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FOREWORD 

The SPS 1y1tem1 definition study w111 initiated in De..:ember 1976. p,.,, I w1111:ompleled on May I. 1977. Part II h:chniul work 
was completed October 31, 1977. 

The srudy was mam1sed by the: Lyndon 8. Johnson Sp11"·c C'enler cJSC) of lh~· Nationul Aeronuulic111ml Spiu:e Admini1lr11tion 
(NASA). The Corilr11clin1 Officer's Represenh1t1ve KOR) wn {'lark&- ('ovin11on of JSC. JS<' study m1n111cment team membt:rs 
included: 

Lou Livin1ston 
Lyle Jenkins 
Jim Jones 
Sam N11ssiff 
Buddy Heineman 
IJic key Arndt 
R. H Dietz 

Lou Leopold 
Jilek Scyl 
8111 Dusenbury 
Jim C'ioni 

System f.nsjneerin111nd An11ly1is 
Space Construction 
Ocsian 
Conr1ruc11on Base 
MHs Properties 
Miuowave Sy'llc:m Analysis 
Microwave Tnmsmiller 11nd 

Re1.:h:nn11 
Mkrow11vc Gcneralor!I 
Phase Control 
lner1y Conver'>1on 
Pholovolra11.: Systems 

Uick Kennedy 
Bob Ried 
Fred Slebbins 
Bob Bond 
Bob Gundersen 
llu Davi!I 
tl11rolJ Benson 
Seu N11chlwey 
Andrei Konradi 
Alvu tlardy 
Our; 1-.cnle r 
8111 Simon 

The Boeina study manaac:r was Gordon Woodcock. hoci1111echnical ludcrs wcrc· 

Vince Caluori 
Dan Gregory 
f.ldon Davis 

ttal DiRamiu 
l>r Joe Gauxcr 
ltoh Con rt1J 
lfod Darrow 
Bill 1-.msley 
Orris Bullock 
I Jr. J:rvin Nal<>' 

Photovolta11: SPS's 
Thermal l~nginc SPS\ 
C'onslrucrion and OrhiMo-Orh11 

1 ransporlalion 
l:11r1h-10-0rb1r Transporle1l1on 
Cost 
Ma\s Propcrlic:s 
Operations 
Fli1Chl <'on lrol 
Strudural IJc~1gn 
Microwaw Sub\)'\lcm 

Walt Lund 
Owen l>~:nman 
Ja1:k Gcwrn 
Uon Grim 
tlenr:; U1llbralh 
Ur ·r l'd Kraml·r 
Keil~· Milkr 

fa1:k Ul\nn 
l>r. I h· n r> 0111.lll 

John Pl·rry 

Power Oh1tribution 
Srruclure and TI1ermal An11ly1j1 
Struct urall Analy111 
M11n·Machine Interface 
Man·Machine lnterfiu:e 
Tran1purl11tion Sy1tcru 
Cost A n1d)' 1i• 
Mkrowuvc Biolo1ic1&l l:.ffcict1 
Sr11ce Rildi11lion l::nvironment 
Radi11tion Sl11eldm1 
< 'ollision Prohah1hry 
Th~nnul Cycle Sy!llems 

Microwave Tr11ns111i11er 
Microwave °'-"•11n lnk1r111ion 
Power Dislrihu11on 
l.le..:tric Propul!i.ion 
Propuls1011 
·r he rm OJI Analysis and Ope ics 
I lumt1n Fador!I anJ Con1truc.:t1011 

Ofl\• ra I ions 
( on li11m all on I k'iiKll 
f1holov111t.1k., 
Strudurc' 

·1 he ( 1encrt1I Lh:ctri ... Company SpaLe l>1v1Mon wa' llll' major .. uh ... nnlr.1L111r lor lhl· 'tL11l~ I hl'lf 1.0111rihu1111m 111d11d"·d l<11nk111e 
q dl' rower µcncral11m. power pro1:n\lll~ .ind sw1lthl(ci1r. m1~n>WJVl' lrnm111111cr ph.1w l·onlrol and ;,ilkrnalivc trammillcr "·onfi;t­
urallons. remote manipul.ilor,, i111d Ihm-film Mhcun pholovolla11:' 

Other subconlr;icton wi:n: flushes Resc;ir"·h Cenlc1 ll•1ll1um "''l'nilk photovollalc\. V Jmm klyslron' e1nd klyslrun prudu'-'11011. 
S:'IRI-. silicon \OIOJr cell directed eneray annealin11. 
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Solar Power Satellite 

System Definition Study 

Executive Summary 
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GUIDELINES AND ASSUMPTIONS 

Guidelines and a!>Sumption<1 used durinir the wuN~ or the study arc "un.mariled here. It is emphasized that the apprrnach taken to 

thi!> study was to maximize confidence in result'>, rather than to m111im11.e mass and cost projections by usinJ optimistk or far­

ruture tedtnology extrapolations. This i~ rcfll·ctcd in the scll.'dion of cnl·rgy conver!lion sy'>tcms. in the selection of transportation 

S)'sterm, in the mass and cost estimating tl.'chniqucs and in the uncertainty analysis arprrnu:h. 

A significant factor in overall cost characteristh.:~ is the maximum ionosphere beam intensity stated. This intensity limil stronaJy 

influences the cost characteristics of the ground receiving system. which represents approximately 25% of totaJ costs. 
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Guidelines & Assumptions 

GUIDELINES 

• JSC INHOUSE STUDY (JSC-11568, THE "GREEN BOOK") SHOULD BE USED AS 
A POINT OF DEPARTURE. 

• SPS SYSTEM DE;SIGNED AND ANALYZED SHOULD REPRESENT THE EARLY 
PART OF A MATURE OPERATIONAL PROGRAM. 

• SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDEr~cE IN RESULTS RATHER 
THAN MINIMIZING MASS AND COST THROUGH MAJOR TECHNOLOGY 
EXTRAPOLATIONS. 

ASSUMPTIONS 

• INITIAL SPS'S DEPLOYED IN 1990'5 

• 1977 DOLLARS THROUGHOUT 

• SPAC!; TRANSPORTATION OPERATIONS KSC-BASED 

• SPS'S OPERATE AT GEO 

• NOMINAL DESIGN OUTPUl 10,000 MEGAWATTS THROUGH TWO MICROWAVE 
LINKS AT 2.46 GHz 

• MAXIMUM INOSPHERE BEAM INTENSITY 23 MW/CM2 



SPS SYSTEM DEFINITION STUDY DESIGN 1-:VOLl/TIONS 

l>\·sarn evolurion" or !hr prim:ipal tyJlt's of SPS system' and llf'ilce sup.,url l>Y'll'lhs arl.' '1110\\111. 

The rhotovoltaic.: SPS brgan with the JSC trou confiaurillion ;at a l(('ornerric concl.'ntration rulio of.?. Thi1 conllpm1hon wal> •11.ed 
for ~g1nning-ot:Olife oulrul c:apability The co11fi1uralion was n.'"iitt>d lo illlow mai111cnance ol oucpur l·apuhilify throuathout tlw 
thirty-year dc\ign life i.ysh:m, hy perio<lk Jrray adtJirion. At thl.' comph.•1i1111 of part I ol rhr 'ludy. a toCill ol 10 phucuvolla~ 
oplion .. had ~·en dt'fincd as shown. llh:~· includrd silicon and tctllium arscnidl.' .. ·11cr1y L"onvcn.mn at conn•ntroi11011 roilio.. .? and I 
and variom; rower mainlt'nanc\! methods Th\: \tlW\!\l co .. t smcon system wai. !l(l•·ckJ for continu .. 11\:1.' into p;art .?. Thb sy'>l~ 
emrloycd no .. ·oncentrat1on and Uliied in .. 1111 ar.ncalinte of the wlar t.:l'll" for f)(JWl'r 111.1inlt.'nance. ·r h~· l'onfi1ur;1lioo was furl her 
dcfim·J durmg parr ~. The system output. with lhl' optimum rl.'ctl'nn.1 'ill.', was rl'dm:e\l lo•) . .\ <;W a!> a ~..ull of linal ddinil1oni. 
of the dfo:ic·nl:y 1.:hain. 

Tht' thennal .:ngine ;malyws ~san with the 10 GW Brayton sy!>t.:111 .tdined undl.'r .111 l.':arlier, nnuact. L>trly "'the '1l1hjed study. 
an analy'\io; of oi\ ail;1bl.: Jara on plastic film n~llt'clor degradation in the Sfl<ICl' environml·nt SUUt11leJ that a .11r,; tktcrat.IJriou 1111tr111 
O•l"Ur Consequently. the l"Om.:entroator\ were l'llla~d Co compen!ktlc. n)I.' \:onh1.&Urahon W•" next divitll.'•l 11110 "' m01.lllk\ Wtlh 
tro1111h-!>hapl'J L"onc&:ntrarors as shown und&:r "construcrioniied Braylun ... Ourmg 11.irl I lbnkint• amJ Uit·m11oni~· '>"•h:111 .. wl'rc 
al'iO 1:valuated. lnil1al evaluations indicated the Rankine system to he more mas.o11n- lhan tht• Brilyton .. ysh·m. Jlow• H·r. .. "ydc: 
temPt'r.tture roalio oplimi1.at1on resulted in a lower overall snass. Additional Jl.'stgn chan!JI.·' intrntluc,•ll ut 1hi" roml di111inah:t4 
-.reer-.ible foct'I\ from lht.' concentrator by nyin!! tht' system alway":xactly l°al'tnl( lhl' !>Un. 

loward rhr t'nd of the \tudy, new infonnauon hccame avaiJable 110 rhurk lilm rl'lkdon i11dka1ma lhut de1r:ada111111 unpucl w1111IJ 
not occur and rhe final system conlip1ration was. therefore. resized to rellect nondegradation ol the cuncc:ntrato1. 

Tht> princ1pi1l l'YOIUll01l Ill spacl' transpnrtat1un <,yl>h:ll\\ Wal> in the li!Unch vehicle. The study fleian with lhl' .!.1(J Jim vayloild 
heavy lift launch v..:lude al ii projel·kd 1:ml for lrampollation tn orbit of ~JJ lk't k1l11gn1m r~·kaJtng h1d1i.:.illJ 1ha1 h11th•·r pa\. 
lood Jensit1es could makt: possihle a rl'U\ilhk !>hroud. Slilging oplimlLlllion studicli 1,•d lo a 400 run heavy lifl la11nd1 wlud.- 11, .. r 
went through the evoluhon shown. AIM>. a two-!llalle! winged vd11de option. hJwd on earlier JS<" .. mJk'>. wa<; JdJ\!\l. 

Studies of chenucal orb.:·.•r tr.insfi:r veh1des mduded space haSt'd anJ h1rlh l;iuncht>1I opr1on· Th·· orh1t ltilll\kl ophon t .. ~,·n 
from lhl' Furure Space] ran!l(lorlalion System Analy'>l"s 'itudy \\"as found 10 h·· kai.r .:0<11 .11111 """ rdaiui:J. lnh'..t1g.1r"m nl tlw 
mean!> of moving the SPS hardware irself from low earth orh11 to gl'1><-yndJronot1!> orh1t n1111m111:tl to mdu:atc J wgm11 •• 1111 ,.,.M 
advantar. 10 the ~lf·rower concept. 

The <'\·olution of con!>truct1on i.;0111.:erts began with cqu1pmt>nl corh:l'f'h 'flll' 11t11ial con~tmi.;lion ha~ cul\1."\'l\I \\a~ trn the ~rn1H·11 
rralion ra110 ~ ~ardlife ani.1 included litrlc Jeta1l ollh.'r lhlln owrall '\itt• and 'lh:IJl<'. Tl1t!11:umlrul"lioo bulle t11W"P' l'\'uh • .-J lo llw 
illu~tr.1t1on 'ho\\n at lhc lower right hand comer of 111,· chart Mu~I of lht: !>lrul"!ur,· ., 'lm\1111 hluck1.'J in with :.lrudtlfJI ,ll'!Jd 
only on on.: ,mall porlion ol the .:onslrm:1ion balot.'. Thi\ l."Ull!>lrucltoll b;i!lt' mdudl'' l·apah1h11,·, to l·on,tru,·1..all'llill.'111ud11k-. anJ 
tramm1lft>r anknn~ Analogou!> i.:onstnn:tmn base .:onl:eph Wl'h' Je\dopcJ for 1h,· then11,1I cll~lllt' w'h'tn .ii~>. h111 .1r" noc ..lu•\l 11 
on th1" i..hoart. 
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PRINCIPAL FINDINGS 

Principal findings of the study are summarized on this chart. The remainder of the executive summary section of this hricfong fol· 

lows this gener.al outline and provides substantiation of the statements. 

8 



Principal Findings 
________________________ ._ ______________________________________________________ .,.,....., ______ _ 

POWER TRANSMISSION 

ENERGY CONVERSION 

SPACE CONSTRUCTION 
OPERATIONS 

SPACE TR~SPORTATION 
OPERATIONS 

SPS SYSTEM COSTS 

CONSTRAINTS DICTATE THE DESIGN 
- DFTAILED MICROWAVE LINK ERROR ANALVSl$CONF1Fml0 

ATTAl,,ABIL.ITY OF ACCEPTABLE LINK EFFICIENCY 

- SILICON PHOTOVOLTAIC BEST OVERALL CHOICE 
POTASSIUM RANKINE 8ACKLW CHOICE 

ASSEMBLY LINE FACILITY KEY TO HIGH PRODUCTIVITY 
LEO CONSTRUCTION LOWEST COST 

LOWW COST DUE TO TRAFFIC LEVEL, UOT NEW TECHt«>LOGY 
- PAYLOAD VOLUME IS LAUNCH VEHICLE DESIGN DRIVER 

- POWER COST IN 4 CENTS/kwh RANGE, COMPETITIVE 
BY Y.EAR 2000 

SYSTEM DESIGN FLEXIBILITY KEY TO COIT CONFIDENCE 

9 
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CONSTRAINTS DICTATE POWER TRANSMllTER DESIGN 

A systems analysis of power transmitter desigr. considerations was conducted. The design process illustrated here controls the 

detenninaLion of transmitter de!>ign. The desired power distribution voHage of 40 kv is a compromise between distribution effi­

ciency and mass, and problems and risk associated with high voltage distribution. Power distribution is matched to klystron oper­

ating conditions to minimizc the amount of power processing required. Experience in developing and operating klystrons has 

indicated that tube maximum efficiency occurs in a relatively narrow range of pervcance. Perveance and distribution voltage 

dictate beam current anJ the voltage and beam current dictate klystron power. Tube efficiency and thennal dissipation limits in 

terms of heat rejection capability then establish the maximum klystron im:tallation density. The current value for this parameter is 

approximately 23 kw RF per square meter. 

Ionosphere heating limits detennine the tr.insmitter ;sperture tin.its (larger aperture results in a smaller tx:am. to increase the 

ionosphere power density above whatever heating limit is established). Sidelobe limits arc quite uncertain at present but will prob­

ably establi~ a transmitter power taper of at least 10: I. Power taper. aperture limit .• md maximum klystron installation densilV 

combined to detennine the total trdnsmitter power. This power and the subarray design limits. together with power taper, estab­

lish the overall transmitter design. 

10 



0180-22876-7 

Constraints Dictate Power Transmitter Design 

~-------------------------------------------------------------------------6'~llA'I,; ____ __ 
~s 1s10 

DESIRED 
DISTRIBUTION 
VOLTAGE 
40 KV 

KLYSTRON 
PERVEANCE 
FOR 
MAXIMUM 
EFFICIENCY 

WAVEGUIDE 
LENGTH 
MUST BE 
ifl!TECiRAL 
NUMBER OF 
WAVELENGTHS 

THERMAL 
DISSIPATION 
LIMITS I 

IONOSPHERE 
HEATING 
LIMITS 

SIDE LOBE 
LIMITS 

~KLYSTRON j 
RF POWER 

70KWb 

MAXIMUM 
Kl YSTRON 
INSTALLATION 
DENSITY 
23 KWJM2 

PERMITTED 
SUBARRAY 
DESIGNS 

11 

TRANSMITTER 
APERTURE 
LIMIT·1KM 

fRANSMITTER 
POWER 
TAPER-10:1 
(10 dB) 

TOTAL t:1' 
TRANSMITTER 
POWER 

(6,000 MEGAWATTS) 

OVERALL 
TRANSMITTER 
DESIGN 
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MICROWAVE POWER TRANSMllTER DESIGN 

The main features of till' power tran'>mittn dts1~·1 i~ 1llmtrutcd on the facing pagl'. ·n11: h."ic rower amplifier ckl'Ucnt is a 70 kw 

hcat-pipe-1.:ooled klystron. EiKh transmitter eh:ment indude!. one klystron. it' i.:ontrol and support drcuitry. its thcnnal i.:ontrol 

equipment. 1h J1stribul1on WJVcgu1dl·~ Jnd ih scd1011 of radiatmg wavcguiJe. Tlw :>t1harr;iy is the bask Earth-manufol'lured unit. 

ft I'.> aprroximatdy IO meters !>tJUarc and will cont.1in from 4 to 3<• kly<ilron dcrm·nh. fhc subarrays. in tum. are integrated in the 

overall transnutter. 1::.ach trn11sm1tter indudes 6.'·J3::! 'ub<1rr;iy, '\llpported on a two·l11:r slrul fun• Al lhc hack of lhc slrm:lural 

a!.scmbly arc thc p•1wer proces'\Of\ that provide the· nn·l·";iry volt;1J!l' d1angl'S Jilli voll;tJ!l' n:gul;irion n.·<1uire~t ln the RF systems. 

Approximately 15~1, of the lutill power "processed. the othn SS ' he mg used dlt'edly by th~· klystrons without pnx.:essing or 

regulation. Power interrupters ;md switch gear an: prm1J.:d for all power supplied to the transmitter. so that the ~ctor supplied 

by any power procl'Ssor aSSl·mhly can be isolakd or shutoff 1. th·: event of failures or 111:1lfum:tions. 

The power transmitter design illus:nted is an inlcgrated design mcetmg the structural. lhcnual. dcctrical. and RF rcquittments of 

the SPS power transmission sy~tem. 
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70-KW 
HEAT·PIPE· 

COOLED KLYSTRON 

IUIARRAV 

Microwave Power Transmitter 
Design Concept _____________________ .,,.., ___ 
~ il r.tAIN ITRUCTURI 

~~l -1 ~' 
UiiJ ~ 

KL vrRON MODULE 
POWIR PAOCllllNG 
• DllTPlllUTION 



POWER TRANSMISSION SYSTEM Hl<iff UGHTS 

The pnn1:1pal fea1u~1 of the power lr.insmiuaon \)'Siem itn: in1fo:itteJ on llw fu1:inr '"'"'" Tlh· f\'h.•rvnw system ~·mplO)'" ii 10 ~I 

taper in ten sleps wuh an option beina o. fourtcen"tcp. 17-dl t;,pcr proviJin1111n ;iJdilK>nlll 10 dll of sic.lclohe 11uppmwon. 
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Power Transmission System Hishliahts ___________________________________________________ ....,.. __ __ 
.... ., 

*· CUAAUet 
MMONNM~ OWEIN mo« ••,l ttf~ 

OUTPUT POWEA Tn GIHD HlOM ICM ""'°" UflCllM.-Y OM• VMl'Nal 
EACH RlCTINNA 

ARRAY #ERTURE ,0-11'1, IAMI 
ILLUMINATION TIHJNCATIO 

104ltGAUlllAN 

lAL TERNATE tLLUMtNATIONl CM·ITf,, f'ROVt01$ AOOfftONM. ... ,,, 
07..., W&.091 .,,,,. .... 

IUIARRA •1 Sill 1oam2 ,,,....., OIOMITtHC CONITllMNTI 

NUMSER Of suaARRAYI 7llO 19J2 LHMllll MIA"" WllMY 

ERROR 8llOGET -
PHASE CONTROL !100 IAMI 
AMfl'LITUOE !1db SAME 
SU8ARkA Y MECHANICAL 13ARCMIN t1AACMIN RIOUCI LOSll 
RF DISTRIBUTION NONE ft TOTA&. LOii DlTAILEDWWY 

MALY•I 
PHASE CONTROL ACTIVE RETRO- SAME 

DIRECTIVE 
nECTENHA SIZE 10• 141irn IAafJ._ HKltflll llu:TPNA UNI r cons 

Y81LO.-Al.UAGn_..9'ZI 
MAXIMUM SEAM POWER 23,.,.1,,.2 IAMI 
DENSITY 

JS 



MICROW AV£ POWER TRANIMIUION SYSTEM REFERENCE 10 di TAPER 

The ldt.ftand plot illusrrah~\ rhc I 0 \lep. IO dB '"Pl-'' for lhc ri:fcnm1:\' 'Y'lml. The ritftl-hotnd plot thaw' the .:lual power 

density delivered 10 the pound by th1' l<tpcr p.atccrn 111dud1n1 the fitsl 4 liddoht-,. The rdcrenc.:c llper is thown in IDlid IUW.S and 

optional way\ of prm1dm1 lhc 1:1mc .amounr of filf)l.'r arc V!own ii\ dorrcd line\ A\"'"" t'.'! tct>n. diffcn:n~cs bctwnn thC' ttfttl"ni:c 

and the option~ ,.,c shatit. Tbe sidclo~ supptnw>n prov11Jcd h)' thi: rcfcrcn1..c 'Y'h:m ,., !4 dB ttsullint in• lirll lid.-lobv •I 0.1 

MfW~m2. The Ideal bc;im cff11:1en~y 1s '>li.S'ti CWirh no crroA m rtu: produ\:lion of flu: hcam. 9ti.5'-' of rhc cRCflY is in ttw INin 

lobe with the rcmamder in the \idelobc1.1 
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MPTS - Reference 10 dB Taper 
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~JCROWAVE POWER TRANSMISSION SYSTEM , 7 DB POWER DFNSITY TAPER 

It m.1~ ht: dt:'irable to pro\1dt: .1dJ1t101iJI \Jddoht: 'upprt·,,1011 lllt' p.111.:rn ,Jio\\on hc1,· pro\Jdt·, an Jdd1t1onal 10 d8 ol "dclohe 

'upprn\ll>n n:,1illmg l1I a fir,r wJ·:Jr,hl' Ind ol 01 \IW un~ ·111,· 17 dli powt·r 1.1pn I\ q11.111t11,·d Ill 14 \ll'Jh Jilt! ,1 \l1::hlly IH~t:r 

Jnlt:nna ''required to JLtommod.1k thl' Jdil111onal row,·r t.1per w1lho11r t'Xll'\\J\t.' rlrcr111.tl pow«r lo he dl\\JPJll'd at the n·nl••r nl 

lht: array. 

lk 
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THE \flCROWAVE BEAM-A SAFE POWER CARRIER 

The -.u .. tomary cngrnecrrng nJdlllJt•r <JI 1>l<1t111w thr: bcJm pdttcm 111 dn1heh k1Hh to J.:.ivc the imprt:'\\1011 thJt the '1delolY: le:el •~ 

~ignifkant "' (.<Jmparcd t<J tt1e marn h"·Jffi kH:L lhi\ plol \how'> the pattem on Jn appro··1mately Jm~Jr "-ale. nhc height of the 

i;1delohe\ ha'> h+:en exagge1 co to \O:ne dcgrcc '" thJt they (.an be '>t:t:n JI .111.1 Al\o 1111.h-..ikd arc rcprc'-Cntlllive recervmg antenn:i 

~izes and power levd'> at different lol.Jt1on\ within thi: beam 
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The l\Iicro\vavc Bean1: A Safe Power Carrier 

----------------... """"" --
(A CRO'iS-SECTION THROUGH THE SEAMJ 

,.--------- CENTRAL BEAM IT'RDIGTH 
ISZlrti1111.,2 
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DESIGN CONSTRAINTS ILLUSl'RATION 

A graphic example of the effect of design constraints is shown in this computer plot of transmitter system pcrfonnance. The 

example shown is for the 17 dB taper option to better illustrate the effect of the thennal dissipation limit and the ionosphere heat· 

ing limit. The free design parameters accessible to the designer are power fed to the transmitter and transmitter diameter. It is evi· 

dent that the system minimum ccst occurs at the intersection of the two constraint limit lines at :;a tnnsmitter diameter sli8htly 

greater than 1.0 km and a feed power of slightly over 6,000 mw. For the 10 dB taper reference ca~e the thermal dissipation limit 

is moved down and to the left so that the minimum cost system is at one km diameter and approxime>tely 8.000 Mw of electric 

feed power. 
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REFERENCE PHO'n>VOLTAIC SPS CONFIGURATION 

Shown he:e is an artisl's illustration of thl' reference photovoltaic configur;ition. it consists of 118 structur.il hays. 6<.0 meters 

square, with each structural bay supporting a planar photovoltt1ic ;irray consisting of 50 micron solar cdls int..-grat..-d with a 75 

micron borosilicate glass front cover and 50 micron borosilic11te glass hack cover. The satellite stnu.1ure is a two-t~r sraplaitc 

epoxy tubular truss structure. 

Considerable discussion has ensued over thc details of th\.' litnictural configuration. One concept "·alls for assembly of the litruc· 

turcd beams. from parts entirely prefabricated on earth. by <1h •· .. ssc:mhkr .. hc.:<1111 ;11achi11c.:. Anothc.:r conl.'.cpt call' for fabrication 

of the beams from specially prepared stOl.'.k by a "thennal fonner .. heam .'!•.ac:hine. The choice of these options has no noticeable 

effect on overall construction operations. The prefabrkate/a~~mbk• option proviJcs a mon- ideal structur.il ~ction that n'Cluc"'S 

SPS structure mass by about 1.000.000 kl! I~ ~~/"of structure m<1ss) as compared to th .. 11nally fonned beams made of closed.· 

section members. Open-sec·!lcr1 members do not provide adequate 1.:ompressive strength for this silc of structure. 
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Photovoltaic Reference Configuration 

------------------------------------------------- .OllANll----
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PHOTOVOLTAIC SYSTfM HIGHLIGHTS 

l <Jhulated on the facing page arc h1ghhght<. of !he rcfcrtfl\.l' rlwrovolla1• 'Y~lcm .011!1)!UrJl1•in 
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Photovoltaic System Highlights 

SOLAR CELL EFFICIENCY 
SOLAR CELL THICKNE88 

COVER THICKNE88 

SUBSTRATE THICKNE88 

BLANKET UNIT MASS 

CELL AREA 
BLANKET AREA 

OVERALL AREA 

SOLAR BLANKET COST 
STRUCTURE COIT 

FLIGHT MODE 

POWER DllTRIBUTION 

POWER MAINTENANCE 

________________ .....,.. __ 
17.ft C11.ft CILL WITH IAW·TOOTH COYIRI 

IO ,.m 

7l11m 
I011m 
0.427kglm2 

97.3km2 

102.lkm2 

112.a km2 

•1m2 

"°"" POP WITH ELECTRIC THRUST 

40 KV WITH 208 llOLATAILI POWER 81CTORI; 
PASllVEL V·COOLED·'>IDICATID-ALUMINUM 
SHEET CONDUCTOR6 

PIRIODIC ANNEALING 



D 180-22876-7 

N'l\llNAL EFFICIENCY CHAIN 

The normal efficiency chan1e for the photovollaic sysh:m anJ microwave pow.:r tr;tntmiuion IY'tem is comp1rcd he" with the 

JSC "greenboolc" vaJucs if the inili;ition of the study. Reasons for silftifr.;.,nt differences are indk:atcd. 



Sl's.1813 

ITEM 

SUMMER SOLSTICE FACTOR 
COSINE LOSS (POP) 
SOLAR CELL EFFICIENCY 
RADIATION DEGRADATION 
TEMPERATURE DEGRADATION 

COVER UV DEGRADATION 
CELL·TO-CELL MISMATCH 
PANEL LOST AREA 
STRING 12R 
aus12R 

ROTARY JOINT 
ANTENNA POWER DllTR 
DC·RF CONVERSION 
WAVEGUIDE 12R 
IDEAL BEAM 

INTER.SUBARRAY ERRORS 
INTRA.SUBARRAYERRORS 
ATMOSPHERE A880RP. 
INTERCEPT EFFICIENCY 
RECTENNA RF-DC 
GRID INTERFACING 

PRODUCTS/SUM8 
SIZES (Km2) 

D 180-228'76· '7 

Nominal Efficiency Chains 
Photovoltaic SPS 

.a1111111---

J8C GREEN BOOK CURRENT REAION POR DIPPIRENCI I NOMINAL 

NOT INCLUDED .9781 } THEii WI RI INCLUDID IN 
NOT INCLUDED .ltl INIRGY INTENllTV ON .. 

.173 . 

.97 
0.103 .914 ~ o. 111 SLIGHTLY llTIIR CILL; CR• 1 ... 

·" .. 
NOT INCLUDED .811 

• 92 ... } .m DllTRllUTION OPTIMIZATION 
.934 

1.0 1.0 ... .97 PROCElllNG 6 TEMPIRATURI 
.87 .81 VARIAN llTIMATI ... ·-·-.88 .... •• INTRA·IUIARRAY IPPECTI 

.911 • NOT INCLUDED IN GRllN 
• 98 ... BOOK 

•• • 90 .848 NUMERICAL INTEGRATION ... .97 INCLUDES DC·DC PROClllORI 

.0808 .0879 
108.8 

~·1 
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REFEREN~E PHOTOVOLTAIC SYSTEM MASS STATEMENTS 

The current reference mass statement is compared here with the ori1inal JSC "greenbook" statement for the photovoltak l)'tllm. 

Reasons for significant chan1es are noted. 
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Silicon Photovoltaic Mass Properties Summary 

----------------------.a..------------------------------.... -------------------11111111tN111------IP$.tln 
ITEM IJSC .. GREEN BOOK" CURRENT MASI AEASON FOR CHANGE MASI 

MULTIPLE/COMMON 
USE EQUIPMENT (3467j t!IM) 

PRIMARY ITAUCTUAE 291'3 la • DUIGH LOADS 
OTHER 484 249 

ENERGY COLLECTION f5731) co, • CHANGE TO CR• 1 

ENERGY CONVERSION '28171) '437&0) • CHANGE TO CA • 1 
(SOLAR BLANKETS) • Ga.All CILL COVERS 

POWER DllTRIBUTION (3000) (2391) 
POWER TRANSMISSION f11371) C25212) 

STRUCTURE 1210 !GO • SUBARRAY STRUCTURE IN 
IUIARRAYI 

POWER DIJTA 187 6116 • PAOCEllORS 6 THERMAL 
CONTROL 

MICROWAVE 8146 13490 • THERMAL CONTROL 
GENERATORS 

SUBARAAY STA 6 4002 4314 
WAVEGUIDES 

CONTROL ELEX 368 910 
OTHER 788 72 • GREE,. BOOK CARRIED 

ROTARY JOINT IN NITENUA 
MASI 

SUBTOTAL 58240 76994 • DETAILED UNCERTAINTY 
GROWTH f50%) (28120) f2&.6%) (20506) ANALYSIS 
TOTAL 84.160 '97499 

JI 
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REFERENCE PH01 OVOLT AIC SPS MASS ESTIMATE HISTORY 

The mass estimate: h1slor1 for the photovoflau. SPS, lhrou~h the lond.i<:t ol the sy'>t1:m dcfm1tion \tud)'. 1s shown here. The point 

of departure estimates come from the JSC gn:cn book. Energy Lonverrion sysh:m dcliulcd '"a"" estimates wcrc available by the 

Part I m1d·tenn. The principal rea'K>n for IOLrt:aM: was the add1t1on of boro\ihLalc glots\ i:over.. on the \Olar 1.:clls. in1.:rca\in1 thc unit 

mass of the solar blankets substantially. 

Some rcduclion of slrm.turc ma~ for the cncrl)' l11nvc"1on ~ystl·m rnulkd in the vah1c' shown for the P;irt I. fin:.il. During this 

time. an arbitrary 50'% mao;s growth otllowam .. I.' was l amcd. W11h mit1Jl10n of Part II ol •he stmJy . ..t'fort wa' bcaun on lt1t power 

transmission system By the mid·knn of Part II. detailed mass csllmates were available. Tlll'W ma's e'itimatcr; rewired 1n a signifi· 

1.:ant increase m the power transmission syo;tc:m primJrtly due: to 11'11·~• requirement\ determined tor thennal i:ontrol system ... This 

time abo. a ma\s properties rc~1c:w suggc\tc:d that with the a\J1lab1lity of comparatively dd<1iled mau c:1t1matcs and the general 

la1.:k of c~alatmg fador\ mti:mal lo the SPS design. a :?5'1' ma\\ grn"' th allowan~l· v. ould be more appropnall' During th~ finill 

part of the Part II effort. a det4tiled um:ertamty analyse\ wa\ c.:ondu!.kd a11d pr1:d1ded a ma~'> 1rowth of '.?h.6'1. Thi" l'Owth 

allowani:c Wa\ in1.:orporated m the final mus statement. 
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Reference Photovoltaic SPS 
Mass Estimate History _________________________________________________ ..,,.. ___ __ 

GROWTH ALLOWANCE 
(60%, 

.• ,,., 
(21.ftJ 

1 
UNCERTAINTY 

FIRST DETAILED SWITCH FIRST DETAILED ANALYSIS 
MASSES ON TO MASSES ON RESULTS 

ENERGY CONVERSION CR•1 MPTS INCLUDED 

POINT PART I PARTI PART II PART II PART II 
OF MIDTERM FINAL START MIDTERM FINAL 

DEPARTURE MARTI MAY TI JUNE 77 AUG TI DEC TI 
DEC78 
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THERMAL ENGINL REFERENCE CONFIGURATION 

The anisl's 1Jlu\lrat1on sho-. .. the thi:rrnal Cll!!llll' ~0111i~ur;1ltOl1 I f'lw il1ll'1lrallOl1 "IOW' thl' moJuk ;irra111~·J 111 ,1 ·' ll 5 (latkm. 

whert:as the 1.'Urrenl l.'onligt1rat1on IS a 4 X 4 pJtkm ) h1d1 llJu.fuk ~·on\i'>I\ of a la\."1.'kll rlai.lk film ~·om:cntrator !lll('portcll hy 

a tubular tru\S grapl11tc \tmdurc. a l ;ivil> .1h..cirhcr Wllh .l6 f<.111kinc lurho~·twralor' ;111J p11111~ 11~ r ;ih'>Ortx·r. Jilli tlu: 01.'l.'niar)' 

thermal radiators for wa!>te hi:at rcjl'l.'llon. 
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THERMAL ENGINE HIGHLIGHTS 

Tabulated here are the prin~ipal ieatu~o; of the thennal engine system dc~1i;r. 
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Thermal Engine Highlights 

----------------------------------------------------------------------------•llllN.O------Sl'S-1674 

TU~BINE INLET Tt:MPERATURE 

TURBINE EXHAUST TEMPERATURE 

TUABOGENERATOR SIZE (NOMINAL) 

TURBOGENERATORS PER SPS 

MODULES PER SPS 
RADIATOR PROJECTED AREA 

CYCLE EFFICIENCY 

REFLECTOR FACETS 

SATELLITE ORIENTATION 

REFLECTOR FACET THICKNESS 

TOTAL FACET AREA 

POWER DISTRIBUTION 

MAINTENANCE 

1242K (17760f) 

932K (12180f) 

31.4 rAW 

676 (6 ARE "RESERVE") 

16 

1.15 KM2/SPS 

0.189 

116,000 

PERPENDICULAR TO ECLIPTIC, ELECTRIC THRUST 

2.5 µM (ALUMINIZED ICAPTON) 

119 KM2 

40 KV, PASSIVELY COOLED DEDICATED ALUMINUM 
SHEET CONDUCTORS, ANTENNA JOINTS INCORPORATE 
DIURNAL AXISWITH SLIP RINGS AND ANNUAL AXIS WITH 
WIND·UNWIND CABLES. 

MALFUNCTION DETECTION SYSTEM FOR SHUTDOWN OF 
INDIVIDUAL TURBOGENERATORS AS REQUIRED. 
PERIODIC MAINTENANCE. 
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THERMAL ENGINE MASS PROPERTIES SUMMARY 

A mass statement for the therm;~) engine refcren<.:e system is presi:ntcd here. There was no Lornr<1rablc "grecnbook" rcforcm:e at 

the beginning of the study. With growth induded, tlte two mass statements are e~si:ntially equi-.alent. Thi.' growth atlowam:es 

resulted from the detailed unLertJinty <1nalys1s. Be<.:JU .e of the somewhat greattr maturity of the thennal engine technology rhc 

pred1<.:ted growth was slightly Jess 
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SPS Thermal Engine 
Mass Properties Summary 

-----------------------...1.-----------------------------------------------------•llllNO --SPS-1875 

ITEM 

MULTIPLE/COMMON 
USE EQUIPMENT 

PRIMARY STRUCTURE 

SATELLITE CONTROL 

COMM.& DATA 

MECH SYS• OTHER 

ANTENNA YOKE 

ENERGY COLLECTION 

SUPPORT STRUCTURE 

REFLECTOR FACETS 

ENERGY CONVERSION 

CPC & LIGHT DOORS 

CAVITY ABSORBER 

THERMAL ENGINES 

RADIATORS 

FLUIDS 

POWER DISTRIBUTION 

MICROWAVE POWER TRANSMISSION 

TOTAL 

RANKINE 
THERMAL ENGINE 

DB 
774 

1450 

4 

200 

234 

gi 

6264 

1837 
40084 

324 

1000 
21933 

10769 
6058 

4978 

25212 

81027 --
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REFERENCE THERM..\.L ENGINE SPS MASS ESTIMATE HISTORY 

The therma: t,;ngme mas!> e~tim;1tc history goe~ ha..:k to Boeing IR&D work n>ndm:ted bt-gmning in 11172. Tite specuic values 

she w11 for ! 973 a.id 1975 came from papers puhlished in the technical literature. These papers dill no, address the mass of micro­

wave puwer tran!>lmssion sy'item!> and early t•stiJmtes availablt• from thi: lit:.-rature weri: quit•.• opt11111stic as can he seen. 

The pomt of departure mass cst1mo.tt• repre~enkd the fir!>t completdy integrated ther•tJI engine de!>ign with all interrelationships 

m this complex '>ystem properly n:pre .... ·nted. Till' pow,•r tran'imi~sion system m,•\!> at that time was taken from Raytheon puhlii:a­

t1on!>. Brayton s.y-;tem ..:ydt· ort1111i1al11>11 brought lht· ma~' dow:i ,ji~hlly hy till' Part I mid-term. wheri: also the JSC microwave 

power transmitter mass was adoptt·d. By t•1c Part I final. additional mass redul"l1ons resulted from the adoption of the 16 module 

configuration as 1.ompared to the 4 module ..:u11figur;it1on. 

lt.e continuing reo11ct1on m rnergy conversion o;;ystems mass wa!<> dm· to I ir'il. the !>Witch to the Rankine ~ystcm and sel·ondly. elim· 

mat1nn of the oversued 1.."om:l"ltrator originally thought nece~s.ir) lo u1111pu1~ate for thl· lkgradation of pl.l'tii: film reOcctor!>. 

Thi: power tran'im1ss10n ~y,tem ma,!>c' for lht· thennal engme and photoH>lla1..: '} 'tt'm!<> arc c11uivalent The untcrtainty analy'e'i 

predicted a 2or;; mass gr<'wlh for the tht·nnal eng11lt' ~y,11· ·1. \omcwhat l•:s!<> than fo1 the pliolmoltai• !.)'~tem. J!. lll1ght he expcd•:d 

due· to the !>OOH wh.1! grealt'r maturity of the tcch1:0Jogy 
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Ref ere nee 1'hermal Engine SPS 
!\lass Estimate History 

-------------------... NW/I.--

Clft) 

GROWTH 
ALLOWANCE 

(60%) 

.~,., ..,., ,.., 

JSC 
MPTS 
MASS 

ENERGY CONVERSION Ii OTHER ~ t 
SWITCH FIRST UNCE RTAINTV 

TO DETAILED ANALYSIS 

RANKINE MASSES RESULTS 

ONMPTS INCLUDED 

1975 POINT PART I PART I PART II A 
IR&D OF MIDTERM FINAL MIDTERM FINAL 

DEPARTURE MAR77 MAY77 AUG77 OEC77 
DEC 76 41 
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PHOTOVOLTAIC n THERMAL ENGINE ASSES.~\IENT 

Highlrghb of th.: ovt:r:ill assessmf'nl ar: ~ummara.1.ed. 
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Photovoltaic vs Thermal Engine Assessment .. ,, .. ---... , ... 

• NO SIGNIFICANT DIFFERENCES IN SATELLITE MASSEI OR COSTS 

- Photovoltaic is simpler but thermll .,._ tBChnolotY Is more mature 

• COMPLEXITY OF THE AMAL ENGINE •S INCREAIEI OPERATING C08TI 

- L..., construction aew.,... fdity 

- Lower pldcegln1 density 

• OVERALL 5% TO 10% SYSTEM COST ADVANTAGE FOR PHOTOVOLTAIC 

- But ......... ls llftlitive to.., bllMel production -
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PHOTOVOLTAIC PREfERENCE IS SENSITIVE TO SOLAR BLANKET COST 

8e1.<&usc of the 1 ~1.crt<1mt)' and c.;ontroveny n:prd1nj w 1ar blanket i.:ost project1vn1. the 1ensitivity of the photovr>ltaN: system to 

'°'.:r bl<1nket 1.<»t 1s important Shown here <1re the study median proje1.t1ons for one SPS per year and four SPS. per year com· 

pared to the Dcpartment of 1:.nerl)' 1985 1oal and Department of Enerl)' post-1990 pr0Jcr.:tion1. lnOuenc.;c: "" SPS totlll system 

1.o~t 11 shown for t<11.h 1.<1M:. Alw shown are '!"le 1.omparative thermal c:nasne 'ystc:m c.;osh whi.:-h indicate at what point an ini:rease 

m wlar blanket 1.ost would molivate a 1.han1e to the thennal engine 1y1tern TI1i1 ~hanae °"-"Un Iona before an unacceptable 1.ost 

levd •~ reached 
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Photovoltaic Preference is Sensitive 
to Solar Blanket Costs 

-------••11M11-

• • -4-TH&RMAL ENGINE IVIT&M COST f4 Pl/YR) 

4 1 
PEA PER 
VEAR VEAR 
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SOLAR BLANKET COSTS, DOLLARS PER WATT 



DI 80·22876-7 

PHOTOVOLTAIC SPS CONSTRUCTION FACILITY ARRANGEMENT 

lllusrrared here is the construction facility arrant1emenr rhal arose from Ult' construl.·fion base deflnirion effort. Ir is a combined 

power transmitter an1enna and photovoltaic eneray conversion consrn1dion facilily. The fadlity is comprised of a C~lamp-shaPt'd 

truss structure. The strudure is shown boxed in for mosr of the facility lo clarify lhe illuslralion bul would achaally a11pcar as 

indicated by the "actual structure" callout. Overall facility dimensions arc 1.4 x 2.8 km. Crew modules and launch vehick dock· 

ing stations are shown approximately to scale. TI1e crew module' 11re sized for I 00 pco1,le ( 17 mcten diameter by 23 meters 

h:.1gth ). The facility includes 4 b;iys dedh.:atcd to stru1:ture manufacture and 4 h;iys d<!dicated to solar blunket and equipment 

installation. Additional detllals of the various construction conwpts. <>J>\:rations ;1nd timdiau:• arc descrirn.'d in more detail lutier in 

this briefina book. 
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Photovoltaic Construction 
Facility Arrangement 

--------------------....11...------------------------------------------------•llllNO __ __,_ SI'S 1657 

LAUNCH 
VEHICLE 
DOCKING 
STATIONS 

47 
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CONSTRUCTION HIGHLIGHTS 

The most significant comparative construction factor~ for the prin1:ipal options al'\' 1:om1,ared. 
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SPS-16~ 

• CREW SIZE 

AT LEO 
AT GEO 

TOTAL 

• CONSTRUCTION TIME 
FOR 1 SPS 

• CREW WORK SCHEDULE 

• CREW STAYTIME 

• MAii' BASE SIZE 

• BASE MASS (METRIC 
TONS) 

AT LEO 
AT GEO 

• BASE COST (LEO & GEO) 

• HLLV LAUNCHES TO 
DELIVER 

0180-22876-7 

Construction Highlights ... ,,,,. 
PtiOTOVOL T AIC THERMAL 

LEO GEO LEO GEO 
CONSTRUCTION CONSTRUCTION CONSTRUCTION CONSTRUCTION 

540 650 816 836 

480 70 760 106 
60 480 66 730 

540 

1 VEAR 1 VEAR 1 VEAR 1 YEAR 

10 HOURS/DAV, 6 DAYS/WEEK, 2 SHIFTS 

90 DAYS 90 DAYS 
' I 2.8" 1.8. 1.0 km :J 

5870 
770 

61 

8.2 BILLION 

750 
6635 

93 

900AYS 90DAYS 

2.8 x 1.8 x 1.0 km 

9350 
850 

81 

1160 . 
10040 

12.4 BILLION 

144 
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CONSTRUCTION RE~ULTS 

Principal results of the construction analysis are summarized here. 
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Construction Results 

-------------------------------------------------------------------------------------------~11~1~11----­SPS-1659 

• REQUIRED CONSTRUCTION RATE DETERMINES BASE SIZE AND QUANTITY 

Bases analyzed were sized for 1 SPS per year 

• BASE AND EQUIPMENT COSTS ARE SIGNIFICANT 

Effective Utili.lation is Essential 

• LARGE PAYLOAD VOLUME AIDS CONSTRUCTION BASE TRANSPORTATION 

Packaging density is aoout 40% that for SPS H11rdware 

• FACILITY DESIGN HAS EVOLVED TO ASSEMBLY LINE CONCEPT 

Maximizes crew and machine productivity; minirni1es saUtlliUt de'ign impact problems 

• CREW ARE PRIMARILY MACHINE SUPERVl!,ORS 

Little "'no spacesuit w.>rk 

• ONBOARD LOGISTICS IM?ORTANT DESION FACTOR 

Hardware 1hroughput is 1 S tons per hour 
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REFEP.ENCE HEAVY LIFT CARGO LAUNCH VEHICLE 

This arti~t\, 11lustration slnws the reforcncc heavy lift launch vdm:k at the tim.: of sc~·muJ stage !oep<1ration. Tiu: hooster is an 

oxygen/hydrocarbon system equipped for down-range p<Jwcrcd soft laml111g at sc<1. llw upper stage employs oxygc.-n/hyc.Jrogen 

propellants and mdudes a retractable tdc!.1.:oping payload shr01 .• d 10 provide large-volume accommodation for the low-density SPS 

payload. The payload bay size is 17 meters diameter by :!3 meters cylindrical length. Tht> upper stage b al\O equipped for down­

range sea landing. 
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Reference Earth Launch Vehicle 
Depicted at Stage Separation 

------------------------------------------------------------•.OllNG-----SPS-1702 
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LAUNCH SYSTEM OPTIONS 

Two pnmary launch sys rem options were lhara1:teritt·d. a halhstil: two-stagt> heavy lift vehide illust1;itcd on ii previou" ;; .. ,;t·. ;.!fld 

a winged two-stage heavy lift veh1de The d~tferen'-'cs in pt•rfonnan'-'e between thcst- two option" wcn· \\:!II w;1:11n the unwrtatnty 

of pcrfonnance estimation. 

The identified advantages of each are indk";ited on lhe t:hart. The winged veh1de imfo:.ih.'d som1:whal h1ght•r lkvdop11wnt and unit 

1.:ost The tmn1.:1p.d issue hctween the two "Y'>ICm'i 1<. \ea hmdiniz vcr'ill'i laod l;im.ling. ·nw -.ca I.nu.Im!! mock n.·c111irc"i r•:starl of 

'>ome of the rocket engine> lur !>larl ot !>J1Cl1al lamlmi: en11111c'>I for the 1)owcred ktdown 111to the watt'r .md the hardware 1<. 

exposed to tJie sea sail wakr e11vironmcnt. Tiler'<! is also soml' L1n•·crtainty as"°uati:d with land mg loacl!> to he l'l<P"'riem:c:d upon 

water contact. Thl' winged hmd land mg vehidc avoid., thc\l· i\'>lll'!> 8t'l":JU~l· of lhl' wml· tloom profill'" for a~cut and rl'entry of 

tile \·chides. and becauSl· the hoo.,ter rcquirn down rangt• land landm~. the wmgl·ll ,y-,1e111 111r· ,t(uees Mgnificmt laund1 and 

n:1.:overy s1lmg issue'> No "iU1tablc do·~·n r<m)!,. land landing o;ik' ;m av.11lahk for K~· lau11d1. Po1t·nt1.1lly attra1:tivc sit<!!>. with 

regions of ,1g111fi1.:anl SOOK hoon: overprc, ... urc hc11111 under goVL."nlllll'Jlt ~antrol. •:x1 ... t in th<' ..authwi:s:l·rn United Stall'<; n1.-"it· 

'>Ile" are further north than KSC" a11d 111tr0lh1~i.: ad1ht1011al P<'rfonnanl"l' Pl"nalt1l''> ·'"ol'iakd with tile pl.Jill' d1;i11~'t' rl'<Jlllred lo 

ach1evt" a zero-mdination ~eosyn'-'hronou' orh1l. Other altcrnat1ve \ites t·.ave not been i<kntilied. 
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BALLISTIC VTOVL 

• LARGE PAYLOAD VOLUME 
READILY PROVIDED 

• SEA LANDING AVOIDS 
RECOVERY SITING ISSUES 

• >SLIGHTLY LOWER COIT PER 
FLIGHT 

WINGED VTOHL 

• LAND LANDING AVOIOI 
SEA LANDING 6 RECOVERY 
lllUEI 

• ENGINE START /REIT ART NOT 
RIQUIRIO FOR LANDING 



PAYLOAD DENSITY IS DESIGN DRIVER 

The payload densitie11 achieved for the photovollilic and thcnnul enair1e confiaiurationa are c:ompared here. Elu:epl for the power 

transmission system, the difference in photovoltaic 11nd them1al enaine systems would be far mo~ •lriklna. 

The ballistir. launch vehicle system has ii theoretical payload density of 7S ka per l.'ubic mtter based on the available cylindrical 

volume within the payload shroud. However, a.;;tual payloads are more rectanaular or irreaulilr in shape and the payload d.:nlity 

required for payload •)il'-kllMCS lo reach ii mass limited condition m tlus shroud is approxim11•ely 92 k1 per cubic mctc.!r. As indi­

cated, lhe photovoltaic system sliptly exceeded this Villue wherus the thennal en1ine system does not reilch if. Al diS1.:ussed in 

more detail in the transportation section of the briefina. the least cost solution to the thennal ensine volJme problem was to use 

expendable shrouds cf considerably increased volumetric capability. 
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Payload Density is Design Driver 
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TRANSPORTATION SYSTEM HIGHLIGHTS 

Tabulated on the facin1 paase an: the prini:ipal features of th~ SPS trt1nsport11tio11 S)'"tems. 
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Transportation Highlights 

--------------------------•••1••--
• CARGO LAUNCH VEHICLE (REFERENCE) 

• 2·STAGE BALLISTIC FULLY REUSABLE 
e VERTICAL TAKEOFF, POWERED VERTICAL SEA LANDING 
• GROSS MASS 10,000 TONS WITH 390 TONS NET PAYLOAD 
• PAYLOAD VOLUME 17 x 23 M (13.3 M3/TON; 76 kg/M3) 
• L02/KEROSENE BOOSTER; L02/LH2'ECOND STAGE 

• ALTERNATE OPTION IS 2·STAGE WINGED VERTICAL TAKEOFF, 
UNPOWERED HORIZONTAL LAND LANDING 

• PERSONNEL LAUNCH VEHICLE-MODIFIED SHUTTLE, 71 PA811NGIR8 

• PERSONNEL ORBIT TRANSFER VEHICLE 

• 2·STAGE FULLY REUSABLE L02/LH2 OTV 
• 75 TO 100 PAS!:ENGERS DEPENDING ON CONSTRUCTION LOCATION 

ANDSPSTVPE 

• CARGO ORBIT TRANSFER-ELECTRIC·PROPELLED SELF· TRANSPORT or 
SPSMODULES; 180·DAV TRIP 

• OPTION IS FULL V REUSABLE LOz/LH2 OTV FOR GEO CONSTRUCTION 
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HLLV ASCENT OVERPRESSURES 

This figure shows the sonic boom overprcs"m.: 11Cncn1h:d by the Heavy Lift Laund1 Vehicle fHLLV I durin)l ascent as II function of 

ground location. This figul't' is applicable to either the win~d vehicle or to the l>allistk vehicll.'. sin~-e the plumes and tnjectories 

of these two vehicles are nearly the sami:. and it is the plumt• rather than which: size which controls the masnitude of' the boom. 

The combination of vehicle trajectory and acceleration results in the seneration of a caustic or "focal zone" retlon in which the 

sonic boom overpres;ures are much Jarger ~han they would be for steady niaht. Overprewres in this very localized reaton will be 

about 25 psf. The besinnin1 of the "focal zone" is located 31 nmi downranae from the laund1 sile. The overprcuure de4:reaws 

rapidly to IO psf at a point 34 nmi downrange from the launch site. It has dropped to 2 psf 65 nmi downr1n,e from the launch 

site. These overpressu~s are about three times ;as larF as those 1en1:rated by the Suturn V. 
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HLLV Ascent Sonic Boom Overpressures 
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SENSITIVITY OF HLLV ASCENT SONIC BOOM OVERPRESSURE! TO VEHICLE SIZE 

This figure shows the sensitivity of the sonk hoom overpressure!\ under the a~ent night track to the si7.c of the HLLV. HLLV size 

was varied by varyina the number of enaines and, thereby, the plume size. The overpreuurc in the "f04,;al zone" de\:n:ases from 

25 psf to IS psf when the number of enaines is reduced from I ta to JO and from 25 p11f to ·' psf when the numher of engin.:s is 

reduced froM IS to 5. 
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Sensitivity of HLLV Ascent 
Sonic Boom· Overpressures to Vel1icle Size 
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LEO/GEO DIFFERENCES 

One of the principal issues addressed by this 'ih1dy was relative evaluation of n>nstrudion in low l'ilrth orhit versus con'itruction in 

the geosynchronous operational orbit. The summary !able presented herl' provides an evalu.1tion of the differences in tenns of 

qualitative factors and projected cost differences associated with these factors. In lcnll'i of recurring costs. by far the most signifi· 

cant difference is associated with tht• laund1 rate. A slight advantoige to LF.O co1htrul·t1on is seen in construction requirements. 

This difference is a~ociateu primarily with difference in the transportation co.its for thl· l'Onstruction facilities and news at LEO 

as compared to GEO. 

Principal design impacts on the SPS include oversizing of the solar arrayo; to compensate for radiation dl'gradation and mismatch in 

solar cell perfonnance associated with this dl.'~rad<ition. It i'i estimated that mo't of thl' degradation will be recovered hy annealini. 

Solar cells degraded by the orllit tramfcr alter ;111nl'<1l11111 wouhJ h;iw ;ihoul 95~1, of the output ol tl10Sl' not degraded. Althou(Zh 

only 15~ of the solar cells an.· !>O de11raded. thl· mi'>rnatch loss is additive to thl· dcgrad;it1on loss and result' 111 a 5'}: nwrsi1c 

n:quirement. In addition. there is a differenct• in structural mass dUl' to the redumlanl'Y in structure requm·d to modularize the 

satellite. Satellite modifications a\socrnted with power distrillution lo the dcclril thru,tl.'rs are included in orbit transfer system 

costs. 

A total differential of S 16 million per SPS ha' hl·en ;issoci;ited with opl·rationJI complcxrlil'' of till' sc!f·powerl.'d transfer OPl'r;a­

tion. Additional significant foctor' are the diffl"renl.'l'' m inlcrl·~t during l.'onstrul'lion a~sociatcd with loni.il'r merall l·onstrul.'tion 

time requi1~·J for LEO construction and diffl·rcnccs in the cost growth rc!>ulting from its applkalion as :J l·onstant f;11.:tor on owrall 

costs. 
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LEO versus GEO Construction 
Summary of Differences -----------------------------.. ,, .. __ 

• HLLV LAUNCH RATE, 1400/YR VS 3064/YR 0 4 YR, 
360/VR VI 788/VR 0 1/VR 

• FACILITY DELTA COSTS • STATIONKEEPING PROPELLANT 800 KG/DAV • CREW SUPPORT 

• OVERSIZING FOR RADIATION DEGRADATION 
• DEL TA STRUCTURAL MASS· 814 TONS LESI FOR GEO 

• INCLUDED IN SPS DESIGN REQUIREMENTS IOVERSIZING 
COMPENSATES FOR OUTPUT AND MISMATCH LOSSt 

• HIGHER LAUNCH RATE FOR GEO 

• ORBIT TRANSFER HARDWARE IN OTS COST 
• DELTA INTEREST DURING CONSTRUCTION 

• NO DIFFERENCE IN NUMBERS OF VEHICLES IN FLIGHT • 

• MORE COMPMJC MONITORING FOR OTS. 
BERTHING E UIPMENT INCLUDED IN GEO FACILITY 
FOR LEO CONSTRUCTION 

• COLLISION AVOIDANCE PROPELLANT 
• OBJECT MONITORING COST 

• OTHER FACTORS ITEMIZED IN THIS TABLE 
• DELTA GROWTH (FACTOR ON DELTA COSTI 

• HARDWARE/SOFTWARE COSTS REFLECTED Al OTS COSTS 

DEL TA COST IN MISSIONS 
PER SPS CGEO • LEOI 

RECURRING INITIAL NON· 
(4 SPS/VR) RFCURRING 

HLLV • 2,648 

OTV • 20& 

.303 

·10 

·1 
-5 

158 

·1~ll l~:r1T 
INVESrMENT) 

530 

1,715 LAUNCH 
FACILITY COSTS 

TOTAL COST DIFFERENTIALS 1,995 2,512 
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SPS COST FACTORS 

Although the sps·s are big. !hey are relatively simple designs employing highly repetitive elements. TI1c combination of siZe and 

simplicity achieved in an SPS is probably only attainable in a space system. It allows the economies of scale to be comhined with 

the economies of mass production to minimize the hardware costs. An additional factor in minimizing the hardware cost is that 

the design loads and other design conditions in spaL·e are of minimal effect on the system. Consequently. there systems are com· 

prised predominantly of directly useful elements. i.e., solar blankets. with the investment in support systems such as structure and 

• controls being a very small part of the total cost. A further attractive feature of the ~pace location i1' that the very small differen­

tial gravity loads allow easy movement of SPS's under construction with respect to the construction facility. allowing an a55embly 

tine approach to construction. 
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SPS Cost Factors 

-----------------------------------------------------------------------------------------1111~1t1V111----· 

• SPS'S ARE BIG BUT SIMPLE DESIGNS EMPLOYING REPETITIVE ELEMENTS 

Economics of scale combine with ~aomics of m• production 

• DESIGN LOADS IN SPACE ARE MINIMAL 

Overhead costs associated with support systems are • small part of ._ tolll 

Assembly operations use production 1ine approech 

• SUNLICHT MORE THAN 99% OF THE TIME 

Solar collectors "work hard" for maximum cost effective... 

little or no stor8'19 required 

• TRAFFIC LEVELS ALLOW REALIZATION OF LOW·COST POTENTIALS 
FOR SPACE TRANSPORTATION 

Fully reusable vehicles economically justified 

Frequent flig.its allow cost4ffective operations 
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PROGRAM ASSUMmONS FOR COST ANALYSES 

In order to develop cost data for the SPS syst•.ms, several program 11.sumptions were necessary. These assumptions cnrrespond to 

a direct development of tht" SPS systems studied •mder this contract. They do not represent recommendations as to a :nost desil"' 

able or most practicable SPS program. The last ~..sumption relates to the fa.:t that most of the mass growth seen in these.· systems 

(as a result of the uncertainty amdyses) came from the efficiency chain. with the reference design efficiency being somewl~at more 

optimistic than the median value resulting from the assignment of uncertainty ranges to the cfficiency chain. (Under the bi 1ariate 

normal distribution assumption used in the uncertainty analy~s. ch~ most probable value for any item is the mean of the 

extremes. This is believed to be realistic model for this kind of uncertainty analysis. I It i;; expected that the losses in efficien :y 

in the early systems will be reco,erable through a normal process of produ<.t impro\em..t1t. Therefore. the growth ahowances 

applied to the 1-SPS-per-year case: were reduced for the 4-SPS-per-year case. 

68 



........ , 

Pro~ram Assumptions for Cost Analyses 

--------------------------------------------•lfllNllll----

• AFTER 11 TECHNOLOOV VERIFICAT1uN PROGRAM, INVOLVING GROUND AND FLIGHT 
PROOR~.MS BUT f'IO NEW SPACE VE:HICLES, DEVELOPMENT OP THE 10,000 MEGAWATT ... 
AND IT'S ASSOCIATED SVSTEPt4S, BEGINS. 

• THE PRODUCTION CAPACITY INITIALLY DEVELOPED 18 SIZED FOR A PflODUCTION AATI OF 
ONE SPS PER YEAR, BUT DOES NCT INITIALLY ACHIEVE THAT RATI!. 

• THE EARLY IPS'S INCUR THE MASS GROWTH PREDICTED BY THE UNCERTAINTY ANAL\'811. 

• av THE TIME A PROOUCTION RATE OF POUR PER YEAR HAI BEHN REACHED, MAii 
GROWTH HAS BEEN REDUCED BY PRODUCT IMPROVEMENT. 
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COST ANALYSIS METHOl>OLOGY 

The overall cost ;11101ly~i' llll'lhodology •~ Llia11r;11111m•d 1>11 tlw IOIL'llllt 11at1L'. It h··~m~ with lllil'I~ ,•,timal•')o .111d 'i~''ill'lll lh:~·ription' lor 

the retercncc S)''ltcms. Tiu: sy,.ll"lll dc,.aiptao11~ i1ll1•w sdL·dion of ,·mt cstam;aling rclat.on .. hil''· l'hL'M' 11rc uwd lo l'llcrci~· lh•· 

Bot'ang raramclm: L'O!!.I modt'l 10 iicnl.'rat•· ;111 ;al.'ro,pan· l.'ll'lt L•stimat .. · for l>l>T&I :and f1rl>I unit ··mt. Tlw acroi.rill.'l' first 11111t "·osts 

;m• then run thro1111h a matur•· mdu•.tl) analy''" tlrnt "l'l'liL·~ produl'laon rat•• tador~ a•·~·1111l111i: lo th•· l'f0ll11l'l1011 rate r•·111111.·1I lor 

cada !>)'~tern eh:ml.'nt. I h•· tot;1h·ll mall•r•· 111du .. try \''t1111.1t•'" ar•· thL'll mlju"t\'ll i'ur 1111,·1·,.,, d11n11~ ,·011,1n • ..i1on an" lur ··n .. t itrowth 

corrc,r1111d111¥ to lllll'i!> )!rnwth a11 rr•·d1•·t\·d hy th•• llllll'1lai11t)' aw1ly""''· lh•'M' f11'11\11k th,· fmal rroclul'110111111it ,.o,h for I SPS 

per )'l.'ar mHI 4 SPS\ pl.'r yc;1r. 
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Cost Analysis Methodology 
____________________ ..... _______________________________________________ •••Nllll-----
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MATURE INDUSTRY METHODOLOGY CONFIRMATION 

·1 he malurl' indu\tr) cmlml! approad1 wa!I de.doped hy [Jr. Joe< iau1tcr h;iv:d on inform.1tion drvcloped tlurin:,, IR&O im11yses of 

dcs1gn-to,o!>t. el(pcncnccd 1.:osts for lOl111nerdal o11r1:raft and otlll'r !t)''tlcm~. imd 'tlat1slical lOrreliltrcn' for flna11di1l 1nt.I produc· 

t1on factor~ for a wide variety of 1.:omml'rl ral ind11,1nc' It wa'i 1ud1ed to he dl'\lt..ihlc to ~pol·c.:hcl·k tl11: mature industry pn.-dil·· 

lions. A total ol hw ~pot d1c1:k' were madl· .1, rnlhcalcd on the farn11 f>ilJlt'. ·nu:~c indudcd \Olar hlankch. iraphitc. structure!<. 

kl)''>tron'>, potil'>'>IUm vapor turhmc!I. t1nd dnlromal(nelK lrquii.J pola,\lu111 kcd pump' In all .. aw:.. the mature indu,try prujcd1on 

wa., well within the unccrta111t1c' that would he l''JWll\'tl lor the l<i.itl ol l''"' c'il1111all'' twi1111 tt1i1tlc. ha'tl·d on the~ c'<amplc~. we 

believe the mt11ure mdu!ttf')' methodology to he an appropnale l'fhl e\l1m.1tin1 p1ml·durc for SPS 'i)'\h:lllll>. 
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Mature Industry Methodology Confirmation 

SOLAR BLANKETS 

GRAPHITE EPOXY STRUCTURE 

KLYSTRONS 

TURBINES 

PUMPS 

MATURE INDUSTRY 
PROJECTION 

S22 to S37 /m2 

080/kg 

$3000/TUBE 

$40 to S&O/kg 

$71 to $160/lcg 

73 

INDUSTRY 
ESTIMATES 

$26 to S&O/m2 
(RCA,Tl,GE,ll.10TOROLA) 

NO/let (BOE ING) 

$1760 '° $2700nu&I 
(VARIAN) 

Sl2/kg(GEt 

188/lc1 (GE) 
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RECTENNA SIZE "'1'1MIZATION 

llJustrated here is an example of system design flexibility adju~tmcnt to reduce system cost sensitivity to a particuhir 1.:ost problem. 

Until late in the study effort it was assumed that the reccivina 11 tennu would be full main-beam diameter. <This is the optimum 

if receiving antennas are low in cost.) However. reccivin& antenna cost estimttcs were surprisinaJy hiah. resultina in a lipincant 

cost problem. The nature of the transmitted beam is that very little of the total power is in the outer re1ion1 of the main beam. 

Consequently, a cost optimization of re1:tcnna size reduced its 11rea by 11pproximately half, reduced the received power by about 

5% and reduced the cost per kw by 20 pen:ent. (Cost valui:s shown here do not include interest durina construction or arowth.) 
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Rectenna Size Optimization 
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PRODUCTION COST RESULT SUMMARY 

Total production costs arc summarized in these bar charts for ci1ht comhinations of "'nerl}' "'onvcr5ion system. production rate. 

and construction location. The silicon photovolla1c system ha5 11 m°'.lcst cost advm1ta1c ovl'r the thenual en1inc anJ low Earth 

orbit construction has a sianiticant cost adv;inta1c over aeosynchronous construction. Tlw mc-.t important cost chanise Q\:curs with 

the prod•.1ction rate increase from I SPS per year early in the protzram. to 4 SPS's per year in ;1 more mature operation. Principal 

cost reductions with system maturity occur in SPS hardware production. spac1.• tnmstlOrtation. and projccle.I product improvl.'· 

ment. The lowest capital cost is achieved with the !I.iii\. on photovoltaic system at 4 SPS's l'\'r y1.•ur with Ll-.0 cou~irudion. Tlw fi1· 

ure is approximately S 1.700 per kilowatt ch..'clric indud1111 intl'rcst durin111:011,truction anti proj\·1.:t1.•d a:rowth. Still lower fiJurcs 

might be projected for advanced systems. such as thin mm aallium arsenidl!. 

Achievement of the projected silicon photovoltaic coi.ts is critic;1lly dependent on the dewlopmcnt of u 'iati,fadory mau produc· 

tion technology for sinah: crystal silicon !lolar l'cll' anti bhtnkc.>ts. This mas'i jlrodudinn technology may r1.•t1uirc cuntinuous arowth 

processes but recent indication!> of improvcmcntr. in th\! tc1:hnology pre~ntly \11;\'d for sol.ir ccll manufadurt. indi1:ale that auto· 

mation of thts technology may provide grcall!r ~·o\t r\·dul.'lion lhan l'Ommunly .. uppm·~d. 
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~ Production Cost Results Summary SpS~ 
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LEO TRANSPORTATION COSTS FOR FOURTEEN YEAR PROGRAM 

One of rhe principal issucs of overall SPS cos ls is lhe cosl of spucc tr;..- ,ortation. TI1e Jlr<>Jl'Cliom nwdl' during this study haVl' 

indicated a low carrh transportation cost on the ordl·r of $20 per ki' ... am. including amortization of the vehicle !led inwslment. 

total opernt1ons manpower. and rropcllant costs. The dislrilmlion of lhis 1.:ost over thc assum~·d 14 year protrrnm is 5hown on this 

chart. V chicle produ.:t1on hardware is the greatest factor: manpower i!i second in importance. and propellants are third. llu.· pro­

pellant cost is ahout \4 of the total. typical of a m;itun: tran!>port;ition 'i)'stem. 

'!K 
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LEO Transportation Costs for 14 Year Program 
at 4 Satellites/Year 

------------------------•••,w•--
OTHER---
GROUND OPS \ 
2.8% 

$ 18 BILLION ------. , .... . 

313 ht STAGE AIRFRAMES 
8160 1st STAGE ENGINES 

4100 PEOPLE/VEH. 
IN ACTIVE FLEET 

"' ""' ' ·1-~ 
~' o·,, 

INDIRECT M/P. 
... ..._9:..7"/o 

..... ..... 
' ' DIRECT M/P ""', ,'~ 

8 6% ' .. . ..... ..... ~ 

- - - - 7A S"ui>P6\1"9 - - -
PROGRArv' 
3,5% PROPELLANTS 

25.2% 

LH2 ~ $ 1 • 19 /lb 

L02 = $0.043/lb 

RP-I • $0. 10/lb 

PRODUCTION 
AND SPARES 
40.8% 

TOTAL COST/FLIGHT= $7.934M 

COST/LB OF PAYLOAD• $9.20 
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313 2nd STAGE AIRFRAMES 
7238 2nd STAGE ENGINES 

TOTAL COST• 
S 142.5 BILLION 

(36 VEHICLES IN ACTIVE 
FLEET AT ALL TIMES) 

UNITED AIRLINES HAS 
125 PEOPLE/AIRPLANE 
WITH 22 PFOPLE/AIRPLANE 
FOR MAINTENANCE 
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COST PER FLIGHT WORK BREAKDOWN STRUCTURE 

Cost per flight analyses used tht> work breakdown stru1.:1u;c tabulated here. This structure is patterned after the shuttle user 

charge cost analyses but include-; two principal differences· (I ) Because the largc traffic model will wear out many vehicles, the 

production of vehicles and their spares is amortized in the cost per flight. C!) Production rates required will demand several ship­

sets of tooling. The tooling required to achieve the required rates is also amortized against cost per flight. 
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Cost/Flight WBS 

--------:~:5-5::~~----------...L------------------------------------------------------••11A10-----

WBS ELEMENT 

OPE RATIONS COST 
PROGRAM DIRECT 

PROGRAM SUPPORT 
PRODUCTION AND SPARES 

STAGE 1 
AIRFRAME 
ENGINES 

STAGE 2 
AIRFRAME 
ENGINES 

TOOLING 
STAGE 1 
STAGE 2 

GROUND OPS/SYS 
~ 

GROUND OPS 
GROUND SYS 
GSE SUSTAINING ENGR 
GSE SPARES 
PROPELLANT 
OTHER -

DIRECT MANPOWER 
CIVIL SERVICE 
SUPPORT CONTRACTOR 

INDIRECT MANPOWER 
CIVIL SERVICE 
SUPPORT CONTRACTOR 
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FLl~~T VEHIO.E PRODUCTION HARDWARE COSTS 

Since ~chide produdwn io; lhl' rnvsl importanl l·ornponcnt of <ipan· tr;mi.portation l·osh. II '' 1111portJ11t to l·ompare the l"'>timaks 

to otner !timilar syslt>ms Shown here arc co.., ts 111 knns of dollars pc r pound for ~\'aal .tl'ff'!tpacc whidcs induding conunen.:ial 

a1rcr.ift and launch vehidcs. as well as the calculated cosf\ for the Sl'lOIHI 'ilagc and fir'il 'ila!!l' of the winged laund1 vehidc systems. 

All costs he."! are r x.presscd ..1 ... th..: a..,...:ra~e co,ts ovl'r .no u1,its with kJrnmg curvl'S apphni .1~ appropn;1h.>. Tht" commt"rcial ·1ir­

craft arc !tll111lar in complexity to the launch vclw.:lt·<;. but a 'il,!!llilKanll~ 'illlJll~·r r'r..1d1011 ol tla: ovl·rall im·cslnll'nt is in propulsion. 

The S-1 C Saturn booster sta,,w 1s l·ornparahk 111 l'omplcx1r~· to the first ''·•.!!~· of till' "'111J!-Wlll)! wl11di.:. Shuttle cost\ arc seen to he 

somewhat higher than would bl· cX!'u·ll'd trom the co\t l'itimafe!> hcrl'. llowl'Vl'r. thnl' .trl' '>C\l'1.1l 1caso11' tor that as cxpre'ised on 

the foUowmg page. 



Flight Vehicle Production Hardware Costs 
(NORMAl.IZED TO 300 UNITS) __________________ _. ____________ . ________________________________ .,,,.,. __ __ 
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DIFFERENCES BETWEEN SHUnLE ORBITER AND SPS LAUNCH VEHICLE SECOND ST AGE 

''<>~1 Jnvc:r d1ffc:rcn1:e' hC'twc:en the: shullle orh1ler and the: SPS wl111.:lc:• are summariicd here. llu:sc Jitt'erences ire sul'ficienl to 

ationahze lhe d1ffc:rc:n1:1: in •m1t ~o't cxpresSol:d on lhc: prc:v1uui. pa~" How~·ver. c:ven if shullk unit ..:osts were 111ed. the cost of 

,Jl. 1 load tn1mporli1hon would be m..:n:Hed very hale:. 
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Differences Between Shuttle Orbiter 
and Wing/Wing 2nd Stage 

------------------.... -----------------------------------------------···,..----8'1-HIM 

• WING/WINO HAS LESS STRUCTURAL cor 'PLEXITV UNCLUDEIPROPELLANTTANKSI 

• HIGH SJMASS COMPONENTS (ENGINES• AVIONICS) LESSER % Of WING/WING l.MPTY MAii 

• PRODUCTION RATHER THAN PROTOTYPI TOOLING• RATES 

• IF WE USED SHUTTLE ORBITER $/LB FOR WINO/WINO 2ND STAGE IT WOULD INCAIAll 
PAYLOAD TRANSPORTATION COST LEIS THAN 12/LB 
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MAJOR MANPOWER COST DATA AND COMPARISONS 

Manpower ..:ost estimates for i:ondu..:tina the SPS transportation operation!> w~·rc ma~k on a dl'lailed lask/timeline/headcounl hasi" 

in..:ludina all indirect and dire.:! lasb. The estimates arc summari1.cd on this i:harl. TI11:y were derived from 11nal0Kil.'s and cxlen· 

sion!ii of the ..:ost C!>limatinx base U!ICd to dcnw spa~·e shuttk user d1arA1l'S. In this illustration they ar~· i:ompared with the m11n· 

power requirements 11nd nc~ct si7.es for major dome!'ilk airlines. Tiu: level of owrull .iperation!I is !ieen not to he heyond the expc· 

rience of ..:ommer..:ial acro!ipa~·c vehicle operators today and th~· Oeet sill' :1divc al any 01w time is very !>lllall hy comparison to 

commercial airline operations. The vehides. of ..:our~" :ire lar1t•r. hut cwn if the ll•fl·hand har is 5'.'aled accordina to Yl"hide si1c. 

the comparison of manpower and Oeet size between the SPS O!X'roitions and commcrd:il airlinc!I indkilll''i tlw m;inpo\t.t•r alloc11· 

lions for SPS transportalion to be quite aencrous. 
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Major Manpower Cost Data 
and Con1parisons 

---------------------------------------------------•1111N11----
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PROPELLANT COST BASIS 

f>rooellant -.o•b are ener1y i:o'ils and. 1hercfor1:. :rr<' of l·om11.h·r;1hk ,jgnifii:anL 111 St><· tr;insporlatwn 1.'0 .. h. Ar the !dr of thi~ 

chart arc shown the propellant mill>\ ;md LO!>I dislr1h•1t1on!> for 1111.· SPS vd1id .. w On lht." right hand i.idc. lhL' SPS pro~llunl rn'lt 

esllmal.:\ u-.ed 11rc i:omparl"J wilh morl" rci:ent d.1 i.1 amv1.·d I rom 8<>1:ini: and JS(' ... 1ud1<'~ of I01rgl·~i:;ih.' p1 opdla1111:os1 rr~urllon. 

Signifu:antly, the propellanl co'>I estimatc'i uo;ed wen~ hrKhL'f than the more rn·1.·nt l''lrlllah:s. ex1:cpl i1, the case of RP·I. whl'n.' the 

l:C•t was cornri~nsuratc w11h produd1011 of RP·I from 01:. In 1111.• timcfranw 1.011~1dcred. rt may h1: nec1.''""ry to U!ie syntl"·ti1: 

hydrocarbon" p:oduccd from 1:0;11 Tim lllll'hl lllLTl'a~ lhl' l{P-1 '°'t ryn1fi1.·antly. hut lhl' RI'· I i:w.t Lonlrihution to owrall No· 

pellants was rdat1vt'ly \mall and lhi' low l''' 1iatL' "mor1.· tlliln 1.'0llltlen,all'll hy thl· hi11hL·r 1.•,11m;ih'' for lhc other two propcll;.ints. 

Further, if synthetic propdlanh an• employed. u !iynlhdic hydro(.·arhon such us mdh:ine or propane c;.in he produccll at lower 1..'.0~t 

thar. a synthetic heavy hydrocarhon, such as RP·I. 
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Propelh1nt Cost Basis 
--------Sf'So--13M ____________ ._ ________________________________________________ 6'llllN#I_. __ 

PROPELLANT PROPELLANT COST ESTIMATES 
DISTRIBUTION 

LHz L02 RP·1 
100 MASS COST 

RP·1 RP·1 4 ut .1 ¢;"D 1.0 us 
> _, 
0 
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COST PER FLIGHT PARAMETRICS 

The :;~"' per night for the heavy lift laum:h vehicle is dependent upon annu11l launch rate. being lower at hish launch rates. Actual 

c1JSt for \he SPS systems de~.nbed in this briefing used the parametric cost per night data shown on this chart. Val11e1 ranaed 

from about 13 million dollars per flight for the one SPS per year i:ase with LEO i.:onstruction to about 7\/2 million doll11n per fliaht 

for the four SPS per year case with GEO constr\lctmn. 

lj{l 
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HLLV Launch Costs 

0 1000 2000 3000 

ANNUAL LAUNCH RATE 
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UNCERTAINTY ANAL VSES METHODOLOGY 

An 11nportant ohj(ctive of the SPS systems ~tudy was to make the best possible estimates of uncertainty in size. mass and costs. for 

the SPS systems chara..:tcriLcJ. The methodology employed was newly developed for the study and included the principal steps 

m..!J\..tted on the i:hart. The basi~ for the uncertainty analyses was itemized estimate~ in the uncertainties of component perfonn­

ani:e. masses. and co~t. A typKal example would be the uncertainty in solar cell efficiency and degradation. This is an example of 

the case where i:orrelalton exists between the two factors: i.e., more efficient cells tend to experience somewhat greater degrarfJ­

t1on because the greater efficiency knd~ to b•: associated wilh greater thickness and experimental data indicate thicker cells 

degrade ;non:. In developing the statistics in si1i:. mass and co~t. these kinds of correlations were taken into account through use 

of a bivaria.e nonnal distnbullon probability model. 

Also providing input data to the uncertainty analyses w:is a conventional mass property analyses for the systt'ms with estimated 

uni:ertaiutit's in such fai:torli as strui:tur;1I crippling i:riteria. solar ct'll thickness. and turhomachinery unit masses. Additional 

uncertainties were deveJ.,,1,ed in system cmts. such as uncertainty in solar cell cost per unit area and um:er.aintics in machinery 

costs. These uncertainties were coupkd with thP. cost analyses discuo;scd l:iter to prepare the cost stati'itics. Sile stati11tiu. and m:JS11 

statistics were combined to develop a joint mass/size uncertainty estinrntc and mas.'i statistics anll o..:ost stati11tic~ were combined to 

generate combined cost/mass uncertainties. The bivariate normal distribution model was used to ~tatistically combine tht' uncer­

t;1inties. with recognition of i:orrelatic 1s between component unccrtoiint ... s where sil!nilkant c1111d;1tion., were deknnincd to exist. 
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Uncertainty Analysis Methodology 

----~srs.~13=~=---------~1...------------------------------------------------.-•••IAMlll------COMf'ONl;nlT 

z 
0 
j:: 
<( 
0 
<( 
a: 
C> 
w 
0 

UNCERTAINTIES 

CONVENTIONAL 
& MATURE 
INDUSTRY 

COST 
ANALYSIS 

SIZE 
STATISTICS 

MASS 
STATISTICS 

COST 
STATISTICS 

93 

SIZE 

MASS 



D 180-22876-7 

COMPARISON Of EFFICIENCY CHAINS 

·nw rcfcrem;c sy<;tcm dfo;1cni:y d1ain' an: uimparcJ on th~· fa" mg pJgL'. ·1 hL· powL·r transmission 'Y'll'm cffidem:y d1ain ii. the 

same for cai:h energy convcr,1un concept and '"not repcah'<l A' imJii:alcd. llw proJedcJ overall effidem.:y ol' the silicon system is 

very slightly higl11:r than that of thc Rankmc thrnnal cngllll' sy,km. 
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Comparison of Effici~ncy Chains 
-------------------------------------------------------6111,/FI"'#;._. __ __ SPS-1678 

SILICOH PHOTOVOLTAIC RANKINE THERMAL ENGINE 

ITEM NOMINAL MINIMUt. MAXIMUM ITEM NOMINAi. MINIM'-'M MAXIMUM 

SUMMf R SOLSTICE FACTO~ .8178 .H1I .9115 
COSINE LOSS (POP) .911 .119 .111 
!SOL.AA CELL EFFICIENCY .173 .141 .18 

CONCENTRATOR .877 .83 .. 
RADIATION OEGRADA OON .97 .IO 1.0 
TIEMPERATURlf DEGRAD .964 .964 .964 

REFLECT DEGR 1.0 .70 1.0 

CPC .... .80 ... 
COVER UV DEGRADATION .911 .911 1.0 
CELL·To-CELL MISMATCH .91 .91 .99 CAVITY OPTICAL .960 .81 .98 
PANEL LOST AREA .981 .H1 .911 
STRING 12R .Ill Jiii .991 
BU'll2R .134 .11 JMS1 --

CAVITY RERADIATION .117 .117 .8M 

CAVITY THERMAL .995 .990 .ltrl 
ROTARY JOINT 1.0 i 1.0 1.0 
ANTENNA POWER DISTR .'17 .96 ... CYCLE .189 .188 .200 

OC·RF CONVERSION .81 • 80 .88 
~~AVEGUIDE t2R ... .986 .981 

GENERATOR ..984 .... .... 
IDEAL BEAM .9t& ... .99 PARASITIC .912 .144 ... -
INTER-SUBAf\RAY ERRORS ... .... .97 

POWEi' OISTR JMll • 93 ... 
IN":'RA-SUBARRAV ERRORI .181 .WI .99 
ATMOSPHERE ABSORP. .98 .98 .98 

MPTS CFRO" PNJ M3 A12 .113 

INTERCEPT EFFICIENCY .95 .90 .98 
RECTENNA RF-DC .Ml .19 .12 
GRID INTERf-ACINU S1 ... . .. 
PRODUCTS .o&79 .038: .096 

I SIZES lKM2) 108.I 113 77.8 I 

PRODUCTS .01211 .027 .GI& 
SIZES 111KM2 274KM2 77.IKM2 

' 
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PHOTOVOLTAIC SPS RELATIVE UNCERTAINTY CONTRIBUTIONS 

'~'rn. ·rtamt} analyses Ito 1-ic de.,cnheJ 1110.:: fully later) resulted 111 the relative uncertainty contributi c illustrated here. Abo 

~hown art' thr: stat1st1c.il ··onibmat1ons of all cnt'rgy convcr.,1on effects and all power transmission effoc,,,. The e.,ergy conversion 

effect 1., \lightly h:ss than tt: power transm1ssio11 effect hccause a significant corrdation between solar cell efficiency and radiation 

degradation n:ducc~ the combined 1·ffcct n!· 1::e!.c: two par.imc:ters cons1dt.>raoly 1-idow what a simple root sum square would indi· 

call'. Tut· um:ertdmty m power tr..ins:lll'>)IOll lmt. efficien~y 1s a principal dnvcr on overall ~~stem mas~ and cnst uncertainty 

becauSt: it influences more of the system than docs so!ar blanket performance. 
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Photovoltaic SPS Efficiency: 
Relative Uncertainty Contributions ---------------•llllNll ---
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PHOTOVOLTAIC SYSTEM MASS/SIZE UNCERTAINTY ANALYSIS RESULTS 

This chart compa~s the statistkally-dL"rived re!mlt with the worst-on·wont uml ~1t-on·best rcsultll d,•fined by ..:omhinin11111 lhe 

most ortimistic component uncert11intiH an'1 all the most pe!llsimistk 1:ompo11ent pcrfor1111m"·e1. It i11 demon1trably true th11t 11 

increased detuil i!I develof'\·d in thi!I kind of anal)'!iis. th\' wor111-on·wont Jlld hesl-011-h,•5t o treme5 will i:ontinuc l'> ~1:ome further 

apart. while the statistical uncertainti,•s will tend to i:han1e little und will 1111pm111:h ;i rern·wnt:ition of trUl' uni:ertaintie1. Sianifi· 

cantly. the reference point desi111 was outside th~ rro1,•i:ted J !li1111u runlle for ma!ll!'I und si1e. Thi11 re1ult,•d primurlly iwi:MulC the 

efficiency ..:ham ussi1ned to the refen·n~·t• dt'~i•n w"' mon· optimi11ik than lhl' mmt r'roh;ihlt• t•ffidt·n~·y dwin defined by thl' •ttttis· 

tical analysn. An cxamplt• is 11s follow~: h1 de/RF rnnh'f'iinn. th,• nmuin;il effo:il•ncy a!llllllll'd tu thl' ttfettll!:l' lksian Will HS',t 

with extremes of 80% and 8t-';f.. It 1!1 a con'll:quencc of tht' hivuri:ill' nomull di11tribution motkl tllilt the mo11t prohablc: value must 

be the inedi;m between the eictrernL'!'I. This rl'IUlkJ in the 1110\I rrobahk !lil.l' b~in" siiinifkuntly Kf\'lfh~r than the refcrcn1:c: \lcsip 

size. 

The rcferen1.:c Jcsian point is sli1htly below th.: no111111al linL' hl'\.'OIUW 111,· 110111111;11 line i11 il!'>liO\."llll\'d with 10.000 MW out1J11I, 

v.herca!I the rcfcrt•ll\.'C JL''>i1111. with till' fowl d'hl'll'm·y d1mn Ol\'tl'\\llll'IJI. rrovidt•d I) .JOO MW 0111r111. n.,. rrojcc.'lc.•d 111.:~' irrowtlt ill 

the differcncl' betWCL'll the 11\0\I prohahlc l'Olllt and lh\• fl'frl"CllCl' pnml and l'l l''~lli\·11ll'lll tu ~'1.f!';. 'I l11s t1ro\\ th i!> \Cr)' dll!'ll' IO 

th,• ~5 1.:; pr<>Jl'Clcd by hi,toril:al \.'Ortdation'I ol' l:Ol1\fl;m1hh: !>)'~1l·m11. 
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Photovoltaic SPS 
Mass/Size Uncertainty Analysis R~sults 

r-----~--------------~------------=======.=.-----•1111N•------ Pl-1879 

180 . 

BEST -ON·BEST -3a +3a ~~ 
en 180 

78.7 . 110.8 142.8 

l~ 2 g 
!:! ~ "O a: 
~ 140 

;~ "' :& 

I 
po 

120 I 

9 112,000(+41.I") 
:I 
w 100 !::: MORT PROBABLE 97,600(+21.l"t ~ 
~ I w 
~ 

~ 80 
3o MIN 83,000(+ 7 ...... 

REF. PT. DESIGN 77,0CJ METRIC 
TONS 

100 120 140 180 180 200 220 

ARRAY PLANFORM AREA - KM2 

99 



THERMAL ENGINE MASS SIZE UNCERTAINTY ANALYSES RESULTS 

Presented here is an uncertainty estimate fm the tht>m1al t>ngine ~·omparnbk to the prcviou!I one for the rhotovoltui\: syskm. 

Because the technology of the thermal cnttine sy!>ll:m is somewlwr mort• mahir~·. 11 would Ill' e"pei:h:d to estimak 110mewluat 

less mass growth and that turned out to be the ..:a~. An addillonal fador in the rcdu1.:c..t mar.r. 11rowth ('tojc..:tion ir. that a 

significant part of the size e!>l:alation is assodated with lhl.' si1.e or rlw 1.:onn·nrralor whii;h is ll low-m11M1 i:omro1wnt of the 

thennal ensjne system. 
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Rankine Thern1al Engine Size/Mass Uncertainty 
Analysis Results 
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MASS/COST UNCERTAINTY ANALYSES RESULTS 

With cost!> included in the uncertainty analysc:s. it is necessary to dbc.:riminatc between tlu.• I SPS per year case and the 4 SPS rer 
year case. As d1sc.:ussed under cost analyo;c!>, for the 4 SPS per year ca~:. an eslim;1te was made rhat ahout <m of the predicted 

mass growth could be removed by pro<luct improvement. Similarly to the s1zr and mass estimates. the reference design trended 

towards the optimistic side of the median of the 1.:0'>I uncertainties. Consequently. one sees first a cosr escalation at the rdercnce 

design point and then a further cost growth assodati:d with the mass growth projection. Note tlu.: very hijh rnrrdation betwttn 

wst and mass unc.:ertaintu:<>. ll1is rnrresponds 10 the historical indications that co't l.ltowth is frequently a5!C>Ciated with mass 

growth. and c~pi:c1ally with thl' c:ompi:n~tion for lor removal ofl ma<>s growth in a syskm when perfom1an~:i: requirements dictate 

that ma·s growth be limited to predetennined values. 

IOl 
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Mass/Cost Uncertainty Analysis Results 
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TOTAL COSTS THROUCH NO. I SPS PHOTOVOLTAIC SYSTEM 

The adual hardware development costs for SPS hardware rcpreo;ent a small portion of the owrall nonrecurring cost required to 

initiate the program. This is because the SPS hardware is highly repetitive: individual clements arc not extremely tarp: and the 

development of the basic hardware can be primarily carried out on the ground. The total nonn:curring cost indudes a technology 

verification effort including ground-based and flight-based test activities. the development of SPS cm•rgy conversion and power 

transmission/reception hardware, and ii !>ignifkant investment in development of ~pace operations i:apahilit, including sp1u.-e trans­

portation and space constniction systems. 

The largest shce of the total nonrecurring costs is for installation of a production capability o;uflicienr for production of I SPS per 

year. i.e., I0,000 MW a year, and for the production of the first SPS. TI1c proJuction rnst estimate for the first SPS docs not 

include the production capability amortization factors indudcd in SPS costs on prior ch;arts It dc,.:s include a 50'.h prototy~· 

factor penalty cost. The overall total i!> !.hghtly more than S80 billion in JlJ77 doll:irs. A similar cr.timatc for the thennal engine 

.SPS was about $8 billion greater. primarily due to the addi•io1rnl cost of the more complex construction !lase system. 
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Total Costs Through #1 SPS 
Photovolta1c Systen1 --------------------•.. , .. __ 
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PREDICTED BUSB"'R POWER COSTS AND UNCERTAINTIES 

The bottom line for an SPS sy~tt:m I'> its ..:apahility to produce power Jt an <1c..:ertahh: ..:ost. The r.:'iult shown on this chart repre­

sents the final result of the i:~tanr ;md uni:ertainly analy!«\. Un..:uta1ntic~ for hu~bar power i:osls in.:luJe the un..:crtainties in unit 

costs as well as uni:ertainties m thl' appropriafl• l·ilpital diarge factor to he ar111icd and thc rl•ml fal·tor at which the SPS ..:an 'lpcr­

ate. Capital charge factors from 12-18 peri:enr wl.'re rnn!>it.lercd and lhl.' phmt foi:lor uncertaint)' was taken as 70'A-9<Y.k at one SPS 

per year and 857--95',.;. for four SPS's pcr year. Tilt'~'-' llllCl.'rlaintie' were slari,111.:;all;,· 1:omhincd wit 11 :he 1.:mt uth:criaintics derived 

by the cost uncertainty analyses. 
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Predicted Busbar Po\vcr Cost & Uncertain ties 

--------------------------------------------------•••1••--~ SPS-HMM 

1 

PROBABILITY 
WON'T BE EXCEEDED 

0 
2.0 

• T 
I 
I 

NOMINAL 
(NOGROW H 
OR UNCER 
TAINTY) 

3.0 

4SPS/YR 

4.0 

• .. 
I 
I 

NOMINAL 
INOGROWT 
OR UNCER· 
TAINTV) 

5.0 

1 SPSIVA 

--- RANKINE THERMAL 

- SILICON PHOTOVOLTAIC 

a.a 7.0 &O 

BUSBAR POWER COST OF CAPITAL INVESTMENT 
"KWH 
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PROJECTIONS INDICATE SPS COST COMPETITIVENESS BY THE YEAR 2000 

A s:udy of energy and power i:ost conducted on IR&D indu.:atcd an approximate projection of im.:rease in electrical power costs 

illu~trated in the left hand band on this 1.:hart. Results from this study arc plotted in the right hand band. As indicated these two 

projections cross over in the general vkmaty of the year :!000. This indicates that even with a relatively vigorous program to 

develop the solar power sat~llite. by the time production installations i:ould begin the system would be cost 1.:ompetitive with 

alternative energy sources. 

108 



&Ps.1687 

_, 
<i ... 
W.z:. 
cc i= 
u,i.;lt CJ,. 
<1-a: Cl) 
wO 
:> <..> 
<> 
o!: wu ,__ 
<[CC 
~,_ _u 
t;~ 
WW 

0180-22876-7 

Projections Indicate SPS 
Power will be Economically Attractive 

-----------------------------------------------•1111••----
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MPTS Briefing 
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• ARRAVANALVlll 
W. LUND, 8. RATHJIN 

• AP TAANSMtTTIFt 
I!. J. NALOI 

• POWER DISTRIBUTION 
J.QIWIN 

• STRUCTURAL AND THERMAL INTIGRATION 
O.DINMAN 

• SUPPORTING WORK 
GENERAL ELECTRIC COMPANY, IVRACUll NV 
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MPTS ROAD MAP 

The study road map indicates the approach taken in establi~in1 a baseline desisn for the spacebome element of the MPT~:. Hildt· 
liahts of this approa1.:h include a klystron transmitter selection study, an end·lo-end system efficiency evalu1tion, .pacettn.11 pat· 

tern analysis and structural intel'ration. These combine to produce inputs and constraints to the overall SPS cost model whk:h 

makes possible the SPS system evaluation. Follow-on topics are dermed which will result in the next level of refinement of an 

improved SPS. 

The klystron trade study encompasses klystron des.isn. thennaJ analysis, manufacturin1 and reliability aueumentt, power diatriliu· 

lion and X-ray assessment. Spacetcnna intesration is innuenced by structural concepts, desian vaJida~ion. ma• aanunent, and 

finally end-to-end efficiency calculations which require a reference apacetenna delian whose radiation pattern and impedance char­

acteristics arc known. Alternate CIU\didates for the spacetenna radlatina element have also been asseued \ > auist m a ftnal anteMa 

design selection. 

112 
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\IPTS Study Roadmap 

------------------------... -------------------------------------------------------~1111~11-----
XPAY ASSESSMENT 

POWER DISTRIBUTION DESIGN 
... M ... A'!!"'"N-.U ....... A'""c ... T"""u--R ... E .... 8i-R""'"E"""'L_l_A-_ VALIOATION..----------

81 ITV AS ESSMENT MASS ASSESSMENT 

THERMAL ANALYSIS DESIGN VALIDATION 

RF GENERATION 

KLYSTRON POWER 
COST TRADE STUDY 

FOLLOW-ON TOPICS 

STRUCTURAL CONCEPT 

SPACETENNA 
INTEGRATION 

SPS COST MODEL 

SPS SYSTEM EVALUATION 
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TOLERANCE ANALYSIS 

BEAM PATTERNANALYSI 

ANTENNA ARRAY 

ENO-END EFFICIENCY 
INCL. AECTENNA 

ALTERNATE ARRAY 
CANDIDATE 

ASSESSMENT 

FOLLOW.ON TOPICS 
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------------------ •••11t111-. SPS·l639 

Array Analysis 
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SPACETENNA SIZE AND POWER DENSITY 

Collection efficiency and radiated power were l·alcul;ited for a fi:iced redenna size und power out~·ut. TI11: !IJlal.'ehmna aperture dii.· 

tributions used in the study were: 

o Unifonn 

o l 0 db Gaussian 

o 20 db Gaussian 

o lnnected Bessel 

The inOected Bessel produced a system with the highest cffid\•ncy and lowest 11ower required at the spal.'chmno. However. it 

required a spacetenna with a radius in e:icl'ess of 900 meters. The 10 db Gaussian wa!i iielt•\·tcd as the hc11t \"Otnpromisc for further 

analysis. 

I I fl 
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Spacetenna Size and Power Density 
Required For Fixed Rectenna Size and Power O'utput ... , .. __ 
• RECTENNA RADIUS TO FIRST NULL• 8,486 METERS 
• DELIVERED GROUND POWER• SOW 
• ASSUMED RECTENNA EFFl\":IENCV • 88% 

COLLECTtON 

DISTRIBUTION EFFICIENCY RADIATED 
(TO FIRST POWER 
NULL) 

<D UNIFORM .840 6.77GW 
(2) 10dB GAUSSIAN .986 &.89GW 

a> 16dB GAUSSIAN .988 6.760W 

® 20dB GAUSSIAN .998 &.700W 

I> INFLECTED BESSEL .999 s.eaow 
·-·-·- 1 

(23.15dB) 

200 300 400 600 800 700 800 
SPACETENNA RADIUS, METERS 
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SIDELOBE DISTRJKlJTIONS FOR FIXED RH7ENNA CONSTRAINTS 

lh1\ <.tud~ v.." •_onduLtctl I<> "X,J1111nc c,p;.ilehornt· tr.1n\1111tlt:r ,1pl·r111rl' power l.1pcr' .1lhr11.11l· to lht• 10 <lh (1a11~\1an usc:d a\ hJ~· 

lme "Ilic: dhtr1but1on .. 111\c\!Ji!Jkd \-.c·r·: 

o Un1tom1 

0 I (J dh ( •JU\\J.in 

o ::?O dh r;au'>\1<in 

o l11nc'-kd Ht.>,'>d 

I he rt:\l1ltm11 \<:L'md..rr) illl (CllnJ ratkrll\ Wdl' L OlllpJrcd I or hc.1111y, 1dt Ir Jfld \Ilk lohc k11d Bel JU~ of pow,•r qu.1nl i7ation lel·h· 

n1qt1e\ ptc'>Cllll} Ill ll'>e tJie 'J ~di• ( 1,lll'>\l lll lJf''- ~ W.t\ "ltil"d 011 ,1·. lht lll''ol. b,1<,d:rJl' ~1\lln)! ;111 O~l·r;1ll l'fllllCl1LY ()f 1Jfd> pen:.:nl 

llll 
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Sidelobe Distributions For Fixed 
Rectenna Constraints 

------------------------------------------------------•1111~•---

;01.-______________________ _._ ____ .._ __ _._..__._ ______________ _ 

1 
BEAMWIDTH 

2 3 4 
e • ( X1et4) RADIANS 
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APERTURE. fll::LD DISTRIBUTION AND SPACETENNA PATTERN 

T;.1, f1gun: dep1..:t~ tht: apt:rture power dis.tnbut1on produ1.cd hy both the I() db Gamsian tapu and !he mnc~tcd Bessel taper. The 

next figure graphs the s.e1.0ndary radiation palh:rm produu·d by lhe!>t Jpt:rturc d1!>tribut1om. The inOeded Bessel distnbution can 

be writtt:n as 

lfµ1= I +4Yi Jo0.84p1 

This expre\\1011 1' the ~urn of l'.llo d1\trrhur 1011\ .1 11111tonn J1 .. 1rrh1111011 flµ>= I .11111 ,, B<.·,....,I Ji'1nhul 11>11 fCp I= Joe lJ 1p I. The 

value of the 1..om.tJnl V 1 LOnlroh the !>Uldohc lcvd and edgt: illumma11011 Tl11~ 1..0JJ\IJnl "adju.,ted to optinl'U the distributior. 

The usefulne~ of th1' type of d1stnhul1on will he further llJVC\llgJkd 111dudmg rlll' l'lkd on n·d1fo.:ation d"h.:iem:y. 
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Aperture Field Distribution 
----________ .._ ________________________ •llllMO --

SPS.1!>99 

e-------------------------...---------.----------.----

~4 
~ 
LU 
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9 
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~ 2 
> 

5 
LU 
a: 

~ 

(f(p) • 1 + 4.36 Jo(3.84 p)_./ 

/ 10 DB GAUSSIAN 

-1-------------------"'---------------i..---------~~ 0 .2 .4 .6 .8 1.0 

NORMALIZED SPACETENNA RADIUS 

121 



DJ 80·22876· 7 

Spacetenna Pattern 

--------------•OllNo--Sl'S.1600 

' I 
f(p) • 1 + 4.35 Jo(3.83 p) 
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ARRAY PATTERN ROLL-OFF CHARACTERISTICS 

A nunH:ncal intrgration 1rchni4ue was U!>l'd to oh1a111 lhr r.1di.1lio11 paltcm of thc 10 db Gaussi;m lapert'd di!>tribution. It wa'\ 

cstablJshrd that thl' sidcluhcs rolkd off JI a 30 db/dc1..";1dc of angle r.tll'. Thl' chart shows the fir!>t live sidt'lobc:s and the average 

power lml' 3 db below the peaks. TI1e error plak;ius were l'Ompult'd from thl' <1sswm·d error magnitudes ;md the number of sub­

;irrays associatrd with three dtffrrent sub;irray sill'!>. The ;ipc:rture efficiency was also oht;imed by nun.erk-al intc:gration. Titc sub­

arra} roll-off d1i1rack•rist1cs wrre obtamed by numerically inh•gratmg the 'llll>tfl.' ;ipcrturc di.,tribution for each of ll) different cuts 

owr a 45 degree sedor of 0. Tht•sc rnts were tht•n averaged ;it 1'34.'h fJ to g1w the pattt•rn shown. The rt·sultant suharray siddohes 

also roll off al a 30 dh/tlrcadr of angk. 
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Array Pattern Roll-Off Characteristics 

SIDE LOBES 

t 

" "" -

- SPACETENNA • 1 KM 
- 10 DB GAUSSIAN DISTRIB. 
- SQUARE SUBARRAYS 

SUBARRAY 

ERROR MAIN SIDE· 
PLATEAU BEAM :.OBES 

10M 

1 

ANGLE, DEGREES 

125 

-----.. ,, .. -
SLOT ELEMENT 
PATTERN (EST.) 

10 

~ 

ER ROA 
SIDELOBE DUE 
TO RANDOM 
OFFSET 
:t:100 CM 
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TOTAL RADIATED POWF.R VS ANGLE 

To uhtam a dearer view of how lhl' total t'fll'f¥Y "J1'itnbufl'tl lht· ;iwr.l)!l' pallcrn h:vd .1s a 111111.:lt•>n ot a11gk (an bc mh:)!rakd 

grnph11,;,11ly B} Wl'rghling a ~m 0 ll'nJJ \\Jlh Jn JJJ1l10P'.l mullrpl1::r p1oporl11J11.il In 0. 11 is po-,,1hh: to takt• ou: thl' Jn:a b1a'\ pro­

ducc-d hy the logJrtlhmll plor RI.' pealing thr'> l'l 11.'mi-. l't powt'I ralhl'I th.Ill dh. J\ ,1iow11 in thl· 1.i.·111g d1art. J!fh''> a '-'llr\'t'. lht• 

area und1:r whKh rr_·pre;enh the rad1alc1t pm~er 
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Total Radiated Power vs. Angle 

------------------------•11111t1• --
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ERRORS ::108 :t100 

0.1 
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COMPARISON OF 10 08 GAUSSIAN DISTRIBUTION FUNCTIONS 

A~D THEIR FAR fll-.LI> POWER DIS'fRIBlJTIONS 

Power quant1zat1on from !>Ubarray to ~ubarray i!> 11!>cd to approx1mJt•· the 1k!>ired l<>ntinuou~ I 0 db Gau!l~i;m aperture distribution. 

In order to check the palkrn \cns111v11~ to quanl1lJlion .fl'P si1c. quanl17.ation \,1h1l'' Wl'rl' vam:d n shown on the fi111rc. Tiac 

i;econdary radiation path:rn!> were calculated and cxam11wd for rnmparatiw hl·amwidlh and 'idc lolw level. As ..:an be seen. the 

variations are negli11ble. 

I :!8 
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QLANTIZED 1:.NHANCEI> SPACETENNA CONFIGURATION 

In an all cm pl l<J 1rnpr<,. c I lit· '' -.1vm d t t<. l<'lh \ and m 111111111<· Jll) 111c n·,1w 111 -,p.1e1; lcnn.1 '>II<'. ti"· lOlh<''.'I .,hown r\ hcmg 11wesl1· 

~atcd ll·:rc 1hc .ir' ,, 11! !ht· .1pcrtun: r'> llld<'.1...cd only 111 \dcdcd lo~Jl1<Jn\ l!Jh'> .if<.' .1d1k<l 1 Al Pf<'!tt:lll. Jll analylu.al l.'valualwn ;., 

herng ~ondudcd I f:ll<1.\1Al~ 110 <k!t:rm111t• 1111.· approprr.11r .1pl'r!11n: tapl'J tor opt111111111 l'ffo.1c11L~ 

130 



Dl~22876e7 

Quantized Enhanced Spacetenna Configuration ________ ..._ __________________ .. ,, .. __ 
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ALTERNATE CONCEns 

o Cylindrical Lens Horn Arr;i> 

o Traveling Wave f:.nd l- ire Army 

o Enhanced Slol Ekrnenl 

Th:: lensed hom exluh1ls l'Xlrt•rm:ly lu~h l.'fliltl.'lll'Y a~;, rl')trll ol lhl' kn' 111 llH· horn .1pl.'rlltrl'. 

The travchng wave end fire array provrdl·, Jn op1:11 'ilrt11.:lurl· wl11ch 1s tlwrnially tr.111,rarl'lll. 

Using cnham:ing elements 011 cad1 ol the rJd1;il1111,1 ,1oi... m "planar .1rr.1y redlH.'t'\ mutual l1H1plmg illHl l·on'l'lllll.'Otl> lt>'iC~ dul.' to 

edge effects. Although pro1111 .. 111g. \lrul 1urnl lu111pkx11y or 1111.n:al>l.:U m;i" hil\'l' n·111lorwd thl· 'l·k·clron ol lhl.' \lolh:d WtlYl.'JUidl' 

for rhc refe~nce dcsiain for this ph;m~ of lhl' 'itudy. 
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Alternate Array Candidates 
__________ .... ._ _______________________ •••1•• --

OEPLOYAB~E PARA80LIC ARRAY 

CYLINDRICAL LENS 

UNFUALABLE GORE TYPE 
PARABOLIC ARRAY 

TRAVELING WAVE END FIRE ARRAY 

133 

HORN ARRAY 

SLOT·DIPOLE ELEMENT 
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INPUT IMPEDANCE OF ST ANDING WAVE STICKS WITH S RESONANT SERIES SLOTS 

The cffcll of \lick length and 'lot ~p;iu1111 variation w." appr11.1d1.:ll from lhl' ,1,111dpoint of 1111,111a1d1 101 the hroad~ide re!>Onanf 

array. rh1!. I\ prcJommanlly an unpcllanl·c l'fk.:t. the 1lc,·iatm11 ol 'lot 'Jladni,t I rom }..i,i1 ~ dill' to kni,tthL·ninll of lhL• en lire !;lkk or 

change of guide wavelength arL· primarily to huild up the VSWR .11 lhL' feed poinl of lhl· 'lil'k. f hi\;, illw.rraled for a .. 1r1111 of five 

serie'i slot' e;id1 dev1aflll¥ hy 0.0 I >.g J 11>111 Jill' n·~o1w111 'P.JL'llll! nf >.!! '~. t- rom lhe Smith d1;1rt ii L»lll lw ...:en th;it thi!I deviation j, 

equivalenl lo the mtrodu1:tio11 ol •• nurm.1hzell \ll\l'CjllillllC nl 81 = .0<>. Thi.' rat JU of pOWl'r dehvl·rcd In lllill with the lo:1d m;itd1cd 

can he wnllL'll "~a 1111~matd1 Im~ LM 

where 81 = tlu: IOIJI normali1cd ~U'il.:cptim1:e inlmduL·cd hy all lhc sloh. 

134 
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Input Impedance of Standing Wave Stick 
with 5 Resonant Series Slots 
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SPS SURARRAY LOSSES DUE TO DIMENSIONAL TOLERANCES 

licl·ausc ol manuf;11.:tunng lolernnccs ;rnd thcnnal d1!>tortmm. wavi:guiLk sil.L' :is Wl'll ii!> i.lol 11lwpL' :rnd position wili be Ji~laced 

from theoretical The~c dimcnsionoil d1angcs will product· unw;inted !>l'aflcring ;md i1111"1CdanL·c 111ism:itd1 rL•sulling in ;i rrduction in 

effkiem;y. Fa.:tors uffecting lhl' lo!>!les in tht• Sp;1n•tl·nnoi WL're studied for a set -.>f giwn manufacturing and i.:ontrol toleranL·cs. 

These were found to produce no11-d1ssipulivc rower losses of I .K7'1t ;ind di,sipatiVl' powt•r lo~scs of'-~~,, for Aluminum rlalt·d 

waveguide 9.09 x 6 cm l.D. TI1ennal effects were found to he lll'gligibk if compo,ik wavc1mide Wil'i ll!>ed. A numhcr of factors 

incl.1ding tolerance in the feeder ~uidt· from tht• kly,tron11 and beam si.1uint dllL' to :.tick crror!oo were found lo producL' negligihlc 

power los~s. 
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· SPS Subarray Losses Due 
To Dimensional Tolerances 

------------------------------------------------------•1111,wo-----
DIMENSION 

SUBARRAY SURFACE 

TILT OF SUBARRAY 

GAP BETWEEN SUBARkAVS 

STICK LENGTH 

WIDTH 

CROSS GUIDE LENGTH 

WIDTH 

SLOT OFFSET 

TOLERANCE 

t50 MILS RMS 

0.1" AVERAGE 

t.25"AVERAGE 

t30 MILS 

t3 MILS 

t30 MILS 

t3 MIL~ 

t0.5 MILS 

EFFECT 

SCATTERING FROM 
PHASF. VARIANCE 

SUBARRAY PATTERN 
GAIN REDUCTION 

ARRAV FILLING LOSS 
(- AREA LOSS) 

MISMATCH LOSS 

MISMATCH LOSS 

MISMATCH LOSS 

MISMATCH LOSS 

SCATTERING FROM 
AMPLITUDE VARIANCE 

TOTAL 

LEGEND: ALL LOSSES ARE ADDITIVE. 
11) INDEPENDENT OF SUBARAAY SIZE. 
(2) INDEPENDENT OF STICK LENGTH. 
(3) REFERREDT 

(3) REFERRED TO AVERAGE STICK LENGTH OF 16.7 >.9 • 2.76 METERS. 
(4) ASSUMES MEAN SLOT OFFSET ERROR IS ZERO. 

137 

MAIN BEAM PowER 
DEGRADATION 

0.60% (1) 

0.60% (11 

0.13% 

0.02% (2) 

0.12 

0.02% (2) 

0.03% 

0.55% (4) 

1.87" 
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EFFECT OF DC-DC CONVERTER F AILU Rl: 

The "B11m1a111" Lornpulcr p1ogr.11n \\.,1, t'Xt·ru ...... 1 I'> p11i.1tlt· n11m 11,., ot palmlll<llll.· dq;r;id.1111111 dllt' lo till' l;1ilurt' ofonl' 1x·-tx· 

1..omertlr '.l.h1d1 ... uppltc\ prU1.:t'\~J pm ... t'I to 42CJ Kl1,trrn1\. c.1d1 i[J I\\\ RF '(Ill' re,ull'i ind11..·a1c an anlcnna cllic1c1Ky dcgraJi.1-

tto'l ot rou!!hl} 0 4 to O.~ per1..ent and .111 111, rt'J\t' 111 llf'-l '1dclohi: kH·I of .1ho11I 0.1 to O .. ~ dh Jept•ndtng on thi.: IU1.:ation of the 

d1>ablcd 1..onvcrtt:r. The lot.ii power lo" thu' appro1,1tl1c' (J 'J p,·rct·nt. >illtt .1dd111011.1I d1.,.,onne..:tcd Kl' llOWt'r is ;1ddcd to tht· 

redul'ed array effi1..·1e111.:y 
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Spacetenna Section 
With One DC -DC Converter Failure 

--------------------~--------------------------------------------------------------"61.#FllVlfi;------
SPS-1388 

ANTENNA EFFICIENCY REDUCTION 
0.44% 0.48% 

0.6 dB FIRST SlDELOB'~ LEVEL INCREASE 

0.4 dB FIRST SIDE LOBE LEVEL INCREASE 
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s~ 
P5 X ------------------ ••11No---

- ·- ·• ____ __.;;__ __ ._ __ _ 
·.1 SIMO 

RF Transmitter 
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METHOl>S ot· fOC"lJSIN<i KI Y!fl NON Hfo~AM 

( 11nn·nt11111al 111,·1h111I' 111 l11n"1111.1 l111!.h rowt·t, w ldy,111111' 1111!111· 1111·~1.-r11;1l l'l1·d111111a1•nd wht• h 11,11,1lly w1 ·~·h' "·v~·ral tum·' 

lhl' tuhl' wnithl Hv 11\'\llHHll~ ""' 111h·· 111,,111anm·1 '11 lhal lh1· "'h-1111111 \,111 lw w1111111I th11·, llv 1111 lhl' 111lo1· .11111 hy '>l'l\01 tmv th 

01> l1111pl1mill' llu· '"k11111ll Illa\.\ .11111 pnwl'r rdalttlll'ohlJI\, ii luw '"" ha,l'l1111· '"'")!" w .• , alt 1vnl .11 h .• vml! lln· l11jlh''I rruhah1hl)' 

111" acocod dft\:1\:lllY J\llnnah· rwn11oim·111 Ma11.tll'l ll'M I ;11111 f11•rt1nfh 1'1•r111,1111·11I "1.1111w1 tf'f'M I "'hl'llh'' 11IJtor po11·1111.1I ol "'""' 

hithl w1·1v.htinic and l'fim111<1ll•11111I .,.,11·1111111 p11w1•1 Th1•\1' hav,· 11111 ·" yl'I h1·1·11 11•ilt1• "" 111 1•1;u ltu• 1111 l11~h 1111w1•r <W ltlh1·' hul 

nwril ;1114111 ·mal l'"'"11h·rah1111 w1lh111 lh1• SI'S 111111• lra1111· 

14 l 
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BASELINE KLYSTRON DE~ICiN 170 KWt 

The h.isehne dc\1gn was arnwd al 011 the tollow11111 ~nh.'riil· 

0 
t/, ..( Power level of70 kw ~0111pJl1hk with iJ maximum voltat1c ol 4~ I.\ .111d a p1.·rw.m1.1.· rlo/Vo· -1010 ~5 x 10 '. r1.•\t1lli11g 111 

l11gh e ffo.:iem:y. 

o Rf Ucs1111. S1111lc !>C~ond hi1nJ10111~ hund1111ll ~av11y rc,11l1111g 111 'horr 111h·rad1or1 kn~rlt. f11.·.1v1:)· 11.·,11111 to ,i1vl' 40 ,Jh ,i:.1111 

1 e .. fea,ih1hty oholid ~tall' driv..-r tuh..-. 

o fo~U'>llll! 80Jy·wou11d hghlw1.·1~hl 'uknOJJ lur low r"~ l11i;h 1.'1111.11.·111:)' i!JlJlfllildJ. , 
o c·a1hocJc: Coaled powder or m1.·1al m:11r1x 1m:Jiuo1 1.u11vcr11e111.l' "'"rhnck to ohcalll an 1.·1111"1011 ol < ~UO m;1;1.·m- lor JO )'l'ilr 

life 10 en11s~ion Wl'ilroul 

o Tht•nnal l>t•\1gn Hl'ill Plf'l' w11h P·""'"c r,1J1alor' 10 11hla111 lh1.· i1,·,1n·J C'W kvd with n111'1.'r..1l1n· lt,·,11 d"''"·'''°" rilllll~. 
o Awollilr)' Prokd1un Mot111l.1r1n~ .111odl.' 10 pr<i\t•k ra111ll pro1,·d1011 ,full oll 1.;ip.1hrl1l) al 1111· 111ell\ul11;il 111lw kh·I. hopl'lully 

ohvlilllllg lhc need ror i.:row·h;.r IYIW ol lurn·oll 

l-41 
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70 Kw Klystron 
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ESTIMATED EFFECT Of COLLECTOR DEPRESSION 

The rdat1onsh1r,s 1)1:twcc11 kl)'tron pJra111,•rn' r,·quirt"c.J In opt1111111; <'1111.11:1hy .ir,· ,1ww11 Althou11h 11 i' rdat1h·ly 1.';t\)' to i111:n:ak" 

the 01tcrall 1:ffil.:11:n1:)' f•om \;1) 50 to 65'; u\111g ;i .l..,1J1'1.' lkpt\'\'>1.'d colk, lur v. 1th J 1."0lln:tor 1.'0l.'tl&)' tl.'\0~\'I)' ol Jhoul ?<Y.:. rh,· 

rask of obtaining Jll .'15',; dl11."1ent kl;-\lron w11f likdy rl.'quir,· th\'""'-' ol .1 c;..,!Jll\' \Olk, tor. With .111 unJ\'l'~'~d ,•ffo.:t\'11\)' of 74'A 

and a 1."olh:1:tor fl'\'O\ll'I')' of 50" and dh•h.'ll•)' nf $15"·; would hi.' n.•1.11111.'d ·ni\· i1,·.,1t111 pJr.11111.'kr' tor a 70 l..w kly,tron. h.1\1.'cJ on 

Equation (I). •iipport tl11s l.'Sl11n.ill' 
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Estilnated Effect of Collector Depression 
~PsCYV~ ______________________ _. ______________________________________________________ lllllNIJI __ ...,_ 

SI'$ 1!>111 

2 
0 

~ 
"' a: 
Q. 

w 20 
0 
0 ... 
I.I.I 
::> 
0 
z-< ~ 15 
c:1 "' (j 
>a: uw z Q. 
w--~ ... ... 
w 
..J 
t( .... z 
w 
:E 
w 
a: 
(.) 

! 

10 

5 

3·STAGE COLLECTOR ] 

10·STAGE COLL~CTOR 

---------.... 
'--COLLECTOR RECOVERY 

TIC 

60 70 80 
KLYSTRON EFFICIENCY, PERCENT 

INO OEPRESSIONI 
14~ 

@ 

90 

LEGEND: 

(!,> DESIGN VALUES BASED ON EXPERIENCE 

'l~T'l· 
AND 'I• 1 . ,,~ 1 • ,,,> 

(1. INFERED VALUES PROJECTED 
FROM LOW EFFICIENCY TUBES 

(}; KLYSTRON EFFICIENCY 
CEXCL. SOLENOIDI 

INFERED ,...C_A-LC_U_L_A_T __ E..,.. 
FROM CHART FROM 1 

80 TO 86% 79 TO 86% 



Dll0-22876-7 

IROJECTED LIFE OF THERMIONIC CATHODES 

Assurance of 30 year r.f. transmillcr life '"'iK rcquil'\' L'ontinucd h:stinf and U!l!IL'!llllltnt to 11rovidc 11 cn:dihlt data hllM.' from which 

to select either a cold cathode or a thermionic c:ithoJc opcrntion. HiaJh 5\?con\lary cmi11sion colJ c11thnJc11 t Beryllium OxiJ,• t huvc 

besl known life of 18.000 hour!I and n•,1uin.· oK)'lltn rcrilcni!d1111cnt. lk!ol 11latinum L'lllhodc d11h1 h1 cumnlly 10.000 hour11 ut !i 

GHz. Best thermionic cathode lifl: \1;1ta on the Intelsat tran,.,mitt1.•r TWT!o anJ BMt-:Wi. i11 ovcr ~0.000 houfll and 1.·athodc wcurout 

due to emission can be desi1nl.'d to hi.' 30 )'L'ars with con!IL•rv;itivL' cmf\.'111 d1.•1hily. Tlw 1.·11ndidatl.' thcnninnk: culh<l\11.•i. un.• rimvcn 

oxide cathode operatinll below()()()<>(' and Tun11,ten m11trix cuthodL'!o al .. 1111hlly ClWr tooo0 r. l\\·tu11l 1.·111hudc lc1tin1 !lhoukl he 

condm:ted in 11 realistic cuthodL•·tuhc l.'nvironmcnt. nut just :1 tc'I lliod1.'. T111.• SPS tt1h1.• 11:iramctl.'rs ;in• cumriutihl1.• with COll!il.'l'\lil· 

tive cathode ratinp with 11 cathode to beam convcr1&Cncc ol" lc11" than ~O. 

To avoid exce~ive infant mortulity. a hurn·in rcrioo i!l rYcomml.'ndcd. which may h\• po111ibk.' in !lf'i11.'I.', The 'ILlt:1tlon of op:n cnvc· 

lope operation r"'quirYs further as~ument of space contuminants und can ofli.•r 11ignllic11nt 1.·nst rcductk>n if n:111i1.uhli:. 
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Cathode Emission Data 

CATHODE LIFE (ESTIMJ 

• 1o3 ~OURS 
A105 HOURS 

N 10 
~ 
u 
---Cl) 
~ 

~ 5 
< 
z 
Q 
~ 2 
:; 
w 
w 1 0 

COLO CATHODE TESTS 0 
:c PLATINUM 10,000 HRS ~ .5 BEST TUBE (19n) < u 

RANGE OF EMISSION n .2 
LOADING FOR 30 U VEAR LIFE .11-.., ______ .._ ______ ...._ ______ _ 

600 800 1000 1200oC 
CATHOOETEMPFRATURE 
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KLYSTRON PROTECTIVE DEVICES 

To assure reliable opera lion. hopdully in ah!\encc of a crowh:tr dr~·uit. scwrnl fl·:1turcs arl' rropo~d fur incorporation into the 

klystron design and external circuit monitoring. These indude: 

o Modulating anode which proviJes rnpid shur-off foatun.• o;hould r.f. drive fail. or tube !ihlll llown in ca~ of body or cathode· 

to-modulating anode ;m:ing. 

o Arc detector in the output w:iwguidl' to 'ihut off r.f. driw. 

o Budy current monitor-; to assc<i!i ,·atluxk rcrforman~·e ""a f11111:tio11 of lillll'. 

o Collector cummt monitors as possible indicators of intam1l ardng. 

ISO 
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Klystron Protective Devices 

DIRECTIO~AL 

COUPLER 

PROTECTIVE FEATURES 
1 RF DRIVE SHUT OFF WITH 

OUTPUT WAVEGUIDE ARCING 

2 THRESHOLD CURRENT DETECTORS 
DISCONNECT IF INTERNAL ARCING 

~-OIPLEXER 

r,;iiiiiliiiiiiiii~;-i '"· 

3 HIGH RESISTANCE ARC OUENCHING 
IF INTERNAL ARCING 

6 

------· '· 4 

5 

_._Pl.:01-j 6 

I 
I 

·-:4-
PREAM!__::J 

SOLID STATE 
CONTROL& 
DRIVER 

4 CIRCUITS 

BODY CURRENT METER 
MONITORS CATHODE EMISSION 

VISUAL ARC DETECTOR 
DISCONNECTS TUBE IF EXTERNAL 
ARCING 

TUBE DISCONNECT 
DRIVE MOD ANODE VOLTAGE 
TO CATHODE-REMOVES 
BEAM CURRENT 

STABLE f'EFERENCE Ii PILOT 
BEAM REFERENCE 
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SPECIFIC WEIGHT OF MICROWAVE TllANSMJTl'ERS 

Specific weights of commercially available C W. transmitters vary over a larae ranae of parameters. Croued rie1c1 1e1Yice1 suda u 

the amplitron, due to their compact interaction region are clearly superior in the repne below 100 kw CW. Broadband derices, 

such as the helix and coupled cavity 1WT have never been optimized for low specific weilht and are not direcdy applicable to SPS 

where the advantage of narrow bandwidth can be utilized. Amplitrons, utilizing relatively recent Samarium Cob~lt improvements 

m pennanent magnet technology are projected to have specific weilhts of Uc:low I lb. per Kw. CW klystrons at tht: 100 Kw level 

with conventional solenoid focusing are typic.llly S-IO lb/Kw but with a solenoid wound directly on the tube can approach 2 lb per 

Kw and probably below that at higher powers. At the SO Kw CW level, a klystron design can be conceived using combined 

PM/PPM focusing with a specific weilht of about I .S lb/kw. The choice between an amplitron and klystron will have to be baled 

on realizing the above values and on other system considerations such as efficiency, pin, anteMa intesration and reliability. 
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Specific.Weight of Microwave Transmitters 

---------------------------------------------------------------------------•llllNO-----Sl'S-1583 
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RF TRANSMITTER ACQUISITION COS1 

The attached chart points out the importance of propl'r power level ~·lect1on to oplimil.l' r.f. tram.milter acquisition and rc!llan•­

ment cost. The indicated cost is ba~d on the following estimated tuhc costs aml MTBJ-"\. 

Tube_Typc_ Power Cost M fBF <.Ye;iro;J 
C 11 c2l 

Amplitron 5KW s 100 30 I 5 

Klystron so 2100 ~H 14 

250 ,,l)QO 24 12 

500 7500 20 10 

Cost of tra11sportation to space is S60/kg. P;i,.,iw cooling is ao;sullll'd. Other sy,tcm fol·tors such as cflicicncy. gain differential. 

maintenance cost and x-ray environment an• not indudcd. Th•: analysis illllil-:1tc' that Ulc higher 11owcr kvcl klyst~ons arc com­

petitive with amplitrons on this basis and other 'Ystt"m parnmekr~ will in lllll'llCl' th•· ultimate transmitll'r Sl'ki:tion. 
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RF Transmitter Acquisition Cost 

for 6 Gigawatt System 
----------------------.._-------------------------------------------------a111~No----SPS-1!>51 

1.0 .------------------------

TRANSMITTER ACQUISITION 

& 10 YEAR REPLACEMENT 

COST, S BILLIONS 

.8 

.6 

.4 

.2 

.{AMPLITRON I 

TRAN',;PORT ATION 
COST 

ACQUISITION 
COST 

o...._ _ __...__~~~~--"-'-'-"'~""'"""""""-'-t&.J--.."-'-'~~~ 

s 10 50 70 250 500 

CW POWER, KW PER TR~f\JSMITTER 
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MPTS POWER DISTRIBUTION SYSTUt BLOCK DIAGRAM 

The MPTS rower disrritmtion t)'!if,•m provide~ 11ow,·r tn111sm1!\,io11. rnmh1io11m11. l.'onlrul. an'I ,1ora!J\' for all MPTS '°'"'"'"'""'· The 

antenna is divided irilo 118 power ,·ont1 ul 'ICl.'tor'I. c;id1 M.'dor provi,hni,1 pmh·r to ap1trox1111akly 410 kl)'llltron1. Th'• twu kly1trun 

dt>rri-ssed collcl:lorll whkh re11uir,· the majnrity ol "'\'l'l'h,·,111ow1:r ;ir,· tlrovuk•' with pnw,•r 1lif\·dl)' from th,• power l'-'ll\'ration 

spl<'m to avoid rhc Jc/Jc ,·onwrsion lo'ISl.'ll, All 011t,•r klystron denwnl power rc,111i1c111,•111 .. ;m• rrovid,•d ••i the l>C'/OC conwrtcr. 

System d15\:onm:ch arc rrovidi:d for i°'ol;ition ol ,·11uipmcn1 for n.•pilir and 111ai111,·11anl.'\', 

1~6 
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MPTS Power Distribution System 
Block Diagram 
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MPTS CONDUCTOR "ESIGN PROCEDURE 

Aluminum shet•r c:ondm·rors werL' §1.'kckd for routiniz 110wcr from thL' rot;iry joint tu 110WL'r !k'dor "'onrrol '"nw lhcy rL•sult in a 

minimum mah conductor syi.tcn1. Fc;r thi: "·onduc:tor "-'lllllL'lll 'hown in lhL' figu"-'" a cnn,lm:tor op"•ralin1 t"•mri:rntu~ can I~· 

seleded whkh will minimi1c thL' 'ioih.'lhh.' mass. A ll"'111:r;il """""' for 'll.'IL•c:t1011 of the ortimum \."ondu"·ror tcmrernru~ i1111hown in 

rhc figurl.'. The conductor m;M for tlw 'hcl'I \."Ondudor' from tlw rot;iry iumt tu the power "·ontrol .. uh<1t;1linns wa11 \."omruted to 
"I 

he ~70,5 77 kilogram!> with an 1-R los" of 14~.~ lllL'l.C••Wall!> for rlw L'lltm· ;11\IL•nn;i. ·1 h"• towl 111'1!>!> whil:h j, a•trihut;ihl"• to thl' 
"I 

MPTS \."ondm:tor sysrem is the nws' of tlw "·onlludor!> plus tlw mm~s of th"· :irray '"''lllil\'d to \."Ollll'"'nsak t'or thl.' 1-K ln11s of thl' 

~onduc:tor sysh.·m. 
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MPTS Conductor Design Procedure ____________ .... ________ .A. ______________________________________________________ ,,,,,AMI/I ____ _ 

SPS-1141 

LOCATION a ROUTING 

CONDUCTORS 

THIRMAL ANAL VIII 

MAii OPTIMIZATION 

0'-------------------------0 1 tlO 200 300 400 

llW tr•llftp/cm312 

PLAT ALUMINIM CONDUCTOR DIMENllONI TaW 

MAii ___. 
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COMPARISON OF POWER DISTRlllUTION CONDUCTOR MASS 

For 11 aiven d.c. power level ul the r.r. &ransmilkr. !i\:rious ,·onsid,·ral101111111'1 l'l\' lfih'll In lhc ,11s1rihulion volllll\'. not only on th,• 
1 

ba5is of LEO/GEO Jllasma dfcch or 1warhy X·ray ,, • ..,,.b, hut 1111 &lw h;l'i'i of' t-t~ '"""''within 1h,• !1tf&L'lfi1,• di\trihtllion tt..'twurk. :h 
1 

they aw impacted fly the mndm·ror si.t.c/mass sdcclion. Th,• I-~ lo'' 11111111 h,• \'011111\'ll"""''' hy i1ddilinnal fphotcwoltak» rower 

generation capuciry 1<11 J. IS k11/k w ). and ii' pro''''"114'd row,·r 1s r1·1111ir,•1I. wilh r,·iJun,lanl ad iw &h,•rmal control I<" 14 .~ k1/kw ul' 

lhennal heal dissipated. with 1J(1'k el'licl\'lll l.ll'"llc cu11wr1,•r-. 1. 

The auached chart shOW!t lhc r,• .. ull or illl lllllilllilalion for lwu I)'"'" ol 11i .. 1nhul ion 'Y'h'llh Usin11 11"1 ;ilu111inum \'ctndu,·hm1. II 

clearly shows that hijh cum:nl unprocesS\'d l"'W''r '''<llliMn,•nts ,·;111 r1•,uU in " latll'' \'lllUluclor mass 1~nully. Thi11 fuctor i11 of 

suffK:wnl impacl to wurrant inclusion in uny mcunin11f11l r.I'. Cr;in,miucr ,·0111pari11on. 

1<10 
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Comparison of Power Distribution Conductor 
Mass for 20 KV & 40 KV System 

UNPROCES&ED POWER• DGW 

FLAT CONDUCTOR 
(CONSTANT THICKNESSI 

DROP BETWEEN ROTARY 
JOINT & TUBE • .SK V 

CONDUCTOR TEMPERATURE 

lhl 

EXAMPLE 

• AMPLITRON 0 20 KV-UNPROCESSED POWER 

• 

OPTIM'ZED CONDUCTOR MASS • 6.3 x 1o6k1 
12R LOSS• 12% • 3.75 x 1o6kg 

03.15 kg/kW 9.05 x 1o6 kt 

KLYSTRON 0 40 kV-15% PROCESSED POWER 
OPTIMIZED CONDUCTOR MASS • 2.7 x 1o6kg 
WST OF PROCESSED POWER 

15% OF 4% THERMAL LOSS 
OF CONVERTER 0 14.6 kg/kW • .71x1o6 

COST OF CONDUCTOR 12R LOSS 
7.3% 03.16 kg/kW 

DIFFERENTIAL IS;, 76 x 1o8kg 
• 0.66 kg/.cW RF 

.... 1.89 x 1o8 
6.3. 1o8k1 
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DC/DC CONVERTER OPTIMIZATION 

The rt'sults of a ix·1oc· converter ani1l)''ii'>. J>crlormcJ hy the< ielll'rill t:.h.·ctn,· C'rnnriany ;in- !Jwwn in the fitnm•. The total ma'~ i"' 

composed of the OC/OC "·011vcrtcr ma\' plus the ni:w; ol the radiator "Y'h'lll rl'«tuircd to l·ool thc cnnwrttr 111u .. tlu.· addition:ll ~1· 

ellite .1a!>I n:quin.-d lo 1c:nerJtc th"· rowl·r to colllfll'll'iilll' lor "·onv"·rkr d'•"·rrk'al Jo,... fhl' minimum rotal ma~ nc"·un. al a "·on· 

verier switching frequency of approximall'ly ~O kiluh,·rt1 whu:h corrc .. pnn,f, tu ;i cnllh'rll'r o;pcdl1c 111:1u uf 1.0 kll/kw. ;mJ an 

cffo.:1em:y of 9<> rcrccnt. ·nu:"'· vahll'' °Wl'rl' u~,·J for th,· ha'll.·hnl' MPTS pnwa Ji,tnhulton "Y'll'lll J"·~ign. 
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DC-DC Convertor Optimization 

----------------... ---------------------------------------------------···,"'·-----...... •t., 

c::i 

,. r 
0 - I ")( 

c:; 
8 r :.! 

~-
<! 

== 

• RADIATOR MASS• 14.9 KG/KW (LOSSES) 

• SOLAR CELL MASS• 3. 15 KW/KW 

• CONVERTER CHARACTERISTICS 

FREQ LOSSES CONVERTER RADIATOR 
KHZ KW MASS KG MASS KG 

6 1 161 13.500 2,400 
10 232 7,000 3,460 
20 265 5,500 3,950 
30 302 5,100 4.500 

2 

150 200 250 300 CONVERTER LOSS, KW 
0 ~~~~~ ....... --~~~ ......... ~~-.-~---...i.-.i1o--1 

1 10 30 SWITCHING FREQ., KHZ 

If, l 



INTEGRATED KLYSTRON MODULE 

An integrated klystron mm.Jule. si1ed for installation nct1r tlw 4.'cntcr of thc anh.-nn;i, is shown. Tlw major moduk: comrancnt!I and 

their placement are noted. 

This module confi1uration resulted in a very thin. 33 '-'\'lltimclcr. suh:1rrny :111d i' more condudw to ,·arth fahrication. h.'Slinat ;and 

transport to the antenna a~mbly locution. 

For this study. the suoorray w;1s the sysMn LRU hut with !hi" t)'ll\' or o;truchm" lh\' modul\• rnuld h\• nrnd\' th\• LKU with only 

slight modifications. 
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·Integrated Klystron Module 

----------------------.A..-------------------------------------------------•llllMll----

THERMAL CONTROL RADIATOR 

THERMAL CONTROL HEATPIPES 

KLYSTRON 
SUPPORT BEAM 

ln'i 

ARC SENSOR 

SOLID STATE 
CONTROL DEVICE 

DISTRIBUTION 
WAVEGUIDE 

'--- RADIATING WAVEGUIDE: 

LATERAL 'EAM 

POWER DISTRIBl; .ON CABLING 
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INTEGRATEDSUBARRAY 

An integrated subarray for the lowest power di:nsity near thl· spacl.'tenm1 rerirhl'r)' is shown. This stmctural confipll"'"Jtion shows 

where the module component!> arc Jcx::ttl.'d :md how thl.' integral structure wa .. ad1kwd. 

The structurt> supportmg the klystron 1s dc!>igm·J to acccrt lhi: variabk· number of moduli:s per suharray 111.•ce~'l:lry for outrut 

tapering. Tiu: same bask approach wao; usi:d to lay out suharray structure" and l·omponcnt locatioth for the olhl.'r rower d"'nsitil'S. 
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Integrated Subarray 

--------------------------·--------------------------... ,,~·-----SPS-1217 

THERMAL CONTROL 
RADIATOR 

LATERAL I-BEAM 

DISTRIBUTION 

WAVEGUIDE -\ 

RADIATING 
WAVE GU JOE 
(BACKSIDE) 

MAIN POWER 
DISTRIBUTION SOLID STATE 
PJG-TAJL CONTROL DEVICE • 

4-MOOU:..E SUBARRAY 
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POWER TAPER INTEGRATION 

111e Jdual integration ol po\h'r d.:n,, ly nug' j, illu~lrall'd on 1111 .. lill'W of rnw-fourlh of till' ra1lia1ing fo.:l' ol lhl' ;mt.:nna. List.:d 

for l'ach stc1' ar.: the numhl'r of moduk·s pn -.uharra~. th1.· numiwr of ~uh.1rr.1y' ol :n:1t typl· ;111d thl' numhl·r of kly!>tron' in thal 

step for om• antenna. 

To meet ;ill ol till' dl''l!!ll 1.on~tr;iinb ,1111•M1 pr1.·\'io11~I}. ,1 pm~ 1.·r t.1pl·r w,1, ;1d1il'h·tl u ... ing th .. · t.:11 q11anti11.·d 'ikP' a\J1l.1hk th;1I 

would prov11.k a ground 011tp111 of :'i.O c;w fo: .1 1.00 kilonwtn d1a111l'11.·1 .mknn;i \\ ilh .1 9.:'i dB pmwr 1k11'ily taf)l'r 
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SECONDARY~--'l\tt1'7'---t~ 

STRUCTURE 
PRIMARY 
STRUCTURE 

D 180-22876-7 

Power Taper Integration 

SU8ARRAY 

169 

STEP 

1036 

2@30 

3(1124 

4@20 

5016 

6(iil12 

7@8 

8@8 

9@6 

1004 

TOTALS 

NO. 
SUBARRAYS 

272 

580 

612 

612 

756 

864 

576 

1032 

1000 

6.932 

NO. 
KLYSTRONS 

9792 

17420 

14688 

12240 

10368 

5652 

4608 

6192 

4000 

97,056 

POWER OUTPUT: (ANTENNA) 6.78 GW 
(GROUND) 5.01 GW 
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SPACETENI\ • STRUCTURAL CONCEn 

Prill ;iry Stnu:hm: 

·1 he artcnna pnma~· s1n11:1urc IS •• tclrnhcllral r·lanar lru'I~ illlll t1iW~ ,1,·11rh In lh~ anknm1 for ~llffne!I\ :111d !ilahilily. TI'\' rrima;y 

strui.:turc surporl\ the !ICt.:ond;iry ~1rudt1h'. row,· 1 ,11 .. 1 rihul ion huwi;. l'<>w,•r t.:l11ulilio11 in~ c,111irmc1,r. rhcnnul ~·u1uml 1.:nmron,•nh 

ant! ~·rovidc'> li>f antenna yoke allui.:hnwnl. 
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Primary Structure 
(Secondary Modules Shown) 

A 1203.74 M TYP 

( 
I 

8M.874MTYP 

L_ 

yll,OMTYP 
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Sf.CONDARY TRUSS.MOOULf. 

Tht: antenna 'M.'1:onJary \ln1~·1url'. ,uppor111111 lhl' .. uh.1rray,. ".1 h.'lrahl'dr.1l 11lanar In"'· lnJ1'ful11;il 111ollt1ll'' may ll\' h111U •.•r in .1 

plan;u r..~hion to fonn thl' plJnar rac.halrn11 IJi.:l' of lhl' J11k1111a S111 ly·onl' ol 1lw lw11;1gonotl 111·1e.lufl', otfl' otrfilllll\'d m riv.,. rilll' lo 

complch.' the se1.onJary \lflldlHl' 
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Secondary Trus..-Module 
(Subarrays Shown) 

, I -t·t~~ II!-•· .. ·.- I •, ....... 
I +•+• +• I I I 1.....illi.• ........ 

~·'tt>- ···~ .... 
i.·· ... "T 

"T .... 
~· ·r ' ". ·t 
·1· ·r 
·+· .,. 
·~· ... ..... to 

·t 
. 

' . •"" ..... 
.... • J . . , .. , -'"· 

1. 
... 

+· ·- . I ... WI'. ·t 
; +t:~ - . . ..... -.. ~ .. ~ IUllARRAV 

9J1211M TVP ~ 80.248 MTVP 

SECONDAAV STRUCTURE 

ARRAV MODULI 
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MPTS MASS ANO COST ESTIMATE 

In order tu obtain the desin•d po""l'F tapl'F ano'' llw r:uh;illn)I apl·rturl' of the 'l101l"\'t\'111rn. th\· \Uharra)'' of whkh ii i' i:ot11rri51.•d 

must contain varying numhcr"i of kl)'stron mollulc' Tiu' \."hart lll'l'll'h th\· l''tim~1ll'' of mu" a11ll \·oi.t for llw indiv1du11l l)'I~' of 

suharra)'s. the "ifrm:ture \."Ontrols. power di<1tr1hutm11 '>Y~tl'lll .111d l·o1111111111I ;11111 i:onlrol '"h'y~lcm. 

The antenna mass i1umm;iry shown is !li1nifii:;111ll)· l:1rgcr tlwn l''l'\ 1uu .. mt1 .. ~ l',11111'11\'S. I hl· liiri&c'I 1row1h ;in•a, ii.crown Ji,trihu· 

lion COC·DC converters 111du.lin1& thi:nnal \."Olllrnl 1 :11ul R,.. <il 11\'ntlion 1kl)',tro11' ind11,11111111t,·r.1wf ,·ontroh. 
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No1ninal MPTS Weight and Cost ----------.. ,,.. _ 
MAii (M.T.) COST nolst 

1.0i.01.04 MPTS 13084 971.12 

1.01.01.04.00 COMMON 3141 424.22 

1.01.01.04.00.00 STRUCTURE 260.0 22.87 
1.01.01.04.00.01 CONTROLS (388) 82.&1 

1 .01.01.04.00.02 POWER DISTR. 2933 230.21 

1.01.01.04.00.03 COMM/DATA (100) 108.14 

1.01.01.04.01 TYPE 1 SUBARRAY 833.09 .... 
1.01.01.04.02 TYPE 2 SUBARRAV 1606.34 91.02 

1.01.01.04.03 TYPE 3 SUBARRAY 1~: S.02 83.41 

1.01.01.04.04 TYPE 4 SUBARRAY 11;•2.1e 11.&I 

1.01.01.04.06 TYPE 5SUBARRAV 11;i1.12 81.71 

1.01.01.04.08 TYPE 8 SUBARRAY 1042.H &8.94 
1.01.01.04.07 TYPE 7 SUBARRAY 813.&7 32.13 

1.01.01.04.08 TYPE 8 SUBARRAY 607.,'3 21.18 

1.01.01.04.09 TYPE 9 SUBARRAY 760 t:!i 31.20 

1.ot.01.04. 10 TYPE 10 SUIARRAV 681.20 22.74 

FOR 10 GW. 2 ANTENNAS, 21121 MT AND 11161.8 ~ 1o' 

17S 
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Photovoltaic 
Conversion 
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PHOTOVOLTAIC REFERENCE CONFIGURATION 

This rdcn·nce "·onfif,{uration r ... ·prcsents lht' study !ltardnv rnmt. lls size wa' l•aSl'1I 1111 , lh· 110 for rnm1cl d1Ji11 cMahlished duri1111 

th\: JSC !>ludy and a g~ounll output requirements of 10fiW BOL. 
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Initial fhot'lvoltaic Reference Configuration 

-----IPN1---------------------------------------------------- aallN•---

• Silicon at CR • 2 
• Nominal truss confi1uration with fl • .060 
• Orientation P.O.P. 

I
._·-------- 24.8 KM 

SOLAR ARRAV 
\ 129KM2 

'li 

I ' I f 
&..2KM 

T T 
' ' l 

':$ 
1·KM DIAMETER 

179 



DIS0.22876·7 

PART 1-PHOTOVOLT AIC STUDY REQUlkEMENTS 

The major objectives of Part I of thh study arl' summarized lwr· I hesl' fodor!> weh' U!ied lo anal)'ll' the variou~ camlidatc~ for 

energy conversion and establish a syslern Iha! could be dl'lin~·u to a grt•atcr depth in Part II. 
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Part 1 - Photovoltaic Study Requirements 

•••IMlll ---

1. WHAT IS THE MOST OVERALL EFFECTIVE MEANS OF IPS ENERGY CONVfRSK>N7 

2. WHAT IS THE MOST DESIRABLE CONSTRUCTION/ASSEMBLY LOCATION(S)7 

CANDIDATES 

SINGLE CRYSTAL PHOTOVOLTAICS 

•SILICON 

• GALLIUM ARSENIDE 

ADVANCED THIN FILM PHOTOVOLTAICS 

•SILICON 

• GALLIUM ARSENIDE 

• CADMIUM SULFIDE 

• COPPER INDIUM SELENIDE 

181 

COMPARITORS 

SPS PERFORMANCE 

PERFORMANCE DEGRADATION 

IPSSIZE 
SPIMAIS 

SYSTEM COMPl.EXITY 

SYSTEM MAINTAINABILITY 

CONSTRLCTION REQUIREMENTS 

TRANSPORTATION REQUIREMENTS 
TECHNOLOGY ADVANCEMENT REQUIREMENTS 

SYSTEM COST DIFFERENTIAL FACTORS 

ENVIRONMENTAL EFFECTS DIFFERENTIAL FACTOR 

MATERIALS DIFFERENTIAL FACTORS 
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PHOTOVOLTAIC OPTIONS 

llighlights or the Photovoltaic Study and its bask option~ and subopl1011~ arc shown togethl·r with the rrirnary issues wlm:h 

required resolution during the first study p•1asc. Effort was directed towardi. addrc~sing the'iC i~sues within the constraints of the 

satellite automated fabrication and assembl) concept. 

18.:! 



SINGLE CRYSTAL 
1SILICON 

THIN Fl•.M 
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Part I ~ Photovoltaic Options _______________________ ..,,,.., ---
ARRAVTVPE• 
CONCENTRATION 
RATIO 

SEMI· 
CONTIGUOUS ARAAY 
0 .. CR•2" 

CONTIGUOUS ARRAY 
•-CR•1• 

CONFIGURATION 

f SILICON COSTS/PERF 
6 SILICON DEGRADATION 

• PERFORMANCE MAINTENINCE 

"TRUSS t THIN FILM REFLECTOR 
TROUG..- J PERFORMANCE/DEGRADATION 

GAAi COSTS• M.'TERIAL 
AVAILASILITV 
GAAi DEGRADATION• 
PERFORMANCE MAINTENENCE 
CPC PERFORMANCE 
CELL TEMPERATURE 

I PERFORMANCE/COST/WEIGHT 
DEGRADATION 

. POWER DIST .llBUTION 

PLUS 0 LEO vs GEO TRADE I 
183 
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SOLAR CELL DEVELOPMENT-DECEMBER. 1976 STATUS 

The "O.~st achtevcJ" n·U dficil'llllC~ Jrc tho-..: rqlOfll'd a· r•w 1976 Photovoltaic Spc1:1ah\h ( rn1krt•nw aml thc Au11u;,t. 1'>7h 

t:r~ i)A National Photovoltaic Conver~1on Pro~ram Kcv1ew mc,·tmg. Only ~.1li .. ul\ ... nlar -:-:h-. af\!' Ill proJuction. with \ 4.6 pen:cnt 

emrn~ncy rcported by Spe-.trolan for a lmllled quantity ol "sn1lpturcd" .:di,. 

Lffic1enne<iexpcdcd in 197~ arl· based 011 ·•1·1n1om. hy the 11m:!>,·.,a1or!>. hu cxampk. J.M. Woodall of IBM pn:dil."tcd that he 

would have :!O per.:ent air-mas•.-7crn gallium·Jr'>Cl\ldc cell' w1tl11n .1 y. ·1r. Many worl....-r' pr,·c.l..-t I l\-pl'r, l'I t 'ihl."on -.·cf!,. 

The probable JC)87 cffic1cnc1e<; ar-: our own rn:d1ct1on<.. ha~d 01. )'J\I propc'l'i aml thl'Ofl'IKal limih. 
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Solar-Cell Development--Aug_ust, 1977 Status 
Cell Types Pertinent to Solar P1Jwer Satellites __________________________________________________________________ ..,,.. ____ _ 

lf'l21 
AIA MAR-ZERO CPNYERSIQN EFFICIENCY. PERCENT 

PRODUCTION BHIABGtt Gl&.1.1 
CELLI BEST Pft\iAAILI THIORETICAL 

CELL TYPE 1m ACHIEVED llZ!. 1087 LIMIT NOTIS -- - -GALLIUM ~RIENIDI SINGLE CRYSTAL 17 18.15 21 22 21 HUGHESACHllVID 17.R 
THIN FILM 12 115 17 21 IN 2dn •ACI CILLS. 

lltNG DIVILOPID BY 
JPL, VARIAN, IMU, MIT 
LINCOLN LAii FOR IRDA 

SILICON SINGLE CRYSTAL 14.1 115.1 ,. 19 22 WOLF GIVU 1ft COAL 
POLYCRVSTAL 12.0 14 11 22 
THIN FILM 7.2 12 13 22 
METALLURGICAL 8.0 10 12 22 

{ CLAIM&D TO• VIRTICAL 13 11 18 22 
JUNCTION RADIATION RllllTANT 

CAl..\tlUM 8.1 10 10 
8ULFll>l1 

lnPCdl SINGLE CRVST/ i. 11 17 C7t IN RISOURCU 
THIN FILM 1.7 1Q 

1n1Pnn1nO SINGLE CRYSTAL ,. 17 tlPLUTTIRID,ICHOTTKY 
Culnll THIN •ILM 3 17 IARfUIR, HLL I.Ml 

Cd/Culnll THIN PU ... 1.2 17 lllNG DIVILOPID 
ATIOltNG 

M"8AI TANDEM 
.IUNCTION 

34 
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SPFCTRUM OF PROTONS INCIDENT ON SOLAR CELLS 

1 ''•nil Prof Wl·bhcr'·, ""lar a~ ti~ 1ty pn:lliction~. we l akul.1ll' that m .'\O ycJh in iico,ynchronou' orbit J 5ilil·on !>Olar cdl uruh:r a 

150 µm 1 tl m1l 1 fused '>iii• a lover will hl· l'Xpo,ed lo the l'quivah.'nl of ~.~ ~ x ID 1 ! proton' :1avin111rcakr than 10 ,..! ',' cnl'rl)'. 

Thl' spcl I rum ol the proton\ is plolted here. wilh lluen'l' U\ a funi:llon of proton cm:ray. Nolc how ~cpiou~ arc lhc lov cncray 

protrins. when rnmparcJ w11h lhe higlH:ncrJY <>Ill'\ 
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Spectrum uf Protons Incident on Sobr Cells ___________________ .,,, .. --

FLU ENCE 
Oe CE) 
flllflz- Mev 

1o9--------~-----------

• Normalli.ed tr; 5 x 109 protons(> 10 MeV) 
• Geosynchronous orbit 

1o4....._. ____ _. ______ _._ ____ ....I 

0 20 100 200 280 

PROTON ENERGY (MeV) 
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DAMAGI:. EQUIVALENT Of PROTONS 

., he prcv1ou,ly derived prolon nucncc Wil\ l'OllVCrtc1l 11110 ih cqu1valcnl onc·McV dc\.'lron fluenct.: hy aprlymj,! flll' 1/1· ellllivalence 

plrlllcd hcrl'. in layer by layer of lhe \Olar cell. An allcrnak. but more grm~. \.'OllVcf\ion could have hccn made with the curve 

fr11m the \Olar lCll Ra<l1allon Handbook. plotted a' a dottl·d line for rckren1.:c. 

lhc une·MeV clcctron d.111111gc codflcienl. when plolll'd in the unit\ \hown, would be around io·IO. ind11:alin111ha1 proluns are 

'lomc IOOO time~ a\ damagmg as electrons. 
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Damage Equivalent of Protons 
__________________ .... __________________________________________ .. ,Miii----

..... 

PROTON 
DAMAGE 
COEFFICIENT 

--1/E 

---- COMSA..- KL 

10-7 
........ ......... 

' ', 
' '----·-

1o-8..__ ......... _._..__. ....... ..__._ ................ ~~_._-'-..i....r.~"'-'----"......&.-'-l...a...l.I~ 
. 0 1 10 1o2 1o3 

PROTON F.NERGV (MeV) 
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PART I ANNEALING S~1111AR\' 

Althou(lh the dalQ was somewhat limiled, illl''•f dalil w:is received for CVl'I')' :i111w:ilin1 issU\' and ii. i.mumari7.\'d here. 

A Iara• r dala base i~ needed on all anncalin1 issues C§~ccially lhe l\•111per.1tun-/tinu• rclation1.11crwnt n:cowry of radiation Jumaac. 

and lhe cl foe ls or repealed anne11lin1J. 
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Annealing Summary 

ISSUES: 
• PRO"'ON vs ELECTRON DAMAGE 
• TEMPERATURE/TIME RELATIONSHIPS 
• SUBSTRATE COMPATIBILITY 
• " RECOVERY 

DATABASE: 
SIMULATION PHYSICS: RESEARCH a TEST 
HUGHES: RESEARCH• 

INPUT: 

....,..,,,.., __ 

• ANNEALING IS FLUENCE DEPENDENT-PROTON DAMAGE REQUIRES HIGH 
TEMPERATURES (&OOOC+) 

• TEMPERATURE IS PREDOMINANT PARAMETER 
• DIRECTED ENERGY APPROACH PROMISING FOR BOTH EFFICIENCY a 

SUBSTRATE COMPATIBILITY 
• RECOVERY WILL APPROACH 100% WITH PROPER DESIGN 
• LOW TEMPERATURE GAAS ANNEALING PF.IOBABLY NOT APPLICABLE TO 

PROTON DAMAGE 

•HUGHES CURRENTLY INVOLVED IN RADIATION DEGRADATION TE'1" 
PRO~RAM FOR USAF 

191 
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GaAs INPUT SUMMARY-HUGHES 

The Huahes input on GaAs is summarized here in key areas. 01' si1nific111m: was thi: luck of duta busc In 11rea11 crilk:ul to SPS 

applications. The resolution of 1:1cse issues could result in " GaAs SPS with si1nificunt cost und mau allvanlu~s. 

192 



GaAs I_nput Summary Hughes ___________________________________ ..,....,. __ __ 
..... 

• SIN3LE CRYSTAL EFFICIENCY 0 AMO• 20lt 

~ THIN FILM (10 JUll) EFFICIENCY• SINGLE CRYSTAL E~FICIENCY 

• GaA1 MUCH MORE RESISTANT THAN SI TO HIGH ENERGY PROTON 

DAr.tAGE 

· • ELECTRO~ DAMAGE TO GAAS ANNEALS 'aoUT" 0 200-300oC 

• OaAs IS NOT EXPECTED TO EXCEED $1/g 

• DATA BAS.E LACKING FOR: THIN FILM; RADIATION DEGRADATION; 

ANNEALING 

193 



THIN FILM REFLECTORS 

A summary of the Part I renector data used to evaluate the perfonnaru:e of a C'R:? sysh~m is shown. Usina the P~t Able 

radiation dearadation data :md the "coupon data." an initiul ideal reOectancc: or 0.85 will have desnded to O.S9 in 30 years. This 

resulted in a geometric concentration ratio of 2.0 (CR8 • 2 ), havin1 an eft~cliw C'R or 1.31 when coml'\muted for solar cell 

thennal degradation. 

Ali.o shown are some of the problems that musl be takc'n inlo account if a ren~-clor i11 u~d lo concentrate .. nlight on solar cells. 
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Thin Film Reflectors ___________________________________ ....,.. __ _ 

• "COUPON DATA" 
- REFLECTANCE VS BEAM SPREAD 
- REFLECTANCE VS STRESS LEVEL 
- REFLECTANCE VS WAVE LENGTH 
- REFLECTANCE VS INCIDENCE ANGLE 
- REFLECTANCE VS RADIATION/TIME 
- REFLECTANCE VS ALUMINIZATION CHARACTERISTICS 

• "REFLECTOR" PROBLEM/PERFORMANCE DEFINITION 
- EDGE MARGIN FOR EVEN ILLUMINATION 
- STRESS LEVEL VS "FLATNESS'' 

• MEMBRANE ANAL VSIS 
• JOINTS • EDGES · • TOLERANCES • TEMP t!S 

- REFLECTOR CREEP 
- MECHANICAL PROPERTIES' DEGRADATION 
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SHADOWING AFFECTS STRING PERFORMANCE 

This illustration shows thi: dfr1:t of shadowing on solar 1:1:11 slr111g outpul. 111~· pi:r1:i:nl slrndowing 1.:an hi: inh:rpri:lcd as either th\.' 

percent of the array that is 1.:ompletely shadowed. the pcn.:enl of rdi:ren1:e illumination provided to a string 1:0111parcd to other 

strmgs in the array or a combmation of the two. 

Uneven illumination may be caused by support members shadowinl! portions of the array. edge marrms on thin film rcOcctors. or 

obj.:1.:ts rassing in front of and i.hadowing the solar array. 
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Shadowing Affects String Output ___________________ .. ,,.. __ _ 

30 

MAX. POWER POINT 
OF SOLAR CELL 

POWER RESERVE 
FOR VOLTAGE USED UP 

p °"t • 0 • 71.ln' 

40 60 80 70 80 

"ILLUMINATION 
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P4RT I SILICON SYSTEM COMPARJSONS 

Several silicon syslems wt•rt· devt:loped m Parl I to .-.how the l'flel'I of the CR I vs. CR~. LH> V!>. Gl·O l"On~trudion. and power 

m.amtenanl"e '>l:enanos. Ari illu~lra11on of wml· of the w.-.tern' developl·d for GEO .:onstrul"l1011 is shown. 

The main ~ondu\1on that lan bl' madl· lrom thl\ l"on1pan"'rn 1.-.. thJI a CR I 'Y.-.ll'lll "morl' fa"orahk and lhal a1111ealintz pre<;enls a 

IJrge advanlage an power mainlenanll'. II anncalm~ 1i. 1101 ava1labk. array addition would hl lht: lll'lll logi.:al ::hoke. 

l'J8 
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Part ·I - Silicon Configuration Summary 
__________________ _. ____________________________________________ ..,.11111/1 ____ _ 

... ,. 
10 GW MIN. FOR 30 YRS. 
TOTAL ARIA: 
ACTIVE ARRAY ARIA: 
MAIS• 
PRODUcT10N COST Mo' 
TOTAL COST ... 101 

I ao vR. ov1yz1 

aa.1~ 
120.IK...-
1Gl,7MMT 
1844.0 
11448.0 

I r·~·:·I 

·r 
I 

.... 

SILICON - 910 AlllMIL V 

ARRAY ko1TION 

~K:.T cnu IOL) 
llm MT (100,480 IOLJ 
1171.1 (1142.1 IOL) 
131 .. .1 (14811.4 BOLi 

•·· 
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ANNilLING 

18UKm2 
8MKift2 
78,G71MT ..... 
12141.2 

•-r:-1 
r 
I 

L , .. 

.m:1 
ANNIAL!f9 

=== 71,721MT 
1111.1 
ua.1 

-
I I · 
T I , 
.L .. . ., 

•• 
· I 
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CR I SIUCON SATELUTE SENSITIVITY TO CELL PERFORMANCE 

Silicon perfonnam:e sensitivities. 11artin1 from u rd"rencl! fistire of 18' um.I droppln1 ~'-' Pfr .,,,,, 111'\" shown h•re. l!vtn 1t 14'.4 

efficiency there is 1101 a dramalic chain~ in "ilhc1 mau or cosl. Thi• indic:ule11 rho1I 1K:hlevln1 low "''" 1.•01111 It mu1.il mort 

important lhan maximizin1 effil.'itncy. 
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Silicon Satellite@ CR•l Sensitivity 
To teU:Perfonnance 

"" - ., ... 
""' 

iiiiiiiiiiiio 

"'" ,_ .,.., 
~u. 1111 . ,.., - ,, ... , ... -,.. , .. ... • - - 1--- --· ·-· -· 

WGT. .., WGT. COIT 
...,, Dan 

... ,. ..., . 
RIPUINCI CIRPIRP, 
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PART 1-GaAI SYSTEM COMPARISONS 

A similar trade w11 made on GaAs systems wilh major c:on..:lu1ion1 shown hrn:. TI1r CR· I vs. CR·:? trade ls not 11 t:lnr with GaAt 

systems. from 1 mass comparison. The lower 11lllum uup but hl1her system complexity and Illumination problem• with the 

CR-2 syttem must be taken into ac:c:ounl for 1 fair comparison. The l&dvan111ae or LEO construction 11 app1nmt in the c:a•• 

shown. 
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Part I - GaAs Configuration Summary 
____________________ ._ _____________________________________________ .ollMll ____ _ 

... , .. 
TOTAL AREA: 
ACTIVE ARRAY AREA: 
MAIS: 
PRODUCTION COIT: ... ,at 
TOTALCOIT: Mal 

OW - 10 ow MIN. FOA 30 Vf!I. V A ANNIALINO 
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PHOTOVOLTAIC ENl!RGY CONVERSION COMPARISONS 

A matrix of the photovoUaic energy conversion candidates and the major system comparato~. shown pn-vioully. wus dcvelo~d. 

The viable candidates become apparent when compared in this fashion. 

Single crystal silil:on systems. C'R I and C'R'.!, appear lo be the best cu1u.lidute1 for the least amount of exlrapoh1rion. 11,in cell 

GaAs systems have the besl overall characterislics but the question of pllium 11vuilability is curnmtly unrv10lvcd. 
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Photovoltaic Energy Conversion Comparisons 

--------------------------------------------~~--------.,111N1'11-----1127 

JU I 
.1 I 

1/ 11 11: 
II II 11 11 Ii r It 

llNGU! CRYSTAL CILU 

SILICON MeD FAIR PAIR FAIR MID GOOD GOOD GOOD LOW CR-1 

SILICON llPD FAIR FAIR FAIR lllD FAIR •D GOOD LOW 
CR·2 

GeAI HIGH FAIR GOOD GOOD LOW GOOD GOOD POOR LOW 
CR-1 

aw HIGH FAIR GOOD GGOD . LOW PAIR IED POOR LOW 
CR·I 

ow V. HIGH FAIR GOOD CIOGD LOW POOR flOOR MAll8ltM&. LOW CR>2 

ADVANCED THIN FILlll 

SILICON LOW oooq FAIR PAHi MID GOOD GOOD GOOD V,HIQH 
CR·1 

SILICON LOW GOOD FAIR PAIR MID FAIR MID GOOD V.HIGH CR·2 

ow 
HIGH EXCILLENT GOOD GOOD I.OW GOOD GOOD PAHi HIGH CR-1 

ow 
CR·2 HIGH EXCll.LENT GOOD GOOD LOW PAIR MID FAIR HIGH 

ow HIGH EXCELLENT GOOD GOOD LOW POOR POOR FAIR TO HIGH 
CR>2 GOOD 

CADMIUM SUI.FIDE LOW EXCELLENT GOOD POOR LOW GOOD GOOD GOOD V.HIGH 

COfnR LOW EXCILLENT GOOD '°°" I.OW GOOD GOOD POOR v ...... INDIUM SELENIDI 
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PHQTOVOLTAIC SUMMAR\' 

These are the conclusions with respect to photovoltaics at the end of Part I. 

With respect to the cost of silicon solar cells. we found that the :?O.S billion S by I 0 cm cells required for clk:h solar power 11aMlik 
would bt: manufactured in new automated factories which would be entirely different from today's solar~ell production fadlilielli, 
and the cell cost would be more like the cost of today's high-volume semiconductor products. The "mature Indus.try" approach to 
pricing indicated that the cost of the satellite would indeed be reasonable. 

The weight and cost of the satellite was not too sensitive to solar cell rerfonnance. Practical satellites could be dcsianed uround 
solar cells having efficiencies even as low as 16.S percent. which is adlievable today. 

In concentration ratio trade~. the non-concentrating arr;1y always came out best from cost und weight stundpoints. 11,e key factor 
was the radiation degraJation in rcflectam:e of aJuminized Kapton films. Project Able te5ls indicated that the SS percent reO~'Ct· 
ance of the aluminized Kapton films would degrade to 63 percent. with most of the degradation occurrinJ within the fi~t tew 
yeaJS of the 30-year projected satellite life. 

Work done by Simulation Physics. Inc., showed that in solar cells the radiation damaJJC caused by 110lar-narc proton11 can be 
annealed out, avoiding the loss of some S 16 billion of power sales revenue. Laser light. electron beams und infr:ired radiation are 
possible heating methods. Thermal annealing is worth develor>inar. 

Low-earth-orbit turned out to be the most practical place to assembly lo the: sol11r power 5ah.'llites, 11r.;vided electric: thrustel'li 
could be used to transfer the completed satellite to geosynchronous orhiJ. Geosynchronous-omit 011embly required shipping hup: 
quan•ities of propellants to low-earth orbit. Essential to the: low-earth-orbit assembly aprroach is the thermal annealina of radia­
tion damage occurring during transit through the Van Allen radiation belts. 

Gallium arsenide solar cells were found to be advantageous becau~ of their rrobabh: :? I percent conversion efficiency und their 
moderate loss in performance as they became warmer. However, gallium availability turned out to be: r,uestionuhlc. Gallium was 
not concentrated sufficiently in sea-water to be worth recovering. Gallium is at pre"'•nt a by·produi:t of aluminum and zinc relin· 
ins. with coal fly-ash beint a potential source. The projected United Stotei. coal consumption and aluminum production will not 
be great enough to support the construction of several solar pown satellih.·~ rl'r Yl'ar unless thl' gallium ar.1Cnide layer in the solar 
cells is made thin, say under I 0 µ111. ERDA has funded Bah: lie Northwc!ol to l'ardully mwsti11ate 11alliu111 a'"'ilahility. 

Some work has suggested that radiation damage in thin lay~·rs of gallium ar!>enidc can be anncalr..'d out al t'airl)' low tcmperatun:1 -
perhaps at only I :?S°C. Also, gallium ar~nide cells an: more rl.'!>istant than silicon !>Olar cells to radiation damage. makins them 
more applicable to powering the transfer of a compleh.'d solar rower ~•1tellite from low-earth 01 hit to IJl.'Oli)'nchronous nrhit. 

Thin film solar cells, many tyres of which arc being developed by ERDA. an· d1arJcterilt•d by iireut hut unprO\'l'l1 l'Otentiul. Their 
low weights and thin cross-sections makc pos!>ihlc ideal satellite llesilltl. Some offer the rotential of good cflicil'tW)'. for example. 
15 percent in singlt:-crystal indium-phosphide/cadmium ~ulfiJc. Howcw1. the 'ttcneration of i.izei1blc crystals on thin lihns has not 
yet been realized. The best achieved efficiency in other than singlc~rystal cl'lls hm1 been around 8 per.:cnt for cudmium sultidt• 
which ~as not yet been proven to be stable in perfonnance. 
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Part- I - Photovoltaic Summary ________________________________________ ..,.., __ __ 

• SILICON COSTS NOT~ HIGH" 

• SILICON SYSTEM NOT SENSITIVE TO CELL PERPeRMANCE . . 

• CR1 PREFERABLE TO CRZ 

.• ANNEALING CRITICAL TO SILICON SYmM 

·e LEO AISY a SELF POWER atOW TO ADVANTAGE WITH ANNEALING 

• GALLIUM SUPPLY a• 1N QUESTION 

• GA.UTHIN FILM CRITICAL TECHNOLOGY 

• IF ~.Al SUPPLY a THIN FILM OK-GAAi ATTRACTIVE a NOT AS 
. SENSITIVE TO ANNEALING OR LEO/GEO TRADE 

• OTHER THIN FILMS LOOK COMPETITIVE BUT NEED IMPROVED DATA BASE 
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PART I RECOMMENDATIONS 

The conclusion of Part I of the study was the recommendation of a system to define to a grcaCcr d;:pth for the reduction of uncer­

tainties in size. mass and cost in Part II. The main recommendations were the result of trades conducted on the various candidates 

and the comparative factors discussed previously. 
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Part 1 - Recommendations 
____________ ....;;.... ______ .._ _________________________________________________ •llllNllil_. __ ._ 

SPa.tUO 

e RECOMMEND SILICON. CR1, ANNEALABLE SYSTEM 

e BEST DATA BASE - LEAST AMOUNT OF EXTRAPOLATION 
e LOWEST SYSTEM COMPLEXITY 

e BEST CANDIDATE FOR REDUCTION OF UNCERTAINTIES 

e CR-2 ONLY PROVIDES A CRett - 1.31 

• REFLECTOR/UNEVEN ILLUMINATION PROBLEMS 

e CARRY GALLIUM ARSENIDE AS ADVANCED TECHNOLOGY SYSTEM 

e HIGHER EFFICIENCY - LOWER DEGRADATION 
e MATERIAL AVAILABILITY 

• THINNER CELLS REDUCE USAGE 

e DISCONTINUE THIN FILM CANDIDATES 

e INSUFFICIENT DATA BASE 
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PHOTOVOLTAIC SATELLITE-INITIAL PART II OdJECflVES 

These program objectives pertain to the solar amiy for the initial Part II effort. An additional level of depth wa" needed for the 

solar array, array primary structure. and power distribution. To !?enerate baseline designs. we adopted a cell size and type. a c:over 

and substrate material. and an interconne1:ting technique. An important consideration was appropriateness to automated manufac:· 

ture. With the blanket designed we c:ould then proc:ccd with preliminary designs of primary stnic:turc. and buses and control for 

carrying the power from the solar array to the rotary joint. Minimum manhours in orbital as.o;cmbly was an impurtant requi~m.int 

of the structure. 

Other areas requiring definition included microwave power transmission system. ;ittitude control. secondary structure. and rotary 

joint. The rotary joint turned out to be sensitive lo brush voltage drop, which represents heat that must be re-radiated away. 

We investigated gallium arsenide solar cells further. particularly with res1lcct to their use in com:entratcd sunlight. considering the 

reflectors. supporting strudurc. and pcrfort'1ancc during anticipated mis-orientations. 

An important key issue in tlw use of silic:on solar cells is anncalahility. Many years ago th..: U.S. Naval Re~arch Laboratory 

demonstrated that radiation damagl' can be anncakd oul of silicon !\Olar cell!>. lfowcvcr: no otll' lw~ anrwall·d 1.'l'll~ n•pealedly. so 

we don·" know what is tht• unannealablc fraction of rad1at1on damagl' More work in H1is fidd ;., 11:c<1ll1llll'tlll•·d. 
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Photovoltaic Satellite 
Initial Part II Objectives 

------~ .. -,~om""!""" __________ ..., ___________________________________________________ •1111••------

- IMPROVE REFERENCE SATELLITE DEFINITION 

• PURSUE THOSE AF .AS ALREADY DEFINED TO AN ADDITIONAL LEVEL Of DEPTH: 

• SOLAR ARRAY 

• PRIMARY STRUCTURES 

• POWER DISTRIBUTION 

• DEFINE THOSE SIGNIFICANT AREA£. PREVIOUSLY ACCEPTED FROM JSC GREEN BOOK 

• MPTS 

• ATIITUDE CONTROl 

• SICONDARY STRUCTURE 

• ROTARY JOINT 

- PURSUE GAAS ISSUES Of SUPPLY AND HIGHER CR'1 

- PURSUE KEY ISSUES 

• SILICON ANNEALING 

• COST DATA BASE 
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DECISION CRITERIA 

Obviously a full preliminary de\1~n of the solar power 5ale1li1e is nol POISiblt: with lht: availi1hlt: h11uJ1111. Howt:v~·r. th,· ;iv.iil.iblt: 

resoun:es do pennit in-depth explora11011\ of tho\c por11ons or the design thul Mllnilk:mlly concrihutt: to lh\' unccrt;iinlic, of ;: . .111' 

and COSI 

As an example. previous work w;is hampered hy lack of a dula ha\C ror 1h11Hilm sol:ir ccll<1. Addilional mvc~lillillion r.-ve.1lt:d 1:1t1I 

al llus time a dala baM: on tl11n·l1lm eel" 1'i 1H>I po"1hlr hcca\I\•: the lll.'1.:c\-...r>· invl.'nl1011s anti d•·v.:lo1,,•d pron·s!>l.'s ar,•n't hl'.l' >. :. 
However. in other development work, lhl.' \in1dc·H)''ital \lh\·on ..olar~c1I ll'1.:h11ololfY l111J ;1Jvo11Kell lo the poml whel'I.· 11.~ pcn;cnl 

efficiencies are bein1 obtained w1lh 50 µm 1h1\·k 1.:dh. :1ml llw ('QMSAT·invcn led tcd111iltU~· of tcxrurinp \Olur~cll 'urf.i..:c' tumi.:d 

ou·1 to improve hilrdncss 10 rud1:1l1on. 

Other ~OUTI:\'~ of llll\'CTlamly. wlmh T\'Slllll'd from un111n ··nn1pli.:x11y .111J .1naly11.·oil llilfi\'llll~'. I·" . lik··" '"' lwcn fl'\Olhd. lhi.: 

ri.: .. ulting array \OllCl.'Jll lli ">Ile wh1d1 "ad111:vaMe with Tl'a\on.ihk exl1.1rmlal1011 of th,· rrl''>l'lll \lat.'-ol·lll\'•;irt. r.11h.·r lhan r1·41uir· 

llli? new 1:wen11on. 
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Decision Criteria 

------------------------------------•••1••----

• DESIGN SELECTION RATIONALE 

- TIED TO STUDY PHASE OBJECTIVES 

- LIMITED BY RESOURCES 

• REDUCTION IN THE UNCERTAINTY OF 
SYSTEM MASS & COST REQUIRES: 

.e REDUCTION OF TECHNICAL UNCERTAINTIES 
INTRODUCED BV; 

• LACK OF DATA BASE 
• DESIGN COMPLEXITY 
• ANALYTICAL DIFFICULTY 

• WITHIN REASONABLE PERFORMANCE BOUNDS 
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Dlfl0.22876-7 

PART II INFORMATION UPOA rES 

In an advanctn1 t.::chnolo11c.al SQ<;tcty there t\ a c.ont1nuou\ mcrn\C in lcr.hnolon 1h:m\ Shown hef\. arc V.lffl•' of lhc arc.t' lh;il 

needed update\ for the reference sy'rcm \election. The t.:harh followm1 lht\ will d1~uss lhc mformaflon upJ01kt "'ca4."h a~a and 

thow what cffec:, 1f an1. that they have on the \Ckctcd sysh:m. 

~14 
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Part II Infonnation Updates 

6lllllANll ---

• THIN FILM REFLECTOR DEGRADATION 

• LOWER RADIATION DEGRADATION FOR 2 MIL SILICON CELLS 

e SOLAR CELL UPDATES 

• EFFICIENCIES 

• THIN FILM GALLIUM ARSENIDE BREAKTHROUGHS 

• ANNEALING UPDATE 

21S 
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THIN FllM REFLECTOR DEGRADATION UPDATES 

Recent d;,ta. from tesh al JPL. \how that then: 1\ an m>11nrfi,·an1 amount of Ihm film ri:nector dcgr.adalion in ii radiation environ· 

ment SJm1lar to that in 1co~ynd1ronou\ orh1t Thr\ I\ .r \rgn1ficant d1a111rc from the 30'1 ui:1radalion of r.·nc:l.'lancc that wa• used in 

the CR· I 'I\ CR·2 trade 

The effecr or this update on the CR· I v, CR·::! track ''al.a m51gn1fo .. ant ~cau'\t: the maJor portion of the pl.'rformanl.'c cJc:1rildalion 

on the CR·:! ~y•>tem wa\ due to the higher opert1tm11 h:mperaturc not relkdor tle11raJa11011. The: n:llcclor del!fa~alion haa a 

secondary cfft:1:1 

'The lower dcgradalton ol rcflc1.lancc rc:wlt\ in a h1gller f.Ol opa:iltny k111pL0 t:iturc lor th\· ~ol.ir 1.ell~ 1111' tL'Wfkd in an cllc~11vc 

UJncentral1on ralio of J .36 1mte:id ol I .J f sJrown JI the end of P.irt I. 
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Thin Film Reflector Degradation 

llllllNO __ _ 

e LOWER DEGRADATION ON THIN FILM REFLECTORS 

• ala ¥L 3'"' PROJECTED FROM PROJECT ABLE DATA 

e EFFECT ON CR1-CR"2 .. TRADE 

• PART I CR.tt • 1.31 INCREASES TO CRett • 1.39 

• CR1 STILL APPEARS TO BE BEST CHOICE FOR SILICON 

217 
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THIN CELLS EXHIBIT LOWER RADIATION DEGRADATION 

A significant update was rci:eived in the are;i of radi;ition degradi1t1on of silii:on 50lar cells. It had been sta:cd rreviously that 

thinner solar cells exhibited lower radiation degr;idation but no infonnahon was available to demonstrate the efl'cct of solar i:ell 

thickness on degradation. 

Since we had gone to thinner solar cells (50 µm) to reduce system mai.s. ii bei.:ame nccei.i.ary 10 •cinV\.')lilClJte the areil of !iOlar cdl 

radiation df!gradat1011. A plot was made of radiation degrJdat1011 at various nut•ni.:cs ""a I unction 'JI' sol.•r n•ll th11:kness. Th1.t datil 

was obtained from JP L's "Solar Array Design Handbook." The i:urvcs that were dcvdopetl. when l'Xlrajl'll:Jted to a 1 mil 1.:dl 

thickness, showed ' <1ignificant reduction in radiation degradation. Information wa .. also pl1blishcJ by Solare" "" the nadiation 

cfegradatie>n characteristics of "lJL TRA-THIN" ~mil cells. al'iO shown on thi\ chart. 

The effect of thi' data is that annealm~. althoutth still very advantageous. is not J~ l.'ri11~a1 an i\~Ue a' pn•Holl\I)' rcporkd. 

:?18 
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Thin Cells Exhibit Lower Radiation Degradation 

.... 1131 
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SOLAR CELL UPDATES 

Other solar cell updates were recognized in the areas of cell efficiencies and in larJC srain srowth on thin polycrystulline pllium 

arsenide films. 

In silicon solar cells, an update was the achievement of I 2.5 percent efficiency in SO µm (1 mil) cdl!1. l:ven though in our refer· 

ence system, we used a 2 mil cell with IS. 75 percent efficiency, an efficiency of 18 percent is probable by 1985 for this solar cell. 

In gallium arsenide solar cells. John C. Fan of Mff's Lincoln L.ibs has achievcJ a 10.S perct:nt efficient homojunction solar cell in 

AM I sunlight. He projects a 22 percent efficiency by optimizing the cell contacts. 

A 16.2 percent efficiency has been reported in JPL's AMOS (polycl')'i.lallinc) solar cell by Stirn and Yeh. Lincoln Labs has also 

grown 25 µm diameter crystallites on films 2 µm thick by heating with a laser beam. 
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So~ar Cell Updates 

----------------------------------------------------•llllMll ____ __ 

e SOLAR CELL EFFICIENCIES 

•SILICON 

• 12.6% ACHIEVED FOR 2 MIL CELLS 

• GALLIUM ARSENIDE 

• 20.6% ACHIEVED IN HOMOJUNCTION CELLS 

• ~PROJECTED WITH OPTIMIZED CONTACTS 

• 18.B ACHIEVED IN SLICED POLVCRYSTALINE CELLS 

e THIN FILM GALLIUM ARSENIDE 

• LARGE GRAIN GROWTH FROM LASER RECRVSTALIZED POLYCRVSTALINE OaAt FILM 

• 25 "'"'GRAIN DIAMETER ON 2 IJm THICK FILMS 

221 
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ANNEALING UPDATES 

A technicaJ effort is being accomplished by Boeing and Snnulation Physks. In~-. .rn<lcr fftx•mg subcontract to :u.:l11cvc a better 

annealing data base. This effort is m work at Chis lune and rhc rc'llllts will tx: ma<lc available after more work has ~en 

accomplished. 
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Annealing Updates 
______________________ .... ______________________________________________________ .,1111~11-------

•TECHNICAL EFFORT-ANNEALABILITY OF RADIATION DAMAGE IN SILICON SOLAR CELLS• 

•LASER ANNEALING 

•CONVENTIONAL SOLAR CELLS WITH ELECTROSTATICALLY IONDEO 7'110 GLAllCOVERI 

•TITANIUM SILVER CONTACTS 

•DEEP JUNCTION SC>t.AR CELLS WITH ELECTROSTATICAlLY IONOC-D COVERS 

• 'iO""' SOLAR CELLS WtTHOUT COVERS 

•ELECTRON BEAM ANNEALING 

•SOLAR CELLS WITH 75 ""9 COVERS 

~IMULATION PHYSICS, INCORPORATED fSPJRE), UNDER BOEING SUBCONTRACT 
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REDUCTION 11\f GALLIUM REQUIRED FOR CR>2 PHOTOVOLTAIC SYSTEM 

Shown here 1s .he possible reduction in the gallium rcqmred for a photovoltak SPS by increasing the CRl!. A CR~= (J.0 g;illium 

requirement wa\ calculate~ for a GaAs. C'YLINDRIC Al CPC sy~tcm. For this cJsi.• approximately 450 MT/!llllcllile of (lallium is 

required, so for a production of 4 salellitc~/ycar. 1800 MT/year of gallium woultl be needed. 

Pouible annual U.S gal1ium production quantities are from "Availability of <iallium and Arsenic:" by Or. R. N. Anderson. A 

recovery of 3W of th~ galhum available from hauiutc ancJ coal fly-ash would supply thl' nccC!>'iUry amounl of (lallium for four 

SPS's per year. 
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Reduction in Gallium Required 
for CR > 2 System 

------------~------..L.------------------------------------------------•••1••----­SP$1029 

ANNUALLY AVAILABLE 
GALLIUM FROM U.S. PRODUCTION 
OF ALUMINUM AND COAL 
FLY·ASH 

10000 9000 
8000 

7000 
6000 - - - - - - - - - - - - - - - - - - - - - - - 100% REC.OVERY 

GALLIUM 
MASSROMT. 
(MTJ 

0 1.0 2.0 3.0 

GALLIUM USAGE BASED ON 
10 µM GAAS SOLAR CELLS 

4.0 6.0 6.0 

CONCENTR"'TION RATIO, GEOMETRIC 
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PART.II RFFERENCE SYSTEM ENERGY CONVERSION/SIZING 

The~ are !he facton used in calculalin11 lhe solar iirray pow1•r ou111u1. W.: !llt1r1 wilh .i0l11r c.:115 havin11 IS. 7S rwrwnl .:O'k:i~·ncy. 
To lh.~ we add a \0 percent impro~emenl. wh\ch could he m:l11eved by any one ot' il'Veral meuns. l;or exa11111l11. A. Meulen1"11'S of 
COMSAT Laboralories cslimalcs lhal lhc !l11w1..ioth CO\ll'r lhal he invcnlcd will improve lhi: eflidcncy of M>lar ci:llt1 hy 8 to I:? 
percent. 

The blanket factors of 0.9453 account for tlw power l<>1ws shown. Thl' individual dl•nwnts ot' thl.' hhmkl.'t f11cton will d1an•. bur 
the produce will probably remain around O.Q453. 

Tne summer solstice loss accounts for lhe :?3.S degrees mi!l-o:kntalion wilh rl'Sl'l'd lo lh~· Sun'!! ray!I. Thi!l IOMI could he 11voided 
by havina •he satellite oriented perpendicular to lhl· eclirlic plan\:. hue Clw cosl in 1hn11ter' und prop.:lhml!I NllUircd t'or 11tti111di: 
control in tnat mode shows to no real advan1111e. 

The aphelion intensily factor 11cco11n1s for lhe re(illl'Cd solar inll.'nsity whl.'n thL' l:.arlh i!I al it!I a1'hl.'lion. arc.>unJ lhl.' lint purl of' 
July. 

The temperature losses result from fhl.' sol11r cells 01>cra1m11 between J<i.SO(' anil 4t1°C r11lher 1111111 iii lhl.' :?S0 c· 111 which 1:ell 11ffi· 
citncy is commonly tested. 

The outpul is furlher re<lui:ed by 3 11ercen1 10 ai:counl for raJ1a11on dmna11l' lh;il l·;1111101 I'll· rl'lllOVCll hy 111em111I annc111in1. In p1111t 
rests. 95 percent of the radiation damasc in solilr cell!! ha' been 11n11c;il,·d out. even lhoullll tlw tt:ll!ii lrnd nol been 1ksi1twd for 
them1al anneahna. There is no lhcoreeii:al re11so11 why all of lhe ra<lialion d11111;111e in ~ol11r cell~ cunnol be illllU!aled out. anncalint 
\emp"ratures of around 5000(' bein1 well below the soooc n:gion where diff1111ion of imp11ril1es st11rl!li. On the other h11nd. lhe 
operatina plan for lhc solar pow<r satellile involve~ repe111cd 11nn~·:ili111s. wl11d111:1·.e not hw11 illll!lnpt,•d tiy 1111yone.111l'ar1H WI.' 
know. 

The ~ower requirement of 17.55 X IOI) WJtts was ha"il.'d on ~1111rlyin1 !(1,43 X IOI) walh 111 lhe ~lip rinp und ,·omPl.'nlllltina for 
bus 1-R lo~u. Another one percent WJ~ mlded to lhi~ power in lhe 1:.1kul;ilion of solar l"°ll ar~·11to11rovi'1~· power re1Ul111ion. 
auxiliary power, attitude ··onlrol and enerl)' storat1e. 

The other items include the lo~t area fadors con~id~·• :d for e11ch l'a!ll.'. ·n"' i11for11111lion w;i~ u11eJ in 1he fun1111l111ion of tinul Ntcr· 
ence system sizin1. 
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Part II Reference 

System Energy Conversion/Sizing 
------------------------------------------------~•111111111------SPa.1131 

e BASIC CELL PERFORMANCE 0 AMO-D°C (.1676) 

• 105 IMPROVED PERFORMANCE DUE TO TEXTURED COVERS I. 1733) 

• BLANKET FACTORS (.9463) 
(STRING t2R, UV LOSSES, 6 MISMATCH) 

• SUMMER SOLSTICE COSINE LOSS (.9190) 

• APHELION INTENSITY FACTOR (.987&) 

• TEMPERATURE LOSSES (38.B°c 0 SUMMER SOLSTICE• 0.9640) 

• 30 YEAR NON°ANNEALA8LE RADIATION DEGRAOATION (0.970) 

e POWER REQUIRED TO BUS (INCLUDES 12R LOSS) 

e SOLAR CELL AREA (1" OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 
REGULATION, AUX. PWR 6 ANNEALING CAPABILITY) 

e ARRAY AREA tCELL .. PANEL, STRING AND SEGMENT LOST AREAS) 

e SATELLITE AREA (BEAM, CATENARY 6 ATTACHMENT LOST AREA FAeTOR) 
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OUTPUT• W/M2 

213.1 

234.4 

221.8 

203.8 

197.0 

1•.o 
182.3 

17.61 (10)9 WATTS 

97.3km2 

102.& km2 

112.8 km2 
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PHOTOVOLTAIC REFERENCE CONFIGllRATION 

This illustration shows the overall dimensions of the Photo~oltaic Reference SPS. lt ;, made up of 8 modules each 5300 mcten by 

2680 meters. Each of the modules are made up of 3 ~-060 meter MJUOfl• bayll. Whim uucmblcd. the: ayatem will hav~ 11n aspect 

ratio of four. 

The basic bay size has decreased from a 680 meter square to a MO mc:tc:r llClUOn: to compensate for the rc:vlwd solar cell area 

rcqui~mcnts and lost area facton. 

ORIGINAL PAGE J& 
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Photovol~aic Reference Configuration 
____________ ;_ ____ ...... i.,_ _____________________________________________ ..,,,.. ____ _ 

..... , .. 

6300m 

• 11 

• t 

•• ,, 

2&88AYI 
eeo.eeom 

21280m 

I r 810mTYP 

i-

"' . I t--
[ 470m , 

1
. _ 1zs:zszszszszszszszszszszszszszszs1 
. ~m ~ 

TOT AL SOLAR CELL AREA: 97.34 Km2 
TOTAL ARRAY AREA: 102.61 Km2 
TOTAL SATELLITE AREA: 112.78 Km2 
OUTPUT: 16.'3 GW MINIMUM. TO SUPRINGS 

' mTYP 

t 

1000m 
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LOW·COST ANNEALABLE BLANKET STRUCTURE 

A silicon solar cell mu~t be providl'd with n cowr to il\l'rl'ai.l' fronHmrfacl.' emittancl' from around 0.~5 to around 0.85. and to pro· 
tect the cell from low-energy proton irradialion. (\·rium-dopcd borosilil:ate gla~s is a good cowr material because it costs only a 
fraction of the best alternate. 7940 fused silica. n1;11dws tht• coeflkient of them1al l'x 11.111s1011 of silicon. and yet resists darkeninll 
by ultraviolet light. Borosilicate glass can be cleclrostatically bonded to silicon to form a \trong .1111l permi!nent adhniwless joint. 
In ATS.6 night tests the cells having integral 7070 boro~ilicate glass cowri. lost only OJI t I. I percent of their output because of 
ultraviolet d:gradation. These i.:ells had no cover adhesth'. Other l'dls having cell·to-covc:r :1dh• ... ivcs degradl·d twil:\.' as much. J\.'na 
Glaswerk Schott & Gen Inc .. in West Gennany expects to be ahll' to manufacture 75 ,.im borosilicate glass sheets one l"lt'tt'r widt' 
by !ICVeral meters long. 

The ct'll cover is embossed during bonding with grooves wnich refract sunlight away from the grid linl·~ ;ind buses on the ccll sur· 
face. COMSAT Labs expei.:ts an 8 to I:? percent increase in ct'll output from this fl.'.:turc in cell covers. 

Solar cells only 50 ,.im thick recently m;idl.' by Solarcx had an ;iir·mass·Zl.'ro l'fficil.'ncy of I ~.S pcrc\.'nt without a buck1urf11ce field 
or anti-reflection treatm.:nt. Texturing the sun-facing wrfoce makes thl.' incomin1 li11ht arriw at the back surfact' of tht' cell at an 
angle of over 31 o, so the light rays that havl.' not bel.'n absorbed ;ire rcllccted off the bad 1mrfa1.:I.' with virtually no loss, the critical 
angle in a silicon-air junction bein11 15.3 degrl·es. This feature not only hnprows photon collection efficiency. when compared 
with thicker cells, by lengthening the light path in silii.:on for infrared photons. hut also improves radiution rcsistunce. Since all 
charge carriers are generated within 50 ,.im of the P·N jun.:tion which is O.~ µm under the sun·facing surf;icc. the cell can uhsorb 
radiation damage unlil the diffusion length in the hulk silicon is reduct'd to 50 µm by radiation·ticncratcd recombination centen. 

The cells are desigred with both P and N tenninals broughl to the backs of th\.' cells. This feature makeR it possible to use simple 
50 µm silver·plated copper interconnections which are fonned on the substr;ite alass. Complete punch; un= aRSemhled electrically 
by welding together the module-to-module interconnt'ctions. · 

Glass was chosen for lhe substrate because it makes possible ;innealina out radiation damaal.' by healing. With all &lass-to-silicon 
bonds made by the electrostatic process lhere arl.' no clements in the bl;inket whil.'h cannot withstand the 5000(' anne;ilina temper· 
ature which at present seems to be required. One relll!archer su11ge!lts \hat soooe· may not be needed for annealing out the radia· 
tion damage from solar·fla.e protons. However. his theory has not yl.'t been confinned by uperimcnt. 
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MODULE· TO 
MODULE INTER· 
CONNECTION 

I DlS0-22876·7 

·Low Cost Annealable Blanket Structure .... , .. __ _ 
GROOVES REFRACT LIGHT AROUND 
GRID ftNGER8 

CELL·TO-CILL 
INTERCONNECTOR 

QI.AU COVERING ON BACK OF CELLS, 60 JAlft THICK, 
ELECTROSTATtCALLY BONDED 

SILICON SOLAR CELL, & CM IV 10 CM, 90 ,.M THICK, TEXTURED TO 
PRODUCE OBLIOU! LIGHT.PATH, 2 ti-CM FOR HIGH EFFICIENCY, 
N AND P CONNECTIONS ON BACK 

CEl.L COVER OF 78 l'M BOROSILICATE GLASS, EL.ECTROSTATtCALL Y BONDED IN HIGH.VOLUME 
EQUIPMENT, CERIUM p0PED TO GIVI! ULTRAVIOLET 81'ABILITY 

INTERCONNECTORS: 12.l·pM COPPER. WITH IN·PLANE 81'RESS RELIEF, WEC..OEO TO CELL CONTACTS 

Z3l 
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PHOTOVOLTAIC REFERENCE CONFJGURATIO!lit, SOLAR ARRAY FUNOAMENTAL ELEMENT ... BLANKET PANEL" 

This 1s the ba!>1c panel adopted for de\1gn !>lud1e~ It I"' a matrix of ~5~ wlar cell\. each <i 4 by 7 7 cm m ~ize. 1.·onncc:tcd m 

~;- -'P\ of 14 celb in parallel by 18 •ells 1n !>CrJc~ lhc 1.ells arc dc1.lrU\tata1..illy bonded bdwcen two sheet\ ot horos1hcalc 1la~. 

Spacing between cell and edge sp;u;mg\ arc a' ~hown TJb\ arc brought 0111 al lwo cd~s ol the panel for 1.'kctrically connei:tin1 

panels m sene~. Cells wrthm the panel arc mterc:onne<.:tcd by conducting clements prinh:d on the 1lass wh,trate. 

Important panel requaremenls were lhe!ie 

e The panel Components and proceSSC'i sJ1ould be compatible with thCmlill anncahlll at S()()OC 

• Prcscm:c of chargc-cxchanp: pla~ma uunnti 1on-cngme opcrJlron m.iy nc1..c\\lt<.1te m~latllll the dei:trical c:ondu..tors on the 

pan..!I. 

• The panel des1;n should be appropriate for the h11!kMpeed autom.it11.: ""~mhly requ1n:1..I for 111akm1 the some 78 million 

panels required for each Siltelhlt: 

• Low weigh! and low rn~I arc impo1lant 

The gl.w·.-cncap'>UIJtmn rc1.hnolog}'. \!Ihde nor 111 u\c rodJy. ~cm' 10 hl· Jd11cvahk by l'Jlo!~ S11n11lar1011 Phy\1l'> ha .. made cxi.:el­

lcnl eledro\tat11. bond' of l'>Vn\ to 1..clh Sl.!1011 111 Wi:\t <;crrnany '' 111oik111g thin lllllfO\lOJll' \ltdc\ trom boro,1J1 .... 1lt.' t1l:i'' Tiii.' 

alti:rnJlt: panel ui:'lgn. U!>JO!! adhc~1~e' ''Jr hond1ng tdl ... l<>h'T\ .int.I ,uh\tratc. m ... y al\o he tca,ihlc hy I'll!~ Today pol}'plwn~·knc 

wl11dc adhc\IH·\ tJll operJk JI 320°C .md polyplwnyl qt1l'1oxal111c ,nJht''l\1'' Jrc 1:mod lor .rf<,0( Al.,o ,orue ol n11r rc....-Jrd1 

\ugge~I\ that a tcmrcrJturc of 5U0°C m.1~ not he· 111:c1.kd for .111nc.1lrni: 0111 the t lu,1,·r ddn I\ pr• 1,lu,1.'<I 111 \!JIJi, ""' h~ \olJr·tlJrl' 

protons 
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Photovoltaic Reference Configuration 
Solar Array Fundamental Element 

""Blanket Panel" 
------~--...;;;;~----..&..------------------------------------------~···,··-----ll'lotllO 

• 1• CELLS CN PARALLEL WILL TOLEF!4TE 
•CF.LL. FAILURES ,N ANY ROW 

# CELLS/PANEL : 252 
WOT/PANEL :GI GRAMS 

I PANELS/BAY : 308,20& -------------== PANELS/SATELLITE : 78,8.731 L 111,.... .acm-f= 
! 11 

i• 
I 

18CELLS 
IN SERIES 

12..1,,.... COPPE A 
1~AAEA 

FACTOlt 
.71x 4cm 

L 

• • :·· 
-

~ 

-

-

110.3 cm -=-i 
I I 
I 

• 
8Acm=:J 

l 
.1 cm 
TYP. 

-- -
~ r7.7cm - ._____: n 

··•in - -·~·i1·-= 
~-·· •:•'• ~ .. :•~•I• 
·• I •.•\•I- _ 8:::J I t-~ : -

!NTERcom .. eCT 
PATTERN 

fRACKS•OEJ 

L t<CELLSINPARALLEL -=-=-i 
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t 
l 1&cm 

117.2 cm 

_J_ 
l.acm 

ELECTRICAL 
INTERCONNECT 

NO SCALE 
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PHOTOVOLTAIC REFERENCE CONFIGURATION-PANEL TO ARRAY ASSEMBLY 

Shown here is the way panels would be assembled to fonn larger clements of the solar array. l11e interconnecting tabs of one 

panel are welded to the tabs of the next panel in the string. and then the interconnections are covered with a tape that also carries 

structural tension between panels. After joining, the panels are accordion·foldcJ into a compact packaase for transport to the low· 

Earth-orbit assembly station. 

The 0.5 cm spacing between panels provides room for the welding electrodes. and also pcm1its reasonable tolerJnccs in the laf'lc 

sheet of 75 1&m glass that covers the cells and the 50 pm sheets of substrate glass. 
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Photovoltaic Reference 
Panel to Array Assembly 

LONGITUDINAL rL. TAPE 1.&cm X40pm 

~ 
I I .6. 
I : I . 
I Ir -- -- - .. - . -.... - -

\ t ~ - -- -- -- .~ -I 
I I 

. 
-. I A I 
I 

,, 
I 

,, . 
I 
I I 
I I 

I 
I 

-. 
I 

' I I 

I . 
' I .____ I 
I I . . 

,__ I I 
I I 

-,, 
I I 

I I 
I 
I Ir- -· -·- - -- --- -

L- I f- -· -- -- - - --
I I I 

l -. 
~ I I - l 

-

.5cm- 110.3 cm 

- -- , 
- - - .J 

--- - , 
-- ' ""' 

" 
_j 

__[ 
5cm 

t 

11 
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7.2cm 

WELDED TABS 
(13/PANEL) 

t 
.&am 

j 

SECT A·A 

.. ,,.. ---
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PHOTOVOLTAIC REFERENCE-SOLAR ARRAY ARRANGEMENT AND ATTACHMENT 

This illusrration shows a typical 660 meter ba: and the method by which the solar cell blankets arc supportcJ within the bay. 

The solar array panels are supported by a main web support system which attaches 10 the satellite structure at :?0 meter intervals 

around rhe perimeter of the 660 meter bay. Further web support i!i proviJeJ by the catenary. 

Thermal expansion and contraction are accommodatcJ by U'iC of a spring loallcJ pi!i;on 1:ylinJcr that provides a 1:onstant force to 

the solar array support system. Tius arrangement also provides for a movement of up to :? me ten. in both x anJ y directions. 

which may occur due to LEQ-GEO transfer acceleration of I04 g. 
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~--: t~ Photovoltaic Reference 
5 P5'5~/: Solar Array Arrangement and Attachment 

------.;....----lL--------------------------•llllNO --
SI'S , l'JOI 

L ~- ik? 
""'-'\J -

1&2.2cm I 

" -..... 
T 

M 
........... 

18 STRINGS/20 
INTERMEDIATES EGMENT ............ 

~ 20mBEAM 

~ 
1 11 r 

I' I 

n 
I I I 

I 

660m 

~ 20 m BEAM CHORD ~:i/ 
I I 

r 

........... 
........... 

........... 

• •" "'"· • • 

I I 

~ 

' ' ' ' t ' 117.7cm ' 
' " '-

5.80 cm _ _f:: 
TYPICAL PA"El 

~ CATENARY ~'~ 
' I 

' 
~ 

1 
I 

-

.I 
I 
' 

,,, ·~ 
7 

I 
! ' : ; \ 11 i i . ' ~I ·, - INTERMEDIATE ~CMUIT 

_!___::~~~e~~:!!:tm:iemm!B~ 32 - 20m SEGMEr4TSIBAY 

J L j 5.57m 
1 ~ 

110.8 cm ' '-- erm SEGMENT 
13 STRINGS/20 M END SEGMENT 

5e6 STRINGS/DAY 
541 PAr4ELSIBAY STRING LENGTH 

237 



0180-2287~7 

PHOTOVOLTAIC BLANKET WEIGHT BUILDUP 

The top of the chart show!\ the weights for the solar array blanket as reported at the time of the Part I linal presentation. TI1ese 

weights were based on a blanket having Kapton as a substrate. 

Our latest blanket design is compatible with thermal annealing of !adiation damage. "''Ulting in a significant reduction in anay 

area and Lonsequently array weight and cost. The annealable blanket has a SO µm glass substrak. elcctrostatically bonded to the 

solar cells to avoid adhesives and plastics that can be l.legraded by thermal anni:aling. Thi: silicon solar cells are SO µm thick. and 

the cell covers are 75.,,m thick borosilicate glass. electrostatically bonded to the cells. Interconnections are printed on the sub· 

strate glass prior to bonding. 
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Photovoltaic Blanket Weight Buildups 

--------------- -------...1i...------------------------------------------------------------~11"11V11-------Sf'$.1012 

SILICON SOUl '=I CE.LL BLANIEt WEIGHT 0 PART I FINAL 

ITEM DENSITY 
CS.G.I Cg/m2/MILI 

&MILi 4MIL$CELL 

~~~~ l 2 MILi BLANKET a 
---E f INlERCONNECT 

AVAILABLE BLANKET 0 PART II MIDTERM 

CUVlRS-FUSEP SILICA 
CELLS-alLI ':ON 

. INTERCONNECTS-COPPER 
SUBSTRATE-FUSED SILICA 

----
7MILS 

3MILSCOVER 

2MILSCELL 

2.20 
2.39 
LIM 
2.20 

61.88 
61.IM 

227.08 
61.88 

2 MILS SllBSTRATE a INTERCONNECTS 

CELL AREA 
PANEL AREA 
ARRAY AREA 
NO.OF BAYS 

• 380.264 m2/BA Y 
• 396,843 mZ/BA Y 
• 40Q,434 m2/BA '( 

- 266 

239 

THICKNESS AREA FACTOf\ WEIGHT 
CMILll (glm21 

2.00/:l.OO 0.966 107.961161.94 
4.00 0.968 231.61 
0.50 0.200 22.71 
2.00 0.900 -1 0.60 o.euo 16.GO 62..68 
0.50 o.aoo 14.22 

THEORETICAL WEIGHT 424.961478.94 

TOLERANCES a INSTALLATION (16 ~· 63.74/71.81 

ESTIMA fEt> ACTUAL WEIGHT 488.7'550.8 

3.0 1.0 167.14 
2.0 0.9807 11&.17 
.& 0.100 11.35 

2.0 1.0 111.76 

THEORETICAL PANEL WflGH'f 405.92 
TOLERANCES ALLOWANCE 16%1 20.30 

ESTIMATED PANEL WEIGHT 426.22 
PANEL AREA FACTOR l.9913) 422.51 
SEGMENTS AREA FACTOR 1.9972) 421.33 
JOINT /SUPPORT TAPES 2.93 

0.RI<;NAL 0 AGE I& CATENARY SYSTEM 2.52 
IJF 1-·1_10}{ 1.v L1TY 

ESTIMATED ARRAY WEIGHT 426.78 
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PHOTOVOLTAIC REFERENCE CONFIGURATION-POWER COLLECTION 

Lona wlar cell strinp were adopted for lhc referem;e i;onfi11ur;ition 10 p1:m1it ~i:ner:i1111~ lhe rl.'quired voltt1111:. around 40 kV. 

directly from the s,olar am1y w11houl inler1e111n1 power ekl.'lronu:~ TI1t' \lflflll kn1:h 111 around ~ I km 

Current 1enerated by the \ol:ir <.:dh 1:an he l.'t1rru:d by l.'01uh11.'IOh or by lhe 'olJr ,,.11, lhl·m~dw,. TI11: l.'ontiaruntion shown here 

uses the solar cells to the mu1mum po\s1hh: • xtent for 1:t1rryin1 the .urr~·nl II will hi.· noled that no 1.:ondudors are needed for 

bnn11n1 m the i;urrenl from the edaes of l.,.e array. llw wlaf"\'.l'll 1>lran11\ l't.:11111.1rr.mtied an loop' wh1d1 slJrt lrom one 1.enh:r bus. 

loop around the edae of the arra). Jnd re1urn lo the oll1l·r bu\ 11 the •t:nler IJI 1111: &1tra)'. 

Solar array power 1s i;onlrolled by \'acuum i;ircu11 breakers near lhe hu"4:s Volla&e "rnnlr< 'led hy tum111111roup1 ol 'tr111p on or 

c,ff. dependana on IJad rl'quirement:> 

Two sectJOns of the arra) provide the n:qu1red volla1e al th.: \hr·rrn1' u~1111 the sll\·el o.:ondu1:tor voltilJJt.: drop to ao.:hievL" the 

required voltaic at the .. 111,·nn15. All solar 1:ell s1r11115 Ul' of the ""m'· 1.ks1l!ll. 

Power sour1.e 'A" provide~ power direo.:ll) to lhc tilth \l,.111: of lhe Kl)~lrnn dl.'prl"'"4.'d 1.ullc1.l11r fJuwe1 viur,·l· 'If pro\'1dei. rower 

directly lo the fourth stage of thi: Klystron di:prni..:d ~olkdor Jlld lo tlw '1fYIS 1.1~·111, ~011H'rll'h wh1d1 'uprly all olll\·r Klystron 

element power requirements. 
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Photovoltaic Ref ere nee Power Collection 

----~ ..... ~,-.......------·--.... -------------------------------------------•••1••-----+BUS RETURN 

POWER 
SOURCE 
'A' 

POWER 
SOURCE 
'8' 

POWER 
SOURCE 
T 

POWER 
SOURCE 
'A' 

BUB 

24\ 

SHEIT CONDUCT01'8 - 1 MM THICK 
t2A L0881.0lx 10IWATT8 
CONDUCTOR TIMP • 10QDC 

ORIGINAL PAGE • 
• f0(8 AtJAUlY 
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ANTENNA SUPPORT ANO MECHANICAL JOINT ANO WEIGHTS 

The Anrenn;i Supporr stnu.:tun: and 1111:d1<11111.:;il rorary Join! arl' lhc 'lrudural i1111:rt;11.:l'' lll:twl'l'll llll' hJ!ill.: AUh:lhh.' 1tnii.:hm: ilnd 

lhe antenna yoke stn1dure wluk prov1din11 for lh\' J<,0° ro1ar1on ol rhc anh:nrrn. 

The l:lei.:rrii.:;il Shp Rmgs arc mounlcd al lhl' i.:c1111:r ol lhl· ll'l't.:h.1111l·al rolary JOllll a111I prov111l· tor l'lll'rllY lrnni.l'er ;.11.:ro':. tlu: ror11t· 

m11 conneclron. Flexible rnndudon provide for l'lll'rl,ly rran~kr ;icros\ the ckvillion ju1111 011 lhc anlcnn;i yoke. 
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Antenna Support 
and Mechanical Joint Weights --------------------•llllNll __ _ 

sn,.1011 

BASIC 
STRUCTURE 

ANTENNA SUPPORT 
STRUCTURE 

MASI 

ANTENNA SUPPORT STRUCTURE - 63,000 leg 

MECHANICAL JOINT 33,400 kg 

YOKE 41,200kg 

TOT AL - 127,800 kg 

.......+.a.-.-- MECHANICAL 
ROT ARY JOINT 

YOKE STRUCTURE 

\ .\, 
\ I I \ __ ANTENNA IREFI 

\---t--J 
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ROTARY JOINT AND MASS 

The diameter of the rotary JOtnt which wa'> first der,igned Wil\ 350 meter'>. Subsequent analyw. of the 'ilv\.'r l'\.'t)uir\.'d for the .:om 

silver r,up rin1 showed that over S',4, of the !>ilvcr reserve' <known and projcl.'h:d I wa~ re<1111rcd for lar1e slip rinlt'. The MTlaller 

dcsisn shown was developed to I) redu1.e the required mah:riJls. anc.J ~)to Iii tnlu lhe laund1 vdude payload envelop.;. Thi1 will 

enable earth fahncation and check<>UI of lhr. i:ll'~ lri~al shp ru11 prior lo fauni:1. 

21\4 
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Electrical Rotary Joint and Mass 

---..... ~,~=~----.... -----------------------... , •• ---
ELECTP.ICAL ROTARY JOINT MAIS SUMMARY 

r
SUP RINGS - 11,810kt 
BRUSH ASIEMBL Y - 1 ~O kt 
FEEDERS - ~.MOke 
STRUCTURAL. SUPPORT - 900 kt 

I 
NflY, a INSTL HARDWARE - 200 lr.g 
Ct>f4TINGENCY ALLOWANCE - 900 q I TOTAL -19,IOOq 

l-&OCM--1 j_ t- 1.0 CM 

1.r=--~·- · TYP. 
30CM 'rfp, 

j_\~--" 
COIN SILVER .------ -- '°"At.'°" Cu 

1 i 1 
'1 SPRING 

_ ........ ,, .... '- ·,-~(STEEL) 

I ;--- '::'~~ r-.11 \ ____ __, r ~ ~ '\_.JNSULATOR 
~ '(_ _ _. ~ CPORCE~IN) 

SLIP RING _ 
(SEE DETAIL) ..__BRUSH AaY 

EACH BRUSH AISYISLIP Rl"4G 
INTEAFACC: LOCATION 
STAGGERED ON 

24S 

BRUSH 
INSTALLATION ____ _, 
(SEE DETAIL 
AND TABLE) 
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REFERENCE PHOTOVOLTAIC INSTRUMENTATION AND CONTROL SYSTEMS 

A preliminary lnstn1mentation am.I Control Ii!>! wa~ ~·ompilcd for lhe 1mwer generation. di!>trihution. and tran'lmii.sion K)'Stems. A 

summary of the number of items in each major cak•gory for the row~·r 1~·11eratio11 and distrihut ion sysh:m.; is !lltown. 

246 
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Reference Photovoltaic 
Instrumentation and Controls __________________ ....,..._ ______________________________________________ •111111111-----

CONTROLS 

POWER GENERATION 

POWER SECTORS 

SOLAR ARRAY STRINGS 

POWER DISTRIBUTION 

SWITCH GEAR •20 
MAIN BUS 

ROTARY JOINT 1CM 

DC.OC CONVERTERS 

TOTALS• 624 

INSTRUMt:NTATION 

1,162 

38,224 

1.• 

4 

149 

70 

38,279 

Oltl\aNAL PAGR If, 

OF lWH. QUALITY. 

•ooes NOT INCLUDE STATIONKEEPING, HOUSEKEEPING, OR ENVIRONMENTAL CONTROL AND 
MONITORING SYSTEMS. 
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PHOTOVOLTAIC REFERENCE-AlTITUDE CONTROL 

For an orientation perpendicular to the orbital plane the photovoltaic SPS attitude control equipment and propellant masses ;are 

listed along with the assumptions uSt'd m the calculations. A rnntrol authority margin of 20 percent was used in these calculations. 

It was noted that the chemical propulsion requirc:mc:nt during equinoctal occultations resulted in a small mass penalty. 

248 
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Photovoltaic Reference 
Attitude Control 

-------------------------------------------------•111,Nll------

THRUST PRODUCTION EQUIPMENT 23.3 MT 

POWER PROCESSORS 90.0 MT 

INSTALLATION HARDWARE 18.IMT 

NON REOCCURING TOTAL 130.1 MT 

ANNUAL PROPELLANT (ARGON) . 48.0 MT/YEAR 

1·YEAR TOTAL 178.1 MT 

ASSUMPTIONS: 

OPTIMIZED lgp - 20,000 SEC 

SINUSOIDAL DUTY CYCLE (60 MW PEAK, 32 MW AVG) 

PERFECT CONTROL LAWS (NO WASTED PROPELLANT) 

CHEMICAL PROPULSION FOR CONTROL IN EQUINOCTAL OCCULTATIONS 
lisp -400 SEC REQUIRES 1.0 TO 1.6 MT/YEAR PROPELLANT) 
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ANNUAL POWER VARIATION 

The power output of a solar array dei:end!> on the mtcn~11y of 1llumina11on al the c.:ells and the tcmperalun: of the celli.. the 

rr.ax1mum-power poanl of cells d1man1shang as the cell\ become holler In 11eowm:hronou\ orh1t the tempt.-raturc of the solar r.:dl is 

related to the antens.ily of sunhght for any given panel configurallon 

The sun is brightei.I at 1b penhehon, which oci:ur\ Jround winter wlst1ce when the oncntallon of the Jrray 1s !>Uch that the sun's 

rays arrive at ~3.5 degrt>cs ofl of normal mi:1dcncc. The wor~H.J~ illum111allo11 •~at 'iuntmcr '>OhtKc wht·re the ~3.5..Jctrrcl" mison­

entatmn 1s accompanied by aphelion where the inkn"iily ol sunlight •~ O.<Jfi 7 ol awral,!c. llowl"vi:r. thl.' solar array kmrerature 1s 

al$0 down. beang 36.S0 r rather than 46.0°C as at the \pnng and autumn equmoxes. 

250 



SN-t637 

POWER AVAILABLE 
POWER REQUIR~D 

1.10 

1.CJ6 

1.00 

0180-22876-7 

-Annual Power Variation 

--------------------------------------------------•llllMO------

I UNOCCULTED OUTPUT ---~ 
--=: 

r 1% OVERSIZED FOR REGULATION 
.___ ~ _ .l- AND AUXILIARY POWER rPOWER REQUIRED 

16.43 GW TO SLIPRINGS -----T_---------

INCLUDES: 
1. DISTANCE FROM SUN 
2. POP ORIENTATION CORRECTION 
3. SOLAR CELL THERMAL CORRECTION 

0 40 80 120 160 200 240 280 320 380 

DAYS FROM SPRING EQUINOX 
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PHOTOVOLTAIC REfo'ERENCE CONFIGURATION NOMINAL MASS SUMMARY 

The structural mass difference from previous analysis renects a change in lhe slntctural ccncept and integration of the new sizing 

cnteria for the Photovoltaic reference SPS. An all tubular beam section is now being used instead of a nat-tape. diagonally· 

l>tabilized, beam section used previously. The secondary structure has been incorporated into the primary structure. TI1e bay size 

and member dimensions have been changed 10 be compatible with the new reference syslem. 

The mechanical systems mass is composed of lhe mechanical rotary joint. 

Inyestigation of the gravity-gradient torques and optimization of.thrust tsp led to a decrease in control system mass. 

The mass of the solar cell blankets decreased due to a new Mankel design consisting of 3.0 mil cover-glass, :?.O mil silicon solar 

cells. and 2.0 mil silica substrate. Solar cell blanket decrease also rt.'sulled from lower radialion degra<lalion of the :?.C mil silicon 

solar cells. 

The increase in power distribution systcM mass retlects a change from the no longitudinal bus bar configuration t<.' no lateral bus 

bars and includes energy storage equipment. 

The m..:rease in MPTS mass reneds the inclusion of energy storage for ant.:nn,a '>ystems. 

The growth used was :?6.6% on the final configuration. This growth wa~ th~· re!>Ult of the uncertainly analy!>is Iha! was pcrfonned. 
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Photovoltaic Reference Configuration 
·Nominal Mass Summary 

Wei ht in Metric Tons ______________ ;... ______ _. ________________________ ..., ________________________________ 61111/TllV#;-------

~1147 CR• 2 (10 GW 8.0.LI -, 
COMPONENT ORIENTATION MIDTERM PARTI 

FINAL 

1.0 Sf"LAR ENERGY COLLECTION SYSTEM (38,8181 (51,3131 141,5121 

1.1 PRIMARY STRUCTURE 2.493 14,170 8,o.M> 

1.Z SECONDARY STRUCTURE 189 209 209 

1.3 MECHANICALSVSTEMI 40 40 40 

1.4 MAINTENANCE STATION 81 - -
1.5 CONTROL 340 340 340 

1.8 INSTRUMENTATION/ 4 4 4 
COMMUNICATIONS 

1.7 SOLAR.cELL BLANKETS 25,748 37,512 34,'.11 

1.8 SOLArCONCENTRATORS 5, 141) 2.178 3,271 

1.1 POWER D'STR•BUTION 2.570 3.180 3,532 

2.0 MPTS 15,371 16,371 15,371 

SUBTOTAL 51.•7 74,884 84,883 

GROWTH ( 21.1 "' 25,194 37,342 J2,442 

TOT.\L 77,181 112.028 W7,3Z5 

253 

CR • 1 f10 GW MINIMUM/30 YRIJ 
-

' , 
PARTI PART II PART II 
FINAL MIDTERM FINAL 

(&8,3671 151.1841 51,782 

2.334 1113 a. 

20I - -
40 fl7 lf7 

- - -
340 160 178 

4 4 4 

51,817 47,319 43,180 

- - -
1,588 2451 2318 

15,371 (24,384) 25,212 

71,728 80,581 I 78,114 

36,884 20,142 20.480 

107,512 100.71C 97,474 

l)1t1Gl'.,AL PAGE I~ 
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MASS/SIZE lJNC£RT AINTY ANALYSIS 

An im~ortant part of tfli• section of the study was to Pt•Wide the r.sull1 of the ..,ncerto.lnty analyrils •hut w;1s performeJ on the 

reference photovoltaic $PS. A p' t <>f the rc:sults of the uncertainty imalysi1 on size and rnau is thn'Aln. 

It should be noted that th.: ref:ron..:e pomr dn1gn had 11 re1:tenr11 output of''·~ Gw insteoaJ of the 10.0 ( iw 1haf th,· Hn\."11tli11~1ly 

ellipses use. Thi~ was 1:auscd bl' a freeze in the 1:neri)I tr11n9nul5ion power f\:(Jl!lremt"nts wt ti~ P:.rt ti miJ \ .. m. lo allolN a more 

in-depth s1Z1n1 analysis of tht e:ner11y i:ouvers1on ~·~tent!>. Afler thll w.i., Ue>nc. ~·han~r. ()<.'t:urn'v m the truu111111,. .. int1 sy•t\!m lhill 

iowet ~d thlC' J"Cctenna ot.ttr1.1t co 9.2 G-... 

TM mass arowth used in final m~SA .summary was the mass arowth shown oil UN unc.:ertointy pfof between the wf,..vru:11 pomf 

design and the uncertainty analysis most probabl~ mass point. 

OlUGINAL PAGE I& 
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Mass/Size Uncertainty Ana!ysis Results 

----~.;..~,8~n:------;::::::=::::::==:::=::::==:::=::==::=:=~:=:::::::...,:-----•••1wo----

180 . 

I 180 

2 
~ 140 ; 
I 
I 120 

i .., . 
• 100 
~ 
::; _, 

i 80 

BEST ·ON·BEltl 
78.7 

·3o 
110.8 

dJ WORIT.QN.WORIT 
181.2 

112.0 (+4181 

OST PROSABU 97.I (+21.ft, 

I 
-.Jllfl/4:;.....]pc:;;. ____ 3o MIN 83.:» C+ 7.ftJ 

~-;_~~;....-----Alf. PT. DESIGN 77.0 

100 120 140 180 180 200 220 
ARRAY PLANFOAM AREA - KM2 
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REFERENCE PHOTOVOLTAIC FINAL COST SUMMA RV 

The cost analysis on the photovoltaic SPS used a parametric c:ost model <PCM) to project th~ tlteorcricul tint t.nir <TFU) cosr. A 

mature industry projection was applied to the TFU alon1 leamil11 ~·urves to estimat~ the system costs for the vurious 11.:hemes 

shown. 

The LEO constn"tion advanta1c is readily seen ulon1 with lhe 11dvant11p1 of incr~uscd production rules. 
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Reference Photovoltaic Final Cost Su1nmary ---------------------.. ,,,,,. __ _ ....... 
was NAME 1 SPS PER VEAR 4 SPS's PER VEAR 

LEO CONAT, GEO CONST. LEO CO''ST. oeor.oNST. 

A1.01.01.00 MULTIPLE/COMMON 
PROO. COST CS x 1ct6) · 

817 783 780 881 

A1.01.01.01 ENERGY COLLECTION - - - -N/A 

A1.01.01.02 ENERGY CONVEA~N 
PROO. COST (S x 1 l 

3731 3188 2793 2888 

A1.01.01.03 POWER OISTRIBUT.:i:N 138 133 82 79 
PROO. COS'!' CS x 1 ) 

-
A 1.01.01.04 MPTS 

PROD. COST (S x 1ct6) 2879 '2878 1•2 19&2 

SUB TOTAL CS x 1<i i;, 7442 7190 6887 5318 

INSTALLATION COST CS x 1ct') 71154 10908 1297 7948 

·-

TOTAL COST•($" 1o-8) 14,998 18,098 10,884 13,028 

•INTEREST NOT INCLUDED 
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Thermal Engine SPS ____ .._ ___________________________________ .,.,,,,. __ __ 

' 

D. L. Gregory I 
I 
J 
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SUMMARY 

Of thr thermal engine systems studieJ, thr potassium rankin~ Is the Uahtest nr.ar·term te.:hnolol)' SPS option. Our study R'IUh• 

show ii tC' be lig1 ter. with this technoloay. Chan sceam Rankine. helium Brayton or thermivnk SPS 1y11cms. 111 the,,., of llOl11r 

1:onccntrators. we had prev\,,u'ily antidpated 11pproxirnatc:ly 30% d(>radatton in the baselined 30 yrar life .if the: SPS. Mott. re\:ent 

data h:." however. inJic:Jted that litlle or n<' ,1,·-.r.11lation should b<• upeclc:d. 'fh:rcfore, nunc \M,. \'Ct>ll bur.clln.:J. An inve1ti11· 

tior. of' potenti;ll m.ttcriJls for thermal en1he SJlS u~i•~ has indicuted that some of the kst materials un• iu short S•Jpply. How· 

ever. su:table <1ptions exist and these h;1vc bet'n basclined We have selected a turbine sllina of '.\2 mccawans. At this 1'ize, 576 tur­

him~s are required for a 10 GW oulflul SPS. ·n1is turhi11~ si.7.c b lllvroitimat.ety that of' the SST engin~ r•artially developed bl' 

Gt'nera) t:Je1:tric for the American SST pro1ram. 11ml i-; arpropriut<' lo the national fabm:ation c111l11MIUy. By tht use of relati,·el)· 

small heaq>ipes it has been possible t:.- confiaurc a radiator S)stem which is auft"l<;iently immund to meterokl ~netration. At the 

end of this study phase we indicate that tht~ mass or the thennal en1ine SPS Is approxlm11tely 80,000 metric tons and that the 

avera1e cost for one SPS at a rate of four per year is approximately 18 bdlion dollars or 1,800 dollars rer kilowatt produced on the 

ground. 
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Summary 

---------------------------.. ,,,,,. ---
• THE t'OTASSlUM RANKINE OFFERS THE LIGHTEST NEAR TERM 

THERMAL ENGINE SPS 

• A PASSIVE SOLAR C0'4CENTRATOR WITHOUT ANTICIPATED 
DEGRADATION HAS BEEN BASELINED 

• PROVEN. AVAILABLE MATERIALS ARE USED. 

• A TURBINE SIZING OF 32 MW OUTPUT PERMITS MANUFACTURE 
BY ONLY A MODESTLY EXPANDED INDUSTRY. 

• A HEAT PIPE RADIATOR SYSTEM ffAS ADEQUATE METEOROID 
RESISTANCE 

• THE SATELLITE MASS IS APPROXIMATELY 80,000 METRIC TONS 

• THE SATELLITE COST FOR112 UNITS IS ABOUTS 118 EACH 
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A RANGE OF THERMAL CONVERSION SYSTEMS WAS INVESTIGATEl> 

The steam rankme SPS would lw an cx tn:mdy hl·avy option Tl11' 1s pn111:111ly llcl·au'l' lhe 111a>1.1m11111 turh111c 111ll'I temperaturl' i~ 

m the neighborhood of 1.000 to I. I 00 degree~ Farcnl11:11 and thl' heal n.'Jl'd1011 !cmpcrnflln• 1~ lll0 <1r lhl· 1.·011dcn'till1on point of 

water. Con'iCqucntly. the ,·arnol l!ffo:1cncy i~ low and lhl' rc;1h:1ahk cff11.·1c111.:y 1~ l'\ll'll lower Tlwrn110111r ~>":ll'm~ arc :iho wry 

heavy Thi~ is bc1..a11 .• ~ 'tlt.'mllonk diode' ;111d thi: 111h:rclcdrodc hu,har' rc1111m·d to 1.·011;1cl.'t tlwm all' h.avy a111! the radiator 

c,ysrcm required for eJ1cc~' ht.'al rc1cclion from thc thcnnionil.' diodt''i ;, al\o quilt' h1.•avy ·r he Brayton SI'S l.t'. a helium dosed 

cyde system. i~ a near l.'On.pditor to the poL1\\llllll Ra11k111c 'Y~l1.'lll lfoWl'V..'r. 1t ''only l.'11111pd1t1v,· 1111:1.1" with wry lugh lur· 

bme mlet temperatures. 111 ' 1lt' v1r11111y of I .hOO Ki.·: .!.500°1·. flm turb111l' 111ld 1· 1111wr;1turi: "<>nly ad11·:1 ahk with i.:l·r;111111. 

matcnal~ such as sil11.:on c;irlrn.h:. This material" now 111 lkvelopml'lll hut "11nt 1.011'1dcrcd 10 ht.' apprnpriall' for baseline SPS use. 

We·havc emphasized the pota<>s1um Ranki11l' SPS 111 P;1rl II of tlu~ ~tudy and d1. tail' ol lh1.· r1.•,ull~ a11.· rnndudcd 111 the rcmaind~·r of 

this presentation. 
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A Range of 
Thermal Conversion Systems Was Investigated 

------------------.... ~-----------------------------------------------111a11No------

STEAM RANKINE EXTREMELY HEAVY 

THERMIONICS VERY HEAVY 

BRAYTON BEST WITH ADVANCED TECHNOLOGY 

POTASSIUM RANKINE EMPHASIZED 
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Tl:UfNOLOGY Tl<l·.NUS 

In J>;irt l •I tlm \ludy we put pnm.tr; 1:11.ph,1w. r111 lliL' l<N·d L ~Lk il\'1111111Br.1;1011 w,r, «I w1ll1 H'I~ lut!h 1urh1111: 111ld lt·mp1:ra­

turt:' .n.hlt:\'t:d by tht: 11,,. of 1.cr;irtt1c l1irh111c' Aho J11r111!! 1'.111 I \H' were '''Hlylll!! pot.1,\111111 r.111k11w 'h'Jlll r.111k11w .rnd therm· 

1:>n1L \}'\lt'lll'> Ihc prifJ\\llllll R.rnk1rw 'Y''"m w,,., wt:r1,,.,111<' Llo'"'l LOlllJ'"l1lo1 tn till· Hr.1yl1111 lfo\\l'h'r.11w.1.,1101 un!•I r11;;u 

[rJt: cnd ul th-.: P.irt I \ltJd} th.ti tlw l<'lllJ•t'l,Jltirt' opt111111.1t1011 nl thl' pot.1"111111 r.111~.11;" '~'!1 w,1, c11111pk·h'd Whl'll thl' opt.· 

mum c}dc tn11pcra:urc· rntro w;1\ 1dc11t1f1cd ti ·.v.1' found tli..11 !ht· pot.i,,1111!1 r.111~.111t' \Y'>le•n w.r, livli1t·r tlran the BrJ•,..ron SI'S t'Vcn 

w11h n:Jar1.,.:J; rnodc\I ru1·h11lt' rnll'I ter11pn,Jtu1·:' !<11 Iii<' R.rnk1nc '-,I''-, l11\t'\lrt'.1fwn 11t ,1ppror11alc 1111kri;ih tor till' pol;1\<.1um 

r.rn1one SI''-, led to the \elecl1on ol .i turl>111c· mkt 1t·111per.11111" of I . .:'42 KI 177<,111 I 
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Technology Trends 
____________ ..... ________ .._ ________________________________________________________ •0111t10-------

STUDY PART 1 

SYSTEMS WITH HIGH TECHNOLOGY: 

• TURBINE INLET TEMPERATURES TO 1650K (2&100F) 

• SILICON CARBIDE TURBINE ASSEMBLIES 

STUDY PART 2 

SYSTEMS WITH LESS ADVANCED TECHNOLOGY: 

• TURBINE INLE.T TEMPERATURES TO 1242K (1776°F) 

• NIOBIUM/MOLYBDENUM TURBINE ASSf.MBLIES 

DUE TO INCORPORATION OF POTASSIUM RANKINE SYSTEM 
WITH PROPER CYCLE TEMPERATURE RATIO, PART 2 
SYSTEMS ARE LIGHTER THAN PART 1 
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REFERENCE RANKINE SPS DESIGN 

A plan view of the thennal engine SPS 1s \hown. This o;a1el11te has two 5 GW outpu1 n.•1.:ll:nna~ lol'a!l.'d on the nortlM011th axis of 

:he satellite. The satellite J\ d1v1ded into 16 moduli!!> e·11.:h of whid1 has 36 turbo),!enerators. for a total of 5 76 per SPS. Thi: s;1tcl­

l1te flies ma perpendicular-to-ed1pt11.: plane orientation at Jll times. 
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Ref~rence Rankine SPS Design 

----------------------.... ------------------------------------------------------•1111wa-------SP$150I 

• GROUND OUTPUT: MINIMUM 
OF 10 GW (TWO ANTENNAS) 

• POTASSIUM RANKINE 
TURBINES 1576/SPSI 

• 16 MODULES 

• "P.E.P." ORIFNTATlnN 

• CONCENTRATOR ARE:A: 119 km2 

• SYSTEM MASS 

"!fl 7 
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RANKINE CYCLE SCHEMATIC 

The workin1 fluid in the potassium rankim: loop is pola!>siurn vapor in a pnrlion or fhl' loop and liquid rotassium in llw retnamder. 

Liquid potass;um is infloduced into the heat ahsorher luh~o; of th\.' hoilt'r locatctl w lhin the high tempi.•rJlllfl.' cavity a"o;orher. 

Boding produces potasi.ium vapor which pa.'iSt'\ through-file turhill\.' anJ docs the work of turning Uie gi•nerator which produces 

the useful power requi~d for the SPS mkrowave tran!lmittcr and lhc powl'r rcl1u1rcJ to Jriw Ille ck..:tromagnctic pump. Potai.­

~ium vapor leaving the tur"inc ii. cooled by the "'"pansion in the turbine It i!I intrndm."d into the rt1dialor sys•cm wherl' ii flows 

through the vapor manifohJ into pota!o.,111111 throutthPIPl'S whid1 arl' l·uolcd hy Mk.hum heat Pia'lei. ('omkni.alion occuri. in the 

throughpipes"" ti.at liqu1J pota~ .. 1um 1:. cnllc1.lcd in the rad1.1tor 0111 lcl manifold and tlow' tu r•· c clcctr01ntagnetic rump. 
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·Rankine Cycle Schematic __________ ..,;;;; ______ .... _______________________________________________ .,..,.. ____ _ .. ,. 
ELICTRO'etAGNITIC FUMP 

LIQUID POTAlllUM --. 

CONCENTRAflD 
SOLAR ENERGY 

TURllNE 

POTASSIUM __J 
VAPOA 
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DATA BASE DRAWS HEAVILY ON DEMONSTRATED TECHNOLOGY 

The General Electril.: Corporation. our •ub~·ontriu.:tor for R11nkine Curhine.•. pr0!.1111."c:d rhe dara shown •'fl lhi1 ... 11art. W.: haw haw• 

lined a turbine effi<.;l11nq1or80',!f,, This w;i~ c.lemon\tratecJ in rest\ in the late 1960'' lll the l.A'Wi5 Rnc1m:h ('enter. Th~· MO',,$ nsuri: 

is prob1bly quili: 1.:onserv<1rive for forge potJ\S1U1n rurbftles. In lhc i.iMt of errosion l.'ontrol ll1wc rromllin1 mclhod11 Wl'r\.' ckmon· 

strated in '~e lewis h:sl. A tor..! of nt'oirl)' 800.00<J hou"' of l\.'\tin1 wa, ac:n11111.1lah:J rdlltivc 10 1101tmium system'>. Nok that lhi' 

includes a 101al or mol'C' than 10.000 hours of runnin& t.:•11 on turhincs und more than 10.000 houn of elec.:tromapwtk feed pump 

teslina. 
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Data Base Draws Heavily 
.on Demonstrated Technology 

(General Electric Data) ________________________________________ ..... _______ ..,..,,. ____ __ ... ,. 
TURllNE IFFICllNCY: lft; LeRo TllTI 

EROSION CONTROL: THRll MITHOOI DIMONITRATID 

f'OTAlllUM HARDWARE: 
~ }, 

... .. , ••• ,.. (100,000 ....... • ....... , 

.ua. ........ GI ,, ... 'IAIA·a.wt.• J . OI& ... 
, .. u... ..... .....ia ... 

ee1neu. &uc ., ..... 
.leiliaa 1300 H500 - - 12 IOO u 000. . 
•.U•li..U --- --- -- -- ·-· ·----C~•••& &llC IJIC .. , NU .... JtOO lt 600 - 1000 2 IOO • too 

1s.i.1.. .....-. ., .... ·- ----- "'1000 - 10 200 ·---· 10llu1 . .7200 40 10C. 1000 ·1000 75 100 u too 
tun SUI JOJO 10 100 - - 5 000 --IOSlu f ... ,_.,, 

llMCftMIMCK . 7200 34 600 HOO. 1000 II 100 • too 
fuHDI •dna ---· ------ - -· ' 000 -ocur ,_., 5900 u 600 HOO 1600 ' 100 1 soo 

c.M ... ,. 7200 40 100 '1.1000 1'00 I!!.!!! ~· too IM1• 3050' 10 100 - -- --IMriq 11110 3000 --- -- -- 4 soo --
•iecludH ce1Uq Mul'I of Aerojec llualooai&1, AlUeH, ... 11e,.,.., Uau .. llullur. 
1t1.i.1w111 c11ciq bou1 ol lrookh..,••• Aeroj1t luc11oai&1, V11ua1hou11 Mcn .... lur. 

Ceil• 

ocur1 (>lJ,000 
MUii 

l•Hill) 
(\) 

••••••• HOO 
15' 000 -JOO 1400 -- --JOO .... 

100 -
, JOO .. HOO 

••••••• -·· S7 IOO ·-soo HOO -·---· .-
i •oo -· . . 
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MATERIAL AVAILABILITY 

The abundance data liven on lhis c:h rt wi:re drown from O.p11rtn11:nt of Interior r11blkulioni1 for 197.1. TI1r tirsl of lhr pn1m1I 

ruin shown states lhat since solar power s111ellites will not be uv11il11blc in l11rail' t11wnlilirs unlil ufr~·r lhl.' yl.'ar ~000 it 11r1,rorriat.: 
"" that we baseline malerial~ lhal will slill be 11urric:ien1ly ;ibund11nt in thal lillll' lh'riod. Our ha:owline SPS c1uanfily for this study w111 

112 unih. probably suflicienl for U.S. elcc:lril.:al needs in llw e11rly JltHI of llw ~I c:~·ntury. Uowl'Wr, mot'!.' u1111s 111.iy ullim111ely ht 

required for the Uniled State11. 11nd ur 10 11 I 000 uni ls .or more for lhe world. Titl•rdorl.'. ii ill prub;ibly appropriiite 1h111 w.: do not 

llaSt line for SPS use a mah:rial such that 11::? ~ah:llih:!I would UM' ovl.'r ~·~ of ;rny world nrnll.'rial rcM1urc:e. Kull' ·' t.:nd• to mini• 

mize the impact of SPS im.:orporalion und the c:onc:omilanl industrializalion required. Turbin1: whwl" and bli.1111111 for l'olallium 

Rankine turbines are baselined as usin1 molybdenum. a wrouplf matcrl11l. Ciilic:on c:arhide c:ould al!i<l bl• U!l11d. however. lhis 

malenal is in its very early development stall' and 1u prob11bly loo advunc:.:d to ba:lirw Turhinll' hour.in1 m11lerial1 rnu1t bf duclal 

and weldable. Tantalum alloy" would be ideal. however world resourc:,•s art' not 111Jequ11t.:. Th.:rdor.:. w,• haw SC!h:cted niobium. 

also called columbium, for the bast>line muteriul. ('.~(;,,,,, wm Id he ;in ideal r1111kine .:yd1: workin1& lluilJ. It w•mlJ NIUlt In th11 

turbines having fewer ~taaes 11nd a smaller di!ll: diumeter. Howe\lc:r. th~· supplies of ,.,.~ium ure clearly not .iJequalc for lurp tk.:1111 

SPS usa1e. Potusium. un abundanl materi11l lu1~ been baselined. 
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·Material Availability 
____________________ ._ _________________________________________________ ..,,""' _____ __ 

... ,, .. 
e GENERAL RULES: 1) MATERIAL TO ~E PREDICTED TO IE "SUFPICllNTLV ABUNDANT'" m 2020. 

2) SPS TO NOT USE OVER 6% OF WORLD REIOURCEI OF ANY MATERIAL 
3) CURRENT WOAi..D PAODUCTtON RATE ADEQUATE FOR ONI SPSIYIAR 

e TURBINE WHIEL/ILADE MATEAI ".~ CNEED"" 1000 MTllPS) 
(WROUGHT MATERIAL) -' 

MATERIAL 

MOL YIDENUM (TZM) 
SILICON CARllDI 

[TATE Of ABT 

DEVELOPED 
EARLY TEST 

yvoALQ RllQUftCH lMTI 

21,000,000 
VERY ABUNDANT 

e TURBINE HOUSING MATEAIALJIOl&.ER TUBES CNEED ._TO 1000 MT/IP'IJ 

CWILDAILI DUCTILE MATERIAL) 
MATERIAL II6IIRf68I 

TANTALLUM CT111) DEVELOPED 
NIOBIUM (C103) DIVE LOPED 

SILICON CARllL'I EARLY TEST 

e RANKINE CYCLE WORKING FLUID 

MATERIAL 

CESIUM 
POTAS81UM 

•MT• METRIC TON/8PS 

UAIEQf ART 

DEVELOPED 
DEVELOPED 

IQ~~p BllQLIBSill HllII 
100,000 

17,000,000 

VERY ABUNDANT 

WQRLD RllQYRCll IMTI 

100,000 
>10• 
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'"9PUCI•RN RAii SMTJYRJ 
81,000 

VIRVIMALL 

aJODUCIIQfj B6IlfMiaBJ 
PIAH#l 1,000 

ABOUT 20,000 
VERY SMALL 

P!!ODUCIIQN RATE IMIIYR> 

=di 
10,000,000 
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MODULES CONSIST OF CONCENTRATOR AND FOCAL POINT ASSEMBLIES 

Tht: \Olar 1.:11n..:t:nln1tor i1 made up of a ~1ru1.:tural system i;upporting a laraic numhcr of pl;Ni1.: film ri:Oe1:1or facds ;ind i" 11 wsnuml 

of a sphere. The refleded light t!i. ~oncentrated int1> tlw focal point all'l<Jnhly whkh inount11 lo th,· con1.:l.'nlrator t.y four cavity 

support am1s. Thesi: arms an: nrnJI.' up ol graphite ~·Pf>~ tube ~·cliom forming a 20 m~·h.•r ho.tam. The lhru1th:r l)'i.f!.'ms rc,1uin:d 

for sc:lf powi:r tram.port to KCO!!.ynd1ronou' orhit m the Ll:.O i:o1hlflll.'lton op11on arc IOl.'atcd at the J poinC!l i.hown. 
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CONCENTRATOR 
CSECTION OF 
9'HERE} 

0180-22876·7 . 

Modules Consist of Concentrator 
& Focal Point Asse1nblies 

. ',,::-·.: .. .. 

LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF POWER 
(LOAO r.ONDITION IS 1x10"" g ORBIT TRANSFER) 

215 

20M BEAM 
FORMED OF 
TAPERED TUBE 
SECTIONS 
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CONCENTRATOR FRAME ELEMENT 

The con~cntrator ~trudurc whid1 support~ the rl'lkdor fal'l•f\ r~ ma1k- up of ii largl' n11111lwr of fl'lrilhl•dral eh:nwnl' whid1 ;ire in 

turn i:omposed of a number of laPl'rcd graphik t•poxy lllhl'S. Joinh:d ao; <;hown. Th.: graph ill.' cpoxy lllhl'' l';m he llt'Skil to rrovi1k 

a high Jen~ity p;iyload for lransporlalion. 

276 



0180-22876·7 

C-oncentrato;.· Frame Element 
____________________ .._ ____ , ___________________________________________ •llllNll/I ____ __ 

----17.&m, tvP· ----1 /JOINT 

TAPEREDGRAPHITE _/ 
EPOXY TUBE 
(SHIPPED IN NESTEO 
STACK) 

DIAMETER• 0.2m_/ 

WALL THICKNESS 0.2 mm (0.00l''t 
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CONCENTRATOR FRAME 

This is a photo of a "Toolhpkk Model" of a por1ion of the ~·onccnlrntor frnlllt'. II is seen thal this strudurc is 1.'0lllptised of 

repetitive tetrahedrons. A curved surf;11.:e is rc11uircd. This is fonn~·J h. "illll t•1e lower mcmlwr~ of ;111y lelrahedron lariter than 

the upper members of the adj;iccnl tl'lrnhc1lron ~o ttl:it a bidircctiona: .1rv;1turc is produ..:cd. 
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___ sp_~_-._ ~ Facet Support Structure 

SPS-1211& --------::,T:OO=TH:P:IC::K:-:M-:-:0-D-E-L)---------
61111

'*11 --• 

LOWER LEVEL MEMBER 
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REFLECTOR FACET 

The reflector facets are hexagons of thin aluminized Kapton. TI1e Katpon is 3 micmml'lers thick. It is tensioned by 3 rigid 

end members. pulled outward by bridles. TI1is tcnsionin~ sy!item 1:au!.es the three edge memhers to he copl;inar. 50 that a flat 

reflector is produced. The rocker arm and spring canister systems which pull outward on the brilile arc mounted to tl1e cm1ccn· 

trator frame. A "scallop" at the three free edges of the folwt controls wrinklin1 :1t the faCl't edgl'!>. 
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Reflector Facet 
1000 M2 of Reflectin Area ____ ....;:;;... ____ _.. ____________________________________ _.,i ___________ ,.,,,,, •• ____ __ 

EDGE MEMBER_; I 
BRIDLES__} 

19.81 m 

PLASTIC Fl LM, 
3.0 ,im THICK, 

ALUMINIZED FAA s1oe 

281 

TO SPRING 
CANISTER 
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r<l:.FLECTOR FACET MOUNTING 

The thn:e bmllcs of the retlcclOr I acct are att.tdll.'d to thc rockl·r ;1rm' \\ l11d1 mount to thc midpoint ol rlw concl'ntralor tuhc 

stml·tural elemcnts. The sprmg\. con tamed in canister.,. providl· rhc pull tlrnt camco; the rocker ;inn to tcn~ion thl· pl;1slk film 

Note then that the facet is mounted directly to 111c l'0111:enlrator support ~tructurr ;md doc' not mdudl' radial ann amt a huh 

systun as shown 111 Pan I of this study. 
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Reflector Facet Mounting 
__ _.. __ _.. __ .....;;._, ______ .._,..._. __________________________________ _.. _______ taOllNO------

....... 
··tLM\ /-EDGE MIMllR 

L .~OLE ADJUST 
·• -- IFlNt FACIT POINTING, 

CONCENTRATOR l'P:RAM=l~'1/J.~~,,. 
OCKIR ARM • 

PAINO CANISTER 
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PLASTIC' f'ILM FOR FACET 

· "r rlast1l· film mall:rial is ;Jlun11ni1cd Kaplun. ()ul'ont C'orporalion. lht: m111111fm:lllfl'r of K11pton. l'ldi-:w' lh:11 .1 lhiL'kn..iss 

· 3 mic:romeh:rs is produc:ibk b> ncarl)' \tandarJ roll nw1hmls oinll will llcmot1\tr;.h• Ibis in 111~11 in latc llJ77. 0:1la fron1 llrOjcc:t 

.B;.E h.1s shown a potential dt•1radut1on of rcOc:dol' film s1lcc:ular Jh'rlornwn~·"' of upproxim:1lcly 30'.~ due to th,. 1. o.11lion 

t·n~oun1t·~.:d. first 111 u ~df·rowcr tran,l\'r from low arh11 lo 11111.h orlut. :aml th1111 .10 ycan of operation in y-:os)'ll~hronow urhit. 

Te\ls perfotmcd for th.: solo1r sail pro1i1ram 11t thi: Jct Prorulsiun Lahoralory how inllil:ah:d howcwr Chai rim iJcyruJiilion moJc 

will probahly nol oc:c:ur. anll lh:1t the alc~r:idalion 1>rc\lio11!1ly seen;,. ill\ :irllfm:I of the: ll''' mclhod il~dr. WI.' l'Onwqucnlly Jo 1101 

forcc:;isl r.u.li;1t1on de1.rad11lion. We do ;i111ia:11'ak <1pproi111natcly 1.~S'!i Ul'llraua11on Lhll' lo mcll.'f'roiJ illlf'ac:h HI .10 years of .. 
renector film operalion. Our reOedi\lity b1111..iline '' .lJO for:; n•tlec:lor i.:one 1111111: of .2:! 1.h:1ri:.:1. This i1 r.:lullvc.•1)' con_.ni11llt14'1/ 

~lected sinc:e evi:n hi1her rt'flectivilit's :mo prohuhl)' ac:hi1•v.,hl~. 
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Plastic Film For Facet 
._,_. __________________ _. ____________ ..... ________________________ ...... ____________ .. ,,,,,. ____ __ 

• BASELINE MATERIAL IS ALUMINIZED KA,.,ON, 
3,,.M t0.00012") THICK. 

• DuPONT BELIEVES 2'AM IS ROLL.AILE. 

• IASF.D Ot• PROJECT ABl.E TEST DATA, 
30% DfGRADATION OF SPECULAR REFLECTIVIYV 
HAD BEEN PREDICTED. 

PROJECT AILE TEST WAS WITH MONO. 
ENERGETIC PROTONS AT VF.RY HIGH 
DOSE RATH. 

e SOUR SAIL WORK AT •L INDICATES THAT THE 
THRl:iUOLD OF MECHANICAL AND REFLECTANCE 
DEGRADATION FOR KAPTON IS AT ... 5.1010 RADS. 

• 
• 

THE SPS ~ ... INCLUDING SELfl POWER TRANSFER, 
WILL BE .. 1U- RADS. 

HENCE NO RADIATION CJEORADATION IS NOW FOFU!CAST • 

O.IO RlflLECTIVITY IS BASEL IN ED BASED ON IOEINO lNQ. • CONCT • 
DIV. TES'TS. O.M IS PROBABLY ACHIEVABLE WITH 100 A SILVER 
OVERCOAT ON ALUMINUM. 

.'k~, 
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CAVITY & COMPOUND PARABOLIC CONCENTRATOR 

l:ad1 ol th(• I<• modules of l'.11: thcnnal enainc: SPS is c:t1uippc:d with the: assc:mhly shown 111 its foc11I point. Rc:Oc:ctcd sun!i11ht 

from the: rc:li~ctor facet<; enters the ('PC at its aperture and by renectiom1 reaches the cavity 1bsorbc:r wliich contuin• the hoiler 

tuhes for the thennal cniPne. The C'PC •~ m1de up of a framework supportina 11 sinalc: luyer of molybdenum foil. A reflectivity 

of .H is haS1:hned for this foil due to the u11e of a rhenium rcOectivr coatlna. The walls of the c11vity 11bsorber are compokd ol' 11 

framework system supportina 5 layers of molybdenum multifoil. Selection or thc: number of h1yer11 was bnM?d on 11 man opti· 

n11zati'>n trade. tfoavy cavity walls leak •elatively little eneray to sp11ce and therefore require somewhat !llllaller concentrators. 

Thin walls are litihler but require laraer sol:ar concentrators. Five layers is approximately optimum. The purpose of lh~· C'P(' is 

to allow a relatively harae renector facet 1ma1e lo fit within the apc:rature: also the lar1t aJ>trture of the CPC aM·ammoduh:) 

!>atelhh: pointin1errors11nd some distortion in thu lramuwork in the solar conc.:entrnto1·. 
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Cavity and Compound 
Parabolic Concentrator (CPC) 

______ .__ __ ....;;,.... ____ ...,1r....-----------------------------------------------•llllNll------t::: 99m :::j 
• CPC GEOMETRIC CONCENTRATION 

RA TIO IS 3.0I 

• CPC LIGHT ACCE"ANCE 
ANGLf •300. 

• CAVITY WALLS ARE 
5 LAYERS OF MOLYBDENUM 
MULTI FOIL. 

• ALL BOILER TUBES MOUNT 
ON CAVITY INTERIOR WALLS 

• CPC WALLS ARE 
MOLYBDENUM FOIL 
WITH RHENIUM 
INTERIOR COATING. 

1 
70m 

111m 

IJ 
{ . 

~120 ... ::::d 
287 

• CPC ACCEPTS LARGER 
IMAGE FROM FACETS: 

-ALLOWS FEWER, 
LARGER FACETS 

-ACCE"S '°INTl"O 
ERRORS• DISTORTIONS. 
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CP<' APERTURE DOOR 

This door assembly allows a variation in turbint output r'>wcr whih: muinh1inlna a con1t11nt orientution with tt•rtct to the 1un. 

The door it composed of molybdenum foll panels mounted on i:able1 driven by P•· .i.y 11Mmhliet1 attuclwd to the cavity lllf'POrl 

arm frame. The doors arc shown in thl.' op'm position. Tiw rchenium relkctivc coatina on the door1 i5 u111:d to muintuin a low 

tempei1't'l.lre for the door puncls when they an: fully i:loscd and ex1'0511d to the t ull output of the solar conccntrutor 11111:mhly. 
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CPC Aperture "Door" Maintains Correct Cavity 
Temperature ·oespite Varying Power Output ---------------------•11111t11..•· ---

CPC 

-DOOR 

..,RINCIPLE'* 

(+) DOOR MATERIAL II MOLYBDENUM 
FOIL WITH RHENIUM REP'LECTIVE COAT 
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FOCAL POINT ASSEMBLY 

The primary equipment of the focal point assembly is shown. TI1e cavily ah1mrher nsscmhly and C'PC are ~upiiortcd hy "~teel 

tl':ing framework system. Aver 1cal steel tubing framework system. A vertic;il steel tubinll framework member on each siJe of 

the uvity supports the turbogcnerator aSM:mhlies. 18 turhogenerators are moun h:J on em:h ~ic.h: of the 1.:avi I)'. One radiator 

assembly is provided per turhogenerntor and cxt~·mh c.lir~·~·tly outwurd. either lo left or right. from llrnl lurhogcncrator. The 

radiator assembly which cools the generator is mounted :ihove th~· c;ivity. 
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Focal Point Assembly 

__ .... ----------------------------------------------------·••11t111------

GENERATOR 
RADIATOR 
!.VSTEM 

CAVITY---~ 

ABSORBER 

TURBOGEr~ERATOR ---' 
PALLET 138/MOOULE) 

2'J I 

LOCATION FOR SELF·POWER 
ORBIT TRANSFER SYSTEM 

MODULE·TO·MOOULE BEAMS 

RADIATOR: 11 PER 
SIDE (ONE PER 
TURBOGENERATOR) 

--COMPOUUO 
PARABOLIC 
COtl!CENTRATOR 

._CAVITY SUPPORT ARM 
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SYSTEM FLO\'' SCHEMATIC 

Liquid potassium from the dedromagnctit: pump enter\ the boiler tube~ whu:h arc lol·;.itcd within tlw high tcmpcr;.iturc t:avity 

assembly. Vape,r lrorn the hoikr critcVi the douhk cndt:d turhmc and i~ exhau~tcd into a smglt~ tapering radiator vapor dtn:t. 

Some ?Crtrnent pararnct·:" :or various point'> .1round the clow loop an: g1n•11 at th\.' bottom nl the t:hart. Nolt' th..r whrlt' !ht' ._.apor 

du<.t 1s relcit1vd1 l;irgc 1'1 diamdc·r. ti1e prl·\<;tlfes Jrc quit!.' low. 
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System Flow Schematic 
(Not to Scale) 

--------------------..... ---------------------------------------------------•llllNll-----· SPS-1511 

BOILER 
VAPOR 
DIJCT e 

REMOVED CONftENSATE 

c--""' 

D 

A 

""-BOILER LIQUID DUCT 

LOCATION 
PRESSURE FLOW RATE 
kPa PSI kg/1 lbm/1 

A 37.9 5.60 74.87 184.6 
B 16.8 2.43 74.87 184.6 
c 37.9 6.60 9.23 20.3 
0 676 98.0 83.90 185.0 
E 531 n.o 83.90 186.0 

293 

HEAT PIPE, TYP. 
RADIATOR VAPOR DUCT 

ORIFICE (MATCHES 
THROUGHPIPE FLOW) 

THROUGHPlPE (336/RADIATOR) 
THROUGHPIPE ISOLATION VALVE 

RADIATOR LIQUID DUCT 

TEMPERATURE DUCT DIA 
K OF M FT 

932 1218 1.80 5.25 
932 1218 0.28 0.92 
928 1210 0.10 o.3a 
929 1212 0.146 0.48 

1242 1776 0.65 1.80 
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ZER.O "G" 2-PHASE FLOW 

WHl~E THERE ARE C~RTAIN ADVANTAGES ?Y.l RECIRCULATION TYPE BOILERS OPERATING UNDER GRAVITY CONDITIONS, 

Z!l\O GRAVITY CONDITIONS FAVOR TI!E USE OF ONCE-THROUGH BOILING AND DELIVERY OF DRY, SLIGHTLY SUPER­
HEATED VAPOR. 

THE CONDENSATION OF LIQUID IN THE 'ruRBINE DURING EXTRACTION OF HEAT FR.OH THE VAPOR IS A SPECIAL CASI 

INVOLVING NEED FOR LIQUID EXTRACTION DEVICES TO CONTROL DROPLET EROSION DAMAGE. IT IS CONSIDER.ED 

SEPARATELY, ELSEWHEllE. 

IN THE CONDENSER, LIQUID IS SWEPT AI.ONG THE INSIDE LENGTH OP THE TUBES BY THE MUCH HIGHER VELOCITY or 

THE VAPOR. TIIE TUBE HIGHT BE TAPERED ALONG ITS LENGTH TO MAINTAIN HIGH VAPOR VELOCITY, BUT THIS IS MOT 

NECESSAR.7. S. SAWOCHICA, NEAR THE 1965 TIME PERIOD, CONDUCTED EXPERIMENTS ON UPWA'RD FLOW CONDENSATION 

OF POTASSIUM IN VERTICAL, CONSTANT DIAMETER TUBES; nlE PEIU'OJlMANCE OF THESE CONDENSER TUBES WAS NOT 

ADVERSELY EFFECTED BY A 1 "G" FORCE ACTING TO RESTRICT SWEEPING OP LIQUID CONDENSATE BY THE HIGH 

VELOCITY VAPOR. 

POSSIBLE THERMAL FATIGIJE CRACKING IN CONDENSERS UNDER 2-PHASE FLOW HAS BEEN CONSIDEREI>. lN All-COOLED 

METAL VAPOR CONDENSERS FOR LAND BASED APPLICATIONS, THE POOR AIR-SIDE HEAT TRANSFER COEFFICIENTS CON­

TROLLED HEAT TRANSFER.; ~HUS THE ALTERNATE PRESENCE OF EITHER A LIQUID OR A VAPO~ PHASE AT A ClVEM POINT 

ON THE CONDENSER TENDED TO CAUSE THERMAL FLUCTUATIONS AND POSSIBLE THERMAL FATIGUE. THIS POSSIBILITY 

O~CURRED SINCE THE HOT SIDE FEAT TRANSFER FILM COEFFICIENTS VAR1£D APPRECIABLY IN THE PRESENCE OF A LIQUID 

OR A VAPOR PHASE. lN THE SPS A HIGH P.EAT TRANSFER FILM ~OEFFICIENT ON THE COLD SIDE OF THE CONDENSE& 

TUBE WILL CONTROL THE MEl'AL TEMPERATURE AND PREVtNT SUCH ABRUPT THERMAL FLUCTUATIONS. 

DURING PRIOR RANKINE CYCLE SPACE POWER SYSTFJol STUDIES, THE PROBLEMS OF 2~PHASE FLOW wtRE RECOGNIZED 

AND PLAUSIBLE SOLUTIONS AND REASONABLE APPROACHES TO THESE SOLUTIONS WERE PROPOStn. 
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ELECTRIC 
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ZEllO "G" 2-PHASE FLOW 

BOlLD 

e ONCE-THROUG~ ~OILING HEAT rRANSPEll DEMONSTRATED 

e BOILER VAPOR ~UTPUT IS IN THE SUPERHEAT REGIME 

e NO LIQU!D PHASE EXPECTED FROM BOILER 

nJllBINE 

e LIQUID EXTRACTION METHODS USED: 

TO REMOVE LIQUID 

TO CONTROL DROPLET EROSION 

CONDENSER 

e HIGH VAPOR VELOCITY SWEEPS LIQUID PHASE 

epace dlvlelan 

e l "G" UPWARD CONDENSER FLOW AND LIQUID REMOVAL DEMONSTRATED EXPElllMENTALLY 

e TAPERED CONDENSER TUBES OPTIONAL 

PUMPS 

TO MAINTAIN VAPOR VELOCITY 

NOT NEEDED FOR LIQUID SWEEPING 

• SUBCC'OUNG or LIQUID TO PUMP 

ASSURES LIQUID PHASE 

P~EVlN~S PUMP CAVITATION 
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ELECTF.OMAGNETIC B',!T.ER HED PUMPS 

ELECTRGHAGNETIC (EM) PUMPS HA'.'E BEEN USE.1 EXTENSIVELY IN THE PUMPING OF LIQUID METALS. THEY HAVE '!"HE 
ADVANTAGES OF ABSENCE OF s~s AND BF.ARINGS, OPUiTINc; RELIABILITY AND RF.DUCED MAINTENANCE llEQUillF.M!NTS. 

FOR THE RANKINE CYCLE SPACE POWER PROGRA~, A LIGHT WEIGHT (425 LBS.) ~LFCTROMAGNETIC BOILER FEED PUMP, 
LAPABLE OF OPERATING AT A LIQUID METAL TE!U'ERA'nJRE UP TO 1400°F, WAS DESIGNED, BJILT AND TESTED FOR 
10,00J HOURS. IT PL'MPED 1000°F POTASSIUM AT FLOW RATES UP TO 3.25 LB/SEC AT A DEVELOPED HEAD OF 240 PSI. 
A NPSH or 7 PSI AND AN EFFICIENCY OF H>. 5%. THE PUMP FEATURED A T-111 ALLOY HELICAL PUMP DUCT AND A 
blGH "'EMPEMTU!tE STATOR W!lll A 1000°F wcnnn. OPEr.ATING TEMPERATURE; THE STATOR MATERIALS Cv.ISISTIID OF 
BIPERCO 27 MA!.>NETIC LAMINATIONS, 99% ALUHI~.\ SLOT INSULATORS, TYPE "S" GLASS TAPE INTERWINDTNG INSULA-
~ION AND NICKEL-CLAD SILVER COND'JCTORS JOINE&.i BY BRAZ!Nu IN 'nlE END TURNS. PUMr w:NDlNGS - .,. COOLED 
BY LIQUID NaK AT 800-900°F. 

U.RGr. S.£ZE IUINULAR LINF.AR EH PUMl'S ARE UNDER DEVELOPMENT FOR THE LIQUID METAL FAST BREEDER REACTOR. 
A l~.sno GPM (1502 LB/SEC) PUMP HAS BEEN BUILT AND IS AWAITING TEST; PUMPS OF LARGER SIZES HAVE BEEN 
CONSIJERED IN T?fl RANGE OF 30,000; 70,000; 60,000 AND 130,000 GPM (3108;7573; 8289 AND 13,470 ~!/SEC). 
WEI~HT AND COST ESTIMATES FOR COMMERCIAL LAND B.\SEI.> VERSIONS OF THESE PUMPS HAVE BEEN INITlATED. WHILE 
TH~..iE PUMPS WERE D~SIGNED F'OR HA.!'IDLING SODIUM AT ABOJJT 858°F. THEIR DEVELOPMENT INDICATES PUMP SCALE-UP 
EX~ERIENCE WELL ABJ~E THAT JF THE EARLIER HIGHER TEMPERATURE BOILER FEED PUMPS FOR RA!il<I~E SPACE POWER 
SYSTEMS. 

SINCE THE DESIGN TECHNOLOGY FOR EM PUMPS IS WELJ.-DEVELOPED AND RELATIVELY I.ARGE P!Jl:PS HAVE BEEH BUILT. 
Tl:~ OF.SIGN AND PRODUCTIO!ll CF P~PS OF THE REQUIRED s:i.ZE AND OPERATING CHARAC1'ERIST ~cs Fl)R THE SPS :::MOULD 
~E A STRAIGHTFORWARD ~NGINEERING PROBLEM. TiiE USE OF HIGHER PUMP VOLTAGES AND ~~FROVED HIGH TEMPERA.URE 
ELECTRlCAJ. INSULATION, MAC~ETIC JU..'D COY.HJUCTOR 1".ATERIALS WILL BE REQUIRED UTILIZING r-~PEl.:GENCE GAINED IN 
THE CESIGh AND T€ST OF THE 1400°1 BOILER ~EFD El'\ PUMP. 

PUMPihG AT LOW NPSH HAS BZEN DEMONSTRATED AND AVOIDANCE Of' CAVITATION IN THESE PUMPS CAN BE Cll,,.CUHVENTED 
BY (:; .. ) SUBLOOLING OF THE l..JNDEHSED POTAS3IUM 'i'IJ MINIMIZE POSSIBILITY OF CAVITATION (ONLY VERY J.OW ~ERGY 
LQSqES ARE INVOLVED), (2) ~INIMIZING CONL2NSATE RETURN LINF. PRESSURE LOSSES AND (3) RELIANCE UPON THE 
DY~MIC FRESSURE rlEAD IJF THE HIGH VELOCITY C'OllT)ENS!NG POTASSIUM VAPOR TO HELP SUPPORT THE MINifofiJM NPSH 
PF.QUIRED TO i'REYe~T C.P'l!TATION. 



Electroanagnetic Pu111ps · 
____________ ....., ________ _.. _____________________________________________________ ..,.,,Al.------

• NO MOVING PARTS 

i NO RUBBING SEALS 

• REl.ATIVEL V HEAVY {APPROXIMATELY 100 TIMES HEAVIER THAN MECHANICAL) 

• RELATIVEL Y L.OW EFFICIENCY (17% VS. 80%, MECHANICAL) 

• ... G.000 DATA BASE 

e 10,000 TEST HOURS 

• 17% EFFIClF.NCY . 

• UP TO 10 J K (i400°F1 
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AJ.KAI.I METAL VAJIOR 1VRIINI 

THE CONCEPTUAL DESIGN OF THE 31.7 HWa, FIVE STAGE, DOUBLE FLOW ALICALl MITAL VAPOR 'nlRIINI 
IS BAS!D ON TECHNOLOGY DEVELOP!ll FOR SMALLER SCALE SPACI POWE~ 'l\IRIINIS. 

IT FEA'nlRES HYDRODYNAMIC LUBRICATED LIQUID METAL PIVOTED PAD JOURNAL AND THRUST • .AIC'',\iS, IN 
ADDITION, THE 1VRBINE SHAFT LEADING TO TH! GENERATOP l·.W'l1 1LD FEATURE AN ESSENTIAL&.1 •!RO LIAICAGI 
POTASSIUM SEAL OF A TYPE ON WHICH EXPERIMENTAL TESTtNG HAS B1EN ~CCOHPLlSHED; IN SMALLER SCA.LI 
SEAL TESTS OVER 100 HOURS IN DURATION, n WAS ESTIMATED THAT THI Lr.AICAC! er POTASSIUM WOULD 
NOT BE OF ENGINEERING SIGNIFICANCE IN OVER 10,000 HOURS OPERATION, 

LIQUID EXTRACTION DEVICES, AS SHOWN IN DETAIL ON OTHER PAGIS, CAN II INCORPORATID 1~ THI DESIGN 
US!NG VANE TRAILING EDCE DROPLET EXTRACTION OR TRAILING !DGI TURBIN! ROTOR DROPLET EXTRACTION, 

THE SKL!CTION OF TH! SUGGESTED MODULAR SIZE PROVIDES A NOMINAL POINT IN THI DISIGN.PIODUCTIO• 
AND TEST OF THE ALKALI METAL VAPOR TURBINES NEEDED FOR RANKINE CYCLE SOLAR POWll SAT!LLITll, 

298 



• ·r 
I 

' • 

• GENERAL 
ELECTRIC 

-

' 

1 -----··· ··-·· 

\ 
\ 

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

,,. . J' .-· ... 
~- /_ 

/ ; 

§1+> 
epaoedlv....., 

-

' _/ •. . . .. .., r._- - ... -----....... ··J ., •:J , ... , ._ .... 
&_,,).•••i.-,.-··• ·••··--·"''' ~·!"A• II ._ ..................... ,, .. • •· . . ., .. .. ~ 

I- ''; 'J • •• '°"' , Ir• I f .\ 
~I I ... -J. 

•' :, "'·'• .,../ ''"'/ ,,~: .. , ... , 
,.... .•. 

/ 
/ 

' ) 

--- -~ ... . . ···-.. ··-·· ~- ~ ... ---



DJ 80-22876-7 

Gl:.NERl\TORS 

l.ad1 pol.i'>'>IUrn R.inkmc lurh1nc turn' a J.ll'llt'r<itor ii' ,1iow11 lrl'I<' I lll'w J.!l'llc'r;1frn, prmhf\ ,. l'lflrl'r 41.000 or .l'J.000 \oll\ dirl't I 

tur1cnt "'required hy lhc m1cr1>V.«1V•: !1.i11,m1tll'f' The· ~"ncrafm·, .tr1· 011 toolctf ll\HI~ 1or•la111 p.1"·•Vc'' rl11ocid1 hoth !ht· rotor 

i.ll\U '>IJrlcr. Althouiih ltwy .ire q111t.: l'll1c11·•1t th" l(c·11cr.1tor' 11111'1 d1...,1p.1k \\.,l\lc hi:al al ,ud1 .1 rak that lhcu own '>utfou· .irt'.1" 

not '>lllhcrl.'lll for th1, 1ll\.1p;1t1011 thcr•lorl' cxtc111al r.1d1ator' .1rc ll'nl !\ llll!h t'OPP<'I 1t-111pcr;11u1,· I\ .1il~a11t.11!l'lll" to tl'1ltu.:t• tll1· 

area and ma'l\ of thew rntl 1ator' 
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Generators 

.... ------------------------------------------------1111111,~11-----SPS.1113 
• OUTPUT 31.43 MW • VOLTAGES: EITHER 41000 OR 39000 voe, NOMINAL 
• ROTOR SPEED 7600 RPM • COPPER TEMP: 478K (4000F) 
• COOLANT 01 L (DC·200t • DUTY CYCLE: CONTINUOUS 
• EFFICIENCY 0.984 • SPECIFIC MASS: 0.14 kg/kW 

1 

PRIMARY DATA BASE: AIRESEARCH MFG. CO. OF CA. STUDV FOR AlR FORCE, CONTRACT F33815-75-C·2071 

301 



Dll0-22876-7 

TURBOGENERATOR PALLETS 

These pallet .. mount one turh111c. one a!"nerutor ;rnd dcl.'!m111.1i,;nct11.: pump and an as\od.11.:d amuhari~·~. The \lnu.:turc ol lhi~ 

µalle! '" dcMgned to allow laum:hrntc ul till' uni I prem~·mhl~·J thal ''al lt·a~t " 5 I! ;in·l'l~·rat1ori ~·apahilily " required. 
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Turbogenerator Pallet 

--------------------------•OllNll --
TURBINE OUTLETS 
(1.8m DIA) 

GENERATOR OUTPUT 
TERMINALS 

GENERATOR --

GENERATOR 
COOLING 
MODULE 

,--- OUTPUT PLENA 

SUPPORT FRAME 

-- VAPOR DUCT 
TO TURBINE 

--r---- HEAT PIPE RADIATOR 

PUMP OUTLET T? BOILER 
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PRIMARY RADIATOR SYSTEM 

Shown here is a !>Cgment of the n1k1tor 101 one gencr•1tor A \,1por du•, t •' .11 the lop .md !hl· l1q111d rl'f1irn dul I" ;1t thl:' hollolll. 

The heat ripe panel\ with their through pi pc:\ pa'·' hctWl·en llw dlld\ Aho \hown ;Jfl' lhl' lnplc l;1ycr~ o• 1111.'lc:Orotd humpt•r 

installed on the duc.;trng A: tht' lower kit ''a Jeta1I ol the lhrouvhp1pc' and lhc wr.1p.1ro1111J 'rnl111111 hc;1t Jllfl<.''· llh'"4' sodium 

heat PIPt'> an: :..pa1.:1::d :.ipart \lllh th.it their ll.'lltcrlmc'> arl' I .(1 1hamch'r' trom 1.·;id1 other. I 1>1, 'll·•L'lllll r., .1 opt111111m c·o111p1omiM' 

between greater spac.;:nii:. wh1d1 would 1mpro1l· heat rad1atu111 .. ind rl'duc.;nJ '>pac.;111J,! wl111.h would fl'd!ll'l' rn.1111fokl 111'1\~ hy 

requiring fewer throuii:t1 pipes. On the right i~ a 1.'H>\'> ~··dHlll rhrouvh rwo l!IJ.ll'L'lll r.iJ1ator ,,,1,·111' ,IJov.111µ how the \-;1por 1hK" 

!>hare: c.;ommon me1t:oro1d proh:c.;t1011 sy~ti:mi, tor .1 n:dudion 111 h11111p1:r rna" 

~( . 
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Primary Radiator System 

-----------------------------------------------------.1111111A111----SPS-1114 

\ 
STEEL METEOR 

•RADIATOR IS318STAINLESSSTEEL '. 
\

BUMPER (TRIPLE) 

\ \ \ ~ 
VAPOR DUCT, 
RADIATOR "N" 

FREEZING POINTS: 
POTASSIUM 338K (1450f) 
SODIUM 371 K (208°FI 

POTASSIUMO 

THROUGHPIPE 
0 

Par.all' .. 
..,~-...1u,., 

If Oo 

VAPOR DUCT 

~~~~~--- SODIUM HEAT 
PIPE, 0 • 0.6 cm 
Lcond • 0.5m 

TRIPLE LAYER -
METEOR BUMPER 
ITWO OUTER STEEL 
LAYERS, INNER 
INSULATION LAYER) 

" : \ ; \ \ 
--..--.. : \ ~ \ 

THROUGHPIPE 
ENO, WITH 
ISOLATION VALVE 

.,N+1" 

\ i 

I 

LvAPOR 
DUCT, 

VAPOR DUCT _/ RADIATOR 

"WRAPAROUND" 
HEAT PIPE 
EVAPORATORS 

HEAT FIFES __J 
RADIATOR ''N+2" "N+1" 

SECTION 
THROUGH 

RADIATOR 
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RADIATOR MASS 

A breakdown 1s given here of the radiator mass c.:lemcnl~ per engrnc anti for the en tin: SPS Note that the hc:it pipes anc.I the 

potassium for the fill of the radiator ~}'\km'> do1111nate'i this 111a1.~ <;takment. The heat pipe ~heel thickness is driven by meleoroic.I 

protection requ1rcmenh a ·d i~ such ·•' to allow .1pprox1matc.:ly I()',; of tht: heat pipn to ht• penetratt:d and thereby made inoJ)\:r· 

able in 30 years of gco'>yn..:hronou~ opcr.1t1011. B<·1;au1.t· the heat P•Pl''> wrap the lhrouj!hpipc1. they provide ~ignifH:ant throu!,!hpipe 

protection. howcvt:r, approximately 3'.; ol the through pipes <.:an he ex pl'<' led t') he holed in 30 year'> of Ofl1m1tion. The raiJJtor is 

consequently ovcrnzed by 13 pt• rn·n I. 

.\t ,,, 
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Radiator Mass .. ,, .. _ 
SPl-1634 

PER ENGINE PER SPS 

KG 1o8KG 

MANIFOLDS 3895 2.24 

VAPOR DUCT (12401 (0.71) 

LIQUID DUCT (216) (.12) 

METEOROID PROTECTION (2439) (1.40) 

THROUGHPIPES 1500 0.86 

THROUGHPIPES (336/EfJGINE) (790) (.46) 

ISOLATION VALVES (710) (.41) 

HEAT PIPES 13,299 7.66 

SHELL (10,838) (6.24t 

WICK (1729) (0.99) 

SODIUM (732) (0.43) 

POTASSIUM 80'6 4.63 
TOTAL 26,7.tO 16.39 
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POWER BUDGET 

lhi'> I'> a bn:akdown pf the W'>lcm power requirement'> ahoard the SPS "TllL' gcncratc>r\ n:quirc I (1 43 <iW Additional ut1l11aliom 

w1thm the '>i''>lem bringing the bu~bar tot;il to I 7 .913 < .w ·nu: power d1\tnhut1on Im~<. arc tho"" :J'>\<l<..lall:<l with rc<,i<.tan..:c 

aflt'l..I'> wlthm the d1\tribut10•1 b11'>bar\ ·rhc pumprng powcr ''that re<1111rctl to opt·ralc the eleLtro111agnd11. pota<.<;1um pump'>. ·n1c 

.i'ttturk lontrol power I'> a m;ix11num value a11d LOrt<:'>poi.d'> ro tht: lllllL' l'l'riod whe11111Jx1111u111 ltirU'>I '' rcqlllrt·d to 111amlai11 !ht' 

perpend1Lul<1r-lo~clipt11.: pl;inr orrcntat1on. ·1 ht' total 011.r 11 \:Jn he pro<luLcd by 5 70 of lite !!L'llcr.1tor<; C, 7<1 gcnaaton .irc 

m'>tallcd aliowing appr11xirnatl'ly .1 1·.;, m••f!!lll Ir ".111l1npalL'U that Ilic· lltll'f(JWaVC\ 1r.111 .. m111n., w1ll 1k\!r.1dc 111 oulpur and 

rt:(jUITCcJ power lllpUt by appfOXtrTlall'fy ~';(Ill Ilic UlUr~c· ot .1 ~t:ar UlllWqHL'Jllfy Ill one ~car .1houl l'; Of !Ill' lurhogcneralor 

\Y'>lrm' ..-ould be automJt1cally '>hutdowr by m.tllum.t1on dckdton o,y\lt'lll'> without 1111pal'ltnl! th1· power output of thl· mkro­

wave tran<im1ller 
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Power Budget 

-------------------------------------------------------------------------------•11111A'o-----
TRANSMITTERS 

POWER DISTRIBUTION 

PUMPING 

ATIITUDE CONT, MAX 

MISC. 

BUSBAR 

5i0 GENERATORS AT 31.426 MW8 EACH 

(576 INSTALLED) 
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io&kw 
16.430 

0.898 

!>.282 

0.300 

0.003 
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SYSTEM Eff"ICIENCY CHAIN 

The 17 913 GW n:qutred tor bu~hJr power .1\ lll\.lllJll'cJ hy the pu·viom d1ar1 I~ 111,· 1'141111111111111 ro111t tor'"'" \)'\l.·m dlkt~·n .. ·y 

.:hain. 1 he generator·, have an elfo.:1cn.:y of 98 4'.i ·11m re1111irl.'" lhal the 111rh111c\ h;ivl.' a .,Jiafl oulr111 nl I H :04 GW. Sinn- tlw 

turbine> and lhc re,t of the \j\tcm h.1vt' an overall 1:yd .. · t'lfa1cn•·>· or 0. IH'> .1 pov..,·1 h:h:I ot W1 .. ' I '1 {iW mml i .•. ,1cJJl'J I<> 111 .. · 

Pola~mum 1lo11o within thi: holler\ of lhc ... 1~11)' ,,h.,mh.,·r A hr,·Jkc.Jow11of'111 .. · lo .. ~·, ;i.,•.m:iall'd wtlh th .. · 1..1v1t; ah' 1rhl.'r '' <Jl\n 

!(!Ven for examph.-. ~';;of the i:nl'rl!CY cnh:rinir flh' .. .iv1!; I\ rrrl .. ·..:h:J bJ .. ·kout a111.1111. fh" ,., ha"4:1I on'""'" oi "~11d1 moJd" 

ab~orhcr\ for ground \OIJr powL·r pr•>!P'Jlll• llh· li~l' l.1>"'r' of 111,111.111011 111akin11 up rh .. • 1..1~·1ty w.111., .1110.,, .• 1 l1.,·.11lo·1\11I J1'f'lr01tt· 

mattl;· I.:? GW. The hot wJll'. of the ..:av111 rcraJ1.1h' .. ·1wr11; h.1d. 0111 lhroui:h lhc ;1p .. ·r1on.:. Soru .. · al lhi'i 1ia .. wi. :.!,1-,:l.'tl)' 10 \p,1 .... • 

aml '>Orne of it 1~ reOe..:tc:cJ lo '>POiee lrom lht' .,olar 1.on .... ·nlrJlor. Olht'r '°"''''· u1d1 ·"hr.ti l<>'I~'\ lhro1111l1 lhc w1dl:s ot 'i11: mani· 

fold~. rnnne1.:tm11he boilen to !he :urhtnt''· Jmount lo .1pprnx1mJld> I I <IW Th~· { f'I .11\o h." lo'"''' du~· ~o l'llctl)' ;ihi.orb\:J 

rather than rdlec:led by ti\ w.ilh. ·rhc cncJ ol hfc relk• 11~11y cit the pla'il1' 111111!.••~'""0 ~77. nu'" lhc r1:n,·~·11~1I) ;irtl.'r ,, 

rcduc:uon of ::! . ~ 5 ~~. due lo mctcoro1cJ "-'ourin11. 111 .HJ >· c;ir' of ope rntmn 
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System Efficiency Chain 

... ,,"'"" PS.1111 

BUSBAR (GENERATOR OUTPUT) 
H!.!!!! 
17.113 

(OEN. EFFICIENCY• O.IM, 

TURBINE SHAFT OUTPUT 18.204 
CCYCLF. EFFICllP',CY • 0.1.) 

POWER ADDED TO POTASSIUM 11.317 

SOLAR ENERGY INTO CAVITY 112.317 
(REFLECTION LOSS, 5%) (5.120t 
(LOSS THROUGH INSULATION) 10.&00t 
(RE RADIATION THROUGH APEATUAEI (1.131) 
(MISC, I.E., MANIFOLO HEAT LOSS) (1. 1241 

!"JTO SECOND STAGE CONCENTRATOR 121.139 
fCPC REFLECTIVITY• 0.885) 

IMPINGING UPON PLASTIC FILM 141.071 
(FILM END-OF·LIFE REFLECTIVITY• 0.8771 
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"PERPENDICULAR TO ORBIT PLANE" ORIENTATION 

Some advantages anti disadvanta11cs of a Pf.P oncnt;itmn an: ttiwn. Pt:P h;1~ l'k•\·n !M:ll.'\'h:d rrnnurily '"''"'au~· mnvin11 faceb al\' not 

required. However. other be.me fits accrue a5 shown. The diloacJvanlapc of Ill\' aJditiunul. sc1111m11d unh:nna a•i11 urc •1omewhut offk!I 

by two advanlaJCS relative lo microwavc JlOWcr transmii.sion. Th\' fir,I of llU.'!11.' , .. tlml rn·h'1u1..is i:an ""' llWilchcll without rularilil• 

llon loss evt'n if the anh.'nnal> arc al dtfforcnl lmw1tudc'I w1tho111 nu1Vt11Jl llW 'aldhk alonp llw lf"'°°"Yrtl:hronou' r:1lh. AJditinm1lly. 

the seaM>nal antenna axis can be u1eJ to 1"1r<>v1Jc antenna till lo co111pcnsalc for F11rud1t)' rolalion cuall.'d hy th"· iono,rh\•r"'· 
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"Perpendicular· to· Ecliptic Plane" Orientation _____________________________________________________ .,.,,,,,,. ____ _ 

OtlAOVANT AGES 

• HIGHER "'°"U . ..AHT COHSUIWTIOH 
(UN1.UI COHFIGUAATION IS 
INEATIALL V IYMME •RIC, USU 
MAGNETIC TaftQUEJNQ OR SOLAR 
'1tUIURE EFFECTlt 

• IUT PIRFORMA.Hel FIEOUtFlU 
TIGHTER ATTfTUOI CONTROL 
LIMITS CE..G., 0.1•, NOT 0.5°1 

• REQUIRES ADDITION.AL. (11.ASONA!.1 
AXIS OH AHTENJIA 

• 300 MW PEAK POWER REQUIRED 
70 Of'E FIAT£ THRUSTER$ 

ADVAHTAGfS -
• FACET& NEED NOT FOt..LOW llAIOtlM. SUN MOTKJN 

• ELI Mt NA TU '".ollNI EFFECT ON SIZING 

• FACETS NHO NOT 91 •AaO »AICT TO AU.OW 
MOTtOH 

• L.OWUI MIT~:,ROiD FLUX ON RADIATORS 

• ADDITIONAL ANTENNA AXIi PIRMffl TRN\1$­
MISSIOH TO VAR:rOUI RECTEHHA LOHGITUOU 
WITHOUT.-OLARIZATION LOD CFROM Grvsc 
ORllT LONGITUDE} 

• AODfTIONA.L ANTENNA AXJI PIRlllTI 
COW'INIATtON FOR DIURNAL tOHOIPHIAIC 
FARADAY POLAfUZATION ROTATIOH 

• RADIATOR ti ALWAYS IOGE OH TO THI IUN 

• CONST NIT THE RM.AL IHVIRONlllHT FROM 
FIXED IOt.AR ORIEHTATfON 



ANTENNA JOINT STRUCTURE FOR PEP SPS 

lh4: add1t1onJI. sea'>on .. I ax1-.. Jnd du11·h:lf '•lru...r1ir1: H·q1m~·d for Pf.P opc:r;1flon .. 1:. •,hown. Shp·nn11' nn·J nol h\· 11-..·J .1t lhc "'4'J· 

.on<1l axis JH,,.ot. flat i;;.ihle~ which Jrc wo .. n1J tl11nn11 one: year of opcrallon anti unw,.,ur11I Jurrn1 an .innual \h11rd11wn f'\'tlod atC' 

m'ih!'ad ba\elmed. 
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Antenna Joint for "P.E.P." SPS 

----~~~----------.a..--------~~~~~~~~~~~------------------a.11N11-----1PS-1n. 

NOTE: TRANSMITTER C. G. REMAINS 
IN CONSTANT POSITION 
RELATIVE TO THE SPS 

DIURNA;-L ===::;E~~E~3::Z 
TURNTABLE 
(WITH SLIPRINGS) 

TRANSMITTER 

SEASONAL 
TURNTABLE 
l~ITH WIND/UNWIND 
CABLESI 
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POT ASSH;M RAN KINI:. SPS \t.\SS Sl A lt.Mt.Nl 

lhH '"a brealcd1,,.111n uf the f'4rt II (1114! m.i<.. Prflmmrnr ,·11. 1rw111\ m 1111» m.1" .1rt· th" lran,11·11lkr'. lh1: turhtn•·"" ''"· r.id1.1tor 

\)'Utm~ !lie \lru<.ruri: lprima•1l)I th•: f;,i,,1:: '•UPf"'"' .tru,, lurr: I • .wJ th<.· pot.1vq1.rn: 1m1:.1lol') l<ir !ht• '~'''·:01 lh1· tur+im<' rn.1\~ w;" 

c\timated r)y <.cr.cral f le<-1111. md r··pr·:~nf'.; ~.iluo: 'Wh1d1 '' proh:ihl; tnrr1". r In "-tH1111 +: 1 11
•: Jml 4'1, 

.~ 1 f, 
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Potassium Rankine SPS Mass Statement 

--------------------... --------------------------------------------------•••1M11-----

STRUCTURE 

FACETS 
RADIATOR (W/0 POTASSIUM) 
POV DIST 
SW.GEAR 
GENERATORS, ACCESSORY PACK 
GENERATOR RADIATORS 
TURBINES 
PUMPS, PUMP RADIATORS 
BOILERS & MANIFOLDS 
CAVITY ASSYS 
CPCS 
LIGHT DOORS 
MONITOR, COMMAND• CONTROL 
ATTITUDE CONTROL 
START LOOPS, CONTROLS 
ANTENNA SUPPORT 
MISC, INCLUDING STORAGE 
POTASSIUM INVENTORY 

POWER GENERATION 
ANTENNAS 

SPS 

317 

1u• kt 
1.111 

1.837 
10.718 
4.780 
0.218 
2.&08 
1.140 

13.7&& 
o ... 
3.291 
1.000 
0.299 
0.0?5 
0.100 
1.200 
0.260 
0.286 
0.200 
1.068 

l&.860 
24.384 

80.0W 
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SUMMARY-THERMAL ENGINE SPS 

Final conclusions of the thermal engme work of this stud; are given lu!'rl'. It w:is dt'knnined that the rot;1M1ium Rankine cycle 

thennal engine is the lightest of the pott'ntial approal'ht's investigatt'c.I. At 1111.' heginning of this study the sofor conccntraton 

involved stearable facl.'ts with individual power supplies. St'nsors and !ICrw medwnism~. Thi.'~' h;1vc heen eliminat;1ted hy using a 

perpendicular-to~diptic om:ntation and a concentrator dish of the requisih.' curv;1tun.'. lnsh:ad of electmmcchunic.:il 1mmrs. 

compo~d of an electric drive motor and a pumr with cltt' n·qu1s1k !IC al hc!Wl'l'll th1:m I which could hi.' .. uhject to lcakap: I. Wl' now 

utilize electromagnetic pumps. Althou~h somewhat heavy. thl' low pumping power ;;ssoci;1ted with potassium R;mkinc nwkl'~ 

these potentially low-failure-rate pump~ pr;il'lical. Although ct'rtain materials such :is silicon carbidl' and tantalum may oflcr 

advantages for thermal engine SPS they arc either too adv11m:1.HI or insuffici1mtly abundant to allow them to hl' hJ~lined. Tiit' 

materials selected are in common use and resourcl' data indicates lllat tlwn• is enoutth to allow a signifo.:ant them1al engine program 

to be accomplished. The perpendicular·t~cliptic phmc oril:nt;ition is critkal in allowing lhc fixed reflci:lor fol·ets. This require11 

somewhat more thruster power. but is a propl'r orkntation for the lhl·rn1:1l l·ngilw SPS. The turbine' thcrmclves. at their site of 

appro,imately 32 megawatts. use forginp which can be produced by existing U.S. imlustry. Cie1wrally low industrili1ation is 

therefore required for the them111l engine SPS. Tite nation ·s 1:urrent pro<lul'lmn capability is probably alkquatc to produce one 

SPS per vear. 
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Summary - Thennal Engine SPS 
__________________________________________________ ,...,,,,~·-----

• RANKINE CYCLE rs LIGHTEST AND SIMPLEST 

• SYSTEM IS LARGELY PASSIVE 

• FIXED CONCENTRATOR 

• ELECTROMAGNETIC PUMPS 

• PROVEN MATERIALS WITH NECESSAAV ABUNOANCE ARE USED 

• THE SATELLITE SHOULD FLY P.E.P. 

• TURBINES SIZED FOR EXISTING IN DUST RV; GENE"CALL Y 
LOW '*INDUSTRIALIZATION'' 
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--:: .. S-::l7::1l3~----_._ ___________________ ..... ,,,.,. --

Construction 

and 

Transportation 

321 



0180-22876-7 

CONSTRUCTION(TRANSPORTA TION AGENDA 

In this M'..:fron of tht• lmding,lht• con'>trudion and tran.,port;1t1on systems arc di~usscd together from the standpoint of how they 

rdah' tn 11;,. tv.o main i~4'11l''> of th'· \lll<ly whkh arc· the ,·omparison of I 1 thi: powl·r jlcm·ration systems and 21 thl' hx.alion for 

1h,.,. '•''''-.irt1Lllo11. lhc· powt:r !!,1:n,·r;1t1on '-Y'>ll:m u>mp.in!>on will he prc'>cnkd ""mr llrt· LEO construction uplion. The GEO cou­

..,,ru, 111.11 option '1.1:. al~o , ... , .. 1 -.111cl1l·d :mJ 111.ould he· pn:-.cntcJ at tins time a~ wdl as hoth constrm:tion option at the .. ame time. 

But m onkr to l•>< 11.., 1110\I d.:arl;. 011 tht: <lilkrl'll•."l'S 111 Ille construction and l~ansportation charactcristk!> for the two power gen­

eration option~ Iii" f'OI 11011 of the !Hiding will b,· cont 11wd to the LEO comtruction approach. In summar}. the outcome of the 

pm~..r generation Lompam.,m is not influcncl.'d h~ the t·onstruction location. Resulting from the power ~cner;.ition comparison 

will Ill' :i Judg1:nwnt a~ to which is tin: prt:fcrrcd system from the con'itrul·tron and trnn'iportation st.,ndpoint. ll1ii. concept will 

then bl' u!>cd in th..: l'OOlpari'>on of the construction lo~ation options .. Again, both pOWl'T generation systems have been investigated 

for both construction locations. 

The constru..:tion splinter mceting will focus on more detailed definition of construction bases and the staging depot including such 

fador'i ,1-; sizing, configuration. crew module~ .• md mass and rnst data. Additional data will be provided on the construction equip­

ment and requirement!> imposed by this cquipnh'lll. 1 'inally, several kc: trades will he presented relative to the antenna construc­

tion location and satellite installation a'i Wt'll as structural assembly of the satellite itself. 

The trairiortation splinter meeting will be held at a -.cparate lime and will includt• data on self-power llighl control. 
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~ Construction/Transportation Age11da 
SpS~ ______________ ....;; ________ _._ ______________________________________________ _.. ________ "'llllltfll----

• MAIN BRIEFING ··•••••••••••••······················,.••••••••••••••••••••••• ELDON DAVIS 

• POWER GENERAl ION SYSTEM COMP.l'.RISON 
(USING LEO CONSTRUCTION) 

• CONSTRUCTION LOCATION COMPARISON 
(USING BEST POWER GENERATION SYS) 

• SPLINTER MEETING ••••••••••••••••••• .. •••••••••••••••••• '•••••-••••••••-· KEITH MILLER 

ELDON DAVIS 

• CONSTRUCTION BASE AND STAGING DEPOT DEFINITION 

• CONSTRUCTION EQUIPMENT DETAIL 

• TRADES 

• ANTENNA CONST. LOCATION AND SATELLITE INSTALL. 

• STRUCTURE ASSEMBLY 

• CONSTRUCTION BASE SIZING 

• SELF POWER FLlGHT CONTROL 
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ASSUMPTIONS AND PHILOSOPHY 

CONST AUCTION AND TRANSPORTATION 

"lbe ;;::y nsumpllrJUli and phifowpl1y u~ in the i.. 1111tn11.. W>n and u .. 1nporf;1lion :analysi11; ari ind1c:.,tcd. M'"' r)f ther.e ilern$ arr: 

self uplanaiory hut a few rr:qum: a brlt'f i.:xploinahon .. llcm I wa1 "'f'Cc:rlk:d m the Statem~·•tl <JI W<,rk. llcm ~ di:als with the 

actual amo1mt of uroeful 11me a·1ailJl!bh~ for 1..omtruc:11t.111 lakmg. intu ac.:c:ounl thaf rcr~()nf'd 110 •ICJI wort lilcr.ilJy an entirr lt1ift 

((.oflce break\ ctr..'· and alf(lwJnu~~ ;;lio 1m;l11•J•:d for miK.:fur:c down 11111(.' fh·m J is ~,c,·1fi!."J IO imh1.:0Jt . .- no~ ,,w11fmd1on ! f 1<11u: 

were 1nvest1gated whu::h 11• ~d the salt'll11.e 1111oell to 1111rpm1 conitruc:11on i:-qulprnent. llem 5 rc:blc\ 10 !he c:aw when' a p:iveJ . . ype 

r>f machin..: <Jper;.t1on wd1 a .. a \Olar .irray !kploycr WJ<11 <m.ily1cJ IU di:h·munc 11'1 rc11uircd 1.cm<i.irm t101 ral~ 1n U·.O c:~m•tru1..·fioo 

and theri this same Villlue wa'I Uk'd for lhc: Gt:O 1:<>n,1ruc;;t1011 apprm11:h. lh~m t. cJ1:11l11 with lhl' lhuu~hl tltal wlwn.."Ycr practM.:al. p;,r· 

aJlel 1:on1truc:tion operariom were perfonn1·d in <1rc.ler f() rt>ducr th': ~onstni1:ticm rall!I of the e·~1 .. ,imen1 ,•nil at all times an 

attempt wa:. made to ebminate the ca\e!i where M:veral operali""' ... '"' to o.:i.:ur 1imultaneously to finis11 :t g;ven tad:. Uem 9 

primarily dtak with lh<e taJlc of indexing the l.lltelhte or the terminal pha1e of brina.ina t()lf'tlH:r Jarp itrmti t.Uch u "81ellite 

'nodules"' antenna." ulin& prr..pul1ive devkcri Item 10 •11:ntifie1. the two sta11: b111lhslicfballi1tic sy1tem a1 the refettnc;;e cargo 

i.aunc.h vehicles althougl: !wo I.tap: winged/w1naied systems wer-: alw invesliptcd. 
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DI 80-22176·7 

Assumptions and Philosophy 
Construction and Transportation ---------------· .. ,,,,,.-

1. ONE VEAR CONST TIME ONCL 30 DAVI TllT ANO C/0) 

2. PRODUCTIVITY FACTOR OF 0.71 

3. FACILITIZED CONSTRUCTIOf~ WITH ASllMILV LINE TYPE OPIRATIONI 

4. COMPONENTS MANUFACTURED ON EARTH, AISIMBL1:.i:> IN PACI 

6. SIMILAR CONST EQUIP USE SAME RATES FOR ALL CONST OPTIONI 

1. PARALLEL AND DECOUPLED CON:TAUCTION WHIRIVIR PAACTICAL 

7. CONST. ACCOMPLISHED USING CRIW OPERATED OR MONITORIO IQUIPIMACHINll ·NO 
"HANDCl ON" OPERATIONS . 

I. CREW WORK SCHEDULE 
10 HOURS PER DAY 
8 DAYS PIA WEEK 

90 DAY STAYTIMES 

9. NO FREE FLYING INDEXING OR DOCKING OF LAROE IYITIMI 0 .. MOVIMINT 
Of CARGO AROUND FACILITY 

10. REFERE"ICE CARGO LAUNCH VEHICLE-TWO STAGE IALLllTIC/IALLllTfC 

11. SHUTTLE GROWTH (LIQUID BOOSTER) UllD FOR LIO CREW DILIVIRV 

12. ORBIT TRANSFER SYSTEMS USED ION ELECTRIC OR LOz/Lt;tz PROPULSION 

325 



PHOTOVOLT A.IC SA'TELLll E CONFIGURATION 

The next two charh illustrate: the reforem.:e pho:omltJrc and tlu:rrnt1• l'ngim.• '141kllih'S ro ~· 1:on .. rn11;'f\•J 11nd rranc;ror1~. The: 1c:f· 

eren1.ed 10 (;W photovoltJ1c 'Hltellih: ..:,rn•u~I\ ol k <wtc:ll1h: mod1.1lc:~. whkh when 11pemhlt•d haw an own1ll len,rh of:? 1.6 kilo· 

meter-.. ApproxiniJh:ly 13<XJ kilornell'r' of ~O meter hl'Jm •~ u!lsc:111ble1t. 11 ~square kilonwt.:rs of M>lar array i' mitalh•d 1don1 

with 6S kilomctc:n of powl'~hm Com1ruc11011 ol two ;mtcnn;.i'I in~olV\'!i fahrk>1t1on of \ln11:hm: and the pla..:l.'rn~·nt tlf' i Ji "iq\lau• 

kilometen of radiatin1 wrta1.e. 
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Photovoltaic Satellite Configuration ________________ ...... .._ ________________________________________ ..,MM/I __ __. 

,., .... 

© @ @ © @ ® © ® 

e EIGHT MOOULU 

e W7MILLION kt 

e 1300 km OF 20 r.1 H-"" 

• 102 km2 OF SOLAR 1~AnAY 

e ti km OF POWER 8USU 

e 1.1 itm2 OF ANTENNA SURFACE ARIA 
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THERMAL ENGINE SATELLITE. CONFKil/RATION 

The thennal engine satellite 1.:onsists of 16 module~ which when 11S1etnbled have: a phanform dimension of I 2.8 kllometen on a sidc> 

resultinl in an area 293 greiter than the photovoltaic satellite. A key distinguillhin11 future of this confiauration rel1tive to the 

photovoltaic satellite ii that the depth of the satellite is considerably 11reatc:r. Key 1.:omponent char111Cteristks an also indicated 

with the only one directly ..:ompar.ible to the photornltai~ 'akllill: ~·111111 rhal of till' 'trUl'llUl' wh1d1 i11 approximald)' ~.~ timc!I 

1reater 111 length illlhough in this ca~ the rnaJonry ot' this ht'illll •~ 10 mch:r !IJll' ratlwr than ZO llh'kr. 

328 



.. , ... 

1>180-22876-7 

Ther1nal Engine Satellite Configuration 

12.9 KM 

TRANIMITI'ER 

• 1IMODULES 
• 91 r.'ILLIOfll KG 
• 26~0 KM OF STRUT BEA.,_ 

// i • 1.2 KM2 AADIATO:;t 
._--+--t---+-~,_.--t-~--t--~ • 116 OOCI FACETS 

/ 

/ 
$--

---
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Dll0-22176-7 

POWER GENERATION SYSTEM COMPARISON 

The principal art•iJ.~ whit:h will be "'"'d to rnmpan· tll\' two power 111•n.:ra11011 sy<1h:m11 url.' indk;ih:d. ThC:!ll' ;1n:11i. lrnve h4:1.'n 11tll.'l'ft:J 

to emphasize: the differe1m.·s between lhe two ~:itellill''I. Th·~ arrmul.'h used in the hrn:flnir will he lo 1.'Ulll!lilrl' lwth powl.'r p:nern• 

hon system options for a given item of rnmrarism1 :11 thl.' ~lllll~· tilm: or in two 1.:onwl.'utin• 1.'hilrh r:1llu:r th.in goin1 all the wt1y 

through the pholovollaic s;ill.'lhle ;111d rher• lill.' 1h.:rrn:1l t•nlli1w ""1lellilc followl·1I hy a l'Ulllpilri!lon ut tlll' l.'ml. 
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Power Generation System Comparison 

----------------------... ----------------------------------------------------•••NJN!ll---

AREAS OF COMPARISON 

• CONSTRUCTION BASE CONFIGURATION 

•SATELLITE ANO ANTENNA CONSTRUCTION OPERATIONS 

• FINAL ASSEMBL V OPERATIONS 

• CONSTRUCTION EQUIPMENT 

• CREW REQUIREMENTS 

• CONSTRUCTION SYSTEM MASS AND COST 

• LAUNCH SYSTEM 

• ORBIT TRANSFER SYSTEM 

• TRANSPORTATION COST 
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LEO CONSTRUCTION CONCEn 

PHOTOVOLT AJC SATELLITE 

The first compan\on to be made i!. that of the overall rnnstnu..:tion/transport<Jtion ~·on-.:1.'pf for 1.'lH.:h s;.ill.'llill.'. Ai. im.Jicated earlier. 

the LEO construction approach will be used m making 1he rower genl.'nation ~ystcm comparison. In the i:a~· or the photovoltaic 

satellite, eight modules and two antenna .. ;are ..:on!i.tructed at the Lf..O ha!ie. All modull.'i; ;irl.' transported to (if.0 ul>ing wlf.,mwer 

electric propulsion. Two of the module~ w1ll 1ramporl ;in antt•nna whik lht• ren111inin11 ~ix moduks will he trn1hfl(Jrled alone. Tiit' 

GEO operation requires berthing tdoi:kmgl thl" moduh:'i to form the saMlih: and deployment ol' the solar array~ not u1ed ror the 

transfer, followed by the rotation ol the antenna into il!r. Je!lircJ operati1111 posilic>n. 
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J"'EO Construction Concept 
Photovoltaic Satellite 

----~11'$-:::;l;lU:---------~L...------------------------------------------------ .... ,""'.----
GEO -

LEO -

LEO ©DOCK MODULES 

~STRUCTION \ ·<3.._ ,## @~~:T~A 
~ mro 

> -~ /. , POSITtOr' 

./' ·-.____ , ~~ ~ :·~J'~)H 
/ ~·· #f'. ---1 G:.-: :. ~ --·--··---,,,, .. :._ '\-. ©SELF POWERED 
~'.'-·~------ .,..,./ .(,?j TRANSPORT 
r--:..... -"'"'.~ ~,,, /.:::::J TO GE0(18:> DAYS} 
..:.:or::.-,.-- ---..... z~-r _,,,, ANTErU'JA 

--- ·· j_.../ CARRIED 
I':'\ . OE LOW 
\!) CONSTRUCT 8 MODULES (MODULES 

AND 2 ANTENNAS DEPLOY 4 AND 8) 
PO~TION. 

SOLAR 
ARRAY 
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LEO CONSTRUCFJON CONCEPT 
THERMAL ENGINE SATE Lu·, E 

The thennal engine LEO construction concept is similar to the photovoltak satellite with the ex'°-eption that 16 modules are con· 

structed in LEO with 14 of these being transported alone and apin 2 modules each taldn1 up an antenna. Berthing is qain 

required at GEO, however, no reflector facets require derloyment since they are not affcded by radiation when passing throutd1 

the Van Allen belt so consequently are deployed while in LEO in order to simplify the constn11:tion operations at GEO. 
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LEO Construction Concept 
Thermal Engine Satellite ______________________________________________ ..,,.,. __ 

l~ ... , - CD CONSTRUCT 1£ MODULES 
---...._ __ _. AND 2 ANTENNAS 

33S 

........ __ .J..;· ...... ··--© MAKE STRUCT • @ROTATE ANTENNA 
ELEC CONNECTIONS INTO POSITION 

@ • SELF-POWER TRANSPORT TO GEO 
• ANTENNA/YOKE CARRIED 

BENEATH MODULES& AND 11 



LEO BASE CONSTRUCTIO" TASKS 

The construction operations to Ix: performed al tlw u:o 1:onstrudion hasc arc 11 as...emhle the !!itructurc tu form a module l/K lhe 

size of the total satellite. :? I install solar arrays. 31 in11tall power bus !!iystcm. 41 install orbit transfer !'.ystem. !i I in'itall suh~y1>tem" 

and 6 >construct two antennas with their yoke am.I rotary join ls. 
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LEO Base Construction Tasks ______________________ _. ______________________________________________________ 6'"'''"""'----

e FABRICATE 
2 ANTENl'<lA AND 

YOKE ASSYS 

• ATTACH TO r,mouLE 
4 C. 8 (UNDE RSIOf I 

484m 

t 

• CONSTRUCT 8 ~ATELLITE 
MODULES WITH THE 
INDICATED CHARACTERISITCS 

INSTALL l 
THRUSTER 
MODULES 

2720m 

ASSEMBLE 
32 STRUCTURAL 
BAYS 

,,,.,. 
5440m 
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INSTALL 
PROPELLANT 
TANKS 
(UNDERSIDE) 

DEPLOY­
SOLAR 
ARRAY 

INSTALL SOLAM 
ARRAY BOXES 



LEO BASE CONSTRUCTION TASKS 
THERMAL ENGINE SATELLITE 

The construction tasks associated with thermal engine s=t• 'lilt> mcxlulcs arc i1Hfo:atcd. The.• key difforl•ncc compared to the rhoto­

voltaic con'l.tructio11 task primarily relates to the difference 111 the poWl'r gc.•nc.>ration dl•vkei. (i.e .• rcllectors and lhennal cnt«ncs/ 

radiators instead of solar arrays). 
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LEO Base Construction Tlsks 
Ther1nal Engine Satellite ---------------------... ~-

CONSTRUCT 
LEGS 

e CONSTRUCT 11 MOOULll 

L .. <' ' ' > \! ''.\:i ;/: \;,,~/ \::\\\.\l:;;\,,\\\1,')\!',' 1\~\\·:::: • 

INSTALL ELECTRIC 
THRUSTERS AND 
PROPELLANT 
TANKS 
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CONSTRUCT 
REFLECTOft 
ITRUCTURE 
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LEO CONSTRUCTION BASE 

PHOTOVOLTAIC SATELLITE 

The constNction ba!IC for the photovoltai1.: !latellitc consists ol two rnnncdtn!J fm:iliti.:11 with on~· u~d lo lmild the modules aru.I 

the other to build the a11tcnna. The module constru1.:tion fodlity i11 an open ~·mled !ltructurc which allow1 the four hay wld~· 

module to be 1.:onstNcted with only longitudinal indexina. Ther~· ;m• two i1114·mul workinll bay!>. The ;art h11y is uwd for 1truc:tural 

a~mbly using beam mad1ines and joint ;is.wmhly nrnd1ine' oilladwd to !writ t!u: "l'P'-'r and Iowa l'it1rfoc4•s of lht• l'acillty. Solar 

array and power distribution are primarily installed f'rom equipment at1ad14•d to th~· upf'ler l'udlity surracc in the forwurd hay. TI1c 

satellite module is supported by movablt' tower' locuh:d on the low~·r surlaw of the fudlity. Th4'!>11tOWl.'l'I1m• also u~d lo iru.lcx 

the module as it is beina fabricated. 

Tht> lllntenna facility is conli1ureJ tu cndose four bays of 11nh:nna in width ouuJ four row11 of buy~ in h:ngth. 111c mininium plan· 

view shape or the facility is obtained !hrouah u!>c: of a 60 1karec rotrotlklo11ra111. Thill !du.pc is the result of the bitaii: unit of the 

primary structur,. beina trianaular in 11hape and the re!llullina angulur irl<kxinf,l. Tiu.' lower 1urfii~·c of tlll.' rac:illty i1 U!Wd to support 

beam mi:chines. joint assembly machines. support indexin11 mad1ines and hus dtploymcnl equifllllent. l11t uprer surf1ce i1 u•d to 

suppon beam machines.join! 11s.sc:mbly machines and 11 deployment pl:itfor111 that i1 UM'd I<> dl•ploy llll' M."cond;iry !ltntclures und 

antenna subarrays. 
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ANTENNA 
POSJTIONING 
PLATFORM 
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LEO Construction Base 
Photovoltaic Satellite 

341 

LU..:..l..U.J...o..:i..u.:·..:..· ·~· ~· .:::....J~ INDEXING/SUPPORT 
.!:A.. MACHINE 

PAATIALL V COMPLETED 
MODULE DEPLOYED 

--

SOLAR 
ARRAY 



LEO CONSTRUCTION IASE 
THERMAL ENGINE SATELLITE 

The thcnnal t"npnc '>alcll1lt' 1.on .. tru1.. 11011 h.i'le ha\ he,·n J1:\1)!11cd lo in dlt"d '>lUr11t111J rtw 11t,·m1.il ,·n11m· !kildlilc moJull' and a1 a 

rc!>ulr con11sts of some ralhcr large d11.11m\1on\ T•1t" t •m\lru1.. t1011 op.:ra11on\ ""' fll:rlon111..·d 111 thrt"l' !o&."p:irak ,, vel' or iiltt"' ol Ith: 

bak Al lhc: lower le\t"I !'> Im.ii ltd lhc .mtt:nn.i .:<Jn .. 1111d1011 la1.:1ht1t:\ .. rhJ tl1ow ""'""'""" ri.:cc">\o:lry lo constru.:I the <1ntcnn01 

)'Okc Jmm~d1atcly ilb<J\c lhl\ ilrc:a I\ rhi: rcOcd<>r 1..on'>lrrn.t1on l:idnr) ~h1d1mduJC!'\1.."\IUIJll\\1.."l\I nn:c:\""'r)' to 1..·01hlm.:C n:lkcCor 

structure and install rcflcrtmg lacc:h l.>eploymcnl ol Ilic: comtrudeJ rcfkl..lor\ 11 a,·1..omrhshtll 11\mti mJc:111n1 Jcvtl.'n movins 

down two Side rads Thcsc rail\ ;.in: al\o U'>t'J lo \UJlporl hc.1111 mJdllnt'' u\4'J 10 1..r•n\lrucl rlw tour '°Pf'Ottmf lcp ~twttn the 

rcllcctor wrflM.c: and rhe foul r-0m1 At lhC!' ups>«:r k~el ol t11c 1..ons1rud1on ba'IC: 1i. lo1...1teJ 1111..· to..;al point f•11..·tory whe<:h Iii!\ the 

talk of constructin1 the CPC 1 avily. 1nst:ilhn1 the th..:m1al ~nillW\. ~-on\tnR 1in1 radiator' and thl' ~inc whll.'h ~"'~"' u the rower 

d~tribuuon ~stt-m A tourth area. allhou~h only u'>t:<l an the ~om.trut11tJn ol lwo m<.>t.Julo Ii th.: aucmbly platform 1.11c:d to form 

the antenna structure support point for lhc anlcnna 
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FOCAL POINT FACTORY 

Dll0-22876-7 

LEO Construction Base 
Thermal Engine Satellite 

343 

POCALPOINT 
FACTORY 

FOCAL PO\NT PACTO"Y 
IUPJIOAT ARM 

ANTENNA/YOKE 
SUPPORT STRUCTURE 
ASSEMBLY 
PLATPORM 

' '\ 
~ , [REFLECTOR 

' ' INDEXING 
, FlAILI C2l 
', // 

·. I 

., 
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MODULE CONSTRUCTION SEQUENCE 

PHOTOVOLTAIC SATELLITE 

The construction sequence an<x:11ted with the !ltructure. mlilr 11rrily ilnd power buws conAistl or ini11ally buihJin1 the first encl 

frame of the struclure. 11111 end frame 11 indexed forward one \lrucllmil hay 1cn,1h al which time machine,. can form the remain· 

der or the slructure '"ead1 or rhe hay\. Th~· finl row or four hay\ IS then indexed forward lu allow con!ltntction or the firth 

structural bay in parallel with in\lilllalion or \Olar arrays in h.1y I lhrou11h 4 Solar •irrily 11111tall;1f1on und conslruct1on or 11tnicturc 

occuD simultaneously a1.:ron the width or tht module. allhou1h ne1llu:r o~ration depcnlls un th\' other. Al lhr contplelion of 16 

bays or four rows of hays in len11h. the power bu~s anJ propcllJnl lank\ ;m: ill'ltalled. c·oni.tniction of lhe stnicrure and in11tillla· 

lion of solar arrays of the rcmainm1 four bay h:ngth\ ol lhe mooule arc don1: in a 11milar manner to thal 1m:~iously d\'"'-'ri~d. 

ThNster modules for the self-i>ower system an: auached to each or the four comers or the mO\ldc. 
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Module Construction Sequence 
Photovoltaic Satellite _________________ ..,,.. __ _ 

© © 
• CONST END FRAME • CONST BAY 1 • C STRUCTURE 
• INDEX 1 BAY LENGTH • lf•STALL THRUSTER 

r,,OOULES 
• INDEX 1 BAY LENGTH 

345 

8AYNUM81A 

© 

IPIDEX 
DIRECTION 

e DEPLOY SOLAR ARRAY At•D COUST 
NEXT ROW OF STRUCTURE 

• INSTALL BUSES AT END OF Clh ROW ANO MOP. TNIK 
• INDEX 1 BAY LEN~TH 
• U.STALL SOLAR AhAAV CGrlTAJNERI 

a FA81TRUCT 



0180-22876-7 

REFLECTOR CONSTRUCflON OPERATIONS 
THERMAL ENCilNE SATELUTE 

The cono;truction sequence for the power generation portion of the thennal engine satellite module is done using two charts. The 

fir!>t of thc'il;! construction oper-.ti'lns deals with the fonnation of the reflector surface. The princiral elements involved in this 

operation are the factory it'lelf and the strul'luraJ machines, reflector deployment machines and indexing devices. The complexity 

of this Clperat1on and the machine' them~clvcs is betrer appreciated by the fact that the shape of the reflector surface is a portion 

of a !>phere and in addition the structure fanning the shape consist'> of interconnectina tetrahedr'lns. To accomplish thi1 task, the 

structure and reflector machine!> are attached to the underside of the reflector factory and n.in on tracks. The spherical reflector 

shape is obtained by havmg the reflector factory move ur and down in elevation and rotate about its longitude axis. Movement of 

the factory occurs after the machines make each transit across the factory lenath. Five structural and reflector machine1 att 

required in order to satisfy the t1meline requirements. 
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Reflector Construction Operations 
Thermal Engine Satellite 

.-------- 2300M --------~ 

~REFLECTOR FACTORY 

DEPLOYED FACETS 

A·A 

l .. "7 

REFLECTOR 
FACTORY 

REFLECTOR.­
INDEXING 
MACHINES 

... ,, .. _ 
ELEVATOR 
(MOVES FACTORY) 
t.MGM 

---9-PIVOT 
t.7" 

au-PORT/ 
INDEXING 
MACH. 

FACILITY 
SIDE 
FRAME 



FOCAL POINT ASSEMBLY OPERATIONS 

THERMAL ENGINE SATELLITE 

The other major operation in constru~ling the thennal engine !>aMlitc ocu1N at the top of the constn11:1ion hasc.' where the focal 

point equipment is constructed and installed. Shown here are lhc major individual opt"rations co occur t1pinst a backttround of 

the focal point assembly factory. The point to be kept in mind is lhat all of these operations arc going on simultaneously. At 

several points in time. major subassemblies al't' brou!!ht together and finally all dcmcnls arc then ~onnc~tcd to fonn the ~omrkte 

unit. At that point, the factory is moved away and the focal poinl \.'an be :irta~·hed lo the support lt'g~ ~oming up from the renec· 

tor surface. 

348 



D 180-2287~ 7 

Focal Point Asse111bly Operations 
Thern1al Engine Satellite 

----------------------------------------------···'*·--
• FRAME AND SPINES 

FOCAL 
POINT 
FACTORY 

• CPC 

ENGINE 
RADIATOR 

• RADIATORS AND 
ENGINE INSTALL 

• COMPLETED FOCAL POINT ASSEMBLY 
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ANTENNA/YOKE/MODULE ASSEMBLY 

PHOTOVOLTAIC SATELLITE 

Construction of antenna and yoke for each satellite is essentially the same. ;1110 for lhal reason spedfo: 011erations as~odated with 

this task are not covered at this time. In both cases. each antenna requires six months of constn11:tion time. A !'<>int.:!' difference 

however, is where and when these dements are constructed and how the Jsscmbkll :mtcnna/yokc ill attached to the satellite for 

transportation. 

In the cas.: of the photovolta1l· satellite as !>how1. 1ere. till' yokl' for !Ill' :mtenna '' l·onstnrcled in lhl' modull' constniction facility 

because of its large dimension!.. When using this approach hOWl'Ver. it require!> lhl· yoke to he malk in hl'lwecn thl• third anJ 

fourth module and between the seventh and eighth modules. Following yoke construction, it if moved to the side of the module 

facility. At that time either the fourth or the eighth module will be constnicted. During the construction of these modules. the 

antenna is completed so that it can then be attached to the yoke. After five bays of either the fourth or eighth module have been 

completed, the antenna/yoke combination can then be attached to the module in its re<1uired location. Constnaction of two more 

rows of bays puts the antenna outside the facility where it then can be hingl·d under the modvle for its transfer to GEO. 
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Antenna/Yoke/Module Assembly 
Photovoltaic Satellite ___________ _. _________________________ .. ,,,,,,. -

Sl'S-1402 

• MODULE 4 AND 8 

ROW NO. 3 

<D• ASSEMBLE YOKE & @•CONST 3 ROWS 
ROTARY JOINT OF BAYS 
(BETWEEN MODULE • COMPLETE ANTENNA 
3 & 4AND1 & 8) • ATTACI-! ANTENNA 

• MOVE YOKE TO SIDE TO YOKE 
OF FACILITY 

5 r4 3 

®· COMPLETE 5 ROWS 
OF bAYS 

3SI 

• ATTACH ANTENNA 
SYS. TO MODULE 

7 I 5 

,.­, 
I 

©• CONST ROW 6 & 7 
• ROTATE ANTENNA 

UNDER MODULE 
·• CONSTROWS 

4 
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ANTENNA/YOKE/MODULE ASSEMBLY 

THERMAL ENGINE SATELLITE 

Constmction l'f the antenna element!> of the themlal l'OJ:llOl' 'k1ldlitc Ol.'1.'Ur al llw lowl·r levd ol lhe 1.'0ll!>lntl.'lion ha.-. Tile supporl 

structure for the yoke and the hingt" linka1,~ u.,cd 10 po!>il1on the antenna arc d1ffcrrnt from lhl' pholmolta1l' ~1fcllite. In fhl· 1.'J<;e 

of •tie !>Upport ~tructure. !here 1s an off~t whn:h .1llow'> rill prope1 pomlmg of tl1l· Jllfl'll/IJ wl11ll· the \Jtl'll1h.• l11es Pl::.P rather than 

POP as in the ca!IC of the photovoll;m: ..ardhtc. Th~· t:111gl l111kage 11"'-d lo ro"l1on lh.: 'aldhk I'> llWdl· 1ollow111g lhl' yoke. 

Assembly of the antenna. yoke and hmg'-' linkage 11110 ol~l' unit is lollowed by the .111ad1111l'llf ol tl11s CJnit to the under<iide of rhe 

reOector surfoce for the transti:r to Gl::O. 
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Antenna/Yoke/Module Assembly 
Thern1al Engine Satellite 

----------------------------------------------ao•MNll---
CD • CONST YOKE, OFFSET 

AND ANTENNA 
{!) • REPOSITION YOKE, 

OFFSET AND ANTENNA 
@• ATTACH ANTENNA/VOtcl 

6 HINGE LINKAGE 

ANTENNA 
FACILITY 

YOKE 
PLATFORM 

SIDE VIEW-LOWER CONST AREA 
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• ATI'ACH At'TENUA SYSTEM 
TO UNDERBID& OF REFLECTOR 
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GEO BASE CONSTRUCTION TASKS 

PHOTOVOLTAIC SATELLITE 

Scwral k\')' and Ji~ring1w.hinJ1 ~·rnntrudmn t:l\ks :m• rl.'1111in·d hy ~:u:h .. atdlill.' onn· (il:O ;., n::u.:h~·d. In lhl.' ca~· of the rhotovol· 

taic 'latelhte. an additiorrnl t:r'lk ;, n·11uired in that those M>lar llrrayi. not deployl.'11 for crani.f,•r now re11uiR dcrloyrnent. TI1i11 01~r· 

atron rcqui~~ ii final ;i!l.-.c111hl)' ph1tfom1 that can surirorc four 10l11r army de1,loy111,·nt 111:rd1in''" i1" 11hown. Tiw 0111,·r t1111kii to hi.• 

performed al lil-.0 llfl.' shown on suhs..'•llll.'llt dwr". 

3~4 
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GEO Base Construction Tasks 

-------------------------------------------------·••'*°---
FINAL ASSEMBLY 
FACILITY 

SATELLITE 
STRUCTURE 

0 DOCK MODULES 

35S 

DEPLOYMENT 
PLATFORM /":;\ DEPLOYID 

\::.J SQLAR 
ARRAY 

DEPLOYMINT 
MACHINE 

©FINAL CHECKOUT 
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GEO BERTHING CONCEPT 

PHOTOVOLTAIC SATELLITE 

The first operation to occur onl·e the module' re11d1 Ctl·O ic. tlrnt ol thl· hcrll1111t1 lor Jcx·lo.111aP or llll' mmlule\ In lhl' c:11~· ol the 

photovoltaic \llelhte. the mcxluh:s an" herthec.J along a ""Aile l'l.llll' a\ 11lllil·;1teJ ·1 he 111a1or l'11111;1111c:nt 11'\\!J to ,x-rfom1 thu1: l11:rth· 

mg oper11tions are shown. Th.: conrepl employ~ thl' UM: ol lour ,l1ll·k11111 'Y'll'm' with l'ad1 lll\lol\1111)! ii c:rmll' illlll thrl'e l'Ontrol 

1.:able~. Varialions in the aprli\'U ten,ion to the c:ahln allow' th\' 11101l11k' In lw pulkJ in. 11ro\uk '101111111),! lontrol a111I ,tro\luk' 

altitude ~ontrol capability. Ali.o r('quired in llw• 1:0111.:ept I!> an attitude ..:ontrol 'Y't.:111 111\lul\llllll thru,h:r' whi1:l1 Ill\' nut .J111w11. 
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GEO Bertl1ing Concept 
Photovoltaic Satellite __________________ ..... ___________________________________________ ••1MN11---

SATELLITE 
MODULE IN> 

DOCKING CRANES 
(400M) 
4PLACES 

SATELLITE 
MODULE tN+1) 

3S7 

• MODULI MASS 
.., et.t TO 24M KG 
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GEO BERTHING CONCEPT 

THERMAL ENGINE SATELLITE 

Berthing o~ratiom a!>Soc1ated with lhe thcnnal eng11w \aklltk in0tlull'\ r.:11uirc' holh \inglc l.'Jgl.' t111d two l'dF !corner I bcrthins 

15 indicated. To al'::t>mphsh the berlhinll operation. two lanlit1l'\ .m· l'mplo)'cd. l.ad1 I\ provided with a cran..: 'YSll.'m Sllllllilr to 

those dc§(;ribed for the pho1ovolla11." conccpt. One of 1111: fal·1l1l1c\ 1s lcx:ati:tl al llll' up(ll:r purllon ol tl1c moduk while thl.' 11.''-'onJ 

1s near the plane of the rcflc:dor !iO thill for4.:cs <:.111 hl· app11cJ arolmd the q1 ol th1: 11\Cnl\lk Mnvl'lltcnl of Oil\' ol lhcSI.' foc1htic' 

from module to module OCl.'Un hy relca!>mg om: a Ital hmenl poml .ind pivolmg around till' ollu:r until till' lk\in·J IOl.'alion 11 

reached. 
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GEO Berthing Concept 
Thermal Engine Satellite ___________________________________________________________________ .,.,, .. ___ 

IPl-1498 

LOWER DOCKING FACILITY 

---- - . - -., ___ _,, 

=i~/ .. '"" ,,'.:'.:~~=1<: - LOWER DOCKING fACILITY 

A·A 
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ANTENNA FINAL INSTALLATION 
PHOTOVOLTAIC SATELLITE 

Comparison of the antenna final assembly in!ltallalion operations assod;itt"d with the satellite also illustrah:s some diflerence!i in 

terms of comple:11.;ty of the required mechanisms. Jn the case or the photovollai~· ...itdlite. the antt"111111 i1 i1Uached below th~· 

module and uses a single hinge line. Once GEO is reuchcc.I, the antenna is rot;ited into position follow~·d by the final structural and 

electrical connections. 

360 
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Antenna Final Installation 
Photovoltaic Satellite 

------------------------------------------------•llllNl/1---

G) •CONSTRUCT IN LEO 
•TRANSPORT TO 

GEO 

ISJZt<J:~?::,_ 1 ___ 
11~~ 

@•ROTATE ANTENNA ~ 1

:;:::/ 
SYSTEM INlOPOSITION / •' ~ 

I ' •MAKE STRUT AND I / 
ELEC CONNECTIONS II I, 

/I I 

1 }i· 
I I 

I ' , , . , . . _, 
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ANTENNA FINAL INSTALLATION 
THERMAL ENGINE SATELLITE 

Placement of the thennal engine satellite antenm1 requires sim Har operations exec pr that 3 hinge line!> urc rct1uircd as shown ruther 

than one. This condition is a result of thl' long distance between the transfer position of the antenna and lh.: final posirion for the 

operational phase. 

362 
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Antenna Final Installation 
Thern1al Engine Satellite 

__________________ __..._ _______________________________________________ •llllNO----

.. 1433 

G) •TRANSPORT TO GEO 
•DOCK TO OTHER MODULES 

FINAL 
ASSEMBLY 
PLATFORM 

ANTENN~A~'EE~~;--
PLATFORM 
SUPPORT 
LEG 

A 

l 
A 

J 

® ROTATE INTO 
POSITION 

(l> ANTENNA SHOWN ROTATED 
23.fi DEG CCW 

B 

l 
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~ MAKESTRUCTURAL 
AND ELECTRICAL 
CONNECTIONS 

B 

J 
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MAJOR CONSTRUCTION EQUIPMENT 

PHOTOVOLTAIC SATELLrTE 

The ma1or construction equipment J\!".oc1atctl with the photovoltJ1l \;1tclhh' arc 1llu'1r.1kJ .1lon1? with some of tlit• key d1Jr.1der­

i~IK'i such a~ quantit}. ma'i'i a~d duncnsions. A!!am. hci.:au'ic thc ant·:nna 1l!ielt . .., l'lll\11\0ll to' '"th \aldlih' ~y,h.'r.l\ ih \fll'nal 

equipment 1~ not ~ho1.1.n although tlm mJh:rial ha' hn~11 prc<;4:nkd 111 till' P.1rt II M1dtn111 and •~ 111d1ukd in the lin<il doi.:umcnt;1· 

r1on Thc beam mad1111c '>hown 1' 11Hl1l·ar1vc ol thl' \trullur;1l u1nu:;ir wh1d1 11,c, two hl".1111 111ad11nc-.. to lorrn all lht• lllJill ,fmi.:· 

lure. Ac1.ordmgly. 11 hJ~ both translat1011 a\ well"' rot.1t1011JI i.:;1pahihty ·r hl' d1111e11'1011' and ma"" mdkafl·d ;trl' md1lafiVl' of the 

segmented beam approad1 although mad11nc~ labrii.:almg llll'nnall~ torn1·:d l·o11t11n1011' uml 'tn11.:turc i.:ould al,o be att:id1l•d to 

the same frame. 

( 1 •nc mampulator ~ystc:m'> Jrc pnmanly ml'd to 10•111 tht• 'ilrud11r.1I hl'alll 10111h Althou!!h lhl' \Ill' 1nchc;it.:d i~ 1110,t common. 

,cvi:ral :!50 mch:r Ullll'> arc al~o required 111 the i.:011'>trt1d1011 ol thc .111k111J.1 yoke·•' 1.1.t·ll ·" 'l'h'rJI :!O ml'lcr •:ralll''· Two man lon­

trol i.:abm'i wnh manipulators Jfl' loi.:akd at thl· l'lld ol thl' l rJlll' wh1d1 "lt\l·ll atr.1d1t·d to .1mm111g 11l,11fonn 

The pru1.ip;JI d1lfrreni:c bdween thl' 111d1l.1ll'll '>ol.1r .irr.1y mad1111t• 11111rho,l'1lh1,tr.1tnl 111 prt•\1011' hr..-flll!!' "lh.1! lhl· )!antr. 

1helf 1'> locall'd :ipproxunately 50 meter' hl·luw lhc l:1ulit~ b,·,1111, \lllt•' th.11 '' tht lo,,111011clth..:11pp..:r .-.ur1.1u· (.I till' r,ald!;tl' 

rurthcr Ul\lt.:\W>ll on lhe\l' lllJdllm:• 1.1.111 OtllH Ill th,· \pl111L r llll'l'tlll)! .111J Ill'"' '111.tl dot"llllll'lll.111011. 

364 
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~ Major Construction Equipment 
_____ s_P~s~~--.:::::..~ __ __i ___________ r_1_1o_t_o_v_o_1t_a_i_c_s_a_t_el_li_t_e _______ •• ,,N.--

• POWER BUS INSTALL • CRANE/MANIPULATOR 
• 8 UNITS • 1 UNIT 
• 8000k9 • 7000kt 

---~ 

. ' 
, . _j -::::::! I ~ :-;,,~, ~ !, •... ., 

" '>. -~ e SOLAR ARRAYOEPLOYM~NT~H \ ~~~i ~1. 
• 4 UNITS n ff"~ 
• 12000kt(Eat - . 'JIJjJJlEff/NIV'~ 52M 

f\. ~.; d / l ,. ij -
_/ _ - - - - ' - - -- - - - -- - - -~/ - ..:, . 

' ' ( 
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MAJOR CONSTRUCTION EQUIPMtNT 

THERMAL ENGINE SATELLITE 

The thermal engine !>atclhte require~ 'il:Veral mad1m<'' ~11nilar to thl' rh·1fo\'ol1.11l ,·,1u1p11i.·11t hul 111 addil1011 requin:<; ~'\'<'rJI Jiffor­

cnt units Beam mJchmn are al'>o required with lh•· h:y d1fh:rt'IK<' l>t·mi.: th•· <111.mt1ty .md also lh need of a 10 t11\'li:r hea111 

.nachmc Cram·/manipulalor un11s ar 1ppro,..1m .. tely the '>Jlllc I or111at1on of th•· rdlt•dur llJ«'h \Urlan· I ol'<lllin: .. J ,.,,_.,·1al 

.. rrm:lun· mad11ne anti .1 IJ<Ct dt•ploym,·nt 111;1d111w. 



... ,900 

• BEAM MACHINE 
• f3) 20M - 20 000 kt 
• (4) 10M - 11 000 kg 
• (7) 1M - ) 000 kt 

DIS0.22876-7 

Major Construction Equipment 
Thermal Engine Satellite 

--------------------------------------~111111N•---

110M 

• CRANE/MANIPULATOR • FACET STRUCT MACHINE 
• 21 UNITS • 6 IJNITS 
• 1 600 Kg (EA) • 30 000 kt C!A) 

~FJ1--- • FACJ;T DEPLOYMENT MACHINE 
~.,_· t • 6 UNITS 

_ ~ ;::.--, :1 _ J 1,f>,,;o_,,,,,.,.,. • 13 GOO k1 CEAI 

367 
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MAJOR CONSTRUCFION EQUIPMENT 
THERMAL ENGINE SATELLrrE 

Jn addieion lo mdi'6dual machine~ the thennal engine !Wlh:llite rnn11ruc.:t1on opc:rilt1on ;i:1111m'" sc.•veral minHac.:lorits involving 

numerous pieces of equ1pme111. f:.xampk·s of lht•se Mn•ill l•1doric.:s ilfl: a' follows: the.: fon11a11on of illc.: CP<' and c.:avtry whel'I: 

c.:ranes. manipularori.. welders. conveyors and conlr.>I \.ilhin' are rc.:quired: a r;idi;iror fo\'for> r•:al wdtls the ~O merc.:r length we· 

lions of pipe into JSO meter lc.:n1ths .and then attach~\ the.: r;iJ1ator' 1h~·;1t p11w I l'ilnel~ I•· lhe main pirc.:': in a'h.lilion. c.:n1inc.: '"'lal· 

lation is required indudmg a connec.:11011 of power husw' betwet•n rhe c.:n1inc.:'I and '.11ally. tlw !!pine.: a~wmhly Char i:on'llst• of 

machines to build 'ltnicture nmnin1 hc.:tw~·en module lot·al poml\ :mJ m.11:h1111 • to ;iw·mhk ;ind atl.1t.h lht.• m;ijor rower huHc."1 lo 

that strucrure. 

Jf)8 
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C . .. ., I .---. 
. 1 i . • • I 
1: ! ' ·~~.; ·~ 
liLy_:,t : -~· i_I -' " ..... ~ t • ! .. ' 

• CAVITY ANO (;PC 
ASS'f EOUIPMENT 
• 1 EACH 
• 21 OOOkt 

DIS0.22876-'7 

~1ajor Construction Equipment 
Thcr111al Engine Satellite 
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:::~~! 
~- ~ ---- i ~- ~ 

1 --~ ~--· .----- ~,- '' I. 
~- - ,~, --·---- ~ ...- ' I 

' : , :::..--"' I 

~- .... --- ,. •1 

l r . 1 
i ~ 

: --------~ 
!~3~M 

• RADIATOR ANO 
THERMAL ENGINE ASSY 
AAD INSTM.L EQu1i-

• 27 000 kt 

• SPINE A$S't MACMU1l 
•TWO UNITS 
• 21000111 
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CREW SIZE AND DISTRIBUTION 

LEO CONSTRUCTION 

The d1fferenc.e m c.·re-. \Ill: and d1U11but1rm ()f Ol."W 1\ mcJ1•••i:J for llu: l'A '' "-•ldhlt' 1.on,cph ·r he uo:v. "''' for .111 orb11 .. 1 per· 

\llnnel md1<.:illt'> the phot 1>volta1~ utcll1k re11111re\ appm11.1mJh:ly JOO kwn rco11lr with ;ill tlm c.J1lkrt•11,i: '"'1.unin1 m !ht· low 

birth 1irh1t vm\tru\.1100 ha'>': Thi: pnn1.1p41J rc:JYJJl for !hi." lo1rgl."r, rl."w ri:1111111:rncnh l<H rhc· th..-rm.1l t·111_r1nc •.1klhk "ilul· to more 

L•in'>trull1rm '>J>Cf1'11'JO\ requ1ri:d Jnd ''' 1.our'><: 1111\ lh.:n 1.•Jlllr1h111n ''' rh,· ''111\lrm 1101111111111,·c111>nvmnel Jill.I !ht· "4•Pf''"' ~r· 

Y>r. nel manloi.dtnp 

-~ "1(J 
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800 

800 

200 

PHOTOVOLTAIC 
SATELLITE 

DIS0-22876-7 

Crew Size and Distribution 
LEO Construction 

----...;.--------~---------------------•••1••~ 

- OPS. SUPPORT 
6MGT 

- CONSTRUCTION 
(INDIRECT, 

-- CONSTRUCTION 
(DIRECT) 

THERMAL 
ENGINE 
SATELLITE 
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e 10HOURDAV 

e TWO SHIFTS/DAV 

e 8DAVSON/ 
1 DAV OFF 

e IODAYSTAYTIME 
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CONSTRUCTION ROM MASS SUMMARY 

ROM mass estimates are presented for the 1.'0mlruction bases"' well il!i cri:w rotahon/re~upply. In 1111: l.'a~· of thL' U·.O "·onstnu:· 

rion bases. the photovoltaic .,alellire is hahter hy approxunatdy J million lulo1rmm. Tiil' 111.1Jor 4·ontrihuror~ to the lhl'nn;.1f l.'n1111e 

mass i!> the large foundation (stn11:tureJ along with lhrl'c extra l.'h'W moduh:~ due lo llw 300 additional pcopk and of rnurw ii~ prl·· 

v1ously deM:rabcd 11ddit1on:1I cons1rud1on cquipmcttl. <a·.O lino1I '"~·mhly baM.''i atl' arproiumakly l'lltlill. l>ifkrl"ll\:l"" 111 tlw 

annual crew rotation resupply requircml·nts rellcl.'h tlw diffrn.:m:c in llw 300 111.111 l·Rw Ml\' 
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BASE LOCATION 
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Construction Mass Summary 

e LEO CONSTRUCTION 

CONSTRUCTION BASES 

,,,, " "" 
""' " 

11' CREW 
MODULES , . 

"" .,,, .,,, .,,, ,,, 
FOUNDATION 

- CONSUMABLES 

- CONST 
EQUIP 

Lt:/) GEO I LEO GEO 
PtiOTOVOL TAIC THERMAL 

ENGINE 

8 

•llllNll-

CREW ROTATION/RESUPPLY 

e ANNUAL 

e CARGO, CREW, VEHICLES 
AND MODULES 

[i> INCLUDES GEO SUPPLIES 
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CONSTRUCTION BASE ROM COST 

FIRST SET 

Comparison of the unit cost of the I 1rst set of construction ba~s indicates over 11 4 billion doll11r savinp for the photovoltalic 11tel· 

lite. These values reflect a 90% h:11rnin1 factor applied to each mujor end item. Tn111srortation cosrs im: not included in this p11r· 

<icular chart. In the c11se of the \henn11l engine s:itellite. the i'rincipul diffoMlCl' in the fadlity cost is the thttc cictra ~·rew 

modules 11nd of course the larae diffcrem:e in constrm:tion equipment qu;mtity iilld 1111111 contributes the difference in ~ost. ll1c 

wrap-around factor is applied to the sum of the facility construction c4uipment cost. 
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Construction Base ROM Cost 
First Set 

----------------------... ----------------------------------------------------•llllNll----

12 

10 

U) 

~ 8 
::; _, 

= ! 8 

§ 
4 

2 

GEO 
BASE 

L 
i 

LEO 
BASE 

PHOTO· 
VOLTAIC 

• 1 SATELLITE PER YEAR 
• 90% LEARNING 

GEOOASE 

• - t 
LEO BASE 

THERMAL 
ENGINE 
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D 

• 

WRAP-AROUND 
•SPARES 
• 1Af4 C/0 
• SE t.c I 
• PROJMGT 
•SYS TEST 

cor~ST EQUIP 

FACILITY 
• FOUNDATION 
• CREW MODULES 
• 3ASE SU35YS 
• CAFiGO HANDLING/ 

DISTRIB. 
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TRANSPORTATION SYSTEM DIFFEREI"' ~S 

Several key transportation differences occur when comparing the two satcllitc:s a!i shown in this chilrt. Ew:h of thc11e differenc~" 

are farther described in subsequent charts. 
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Transportation System Differences 

----------------------------------------------------•1111~11~ 5"$1813 

TRANSPORTATION FUN~ 

• SATELLITE LAUNCH SYSTEM 

•TWO STAGE BALLISTIC 

• CREW LAUNCH SYSTEM 

• SHUTTLE GROWTH 

• SATELLITE LEO-GEO SYSTEM 

•SELF POWER 

• CREW/SUPPLIES LEO-GEO 

• TWO STAGE L02'LH2 OTV 

DIFFERENCE 

•PAYLOAD SHROUD 

PN - REUSABLE 

TIE - EXPENDABLE 

• r.iuMBER OF FL TS 

• T/E HAS LESS SATELLITE 

DESIGN IMPACT 

• LESS GRAVITY GRADIENT 
TORQUE 

• NONE 

377 

REASQN 

•SATELLITE COMPONENT 
DENSITY 

• MORE PEOPLE IN ORBIT 

• NO OVER~IZING 

AND USE OPER. VOLT. 

• LOWER INERTIAS 
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COMPONENT PACKAGl~G DENSITY IMPACT 

A most significant factor in the launch cJsped of power satellites is the rnmponent pa.:kaging Jens1ty and its impal't on thc numbi:r 

of launches required and/or the type of payload shroud that is used. In tcnus of the l·omponcnt dl·nsity of the photovoltail· satl'l­

Jite. an average density of approximately <>5 kilograms per cubic Meter 1s indicatcd. ·nil· l"llm·nt ~.1 meter hy 17.5 mt.'ler payload 

rnvelope with a volume utilization factor of 0. 7 requ1rl·~ a dl'ns1ty of 93 kilograms Jll'r l"llhk meter in order to rcad1 a mas~ limited 

condition. 

The them.al engine satellit'! density is approximatdy 66 kilogram• per cubi.: meter l"rnnarily Jue to radiators. reflecting facets and 

antenm1 subarrays. Should the antenna subarrays !>c divided into a waveguide/stnicture section and klystron tube sei:tion. the 

density would go up to 76 kilograms per cubk meter. TI11' approai:h howewr. rcqum·~ a"l'lllhly of the suharr;1y!> in orhit whkh is 

not deemed desirable at this time. Consequently. the thcnrn1I engine concl·pt presents a c.l1ftk11lt i:a\l' for ;1d11eving mass limited 

launl'h conditiom. The number of fl1ghh tor the photovolta1l' satellite rcllcl·t mas' l11nill'd l;111nd1 .:onditions. TI1c tlwnnal engi1ll' 

system h shown for both an expendable shroud large .:nough to reach a mas~ h1111ll'd condition and a re11,eahk shroud option. 

Launch cost for these option!> are compared in the third !it'! of hare;. For th.: thl'Tm.il l'ngi1w c;y,tem. the cxpcnd;ihll· shroud shows 

approximately a 300 m1lhon dollar saving' per satellik a' .:ompan·d with a reu,c;ihle ~hroud dUl' tc thc low 111111 lO\l I~ million 

dolla,.,.J for the exp,ndahle 'hroud whcn l;irgl' t111;111t111c' an· prul·urcd. It 'hould he llll'nl1mll'd hoWl'Wr. that till' thcnu;il l·ngilll' 

satellite will ;iho ut1!17 . .: n·11!>l';ible shroud~ for the ddl\ cry nl , rew and 'upplie!> ;md dl'li\ cry of conl>truction n•llum·mcnls. 
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Component Packaging Density Impact 

----------------------.... --------------------------------------------------•1111wo--
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SATELLITE LAUNCH VEHICLE 

A .:ompanson of the Jaum.J· and rel·ntry ,011fig11r;1l1011 for till ,.,,.o 'ah.:ll1k" '' J'"l''iClltcd. Thi.'-'~ 1111.'tcr l'"llcndahle shroud 

required for the tt.enn:il e~.gme "YSklll\ •~ 1111iged lo lw nt•,1mu: the llJ'Pl'r lcn11th '1n11t without ~1vmg l'l(<.:c"1ve bending load~ dur­

ing the laun..:h. It should also be rnen11oned that alihough the expl·ndabk '~1roud '' hl',1\:cr llwn lht• rc.:ll'>l';1hk unit thc sy~lem is 

Jt!lt1~oned after the dyn.11111..: prl'.,,urc kH·l h.1' 1,1Jkn lo 1,·ro Con,l·qucnll~. p.1ylo;1d ..:ap.1h1hl1l'' ol llw tw11 la1111.:J1,·" :ffl' 111dgt•d to 

be nearly l'qual As a n:~ult of u~mg the cxpcnliw!.lc ,Jtroml. the dol·k1. ·• '} •tl.'111 11111,t ht• atladtl·d d1rc..:1 ly lo th,· payload ra1:k and 

then return on subsequerH n:u~eahk ~hroud llrgh·~. 
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s,~ Satellite Launch Vehicle 

______________________ .._ ______ ------------------------------------------•••1••--,_,, ..... 
... 1111 

PHOTOVOLTAIC SATtLLITE 
APPL.ICATIOI'! 

LAUNCH nEENTRV 

LAUNCH 

' . -'.·'· 

. -: I 

THERMAL 
ENGINE 
SATELLITE 
APPLICATION 

n REENTRY 

3&m 

J 

• 2 STAGE BALLISTIC.':lALLISTIC 
•GLOW• 10.4 x 10~i~g 
•PAYLOAD• 0.39 JC 106Kt 

.\Kt 



SELF-POWER CONFIGURATION 
PHOTOVOLTAIC SATELLITE 

:1. tran~fcr of Che satellite motlulc~ from Lf-0 to C:EO involvc'I lhc u~· of del.'trj,· propulsion m1in1powl.'r11rovicl'''' :1~ ,,,,. 

moJult• llhu'I lhe naml.' wlf·powcrl. Tlw ,·harad,•ri~lil.'!I ois!mdar,•J wilh !Wlf·pow,•r of oi photovoltai,· module: :1rl.' shown in holh 

:!:'''·~ 1110J11ll'~ lran,frrrlllll anlcnna' ;1111.J thow that ,10 not. Tlw ~cnl'rnl drnr;u.:tcrisfas in,lil.'ak ;1 5': ovcn;i1in11 of th,· ':11t:lli1e lo 

..:ompcn~atr for lhc roitl1atio11 Jet1nnl:11ion lll'l.'11rr111J d11rin11 PilH:lll' lhrou11h lht• Van 1\ll,•n hell oind 111,• mahilily lo imn,•al oul all 

of lh Jamal'' alter fl'ltl·hintt GEO. Ir i1lumlJ :1ho he c11111h:is11cd al lhi' jloinl. only the ;may' nccJ,•,I lo proviJc Chc re4uin:J 

powcr for lranst'cr an· Jcploy1•1I. Th,· r,·11rn111Jcr of ilrr.1)·' ;111· ''''w'''I within r.iJii1lio11 proof nllllillllcr! .. < 'n!ll 01,limum tri11 tillll.'!\ 

.inti l,p v;1IUl.''I a~ rcspcl.'t1vcl;· 1801lay, and 7.000 w,·0111ls. Flia:hr 1·1111trol of llw moduk wh1·11 llyinll J PEP altitude Jurin111ra111· 

frr ~suits in lar11c ~ravily 1radknt ton1ur' oil M:Wr:1l 11ositions in 1'al.'I• revolution. Rath1•r 1h:1n prmiJc 1h1• 1•11tirl.' 1·on1rul rn11abilily 

with rlecri.- thru!ltcr" whid1 arr qmlc cXfll'llM\IC, tf14• d1•,·1ru.: !lrtcm i' Slll.'J only lor th•· 01llimu111 trn1111l'er time with lhe adJ1· 

r•onal lhnl!ll prov1Jed hy LO~/LH~ thru,t1•r,. 1l1i' p1.:n:1l1y al'llrnlly is c.iuile 11111011 sinn• hy rlw tinw .!500 kilomelcr allituJ1• iii 

rca1:hcll th1• iiravity ttraJ1,•nt lor4uc is no lonP"r a domi11i1ti111.1 fodor. 
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Self Power Configuration 
Photovoltaic Satellite 

GENE:lAL Ct-IAAACTERISTICS ,2.7Kml 
• 6% OVERSIZl~JQ (RADIATION' 

tJOU 

DEPLOYED 
ARRAV 

THnusTEn 
MODULE 
(4 PLALES) 

ANTENNA ANTENNA 

SIZE: 24JC38m 48.1e78m 
THRUSTERS: 800 1800 

383 

• TRIP TIME• 180 DAVI 

• 1• • 7000SEC 

MODULE 
CHARA<. TERISTICS 

•• NO. r.10DULES 

• MODULE MASS C1o8KG) 

• POWER REQ'D UolKwJ 

• ARRAV % 

• OTS ORV UolKO) 

• ARGON C1o8KG) 

• L02/LH2 no'Ka) 
• ELEC THRUST (1~ 
• CHEM THRUIT C1 ) 

NON 
ANTENNA 
f.10DU~E 

8 
8.7 
0.3 
13 
1.1 
2.0 
1.0 
4.1 

12.0 

ANTENNA 
MODULE 

2 
23.7 
0.81 
31 
2.9 
1.8 
2.1 

12.2 
1.0 
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SEl.F·POWER CONFIGURATION 
THERMAL ENGINE SATELLITE 

St.'lf·power of the lhennal en1inc lillcllilt.' modules arc for Uw 111011 purl similur to the photovoltuk nH"1ulc~ from ii pcrfonnam:I.' 

standpoint althou1h there are some dislinauishin1 differences in tenns of ~tellilc Je11i1n impact. One uamrll' of this i11 th:11 no 

ovenilmll of the thermal enaine moduk' ii• required since lhc rellL'l'lor fucl.'ls ;mll cn1inc~ im.• nor ~n~iliw to radiulion 1111 .m.· rite 

.wlar arrays. A M:coml point 11 lhaf th11 voleill\' 1enl•ruh:d hy rlw 5;1rc11i1,• l'an lw lhl' ~•um· i15 lhl' OllL'rnli1111 liilldlire volfillll' <sinl·c 

no plasma los~s O\:cur iu in lhe CillC ofsolar urra)'s) 1md thus ii minimum rowl'r ~1istrih11tion 1wn:1lty O\.'CUU. t:rom 11 rro1111lsio11 

\tandpoinl. three thnister modules an: used r:ither th1111 four illlll allho1111h all fol'L'ls a1c d~·1llO)'l'tl in Ll<O. <>nly u flOrlion of thL'k' 

are required for the transftr. Gr.1vity 1&radii:n1 torque ;11wdu1ed with thi5 confi1uralio.• arc conMdcrahly lowtr dm: to lhl' incrtiu 

characteristics of the mudulL' and conM:qui:ntly the chtminl thn11t requirl·d und the amount of LO~/LH ~ l'fOllellant arc consider· 

ably less than in the case of the photovoltaic satellite moduli.' .. 
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Self Power Configuration 
Thennal Engine Satellite 

ALL FACETS GENERAL CHARACTERISTICS 
DEPLOYED • NO OVERSIZING 
FOR GEO • TRIP TIME• 180 DAYS 
CONST EASE • ISP • 7000 SEC 

NCN 
MODULE ANTENNA 
CHARACTERISTICS !QDULE 

•MODULES 14 

• MODULE MASS 4.1 

• POWER REC'D (108 Kw) 0.14 

• FACETS REQ1> % B> 27 

• OTS DRY f1o6 Kg) 0.6 

• ARGON (106 Kg) 1.0 

• L02/LH2 (1o6 Kg) 0.2 

• l:LEC THRUST (1o3 N) 2.1 

• CHEM THRUST (1o3 N) 2.1 

B> INCLUDES 14% TO COVER LOSSES 

38S 

.•. , .. 

ANTENNA 
MODULE 

2 

19.1 

0.61 

74 
2.3& 
4.6 
0.94 

9.8 
9.8 
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CREW ROTATION/RESUPPLY TRANSPORTATION 
POWER tiENERATION COMPARISON 

Tiil' maJor lranspoflJlion syslcm demenls aml llll . ·•mbcr of ll111h1s lls,m·ialell with l.'l\'W rotation/rt.'su111,ly 11 l'r"'""''llt.'d. A 'lhlll· 

tic growth \'t:h•de U1'11ll a llltuid booster dehwrs up to 7~ 1:rewm·.·11 pa n.ghl lo U:.O L1rvu in lertn!I of l.'l"l!W imd ba!ll' supplll'' il1' 

well as propdl;rnt and 0 IV hardwarl' ii. d.:hver.:d hy llh· \Otkllill' la1111d1 whidt• Tlw OTV 111'1.'d for l'rt.'w rolalion/rl•s1111ply •~ii 

two-slJJl' LO~ ' ti.:! 1ysh.•m wilh ead1 qalle h;rvin11 illt•n11 11 prop.:ll.1nl ,. 11,adl)' 

Crew Lf·.O dl•fJVt.'I)" n.g111s and ~upply llil!h" olll' d1fft.'rl.'11t ill> ii rl'Mtlt of lht• d1tkrl'lll'l' of JOO f'l'OJ'll' rt.'llllm·d lo l.'Ull~lrud lhl' 

two l>al .. lhh•s The <il·.O hases ;iri: ni:oirly lhe sanw. Nn lhffrrcnl't' ol"l'llr'i 1n the OTV ope ml ion. 
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Crew Rotation/Resupply Transportation 
Power Generation System ____________________ .._ ____________________________________________ .. ,,,,,. ____ 

• CRfWICARGO TO GEO 
• 2STAGE L02'LHzOTV 
• Ws••OOO Kt 

•CREW TO LEO • CARGO, PROP & OTV'' 
• SHUTTLE GROWTH • 2 ST AGE BALLISTIC 
• 76/FLT 
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0 

12 

8 

I 40 

.20 

CREW TO LEO 

12 

8 

4 

CARGO TO LIO 

.. TANKER 
CPROPJ 

CARGO 
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TRANSPORTATION COST 

PHOTOVOLTAIC vs THERMAL ENGINE SATELLITE 

The total tr:tnsportation cost of the photovoltaic and thennal engine satellite effort is presented. TI1e l·osts an: broken c.lown to 

illustrate the difl~rcnces for the thn:e major tr11ns1>orlation operations although the maiinitude of lhe cost of the thNe 11rc quite dif· 

fcrcnt. In thl' caSl' of the sah:llilc transporlallon CO!o.ls. the prmrnry reason for lh~· lhl·nm1I enl!illl' bl'lllll gfl'ater is ih 1wed 10 USl' 

an cxpcndahle shrt•ud in order to achieve a mass lim1h.'d la1111d1 co11Jiti1111. C"n·w rotali1111/rl'Slllll'IY diffrn·ni:l·~ arc rcllt'c:tin~ llw 

Jiffcrence m numbtrs ot llaghb to g.:t an 1.'Xtra .100 people to L.,O 111 tlw l'aM.' of rhennal l'll&rilll' !k1ldlitn. C"oni.trul·t1on hasi.• 

transportation differ.mces are primarily du.: to the lar1er m41ss of the thermal en1i1inc construction base as well a5 the volume 

limited condition of the rnnstruction equip11ient i~self a1• 1 I the fact that the thermal enl!inc concept Ll!tt'S considerably more Clluip· 

menl. JI should be ren1embered however. tl111t this initial placement will most likely last for 10 ye1rs in temui of the facility and 

10 years for the constn.ction equipment so that facility transpor:lation 1:osts c11n be consid.:n:d as umorti?.ed. 
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Transportation Cost 
Photovoltaic vs Thermal Engine 

• 4 SA TE LLITES/YEAR 
• LEO CONSTRUCTION 

a ONE §ATE LLITE CREW ROTATION/ 
RESUPPLY 

CONSTRUCTION BASES 

• ANNUAL • INITIAL PLACEMENT 

6 

LEO·GEO 

.. 

0.4 0.4 

"' ··:-::. fl) 

2 ~ :.: ~:::: 2 
0 0 
:::; .. ::; .. _, > <::: 

_, 
a; ii 
~ 

0.2 ! 0.2 

I- § Cl> 
0 
u 

EARTH· 
LEO 0 0 

PN TIE PN TIE PN T/E 

POWER GENERATION SYSTEM 
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CONSTRUCTION(l'RANSPORT ATION SUMMARY 

GENERATION SYST~M COMPARISON 

A summary companson of the photovoltaic and themlal cngme satdlitc is pn:o;cnte1I with an indication of which con4.'.cpt is 1~rc· 

£erred relative to the vanous construction and tran'tport:ition parameters di~·us'il'd on prior clrnrto;. Compared in thi' manner. it 

appears that the photovoltai\.'. satellite has a dt:ar advanl:tl(C in lcnm of lc~s l'Omplcx l;1l'ililil'S. con .. tntl'tion 01wration!. ;im.I L'Oll· 

struction equipment. all leading to a lower l.'onstnaction losl ;mll in addition has lower tr;insportation 4.'.osb. 
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Construction/Transportation Summary 
Power Generation Comparison 

----------------------.... ---------------------------------------------------•1111AM11----V' FOR MOST PROMISING CONCEPT 
PHOTO. THERMAL 

COMPARISON PARAMETEB VOLTAIC ENGINE RATIONALE 

1. BASE CONf-IGURATION ~ • SMALLER 

• LESS COMPLEX 

2. SA TE LLITE CONSTRUCTION · ., • LESS COMPLEX 
• FEWER OPERATIONS 

3. ANTENNA CONSTRUCTION NO DIFFERENCE 

4. FINAL ASSEMBLY OPS • DOCKING & ANTENNA 
INSTALL LESS COMPLEX 

5. CONSTRUCTION EQUIP • FEWER TYPES ANO LESS 
COMPLEX 

6. CONSTRUCTION SYSTEM • LIGHTER (3.2M Kg; 33%) 
MASS ANO COST (UNIT) • CHEAPER ($4.08; 33%) 

7. CREW REQUIREMENTS • 300 FEWER PEOPLE 

• $110M LESS/YR (33%) 

8. LAUNCH SYSTEM • HIGH DENSITY COMPONENTS 
ALLOW REUSABLE SHROUD 

9. SATELLITE ORBIT TRANSFER • LESS IMPACT ON 
SATELLITE DESIGN 

10. SATELLITE TRANSPORTATION COST • CHEAPER ($300M; 6%) 
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CONSTRUCTION LOCATION COMPARISON 

PHOTOVOLTAIC SATELLITE 

Comparison of the major \"Onstruction and transportation para111l'l1." assm:1alcd wilh U·.O and Gt·O con'itrm:tion will be done 

using the photmroltaic satellite um: toil being juuiccd to otfrr the he!>! 1:ha.adcrist1c' in knns of i:onslructio11 aml transport;ifion. 

Thi: prindple ari:as to be used in comparing the lwo constru\"f10n local tons option-; arc inuK:itccJ. A~ in thc cao;c of comparing the 

pow.:r generation system optmns. the two construction I01.:ation co1Kt'Pl'i will be co1111Mr1.·d at the ~amc time or on 1:onsccutivc 

charts for a given llem of comparison. 
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Construction Location Co1nparison 
Photovoltaic Satellite Sps~~ ______________ ;.... ______ ..._ _____________________________________________________ .. ,, .. ___ 

• FACILITIES 

• SATELLITE (MODULE) AND ANTENNA CONST. OPERATIONS 

• CONSTRUCTION EQUIPMENT 

• CREW REQUIREMENTS 

• ENVIRONMENTAL FACTORS 

• CONSTRUCTION MASS AND COST 

• SATELLITE DESIGN IMPACT 

• ORBIT TRANSFER COMPLEX ITV 

• LAUNCH OPERATIONS 

• TRAl'JSPORTATION COST 

~C) _\ 
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ll:<i ( CNSTRlJCllOI\ lONCl:P1 

PHOTOVOLTAIC SATfLLlll 

Tu <.»tJhh~h 1 lramework /rom wl11d. •o '- ondu1: t tht" < omp;1n,011 cJI LH> \' < ,t;(), n11\l I t1l 11011 . • 111 11\lt'rJll <>lllllll\Jry nl c.1d1 <on· 

,tr.K!1on corn;ept I\ pre~entct.l 111 1111: 1w"I tv.o d1.irh In th• c.J\C ol th·,· pl1Pt111olt.11c \.1kllltc· <'1glll llHHiuk~ Jlld cw., .. 11te111.a' ;1r.-

,011,lnL tnl 111 Iii<' I.! 0 l.1<.1l1!1t·, ·\11 rnu<bk, .1rt· lr.ill'l''>rkd «i <;J () ll\111)! .,_-Jl·P"". 1 I 110 111 Iii· 11111du'c"' v.1!1 lr.1n,por1 .111 

antenna while the r1:111J.11111g ~1x 111uduk> )!'J up .1lo11l' C,l (' opnJl1011' rc·11u111 h,·11 1111•)! cit lhl' n11111!1k' lo l11n11 the compkk 

,atc;JJte .1nri th..: Jeplo} men! ol tho: ,oJ.ir .1rfJ}' 1111! 11.-:d tor 1111: tr.11i-ln 
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LEO Ccnstruction Concept 
Photovoltaic Satellite 

------------------------6..--------------------------------------------------------~,.,,,------
GEO -

LEO -

LEO----
CONITRUCTION 
BAii 

<D CONITFIUCT I MODULll 
AND 2 ANTINNAI 

. 

@oocK MODULll - @ROTATI 
ANTINNA 
INTO 
POSITION 
CMODULll 
4 ANDI) 

. ,.. .:·_-~.\ © llLP POWIRID 
TRANIPORT 
TO GIOC180 DAVI) 

ANTINNA 

DIPLOV 
PORTION 
SOLAR 
ARRAY 
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CARRllD 
BILOW 
(MODULll 
4ANDIJ 



GEO CONSTRUl"TION <.:ON<:En 

The GEO con1truc11on cone.:.: pl ""''"'with a \la)'1n1 d.:pol. wluc.:h ha\ th•· .·apah1lir )' to lran'lfrr p.1yl11.1J ... trum J l..und1 wh11:k.• fo 

orbit rransrer vehicle• and 10 housc and m1mt11m the orhil tr;in,r.:r whic:k ll\'cl. ·1ran,1..:r11f all rayloa,I" hfotw•·\.'n LU> 0111d Cil:.O '" 

ICCOmplished usin,. L01 'LH1 OTV'\. C'on1trwt1on or th\' \'Olm: "'""""' ind11d1111i1 ;111h.'IUl01 ,, don·· ••• ( .1-0. I""' r,•1,•tc.'lk'\' "1td· 

lite for the GEO c.:onstn1dion option I§ a monohthk dcsirn rotlht r thiln modular a' 111 111,· ,.,."". 111 U 0 •'lllhlrudkm Th•· .. ~1k.·1 of 

this differer.cc as well as othen •~ discuSM"d on 1ubw•1ucn1 i:h.arb. 
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GEO Construction Concept 

... """' --
GIO CONSTRUCTION 
BAU 

@CONSTRUCT 
MONOLITHIC 
IATILLITI 

@TRANSFER PAYLOADS 
TO GEO USING L~/LHz 
OTV C<1 DAV) 

CD. PREPARE SPS PAYLOADS 
FOR DEtlVERY TO GEO 

• REFUEl./REFURI OTV'1 



ORBITAL BA.SES 

U:.O CONSTRUCTION CONCEPT 

Two principal bases an: required for till' •:onstrm:lion of l':»d1 wtellittt in th11 Lt-.0 l·ons1ruc1ion option. Tht h;iw• for th11 photo­

voltaic option have been describtd tnrlitr in th~ compari'IOn of till' two power l(\'ncration sy~h:m \.'Oll\.'ept• .. In lll111unary. however. 

the LEO construction base consists of two conntclintc fodlities. with one u~.:d for cml!ltru\.'lion of 1ah:llittt modules. whi~ the 

other is used to constnict the antennas. The GEO h115': rrovid11s h11i;in1 for \.'ntncs ll"'-'d in 1h11 hllrthin1 of tlw moduh:s and !>t1pporb 

i.olar array deployment ma\.'hine!i. 
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Orbital Bases 
LEO Construction Concept 

• GEO FINAL ASSEMBLY BASE 

• MASS: 856 000 kt 

•CREW SIZE: II 

399 

.. ,NINI/I __ 

IATILLITI 
MODULI 

• LEO CONSTRUCTION llAll 

•MASI: s 800 oooac, 
•CRIWllZI: -
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ORBITAL BASES 

GEO CONSTRUCTION CONCEPT 

The GE:.O construction bao;e ha'i been siled to constn11;t a 'kltelhte 111 one yl·ar and con!ICqUl"ntly. rl"Sldts 111 the 'l:lme overall size as 

the ba~ for Ll:.O construction. Thi\ approad1 doe' re\ulr rn movin1 thl" S<.1tellill" rnn'itnu:tion ladhty in two d1reclions r;ather thoan 

one. This has been Judged to be mort' vhl effective than having a full wulth facility aud additional constnu;taon c<Jmpmc:nt and 

ha\·e tl11s equ1j)ment sit idle half of the time. Additional d1si:us!>1on on •hi\ Slthject will cx:cur in subsc<1uenl charts. Mar,s difference 

for this construction ba~ compared to the base for LlO co1ntructmn primarily reflect~ the additional mas:i. required for 1hiddin1 

protection ilgainst 50lar flares Other sip11ticant d1fferen.;es in the CiEO construction base arc the outriuen on the satellite: facility 

to allow lateral direction indexing m addition to the movement or the antenna facility from one eond of the satelhtc to the other. 

Agam, t>orlt of these differences arc the wb}cct of ~b~quc:nt chart\ 

The ~tagmg depot located m LEO in this comtructwn option ;, \lied to \Upport the con,lrudion of one '41lelhte per year. and 

accordmgfy requires one SPS 1.ompom:nt OTV flight per d.1~. ha!>ed on a h1i1e day a week launch and 011ht .._hcdule As sud1. the 

depot must provide ai::cornmodallon' for three laum:h veh11.le paylo;id\. ont> being thl' SPS compfmc:nt\ ;ind th~· other two bcmg 

propellant tanker\ U\cd to refuel the orbit trani>fer veh1dc ... Sim.e tht" orbit tramlcr vc/11de propellant loading require\ \lightly 

more propellant than 1.an be provided h> two tanker\ a \toragc IJnk 1\ al\o prov1dcd al the \tagmg depot and 1s rduch:d eVcl) 

fourth OTV flight Other dm:km1o: aci::ommodallon' arc pro\ldcd lor a dcJ1\:ah:d OTV U\ed Jor C~l:O l rew rotaf11m1rt•wpply on a 

once per month t>aw. fh1'> operation al\o requ1rc' docking for .. uppl)' module~ o:nd .:rew tramlcr veh1de' The opcration;if new 

'>11.e lor the \tagmg depot I\ 75 wh1L"h i::an be ac1.ommodatt'd m onc nwdul~ \1mllar to the crew mcx.lulc~ 11~d m the (jf:O con\lru<..· 

lion ha'>C 1\ !ran\1c·n1 crew quartc·r' modu,.: I\ .iho pro~idcd to alV>mmotl.itc the lftO pn,onnd rolakd with cad1 O'.'W 01ght 

to the Gf:.O ba\C. A rnamrenanL"e module" 411\0 mdudcd .1t tlw .. ba..e for repair work primarily on the trampnrr:.:,.-:>n system\. 
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Orbital Bases 
GEO Construction _______________________________________________ ..,..,, ___ 

CREW MODULES 

• GEO CONSTRUCTION SASE 
MASS: 8 600 000 kt 
CREW: 480 

ANTENNA 
CONSTRUCTION 
FACILITY 

401 

SATELLITE CONSTRUCTION FACILITY 
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SATELLITE U>NSTRUCTION OPERATIONS 

LEO CONSTRUCTION CONCEPT 

The Ll-,0 comtrui.:tion opcrat1om assonatcd with thc photovolta1'" \;1tl'lhtc h;1Yl' rre\liou\ly lx•cn ~hown and desnihcd. In thl\ 

chart the operation!. are 11lu~tratcd 111 a i.lr!,!htly d1 fteren I 111;11111er in onkr lo .. how ;i morl' Jirl·d comp;m\On with th\' C ;1:0 1.·011· 

'trU1:tcd satellite. l:a1:h 'alelhk moduh: is four h.1y' w1J1· ;mJ l'ight hay' long. Thl· moduk fa'"·1hty j., lour hay .. wide anJ con°'l'· 

4uently can construct a .:omplek width of the mo<luk and n:,ulh in i111.kx111g lhl' muJuk only in the lo1•gituJin;il direction 

40:! 
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Satellite Construction Operations 
LEO Construction Concept s _...A; 

------------~------...a--------------"!"""-----------------------------------•11111~•-----<D •CONST END FRAME Ci) • CONST 4 BAYS OF STRUCT 
LEO OPERATIONS •INDEX FWD 1 BAY • INDEX FWD 1 BAY 

r FACILITY 

F.~ILITY 

• MODULAR SATELLITE 
• ONE DIRECTION INDEX 

@ • OEPLOV ARRAY 

@ •INSTALL ARRAY 
CONTAINERS 

• CONST STRUCT BAYS 
• CONST STRUCT aAYS 
• INCiEX FWD l BAY 

SOLAR 
ARRAY 
CONTAIN 

• INSTALLBUSATEND 
OF4TH ROW 

I 

--- i ' 
ERS 

1 . . 
~ 

~ 
I 
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DEPLOY- \ MENT 
PLATFORM 
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1 
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• BERTH MODULES 
• DEPLOY SOLAR ARRAY 
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SATELLITl:. l:O:\STRUCTION OPERATIONS 

GEO CONSTRUCTION CONCEPT 

The r;l:() ..:on!>tructcd 'atclhtc "r11onohlh1c 1n dC'l!!ll 1.1llho11!,!h 11 coukl .1ho Ix· 1110..Jular. 11 so dco;ir~·d 1 and a' a n:sult ha' a con· 

\tn11.t1on width of e1iht ha}'' In rn1.kr to oht.1m th1' wit.Ith with till' ,,1111,· '"" l;iul11y llca~I ma .. , and co ... 11 ·"a Ll·O con,tnidion 

ba~. mdc:l!lng of the .. atcllitc 1~ required in two d1r::d1ons .i .. indicah:d. In 1wneral. four bays of thc satclhtc a!'l' undn constnwtion 

at one time With their completum, thoo;e ba}''> arc moved l.itcrally and the remaining four bays of that row arc 1.onstru1.tcd. When 

a given rov. is c.:ompletcd, it,., then mdcxed ma lung1tud1nal din:ct1on ;,ind the construction OJ'\!rahon is fCJ'\!iih:d. In order to 

accomplish the later.ti indexing in only two sleps. oulri~crs have been addcrl lo the s1dt' of !ht' sarell1te fanhty to 1.'0able indcJCint: 

of four bays outside the 1.onstr1ct1on envelope 
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Satellite Construction Operations 
GEO Construction Concept 

-------------------------------------------------------------------------------•011~1;-----srs1•11 • MONOLOTHICSATELLITE 
• TWO-.>IRECTION INDEXING 

©•CONSTENDFRAME-4BAY:.; ©•INDEX FWD1 BAY 
e INDEX LATERALLY •CONST BAY 1~ 
•CONST END FRAME -4 BAYS 

1 FACILITY 1 

2 2 

3 

4 

6 

7 

8 

©•INDEX FWD 
1 BAY 

•DEPLOY ARRAY 
BAY 5-8 

1 

2 

J 

©•DEPLOY m6 1 
BAY 1~ -

•CONST BAY 15 2 I 
13-16 

•INDEX FWD 
1 BAY 

•CONST BAY 14 3 

9-12 12 5 
•INDEX LAT. 

13 4 - -
4BAYS 11 6 12 5 

10 1 11 6 

9 8 10 1 

9 8 
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1 

2 

3 

©•INDEX LAT. 4 BAYS 
e CONST SAY 5-8 
•INDEX FWD 1 BAY 

© e DEPLOY ARhA f 
BAY 13-16 

eCONSTBAY 
17·20 

--. -
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ANTENNA CONSTRUCTION AND INSTALLATION 

LEO CONSTR lJCT10N 

l\ntcnnJ l'on-;tn11.:t1011 anll 1n .. 1atlation abo pn:~nl~ \Onie \lg111lrt.111! dtfkrl'm:c' m till' two l'Oll!>lrudion lol':Jtton option ... Again. 

lhe photm oltJ1l' Ll-0 i:o1htnrct1011 .1ppr11.1ch ha' Ileen pre .. cnkd 111 tile powl'r 1?Clll'r<1tion sy,tl'lll lrnnpano;on. but ti. ~hown here in 

:1 m.mn.:r tn ma kl' •~ morL· dtrL"l'I L"Ornp.in·,011 wrrh thL· I itO L'Oll\lrm 11on appruai.:h. In o;ummary. the yoke ·,upport o;trul·tun: of an 

.111kn11a "m.1Jt• 111 the mnduk lac1ht} .md 111 hl'tw :L'll till' thml :111d fourth module' or hetwl'cn tllL' ~vcnth or L'ighth mo<lulcs 

Jcp1·11Jm!! on \\hethcr 1t ''the t1r't .irllt'tma or \l'L·ond anll'nna hl'lll!! ln111t Tlw anll'nna • ., ma1.k in 11' fal'llity which remain' 

rnm·111cntl; attached lo thl' module fal'1hty Co11'truc:t1011 or crthn till' fourth or Cl!!hth module ... lhl'll parliall} L'Ulllplcled ;111d 

the a11te11n.1 amt yokL· atlJdll'd at 11-. proper l0<:a11on. h11lo\\ill,l! moduk t'on,lnwtwn l'ompll'tton. tht· antenna j., rorall'd lllllkr 

the module for tran,lt'r to (;f·O Otll'" C;J:O ''readied. the a111L·n11.r j, rotah'd hack up to ih operating position. 
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Antenna Construction and Installation 
LEO Construction __________________ ..... __________________________ --------------------•1111••--..__ 

LEO OPERATIONS 

A A 

L _j 

A-A 

. • CONST YOKE 
• CONST ANTErmA 
e ATTACH YOKE/ANTENNA 
• ATTACH ArnEl'JNA SYS/l'JIOOULE 

407 

GEO OPER/\T!ONS 

•GEO TRANSFER POSITIOfJ 

. . 
• ROT ATE INTO ~ ,:' 

POSITION /, ~· ./'\ 
,,~ 

M ,' 

,'~, 
I I 

' . 
'I 
~ 



ANTENNA CONSTRUCTION AND INSTALLATION 

GEO CONSTRUCTION CONCEPT 

Th~ <if-.0 rn,1,truc.:t1on c.:·onc.:cpt .il"o util11c' -.ep.1rate \atellite and anh:nn• fac.:ihl•l'' However. 111 thr relerf'm:t r;rS4," indu;;rtcd. the 

antennJ foc.:ihty with antenna 1~ required lo frcc·ny to the: oppo\Jtl" en<' of the s;itdlih: and b11ck. II should ~ noted al 1hi1 poinr. 
that 'he antenna c.:onstruc.:tmn/ins1allat1on approac.:h indii.:atcd has been judaed to hi.• one of the best. if nor the bl"'l. option for thil 

partu.:ul.u !a'>k. bght other optiom. mvolvmii vanalions of the antenna f1cility Mllaminii atliu:hed. others with it independent. 

anJ aho two wparate a11rca11.1 fa~iht1c!> were ini.c\t1~ted and ;m: rcrorted in the Im.ii (lo~ument11tion. 

In ~mary. the: rderen\.e arproac.:h c.:onmh 01 the first antenna hem& m1de wh11l· lhl· fint hall of the 111tellile 11 c.:on,truc.:led 

including the yoke and \upport 'ilrm:turr. At lh.1t point. the anh'nna facility with anknna i" flown to thl' end 01 the '"tellitt and 

docked and thl" anlenn3 rhrn ,,ltac.:hed to fhl' yoke. The antenna fadlity is then flown h:u:k to the 11atrlli&: f1ci!iry fine: thort tenn 

separation of the two fac.:ilille\ Simplifies the Jogjstin probll•m in letTn\ of \Upplyinl( antenna COltlponents IS W~if H ri\'inl quarters 

for the dl'\11 I The rcm:1111111~ hJlt of th\.' .... 1dht.; "then c.:onstrudcd. andudani; ,J .... -,oml )'Ok~·. wh1k the· anhmm1 radlil)I &:on 

\truct<> the sei.:ond antenna lnJcx111ii of the '>Jtdhlc facility to lhl· l'Xlrc:me edg,· of lh.: -.;itcllih: illlow' ti; antennoa fadht)' to be 

rosi11oncJ to ··nahlc plawm.·111 of thl· anh:llllJ 111to the yoke. 
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Antenna Construction and Installation 
GEO Con:;truction Concept ______________________________________ ..,,,..,~ 
SATELLITE FAaLITY 

© e CONST YOKE 
e BEGIN SATELLITE CONST 
e BEGIN ANTENNA HO. 1 CONST 

e z z z z_z /.(j 
1 lJSLZ[SJJ~_j>:r.i 

l/ z5;~_J 

© e COMPLETE 121 SATELLITE BAYI 
e COMPLElC ANTEr~A NO. 1 
•FHEE·fl. Y ANTf"'14A FN;ILfTV/ANTEt#U. 

TO OPflOSITE ENO 
e fWSI AHTEMU. INTO POllTM* 

.... :') ': ..A czzm. 
- r}zzz222ra1 

@ e FREE-~LV ANTENtJA FACILITY 
BACK TO SATELLITE FACILITY 

e COHST ANTENNA NO. 2 
•CONST FINAL 128 SATEU.:TE BAYS 

© e CONST YOKE 
e MOVE SATELLITE F~.CtLITY TO llDI 
e ATTACH ANTENNA FACILITY 

TO SATELLITE 
e RAISE MT~NNA HO. 2 INTO 'LACI 



CREW Slll: .\IJIJ IJISTRl:tt;TION 

"fhC're I\~ .'ICnlti.111) no d1tfer1:nv: In <;fhllJI d'l:'llr \IJ,· hd11o•:.:n lh•: I 11o 11 •"ll'lfudllm '.» .. JI ICIJ1 l • lllH'rh. "llhou1h 111 .. · th,lt1hul1on O( 

penonnel '" '-'lfl'>1denbl}' d11 h:ro:nl < r"llr ·.111: liir lht• IHJlll , .. n,1111 .. lton hJ .... 1n<l1"""'" 41W f"''lfJlt• m Lt 0 .. on'-t:f'I wlulc 1hi. 'ilfftt: 

numb~r J\ r1:quir1:<l 1n <;f·<> '''' lh« <,[CJ,,,,,. •T' \1.ntlll\'! tlrp<1I Jnd lmJI "'"''fllhl~ m.111nt01!! r .. ·11111r.:11h·nh ,,,.,."''"round lo h.: 

near!}' the 'kltn<: 



....... 

800 

eon 

w 
N 
;;; 

• 400 "' a: 
u 

200 

GEO t 

uof 

DIS0.2287~7 

Crew Size and Distribution 

I 
I 

- OPS, SUPPORT 
6MGT 

1- CONSTRUCTION 
I (INDIRECT) 
I I-CONSTRUCTION 

GEO I I IDIRECTI 

'-------'""""-------Le_o_f __ ~!mJ~~~--------------
LEO oeo. 

PRIMARY CONSTRUCTION LOCATION 
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ENVIRONMENT AL f ACTORS SUMMARY 

~eral key ennronmc.:ntal factors Wiould be considered when rnmpari111 ttie rwu construc11on locution option,. A !lllmm11ry of 

th.:se facton is prese111ed plus an 11ddition .. l i.:hi1rl dedi\.'Jled lo rhe topii.: of cr.)llision with 111a11·milde ohJech. 

The principal difference bet~c:"n the two i.:onstnu.:t1on location oplion'i. in term~ of natural radiation. 1\ thi: :argc ;imounl of solilr 

flare shielding wtiich must be provided for all crew mot.lule\ lcx:aled at Gf.O. Steady-stall' radiation would make t-.V A at Gt:O con· 

siderably wone than at LEO although only a hare minimum of 'IUit EVA 1s anticirah.'d in cith'"·r ca1e. 

Ot:culat1ons of the <:On'ilruc:tion ba!>e at Lt-.O oi.:rnr 15 time' a day. while a halt' al Gl:.O h only tX:c:ulted 88 tunes 11er year. Tlw 

principal effeds of occultal1on are on the eh:l·trii.:al power surply and lhennal aq>ci.:b of thl' o;lruc.:ture. In the c:~ of rower 

requirements. the GEO option requires leh powl·r due to not havmg lo recharge nickel hydro11\'n baller«.•\ 11""'·ll for the oc:c:uftJlion. 

The penalty for the larger power 'iystem 1s relatively 'imall however when one is in thl' l'ra of low mas11. low cost 1alar array\. 

Although a GEO base '"certainly more continuou!tly il111mmakd. the c:onstrm:lion hav it~lf produc\'\ shadows. Conk11Jcntly. 

both construction loca11ons require a large amounr of power for lighting purpo~~. Uw of gr.rrhite/epoxy i.rrudure in horh the 

\alellite as well a'> the construction ba\C 'ilructurt> \houlJ mm1rn1tc lhl· impacl of thamal efte<:I\. 

Most construction c:omepts will orient the c:onstrucrion base w it is pauivdy stable for altitude control and minimilc irav1t)' 

gradient torqur. AJthough the Ll:.O construction case required c:onsidcrably more orhil keepina/allitude control rropellant per 

day, ii still result'i in less than one HLLV launch per year for this propellant makeup. 

Large amounl'I of do:hm from man-made \pace sy~tem'> h:we ·e1ulled m \Ome concern re1:m.lin¥ LEO cn11\lrud1on. The Jnaly~" 

conducted ha-; md1latcJ the potential i\ grcaler with constn1ction in LEO. however, r.unpll' J\'01dam:c maneUVl'r'> ~an rcdu<:c the 

probab1l11y of bein11 hll ro near Lero. The next charr diM.:USM"s thh 1op1c: 111 more derail. 
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Environmental Factors Summ:iry 

-------------------------------------------------------------------------------·~JIAN/11----
FACTOR 

•RADIATION 

• SOLAR FLARE 

•EVA 

• OCCULTATION 

• BASE POWER REO"TS: 

• LIGHTING: 

•THERMAL EFFECTS~ 

• GRAVITY GRADIENT & 
DRAG: 

• COLLISION WITH MAN· 
MADE OBJECTS 

LEO BASE 

2·3GMICM2 

SO. ATLANTIC 
ANOMALY RESTRICTION 

3600 KW 

GEO BAU 

2Q.21 GM/CM2 (116 000 KG/100 PEOl"LEt 

STEADY ST ATE 18 WORSE 

2500KW 

• REQ'D AT BOTH LOCATIONS (A OF 1~160 KYI) 

• NO SIGNIFICANT DIFFERENCE IF GRAPHITE EPOXY IS USED 

• GRAVITY GRADIENT CONST MODE USED FOR BOTH LOCATIONS 

• LEO PROP REQ"T GREATER BY 800 KG/DAY 

• POTENTIAL GREATER FOR LEO BUT AVOIDANCE MANEUVERS 

• REDUCE PROBABILITY TO NEAR ZERO 
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COLLISIONS WITH MAN-MADE OBJECTS 

The t.:ollision analysi!> has been done for an cnvironml.'nt prcdii:tl.'J for lhl.' year ~000. induding an addition of 500 oh~·i:t" per year 

sint.:e llJ7). Results of lhi' analy\i'i 111d11:ated that the U:.O i:on'itnu:t1on appruJdl ··m1IJ have forty ;idlht1onal i:ollisio.h it no pre· 

vent1ve adion 1i. taken. However. a" md11.:alc1' at the Part ~ mid·ll.'Oll hridini:. re~hc&JuleJ orbir alfilu<lL' i:orrcdion'i i:an cssrnlially 

diminalc lhl' probkm ol u>lh'>ion with little or no a1.hli11onal penalty. lllrll\I i111lialion or tcnnination durinti or,. it l•Olll!>fcr i:an 

al.'>o be U'ied lo prevent i:ol:1Mon,. In \Ummary. I here should hc no difll.'r.:nn· hctwi:cn lhl.' two i:on..:i:rts r1..•1.f6irJ111g th1..• numhl.'r of 

t.:ollisions although the Ll:O 1..onstni1.. llo11 appro;.d14'oc" rl.'quirl.' 'lightly diffl.'11..•nl ofll:r:ation". indudinr 1hc use of thl.' lr:ii:king and 

waminK systems. 
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Collisions with Man Made Objects 

NO PREVENTATIVE ACTION 

• VEAR 2000 ENVIRONMENT 

- 30YRS 
OPS 

-ORBIT 
TRANSFER 

- CONSTRUCTION 

GEO LEO 

CONSTRUCTION LOCATION 

415 

.. ,, .. __ _ 

PREVENTIVE ACTION 

• CLEAN UP GEO ENVIRONMENT 

• RESCHEDULE ORBIT ALTITUDE 
ADJUSTMENT FOR AVOIDANCE 
DURING CON~~. 

/OBJECT PATH 
I RESCHED ORBIT TRIM --------.., 

NEW #6 ~ _ ___.c,_--..... --...... ., 
#4 l'tJT"r.tOMINAL (NORMAL 

ti1 PO::ITION ORBIT 
TRIM 

corJST. BASE RELATIVE 
MOTION 

• TERMINATE OR INITIATE THRUST 
FOR AVOIDANCE DURING TRANSFER 

• EXPECTED COl.LISIONS: 

ERZ~ 
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SATELLITE DESIGN IMPACT SUMMAR'V 

LEO CONSTRUCTION 

The de~ign 1mpa1:1 on the -.atelhk tor the ~Jk of U·.O .:on<,lruction and M-"ll·power h.i' lli.·en de~nhcc.I earlier in the dei.t:riplion of 

the photovoltaic satdllk ;\ wmmJr)I of tht: key 1mpad Jfca\ i' rrc...:ntcd at th!\ tune In the are.i of i,olar array. an <>"cf"oi/.tnf ot 

5 per~ent ha\ been included to .. ompen\.lfc lor the m;.fl1ht}' lo .:orupkrd~ anns:.il out .ill rhe damag" lo th~· n.•11'11.'0lll'<d by r01cJia· 

t1on O'-curnng dunng tran~ter and for the mi'Mlt.ill.:h m voltage output ~twwn the J.1111.igeJ anJ und.1111.igicd 1.'\!lls. 

The strudural 1mp.td indude' both that of nHKJul.iril}I .ind over,111•1J!1. Modulanl) 111duJc!> aJJit1onal vcrtal.'Oll mcni~rs ux·d 

around thc perimeter of rhc !.atdiite mod uh: and lateral ht·anl\ al the end ol the mcx.luln a\ "'ell ""the rrnalhes for the rran1for of 

the 15 million kg anlt:nna ~pporft>d umkmeath thl' mcx.luk 1 Ir ~houkl ht' nolnJ that all moJulc 'trudurt• h:is hc\·n w•'ll to that 

di.:tated by the modules u\ed to tr.insfer :he anknn.i I 

The power d1i>tr1bulJon pl.'nalt)· ,., rdall•d to Jhe add1llon.il knl!th <>I hu~ l·lll"""J by lhi: O\er•o11111g ol tlw arr;.iy. The total ma'" 

P1:nalty for a Ll-.0 i.:on~trnd1:d !>aklhlt: ,., approx1111.11t.·I>· 4: m1lho11 lr.i; l<•r thl.' "'-'lcded .... ·II poY.cr """"•'ortat1c111 .. y~tcm. Ir 

!>hould be noted hOWC\l!f that thl.' .irra) owr!'>\Lm~ .ind power di'trrt>ution Pl·nalt} dt.>p,·nd on thl.' p:irl1l·ul.H p•:rformarM:e char<11:kr· 

ist11:<> ..elected for the ~If power sy<>klll 

416 



D 180-228?6-7 

Satellite Design Impact Summary 
·LEO Construction 

IMPACT 

e SOLAR ARRAV 

e STRUCTURE 

e POWER DISTRIBUTION 

SELF POWER TRANSFER 

BEA!QN 

e OVERSIZING FOR 
RADIATION DEGRADATION 

• MODULARITY 
e OVERSIZING 

e EXTRA LENGTH DUE 
TO OVERllZING 

~.... FUNCTION OF SELF POWER PERFORMANCE 
~CHARACTERISTICS 

417 
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P!NAIJY 

e 1.o7MK1 

• AMMICI ()> 

• 0.07M Kt [i> 



TRANSPORTATION REOUIRE.\tENTS 

LEO VERSUS GEO 

Transportalmr> requuements aSS<X:aated with the payloads of ead1 constru~tion l~atmn concl'JH ;ir~ \hown, there is no OTV 

propellant mau included. 

The d1fft:ren<:e in satellitl' ffiJS'> only rencct\ the ~tn..tl rural ma'>\ penalty of thr additional wrtKal a11d lateral memht-r.. anJ load~ 

;;..<a,JSed by tran~fer of the antenna. Over\17.mg and power d1\lr1hu11on penaltae\ a~ all a function of orh1r tr.m~fl!'r i:har.Ktcri<>ll4."'> 

and 1.on<1equen1ly are c:hargeab!c It> thl' ,,rb1t tran,fcr 'iysh:m 1t~ll 

Differen1.es in c;rew and supply requirements ddivered to Ll:O primarily rencd .1dd1l1011al orhir kce;:;,1g 1;.illiludl" l·on•rol propcl­

lanr requirements The key dtflerem.:e. howe11cr. I\ m the ma\s wlmh rr,u\t ~ dd1vercd to Gf-.0 

Fac1hry transportation requiremenh n:Occt the initial placement t4\k u well a.' in the case of the GEO hates (both options). that 

mau tl"lat mun be moved to the longitude lcx.ation where the next \illellite as to ht- lOnstructed. The pnnc1pal d1fferenL.e in the 

two main constru<..t1on ba5es is that ti.: six crew modules in the GEO concept cac'1 have approiumately J 15 000 kl? of add1t1unal 

mas.\ for solar narc\ shelters. 
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Transportation Requirements 
LEO vs GEO 

.----------------------------------------------------•1111wo~ 

3 

2 

1 

GEO 

• PHOTOVOLTAIC SATiLLJTE 

CREW ROTATION/ 
RESUPPLY 

• ANNUJ.L 
• CARGO, CREW 

VEHICLES, MODULES 

[p INCLUDES GEO 
SUPPLIES 

B> lf.ICLUDES STRUCT. MODULARITY AtJD 
ANTENNA TRANSFER PEt4AL TY, OVERSIZING 

FACILITIES 

• ONCE PER 20 YEAR 

AND pOWER DISTRIB. CHARGEABLE TO ORBIT TRANSFER 
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SELF POWER CONFIGURATION 

PHOTOVOLTAIC SATELLITE 

The self power orllit transfer system Ul>ed in the Lf.O construction appro;11.:h has previou~I>- hcen shown in the power generJtion 

system comparison. In summary. elcdric.:al powt·r generated hy the solar array" is U'led l.J powN ion clcdrk lhrustcr.1 v.hkh use 

argon propellant. LO:!/LH:! thrusters arc abo 111ducled to provide attitude •ontrol during all <X:rnltalions and during short pcrioos 

of time early in the transfer (up to :! 500 km altitude 1 when thrust required lo rnuntcr gravity grading torque i~ (ll'catcr than that 

provided by electric th:-usters. 

The cost optimum trip time and I Sp are n:spectively 180 dayi. and 7 .COO !>Cl·ond~. Variation in numher of thrui.len. propellant 

tanks. etc do -:>cc.:ur in the Je.ign to compensate for the c.:a~ or whether a module 1s beii1g trnnsporlcd alone or with an antenna. 
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Self Power Configuration 
Photovoltaic Satellite -----------------------.. ,,,"". ---

12.7Kml 

r~ON 

DEPLOYED 
ARRAY 

THRUSTER 
MODULE 
(4 PLACES) 

ANTENNA ANTENNA 

size: 24•38rn 48x7&m 
THRUSTERS: 600 1800 

421 

GENERAL CHARACTERISTICS 

• 5% OVERSIZIN'l (RAOIATIOtO 

• TRIP TIME • 180 DAYS 

• ISP • 7000 SEC 

NON 
MODULE ANTENNA 
CHARACTERISTICS !·100ULE 

• NO. MODULES 6 

• MODULE MASS (1o6KGj S.7 

• POWER REQ'D f 1o1Kw) 0.3 
• ARRAY 'K. ,: 
• OTS ORY (1o6KG) 1.1 

• ARGON (1o6KGJ 2.0 

• L02/LH2 (1o6KGJ 1.0 

• ELEC THRUST (1ol!'JI 4.5 
• CHEM THRUST (1o3NI 12.0 

ANTENNA 
MODULE 

2 
23.7 
0.8t 
36 
?~9 

al 
2.8 

12.2 
5.0 
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SPACE BASED COMMON ST AG!£ OTV 

GEO CONSTRUCFION 

The GEO construction OTV is 1111pace basel.I common 11ta1111 (~·11t;1111111ystem with holh i1ta•11 h11vln1 identinl pro1"1lhmt "'11p11ciry. 

The first sta~ providt1 approximately ~/J of the tMta V l'\'1111il'\0 mtnl for hoo1t 0111 of low t11r1h orhil at which point it hi 

jertisonc-d for return to the low earth orbit 1t111in1 depot. The tccond 1t11F completca the boost from low earth orbit 11 well 11 

providln1 the remainder of the other della V requirement• to ph1ce the p11yload at GEO 11nd the "'~· ~d delta V to return the 

srase to the LEO 1tagln1 depot. Sub1y1tem1 for e11ch 1t1F 1re identlc:11l In tenns of de1lan 1ppru11eh. 1bt b111ic: ditrtren~ includes 

the use of four er.sines in the first 1t11p dut to thru1Mo·wtlaht requirements of approximat•IY 0.15. The second 11111 requires 

addilional auxiliary propulsion due to Us m11neuverin1 requirement• in the dcc:klna of the payload to the con1ti'lh:liun b111 at GEO. 

The OTV shown ha1been1iZed to deliver a p11ylo11d t11ken direcUy from the l11unc:h vehicht (400 000 kal. Aa a rwault. the OTV 

startbur.• mau Is approximately 890 000 k1 wilh the vehicle havln1 11n over11ll len1th of 56 mttc:n. 
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Space Based Common Stage OTV 
GEO Construction ----------~~~,O~l ______ _. _____________________________________________ .... ., __ ._.._.,,_,, __ 

APS THRUSTERS I 

\PAYLOAD INTERFACE\ 

\ 

\
- ;LH2 TANK I t---; 

I ' 

L02'LH2 TANK J 
(4PLACES) 

\

MAIN ENGINE l2J 
470 KN (106 K Liff 

I O?CKING • SERVICE 
\ SECTION 

I · 
MM 

i 

I LH2TANK I 

21M -----,.1 

1----- STAGE 2 ------•..fl-·---- STAGE 1 ----~ 

• PAYLOAD CAPABILITY• 400,000 KG 

• OTV ST AATBUAN MASS• 890,000 KQ 

• ST AGE CHAAACTE:\iSTICS (EACH 
• P"OPELLANT • 41'&.000 KG 
• INERTS• 29,000 KG 

CINCLUDING NOl~IMPULSE PROPELLANT) 

• 280 OTV FLIGHTS PEA SATELLITE 
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MAiN ENGINE (4j 
470 KN (,GI K Llfl 



FLIGHT OPERATIONS 

S\-'LF POWER ORBIT TRA!'llSFER 

f-light operat.on difference\ between th.: two orrnt tr;,n\fc:r \ld111.lr: option\ t\ mOu1:111.c:d b~ lhc:11 orh1t trJn,.kr llmc:. In the 1.;a..­

,,1 the ..elf p<Jwer '.S)'\tem for l.f-0 ~'JO\trud1011 J\ many .,., I~()() re11olu1 um\ ;,round lh.: t:Jrlh o .. .:ur prior lo re..:l11n1 <it-.0 when 

U\tnl a 1 k(J dil) tran•kr lht: fl1gi1t ~bc:Jule mdudmg a 40 OJ) IJJO\lru<.11011 pliJ...: 111d11.Jk\ J\ "1Jl1/ .n fiwC' module:' 1.Jn ht- tn 

tran\1t at any one time for the "J'>< '>f k module\ per \O.llell11c: 
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Flight Operations 
Self Power Orbit Transfer __________________ _.. ______________________________________________ •llllNll ____ _ 

9'$-1609 

SPIRAL TRANSFER 
(180 DAYS) 

~ 1600 

~ 1200 
a: 
w I 800 

... 400 

60 120 180 240 

TRANSFER TIME IDAYS) 

TIME (DAYS) 

0 100 200 300 400 

• CONST L TRANSFER 

© I 

' I 

~~©WA 
i,o @ :ma1::::::::::::::::1 

I 

. I @9Waat,_, _______________ , 

(7): FWA~a-----_..I 
I @m···.··:-:-:.:.::·· ... 
I 

MAX. OF 6 VEHICLES IN TRANSIT 
AT ANYTIME 

42.S 

• •• 



0180-22876-7 

f' LIGHT OPERATIONS 

CHEMICAL ORRff TRANSFER 

The misSJon profile for the common Slil&e LO~/LH~ OlV for Gf-.0 1:011~rr•J~·11011 fL'\1111~ in ;i 40 hour mii.,ion n:quin:m~nr for the 

first sta1c and 85 hours for ii sc:cond SlilF which d"h"crs lhL· ,,aylo;id. TI1ew lime!\ indude ahout I~ hours for refudin1 ilnd n:fur· 

bishment of each stage. Wirh rhc rt"quiremcnl of onc OTV fli1ht l"'f d.iy with tllL' Gt:O con'itrudion option. a rolal of two lower 

stases and four upper stajes arc required. O!"'rated in this mannl.'r. as miln)' ,., 'ilX 1mkremknlly 01"'ralin11ilt11fl can ~ in m,a1r 
at one time. 
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SPS-1110 

0180-22816-7 

Flight Operations 
Chemical Orbit Transfer 

----------------------- l!lllllNll --

MISSION PROFILE 

GEO 

STG1 --­

STG2 --­
MAJOR BURN -II-
SEPARATION • 

1 
FLT 'fl 

2 
T 

3 • 4 
y 

6 

" 

F3 UL13~ -: .... ; .. :-:-.·:.-::), ---- .. ,... . .. ,. . ·,· ., .,. 

CODE -
L • LOWERSTG 
U• UPPERSTQ 
F •FLIGHT 
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DIS0.22176-7 

CREW ROTATION/RESUPPLY TRANSPORTATION 

Crew rotation/resupply systems l'onsisl of ;i shulll~· 1rowth vd1ide for lklivery of pl'l'!ionnd lo ll:O aml !he slandanJ two-sta~ 

halli!>t11.:/ballist1c launi:h vehicle for ddivcry ol supplies und propellant 10 lt:O. C'n·w and sup11ly ddiwry ll\.'IW"'-'" U:O and GEO 

USC a two-slage L02/LH~ 0 rv. The OTV for lh1: l l:O \.01ll.'l'l11 iH about 11: llS larll\' as thal for the GEO l"lllll.''-'l't mu.I n:l)Uit'f5 om~· 

third as many flights bcl.'au~ of the si1nitil'>llltly f..:w..:r 1wopl..: at C"iEO. Sini:e Uw tot;il orhit:il 1:rew 5ile for the two 1.'0lll'erto. is 

about the same number of delivery llighls to U:O are al!»O the Silllll'. C'ar1.10 tli1d1I!> lo Lt:O. howewr. an: three tinW!I 1reuler for 

the GEO ap11road1 primarily du.: to thl' larl.ll' OTV propellant re,1uirl•ments. 
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Crew Rotation/Resupply Transportation 
-----.. --16CD ____________ .._ ______________________________________________ • ..,, .. ____ _ 

• CAEWTOLEO 
• SHUTTLE GROWTH 
• 11/FLT 

• CREW/CARGO TO GEO 
• 2STAGE LOz/LHzOTV 
• LEO CONST OTV 

• Ws • 495000 Kg 
• GEO CONST OTV 

• Wg • 890 000 Kt 

• CARGO, PROP 6 OTV's 
• 2 STAGE BALLISTIC 

OTVs 
12 

8 

4 
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Dll0-22876-7 

TOT AL CARGO MASS TO LEO 

Total carao mass requirements to LEO reflect both the payload requirements inLlicah:d earlh:r and the OTV propellant and hard· 

ware requirements. For the three system elements that require trunsportation. payloud rcquin:mcmts arc not too diffenmt. how· 

ever. the inclusion of the orbit trimsfer system re<1uiremcnts add si1mitic:antly to th~· total miasr. whic:h lllUllt he delivered by the 

HLLV. Again. it should be emphasized that thi: ~tellite transportation rc<1uin:mi:nts arc by fur the'"°"' dominatina. 
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SPs-UICll 

~ ,. 

360 

300 

SATELLITE 

•ONE 

OTV& 
PROP 

i 180 
SATELLITE\ 

120 

60 

LEO GEO 

DJS0-22876-7 

Total Cargo Mass to LEO 

------------------------------------------•1111w11----• •ONE SATELLITE PER VEAR 

~ 

12 

4 

CREW AND BASE 
SUPPLIES 

•ANNUAL 

OTV 
PROP 

LEO GEO 

CONSTRUCTION LOCATION 
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SPS CARGO LAUNCH VEHICLE 

As previously stated, the refereni.:e ·-argo laun1.:h vehicle is a two-stage ballistics/ballisth: device using L02/RP in staF one and 

W2/LH2 IO stage two. GLOW for this system is approximately 10.5 million k1 for the i.:a~ or delivering 391 000 k1 to the '""On· 

struchon base: or the staging depot lm:ated in LEO With orbit characterisli"'-s or 477 km altitude and 31 di=grees tndination. 

Vehicle operations indu<lc fir'il s1agc ..cp.arahon ;it a rdattve \l'lo~11y of 2Q70 ml.'ll'n ~r ~'\.Ont.I and downran~ic wall'r landing 

approximately 815 km The se~·ond '>la&C delivers the: ray load to the: U:.O bo1se. dock" and rt'lurn .. one d01y l:iter and also U!oC!I" 

water landing. 

432 



DI S0.22876-7 

SPS Cargo Launch Vehicle 
---.. --~----_..._ _____________________ .. ,, .. ---

.,____ 31.1 .. 

REENTRY 
CONFIGURATION VIEW A-A 

72.11111 

. ~ 

t:= ~~---l_,.....c:;;:~~ 

PAYLOAD ENVELOPE . ..-
433 

GLOW 
BLOW .,, 
ULOW 

w,2 
PAYLOAD 

1U72a1o' .. 
8.243• ,o1 .. 

, ... 1o1 .. 
UD8a1fl' .. 

1A79x1ollll 

o..381atol111 
T/W AT UFTOFF 1.30 

l.Oz'RP-1GG ....... 
••a.I 

-LAND•l-B• ••• 
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NUMBER OF HLLV LAUNCHES 

A most signifo:ant impact in the area of laund1 operations is the tlifforence in thl' number of lau01:heo; rl't1uircd to surport ead1 

construction location option. r he numbl.'r of nights indicat1•d hi:n: arl.' only tho~ rl'lating to the ddivl'ry of s:1tl.'llitl' components 

and ort>it trar.sfer pro\'is1ons tor tlw o;atcllitc amt are for the .. aw of constrndin}! lour saldlites Pl'r year. l\i. would be eXJlt"Ckd 

from the transportation requirements chart prcsenlL'U l';1rliL'r. thl' LEO construction option n•,111in·~ only one hatr ai. m;my Earth 

,.iunches as the GEO construction option. 

434 



0180-22876-7 

Number of HLL\" Launches ____________________ ..._ ________________ , ______________________________ ···~··-----
SPS789 
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TRANSPORTATION COSTS 

LEO VERSUS GEO 

Totill tran~portation cost for the :hn:c: maJor system elemenrs is pre\cntcd. Coi.t is rdJkd lo lh;il a~1rn:iah:d wllh orw "atl.'flrtc. 

but retle1,;t rates as~O\:raled wrth four satelliles pet year. TI1e Earth·LLO har llll'tcmcnl' r.:Oecr lhe i:o~I ol i!l'lllnj l'ilYloaJ\ lo 

Ll:.0. Accordingly. the LEO-GEO increllll'llf rdures ro cmr of rt.'ft1l'lin11 orh1r rransfor whide' and 1hc1r unrt l·o~I. In the l.'a~· of 

<;atelhte delivery. the inrere•I ini:remenl r ·late-; ro rhe 5':1fpowcr rnp llllll' of IMO day' and rhc aJdilionul mlcrl''' al·crucd. 1Nole: 

Revenue is not lost. only delayed 180 •Jays lite same rcvenue rcriod 'rill l'""''·' 

The dominaUna lacror in lhis comparison is lhat iwtellrle lr:rn'lp<Hlalron wrrh U·O con,.truction u1iin&11idl'·1l0wer pruvidl'' ;r s: 
billion (33~ 'avinp I over the Cil:.O 1:ons1ruclion upproach. Crew ro1a11011/rc•mpply tr;rno;port;ition .:oi.t arc "''11 SI ~O nulhon 

(36%) lower for the L l-.0 .:onstruction concept alontr with a 5~00 million \mintc-' fo1 rhe inillal f'htl·ement of lhl· rnn,1rui:t1011 

bases. 
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SATELLITE 

LEO GEO 

Transportation Cost 
LEO vs GEO -----------... ,,,,. --

Lio.GEO 

I _, _, 
ii 
z -
§ 

EARTH-
LEO 

e 4 SATELLITES/YEAR 

0.4 

0.2 

0 

CREW ROTATION/ 
RESUPPLY 

•ANNUAL 

LEO GEO . 
CONSTRUCTION LOCATfON 
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CONSTRUCTION LOCATION SUMMAR\' 

A summary compan,on of the LEO and Gl:.O conslruction I01.:alion .. '" pr\·,cnh:d w11h an inJic;ition ol whid1 ;iprrrnu:h '' '"°"' 
desirable Compared m th" manner. a number of p1trameters result 111 no "llnifo.:;1111 diflen:nccs h\•fw\•en the two \'tln .. trm:lion 

location options. However. a number of p;irnme1er'l 1iw a clear ind1\·ar1011 Iha! U:O 1."011 .. 1ru\'11on "1110111 de'iiruhle. Mmr norahle 

among lheY! being franspor1ar1on \<>Sis. 'unplili,•d laund1 or,•r;11ion,. anti t\·tlun-tl '"'nlilmdion ha\I.' "'"'" :1mJ cosh. One raram· 

crer has been 1udp:d lo be in favor ol rlJL• Gf.O i.:mulrud1on approad1 t Ill\' 1111p;id nn 'lilh:lli1,· de'ii1111 allhou1h thi~ d•lla '"then frJ 

11110 the lransportal1on compari~on wh1d1 'llill favor' the U:.O 1."oni.lni\·111111 ;1r1,roJch. 
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Construction Location Summary 
______________________ ..... ______________________________________________________ 1611llllNI ____ _ 

COMPAIUSOH PARAME TEA 

• FACILITIES 

• SATELLITE lPWR GUO CONST 

• ANTU~NA INSTALLATION 

e CONSTRUCTION EQUIP 

• CREW REQUIREMENTS 

• ENVIRONMENTAL FACTORS 

• CONSTRUCTION MASS6 COST 

• SATELLITE DESIGN IMPACT 

• OkBIT TRANSFER COMPLEX 

• LAUNCH OPERA TfONS 
• TAANSPORTATtOH COST 

LOCATION 
_ilg_ 1!!2.. 

NO SIGHIF. DIFFERENCE 

HO SIGHIF. DIFF. 

NOSIGNIF. DIFF. 

" 
NO SIGHIF. DIFF. 

NO llOHIF. DIFF. 

"' "' 
,/ INDICATES MOST PROMISING CONCUT 
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RATIONALE 

• SAME CONST BASE 
• ST AGING DEPOT.,. 

FINAL AtaY FACILITY 

• t n 2 DIRECTION INDEXING 
OFFSET 8Y MODULI DOaclNG 

e ANTENNA FACILITY 
OOE!SN"T MOVE 

• SAME llZI BUT MAJORITY 
ATUO 

e ALL FACTORICAN 8E 
HANDLED WITH ACCEPT AIU 
SO~UTIOHI 

e UGH TE R fO.IM Kt;~) 
• CHEAPER ($0.U;ft) 

• NO 4 OVERSIZING, MOOU­
LAAITY OR POWER DIST. 
PENAL TV 

e APPROX SAME NO. Ylt',CLU 
IN FLIGHT 

• ONE-HALF Al MANY LAUNCHU 
• CHlAPER "29; ~I 
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CONSTRUtllON(fRANSPORT A TION CONfLUSIONS 

1 he rnnclu!i1ons regardma lhc issues of power ieneralion sysh:m comp;arison and con•truclion location comparison 11 influcn\.'c:d 

by \.'On~1ruc110n o.nd tran~por111tion factors show a distinct adv11ntaae fur ·• phutovol11u\.' saldlitc (CR• t 1 "'on1tructed in low earth 

orbit ;md transported lo Gl:.O usin11 sc:lf puwer. 



Construction/Transportation Conclusions 

------------------------------------------------------111111~•----

• THE PHOTOVOLTAIC SATELLITE (CR• 1) OFFERS SIGNIFICAN• ADVANTAGES 

• LESS COMPLEXITY IN FACILITIES ANO CONSTRUCTION EQUIP 

• SMALLER CONSTRUCTION CREW 

• LOWER CONSTRUCTION COST 

• LOWER TRANSPORTATION COST 

• LEO CONSTRUCTION OFFERS A SIGNIFICANTLY LOWER TRANSPORTATION COST 
OTHER FACTORS ARE COMPARABLE: 

• CONSTRUCTION OPERATIONS 

• SATELLITES IN EITHER CASE REQUIRE ELECTRICAL 

PROPULSION ANO 3 AXIS ATTITUDE CONTROL 

• ENVIRONMENTAL FACTORS ~N DE HANDLED 

WITHOUT EXCESSIVE PENALTIES 
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