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1.0 INTRODUCTION 
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(SPS) conducted for the National Aeronautics and Space Administration's Johnson Space Flight 
Center under Contract NAS9-15 196. These volumes are: 

I Executive Summary 

I1 Technical Summary 
111 SPS Satellite Systems 

IV Microwave Power Transmission System 

V Space Operations 

VI Evaluation Data Book 

VI1 Study Part I1  Final Briefing 

VIII SPS Launch Vehicle Ascent and Entry Sonic Overpressure and 

Noise Effects 

Tie study was divided into two parts of approximately equal duration. This documentation sum- 
marizes the Part 1 results and details the Part ,' activities and results. 

?his voiume concentrates upon the power generation portion of the SPS. The transnlitter systems 

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

Two generic types of powcr generation systems were investigated. These were the photovoltaic 

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

by the transmitter sy.,t ems. 

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

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

output. The thermal engine concept employs generators turned by turbines energi~ed by a heated 

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

by a radiator. 

The two systems were found to be approximately equal In mass; however, in+: . ce constluction of 

the thermal engine system is more complex and involves a more expensive cortst~uction station and 

higher "front-end" cost. 

Parts 2.0 and 3.0 of this volume give system requirements and a defin~tion c?f the operational envi- 

ronment. Sttction 4.0 gives a brief description of the primary SPS subsystems and I-xplains why 

specific subsystem types were selected. for example, why the Ranhine cyclc %as selected over the 
Brayton for thermal engine energy conversion. !kction 5.0 explains trade\ Icading to exact config- 

:itation selection. for example. selection of the Kankine cycle operating tcmpcratures. Sect~on 0.0 

gives a detailed description of the two satellite configurations. 



2.0 REQUIREMENTS 

2.1 PROGRAMlll ATIC REQUIREMENTS 

Primary overall requirements o f  a prograrnrtiatic nature itre given in Volume I1 of  this document set. 

More specific requirements influencing the actual satellite configi~rations are given in the following 

section. 

2.2 SPECIFIC REQUIREMENTS 

These requirenients apply to  tile power generation systetn (non-transmitter) portion of the SPS. 

( 1  ) The operational location for the satellites shall LK g c ' o s y n ~ h r o ~ ~ o ~ ~ s  orbit. 

( 2 )  Nominal life shall be 3 0  years tindrtinite with appropriate reft~t bishntet~t r .  

(3) System suing shall be sucS as t o  de!i\ r r  a min~nii~rii of 8.2 I 5 MW t o  each of  tw o nucrow r l i  e 

transmitters per satellite. over the courqe of a )car. *'xccpting occ~iitation pcriocis and t'ive 

minutes before and after occultation. 

(4) Station keeping systems shall be provided such !!]at perturbatin? effects cio not reduce inter- 

satellite spacing below 5 0  krn t'or a notnitirll 51-,tcing cr 75 km. Nominal orbit error alloca- 

tions are: out-of-plane 2.2'. equivalent to  15.5 km longitude error; tccentricity 0.0004. 
equivalent to 16.87 k m  longitude error: lo:lgprriod drift. I0 kni. 

The RSS of  these three parameters is 25 kni total random error. If  tile satellites can be shifted 

ds a group. the group may C\iCe ' 25 km irorli the asstgried locations. 

( 5 )  The satel11tt.s shall h a w  a t t ~ t u d c  control cap,ibility and ~t ructura l  ~ n t e g r ~ t y  t o  rscoker froni a 
gravity gradient stable attitude t o  a nonilnal flight a t t ~ t ~ l d e  (it1 gee" ~ c h r o n o u s  o r b ~ t ) .  

(6) The power generating system 5hall he designed to degrade t include random ~rialfunctlons) by 

n o  more than 27 in tlie c o u r ~ e  of  one c,1r. 1)cgradatir of  solar arrdyb helow tliis qua:rtjty 

shall be correctable (for examplc. by ~nne;tljng) within ;I period of hG days. 

( 7 )  In addition to  the capabilitj of handl~ng start-up and shut down power ,amps. the power pen- 

eration system shall be capable of operating at power levels between 50'; atid 100'; cf'noniinal 

(for load fr)llowing). 

( 5 )  Partial sl~adowinp by other SPS'\ rliall not c,iua< toti11 d ~ s r u p t ~ o t i  of ol\cration or tl.~r:~.~pc. Loss 

o f  output proportionate to the sh,~dowing i s  ;iccept;~hlt~ 



gBt TIPe iaagy cukaim s a b s y s * ~ ~  sltPtt act- a gasn-zff r'oltipnsae for s t r 5 t r i r r t s  m 

~ ~ ~ ; T k r P h & t o ~ M & t t t i - -  . r z z e e ~ ~ ~  ~ a b c r r r r t -  

pmsae fm expecied - t d  bzfmnatioar in rtte 95 dtre to qrre miranseat tlsd 

o m  upmtSoatl taton, sad fix anitudt s a r i a h  due to cqeratiea of the mi- 
r d e  arnmd JVst-. 

ic) n# energy SO%X- arbrtem shafl be to pmx-8dt arcing d ! o r  other paten- 

t i d y  dasmghg efiects assmiat4 rsirh &-trostatk charge huild-up due to t k  m n -  
c h m n a  orbit sr indii~-oB t n v h m e n a  

(a) Ttts ptmtounltak s)strm shall be modui t rktd into spt~x imtalhhk blankets ("strings-) 

of o p f m x i m t t e  #asoOOO KWe mmirtiil generaitkg capcity each ar kginning of life 

under n m m a l  operating c d i t t ~ t ~  inzitding applkabk ~ n i i g h t  anruntratiQn. The 
ncrminai voliape outpur of ex41 m d u k  shall tw 54.000 'tofts 

cb) The p k t d t a t i  system &ail employ radiation shliifing and;or anneating as apprepri;ite 
for minimum p w c r  ca t .  

tcb Idividua! mIYeRCPS fcsUs) shall be wired into tho blanket army sach that eithrr open or 
short-c<tcuit failures of iikf~vtdual converterr do not cause 1) ioss of array output d igm 

p a t h .  'e lo die :ms of ths individual cwnverter's c-ontribottim. or 2 b arcing. 

(dl The pt to twdtak  rystetn shall o9 deigned nxh that a blanket and/or its witch- 

gear can k isdated im. rk qwroti~tg onboanl ckctrit power diztribtion system. and 

its generated electrical pot~atiai miucrd to safe leveb. so that i t  may he sen~ced without 

rhutrlawr, of the entire C I L C ~ S Z ~  cr#lverskm subsystem. 



 he to seek, ifPc-kJing mtq It. ttrtid 
swna*. rPitkswt sttuutornr datscrtscr fb&eamg 

- - 
eagke-tors. CXL-Ppt in the Gas 

m t r c r r ~ t ~ t b S m O e r i o r o f ~ c p a t ) ? r ~ = y b ~ i t n t  

tcb Tk+ &mnA engine enew z m e m m  q-stm rittii be cqmbk oC sun tvirg witheat &am- 
age a maximum4unticm pmsyni-iuimas or-~vbtmn 172 minutes& when entering the 

g h p d ~ l .  COW. is.. after an et len jed  drutjotrn period. Pnd then reaching full pow-rr 

aithin one hwr. 

(0 Nc#m;d restart a i t t r  a*~ultat ion. i.e.. upon entering the shadow hot. shall reach full 
poser  within five minutes after leaving the &&w. 

1 The axes of m t a t h  of the turhoQcntmtors h a i l  hr. pamilei. One hdf of the machines 
shall rcHate In me direction. the other ha l f  in t k  other. to rnintmlac the m=t angular 

~ o m c n t u m .  

( 14) Power Ristrihution System: 

tat  The W - e r  distribution ststem &all conditzt DC ckc tnz r i  p twer  rmnt the cncrm irw- 

version system interf;tcus to the tnnun i t te r  m t a q  joint interfaces. i It is  assumed that 

there are t a o  54;W gnwnd output aritennrs and a \ w ~ a t z d  ri3t;try joints per SPS.: The 

distribution system shall supply the fcd l  wing nominai koltngss and c u m n t s  to the m t a n  

j ~ i n t  interface. 

6~1% A W.XW volts at 138.00 amps I 5-65 C W )  

Bus fJ 38.700 volts a t  59.463 anipr (2.30 C;W) 

A common return tbr thew t u c ~  sipplies shall be provided. 



The a ttu pamme~ts for t k  rrfewk-e DC to RF ~ r w t m t :  

KLYSTHOS WBE CLEMENT REQC1RFbltkT 
ELeMEWT V U L E  D.C. CCi'RREhT $.%MPS) POWER cWATTS1 

ZtQitem At\osk 
m y  An& 
Spike Bcstrojo O 

Cdk-tsr * 1 
Coikztsr $2 
Colkrtor tc3 
Cok ta r  IW 
Cw!kctclr =S 
C;l;ltodz 

Saknolil 

TOTAL POU'ER 
P R O C t S D  POWER 
EFFICIENCY 

ib) The power distribiriioa system shall employ ded~c;tted aluminum conductors (not prrt of 
main atntdetrz) which ate passiveif cmkd by radiation to fnw space. 

1 Phc power distribution system shall have sn-itching and control equipment as necessary 

to isolate the mtary joint and power transmission system f m  energy conversion sysism 

startup and shutdown transients. T h i s  requirement njay h: in part met h!: delayed activs- 

tion of power distribution provided that the &iay i s  not greater than fne minutes. 

(15) 7hc SPS shall b designed to thc ionizing radiation environment given in t k  "Envimnient" 

portion of this document (Section 3.2.1 ). 



TBir eeti0.r &fig tk errpkmmmtrt freton zssurrred f c ~  rlris study, to p m d  ia tbe geasyn- 

cbronorts uperationrl atbit. Atso pmviskd are same foetors asodted with loar cxbit b t i a n s  used 
for~sfy inBtbeinrerraedinte~s lsrrt fortnnsferfn#niowtoB~orbi t .  

The ayerage total m z t d  enotkonment -3s based upon the model given in Reference (1 1. The 

fiwrinass model is &awn in Figure 3-1. The meaning of this flux-mla rn-1 is that for a given 

arrr. say onie: spare meter. in free - particles ariU pas t b m g h  in dl directhas tinctuding "both 

zides" of tkc area) at We average retts rpceifkd. Mode& such as this s &rived fmn ahmations 
of a~teors in our atmosphere and from timitrd space flight data- 

Most ~;reteoroids are apparently in elliptical orbits about the sun and the orbits are of relatively low 

inclination to the ecliptic. The orbital motion of the Earth {and of objects in orbit about the 

Earthi, coupled with this low inclination of the meteotoids' orbit, causes a significant directional 

effect. Planar objects. such as the thermal engine SPS radiators, are thus advantageously flown 

'edge on" to  the prevalent meteoroid streant. Using such an orientation. a previous study (Refer- 

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

approximately 4m of that indicated by the omnidirectional Ruxnass model. Thus the "particles] 
? 

meter-!secondw quantities of Figutl: 3-1 can be multiplied by 0.4 for radiators moun?ed perpen- 

dicular to the ilorthsouth axis of the SPS. 



Rte probabic iinciihm of mminadc objects w-tr as satellites or satellite parts is discussed in Vof- 
- v 1 8 f e d t m n r t c n t w .  

The SPS shall tre d e s i p d  to  the following ionizing rraciistton em tmnmsnts: 

HighEaegyM* 
Far hi& enow trapped e k t r -  and pmtons. the ekctron flux maps A E ~ ( ' )  and i\I?df3 ) and the 

proton tlua map AP-sI", AP-~{'', act ~ p - 7 ~ ~ )  dlan k uscd. The anticipated APS proton flux 

map shall k used when it becomes available. These flux maps. described in a set% of puhlicstions 

by J. Vettt. and co-workers at the National Space Sciencv Data Center. are the standard high f-ietgy 

trappert partick data source. 

The sobr proton environment model of 1. #in&''. and tht. survey 2nd predictions of W. R. 
~ e b k d ~ ' > ~ '  be used to  define both an e ~ p e c t e J  and a wont case u l a r  proton environment. 

Low EkcqJ Portides 
Electrons of energy less than 250 keV. erid protons klou. 0.5 MeV are not treated in the trapped 

particle flux maps and must be defined from the research literature. The S!C charging article by 

L k ~ o r t ~ s t ~  lo) is typical of the data available in this area that shall he used. 

loaospberc and space Rldhtion Envi-t Defmith 

The NASA Space Vchick &sign Handbook ionosphere environment shall k used. 

Ref-: 
( 1 \ NASA TMS-64627 "Space and Ranctary Environmental Guidelines for Use in Space Vehick 

kvelopment." Nov. 1 5. 1 37 1. 

( 2 )  D. Gregory "Final Technical Report. Syst-3s Definition. Space-Based Power Conversion Sys- 
tms." NASS-3 1628. Boeinp Aerospace Company Document Dl 80-20309-2. 

(3) G. Singky and f .  Vette. A Model Enviror.ment for Outer Zone Electrons, NSSDC-72-13. 1972. 

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

Maximum." NSSKX 76-04. May. 1976. 



Dl- 

( 5) J- Kir& '7fiM-b of the T n W d  adiotian EnvSmnmat, Vd. W, trnw Energy htms," 
NASA SP3024, f 970. 

( 6 )  J. LPrine and 3. Vette, Modeltof the Trapped Radiation Fnr-nt, Vd. V, Inner Belt Pro- 
tons, NASA SF3024,1970. 

( 7) J. tPtine and J. Vette, Models of the Trapped Radiation Environment Val. 7'1, High Energy 

sot- NASA SF-3024,1970. 

( 8) 3. King, "Sohr Roton FIwnoes as Observed During 1966-1972 and as Rtdicted for 1977- 
1983 S p a  Ild-," NASA Godkd X-601-73-324,1973. 

( 9) W. R. Webbet, "An Evaluation of the Radiation Hatant Due to  Soiu Particle Events," Boeing 
Document D2-90469,1%3. 

(10) W. R. Webkr. ''An Embation of Solar Cosmic Ray Events During Solar Minimum," k i n g  
Document D2-84274-1, 1 966. 

(I I) S. DeFomt.  "Spacecraft Charging at Synchmous Orbit," I. Ceophys. Res. 77,65 1.1972. 

Predictions of the sunspot number for the coming Cycte 2 1 are compand in Figure 3.2-1. F. M. 
Smith bases his prediction on two non-synchronous components related to planetcaused tidal varia- 
tions on the sun. W. Gliessbetg of the Astronomical Institute in West Gennany bases his predictions 
on W e a r  repeatability of sunspot phenomena. Ted Cohen and Paul Lintz base their prediction on 
a periodicity of 179 years obtained from a maximum entropy analysis. 

A solar power satellite launched in 1990 will experience Cycles 22.23 and 24 for which no predic- 
tions have yet been made. We therefore used data averaged for us by Professor W. R. Webber, Uni- 
versity of New Hampshire, who is our consultant on solar activity. 

The average expected solar proton fluence (>lo MeV), and a 90% value, are shown in Table 3.2-1). 
An equivalent 1-MeV electron damage fluence for a 6 mil 10 ohm-cm n!p solar cell with 6 mil cover 
slip and 3 mils of equivaknt back side Kapton. adhesive and mylar shielding is also given. The pro- 
ton damage coefficient used is shown in Figure 3.2-2 as "1 @." The electron damage coefficient is 
taken from the TRW Solar Cell Handbook. The incident proton spectral shape is shown in Figure 
3.2-3, while the trapped electron spectrum is shown in Figure 3.2-4. 
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4.0 PRIMARY SUBSYSTEMS 

This section describes individual subsystems and the decision processes invdtred in design selections 
affecting them. 

If d a r  power satellites beccme a "national energy solution," 100 o r  more units coutd be required 

for the URited States done. As a global solution, literally thousanls of satellites might be required. 
Therefore, c a ~ h r l  attention should he given the abundances of qaterids considered for p e r  satel- 
lite use. Not only should the material be adequate for the application in the engineering sense 
(strength, temperature capabiiity, etc.) but resources must be adequate for the expected need. 

As a general rule, the following t~quirements wec used in this study: 

( I I Materials used must be probably "sufficiently abundant" in the year 2020. it is illogical to 
baseliie materials tbr SPS which will be in short supply by the time of SPS incorporation. 

(2) A program of 112 SPS units ( 1 0 ' ~  watts output each) should not use more than 5% of the cur- 
rently known world resources of any material. 

(3) The current world production rate of any material should be adequate for the production of 
one SPS per year. Implementation of this requirement tends to insure that the "industrializa- 

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

4.1.2 T h m l  Engine Satellite Itk~teriPis 

The thermal engine satellite must have high temperature assemblies in order to operate efficiently. 

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

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

tests of candidate materials a=, in general, for no more than 10,000 hours so that considerable 

extrapolation is required. 

Figure 4-1 contains probably the best data available for potential thermal engine materials. Shown 

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

an accumulated exposure cf 30 years. 

These allowable design stresses for weldable containment alloys have k e n  reduced from previous 

estimates to reflect morc conservative values. based on long tcrm creep tests sponsored by the 

NASA-Lewis Research Center. 



F i  4-1 Extnpobtd Strengths fm 1% Creep in 30 Yern at Temptwe Indited 

Molybdenum TZM alloy is included as a non-weldable. very high s t ~ n s t h  alloy which would hc 

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

mented high tempenture strength. is readily available and its metal processing, macllining and fahri- 
cation technology ib well established. 

High strength weldable columb~uri~ base alloys such as FS-85 contain tungsten and zi~coniuni which. 

jsintlv, produce gain bottndary embrittlement when operating in the 10061 283K t1350-I 1)5O0F) 
temperature range for long periods of time. Only the resolution strengthened alloys. such as C-I03 
(Cb-10 Hf-Ti). o r  the weaker Cb-l Zr. have strengths superior to the nickel and cobalt base super- 

alloys and possess good weldability and long-term thermal stability; while weldable supcnlloys. 

such as the nickel base alloys. Hzstelloy S and incotlel 61 7, and the cobalt base alloy. HA-188 are 



ar.ilataC and have good high temperature strength characteristics, they will not serve in the very 
h o t s t  portions of the system. Therefore, the weldat!e colutnbium alloy, C-103, appears t o  be the 
most promising material for use in the highest t e m p e r a m  boiler, duct and turbine containment 
components and the non-weldable molybdencm alloy TZM appears most suited for the hotest tur- 
bine rotating components. 

Figure 4-2 shows material availability data pertinent t o  the thermal e r j n e  SPS. &st of the data 

was drawn from "United States Mineral Resources," Pape; 820, U.S. Dept. of interior, 1973. 

GEWRM RtltES: 1) MATERIAL TO BE PREmCTED TO BE 'SUFFICIENTLY ABUNDANT' It4 a 
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Turbine wheel and blade materials require a material capable of taking the required stress for the 

baselined 30-year life of the system. These materials may be wrought, that is high ductility is not 
required; a molybdenum alloy has been selected. Turbine housings, however, require a weldable, 
ductile material. Tantalum would he ideal and would permit a very high turbine inlet temperature. 

However, it 1s in relatively short supply; therefore, niobium (also called columbium) has been 
selected. Silicon carbide is truly the ultimate material for this utilization. Early test results are 

quite promising, however, it is nor felt appropriate to baseline it. 



4.1 -3 T h m d  Engine SPS Material Selcctbn 

The relatively large turbine sizes and weights of the potassium turbines scaled  fro,,^ prior land-based 
power eonvemim system studies suggests the possibility of considering the use of cesiuni as a work- 
ing fluid to  reducf turbine size. 111 prior space power stud1t.s the relatively low power 1rvt.l~ 

required and small turbine sizes occasioned by the use of cesium as a working flirid would tiave 
resulted in smdl first stage turbines, very short l ln t  stage turbine b1adt.s atid sigtlifican: first stage 

tip losses. These effects are of  less consequence in the larger power Itvci turbines now bring 
considefed. 

The physical and thermodynamic properties of cesium result in smaller diat11rtc.r turbines witit 
fewer stages. As a result of the reduced number of stages turbine disk temperatures are lower than 
for equivalent potassium systems: furthermore. the reduced expansion ratio of cesium vapor tur- 
bines should limit the growth of scroll weights and sizes in the tatter s tags.  

Prior comparative studies of potassium and cesium turbines over a more limited temperature range 
indicate cesiutn tt~rbines could weigh less than half that of siniilar potassiun~ turbines. Specific pre- 
liminary design effort is necessary to  determine the effectiveness of such potential weight 
reductions. 

So cesium seems t o  have significant advantages, but is in relatively short supply. Our current fluid 

inventory for the 10 GW tground output) SPS is about 6000 metric tons of potassium. over half of 
which is in the radiator. An "allcesium" SPS would have roughly the same fluid mass, which is 

high relative t o  the world resources ( 100.000 metric tens). ,4 cascaded system could greatly reduce 
the amount of  cesium required: the cesium loop consists only of the boiler, turbine, pumps, contact 
heaters and a cesiuni-to-water heat exchanger. The radiator loop employs water. So at the expense 
of the additional elements of the two liquid system. cesium may be proved t o  be sufficiently abun- 

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

Due t o  the complexity of the cascaded system, and the relatively large radiator required (from the 
low heat re,jzction temperature) it was decided to  baseline the relatively simple, single loop. potas- 

sium system. 

4.1.4 Photovoltaic Satellite Cell Material Selection 

The primary materials evaluated were silicon and gallium-aluminu~ii-arsenidrlpallium arsenide 

(multijunction). Trades leading to  selection of a baseline and 3 discussion of gallium availability are 
t' xribed in Section 1.4. "Solar Cells." 
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4.2 SOLAR CONCENTRATORS 

Concentration of sunlight on solar cells has some advi~tages but also creates some deleterious 
effects. l'he obvious advantages are reduction in the actual solar cell material requirements, and the 
pasibfity of lower system mass if the reflecting material is significantly leu  massive, per unit of 
area projected, than the solar cell blankets. 

Some of th5 disadvantages of concentrated systems 2n higher operatqng temperatures causing lower 
ceIl efficiencies, problems associated with uneven illumitiation as iiisciwd in the Part 1 Final 
Report and updated in Section 5.1.1.4 and t higher deuce of comp!cxity in system construction 
and maintenance. 

Both the advantage; and disadvantag-s of concentrated svstems are pattially dependent on the type 
and degree of concentration, as well as on the type of solar cell w d .  Figures 4.2-1 and 4.2-2 show 

planar concentrators for coacentration ratios of twc, and three, respectively. The effective 11mit of 
concentrarion ratio for plaqar concentrators is three. For higher concentration ratios Compound 
Parabolic Concentrators (CPCYsj may be used. CPC's may be either two-dimensional, cylindrical 
(Fig. 4.2-3) or three-dimensional. conic (Fig. 4.24). The generation of a three-dimensional CPC sur- 

face 1s illustrated as Figure 4.2-5. 

The use of concentrators was investigited in Part I of this study and are briefly revisited in Section 
5 including pertinent updates. 

4.3 SOLAR CONCENTRATION FOR THERMAL ENGINES 

The u b  :fled reflectot surf3ces and secondary concentrators allows high (over 1000) concetltra- 
tion r;:' to be obtaincd for thernlal engine use. Section 1. 1.2.4 explains Ilow ni~tltiplz facets Jre 
used to  form the curved reflectors. 

4.4 SOLAR CELLS 

Significant advances have been made during the Part 2 study period by ERDA con t rac to~  vho art. 

developing silicon an4 gallium arsenide solar cells. Metal-insulation-sen~iconductor structure for 
thin-film soldr cells has produced 1 1.7 percent efficiency, and a 2 1 perzent limi; is now predicted. 
Progress in solar cells based on other po1>crystal and other thin-film rnnterials has been slower. 

Solnr cell developments occurring during the Part 2 study period are des +ed ill i h  paragr;tplts 
that follow. 
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in 2.5 months, irtd one moath later {June 1977). it hod prrdrrcod 2OlXI ~ ~ l f g ,  CICfi 4 
emZ in a m ,  fa jt~q to  iet  ~;lbotatmy, NASA ~ELS c o n t n c t d  6 t h  ~ o l r r e x  io krxp 
ttris pilot b e  in prcdtetion. 

a11 y W  improved from O to  6t percent dun* the fabrication of the 50 pm selk A total oi 
5 173 cells was started. with 1619 passing find inspection. Front contact failure and breakage wen  

f 

tht m#f c~mmon causes far ~~~teon. Aa-eptabfe output of the 4 cm' cell w i t h t  cover was 55 
mW at 25% artten iUltlrtinated with 135.6 rnwlcm2 of simulated sunlight having an airmass-- 

(MIill -nun. This dl output cm,ponds t o  10.1 percent efficiency. Ibe cumnt-wdtzqp 
curve of zn 1 I percent cell is shomm in Figure 4.4-1. Laboratory ceUs have had 12.5 percent cffb 
i k n q ,  and 73 rm ceUs have k n  k t t e r  than 13 percent efficient. One 30 pm e l l  had i I percent 
~BK~c). 

The sotare* aiEs are sawed t o  s thickness of around 300 gm from C z o c W  grow11 singkt silicon 
crystal. and then etched to 50 pm thickness in a 40 percent NaOH solution at 373K (212% 1. t h e  

y k M  of the etching p r ~ ~ e s s  has reached a0 percent. The wafen are then phssphomus diffused at 
0 

1 138K 1 1588°F1 for 1 5 mmutes. and the ,COO A thick P+ backsurface f Lld is generated by diifus- 

ing v a c u u m d e ~ i t e d  aluminum at 1073K (1 47 l0F1 for 19 minutes. Photolithography is wed in 

defining the frontaurt'ace contact firlgets and bus, which an: layers of titanium. pslladium and 
silver, vacuum deposited and subsequently sintered. Application of a tantalum oxide anti-reflection 

'mating requires a temperature of 672); (75 1 OF) for one minute. Tha costing might not be suitable 
for tire solar pourer sate!!ite. where we anttcipate thermal annealing temperatures as high as 773K 
(93 1%). Heliotek's Cd grn celis. which have a textured surface to  d u c t .  reflectance. would not 
need an anti-rrtileetton coating. Heliotek's cells have generdtrtd 67 mW output under 135.6 mWj 
em2 of simulated AM0 sunlight. This cornponds to t 2.35 percent zt'ficiency. However. Hetiotek 
has not k e n  able to match Sols~ux's cell production rate. 

Four operators manned the Sulawx pilot line which produced ZOOO cells in one month. To build 
a production line makina 50.000 cells 3 month Sotarex needs 3800,000 and six months time. Such 

a line would produce 4 cm2 e l l s  for 35.00 each. S o l u ~ x  has also made 39 an2 hexagonal cells and 
5 by 5 cm square celis from 50 prn thick silicon. 

Radiation resistance is the most surprising characteristics of the 50 pm cells. Figure 5.4-2, pub- 
lished by Solarex. shows that after ahsorbing a fluence of lo1 s one-MeV electrons, the thin cell can 

still produce 92 percent of its initial output. This radiation resistance is also apparent in a cross- 
plot of data from JPL's "Solar Army Design Handbook" (Fig. 4.4-3). The durability of the 50 pm 

sells in a solar-flare proton environment in geosynchronous orbit has not yet k e n  established. 
Some insight will come when Bwing irradiates with protons the tcn cells that were sent to SPIRE 
Corporation for electrostatic bonding to horosilicate glass rovers. After the cells are irradiated. 

SPIRE wilt attentpt to anneal out the radiation damage by heating with a controlled laser haat. 
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Enginem at  CUMSAT Laboratories say that the mdhtioa nriohnw and tight weight of a .SO pm 

cell give i t  a ckar advantage ovcr c o n v e n t i d  cells for gcosynchous-orbit communiation sat& 

lites. The radiation resistance afso permits the use of thia substrates. R&&y thin substrates 
were not practical for w w h ~ - o r b i t  satellites because the differentid cantraction between the 

&con in the cells and the duminum in the substrate stressed the ceIitll-t~d intereonnectiolls during 
the long eclipses. The thermal moss of a heavy substrate was used t o  limit the temperature excur- 

sions t o  dues  that would pennit reamable cyck life for the pawls. Now COMSAT has s p o n d  
the development by MBB and Tekfunken in Germany of a graphite epoxy substrate that we@ 

only 63 grams per mZ. The ~natrix of graphite is so srrangd that the c ~ ~ f f t c i e n t  ~f thermal expan- 

sion of the d t i n g  sheet matches precisely the cwfflcient of  thermal expansion of the silicon in 
the elk. Tests at  O M S A T  Labs have shown that with this new substrate, thermal cycliip in gee- 

sync tvon~ t t~  orbit will no longer k a serious l i f e a i t i n g  problem. 

COMSAT Lak. with the assistance of the NASA Lewis Research Center. had tested li@twe@t sub- 

strates for their ability t o  dissipate spacecraft charging in gosynchronous oh i t .  The conductivity 
1 

of the earbon in the graphite substrate was suffr~tient t o  h i t  charging in a 63 grams per m- sub- 
strate to one kV. However, during tile tests the investigators discovered that a light coating of soot 
on the back of m y  insulated panel will limit the spacecraft charging voltage to  less than I OO volts. 

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

lem for insulated solar panels. 

4.4.2 Gallium Arsenide Solar Celk 
Previous contract reports showed that the nation's potential pillurn resources could not support a 

program of nne or  more solar power atellites per year if singlecry-stal 125-pm (5 mill thick cells are 

w d .  Figure 4.44, reproduced from previous work. shows the gap between pllium availability and 

requirements for the solar power satellit,' program. 

Availability of @Ilium and other photovoltaic materials is k i n g  investigated by Batelle Northwest 

Laboratories. with ERDA funding the work. ERDA has not yet released the fint report. which will 

include a comprehersive picture of gallium availability. The report will probably state that no sig- 
nifrcant sources of galliunl other than bauxite, zinc ore. and tly ash have k e n  identified. However, 

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

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

a by-product. and that cspanding the production of the basic metals just to increase gallium output 

will probably not be practical. By 1890 the U.S. could be producing 2.5 x lo6 kg per year of  gal- 
lium as a by-product from zinc and aluminum refining. 

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

Such a cell would be made by depcxiting on a suitable substrate. by evaporation or by chemical 

means, a layer of gallium arwnide which is between 4 and I0 pm thick. The crystallites on the film 

would then be consolidated to a diameter of perhaps I5 l m .  and junctions would be formed on 

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

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

beam. 
23 
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Perhaps the m a t  important breakthrough has been the formation of a gallium amnide homojm- 

tron cell by John C. Fan of MIT's Lincoln Labs. M o t i s  hi#wffrciency @iwn arsenide solar cells 

have had a heternjunction formed with gallium-aluminum arsenide. Fm's cell, which has a very thin 

degenerate N+ layer on p-type singieaystal gallium arsenide, had a 20.5 percent efftciency in air- 
rn-nc sunlight. The 500 R N' layer provides high conductivity w i l  low light absorption, and 

anodizing reduces surface recombination velocity. No vacuum process  are involved in making the 
cell. The next step for Fan is to  generate homojunctions on his thin-film gallium arsenide with 25 
brn crystallits. 

Another approach to  thin-film gallium arsenide cells is JPL's AMOS concept in which 16.1 percent 

e f f ~ e n c y  has been demonstrated, but using sliced polycrystalline gallium anenirie rather than thin 

deposited f h s  of gallium arsenide. The AMOS development is now fcnded with 5363K from 

ERDA. 

In general, the thin-film gallium amnide work Iooks good with large grain sizes grown, and with 

shortcircuit currents approaching those of singe-crystal ceUs. Achieving g o d  contacts seems t o  be 

the most important remaining problem. Cold and palladium make good contacts, but are r o o  
costly. 

The status of other thm-fdm solar cells is summarized in Table 4-44. The changes during the past 

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

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

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

status of thin-film p-n junction silicon solar cells as follows: The key problem with these cells is the 
substrate. If the low-cost silicon solar cell program achieves its objectives. then the lowest cost 

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

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

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

depletion region and reduce the diffusion length of holes, are the most significant problem in amor- 
phous silicon. RCA workers have obtained 6 percent efficiency from thin-film amorphous-silicon 

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

sion length could be increased. 

Recrystallization of polycrystal and amorphous films of silicon is a tough problem. according to 

Dr. Allan Kirkpatrick of SPIRE. No one has been able to do it yet. 
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Devctopment of Scfiottkj-barrier diodes inspired the dewfopmetlt of sofar cells incorporating 

Schottky barriers rather than a simple P-N junction. Schottky bamers are potentidly advantageous 
in that the bulk material in the solar cell need not be singlecrystal, nor need it be very thick. One 

approach being developed by RCA Laboratories applies l j l m  thick films on amorphous silicwn. 

with platinum Schottky bamen  and zirconium dioxide antireflection coatings t o  achieve 5.5 per- 

cent conversion efficiency (Ref. 4.4-21. Amorphous silicon, beins highly absorptive, need be only 
on:: pm thick, and the substr~te can be steel or glass. Open-circuit voltages are highest with the 

most expensive metals. A platinum bamer produced 800 mV, whereas nickei. chromium a i d  

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

Schottky bariicr rne td i i t i on  being only 50 t o  100 b: thick. 

Estimates had been mat:\ ,*:' the efficiency versus grain size for polycrystallinc p n  junr:ion solar 

celts of siticon and gdtiuin ,,isaide. These estimates uused one and two-dimensional analyses l o  sim- 
plify the mathematics. Lama 31.5 Hovel of IBM, using a sophisticated analysis in which the three- 

dimensional nature of the griins in polycrystzlline cells is taken into account. determined that sili- 

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

efficient if 25 pm thick. (See Reference 4-4-31. They found that gallium arsznide 2 pm thick ceils 

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

their conclusions. 

The metal-is~sulationsemiconductor (MIS) cell does not have the limitations cited by Latiza and 

Hovel. The interfacial insulating layer or oxide 'between the metal and xmicondiictor of the 

Schottky barrier i n c r e . ~  conversion efticiency considerably. For example, Stirn acd Yeh report 

that they obtained 16.2 percent efficiency in JPL's -4hiOS gallium arsenide cell. In fact. Lofersky. 

et a1 predict that the theoretical maximum efficiency of these cells can be 2 1 percent under Earth- 
surface illumination with high substrate doping. low metal work function. and low ~nterface defect 

density. (See Reference 4.44). The MIS cell. also called a metai-oxide~miconductor (MOS) cell 

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

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

boiling deionized water. The oxide layer is usually less than 60 A thick. The metal. for rxamplr. 

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

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

The best performance of a hilS cell was reported by Fabre et ai from the Laboratoires 

d8Flrctronique et de Phy~irlue Applique: in France (Ref. 4.4-5). They obtained an efficiency of 
1 

1 1.7 percent with a 2.6 cm- cell (Fig. 4.4-7). 

Professor Loferski thought that the MIS was the most likely configuration to  be used on the solar 

power satellite. 



F i i  4-46 Tk efiect of g.in &t on the AM1 c f f i  of 2 pm thick &As and 10 and 25 pm 
thkk Si MOS Schottky barrier cells. The tramittam of 7 5 1  of Au covered by an 
AR rwrtirig was used. 
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Oak Ridge National Lakontory  (ORNL) nas been making respestable solar cells b! ion ~tiiplanta- 

tion and also by generating dopants by transmuting e l z ~ t ~ e n t s  with neutrons. The neutrons. with a 

?-meter range in silicon, transmute silicon atoms into phosoplrorous with a iiniiornltt) t11:tt cannot 

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

stntcture, ONRL scientists have found that the radiation damage is better annealcd c ~ t  with 4 

laser beam than with oven-heating. Apparently ove11-heating causrs s d d i t i ~ n a l  diffu\io~i to ttlke 

place degrading cell performance. 

A sawtooth cover invented by A. Krulrnberg of COhlSAT is a real brcaktliroiigl~ (Fig. 4.4-8). The 

sswtooth cover makes the  grid lints invisible. Beside% eliminating the retlection from the grtds. ilie 

sawtooth cover makes i t  poss~bir  t o  put on  enoi~gh grids t o  nlakz the series resistance oi the cell 

virtually rero. The cover can also be made a little tat-ger than the celf to i ~ p t u r z  the fight t!i:tt 

would otherwise be trapped in the pap between cells. The new cover can iiicrrasr solar cell output 

by as muc11 rts 12  ptrc2r.t. 

4.4.6 Conclusions 

At this time 50 ytn sinplrir)stal solar cells look best for the referen.: design of the solar power 

satellite. While today these cells ( lo not h a ~ e  the ~lesirr'd 18 percent efficiency in st;ind3rJ k~ir-mass- 

zero conditions. there are many approaches that hrtve a good chance of achieving this 18 percent 

goal. Oiie of  the !'oilowing will probably' succeed. 

Sifigle-Cr.nfirI Silicon Cr.1l.r. The 50 pm cells are bring developed for today's space applications 

whcre the combination of 12.5 petcent efficiency. low weight, atit1 sadiat;on rcsistancc makc 

these cells clearly s~tperior t o  conventional cells. The program ryliasis if no\v on protiuction. 

Many opportiinitics for improving cf'f'iii+,nc, are ;ivailatrle. For z\;t~ilplc. Solarex chos? to 

throw auay  the power that would tw ;~vailahlc from irlfrarecl plic>ton\ hectlust* testi~riiig 0'' thc 

(r.1: skirfzcz is nut conipatible ~ i t h  tlrc Solrlres y~tiotol~!trographic I.rro~-esh for dcpositiiig grid 

I~I?<s.  

/ I -  ! : t  1 t 1  Inventioii ot' tht. Ironio~utiition pallitrni arscnicfc, \olar sell. 

i~g i ' t hz r  witti the laser-genctatcd 25  fit11 crystttllites in 2 yrn thick films of gt~lliuin arscnidc. 

opt.11 thc rnutc to Iligh-efficiet?cy 11rit1-iiini g;tlliurn tirscnitic cells. C'cll thiskncss tiectl h! 1>11I) 

somr. 3 to  8 pm. 'The rciulting gallium rtlqttircmcnt for sol;ir power s;ttcllitc.s in:ty hc~.onic 

attainahlc with U.S. n;itio~lal rc>c?at.ccs. 

a GaNiuttt ..lr\c3itidtl ;lAfOS Ct3il. JI'L has 3lrr;tc!>- :ic!rievcd 10.2 percent cl'ficicncy tvirlt its .i\MOS 
cell. hut with sliced p o l y r s t ; I l i  gallium arscnide. IIerz ,~gairi o1i1\ ;I f c ~  ~ i r i ~ ' r ~ t i i ~ ~ t t ~ r s  01' 

gallii~m arseriidc is requirtd for tiigll cell cfficic.nc)~. Jl'l.'s AMOS il~:vc'opmcnt progr;i~ri i h  \veil 

furttied. 
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.iktrtf-Ox&k- -ttor. Fourteen papers at the 12UI Fbtolioitoic Specialists Confer- 
ace  (Notrffober, 1976) derlt with m c M a t f a t w ~ u c t o r  (MIS) o r  its equivaknt, 

mtrl oxkk semiamduct- t'MOS) solar ~db. Eff&cirs up to 1 1.7 pemat were re@. 
Dr. Lofaski &&own Unkediy pmdkts 21 percent as being achitnbte. S i g n i f m t  pmgms 

cssbecxpeddinttttnext ten year& 

4.61 Lbhayer, J.. "aaot Line Report, 5 e d o p m c n t  of a High E f f i n c y  Thin S . h r  Cell.- 

Report SWIOSPL.. June. 1977. Soluex Corpotrb. 

4-44 Carhort. D. E.. Wnxski. C. R.. +rho. A. R.. sad Wutiei. R. E.. 'Solar Cells Using Schottky 
Barrien oa ~~ Silicon." PROCEEDINGS OF THE 1 2th PHOTOVOLTAIC SPE- 
CIALISIS CC#YFEREMfE. 1976 

4.4-3 h r e .  C.. and Hovel. H. J.. "Eff~iency Czkubtiom for Thin Film Polyctystallinc Semi- 
conductor Schotticy Barrier Solpr Cells." PROCEEDINGS O F  THE 12th PHOTOVOLATK 
SPECIAL~STS COSFEREKCE. 1976 

4 St. Pierre. J. A.. Sin&. R.. Shewchurn. J.. and Loterski. J. J.. "Sdar Cells Based on Metal- 

insulator-Semicmduztor Stm-turn." PROCEEDINGS O F  THE I 2th PHOTOVOLTAK 
SPECIALISTS CONFERENCE. 1976 

4.4-5 Fahrr. E.. Michel. f .. acd Budget. Y.. "Photocurrent Analysis in MIS Solar Cclls." PRO- 
CEEDINGS OF THE I 2th PHOTOVOLTAIC SPEC'IALISTS CONFEREKCE. 1976 

4.5 TURBOGENERATOR SYSTEMS 

4.5.1 Potassium Rankiw Systems 

1.5.1.1 R a t b ~ l e  for Rankine 

Trade studies performed in I'arts I & 11 of this study led to  the selection of the Riinkine cycle as the 
most promising "near-teihndogy" thermal engine option. The nearest competttar. the closed cycle 
Brayton. is potentially relatively ight only with the extremely high ( 1600K = 2420°F) o r  higher 
~ n l t t  temperature. I h e  potassium Rankine SPS has approximately the mass of the silicon photovol- 
taic SPS when the turbine inlet temperature is only 1242K ( 1776O~). 



F !  4.5-1 cos#pares Brayton a d  Rankine system at the same turbine inlet temperature ( 1242K 
= 1776 -1. Tttc abdCksp is the cyck temperature ntio, d e f i  as the ratio of the LYL* working 

Rttid rainire- and miximum temperatures. O l e  Brayton working fluid is helium; the Ran%ine 

@&I is w t S S i i ~ ) .  Both system in this f~ produce lo9 watts busbar. Net+ that the Brayton 
cycle e f f i  em be quite hi@: 45% at  a tempenturrt ntio of  0.25; however, it fd!s t o  only 1 0 5  
at a temptnt\lie ntio of 0.48. fhis is because compressax pumpbg power becomes so large as to 
take m d y  of the power produced by the turbinrt. fbe mast signifrcutt factors in this f i r e  are 
t)re -tor effective tempenhut" and the "radiatm am." Sinie radiator heat rejection is pro- 

ponional to p, a Bi temperature &tor is very effetive. wen if the power to be rejected is 
large {due to low effiiiency). The minimum Brayton d i t w  area of 1.03 ocntrs at a cyck 

tmperatree nth of 0.4 i where the q c k  efficiency is 2 1 %. The Ranlrine radiator area of 0.18 km2 

~ I X I I J  at a cyck temperature ratio of  0.75 where the e f f~ i ency  is Is. At the points just mentioned, 

the Bmyton d a r  cudiector pna is 4.6 km2: the Rankine c d l e c t ~  area is 5.3 kmZ- 

flre fun-ntd d i f fe rem in maa wits from the fact that the radiator ramrains pmsure wsets 
and is exposed to  the metemid environment Even with heat pipe radiating elements. i i  the working 

fluid loss in 30 years of operation is to be kept to  a reasonable amoi;nt ~sav 10t; ). significant mete- 

roid armoring is reqrured. The sotar concentrator is rehttvtly u ta f fa ted  by penetrations and a n  
be quite thin. 

If a power level appropriate to  a "10 GW' SPS is required tapproximately 18GW busbar). then the 

areas in Figure 4.5-1 must be multiplied by 18. The resultant radiating areas are 18.54 km2. 

Bnytcn and 3.24 km2, Rankine. The corresponding radiaror ma- are 92 x lo6 kg. Brayton and 

16 x loQ kg. Rankine. The Brayton ndiator is more massive than the entire Rankine SPS including 

transmitters. Lighter Brayton satellites, previously analyzed, achiewd lower mass by the itx of 
higher turbine inlet temperatures (with ceramic components). 

Of course the preceding analysis is based on equal mass per w i t  area for the t ~ o  radiator types. 

Our an3lyse-s indicate the Rankine radiator is actually lighter per unit area since one manifold con- 

tdns  vapor as opposed to  the two liquid manifolds in tliz NaK system which is best employed in the 

Brayton radiator. 

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

data relative to  this sc1;tction is contained in the Part 1 final report for this study "Solar Power Sat- 

ellite System Definition Study. Part 1. Volume 11, System Requirements and Energy Conversion 

Options, July 29, 1977" (Boeing document Dl 80-20689-2). 

4.5.1.2 Data Base 

A significant alkali metai data base was established in the 1960's as a result of efforts by the NASA. 

AEC. Air Force and their subcontractors. Figure 4.5-2 si~mmarires this data base. 
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Figure 4.5-2 National Alkali Metal Dab Base (From General Ektr ic )  



As a d t  of thiseffort. which was primarily directed toward small s a l e  nuclear power applications 

in w e ,  the fdowing summary statemet~ts regarding alkali metal Rankine cycle technology ):tarus: 

( 1 ) A 10 year $24 M ! 1968s space power program was kmnduc'ted. 
( 2 )  12,000 hours of potassium turbine testing was accumuhted 
(3) 800,000 hours of d i d i  metal tests were conducted 

(4) Methods were established for retractory alloy p~(k&g, forming machining and welding. 
( 5 )  Methods far alkali metal ppwificrtion. anaJysis. handling and control were established. 

16) Materials compatibility with alkali metrts were determined 

(7) Alkali metal bearings were investigated 

48) Electromagnetic boiler feed pumps were operated 10,000 hours at 1000 to  1100 @F 
19) Dump tanks. getting systems. valves, etc.. were evaluated 
10) A 450 kWe spacetype turbo-alternator went through a preliminary design cycle 

Over 10.090 hours of  potassium turbine testing have k e n  conduztrri on two-and threesrage tur- 

bines operating in a 3000 KW AlSI T y p  3 lC, stainless steel r e t  facility. The turbines operated at 

ter.~peratures up to 1 1 i7K (1 55Q OF) snd represented the latter s t ags  of a space power system 

intended for a 1422K (ZiOOoF) turhine inlet temyznture. Turbine design atid ptrfitmlaniz pre- 
dictions were verified. Various turbine disc. blade and casing niatcrials were evaluated. including 

superalloys and motybdenum alloys. Methods of controlling moisture arid blade erosion on the tur- 

btne were evaluated including droplet extraction at the turbine blade tips and in interstaw swirl 

devices. The analysis. handling and control of potassium durinr system optration and elplicir oper- 

ating and maintenance experience was pmt-d. 

4.5.1 -3 Tutbine Systems 

Potassium Rankine turbines arc similar to  the water Rankme turbines used !o generate approxi- 

mately 90% of our current terrestrial electrical power. Shown in Figure 4.5-3 is 3 two-str;ge turbitic 

built by General Electric. our s u ~ o n t r a c t o r  in this area. Potassium u p o r  froni a boiler is admitted 
to  the turbine from the left. After passing through the two statom and rotors the expanded (and 

consequently coder) flow is colli.cted In the plenum at the right. The machine in the photograph 

had a disc diameter of approxitliately O . 3 M  ( 10 inches). 

"Full size" turbines would have more stapcs t J to 4). Xlso. by moitntitig tm-o t~irbincc "end-tlxnd." 

with common shafts and housislg. the asizl thrusts resulting from tlow tl~rotipt~ the turbines are 

balanced. Detxib of the selected turhirie configuration 3rc given in Sc t ion  5.1.2. 





The microwave transmitter requires direct current at approximately 40.000 volts. The power distri- 
bution system (see section 4.6) links the generators to  t5e microwave transmitters. The selected 

power distribution system is passive. i.e., it does not convert the generator output to  a different 
form. Hence, the generators are high voltage d.c. machines. They are directly driven by the tur- 

bines, without gearing. The selected rotational speed is 7200 rpm. 

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

Although there is r mass advantage t o  cryogenic generators. this tends t o  be offset by the mass of 
the coding system (cryostat). This offsetting effect makes refrigerated power distribi~tion inferior 

t o  passive. radiation coded systems (as explained in Section 4.6). It is advantageous to owrate 

generators at ~ la t ive ly  hi& temperature to minimize the mass of the associstcd radiators. These 
radiators are required since the surface area of the generators themselves is not sufficient for the 

required waste heat rejection. 

As previously explained. a significant data base exists relative to  alkali metal boiling and condensa- 

tion. The boilerr (one per turhognerator) are mounted inside the ssvitk absorber wtieri. tiley are 

exposed to  the requisite thermal flux, produced by the solar concentrator system. Zcro pratity con- 

ditions favor the use of once-throu-eh boiling and the d e l i v e ~  of dry. slightly superheated \ayor. 

Boiltngcan best occur when the liquid is in contact with the tube walls. This could ht. "encouraged" 

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

If boiler droplet emission proves to be a problem. a separator device could be provided in the vapor 

d ~ c t  between the boiler and the turbine iniet. Figure 4.54 shows such 3 separator (separators of 

this type are sometimes called "demisters"). Such x p ~ r a t o r s  have achieved 807 cifectiveness. 

4.5.4 Pumps 

Through part I of this study. motor driven mech;~nical piimps had hecn iavoreti for radiator fluid 

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

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

emphasis. Since this pump type involves two parts (motor anit pun~p). a rotating seal is required. 

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

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

(EM) pumps could be effectively used despite thcir hi& specit?c nlass and low efficiency. This is 

because the Rankine pumping power is relatively low. 





EM pumps have been used extensively in the pumping of liquid metals. They have the advantages 

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

For the Rankine cycle space power program, a light weight 193Kg (425 I&.) electromagn~tic boiler 

feed pump, capable of operatingat a liquid metal temperature up to 1033K (14COOFi. was designed, 

built and tested for 10,000 hours. It pumped 81 1K (10000F) potassium at flow rates up t o  1.47kg/ 
sec (3.25 Iblsec) at a developed head of 1650kPa (240 psi). a NPSH of 48kPa (7 psi) and an effi- 

ciency of 16.5%. The pump featured at T-I 1 1 alloy helical pump duct and a high tenlpztature 
stator with a 8 1 1 K ( 10000F) maximum operating temperature; the stator materials consisted of 

Hiperco 27 magnetic laminations, 9m alumina. slot insulators, type "S" glass tape interwinding 

insulation and nickelclad silver conductors joined by brazing in the end turns. Pump windings 
were cooled by liquid NaK at 77% (9000F). 

Large size annular linear EM pumps are under development for the Liquid Metal Fast Breeder 

Reactor. A 680Ksfsec (1602 Ibjsec) pump has been built and is awaiting test: punips of larger sizes 

have been considered in the range of 1409: 3433: 3759: and h I00 Kdsec f 3 108: 7573; 8289 and 

15470 Ibfsec). Weight and cost estimates for commercial land based versions of these p u m p  have 

been initiated. While these pumps were designed for handting sodium at about 732K (85S°F). 

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

ture boiler feed pumps for Rankinr space power systerm. 

Since the design technology for EM pumps is welldeveloped and relatively large pumps have been 

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

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

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

utilizing experience gained in the design and test of the 1033K t 1400°F) boiler feed EM pump. 

Pumping at low NPSH has been demonstrated and avoidance of cavitation in thew punips can be 

circumvented by ( I )  subtooling of the condensed potassium to minimize possibility of cavitation 
(only very low energy losses are involved) i ? j  minimizing condensate return line pressure losses and 

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

help support the minimum NPSH required to prevent cavitation. 

Figure 4.5-5 shows the EM pump (as described above) fabricated by General Electric for the space 

power test program. 





4.5,s Radiators 

4.5.5.1 Temperature 

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

efficiency, q, where Pout is the useful power t o  be rejected. 

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

Prej = Pin - Pout 

"out 
= , -pout  

= Pout (t - 1) 

Thus, the heat to  be reircted grows rapidly as the cycle efficiency ( q )  diminishes: 

F) - Pin Prej 
Pout pou t 

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

Tin-Tre %deal a & 
As will be explained in section 5.1.2, the selected Rankine cycle temperature ratio is 0.75, i.e.: 



Consequently qideal is h i t e d  t o  0.25 (the actual efficiency is 0.189). However, with a turbine 

inlet temperature of 123 1 K ( 1776OF1, the radiator ten1peratu:r is close to 93;2K( 12 180F). At this 

temperatua, thermal radiation is quite effective, so much so that the radiator has less area than if 
the rejection temperature were lower (although the cycle would be more el'flcient, and there would 

be less heat t o  reject). Refer back t o  the right side of Figure 4.5' .  

Heat pipes have been selected as the radiator heat dissipation elernzi~ts. For high tentperatitre 

radiators. fins are a poor choice. This is because thermal conductivity through thc tin itl3tt'rial is 

inadequate t o  keep up with high temperature surface rsdiation (coriducti\it; barks directly with 

temperature; radiation, with the fourth power of temperature). If the wcrking tluid (potassium). 

is conducted directlv through tubular radiating elements. these r.lements inust be capable of isola- 

tion by valves. Without isolation. a stngle leak can cause loss of the entire !liiid inkentor).. 

Heat pipes can be used as radiating elements by wrapping their evaporator sections around 3 mani- 
fold carrying the working fluid t o  be cooled. Meteoroid penetration of 3 heat p ~ p e  makes that pipe 

inactive but does not cause loss of worktrig tluicl in the titanifoltl .\ deri:tltion of the optiinitm 

spacing between heat pipes and the associated view factor effects i3 sivcii in Section 5.1 2 .  

Rankine cycle radiators ontplol an ~nlet kdpor dirtat siid A 11qi;ld retitni cluct. The r n d ~ ~ ~ t c r  panels 

thi.msc1vt.s incorporate "throughpipe>." on H t11c11 tile heat j?lpe\ arc nlounted. W I I K I ~  .iiCi'pt the 

flow from the inlet dilct atid ~ i ~ t p t l t  flow to tlir' return dtact. TNO prl:n,tr> options t\tst for thc 

atrangcmcnt of tkese elements, as shown in Figitre 1.5-6. 

4.6 POWER DISTRIBUTION .AND CONTROL 

The functton of the power dtstrtbut~on dnd ~.otttroI \)stem I \  to acquirr. p ( ~ \ ~ r  froln t t l~.  I 'OH:~ gt'ii- 

i'r.ttlon s)\tc111. c.ond~tion, regu13tc dtid control thc qudrttlt) and qual~t) of tilt r ' lc~cri~dl j ~ o ~ c r .  

trariwnt tlw pokwr to the MPT S antr?\na, provldt. for cncrp! stor:lgr.. and pro\ ldc for fault dctcc- 

tlon and i.wlation. The MPTS antenna po\tCr clrstrrhution s>stcm 1s discuswd in dcta11 in \'olume 4. 

MPTS The follou~np pCtr3grdph\ report thc power riistr~bution and contio! s!\tett~ )tatus at the cnd 

ct ptrt 1 of the sti~dq, rcfrigc~ated concluctor system anal)q,ts. the current statlts of tltc sat~'1ltte 

yon er d~\tnhutton slstetn. .tnd rotark jolnt des~gti ,~nalybis. 
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Figure 4.5-6 Manifold Arrangement Options 
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Figure 4.6-1 : Thermal Engine SPS Power Distribution 



4.6. I Type Section 

1.6.1 1 $ewer Distribution and Control Status-Part I Study Elrd 

The power dtstnbutitjn 2nd control systenl ststils ior  ea:h rlt'ilielit ~t ttie end o f  tt.2 P.tr1 I \ t i r ~ i \  

rfit>rt \\as as i~tlo\t.s. 

Condnctors-Ttrt, conductors for thz s ,~ te l l~ tc  \icrib zi,lcL~tcd t l -  t~ one i~i~l l~i i ie t t~r .  tt11,h i . l ~ . ~ t r ~ c . ~ l  coli- 

ductor {EC gr:idc riiunlinutn 3tirrt). Atum~ntlm \\A br'l~. ::d .I\ 111: ~on t I t~< t t r r  1:l.itr 11.11 l \ ,~\cd ,111 111, 

i>t~tdtici of res~st~\~t!. a i d  dens~rg (Ref.  4.b-I r .  ShL,t.: c l ~ ~ ~ c i i ~ c t n r \  \irbrt' >t.I~.irzd n \~ . r  orhrkr \h.i!.tb\ 

be~*a114 ttte\ r l i ~ \ ~ n i ~ : c  tht, t ~ t ~ o  c>i\ i~rt .~cc .IXJ t ftrr ~ , I ~ ~ I . X ~ I S  t ) !  \i I \ ~ C  t ~ c , ~ t  I(\ :r;L!cl\~-Li . * I <  .I t 1 %  

citrrent ioncitiit!on\ Thc rhicknrrz ot ant. tnlllrnlt.ter a 3 s  selc'<tt'd to lnillinllw h.tr:~it~ng Lt.~il~;ig~- 

3iain Buses-Three nidln h ~ \ ~ s  Here pro\iJcd Ttic l>C RI. ~ t i r i ~ c r t c r  L I \ ~ : I  .I\ t11c I I . I \ L , I I I ~ L ~  t!t~r~i:g 

Part 1 \\,IS .I I;I)\trt\ri u ~ t h  three rfr'prc\scd i~llc*itclr\ I t  \$,I\ c i t ' t ~ t ~ t t ~ ~ ~ i , r i  t h ~ t  11 \\.I\ 11:011~ ! i L  1. ' 

to process ,111 So,\cr -cqillrt.ri b? the Kl>\tron ~\li'.itt'r, \oicnottl. on2 ti~llti.\\i.~i t olli. t i ) [ .  .I :(! 

e r a t ~ o ~ ~  dtit?dc\). c\cc!~t lor the tu i?  ~i~,pre\bt'd L t l l l ~ - < t t - r \  U ~ I I < ~ I  ltltL I <c,iTI t it$. * I ! ) ,  ti\ I* + 1 % . I I I ?  

current. Thls et ' i~~:r 'n, \  u.13 con1part.d \ t ~ t t i  gt.ti:r.ttrn? ttlc r:tlii~r:~i \c"t 1 % ~ -  t15,* ~.~r; . l l ; r~* .I:;,! 

tistng hiise\ t o  trdrtbm~t tltc p0ut.r t o  tht. VPTS hl! \tl\\t>- 11, Z \  ~ I ) I L * L .  b , \ L \  ~ L . I .  I .  o,llrid ,<) ,!:in;r 

the t u o  tolt.ipt'\ 140.000 \ < ) I t \ .  Lc~l lc~t t l r  \. ard  :- L) f ) l l  \ < ) I t \  ~0 ;1 t*~ i01  fi) ttlc h l \ . '  r l l i .  

Power Secf tr\- P w e r  \cctilr\ drc ~ i i * i ~ ~ i t ' J  .I\ ti131 t ~ ~ f i t b ~ i  ,>! tlic po\\cr gCn~-r .i11\)1l C ~ U I ~ I ! I ; I I ~  \i h t w  

output I \  coiltm1lt.d bg one sw~tclipt~.lr U I I I ~  Pou~i.1 srV<tt1r\ tor tlic tlicr:!i.,l L nglnc \ \ t - : ~  \ti,ttgt~t- 

for\\.irri k s~c l i  g'rlcr~tor \\,I\ <t)ti\iJcrcd .I pcn\cr \tSctiv 1 ( > I  I ~ I C  pllt)t<v o11~1 i~  SI'S  ti, ~ , - ! c ~ c , t ~ o ~ ;  

\V:S 11% *re cc~fnple\ .  Po\\r'r \r'cfer SIZC u.1~ ~ ~ * l e i t ~ - ~ l  ~ > , I \ L % L ~  oti .I r<li.~l>~lit! l u .~ rn t .~~n ,~ l~~ l r t \  .III.II!'I\ 

4114 h,,. o:i Ill: ,inric..il~n~ ~ . o l ~ ~ t ' p t  T'h: ytn!t*~ \cztt\r \i?t ,  ,,.I,, ,:cl rci.;t.\itnt:ti .illprtlx ~ ! 1 ~ . i t L . l \  

U C ' ,  of titi* ti. t . i l  s .~tcl l~te c>~liptit I ; 01 r ' ~ < h  . ~ ~ l t t - i i t i . i  <\11tp11t) 

Rotary Joint-Ttit, r o t ~ r \  l t l i ! i t  ~ i r . f ' ~ n ~ ~ j  III  tllc- .IS(' b,~ct~lr!~t- I Kci' 1 (\-I t \\,I% u\,.ti \o . ::tl.t \\.I\ 

cxtwndcd on  rot.it) jc~ini kir~.il> \rs 111 P,rrt 1 ot' tilt. \ i d \  cftt-I t .  

Energy Storage Not clct'irtr'd 111 Part I .  



)$as OkWmtkn and COaftd tot ~~ Orbit T d c t - k c a a  - of the severity of the 

ylrslna proMtm at LEO, p w e r  was acquired f m  the array at a r'onrdembty loww voltage than at 

GEO open&bs. The I%@ i strowed that it was mart. zfticient aild a lower we~ght system 

was & a i d  if pcmer was pmxxsd fat ail ion thruster requirements. Power was scyuired fmm 
the &my t t  a h i g k  d a g e  ttran required by t k  thlltsters t but mttcfi lowet t h n  the CEO -rat- 

k g  4-1 d a DCfBC moerter used t o  pmk& the pmper thruster volta-. 

Gmhcbs ~ T ~ ~ o n d = t o r  operating t empra tu rn  were s 9 k t e d  during Part 1. 
T k  ratiirru% to detcmk tkse temperatures was t o  minimite the t o td  satellite mass. The 

3 
stam of d u e t o t  nrass and power gemration system nr;rss required to generate the scznductor 1-R 
bsm was miakkd,  Ihe optimum conductor 05: sting t m ~ e r a t w t  for thermal engine SPS was 

&ersrincd to be 323K ( I  'IOF) a d  iot the photoetdtak SF'S, 373K ( Z i 2 9 1 .  

One of the areas that was investigated during titc: system difini~ien stud) tor the SFS power dstri- 

bution a i d  cuwrhd system was the application of refrigerated codtictor  system t o  improve system 

effiESeacy and inas. The passibititpi of greatly miuc-ing system s ~ z e  and mass by opzrdting in either 

the s u m d u c t i n g  or the cn.oresistivc (LN, temperaturel regime is attnztiie. Both ternperAturc 

regimes were investigated during the coune of thr analysis. The an;ll)sis was perfonned on the 

Thermal Engine SPS Configuration. t See Figure 4.(r-1- i 

Sltperronductim Power Disribution System-.A number of ~ u ~ r i i ~ t t d u ~ t : ~ r  riiatcnlls &re r~atlable 

for u s  as the supi-rc~nductin_e medium rn power transmission lini's ( Reis. 5-1 thru 5 - ( 3 ) .  Figure 

4.62 shour some cinductor paraineters which were u x d  t o  ~c'lcct the ~iiperiondur.tor and st~ht l i t -  

ing zc.ndtrctor for the tnnsmiccion ilnc diwursi.d herein. llurnin~tm w :c seicctt'd as the stabilizing 

conductor for the superconducting cahie. 

Also shown in Figure 4.6-2  re scvrnl c~ndidatz sup:rconducttvz m;ltzriais \rhich were co~sidc'red 

for use tn ths superconductl~~g cable. Xiuhiiit~l-t~n *lzctr.d .IS the suptr~c~t~dttct;ng mltcrial for 
two primary reasons: 

t I )  It  has a reiatt\ely hi* cntizal ternpentiire (the tsinperature at u111ch the tr~nsitton t o  super- 

conduction wcursl: and 

( 2 )  Niobium-tin has k e n  shown to hc ad.!ptahlc to  cable fahricstion. This wlcction of a material 

~ i t h  3 high cntir'a! tc'tnprrtrturr? I$ extremely tmbmrtant In terms of total s)stt-m mass and effi- 

ciency. 'The retnger,:ion bystern 1113s~ and p o w r  ri'qutrcment\ are 11c.dv'ly dcpcndent upon thc 

refrigeration cycle l o w ~ n d  tzmperaturc. Othcr super..ondiicttt i. I;!,*; errals ha\c higiier critical 

t.:nlperatttrzs. hut :vc not been s;roun t o  bs .~I I I~ I . . I '  1.- t i )  L . I ~ ~ c -  t;iFrir.~t~otl tcchrtiq~ic\. 
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n# t h m d  tngine s~telhte was used as tha baselins to perform the refrigerated conductor system 

malysk. F w  4.6-1 shows the themarl e@ne SPS a l t h  beet conductors against whtch the supr- 
cmdtlctof system was compared. For the skeet conductor power distribution system. the con- 

dvctcx mass was 3.193 metric tans iutd the conductor lases were 0.7 15 gigawatts. Using a specific 

mass of 3.3 b ' k w  for the thermal engire SPS. 2261) metric tons of power y n e r a t k  mas are 
required to fmmide tbr d u c t a r  krs#r. This yields a tot4 of 5.553 met& toes of S S  mass 
which can be attributed to  the power distribution system conductors. 

Total system mass and power for the superconducting cable system was &ternlined 55. designing s 

system with a typical m from the generators t o  the rotary joint as 2 baseline. This baseline system 

was M. scaled t o  the entire satellite. 

The superconductor cabk designed for the SPS is s b w n  in Figure 4.6-3. The <able is CWX~II  md is 

made up of the followkg ekments: 
(1) An open a m  in t k  center for refrigerant flow. The diamztcr of this open area if 5 em. 

( 2 )  A spiral helix of aluminum to provide support for cable lay-up. 

(3) Laben of counterspiralsd abnieum stabilizing rwnductor. The purpose of the cwunt~ryimitd 

aluminum stabilizing conduct~r .  The purpose of the counterspidins is t o  cancel out t r im- 

vene magnetic fields caused by winding the conductor in a spiid. 

14) A superc'onciucting layer of niohii~m-tin. 

I51 X layer of ~~~~~~~~I insuhtiun tnadz of sound c~ly~etntluorrti.tf:~rli'ni' teflon (PTFTr I. 

th1 A second region 4 couctcrspir3lcd stabilizing aluminutn conduitor sirni1.t~ m 43) above. 

( 5 )  An open are3 with spaces to provide for reirtgemnt flow hr.twi.cn the oitts': conditctor and the 

i ' : . ~ 5 i ; ; ~  irlLhct ceiiective tlow arc2 eiludi to  item I ). 

(91 A c ~ m i p t e d  flexible stainleis steel ot~tsr piessurz jacket with a thickness of 0.030 i~shes.  

t 10i Thennal in\ulatinn comprmd of 20 la) e n  of auwr inbulat~sn. The thickness of the nltglti- 

layered insii13tton is 1 inch t 3.54 cm t. 

( 1 I t An ,:liter covering of TFE coatcd glass il(,fh. 





The outside dbmeter of the tots! superconducting incfudirte: the thermal insulatirle jacket is 

appmxhateiy 12.4 centimeters and has a mass of 10.06 kilograms per meter of length tts shown in 

l a &  4.6-1. For the t k r m d  &nt SPS used for the study. a total length of 52.440 tneters of 

-ductor are required. This y k k  a total conductor mass of 528 metric tons. 

The resub of tkt wpercondiictor analysis are shr un in Figure 4.6-A. The power required t o  

opezate the refiigeators and pumps for the liquid helium refrigeration cycle is conridzrahly less 

than the siiret conductor I'R 1osse-s even at  relatively ti* vvaiuzs of sitper insdaticn thermal per- 
formamx. ?te weight and power required by the ~frisemtion:rad~ator sldzrn IS heavily depend- 

ent on t k  rtfripzr~tion cycle temperatures. Values of 6K (449"Fl &nil 81; 1 44b0F1 u-ere used for 

coadcctor in&t and outkt refrigmat temperat-xres respectively. The primary reason for selecting 

these values xms t o  assure no loss of  sup+rcmditctivity for short periods r.i refrigerant plant out- 

age. Since. with W: ayrezcondiicti.~g cables. the primary heat load t o  the refriprator system is 

k* through the supe~sula t ion .  a considenble reduction in refriger~tor'nt+iatr r 1113s and 

power requirements d d  k dked by the &vt.lcpent of a superconductor *.cith a higher iritiial 

temperature. 

As can be s e n  from Figure 4-64. the suprricmductivc conductor system can be I z u  massive than 

the eguhfent  sheet conductor system when the thennal perfc>nnancc. of ttic super inwlrtttot~ iz 

p o d  enough. Tahlr 4-62 summarizes the mass of the s~perconductor potter diitr~tlutinn systrrti 

tor two values of thermai pertonnancr. wit11111 thc ranus ot vttluei nteasured on progr3nts. 

Ako &own is the sheet conductor mass summar) to  alto* for comparison. 

&s+d on the results obtaincd during this urud? where only rhe conductor \>\tciti w a s  and) red. the 

use of a superconducti\e conductor s!\tent on thc SPS 1s not recctn:nl:tided . ~ t  t h ~ s  IIIIIC due to  the 

system complexit! and mt:$ly ec#ilrti in.t\c =!tit the slunitnirnt \tieet i o n d i i i t ~ r  innccpt. Supercon- 

ductor gstsma shiritid r.01 he totall) d t > ~ i i i \ ~ < i  from ir>nudr.r~tii?n as a SPS pc>\srkr Ji\trtbiition \> \- 

tern illemenr. howeter. The Jc.r :lopnii.nt %~i s u p ~  r:o~idtiitor ~ndtr'rldl\ \t it11 <riti~-.tl tzmper.it 1irr.z 

higher thm the prtsznt liqtiid h!,drog:n tCeipcc.nttirr. could s%ing the traiic tvirf 3 nlori. i .nor~hIc 

poz:tian. This 1s pttrticularii trirt- for i t ~ c  ifrcr,?t.il cn$inc SPS ioncr'pi .rtir:ri. tilt, 1 ~ 4 ~  01 \tipcrcoti- 

dttiting pi'ni'rators wu!d also contrihutc to ?hc mact a t l n g .  It is re~nmn~ctided that the SPS stud- 

i;, \! t ) t i : % !  - t l l r  it;tc t o  uW iontt.ntrnna1 iot~drrctofi. but thdt thr' \~:perc~nii\tctilr technolog stafut 

shoulc? :w monitored for ad ;a~ces  ~ f t t c f ~  U O U I ~  lx applicable tc  SPS usage. 

C-rvorektive Power Dis tn i t inn  System- The resfstiiitk of aliin1111~1nl d t ' i r t " ~ \ ~ ~  Iran dj>prc)\i- 

I:.. : :> = 7 C  ~~it-rri-c-f;in-c'cnt~mt~tcr\ to 0 I5 micrwliin ~ c t i t ~ ~ n t ' t c n  .it LS- tcnil.it.r.iture~. This 
-i 

r:prcwnts nn tmprct\erncnt of . i k a t  I = t~:iic\ JIIJ 11~1iii ' 4 rt'diiitinn of' tile I-R It)\*\ t c )  .11~siit 

1 15 of ttlc Imws ni'a- 373h; 4 2 I 1°F' I. 

This J e c r a r  in I -  R los%'c ~lit:st bc iiiore tti.in tftc 01 f ~ i  h) thc rcirigcrati,ln s>\tc;it jw\\cr rctlttirc- 

tnctlr tn order l i ~ r  tile rclr~gcr.it~.d conductor ;y\tr'tii t c~  uln out. I .:\,fi i%\-3tt 01'ic~rtling reqr~ires 14 i c ,  
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15 watts of refrigeratar and pumping power at LK, - rmtpsraturt. Thus the reduction tn I'R losses 
by operating at LN, - tcntpcrrtture is approximately offset by the incrt.:lse in power for the rrtfripra- 

fion system. 

The mutrs of the study for c.ryorrsistivt: son&cton are sun\ttt;lrirr.d it1 Figure 4.~1-5. The mass of 
1 

the refrigerating system s t  the san~c current density 1449 smp!cm-) as the haxtitie thermal engine 

SPS shown in Figure 4.6-1 is approximatclp the ~ n l c  as the sheet r'onduc'tor weight. The t o td  

power required ai the same c u m n t  density is also approri~aatcl! eqitsl t o  the I ~ R  Imw. Thus t I r  

total system m a s  (conductor + lufrigeratiott systea) IS approximatel) twice tile sheet conduc~or - 
muss and tlte power required is approxin~stei) equal to tltz Beet ~ O I ~ J U C ~ O T  I-R losses. 

The cryortrststivr conductor slstmt requirrs thC gmt: atttount ot' poser  genzrrttton ntass t o r  an 

r.yui\aicnt rfficrr.tti!. The cryorr.si\ti\c. conductor c\strtn is twice ~s ~tlassivz. Therefore. tkc c ~ i *  

resistive conductor s)stctii shobld not be considcrcd for use on titi. S S .  

SUPER CONDUCTIVITY 
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4.6.1 -3 Power Distribution and Control Systems for Reference Solar Power Satellites 

The drsi_en concepts developed during the Part 1 study effort on the satellite power distribution and 

control system remain essentially unchanged at the end of the Part 11 study. However. system 
updates were accomplished to: I )  reflect sttellite configuration changes; 2) incorporate results of 

investigations in areas which were not covered in the Part 1 study effort; and 3) incorporate any 
c'langes required to establish compatibility between the MPTS antenna and the satellite power 

distribution and control system. 

The block diagrams for the power distribution and control systems fur the thermal engine and 
photovoltaic satellites arc shown in Figures 4.b-6 and 4.6-7 respectively. The main powet buses are 

all conductor grade alumrnurn sheet conductors. 
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TBcBarcictaroeptisitl~kdinF~4.68. T t b e ~ W f c r ~ r u r e n t ~ ~ & r f t e U r t r i n g s  
witttla the potver seetor are as shown. Jumpers are used at the wtetlite edge t o  connect power see- 

tors. These jumw are Wwied ia tsrc summary shown m Tabic 4.6-3 a acquisition buses 

dong ~6th the d tmes rtsed to acquire the power from tfte power s t o r  prior t 3  crwzwxting t o  

tke svitettgw sir- ir Figure 4.6-8. 

Scffnc of t he  importoat pasmetes fot tbtt pbtot'dtaic d r  power satellite are summanzed in 

T a b  4.64. For each poarcr sector. t k  mtin btls mirage. sector current and the main brra poser  

h s s  t o  t d t  t k  =*oi c m t  t o  t k  rotpry joint arr shown. During ttK ~ d ~ c ' t  ~f ihe p ~ t  I 
study effort. dimmiam with the N W J S C  SPS systems definition study COR. C. Covingtcm. Id 
to the initstigations ofsateitite power distribution qs t em biKes whieh routed power in onty cne 

d i r e a h  ( h t e d y  or toryitttdirrPfly d q m t k n t  u p o ~  satellite c o n f i t i o n ) .  The prtmary reason 

for ths tntcstigation %as to  attempt t o  take ad%-antage oi ihtt large distance assumulatrd by cut>- 

-+ag m sffigs emugh S;Qi3r cetk t o  a k e  42 to  44 kilmdts. 

i k z b  o; the areas of switchgear. DC!DC sonttrrten. and energy storage are included in the 

p e r  distribution = t m  of Vdumt IV. MPTS. of this Gnrl report. Reports provirtrd h) Czilrrai 

E I z s t r ~  in the  area af DC DC converters and switchgear arc included in the appendices of Vdunle I\.. 

Power --tor summary data for thr thermal engnt: SPS is shoun in Table 4.6-5- The mass and fmc 

utmmarp- tor the thermal e n h e  satellite is shown i.1 rabie 4.6-6. For the thermal e n p x  satellite. 

;i power sector is equi~atent to a satellite nlodule. 

A s u m m q  comparison o i  the power distribution s> sterns for thc satellite znzrg corn ~rsion 

options (photofdtajc and thema! engine) is shown in Table 4.67.  In 2.-nerti. the p w e r  distribii- 

tron system for the photovdtaic SPS is lighter ltss effiaent. 2nd q u i r e s  less energy storage than 

the r i~emal  sagini SPS. The pnmary reaw? for increased energy storage ~equired fnr the thennal 

engine satetiite IS for engine startup. Energy storage is required tbr sfartup of only one engine per 

cavity. MI other start-up is boorstrapped to the ftrst engine. 

4.6.2 Rotary Joint 

The MPTS antenna-tu-spacebrdl interface requires 3600 rotation about the spacesnit central axis 

with lim~ted m o t i ~ n  for elevation >teering while ma~ntainine structural and electrical integrity 

hetween the satzlllti. and the antenn; Previous des~gns of rotary joints ( Ref: 4.6-1 and 4.6-2) se re  

massive and moantrid directti :-.=hind  he center of the microwave antenna with its high thermal 

radiatioa en\ immen t .  4 n  altetliatc concept was developed which is iipiter and is mounted 

between the s;lte!lite and the antenria. 
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The selected design for the zlectried rotary joint b shown in Figure 4.6-q. The io i l~wtrg  par>- 

g i p h  c k u ~  the rationale used in accwtlplishing the slip-ring design: 

W - C m d i b t i :  brush and slipring wsterials were reviewed for appiicabtlity t o  the SPS. 
8asi?d on the results of the ret-kw, coin silver (POFf silver and 10f. copper\ was wlet'ted for the s i i p  

ring m a t e d  and o silver-molybdenum &sulfide hrush with 3': graphite tvss st.lei.tzd. The charac- 

teristies of this combination are shown in Figure 4.6-10. The u s  of t h e e  twe  tttatet tab for the 

r o t q  joint is cxtr=rncly attrrt3ive. With a design using s brush current density o i  16 anlps cm2 
only about 40 k# of p w c r  is dissipated in the mtarf joint. Included in the rztizu usrc inatendls 

shom~ an Table 4.644 which were acccptahk for extended testing in tests priorillcd P\ C'OMS I T  
on candidate bnrsftfslipring materials for application on communications satel1ates. 

Earfy d&m we made for l.te :Lctrical ~l ip- r in~brush  assembly had a diameter of 350 nteters. 

Subsequent rct.irw of materials at.;iliabilitp showed that t b s  the I~ rge  slip-nnp over 5 ' -  GI the \torids 

total siker reserve r known and pnsjected) would ht: required. This rnatcnal constraint cduseci ;; 

redesign ei'fort for either a smaller stipnng or  the use of can silver pldting oter another conductor 

material for the slipring. The large slipring w~l l  require assembly in space. A snlttlltr design 

which c d d  k assembled on earth and ~hecked  out and launched as an assembly ts dn attrrtctlvz 

option. The s6kctcd desigr, shoan an Fqure 4-64 wtafieq this sct of r.x,uirt~mr~it\ 

The selected matznals comhindtrn~ perforn~s z%ceedingl~ \veil in ractrutn. C3re rl;ti\t k t.ikr'11 tn 

ear th-had  testing. however. Operation tn the earth's atrnmphrre rr-ults in  high uidr  rrttes. 

The tnstall~tion of a sinsle brush aswn~hiy on a circtllar sltp-r~ng ~ u s z ,  iin\xantr.d d:fizcttonc due to 

asqmctncat loddinp For this reawn. the il lynng brush assen~blt was cf2st.med ior s? n!t~~ctr;;~i 
ladttxg JS shoskn in f tgltre J 0-9. Bnl\h clr.lg t wtrh .i c < ~ f t i i ~ t . n t  o f  irtdt$ot;  et' i) 14 r at .I hru\l~ pri.\- 

sure of c2S.klii'ab a a s  cot1lplttt.d ti> br' 3075. -3Y-h dnd -/b.;h (69 j~ititi?~i\. 8-  p~ilitdi.  dnd 

I N  pounds ioric1 f o r  csch ittncr 1t11ddIc ~ n t l  atltcr \II~-ring iln:\t~ .i\\t.t~~bl> 

1-hc .-otr:-\ri~cr ~tt;--,.te :. a br ght fiirt.i<c .111ti. i ~ a ~ i ~ .  rctcctr l\ctt \c t> pt\t)tl! ( - i ) ~ t :  \11\:r I \  .I \ cr> 

eixd condiii-tor. Hovrr\cr. I :  2 i.ombin~:tan\ of the two rrsiait in i.tirl\ higll slip-ring :ctiipi'r.tttire\ 

a\ 1% shos n tn I Igurt J 6-1 1 . bar  thr, tlciil~ttt~!~. $1 u.tr .i\siinwrl that nio Ilcrtt I\ ri'icitt'tl tfiroilgl; 

tht. ritp-rtng kcd<r\ 4cti1:il c)jrzr.~ttne tctupr'rdturr.: mill tilit\  bc ~umci t  h.tt lo\\r.r than \ho\\n sutit  

the feden 3rz dcsigncil ro c.tpr;ite ~t a much 1 o ~ t . r  tcrnpcrdt:lrc and \\111 help tn rcntintng ~ l ~ l r - r i n ~  

1% Nt-' hcdt 

kttig Feeden Fct*iit.r\ iron1 thz 111 ,ti; ya\Lcr rl~\tnhtltron kit\z\ tci :ti, \l~p-rlng .I'L ct~=\tgri.~cI to  

ctpcratc at n cktrrz:it dcir\ity ot oni) IOC) .tilip\ ctn2. I.ecdt*rs B I C  \prct.d 45 degrees  part iczntt.rliilt. 

l l i l  1 I 1 I 1 c c  i l l \  I 1 \ 1 1  1 1 I - 1 ltc ftbmll'~l.l![i:i, ,>I 

1 fir3 tci.cir.rr .irz \tiomn nrt f-lgitre 4 (1-1 _'  nil rcrlt.t-t tlii- ,id\,int.tgc ot thc tcr.ilcr pi.t~i:ncnt . ' b : w  11 tn 

i ' t ~ i i i t  \ 4 o-') .it~:i 4.0-1 3.  
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A similar t h e d  analysis of the NASA!JSC batl joint design was performed. The results 3rr s11oti.11 

in Fiytes 4-6-15 md 4.4-1 5. The feeder temperatures are a;>proximately the same although the 

effettke m d u c t o r  area of the fecden for the bail joint i s  approximatel j twerrty times greater th~i t  

the feeders for the concentric ring design. The primary reason is that the znner of the coaxial feeder 

conduetorsmust radiate to the cuter conductor which then m;st reject the heat ot both conductors. 

The current induced forces of the concentric ring feeders were dstrrniined. The ritsuirant mdral and 
tzngential components of these forces are shows in Figure 4.6-1 6.  The rzsultrlnt i o r e s  ltre small. 

Cewral Electric provided rotary p i n t  design concepts as?d analysts. fhetr antri~sn is i l t e ~ n  In 

Appendix A and includes an analysis of brus'lfslip-ring wear. The projected wear is very s1na11. 
4.0289 to -061 7 ~ ~ 3 j v e a r )  

4.7 tWX0VOLTAH: REFERENCE AlTiTliDE CONTROL 

The reference photovoltaic SPS was sized to be oriented perpendicular t o  the orbital plane (POPI to 

minimize required attitude rtontrd thrust. This orientation r6t:lts in the loweat ma<: and Iza.: zotn- 

pler system to  meet a t t i t uk  control requirements. 

The POP orientation imposes r 23.5 degree coslnc 1 1 ~ s  on the ph~tosoltaic SPS st each solstrci. 

This loss is ,artially compensated for b) mzmast'd whr cell efficiency rr.sillttng from Icwzr temper- 

ature opemtion durins these wrioja. 

atit-',- An attitude control sk-stern mass rummae r Table 4.--'r 1 \\as cctmpletc'd i o r  th.- rt-frrt-nci. Lonfi, 

twn Th~r s?ctzm proticit3 for a twen!? percent iontrot  author^!: niargtn sit!. the Itsitd ds~ilnjp- 

?tuns. 1 axnpar3hli. s? \!sn tor art t>ncnrat1t~n ;crpcnJicuiar to ttt;. ccl~ptrk pldnr. t Yf P)  would 11,3\r 
F.h tinlc'z thC hardivsrc m a ~ s  and 3.5 ttnaz\ thc priy~slfant :nni:lrnptlon .ti tor the POP oritnrdtlon 

Stncc ?hr. Pkk' nrrent.ttlun dim not imposc !ht. ccwint i i ~ w ,  of POP. I: I, sho~ir .i b r r - ~ i r ~ \ i ~ n  trrrdr' 

imm the mas3 arid efficirncy standpot~r I):rr. t c t  thc ~dd~-tJ  \ystc.ni ct~:z~pic\~t\ .n,t~~.itct! \\ :tP .I 

PEP orieiiratron. it s1io:iId mi! PC :tdy::J i t  I! r i t>t~dr.s . I  ~i;111!1< 111 cnmzg!~ ~C\I;K . ~ ~ V . I Z I L ~ C  {.i\ 

i r  dm3 tor ttte thermal t'ngtnc' St%). 

4.8 IN-fERFACE TO TR.'rNSPQRT.ATlO% SYSTEM 
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W REUCCURING TOTAL 

;-YEAR TOTAL 

W M T  

90-0 HT 

168 &ST 

130.1 h l l  

48.OKFfiEAR 

178.1 MT 

Assuwli~ 
OPTIMIZED tSp - rn.000 SEC 
SWSOIOAL OUTV CYCLE r& lUIV PERU. 32 M I  AVG) 

RRFLCT COiVTROL LAW3 (NO WASTED YROPELLAWT) 

CHEMICAL PROPULSION FOR CONTROL IN EBUIN3CTAL WCULTATIOY 5 
{ISp 090 SEC REQUIRES 1.0 TO 1.5 HTIYEAR PROPELLANT) 

D ALL WPM. MOPELLANT REQ'T WOULD 1 210: tAT/YEAR. 



The component packaging chazaae: .* 1 .- 9 Lsurc 4.8-1 1 for major photovoltaic system coraponentc 

is very favorable. A first awn:*- %* r!ic mixing of various system components for delivery to LEO 
is illustrated in Figure 4.R-'. .r\c nV:mber of flights indicated Is that asoc-iated with the mix of 

components and is nut meant to  k indicative of the actual launch sequence. As indicated, the 

dominating component was the antenna subarrays included in 246 out of 247 total tlights (of 

identifmble hardware). 

In the Part I analysis 25 t o  30% of the payload shroud was used to  transport the underined aniznna 

system. A more complete understanding of the antenna. along with the desire to  deliver the ruh- 

m a y s  fully assembled. has led to the use of the full Imgth of the payload shroud in order to  schtzve 

maw littiitrd launch conditions. Fortunately, the htgh density solar arrays can k i~scd ro oiiwt titc 

low density antenna subarrays during most of the launches. 

4.9 ANNEALING 

Analysis and tests of silicon solar ctll annealing were conducted by Simulation Physics. fncorp- 

oratai. and were pmznted in Part 1. Volume 11. k c t ~ o n  1.2.5.3. 

Thee methods of solar cell annealing were considered. ~hrrnial buiic s:ineslrng. elcstron twain 

annealing and laser beam annealrng. Thermal bulk annealing uses a heat source to achieve and hold 

the entire solar cell at the annealing tempznture for the destred length of time. To do  this. the heat 

source must be relatr\cly clm t o  thz solar icll and hz drs~gncd tc not ewzed the then11~1 Itmtta- 

ttons of the solar array components. The required annealing time at temperature and the rrnpo~cil 
the ~ n a l  1imitatio:ts m u l t  In this €wing the most time cc;n\umtng method ot dnnedirg 3 hl. i - ~ ~  it~ocf 

h s  the largest data base. 

Recent annralrng de\zloprnents emplo> dircctrd energy. .an electron beam can be ust*tf to  degos~t 

energy in the damaged region of the solar cc!i. This method icxalizes the thcrrnal zn\rronntent 111 

the solar cell and makes it possibii. to schtt-be very h~gh tmiper~turrs  in the silicon without exceed- 

lng the thznnal limitntions of other blanket materials. rhr  maw potentla1 adhsnrage 1s stynttrcantl) 

shorter dxtnesl tttnes. Some solar cell man,fazturea uw this tilethod to annedl out ion ~mylants- 

tion damage. The e lec t rc~~ beam method rrquirr?i the h a m  to  he sncrated relati\r-1) close to  the 

iolar cell 

Lascr beam annealing ha, many of the advantages ot the cles~ron kani d~..~crr and thc d d c d  potrn- 

tral of r~nzdling 3 1a:dc' arcit trorn one lor'stlon. At prewnt tt tr not known whether an rIcr'tr.~n 

beam can be u x d  to anneal through a cover glass. hut preltminary tests ~ndtcatc that the laser 

r t i r thd  can be s? used. Laxr  anirr.a!tng a resenins an incre;rstng dmuunt of attentrun whi<Ii wi l l  

icad to  the development of .i much better cidta haw. 



AMENMA sUB ARRAY SOLAR ARRAY - 

1930 K G ~ M ~  
18.440 UNITS 

DC-DC CONVERTOR SECCADARY sTRUCTURE 

w * m u &  
muatuouad 384 UKITS 

112 UNITS 
NOTE: PACKAGING WITHIN PAY LOAD 

SHROUD TFNDS TO REDUCE COMPONENT DENSITY 

F&re 4.8-1. Compncnt P d a g i q  Characteristics 



p l 7 . h  -t 

a 202 FLTS 

-SOLAR 
ARRAYS 

21 FLTS 

ANTENNA 
/SUBARRAY 

126) 

2 FLTS 

BATTERIES 7 rWTTERIES 

15 FLTS 6 FLTS 1 FLT 

DELIVERY FLIGHTS : 247 
(tDENT1FIABlE H O W )  

TOTAL FLIGHTS : 305 
(INCLUDING GROWTH ALLOW) 

Fire 4.8-2. Componmt Mix Per Detivery Right 



Future annealing issues that need t o  be resqlved are temperature versu4 time requirements. r eva t -  

ability of the annealing process, degree ot'rtcosery. and the dcvr'loprncnt of A hcttrr data base. 

Since most of the previous work in annealing &as done for the recoter) ot ddnitlg suhtatned 111 ion- 

implementation snd not from the proton fluenct* received by cells rn gees) nchronoits orbit. these 

issues art: primarily importatat for SPS applicat~on.;. 

Simulation Physics, Incorporated. again under sub~o~ltract .  will be annealing proton il,rrnapt. from 

solar cells using both laser and electron bean1 methods 1 dsrr atine.iiinp 1% 111 llc Coildt~<:~d an  zon- 

ventional solar cells that are ekctrostatically bonded to 7070 @ass cotcrs and irradi~tt'd \\ ith a 

proton fluence by Boeing. The sttbcon t rrtctor will also d tsigti and n~aniif.icturt ;on-impl~iirrd i ~ l l ,  

with deep junctions under the contzcts. t o  attain greater at nealability. atid iise laser .innral~ng to 

recover proton radiation datnage. Solar cells with 75 pni co\rrs will also tw irrdtatd with a proton 

fluence and an electron beam will be used to anneal the damat*c. 

Tl~rse tasks should demonstrate the feasibil~ty of 3 solar cell blanket in uliich pcrtcrnlnncr depr,td.i- 

tion caused by solar tlare protons is periodic all^ rcmott'd by dn .i~.-io~ltng process. 



5.0 CONFIGURATION SELECTION 

5.1 CONFIGURATION SLECTION TRADES 

5.1.1 Sikon Photovoltaic 

Part I of the study cantract was devoted primarily t o  the selection of a configuration that could be 

taken t o  an additional level of depth for the reduction of uncertainties in Part 11. This section will 

summarize the results and recommendations of Part I. update the information presented in Part I 
and conclude with the final configuration used in the Part I1 andlysis. 

5.1.1.1 Part 1 Conclusions 

A summary of the riiajor parts of Part I are that: 

Silicon Costs Not "Too High" 

Silicon System Not Sensitive t o  Cell Performance 

a CR-I heferdbie to  CR-2 
Annealing Critical to Silicon System 

a LEO Assy. & Self Power Show to  Advantage with Annealing 

a Gallium Supply & SS in Question 

GaAs Thin Film Critical Technology 

a If Gallium Supply & Thin Film Okay --Gash Attractive and not as sensitive to annealing or 

LEOlGEO trade 

Other thin films look competitive but poor data base 

With respect t o  the cost of silicon solar cells. we found that the large number (a2 X 10'') of 5 by 
10 cm cells required for each solar power satellite could be manufactured in automated factories 

which would be entirely different from tcday's solar cell production facilities, and that the cell cost 

would be as proportionately low as tocay's high-volume semi~dnductor-products. The "mature 

industry" approach to prici.., tndicated that the cost of the satellite would indeed be reasonable. 

The weig'lt and cost of the satellite was not too wmitive to  solar cel: performance. Practical satel- 

lites could be dr 'gned around solar cells having efficiencies even as low as 15.0 percent: this is 

ach~evable today. 

In concentration ratio trades, the non-concentrating array always came out best from cost and 

weight standpoints. The key factor was the radiation degradation in reflectance of aluminized 

Kapton films. Project Able tests irldlcated that the 85 percent reflectance of the aluminized Kapton 

fi!ms wotild degrade to  62 perLent. with most of the degradation occurring within the first few 

years of the 30-year projected satellite life. 
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done bY Simuiation Bfiyyics, kc., shewed that in oohr cells the radiation damage caused by 

protorts cut be zumded out, avoiding the loss of e i f i c a n t  power sales revenue. Laser 

ekfmn Bems and infrared radiation ate possible heating methods. Thermal mneaiing is 

d - ~ t b i t  t u m d  out to be the most practical p h w  t o  assemble t5e solar power sitcllitcs. pro- 

ekc* thrusters coukl be used to  transfer the campleted satellite modules to geosynchronous 

Geosyncfironous+&it assembly required shipping hit@ quantities of propellants t o  lowzarth 

b n t i a f  t o  the low-earthsrbit assembty approach is the thermal a n n e a l ~ g  of radiation dam- 

orrurring dun* transit through t t r  Van Ailen radiation belts. 

m menide solar cells were found to  be advantgppoua h-:cause of their probable 2 I percent 

rsion eKieiency and their moderate loss in performance as they became warmer Sas with solar 

concenmtion). However. pllium availability turned out t o  be questionable. Gallium was not con- 
centrated sufficiently in seawater to be worth recoveriqg. Gallium is at present a by-product of 
titurninurn and zinc refining. wit5 coal fly-ash being a potential source. The projected United States 

em1 consumption and duminun~ production will not be _mat enough t o  support the construction 

of several solar power satellites per year unless the gallium m n i d e  layer in the solar ceiis is made 
thin, say under 10 pm. The U.S. Department of Energy ( M E )  has funded Batclle Nurthwest to 
ctirefuli). investigate gallium avaiiabitity. 

Some work has suggested that radiation damage in thin layers of gallium arsenide can be annealed 

out at fairly low temperatures- perhaps at only 398K 1256OFl. .41so. galli~rm arsenide cells are 

more resistant than siticon solar cells to radiation damage. making them 1t1 .rt* applicable to power- 

ing thc transfer of a completed solar power satellite from low-tarth orh!t to pr~ync ' t~ronotts  orbit. 

Thin f i i i . 7  +,lar cells, many types of which are being developed by DOE, ate characterized by great 

but un!,;! n pttrntial. Th-ir low weiytlts ttnd thilt ~rt>ss-sections makc ptassiblc. itieal satellite 

design. 5 . m ~  *lifer the potcntial of good efficiency. for example 15 pzrce*;. I:) single-cryst.tl 
indiun~-pl~os~~~i~cle,'cadrniun~ strlfide. Howeker. the generation of sizzahle C F Y ~ ~ ~ I S  un thin fili~ls has 

not bet k e n  realized. The best achieved cffi.-iency in  other than single-cqst;:l cells has been around 

8 pcrdnt  tor cadrnlurn sulttdc.. which has not yet been proven to be stable in perfonnancr'. 

ITsinp a comparison matrix to illustrate the good or poor points 0: thc various types of systems 
iT thle 5 1 - 1 )  .Isc leads to the ioi lcl~~sirx~ t h d t  r:. ~ingle crystal sificoa. CR-1 systcm is the best choice 
f t ~ r  f'*,r: l i  emphasis. The ihoice of best alternati~~.z for an advanced technology system appears to 

be :hir: fi:m or thin \dl1 C;aAs. 
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tfine of Part ff Effett 

c designs, we adopted a crif site and type, a cover and substrate material. and an 

nique. .%I immrtant conziderdtisn was apgroptidteness to automafed manu- 
nket deslgncd t b ~  2trrEid tf1e.i proceed w i d  prelin~itlary dzztgn3 of pnlnrtn 

hclr: ::: cr.*itaf tsst*mf''t w.ti .*r itlit~ftfianf reqtlirtlmcint of thr structure. 
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Othtr uerr req-g detefintion inch& fhc reicfowsve power &asmionion system. attitude control. 

scmmhy !mxture and mtary joint* 

We artre to afso invzs-te N i u m  menfde solar cells furttier, particulariy with rsspzct o their use 
in conctnmted sunlight, csnsictering the rekctors. supporting stricture and performance during 

m&4pattd mhrientptions. 

An importart key issue in the use of silicon sdar cells is annealability. Many years ago the S.5. 

Naval Research laboratory demonstrated that rdation damage :an bs annrslrd out of siiizon ~itiar 

d l s .  However, no  one has annealed ceJls repeatedly. so we do not know w h ~ t  is the ~1~311lesiabie 

fraction of radiation damage. More work in this field is recommended. 

A full preiimimry design of the sdar power sttclfite was ,lot pojubts with the availsble ?c::iding. 

However. the auailabk resources did permst indegth explofations of those portions ,JI the Qrsiga 

that significantly contribute to the unceitsintir~ of t n a s  and cost. 

As an example. previous work was hjirtpred by lack of a data bast. for thin-film wiar ccUs. Addl- 

t iona investigation revealed that a t  this time an adequate data haw on thin-film ctlls is not atailable 

k s o s e  the necessary inventions and t5rcxesses hate not been dc\elopild. i i o ~ e \ r r .  in ether 

development work. t!le sin&-c.rg.stal silicon solar-exll technoiog ha4 adtar~crd t o  the point wilere 

12.5 percent efficiencies are being obtained with 50 #in thick <ells. tnd the C-Cf5fSAT-in\rnted tttih- 

nigue of testunng solar cell surfaces turned out t o  improve hardness to  r~ i l la t~on .  .%< 3 rcctilt :\e 

atere able t o  develop. with rtrrwlnahle zxtrapolat~ons of thirt single-ir).'strtl si!iion cell !cchr~.;iopy. a 

blanket design that is probably very close in perfomancc to that which uill be pr0Lidi.d b? thin- 
film cells when the) bzzotnc dvailabiz. 

Orhrr saurczn of uncertain:)., which res~ilted f'l.on5 design iulny.!c\it) and aii.ilttic~l diftialliy, were 

likew ise rrmlved. The resultins ,rrq concept was one whiih i s  a ~ h i e t  dblr H rtil r~.~%itnablz rxtrrrpo- 

Iatron 9f the present state-of tile-art. rather ttictn n'qu~rlng new intr'ntlon. 1 t ~ c :  <orresponding 

intcriln i un t i~un t ton  n shown in Figtrrr 5.1-1. rnass stinlrtlar? 13 giber; in Fable 5 .  I-:. 

5.1 . I .J litcorpora tion of Technolog) Advances 

There were advances in solzr cell tcchnolog) u htzh occ.~trrt.d during Part I1 that nla! direct the 

tirtiirc election for a photovoltair St's. These 3dvanzef are discusxi1 in niorc drtdil In tiit: section 

on wlar c-ells k ~ t i o n  4 4 1. Brtctlj. :?<re tias been f.irge gram prc~wth ( 2 5  pni t r ~ k ~  tillti ( 2  ~ I I I )  pol)- 

< n stalitne C,;lAs u\lng lawr recvstallir,iiton. Ttierr aI\o tidr l~i,rn 20.5 pcr~er?i ef ic ier t  homi$tini- 

rion G ~ A s  <ell\ ~lcri~onstratcd in AM-1 sri:rlight. Wrth a better tfatd base on galt~i~rn a\tildl~titty 

~ n o r l ~ z r  1:1\t*<t,:_.~ttan of GdA\ rllt~tt)\u!t.i~i S )S~CI I I  may be dpproprxat*' In titr near future. 
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hother dgnifkaatt #tvMcx rrfrt+S to thc radhtion degrodatiorr chaaxtrristks of 50 pm (2 mil) siii- 

cen sdar ocb. h€&mg &?a OR M t e d  solar elks, from JPL's "Sotar Array Dzstgn H a n i f b k , "  
nerbdtbrttkr e r - t e m -  wiW thittt#rcxlts(Filp. 5-1-21. This 4s further d- 

sSa~tio&d by a rs fhtcnge citatt ( F i g  5.1-3) fm 2 mil sitiron cells pubti &d by Solere?.. 
With a 30 y w  flucncc of cqu iden t  Mev electrons the 2 mil sell has only degraded :s appmxl- 

m€dy 90 pmmrt  of i s  initiil power. This lower dcgrodstion suggests that urwdin,e is  not as criti- 

an iswe as was p~YiOllSfY anticipated. 

la psrt I ihe CR1 vs Ca;l t n d t  -u that the tealurnhized Kapton reflectors degraded 28 percent 

in 30 years due to  the radiation enemnment. This assumption was basett on Projict Able data (Fig. 

5.1 4) which tus h e  been updated. It is now accepted that in thin dumiriunued Kaptsn the 

reflectivity does not effectively degndc with r 30 year flutnce of the gzo~ynchmous  radiation 
mimament.f3! 

Using new refkctor degradation data f m  Wm. C a d  of JPL, another anal&& was ~mde to  deter- 

mine the effect on the CRI vs CRZ t&. The effective csncsntration ratio iCReff) of a geomemc 
CR2 q s t m  was 1.3 1 using the Project APk degradation. With no ~ f l e i t o r  degajation CReff= 

136. The small change is due t o  the fact that the major portion of the power degradation in ;. CRL 
system is from incrrased solar cell operating temperature. 

The slight increase in CReff abne  does not make a CR"1" system more adkantsgeous. Other prab- 

ierns associated with the CRZ" system are uneven iiluniinatioi~ and the effects of shado~ ing  on 

sd3r crl! string output (Fig. 5.1-5 1. Thex facts plus increased sgsten~ co~nplectty with CK"2" still 

sho\rt% the CH 1 system t o  be the best choice for a reference. 

5.1.1.5 Stntctural lks@ Options 

A comparison 9f conttnuous and noncontinuous ihotil structural approaches IS gixen in Xppzndn 

B. along with s discussion of the s m i a t e d  ramifications. 

5.1. I .6 F d  Confyu;ition Selection 

The solar cell selection {Table 5-1-91 was bawd on known or anticinatcd. 1385, pctrfonnance shar- 

drtenstirs. A solar cell effiscnc) of 15.75 percent is wtnewt~at lower thai~ preklously sliown and is 
more cc~nservafive since an 18 percent 50 p n ~  solar <ell is st111 possible h) IC)X5. l l iz  "V<,mo\r" 
coier adds about I0 percent tc the solar cell effic~rncy v.hich results in an effective efficiency cf  

17.3 pctcrSnt. 771c major reason for using ,i lower cell eftirieilc) was rr'cfitc~ tflc effect of solar 
cell efficiency on system uncertainties. 

Thr configuration for the reference system is kagd on a CKI. silicon pl~c~to~oit.iic. anncaiablr sys- 

tr'ttt wtth all ,ispert rstio of .ippro\~n~.itciy foul. rile structure will be contpo\c.d of trtprrd tube 
n~rnlbctli fomttt~p 20 mett; beams ii:ig 5 1 - 6 )  
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Cover 

Bating tests have shown &at 2 ohm-em vioiet 
had the highest output after h3iation 

with 7 s 1010 1-MEV protons 

Approx. 50 a n 2  Adjust keg& and width to  optimize tost area 
factors on d m  a m y  

CmpatiMe with automated assembly of array 

blanket 

Lower blanket mass and much lower ndhtion 
demdation 

15.75% (AM-0 B 2 5 T I  Appears achievable for 50 pm production c d ~  
by 1985 

3 4 1  b o d e a t e  The cover shoutd provide a 10 percent increase 
microsltet with V-grooves in cell rtXciency and good radiation protection. 
over fid lines Electratstir bonding to cell is still applicable. 

?-mil microsheet Radiation protection with electrostatic bonding 
and annealing compatibility 





&ow p a 6 N  detail of the system anb subsystem eompwrenh almg with thc mass and uncertain* 
that ctrehd in this pm of the swy .  

fn this s r a  will be described &e deign t d e s  leading to a fmal configurntion definition. The 
mast knportPnt Htnde" is the #kction of the cycle temperature ratio, since it  has a iarge impact on 

flit foitadng k a description of a g m t r i ~  anatysis of the e;ftct on thermal engine SPS power 

geaetation mas of a a g e  of cycle temperature ratio. Study resounxs did not permit numerous 

"point &&as'*; however, the panmetsics are "anctkoreit" by a few mas estimates, including 
t d n e  mass estimates by General Electric. 

As cxpbined in Section 4.5 -5, the heat rejection required is: 

1 Prej = Pout ( -- 1). 
9 

where Pout is the useful, shaft, power and q is the cycle eificiency. 

Pout t)'---- 
Pin 

The cycle efficiency parametric used was 

Tin - Tout q =: 0.6 ---- 
Tin ' 

where Tin is the turbine inlet temperature and Tout is the radiator surface temperature. me tur- 

bine inlet temperature is. of course. the bollzr autiet temperature. and the radiator surface tempera- 

ture is assumed equal to the turbine outlet temperatcrc. The q c l e  temperature ratio is defined as 

the ratio of Tout to Tin. 

Thc vapor pressure of the potassium working fluid is a function of temperature. as shown in Figure 

5.1-7. 



VAPOR PRESSURE OF POTASSIUM 

Figure 5.1-7. Putasium Vapor Pressure Vs. Temperature 

One advantage o f  the US of alkali m e t ~ l s .  such as potassiun~. rather ttidn water is inin~ediately 

apparent. The vapor pressure at  high tcrnperature~ IS niuch lower. \s-hich allo\ts lightcr ciucting. 

Hi:zh tcrnpzraturr i \ .  of course. nsces.dry for the c~~:!:bindtion of  gctod efficiency and lightweight 
r ' & , l ; l t c l l \ .  

The C ' ) L I C  r:*ilpcratttrcs thuf tn t l  ien~: thc :urbint: inlet and out l r t  prrssurzs. Srction 4.1 .i cspiainrd 

how cs1un:bium was selected for thc turbine housing. The turhinc inlet trnipt.raturt. sholrld bt. about 



1242K (17?6°Ff. At this temperature the vapor pressure is approximately 53 1 kPa (77 psi). In the 
tempretuw selection W e ,  Tin was kept coastant at  1242 K. Low turbine outk t  temperatures 
mean low outlet vapor pressures and a consequent high prefsure ratio: 

Pin -= Premue in (at turbine inlet) 
Pout Ar-sswe out (at turbine outkt) 

High pressire ratios mean a large number of turbine stages and large housings. Thi? last turbine 
stages ("back end") become very large due to  the low pressure. General Electric has concluded that 

the maximum number of stages (rotoristator sets) should be five in a given housing. Beyond five, 
two separate turbine assemblies should be provided. a "high pressure turbine" and a "low pressure 
turbine." These have separate shafts and are interconnected by ducting as shown in Figtire 5.1-8. 

S5 I t 4  - TO RAWATOR 
SYSTE&~@) (37kPa-5.4psg) 

WRRIMF: OUTLET TEMPERATURE 
FROM BOILEn - 

ZUfiClftlE iNLET TEh;PERATURE Wl k R  77 psi) 
--c TO RADIATOR 

TURBINE EFFiCtENCV - 18.82% 

TURBINE OUTLET T€??PERATURE -0.a 
~URCIINE INLET TEMPERATURE 

TURBINE EFFICIENCY = 26.33% 

HIGH PRESSURE ----/ 
TURBINE 

-TO RADIATOR 
HIGH PRESSURE (7.4 kPa = 1.07 psi) 
NRElhfE 7 

?i4!2b - TO RADIATOR 
FROM BOILER - PRESSURE TURBiNES 
(531 kPa 77 p i )  - TO RADIATOR 

Figun5.1-8. Highand Low PrrswvcTurbines 

5.1.2.2 Cycle Temperature Ratio Selection-Turbine Mass 

A method was required fcr determining the wcigt~t of potassium vapor turbines for different ther- 
mal cycles. Normafly t h ~ s  would requirz a preliminary turbine design, the preparation of drawings 
and a weight andysis of components. Time and scope did not permit this. 

Turbine designs and weight analysis were avdilable from a previous study of potassium vapor tur- 
bines as topping devices for steam power plat~ts t ECAS]. Weights were available for turbines with 
2.03M (80 inch) iiisr: d~rtrneters in a 1422Ki 106 1 K 12 1 00'F/1 450'F) high pressure turbine (HPT) 
and a similar sized f 06 1 K/867K ( 1  JSOOF! I 1 OO°F) low pressure turbine (LPT). As indicated in the 



Df 80- 

w vepor opecifie v a b e  for potadurn (Fig. 5.1-9). the area wider the c w c ?  within 
wits is repfcsntative of turbine size (and weight). Area vs weight comparisons 

kc HPT mi LPT ECAS turbines indicated rehtheiy good agreement. Note that relatively 
untter the cum are arrscciated with enthatpy (tempemture) increments at high tempera- 

mas very brge areas (and iarge turbine weights) ;tre associated with enthalpy (temperature) 
tp at f m r  mperabtures. Iimftiag &a range of cycle temperatures reduns cycle effi- 

ey and, of course, requires the addition of more compensating turbine weight. Increasing heat 
tion temperatures efiminates much of the large "back end" portion of the turbines and favors 

uction in radiator weight, white reduction of a portion of the high temperature part of the cycle 
teduces efficieacy but optimizes the use of more plentiful materials in a more reliable tempera- 

Cycle A and Cyck 3 turbine weights were extrapolated from weight vs area comparisons with the 
ECAS turbines at a given power level and correcting that weight for the relative efficiencies of the 
two eyetee. 

G t l O E R A t  
E L E C T R I C  U I T R ~ L A t l O N  OF TURBtNE WEIGHTS 

Ems m 
PRELlMINARY DESIGS Ui. AVAITAB1.Z 

1 7 7 6 ' ~  

4 

ECAS' LPT 
PRELIMXNABY DESTCN WT. A V A I U B L E  

f 
l l 0 o 0 ~  

1 7 0 -  

VOLUME CURVE BETWEEN CYCLE TEM- 

116' t t I I I I I I t 
0 20 40 6 5 80 100 120 140 160 180 

SPECIFIC VOLUME - &/LB 
Figure 5.1-9. Exttapolation of Turbine Weights 



The graphid method was used to estimate turbine weights for new cycle temperatures from 
weights cdelitrrted from p~liminory tjrbinc designs of a prior thermal cycle. The specific turbine 

weights were tihen determined for the new cycle at the prior cycle turbine siz~. Then the specific 
weights, individa turbine weights =d turbine weights per cavity heat source were calculated by 

3 considering that speslifk weight varies with diameter (weight varies with D and power varies with 

4800 We - 80" DISC. 
TURBlNE SYSTES 1878 - 40" DfSC. - 3f P'RBIVE SYSTW 

SYSTEM CYCLE * 
EFFICIENCt TOTALVt. 3EFIUZTION SPECIFIC LT. SPEClFfC KT. R'RBIEE UT. TOTAL by. 

"B" CTCLE 0.1892 11.991 x i.b9 LBfhW 1.Sb LI!I;U 
3 

5 : . 6  x 1C LB 1.79 x 1 2 ~  1: 

1 7 ? 6 ' ~ / 1 2 1 8 ~ ~  lo6 LB 

*SPECIFIC WT. S W E D  FROM 80" DISC. SIZE TO 40" DISC SIZE BASE3 ON VARIATIOS OF THE SPECIFIC 1 ; E I i H T  

DIRECTLY WITH THZ DIMETER. 

BECAUSE OF THE UNCERTAINTIES IN ! W I N G  ELTRAPOUTF2 L'EIC!1T EST:x+TES, IT IS rLTIC1PA:EP TiUT L-\?ER 

N R B I N E  DESIGN As3 ?,ICtlr AXALYSIS COULD BESLZT IN ACTGAL TCKS:NE UEICliTS AS FLCX AS ;Of . : iCHtt i  dtt 

IS MJCH AS 35% LOb'ER TWAY TttOSf S H M  UITti 80% PRCBhBILITY. 

5.1.2.3 Cycle Temperature Ratio Selection-Radiators 

3 

The parametric used was a m a s  of 5.0 kilograms per syirdre meter ( l .K l h n ~  i t - )  of radiating ares. 
The radiat~ng area is twice the projected area. This mass 311o~dnce includes manifvldtng anti ~ lnsc l?  

approximates the specific mass of the final desib?. Ratlidtins area was found h> 

where o is  the Str.phdn.Bo1t~man constant. 

5.1.2.4 CycIe Temperatun. Ratio Selection.-Concentrators and Remeinii~g Elements 

1 1 

The concentrator mass was t a k n  .is 0.1 kp,M- tO.02 Ihrn 'it-). This includcs tile rr'flcctor i ~ i r ' t :  

support structure for (:I< facets and the cabity support anns. 



wde €ms~'wnttar d o  L k k d # t  set at 0.75, ntut t b  b r b i ~  outkt temperature Q 93tK 
9 ItiL;r (5.5 psi). Siece at k w  10 kPa 11.5 psi) 3 

preecrrt Gwiltion. tkc pffssur€ drop around the 
~ t o t k a ~ t o k i m p ~ ~ f o r t h i s  

IWtBIBE OUTLET TEWERATURE -- - -- - 
TUFtBiBE =LET TEMPERATURE 

F i i  5.1-10. Cydt T-tme Ratio &kdba 

Wtc the p&nB "A" t h ~ ~ g h  "E'" in Figure 5.1-10. These corresgond to specific jesigrt points. In 

Fmre 5,t-10 can be s e a  the physical signifrcade of cyck pressure ratio for two examples. " B  
awl "B". 



iff&& T;ortkeradirtortcaapcntured932~ft~18%), 
ir -tc. TBt f- point of sditifs b 37iK ~ZO@FL ltpl piat af 
- a i s ~ ; 3 3 6 K ~ 1 4 5 ~ ~  7 % t S W ~ ~ t ~ l r e r t p i p t z F W i g " P h u t ~ a t s i E c ~  

Optirrrtrrehertpipe~is ia f tuet l txBby~Fa= 

(1) M y  spaced pipes a poor viese faem to space, mtw* the effective ~ W i t y  of their 
d~ti:i, tbt h ~ e ,  U -tty mass, is fiq~;-:. 

- a=d-lZ) 
Y '  

D is the heat pipe d i ~ s ~ t e r ,  
sgd P is tk pitch jirmter t~ ceaftr ogo~w2. 

The " ~ e t  :mb+ity"ise<i -2F1-lr)- 
t 

fJ 
33  
3 
0 

u- 1 
IL- -- 
-4 

Q- 

q- 

II_* * .r - 8 . -  

lam,* iri. 
-luM 

Fisprr5.I-fI - w w ~ a w  
F i  5.1-1 2 shows thr efferr of .cppcing (PID) on the view factor ond net emisrivity. 



**BET LlNItFS1WW * f ft-t F%pt I 

.As oxplsmtd IR Secttan 4.5.5. it is h f % a n f ~ p w s  to fly i ie radk*r)s '-eriljr' en" the fpraw~tt 

ttteteerord @ZX. bhen €his rs jrme. t9c' c-fkt ' of rk nut . . rfiiuced appn>trnt;itrly My?. st' 
tenderanix is what pew€mthil tat%* shit'iitd be ailitu~d. The pncttrtion pr~bkttt can k b d e l t  

dawn info two psfa the he*% pi$;\ :nJ :!;r ?ll;i;it;7hi6. &ti tr) the t t ~ k ~ n t  nature of f k s e  ck- 

rrtrnt.;. Ltte foBSm<~p sppraxkrr'3 a ::t I\,:-:tinrtd 

( I t ttrat piycis. An r"ca '~3  &ail be p r a ~  :~ te i i  +it<!> fht! . riftSr t k  ~ n c t m t t n m  resilting fnm 30 
yean uf iqwr.tttut:. tk rmtaii\r,jp prpr'z can rfb~i'jfe :he u.t%re h a t  azxk-ratt.~! ~ i r h  hit .ffS 

plrrr oxitput n u s  there wti bc .i!l inittal rxccm iapabrilty (extra hc*rt pitv'r'sl, Sr3 mainte- 

ItaRii.  8% f2quiR-d. 



_ t ; o f l * a t b Q t f t & O f & h * p r & n d t r t l d m t W ~ s f k ~ ~ i t l  
atz3-a @te re-tttrs -wiW fmm~ the hgc d h e  am d Uie vrpirr stbfald. A wwmti;an 
nf P tiQIida tryILifofa therefme ~ e m f t s  in the lass of the md&lj?y 01 &e pa&* in~entery 

€tat @;ndiiatot I m h  eP the tpft?gal ~ESSSR seat a b& Afsvs m a t h ;  e~e( . td& 

Pff eC tbr liguid bd-etn. Whem a teastistt ~ t r t s ,  the ~ - i p t &  engSr# is l u r  dawn- 
Mtcr rrprit of Utc pcnemtion. gmbably during ;innu% tirr mdrn is to@& 

O f f a a d t h e c ~ m ~ ,  m~~of~ Iminr t r t t to ry~ in3f )~~ is~vpr ) . ,  
wix ?XI of m t i c m  PRd m*t-c ~~~ LXXT& with injtjaf mseh LX* h%s 
Been made- Hemy are- Biiatm inerest initist r'm but d t . ~  pee-- 

a d  tkeferr uaw rozts. 

fhuo tlpc tot% number of Brat paps, with IW ahsrnru far heat pqx dm* and 3.3 for r h w @ -  

pipe wnctnm is: 

8 361 t, ) e3ts is 9.5 )i 10 s e ~ a t ~ .  The ~ % e o m t J  WitCttdttUtl rate. for the heat pipes. is thus: 

figure 3-1. th~ .  tpwr partick i * ~ t ~ t : w n ~ ~ ~ ~  to thts flux rate u oh\rut 2.e s 16' gn. II~C 
diztrretrt. for r spccrfii grarity of ORS. b 9.YS I I Q ~  M (0.W"). For steel. the 'kulnrratility 

tirizi;acss" b a~?mxittla&t). t.9f titncs the partick dtrmrter. Rtua the heat pigw shcli thickn- 
tRmM be at kol 1.9' X lo4 1 t0.008**) lo 'nwre W% of the p ips  sunirt the mluisitc 10 ,ran. 



&it :G;FOZ. ' h i s  is  trite t'or any type of SPS. The 
* b m h ~ w .  f ~ ~ ~ ~ ~ & t i o t f f ~ ~ & :  

: 

L W ~ ~ t i r c ~ l ~ e f & ~ M t e t f f t r i d i s g a r a i k i t a t t r e & ~ w *  
is w&%k m the ti#t aml knre pape-b te thr 

P.E.P.: Rme 

ptracPadttrrtrxpc@kvtPrtotfte&rrays. 

The prinauy betwen ~ t ~ t i u m   re: ( I  f that whm tr)-inp P.0.P- toques OSI 

the srk&ite f m  gravity ,gradients are m u d  kss &ha whon fl).ing P.F.P. sad (2 1 when flying P.O.P. 
tb sm m e s  as np~dzent am of 67 degrws. Wbcn flying P.E.P.. the sc&a 

rqs ue a k y s  pctprrtcikkh te the sirtat ~~orti:tatf;ttor. 

In hrt 1 e$ &is s€tty the P.0.P. oriontation was baselid. ntt solar tant.eeuator employed deer- 
PW s i a r  f;lcrb @ciiost;t~I to mainfain fmus rt the cavity akwnkr &-it& €fie apparent annual 
Jslirr motion (4p), fht hchtats Itad in&ri3w1 pawet mpplirz, s n s m  6~ ihe slln artd w i l y .  

pintin3 logic and szrvomc&;inism~. Over 168.000 of thew unit% were rei;;rireb ~ c r  Sl)f. Tlw 
f i t s  i n r : ~ ~ ~ t d  J i ~ i i d t   pa^ BtOtl11tidg twttb s piget system) and radial nrmhcrs. per  Figure 
5-1-13. 



Ftgure 5.1-1 4 sham a potential sensing system for such facers and Figure 5.1-1 5 shows haw theso 
systems pivuld be inc.i#pomted in €he facet hub. 



e - 
un--/\ 1 t k t  drive is commandad 

% i ta crrd of t-I (no w e r  

1 h d u h t i o n o f l i g h t  - is as mqlhxl, htectorr 
tube aligns with light smrce. 

3. Fnxtdrivtmttmwti~~ 
b t  such that r e M  nys 
h m  fket a=ze a@ with 
~ 0 ~ t u t r e s r i g d B e n a  
me aimed at d t y .  

4. Itn#lltpbtioltb- 
kgic CSt- faoct drive to 

a@P- 



With r P-EP. orientation the sun stays "fixed." Hence a properly shaped cosentrator a n  provide 

the necessary focusing without movable facets. 'Fhe facets do not require a hub n~echantsrn or 
n d i d  members and are considerably dmpkr in design. 

Attitude conmi requkments are at GEO dominated by gravity gradient effects. Orbit trim 
tgquiremcnts are dominated by solar pressure. A good tlight contm! strata= will combine the cor- 
reittons. using unbalsnzed couples to pmiide translation corrections for solst pressure wt~ile apply- 
ing torque tu counter gnvity gradients. Solar pressure for an absorptive surface is readily cdculrted 
as: 



g 1s around y axis 

1s around x ax f t  

Euler annles fat 3, 2, 1 sequence 

where W-face symbols are vectors, U is a unit v~ctor  directed radially outward fmm tfre Earth's 
center tkaugh the spacecraft mass center. and I is the inertia tensor. Square bractittts signify rndtrix 
multiptication. 



Dim- 

ttr tht JSC 'gnen W k "  antenna misses, the b r t i P  differ- 

f l l a c r e r s b & ~ - l y d I , - ~ , v o i w r a b o u t  Px. 

(iM)a, eai% 4 piacesf. Thc duty cycle is that far s sinuseid, 0.64. 

'ffre ram p#dty for gr&knt con@ imtdes: 1) thrust praiwtisn hardwe: & m t m  
p4m potlrer precessing; 2) gamrating aqa&?y req- tr, power tk #rasters; 3) pmpeBmt 
r r q i .  Ihe cunat pmpellult guaatity pen;Jty reflect5 the time value of the cost of progeilant 
resupply; the petratty thou@ k &c nat grase4t V&Q I h  economic tern) of the lifetime propeUwt 
murremlntt- The vakPt ~ m g ~  fronr IO )wtrs' annuat suppiy (10% discount for 30 years) to I4 
yeas' annual sppty (75% dk'ount, infinite lift). 

I b g d s i m  system fsp is 3 variable, ssurning eketrii: ekctrit' prvpulsibn. As fsp is increased. 
propeltant mass pcaalty decreases but hrrdwue penalty h c ~ a e s .  Aiiordingly. an optimum =rum 
fFi 5.1-1 7). 20,060 secxmds fsp is seiected as ;r tepmsntatiue value. Far POP operation. asswim 
perfect cmml laws {no csnlroi authority rnm, no wasred pmpetlantt about 150 tons oi haid- 
w m  (tr- genenn~g capacity) and 41 tonsi'year argon propllmt are required. (Electric pro- 
pulsion chmcteristics were taken from Part I technical report Vof. 5.3 About 50 megawatts peak, 
32 m e p w t a  average, potwet is required to drive the thruster system. Chemical propulsion will be 
needed t o  pm'cide controt duting equinoctd occultations. m i t e  the law fsp (400 s c l ,  only I w 
i Yt tens of propeltat is n d e d  anudty due to tk smaU duty cycle. 

All 3 terms are operative.. d \.sics from 0 to 23%' by sin 4 = sin i sin where i 23.5". 8 varies 
from 0 t o  360'. An approximate numericd integration ,rives peak tf~rust (total 4 comers) ac 2130 
newtons with an average duty cyde ofO.4. ~ e r e f s r e .  the hardware jwnaity is 5.6 x that for flying 
POP (I3PO tons1 md the ~ .ape lbnt  penalty ts 3.5 u t h t  for flying POP (1.44 tons/yr), This is a 
I .4% hardware rnasp pzndt) Itfur about 3% gain in output due to sun orientation) and a propellant 



PRUPELLAhT AT t0.W SEC 

EUCTRE SEClFtC IMPULSE. SEC 

F v  5.1-1 7. Artitrde C m t d  hpdht-Pbotovoltric POP 



ma$& rouefiiy eguiv&nt to ~ t l g  cherfiieal OTY fli&t io CEO every 2.75 yeam The himiware 
plus NFV ~ ~ H a n t  pnatty is r h t  3% w p m d  to sutput grin of also a b u t  3%. 

Thus PEP is about a breakeven a d  &wrM be adopted only if it prsvides desigr; advantams 
(s it d m  far the themat on&x!. 

Mditisftai apertr of tkt choke of  a P.F.P. irrientrtisn for the thermal engine SPS are given m 
F i g w  5.1-18. 

mf PERFOB?ikMCE RWti lRf t  
T m E R  ATTITOL# W T R M  
umts [€.a, at0. NOT 

IEUlltlNA'tES CQSINE EFFECT O# flZB1YO 

LOWER lWET€OROiO FLUX ON R U A T O R S  

a AOWTIONAL ANTENNA AXIS PERMITS TRAMS 
WsQON TO VARlOLlS RECT ENNA LONGltUWS 
W T W T  POLARIZATION LOSS (FRO# GIVEN 
OR8iT LOWGtTUOE) 

a MIOinONAL A N T E M  AXIS PERMITS 
~ N S A T l O W  M R  MURNAL IWOSMhRIC 
f M U O A Y  POt&RfZATfON ROTATtCIY 

a C O S T  ANT THERMAL ENVIRONMENT FROM 
F i%ED SOLAR ORIENTATION 

F i i  5.1-18. PerpeadicuhMo-Ecliptic Plane Orientation 

I l i a  section describes afternote SPS configurations and systents that appear promising but h2w a 
need for either a betkt &to base or r technelogicsl breakthrough. The Best choice for the photo- 
volt& alternate was s Gsllium k n i i f e  system with a Brayton cycle es the best altern~te for the 
thermal en* system. 



A thin cell @urn menide SFS was selected as the best dteim-nate (See. 5.1.1.1, Table 5.1-1 1. Even 

though the CaAs system was significantly less massive than the s i h ~ o n  system. there was a lack of 
data bsse with respect t o  galbum availability and cost. 

Some of the results of the Part I analysis were CRI vs CR2 (Fis. 5.2-1 t system sensiti~ itp to sclar 
cell efficiency (Fi. 5.2-2) and system sensitivity t o  soiar cell thickness (Fig, 5.2-3). It is apparent 
that d u r n  availabilit), e a t  and cell thickness are the major drivers In the use of GaAs for a 
succmsfbl SPS system. New breakthroughs in the areas of thin cell productiori, efficiencies and a 
better data bas on gallium availabitiPy ccalcl make a GaAs SPS most attractive. 

With rrsptct t o  gdlium arsenide, the main objectives of Part I1 were to investigate €hi mas of 
higher concentration ratios and gallium availability. To ac;omplish these tasks sev~nl  systems with 
geometric con~zntration ratios of six were analyzed using thinner GaAs solar cells. 

52.1.3 Part U Conclusions 

The investigaticn of higher concentration ratios leads to the use of reflectors that are non-planar 
(kc. 4.2). Cornpot~nd parabolic concentrators were used at a geometric: concentration ratio of six. 

To investigate the reflector characteristics and to determine the orbital orientation. computer analy- 
sis was accomplished on CK's with various acceptance half-angles. The results are shown in Table 
5.2-1. 

ec - acceptance half-angle 

O r ,  angle of offset of the incoming right rays to the axis of the CPC 
Irlo - fraction of beam incident on the receiver to that which enters the CPC 

-> -- the average number of refieitions 

Bir -- average angle of incidence of reflected li&t rays on the refleetor surface 

It is nnted that as 8, approaches 8, the value of Ir/Io decreases rapidly. Therefore, if large values of 
j o rnuct be realized, + 23.5 ciegrecb i'nr POP otientat,<)n. Oc must also be very large, With three- 

2 dimensional CPC's, CRg = I /sin 8 so 24 degrees is about the maxlmttm 8, for CRg = 6.0. With a 6, 
= 24 de~rees ~ n d  a Bo = 23.0 decrees Irilo = .6682 which is not acceptable, 

4 e  H i  i .  iqcreased. to decrease the effect of Cia the CRg also decreases (Fig. 5.2-4). This is also 
ut .,.. ; i ~ b l :  i t  ,,,gh:hpr concrntr~~tivn ratios are needed. 
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-&st, the hi& Eeqxxsturn i n e d ~ e d  - dxe operaoprrating etfi#.i%y signiftiantly. Tkrmai 
sdysh IZFCW timl fi?e n d l l  state apeS3q temperatux ef tttt L-lk was m x i m o t e i ~  

23%. Tkis , - a ~ ~ d  o redudism ta t d  qmating to  13 peamr. a Jgnifkilnt &. ,reas for 

%t'taAsroavce-tl. 

.Wih d a  &crz?l &i?rar I*~tnufn f i l  ad reduce the -rating t m p f a m ~  [Fig. 5.241 
Wt rcitb s &gni&ult m a s  ~tnal€y fx the qxten. rtre e E e t  uf the db+tor on Miar cell 
cE'kncp. Clr.& mass rquired and rcpresentalibe sysitm mass f6.r the Lhrrz ep5.s~~ str shown 
{ P i .  5 - 3  axd 5-24 r Mas sssumptiom are fisted ic TaMe 5-2-' 

It ~ 3 %  evident that the addition of a thema! tsdhtor to the udar collz carisitd 3 small gallilim mas 

b e f i t  bd a k.ga pstcm mass penaity. It is wgge%trd ?hat rf a thermal radiator is uxd i t  &out; be 

very t);m anb 1 6 1  not @ye a siggificant gain in syrctrn operating eftiejenzy. Frml the system $;and- 

g&nt. the tavorabk system appeared to k the cyfi~rclrkal !twoBimensiaiaf i CPC confwra- 
tion c.rk%ted Pa'. 

Tne mzn $vantage noted w s  cfie d e c ~ = a  in gatiiurn mass required compared to a CR 2.0 system. 
The incr-m in *stem t n a .  conmzrcd to a CR 2.0 system. is csuxd by addition of  ~flectors. 
added maport ~ t r t g ~ t U r ~  md, in sonre caxs thrrmd radiators. 

The aueitabilit). of Miurn is still in question as ti-c first reputt f:ml btteile idorhwest Labow- 

foris to DOE has ndt yet k e n  %;?adz available. Hlten i t  is mode zlvatfablc, it :houId inchide a 
~.m.p.~tnsivf picture nfgaUitlm avadahi'ity. Using a pmjectirnr on possible aitnuai U.S. gai!iunt 





THERMAL RADIATOR THICKNESS, ClVl 
F ' i  5.2-8. Gab Rcquirrrrnnto for C D t  O p t h  

114 





CloaeQ cy& befiuttl iQirytoII eacqy cuwerPios for SPS was intw&igat& under NASA MSFC L~M- 

tnct H A S 3  f 628 kfiRi&m, Space Based h r  Conversion Systeles'3 and in part one 

&tWrttidy. Ahptifrcd shematic of tke hytm rystem isg$ws in Figwe 5-2-10. 

fbt oolor --tor ftfkctp asd fixuses In- satar energy into tfte cavity absorber aperture. 
Tht ca-ity absorber is an inatlate-d &d tined with beat exchanger tubing. Helium flowing 

titmupft this hrbing k x m m  heated fsimtittaneousiy preventing cavity outrheating). 

Hot heiium expands through the turbine, doing the work: of turning the c o m p m r  and tho genera- 
top. The comprersor forces the helium flow around the cyck Imp. 3linimum g;ss temperature 

occurs a t  the exit of the  COB^^. which ts a gas+ d i q u i d  heat exchaaingr inierfrtcing the heiium loop 
t o  the radiator system. f h e  rawpentor  is a p 5 - t o - g ~  heat srcl~aiigcr ..vhich increases the system 

efficiency by exchanging energy hetwee-3 the "hot" and "cofd" sides of rtie ck-de. The rttcuperattx 

taus the average turbine temperahire t o  be higher and tkr average compressor temperature lower 

for piven tnaximum and nlinimum cycle temperatures. 

Uissrr heat 1% rzjt.ited by a liquid mctaf mdiator sb>tttn. iF.c ~ o r k z n g  furd i s  d sodiitm-potsssiu:~. 
eut'itk iSsKi. KsK pumping is hy n motor:k~iimp syctern drawir~g power from h e  generator. 

Tit a:hirvc n'trttivtrly IOU system mas3 A !it& turbine inlet temfcnture was IraseIincd. 1610K 

(2;i38°t-). This was only obtanabk by the use of ceram~c t silicoa carbide t turbine components and 

insit1a:ed helium ducts. 3ptimuation studies of the helium loop using machine proccssirig of 
parametric models indicated that minimum system mars would he obtained with comprswr  wt l e t  

Tr2sa.r. o f  ayproxintately 4140 kPa (600 psi). Columbium was xlccted for the primary heat 
abstlrb.*r. wliich is et-d trt [:%is pr,*ss!irt' and, at tile outlet. tile full turbine iplet temperature. 

Figtirc . 2-1 I shows hew insulation dlcwed use of a c o d  (and thereby stror,gr) outer hell .  
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u r a h  is g h n  irr F i e  5.2-1 1. 

&ow at the et' hr: 2 of this stuJy. two mictmatz tfsnsnlittets are ex--tPd to have r mass 
25331 meirk tens. ntiirr than the l 5.370 &t)sn. %is change wmld bring the total nlas to 
&3.QtS meiak tons. At': .&@sting this total frzr the cumnt  conrvtpt of ns conccntnt~r rarfbtitla 

damage. ?he total ifiasa be, : n'.:s rpptaxhotety 82,800 metric tens. n i s  is rbagtt six petcent mort: 
than the p o t ~ t l m  R;ulkit;z SW (with its toaft- turbine inlet tempemturt.1. 

bmwr, the Brayran sgslet:r is capable 3f further mas reductions through advanced teclkni~lt~. 
For e'~;tmpk. ceramic heat exchangers r-titd paGttt> avc  severs1 theusad rnctru. :om. Ihe 
Brayton system inherently avoids tfie potential emtstr problems of the potassium btltinc 3ystrnl. 

ft is therefare rppmpriate to r'mtrkfer it as a pftmidng attentative to thz wtaSsiUm Rsnkgno SPS. 

Fire 5.2-1 2. Qat M o d u k .  Brayton SPS 
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- 6.1 -1 .i -- 
This secticm is dwa$ed to the defd t ion  of the photovoltaic reference confwa t ion  as selected in 
e 

Secdm $3 -1. The reference desilpl is disfttssed from the major base assumptions, system compon- 
ent deftnition, structure and subsystems defdt ion,  and system characteristics. Adass and cost sum- 
maries are covered in Sections 6.2.1 and 6.3.1, respectively. 

6.1.1.1 .I Basdine Data-The reference co~figwation selected in Section 5.1 . I  is a silicon, concen- 
tration ratio one, annealable wotovdt&c system. The solar array uses 50 pm (2 mil) silicon sofar 
cells electrostaticalty bonded to borosilicate microsheet glass, to  provide an annealable blanket con- 
figuration. A mo-; complete definition is provided in the next section. 

A listhtg of the reference efficiency and energy conversion chain, along with initial sizing require- 
ments, is provided m Table 6.1-1. The major changes from eariier results are solar cell initial effi- 
ciency, blanket factors and 30 year non-annealable radiation degradation. 

The initial solar cell efficiency is 15.75 percent iwtead of the 18.0 percent assumed at the end of  
Part 1. At the Part I1 midterm briee-g the initial cel! efficiency was 15.5 percent but increasrci to 
18 persent with the addition of a V-groove cover. Since a thinner solar cell is being used now, and 
to reduce the uncertainties, the lower efficiency was adopted. 

'fhe bla?ket factor appears somewhat larger than in Part I, 0.9453 vs. 0.9081, but actually has not 
shangrd, The lost area f ~ c t o r  was removed from the blanket factor so there would be no degrada- 
tion of "lost area". The lost area factor was included in the sizing analysis. The other items 
included in the btanket factor were updated. An analysis of the blanket 1'-R loss revealed that it 
was significantly less th.!n weviously estimated. The cell mismatch used previously was re-evaluated 
but not changed. To btl somewhat more conservative on the expected UV degradation, the decrease 
in I ~ R  loss was conlpon~ated for by an increase in the UV degridation which kept the blanket 
factor constant. 

The other major ch~nge  in the conversion efficiency was in the 30 year noa-annealsble radiation 
degradation factor. Recent results for 50 pm siIicon solar cell radiaticn de~;r.?dation, discussed in 
Sections 4.4 and 5.1 .l, rewaled a significantly lower degradation than previously anticipated. 
Udng the annealing scheme seemed to  warrant a decrease in the non-annealable radiation degrada- 
tion. The change was not that significant, 0.97 vs. 0.95, but due to the lower degradation actually 
received in a 30 year ~e r iod ,  it suggests that annealing only hes to  be ?O percent effective. 
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The sizing criteria include a one-percent oversize t o  prollde power regulation during the summe: 

solstice and also pravidr auxiliary power including attitude control, energy storage and annealing 

capabilities. 

6.1 .l .1.2.1 Amy Dinwesblts-The fmal reference configuration for the photovoltaic SPS is 

illustrated in Figure 6.1-1. This configuration evolved from the integration of system, subs)stenl. 

t mponent  and operational requjrements. 

An itlustration of the solar ceB blaeket is provided in Figure 6.1 -2. A silicon solar cell must be pro- 

vided with a cover to  increase frontaurkce -rnittancr from around 0.25 to  around 0.85, and t o  pro- 

tect the cell from lowtnergy proton irradiation. Cerium-doped borosilicate glass is a good cover 

material because it costs only a fnction of the best alternate, 7930 fused silica, matches thr. coeffi- 

cient of thermal expansion of silicon, and yet resists darkening by ultmviolet light. Borosilirtlte 

glass can be e :ctrostatically bonded to silicon t o  form a strong and pernlanent adheslvzless joint. 

In ATS-6 flight tests the cells having int:gr;ll 7070 borostlicate glass covers I,st only 0.8 + 1.1 per- 

cent of their output because of ultraviolet degradatiotl These cells had no cover adhenve. Other 

cells having cell-to-cover adheshes degrded t~:.:? as much. Jena Claswerk Schott & Cen. Inc.. in 

West Germany, expects t o  be l r l e  t o  manufacture 75 pm borosilicate glass sheets one meter ~ d r '  by 

several meters long. 

The cell cover is embossed during bonding with grocrves which refract sunlight away from thc grid 

lines and buses on the ccll surface. COMSAT L ~ b s  expects an 8 to  11, percent InctcJst in cell out- 

put from this feature in rcil covers. 

Solar cells only 50 pm thick recently made by Solarex had an air-mas>-zero efficiency of 12.5 per- 
cent without a back-surface field or anti-rrflecr~on treatment. Texturing the sun-l'rlcing s~~rfrtcz 

makes the incoming light amvr at the back surface of the cell 3t an angle of over 3 10. so the light 

rays that have not been absorbed are reflected off the back surface with vlrrurtlly ro loss. the ~nt i i r t l  
anglc in a silicon-air junction being 15.3 degrees. This feature not on], improves photon collection 

eft:c~ency, when compared wlkh thicker cells, by lengthening the light pat11 In silicon for infrared 

photons, but also imprvvts radiation resistance. Since all cLnrgc carries art generated w i t h  50 pm 
of the P-N junctior~ which is 9.: pm under the sun-facing surface, the cell can absorb rad~atron Jam- 

age until the dtffusicn length in thc bulk silicon is reduced to 50 pm by radiation-generated reconi- 

bination cent .. 

The cetts are designed with both P and N terminals brought t o  the backs of the sells. This feature 

makes it possible t o  use simple 50 prn silver-plated copper interco.rlnections which art! forrned on 
the substrate glass. Con~plete panels arc assembicd t.lectric~lIy by welding together the module-to- 

r..odule interconnections. 



fNTERCOlYNECfOR 
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F i  6.W- LQW Corrt Anmdabk Bla .*et Stnteture 



~ ~ t l r r ~ f o t f j l e ~ t ~ ? e ? e ~ ~ ~ Q f r d i i t i a n ~ b y W q .  Withait 
~ ~ L B O d Z b y * ~ ~ p ~ ~ ~ r ~ ~ ~ ~ w ~ t f m * W m i r e t w t t w O i  

traithaad the 773K f93 I O amteakg t m m t w  WTW at preseftt sxms to bt aquirexi. 
ikff Y!%amb Wgjpas tisrt 773K (93toFl Quy eot be necdcd for aimel- wt tke ndiiitw 
aontngc fmm &x-ftnre protoss. Howewer, his ttteory ks mt yet beea c o n f i d  by experiment. 

Ibe soiar anray ftgtd;ustn& &m@tt Is the Ltanlret p a ~ s l  (Fig. 6. t -3) w k h  was a d e p t 4  iix drsigfi 
st* I t B P S a r ; a ~ l [ u f 2 S 2 ~ ~ * 2 1 1 C f i f r - 4 ~ ? - 7 ~ i n ~ . ~ ~ i o g n w p s o f 1 4  
C& in @kI by IS C&S ie Mtiej. fhc  are electm~tatidfy &.ween two sheti of 
bomdkilte gl,9a. Spscinsr between ceb asd edge spacing are as shown. Tabs are brought cut at 
t a ~ .  ;ST of the paad far efiL'tridly conrecting paneb in wries. €&is within the pvrrl are inter- 

connect& by c o n d h g  rkments printed on the g k t s  substrate.. 

Impcrrtant g a d  rcqet rmnts  were t!wse: 
9 I% panel composents and proassa should be cmpatibie with them1 urneahg at 173 

i931QF1 

b n n  of chargeexchange plasma during ion-engine operation may necessitate insulating the 
eiectricai cmductors on the panel. 

The panel design should be appropriate far the highspeed automatic assembly required fos 

making the unnz 78 rniifim panels required for each sateUite. 

Low weight and low cost are important. 

The gIas+napsulation  techno!^. %hi12 nat in w today, seems to be achievable by 1985. Simir- 

lation Physics has matie excellent electrostrtic bonds of c o w s  to cells. Schott in West Germany is 
making thin microscope stides front bofosilicate glass. The sltemate panel design. using adhesives 
for bonding cells. covers. and substrate. may also be feasible by 1985. 

The panel-tepanet assembty (Fig. 6.141 is accomplished to provide the larger elements required for 

the solar array. r'r interconnecting tabs of one panel are welded to the t a b  o -  the next panel in 

the string. and then the in*rrconnectiom are c~vered with a t a p  that also carria structural trcsion 

between panels. After joining. the panels are accordion-folded into 3 compact package for transport 

to  the low-Earth-orbit assembiy station. 

The 0.5 cm spacing between pane!s provides room for welding electrodes, and also permits reason- 

able tolerances in the large sheet of 75 pni glass that cowden the e l l s  and the 50 prn sheets of sub 

strate glass. 



-& F- = 
Bl=-f w 

rrCIlLI Ic€iwFrr#eL :as 
W g C t f S l l m W w R  @lFiT= :~~ 

J + B L ~ t @ l m ~  

EkEmmca 
lm€itmmmx 

UO- 
H CELLS I# PARALLEL 

C l e e u r , ~ ~  

SECTRA 

k - i 6 . 1 4 .  aiotovetbicPrrael to Anay .AmmMy 

126 



& ~ a r p p o r t o f t h t r m y i s m m m t r y  ttce\tseofrqtriaWdpkPonqiSratdrt 20 
=teratpportpein% ~ i s p r o t r i d e s a c o n s t a n t f m t o t t p t a m y a ~ c a ~  Itnbopro- 
vidcs fcw r wwment of up t o  2 metersf in both X and Y directions. which may occur due to a 
~EOGEO t w f t  -ientSon of 104 g 

A summary for tiie m y  blanket is d t m  in fa& 6.1-2. A campabn is  prcatisftd for the 

bJa~ket  makeup a t  the md of Part I. Even th& significant changus have m a r i ~ d  to the blanket. 

em& a mrd rgiiiition ia thc unit mas has resutted. 

T%e ~ r u d u r ~  for rtre reference phcttovdtatc SBS had design constraints that were u d  in the devel- 
opment of the f d  c o n w t i o n .  f t  was attractive t s  use a modular struirturai concept fcir cm- 

smcfion in LEO with transfer t o  and final assembly at GEO. 

Ihe mctduh concept includes eight modules of qua!  size and is cmpaed of square grid =tions 

t h t  %wid fern a system with an aspect ratio of four on fil assembly. The satellite is comprised 

of  256 bays. each 660 meters square. They are arranged eight wide by thirty-two long to provide 

the aspect ratio of four as was sfiown in Fi~ure 6.1-1. Each module is 8 t.ays by 4 bays; the mod- 

urn are joined together along the &bay edges. 

A loads analysis was cunducted un the satellite strucnire t o  idenrti) the critical beams. 7F.r m d u l e  

cmfigumtion used is l r , w n  (Fig. 6-1-71 for the c'as of LCO-GEO trarttizr w t h  an a n t a n a  payload. 
Tlie critical Demo a n  noted and were used to size the stmcturnl meinhers. 

A sc t ion  vicu of a truss-end (Fig. 6-1-81 reflects the geometry o i  the b a ~ c  structure uxd. ?his 
arranggment protides squared ends which previde docking points on t k  top and haitom of the 

satellite modules. The dimensions shown are thaw used in the rttferetice conitguntion. Details of 

the methud of joining the beam sections are sliown in Figure 6.9.9. Construction considerations ate 

addresssd in volume 5. Szr-tion 3.2.1 . I  .1.4.1. 

The rtmcPura1 k 3 m  sections were eptimizeci for cost and mass as illustratrd in Figure 6.1-la A 20- 
meter beam was chmen h a u s e  ;; was both structrlraliy compatible and near the cost/mass 

optimization point. 

An edge loading andysis t u s  accomplished on the array to establish structrrriA load criteria (Fig. 

6.1-1 11. n i s  established stmt design end4wds and siring criteria (Table 6.1-3 and Fig. 6.1-12) for 

the graphite epoxy tapered tube heam members. Results were used to establish a mass wnimary for 

a 20 meter km section (Fable 6.14). It was noted that since the critical bems were in the upper 
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surfkce, the kmzr surface barns t mid be fabricated ftam miftimum puge thicknesses at a WP 

6.1.1.1.23 Sawst- 

' h c  major subsystems are power distribution, dwtricd rotary joint, mechrtnicaf rotary joint, 

rrrrtenm Wpport stnrcturr?, attittrde eontroi, and irtstrumentrttion and controls. 

The reference power distribution system is a no4atet;tl-b~~-bar cotifiguratim. 'Ke main busing is 
run longitudindfy along the centerline of satellite. The solar array strings are run laterally starting 
at the satellite centerline with 8 connection to the main bus, running to the edge of the satellite, 
then returning t o  the centedinc and connecting to the main bus through a set of switchgear. 
Aluminum sheet conductors are used for both main busing and string jumpers at the edge of the 
satellite. The main busing is terminated a t  the electrical rotary joint t~h i ch  provides energy transfer 
capabiiities across the mechanical joint with t!ie antenna. A complete descri, tion of the power dis- 

tribution system including switchgear and the ekc t . ,~a l  rotary joint is covered in Sections 4.6.1 and 
4.6.2. 

To provide a means of pointing the antenna toward the earth while the energv conversion system is 
continually oriented toward the sun. it was necessary to  design an interface &tween the energy 
collection and transmission sections of the satellite. The method chosen was to provide 3 support 
structure on the satellite and a yoke structure, to support the anlenna. joined by a mechanical and 
ekctrizai rotary joint (Fig. 61-13). 

The antenna support structure provides the interface between the main satellite structure and the 
mechanical totar). joint. It is contpoxd of the 20 meter tapered tcbe beams discussed in the struc- 
tural definition section. The antenna support structure also provides a base on which the mechani- 
cal rotary joint is attached. 

The mechanical rotary joint provides the interface between the antenna support structure and the 
antenn? yoke stnicture and also provides tke drive rnechanism to  rotate rhe antenna with respect to 
the main section of the satellite. The tnechsnical rotary j o i ~ ~ t  is composed of two circuiargeometry. 
20 meter heams (Fig. 6.1-14). one on the antenna support structure atld one on the antenna yoke 
struchire. The circular beams are arranged concentrically with tlle adjacent members 73.2 cm apart 

with a drive and roller assembly between them (Fig. 6 1-15}. 

The antenna yoke structure is the interface between the mechanical rotary joint atid the antenna. 
This stnlcturc is composed of five meter beams of the same geometry as the twenty meter beams 
described prebiously. The antenna yoke structure also provides a flexible coupling a t  the yokel 
antenna joint to allow tilt control of the antenna for alternate receiver locations. This coupling 
aliows for an antenna tilt of up to eight degrees with respect to  the yoke and does not require an 
electrical rotary joint. 
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Attitude control requirements were inv~tigated in Part 11. Table 6 1-5 lists the assumptions and 

mas wnm3iy for the attitude control system that was used ior the reference photovoltaic SPS 
M t e d  pelyendicular t o  the orbitai plane. Electric propulsion thrusters were used wherever possi- 

ble but added ct ~ ~ n i c z l  propulsion equipment was necessary to  pnwide attitude contn l  

during ~ ~ c r ~ t i ~ ~  

Another task that was xccrnplished in Part XI was the compilation of an instrumentation and son- 

rrol lisr. TzMe f1.i-O provk-fes a listing of instrumentation and control components along with their 

function and the w m k r  of units quired. 

Most of the maior system characteristics have k e n  discussed either in Section 5.1.1 o r  6.1.1.1. One 

of t5e k ~ t e ~ ~ i n g  characteristics that has not becn discussed is the ;tchl;il operating point of  the 

solar cells at different locations on the array. 

All of the solar cell strings have the same number o i  solar cells in the same configuration. To com- 

pensate for power bus voltage drops. the strings and thus the solar cells must opente at different 

voltages dependent on their location with respect to the load. An illustration of the operating point 

for an average solar cell a t  various locations is shown as Figures 6.1-16 ?hm& 6.1-1 9. Another 

point That can be noted from these figures is that the solar cells operate near the maximum power 

points during different times of the year and at different locations within the system. 

The ~vailable power cf the reference photovoltaic SPS v-iries throughout the year. 'Ihis is a rewlt of 
the variation in solar flux seen by the energy conversion system and the resulting effect on solar cell 

operation. 

The power output of a sds r  array depends on the iittensity of illumination at the cells and the tem- 

perature of the cells. The maximum-power poifiis of the cells diminish as the sells become hotter. 

In gosynchronotis orbit the temperantre of the solar cell is related to the intensity of sunliat  for 

acy given panel configuration. 

Stlnlight is most intense at SFS perihelion. which occurs around winter solstice when the orientation 

of the array is such that the sun's rays arrive at 23.5 degrees off of nczrnia! incidence. The worst- 

case illumination is at summer solstice where the 23 d e g r e e  miscrientztion is accompanied by 

aphelion where the intensity or' sunlight is 0.9675 cf average. However, the solar array temperature 

is also down, being 36 .6 '~  rather than 46.s°C as at the spring and autumn equinoxes. 

A plot of the yearly power availability variation is shown in Figure 6.1-20. ?;ot included in this plot 

is the effect of occultations. Yo power is aiailahle when the system is occulted. 
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Sizing of an SPS must p m e e d  iteratively; for example, the satellite must be sized to  produce not 

only the transmitter power input but also parasitic loads such as power distribution losses. But 

power distribution losses are a function of the distribution path length which i s  a function of sys- 

tem size. Several iterations were involved in producing the power budget and physical size data 

which follows. 

Per fequirement 2 (see Szction 2-01 the satellite power gnen t ion  system must produce full power 

under "%orst" conditions. corresponding to  maximum parasitic power consumption at aphelion. 

The consequent pouer bidget is as follows: 

Element Power. GW 

rransmitters 16.430 

P13ut-r Distrihl~tion Losses 0.338 

Potassium Pumping C.282 

Attitude & Station Control 0.300 (Man ) 

Mix.r.lfaneous 0.003- 

Bus Bar 17.013 

Since this power is to be p d u z c d  by 570 (of the 5 % )  penetators. each gncrstor  must hc cspablr 

of 3 1.426 MW output. 

With a generator e!'ficicncy of 0.q84. each turbine must have a shaft output of -3 1.937 MW (a total 

o f  18.204 GW). Ihe c)ck  efficiency is 0.189. hence the boilers must add 

of thrnnal power. 

Several loss mechanisms are associated wit5 the cavity absorber. One of these is reradiation from 

the boiler tubes and hclt cavity interior walls. .A "H;orst case" calzulation of these losses is prr- 

formed as follows: The ~..wttv aperture is assumed to have an unobstructed view of space and black 

b&y charastrristics. i . ~ . .  an ernissivit): of unity. The total aperture area is 59.828 M~ (643,755 ft2). 
The ururugc cavity internal temperature is estimated at 1260K ( I  8 0 8 ~ ~ ) .  Conxqucntly. each 

square meter of aperture can radiate a maximuni of 143 kW. Tlic maximum total aperture reradia- 

tion i s  cotisrqirently X.S.36 GW tliermal. Note that this is 9 . 3  of the trxfitl power to he aJdeJ it1 

the 17clilers. 



Reflection losses from the cavity walls must also be considered; i.e.. energy which enters the cavity 

and is reflected out again. after one or  more passes. without being absorbed. Tests currently being 

conducted on subscale ('bench model") cavity absorbers for ground x!ar thermal engine systetfis 

(Power Tower) indicate reflection losses can be held t o  approximately 5%. 

The insulation of the cavity walls limits heat transfer. A low eminivity external coating should also 

k used; approximately 0.04 should be easily obtained. Using characteristics for molybdenum 

Multifoii (a product of the 'iherrno Electron Corporation. Waltham, Mass.) a total wall loss of 500 
MW was estimated. The exterior wall temperature will be about 905K (1 169OF). A lower wall !f-tti- 

perature could be produced by the use of more insulation. The resultant mass increase would not 

offset the solat concentrator mass reduction (less solar concentrator is required when cavity losses 

reduce). 

A one percent allowance is made for additional loss~s  (such as from the walls of the nianifolds 

which connect the boilers t o  the turbines). A summary of the cavity thernial energy balance is as 

follows: 

h e n  t Power, GII' 
Useful Power t o  Turbines 96.3 17 

Reradiation 8.836 
Reflection (5%) 5.620 

Wall Losses 0.500 
Miscellaneous 1.123 ---- 

Total 11 2.397 

The "cavity efficiency" can be considered to be: 

The conipound parabolic concrntr:ttor (CPC) at the ca\ity aperture acts a "light ihtnfiel" to 

increase the effective aperture openlng. Figure b. 1-21 pives the general configuration. 

Since the geometric concentration ratio is low: 
C'PC Entrance Area - 

Cavity AhsorSer Area - 3.05. 

many of the rdys from the concentrator are not reflseted by the CPC. they direct11 enter the cavity 

absorber. A ray trace program. dekeloped under IR&D. indlcatec that 66C; of the rays will have an 

average cf one reilection, 3 4 5  directly enter the aperture. A plating of rlien~um on the rnolybde- 

lium foil walls is expected t o  y~elcl a rc t lec t~~i ty  of 0.8 Tiic net (PC reflecti\it> slioulci he approxl- 

matell; r.865. Per Section 4.2. the facet cnd*)f-l~fc reflectivity ic bnselined at 0.878. An additiorial 

.~llowance of 5 pcr~,ent is m;tcic tor fLtzct \cdllop\. spacing. wrinkltnp. etc. For an aphelion solar flux 
of 1 309 ~w/M: ,  the rerlurred reflector proicctcd area IS 119.0h km2 After allowance for ~liadow- 

1 
rrig hy t l t t  cavttti al>'ictrl,tlr\. efc . a tot'rl prc.~:ctctl L1rr.a of 1 I9 5 h  krn- i s  \t-lct tcd for the rcfcrt'nc*e 

1 

dc\!pn. Th I \  I \  '.473 km- for CJCII of tile 1 ( ~~iodiile'i. 

146 
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6.1.3.2 Overall Configuration 

Figure 6.1-22 gives plan and side views of  the Rankine SPS. It will be noted t h ~ t  tire two trans- 

mitters are inounted a considerable distance from the "'comer" power modules. This is t o  allow an 

unobstrucft*d field of  view from the trat~smittcrs to  the g r o u ~ ~ d  receivers. '171r "southern" antenna 

requires the greatest clearance (31°) if it is t o  "see" a rectenna at  SOo North latitude. ,h is  clear- 

ance angle is, of course. dtte t o  the perpendicular-tor.cliptic pliinr (PEP) ~ r i e t i t a~ io t i .  The photo- 

voltaic SPS. flying perpendicular-to-orbit plane (POP) does not require as muck angular clearance. 

The sixteen modules arc arranged in a "3 X 4" pattern. They are connected at  t h e ~ r  corners and. t t  

the cavlty absorber level. by "20 meter" beams. Thew beams provide, in addition t o  stritctiiral 

integrity. supports for the aluminitm bus bars o f  the p0Nt.r distrihtition system. NOILL tlli~t the radi- 

ators of the nlodules a t i  arranged such that they are "edge-on" t o  the apparent nleteordid :tream 

resulting from the orhital motion o t  the Earth. ('onsequentl>. the radiatcrr\ arc parallel. 

In the side view. it will be evident that the transtnitters are locatcd at an elelation intzntiediate to  

t h o x  of the solar concentrator and the cavity absorher. Ttit. p~s i t io t ?  sliown corrt*sponds to  tlic 

level of the o\erall c e ~ ~ t e r  of  gravity. I l l is  \vab done to mini mi;:^ the rffe~.rs of  the once-ailay trans- 

mitter rotation on the attitudc control spstcm. 

The P.k-.P. or icnta t~~t l i  req!iirt.\ that r t c h  antenna motint hare t ~ o  r,)tation.tl a\es. d~urnrtl dnd ..ea- 

sot31. The diurnal axe4 :Ire kept parallel to the rotational axis of t ! ~  Eartli h>, rotatior1 of  the 

"dogleg" \tructtire tbou t  the seasonal axes. 

6.1.2.3 Power Generator Module 

Figure h.!-23 g r e s  deta~ib ot  one of the po\vtSr generation modules. The basic fomi of  the solar 

concentrator dtsh is an eletnent of r( sphere of  rtdtits 0730 rn (,','.I00 i t )  l h c  concelltrdtor fr,r~ilt* 

supports the facet$. ~ h i c h  art. adjusted at  installation to prodi~ct'  a comrilon focdl polnt at the 

erltraitcc to  t hc conipc%~nti prtrabulic ct~ncentrator (CP('). 

Tht. focsi point assembly is Iield in proper positioii by four "cavitb- support aniis" (20111 bt'ariis). 

The iocal point assen~bly consists of  the cavity absorber, CP(' turhoge~ierators. radiators. and a steel 

titbe support franie. 

'She "small" radiator system for the generators is located above the cavity ai,horbrr and hetween the 

two uprights \\Itic/r nioiirit the tt~rhopencrator pallets. See Figitre 6.1-24 A power gcncratinn niod- 

itlc as shown liere is the hasis "self-power transport" element for the low t'artll orbit (LEO) assern- 

l,ly option. 1'1piirc. 0.1-24 s1:ows the locations for ;ittt~clinlc.nt of the t l~rce  ciectric propulsion 

systems. 
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The curved c ~ c e n t r a t o r  s~rface shkh supports t k  reflector facets is fontted of t;rpemt gr~ptlttz 

epoxy tubes which an! joinad by "setckets." The 'lower" m z m k n  of this stnrcture are longer than 

the torrespc#rding members in the "uppei' (facet side) surface; thic prrduces tne r ~ q u t ~ c !  2irn.c.. 

Figure 6-1-25 is a p h o t q  -oh of  a toufkpicz model of a portion 01 the facet support strut ture. 
This facet support structure t o m s  the concentrator assembly and 1s ccnrrsd h) refleitor facets. 

Ibc ruaport stnrcrutc is rnltde up of tapered graphite epoxy t u k s  joined at w i e i  ;t*=rnbItes. ?hc. 
reflector fai'ets 3~ mounted on the upper Izvc.1 of the support structure. l3rrz rrntcrurz. ;ihitr: 

extreme@ rigid. is aiso relatively heavy. Tfiz total mass of soncrnrr;ltnr wpport s~ni<turz\ for the 

tknnal mghe SPS is approximately 6.W metric I O ~ S .  Conblderdhle . ~ w t n h l  eftort I \  a lw 

required in b w  h i t .  Astmc~urc: of lower mass and with 3 lower swn:bl\ time uould bt Jcaimblz 

An alternative c o n f i t i o n  for facet support might consist of one. or I .f. tncrrr beanis rtsemblcd 

by be- machines and arrayed across a framework of  larger members such as twenty meter bcz:ns. 

The mars of this Q stem would be approximate&- the m e .  howtor. ct3ristniitian tinlz mr& t be 

wiu~wt. In Figure 6-1-26 is &own how a main frame f ~ r n ~ t d  of 20 meter h z m s  wauld be used to 

support a @ld of 1.0 t o  1.5 meter beams formed by automatic '&am mdchin:~" The rzilzctor 

f;rczt mounts wwld be I ~ i t z d  on these smaller kmr Ihis approach wwli! reqirirc 3 lout-rr invest- a 

ment in assembly machines than the approach sttown on the previous chart. a i~iass conip~rison has 
not k e n  made. 

T a p e d  tubes are also ustd tcr im the stntcture of the fwd pr*irit asWmbl\ tlowztcr. due to the 
tempentur: en~-~mttrneclt (the radiators nln at Q2YK = 1 lO0F 1. type 3 l h stcel is  bawiined rather 

than the _mphitcltpoxy u x J  else%-hen.. 

6.1.2.4 Reflector Facets 

£:igurr h 1-27 \hou;s d rstlrztor fazct The refiC<tr~r irtcrts are h t u g a n \  ~ t t  tlun dluminirzd tidyton 
The li.iptcn IS 3 micrometers thrik iCl.Oiif)12"1. It is tensioned by i rlpd cnii m:!nbe~. ixilleif o u t -  

u ~ r ~  b? !lntile\ 11t1\ tcnnontns \?stem zauMs t t ~ i .  ttirt.~. -zlct= t nen ikn  $'> iw copl.in.ir. \o that .I f lat  

tefteitnr P. produceti. Tfx rckkt'r dntl .inti \prttlg ~.gn~btzr sl \tern\ u i i ~ ~  h pttll ittlfuarcf or1 ttlc hrictir 

an' mou:;:ed t o  fils ccmccntrdtor frrmz. "scallop" at the thrcr irce cii_rt-\ ot itis h ~ e t  ior.ttrtlts 
e rinkling a t  the f.~.et edgs.  

Thc ti1rt.e bridles c-tf tiit. rctlzctor facet .ire a t t~~ .hed  tu the rocker 317115. \\ hlLtl ~IIOLAIII to the riiid- 

pntnt of the con:cntrdtor tube stn:ctural ~lri~~c'ii!.; 711c sprtnp. L o?it.~inr*~i In ~*~nr\ti.r.;. pr\T\ ~dt. the 

pt11i ihat zdu\i.\ the rwktSr ;trnl\ tl, tcriSirm thc jrl~strc qim. h(~1: I!~r.ir l i td l  t r~e t d i ~ - r  I \  ~lic~tiiilcti 

tlrrrctl~ t c l  thc zon~.cntrator \upport k t n t ~  tirrs and c i ~ t t - ~  n t~ t  111k-iirtit- r.itl1.11 .rnti. .ink1 .I I ~ c r l >  \! \tr'ln a\ 

\houri in P.ir, i of thr\ stutl). 
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6.1 2.5 Thenrul Energy Control 

Figure 6.1-28 shows the CPC aperture door assembly. This door assembly is conlposed of mol) bde- 

num foil p;inels mounted on cables driven by pully assemblies attached t o  the cavity support drill 

frame. The doors are shown rrt the open position. The  reheniurn reflective coating on the doors is 

used to  maintain a low temperature for the door panels when they are fully closed and exposed to 

the full outpc t of the solar concen tn to r  assembly. 

Figure 5.1-29 Sftows a turbogenerator "pallet" These pallets are launched p~assembled and are 
consequently stressed for high (-Sgl acceleration. The generator is directly drivtn hy the doub!e 

ended turbine: the steel tube framework maintains alignment between thex  elements. The electro- 

magnetic pumps and their associated heat pipe radiator are also m~: .~ i ted  on the pallet. 

The intent is that thex  pallets be as self-contained as possible. However, five major duct attack- 

men6 arc required. n ' e  two s i t le t  connections t p  the radiator arr 1.6W (5.25 f t l  in diameter: the 

other three ducts are. .turbine inlet. 0.55M (1.80 ft): boiler inlet, 0.145M (0.48 ft): and pump inlet 

0.55M (1.80 ft). bere will be several electrical control svsterns which must be connected at th,- 

time of pallet instanation. 

Figure 6-1-30 is a section through the turbine reference desig. as produced 3!- Gc!ierdl Elc;cric 

Potassium vapor from the h i i r r  a t  I 242K iI 776OF) is adrnit:ed s t  tiit. center an8 flows outward 

titrough the two five stage turbine assemblies. 7he exp2ndt.d. and ~ o n ~ ~ ~ t t t n t l y  cooler t9XE = 

1 ;llit°F1. vapor from the last turbine stages is collected in output p!em at thc two extremes of  the 

assembi:;. Al?houg!! muftiple inlets and double outiets are shown. it would probably be best to  go 

t o  a single inlet and a single outlet at each end. To feed the multipk inlets shown could require a 

toroidd distribution manifold whish fits around the center s f  the turbine. This 1.1anifold would 
accept the b o L r  flow and distribute to the multiple inlets shown. A lighter soluticn would prob- 

ably hz to merely enlarge tlte c u m n t  inlet system and provide a single inlet. 

Bearings support the turbine shafts at each end. One end is the drive output to the gnel.ator; &he 

other end is ~'Ioxif.  Ir! the alkali metal space power testing of the 19h0's. hydrodynamicaliy lubri- 

cated pivot paa ksrisp were cit '~elc)p~l and tested under load at temperatures in the 7008 1 I li- 
t800-1000~F) tirnpe in liquid potassium for I~utldrcds of hours. 711e stability of hydrodynami: 

hcarings anti shaft ass..mblics werc also cvriitrated in "i.asy" fluids as a me2n: -9 rtc\.r)!syin= !x;*:- c 

stability prediction criteria. 1he ? - i i i n o i o ~  c>t';rlkuli mctai bearings also inclrrdcd c.stcnsivc work 

on ihc ctiarasti.rization of p~~tcntial alkali ntsr;~! bearing materials such as refractory alloys anti 

metal-bonded carbides. p.11-ticulariy in friction and wear cl~aiactrristics under vacuum and licjuid 

pof crssium. 



// 

-PRI)JC1PLE' - 
DOOR MATERIAL IS MOLYBOENUU 
FOIL WITH RHENIUM REFLECTIVE COAT 

Fii 6. f -28. CPC Aperture Door &bly 
%r09 

OUTPUT PLENA 

SUQPORT FRAME 

GEktRATOR OUTPUT - 
TERMINALS 

GENEGATOR -- 
VAPOR DUCT 
TO TURBINE 

GEh'Ef!.n.TCln 

CONTROL PACKAGE 

--- HCAT PIPE RADIATOR 
PANEL TOR f LECT~OhlAGNETIC 

ELECTROfAEGNET!C PUMP 

P OUTLET TO W I L E R  
Figure 6.1-29. Turbogenentor Panet 





Testing of alkali metal rotating seals was also undertaken in the test facility. 

The pressure feed lines for the potassium bearings are shown at  each end of the s s e f i b l y .  

Not shown is any moisture extraction system. Droplets fonning in the third s t d g  region are a 

potential source of erosion dmage  t o  the last two stages. 

No droplet impact erosion was observed on molybdenum alloy-. or on nickel base superalloy blades 

in 5000 hours operation of a two s t a g  tumine at a temperature of 1 24u0F and a moisture content 

a t  the turbine exit of 8%. 

Very negligible impact erosion was ohsewed on molybdenum alloy blades in the last stage of a three 

stage turbine tested for 5000 t~ours  at about 1 2W°F and 7-94 moisture content. From these tests 

it was estimattd that turbine blades wouid perform satisfactorily for at least 50,000 hours. 

Erosion tests under more severe wetness conditions were performed in the 5000 hour three stage 

potassiur; turbine test. TZM molybdenum alloy inserts were located in a position behind the third 

stage turbine blade tips where moisture content in the vapor stream was about 13% and a high con- 
centration of droplets was shed f m  the blade tips. Highly localized droplet impact damage 

pointed to the advantage of using trailing edge turbine blade moisturz extraction methods to  
remove liquid which would otherwise collect a t  the outer diameter flow surfaces. 

Figure 6.1-3 1 shows impact damag examples. 

Following 10,000 iioirrs of endurance trsting in the two stage and three stage potassiun~ turbines. 

the threestage turbine and the turbine facility were mcdified to  incorpcrate ntoisture extraction 

debices fur brief perfurnlance tests. These devices included ; 1 )  extraction of liqiaid condensate (and 

sum: vapor) from the trailing edges of stator vanes. ( 2 )  centrifugal extraction of liquid from the 

trailing edges of turbine btade tip shrouds and !3 ) vortex separation of liquid I'rorn the vapor down- 

strean of the third turbine stage. The latter liquid separation device w;is planned to be used as an 

intcrstage mois:ure extr~ct ion device located external to the potassium turbine in a 450 KW, potas- 

siurn ?tirboaltcmator which received extensive preliminary design effort for space power 

applications. 

F~gure 4.54 showed tlte three extraction approaches. 

' .:< rotor extra~tlon des~ct' generally excee~ied -30% ~ffectiveness anti the vortcu wparator achie\t.ri 
SOr; ti ice I ~ \ L ' I ~ c S S  

Tht 1 +.11!:-..- l-i( .I r;" tl~csr' ex.tlq5 tlorl irchniques indicates the availability of rncthods for removing 

11. ,, ,;rlng ~ 1 %  .t~+"ceh of lirlutd f r . )~ ,~  7otas\iu~n tapor turhnes and aiding in the rnrnimirat~on of 
tlroplrt irnpdct damag and I~qbtd w,~dlriig i.ilrrosion effects. 





Calculations were initially made for tho "A'' 1 242K/994K (1 7761 1329OF) and "C" 1242K 'S70K 

(177611 106O~)  cycles and for their turbine wt:ights. Costs were estimated from previous turbine 
designs which had 1 .534  (60") discs for the HP turbine and 2.03M (80") discs for the 1.P rotor. 

The "A" cycle was selected because the weights and costs were much lower and because the LP tur- 
bine was eliminated. However, it was decided to size these turbines for 40" discs in order to  retain 

a practical size for molybdenum disc production. A preliminary potassium flow estimate of 202 
lblsec was estimated for one double flow turbine with these 40" discs. 

Before the turbine design calc~ilations and flow areas were comyletrd, it was d t t en ined  that to use 
the "B" cycle 1242K1932K (1776/1.! 18OF) was mare optimum for the entire power system A 
cycle calculation gave the flow required for the 1 166 MWe "B" cycle. That cycle required 31 tur- 

bines at a flow rate of 9 1.63 kgisec (20,' Ibfsec) each. 

Reduction of the power requirement per solar heat soulce from the 1 I66 MWe s)strrn to the 1078 

MWe interim system would logically reduce the number of turbines to 32 if the f:ow per turbine 

was unchanged. Hcwever. the turbine design calculations indicate that the last stage will limit the 

flow rate due to a large annulus area requirement. it was decided that 34 turbines at reduced flow 

per turbine were required for the 1078 MWr system. Later in this study it was detenninrd to main- 

tain the 10 gigawatt power level requirement as a tninimum rather than as an average a d  to include 

additional power necessary to  meet on-hoard peak power requirement. reldted to sattsllilt\ position 

and attitude control needs. Thr 34 turbine. 1078 h1We system for each cavity heat source was 

increased to a 36 turbine, 1 t 36 MWe s!.stern. This revised system had a 15 power niarpin over the 

power required even under peak power requirements and peak power transmitter capability. This 

reserve increased when attitude control power was reduced and as the power transmission capability 
decreased through the year. 

Using a specific turbine weight of 0.75 kg!kw (1.66 Ih kw). the total weight for tht. 1 1.36 X1We sys- 

tem was 8.48 X 10' kg (1.87 X 1 o6 Ib). 

The percent effectiveness was based upon the total moisture in the vapor stream irrespective of such 

factors as droplet size or  whether or not droplets were collected either on the turbine blade or on 

the itlside wall of the swirl device. 

Figure 6.1-32 relates the s i ~ e  of the rotating compt~netits of the SPS turbine to the turbine 

developed by GE for America's SST program. 

The aircrlrfl and land gas turbine industries in the USA have advanced the design. nilrterials, procrss- 

ing and manufacturing technologics of superalloy turhine systetns to a highly refined state. The 

development and manuf,rcture of the pvtassiu~n vapor turbine can use thew existing tc~.hnologies 

with a hidl degree of assurance. While specific preliminary design effort and later detailed cornpo- 

nent design work will be required to more exactly Jefine potassium titrbirir hardware a t  tile powtar 





k b  required for solar power satellites, no  majar engineering brelkthmghs are required ntx do  

other serious technobgy banien exist. Supcrriloy gas turbines of  the size of the pmpaseil potas- 

tium vapor turbine h m  been built. Large astroloy forgings of the size required by the pof;rssiu,n 
turbine hive been mlde for the C;E4 engine for Ble supersonic Vansport. A production base of 

sigztif-t size exists in the USA for the manufacture of large hi& temperature turbines. 

Newly deveioped powder metallurgy processing capabilities inciuding large hot isostatic powder 

compaction presses provide the basis for preparing forgeable billets of molybdenum alloy. TZM. for 

th t  fabrication of turbine discs of the required size. Alternatively. conventic-wall) arc-cast and 

extruded bllkts of this &OJ: could be forged and hot isostatically p m ~ d  in stacks to form forging 

billets of the required size for forging in existing facilities within me USA.. 

k , h  potassium Rankine turbine turns a generator as shown In Figure 6-1-33. These pnerators pro- 

duce e~ the r  4 1,000 or  39.000 volts direct current as required by the microwave transmitters. The 

generators u p  oil cooled using coolant passages through 50th the rotor and stator. .Although they 

~rr quite eKcient the generators must dissipzte waste heat at such a rate that their ou-n surface 

is not sufficient for this dissiplfic n therefore externai radiators are used. A high copper temperi- 

ture is advantageous to r d u c e  the area and mass of these radiatorr. 

6.1 -2.9 Prknvy Radiator System 

Sections 5.1.2.3 t h m &  5-1.2.6 explain the derivation and x1zct;on of the most important radiator 

parametem. l%is xction describes the resultant radiator design. c.ztails oi %hi+ are shown in 

Figure 6.1 -34. 

Shown hem is a segment of tL radiator for one turhog:ilerdtor. A vapor auct is at *he top -.,G the 

! ig~ id  ~ r h z ~  duct is st tbc ki::~i. El; beat pw i ;*t ic; .  =;i;t iitcii i i~tuugi.~?ipe~ p a s  -between tne 

ducts. Also sh ~ w n  are the triple layers of n~eteorctid bump-. in,talled on the Jui.trng. At the Isazr  

left is detail of the throiiyhpipec 3rd tlir ~rdparound sodium h a :  p ips .  TI., sodium heat pipes 

are spaced apart such that their centerlines dr2 1 .h diameters from each 0thk.r. This spacinr a an 

optimum compliomise hetween greater fpasirlg. 1\11ich would improve heat rdJtatlun. and rzd;rzccJ 

WI inp which aouM redtice mailifold mass t ~ )  requiri: g izwzr thioughpipes. On the right a a crcrss 

section through two adja~ent radiator systems showing how tile bapor J u z t ~  \hare conlrtlon mrtcor- 

~icr protection svstems iur a reduct;or. in bumper rnrto. 

Each radiator extends 35531 ( 1  I65 ftt from it; i . . .bo~e~ratc>r . so :hat th:: l~qiiid and \;ipor du* ts 

each have that length. h e  v-;,l~r Cuct is trtpereu. :t .!re furhine tbe diameter is t .OM I 5.?5 t't \. The 

liquid duct has , diam:ter irnaximum) of 0.27FIM (0.91 fr). The throughpipes arc. ,Y cni (-1.15 
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inches) in diameter. Assumimg that onr: half of the presstiit mover). in zondensition L, itszMe, the 

total pressure drop in the radiator is 21.2 k h  (3.W psial. makirrng an NWd of 16 kPa (2.3 1 psi) 

available to t t s  pump. 

The entire radiator system. including the heal pipe wicks. is t> p .; l h st.trntt'ss steel. \a zrch has 
excellent Lwttpatibii:ty with k-tk pot~rsitzrn and ~ d ~ u r n .  

Fire i a .  i-55 grvcs r mass ttrczakdown of the r;d~,trnr e a t e m  for e;lr iurbagr'nzt.~i,tr .tn.! ?or fhc 

entire SPS. 

6-1.2.10 Ekctmnqpwtic Pumps 

Elr~trrmagr~ctii (EM) dumps hat < . e n  11xd t.\rzniibel? IYI thr' piiirtping of itquid tr;%-t .h Ifti'! 

Rave the -.ivantapss of sbszwc of wals 2nd bearings, oprntlryr rt tubi l ib  r n r t  reduced nt&rntirnm~r. 

t~qIJim1mts. 

For the Rsntine q c ! c  space pnygan. a li@tui..ght f 92 ij (4:5 Ib>) i.!i*<trit-ti:~g~t~tii h)iler 

feril pump, <al\ubk of merating j i g  a liqutd mztd tzmperatute t ip  fe I il.:.:K ; i 4 ~ l ~ f ' ! .  u tt> di'uped. 
bujl! and tested for 10.00(l houn &at. Figire 4.5-4. 

11 pumped I I li; 1 ~ M ~ @ F I  potassturn at tfaa rdtcs cp to 1 4- Lp seC Ibrt: .:? J tfcti.iopcd 

head ci IhJS &Pa C40 PI' .I SPSii I.'s ' p i  anJ IE i.t'ii\-rcns-y ~ > t  Ib 5 n~i' pi:tl:p tzaturi.8 a 
?-I 1 1  allo% h d ~ i a l  pum? duct and J high tzmpzr;lturr. \tator uttii J F 1 1Ji ( 10iW)"f't iHJ\;Ili)ttI?l 

oper~tlrig rcmpcmturz. rttc *t.itc>r matcr,~ls cilnri\red of t i t y s ' r < i t  ? -  ~:>.ign'-ta i.ilrtuttt~c~ri\. 'is' ' 

~Iuinrna * i s i t  rnsufators. Ivpc  "S'* gi.ia.;. tape ~ntt'nktnci~ng inwcUf.jt~c*l? .ir?if nti iri 'f-t  ;.kf \ i h ? ~  c r t n d i ~ i t ~ ~  

joined b& h r a i ~ i ~ p  In the end turns t?tmp uinJl?g> Here ~ i t o ! ~ r i  Pi Iirl.:rt \.ih d i  '(tt~'~t-h 

( c~W%k~''f ' \ 

Llrge .t:i. tcntrhr irnzar t bl rrrrnp arc iii~dcr .-fi\ritxt..~lt+nt ktr rtzi. i .,lui.i \l,'i.ri f .i\t lk:r*cic'r 
R,-:u+t,u \ l J . ~ W  gpm (b9 1 LC ~h I 15:': !b wi.,.) t-iril\p hds k c n  b~itit at:.! 1, .!w .tirlnp i t - x t .  pun:p> 

of larger .:jc-. hate bee;: c i - :~~rJ?r~~J 111 tfic t.msc c\< .:i>.OtX?. -t).tR)i). 52) (Wi) J ~ C !  I :ti t i t lo  gp111 

t 14 lit .  34'5. ;-.to ~ r ~ i !  t.1 lil ip *<) $ 3  lob.-S';.SF" .and I :.J'O th +i.<t W\.:g!!i .titd <<)St c\$I- 

lildti.3 fi.r cc\n\nlcri!.gi iaitd t\ad \~.r-tnn. c\t 1hr.g i'tcitlr. k i t ; -  !*,k : : : : ? t  ,!;,j \\ b:!t- I !> .  \L- G.,*~l>p. 

\ii.r: dc\tgni*ct Ltr ttd:t411ng t t d i u ~ t  .tt .rhixtt S'S"~'. f?wr t i ~ \ ; l t - f i l l ~ : ; t  intrl, .iti. :-.t;ilix ., lit*-i:p 

c\pt'r:mii. \\ctl ~ b w c  th.:! 01 the c~rlter htgiicr t c i t ~ p i .  r I . : , - i*.: K.ir;Lir:c \p.ik.i. 

p;\\4 '-r \\ <:<'f:l. 



~~S W N G M I E )  

-TION VALVES 

HEAT PlPfS 

rnTASS1UI1- 
TOTAL 

rlSmp was estimated t o  \vi.igh 19.0'1 kg (12.000 Ibm). For the larger proposed W.000 GP51 piimp. 

the weight w35 Jrrivrd iron1 :iie aLwve flight weight pump by rialing its weight upward from thc 

1 Y .Of; 1 kg (-42.000 I h n ~  i pump in xsorilanii. with the inzressed tlow capacity and the2 rzdti;~tlg 

weight by 30' i ior sa t ing effii icniie~. Weights o i  other pumps fttr .ti.= "H" il <I<. at their pre- 

scribed flo~i- rate>. wtri' thr.11 rs t i i?~~t t -d  from .I wcl@it r-s. t lclu.  i a p ~ i i t >  ;~:ni. drritt.d irctlrl t l ~ t w  

17ight wi.;_rht puinp5. 

Thi- bvl1t.r tube. .Ire I ~ ~ t i ' r i  ~n\idi' tht* c . I \ I~> ~ b w r b e r  v tiere concentrated solar ,new\ IS a\a~:aillr. 

ior the ~iiilmrnatlon i'he troller n~rnlic~lds are twatzd outside oi the 'mii) abmr;wr \\ail paneb and 

arc tn\t:tatrd ~ ~ t h  h1~ltli011 t ~ n u l t ~ p l e  1.t)r.r C C ~ ~ ~ C ~ G T ? :  atto> itlsuI.it~on) t o  reduce enr'rg> w.~ste The 

rtianifc~td* dn,i bo1li.r lubes would be fabricated irom nroh~unl tcolumhium~. The ~ ~ 1 i t t . r  manriold 

41.uni'tzr 15 O 5 5  i n  t $0 t t 1. the rnlrt ni~nriold dlarnctrr is O 145 11, 40.48 i t )  I h e  "u oriinp" 

regton of the holler tub;\ !\ !irM (22 i t )  long The bolter tubes .ire 1.5,' znl (0.6 ~ n i h )  dumr.tcr 

I hz i, ,:$I" p~t.is\ i t~!~l ~ t l l t t  t t t i~pcr~ t t t re  1% QZ:h; t ! 11 ~ " 1 ' ) .  the potasrirr~l rapor o u t k t  t ~ * t i ? ~ e r a t ~ ~ r t  

IS I242h; l "h"F 1. .-\I1 d c s i p  IP  tills suiubs,steni i\ ior 30 ) rer L-recp rupture iapabilit>. pliis CO 

for ~ i e t ?  I t  J k\ctilef tiiiw t.1111trt- O C L L I ~  insldc. the i(t\ltf . rr'rJtr i.13 be ~ i i ~ i t e d  b> ~\oi.itrng that 

bt3if:r 1:lht. .~nd  acldlng (>t i  thi. rr-\:rlt.~t~t stub\ otrt\iJc of the i.t\ltl Of ~ o u ~ \ c .  this cJn on]\ be 

done 11) iryro\it:iatcl\ 5 t ot th: tubes beiore .I c a ~ ~ ~ p l c t r  repdlr ni:ght bi ce i i ' s . i c .  



The attitude control aprd station keeping system consists of argon ion thrusters. chemical thrusters 

and the related auxiliary elements The b l i n e d  spt'cifk impulse for the argon thrusters is 20,000 
seconds (see Section 5.1.2.81- Characteristics of this systznt. including lol';l!ion. 3rz given in 
Figure t.1-36 

Maximilm electric power is required when the system must produce m;i\imurn torqitr: the p o w :  

level is approximately 300 MW. The SPS 1s sized to tollow full transillitter output when the thrusters 

are drawing this power fcvel. Average thruster power is a b u t  1 20 MW. 

The primary purposes of the chemical propulsion are attitude ionrrcl when bitc bdr pSntr.r is not 

available and recovery from a gnvity gradient stable "upset" condition. 

6.1 2-13 Future Devdopment Requirements--A Preliminary Overview 

The development of Rankine cycle power conversion systems can rrocrtr< on the bast5 ~ 3 i  ~iior 
drmonstnr~on crf the feasibility of J b r t ~ d  range of technology. tlowe\er. ionsidcrabie wale up In 

size and continued crnphasa on imprc~vernznt niccm?ponent 2nd system t r f i ~ ! \ ~ I l t \  \ t i l l  be requlrrd 

A long term rif,rn will be necrssaw to  reinstate the dkali ~netrll Rankine ik dr test z.tpae?tlity in 

s?%*PS 

"P.E.P.' ATTITUDE OCCULTED THRUSTIIW;: AVERAGE ELFCTRIC PC'YER = 120 mw 
WXLIT  TtlRiJSTiYG: CHEMICAL ANNUAL PROPELLANT: 

ELECTRIC TfllcUSTEtSS (100cml 100 SEC Irp CIRGORI: Id4.COQ kdYEAR 
ARGO;II PPOPELLANT DUTY CYCLE t 0.- CHEM: 4.400 k$YEAR 
=.000 SEC I, SYSTEMMASS 1 2 r  l@kg 

THRUSTERS -- 

EACH INSTALLATI@N: 
T = 'JtiO F1 I126 lbfl ELKCTAIC 
1 = 560 El (126 Lff CHEhllCAL 

Figure 6.1- 36 Attitude Control Systeni 



facilities appropriate to SPS requirements. Nevertheless. there is a possible progressive approach 

which permit cunsiderijble progress to  be made on s cost effective basis. 

Itr the near term. it is necessary t o  plan, cmt estimate and schedule the broad oiitiine of the pro- 

grams required for the developwent of the power ionvcrjion system. to  further optimite the s) s- 

tem. to consider some ui the anticipated operating. maintenance and power control situat~ons and 

t o  initiate preltrninan cornponeat design effort. 

For the mfd term. solid progress must be mad* in developing test f3cditics: in design. construction 

;in'! test of components; and. in genemi. in dr\-eloping ;t soufid engineering basis for full s i l t  conlpo- 

nents. Itlitid iampr3qent and facilities capabilities nlight be limited to the use of wpet.r;lllo>*s and air 

ensironmrnt hcilttics for practical znsinezring 3chic.i-ement. 

in the 1uner.r !~ml,  near "iindf" des~pns 01 .,!ractor) dfloy component. . w i d  be reclutrcd. a!ong 

s ~ t h  a cdpajlillt! 'f tzstlnp rnadi~iar compunenta In A ~pace-tlits srnironmrnt under IG contiition\ 

on Earttl. dunnp thi* pen& ~ * ~ ~ ' - . ~ r a t ~ c ) i ~ \  L ~ r u ! c i  5z pidnned 1b, .. \ t ~ a g  In sya<r. 

A program plrinnid a t t i i  Jsiinititz objedl\z> and J loglcdl progression of h s r d ~ a r c  Jc\elupmc::: 

HOUIJ prt..iilc .i \L*..:td bd\t\ to: ;rw\lsteIlt  id .,r>nnmii~l p r o g e ~  1rou.d I!IC .~\dll~bil~t! UI rill- 

able, cost ci>mpzttti\i' thermal porter ~ o m t r s :  . 3) \ti'~:is for the wlar p o ~ t ' r  sitelf~fe. 

6.2 MASS SUMS! \RY 

.*, 1113>5 sunimdi- ~ ) r  vhc phc,to~ol1dti r ~ f i r ~ n c c .  Sl'> ;\t:J b) nulor H M S  r.lrnii.nt> is grtctl in  1.1Slr 

6.2-1. ,A mere ianip!ste i11 . t~  aiJtcnlrnt u .~ \  pru\idi.d in the dcfin~tior; \ezttons for each ot'tllt. H BS 
elrmcntz ..; tilts ? i i~>s  r;umrnan. 

Tablt. 2-2  protide\ ;orrlparhotl < t i  the I I I J ~ S  .LilllrnariCs for the c\o:utiun of thr' findl ~ ~ h c ! o i ~ l t . i ~ c  

refercnie 

T h c  prc. :?I ictr the iir~dl ~lh,)ti?\vltdic rcfcrcn~.c \\.I\ Jctenninzd frotn tlic . tcm unit'rt.t~nt? snat5- 

szs. t ~ g u r e  t1.2-1 pmtides ttic recults of rtlr si i. ~ r l d  liniertdintl .inijl)\ls. 11ie ~omple t r  L1ttct.r- 

talntl .ind! scs I \  d ~ s .  ..-\ecf 111 tilt* t\dilidflc>11 2nd 1)dt.r HOOA (Vi~ltime 



D 180.22876-3 

Tab& 6.2-1. Rt#kiew tktmdtaic Mrsr Sumrmry (Mam in Metric Tons) 

1.0 SOLAR r'lEut;V COLLECTICN SYSTEM 51 ,782 

1 .1 PRIMRY STRUCTURE 5.385 

1.2 SECGYDARY STRUCTURE 

1 . 3  MECHANICAL ROTARY JOINT 6 7 

D 

1.4  WINTEKANCE STATIOt! 

1 - 5  CONTROL 178 

1.6 INSTRWNTATIW/COHnlNICATIONS 4 

1.7 SOCAR CELL BLANKETS 43,750 

1 -8  SOLAR COfYCElYTRATORS 

1.9 PaiER DISTRIBUTION 2,398 

2.0 HICROUAVE POWER TRANSMISSION SYSTEN(S) 25,212 

3.0 SUBTOTAL (N3 GROWTA) 76,994 



Table 6.2-2. Photadtak Re- C o n f v t i o n  Nosrind Mass Sumrarry We+t in Metric Toet 

266XGROWTH FROM UNCERTAINTY ANALYSIS 



ARRAY PLANFORM AREA-- KM2 

Figure 6.2-1. MassjSue Uncertzinly Analysis Results 

83.000(+ 7.8%) 
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?ENERATORS. ACCESSORY PACK 
GENERATOR RADILTORS 
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START L0C"S. COFJTROLS 
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W E h  SENERATION 
ANTENNAS 

Figure 6.2-2. Potassium Kankine SPS Mas .atement 



6.3 COST SUMMARIES 
OFtlGINAL PAGE iS 
OF PWR QuAW'~"Y 

Note that the radiator mass does not include the potassium working fluids (which is givcn under 

"potassium inventory"). Thus the radiator mass does not correspond t o  that given in Section 

6.1.1 9 since the  potassium normally present in the radiation was tncluded in that section's radiator 

mass summary. 

6.3.1 Silicon Photovoltaic Cost Summary 

A cost dnalyslx was accomplistied on the rcierence photovoltaic SPS usirg s PCM t o  prc)jjrct the 

thr'or:t~c.i! t in t  unlt tTFC) cost. X mature industry projection was rhrn appllzd t o  the TEU along 

Irarning cunec  to t.stim.ite the sjstern cost5 for \driot:> ><hernos. 

Tahle 6.3-1 sumrnanzes the Cost o t  n q o r  WBS elemrr\ts for the p h o t o \ o l t d ~ ~  SPS. A c ~ n ~ p s ~ ~ o n  

is provided for the LEO-(if.0 co5t trade for one  SPS per >car  dnd tor thr' sd\dnced p r o d u ~ t l o n  r:tte 

of four S P S ' b  per year. 

A detailed cost $urnmar?, is proktded in E\a luat~on dncl Dstd Book (Volume 6 )  and inctadt.\ the 

installed s) stern co\t I $ ,  l i ~ r . )  and tlir cnerp) cost to tflc cL~sf~rner  (\It!, Kt$-hrt. 

6.3.2 Potassium Hankine Cost Summary 

Table 6.3-2 \urnni.~rrrz~ c.ip1t.11 cobt elc.riicnr\ fur the themidl englnr SPS \>sicm a t  t\io procii~ctlor: 

rates. 



T8bIe 6.3-1. Reference Photovdtaic Fill Cost Summary 
-8- 

*INTEREST NOT INCLUDED 

rms 
r 

A 1 a l a l m  

~1.01.01.01 

~ 1 ~ 1 ~ 1 . 0 3  

A1.0181.w 

NAY€ 

IULTIPLE/CO~I#ON 
PROD. COST 6 x 1061 

ENERGY COLLECTION 
NlA 

ENERGY CONVERSION 
PROD. COST fS x 1461 

POWER DISTRIBUTIO# 
PROD. COST (S x 1Obt 

M r n  
PROD. COST (S x lObl 

SUE TOTAL (S x lo6) 

INsrALLATlorV COST (S x 106) 

TOTAL COST *($ x 106) 

1 WS F+ER 
LEO CONST. 

897 

-- 

3731 

138 

2616 

YEAR 
GEO CONST. 

to3 

- 

3588 

133 

2676 

7 4 2  

7554 

14.996 

1 1 , 4 SPSs PER YEAR 

7130 

10906 

18.096 

LEO CONST. 

760 

- 

2793 

a2 

1952 

5587 

5297 

1 O . W  

I GEO CONST. 

661 

- 

2 6 s  

79 

1 x 2  

5378 

7648 

13,026 



Table 6.3-2. Capital Cost Summary-Thermal Engine SPS (Hankine) Dollars In Millions 

1 SPS/YR 4 SPS/YR 
WBS NO. I i  LM SOIIHCES & REFERENCES LEO GEO LEO GEO 

CONSTRUCS ION CONSTRUCT I ON CONSTRUCTION CONSTRUCT ION 

Solar  Power o Mature I n d u s t r y  E s t i -  
Sa te l  1 i t e  mate, Table 20 

MultipleiCommon o PCM Run, Table 21 
& Pkg'g o General E l e c t r i c  Tur- 

Energy C o l l  e c t i o n  bine, Generator, & 
Energy Conversion Pump Cost Est imates 
Power D i s t r i b u -  o S t r u c t u r a l  M f r  Est imate, 

t i o n  9 t h  MPR 
Microwave Power o Var ian a n a l y s i s  of 

Transmission K l y s t r o n  Product ions 
o MPTS E r r o r  Ana lys is  
o SPS Mass Est imate,  

'Table 22 

Ground Receiv ing (Same as Photovol t a i c )  
S t a t i o n  

Const ruc t  ion & 
Space Support 

Cons t ruc t i on  Base W r i  tedown Summary, 
( F a c i l i t y  Wr i te -  Table 23; F a c i l i t y  Mass & 
dnwn) Cost Estimates, Tables 24 

& 25 
Spdce Support 
S tag ing Base (Same as P/V) 
Crew Support o Crew Support f rom E s t i -  

mates, Table 12 
o Crew Rqts from Construc- 

t i o n  Analyses ( P a r t  I 
Vol I 1 1  & P a r t  I 1  Vol I V )  

Other OPS 
Support 



Table 6.3-2. (Continued) 

ITEM 

Space Trans- 
p o r t a t i o n  

Earth-Leo 
F r e i  y1.t 

Crew 
Leo-Geo 
F r ~ i  ght. 
Crew 

Interest dl j r ing  
Construct ion 

1 SPS/YR 
5OURCES & REFERENCES LEO GEO 

CONSTRUCT ION CONSTRUCTION 

c~ Nurnbers o f  F l i g h t s  & (7425)  (11182) 
Costs Summary, Table 26 

CI Other References Same 3900 3270 
as Photovol tai c 

528 5 28 
181 533 

281 6 6851 

(700 days) (450 days)  
(2068)  (1  563)  

4 SPS/YR 
LEO GEO 

CONSTRUCTION CONSTRUCTION 

(566 days)  (366 days) 
( 1  21 5) (916 j 
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ROTARY JOlh K Aii ALYSIS 
GENERAL ELECTRIC 

SPACE DIVlSlON 



T ~ k o  sizes of slip rings were evaluated. a singie 350 meters diameter slip ring ( ' per SPSI snii three 

concentric 15 metea. 1 1 meten and 5 meters slip ring ( 2  sets per SE). A b  thm materials were 

considered as likely candidates for the SPS dip rings. The coin silver t W6 silver. 1 W t copper i ti the 

?ast lass (I>R losses) material and in conjunction with silver moly disiiitidrs brushes provide the 

best perlarrnan~u. 

Crzper slip rifisr material cost is considerably Ies than coin silver w t h  comparable weight and I:R 
lo=v hut vxuurn operation experience is limited. 

The dtsidvantape of alunlinurn sltp ring are thc high I ~ R  t<)? i? i~~ anit veq limited ekpeneniz in 

vacLurn operation. The additional problem with alui~inum is that the surtace oxide soitid have tc, 

be removed and protection provided in air by plating. Osiitat~on in spaw couid also ms~i r  over long 

per ids  oi time due to  oxygen molecules. 

~ E ~ E ~ A L  
ELECTRIC SPS SIip Rings 

I 
CUN SILt'ER 

- ADVAKTAGES 
VACLTJM OPERATION !XZ'ERlE.uTE 
UW WEAR 
UTW FRICTIOPI' 
urw LOSSES ( p  = I . s s ~ / c ~ ~ ,  
xxwe LIFE 

- DSAD\'A;iTAGES 
COST OF 3fATiRLAL - P E R  SPS) 
WEIGHT (PE R SPS) 
AVAILABIUTY OF SILVER - 

COPPER 

- An&-ASTAGES 
CGST OF BMTERML - (PER SPS) 
WEK;lIT (PER SPS) 
AVAI1Ai)lUTY OF COPPER 

- DISADVAXTAG E S 
U W E D  LOSG TERM EXPEREKCE Cr' VACUUM UPEMTIOX 

CC T OF SIAIEIU4L - (PER SPS) 
WEEHT P E R  ST'S) 
AVAIIABKUTY ( F ALUMEWW 

- DISADVAhTXGES 
3 HE!i LOSSES ( (J -. L . 7 9 p a  /cm ) 

SURl ACE C~SiI)ATION 
LSPEtUESCE VACI"Lk1 WERAT1\!S 

15.?1.7rn DIAMETER f 3JQm DM%-R f 

$l.Olrf 
24.000 LBS 

#OK 
20,000 LBS 

S%M 
115,000 LBS 

5175K 
96,000 1BS 

I 

65K 
6,500 LBS 

- 

S82K 
30,OM LIfS 



CWE OF ItATEI\UL - SZiOK PER SPS 
~ Z I i M  - l , S O O I B S P E B ~  

GARBOR' =YE (LIC?WLFIt?E ADDITIVE) 

OF WTEIUAL - $lO&PER S'S 
W E X W f  - SOO LBS PER SPS 

R8XIEH LCSES (llKECE THAT OF SLYER) 
XI;H FHICflOti ( TWO TO F a T t  TUIES 'THAT OF SLYER) 



An inrs%t@tiion was made to k t t r m i n z  the  ntagnituth. of hush wear rfwt could h= cxtwnt.nit'if on 
the Sofar Power Sateffitr: (SPSI. 

The S013I. Power Satellite has t h ~ c  different dbntctcr slip r r n p  ~ i t h  the ;oilowing pardrtteters 

Dmmtcr Current 
(meters) f amps) 

t f ;  199 ....tto 
i 1 13Q.5tt0 
7 59.800 

Brush .area 
Brush 

Wststion;ll Speed 
Brush Material 
Rsng Mdrr.ri31 

'r;ultttrc.r ot Brttstttr 
per ring 

- a *  r h-r 

3 20 
12s 

3 cm \ 5 an 
4 pjl 

I mvoiution pet d.i? 

.1\ MoS - -1' 
f oltl Slit e r  

There is v e ~  little information zonccrntng ~htontrlcal  3\&\t.ct\ of irr~ish itcar ilr . i i t ~ t ~ t  lwiidi uk.tr 

cfi'iitmtlp under vacuum owra tmn .  

Brush and t i ~ p  nnp  wear :\ a cornpic\ piit.nomr!~on dt.,wndznt iij*in tnm; parj:yt~.tzn *tic11 -1% the  

brush and sltp ring mrterial, rz~cct~antc.it pre-we. slidrnp \r-icbctt?. r.lr.\-ti~~al itrrri'nt ~113 t!ic c n \ t r ~ t i -  

mental condrttons. Holm has e\prz\-;r.d hnr\h w a r  ;ri 

Whrrc 

Vrtlttt~ t r i  iVC, brtuec'n 0.h and 20 ha\e been ~ I \ C ~ I  t.5 tlolrit f or  t.rttst~r=\ rtrrinrtls on -trtoot!l iotljwr 

rings. Thc lower vtiuc. 0.h. IS tor c l r i ' t ropr~j~l i~t r .  brusk.r.s and tiic I11pRr.r \:iii~t.. 20. 1% tor copper- 

graplt\tr. of brorwe graptitte. \'dltic oi \! ! rdfig< I-rot~~ 0 to 0 Jt-rt ' i~ti~ng tipotl f!ic t k  pc of bntrfr 

rnatenai ds wrll as \kIir.thi.r it I* a n o ~ l t i  or  :attttldiz. 

'Titc brilzii wcr;, w;tz dctern~incd fat S t 5  t\.t\cii 13n iiolin f n r  il~if;*rr'r~t t! PCF of hr;1\11~\ v;itli thc f01- 

l ow~np r twi ts .  



Lewa. et sl.. preJints data gar vacuum ryxrattutl of .Ag $40 S2 C' brushes and coin dke r  n n p  as 

f0iiotk-s: 

-0 . . 
Wear I t n tn  

Brush current 8.33 amps 

Current densit) IM! amps in2 

I f  this data IS c\trawl~ted for the S S  Crush ptrssurz and brush area, the wear wilt be .% \ 10 4 

i im- Krn per brush. The wear fcw the Brushes. on the SBS nnps will be 

Diameter Ring Total Debris Debris per lntsh 
a 

I S  rn 23.7 cmJ:year .a: I 7 an-', year 
i. 

11 m 14.5 zm-' year . c t j ?  zm3 .>ear . 
7 m 3.: cm3‘? ear .If289 cm" 'year 

4 The we= rate of Zh K 10 cm3 Km is ia'tsiderably in cuszs of that iakuluted with Holnt's e q u -  

tion and parameters. However, this represents Bear in a vxuum kith brush materuls that Holm did 

not ddrcss. 

I t  i s  not imntt.diately apparent as t o  what rwcurs t o  this debris. &cause o f  the low n~taticlnd speed 

as well as the tacuurn and space envimnment. tt a possible that tile dehrts will remain In pro\int~t? 

to the brushes I t  \hnuiJ bc noted that the qusntit) o i  debris p e r  Pnlsh per kcor is qi~i te  s~iltiall 
bcrwecn . O W  cm3:year athi 061 7 cm3 'year. Ttris debris is  in the form of fine particles which 

i ~ l d  kcotne ckdtged and ~dt1t.w to t ~ t  her surf.iccs. 

The weer of a~n'rdft hntshcs was detenx1inc.d based on data of tlte Carbon Products Ikpd~tment .  

Gncral Ff~itrir' f'o~ttpati?. The brushes are pr,iphitc having nroiydisulfide csrrs and are t w d  with 



both commutators and slip rings. The brushes used w ~ t h  dtp i,ngs have ahottt 1.5 times the lit;' s 
th- u d  with cammutat-. The data praoijrd was as follows. 

weat ' 5 "  .-. 
w 4WlO ft,'n~ia 
Brush Prmft: 4 psi 

1 

%tush Area . + 5 in- 
Comrnut&t@r 

Wear = .28 a lo4 cm3 km bcrsh Ct>tnmut.itor 

Wear = .19 x lo4 crn3 k s i  brush Slip King 

On aircraft applications. the uew of the sitp ring and co~ti'iutator is aprro\i::!.itell the wne ts that 
oi the bnrshes. 

Ragnar Holm. "Electric C.untaits Handbook." I?:rd Edition. Spnngzr-Verlrrg. 1 958. 

Lewis, Cole. Cllessbrenner anti i-ttst. "FrL-tion. Wear and Soix c. Slip and Rnrsll Contacts for 
S) nctthsnoua Satellite lit. " IFEE Tr,naitlan> on Parts. H\ hrlds and P~zA.ipng. V R ~  PHP-0. 
No. I .  March 1973. 



APPENDIX B 
ANALYSIS AND WMPARISON OF 

ALTERNATE STRUCNRAL APPROACHES 



A c m a r i s o n  was made between continuous chord beam jnd  the 20 meter 
tapered tube beam being used i n  o w  current referefire s a t e l l  i t e  design. 
Solutions were found tha t  wt the load ;equit.e;wr.t. o f  the tlipeted 
tube approach and resul  ted i n  re1 a ti vely small mass i nc rezses . 
The continuous chords invest igated were o f  both open and closed sect ion 
configurations. The operl sections i rives t i ga ted Here o f  the conf i gut-a- 
t i o n  shown i n  Figure 1. This i s  the basic config,iration of  the Getrepal 
Dynamics continuous chard approach (piAS9-15310) w i t h  the s i  dc lorlgth, 
L, varied f rom 3 inches t o  15 inches. Figures 2 thr~ouc#i 4' i l l o s t r a t e  
the r e l a t i ~ n s h i p  o f  c r i t i c a l  load ( i n  Suck1 ing) artd 1 -= rd- t~- i ; *ds~ 
t-atio as a function o f  batter! syaci f tg  and beam w id th .  Zclstiot-15 usre 
sought t h a t  uouid g ive the optimum beam width  and hat:en spacing w i th  
respect t o  load- to-sass r a t i o  fo r  each c o n f i ~ u r a  t ion.  

The closed sect ion conf igurat ions t h a t  were used at-e shcwn i n  Fiaures 10 
through 22 along w i t ! !  the opt imizat ion curves f o r  each case inves t i ~ a t e d .  

The conclusions from the invest igat ion are: 

1. The load carry ing capab i l i  t_i o f  the continuous chord Seam i s  
very sens i t i ve  t o  € I x  o f  both thk chord and batten. This 5eems 
t o  suggest t h a t  the ci?ord conf igurat ion should be used for  
the bat ten for the best perfomunce. 

2. For a given chord/batten cbnf iyurat ion, so lut ions e x i s t  for 
chord width and bat ten spacizg t o  give optimum load-to-mass 
ra t i os  for t ha t  configuration. The trend i s  for wider beams 
t o  Adve sr.';dller b a t t e n  spacings f o r  the opti1~11:rn condit ion.  

3 .  Closed settion wirbers h a i e  higher load-to-n-ass t-atios f o r  a 
given beam conf i  gut-a t i  on. 

4. Solutions e x i s t  f o r  continuous chords tha t  could r e p l a c e  the 
crir-rent tapered tube t\*>dfiis w i t h  a ,ass gt-p,s t h  o f  ayrt-ox:i7-a tely 
20 pcr 2nt for c1cst.d s r c i i c n  I ~ s ~ ~ ~ S C ~ S  ~ n d  39 pet-cent f o r  cpen 
sect ion .-et&ers. Other stlli ltions e x i s t  that  ray kc c loser  t o  
the ! a p c r - ~ d  t h e  mass for the load rcqui t-t.ii+ent ;. htit of  the 
configurations investigated, Figures 23 through 26 i l l u s t r a t e  
the chosen sol   tio or is. 
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