kolumbium l. The outlet manifold 

Jiamdr:r is 0 55 m 1 I .SO It l: th.: inkt manifold diam.:kr is 0.1.t5 n. cOA8 ttt Th1.· ··working'· 

region of th1.· boila tut-,·, ts ! GM (.U ft) long. TI1c boikr tubes ari.- 1.5: ..:m tO.o in.:h) Jiamr:ter. 

rh~· '";uiu pot;issium inld kmp1.·r.tture is <lJ:K c ! : I Sl'F I: the:- potassium \apor out kt t.·mperaturl' 

is I :.+~h: t I "'7ti0 Fl. All Jesig•i m this subsntem 1-. ior .~O year ..-rc"'p rupturi.- ..:apability. plus 50'" 

for safety. If .1 l't•ikr tub.: faihm· ll;.:..:t1rs ins1d,· the ..::i,·ity. r.:r:iir ..:a;i ti.: dk..:tl·J hy isolating that 

ti,1il.:r t:;hl· .ind \\dtling nff tlw rc:,.~tltant stuh nut-.iJ1.· of thi.- .:a\ity. Of ..:ours1.·. this ~·.to only bc 

1.hmi.- t.• .irrw-..1111.ttdy 5 ; ,,f th: tubes tieiorc a d'mplcte r.:pa1r m'.ght b.: r.e..:.:ssary. 
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6.1.2.12 Attitltde Coarrol 

The attitude control ar.d station keeping system consists of argon ion thrusters. chemkal thrusters 

and the related auxiliary elements The baselined sp .. "Cific impulSc: for the argon thrusters is 20,000 

so:onds (see Section 5. t.2.8). Characteristics of this system. including locatiun. ar~ gin~n in 

Figure t..1-36. 

Maximum electric power is required when the system must produce ma:...imum corqu.:: the rowc 
le\·el is approxir.-.ately 300 MW. The SPS is siuJ to allow full transmitter outpul when the thrusters 

are drawing this power level. Average thruster power is about I ~O MW. 

The primary i·urposes of the chemical propulsion are .mitude cont rel when hu" bar p•n\<..'r is not 

available and recovery from a gravity gradient stable .. upset .. condition. 

6.1.2.13 Future Development Requirements--A Preliminary Oven-iew 

The development of Rankine cycle power conversion systems can proceeG on the basis l'f riior 

demonstration cf the feasibility of a broad range of technology. Ho"'en:r. consiJ ... ·rat>k scale up in 

siu and continued emphasis on impnwement nf component :mJ system rdiat,ility will be required. 

A long. tenn effort will be necessary to rdnstah.· the alkali 1net:il Rankine .:yde test ... ·arability in 

SP5-t23t 

• •P.E.P.· ATTITUDE 
• SUNLIT THR'JST1"4G: 

• ELECTRIC HlhUSTE~ 1100cmt 
• ARGO.'i PPO?(LLANT 
• ZG,000 :>EC lsp 

• DUTY C\'ClE ::: 0.4 

e OCCULTED THRUSTIMG: 
•CHEMICAL 
• 400SEClsp 

• DUTY CYCLE = O.OOd 

THRUSTERS ·-

• AVERAGE El.FCTRIC PC''YER ~ 120 mw 
e ANNUAL PROP!OLLANT: 

ARGON: 144,COO k.,YEAR 
CHEM: 4,400 kg/YEAR 

• <;YSTEM MASS :. 1.2 ll 1061c1 

f 
24M 

i 
_L 

EACH INSTALLATION: 
T" 560 N (126 lbfJ El[CTHIC 
T • !i60 N (126 lbf) CHEMICAL 

Figure 6.1·36 Attitude Control Syi>tem 
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facilities appropriate to SPS requirements. Ne\·ertheless. there is a possible progressiw approach 

which would pennit ..:onsiderable progress to w made on a cost effective basis. 

h1 the near tenn. it is necessary to plan. cost estimate <tnd S1:hedule the broad outline of the pro

grams required for th<! devdopwent of the power conversion system. to further optimiu the sys

tem. to consider some ol the.- anticipated operating. maintenan..:e and power control situations and 

to initiate preliminary component de-sign dfort. 

For the m:d term. solid progress must be mad.- in developing test fa..:ilities: in design. construction 

and test of ..:omponents: and. in gener.il. in dewloping a sound engineering basis for full si1e compo

nents. lniriJ.1 ~-0mpnr1ent and facilities capabilities might be limited to the use of su~ralloyi and air 

em·ironment facilities for practic;il engineering achieh'ment. 

In the lung::r ti.'.ml. near .. final .. desi1m!'> 01 :;;fractory alloy ..:omponenb .ouid be requirl.'d. a!ong 

with a .. :apaoilit~ --·f testing mt>dl•lar ..:or1pt.ment:> in a space-lik..- .:mironment under IG conJitiom 

on Earm: during thi" period 1v""'arations ._·,•u!u be pianncd f.,, .. ,ting in sra.:~. 

A program rlanned with Jdinitih· objc .. :li\"t."S and ;J logical progression of hardwar.: J.:\elopmt::1t 

weuld prn~iu.: J ..,,_;,;nJ ba'iis for ~·onsisknt and .: .. onomi,:al progres.' low;irJ tht· ;J\ailahility of rdi

ablc. cost Cl.'tnp..:titi\·c thennal pmh·r .. ·om.:rsi, : sy ... tcms for the solar power satellite:. 

6.2 \IASS SU\I" \RY 

6 . .?. I Silicon Phormollaic \bss Si> :1ma~-

-\ ma~s summai ,,r ·~,· photo.olt:ii,: r.:f,•rt:n.:l-' SI'::-. :-.kd by nu_ior \\HS ckm.:nb is g;, ... ,1 in TJ!.lie 

6.~-l. A mNc ..:1.1mp!..-1e ma-.s ~tJt;.'mcnt was pro\ 1dcd in thl' Jcfinitio1; se..:tions for ea .. ·h of the \\BS 

dcmcnb .. 1 tlus mass :.umma~. 

Tabk ( :'-~ rru\ld<!' j .:omparison of tht• ma's !>UIHmarics for the c\·o:ution of th,· final rhoh.>\OltaK 

refrr,·n..:c. 

The _gr('' :h for the iinal ph,1to\ oltai..: r.:fcrcnn: wJs dctcnnincd from the '_ t .. ·m un..:crtainty analy

sis. figure h.2-1 pn"lvidcs the results oi the s; ·c a'1J ma-., •m..:crtainty analysis. ll1c: ..:ompkt..- un..:a

tainty anaJysis j., 01"' ;;,,t>J Ill th<· halu;ittPn .mJ DJt;1 Book t\'olu;nc t>l. 

b.~ .1 Rankine Thennal •· nginl· \! ;i,. Summar~ 

Fi~'tlft' h.2-~ 1~ a rn.1 .. s -.tJkment for th1e· r.:t~·rdk"t" d<·s,gn Hl·fer hack tn Figurl· ;, - for tlw .. ·••rrt·· 

"i'Ont!ing ~·c.>figur.1tion, I hi' 111JS:- -.t,1km .. ·nt ,1.,.: .. nut •:1dmk ··growth · Vt'IUlll<' (>of thi' sc:t 

..:o:itam' ;1 -;ummJ!} oi J .. r;1r1 .. 1i.-al anal~.,, .. , •f p.Hc::t~al 'ill' and 1na~ gn1\\ th. It gt\<"S .. '"m••"t 

pro1·at-lc .. lfanktn.: thc:rm:tl .:n)!inc: SPS m.1s' of ;ippr(' ,j111 :itdy •l.f.000 nwtri._· tons I 2 .0-r• \ I oX lb!n I. 



DlB0-22876-l 

Table 6.2·1. Re~ tbolovoltaic Fmll M .. Sulllnmy (M .. in Metric Tons) 

1.0 Sot.AA r:·lEt<ti" COLLE CTI ON SYSTEM 51. 782 

l. l PRIMARY STRUCTURE 5.385 

l.2 SEC0."40ARY STRUCTURE ~ 
l.3 MECHANICAL ROTARY JOINT 67 

l.4 MAINTENANCE STA;IOt: 

1.5 CONTROL 178 

l.6 INSTRUMENTATI9N/COHMJNICATIONS 4 

1.7 SOLAR CELL BLANKETS 43, 750 

1.8 SOLAR CONCENTRATORS 

1.9 P<MER DISTRIBUTION 2, 398 

2.0 MICROWAVE POWER TRANSMISSION SYSTEM(S) 25.212 

3.0 Sl.8TOTAL (NO GROWTrl) 76,994 

(!:>DISTRIBUTED TO APPROPRIA-:-E WBS ITEMS 
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ORIGINAJ; PAGE Ji 
OP POOR QUALITY 

Table 6.2·2. PhotOYollaic Refetence Conf"lgUl'ation Nominal Mass Sununaiy Weiaht in Metric Tons 

CR• 2 110 GW 8.0.l.I CR• 1110 GW MINIMllM'lO VASI 
, 

" 
COMPON£NT ORIElllTATION UIDTCRM 

PARTI PARTI l'ARTll PART II 

FINAL FINAL MIDTERM FINAL 

1.0 SOLAR ENERGY COLLECTIOh SYSTEM IJS.atat 159.3131 149.5121 ISG.357J 15G.1141 51.78Z 

1.1 PRIMARY STRUCTURE Z.493 14.970 •.ooo 2.l.14 5193 5385 

u SECONDARY STRUCTURE 1H 209 - 209 - -
u MECHANICAL SYSTEMS 40 40 40 40 67 61 

1.4 MAINTENANCE STATION 115 - - - - -
1.5 CONTROL 340 340 340 340 150 178 

t.• llllSTRtlMENT A TION/ c 4 4 4 4 4 
COt.IMUNICA T!ONS 

1.7 SOl.AR.CELL BLANll.L?S 25.746 31,.592 34.ttl s1.n1 41.319 C3.15'l 

1.8 SOLAR CONCENTRATORS 5.149 2.978 3.276 - - -
1.9 POWEi. O!STRlilUTION 2.570 3.180 3.532 1.519 2451 2398 

2.0 WTl 15.371 15,.371 15.311 15.371 124.3141 25.212 

SUBTOTAL sug1 74.611<. 64.883 11.na S0.561 76.!19t 

GROWTH 25.994 37.342 31.442 JS.8Ci4 I 20.142 20.cso(t> 

TOTAL 77.981 112.026 97.J2S 107.5S2 I 100.110 • 97.474 
i I 

(!> 26.n.G~OWTH FROM UNCERTAINTY ANALYSIS 
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112,000(+45.5%) 

'----.....---_J,,.or MOST PROBABLE 97.500(+26.6'-) 

I 
. ..;c..-'li7.::..----- 3a a.UN 83.000(+ 7..81') 

i.,..e;__..:....--,:,,~-'---------REF. PT. c...;S:GN 77. 000 METRIC 
TONS 

100 120 140 16'. 180 200 220 

ARRAY PLAN FORM AREA - KM2 

Figu~ 6.2-1. MassjSize Uncert::inty Analysis Results 

ITEM 1o6kg 

STRUCTURE 6.976 
FACETS 1.837 
RADIATOR !W/0 POTMSIUM) 10.768 
POV DIST 4.7EO 
SW.GEAR 0.218 
·;ENERATORS. ACCESSORY PACK 2.508 
GENERATOR RADII.TORS 1.140 
TURBINES ~3.755 
PUMPS, PUMP RADIATORS 0.984 
BOILERS & MANIFOLDS 3.296 
CAVITY ASSYS 1.000 
CPCS 0.299 
LIGHT DOORS 0.025 
MONITOR. COiv1MA~JD & CONTRvl 0.1(-0 
ATTITUDE CONTROL 1.200 
START LOC"'S. CGrJTROLS 0.250 
ANTENNA SUPPORT 0.286 
MISC, INCLUOINt; STOF...>.GE 0.200 
POTASSIUM INVE'NTOF:Y 6.05& --
PQWEh JENERATION 55.660 
ANTENNAS 24.384 

srs --Wl.044 

Figure 6.2-2. Pota~ium Rankine SPS Mas- .atement 

)
..,,., 
I~ 
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6.3 COST SUMMARIES 
ORIGINAL PAGE lb 
OF POOR QUALII'Y 

Note tflat the radiator mass does not indude the potassium working fluids (which is given under 

"potassium inventory"'). Thus the radiator mass does not correspond to that giwn in Section 

6.1.~ 9 since the pota,sium normally present in the radiation was mcluded in that sei:tion's radiator 

mass summary. 

6.3. l Silicon Photovoltaic Cost Summary 

A cost analysis was accomplished on the reference photovoltaic SPS usirg a PCM to project the 

theor.:tica! fir-.t unit (TFU l cost. A matun.' industry projection was then apph.:d to the TFU along 

kaming curves to estimate the system ..:osts for varim:-, ->rhcmes. 

Ta hie 6.3-1 summarizes the cost of major WBS elements for the photovoltaic SPS. A ..:omparison 

is provided for the LEO-GfO rost trade for one SPS pt>r year and for tht• advan..:ed produdion race 

of four SPS\ per year. 

A detailed cost summary is pro\·ided in fa·a)uation and Data Book (Volume 6) and includes the 

installed system L"Ost I Si Kwt• I and the cnagy t·ost to the t'Ustomer I ~lik K w-h rl. 

6.3.2 Porassium Rankine Cost Summary 

Tahk 6.3-.::! ~ummarizes capital cost clcmt>nts for the them1al engine SPS syskm at two proJuction 

rates. 

173 



01~22876-3 

Table 6.3-1. Reference Photovoltaic Final Cost Summary ....... 
1 SPS PER YEAR 4 SPS's PER YEAR 1 

was NAME 
LEO CONST. GEO CONST. LEO CONST. GEO CONST. 

A1.01.01.00 MULTIPLE/COMMON 
PROD. COST ($ 11 1o-'I 

897 113 760 161 

A1.01.01.01 ENERGY COLLECTION -- - -- -
N/A 

A1.G1.01.G2 ENERGY CC>rNERSION 3731 3588 2793 2686 
PROO. COST IS 11 1o-6J 

A1.01.01.03 POWER DISTRIBUTION 138 133 82 79 
PROO. COST ($ 11 1o-61 

A 1.01.01.04 
MPTS 
PROO. COST IS 11 1o-61 2678 2676 1952 1952 

SUD TOTAL IS 11 10-61 7~2 7190 5587 5378 

INSTALLATION COST ($111o-61 7'i54 10906 5297 7648 

TOTAL COST ·cs II 1o-61 14.996 18,096 10.884 13,026 

•INTEREST NOT INCLUDED 
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Table 6.3-2. Capital Cost Summary-Thennal Engine SPS (Kanldne) Dollan In Millions 

1 SPS/YR 4 SPS/YR 
WBS NO. IhM SOl'RCES & REFERENCES LEO GEO LEO GEO 

CONS TRUCHON CONSTRUCTION CONSTRUCTION CONSTRUCTION 

1.01 Solar Power o Mature Industry Est~- (7987) (7987) (5284) (5284) 
Satel 1 ite mate, Table 20 

1. 01. 00 Multiple/Convnon o PCM Run, Table 21 1196 1196 846 846 
& Pkg'g o General Electric Tur- 374 374 374 374 

Energy Collection bine, Generator, & 
Energy Conversion Pump Cost Estimates 
Power Oistribu- o Structural Mfr Estimate, 3365 3365 1890 1R90 

ti on 9th MPR 
Microwave Power o Varian analysis of 376 376 222 222 
Tran~mission Klystron Productions 

o MPTS Error Analysis 2676 2676 1952 1952 
o SPS Mass Estimate, = -1able 22 ! 

-.J 
1. 02 Ground Receiving (Same as Photovoltaic) (4446) (4446) (4000) (4000) 

N 
V1 w 

00 
Station ..., 

" 2.00 Construction & (1716) ( 1768) ( 1716) (1768) w 

Space Support 
2. 01 Construction Ba5e Writedown Su11111ary, 971 1010 971 1010 

(Facility Write- Table 23; Facility Mass & 
dnwn) Cost Estimates, Tables 24 

& 25 
2.02 Space Support ~~ 2.02.01 Staging Base (Same as P/V) N/A N/A 

~ 2.02.02 Crew Support o Crew Support from Esti-
mates, Table 12 ~~ o Crew Rqts from Construe- 745 758 745 758 
tion Analyses (Part I ~~ Vol I I I & Pa rt I I Vo 1 IV) §: 2.02.03 Other OPS 16 16 

Support 



Table 6.3-2. (Continued) 

1 $PS/YR 4 SPS/YR 
.•:; __ %. ITEM SOURCES & REFERENCES LEO GEO LEO GEO 

CONSTRUCION CONSTRUCTION CONSTRUCTION CONSTRUCTION 

J.00 Space Trans- D Numbers of Flights & (7425) ( 11182) (4678) (7275) 
portation Costs Summary, Table 26 

3 .r,1 Earth·· Leo 
3.)1.01 Frei gr< o Other References Same .)900 3270 2527 2095 

as Photovoltaic 
3.01 .02 Crew 528 528 220 220 
3 .. 02 Leo-Geo 181 533 141 357 
3.02.01 FrPight. 2816 6851 1790 4603 
3.02.02 Crew 

(700 days) (450 days) (~66 days) (366 days) 
Interest during (2068) ( 1 !:i63} (1215} (916) 
ronstructiori c -Grow tr. ··able 27 (2946) ( 3489) (755) (903) ~ --J 26588 28872 17648 20146 ~ 0- ...,, 

O'i w 
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APPENDIX A 

ROT ARY JOl'.\i f Ai-iALYSIS 

GENERAL ELECTRIC 

SPACE DIVISION 
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SPS SLIP RINGS 

Two sizes of slip rings were evaluated, a single 350 meters diameter slip ring C: per SPSt ::mJ three 

concentric 15 mete~. 11 meters and 5 meters slip ring ( 2 sets per S~). Also three materials were 

•onside red as likely candidates for the SPS clip rings. The coin sih·cr ( 9()',; silvcr, IQ':; copper l is the 

~ast loss (12R losses) material and in conjunction with silver moly disulfides brushes provide the 

best performan .. -e. 

C10per slip riru~ material cost 1s considerably less than coin silver with comparable weight and 12R 
loss1."S but va(:uum operntion experience is limited. 

The disadvantage of aluminum slip rings are the high 12R losses and very limited experienn~ in 

vactAum operation. The additional problem with alu111inum is that the surface oxide would have tv 

be removed and protection provided in air by plating. Oxidation in space could also occur over long 

periods ol time due to oxygen molecules . 

• IEIERAL 
EUCTRIC SPS Slip Rings 

15. n. 7m DIAMETER 3:i0m OL\l!J.:TEn 
CaN SILVER 

- ADVM'TAGES 
VACUUM OPERATION EXPERIE.JCE 
UNI WEAR 
LCNI FRICTION 
UNI LaiSES ( p = 1. S9 JL1L /cm3> 
IaiG UFE 

- DJSADVA?"TAGES 
CO::.'T OF MAT?:RIAL - \PER SPS) $1.71'1 $8)1 
WEJliHT (PER sPst 24.000 LBS 115.ooo LBS 
AVAII.A13II.Jl1 OF SILVER 

COPPER 

- AJl'iA~TAGES 

COST OF MATERIAL - (PER SPS) $30K $175K 
WEIGHT (PER SPst 20,000 LBS 96.ooo I.BS 
AVAii.ABILITY OF COPPER 

- DISAD\'ANTAG!'.:S 
UMITED LONG TERM EXPERIENCE IN VACt:UM OPERATION 

.. •.!..!! !.!!!'!'!; ~! 

- ADVA.',1AGES 
l:C' T Ol' }IATElUAL - (PER SPS) $5K $82K 
WEr.HT (PER SPS) 60 500 LBS 30,000 LBS 
AVAILABILITY (·F ALUMINUM 

- DlSAD\' ANT AGES 
HIGH LOSSES ( ~ .. 2 7r1 I 

3 
• -}Ul.,cm ) 

SURFACE OXIDATION 
VERY LIMffEO EXPERIE~CE IN VACl':;M OPERATUN 
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• I El El Al 
lllCJllC SPS• .. ,. 

••Ac. uci~ 3',C 

- ADVANTAGES 
VACUUM OPt:RATIOIC EXPERIENCE 
LOWWEAB 
U1ll FRICTION 
U1ll LOSSES 
late LIFE 

- DISADVM.'TAGES 

cosr OF MA TERL\L - $2501C PER SPS 
Yl"EJ:iHT - 1., 500 I.BS PER SPS 

• CARBON 1YPE (NOUSliLFIDE ADDITIVE) 

- ADVANTK-ES 

" COS'I' OF MATERIAL - $10,fER SPS 
WEJGHT 300 l.BS PER SPS 

- DISADVA!li'TAGES 

HJ:illER LOOSES ('IWIC£ THAT OF SILVER) 
HEH FRICTION (TWO TO FOl'!l TDIES THAT OF SILVE~ 
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An im·l-stiption was made lo deterrni~ t~ magnitude of brush \Arear that .. ·oulJ lx· exi,·ri~n .. ·c.•d on 

the Solar Power Satellite c SPSl. 

The Solar Power Satellite has three different diamder sli"1 rings \\tth the :nilowing r;ir01:netas: 

Diameter 
(mcterst 

15 

l I 

7 

Current 
fampsl 

19Q.3ol) 

13tl5ti0 

59.800 

Brush Area 

Brush Pressure.· 

Rot3tional Speed 

Brush Material 

Rin~ Material 

.i r>i 

Xu111lx·r of Brusht·s 
rer ring 

I revolulion rer 1.fa~· 
Ag MoS.:! C 

Coin Silwr 

There is very little infonnation con .. · .. ·rning theoretical Js~x·.:h of hrush \h':tr ,,r actual hru-.h w-.;ir 

oc.:urrin!! unda va..:uum operation. 

Brush and slir ring wear is a .:omplex rhc.•nomenon d~ll\.'nJenr u1~Jn man;. parJnk·k·rs 'ti...·h ;1s the 

brush and shp ring material. mc.·ch;mi .. ·al pr..-s.'>ure. sliding wio.:it:-. dectn.:al .. ·um.·nt ;1.11J th\.· ..-mmm

mental conditions. Holm has t'Xprt"Sse,I hrush ~.:ar a" 

When.·: 

S SliJing dist.>IK\'. l\.m 

P brnsh looli. I\.~ 

W = mc .. ·h:in11.:al w1.·ar .-1•.:ff1denr 
0 

W 1 = dcdri.:al \h';1r, •x·ff1<il·nt 

\'ahit-s oiW
0 

lll'lwel'n 0.6 an\1 20 han· '1,·,·n gi\\.'!1 ry Holm for hruslws running on -.month copp,·r 

rings. The lower \·alue. O.o. is for dcctrographit...• hrust.cs and thl.' h1gh1:r \:lluc. 20. is for .-opr..·r

graphitl' ,1f brontc graphitc. \" ,1luc of W 1 rang,· fwm 0 t.1 20 .l•T•'thling ur•'P t!1,• t")o I''-' of bnish 

matt·ri:il .is wdl as whcthcr it is :in1,dk or •:itf11,dk. 

Tll\' rrnsh W\.':l, was detem1in.·d for SPS h;1.;,·d ''"Holm fnr llitkr\.'llt lYI'•'" of hrnsh~·s v;ith the fol

lowing Tl'sults: 
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Material 

Eledrolytic graphite 

WO = .6 w, = .6 

Natural paphite 

w = 4 0 

"'• = .. 
C oppc1 graphite 

\\. = ~o 
w~ = ~o 

Wear - cmJ /Km/brush 
Without Current Widt current 

.o3 x 10-4 .: x 1r-4 

.17 x 10-4 t.33 x to""' 

.85' 104 

L~wis. ct al.. rrcsenls data lot \'acuum orcration of-~ Mo S,:: c· btush\."S and coin sihcr rings as 

follo•-s: 

Wear 

Va.:uum 

Brush pressure 

Brush current 

Current density 

:. 7 ' I0"9 in'in 

5 x 10-S torr 

170 grams 

8 .. Hamps .. 
!00 ;imps fin· 

If this d:1ta is e'tr-apolated for the SPS brush rressUtl' and brush area. the wt·ar wilt ht- .l()' 10-' 

cm3' Km rer t>rush. The wear for the brushes on the SPS rings will tte· 

Diameter Ring 

IS m 
11 m 

7m 

r otal Detiris 

:3. 7 ..:m-• iyear 
" 14.5 "·m-• \car 

' ~ l1 
..'!. 1 cm· ~car 

lkbris rcr Bmsh 

-°'' 17 ..:m·i. year 

.<>45.~ '-'m3iyear 

.0:89 cm3 /year 

The wear rate of 36 x I o4 cm3 ·Km is considerably in excess of that ..:akulatcd with Holm's equa

tion and parameters. Howc,·cr. this represents wear in a ,-a.:uum w·ith brush materials that Holm did 

not address. 

It is not imml.'diatdy arrarcnt as to what occurs hl this debris. lkcause of the low rotatil,nal speed 

as well as the \3cuum and space environment. it is possible that the debr.s will remain in proxunity 

h> the hrushes. It shoul<l be noted that tilt' qu:mtit~ of debris per brush per year is quik small 

t-ctween .01~N cm.3 iyear and 06 t 7 cm3:year. TI1is debris is in the form of fine part ides which 

~·oulJ he"omc .. :barged and adhere to other surfaces. 

The wear of ain:r.ift brushes was dctcnnincd based on llata of the Carbon ProJuds lktiJ'lmcnt. 

Gcnt•ral Eledrk Company. The brushes are ttraphite havinl? molyttisulfidc (Ort's anll ar~ u-.cd with 
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both commutators and slip rings. The brushes u~d wilh slip 1.ngs have about 1.5 times the life as 

those used with commutatnrs. The data pro\·ided was as follows: 

Wear 

Speed 

Brush Pressure 
Brush Area 
Commutator 

.:!S" 

.iooo ft,'min 

.i psi .. 

.5 in-

Wear = .:!8 x io-4 .:m3 km bwsh (\Hnmutator 

Wc.-ar = .19 x to4 1:m3·km 'tirush Slip Ring 

On air..:raft applications. the wear of the slip ring and .. ·oir.mutator is arrroximattly the same as that 

of the brushes. 

Refermces 

Ragnar Holm ... Ele.:tri.: Conta.:ts Handbook.·· (1: :rd Edition. Springer· Verlag. 1958. 

Lewis, Cole. Giossbrenner ami Vest. .. Fri.:tion. Wear and :\oise vi Slip Ring and Brnsh Conta.:ts for 

Syndminous Satelliu U• •. ·· IEEE Tr;;ns:idions llll Parts. Hy bnds ;md P;icbging. Vol. PHP-4. 

No. I. Mal'\:h lq73. 



Dll0-22876-3 

APPENDIXB 
ANALYSIS AND re~PARISON OF 

ALTERNATE STRUCTURAL APPROACHES 
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A c~arison was made between continuous chord beams and tl1e 20 meter 
tapered tube beam being used in our current referer.ce satell He design. 
Solutions were found that met the load 1·equi rernents of the tape1 ed 
tube approach and resulted in relatively small mass increases. 

The continuous chords investigated were of both open and closed section 
configurations. The oper1 sections investigated were of the configura
tion shown in Figure 1. This is the basic configuration of the General 
Dynamics continuous chord approach (NAS9-l5310) with the side length. 
l, varied from 3 inches to 15 inches. Figures 2 U1rou<jl 9 illust~·ate 
the relationship of critical load (in ~uckl ing} and lnad-tc-mass 
ratio as a functlon of batten spacing and team width. Solutions ~"ere 
sought that would give the optimum beam width and batten spacing with 
respect to load-to-mass ratio fo~ each configuration. 

The closed section configurations that were used a1·e sh™n in Figures 10 
through 22 along with the optimization curves for each Ci1Se investigated. 

The conclusions from the investigation are: 

1. The load carrying ccJpability of the continuous chord beam is 
very sensitive to El of both the chord and batten. This seems 
to suggest that the xchord configuration should be .used for 
the batten for the best performance. 

2. For a given chord/batten CLnfiguration, solutions exist for 
chord width and batten spacL1g to oive optimum load-to-mass 
ratios for that configuration. The trend is for \~ider beams 
to have sr.hll ler batten spacings for the opt irrn;m condition. 

3. Closed section 11.el!bers have higher load-to-;i~ass ratios for a 
given beam configuration. 

4. Solutions exist for continuous chords that could repli1ce the 
current tapered tube bea•ns with a mass gi-o'.vth of arr>roxirnately 
20 pcr_cnt for closed secticn members Jnd 40 per·cent for open 
section ment>ers. Other solutions exist that may be cl1.)Ser to 
the tilperi?d t<rhe mass for the 1 oad requi 1·e11ien'. ,, . but of the 
configurations investigated, Figures 23 through 26 illustrate 
the chosen solutions. 

184 



-oe 
V> 

I 
I 

I 

6 

Ii 

I 
I 

r--- 6J 
-~-l 

1 e 

(o,o) 

-+ 

L© • i...CD,::: o.o I<..~ L 
LG.) =. L©. 0. ~C\O'l \..... 

'R, ~Kt..-.\(''!.• o. l'Z.3'3 L 

\ 
\ 

I 1.. 

\ 
\ 

\ 
\ 
\ 

\ 



·>I> n 1 n 
.:;:~i~ ~ 
q. o . ~ n 

:-. -· ---1 

'" I 

c ! 
I I. 

" " z 
! .. 

;r; 
~ 

. Ill 

"' 0 
;___j 

0 i 
)> ... 
"' 

l.;000 

"!:'C-00 -+ 
' 

i(coo 

I 

\.'.'X':O + 
I 

I 

F1GVR£. ·z. 
C\~C ~ :;. EC \10 tJ 
" .tc. 1-£ ..,,,,. \ ... ,. 3" • 

: 1>1,u~v 1u,1.> ~,......,"\'£+.> (t:.o.o~3·~\ 

___ ,_.. ... ·-· .. --. ···- -·--...,,. ! CE'~MJN.l~TJ.U'.,l~'i- .. --
1: 

--- .... ! .. -

··-----1-----·-----·-.. -·--- ---~·---i------·· 

-·-1---
; l j : 

-- -· · .. ~~·"·- . - ... --.... '""'"-- .l---# ......... J." ---·I· - ··- ! · -- _ ... '"'"' ~ 
I 

. --l..---. --~ .. , ..... ---· 

i 
__ .... 1 

··-:-

• " - "'"' - .... -·" .,,.._,.·-·-·* .. -•-· ,. 
' 

IN ell>C> ~------

'I . 
~--r 

-r-

i\V. 
~ .... 
f!:!S '\ 
\:11..··" 

6i"'t 

-___ : __ · : - le..< 

1 ~~~~~~---

o, v --1~~...-~--o>--~-...--..--_,...~~..--...... ~-..---..-~_,_~ ....... ....-~ ...... --..-~-...-~....-·~-....~-..-~....,.~~...----+~O.D 
U JOO LOt> lllO 



. 
~ I 

~ I 

... , 
~I 

"'' ! 

t) 

'"" loo 

'l,A'"'\i \"I.) ~!?I\<. l\.)C.. (,',/', :-,, 

0 ~---~ ...... ~-'-~~~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~__, 



' 

! 

I 

r • 
~ 

r--;· .,, I .,, e• 
0 

-·· +- ...... : 

~-· I 

' 

·---· 
I 

! ... 
:r ,. 

~ I 
-· I 

" r 

I 
I 

Tl 

-:t 
~ 

< ,, 
" 0 

> 
'"' 

ll. e c: ·~~\ 
lc.>CO -1-

I 
I 
I 
I 

woo -1 
I 

I 
I 
I 

·::.ooo 

"!' 
I 

r 

•)c:oo ·l 
I 

i 

1uo0 i 
I 

0 

F~G URE. Ll 

O\'l"i.> ~f"Ci1oi.) 
!'il"lt. Lli1JC."11~ • Gi111 

U...'Tl'lliu '"" (\.IC•t•.C-t• o,ole'I 

-··---·----···· ----t--·-·- ··--·--

- - • ---- • • ••- H ···-----· --- 1-- -- -:-· -

_____ ·--XtJ-...lF...f't.A--\fJ.\b\.~ _li"'\\ -
I 
I 

-i-- '!·-------1-~-···- • ---~--· ----.:---··-··----·---- . -··---·---··--·--· .... ---·-------···-- .. --···· ! 
I 
I 

I 

! 

~11J::?.DO r . ···-~ -----··-··--.. --
-..... ---;> .c:::::::: 

~W::}CO 
:--·-4--

~:JOO_~,- --- ;:---· - • _____ ,. __ , __ -1-- r"'""--'oo __ 

r - --~ ------'"!""---:----+----:.._, 

' ! - ,. - ... ·-~---... ·-·--· 

.. -; 

o,4' 

o. -, 

'- __ :~ --·; -··--- ---~----·-. --1. -·· J.----····- ... ···--·-'. -- ~ .... ____ .. --- o.2. 

- -- , __ \t-J·l!Uc>--~--- --1--

------ - -r---- -- ~- --·---·~-

' 

I 

--· ----+. (>.I 
I 

g .._~~-L~J.-~~~~~~~~~~~~~~~~~~~~~~--~~~~~~~~~~~~~~~~~~~~~~~-' 



i;,;) > '> ('I ,n 
11 j,. :r > . .. I .. ,., I f" 

0 0 0 n n 
11 

,. 

•t c. 

~I 
~' 

~1 
-=1 

l-

Ill 
. "' 
I~ 
I~ 

0 
> ... .. 

~(.I~) 

)000 

~ 

~L-i(:eo 

'lrt°'<> 

~ ~ 

FIGVF<E5 
C>\>t-\l o:;rn 1ou . 
'i.•"L>c L rut.i 1-l • tO '" • 
l'>A.-,ir.i.> '"'"''" (lo.or·.:i (t• o.e?.e) 

.. 

o.l. 



:r 

~ .. :• .. , 
~ 
/l 
~ \4 

. 
l 
~ 

> , ... 
0 

.. , I .. 
r-n : 

0 
> _, .. 

-!Ml) 

-,,.,,.,,., 

,.-.r»o 

0 

\ 
·.'d.&'i 

.. 
1 

-: 

.. , 

-t 

..j 

u 

FIGURE. Co 
.· 

09£~ :,.i;"e{"li) .... 

.,,,o.: 1.lr.i...a<111o4'1' ;:"I. 
{~ .. .,.," ., A,l)" ( IOP«b ( +. 0.01• 

, ..... ------r, ---- . - . ..,.._ - - - - ---,.~-···-···- _, ___ .. _ - .. --· ., ·- ---- -- -. ··,·-·· - -·- -·r-·---:----- ,- ... - . -·· .... r- .. --. --· 
: t ' 

.......... -· -·- ...... --·-- ___ j·--i-W ::?: .... C.t::t..M '1<11>1'~ .'.C.\'f' ') 1 ____ __ 
; ! , ' : 

·-··-- •······· 

I 

- ... _, .. ___ _ ' ' ; --- ..J ____ ) ___ -- • - i ..... 0.1,. 
~\Nl:'OOO 

_......,,,.,,......_. __ ( .. ----.. 
o.'i> 

400 
- --·---------1-----·- -~ ___ .._____~.-- ~ _; 

.. " ~ ·---- ' - - .. , . - I 

--- "" 
' 

·! .. . -- .,.. __ ~ +--·--

~------:- ---- o.1. 

- .. ·-··· . - ... 

'·--- -··-·--·-· --· 

, .. -- ·-·---. : ----. ---f 
--·--

II 

ll .0 

I D() 



'>>"1'1,tl 
• 1;1~ l·~ 
~. !o o:n•n 
.. 1 I JI ,:r-.,._.I. 
:_! ' 
0 ,, ., 
"• 
~· 

i 

' j 

~-----1 

•' .. ! 

. ' 
• I 

n 

l : 
----~--~---~--------~~~~~~~~~--~~~~~~ 



!! ~ f > 
'II ', ., ,, . ,, 
0 

·-·-· . 
'• , ,, 
:i 

-'° N 

,_ 

.. ,, 

l 

"' 

~ 
~ 
~ 

I ~I 
' 
' ... , 
l .. 

'II .. 
~ 

"' 

, 
0 

It'\ ; I\ 
:a: .. .. r 

,n n 
:a 

\IC.Q. 
( 11.>() 

l"IOCIO 

:a .. 
'< ;; .. lOCiq) 

0 

,C 
> .. 

' .. 

sooo 

r 
I 
.,, 
! 

t 
I 

l 
1 

I 

I .. 
I 
! ., 
I 
t 

t 
I 
+ i 

I 
t 

• I 
i 
I 

1 
I 

1 

FH'::aURE.. B 

.,·--:-i-,--r·,-·.,-,,1-·· ,,, __ ~--- ,_ .. ,_i_ ·---- ,,.. 

! I i I ' 

O"lu lU:C"'ftOW , 
'·~· ... ,,,,.,. .... lllih .... 
t..~"'''"'" ...... o twonlt •0.01•~ 

I ! : ' : ' 
l...···---j--· ! ___ . ., ___ ·~·--·-··· .... ··--·-··-···"·-......... -.-.... ~ .. , ......... _,,J,.,,.--,!·--.i•----·-... ~---···-~·-·!······- .. ' l I ' ' 

I 

i 
""" ....... ,, .... _._ ~ .... ---! .-... - ... --i.·-··-1·-·-.. - ........ _ .. , ... , ..... .. 1.--.. ·-···· 

, I ' 
I 

, I .. - ... -- ~ .... -.............. _.... --·,,·-·-· - -· .... _ ........ ---·· 

' I , , .. ··- ""' .,,, __ . ___ ,,._, ,---1-- --.·---
1 ' 
I, I. 

i I , I I 
........... _ ..... .,-....... ~··--···-·--~--~-··· ....... - .. ~··-

I " 

I 
···-· ·-----·~· ... -· ... - ..•.•• -·--· ~· --···•""''~' ........ ___ , ............. __ , ...... __,,,, __ • .....,_ .. _ ..... ___ ._ ...... J 

.(_ ' i : • t \ 

...... ~---··· 
" 

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

-. -l-----:, ·---1'1_ ·- ;~~.~~[·-··--~. . . -.. . ··--·: ·----·-··· __ .,..;_.. ' 
! j I : ~ : ~ 

- .; --···;-·--~---·-·-: . .,, ...... I"·--·- - - :-~-\Al.I~-- -·· .. ·--·---·:····-· ·-" . _,,. __ + 
+- 1·--+-:- -::.~~ - I - I ~-~•1o• ~--· c;W•~OO •. • : .. - ~ 

-
"'! -··· --t··-··"'"'" " - ""' ... 

I - ·• '""'"''' ·-" ..... - .. ~ 
! 

' , .... ,.._t 
i 

~· 
-''' "',.,., • .,,,,._.,J '' . ·-' " ::"'~ ... ·--7·--;;;;-·.:.;··,;.·· ~· -:...:-__:;··.:-~":."" =-~·,_:~~ - -·. ·--i· __ , -....... ""'l ---·· ·--""'" 

I 
I 

·-· ..... 1 -- .. , .... -- ..... 

- ... ,..... ...... -·~· ............. _ .. ,.. ...... __ ., ... .,,_ ,., - - .... ' '""" ... ··-·· .,--,-· ··-" ' ... ,,, ""~"-+ 
i 

.. ~ .. , ... 1 
I 

o.s 

_. ____ _, __ .............. .,.. ........... --._,-----.----..,..----------.,----r----.... ----..,.. ... --..-............... ...,,.... ... _, ... ~ ... ----..-----.---~~·o.~ 
'1 00 Joo '•-

i~i __ ,____.. __ _._~------------------------------~--~----------~--------------------------------------' 



0 

,. , ., 
0 

r1 
! ~ 
•1 n 
I& ' ... _. __ .....__ 

. 
' 

-~ w 

........................ 

I .. 
~ . 
•" .: .... 
1' 

~ 
~ 
~~ 
'. 

' , ,. 
z .. 

, 
• .. 

• .. 
~ 

~ ',. 
0 

0 

" ' .. 
' .. 

'"'" ~ 1(&!; 

( 1\,.i\; 

zocoo 

1'.eooi 

0 

r 
' ~ 
i 

·' 

.,. 

. ~· - .,.-.... ~-··. . ' • i 

FIGURE. 9 
o9~...> '!.emou 
'!.'\II' .. ,...,, .. ., .. '.I' l'I ;,,, • 
~ .... , f' •.I ,. • .., f llClf 11 t1 ; 0 ,0 tt>'\ 

. ... ,. ... 
' 

-···+-·--· ,. ·"·- ...... -~ """ ........ 

.. - . " ...... --- ... __ .,.,. ... -
·--·- . --

--- l ~· 

... ;. ····- ....... ...,.-·-··-· .. ·~--~ ... -..... -...•ltM ..... _ 

-·--··-1'" ..... -.. _ ~ 

~ -· ··~·- ... _...... _____ . 

--· ____ ,, ___ - i-- -· 

t·· 
I 

"'"·--- ...... _ ..... _ ... ~ 

······-· 1 
I 

--------~---~----r~--~-----~--~---~----~--~--__,.~--~....----------+--·b 
1.00 41\t.O 



·. 

a -

l1. 

s: ~Gv..r1 ... :rr 

(}) 

0 
- .... 

'3>) ._., 

0· 
/0 
~ 

;' C' \._ -

7 

w1t:ru. 

t."240 

4 <.:.P, 
~ - 1 r,.,..,-

:,_ .c;o 

~ ~··. c ..... -,_, 

2.':.,,Q 

4. '..:~~) 

'· :' '1t> 

C~~E I 

'1.1.{\(~~ 

(o.~,o.Dvr\ 

i 

~ti[~~ s 
, . : 4-J 

) 
\ 
) . 
\ 

" ' 

! 
19~ 

- -- - . 

+ 

I 

_/ 

! 

; Uot>r=-i _!__ ___ 1.-

"2 

3 
4 
5 
l:. -, 
8 

x _L 
0.010 o.O 
1. 1so o-0 
3. .o& (, !.. \ 4 ~ 
;.s:o S .~·Lo 

~ I .'3-eo -::5-!? 0 

- ~. !"&~4 ~, \~ Ll 

-1.1so o.O 
·-(.:.0\) l> .()6 



> ·> 1~ n ,, ,, > , , "' 
,. 

0 ,o n n 
I 

11: 

' I -·-·--+ .... -4 

I 

~i 
v-1 

I ·• 
i "I: . ,. 

u . 

I 
0 

1.1 

1,0 

··~ 
" I ·• ··•I .... _ 

I 
_, . ·-· . •· ' .......... 

I 

-0,9 ; o."t 

t .... 
o.~ 

o.<11 

O,l 

o.1. 

.. , 
10. \00 



I I 
--~.' ~ 

I~ 

"' ; ,. 

~ ' , 
'"' li 

,.. 
'.l 
! 

' Cl 

0 ,. .. ,. 

I 
I 
1 
i 

I 

.. 

1 ... 
I 

~· ---~ ~ ·-·~- ' . 
I 

c. 'I ... -··f ·--· c.., c. 
; 
i .. ·---~-1 • • i.• i 

I 
I 

"' t 1-~ .......... --.·~: 
' I ·--'-····-·· 

I 
-··· o.'\ 1 ;.. 

I 
-·-- j ......... -

! 

l ,.. 

.. 
6 

0 

.. _i ___ _ 

! 

;--....... -~---.~o.:--~--~-_,_~v:»r-~=-C~~.,.-:~·,___·····-;,·(:~-:-·---· .... 1·_--_--..., .. ··-~-.1,...-_··-...--~lt~·.o 
~fl'\"\~~.) !.~( l\JG,

1 
(~Yll 4\H 

., 
I 

_______ _J 



r<l 

w ; 
i 

ct i 
\ 

:::::> ' \!) .. -h.. 
,,,. 

·./ 
/ 

'· 

--.. 
.,,. . 

/ 

S:£l:.M.£1..l'T W\t)Tt.l ~~ 
(._o.o•e,ooe' 

Q) (. 2.-'lO t;; 

·' a> i.~a t 

f.i; 2.~o "t ..... 

@) 7.4'\f> 1. 

q) 2.so i;. 

@ 7.4(H~ t" 

G ].7.Ao t 

I 
l 

I 

: 
I 

. .+ · 1 ... /· 
'~.v-/f - v· . 

/: 

. 
' ! _, 

'· 

7 G) ·9,, © .... 
I 

i i e.-.t>t~ \.)()~ 

\ 

'2. 
3.S& 3. 

q 

s 
c. 

~.se,o. ") 

e. 

1.~B!> 

197 

/ 
~ ./ 

\, 
:.\ 
\\ •\ 

f,e 
I 

_lL v --
o.o•o o.O 
1· -ic;o C:>cO 
4 .~2-B S"."!84 
~.ocn .. I. SG.O 

-1.oC\l. 7,S&.o 
- 4.\25 $.~41 

- 1.z.so o.o 
- o.o•o o.o 



.. If ,, 

I ' ------..... 

i-.-·-.-;---~ 
i" 
'"' : !: 
''JI 

'"' iC 

0 
> ... 
"' ' _._..__ .... -.J...-, 

I 

'°' 00 

I· ' 

,, 
• 

\:ltii.(l?.L> 1ooi.J 

h -j 
i 

B ., 

i 
'\ I -

-. -1 
" I 

I 
'i. 1 

I 
J ..; 

I 

F'GURE. \4 

1· - - -

Clol04U>• C.9't.~ '2. ('t •0.01..e) 
e,ATn:W•C.f\H; '2. ('t•o.01•) 

- .: ____ ( ____ ( _____ _ 
i ' 

I- . 1 .. 

l 

0 ~·~~~--~_,..~--..----..~-.-~--.~--~-4-~--~--~~~~ 
0 I Oll 

• ,S1t-.. ') 

le'\ 

I 13. 

'·' 
••• 
•.4 

~ 
o.9 -
I ~" .... 
t 

"·" 
,,,r 

O,"\ 

e>.l 

o:i 

0,1 

0 



'° '° 

> . > 
'I I "!I 

" .. 0 0 

n n 
J: > 

'~ ,. 
• r n .,. 

'------~ 

__J 
I i: ,1 

I .. 

" I 

~ 

:r .-

~ 
~ 
lil 

'~ f 

·' ~) 
,. 

.. .. 
z .. 

1" 

I~ • 

1L · -

,, .. 

11> -

) . 

.. . 

l 

t 

F \G:i \J RE... \5 

l
C'"408:D-c.AUi. 2 L't .. 0.11:11.0. : .... '.\ 
'°"TTIUJ .. ,AIC OZ. Ll" 1),01&1"',\ l 

C..~OSl:.N. C..ONll.•)Rt\"T\ON FOR. C.L.OS\i.l:) r..~r.~"'r1u""I -, ·----

\N= a1e> i~. 'H/;'Z.2.0 ~"'. 'OC:-1\.N~i..: ~A,.,,~ I 
.. -·1---- !-·-----1-·---L-+-----j--- :. --·1----1---

-- ---::r--1--r---:- -·-·;-----

I 
·-r 

.... t • - -

j 
i i---

- i 

...... 
I 

11 ~ • J j I r 

' "-I• 110 '"' • I I ' i I _ _,___ __ :---· ·--· -·---· ~ --l-·--l·--+---1 ·-. . ~ ··-·. 
' · ~ -l - - r t- I - -1-

. --· ; ..... -i· --· __ _j_~---1··--·-·! 
'~w·11~\"', I i . : 

----1---~:---;-~ I I -· '---· .:. 
I I I I I I · 1·---t--1 ----,1---1- -· :· 

I I I ! I ---r--t--r·--·r--- ·t··- . :-

1 ·---1 l ____ _: ____ l_ __ f1 __ - - : 

t I I I 

~ ! ; : ' 
' ... ,.._. , ..... -----1· ·- -·· i- ···----... l--.-· ... ~---1----1 . -. ·- .. - _, ·-·-

: i I , J 

I 
----1----

1 

I -t-- ........ _...,. -+ 
I .. 
I I I -----· ______ __. ___________ . 

-·r----~---··-

1 
"' --- . 

~ ______ ; ___ ! ___ ; __ _ 
I 

I I I 

P.!J'.. 
~-.... , 
'·"Gl:.i\ l• ... J 

.. '\ 
\,1. 

1,11.l. 

h• 

i.u 

o.it 

b,flo Cl -
o.'") ; 
o.c. t 

. I I _ _. _____ ,.·--r-1-·-·· :·--··-l--·· :·---1-----.. ---.L--- -r ·- ·-· ' ' ·---- · r -- o.s 
I ; i i ' I I I ' 

t k I ' i 

. ' L I . 
1-- ·-----1 ---- ~----- i--~ --: 1· ···- OA 

I . . , , 
·-1---r----r---~----.. ·-- -···---- ., ___ _. 

I ( j ! I 

i 
- ! ! .... ___ i -~_. ____ ·1 ~-- -····- - ··--- ,_ 

~ ·- ' . 

I 
! - ·- ' 

' ' I 

---1··---1·-·-·l--·-·1-- -·i, 
1 1 I . ' 

I I I 
·-·---·-,- ·--1--·t ··- --+·--· 

I i ! : 
! 

- - • j •.. - • I 

. .. , 

.... f . ·-. t .... o.\ 

- ~ -!- -- ~----- •• 1 

o.I 



,,...-. 1'>' > ~ : r 

o o r l'l 
~ , :: ! , ~ I 

·. _,, __ ..!..,....__, 

-----j 

~-!~ 

t""' 

8 
:r ,. 

~ 
~ 
•i'1 
~ 
~ 
( . 
-~ 
~1 
r 

! 

; 
z .. 

. ., I 
"' < 
"' ' .. 
c 

0 
> 

. "' 

·- -

·~ce.. {\~'\ 
\)oooJ 

I 'I -I 

Iv ·; 
I 
I 

C\ I 
I 
I 

s -I 

., j 
(r, J 

4 

I 
·I 
I 
+ 
l 

i-
i 

I== IGUR E. tCD 
Ckoll'I>"' C""SIC z. 1.•o.01>et-

. 
J 

·.I 

~Wa~"'lO•W\~-- --

,,... I . 

' I 

I l!>A'ti£.., .. °'i. e: "Z.. (.1.; ... o.ot& '-') 

·1jw.1. ~o.""'"l "'""ut\4 ·-r--±r -
I ' • I 

_L---]-·--· -·-- ---'.. ---l-·- .. ·.! ___ J ______ _ 
' . .. I : . l 

' j I I l l 
'---··- -- ---+-- -- --·- 1"-----·I -

, I I 
I , J 
; - ·-- -- -- ----

1 

'·" 

1,1 

l 

I. -- -· 1- --,'--· I : • 

_____ ; ____ L_ 
.... --· --1---:- : ; { i -1---: 1- ·:·--··:--·-·j··· 
:·----!-··-r--->-··---·--:---- : t-.,1¥J:'l~-;-~~---lll J i i· --+,.---- !-

i . i ; 
. I • : : I I I : .. _ -1··---:------~----:-- --:----~-:-r----:·--- r 1--·· --r-:-- --I 

1- -! - - : - -. - ' -- -j--1---t-r---1---;--- : : 
----- r, --··---- -----·--- -- • ----·---1- ----1---1-----1---1-- - ·-- .. --- .... -

j I i l \ I 

'1 I : ' ' I I I I I I 
' ~ I I 

II ! ' ' ! i I I L '. : i 
1-·--t--1----·+-·-- .. ----···--- ->·----r--i- 1--1--1--;--1 · 

,. ____ L .. _l_ ___ "•! -• ·--; ---·- ' - " •. .. -~-- J_r ~ j: I ' I . ; . ' ··-· .. -.---· .. i-----1------....... ___ .,., 

···i-··:-· 

~----: ···-·-

· .,_ - -- L - · - oA 

- - C'.°l 

1.c> 

e-.'> 

O.lo 

o.s 

i 
I . . - - r---1----. --1·-· ---· ·---r---.. -- ··-----
1 i ! j ; 

---·-----;·---+--·---·-'---- .. -1 -··- -··---. ~--
' f I 

I . 

: 
·--~---· •~ ·--· 

i 
i 

--L. 
I 
I 

' 

o.l 

j - I ~ ' ! ! 
.... -•--·--t-""---· .. -·---1·- --·--·--r·----····--·· L ''!I 

·- t---·--·-1---"- ·- r-- -'---- o.&. 

1 
! ' { ! 

,_. -- -· '. .. ----·-r ---- I 

! 

: I ; :-·1 ·-- -~----

~~..---...... ~~...-~-------....,..~~..-~ ...... ~~--~~..-~ ...... ...-~ .... ----...-----0~--.----.--.... .--.... ____ _._ • .D 

1.- ... - ·-·· '·•· --· ().I I-·-·-·•• 
I 

IOt i. .. 



'I 
~I 

I ri 

I ~ t: 
' z 
1 ~ 
I 

• 
"' < 
~ 

"' 0 

0 

I~ 

'\O 

, .. 

It 

IQ 

i. 

.. ,., 

FlbURE. 11 

,,, l.D~ 

~lt\'\t£u S"N.•IJC"' (.\\<i. ~ 

c!°t4o'Rl>- '"'°e. 2.. C. 't" ... o.ou) 
~.., ... ,M.f 'Z. Ct~o.01&) 

'i'tl 
MA':. , .. ,~ , .... 

t. '\ 

'.i. 
,,, 

'f,O 

o,q 

.,,e ~ -
"·, g 

... 
9' 

D•" w 

o.-. 

o,4 

o:l 

o,1. 

0.1 



i > '> n n ....... x ·> 
' ... " "' ',. 

0 0 () I (l 

" 
,, 1 :1 I 
~- I 

?; 
I ·----' 
' 

Ill 
'"' '< 
I• 

If, ,.. 
0 

0 
> ... 
"' I 

·--l 
t..J. o· 
tJI 

I ... 
x l 
,., I 

~\ 
~· 
~ 

~ 
~ 
n 
0 
3'. 
ll 
> 
z ' .. I 

.. 
>' 

" .., 

~ ' 

e~~ ?(;\1 ·w:;o 

Z'3 -·1····- .. ,-·---· 

71:> :--···1 ·-
t I 
I 

?'1 

·r 
;n 1 

J <.!) 

I 

' ' . ----·· -- - -· --· 

' ! ---1·-··1 
I 

- _\ 

I~ ·~ 
I 
I 

r- ... ·I 

I ti. 
I 

I I. 
I 

1'1 ·t 

I 
,I. t ·1 

! , 
10 -· I 
e 

(, 

'i 

z 

FIGLJRL. \3 

1---

I - .• - ' - -

I 

Clo'~- C"'SE.'Z. (t•O.Ol.b) 
l!../\"n~~·t.,'>e.'L ("t:'*-o ~.o) 

--· ·r ·- ·" i-

·~-- _, __ 
I , 

I 
.. J-~-·- ... i~- --~.I. 

-i -
I 

- i 

--·--1-·--·-! 
i 

-- I 

I i .. \ ...... · 1·--·--·- ---
1 I 
j ' I 

l • ·· · , ···--· I - ·- 1,0 
i I ' 

i 

I.I 

I 
··-- J---~ -· 

; - ...... ; 

0 ,.q 

1
1 

0.1 

- -o.l. 

·- i ~ O.I 

-t-----~------1.----'1---.----,------r---r---r---r-·--+---·-----.---.---.---.-~-o,b ".o 

o,u 
"lao 

0 -



, 

.. + 

S£"b•.·~w"'t \0\'\)~ T~\CXl.:f'~ ~f>.j)HJS. 
~- (0.01&,o.t:U\ 

(!) \.'l.'t0 t 

G'.> 10.t,\q t s.o-, 

@ 'Z..Soo t 

"'"\ \1 .. O.C,\C\ i. S.O'l 

. 
( .:·, ,_ z..soo '"(.. 

t(,."\ " ,./ IO.(., IC\ 'l S.07 

'T l_J ,, 1.40 " 

) 0180-22876-3 

+ 

-r-

(]) 1. 

~oDE. x 

D.010 
2. \.'1$0 
l s. c.-rz. 
4 4 '~o& 
S" -4.<i~S 

<. - S". (:,/t.. . 7 -1.2::.:> 
\ a -o.o\O 

---'~·-·--=·"·"""'~""""'--

OltlGlNAL PAGE I& 
OF POO& QUALIT1J 

i 
I 

~/ 
I 

/ 
/ 

..Y. 

o.o 
o.o 
7.~4\l. 

q,eoo 
Oj,6'to 

/.Sl\'Z.. 

6. (j 

o.o 

--·---· ~ 



"' '~ 
... 'r. n .., l: I> ,, ,, '.,, ',... 

0 0 ·n '0 
·x 

'----;---· 

, 
' 

.... 
r 
"' 

I;! ... .. 
•1 
II>.' ,. 
I J 

' ~1 

. 
-< 

1J 

" ,. 

,. 
-· "' 

rce (ii.~ ~ 
~cO' 

to • 

A -f 

-: 

i:-1 Gi URE. -2. 0 

----::-r-- -- ,,--·--....---·---- ~ ----· -· _____ .,. ___ --· 

C:.~- C#l.U~'\ (t-•O,OHI) 
er.meµ-~e. ~ (t""' o. ".)\e) 

·--- -----------r-"N:.,'\U'.,P.M,._\),)I~. \\\_ti~ .. -- .. --t 
', , , I 

I I ; : . . I I -·-.. --. ·---- --------·- .. --------i--r---1-r-,---!-- ~-+-1--r 
··-----1--- .... -.. ____ . ___ ., ________ ,_,. ________ ., ___ - ·------· ·-·--~-.. ---·--j--·4--·· ·-· - ·----· ··---··•---+--4 

W• }t;O ,',.,, 

. l ~ i l ' 
I 

I 
-· ·- ·-· ·---· ~---- -- •· ---r---... 

' ' ' 

' 1~----
1 I 

i I 

·-----:---~-··- -.. •··-· - . ---· -·-· -----··- 1.0 

-

I --···-··-·--· ·-· 

- · t.o 

I 
I 
i 

o.& 

t o.c. 
I 

·-- ~ (l, 1 

:... 0.1 .. 

~ .__.___ _ _._ _ __...._ _____________________ ~----------------------·----·----------------..... 



.· 

I· 
L • 

'-----~ 

I 
' I 

.. --.-..---..-. 

r .. 

~ 

l 
I ~ 

. r 

II I .. 
'< 
'iii 

"' c 

: c 
'> 
1 .. 

"' 

i" 1 
l'- 1 
i" + 

I 
I 

''"" t 

2 () 1' 

I ,, ... 

F \GUKt: Z. I 

;- ·-·::1--·-· 1 ··- -··-·--11 ·-· -1"· "''"·•----·:-- ··--· 
I ' . , 

I I .. .. 'I ·- - - ····--·· •. : ·-··-· ·-- .... 

i I I ! 00
1

~ 
• • 1 -r·· · .. -1-- .. -t--· f··---~--lioo\ ............. . 

I' ~ 
I 1 

I I I 
...... ·---1---···1·- --1·-·"····-·.,·· ·;··· .... 

I I : I ' ~· 4'10l'I\ • 

I
' l I I ' l I ·1 --··-1-----i'-· ... 1. _____ ; __ .. '."'"-·"'' -·- -· 

. i··-+-1- .: I .• , 

···- ·- --· 1- --·-- -~---. ·-I : 
I ..... - 1 ·· ·-1 . ---: 

. --1-·: ··-t -··: .. , 
I 

I -!----·J ..... : ___ .. 
I i ; : I 

I 
I 
I 
i 

· 1·- ·-·-··· -+---·L ... . ' ' I I I 

I ' .1. ·-··.. : 
I : I 

I-

1 I ,.. . . . i 
I 
I 

I 
- ·• I 

I 

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

C""91t.D• C"A:.t' 1' (i. .. o.o.ar.\ 
~"'"\hJ• C'A.1,.C l (1.• o.olll\ 

·--~ .. --T . 
I 

...J 
I 

.1 .... 

i 
I. 

Wt\Mt',""'· 

1 ... ·····-·-···· .. -
' I 

I . iii-·· 1 •• _ 

I 

:, I 
!"''''' ·: .. 

I 
.I 

I 

' 1--··· . 1· ,. 

I 
• I 

o.• 

•·" 
0 .. 

.. \. 
.. ,. ~--.-~-T~--r~-::i-~--~--r---f.---,.---,--...,.----r--....,.---.----""•·o 

hit> JN 

'(.fl,"\°' C II '.': l~/,C.11 '(1 ( i ~ \ 

1 

! 

I w 



• • b , 

' , c 0 

... -~---· 

c 

., .. 

"" ;•···-· 

t ·-- ~ .......... . 

40 

?.:z.. 
c \IWlllO- CAH 'I 
~lll"rt'&i.) • CA'I \ 

(.1:••·•"• 
(~ •0.01.&' 

I. 
l I _,,.. __ .. __ ,, __ ...... _ 
. I 

' ' ~ ...... _._ ,..,,. ..__ __ t· ... ·---.. ~ ..... __ .... ~--- .. ~~·-·-"" .. I ....... -"""""' - _,,. ' ......... ..._"' f· .. _,,..,._... 

I 

~----' 

.. , ... . ... ~ ..,.. '·' 
" ..... _...~'"" ..... - "'""~ .. I. 

\.~ 
W• ll'd•"" 

·i ..... -~, ... I. "L 

,,, -- ···i-···-· \,0 

·-· '"' '"' -··· I 

··:-·,··· i-0·~ 
:·-··-· 1 o,l 

I 

o.v ~~~~.---.... ..,.. ........... ------~~----~~~ ..... ------..-~~..-~--..... -----.-----.--~--.... ----.... ~~ ........ --~~,------.... ----..-~--.... -----.----~•.--o o 
l "'O 3 l'O 4oo (J 

, . ' 1,.\'f'\, 

1::1 -!: 
~ w 



I. I I ' ; I 
' 

,, > , > In :, n 
~'. : . ~ ! ~ I ~ ~ ~ 
1 • o·ann 

: ; ~ I '" > I ' i I ' ' 
~. I , ! :~; 
!; I ' if! ' 

; 
I , I 
~wl ' 

" , I 

t s 
L 
',. ,_ 
r:i 
i:::r I 
t'.1> I 

F IC.. URE:. "2...3 

I 
I 
i 
I 

I 



r1 t > )" n 'n 
• , ., ,, ' J: : > 
<I' ' ,. 11 ~ i- 1 
:_~ 0 1D r1 n 
.. ·----.!.J-1 

t'°' 
0 oc 

i 

~===•ma:eli-....... 1 • w1 

,. 
z .. 

.., 
> 

'" 

<; I 
~ I 

" ') 

> .. 
"' 

.....__.__...._ _ _._ ________________________________________ ~-·----



l.J 
0 
~ 

> > r" ("I 
.., ~ 1 l'. .. .., , ... ,... 
0 0 ("I ("I 1-- ~" C' 

t:7. 
i 
c ' 
:.: 
{.. 

'--··- .. :::: 

0 
> ... ,. 

0 
0 

-
30 _'. v 

~ 
ZrTi 
cZ 

~I 0 
~I Cf'\ 

Vi --
~ _._; 

~. U?o 
rTi ;o 

~ 

>CJ ') ,. 

t 
~ .3: ~ 

z 
~ 

(/) 

0 
r. 
?:. _. 

····--·-·· .- .. - ·-1 ..... - -
I 

i 
•. I 

I 
I 

.. __ ,._.! ....... _, __ ----·-··-.. ····--·-·· .. --i .. -·-·- .. . . .-.... -···· .... "' ,,~ .. ............ 
! 

•· ... i.-..... ·~•.---~· I•• .. --1· · ··-"' ··- ·-· I•" .... - •• ···- - ... 1 .• -·-~""'"" -· 

I 

. . Co ~!'rt ~ 000 ~ C.1.!01<1.;i. lH"' h M . . 

ill· 1.Mili\ 
-·-·• __ ,,, __ t_ ................ _. __ , .. 

+~······ -
. / ... -·-

I. 

. ___ ......... , .. -. -· ... - ... -·-.t .... __ • 

-····-· ___ ;··--·--+-----··- .... 

I : -- ··-·· ... , ....... --···•-· ···-·-· .. -·-· ...... -;·-· ~ 
~ •. :~----· ----1--·-·-----'. ____ _ 

R•1 M;1' ' 

' -- -·---···---'---··----·· ----~· ..... 
-f'I lot-o,'l.5l. it"\. 

I I I 

·-·· ... ·-·-· - ~ ---··-~---···--···~ ·---· -· .. ·---··' .... ·--·--···-··---l---1---· j ___ ,_ ·- -1 ... ···-·'-···-...... 

.•.. L -·---. l- __ .J. __ .__ __ J ······- . '-·· .. •.. - .. J .... 
SEC"ilON IA.-A ' 

·-···----.l .. ~ ...... l.-.. ·-······ ..... ____ ) . l ...... i 



' i 
I , 
~.....,_-

'I! 

'" '< - ' '~ 

0 : , ___ _ 
0 
> ... 
"' t~ _. .......... __., ..• ....__, 

Qi 

: "' ,, 

·~ • ~I, 

: ~ I 
i ... 1 

i ...:: ., 
i~ 

,. 
r 

_ __.____ 

,, 

F IG\J RE. 'Z. CO 

\ 

:_ .. L!_ -:n&N. U100·o-Co Nil N ~O.UJ.caE-;~~~Cl~-Ai~.AC!E fiS.f.1:.c:~ 
I I i I J ! I I l j' ' ! ~ ! 

, 0rvi~1"'E~Ts!·--·--~---l·-·:-·-· ---+--:--.. ~---_ ... , .. _I° .... :· · j· i : · 
.... -·----· ·c.~ORIL t:'.'---4--.. 1--- Elx ... :-_ .. r;. 5.44 .EB_J~~ '"~!.i:il--·--i .. -- 1. •• -•. ; .1 •. 

: [ i I •I f Ac•~~ - 1 I . o90 •~"' I i . i : : 
...... '..--.·---·--1--f---·-: __ .... T.iic<ur:.~ ::-: O.~b.2>.BiJl'.'l1_J!'"" ... _ 1 •• 0.0~ .i"'. '. E-1?..1 r..N>r\!.1 __ .. 

: __ ; .•.... ; _____ .'. __ . ~- __ , ___ ... i .. _ / ___ !._. _____ j: ___ .~:~~.4 ';~ ~~$l~,L~~,,l,,~ r- r;.·1 
•. I I I I . . 

l8f\1TE~- S.AN'\E.. A~ C..1-\0Rif : 1 1 i , ; , 
....... l--·- i"'··-1·- ····l··-~·-:--1·· ·•' 1 ••• •I 

i TE.NS IDN \lE.S - f-'ll\lt~ll\L ... 't<EVU\'R I : I I 

' i) AM t::: .,..._R ' "'"I" I ' I ' ' I - ' --·- ' ..... .!. ···-- l ········ ·: ··· ·- ' I / r.; I t; .. l.-.-1o;.11!· ""·l-1(-t\-o ··"·· - -t------1-----···I··-· 
! ' ' I i ' I I : 

------:---:-·· ..... : ···-· ....... : __ .... l-~--1----~-----~--' ·--- ;·· 
I ' , 

____ ,_WilDJ"'.J.L-=_L . .300 ~n. (1-. t.t.2.M~.- _ :.·-···j----i---···· l .......... ,_. _, 
' I , 

01 s TAN ct1- Bt.· TW r\" N 
1 
Bf.\ITEl\IS - I 4 is iV\.: ~D.so n\) 

, ·----i ..... · ·- ··M fls~·or-:Cf.\OBD:.. ··- 5\oo·.o·· \'or~,·:--;--'.·---·· I·-----·~·· ·· , .: __ ...... :_....._ ___ ___ 
MA..:Ss or. r-1 .rYi. .. 1u:s - :3eooo.o \\.,"""· 1 I '~ ..., , ········Mnrr•--1'\r ' .. [1:, ·vll""°····· .~ .. ....,=•;, ·11' ______ t_ ____ ,._ ____ 1. __ - •- 2{)TY\ Tf\\'\:'21:\J \l)g,L 

''~)_.I I.Jr I - I\IJ&)l\i I '.)- r~i&..I ~"4 l ' : . ...;; .. ·..;..;.;....-;...;~~;;;..;;:;;,---;;;..;;..;;;; 

--~·-: .... ______ : _____ ,_ ~I TOTAL r-<f\ss - ~--;t=;=,-5~:~~ 1~.~~J .... 11 ____ :'.'f; ___ ;___ :. M~'S':i.TD\l\L~ .. Cal (,.3 \\.-1\1: 
~ i I _ ... _... ___.. _ 

___ _ .. ... ... _ ..... [F'c..Q. ~- r,} ~o i ~1c I .. __ _; __ _.__ _ _ """' .... ··--·. 

• : ·----" .. ; ·---- _, .. _,,_ l ''""""'~·-'·- ........ ,. ·-

BC.AM 

I 
·· 1 ' .. - .• 

! I 
I I 

i···-· •• I 

·1 

' I I 

I I 
·-1--··: .. 

i I 

' i 
,f I 

·---·-- .................. L ....... - ... l----·---~--------·L· ....... )........................ , ......... ·-' .... ··---l----, ..•. J ____ . .L ... ,. .. _,_j .... .. ._ - -·· -- '' ~·-·"·~·--J ,..... . . : ·- l -·- -· l 

I 

! 
,, i......___. __ _.. _ _._ _________ _ __ , __ ,_. _____ , ___ ...J 


