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1.1 ENERGY NEEDS 

The production and utilization of energy on a significant scale is a relatively recent occurrence in 

human history. It began with the industrial revolution. Industry utilizes energy and employs 

machines to  increase human productivity. The advent of industrialization demarcates an economic 

condition of scarcity from one of plenty. Today we use the terms "industrialized" and "non-indiis- 

trialized" ahnost synonymously with rich and poor. 

The development of industry has been fueled by the rapid consumption of fossil fuels that were 

formed over trme periods of geologic extent. (In 1976. the worid consumed approximately 1% of 

its total remaining proven reserves of fossil resources.) Within the past generation the finitelless of 

these resources has become of more than philosophical interest: within the past five years it has 

become a pressing problem popularly dubbed the "energy crisis." If mankind is to continue to  

enjoy the benefits of industrialization, alternative sources must be developed. There are several 

potential options: singly or in some combination. These future energy systems should satisfy the 

following ten requirements: 

( I )  The source of the energy should be non-depletable over time scales of at least hiintl~.cd\ of 
years. 

2 The system should not be capacity-limited, i.e., it should be possible to install ah ~nuclt tdpa- 

city as is desired. 

( 3 )  The system should permit installation of generating capacity at a ratc sufficient to  rneet the 
combined demand for new capacity and for replacement of obsoleted capacity. 

(4) The system should be usable for baseload. 1.e.. continuous service. 

(51  The system should produce much more energy over its lifetime than is invested to  create and 
operate the system. 

(61 The system shcutd hate acceptable economics. I n  the simplest terms, it shoirld produce 
electric power that consumen and industry can at'iord to buy. 

7 The system should be environmcntally acceptable in all respects. including air pollution. water 
pollution. thermal pollution, hazards. land use. and any other unique factors associated with 

the particular nature of the system. 

(8)  The system should not require excessive consumption of critical resources even to install the 
greatest piai~sible total capacity. 



(9) The system should have the potential for compatibility with power grids as regards reliability, 
availability, power characteristics, plant size, and ability to  serve all regions of the world. 

(10) The system should admit to at orderly. mangeable development progratn without excessive 
risk, cost o r  calendar time required t o  reach initial commercial status. 

Most of these requirements are self-evident but elaboration of potential capacity requirements is 

important because the scale of these requirements is often not appreciated. 'The United States in 

1975 ccrlsurned a total of 71 Quads, or  2370 Gw-years (see Table 1-1). Of this. 668 Gwy equiva- 

lent thermal energy was used t o  p n e n t c  2 t 7 Gwy of electric power (some electric power comes 

from hydroelectric sources. so that the actual thermal energy consumption is less than 658 Gwy 1. 

The conversions from thermal t o  electric power in Table 1-1 used the national averagc heat rate 

(thermal, electrical equivalence) of 3.04 k* htl,!kwhe ( 10.389 Btu, 'kwh~ This applies t o  conversion 

of thermal energy to electric energy but not necessarily to  the reverse. Conversion of electric 

energy t o  low grade heat energy for space heating can approach this figure, but conversion of elec- 

tric energy to high-grade heat is likclv,to occur at the energy equivalence of 3413 Btujkwh. A more 

probable overall average electrical equnalence is about 2 kwhth 'kwhe ( 7000 Btu,/Lwh ). 

Thedistrihution of energy consumption by use in 1975 is shown in Figure 1-1. The figure also 

illustrates the degree t o  which the nation could electrify if primrtry cnergy sources were basically 

electrical it? nature. The distribution of energy supplies by source for the year 1'976. is sliown in 

Figure 1-2. The fraction of our totkt1 energy supplies that is imported is large all increasing. 

The development of new etlt'rgy sources to fill this need will be a massive undcrtdking. Rc.l;ltively 

few alternatives now known offer any hope of meeting the reqilirements summarized ahovc. O ~ i c  of 

the more promising is the solar power satellite. 

1.2 THE SPS CONCEPT 

An SPS system for uttlity electric power would include a number of batcllites 111 grosynchronous 

orbit. each with cr t~ i '  or two associi~ted power rcceivtng stations on the ground. Recen inp stattons 

can bc located near load centen (weather ig not d s~pnificant factor). E.ach will provide at leas? 

1000 megawatts and posably up to  10,000 megawatt5 of baseload rlrctncal output A *~tcll~te 
sptcm IS pictorial17c.d in Figure 1-3. Power is transferred from the slrtet!itt..c to thc prviind <tations 

by high-prec~sion electromagnetic beams. The trttnsmlssions would , ; ~ ~ ~ i l ~ l ~ a b l ~  use the inciustnal 

microwave band at 2.45 GH/.  dn altcrn,tt~ve industrisl allocatton nvailahlc at 5.8 GHz collld be used 

but has received :omparatwely little attention. 



1 quad t h e m 1  i s  equal to: 

10.8 Gwy electrlc 

1.8 x 108 Bbl o i l  

U.S. consumption i n  1975 was 
equi va l  ent to : 

766 Gvly electric, or - '  

9 12.5 x 10 Bbl o i l ,  or 

6 45 x 10 metric tons coal 3 - 2  x 10' metric tons coal 

How US. 
WES ITS 
EN€ ROY 

PROCESS HEAT 

TRANSPORTATION 

* M E  HEATING 

MISCELLANEOUS 

INDVSTRlAL POWER 

CHEM. FEED 
LIOHTlNO 

(1968 USE DATA1 
ELECTRIC ENERGY 

DIRECT FOSSIL FUEL ENERGY 

NOW ONLY 70.7% COULD 
18B IS BE FROM ELECTRtCtTY 
FROM ELECTRICITY (EVEN WlTHOUT ELECTRIC CARS) 

Figure 1-1 Applicability: The V.S. Can Effectively Electrify 





Ont or mort constmctmn kir kxated either in geoqm&ronorre orbit or ioev Earth oatit. 
umhk of constructing #te sa-tes. Sa td i te  hadware delivered t o  the constnrction bases 

ivill be prrfabfhted t o  the e x t a t  p r r - t b k .  

One or m o ~  Earth-hscd space rransportation ports ciaunch sites) a p a b k  of supportmg 

q x L P  t m k q m a a h  Operatiotrs. 

One m more rpacz-based space transportation operattons support h m .  eapabk of  supporting . 
space transportation operations. This funciion rouU conc~ivablg be c=bincd with that of  

either a constniction base o r  a maintenance base. 

Earth-bsed manufa-turing facilities capabk of prodxing the harda-are and consumahk 

n e e s a y  t o  transport. construct and maintain the SPS system. 

The concept of the space-bawd power station is now atrout a decade old. the fint publicrttions by 

Peter G k r  having appeared in 1968. The early years of concept evaluation and development were 

marked by the virtually single-handed dedication o i  Ciaxr  and the almost universal ridicule which 

p t e d  his relatively sober quantitative analyses of potentialities and fundamental feasibility. P i -  

marilv through his efforts. the concept slowly gained first the recogyition and evztitually the con- 

currence and support of a portion of the aerospace professon. as represented by its inclusion in the 

XIAA's Awssment of  Solar Energy for Earth, several Congressional hearing. anti the %.S.SA 
'Outlook for Space" in which it was identified as one of the major potential future space activities. 

During this period a number of different Zechnical approaches were s u ~ e s t c d .  including modifica- 

tions of Glaser's original photovdtaic scheme: an active solar-thermaklcctric concept ar.d a passive 

satellite relay concept to  transmit Earth-generartd power over irltercontinentai d i s tmct~ .  All these 

schemes utilized a common mode of power tnnsrnission: microwaves. A primap limiting factor 

on all of them was identified very early as the cost of transportation into posynshronous orbit. 





TBt tufy studies a!! identified the fezritility of efftcimt i o r t w n ~  trursrninsion of power by 

rnksmwe; as $be m a  prominent issue affecting eventual fwlbitity o f  the concept. Accordingly. 

pmof-of-yri .Spk tests were pbnffcd by NASA wd cond:utcd at JPL in 1975, The test results con- 
firmed the physical principks invtsed. demonstrating teat effrcicnt transfer of energy is physic@ 

At about this stme time (1975-76). WCY transportation systetn studies funded by N.\SA were indi- 

cating that unit transportartion CY)~~S. e.g, in ddlan prr kg. uiwdd reduce t o  surprisingly low v d u e  

thtrwgh the benefits of scale and through complete vehicle reusability. if a job of the magnitude of 

were undertaken. Thus one of the chief cost bamers to  S 6  began to  appear ~~rmountahlc.  

These events led to furtter SXSA snd industry asrujifts. TWO contracted '"SPS Stsrems Detinitioe 

SBidies" w e e  conducted in 1937 under NAS.4 sponsorship; this report summanitas results of the 

JSC-managed W n g  effort. These e i i o ~ t s  have more thoroughly defined and cvaluatr.! the SPS 
coikxp~c. including support systems. SF3 a d v ~ a t e s  are now arguing that this conr'zpt has p*>tcntial 
as a not- fepktable energy source. as puud as or better than p u d - h a d  solar power or thermnt:rrc- 

lear firion. NASA and DOE are develop in,^ a plan t o  continue expiomtion and e\tliuatioil of ?he 
concept oter  :!LC neht three )ears. The plan pnmaril) insiuda paper 3tblizs o i  SYS abstelTis and 

t h e ~ r  potential entirunmental and social impacts. 

1.4 S N D Y  DESCRIPTION 

1 -4.1 Division of Effort 

The study wa5 divided into Part 1 and Part I l  ziiorts. The tint part Ha\ i011duct~li from DeLcnihsr 

1976 through Apnl 1977 and the second part from Ma) 19'7 through Uciemkr  1977. 

1.1.2 Study Objectives 

n i e  ahjeitlves of the study Here as follows: 

MI 
"Issues To derive specific. comprehznsltr uipporting d a t ~  nczesu;rr? for SASA c\rritiation of the 

fbllowitig two major SPS slstern issues: 

(a! What is the overail most effective means c i  accortlpl~~hinp solar rncrpy-twlectrica1 energy 
contersion on an SPS m geosynchrctnous orbit? 

(h) At what location tor la-ations, in %pace coilid the variouk pli .~~.,  o1'SYS coi~stniction and 
assembly he done? 

Iratirportatton To increascl the \cope . t t ~ t i  dzptl~ o i  U I I J C T S ~ . I ~ ~ ~ I ~ I ~ ~  01' tll:. qjdct' tran\pnrtatlon 
system5 neceswry to  support an SPS prograni." 



MI 
" T k  objective sf 11 of this study is to define the ouemll SPS system in mow detail in order to 

achieve, as a goal. mewhere  on the order of s factor of two re ju t tbns  in the uncertaintj o i  the 

weight m d  cost estimate ranges resulting from the JSC study." 

SuikCines anJ asamytio~s ustd during the course of the study 3rr summarized in T ~ h l z  I-?. It is 
rmptiasizd that the app.-h t l e n  to this study Y I ' ~  ro maximize confidence in results. rather 

than t o  minimize mass and cost projections Py using optimistic- or  hr-futurt. t e c h n o i w  extrapoh- 

tions. This is retkstzd in the rlriticln of energy conversion system*. in the sitlzzt~on of tnnsporta- 

tion systems. in the m a s  and - - h t  zlttrnsting teihn~quzs. and tn the trniertainty anaI?,ses 3pproac11. 

A significant tactor in overdl cost thsr;titeri\tii~ a the md\imurn io~ttkphen- k s m  intensit) statcd. 

This intensity limit strongly influences the ctht characteristics of the pound receiving <)item by 

cstahiishing maximum total poser that i sn  illumrnate a givttt~ receiver 3rea. The pound recener n 

estimated to represent 257 of  total iiqts. 

S C  IfWOUS€ STUDY =-It%& lHE TiREEIli t K X ) K 7  WOULD BE US€D AS 
A BOIMT OF DEPARTURE. 

SPS SVSTEM DESSNED AND ANALYZED SHOULD REPRESNT THE EARLY 
PAqT OF A MATURE OPf RATtWYAL PAOGRAM. 

SPS SYSTEM DESJGNS SHOULD MAXIMIZE CONFIDENCE tN RESULTS RATHER 
THAN M Y J ~ M I Z ~ ~ ~ G  MASS AND a m  mRuucn YA~OR ~CHNOLOGY 
EXTRAPOUTIONS. 

INl l lAL SPS'S DEPLOYED I# 1990's 

SPACE TRANSWRTAT1ON OPERATIONS K4C-8ASC;tt 

SPSSOPLRAIT ATGEO 

NOMINAL DESIGN OUTPUT 10.000 MEGAWAlTS MROUOH TWO MICROlrvAVE 
LINKS AT 24 GHr 

o MAXIWW INOSPHERE BEAM INTElYslTV 23 MW~CNI~ 



The most significant study results are sum;nuized in Table 2-! . The study concentrated on maxi- 

mum confidence system designs with the n w l t  thal the SPS, rather than being a mid-2 1st-century 

system, should be achievable by the year ,000. The base technology is in band. A Aer a modest 

technokrgy verification effort of 3 iu  > years duration. full scak development could begin and 

would pfovide a mainstream energy system of gnat potential. 

Figure 2-1 illustrates the design evolutions in the two principal types of SPS systems and space 

support systems. 

. 
The photovoltaic SPS began with the JSC truss configuration. employing a geometric concentration 

ratio 2 as de f i ed  by JSC- 1 1568. This configuration was designed on the basis of beginning-of-life 

output capability. The initial step was to  resize the configuration to allow maintenance of output 

capability throughout its thirty-year design life. The resulting configuration (shown next in the 

figure) employed periodic array addition to  maintain output. 

At the completion of Pan I of  the study. a total of 10 photovoltaic configurations had been de f i ed  

as shown. These included silicon and gallium arsenide energy conversion at concentration ratios 1 

and 2, using various power maictenance methods. Significant risks associated with gallium avail- 

ability were identified for the gallium system, therefore, the lowest cost silicon system was selected 

for continuance into Part 11. This configuration employed concentration ratio 1 and in situ anneai- 

ing of the solar cells for power maintenance. 

Further analyses of the interactions of the various sizing limitations and of array performance 
allowed a slight reduction in system size for the final configuration. Division of the satellite into 8 
modules is also indicated in the figure. The system output. with the optimum rectenna size, was 

reduced to 9.3 GW as a result of final definitions of the efficiency chain. (For convenience in 

finalizing the point design data, the configuration was frozen with a given amount of electrical 

power crossing the rotary joint. When the efficiency chain analyses were completed. including a 

95% power interception efficiency for the optimum rectenna size. the resulting output was 9.3 GW 

total.) 



PACE 7R#6WRTATIUl - LOY CQST WE TO W F i i  LEVEL. MOT IEU T€M#Qrn - - PAYLOAO WLUZ IS mm mraE mrm ORIYER 

95 STSTEH COSTS - KUER COST I TO 5 $/M; CWETITIK UITH FOSSS~ 
SOUIIC;EfBY Y E A R 8 0 0  

- SYSTEH'OESIG~~ FLEXIBILITY KEY TO COST CWIOESE 

F i i  2-1 SPS System W i t i o n  Study Design Evohrtbtrs 



nK, thttlrl ad- began with the 10 GW Brayton system as defined under an earlier con- 

tract. Eady in this study, an analysis of available (but old) &ta on plostic frlm reflector degradation 

in the space en-at suggested that 8 30% 3cgdattOn might occur. Consequently, the concen- 
t m t m  were enk@. The configuration was rtso getmehieally changed t o  improve the efficiency 

slightly. As the Part I study proceeded, significant difficulties were encountered with development 
of a construction concept for the 1- rknodule Brayton SPS. The configuration was divided into 

16 modules of trough-shaped concentrators as shown under "constructionized Brayton." 

During Part I, Rankine and Thennoink systems were also evaluated. Thermoinic systems were soon 

dropped because of excessive mass and consumption of  scarce resources. The Rankinc: systems eval- 

uated many potential working fluids and finally selected potassium as the most practicai, Initial 
' 

evaluations indicated the potasr~rm system t o  be moie massive than the Brayton system. However. 

a cycle temperature ratio optimization indicated that the Rankine system could operate at consider- 

ably lower temperatures than the Brayton system while still exhibiting a lower overall mass. The 

penalty paid for this operating characteristic is a somewhat lower end-to-end system efficiency. 

resulting in a larger concentrator. Since the concentrator unit mass is relatively small. even though 
b 

the system is larger, it is l ea  massive overall than the equivalent Brayton system. Additional design 

changes introduced at this point involved the elimination of steerable facets from the concentrator. 

By flying the system perpendicular t o  the ecliptic plane, i-e., always exactly facing the sun. it is pos- 

sible to use reflector facets that are aligned on initial installation without further adjustment or  

active fteering. 

Toward the end of the study. new information became available on plastic film reflectors indicating 
that degradation would not occur and the final system configuration was. therefore. resized to 
reflect nondegradation of the concentrator. 

The principal evolution of space transportation systems concepts was in thc launch vehicle element. 

The study beg% 4 t h  the 230-ton payload heavy lift launch vehicle at a projected cost for transpor- 

tation to orbit of $33 per kilo-. This cost included an expendable shroud. Packaging studies 

conducted during the study indicated that payload densities of approximately 75 kilograms per 

cubic meter coutd be achieved, making possible a reusable shroud. Staging optiinization studies also 

led to a larger booster for the upper stage resulting in a 400-ton heavy lift launch vehicle that went 

through the evolution shown: Initially, a conical vehicle, later a more cylindrical vehicle, with the 

addition of a two-stage winged vehicle option based on earlier JSC studies of a very similar 

configuration. 

Studies of chemical orbit transfer vehicles included space-based and Earth-launched options, but the 

orbit transfer option taken from the Future Space Transportation System Analyses study. a two- 

stage fully reusable space-based option, was indicated to be least cost and was retained. Resizing 

from the FSTSA s t d y  wasaccomplished to match the payload capabilitc of tile OTV to the HLLC'. 



Considerabk investigation of  the means of moving the SPS hardware i te l f  from low Earth orbit t o  

geooynchronous orbit continued to  indieate a significant cost advantage to  the self-power concept. 

Shown at the end of the space transportation configuration evolution is a 1!8 size photovoltaic 

module with 15% of the solar cells deployed for power generation. and equipped s ith propellant 

tanks and electric thruster systems to  allow tkis module to  transport itself fmm low rrtrth orbit t o  

geosynchmnous orbit in approximately 6 months. 

The evolution of construction concepts began with equipment concepts for struclure construction, 

installation of solar cells, and instailation of power conducton. The initial construction base ccn- 

cept was for construction of a concentration ratio 2 satellite and includtd rather little detail other 

than overall size and shape. As a result of  the configuration selection for Part I1 of the study. the 

construction base was altered for construction of concentration ratio I satellites. This construction 
base concept went through further evolution to the arrangement shown at the tower right hand cor- 

ner of  the figure. In this illustration, most of the structure is shown blocked in with structural 

detail shown only on one small portion of the construction base. This construction base includes 

capabilities t o  construct satellite modules and transmitter antennas. Analogous construction base 
concepts were developed for the thermal engine system also. but are not shown. 

2.2.2 Mas Histories 

The mass estimate history for the photovoltaic SPS, through the conduct o l t h e  system dc'thition 

study. is shown in Figure 2-2.  (SP.5-1399) The point of departure estimates came from the JSC 

"men book". tJSC-11568). Energy conversion system detailed mass estiri~ates were available by 

the Part I mid-term. The principal reason for increase wa5 the addition of borosilicate glass covers 

on the solar cells. increasing the unit mass of the solar blankets substantially. 

Some reduction of structui . mass for the energy conversion system resulted in the values shown for 

the Part I final. During this time, an arbitrary 5 0 7 ~  mass growth allowance was carried. With initia- 

tion ot Part I1 of the study. effort was begun on the power transmission system. By the mid-term 

of Part 11. detailed mass estimates were available. These mass estimates rcsulted in a significant 

increase in the power transmission system mass primarily due to requirements determined for ther- 

mal control systems. At this time also. a mass properties review suggested that with the availability 

of comparatively detailed mass estimates and the general lack of escalatrng factors internal to the 

SPS design, a 25% mass growth allowance would be more appropriate. During the fi~ral part of the 

Part I1 effort. a detailed uncertainty analyses was conducted and predictct' : .I\> growth of 2h.65. 
This growth allowance was incorporated in the final mass statement. 
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The thermal engine mass estimate history shown in Figure 2-3 (SPS- 1398 I g ~ w %  back. to  Boring 

IR&D work conducted beginning in 1972. Ttie specitk v;rlua shown for t 07.2 .itid 1'1'5 c 1 1 1 ~  frolti 

h i n g  paper?, pubi~hed  in the technical literature. Thrw papers did not addrrks the niaxs ot' tliiiro- 

wave puwrr tranmission systems ~ n d  earl! '%timates a\.t~I;iblc frofii tlw I~tcratitri' uc'ri' ~ L I I ~ L ~  

oytimistic. 

The point-afiJepartun. niass e%timate represented ! t i .  tirst con~ylcti.i! iiitcgrated tIii.n;isi t * ~ i ~ i n c  

t1r.sig.n with all interntat ionships iii this con~ples s v s t ~ m  prwperli n.yrc.\z*~tr.d. Tile pctwer trans- 

mission system mass at that titile u,ts takcn from R3) tllt.on ptthl1i;iti0115. Bi,tyt<)11 >ystr'~it ~ \ . i l ~  

optimization brodght the mass doun slightty by the Part I illid-:ma. w hr~t.. irlso the JS<' iliicro\s.;~\e 

powtSr trrtnsmitter rn;r?;s =;is stloptcd. By the Part 1 tulal. additional III:I\\ 1-~xl~ictio11s ri.>ultcJ irotu 

the rtdoptio~i of the 1 b- module <onfiguration as co~tipared t o  the 4-mdulc i o n t i g i c ~ t i ~ ~ i .  

The continutng reduction in energy conversion d i m  was due to first. the \ w ~ t c l ~  to thC K.tnk~n' 

system ~ n d  ~ i o t l d l ~ .  elinlindtion ot the a v c n ~ ~ e d  concretr.ttor ori_nnall~ i h ~ ~ t g l t t  i~ece%s.ir) to  

conipcnsate for the degrddation ot plasttc fii111 reflcct~m. The pouer tr;lilsmi\s~ntt \)\tc'ti~ ma>\i'\ 

for the thenrial engine ~ i i J  photovoit;uz systems JK cllti~valcnt. Titi. iixertrtinty dtlal!\rs prt.Ji~tt.d 

.i 20'; rntlss growth ior the thermal cnptne 3) stem. less than for the photo\olt.~ic s) \reill. .is m~gfii 

he expected due to the somewhat greater maturity of the tecllnotogy. 
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3.0 STUDY ACCOMPLISHMENTS AND RESULTS 

3.1 PART l ISSUES 

3.1.1 Energy Conversion 

The evaluation included al: energy conversion options known to  be of potential interest for 

the SPS applications: 

( 1) Silicon single crystal photovoltaics; 
2 Gr?llium arsenide single crystal and thin-film photovoltaics: 

(3) Othe i  thin-film photovoitaics; 

(4) Themla! engine Rankine closed-cycle vapor turbines. with several working fluids under 
considera tion ; 

( 5 )  Themial engine Brayton closed cycle gas turbines; 
( 6 )  Thermionic direct thermal conversion. 

Certain known options were not included: 

(1 ) Therznozlectrics- rejected on  elementary considerations of efficiency, materials consuniption. 
and waste heat rejection. 

( 7 )  Magnetoplasmadynamics rejected on grounds of  problems in attaining the necessary working 

fluid temperatures by solar heating. 

(3)  Direct themial conversion by electrostatics-- insufficient data available for tlik recently- 

proposed thermal engine. 

(4)  ' I 'henophotoltaics rejected on c~nsidemtion of c~i~t*rclll efficiency and problrnls of waste heat 

rejection. 

The principal energy conversion conclusions at the complrtion of  Part I were as follows: 

( 1) Conversion efficiency and resulting SPS size (at fixed output)  tended t o  favor the Bra) ton gas 
turbine and galliu~n arsenidc pho to~o l t a i i  options. A sile contparison of the options invcsti- 

gated is shown in Figure 3.1-1 (Part I. Vol. I., Fig. 1-91, S i ~ e .  however. was not seen as a 

prirnary decision factor. 

2 )  Much more important wds mass. It is a significant cost factor. espucially for hardwatt that 

must be delivered t o  space. Iiere again. gallium arsenidc looked good. with all of the options 

except thermionics in an acceptable range, as shown in Figure 3,  i -2  (Part 1. Vol. I .  Fig. 1-1  0). 

Of the various Kankine c) .It. working fluids. only the alkali nletals wcrc cnmpatiblc with the 

high cycle temperatures essential t o  rejection system mass in the accc'ptable rangr. (Water. 

i t . .  steam Rankine. is conipatible from the fluid tllentlal stability standpoint. but a steam sys- 

tem operated in the tniniriitltii-mass tenlperaturr range is essentially a Brayton giis cycle.) 
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Figure 3.1-2 Energy Convcdon Comparison SPS Mass 



(3) Radi:!ion degraht ion of  solar cells. especially silicon, was known to be a serious problern. 
The amount of degradation depends on the m o u n t  of shielding provided. e.g.. b!. covergldsses. 

(Attempts to  provide ltphter we~ght  plastic covergla;. ' z  have t o  date tlteri ~nsitccrssfi,l trecause 

the plastics h z c o n ~ ~  opsque tn the geosynchronous .,~inhinc.d rddi~tioli  and uv r.n\irc~nment.) 

i t  has long been Anown that  radiation damage in silicon solar ccl!s can be largely anneded out 

by h a t i n g  t o  - 5 0 " ~ .  Tills nzrnt id l~  wauW be dor~r.  by bulk Itrating. Recent dc\e lop~nents  

had indicated. however. that directed e~ctrgy pulse heating eel*'.! !. .;';;,;;.ii? used. -4s a part 

of tbis study, uni!er subcontrtcit. Simulation Physics (;lo\\ SPIRE. ! i l ~ , l  c ~ ~ n d u s t ~ . i  r:\ploratory 

laser and electron bean1 annrding tests on  severely irradiated solar c*.l!s provided by Bocing. 

Approximately 50'2 of  the cells' I   st prtrfon~!di~te w.i> recovered ir? these tests. It is bc.lir\rd 

that further devttloynicttt and oytiniizatiitn of the process could 3pproctc.li '1O''i recover\-. 

Accordingly. an annealable blanket design (compatible with annealins tt.mper.iturr) \vds 

selected as the refersnit- design for P a n  11. 

4 The more comple\ thermdl rngrnt. s ) s t . ~ ~ c  \iere found ttl be nic)re dttf~itr l t  t o  L ~ I ~ ~ ~ I L I L ~ .  titit . ~ t  
this point tn tlir ><ttd\. drt'icreticr~s In i ~ ~ s t ~ ~ t i t ~ b t l ~ t >  Wert not I te\ t~,d pJ r t~ r  til.ir!: 

s i p n ~ f i c ~ n t  dl1 configurdtion~ Bere bonstru~-tdbtc.. I'hesc dtif'srences \\ere Idfer to  en1crge .I\ .I 
strong dect l~on lditilr 

( 5 )  If SPS's are to  Dc installed on a Inrgr scale. availrlhility of' rdw niat.. . r i ~ l s  ~ot l l l l  be .I significant 

issue. Materials .i\aiI.ibility was a strorlg negative factor for the thernlio~.ics o p t i o ~ ~ .  ('017.9~1- 

ered tc)gethrr with eucrssive rnass, the negati\e factors were judged I< )  bc .i c t ln~~ l t i s iv~  rcswti t o  

d isc~r i i  thcm~ic>nii\. bl:tteriaIs avaiIatlilrt> .~ls- ii~>posr*d sipnitii.int ticsign L.t?r:str~ints o n  tlit* 

other thi.r~>i;l! engine options. which hcriefi* firm the iiai' of i'\i)tic metal . at li~gf: tenipcra- 

ttrres. Tungsten. t.tiifalul~i. 2nd nlalqbricriuiii \vcrt. c!iniin:tti.ti. Siol! hienurli itwlf i5 not 

i:111$ siiiriz. bttt must Pz cllloqed with rlle~litim for ciu<tilit\ . rtleniti~i~ i s  \cry s~..lrct.. 

:irils I ~ S L I C S  \vcri. prirtlan it1 t t ~ c  uftiniatc ~ i . l < * i t ~ ~ ~ l  ot' j>rt t , i? ;>l i i? l)  K;f~tkitli* 2 3  the jlrc t'crl.eil 

tnernlal engine. 'Illis s e l ~ i ? i o n .  i1clivcvt.r. ifid not o i i ,  uiltli f art 11. 
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standpoint. the siiicon system was most favored, thennal en* were readily workable with 

appmprktc desigr constraints, d gallium rrssnide was probably workable with advanced 

techaotogy. Some s f  the other t h f h  photovoltaic a p p ~ c k s  (e.g., copper indium 

denide) were reptted due t o  resources carsid. ,ations as was the thennionks themral engine. 

(6)  Tcchndogy advancement requirements f& importantly in the tventual seIectio.7 o f  p r ~  
ferred systems as wet1 as in the Part I screening stage. A major increase in the wale of space 
operatiois must be brought a b u t  t a  insall SPSs at a rate of  pnc-tical interest- Although the 

t echa id  advancements r e q u i d  in systems and subsystuns are quite modest. the required 

advances in operations techndogy may be compared t o  the advances in aircraft operations 

tectrndogy that occurred with the introduction and expansion o i  the jet age. It is prudent t o  

restrict areas of major technology advance to as few as possible t o  :naximize chances o f  pro- 

gain ~k .ces .  Them was. therefore. a strong m~tivation to  minimize the tixhn~lojgicai advance 

requited in energy conversion. Sillson photmoltaics and the turbogenerator opt ions fitted this 

prescription; the other options did not. 

(7) Cost is the overriding factor in ~l:sign sz1t.c-ion for any system intended for commerct t i  awcli- 
cation, wirh financial risk a c lox  xt.or:d. All other panne ten  are of little significance (Most 
of the foregoing factors appear o r  the c tlat risk balance sheets.) At the conclusion of the Pan 

1 effort. the silicon photovoltaic and Brayton thermal engine were jtldged to be essentially 

equal in cost (Figure 3.14) and. as noted above. quite comp3nhle in n3k. The gallium 
arsenide option exhibited appreciable potential cost advantages, mainly result~ng from mass 

and size reductions. hut t h e e  potentials were heawly overshadowed h) the materials availa- 

bility and technological risk concerns already discussed. 

Silicon systems at concentration ratio 1 (i-e., no concentration) and 2 were evaluated. Because 

concentration is relatively inetrective with silicon due to temperature effects the simpler no- 

concentration configuration was found to be least cost. Higher olar cell costs improve the 

benefits of concentration. t u t  these benefits are net positive only when solar cell costs are hi& 

enough to make the thermal engine option a relatively uncontested winner. This conclusion 

does r. .t necessarily apply to advanced-technology gallium ~rsenide ootions. 

The net result of these considerations was a decision to  carry the silicon CR=I and Brayidn 

energy conversion opticns into Part 11 as primary candidates. General Electric. our major sub- 

contractor in this study. expressed the strong opinion that the Brayton-versus-potassium- 
Rankine tndeoff had not been adequately worked. It was therefore agreed that this mattcr 

would be re-examined in greater depth as a priority itcm early in Part 11. 
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Ihe principal cons&-tion lacation conclusions at the end of Part 1 were ar follow\: 
(1) The primary cvmrpontnt of tk iswr was transpartrtiun dated. The payoff for tow E u t h  

orbit (LEO) construction is the enabling of the self-powered mode for LFO to  geosynchmnous 

Euth orbit (CEO) transpertation at the very high specific impulse avsililsbtc through elci.trir: 

propakm. The propcLtrurt requirement for LEOGEO tmnsportotioll shrinks f m  the pre- 
dominant requirement to a relatively incidental rrguiirtntnt. fmm 2. I tons per ton dcliucred 

t o  GEO t o  about 0.25 tons per ton. 

(2) The essence of the &&off was s factor of 2 reduction in lsuilches t o  low Earth orbit for LEO 
constrwtion as cornpared t o  CEO ~ w n s t ~ t i o n .  versus an array of d i tEui t - twqumti f  ctpera- 

tional complexities and concerns. 

(3) Most important of the pfob1ematia;il opentionai factors assxiateti w ~ t h  tfte elrctnc propulsion 
mode am: 
fa) Trip times on the order of six months. mnpared with lcs than one d3) ior the hrph- 

thrust LOT; - LH - * systems amciafed with CEG ~.ons tmt ton .  

(b) R d n t i o n  dqr;tdation of the SPS front ehposure to the van Mlrn k i t s  dunng the ilow 
t rdnsfer. 

ts) blojubri2stiun of the SPS. necessary for attitude iontrol 3urhurit) 111 t!le presence of the 
strong grdviry gradstnts at LEO. 

(d) Conversion of the SPS rncxiulcs into p~werzd S / \ S C K M ~ ~  c9p3hl~ of r~eci l t inp the transfer. 

(el Th: risks of collisons with man-tnattz orblt~np objects d u r i n ~  the 1 t-O i ~ n \ t r ~ i t i c t r i  '>per- 

atrons and dunng tho dow spiraling transfer fro111 LEO to Cit.0. 

(0 Vppcr stn~osphtrre drce affecting the LEO zonstructicw oycr.itlons. 

(g\ C)perational hirdwste and w f t w m  c ~ ~ i ~ ~ p l e s i t i e s  ensutng fwnl ll>w-thnist orbit transfer 
operations. 

At the cunclusmn of the Part 1 effort, the rrdirstlon In L.t O trdtlsptvt.ttron ~ o s t  w .is jitdged to oter- 

whelm a11 other f~ctots .  The t>..zr.~ll rcduct l~~n in JI srt.rtr cost. howr\i*r. was c>tl  the orjcr of 10:-. 

The predominant penalty on LEO constru\.t~on was the added Interest cost ihdrgt.iblt to total capl- 

t d  cost as a result of the st\ mi~nttr tr.itls~t tlnies Tl1c i11vrst1g.tt1c)ns r!f'ic~111~1e*11 h.1 *,~ri!\ \\.IS 1nC~1111- 
plctc at this poitit 



Ihe issues ;ljdfz& during Part 1 of the study are fundtmentsl and permeate all aspects of qstm 

design and selection. 

As a W t ,  dtl'tough narrowing of options, zlarificatisn of sub-issue*. and focusing of attention was 

achier&. cotnplcte answers were eot obtained during Part 1. As an rxsmple. complete dcfinitisn of 
hrrduri-c pachitping densities and tmnsportation' construction cqcrations options was not achieved 

until the power tmnsinttter (excluded from Part i l  was taken into account. 

During Part 11. the to!!.-wing major ~~>ncllrsians were obtatnzd relating t o  the Part 1 questions 

4 1) Continuing compar~tive cvduation of potassium-vapor Rankine cycle systznls versus Inert LZ;~S 

Brayton systems i d  tn 3 (treterence fix the K~nhine system ~ C ~ U W .  

tab The Rsnkine svazin mrta+ptirn~tts at somrwhat lower ~lsss and ntuch-rzduied radiator 

1R3. 

(bb 'Ihz Rankrne system is practlal. z.g.. In terms of hardwarc mass. at cycle temperature 
ltn~lts grner~;iy in tht. ~uper.dla! rang .  whereas the Brayton qstrrns  were dependent on 

refractor) m e t ~ l s  or zeran~ics. Strong itnplicstions arc present here for trtchnol~@ 

dthariiein~nt rrrluirenlrnts and rcwtfrc'e tonsutnpttctn. 

t c  I'hz Rdtthinr. s>str'tti e\htbitztl :ocki pc.rinmran\.r. at rel~tl\<f) low r i i r ia  20 raep.m.i~ts\ 

pet-zt~ptn~ PO\\ cr r.it irtps By u a) of cvntrast. rile Bra) tcn engines .ire sensitive dur to 

blob\-b) tis1zr.111~~~ on turb~~nta.hirizr? &lid ncedzd t o  be SWCJ greater fkd;i ,300 mega- 

watt> i ~ r  en~tt tc  nii. ttiphcr tr.rl1pcr.itun.s ~nc i  pibwzr Ietcls rzyulrrlf for the Bra\ ton 

sngtncs hdg,, \iprrtit~an! Cost in lp l~ i~ t ions  rrgsrd~ng Je\i.Iopn~ent.~l tcst t'ttc11rtit.s. 

As rt restilt. ~ n d  due in iio srti~ll w.15 r t t  the (;tnncr~l Electric Subcontrdct zliort. rltc K~chine  

potdssrunl k.~pi\r i\ \r'lc;teti .i\ !tic przft'rrrd rnginr'. 

2 Further anat) st3 i t t  tr,fnsf?~trt.il::w ,an,! Lonstructtor! operat~ons diffcrrncr.* betw the rhcmul 
t.ngiic .itit1 phofu\ott~iz opttcrirs h~gdil to  reved signitic~nt difterencrs in opsrattons cost. 

Although dlffcrznics 1n ~ t e l l ~ r c  111.1s~ dnd c'c?st ~c*tltinur.d t , ~  be untrnpon.int. d~ifcrenies In 

io(tstrtictit,it crc% >I/T. f&L.~lit> <Oat, dfid payload pa~'Lttgins dcnsitics rmi.rped ds dcasron 

dnv rn  s)nopizcd 1;; T~frlt' .: 1-1. C'onsequently. an otcrdil p r e f ~ r r n c ~  for tile silicon photo- 

\ ultdi~ s!, stcilr pr.tJtiall) tlCr.it~t<' ~ ~ u a n r ~ f r a b ~ e  



S I L W N  RANKINE 
PHOTOVOLTA IC THERMAL ENGINE 

Construction 500 815 
Crew Size 
Space Construction 8.2 Billion 12.4 Billion 
Base Cost 
Net Packaging 95 kgfm3 65 kgfm3 
Density 

This preference is small. however, with =wi t  to  possible unctrtainties in solar cell costs. as 

shown in Figure 3.1-5. Iherefore, although we re~ommend the silicon photovoltaic system for 

preferred concept selection. the Rankine thermal engine should he carried 3s a backup to 

hedge against sclar cell cost uncertainties. 

(3) Cons t~c t ion  in low Earth orbit continued t o  show a ten percent cost advantage. Practlal 
measures were found to  avoid collision with any obxnable  m a m a d e  objects for which 

epemcrides are predictable. A refined analysis of system degradation during one 180aay 

transfer through the van Allen belts revealed no substantive differences from the earlier more 
parametric analyses. All operatiofid and other LEOIGEO differences were at least roughly 

quantified as sumtnarized in Table 2.1-2. LEO coilsttuction offers recurnnp and nonrecurring 

cost advantages and is recommended as the preferred concept selection. 

3.2 MAIN PART I1 RESULTS 

The primary objective of Part 11 was to accomplish as much system definition as possible within 
the available study resources. As much reduction as possible in mass and cost uncertainty was the 

desired outcome of the effort. Dr. Ceoqe Harelrigg of ECON has observed that reduction of uscer- 

tainty can he economically more important than the projections of low mass and cost that can be 

derived by adoption of advanced-technology assumptions. An economic determination of next pro- 

gram steps can best be m ~ d e  when uncertainties are minimi~ed. 

3.2.1 Microwave Power Transmission 

The interface requirements and performance of the microwave power transmission system are the 

keys to an integrated system definition. The performance of the power transn~ission system estab- 

lishes overall system suing and outpiit: tlte electric power condition requirements of the RF power 

amplifiers determine the voltages and iitrrents t o  be produced by the e n e r n  canversion system. 



Figurr 3.1-5 PbotO*dtriC-irSdk t0Sd.r-t Costs 

psmt7 
T.ble3.1-2 L E O V ~ G b O - - d m  

DELTA C3ST I N  M1SSK)IYS 
P F R W 1 G E Q :  LUZL- 

RCP RECURRING INIT lAL fffXJ- 
REF (4 S P S n R )  l7ECU-HFjl:I~ -- - 
A] fRANSPORTATlff l nLLv LAUWO( PATE, 1-R Vt S # I V R  *4 m. HLLV = 2.548 2.223 tFLrET 

REOUIREMEWTS 3sWYR VI lCVv,R 1IVR INVf STMENT] 
(INCLUDES CREW OTV -205 - 1.431 (OTSJ 

B) CONSTRUCTION f IClLlfY DELTA COSTS 
REciUfRfMENTS STATlOlYKEECRH; PROrtL*LANT UGIDAY 

CREW SUPPORT 

c) S?SDEslGN OVLRSIZING FOR RAOlAf tOI l  MCRA0ATKI)I  -139 -350 
REQUIREMENTS 0 DELTA STRUCTURAL MASS - 8W TONS LESS FOR (#O -70 -1T5 

0)  DEGRADATION INCLUDED IN yf DESIGN REOUlREIIIENTS R)YLRIZtWO 
POTENTIAL COUIPCNSATES FOR O U f M  AND MISMATCH L O W  

E) LAUNCH SITE HlGHfR LAUllCH RATE FOR GE0 
DIFf-EiiENTIAL 
EFFECTS 

F I  STARTUP OABIT TRANSF'R HARDITARE IN o n  COST 
D€LTA INTEREST DURING COUSTRUCTWN 

G) OPERATIOIJS NO OIFFFRENCE IN NUMBERS OF Y E ~ I C ~ E S  # FLW. 
CONSlDERATlONS M n E  COrUf'LEX M(1NlTORING FOR Oft. 

BERI NING EOUIPIIILNT INCLUDED IW GEO FAaLtT-t 
FOR LEO CONST RUCTION 

COLLISION AVOIDANCE PROPELLANT 
OWtCT MohllfORING COST 

11 COST OTHF R FACTORS ITEMIZED I N  THIS TABLE 
DIFFEREF'TIALS DELTA GROWTH (FACTOR ON DELTA 

- 1.715 LAUPJCH 
FACILITY 

J) ORBIT TRANSFER HARDWAREEOF~WARE COSTS REFLECTED AS on corn 

TOTAL COST DIFFERENTIALS 



3.2.1.1 Powtr Tramdsim: Rkiph of Operation 

The long-range transfer of power from the SPS at posynchronous orbit t o  a receiving s t a t i o ~  on 
Earth employs the principles of freespace propagation of electromagnetic waves. Narrow beams are 
more familiar in terns of light sources than in terms of radio-wavelength sources. With latge ape:. 
ture RF sourcg, however. narrow beans can be created. 

Effective production of a narrow bean1 requires production of coherent planar waverrants at the 
trananitter aperture. If this can be done. the properties of the resulting k s m  are witable for efi- 
cient energy transfer. The field produced by sue11 a transmitter includes a near-field region where 

no  appreciable kam divergence occurs, and a far-field region with beam divergence. For SPS trans- 

mitten of practical interest, the beam will have far-field characteristics at Earth. The applicable 

aperture theory shows that for an ideal antenna (no errors in producing the desired wavefront). the 

product of areas of the transmitting and receiving apertures is a constant: 

(See Figurc 3.2.1-1 
H is range. i.e.. 37 X lo6 m 
A is waveiength. i.c.. 0.1224 m at .145O Mhr 

K is a constant depending on the transmitter illumination pattem as discussed below : it varies from 

1 ._' to  1.8 for typical SPS transmitters. With K = 1.5 .  and 3 transmitter ares of lobrn2 ( 1 kni2b. the 

expression above yields .AR = 114 X 10' m 2  Thus the sires of transmitter and receiver required t o  

effect an efftcitnt energy transfer from geosynchronous orbit t o  Earth arc large. but not beyond 

engineering techniques now reali~able. One can. of course. ~onsider  making the transmitter larger 

and the receiver smaller or vice versa. The correct sizing IS a constrained cost optimization problem 

as disccssed below in Section 3.2.1.5. 

The simplest illumination pattern for a transmitter is constant RF po\vr.r dcnsity across the entire 

aperture. One might imagine this also to be the best. but it is not. Some of the energy transmitted 

does not fall within the nlain beam, but is scattered into rings of "sidelc~bcs." The intensity of these 

sidelobes and the total energy so lost ib a function of the illumination pattem. For a constant illu- 

mination pattern. 167 of the energy is  lost and the first sidelobe ( the  ring nearest the nlain beam) 

has a peak intensity I /SO of the maximum beam intensity at the center of the beam. 

3.2.1.2 Characteristics of Power Trans~i~issiun Beat~is 

This discussion of bean1 patterns reqilrres fun~liarit) with the term "decibel " The decibel is a rela- 

tive logwithmic measure such that 0 Jb is a unit f:lctor. I0 Jh is a f i ~ ~ t ~ r  of 1.  20 db is a factor of 

100,30 db is a factor of 1000. and so forth. Tl~us. a statement thal a sidelobe is "34 Jb duwti" 
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means the sidelobe intensity is 10-341'o = IO-~.': = 1/25 12 of the main h a m  maximum intensity. 

A "10 db taper" m a n s  that the transmitter RF intensity at thc edge of the transmitter is 1/10 that 

s t  the center. 

As noted. the uniform illumination pattern is not the best, illumination patterns which maximize 

intensity at the center of the antcnna. tapering off to  lower intensities at the outside. reduce scat- 

tewd energy and reduce sidelobe intcnstty levels. (Taper patterns varying both intensity and phasc 

are po.dbk.) The investigations in this stgdy considered mainly intensity (amplitude) variation. 

Many pattern and shapes have bee - investigated and proposed for il1umin:tion tapers. Within t tu  

design constraints that exist for the SPS power transmission system. a tnrncated gaussian taper is 

about as p d  as any of the alternatives. The taper is ordinarily described by expressing the ratio of 

power intensity at the center of the antenna to  that at the edge. in teniis of dcctbels. Figure 3.11.1-2 
illustrates several power iii* m i t y  tapers with all cases adjusted for constant ba rn  dimirter on the 

ground. The ideal beam ei3~-';.r.~ies for these tapers are also shown. This IS the fraction oi total 

radiated power in the centrd ht.:tr,.. Figure 3.2.1-3 shows the de_rrre of stdeiohr. intensity suppws- 

sion as a function o:'transmitit:r intensity taper. 

For pussian illumindtion patterns the power h a m  tntensity distribution at the reieiv~ng point 1s 

also apprortin~ately gatmian tn shape. lntenstty is mvviti~irm at the center of the be:irt~ .rnd t ~ p c r s  off 

rapidly t o  the first null with successively lower stdclobr levels as distance from the k ~ m  center 

increases. Note that the scale iiwd in Fisure 2.2.1-3 was logarithmic and thdt most c r i  tlle rnaln 

beam IS at  rzlat~vely low intensities. Th;s is better ~llustratcd in Figure 2.2.1-4. using a linear wale. 

linear scale. 

Patterns which vaiy both in intensity and phasc. at thc transmittirig aritrntia can provide tvarn 

patterns at the ground that haw a nior: constant intensit\ distribution in the iliain tw3ti1 while 

retaining desirable Ieve!s of sidelobc suppression. Ttlc si:llptest such pattern is onc that proviltes a 

reversed phax ring aroirnti the main part of the ante tin^. This i~nd the rc'latcd tcctiniques rt*quire 

that the transrtiitting antenna be considera5ly larger for a given bean1 liiatneter at the restrivlnp 

point. Figure 3.2.i-5 shows a typical pattern achir\;;blr with a reverw phase ring ;~rouriri thc 
antenna. Further sliptit irnprovenicnts in bcani characteristics can be provided 1)) 1:sing rt conrinu- 

oils phax  distribution. rather than 3 simple phax reversal. 

Thc issite of which pattern to use, or how 111uch taper. ttiay be ;i cost nptiniirrttion or it ma) bc 

dictated by design constraints, as discussed below in sectiati 2.2.1.5. 
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3.2.1.3 Transmitter Design Concept 

The matn features of the power transmitter design are illustrated in Figurr 3.2.1-6. l l i e  basic power 

an~plifier eleri~ent is a 70 kw heat-pipe-cooled klystron, Each transmitter element includes one 

klystron. its control and support circuitry. its thenliar control equipment, its dibrribution wave- 

guides and its sectlor, of radiatitig wavegutde. The subarra) is the basic Earth-manufactured unit. I t  

is approximately 10 meters sqwre and will contain from 4 to 36  klystron elements. The subarrays, 

in turn, are integrated into the overall transni~tter. Each transmitter includes 6.932 subsrriys s u p  

ported on a two-tier structure. At the back of the structur~l assembly are the power processors that 

provide the necessary voltage changes and voltage regulation required by the RF systems. Approx- 

imately I Sr; of the total pov.-:r is processed. the other 85% being used directly by the klystro~is 

without processing o r  replation. Power interrupters and switch gear are provtded for all power sup- 

plied to  the transniitter, so tnat the sector supplied by any power processor asxrnbly can he 

isotated or  shut off in tire event of failures or  m3lfunctions. 

The power t r~nsn~i t te r  design illustrated is an integrated design meeting the structural. thernial. 

rlettrical, and RF requirenlrnts of the SPS power tr.insmission system. 

The principal features of the power transn~ission system are iridicated in Table 3. 2.1-1. Ihr rcfer- 

en~ ,c  system employs a 10 dB t J p r  ii, ten steps with an option being 3 fourteen-ftcp. 17-dB t.iper 

pmvlding an add~tionrtl 10 dB of s~drlobe suppression. 

Klystron RF Generators 

The kl)strotl Jrsijm \+as sclcctt~(l ~ising thc followin? criteria: 

Powcr lcvel of 70 kw c'onipr~tiblt' w ~ t h  s ri~axittii~m voltage of 42 kv and a pervcancc 

( l o : ~ o ~ i ~ )  of 0.25 u lo-('. resulting in high eflizicnsy. 

KF Ilcsign: Singlc sccontl Iiar~iianic hunching resulting in sl~ort interirction lenpt h ;  h 

ciivit) design t o  givc 40 dh gain i . ~ . .  ie3sibility of solid state drivcr. 

Focming: Body-wounri Irght~vt.~ght snleiic)~d for low risk and high efficiency. 

C3 th~)d~ ' :  C0iltcC1 powi1t.r or nlctal tnatris, meci~i~ni convergence cathode to obtain an emission 
1 

of -- 0 0  t~ra/crti- for 20 year lifc to cni~ssion wcarout.; 
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Thermal Design: Heat pipe with passive radiators to  obtain the desired CW level with consem- 

tive heat dissipation ratings. 

Auxiliary Protection: MoJillating anuie t o  provide rapid protection shut off capability at the 

individual .ube kvel, expected to obviate the need for crow-bar type of turn-off. 

The tube design conc~pt  is shown in Figure 3.2.1-7. 

The use of 3 klystron appears to  rrquire a heated thennionic ca thde .  Assurancv of 30 year r.f. 

transmitter life will require continued testing and assesment t o  prcivide a credible data base from 

which to  xlect either a cotd cathode or a t k r m i o ~ r k  cathode o p n t i o n .  High secondary emission 

ooid cathodes (Beryllium Oxide) have best known life of 14.000 hours and require oxygen repien- 

ishmrnt. Best platmum cathode data a currently 1 O . W  tiours at 5 GHz. Hest thenn~ontc cathode 

life data. for the lntekat transmitter T W T s  and BMEWS. is over 50.00r) hours and c a t h d e  wearout 

due to emission can be designed to  be 30 years with consenati\: c u m n t  density as shown in Figure 

3.2.1-8. The :andidate thennlonic cathodes are a proven oxide c a t h d e  oprrating below 'HlOnC and 

a tungsten ma?ri?r cathodes at slightly over 10000C. Actual cathode testing should Sr conducted 

in a realistic czthuctelubt: environment, not just a test diode. The SPS tube paraiiieters ire com- 

patible with conservative cathode n t i n p  with a cathode-to-beam cmvergcnw of less than 50. 

To avoid escix%ive infant mortality. a burn-in period is reconimended, which m-ly ht. possible in 

space. The question of open envelope operation requires further assessment of space contariiinants 

and can offer significant cost reduction if realizable. 

Design Integration 

An actual antenna design for SPS requires that the wlrcted taper pattern be quantized in intensity 

level slcp. Each step represents a specific subarrrty configuration in temis of numkrs  of klystrons 

on the subarray and arr.jnpmznt of RF power distribution to the ndiating wlrveguidr "sticks." It 

is ckar tha: each subamv niust have an integral n!iqiher crf radiating wagCguidc sticks. and an intc- 

pnl number of kiystrons. 

.Also each radiating wavr'guide must hr. an integral number of wa\-elengths Ion9 in ordsr for thc 

standing wxve contiguraticn to  function at maximum efficlcncy. Thus. thew arc only certain per- 

tnittcd solirfions to subair~v SUC, nirnikers of klystrons per subarray, and wa\cpuidc stick arrangc- 

ments. Fo~unately,  zome of tii- permitted solutions fa11 clowly within the bounds of our earlier 

notions as to what 3 subarray site should be and what 3 typical klystron power level should he. 
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A subaway c~nnsist~ng of 1 20 radiating wavegu~dc stick. each 60 wrvekngths lung. is  appmairndtely 

I0 naetem squaw. ar:d zaa bc divided Into N by kl elt'nunts, each fed by onc klyztron. whcrz K and 

M can e x h  be any integer fronl I t o  6. Tkewft3f:. 8 rnsxilnum power density ~ ~ b ; i ~ d ) .  %odd he 

h x 6 clrments with 36 Llystmns and .i mlnimunl power subsmy would be one large clenlent fed by 

one klystnm. With the' 70 kilowatt i l k  stron. sclestrd for its compatibility with the desired bus bolt- 

age sf JU kilovolts. the martmum powcr density subarmy hiis the power density needed 11 the 
center of the antmna with 10 dB taper, and its thcrmal dissipation ,t the heat rejection tempera- 

tures \clecti.d is just within the limitations of thermal radiating area ava~lable. A minimum p w c r  

density sub.~rraq with 4 klystrons thrn proridcs approximatel) 10 dB of !apr  and this was dopted 

as the reference design. 

Pkc wabqulde configuration IS shown in cMEs-tlon in Figure 3.2.1-9. This contipuntion w as 

~ l t . ~ t ~ l  cln rllr prtsm* ?I*?! u;?reg=!d.=3 = : ~ ! d  52 Z S C C T . ~ ! ~ ' ~  iii 0i5it; ii d ~ j  :ti&' pari.tgttay 

denitit.;. Grmnd-based awmhl t  has sinct. twCn d e ~ t e d .  This and the toIermir\ required to  ntrnl- 

niizc 1ossi.s i n d ~ r t e  t h ~ t  .t n~t3ngiiI.tr s t ~ h  contipuratton hr-atld be used. 

lfie sztual cnnit_et~ratrirtt ot pwrrr Jcns~t)  rings 8s i l l ~ s t r r t ~ d  in Ftgure 2.2.1-1 0. r r of onefourth 

of tiit r~d~. i t tng  i.iiie r ~ l  the di1tcnn.i. Lt\tr=d lor e ~ i h  step .ire the ntt!nkr of m ~ ~ u i c \  iwr sllh~rrd), . 
tile number r~ icubar r3)~  t> i  th '1 I)IY and the nilnikr of b.li\tnm\ in that step tor t?nz dntznna 

Po mzrt all ot the design <an\rratntz chtwn yrt.\iou.;l). .i ptltwr taper \\-a< .ii?itt\ed I I \ I I I  t!;; ten 

quantifcd .i\.ill.tblc' tti.tt u i ~ u l J  pro\idi. a ground output of 5 U C;W for J 1 .t)C) htion1ztt.r itrani- 

rtc'r trdri\niittzr .iritcnnd :I tth .i O.5  dB !>tt\\i'r ticnsii!, tdwr 

The 3fPTS ptrucr tii\trihiltirlri \\ \tibill , t i t lw n In t-igirrc 3.2.1-1 1 prcn itlc\ pixarr tr.tilrit:i\zrc~t~, L.t~tttft- 

tinning. ic>nlrol.  rid \tcw.lpC tor ail VI'I S ~*ltmcrit\ I'hc JntcSnnJ is tli\rdcd rnto J J S  poucr iantrtrl 

 iton on. c ~ c t t  \tSitt*r i\'triiJtt~: ~ > ~ \ \ e i  tcl .t~~i~itl\tit12t~l! 420 hi! \tion\. Shi* 1x0 b.I> itron ticprc\wtl 

z o l l c ~ t ~ ~ r ~  ~ 1 1 1 ~ 1 1  rcqi!lr~. (\I\: !n.ijarlr) I\! \uppiled power arc' pro\i~lcci utth pt>wcr d~rcctl) irom the 

pn\\tSr gcncr.itIori \! \teiti t t l  .I* t ~ t 1  ttic tic ti'. ctlnicr\toti Io\\cs. :\I1 t5ti1i.r hi>>trt)n r lc~i~cnt  ;>tj\\cr 

rccjit~rcriierit\ J I C  pro\itli-t! P! tlir- I)< 1 e r r  S>\tciti di\ct>nn~.it\ .ire yro\tdc~t 1t.r i\o:,ttl,rn 

t>fr'q'ili\ittint i t j r  r~i1a:r .rtttl ri~.iirit~~tl.in~~. 

Thc ICii~cd horn t.\hibit\ c\trt,iiitSl> 111~!1 citi~*icni> ;a .I re\illt of ttic lcn\ in tlic hi~rn .ipt.rtitr~*. 
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Using enhancing elements on each of the radiating slots in a planar array reduces mutual coupling. 

and consequently losses due to edge eftects. Although some of the other options are promising, 

structurai compkxity o r  increased mass have reinforced the selection of the slotted waveguide for 

the r e f ew~cr  design for this phase of the study. 

Actual Triursmitted Brmn Patthlrs 

The lefthand plot in Figure 3.2.1-13 iltustntes the 10 step. 9.5 dB taper tor the reference system. 

The right-hand plot shows the actwl power density deli\zrcd to the ground by this taper pattern 

including the first 4 s ide lok .  The reference taper is shown in solid lines and optional ways of pm- 
viding the sane m o u n t  of taper are shown as dotted lines. As can kf s e n ,  differences hetween the 

reference and the options are slight. The performance r k l y  approaches the idea1 con tinuous tawr. 

The sidelobe suppression provided by the reference system is 4 dB resulting in a first sdzlohe tit 

0.1 M W ! C ~ ~ .  The ideal beam efficiency is %6.5f:. (If there me no errors in the prcductlnn of the 

beam, 96.55 of the e n e v  is in the main lobe with the remainder in the sidelohzs.) 

It may hz desimble to  provide additional sidttobc siippressictn. The pattern shown in Figure 

3.2.1-14 provides an additional 10 dB oi sidel~bz suppression resulting in a first sidelohe level of .OI 
> 

MW!cm-. The 17 dB taper 1s quantized In 1-i steps and s: sli-ghtly 1a.rlt.r antenna is required 

to  accommodate the additional power t a p r  w i t h c ~ t  excessive themla1 power dissip~tion at the 

renter of the am).. 

A numerical integration technique was used t o  ca1cul;tz th,* radiation patterns. It was estahlisilcd 

that the sidr'lotws for the qttantired 10 dB Grtussian t a p w d  disfribution rolled off at a 30 dB; 
decade of angle rate. Figure 3.2. I-t5 shows the first five s i d e l ~ h ~ s  and ttre .~vs'nsc po\vcr line -3 dB 

below the peaks. The error plateaus wcre coniptrted frorn t h ~  sss,tn~cct error map~itudcs and the 

nu urn her af subarrays aswiated with tt rtte difkrent subarray s i~es .  The ;lpt'rtilrc' cfficienz~ was also 

oht ined  hy numerical integration. The subarray roll-off i!i3~3<tt'ristl:?; were obtaineJ by numcr- 

ica11y inti'grsting the square aperture distribirtion ic~r each tit‘ 19 ciit'fert'trt <tits cit.er 3 15 degree 

sector. Thew cuts were then averaged to give the patteni shown. -1'11~. re?;ld~ant suharra). ?;iJclobe?; 

also roll off s t  a 20 dB!decadc of angle. 

Failures ha\,. an inlluencc on tr3nsniittr.r prfomlance. Indivicliral klystron I';rilurcs \vili result in a 

random thinning of the array anti have little eifcct on the heaiii pattcrn if' the nunrbcr of ki)-stron 

failures is acceptable from the power Icxs standlxtint. l:;tilurc of a dz '&- c'crnvcrtcr. ho\vcver. \v~~uld  

shut down 420 klystrons all in one location. Consequences of a dc'dz converter failure arc sliown 

in Figure 3.2.1 -16. 
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The "Bigmain" computer program (obtained from JSC) was exercised to  provide estiniates of per- 
formance degradation due t o  the failure of one DClDC converter which supplies processed power to  

410 klystrons. The results indicate an antenna efficiency degradation of roughly 0.4 to  0.5 percent 

and an increase in first sidelotc level of about 0. i to  0.3 dB depending on the location of the dis- 

ahled converter. Tlte total power loss thus approaches 0.9 percent, since the loss due to  discon- 

nected RF power is added t o  the reduced anay efficiency. 

3.2.1.4 Power Transmission Link Efficiency 

The end-tcwnd effit.ic.ncy of tile power transnlissions system is a critical parameter in the overall 

feasibility and costcffcctiveness of the SPS. In the present study. priority was given t o  a careful 

ekaluation of transmission efticiency. The resulting end-toend figures (includit~g power conversion) 

are summarized in Table 3.2.1-2. and compared to estimates given in the J S C  "green book" 

(JSC-I 1568 ). ISC-I 1 5(18 was the point of departure for the studk . 

Transmit ter power distribution losscs were determined froin a mass and efficiency optimization of 

conductors and processors. and included consideration of the transniitter self-induced thermal 

environnien t. 

Klystron conversion efficiency estimates from various sources have ranged from 805 to  87r;. 

Optimization of efftciency rcquires a joint optimization of electronic efficiency. circutt efficiency. 

and collector energy recovery. Although it is relativelv easy t o  increase the ovzrall efficiency froni 

50 t o  65'; using a 2-stage depressed collector with d collectoi energ) recowry of about 70';. the 

task of obtainins an 85'; eftic~ent klystron will likely require the use of a Sstage collector. With an 

undepressed el'ficienc) of 74'; and collector recovery of 5 0 ; .  a net efficienc~ of 85"; would be 

realized. The design paramc'tcrs for the 70 kw klystron support this estimate. 

Wavegi~ide I ~ R  losscswert. con~piited on the basis of an "average" wavegiiidc length and power level. 

Ideal beam efficiencies aiid intcrsubarray effects. including phase errors. aniplitilde errors, and 

klystron failures. were evaluated using the JSC "Bigmain" computer program. This program numer- 

ically integrates contributions from all submays to  get bean1 patterns. total power. and efficiencies. 

The principal new are5 of analysis wac intrasubarray effects: mechanical errors within the sub- 

arrays that produce losses. 

Because of manufacturing tolerances and thermal distortions. waveguide sire as well as slot shape 

and position will he cfispiaced from the ideal. Thecc dirncnsional cliariges will produce unwantcli 

scattennp and impedance mismatch resuiting in a reduction in efficiency. Factors affecting the 

losses in the siiharrays were studied tor 3 set of ~ i v c n  manufxturing and control tolerances. These 

were found to produce non-dissipative power losses of 1.875 and Jissipative power losses of 1 .F ; 
for aluminum plated wavcpuide 9.09 s 6 cnt I.D. (The dissipative loss is carried in the efticiency 

chain as "waveguide 1 ' ~ " ) .  Tliermal effects were found to be negligible if a composite waveguide 

was used. A itumber of factors including tolcrat~ce in the feeder guide from the klystrons and bcnm 

sqtrint rllic to stick error.; were fountl to protliicr ncgligihlc power losscs. 
40 
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Atmosphere losses were unchanged from the JSC estimate. The efficiency chain up t o  this point 

includes all power in the main beam. The cost4ptional  receiver intercepts only about 95% of the 

main beam power, as discussed in Section 3.2.6.3.2 of  this report. 

RF-to-DC conversion efficiency at  the wceiver was derived by numerical integration averaging with 

receiver ele~f)r'nt cfticiency varying as a function o f  incident intensity. The current rcicrrncc value 

is prc~hably slightly pessimistic for two reasons: ( I  ) the average was based on a receiver filling the 

entire niain beam. The cost-optimized receiver does not intercept the lowintensity outer part of  

the beam ant1 it.; average intensit) strt~itld be slightly greater: ( 2  recent data received froin Raytheon 

and JPL indicate slightl) trigher elenlent efficiencies. 

DC-to-grid conversion efficiencies were adjusted t o  in-lude an allowance for power processing. 

3.2.1.5 Power TmnsmixGon Sys'em Sizing 

Sy.;tem sifinp was inkestigated by ttsc of  a parametric model constructed for the purpose. The para- 

metric model examined characteristics of  the system over a range o f  transtnitter sizes and total 

input electric power tvitli specific constraints applietf t o  the :>nergy density in sidelobcs. Incorlmra- 

tion of the sidelohe linlttatioils necessitated an iteration loop within the model t o  select the trans- 

mitter anttslna power iilunrination ta?er. The loop is diagramn~ed in Figure 3.2.1-17. It may he 

s::cn that this iteration loop includes two other parameters that may be limiting fac:nrs: power 

heair1 inaxinruin intr'nsity at  the center of  the bean1 and the mazinlum thertnal power that inust be 

dissipated on  11ic transmitier antenna. 

Operation o f  this iteration loop is illustrated hy Figs. 3-2.1-18 thru 3.2.1-23 Fips. 3.2.1-18A and 

-I SB show transmitter and receiver average-to-peak power intensity ratios. These were drtennined by 

numerical integration of  rtntc'ni1;r patters tbr a range of power tapers. Average bean1 intensity can hc 

~ictcnnined frorn total pcwer in the beam and beam diameter and the peak va!ues then detennined 

iron) these curves. Figuri. 2.2.1-19 .;bows thr variation in beam spread factor with power taper. 

Tile hcam spread factor. in turn. affect3 the beam diameter at the receiver and therefore the peak 
* 7 beam strength. Figures .+.,. 1-20 and 3.2.1-2 1 show (hernial powt.1 dissiphtion and beam intensity 

a t  the receiver over the rmpe oiari tenn;~ diameters and beam intensity at  the receiver over the range 

of antenna diameters and ~ n p u l  power considered. ~ l h e s e  curves are used t o  cross plot tllc design 

constraint line on final results S L I C ~  as the cost results shown in Figure 3.2.1-22. It may bc seen 

from Figure 3.2.1-22 that the mininiiim c c ~ t  SPS design is essentially hounded by constraints. As 

woulcf be expectect. the riliniinirni unit cost system I?: the highest power system that can be d e s i ~ n e d  

within the constraints. The power level is set by the thermal dissipation and ionosphere beam inten- 

sity limits. Sidelnhc' suppressi~.>n liniits exert considerable influence on the design point sc'lection. 

Reclucinp the sidelohe linlits results in a greatzr degree of power taper acd.  therefort.. a prakirr 

antenna pnttcrn. This. in turn, causes the thermsl dissipation limit and peak hear11 strength limit t o  

converge at  a larger transtnitter dianleter kind lower power as shown in Figure 3.2.1-23. 



Figure 3.2.1-17 SPS High Level Systems Mdel  ISAIAH Implementation Diagram 



Figure 3.2.1 - 1 8A Transmitter Average-to-Peak Power Ratio 



Figure 3.2.1 -188 Receiver Average-to-peak Ratio 





Fiuw 3.2.1-26 Max Thermal Lard 
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The system design point sckction a k o  itas a significant influency on transportation and construction 

operations. For the rsfermce design (photovoltaic SPS and 1 kilometer transmitter) and for the re!- 

ewnce launch vehicle with its available payload tolume. it was just possible t o  package the entire 

SPS and its transmit tzr with thc subrtriiys preassrmbkd on the ground. The p;ir'k;lging density oi 

asszrnbied subarrays is quite low. on the ordcr of 25 kg/ni? average* However. tht- packaging den- 
3 sity of the photovolta~c blankets is very high. ;bout 1200 k%.n . Detailed packagng srudies show 

that mixtng subamys w ~ t h  high dens~ty components allows all of the flights to  low karth orbit t o  

be mass limited. Yowever, if a; t r~nvni t t e r  diameter is increased re!attve to  bushar p w c r .  o r  b )  the 

~hrrnidi engine zi erg? sortvrrsron ,)stem a x l t i t ~ d .  or c) an alternate v e h l i i ~  with J less volunli- 

nous shroud is xlecteif. it will be necessary t o  perform final subsrrzy assembly on orhit in order In 

awlit high transportation costs assostaled with volume limited launches. This in turn Increases the 

on-orbit assembly crew and requires 3 subarray ~ ~ s e n i b l y  facility. These itenis are J i > i u < ~ d  under 

construct:on. 

At-hough t t  IS q u ~ t e  pmslhk that eat11 SPS's u ~ i l  trc cons~derrbly smaller than thz 10.000 nlrrpwatl 

reisrence dezipi. we arc k i t  ~ i t h  the un~ontfirrt3ble re\iilt that one of thz pcnaltics . i \ ~ x t a t e d  with 

xlectron of a snl~licr SPS Ins! be the need for final ssii.mblv of subam:-s In the o rb~ta l  condruc- 

tlorr i x t ~ ~ t y .  

3-22 Phorovolt~ic SPS Designs 

3.2.2.1 Techsical Factors Influenciw System lks@ 

lmobt ian 

The power ~ : ~ t r t ~ !  of a \ol'r ~rriiy depend\ on thc intr'm~ty clf llluniinrtion at  t:ic ~-eIIs ~ n d  !he 
tcmpe;zr;.rr' ot the zi.112. the in~\lriiunt-pu\ier pnlnt of*cells dimlnishtr.3 as the s ~ l h  k i t > ~ ~ t t  i1oiti.r. 

1 % ~  terr.prrdiiirt. 01 tfl.. <cll.ir c.d1 I\ reidred lo the ~ntctisit) 01' ilfnllgtit for 111> gnen p.?tieI 

c < ~ n  tigitrat~o~.- 

Sir31ight is  niiht intcrn\z uht-n Earth is .it perihelion. which w c 3 n  2xthnJ winter 3c1lzrtire when tilt. 

orientation u i  the array i\ such that the sun's rays arrive at  22.5 dcpees off nomidl incidence. The 
w o n t i a w  il!rrn:in;ttion 1% ~t iiirriniei soktit-1: =hem the 2Z.Cdegrze mis~ricntation ~ i ~ u r s  at apiiel- 

ion where the intensir)- o l  sunlight is  0.967 of average. However. tilt solar arra) temperature is also 

down. kciiig 3 6 . 5 * ~  rat1:t.r t h m  4h.OC'C as at  the spring and au:umn equ'noxes. Net seasonal out- 

put variations are shown in Figure 3.2.2-1. 

Snbr Cell Performa~~cc 

Solar zc.ll irtiprorrnieats 1.~ci1rri.d In 19'7 in the areas of cell zificiencirs and in large grain growth 

otl thin polyc~\ ta l l inr  gallium a ~ v n i r l e  film-.. 
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For silicon s&. cells, a significant item was the achievement of 12.5 percent efliciency in 50 pm 
( 2 mil) elis. Even though in our reference system, we USA a t mil cell with 1 5.75 percent effi- 

ciency, an efficiency of 18 percent is quite possible by 1985 for this solar cell. 

In gallium arpenide solar cells, John C. Fan of MIL'S Lincoln Labs has achieved s t  '0.5 percent e ffi- 

cirnt homojunction solar cell in AM1 sunlig!!t. He projects a 22 percent efficiency by optin~iring 

the cell contacts. 

A 16.2 percent efficiency has becn repr ted  in IPL's pllium arsenide AMOS (polpcrystallint.) solar 

cell by Stirn and Yeh. Lincoln h b s  has also grown 25 pm thick by heating with a laser beam. 

Solar Cetl Dcgradrtiua 
W a r  sells are d q n d e d  b) the ionizing radiations in space. Radiation damage results from defects 

produced in thr cell material by the passage oi the ionizing particles. Solar cells in space applica- 

tionsare protected h) 3 thln cover pias3 is,? % x d  silica or borosiltc.&te glass from 50 to  300 prn thick. 

This glass greatly reduces the radiation absorbed by the cell by stopping the l owene rp  particles. 

Using Prof. Wrbkr's solar activity predictions. we calculated that in 30 years in geosynchronous 

orhit a silicon solar cell under a 150 p m  16 mil) fused silica cover will Ix exposed to the equivalent 

of 2.25 x 101 1 protons p r  c m  having greater than 10 MeV energy. The spc.ctru:n ol' the protons 

is plotted in Figure 3 . 2 . 2 -  with tluence 3s a function of proton energy. Sate ho* iopious are the 

low e n e r a  proton:. uhcn compared with the high<nergy ones. 

A trade-off ekrsts .t*\erglass t h r ikn t '~~ .  Tisinner cobers admit more r~diation hut are les\ 

massive. as illustrated in 1.1pre 3.2.2-3. 

T h e  optimum turns out to be rclativeiy tlat as shown in Figure 3.2.2-4. .Any c-over thtcbness in thc 

50 prn to 100 ptri ( 2  to 4 mrl) rrtngc is desrr;ible. At least 75 prn is required to use the diffractive 

sawtooth cot er treatment described htlow. 

A significant ncv, dsrclopmcnt occurred in radiation degration of <:!icon solar cells. Slnct the refer- 

ence design was changed rc l  thinner solar cells (50 pm) to  reJ%ice system mass. it became ncceswry 

to reinvestigate the are7 of solar cell ndirttion ciesradation. A plot was made of radiation deprada- 

tion at various tlliences as a function of solar cell thickness. Data were obtained from JPL's "Solar 

Array Design Handbook." l'he curves that were developed. when extrapolated t o  a 50 p m  (11 mil) 

cell thickness. showed a significant retlurtion in radiatic degradation. In fortnation w.1~ also pitn- 

1isht.d by Solarex on the rrtdidtion degradation characteristics of 50 pm cells. also shown in 

Figure 3.2.2-2 
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The effect of this is that annealing, although still very advantageous, is not as critical an issue as 

previously reported. 

Annealability of Solar Cab 
During the part I study effort, a subcontract activity with SPIRE Incorporated investigated anned- 

ing of radiation-damaged solar cells by the use of directed energy. Laser and electron beam 

methods were tried. Both methods yielded about 50 per cent recovery of rqdiation damage which 

has been induced by prcton irradiation in the Bosing test facility. The cells tested at that time were 

annealed without cover glasses. The results were reported in detail in Volume 11 of tlie part I report. 

A continuation of the effort was ac~omplished during part 11. Principal objectivcs were to extend 

the previous exploratory results to cells with covers and t o  test the thinner (50 micron) cells now 

available in experimental quantities. Final results were not available for inclusion in this report. 

The following is a sta?us report. 

Conventional adhesive-bonded covers cannot be used on cells which are to be rtnnea1:d bccausc the 

annealing temperature can be over 5000C. 

SPIRE attempted to fasten cover g l a s s  to  Solarex 50 pm cells by adhesiveless electrostatic bonding. 

However, the cell surface was not smooth. apparently as a result of the potassium hydroside etch 

which had been used to  reduce the cell thickness to 50 pm. .As a result. the 50 pm cells broke when 

electrostatic-bonding pressure was applied. 

SPIRE sent to  Boeing four thickei cells with electro5tatic-bonded covers for irrad~ation with one 

MeV electrons. Attempts to anneal the radiation damage with a neodymium -YAC laser were not 

particularly successful. probably because the covers absorbed the laser light and heated excessively 

during the laser pulse. Better annealing was obtained with a longer laser pulse (about 1 second) 

from a CO? laser. Four more cells have been irradiated with one-MeV electrons and 3 refined C 0 1  

laser irradiating technique will be used in annealing them. 

Covered cells cannot be effectively irradiated with protons having 1.9 MeV. the limiting energy 

of the Boeing Dynamitron. Therefore. four uncovered 50 pm So!areu cells were irradiated with 

1.9 MeV protnns, degrading in their maximum power outptlt as follows: 

Cell Number Before Irradiation Fluence of 1.9 After lrrad~at~oti 

Max. Puwer. Efficiency. MeV Protons Mas. Power. Efficiency. 

Mil!iwatts Percent Milliwat ts Percen t 



Figure 3.2.2-6 compares the radiation degradation of these thin cells with that of conventional cells. 

A proton having an energy of  1.9 MeV is equivalent to  about 3 x l$ one-MeV electrons 

These four irradiated 5 0  prn cells will be x n t  t o  SPIRE Corporation for annealing out  the radiation 

damage. 

Array Sizing 
Facton used in calculating the solar array power output arc summsri7i.d in Table 3.2.2-1 

with solar cells having 15.75 percent efficiency. T o  this we add a 10 percent improvement. which 

could be achieved hy any one of  several means. For example. A. Meulrnberg of COMS.4T Lahora- 

tories estimates that his sawtooth cover will improve the efficiency o f  solar cells by 8 t o  12 percent. 

The blanket factors of 0.9453 account for the power losses shown in the table. The individual 

elements of the blanket factors will change. but the product will probably renlain around 0.9453. 

The surunler solstice loss accounts for thc 23.5 dcgrecs misorieritation with respect to tile S~III'S 

rays. This lass coiil~l be avoided by having the satellite oriented prpcndicular to  the ecliptic plane. 

hut the cost in thrusters and propellants required for attitude control in that mode res~tlts in n o  real 

advantage. 

The apllclton rntcnsit) i;lctor ~ C C O L I I I  ts for tile reduced solar intensity when the Earth is at  its apt~el-  

ion, around the tlrst pdrt of July. 

The tcniperature iosses result frorii the solar cells operating between 36.50C and 46°C. rather than 

at  the S T  at which cell efficicr:~), is commonly expressed. 

The oiitput is further reduced by 3 percent to account for radiation dan~age that cannot be rrmovcd 

by therntltl at~~ic..iling. In p:i$t tthts. '15 percent oi the radiation Jamage in solar cells has hcen 

annealed ;:ut, w e n  tlloilgh the cells h3d not been dcsipncd for thernial annealing. There is n o  ;heo- 

retical T C ~ S O I I  \\'!I> :ti1 o f  the radiation da11tagc in solar cclls cacnot be anncaled out.  annealing tcm- 

perat11rt.s of aroitnri 5000C' being well below the 8000C region wherc diffusion of  intpurities starts. 

On thc other Ii~tnd. the opcratinp plan for the solar power satellite involves repecited annealing. 

which has riot hceii attempted hy atiynr,e. its far as \vc know. 

Tlic pawtr  requirement ot 17.55 \ 10" wdttj  h a \  bawd on suppl)~ng lh.42 u 10" H attq t o  the $lip 

rings and compensat~~ig  for bu\ I ~ K  los>e5. Another one percent wa\ added t o  this poHer 111 the c ~ l -  

c11i;ltlon ot \ o l ~ r  c~,li ,Ired to prcnl~lc po\\.-r r e p u l ; ~ t ~ l ~ ~ i .  au\~lt,try powcr. ;ttt~tuiic n l~rrol  .~nd eticrgy 

$torage. 

The othcr itelits inclutic tlic lost are3 f3ct~)rs consi~lereti for eac i~  case. This ~nforliiation was I I ~ L , J  in 

the torri~ulation of ii11;il reiereucc system si/.ing. 



FLUWCE OF l U E V  ELECTRON EOUfVULNtS 

Figure 3.2.24 Comparative Radiation Characteristics 

Tabk 3.2.2-1 Put  I1 Refmnrr System Eneay ComenionlSithrg 

10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS l.17331 

BLANKET FACTORS (.9453) 
(STRING 1%. UV LOSSES. & MISMATCH) 

SUMMER SOLSTICE COSINE LOSS (.9190) 

APHELION INTENSITY FACTOR (.S75) 

TEMPERATURE LOSSES 136.5OC @ SUhlMER SOLSTICE - 49540) 

OUTPUT - W N ~  

213.1 

234.4 

221.6 

SOLAR CELL AREA (1% OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 
REGULATION, AUX. PWR & ANNEALING CAPABILITY) 

ARRAY AREA (CELL, PANEL, STRING AND SEGMENT LOST AREAS) 102.5 km2 

SATELLITE AREA (BEAM, CATENARY & ATTACHMENT LOST AREA FACTOR) 112.8 km2 



Control Requirements 
Attitude control requirements are at CEO dominated by gravity gradient effects. Orbit trim 

requirements are dominated by solar pressure. A good flight controi strategy combines the correc- 

tions. using unbalanced couples t o  provide translation corrections for solar pressure while applying 

torque t o  counter gravity gradients. 

Solar grrssure for an absorptive surface is readily calculated as: 

7 
The reference photovol!aii system has a p ro je~ ted  area of 1 12 ktn-; the solar pressure is 4.5 1 \ 10- 6 

x 119 x lo6 = 5053  

Gravity gradient torques can occur aro~ind ail t l ~ r r e  SPS axes as a result o i  the sun-iacing attttude 

requirement. 

S~gnliicant torques occur only ahout ttlc y axis wlien tlying perpendicular t o  the orbit plane (POP). 
The peak thrust r e q ~ ~ ~ r e d  i \  j1)0n. ( 10011. each 1 pldctls). The duty ~ y i l t r  I\ that for a \~n i t sn~d ,  

0.04. 

The rnass p e n ~ l t y  for gratit} gradlent control incllidcs \ ) thnist product~ori h a r d w ~ r c  thrusters 

plus youcr p ro~esung .  2 ,  generdting ~Apacrt) rc'qulred t o  power the thr~rsters. 3) propellant 

r equ~r rd  T' correct pra,>rllant iluantity p e n ~ l t )  reflecrs the tlriie value of the cost of propcllan? 

resiipply . the pendlt) bhould he the t l c r  prt~seii i  ratire (in economic terms) of  t h t  I ~ i e t ~ m e  proprlldnt 

requirement The peild11) ~ d l a e  rdngt.3 Irom I0 >e.trs' annudl suppi- ( 1 0 5  d~scoiint tor 3 0  1 can) to 

I3 )cars' annual s u p p l ~  d~scount .  11, Inlte I~fe).  

Propulsion s)'stem Isp is a variable. assunling elcitric propulsion. As 1sp is increased. propellant 

nlass prnaliy clecreasr!~ hut Iiardwarc pt*nalt) increases. Accordingly. 311 optirn~rnl occurs as shown 

ill Fipurc 3.2.2-7.  20.000 scc.oti~ls 1st) i s  ~ e l t * ~ t ~ ' i f  as a reprrscntativr valt~c. i-nr POP operation. 

assurninp pericit ~.ontroi  laws ( n o  control authority margin. no wastcd propeilr~nt) ahout 1150 

tona o f  hi~rdwarc. including gcnr.r;tting capacity. ;ind 31 tona'year argon propellant is required. 

Electric' propulsion characteristics isere taken from the Part 1 technical report. Volunie 5 .  About 50 

tncpauatis peak. 3 2  n~egawatts iiverage. power is requireit to drive the tllruster s l s tem.  C11ei~,;c31 

propillsion will be needed t~ provide control during equinoctal occultations. Despite the low lsp 

(400 sec). only 1 to 1 ' :  tons o f  propellant is needed annually due t o  the sm; 11 duty cycle. Corn- 

pletc reliance on cht:ni.i~+al propulsion woulti rt.sLllt in a propellant requirement of about 2 100 tons 

per year. Thus elcitric propulsion is nearly matidatory for flight cuntrol at GEO. 

All 3 torquc tern15 drc oper.ttlvc whcn i l \ ~ n f  pcrpentflcular to ttie ecllpttc l?lanc (POP). Q varies 

+ 23'io. 0 *+artes frr.:~ 0 to 360'. An ,~pprox~tn;ttc n t in i e r~c~ l  ~ntcpration gives pcak t l i r ~ ~ s t  (tot,tl 1 



I\ PROPELLANT AT 20.000 SEC 
ACTUAL ANNUAL -41 TONS ARGON 
+1,5 TONS CHEMICAL FOR OCCULTATIONS 

1 30-YEAA PROPELLANT (NET PRESENT VALUC - 10.5 YRS ACTUAL) 

ELECT RlC PROPULSION SPECIFIC IMPULSE. SEC 

Figure 3.2.2-7 Attitude Control Propellant- Photovoltaic POP 



come- ' s 2230 newtons with an average dut) cyck of 0.4. 'Iherefm. the hardware p n d t y  is 5.6 
x that for fly- POP (1390 tons) and the propelkant p d t y  is 3.5 JC thrt for tlying W f 144 tons,' 

yr). This is a 1-45 tmdware mass penalty (for a -3% gain i* autput due to  sun oricntatlun) and a 

propellant penalty roughly equivaht  to one chemical OTV flight t o  GEO every 2.'5 1 can. The 

hardware plus net present vdue propellant penalty is a h t  3% cornpxed to  output gatn of also 

about 39.  Tius tlying PEP is  about a break+ven and shoufd be adopted only ii it prosrt1i.s design 
advantap r as st doer for the the& engine). 

if the &t were to  remain vrecisely trimmed with nspcct t o  sc'u pressure perturbations. a con- 

tinuous wlar p r w r e  balancing thrust o i  505s wodd be required. I f  the orbit a aJlowdd t o  
become perturbed. kss impulse is required. It b likely that the gravity gradient c m m l  r~r ,~putu  will 

be wfftcknt for orbit maintenance. 

Lads  Arkkg from Gm--it). Gradkt CmRd Autlmity 

.: requirement has been identified that m operatkma~ S!! shouM be able to  r a w e r  irom any atti- 

tude to  the normal upemt~onll attitude. If the SPS is in an d 0 1 t s  attitude as a d t  @f some 

swt of accident or probkn?. it may not be able to  genecite power. XccoAingiy. chemical thrust 

wiU be used to  recover to  n o d  anitudz. The ~ ~ 1 s t  case is preumably a gravity padjcnt stabkc 

at?itu& (900 around Y-axis from POP,. 

A- esarnple caec was exaniIned with B = 0 and 9 = 4SG (worst case gravity torque about 
the X-axis). 1he  force diagcm i t -dimr ;ional approrimation) is shown below: 

Blankets 
w 

Antenna 

Sufficient thrust was aszumed to  b i l a ~ c e  the gravity pradiert rop.ies. For example calcuiations. 

antenna mass was taken as 7686 r lo3 kg each (the w e n  book value). The blanket n~ass was taken 
1 

as 0.55 k&M-. 

The thrust force required to  balance the gravity gradient is 1545 newtons. The shcar and moment 

diagrams are shown below: 



The m n t  from point I t o  2 b 6811and is eqwl  t o  555.875 E-m at point 2. The moment irom 2 
t o  X peaks at 1.25 x 10' n n  at y = 5000 (halfway hetweec the center and end of the blanket ,. 
IV.lder a gravity p d i i n ?  upset condition, the SPS would probzbiy not be generarmg power. There- 

fore. & e r n i d  thrust would ?x needed t o  nstabi ish attitttde control. Propdlant consumption 

would be mirrunized by using high thrust t o  impart an angular momentum jast sufficient to  cause 

the SPS to coast t o  the desired attitude. In practice. a thrust about 4 t i m a  the mallmum gra \~ t>  

g d k n t  torque q w p i e n t  dcu&ted above shouid he urfticient. 'Ihe jne~far work done by gravity 
7 gmiien? in rotsting the satdlite is 15.0 1 n 10 n-m radians. 

If a tcrust level of MKKl n. is wed, this amount of work is done in 0.254 rddidns Totatton. The 

acc-ekntion is 3. I 4  x rad:xc2. At tLis angular acceleration. 4000 wc are requirtd t o  rota!t: 

thmgh 0.254 radians. The total propellant required is 1 2.000 kg ior the total SPS at an Isp of JOO 
se: ~==400). Moinznts duo t o  this thrust k i t 1  wil; be 4X the values quote* abate. 2.2 t la6 .rt 
the rotar)'joitt and 5 n 106 n-i;. maximum at the blanket structure mid poinr. With a stn*ctural 

4 iiepth of 500 m.. the top and bottom loads arc ;. 10 n t -2200 Ih t divrdcd more ar less evenil 

a m g  a11 the hams. Tnis load is considcnbij less than the blanket str2tihing internal l a d s .  

Stntctuni Criteria and Stluctunl Siting 

System structunl %ntrria have been updated as irtdichted in Tattle 2.Z.'-2. Ttlc wlar blank=! 

s t rc t sh i~e  load is the primary design load on the structure. 

-.-, Thr r:i;.rt.nce design :hat resulted from tile Part 11 3stk.i;) IS showr. in F-:~I:L. t.-.--8. I t  iclr?\ists 

of eight n:cxiillcs each zrtntaininp 2 1  hays for a total of 2 5 4 7  bays. plus the two pomir tr:tnsmittt.rs 

l l i c  ~totiu1ari:ation Ha\ to txi!~:att. low Earth orbit (Lt-(3) constnaitic~n J~IJ  tI i<  1..i) s t ~ z  was 

?ii'lectcil \omr.whrtt arhitrsrilk-. Suhszquent parametric anall-s-s indicated t l u t  strilc t:irai tl~ass ; v ~ \  

itlsr.ii\iii\~. to ha) silt'. 

The final re5iilt for the LEO construction case indicated that .. dt+&tly ! a ~ .  r arra) Jrc.1 ~ ; t s  nCc.cicJ. 

resultt:ig in a 680-nrctcr ha) size requirement. This occurrec! :n S O I ~  i ~ i l  t l t ~ - : ~ i ~ t \ .  -<!. nc.pLa 

inc:ludi.ci I - :  trsnsfcr drgradatio- considerations. 

Each bay supports 3 solar blanket in trampoline fashion. Blanket$ are made up of int1:viJu~l y.incI\ 

zkuC 1 inzter quare .  The blanket and vanel design are somprtttble with periodic arra) ;1nnc~!111g 
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Bbdies Design 
A silicm solar .-eU must be provided with a cover t o  inrtsrrx iront-surface emittance from iround 

0.25 t o  around 0.85. and to protect the cell from low-rncrgy proton irradiation. CzriurnJoped 

horosil~sate glass is a pood covet material because it c a t s  only 3 frdction of the best altern;ltc i-910 
fused ilica). matches the coeffi&ni of thermal expansion of filicw,, and bet mis t s  barkcniqg h) 
irftravidet light. Borosilicate $ass can he electrostaticdly bonded to silicon t 6  form 3 strong and 

permanent adhcsivetcss jo~nt  . In -4TS-b flight tests the cells hating integral 70'0 horosdtcate #ass 

cm:s lust only 0.8 t 1. I percent of their odtput because of ultnviokt degradation. X ~ e a  iclls 

had no cover a i h 4 v e .  Other sells having tell-tm-over adhcstvts degraded twice as mu'%- Jena 

Gh<werk k h o ~  S Grn Icc.. in Mest Gernuny ~ k F i t S  t o  trr. able t o  mrnuirtsturz ' 5  pm t#,ro~tl;- 

cate &ass *.ztts one meter wide by several meters long. 

The cell cover is e m b e d  during bndxng w t h  gnx,ves which refract sun1ie.t J W ~ ?  from the grid 

l i n s  and buses cm ~ 1 1  surfdcc CCOMS.4T L ~ b s  e q x c t s  sa 8 to  1 -T percent t n c r e ~ e  In cell out- 

put from this feature 111 cz!l coves. 

!Solar e l i s  only GO pm t!ack rzctntl?; m d c  by %lare\ had an air mlss-~rro cf!<<ref.c) of 1 5 per- 

cent aithout a back~urfatc k i d  o r  mtr-rctlcctian treatment. Texttiring the sun-iactng s u r i i ~ e  

makes the incoming li&t amve at the b a ~ k  suriacc of the L. ii 31 ;m m@c o i  over 3 lo. %o tilt light 

rays that have not k e n  a b r i r d  are rell?ctcd of! the k3zk surf3ce with \~rtuall> no l i x .  the cntical 

mgk in stlrsm-srr junctlc-n k i n g  15.5 degrees. This feature not on11 Improves p11ot01; iol!xr:on 

t f i i ~ i c ~ y .  when corn~ared urth tnrckcr sells. by lengihtning the hght p+th rn alicon tor inirared 

photons. but i i w  impmtes r~rttattur, r:s~sturce. Slncs all c h q e  a m e n  arc generttied withrn 50 

pm of the P-N junction wh~cn IS 0 1 pnl under :he sun ';;lc!ng suriacr. the cell c m  &\orb r d ~ a t i o n  

&mag  untii the diffgwon lecgth I:I the hulk sritzon IS rcduczd to 50 pnl b) rdcti~llctn-gnerited 

rzcomtination centers 

The cells i re  Jrclgned urth hot. P ~ n d  \ termlnsls t-n>trdlt t i )  the b.iLk\ ~i t l ~ c  '<I!\ Thrz Il-iti~rc 

makes 11 posstble t o  use slmplc 50 :in1 \rl\sr-pt.ttzd copper rntz:<ot?ncction\ wh1'-t? i re  iom~cct on 

the suSstritz $a\\ Con~plctc panzl\ .rrc .t\wtal-icd r.i~..trr;.%li~ i*! '-i,,Idlry togctiicr :lie nicdcilrI~-to- 

module ~ntzrinnnectrnns. n e  wlar ~c#;*r i~~l :ht! l~f~cl t l  i\ dit-:\~i rn i-igirrc .; 2 ?-9. 

G l a s  was chosen for the substrate l.t.ciuw rt cnal.lec annealing of rddlatior? . f ~ n ~ s g e  by heating. 

With a11 glass-to-s111co.l bond.; made 1.) the ~1c'~trost;ltic procns there are n0 elements tr, thc 1.l~nkr.t 

wt~iz:* :annot wi t l~s t i .~~i  tllc 5 0 0 ' ~  anncdrng tcnils.r.~turz \vhlih dt present Si'etn. to 5i' ~eqi~irr't!. 

One researcher suggests that 5 0 0 * ~  may not th-. nr.edcci tor a.lr?zdltnp out thc r ~ d i a t ~ a n  damage irom 

solar-flare protons. However. his t h s ~ ~ r k  h ~ s  not \c t  :lci'r? :c~; l f~ri~~cJ by e\pcn~itcitt 



Figwe 32 .2Y) lous  the hvr. p.in<l aJupteJ for design stud~er. It has a mr tnr  of  2 5 2  wlrr  cells. 

tach 6.4 b) -.- cm in 311e. ;,me-trd in grvapr af i4 <ells in panliei by IS crlis in x r r r .  The 

 ells are clzc;rosattca..lly honLd ktwm two sheets of bamiilicate gI3rr Sfacing htuem ccii 

and edge r p c i n p  ire is show-n. T a b  m brought out i t  two e d w  of the panel for elcctncallg con- 

necting panels in series. Cells within :be ~rmel uc mtcrconneded by cmdticiing elements printed 

on the & a s  wbstrate. 

;rnporfant panel rcqutrrnlrnts were thew. 

e 'ihc prnrl conlgunmts md proccswi should k compatible with thermal annraiing at sOO*C 

Prexncr of chrrge-rrihmy: plasma during ~on-engine opention mly necessitate inrl~lating the 
electrical c o n d ~ i ' t o ~  on the panel. 

me panel d r s i ~  rhould be ~pproyr irr ;  for the high-speed ailtumatii r=mbI) wquired for 
making the some '8 nitllion partrls rcq~iired for each srrtcllite, 

Low weight and low- cost are in1port;lnt. 
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The ~ n o a p s u l a t i o n  technology, while not in use today, seems t o  k achievable by 1985. 
Simulation Physics has made excellent electrostatic bonds of covers t o  cells. Schott in West 

Germany is making thin microscope slides from borodlicate glass. The alternate panel design, using 

adhesives for bending cells, covers and substrate. may a h  be feasible by 1985. Todab polypheny- 

kne sulfide adhesives e;n operate at 3 1 p ~ .  and polypircnyl queroxaline adhcsii-h are good for 

3700~ .  .W. uime oi our research suggests that a temperature of 5 0 0 ~ ~  may not be needed ior 

annealing out the cluster defec~s. produced In solar cells by solar-flare protons. 

S'rown in Figtint 2.2.2-1 1 is the way pawls would be asembled to  form larger elements of the solar 

array. The intercoi~nsting tabs of one panel arc welded t o  the tabs of the next panel ir the string 

and t:~m the intercon~ections are cove-d with a tape that also c a m e  structural tension between 

panels 

&diet instahtion 

Figure 3.2.2-12 shows a typical ~MX) meter bay and the method by which the solar cell blankets are 

supported within the hay. 

The solar am?; paneis are supported by a main web support system which attaches t o  the satellite 

structure at 20 meter inten-als around the perimeter of the 660 meter bay. Further web support is 

provided by the catenary. 

Thermal expansion ~ n d  zontr~stion are accommodated by use of a spring-loaded pi3ton cyslinder 

?hat provides a constant force to the solar arm) support system. This arrangement also provides for 

a movement of up to 2 rtieters. in both x and y directions. which ma! occur due to LEOGEO 
4 tnnsfer acceleration of 10 g. 

Bianket Mass 

The top of Table 3.2.2-3 shows thc m ~ s s s  ior the solar array blanket as rcportcd ar the time of tile 

Part I final presentatlor;. Thee  were baed on a blanket habing Kapton as a \ub%tmte. 

The current blanket design is iompatihle with thernial annealing of radiation dan~ape. resultiug in a 

significant redcction in array area and consequently array weight and cost. The annealable blanket 

has a 50 pm glass substrate. elzitrostatically bonded to the solar cells to avoid adhzstves and plastlss 

that can be degraded by thermal annealing. The silicon solar cells are 50 pm thick. and the cell 

covers are 75 pm thick horosilicate glass. electrostatically bonded to the cells. Interconnecticns V z r t :  

printed on the substrate glass prior to bonding. The cilrrrnt blanket mass is shown ;I tile 

lower half of the table. 

Power Collection and Distribution 

Long solar cell strings were adopted for the reference contiguntion to permit generating the 

required voltage. around 40kV. directly from the solar array without i,~tervening power electronics. 

The string lenprh is around 5.1 km. 
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Current generated by the solar cells can be carried by conductors or by the wlar cells themselves. 

The configuration shown in Figure 3.2.913 uses the solar cells t o  the maximum pssible extent for 

carrying the current. It will be notea that no  conductors are needed ft r bringing rn the current 

from the edges of the array. t h ~  solar-cell strings being arranged in Ioo~s which start from one 

center bus, loop around the edge of the array, and return t o  the other bus at t!te center of the array. 

Solar array power is controlled by vacuum circuit breakers near the buses. Voltage is controlled by 

turning groups of strings on or  off. depending on load requirements. 

Two sections of the array provide the required voltage at the slip-rings using the sheet conductor 

vdtage drop to achieve the required voltage at the sliprings. All solar cell strings are of the wme 

design. 

Power source 'A' rrovides power directly t o  the fifth stage of the Klystron depressed collector. 

Power source 'B' provides power directly to  the fourth stage of the Kljstron depressed collector a!id 

t o  the MMS dc,!dc converters wh' -1 supply all other Klystron element power requirements. 

SPS StNctures 
The SPS structure must support a very large solar array and should be as I*pht as possible. Only 

open trusswork slructures can fulfill t?is xquirrment. The study began with a three-tier structure. 

Basic members on the order of Id cm in width made up beams 1 t o  2 meters in section: these beams 

in turn made up 20-meter beams that tormed the sateftite trusswork. The number of piece pans in 

this stmcture was enormous. but the estimated mass was attractive: 2500 metric tor,s. Farty in the 

effort a simplification was introduced by replacing the built-up I-meter beams wit!i structural e l c  

ments. The 20-meter beam was a triangular design using thermally-formed cap sections quasi- 

triangular in section with hat section cross members and tension :traps for diagonals. The primary 

loading conditiori at this time was rrnsioning of the plastic t l m  retlectors in the (then) concentra- 

tion ratio 2 i.ontiguntion. A structurd sizing analysis was conducted and led to  a structural mass of 

about 15.iJ00 metric tons for the energy conversion system. significant in this mass increase was 

the rziatively poor capability of the cap xction t o  carry the compression l a d s  that res~irted from 

reflector stretching. 

A strong motivation was present t o  employ an ideal member section: i . ~ . .  a tube. This afforded a 

mass reduction to  about 8000 tons. An effort was made to develop design details for the tubular- 

section bedm. Great difficulty was encountered in finding a way to introduce loads into the con- 

tinuous thin-walled tubes; no satisfactory design solution was found An approach employing seg- 

mentsd tubcs to forni the 20-rnetcr h a m s  was devc1opc.t.i ~s illustrared i n  Figurc 3.2.:-14. 1'hc 

tapered tube sections could be nested for shirmcnt to  orbit to  achieve a satisfactory packaging den- 

s~ ty .  Concurrent with the development of this approach. the dccizion wa5 nl;ttIc t o  ch;~ngc ttic satel- 

lite design to one with no s~~nlight concentrators. The rnajor loading condition thercfore was eli~ni- 

nated. The remaining loading condition was stretching of tile so1:tr hlankcts as disciissrd above. hi;t 



Figure 3.22-13 btovoltric Rcfmnce Power Cdcction 

Figure 3.2.2-14 Photovolt.ic Reference 20 Meter Beam Structure 



the l o ~ d  was much smdler, about 4.5 newtons per meter of h a m  length. Only the tipper plane of 

the two-tier structure was so  loaded; in terms of  actual loaded members only about lo', of the total 

structure was loaded enough to  be greater than n~inimunl,gage leember thickness. The niass ad\.~n- 

tape of employing the ideal tubular section was n o  longer a decisive factor and t h ~ ,  ~~oiltitiilou\l!, - 
fonnsd 'man1 could agi r i  he brought into consideration. 

Both structure types have their advantages and disadvant;tpes as summsrited in Tahle 2.2.2-4. 

Probably the most important consideration is the relative practicality of the bran1 niachine types. 

This question can only be answered by constructing prototypes of each and conducting con~pdr~ t i \ - e  

tests. The primary issues sre the problem of beam straightness for the thcriilal forming machinr and 

the problem of maintaining adequate alignment with the assembler machine t o  avoid j:tmniing. The 

latter problem arises because joint assembly will require alignment t o  within a few n i i l l i m r t r ~  in 

handling the 20-meter long strtits. 1'he thermally-fonned beam configirraticbn is shown in I.'iyitre 

3.2.2-1 5. Open and closed section beams were analyzed. Fhe t.losr\i section bra111 perforriled bet ter 

than the open section. bu! not  by as rnuch as was cxpectrd. 1 .rt>lc 3.2.2-5 co1ilpctrc.i result.; for these 

two sections with the taperzcl-rube structure. TIie differ'-nL.cz II I  nlas3 for zqu:tl Io;ld c;lrrying <::pahilit) 

are not suftkient t o  be a prirliai~. decision factor in final ~ e l ~ c t i c ~ r l  of the SPS btructural d ~ ~ . \ i g r ~ .  

Detrtils of joining the continuous-chord beam designs were not dc\elopeJ. :I t hon t t~g t~  ~ l ~ ~ t . c l t ~ p r ~ 1 t ~ ~ 1 t  

of  this detail will h r  necessary before final selectioii can bc n~adt. .  

'Antenna Support and Mechanical Turntable 

Tnr  antenna support structure and mechdnic.tl turntdble .ire the struct~~r. iI  ~ n t t ' r t ~ i e >  fict\seen the 

bastc sdtelllte structure dnd the Antenna )oke s t r u i t u x .  and p rob~dr  for the .;boo rot.itloti of the 

antrnnd. 

The e l e i t r i~a l  slip rings are mounted a t  the cznter of the niechanisal t u r n t ~ b l e  and provide for 

energ) transfer Iriross the rotating c'onnection. Flexible conductors provide for erlcl-gy triinsfer 

;tcross the elcvatiotl iolnt o n  [lie antenn3 yoke. Figurt 2.2.2-16 illustrates the yokc ;tritI i t \  . ~ t t . ~ i l ~ -  

rlierit to t1.c SI'S. 

Electrical Rotary Joint 

The elrctncal rotdry joltit is snldll enough t o  be completely fabricated and checked out o n  th: 

ground. As illu\tr.~tsd in i;ipiirr 5.2.2-17 it includes thrce ioncentric slip rings for tllc ":I" atid 'P" 
l>usscb and their rcttlrti\. ;\ total of 83,' hrtishes contrait the thrcc rir:p. 'The i t irrct~t  dL*~ut\ .  ;it tiic 

-4 

I~nrsh i o n l ~ c t s  is I O ~iniy~s'crr~-.  r i ' p r ~ s ~ ~ i t a t i v c  of torlay's stste of  thc ,trt. 

I ~ t ~ t r t ~ m e n t a t i o n  and Control 

:I prelin~trian in. \ tr t~nlrntar~on and ~wnt ro l  l ib t  %;is ~*o~:ipilcd for tlir powcr gener;~tton. di.;tril>ution. 

.inti tr;t~i~ii:is~ic~ti >htcrris. ;\ \ t~nimar) ctt  thc 11ttrilht.r o f  i t ~ t i ~ s  111 r>;tch 111;1i~r ~,,~tcgtv-y for the po\\tar 

ycncration and di\ tr iI~ii t~on s t e n ~ s  is sho\c+r~ i r ~  l'.rl>l~> .I.:.-o. 
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Tabk 3.2.24 Quditath Coat-n of Structural Options 

COST 

PACKAGING DENSlTY 

TAPERED TUBE VI CONTlNUOUs CHORD 

4 (DIFFERENCE PROBABLY < l a  TONS - 1%) 

NO DIFFERENCE IDENTIFIED 

(EITHER OPTION IS ADEQUATE) 

CONSTRUCT1dN OPERATIONS NU SIGNIFICANT DIFFERENCES I M N ~ I F I E D  

NUMBER OF PARTS 

JOINT SLOP 

NO SIGNIFICANT DIFFERENCE 

(ANALYSIS INDICATES MOT A PROBLEM1 4 
BEAM MACHINE ALIGNMENT PRECISION 

MAY BE A ?ROBLEU 

MACHINE COMPLEXIN 

MACHINE RATE 4 
STRUCTURAL INTEGRITY 

VERIFICATION 

STRUCTURE DESIGN FLEXIBILITY 4 (NOT A DECiDlNG FACTOR) 

AVAILABILITY OF HARDPOINTS 
ON STRUCTURE 

STRAIGHTNESS OF BEAMS 
MAY BE A PROBLEM 

CONCLUSION: EITHER OPTION WILL WORK. 
TECHNOLOGY VERIFICATION NEEDED FOR SELECTION. 



OP€N CHORD 

CONTINUOUS CHORD BE AM OPEN CHORMATTEN CONFIGURA1a. . 

K E V U R  v- . - 
TENSION TIES / J L O . 2 5 2 l N  4 0.252 

CLOSEu CHORD 

CONTINUOUS CHORD BEAM 

SEr t ION A-A 

CLOSED CHORD 
AND E A n E N  
CONFIGURATldN 

t (CHORD) = 0.028 
t (BAT) = 0.010 .N 

KEVLAR - 4 b- 2.5" 
TENSION TIES 

SECTION A-A 

Figurr 3.2.2-15 Co~~tinuous Beam Configurations 
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TaW 3.2.2-5 Continuous Bnm Chm=tcris:k 

! 1 3.jJ-l t.8 lhfin2 
.\CHORD 1.030 1n2 
THICKNESS - 0.0-38 in J . W  rn t-I8 I ( 01.4 H 

- 0.020 in HMS-LST r C r-t.y i 
0004 rn t.-161 CO\ C-.K 

PATTES - SAME AS CHORD 
i EKSlOb TIES NATt-Rt AL - );EVL.'IR 

DIAMFTER - 0 .1G1 in 

BFAU 
WIDTH iq i 7.62 n~ I 
DISTA~CE- BETWkkN BATTENS .?25 in f la 80 m) 
MASS O t  CHORD - 5 1W.O Ibm 
Y 4% OF BATTENS 3hQO 0 !hm 20111 TAPt RED TCI'Bt- 
MASS 01: TENSION KlCS - 75.4 Ihm 
TOTAL34ASS S77c.4lhnt MASS TO1 AL = 6 162 Ibin 

CLOSED CHORD 

BATTEN - 

Tk3SIC)N TIES - 

BEAM 
VLIDTH 3:0in:i.X7n!i 
'.ENGTt BHIU'FEN BATTESS 229 in 5.W 1.1) 

MASS Of- CHORD - Z Q l O  Ibm 
MA 9 (IF BATTEN ;553 lhrn 
MlrSS .?f- TI NSlQS T!f'S 149 lhnl 
1 QTAL %.A% 776 I 2 lhnl 

?Om TAPE Rr I) rC:Ht- 

MASS TO 1 A1 tt 1 t . 2  ll>w 

PcR 3150 I1.t 
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Flight Control Strbitity 
This analysis constiered various sensor and control actuator locations to see if there were any wb- 
stantial differences in the coatdnbi l i ty  of the SPS. 

In summary. ail tlie single sensor contiidrations analyzed were stable. In each case p i n  stabilization 
.*-as achimcd (see Tab& 3.2.37) with a dmpk. low cost attitude control design for roughly the 

same rayc of SPS structuir flexible mode frequencies. The results shows that the first bzndlnp 

mode frequency of the SPS must be above 0.2 cycles per hour t o  ensure stable operation of the atti- 

tude control system. Results for multiple control loops wen inc~nclusive. 

Four different control station configurations were evaluated. Three sin$= sensor configtintions 

with different controller lwationc and one muitipk station case with 8 KF~C)TS and controllen were 

modekd to detemrne the contdhbil i ty of each sontigutation and o 51-1 3 rwgh estimate of the 

stab% range of SPS structural frequencies. The thrre singlestation mode *err ( 1 )  sensor m d  con- 

t r d k r  at  one end. i 2 )  single sensor at the center =d a thruster at each en?. (3)  single sensor at rhe 

end and a thruster at each end. Eke e&t station case had each sensor and control!zr located 

together. with each spread evenly in the center. along the length of the satellite. 

With the differect configurations thus defined the control loop model was deigned. Two diiicrenr 

feedback systems were tried. The first was a position and rate feedback and the sedond a positioc 

feedback usng a Ierd-lag cornpensition for statriliiation. .4 damping n r io  of .' 3t1d an ailowskle . 
SPS attitude ~ f f s e t  ail& ( 8 )  of 4.4 w lo-* radians were chosen. To find the cor:rro; pi!! (KG) the 

ida t i ty  : 

Tdist = 8 . KG t l )  

was used. where Tjist is the daturhance torque. Gravity-gradient torqurs were l in~itrd to  torques 
about one &xis. 

? The control loop natural t'requens) for this case was I .43 x 10'- rad KC. The ratr' f:edb;tck gain. 

Kg~ro. is found by n-anipulat~ng the tmnJfer function of the model (v~thort t  tile tlcsiblc rngdcsb to 

give Kmro = 1 s 1 o3 N-m d ' s e i  

The positton p t n  was lised in all the loop designs. Lcsd -lag compensation in the position fezlfbszk 

Imp was designed tc match t h e e  dinamii charactzristi:~ ,xhiir eliminating n t z  iezdhack ;;nil ther:- 

iore the need fot contiilt~ous gyro opention. 

Flexible modes w r e  then added to the model. Flexible mode data were found usln: the 
KXSTRAN p r u p m .  The iorffiiicnts d :re tiie zontrihution from each 111oijc' to  the ~ n s l c  o i  bend- 
ing at d~f~r 'wn l  potnts on thc wtr'ltifr. %'I I\ the tt~<k!c' frt'qucniy. \ .tli~t's arc pr\rn in t l ~ r  I .ii>lc 

3.2 .I-& 



cwem LW r s : ~  smnmy r ~ l ~  -- wsirL~ - i d # r t  

~tngle ea4 sensor qyro- 1st noes S W I ~  ~ t . b l t f o r w , 1 . ~ 1 1 ~ "  
race k d b a c c  cMI c0nVO1 w  = 6.4% r LO-) ram 

St-I+. end setsor 1st M W l e  S W l t  f w  w  , 2.0 . lo-' 
L e . 6 ~ ~ 9  posr;ion frc0-lwl = 6.06 r lom3 rwsu 
WQ central 

tnd thruster cmtrol 

id thrrstcr control 

tnd tllrsstcr cm'ml 

Fattlple loop 

~t .b~t  S C * I ~  for  r , I . j  r 10-a 

S W I ~  S W I ~  for  r , 1.5 1 ;u-' 



D180-228762 
T a b k 3 . ~ . C w b J ~ ~ ~ ~ l h  

I st Bending Mode 
W l z 6 . 0 6 ~  lc'3 GM = 3.454 w lo7 Kg - 

Position - B (radfm) Position 

1 2.353 x lo4 1 1  
3 - 2.306 x lo4 10 

3 1.965 x 1 o4 9 
4 1.325 x lo4 8 
5 4.685 x lo-' 7 

2nd Bending M 9 e  
W l  = 1.95 x lo'& GM = 1.718 x lo7 ICg 

Position O (radlm) --. Position 

1 2 . 1 5 2 ~  lo4 I I 
1 - 1.939 x lo4 10 

3 9.030 x 10-5 9 
4 -5.550 x lo-' 8 

For 1st beding  mode t!. dtellite is &r.t sym~r.etricafly. and for the 2nd bending mode the satellite 

is bent antisymmetrically. W I gets iargsr for the higher niodes. Only the first bending mode was 

considered ir, **-t cases- 

In the singlestation C&S. all the c o n f i g u r ~ i ~ ~ n s  were stable. In general. the addition of a tlexible 

mode adds a loop rr;;: c pin-phase plot. Without tlexi? : modes. a11 single mode model; are 

stable. For different mode frequencies. the loop shape remains relati\ely i01lst3nt wtth the loop 

itself shifting up and ddwn the curve. Thus for lower frequencies the loop is hipher in the curve and 

there is a possibility of thz cystem going unstable. 

Putting thrust.rs at each end and varytng the xnsor from end to center c iws  Iitdt to change the 

controllability of the satellite. The lower limit on frequencq for stable operation is 2.0 x lo4 iad: 

sec. Applying a factor of 2 for a stability margin ot: mode irequency gives tire Ic-::rr limit of 0.2 
cycles per hour for any single control loop contipur3:ictr~. Xli frequency ranges stated above are fre- 

quencies where the system is stable. The lower limit is not r.zccsarily the point where the s)strm a 

marginally stable. but i s  just a rough estimate o i  the stable system. 

The multiple station case (case 4) was inconclusi\e. .At this point ~t seems zonditionaliy -!:?:vie for 

thc first hending inode. Future work should be directed towkrds the rraultiple station c'a5:. Also 

stability criteria should be developed for thermal engine =atellite designs to  c.3my!.,11rnt the photo- 

voltaic satellite data presented here. 



klrs Summary 
The structural mass difference fry-*- ,.; -vim . results is summarized in Table 3.1 2-9 and ret le~ ts 
integration of the new siring criteriz fcr the photovoltaic reference SPS The wcondrtry structure 

has been incorporated into :he prtlnan \tntcttire. The bay size and i11en1hr.r d i~ l~eas~ons  hate ~ W C I I  

changed to be compatible with the new reference system. 

The ntechsnical systems mass is the mechanical rotary joint. 

lnvestiestion o i  the gravity-gradient torques and optimization and thrust ISp led to a decrease in 

controf system mas.  

The mass of the solar cell blankets decreased due to a new blanket design consictiny of 75 p n  cotrr- 

glass. 50 pm silicon solsr iells. and 50 pm silica substrate. Solar cell blanhet dc,re.rw ~ I s o  rc.\ultcii 

from lower radiation degradation of the 50 mm silicon solar cells. 

The increase in power distribution system mass reflects a change from the no IongitiiJinaI bus bar 

configuration to no lateral bus ban and includes energy storage equipment. 

Tt.e increase in MPTS mass reflects the inclusion of entrgy storage for antenna systems. 

The srowth used was 26.6% on the final configuration. This growth was the result of the uncer- 

taint) analysis discussed in kc t ion  3.2.5. 

3.2.2.3 L E M E O  Differences 

The most important cost differences betwee11 LEO and CEO construction occur in operational fac- 

tors. There are. however. significant differences in the satellite desip.  The reference point design 

H ~ S  i:~tended to  be the reference LEO case. It was originally believed that the ability to  anneal radi- 

ation dainsg experienced duiing the slow transfer would result in essentially no oversiring required. 

This is true if one makes only a parametric power loss analysis. .An additional effect must be 

included ti1i3 i~ the solar <d l  misi~i~,icli correctiora. The configuration finally ~ l t i t ~ d  for orL.11 

t n ~ s f e r  has the solar cells closest to the thruster ;nstallations deployed for orbit transfer power. 

These are at the outer bak5 of the modules as shown in Figure 3.2.5-3 1 in Section 3.2.4. The power 

distnhution configuration of the satellite n such that thew cells are in series with cells not <\posed 

for the transfer. All must carq the Same current Therefore. the residual radiation damage in the 

cells uwd for transfer requires that all cells be operated slightlv off their optimum power point. 

Whe? this was taken into account. a ST; cversizing requirement was found. Therefore the Lt 0 
configuration must be recized tc  have 680-metei bn! c and correspondingly larger Jrrdy blankets. 

T i e  i ;EO configuration is the same size as thc rckrcnL.c poiti! design but docs not require the dupli- 

cate structiirc that enables modularization of thr. sat:llitc. T;!l>ic 3.2.2-10 siimmsrirc~ thc L E M F O  
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Tabk 3.2.2-10 Satellite W w t  Dcih GW) *r LEO Construction 

STRUCTURE W E l O T  - LEO (UNADJUSTED) 

ARRAY WEIGHT - LEO (UNANUSTED) 

PCUER DISTRI8UTION - LEO ( W U S T E D )  

STRUCTURE UEIfBT - LEO (ADJUSTED. + 5%) 
ARRAY YE!C'" - LEO (ADJUSTED, + S f )  

POYER DISTi.!iiUTION - LEO (ADJUSTED. + 5L) 

STRUCTURE YE I M T  - GfO 

ARRAY U E I W T  - GEO 

PCWR DISTRIEUTIO?I - GfO 

STRUCTURE YEIG iT  LEO-TO-GEO 

ARRAY LEO-TO-GEO 

P W R  DISTR. 

5,325.OCO 
REF. 

43*750*000 CONF16. 
2.3j8.000 

- -- - -- 

TOTAL - LESS GR(YTH 

GRCUTH ADJUSl?E."IT 

TOTAL - I K L .  GROUTH -4.270,000 kg 

TOTAL @EM L'ENGTH - GEO 

lo6. 1.1m 1.340 

m M l A R I  ZATION +649,200 
SELF TRANSPORT +53,500 
MTE!;!GI T!?P::S?;.T A? 51 .SQ 
OVER5IZI"'; . +270.003 



differences in the satellite mass statements. The CEO configuration is 4270 metric tons less in 

mass. These differences have been taken into account for the fmal cost comparisons and cost 
fbures. 

3.2.3 Thermal Engine SPS's 

3.2.3.1 Summary 

Of the thermal engine systems studies. the potassium Rankine is the lightest -:tar-ttnn technology 

SPS option. Our study results show it t o  be lighter than steam Rankine. ;ielium Brayton or  

thermionic SPS systems. In the area of solar concentrators. we had previously anticipated approxi- 

mately 3Wc degradation in the 30  year life of the SPS. More recent dat; has however. tndicated 

that little or  no degradation should be expected. Therefore. none has been ssumed. An ~nvestiga- 

tion of potential materials for thermal engine SPS usage has indicated that some of the best msteri- 

als are in short supply. However, suitable options exist and these; have oeen selected. We have 

selected a turbine sizing of 32 megawatts. At this size. 576 turbincc are required for a 10 GW out- 

put SPS. This turbine six? is approximately that of the SST engine partially developed by <:enera1 

Electric for the American SST program. and is appropriate to the national fabrication capabil~ty. 

By the use of relatively small heat pipes it has been possible to configure a radiator system which is 

sufficiently immune to meteroid penetration. At the end c.f thls study phase we ind~cate that the 

mass of the thermal ,.lgine SPS is approximately 80.000 metric tors  4 without grokvth 1 and that the 

average cost for one SPS at a rate of four per year is approximately 18 billion dollars or  1,800 dol- 

lars per kilowatt produced on the ground. 

3.2.3.2 Recap of Options 

The steam Rankine SPS would be an extremely heavy option. This is primarily because the masi- 
mrrm turbine inlet temperature is in the ncighborhood of 1.000 to 1 . I  00 degrees Farrnkeit and the 

heat rejection temperature is near the condensation point of wdter. Consequently. the Carnot effi- 
ciency is low and the realizable efficiency is even lower. Tht=rmio!!i~: s:.sten!:: :re z!sr :.c;j. h;l;v:;. 

This is because thermionic diodes 2nd the interelectrode busbars required to  connect them are 

heavy and the radiator system required for heat rejection from the them~ionic diodes is also quite 

heavy. The Brayton SPS i.e. a helium closed cycle cystsm. is a near competitar to tile por~lssium 

Rankine system. However. it is only competitive In mass with very high turbine inlet temperatures. 

in the vicinity of 1.600 K ( 2 , 5 0 0 ~ ~ ) .  This turbine inlet temperature is only achievable with ic r r tn~ic  

materials such as silicon carbide. This materia! is now in development but is not considered to  he 

appropriate for baseline SPS use. We have emphasized the potassiu~i~ Rsnkine SPS in Part I1 o i  this 

study and details of the results ?re concluded in the remainder of this section. 



3.2.3.3 Reference Design Description 

A p:m view of the thernial engine SPS I \  shown in Figure 3.2.3-1. This satellite has two 5 G W  out- 

put rectennas located on  the north-south axis o f  the satellite. The satellite is ditided ~ n t o  I h n1o.i- 

ules each of  which has 36 turbogenerators, for a total of 576 per SPS. The ~ a t r l l ~ t e  flies In a 

perpendicular-totcliptic plane orientation at all times. 

Cycle 
The working fluid in the potassium Rankine loop is potassium vppor in a portion of  the loop and 

liquid potassium in the remainder. Figure 3.2.2-2 shows the cycle schematic. Liquid potassiurll ix 

introduced into the heat absorbel tubes of  the bailer located within the high temperature cavity 

absorber. Boiling produces potassiurii vapor which passes through the t u ~ h i n e  aild does the work of  

turning thc generator which produces the usefill power required for thc SPS microwave transniitter 

and the power required to drive the elt.ctromagnetic pump. Potassium vapor leaving th: turbinc is 

cooled by the expansion in the turbine. It is i n t r ~ d ~ t c e d  into the radiator system wlicre it flows 

through the vapor mailifold into potassium throughpipes which are cooled by sodium I~ea t  pipes. 

Condensation occurs in the ttlroughpipes so  that liquid potassit1111 is collected in the radiator o ~ ~ t l e t  

manifold and flows to  the e lec t roma~ret ic  pump. 

The General Electric Corporation, our  stlbzontnlctor for Rankine turbines. produced the d ~ t a  

shown in Table 3.2.2-1. We have iisrd a turbine efficiency o f  80'; This was demonstrated in tests 

in the late 1960's at  the Lewis Research Center. The 8OC; figure is probably quite const'mative for 

large potassii~ni turbines. In the area oirr,:sion control three promising  neth hods were drmon- 

strated in the Lewis tests. A total of  ncarly 800.000 hours of testink was acciiniulatcd relative t o  

potassium system.;. Note that this includes a total of more than 10.000 hours of  nintiing tests on 

turhinex and niore than 10.000 i~ours  n i  electr:)~tiagr~etic Iced pump testing. 

Materials 

The abundance da li givcn in Table 2.2.2-2 wcrc drawn from Department of Interior publications 

for 1973. Th:. iirst of thc .enera1 rut-3 s1lou.n stat's that since s d a r  power satcllitex will not hc 

availablt. in large quantities until ;titer the year 2000. it is :ippropriate that we select materials suit'i- 

ciently abundant irt th;tt time period. Our bascline SPS quantity for this stt~d! was 1 1  2 unith. prob- 

ably aifiicicnt for U.S. c!lc,.trical nrcds in the early par! ut ' the 1 s t  ctvntury. ifowever. marc unit. 

may ultim:~tcly he requireri for the Uni!ccl Statcs: up t o  1000 units o r  morc for the world. Tliere- 

fore. it is ylrohahly appropriate that we do not use ;I material such that 1 1  2 satellites would L I S ~  over 

55; of any world material source. Rule 3 !t.nds to nlininii~e the inipsct of  SPS incorporation and 

the co~iconlitarit industriali~ation rcquil.cd. Turbine wheels :tnd blades for potassiuni Kankin tur- 

bines are b s x l i n t ~ i  :IS using i i ic~I~-hdeiiun~. a wrought material. Silicon carbide i o t ~ l d  :rlso be used. 

howcvcr. this rn.ttcrial is in its very early devclopnicnt stage aiid it's probably too advrtnced to baw- 

line. Tiirhine housing materials must be ductile anti weldahl:. Tantalum alloys wourJ he ideal. 

howc.vsr world resources itre not adequate. rilicreforc. we hitve selcctcd niohiuni. .~!sa callctl coliirn- 



bium, for the baseline material. Cesium would be an ideal Rankine cycle working fluid. It would 
result in the turbines having fewer stages and a smaller disc diameter. However, the supplies of 
cesium are clearly not adequate for large scale SPS usage. Pot~ssium. an abundant material. has 
been selected. 
-1- 

GRO'JND OUTPUT: MINIMUM 
=? - . A , -  

OF 10 GW (TWO ANTENNAS) 

POTASSIUM RANKltJE 
TURBINES (5761SPS) 

16MODULES 

"P.E.P." ORIENTATION 

CONCENTRATOR AREA: 119 lun2 

SYSTEMMASS 

Fiwe 3.2.3-1 Rtfaenm ELnlrHw SPS Design 

ELECTROMAGNETIC PUMP 

RADIATOR 



Tabk 3.2.3-1 Data Bane lkrm Havi iy oa Dmwrubrttd Tc=hnolgy (Gclurrl Electric Dab) 

PC(= 
TURBINE EFFICIENCY: 80%; LeRc TESTS 

EROSION CONTROL: THREE METHOW DEMONSTRATED 

POTASSIUM HARDWARE: T L  
- p- -- 

Potass i tn  (800.000 hours t e s ~ i n s )  

Afiescarch 1 GI 1 JPL I W I - L ~ V I ~ I  O L n  I PLY 1 Othsrb 

t e s t i n g  hours a c c u l a t e d  

Corrosion t e a t  ayst .nr:  
Boilins 
U1- l igc id  

Compcntnc t e s t  systanr.  b o i l i n s  
S h ~ l o t e d  poverplbnc s y 8 t . u  
Boilars 
Trrbires 
Boiler teed pulps: 

L l t c t r o ~ g n e c i c  
Turbine drivan 

Other pumps 
Coadens~rs 
S ra l s  
Etaring test .  

-- 
+- 

1000 --- 
lox --- 
L o o 0  --- 
1600 
1600 --- --- 

Cerium 
(,23.000 
b u r 8  

t e s t i ng )  
(b) 

1 3500 --- 
2c03 
---a 

'6300 --- 
5600 --- --- 
5609 - -- 

'1uclud.s t e s t i n s  hours of k r o j e t  h c l e e n i c s .  Allison. b c k e t d p r ,  United Nuc~L.... 

b~oc~ud.r  t a s c l n ~  b u r s  oL Brookhaven. *.to)rt kiuhrtle~oitm, Ybmtln~bouae Aa t r e rwc lu r  . 

W s l l *  
Tabk 3.2.3-2 Material Av.ibbility 

GENERAL RULES: 1) MRTERfAL TO BE PREDlCTED TO BE "SUFFICIENTLY AEUNDANT" ItJ 2020. 
2) SPS TO NOT USE 0'. ER 5';. OF WORLD RESOURCES OF ANY MATERIAL 
3) CURRENT WORLD PRODUCTION RATE AGEQUATE FOR ONE SPSfYEAR 

---.- - - --.-- 
TURBINE WHEEUBLACE MATERIAL (NEED a 6000 MTBPS) 

(WROUGHT MATERIAL) 

MATERIAL STATE OF ART WORLD RESOURCES (MT) PRODUCTION R.?TE (hlT/YR) 

MOLYBDENUM (1ZM) DEVELOPED 29.000.000 91.000 

SILICON CARBIDE EARLY TEST VERY ABUNDANT VERY SMALL 

TLRBINE HOUSING hlATERlALIBOlLER TUBES (NEED 4000 TO 7050 MTISPS) 

(WELDABLE DUCTILE MATERIAL) 

MATERIAL STATE OF ART WORLD RESOURCES (MTL PRODUCTIC V RATE ISIT/YRJ 

TANTALLUM 17111) DEVELOPED 100.000 PERHAPS 1.000 

NIOBIUM (C103i DEVELOPED 17,000.000 ABOU; 2C.000 

SILICON CARBIDE EARLY TESi VERY ABUNDANT VERY SMALL 

RANKINE CYCLE WORKING FLUID 

MATERIAL STATE OF ART WORLD RESOURCES (MT) PR0DUCTIO:J 2ATE (MT/VR] 

CESIUM DEVELOPED 100.000 - .-8 

POTASSIUM DEVELOPED > l(r9 lo,ooo,ooo 

*MT - MET RlC TuNISf'S 



Concentrator 
The solar concentrator is nlaJe :ip o f  a structural system supporting a large ntirnbt~r ot' plastic t'i1111 

reflector I'acets and is a segment o f  s sphere. The retlected light is concentr.cted into tlrr* fbi;rl pturtt 

assembly which mounts t o  the concentrator by four cavity support ;trms. Tltesc. :rnli. art. tiia~ic t i i t  

of graphite epoxy tlrbe srctions f-mling 3 20 meter beanl. The thruster systenls r e t l u i ~ ~ d  for self' 
powei transpclrt to gcosynchru: orbit in tlw L t a . 0  constnictinn option ;irc lo~.~ttccl at tlic 3 pornt\ 

shown in Figure 3.2.3-3. 

The concrntratcw stnicturc wh~cli  supports thr' reflector I ' J C ~ I ~  ir 1iiadc. tip o f s  larpc n ~ ~ t n h c r  ot 

tetrahedral e l e t ~ ~ e n t s  which are irt tiirll zu t~~posed  t>i'a ~itrrilber of tapered grapliitt. tslrouy t~ltle>. 

jointed as shown in Figure 3 . 2 .  Thz graphite zpox) ttrbcs can hc ncst'ii to provitie a high clcri- 

sity payload for transl~ortatiori. 

Figure -1 .2 .3 -  is  a photo o f  a "Tontl~pick Stodt.1" 0f.1 porttttrl o i  tlrc i,1r1ir*ntrarol tr.~rrr~,. 11 I \  ~ L * L , I I  

tllar tliis !itn1ctilrc :> it)1ilr~1>~~t ot' rcpt , t i t~\r  tctr;~h~,tfronx. .-I itir\cci x t i r  t'.tL.c is r~?cjtiir~.J. .!.III, i \  

iortncd b) liaving tllc lo\\cr tlie~iibt'rs o f  .~ny t c t r~ l i c t i~~~t r i  i.i:~cr flian tfic tillper illcr~~I>t-r\ t t ~ c  

adjacent tetr,tltc~:lro~i so tllitt a Ilidirciiiunal iundti ir tB I \  procfl~izcl 

I l i e  re6::-tor t'.i;cti s t ~ o \ \ r ~  in FigtlrC -:.:...-(> ;ire tic\ . I ~ P I I \  of '11111 J I L I I T : I I ~ I ~ ~ ~ ~ I  I;.tpttt:i I I ~ L ,  K S i ~ ~ t o ~ i  

13 3 rnictotnctcri tt1ic.k. !I i i  ten\iorlc~1 1)). 3 riyiil t i l i l  r l ~ c ~ i i t ~ ~ r < .  ~-.illi 'd otit\\.irii IJ! 1-rliilcs. ' I ' i i i \  ten- 

sion~ng systcnt ia!isC:, th- t1iri.c <~l?: :licrltPcr\ t ~ )  be coplansr. \o '1.~1 .& f1.it i - ~ ~ ! l ~ ~ ~ . ~ t ) r  :\ p r ~ ~ l t ~ , ~ ~ ~ ~ ~ .  

'I'ht* rozhzr :trrn sntl .priny ,..tni\~:r g \ t ~ * r n r  wlii~,ii i \ i ~ l l  otrt\v,irti 011 t i ) ,  IlriLllc .ir: : . l o i in r~~~l  t o  t i l i t  

cr3tr~rntrator t ' ran?~.  4 "scallop" 21 the thrc.~. fret' ~xlpes o i  t i i t  1.1 .et Lorit rcr!\ \r--irlhltr!~ .it tli.< 1 . i ~ i . t  

edge>. 



LOCATION OF ORmT TRANSFER SYSTEM SELF W l l E A  
trw conwrmm a 1 . d  O H ~ T  TRAJNSFEW 

F m  3.2.3-3 Mduks Cossirt of  Concentrator & F o d  Point As~anbtia 

rrm r 17*kw1!r-T ,-WALL WICKNESS 02 mm fa- 
i 

/ 
. 

TWERE D CRACHITE --/ 
EIOXY 1- 
(EnWPED tN NESTED 
n*cr) 

F i  3 3 - 3 4  Conr;re~tntor Frane Ekment 



Flyrr33.3-5 Fscet Support Stmetwe 

y PlVOT AXIS 

EDGE 
MEMSER f . % 

'-- PLASTIC FILM. BRIDLES-' 
3.0 rm THICK. 

>-!'\ RCjCKc 6 

ARM 
ALUSFIINIZED FAR SIDE 1 1 0  SPRING 

CANISTER 

Figtart 3.2.34 Reflector Facet 1000 M' of Refkcting .\tea 
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F d  bat Arsarbty 
Each of the 16 madukts of the thermal engine SPS IS equipped with the a s s  -15 shown in Figttt.1: 

3.2.343 a t  its f w d  p i n t .  Refkcted utnli&t from *he reflector facuts enters t le CPr at its aperture 

and by rrflectrotts reaches the cavttp absorber which contams the bailer tlibes for the thermal 

engine. The CPC is made up of r fwrneuwrk supporting a single layer of mot) Wenurn foil A 

re l l~ t iv t ty  of .8 ta cartmated for thrs hir with the usz of r rhenium tetlHttb-e zoetrn3. The wa:is 

of the samty d h m r k r  are cornposed ot a framework system supporting 5 layers of mi~lytdentrnt 

multifoil. &I&-tmn of the number of layers was hxd on a mass optimization trade. t i e s ?  ~avrty 

walls leak reldttvely little c n r m  to  y a c e  and therefore i ~ q u i ~  m e w h a t  smaller cuncentrators. 

Thin walls are !ighter but require l a r p  s l a t  concentratas. Five layers are appm\inittttly o p t r  

nruw. The purpose cat the CR' ts t o  allow t r~lrtivr.ly large reflector facet mag to 1% ivlthrn tlic 

apenure; alw the large jpenuft of the CPC a c i c ~ i n o d a t c ~  ufcli~ft:  yuinttng emrs 3 r d  m l e  distar- 

t h n  in the t i m e w e r i  in the wlrrr calk-entratclr 

The rpertttrv d w r  assenthi:, Minoun tn Figure 3.2.3-Q atloas a vrnatro3 tn turbrnr ot~tptlt power 

uhite mdintarnrnp a consta;it ctrtetitation wrth rttspt.it t o  the sun The door 1s cern~l~cx-tl r:1~>1! h 

denurn foil panels nii~iinted on cables drrven by pulley a ~ ~ r n h l t e s  a!tacht-d t o  the c.ntt5 aipyort 

anti r'rmutlc The d iwn are \ht~wn in the open ptwtr~>n hi' rhcnrunt rr'~lec'tt\t. i c ~ i t ~ n g  on fliz tlnon 

1s uwd t o  mzrntetn J lour Irnipt'mtiirz for the door psneis utirri tiley ah- firll? clcMd and r\;rtwd to 

the hll output o i  the s~l lar concentrator a'cwnlbl). 

The pnniary eqis~pn;cttt u i  the fmal yoitit a~wnibly 1s shown rn Figure .;.2..;-10. Ifle ia\it> 

absurbcr asseritbl> and CPC an. slrppotted by A \ . ~ r t ~ i a l  steel tubinp framewctrk h> \tern A tr.. -- 
w ~ r k  mcnrbcr on iach stde of the r-avity supwrts  the turbogt~nerati~r ai\i.n~hl~e%. lh  tirrboprrirra- 
tors aft: n i t ~ ~ t t l t ~ d  on cach std: c ~ i  thi' i ~ ~ i t ? . .  One raitafor .ts!\c~ribl~ 1s ~ v o \ ~ J e d  prr t~trP~~gcnt.r.tttv 

and extends drrrctl) outu.arJ. fttt!utlrr io lcit or nght. fn>m the turbogtierator. Ihc radtatr~r d%wt~i- 

bl? w h t ~ h  ithlls the gtsncr.ftt>r is rliotlntctf dbmz the c.i\ity. 

Systrni t los and s t ~ f e  pr~tnt ti ~ t a  dil' \ h w n  111 F~g i~ re  -3.2 3-1 I L I . ~ I I I C ~  potassti~ni Src~~n the clcctri+ 
ntagnetic pirtnp p?rtt*m tllr holler ttthzs whrch aft: I o i ~ t ~ d  withrn thi high t~.tiiper.tti~rt. ca\rt> a?i\r'rii- 

bl?. Vapor frcni the h ~ ! i . r  enters the d(?ilhle e~~cicd tttr?\lnc a i d  ts e\h~usti'ti rnto .i slnglr' t~;*t~nrutlg 

rariiator vapor c1ttc.t Pertinent \tart Irrlnt p3rmie1en for \ . i r~ t~ l \  points ~r,wttiJ t t t t  tltru lo i~p  .ire 

given at the trotton1 of the figure. Note !hat while the \;lptr duct is tt.l.ttncl> I,itsc \n \\ii~\nc!c'r. \it\: 

pressures are qiirfC 10s 

White tlizn. art. ii'rtaln advantap\ ttr rt~~lrcttlatrort tlpt- borlt*rs t>per.itttrp irndcr gr.ait\ .ontt~tttrns. 

Jero gmvit) conditions favor tlic tiw 0 1  i~n i t~ thr t~upt t  bi?tltiig .trid d i a i i \ i ' ~  of d q  . -:rgtitly sitptsr- 

heated v:ipor. 



"PRINCIPLE" - 
DOOR MATERIAL IS MOLVBMIIIUM 
FO8L WlTH RHENIUM REFLECTIVE COAT 

F i  3.2.3-9 CPC Ape- "Door" klrLbrirr C d  W t y  Tmrpcntrar 
Despite Varying Pomr Output 



LOCAtlON KHI SELF+OIIIIER 
ORBIT TRANSFER SV5TE# 

MODULE-TCUODULE BEAUS 

RADtATOR: t8 PfR 
SOE (ONE PER 
TUttBOCiENERATOR) 

ABSORBER 

NABOGEIiERATOR 
COtJCENTRATGR 

CAVITY SUPPORT ARM m 

HEAT PIPE, TVP 

THROUGHPIPE ISOLATION VALVE 
-RADIATOR LIQUID OUCT 

BOILER LIQUID DUCT 

Figure 3.2.3-1 1 System Flow Schematic (Not to !kale) 

93 

- 
A 
B 
C 
D 
E 

FLOW RATE 
k g / ~  lbmh 

74.67 164.6 
74.67 164.6 
9.23 20.3 

83.90 185.0 
a 9 0  185.0 

PRESSURE 
kPa PSI 

37.8 5.50 
16.8 2.43 
37.9 5.50 
676 98.0 
531 n.o 

TEMPERATURE 
K OF 

932 1218 
932 1218 
928 1210 
929 1212 
IUZ 1776 

OUCT DIA 
M F T 

1.60 5.25 
0.28 0.92 
0.10 0.33 
0.145 0.48 
O.W 1.80 



In the condenser, liquid is swept along the inside length of the tubes by the much higher velocity of 

the \ apor. l h e  tube might he tapered along its length to  niaintatn high \apor \ e l r x ~ t y .  but this is 

not  necymry. S. Saww-hka. near the 1965 time period. conducted experiments on vpu.ird flow 

condensattoti of potas\tuni tn verttcal. constant dianrzter tithes. the performanit' of thew cotidensrr 

tubes was not adversely affected by a 1 "C" force acting t o  restrict sweeping of  liquid condenu te  

by the h ~ g h  velocity vapor. 

Possible [hernial fdtigue irazktng tn condensers under :-phase flow has been cons~dered. In air- 

i ~ ~ l ~ d  metal bapt~r  iondrnwrs  for land bdwd applicattons. the poor air-tde heat transfer cogt'f~- 

cizrrts iontri>lled heat tr-nsir'r. thus the siternate presence of etther a l~qu id  o r  a vapor phase 11 a 

gnzn on the ~ o n d e t i w r  tended t o  CJUX tliernial fluztuattons and posiible thcrnial fatigtte. 

This possibtlity occurred since the hot side heat trdnsfer ti1111 coefticients varied apprcctrrbl\ in the 

presence of  .I l tqu~d tlr .I * apor ph.ts- In thc SPS a hrgh hc j t  transfer filni cwffic.trnt on t!te irlld 

s ~ J e  of tile condenwr tube will control the metal temperature and prevent suck abrupt themi 11 

fluctii.itions. 

Uurine prior Kdnh~nr  <)<tc space po%rr  \!strrn studits. the problems of ?-i;!lase flow <rzn.  recog- 

litred d n i  p l a t t s ~ h l ~  \oIutton\ anti rea \on~ble  ~ p p m ~ c h e s  to  these \c>lution\ Htsrc p i ~ p o d .  

Turbugeneraturs 

tlcc'trotiiagnet~i ckM1 punip\ t i ~ v c  bct'n i t 4  e\tcnsivel) In the purnptnp of  l~qtiid n t e t~ l s .  I'iit'> 

11a\c tile ad\anta~c ' \  tit . i f) \~nit .  nt ~ - r r l \  and beantip.;. operattng reltabilit) and rediitcd tnatntt'n.!n~-c 

requiremen 1%. 

For ttre K,ink~nc. c!clc \p.icc power program. .I l~piit wr~pli t  193 kg (425 Ibsl cleitron13gnctic.c boiler 

teed i~uiiip. z a p ~ b l e  ot opcr.ltttig .it a lttltiid nictdl tcrnpcrdtiirc iip t o  10231; I 1400t't- ). was dcsipned. 

built ~ n d  tc\tctl ior  IO.OCXl liottr\. It piin.i>t.J S l lh; ( 1000"k) :wt.~s\wti~ 3t t l o ~  r,rte\ up to 1.47 

Kg w e  (3.2 Ibm w c )  at .I dc.tclopcd hr.iJ of  1054 LPa ( 1 0  ps~) .  3 NPSH ctf -18 LPrt ( 7 pst) .inrl an 

cltic'icnt of I h  C1, 1 hc l1tin:p k.tturt~d .it 1-1 I 1  ailtl\ helical ptinip r i t i~ t  .itid a high tctiipr'rdture 

stdtor \%~tIi  a X I  11; ( I000"k! tiid\rnium opcrattng 1ornperat~;rr-. the stator mdtrrt.lls consisted o f  

111pcri0 27 ni.rpnctlc Iarn~n~t tons .  0') ; .il~,nl~n.i 4oi tnsiil~tor.;. t l p e  "S" g 1 . i ~  tape ~nrc rw~ndtng  

~nsi i la t~on atid n~~hcl-cl . i~f \11\er c o n t l t ~ ~  i i i r \  idlined h> hrantlp tn the rnd ttiriis. I'uiiij~ w ~ n d ~ n g \  ue rc  

ic~l1c.d b) I I ~ L I I ~  >aK .ri -00-?5(>h; (S110-9W0t-'). 
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ilt'sipii~~d for Ii;inJling sudiuni at ahoit: 85H"F. tfrcir dcvclnptiicnt i n d i c ~ t ~ s  pump x;~lc-up eapcri- 
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Since the design technolog). for EM pumps is welldeveloped and relatively large pumps have been 

built. the design and production of pumps of the required s i e  and operat~ng charxteristics for the 
SPS should be a straightforward engineering problem. The use of higher punip voltages and 

improved high temperature elwtrical insulation, magnetic and conductor materials will be required 

utilizing esperience gained in the design and test of the 1033); (I40O0F) boiler feed EM pump. 

Pumping at low NPSH has been demonstrated and avoi&nse of cavitation in thew punips can be 

circumvented by (1 1 subcoding of the condensed potassium to  minimize possibility of cavitation 

(only very low energy losses are involved). ( 2 )  minimizing condensate return line pressure losses and 

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

help support the minimum NPSH required to  preterit cavitat~on. 

The conceptual design of the 31.7 MWe, five state, double flow alkdli metal Lapor turbine stlowti in 

Figure 3.2.3-1 2 a based on technoloe developed for smaller =ale space power turbiries. 

turbines. 

It features hydrodynamic lubricated liquid nletal pivoted p3d journal and thrust hearings. In addi- 

tion. the turbine shaft leading to tttr generator would feature an e~sctiti.dly zero leakage ~)ota\s~iim 

seal of a type on whrch experimental testing has keen accomplished; in smaller scale seal tests o\ er 

I 0  hours in duration. it was est~niated that the leakage of potassiuni \ \ ~ > ~ i l d  ~ i > t  tw of cnpinceritlg 

significance in aver I Z . W  hours operation. 

Liquid extraction devices. as shown in detail on ~ ~ i h e r  pages. can be ininrpor3tr.d 111 tlic dcsisri tising 

vane tmilinp edge droplet extraction or trailing edge turbine rotor droplet extractton. 

The selection of the suggested modular sise provides a nominal point in the desigri production and 

test of (tie alkali metal vapor ti~rbiries needed for Ritnkine cycle solar pc)\s'cr satellites. 

Iiaclt potassium Rankin turbine turns a generator s u ~ t i  as sliown in  1-igurc 2.2.-3-13. l'hcsc pcncra- 

tors prcniucz either 11.000 or 3Q.000 volts direct current as required by tlie 11iiirow;tvc tmnsniittcrs. 

'Ihe generators are oil cooled using cocAant passages through both tlic rotor and stator. .-1ltIi01igh 

thry are quite efficient the Emerators ~tlust dissip;~te waste Iieat at sucli a rate t t t ~ t  tticjr owti surfa~.c 

area is not sufficient fo r  this dissipation; external radiators are used. A high twppcr tt.~iipcratiire is 
ad\;lntapeous to reduce tlic area and mass of thest. radiators. 

Ih;.  coniplete tiirho_:cnt.:rrtor assenibly is pallctized for sltipnicnt a h  shown in Figure Z.2.Z-14. 

Tllcse pallets mount one turbine. one generator and electromagnetic pump. and ;isso~,iatcd .ii1\11- 

iarics. The strilsture of this pallet is dcsignetl to  allow lai~nchiiip ot' tlic unit prc~ss~.niI~lctl: .I[ I c : I \ ~  

a 5 g acceleration cltiubility is rzqi i i r~~l .  



Figure 3.2.3-1 2 Muli Metal Vapor Turbine 
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Radiators 
Showrt in Figure 3.2.2-15 is a segment of the radiator for one generator. A vapor duct is at the top  
and the liqrt'l return duct is at the bottom The heat pipe panels with their throughpipes p a n  

between the ducts. Also shown are the triple I ~ y r r s  of meteoroid bumper insta!ietl on the ducting. 

At the lower left is a detail o f  the throughpipes and the wraparound sodium heat pipes. These 

s d i u i n  heat pipes are spaced apart such tltat their centerlines art: 1.6 diameters froin each other. 

This spacing is an optlmurn compromise between greater splicing, which would intyrove heat rtldia- 

tion. and reduced spacing which would reduce manifold mass hy requiring fewer throughp~pes. On 

the right is a cross section through two adjacent radiator systems showing how the bapor ducts share 

cornnlon meteoroid protection systems for a reduction in hitmpttr mass. 

Antenna Mount 

The additional. st.asona1 axis and Jog-leg structure required for PEP operations is sflown in Figirrt 

3-2.3-16. Sliprings need not l.r used at the seasonal axis pivot. Flat cables which are wound during 

one year of operation and unwound during an annual shutdown period arc instead proposed. 

.A brr.akdou.n is given in Table 3.2.3-3 of the radiator mass elements per engine and for the enrire 

SPS. Note that tht. heat pipes and thC potassium for thc f i l l  o f  the radiator systems dcminattrs this 

nlass statement. Tfte heat pipe sheet thickness is driven by ~neteoroid protection recluircments and 

aliows approximately 10'; ~f the heat pipes to  be penetrated and thereby nlade inoperable in 3 0  

years of peosytichronous operation. Because the heat pipes wrap the throughpipe. they provide 

significant throughpipe protection. however. approximatety 3'; of the throughpipes can h ~ ,  

expected tc? he holed in 20 years of operation. The radiator is consequently ovrrcided by t 3 

percent. 

Performance and Mass 

Table 2.2.3-4 is a b~t.akdc~nn of tiic >ystc~li powr9r reqi~ircrnents aboard the SPS. The gt-ncmtors 

require 16.43 (;W. Additiclnal u t i l i~at ions  within the system bring the busb,;r total t o  1 T.913 (;W. 
?'he power distribution losses are ttiose ;isswiatcd with resistance effccts within thc di\tiihutio!i 

btrshars. The punipinp power is that required to  operate the electromagnetic potassium pumps. 

The rrttittldc control power is a maximum value and corresponds to  t h t  tint2 period when masiinuni 

thrust is required t o  rrraintain the pc~rpt.ndicular-to-t.cliptic  plan^ orientation. The total oi~tpirt  can 

be produced by 570 of tlic. generators. 576 generators are installed allowing approsimatcly a I'F 
margin. It is anticipated flist the microw;tve transnlirtcrs will degrade irt output and rcqirired pow~>r  

input by approximately 2';:~ in the course of a year, consequently in one year about 3'; o f  the turbo- 

generator systems could he airtornaticnlly shut down by rnalfirnction detection s \ ~ s t s n ~ s  witltout 

impacting the i?owrr olltpirt of the microwave transmitter. 

Systcnls efficiencies are sumrtlari~ed in Table 3.2..3-5. The 17.91 3 GW required for husbar power 3s 

indicated by the previous t:~hle is the hcpitin;ng point for this sys tcn~ eftlciency chain. The genera- 

tors have an efficiency o f  08.4';.. miis requircs that the turbines have a shaft output of 18.204 GW. 
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output of 182W GW. Since t!!e turbines and the rest of  the syst~~n have an overall cycle em- 
cicncy of 0.189 a power tevel of  96.3 17 GU' must be added t o  the potassium Rcw within the boiles 
of the cavity atKOfbtr- A breakdown of the losses associated with the cavity absorber is also given. 

Forcxrmpk. 5% of the energy entering the cavity is refleczd k k  out ngain. This is b s d  on tests 

of "berrh nodel" abor%en for gwund d a r  paver lrograms, The Gve layers of insulation making 

up dK cavity d b  d e w  a heat toss af approximately 112 G14'. The hot walls of  the cavity reradiate 

energy boek out through the aperture. S tme of this passes directly t o  space and m e  of it is 

reflected t o  space from the solar coc~xntrator. Other lasses, such as heat lose% through the walls of 

thc manifoids mustrnng the boilers t o  the turbines amount t o  approximately 1.1 GW. The CPC 
bas losses due t o  energy absorbed rather [!%an reflected by its walls. The end of life reflectivity 

of the piastic f h  facets is 0.877. This is the reflectivity after r reduction of 2.25% due t o  meteor. 

oid scouring. in 30 years of  operation. 

The PEP orientation has beet\ ~ l e ~ r t e d  primarily mot-ing facets are not rrquirr.d. However. 
other hzntfits accrue as summarized in Table 3.2.3-6. 

The disadvantages of the additional. seasonal antenna asis are somewhat offset by two advantags 

relative t o  microwave power transnission. Thc first of these is that mtennas  can be switched with- 

out polarization loss even if the antennas are at different longitudes without moving the satellite 

along the geosynchronous path. Additionally. the x a s ~ n a l  antenna axic ian be uxd t o  provide 

antenna ti!t t o  comwnsate for Famday rotation caused by the ionosphere. 

Table 3.2.3-7 i s  a breakdown of thz Part 11 final mass. Prominent rlcmcnts in this m a s  arc :he 
transmitters. t5e turbines. the radiator systems. the structiire ~prunarily the facer clipport stntzturr.). 

and the p t s s i u m  inventory for the system. The tlrrbine mass was estmutcd by C;cnrrrtl Flcctric 

and represents 3 value which is probably correct to within +2Q; and 40';. 

Thtnnal Engine Conchisions 
It w ~ ;  Getermined that the potassium Rankine cycle t h e m ~ ~ l  engine is the Irghtest o i  the potential 

~ p p r o ~ ~ h e s  investigated. A: the hepinning of this stud) the solar conccntrdtors in\olvcd stccrable 

facets with individual power supplies. sensors and sen.oinech.inisms. These have bzrn eliminated by 

using a pwndicular-tcwcliptic orientation and a concentrdtor dish of the requisite c~iwaturc. 

Instead of electmme~hanicd pumps. composed of an clectrlc drive motor and a pump with tke 

requisite x a l  between them (which could he suhject t o  leakagci. we now urllize electromagnetic 

pumps. Althou@r sot,,ewh.tt heaty. tee low punlpinp powrr asswintcd with potass~unl Rankine 

makes these potentially low-failurz-rate puinps practical. Although certain niaterids such as silicon 

carbide and tantaluni niay offer advantiages for thernlal engine SIPS thcy arc. citllrr too advanccd or  

insirfticiently abundant t o  allow thenr t o  bc baselined. Die materials selectrd are in common IISC 

and tesotlrcz data indicates thal f!lert. is enough to allow a cigniticant thernlal engine propranl to tw 

acconiplished. The pewcndicular-twcliptic p l ~ n e  orientation is critical in allowing ttie fisrd 

reflector facets. This requirt%\ somewllat more thruster power, hut is J proprr oricntrttton for tile 
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thennrl etlgine SPS The iurhm themselves. at their ritc of approximately 32 megawatts, use 
fordng which can be produced by eristmg U.S. industry. Littk new indrlsaialkatisn is therefore 
required for the theimal engine SF-S The nation's current prodwtiun capability is probably sdt- 
qwtt to ptseuce one SPS per year. 

The 1;ne.w dimensions of an SPS are some three orders of magnitude Iargcr than t5e linear dimen- 

sions of the payloaii bay of any rdausible launch vehicie that m i a t  !x used t o  deliver SPS hardwarp 

t e d i t .  The n u s  of an SPS is at least t w e  erdtrs of magnitude greater than the lift carability of 

any pisuibk isutxft system. T h e  figam clearly indicate that m e  sort of cwstruction opsmtion 

in orbit w111 be required. The question of where ;i.e., in what orbit) this should take place was sum- 

aaritd earlier. Ilhis section descrrtrzs the evolution of d e w y  concepts for space ~cunstruction sys- 

tems and a more detailed ctnparison of the equipment and operatrcnm needed for consiruction of 

photo%-oltaic SPS'f L< compared to thermal engines and for LEO construction compared t o  CEO 

c'ORSt=t.r\E 

Production of SPS's will require a luipstit% and operations network stretching from raw materials on  

Earth to  tintsited products in space. The opentien of thc tarth-based ne:work appears to  pose no 

unusual pr&lems.* but tile s p a c ~  operations are much more complex and on 3 rltuch larger scale 

than anything yet achtt.vcci. This dcscnption of integrated qwrations concepts %-ill provide a 
framework for furt5r.r tezhn~cal dixussion. 

l h e  operation* i31tscpts for low Farth orbit CLEO) runstructlon anri gcr)q ttcilronous orbit (CEO t 

constructton arc m i i a r  with important differences. The LEU concept 1s &own tn Figure 3.2.4-1. 

The figure i l lu~trat t .~ thc phutoboltaic optton. (Phutovdta~c dttd tlirniial rnpne itw\truction are 

cnntpmd In Scction Z.Z.4-5.) Spaic operations crews and all l t~r iwan.  and consumablzs required 

iq space are deltverrd to low karth orbtt by I ~ u n i h  \elticics. Ihe crev. \eh~clc bas J S Z U I I ~ ~ ~  to  frt' an 

improved space shuttle with the sdid m k c t  b m t e r s  repl.iced by a reusable liquid prrqxllant 

hooster. The C.I&O vel :cltw is a new two-r-~tagc tehicle cdpdllle of deltverinp appm\rntatel) 400 tons 

of payload per flight. Crew flights occur weekly mJ about 3 cargo tl:ghts arc wquired every 2 days. 

to  each spscr. operations complct. (One operat,ons complct %as wntewhat arhitrarlly stzed to  ion- 

stncct an SPS trr one }ear Constnictton of more tlim one SPS per tear  could crnplo? nrulttple com- 

plcxes or possibly larger ones.) 

The largest clement of  tlie LEO constnlition complc\ a the constnlctlon ha=. nonitndly located In 

3 478 hm circular orhit at 3 1' rniltnattan. 1711s facility houses cn.wf of 480 w ~ t h  twertlow quar- 
t e n  for transients. z.g.. tho= awaiting tnnqwrtntion to some other I&-atton. The pnnlary function 

*The hardware throughpiit to construct onr SPS per year is sboui 15 tons prr hour. 7 % ~  h ~ d w a r e  
throughpiit of the U.S. auirl indust0 is rougltly 100 tintcs pn-atrr. 
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of the f3+.-ility is i s t r u d i o n  of SPS power gamaticm aodules and antennas It also serves as a 
staging base for orbit transfer vehicles used to  carry crews and crew supplies t o  the CEO facu"it\t. A 
crew O W  flieht t o  the CEO facility normally occurs once every thm months. 

&teUite modules are eqsipped with electric propulsion systems and flight control systems for the 
sdar-powered trip to CEO. Figure 3.2.4-2 shows a typial modlile arrangement as configured for 
the transfer. Ihnrster instdlations are located at the module cornen for maximum control author- 

ity. Propellant tanks are located near the module centroid t o  minimize gravity gradients. Although 
the propulsion system is primarily solarelectric, some chemical (LOZ/LH2) thrust capability is also 
provided so that control authority can be maintained while flying through the Earth's shadow. 

&c3w of the compamtively low chemical specifs impulse (400 seconds versus 7500 seconds for 

the electric. thrusters) and 113 of the onboard propellant is LO, - and LH,. - The remaining 2!3 is 

argon for Ihe electric thrusten 

The GEO base controb module rendezvous and berthing, rotates the antennas into the operating 

position. deploys the remainder of the solar cells and anneals the s lar  cells used for orbit transfer 

to restore their performance after their exposure to van Allen belt radiation during the transfer. 

The CEO base is marned by a crew of 60. 

In the case of CEO construction. most of the crew and the large base are located at CEO. MI con- 

struction is carried out at this base. The integrated operations concept is shown in Figure 3.2.4-3. 
The base in low Earth orbit performs no construction tasks: it is a !rattsporfuriott sfagttlg bate that 

facilitates transfer of propellants and payloads from the Earth labnch vehicles t o  orbit transfer vehi- 

cles The staging base receives atgut three flights from Earth each day. On the average. slightly 
more than two of each three flights will deliver hydrogen and oxygen propellants for the orhit trans- 
fer vrliides (OTV's) with the third flight bringing SPS hardware. or occasionally crew silpplics or 

other support materiel. The staging base will also effect transfer of crews from the shi~ttle crew 

vehicle to 2 crew orbit transfer vehicle and provide sufficient transient or emelgency crew quarter 
ing for crew operations. Aq orbit tiansfer flight must be dispatched to CEO every day. deliwring 

SPS hardware. or (once every month) an exchange crew for the CEO base. Such in-space refurbish- 

ment of O m ' s  as is necessary and practical will be carried out at the staging haw. Parking space for 

the OW fleet is also provided by the staging base. (A ground-based versus spacebased O W  trade 

study was conducted and stlowed the spacebased OTV t o  have about a 15': performance and cost 

advantage.) 

The GEO construction base is very similar to the LEO base. differing primarily in that ( 1  ) since the 

power generation portion of the SPS is built as a monolith rather than as modules. the 1 x 4-bay 

constmction base nlust index the satellite in two directions to build an 8 s 31-bay satellite; t2) pro- 

cedures for installing the completed antennas are different. The antenna p r t ion  of the facility 

must be able to separate and free-fly to the free end of the satellite then half con.?lete. t o  install the 

first antenna. It then returns to the main facility; the second antenna and the pcwer generation 
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section are compieted concurrently and the free-flight mode is not required to  instail the second 

antenna (Many dternatives t o  the free-flight mode were examined. but all invdved operational 

complexities or problems judged t o  be more cbjeciionrtble.) 

The GEO constmction option daes not require electric-propelled low thrust orbit transfers. The 
dectri; propulsion installations on the SPS for operational flight control are a Itttle more than 5 3  
of the thrust b e 1  of those required for orbit transfer (1 25-1 50 newtons per installation vs. about 

2000 newtons) but otherwise involvP very similar hardware. As discussed under control require- 

ments in Section 3.2.2.1. reliance on chemical propulsion for operational flight control would 

impose sev~re propel!ant resupply req~iremrtnts. 

3.2.4.2 Historied Synopsis 

The initial studies of the SPS concept in the early 1970's gave primary emphasis t o  the issues that 

seemed most awesome to  the investigttors at that timc': 

( 1 1 The feasibility of  a wireless energy transmission system requiring unprecedented antenna size. 
precision. directivity. and efticiency ; 

2 The design of a lightwr'ight structure of unprecedented size; 

(3)  The transportation of unprecedented masses of total payload into space at what had to  be a 
much lower cost per unit mass titan predicted for any systern then untler active study or 

develapmt'nt. 

By 19?3. favoral-ie resolution of thew issues hc'gan t o  wr'ttt po~sihIe and the constr~lction problem 

began to receive n~uch-dc'sen~ed attention. Ihree  opttoti\ were cjliickly identified: t i c~~lo~~:ocscr~ih le :  

jhhricur~. There was a narural deuire to minimize the workload in space. so initial attention was 

tbcussed on deployables. 

Figure 3.2.4-4 shows an early constr~lction concept with a tubular truss stntctitral element being 

deployed from its folded configuration. Calculation showed that tht' package density for folded 

structure of this nature was incredibly low, so low that mising with high density components still 

presented a very difficult payload volunte problem to the launch vehicle designer. In fact. any 

plausible tubular truss element. even if stacked like cordwood. presented a serious density problem. 

This led t o  a line of  thoirght (pioneered by Grumman Aerospace) that developed concepts of fabri- 

cating stntcturt' in cpace froin prepdrcd flat stock. The latter could be rollcd for shipment to  attain 

high densities. Current concepts of SPS constntction in space have developed around this and sitni- 

lar methods for pruducing the SPS stntcturc. 





Once the density issue had surfaced and been characterized. thc emergence of  concepts for on-orbit 

structure fabricators ("beam machines") was inevitable. The essential purpose of the beam machine 

is t o  make something with acceptable structural characteristics for SPS use out of son;ethiilg with 

acceptable packaging density for launch from Earth. Two approaches havs evolved, the "assembler*' 

machine and the "fabricator" machine. Figure 3.2.4-5 illustrates an "assembler" concept 3rd 

Figure 3.2.4-6 illustrates a fabricator. The assembler makes structure from prefabricated 
nested p v t s  and the fabikaror makes stnacttire by forming flat stock into suitable sections and 

assembting the bean1 from these sections. The former device uses mechanicai joints: the latter uses 

bonded joints. A qualitative comparison of the resulting types of structure was presented earlier in 
Section 3.2.2.2. Considerable discussion has taken place over which approach is best. No clea~. cut 

advantage was found for either. A selection may require an operational suitability comparison of 

prototype machines 

Beam machines of either variety are predicted t o  produce 20-meter triangular-section h a m s  at one 

to  fifteen meters per minute. A rate anywhere in this range is acceptable and will allow relatively 

few machines t o  make enough structure for an entire SPS in one year. An important result of this 

study was how these and other kinds of machines cotild be effectively employed in an integrated 

construction system to  build SPS's. 

3.2.4.4 Construction Facilities 

Earlier construction base concepts. such as the one iliustratt d above in Figure 3.2 .13 ,  included a 

minimum of facilities and equipment. At that time no comprrhr.nsive analyses of  construction 

operations had Pcen conducted. This study invested considerable effort in such analyses (see Vol- 

ume 3 of the Part I report and Volume 5 of the Part l i  report). Out of these grew an awareness of 

the need of facilities. Tfie constntction operation must carry out seberal operatioils: 

(1) Rcceive payloads from Earth. unpack and sort them, and route the hardware t o  tile right loca- 
tions in a timely manner so that construction oprrations can proceed without logistics delays. 

Some warehousing is required to smoothly interface transportation 2nd construction 

operations. 

2 Build the SPS energy conversion. antenna and interfacing structures. 

(3) install 41 equipment: sdar  arrays. power conductors. processing and switch pear. instrumenta- 
tion, antenna subarrays. tlight control systems and support systct;ls. 

(4) Perfom checkouts. 

( 5 )  Route reusable payload packaging hardware to  transportation operations stations for retiirti to 

Earth by rctumitig launch vehicles. 
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A representative dimension of an SPS hardware element, e.g., a beam section o r  photovoltaic paitel 
wid&, is 20 meters (66 feet). Tfte zero-p: environment greatly facilitates handling of these large cle- 

ments; nonetheless, machinery and equipment of an appropriate scale is essentid. Building the 
energy conversion portion of the photovoltaic SPS requires fabrication of structure, installation of 
solar arrays, itlstdation of switchgear and power cmdti:tors, aad instaffation of instm~~~entat ion,  
controls. pmpuisiun and presumably many other items of secondary equipment not yet identified 
in the SPS designs An analogous set of tasks has been identified for the thermal engine option: 
consttuction tasks are pictorially summarized in Figures 3.2.4-7 and 3.2.4-8. 

One could imagine using the satellite structure itself, as it is built. supporting this construction 
equipment (early construction concepts, in fact. did). Structural and other design impacts on the 
SPS would presumably result. Also, serious questions are raised as t o  how the eqitipnlent is t o  be 

moved, serviced, supplied with power o r  controlled, and how personnel and SPS hardware are to 
be moved from receiving stations or crew quarters to work stations. The construction facility 

aI!ows resolution o f  all these issues. It provides for conduct of major construction steps in pamllel 
with a minimum of interdependence and interference. It provides support for the SPS while it is 
being worked on. It allows the various construction machines to operate independently so that tt 

probiem or breakdown a t  one machine need not interfere with the operation of others. Spare 

(backup) machines can be made available as necessary. The construction facility can be sized to  
provide enough parallel work areas t o  achieve the desired production n t e ,  (one SPS per year in the 
subject studies). Equipped with crew habitats and work stations. transportation handling and bus- 
ing systems, and an onboard crew and cargo logistics ~retwork, the facility becomes an integrated 
construction base. 

LEO Bases 
The construction base for the photovoltaic satellite consists of two facilities with one 

used t o  build the energy conversion modules and the other to build the antenna. as shc vn in Figure 
3.2.49. The module constntction facility is an open-rncirtl structtire which allows thc four-bay- 
wide module to  be constructed with only longitudinal indexing. Thcrt are two sets of internal 
working bays. The aft bays are used for structural assembly using beam mrlchincs ant1 joint assem- 
bly machines attached to  both the upper and lower atriaces of the hcility. Solar array and power 
distribution are priinarily instaflrd from equipment attached to the upper facility sirrfacc in the fbr- 
ward bays. The satellite module is supported by mo\abIc towers locatcd on tile lower surface of the 

facility. These towers are also used t o  index the module as it is being fabricated. 

The antenna facility is configured to enclose four antenna bays in width and four rows of bays in 

length. The ntinimum plan-view shape of the facility is obtained through use of a (10 degree paral- 
lelogram. This shape results because the basic unit of the primary structure is triangular in shape. 
The lower surface of the facility is used to  support bearn ~nachines. joint assembly machines and a 
deployment platform that is used to deploy the secondary structures and antenna subarrays. 
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?he thermal engine satellite mnstruction base shown in Figitre 3.2.4-10 lias been drsigied t o  

surround the therrnai cngine satellite a~orfufi.. As a result ilt' tllc 3-tl1mc.n\io~ial ni,ture of thc tlirr- 

ma1 engne concentrator. tlie baw e\lrthits sornr r ~ t h c r  tan%+> cflmn~sians. Tile constntction opera- 

tions are gerforn~ed in t111sr separate levels o r  area\ of 1, : b a s .  n tc  antenna ccn\tructian hcil~tri'% 
and thobe yrovtsior~s ncc.essarq to c~>n \~ ruc t  the ailtrtt\ni# yoke are at the lower I c ' i ~ l .  In~riledtcttrly 

z b v e  this, area i s  the r~~t1c.c tor constnict~on f i c t ~ r y  whtch inzi11dt.s cuuipment nect \ur j  to 

construct tr t'lector structure and rnst~ll  reilec;~iig facet\. Ikpfoy nient of thc con\tructed reflectors 
is accomplished using indexing devices n~ovirg down two side railc Wt..... -..;L rlsa used t o  sup- 

port beam machines u s d  t o  constr~tct the t'our supporting leg5 hetwzr:. the retlc'ctor ~ 1 1 r t ~ i e  and 

the focal point. At the upper level o! the construction base is locdtzd the focal point frtcto;y wl~tcli 

has the task of constructing the second stage concerztrator. c ~ ~ ~ t y ,  installing the tliernirrl criptne\. 

constructing radiators and the spine which as the power distribution system. A fourth area. 

only used in the construction of two modules, is the asxmb!y platforni i~sed to  f o m ~  the rr11tcnn.r 

structure support p o ~ n t  for the antenna. 

Because the saiellites must he transferred from LEO to GEO in modtdes in order to Iiavc actequate 

attitude cmtrol  authority. and besausc. the solar cells not needed for transfer power (in the photo- 

voltaic case) should be retaineJ ir. their shipping hoses for added radiation stiieldinp. sevcral tasks 

remain t o  be accomplished at peosgnchronotrs orbit when the n ~ d u l e s  arrive. These are summa- 

rized for tho photovoltatc systcni in Figure 3.7.4-1 1 .  Analogo~rs tasks exist thr the ttiennal engine. 

except that since i t  is not  rts sensitive t o  radiation, all tlicmisl cnpitic erlttipmerit is deployed :it L I O  

prior to initiating the tranhfer. In either c.;iw. the crew size for [he GE70 hast. is ripprouimatel! hO. 

GEO h w s  for GEO Construction 

The GUO col,stri:~.tion hase has alsn hcr~n sir.tsii tc! constrirct ;I s;ttzllitc in one year ;111d ~.c)tiscqt~cntly 

is of ' r:ic overall size 35 tllc L k . 0  ~ . c t n ~ f r ~ i t i o n  base. ThC pliotovi~ltaii <;f-,0 ! ~ \ c  ;ind its s t ~ p -  

port .LO base arc illustrat~d in F i g ~ r r ~  7.2.4-1 2. 

Indexirlg the satellite construction facility in two directions rather than one is rcquircd. Ti] s Itas 

been judged to he more cost effective than having a fitll width frtcii~ty and adtiitional constn~ction 

equipment with the cquiprnrnt i i ic  half(?t'tlit. titne. The m;iss diffcrencc for the (;E-'O constri~ction 

hase. cornpared t o  the base fhr LEO constrt~c.tinn. primarily rellccts the addiiional n m l ;  rcquired ic)r 

crew shielding pro tec t io~  ;!gainst solar flartrs. Othcr significar-t ciifferenccs in the <;EO ristrtrction 

base are the outriggers on the s;tteIlite facility to allow lateral direction inciexing in addition to thc 

movement of the antenna facility from one end of the satellite t o  tlie other. 

The staging drror located in LEO 111 tf31s con5truction optlon is \tzed t .,t~ppor t thc con\truction ol 

one liatelltte pi.[ yrar. and accortlingly rcqtilrcs one SPS component 01 iigl~t per tia,.. h.~\~,cl on ~t 

five day 3 wcek lat~ncli ancl flight 4chedulc. As ~itrch, the depot nli~st piovide ~ ~ C O I I I I I I . ) ~ ~  ~ t t c l n ~  for 

three launch vehicle payloads the SPS compotlentr and two proprllant t m k c n  u\ccl t o  rl*f~icl thc 
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rlrbit ttarrsfer uehictes. Since the orbit tmnrkr  vehicle ptioplbnt W i n g  requires slightly more pro- 
p b t  than can hz provided by two tunken. s stimge tank is also prondsd at the staging d e p t  and 

is refbeled ever). fourth OTV flight. Other docking r=ommdationr  are pri)tidod Sot a dedarated 

QTV USXI tbr CEO crew m t a t i o n f m H !  011 a M ~ T  per month basis. TPrs o p n t i o n  also qu ires  
tbckw for supply rnaduls and crew transfer vehicles. The o p n t i o n a l  crew site for the st- 

d e p t  is 75. ma; ran bz s c ~ ~ m r n d a t e d  in one module similar to the crew t n d u k " ~  used in the 

GEO r'mctntr'tion base. A tnnsiznt crew quarters mduie  is a h  pmided t o  aciommojt te  the I dl 
peraonntl rotated with each rfetv Ilight t o  the C;EO base. X maintenance m d u k  is inctudd a this 

base for repair work on  the trsnsfroeslttan systems and base equipment. 

Phe m Jor ~ w s r r u c t i a t  equipment Items s w x u t d  with the phntc1\~4trltc stltelf~tz sre illustrated in 

Figure 3.2.113 and F i g u ~  2.1.4-14. along with key chamcteristtc"~ such as quantitj. t t t t s  and 

4mensians. T'be km machine shown IS confipun-d to allc\s t \ n ~  kartl  tt~aihirtes tu tcxnt rill the 
main stntttiirt. rt2cctrdingI). i t  has b t l l  translation and rotational <;lpatriIity. Phr din~enr ims  and 

mas indieatid an: for the segmented k a m  approach althottgh tnach~nes fittrtcattng rltennslly 

fopn~sd continueus zhnrd structure zcluld be atta<!ieJ trt the lrnle iramr rind trszrf En .+ snlilirr 

ntmnzr. 

Crane manipttttttor .I! steins .!n' ~ r n n i ~ n l )  itwd to ft~rni the striiztural h a m  pint>. :\lthoirph the site 

ahom is ntrxt contraoit. ~ic.vcr;tl 250 inetzr itn~ts arc sf= requlrcd 111 ttte constnrcttoit oi the antenna 

y ~ k c  as %-ell &a setertll XI itletcr cr31lcs 'If~t)-ni;ln zontntl cabin\ ~ t t h  ntantrttlarors arc ~cxatcct dt 

the end of ths c n n e  witich i s  ttwli attached to a nlrrbtns platit3ntt. 

n\c principal differen.-e bctwi.cn the soiar arrah drptoyntent i t i~z t l~ne  cicscnkci here irtd thew illus- 

trated in pwvioits drxurnrnts 1s that tfie gJtitr1 rticti i\ ItliatcJ .I~rrcl\tlildlcl) 5 0  tt~eters t w l ~ w  tllr 

facility he:tms since that a thC llozatron of the t11'.fvr s t i r t~ce ttf the *;~tt*llite, 

The rirost stpt~iizaitt ~rniqire preze o i  eytripnit-nt ktWd fttr .mfCnft,t ti?tl~fRlCt ion 1s the sitbarra? 

i.~?ita/lcr shown 111 Figure 3.2 4- 14 Lr\npb~x~m tiisn~puldtrtn are t ~ ~ i ' r l  10 \ t  rttig 111c ptw\er Ics.is 

from the power prrxrs\ctr\ ti~rotipl~ t he .tntctitl.t \tru<tttr~. to the \itb.trra\ s 

Csnstnrctton zqtrrptttcnt rr.qniretncnt~ wcre .itso d i ' t ~ r t i t ~ ~ t ~ c i  for tlti. tl~c~rnt.il ctlgr~~e opticw 3tld are 

dcscrikd in Volutne \: of this rciwrt. Hr.c.aii-;r. ot ' t l~c gw;tt-*r cotitpl~\it> c?f tllc ~hcnaa l  etipne. 

a b u t  twice as nlatly kinds of r c ~ i t ~ ~ ~ i i i e t ~ t  arc needed. 
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T¶ke photwdtilic LEO iwnstruction sequence is g m m t e d  hew. Seque'k'ss for dl f w r  optims (LEO 
nnd CEO, photaz-oltdc and tkrmd enginel were dcvebpd and are presented in Volume V of this 

=port* 

rite module toestmetion seqixnctt for the structure. solar am): zmd power buses kgins  with huiM- 

ing the first end f m  of the structure. This completed end frame is indexed forward m e  structllf~l 

b y  kngth. Machines can tht n form the remainder of the structtire in etch of the bays. The fitst 

row of four bays is then indexed t'onmd :o allow constructian of the fifth structural bay in parallel 

with installation of solar 3rsys in b y  1 through 4. Thin sequence is shown in Figure 3.2.4-1 5 .  
Solar array instrEation and ~ws t ruc t ion  a f  structure oc~urs s i rnu l t anms l~  across the width s f  the 

m&le. although neither operation depends on the other. At the c&nplction of the I6  b p s  r fcwr 

rows o f  bays in h7g& 1 !ite pawor hues and propellant tanks are instalkd. Construction of the 

structure and instdlatiw o f  solar rmys of the remaining four bay lengths of the r~todulr are done 

in a similar maqner t o  that yrrvtously described. Thruster modules tbr the self-power system are 
attached to  each of the four comeis of  the module. 

Construction of the antenna takes place in padle t  with m d u k  construction. The first antenna is 
completed durtnp construction of the fourth tnrdulc.. the =ir.;ond antenna is  complctzd ur-ith tbe 

eighth mdurc .  

its &own in Fi_wrr' 2.2.4-16 the yoke for the antenna is constructed in the mdu l r .  zonstn~ction 

th.ility because of its laye dimensions Thi5 requires the yoke to be made Brturzen the third and 

.i.~urt!t maiule and between the se\entli atid eight11 n:ctjules. Fo l lo~ ing  yoke zonstrttction. it is 

moved to  the side of the n idu le  facility. At that tirnc tither the fourth or  the riphth n idutz  will 

be constructed. During the constntction of thew mr~dules. the antenna is zcmtpletcd st) tliat it can 

then be attached to  the yoke. After five Pays o i  either the fourth or  eighth rnodult. have h e n  zom- 

piezed, the antenna.yoke combination can then be attached to  the niodcte in its required Iwatton. 

Constmction of two more rows of 5ays p~fslres the anteiina outsidz the facility \\liere it then can be 

hinged under the module for its transfer t o  GEO. 

The first operation t o  rxi'ur once the m d u t e s  reach GEO is that of thc berthing (or docking) of the 

nioduies. in the c'aX of the pLoto\oltaic s~tr.lltte. ttic iiodulzs arc berthed along a atlglr e d g  as 

indicated in Figure 3.2.4-1 7. nit: niaior equipnient used to pcrfi)nii (firs bcrthinp opcr~tions are 

shown. The concept employs the use of four docking syste!ns with each iri\ol\in!: a craric and 1nn.i. 

control cables. I'ariatiotis 111 the applied tcnsinn to thc ~-;lhlcs allows the nindttles tn bt- pullcd itr. 

provide stopping control and provides attitltde cotltrc~l i3p3bilit). A!SO required in this r'uticept is  

an attitude control systr'ni tnvoh ing tirnaters which dre ni>t shown. 
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In its shipment position the antenna is attached k iow the module with a singk Iringe line. Once 

CEO is reached, the antenna is rotated into position fdlowcd by the final stnlctural and electrical 

connections, as indicated by Figure 3.2.4-1 8 

The overall integrated construction and transportation timefinc for this ~ ~ l u e t i c e  is given in Figure 

3.2.4-!9, Detailed supporting timeli2tes are presented in Voltrmz V of this report. 

The difference in crew size and distribution of crew is compared in Figure 3.2.4-20 for the two 

satellite concepts. The photovoltaic satellite requires approximately 300 fewer crew, with ail this 

difference occurring in the low Earth orbit construction base. The reason for the larger crew 

requirements for the thermal engine satellite is the more complex construction operatiens. This con- 

tributes t o  the construction indirect personnel and support pcismnel manioadings. 

There are no sipitkant differences is crew size between LEO and CEO construction. The differ- 

ence is in the icx.atti  of the majority of crew reflecting in differences in transportation 

requirements. 

Fire 3.2.4-2 1 presents ROM mass estimates for the construction bases as well as crew rotation; 

resupply comparing the pr~otovoltrtir and thermal engine options. In *Be case of the LEO construr- 

tion bases, the photovoltaic satellite hax  is lighter bv approximately 3 million kilograms. The 

major contributors to the greater niass of the thermal engine construction base are the l a w  founda- 

tion (structure) along with three extra crew modules for the 300 additional people and. as previ- 

ously described. additional constntction equipment. The GEO find assembly bases are approxi- 

mately equal. Differences in the ~nnua l  crew rotation resupply requirements reflects the 300 differ- 

ence in crew size. Base mass differences between LEO and GEO construction an: not significant 

although the locations result in significant differences for transpd~tation. 

The comparison of the unit cost o i  the first set of construction bases in F ig~re  3.2.412 indicates 

over a 4 biliior, dollar saving for the photovoltaic satellite. These valites include a 907 learning 

factor applied to each major end item. (Transportation costs are not included.) The principal dif- 

ference in the facility cost is the three cxtrrl crew ~nodulcs and the large difference in construction 

equipment quantity. ?he differences in construction base cost and crew sue were one of the signif- 

icant factors in the determination that the phctovoltaic system represents the preferred SPS 
concept. 
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3.2-4.8 Trampottition Systems Background 

Some of the earliest studies of SPS's 3ssurneJ that the space shuttle woirld be the primary means of 

transportation t o  low Earth orbit. These early studies were more o r  less concumnt with studies of 
t w t ~ t a g d  fully reusable shuttles then predicted to deliver payloads t o  orbit (cm a shuttk traffic 

model) at  about SlZOlkg CSl00fIb). Costs tt? GEO wc~tld have falkn in the S660-S88Q/kg (S300- 
5400,Ob) range. At t h e  high transportation costs (take f 800lkg as representative) SPS's could have 

no more mass than 1.25 kplkw, t o  bring the transportation cost even as low as S1OOO/kwe. This is 

just a b u t  the figure quoted for SPS's by the eddy studies; it was necessary t o  invoke advanced 

technology o r  optimistic design assuniptions t o  offer any hope of achieving masses this low. 

This was. in effect, placing all of the burden of technology advance on the SPS. assuming that the 

space shuttle. designed for a very different job. would be the best space transportation akailable t o  

an SPS propan:. 

In 1974. during the early phases of the Future Space Transportation Systems Analysis Study spon- 

sored by JSC. etimates were itlade that with a more plausible SPS technolwy. transportation costs 

woiild need t o  be as low as S4S/kg (SZOflk) t o  make SPS's eii>nomicafty feasible. i t  was also recog- 

nized that an SFS trdffic ntodt.1 would wpfcxnt at ltast 100 times the annual payload t o  low Earth 

orbit extant in the then current (10 flightslyear shuttle traffic model. An investigation of design 

trends by D. Gregory quickly indicated that vehiclrs airned at such a market would he larger. fully 

reusable. would en1phasi;rc payload delivery with little or no return capahiiity. and would not have 

too much difficulty attaining the S4Sllig target. 

Subseqiiently. the Heavy Lift Launch Vehicles study. sponsored by JSC and later inanagd by 

MSFC. confim~cd the* results. predicting S33ikg fS15,'Ib) for tiw vehicle dt.pictc4 111 Fiptrre 3.2.4- 
23. Si~b~q i i cn t  rnnre detailed operations analyses. under a continuation of the s3111e sti~iiy, con- 

firnied this figure. During this tinie (circa 1976) it was helievcd tlut SPS pa! loads wotilJ bt  very 

low in density. as low as 20 kglm3. Accordingly, thc vehicle illustrated had 3 large cxpcndahle 

shroud. The shroud. wlrich had to h.' replaced for each flight. c.ontribiited $3.8 nliilion to  the cost 

of each flight 

As payload packaging and pack~girig density analyses cvol\ed tiltring the current sttidy. all avt'rage 

payload density o i  75 kg/rn3 appeared achievable through tnixirlg oi'diffcrent payload types. This 

increase was largely dtre to  the i n c ~ s s e  in stnictural density afforded by beam m ; I c 1 ltnes. ' 
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3.2.49 Trmporiatiotl Requirements Summary 

As a part of the current study, a significant effort was made t o  understand and document SPS trans- 

portation requirements. The results were presented in Volume 1V of the Part 1 report. .A sytiopis of 

those requirements most important to  vehiclc design and selection follows: 

C q o  bunch Vehicles (Heavy Lift Laitnch vehicles, HLLV's) 
These tehicles have the primary functior of delivering hesw cargo t o  low Earth orbit. Most of this 

cargo will be SPS hardware aqd orbit tra.lsfer propellant. L a w  cost per unit payload tilass delivered 

to low Earth orbit is an ovrmding requirement. The following general vrhicle requirement3 were 

identified: 
Recurring cost should be minimized. Accordingly. the vehicles should be complc iely rt-usable, 

with a design life of at least 300 flights. capable of fast recycle after use. employ lowcost pro- 

pellants and minimize propellant energy consumption. 

A large payload volume capability should be provided. A payload density of 75 kg/m%s 

needed t o  allow mass-limited launch operations. 

a Large payload rnass is desirable. Vehicles in the range 1100 t o  400 (metric) tons payload c-*pa- 

bility were studied. The high end of this range is desirable for a mature program; the smaller 

vehicles mcy be adeq~a t e  in a developmental or  early commercial phase. 

Vehicles and their launch facilities should be capable of sust~ining high launch rates. reaching 

about 10 !lights per day after several years' operations and should allow salvo launches of two 

to  five vehicles at rottghly 1-m..,ute intervals. 

a The upper stage of the vehicle :or the entire vehicle, if a singlestage system) should bc capable 

of flying t o  ijn opt';ation base in low earth orbit to  deliver its payload. Payloads will he pallc- 

ttzed. A change of the launch vehicl: fro111 payload configuration t o  tanker ccmfiguration 

si1011ld bc pe3ssibte a t  the launc!l site withoul major disruption of launch p:>cessing operattons. 

8 The design refrre~ice launcl~ site is KSC. The design reference orbit is 478 km altitude at 3 lo  

inclination. 

a The vehicle should be dcsigned for minimum environmental impact. This ixludes ( 1 t selection 

of propellants, engin,: cycles and flight profiles that minimize atmosphere pollution and ( 2 )  
remote launch and recovey opelations t o  the degree rrecessary to control noise. 

111 the event of an abort. recovery of the vehicle is given priority over recovery r-+'the p~yload .  
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abitTrrrdgV* 
IOrBit trader vtW i W s 1  serve ta trrnstcf mews and clrgo between b w  earth orbit and 
syehwmm M t .  Ckbit W e r  m3tk-k requirements are Purnrnaiited as folbws: 

~ o o s t k ~ ~ t . A c ~ & . t h e o r b i t t ~ ~ ~ ~ f ~ r v e h i c k ~ ~ l q u i d o x y ~ a n d  

hydraget as plopclbts, sbauld be campktely msabk. sb~kt  be st@ to improve 
cffkkmcy, 9 d d  pcrmit fast turnuound. and should be capabk of a t  kast 50 muss. 

Speczhtrbtg is dzsi&k. The wehick SW be desigsd for eCt-int  on-orbit prqwllant trans- 

fti from t m h  . Ser\ ~cxs such as ~ # o p i h n t  tntlsfer pumping may be provided by an open- 
tiona &*. 

a M k k m  duntion capability sttduM k a minimum of  7 days. 

a It &mM be a deign gad t o  eliminate all Ruirfs reguircmnts cxcvpt LO, - and Ltl-,  - in o r k r  t o  
simpiify ~ ? t  wvicinp. 

a Thr O W  shouki be matched to t k  cargo launch vehick in the sense of having the capability 

t o  deiivct an entire c3qo i?aykl3d t o  GEO without repackins a t  the LEO base. No cargo return 
paytoad is ~vuid for this mission case. 

a For crew mat ion  missions. a crew modirk will be ptcvidt-d as a payload for tne OW. Round 
trip capability is required for this y y l d .  

The OTV shall be dc;ipnzd for crew safety. The OTV flight profile shall avoid. cvzn as a tntns- 
k n t  condith. state vectors that do not r r p a x n t  a stahk earth orbit fronr which rtucue c tn  

tre aawmplisticd. 

Ekcrric Roptlsion W t  Trrdtr S y m r  
T k  study indicated that minimum SPS system cost could be walrzeit if SFS mcdirlcs are con- 
structed in low earth orbit and transfcwd t o  GEO undcr their own powcr using electric propulsion. 

Electric pmp~~lsion hardsari. mkrst hc. S:ttr.d tct :Sr' nicduli's for this p\lrpt%c. <knr 'c~l  ri'clitircntrnts 

arc 3s foliows: 
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m p r r a r e r - m & ~ g d e g i l P P m a a g i e m m o d u k s ) .  t tmqbedesi r -  
*b&tbL.~fior~meftheaectricproptadoattird~~tolotlt.c-orbitfor 

mwe. -th~?fcm, this bdware s b A d  be for krw prodilction cost and minimum can: 

gglaptioa ef'criw ~ k ~ .  

The system sh.4 prwride pcrrver proeesrim as mxesuy t o  minimize total c a t .  including 

des@a/mass scars .m the SPS modutff. 

The system s: -11 provide r b i c a l  thrust capability (total Impulse and thrust kvel TBD) as 
nmsary to  control SPS module attihnie when module poser is nut avaihbk Up t o  90 min- 

utes c k m i d  thrust operation shall be prs ibk  without n~ottuk power. 

The system bp shall be sekcted for m i ~ m u m  overail SPS cost. &pending on SPS characteris- 

tics, Isp's in the range 2500 szc to  7500 x c  may be desired. 

The system shall be capable of at teast 5000 houn operation without enta-.ing the wsrout 

regime of failures. 

The system shall pravide its own xmices. eg. tkrnml cmtroi. drawing only u n p ~ ~ r x w d  

power and possibly control signals from the SPS moduie. 



3.2.4.10 h y W  

P I y M  packaging conddcrations affect both construction and transportation operations The 
mr3yris for thc photoyoitsic satt(tite te fkets  the structure fabrication a w d  ifban 

madiksl aad tttt f,rd dcfmitim of the antsnest. Packagng dcndty and the number af units are 
presefiM ia Figmz 3.2.424 fet the mqior eomgonents The eampment presenting the greatest 

p m b h  is the antenna suttlmys with a median packaging density of only 28 kilograms per cvbk 

meter. Iht payfoad shod requirement had p m h i d y  heen set at 75 k i b m s  per cubk meter. 
Wfif ha$ ohown h t  rinet octu%t payEoods hawe irregular sh;rpca the rtffectivc density of t k  pay- 
I d  %iithm the ~ t O U d  will be frm than the average of i n d i u s l  component densities 

An estimate for the miXing of the v a r b u  cwmpments for deliwry t o  LEO is iflustrated in Figure 

3.2.4-25. f h e  number of flights indicated are for the mix of components and arc not meant to bo 
indieatire of t%r actual Immh sequence. The dominating item was the antenna su5crrtrr;tgs inclwled 

in 246 s u t  of 247 total tli&ts (of identifiable hardware). Fortunately. the high den>%& solar arrays 

can be use4 to  o t k t  the lower density subamys during most of their launches. Unlike the Pan 1 
~trnfyJas where 6nq. about 15 to .w of the paytoad shroud was used (antenna undefincu~. a mure 

~ m p l e t c  understanding of the antenna and desire to deliver subarrays fully 3ssembkd has resulted 

in using the entire vdums of the payload shroud in order t o  achieve a mass-limited launch zondi- 

tion. The cmpot,ent density for the f iotwoltak atellite reaches average density s f  approxi 

matcly 95 l i t lop~ms pe; cubic meter is indicated. The reference 23 meter hy 1 -.5 meter payload 

envelop with a voIumc utilization factor of (2.' requires a component densit? of 93 kilognms per 

cubic meter in order to re.~ch a nras limited condillon. 

The thermal engine satellite component density is appmxkiate!!: 66 kilograms per cubic rneter 

primarily due to the low density of radiators. reflecting facets and antenna s u h r m y s  Should the 

antenna subarrays be divided into a waveguide ; i s tc tu  section and klystron t u k  section. the 

denkity would go up to  76 kilograms per cubic meter. This. however. requires assembly of the sub 

arrays in orbit wh1r.h is deemed undesirable. Conxyuently. the thernial engine ccnzept presents a 

difticult case for tihitving mass limited Iauncti conditions 

The number of flights shown in F t ~ t r e  3.1.4-26 for the pliotoboltaic sati'll~te reflect mass Imliti'd 

launch conditions. The then~ial enpine ca% 13 shown for h>th  an e\pcnciclbIz si~roud lave enough 

to reach a mas Itmited condttlon and 3 reiisnhlt. d~roud  rption. Launch cost for thcsc options an. 

conit~ared tn the thirci set of bars in the ljgure. For the thcrtiriil enp~tic sk stem. thc z\prnd.iklc 

shrrwd shows approximately a 3OO rt~illion dollar caving per satellite 3s cornpard wit11 a wusablc 

3h;oiid i l t ~  ti) the lob cost ( 2  nlillion dollars\ for the r.\penciablr. shroud \tticn 1 . i~ :~  qu;ttit t t~~s arc 

proc.\tred. It sl~nuld be noted that the themla1 engtnc sitcllite will also trtilirr. rer~xtblr dirr~t~do t i ~ r  

the del~very of crew and nlppiics and dzltvrr!, of constrirction requtrrn~etits. 
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The nmst impostant oonduoions ftom the pshgimg and paytord t b d t y  Wieo  were: 
Payioad v o h e  requirements are a major design conriderntion for the transportation system, 

erpochny Earth Is.mch vehriier A prybad bay canputed dendtty greater than 75 kg/m3 is 
likely to resdt in volwne tknited launches with attendant coat penalties. hybad physical shes 

rre large. Plennitits asmchtcd with d e r  p p y M  bays have not been adequately asseoard, but 

diuneten of at hat 15 m appear to be highly ddrabk. 

a A d h a n e n t  ef adeqaate payhad packaging densities requires mixing of component types for 
most hunches 'fhts meam that (1) a paylout unpacking area and crew will be required at the 
~~ brae; (2) some w~~ wifl be nquirad at the construction base; (3) antenno 
uad cntrgy conwrsion ekments of the SPS ooastructicm activity must be served by the same 

bgisth network. 

WTbffl p a y M  packaging is Wren into account, transportation cost. favor the photovdtaic SPS 
over the themal engine option. 

3.24.1 1 lrrrrsporcitiwr Vehicks tad Systems 

Two primary launch system options were chamcterized, a ballistic twwtage heavy lift vehicle and a 
winged twwtage heavy lift vehicte. The differences in performance between these twr, options were 

well within the uncertainty of performance estimation. 

F i r e  3.2.4-27 compares the HLLV options. The principal issue between the two systems is sea 
landing vems land landing The sea landing mode requires restart of some of the rocket engines (or 

start of special landing engines) for the powered letdown into the water and the hardware is exposed 

to the sea saltwater environment. T k r e  is also some uncertainty associated with landing loads to be 

experienced upon water contact. The winged land landing vehicle avoids these issues Because of the 
sonic boom profiles for ascent and reentry of the vehicles, and because the winged booster requires 

down range land landing. the winged system introduces significant launch and recovery siting issues 
No suitable down range land landing sites are available for KSC launch. Potentially usabk sites. with 

repions of significant sonic boom overpressure being under government control. exist in the south- 

western United States. These sites are further north than KSC and introducc additional performance 

penalties associated with the plane change required to achieve a zero-inclination geosynchronous 
orbit. Other alternative sites have not been identified. 

Both vehicles described have a liftoff mass of about 10,000 metric tons (more than 3 times the 

Saturn V lunar rocket). and a payload slightly less than 400 tons to the reference 478 km. 3 lo orbit. 

The winged vehicle does not meet cuirently-recognized payload bay volumc requirements. Both 
vch~cles have a calculated cost per flight in the $8 million range at high launch rates. Cost per flight 

calculations are described in more detail in Section 3.2.6.3.3. Detailed vehicle descriptions are 

provided in Volumc V of the Part 1 Final Report. 



Figure 3.2.427. SPS Launch Vehick-Cargo Version 
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The shuttle, with the addition of suitable crew a~'commod;rtians in the paylad bay and a nru- 

liquid pmpellant booster to reduce cost and atmosphere pollution. has beet1 selected thraighmit the 
SBS studies as the hsic  crevt launch and recovery vehicle. This modifkd shuttle capsbiz of cttrrying 
50 to 75 people to ofbit and b x k  is shown in Figure 3.1.4-28. 

P I ; s 1  
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h f C y p  Ckbit T&i Sys&ms 
Transportation operaOiuns may be requited to  support construction operations either at low Earth 

orbit {LEO) or geosynchronous orbit (CEO). depending on which construction location is finally 

sckaed. In either case an orbit transfer vehicle system is needed to earry crews, crew resuppty 
IogMcs and priority cargo to geosynchronous orbit. Earlier studies has investigated a variety of orbit 

t m s f e r  vchick options and selected the configuration illustrated in Figure 3.2.4-29 as representa- 

tive of n cost-optimsl system. It is a space-based oxygen-hydrogen reusable 'stay rocket system 

refueled bv tankers brau&t to  LEO by the heavy lift launch system. This vehicle senres to  deliver 

crews and cargo to  GEO from the LEO base. Up to 160 crew can be camed fronl LEO to GEO and 

returned by this vehicle. with s large crew module as payload. 

Both stages have identical propellant capacity. The fust stage provides approximatelg 2 '3 of the 

delta V requirement for boost out of low earth orbit at which point 'it is separated for return to the 

b w  earth orbit as well as providing the remainder of the other delta V requirements to  place the 

pyioad at  CEO. and the required delta V to  return the srage to  the LEO staging depot for reuse. 

Subsystems for each stage are identical in design. The primary difference is the use of four engines 

in the first stage compared to two in the second due to thrust-to-weight requirements of appraxi- 

mately 0.15. The second stage requires additional auxiliary propulsion due to its maneuvering 

requirements in tl;e docking of the payload to the construction base at GEO. The OTV shown has 
been sited to deliver a payload taken directly from the launch vehicle (400 000 kg). As 3 result. the 

O W  startburn mass is approkitnately 890 000 be with the vehicle ha\ ing an over311 length of 5h 

meten. Main engines use a staged-combustion cycle at about 14 MPa (2000 psi) chamber pressure 

and deliver an Isp of 470 seconds with an area ratio of 400. Auxiliary propulsion u x s  a thenllally- 

expelled pressure-fed 0-HT system with a chamber pressure of aboat 700 kpa (100 psi) and a - - 
delivered Isp of about 400 seconds. 

During Part I of this study, the natural question arose. "why not make the tanker into an orbit 

tnnsfer vehicle and overate Earth-based?". This was investigated. and it was found tnat the space- 

based vehicle had about 15'; better performance. yielding lower costs. There are two primary 

reasons: 1) the sp;:ce-based vehicle need not be structurally designed to withstand iaunch loads with 

full propenant tanks; 2) the inert mass of engines and other subsystenis needed to make the tanker 

into a vehicle need not be hauled back and forth from Earth to LEO. Concurrent with this SPS 

study. an orbital propellant depot study by General Dynamics has identified prrtctical means of pro- 

pellant transfer with minimal losses. The space-based systetli was selected as t1.s preferred option. 

if the SPS is constructed in low Earth orbit in a modular fashion. the electric generating capability of 

the tiiodules may be used to drive electric propulsion systems to t'ffec't the orbit transfer. Each 

module is equipped with electric propitlsion installations, propellant tanks and the other subsystems 

necessary to convert it into a powered spacecraft. A joint cost optitnitation of Isp 2nd trip time 

resulted in selection of a 180-day transfer at 7500 seconds electrical ISP. The cost of investcd capital 

has a significant influence on the optimization as itlustrated in Figure 3.2.4-30. This occurs because 
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the trat~sfer tinla cauxs  a delay in the SPS entering service. Consequently, intelrst costs on invest- 

ment in the SPS accumulate during the transfer: these c a t s  trade against the wduction in thrust 

level (and therefore installed propulsictn hardware cost I that occurs with :scrytuncz of longer trip 

timer 

The effective 1sp of the orbit transfer system. dfter accounting for l o w s  for attitude control thrust- 

ing and the use of chemical propulsion during transits of the Earth's Shadow, is about 3000 seconds. 
This high effective specific in~pulsr provides a major reduction in total freight delrvery t o  low Earth 

orbit. The LOJ'LH1 orbit transfer vehicle requires about 2.1 kg of propellant per kg of payload - - 
delivered t o  GEO. The high-specific-impul option requires about 0.25 kg of propellant per kg of 
paybad deliwed. The net effect is a 5@ reduction in the required ?un:kr of heavy lift launches 

from Earth. There are tt number of negative factors associated with the high specific impulse "self- 

poweted" mode. but taken in the awegate they exhibit considerdbly less cost th.m the savingc in 

Earth lsunches 

The arrangement of a photovoltaic SPS module as J powered spacecraft is s h ~ w  ~n Figure 3.2.4-3 1. 

Onsqusrter of the solar bhnkefs are tiv'il for the transfer: the retiiaindt'r arc deployed i'rcnt their 

shipping hokes after the module reitches gemsnchmnoiis ort it. ft.,e hlanlzts used for propulsion 

potter ~ 1 1 1  trt. dtgradcJ by van ,Allen belt radiation absorbed iunng the t ra~sfer .  They #ill be 

annealed durins thc i~na l  checkout and prepanttien proceks. The antcntw~ are also built at LEO. 
and arc trai~sportect by l u o  of the eryht nitxlules. 

3.2.4. i 2 1EO;GEO Opetations Comparison Sumrnary 

There is little difference 11: orbital ire\\ S I Z ~  between the t\to c ~ n s t r u z t l ~ n  loz~tlon Cotlccpi~. 

although the disrrii-iitiori ot' pr.fwnnt.1 a ians~dembl!, different 2.; diou 11 In Fipirc 2 .  1-22. 
St3g1ng depet and tind as~en~bl!, tittinnlnp rey\i~rc'iilcnt?; Hcrc .tiso found ill he ~ie.~rl> the \.III~C 

Svcrdl key env~ronmcntal factors should be <otlsrdrrt.d uhen ioniparittg the two ~onstrui t ion 

location options. 

One of fht:. main differences between the two sonstri~ction location options is the large sniount of 

solar ffdre shicldinp which rnitsr be ~ ~ r o \ t J r d  for a11 irC\t 1110du1cs l ~ i a t ~ d  at GEO. Steady-state 

radiation would make EVA at GEO considerably worse tllari .it LEO ~lttiough only .I hart. minin~utn 
of suit Ef'A is an!icipated in c~thcr  ~ 3 3 ~ .  

Occirltat;on3 of the constntctioi~ base at LkO occur 15 tlriit's .I drry. t\liile a base ,it (;LO is only 

occulted S8 tinlrs per yr'dr. -Tiis p r i ~ i ~ r p ~ l  effects of ~)cc~iltdtrc)li are or1 the t ' I t ' C t i ~ i ~ l  power si~pply 
and t l~ rn i~a l  aspects a f  tile \tnrcturr. Tlir C;kO optivri reclii~rc\ less p o ~ e r .  Lea arra!, po\\zr 1s 

1ierclcd to  rec-harpe the ~ i ~ ~ l e l - f ~ y ~ i r ~ ~ g t ' i i  Patterres tlsc-d ior oczultat~on pcrtodb. 1 l ~ e  PC .ilt) f o ~  the 

larger power systetii 1s relat~vt.l!, sn~.ill \viih lo* ma\>. ;a\s cost so!ur Jrr.ly\. Xltttnirpt~ ,i C;EO b . 1 ~  ih 
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mole iwntinuousip iliurtlinated. the constntztion b a g  itself nroduccs s h a d u ~ s .  Consequently. both 

constn~ction lcxatiotts require d large ~ t n o a n t  of DO-er tor I~gliting pitrpc>:.es. i'w ot  graph~te, 

epoxy structure in b t t i  the satellite as well as the constructton b a x  structure Ehottld t~tininiize the 

impact of thernlal effects. 

Most cons.mction concepts will ortent the constr~tction base so it is passively stable for attitude 

contrul and minirtiize grivity piadient torque. Althou.gh the LEO cot1st:~crion caw required con- 

siderably more orbit krepingiatti:ude control propelldnt per day. it still rt'si~lts in less than one 

HI.LV launch per year for this propellant makeup. 

Orbiting debris froin man-made space systetns Ilab rcsulteii in some concern regarding 1-oll~sions 

ditring LEO constntrtion. (The flus of ob.ieits is much greater s t  LEO than at GEO. 1 T ~ i e  analysis 

has indicated the potentla1 colliston problem is greater with coii5t ritcticw In LEO, how- 

ever, sinipk avoidance maneuvers (ail reduce :he probability of being liit to  ii:vr zero. 

The collnion analysis ua s  done fix an c.nvtrt)nment yredtcted for tlic \car 2000 ~ncludtiip an addttion 

of .COO objects per year since 19'5. Results of this anal! sis tndicated that the LFO construztion 

approach could ha\e fort) dddttlonal collrstons t t  no p;c\r.ntt\c ~ c t t o n  I \  t,,Azn. Hone\-cr. 

rescheduled o r b ~ t  altitude correcttons can rsxntt.illy zlttiitnate the problem of colltston ~ i t h  Itttlz or  

no addtttonai pen,tlt!, .is 11lustrati.d tn k tpurz .: 2 4-.:i rhr i~rt  11iodul.it101i or tiSnlltn.ttlon ditrtnp 

orb11 tr.1nsfr.r <.in also Lw ~t\ccl to  pri*\~*fit collt\tl~t~s Tltcrc \lloitld he no tl~t'tcrcnc'c l \ t . t \ \cc~~ tile t \ + ~  

construction Icx.ittons rcp~rdrny the tiu~nbt.r 01' coll~~tarts. Tlit. Lt O ion\tritcttuti ,~pprcj.icli dot.\ 

rrqittre \ItpIiil! t f i t  it'rent olut.ltton\. t~lilitdt~ig thtx ii\e of tichrt\ tr,lck~ng &t!d kt .irnlrig \! \tr.r;l\ 

The design Impact on the stltellite for 11ie caw of L E O  ci?nstri~~.tioi~ .tnJ wlf-l;o~c.r !iris been 

described e.tr1tc.r In the drscrtptton of the ~I10t0\0lf~t i  s ~ t ~ l l t t c '  A \ittntIiJr> ~ l f  (lie Ac! ttctils ,s 

pre\cn tcd tn Tahlc 3 2 1- 1 St\!.ir '1rr.i) i j k  i*r\~/ttig o i  5 i ~ ~ ~ r < ~ t i t  It.t\ bcc11 I I ~ ~ I L I ~ L ~ ~ I  1t1 L tl~np*~:\.ttt* 

for tlic tnab~ltt! to  intiiplt.ti~l) ,~tiric,~l 011: ,111 tile d~rii.tpc t r  111~' ~.cll\ z.tii~ce1 r,ttit.ttiotl oc'ciirritig 

Cunnp fr.tn\ter ~r,,i l o r  the tnt~tli,itch it1 \illt.~gt, .~rld ; i~ r r~ . r i t  o~itpiti t\ct\\ct.!~ tlic tI.itii.~gcti .~n , i  

tindsrt1,tgeit zclls. 

The structurai iinpact tnzlitdz\ both that of tnoJul.trit! .rnd ~r\~r\ t71np.  3loJitI,1rit! ~n~.litdcs 

ad~itttoiidl \crtli..il nit,tnbers t~scci .trottnJ tlic pc~~~~i ic ' t c r  o f  tlic s.~fc'll~tc II~OJUIC .tnJ I,ttcr.il 1\2,1111\ at 

the end of thc rticrtl~t!c.s its well .is the pt'nsltte\ for tilt. tr.tnsit.r of tllc 15 tiit!I~on Ag .tntcnn.l sup- 

ported i~ndertie~tli  the tt~ocl\~L~. (I t  should t\otc.d t l u t  ,111 ntcxtitlz ,tr\iittirc. 11.14 bc'ci~ s ~ ~ e d  tr\ 111.11 

dictdted by the t~ l l~d~ t l e s  t t \ d  111 tr.ttlsfer the a~ltenn.i.) 

T he I'oucr J~\ t r t i \ \ r ( tc~~l  ~j~tl.rlt! I \  rcl.ttcd 10 ~ I I C  .~ t i~ i~ t t~ t t , l l  I~~~ le t I l  01' Ili i \  ~..~it\ed 111 1111' ~ \ r ' ~ ~ t t ~ g  t)f 

the arr.iy TIic tot.11 m.4~ pen.ilty !'or .I LLO-zonstrititcJ \.~tc.ll~tc 1s .~i\llrc\\ttn,ttcl! 4 .  tlitllton hy 



.VO PRF V'EN 1AT IVE ACTION -- PREVENTIVE ACTION 

YEAR 2000 ENVIRONMENT CLEAN UP GEO ENVIRONhlENT 

RESCHEDULE ORBIT ALTITUDE 
60 - ADJUSTMENT FOP AVOIDANCE 

CURING COMST. 

/ 03JECT PATH - 3 O Y S  
WS 

EESCHED ORBIT TRIM 

NOFi.,AL 
ORBIT - ORBIT TR lM 

TRANSFER 

CONST. SASE RELATIVE 
IAOTION 

TERMINATE OR INITIATE THRUST 
FOR AVOIDANCE DURING TRANSFER 

GEO LEO EXPECTED COLLISIONS: 

CONSTRUCTION LOCATION 

Figure 3.2.4-33 Collisions with Man Made Objects 

Table 3.2.4-1 Satellite Design impact Summary LEO Construction 

SELF POWER TBA!!FER 

I:.IPACT 

'OLAR ARRAY 

STRUCTC'RE 

POWER DISTRIBUT ION 

REASON PENALTY 

OVERSIZING FOR 
RADIATION DEGRADATION 

2.75MKg 

MODULARITY 

OVERSIZING 

EXTRA LEIL'GTH DUE 
TO OVERSlZtAIG 

FUNCTION OF SELF POWER PERFORMFNCE 
CHARACTERlSllCS 



tor tttt selected self-power tmqmrbt ion system. It should be noted that the array oversizing and 
power Bitributioa pm&y depend on the puticulu performma cbracteriffics selected for the 

s i f m  V e a  

T m t i o a  requirements associated with the payioads of each construction location concept rie 

shonm ia Fiyw 32-4-34; no O W  propellant mass is included. 

The diffirezce m sateltite mass reflects the structural m a n  penatty of tbe additional vertical and 

M e d  memk.s md hds  eulsed by t&er of the antenna. OvgsiuaCZ and power distribution 

pedtks  are rlt a fumXioa of h i  d e r  CtWrcteriStics and consequently are Aaqpbie to  the 

orbit trader system itpeg. 

Differcncs in crew md .supply requirements delivered to  LEO primarily r e a c t  additional orbit 

k p i i a t t i t u d e  c a a d  pmpebnt requhmcnts. t h e  key diffemce, however, is in the mass which 

must be deiivered t o  CEO. 

Facility tmnqmrtation requirements reflect the initial placement task as well as. in the tax, of the 

GEO bases (both options), that mass that nust be moved to the blrgitude location where the next 

nteltite is to be ~ ~ t e d .  The prircipal difference in the two main construction bases is that the 

six crew modules in the CEO concept each have approximateiy 1 15 000 kg of additional mass for 

sola &re shelters. 

A most significant factor in the cornprison is the difference L? the numkr  of lattnches required to 

support each const~ct ion location option. The number of flights indicated in Figure 3.2.4-35 are 
only those relating to  the delivery of satellite components and orbit transfer provisions for the 

satellite and are for the case of constmeting four satellites per y *ar. As would he errpea.d from the 

transportation requirements prexntrd eartier. the LEO constructiot: o p t i o ~  requires on!y half as 

many Earth launches as the CEO construction option. 

Total transportation cost for the three major system elements is presented in Figure 3.2.4-36. Cost 

is related to that associated with one satellite. but reflect rates associated with four satcllitcs per 

year. The Earth-LEO bar increments reflect the cost of getting payloads to  LEO. Acccrdingly. the 

LEQGEO increment relates to cost of refueling orbit transfer vehicles ar.d their unit cost. In the 

case of satellite delivery. the intere-! increment relate3 to the self-power trip time of 180 days and 

the additional interest accrued. (Note: Revenue is not lost, only delay:.d 180 days-the same 

revenue period still exists ) 

The dominating d o r  in this comparison is that ssttellite transportation witit LEO construction u+ng 

self-power provides a S 2  billion (335 savings) over the GEO construction approach. Crew rotiitionr 

rm.yp;v trmsportation cost arc also S I50 million (36'F) lower for the LEO constructJon concept 

along with a $200 million saving for the initial placement of the construction bases. 
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One of the impnan t  oh-izctives of the study was reduction of  uncertainty in mass and cost for the 

SPS systems. Assessment bf the attainment of tCis ObjaSiive required a formalized uncertainty 

adysis. 

Performance (efficiency in the case of Sl"f and mas an the prinwy tectrnicai meawrss of uncer- 

tainty. Cost uncertainty tends to  follow; t h ~ a  are additional c a t  uncertainty factors not direct@ 

associated with perform- or  m a s  

History records a disnral re-ord of mass and cost growti. in all manner of projects. Curiously. some 

of the worst oost ovmuns have occurred on relatively rnunaae projects such as asstruction of  
domed stadiumr tone wonders what the cost overrun was on th: Roman Colosseum.) Enough 

examples of nass growth haw k n  collected for aemqxm jmgmns to allow some s~t is t ica l  

meastires to be taken. Figure 3.2.5-1 prexnts a statisttcal prediction ol' mass growth for various 

c b e s  c, systrns in aermpacp systems. Included in the "new concepts*' .statistin are systems such 

as the Concorde SST and the Apollo I ~ n a r  spacecfaft. the latter are also inclgded in the manned 

spa?-mft statistier The SPS should presumably be classed as a new concept: it can be seen that 

history would suggest a probable 25'; mass gmwth w ~ t h  appreciable risk drat much greater growth 

wcdd occur. 

Three potential types of contributors to  mass p1mt2 \vzrz identif~d: 

a Prograrr, uncertainties. i-e.. the likeiihwwi that program requirements might change. 

Concept uncertainties. the likelihood that the design concert will change. 

Design unertainties. the actual uncertainty in specific system design paranieters or In mass 

estimates for given items. 

It has been a general belief that mass growth results primarily from the F i t  two of these contributors 

rather than the third. The former. however, cannci be adequately treated by a technical uncertainty 

analyses, r.g., if we knew why a program requirement would change in the future. we would cnange 

it now. The uncertainty anatysis performed under this study considered only design uncertainties. 

It is pertin~ilt to discuss at this point a design phenomenon often called icitemal escalation. Airplane 

designs are notorious for internal escalation. which sees m e t h i n .  like this: A subsystem mass 

growth item increases the aircraft mas .  wing area must be added to compensate. further increasing 

mas .  more fuel is needed to maintain rang;morr wing to carry the fuel. and so forth. These effects 

are positive feedbacks that amplify the ~ f fec t  of any elemental mass change. Ffanned spacecraft 

have internal csc.;tlation co.llparable to aircraft. The SPS has little of it. 





The uncertainty wdysis  methojolog)! enlployed was newly developed tor the study and incfuded 

the principal steps indicated in Fkurrt 3.2.5-2. The basis for the uncertainty analyses was itemized 
estimates in tile uncertainties of coltlponent performance. m a w s  and cost. .A typical euanlyis 

would be the uncertainty in solar cell efficiency and degradation. This is an exanpie of the caw 

where conelation exists betweeen the two factors: i.e., more eff i ient  ce1ls tend t o  r'sycrknze s m e -  

what greater degmdrtion beerruse the greater eft'iuieniy tends t o  be assa-iatcd with greater thii3cness 

and experimental data indicate thii*r'r cells degr..de m a .  In developing the statistics in cize. mass 

and cost, thex kinds of correlations were taken into xczunt through use of a bivaritte normal dis- 

tribution probability m&t. 

ALPo providing input data t o  the uncertainty analyses was a rcxmuentionai mass property a n d y x s  for 

the systems with estimated un~xrtamti :~ in such factors as structural crippling criteria. solar cell 
tkickness and t u h m a c h e q  unit masses Additional uncertainties were developed in system mts 

wch as uncertainty in s o h  cell cost per unit area and uncertainties in machinery costs These unmr- 

tPinties u~re coupled with the cost analyses discussed later to prepare the cost statistiix Size 

statistic3 and mass statistics were combined t o  d e w b p  a joint rnw/site uncertainty ctstimste and 

mas statistics and cost statistics were zcmbined t o  peneratc combined rost:mass uncertainties The 
trsuariate normal distribution m&I was u d  t o  statistically combine the uncertainties. with ~ c o g -  
nition of correlations between sornponcnt un~rnaint iss  where significant correlations were deter- 

mined t o  exist- 

it is a neiusaiy and important consequence of the bivariate m a 1  distribution model that the most 

probable value for a design parameter is the mean of the estimated extremes. The normal distribu- 

tion rnrdei is believed to ht the mmt appropriate for this type of uncertainty ana1ysi:i law of large 

numbers and all that a n d  the assumptions inherent in it were iargely responsible for the nature of 

the results. 

Tho sipnitizatlir of the it-ntral mcan cliaractcnrtics is evident In Table 3.2.5-1. and cffiiienc> size 

worksheet ior the p l ~ o t o ~ ~ l t ~ r i  sy%iim. Note the signiticant diffen-nee between the rnosi probable 
1 1 

size t 124 Lm-) and the nc~iilinal sue  ( 1'3s k.111- ). E k i a t t ~  af  this central-n~ean niodelrtip zfiar~cter- 
istic, the uncertainty andysic in addition to estimating ilnzertainties. produced the une~pezted 

result of predrctinp ins- gr; ti1 equi\alent to  that predicted by historical correlations. It had k e n  

!-i;.li.ked that tilass growth was the ~ 9 1 i t  of unyredictable tariables. e.g. chanps  in progrmi recluire- 

ments. The outcome of this uncertainty analyas suggests that growth is t n o ~  predictable than 

fornirrgy klievod and in fact results iargely f n > ~ \ ~  the natural tendency t o  set point design param- 

eters on the optimistic side cf the acttiat uncertainty range. 

The uncertainty analyses for the phc~tov~ltaic. resirlted in the relative efticienc) uncertainty cantri- 

butions illi~stnted in F'rgure 3.2 5-3. Also shown are the statistical combinatioiis o i  all energy con- 

versian effects arid a11 pclHcr tratismt~sion cff~cts .  The energy con\ersion effect is slightly less than 

the power transnlission t'ficct ht.cairse a significant correlation k tween solar cell eitlciency and 

radiatinr~ degradattoti redtrcr.3 tlic zonihitircr ~ffc.it of t1icsc ~ H O  parameters c011~1deiahl> below 
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Figure 3.2.5-3 Photovoltaic SPS Efficiency: 
Rehtive Uncertainty Contributions 



and radiation degradation reduces the combined effect of these two parameters considerably below 
what a simple root sum square would indicate. The uncertainty in power transmission l k k  efficiency 

is a principal driver on overall systcrn mass and cost uncertainty because it influences more of the 

system than does solar blanket performance. 

Figure 3.2.54 compares the statisticallyderived result for the photovoltaic SPS with the worstan- 

wont  and best-on-best resuits defined by combining all the most optimistic component uncertain- 

ties and ail the most pessimistic component performances. As increased detail is developed in thiq 

khd of analysis, the worst-owworst and best-on-best extremes will continue t o  become further 

apart, while the statistical uncertainties will tend to  change little and will approach a representation 

of true uncertainties Significantly. the reference point design was outside the projected 3 sigma 

range for msss and size. This resulted primarily because the emciency chain assigned to  the refer- 

ence design was more optimistic than the most probable efficiency chain defined by the statistical 

analyses. 

Figure 3.2.5-5 presents an uncertainty estimate for the thermal engine comparable t o  the p izv io~s  

one for the photovdtaic system. Ekcause the technology of the thermal engine system is somewhat 

more mature, it would be expected to project somewhat less mass growth and that turned out t o  

be the case. An additional factor in the reduced mass growth projection is that a significant part o f  

the site escalation is aswiated with the size of the concentrator which is a low-mass component of 

the thermal engine system. 

With costs included in the uncertainty analyses, it is necessary to discriminate between the 1 SPS per 

year case and the 4 SPS per year case For the 4 SPS per year case, an estimate was made that about 

60% of the predicted mass growth could be removed by product improvement. This is believed to  be 

a reasonable assumption since most of the mass growth resulted from increased size (reduced 

efficiency) stemming from component efficiency variznces. Product improvement efforts can 

improve co,nponent efficiencies without changes in the overall system design. As was true for the 

size and mass estimates. the reference design trended towards the optimistic side of the median of the 

cwst uncertaint~es as shown in Figure 3.2.5-6. Consequently, one sees first a cost escalation a? the 

reference design point and then a further cost growth associated with the mass growth projection. 

Note the very high correlati~n between cost and mass uncertaintres. This corresponds to  the histori- 

cal ~ndications that cost growth is frequently associated with mass growth. and especially with the 

compensation for (or removal of) mass growth in a system when perfoiinance requirements dictate 

that mass growth be limited to  predetermined values. 
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3.2.6 SPS Costs 

3.2.6.1 Ctneral 
3x112 of the significant areas of emphasis of current SPS studies has been system ,osts, esperi~lly 

recurring (production) costs of SPS units t o  utilities. The present estimates of capital cost range 

froin $1 700 to  $2700 per instdled kilowatt (of useful ground output) for a modest-technology SPS 
system using silicon solar ;ells or potassiun~ vapor Rankine heat engines (the latter, of course, 

employing solar concentrators). Since the installed kilowatts are baseload power rather than peaking 

or intermediate, the comparison with ground solar costs is potentially quite favorable. 

These cost estimates may seem surprising. Since it is hardly obvious that putting a power plant in 

space will do anything to reduce cost. sonle amplification is in order. Otherwise the critical reader 

may well be justified in considering the estimates as frivoious. 

Cost ultimately derives from the cost of materials. of energy, and of value added during production 

and installation. The SPS scorcs well on ?he first ;ind the last of these, and on energy investment, 

scores a little better than typical nuclear systems. 

Constructed and operated in space where design loads are virttially absent. a typical 10.000 rnegawat 

SPS larger in area than Manhattan Island will nave a total mass of 100,000 metric tcns, about the 

displacement mass of 3 large aircraft carrier. Over 60% of the mass, be it a thermal engine or solar 

cell SPS. will be energy collection and conversion equipment with the balance being supporting 

structure, power transmitters. flight controls. and so forth. The energy conversion equipment pro- 

Jes several times as much output per unit area as a grognd solar unit due to  the continuous 

availability in space of suniight of higher intensity. 

Our SPS designs have ernployc.3 very little in the way of exotic materials and are. except for their 

large size, relatively simple. The rezeiving antennas are also simple designs using ordinary materials 

(mostly concrete). With the receiving antennas included, the total materials required per kilowatt 

for an SPS are very similar to those for a conue~tional Earth-based plant: rnuch less than for an 

Earth-based sctlar plant. 

Energy 
Lifetime energy inveltrnent t o  produce. install and operate an SPS is less than for most energy 

alternatives e'ren if the latent energy in fuel for the altemdtives 1s not counted. The energy cost of 
rocket propellar~t for space transportation has been calculated to be from 2OOC to 4000 kwth per 

kw, installed; therefore. the payback time for rocket propellani is less than six months; less tlliin 

two monttls i f  energy grade is included in the calculation. 



Value Added 
SPS systems and their receiviug antennas are primarily made of simple. highly repetitive elements: 

billions of solar cells (or hutidreds of thermal engine turbsmnchincs); hundreds of thousands ol 

standardized structural parts; tens of thousands of RF power tubes and associated circiritry: hun- 

dreds of standardized electrical switchpar units and power processors; b~llio~is of recciver dipole 

elements on the grou,id receiving antenna. All of these re1 ctitive elements are well suitelf to higtilt 

automated mass production. This nlass producibility is one of the keys t o  making SPS's at accrpt- 

able cost. Further, assembly of the SPS structure it1 space provides the rrniquc opportiinit) to  per- 

form the assemblv. even of this very large area structure, in a semi-automat-d production line man- 

ner. This is true because the lack of gravity and wind loads allows ~noving thc SPS with rcspcct to  

the assembly facility with relative ease. 

3.2.6.2 Cost Analysis Approach 

It1  vie^ of the mass prodlrction pt~;i.ntials. \ve adopted J dual costing approach: I-or those itenis 

needed at production rates typical of aerospace products. we have used aerospsce cost eutin~ttting 

practices. For those ttenls needed at mas., production rates. we have used niass produc:t~on cost esrt- 

mating. The relationsnips are illustrated in Figures 3.2.6-1 and 3.2.6-2. Aerospace z o ~ t  e~perience 

follows a "lettrning" o r  intprobemtnt curve. (Most of the impr~vement comes from leariling hou tc. 

make the prodiictian pian work. Mechanics learn quickly.) Typizal eupenciice is an 85 : cur:e: irni! 

#2N will cost 85:; of unit #N. 727 jetliner productiott experience shows that ih: type o i  projection 

is good well beyond the 1000th unit. Aerospace estimates arc based on historical corrcl;ttt!tns of 

manhours. element physical characteristics. and complexity, They are made at the subs~stcrn or 

subassembly level. Despite a zontrwy reputation, the basic estiniating proczdurts arc acc~i-ate. 

Aerospace cost variances can genoially be traced ro pricing and procure ncnt practices. anci most 

sigttificantl} t o  requirenients and design ihdngt.5. rarlier than to  inability to cstlniate c 'o~t .  

A puss production process is facilitl arid cquipnient intensive rather than laber ~n~cns i \ e .  l i  doc5 

not follow an aerospace-type improvement zuwc. Ilistor~cal correlations indicate . ;al\c>r ir.tcnsl\r- 

ncss relationship as show11 iii f - ~ g u r ~  2.:.h-2. tZ mass production process reache3 rts I.~bor cod  pla- 

teau d i ~ n n p  the prr)ctss shakedown pcr~od 2nd then Inipro\r.\ no further ur~lc\s the pro~.csh I \  

changed. 

The overall mature inciustry cost arlalysis methodoiopy developed for the study i s  shown in F i ~ u r e  

3.2.6-3. It begins with mass estinlatcs :tnci system descriptions for tne rcfercnce systems. '!'he systr.11: 

descripticns allow  election of cost estinlntinp relationships. 'Ihese arc uscJ t o  escrcisc the Boeing 

parimetnc cost model to generate an aerosp: : cost estimate for DbS&E and first unit cost. The 

aerospace first unit costs arc' the11 run thrcltrgh a matitre ;;rtttlstry analysis that :tppli~-s protluztion 
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rate ffctofz ri'tfrdinp to the p rn juc t iw  rate required for etch system ckmcnt. rtrr t o t r kd  msttuc 

 isfly fly estimates then adjusted far interest during cxmtmctisn and fw cost gmwth LXXWS- 

pading t o  mas growth as predicted tip the uni~r t&nty tnalyws. These prowde the final p r d u c -  

tiorr wit wtt for t SPS per year 4 SWi pcr year. 

Thc nuhue ittjistr). rmtit ig rpgmx-h was dewelsped by Dr. J o e  Cduger bd on infirnation 

tk~elogml during i U D  analysts of Jczign-tosmst. experkn~uct &.cats for mmmctrcial aircraft and 
other bysterna. and statistkid cxxrehtti#rs fbr financial ant p t i ; * d t ~ t h  factcm fer a wide wtkty of 
~'0mmi~5d industCkS. it ~i3bjwtgSzt t o  be b r a &  t o  spt-chesk the mmrtusz industry prplticticms. 

A t o t J  of five awt c k k s  were made s indic.ttzd in T a k  Z.2.b-I. 'Ptthe in~lujed si&r blantietz. 

pyrhr te  rm~~positc structures, k lystms,  potassium u a p r  turbines. a d  etestromaptetir. ltquid 

p t d u m  feed pumps. In atl %-%us. :he mature industqt pjectim was we11 within the ttncertu~ntizr 

that red be cxpeaecl far t k  k i d  of LYH~ ecstunotzs kirtg made. Bsstii on t hw*  e\~n~pt\ts. wc 

k k  the mature industry e t W t o L : y  t o  be an apfn,rYtatc cost estimrtlng prwrdurr. for SPS 
r)rtm&. 
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Primary ettlphsts in the iurri.ttt study effort has k n  din'ctcd t o  prcciuctton an4 itt~ta1l;ltion cists. 

Future efforts will investigatr mainte~ance costs: the t e n  preliminary estitnates that have k n  
made i~irliuatz that rnaintenanie c a t  cnntributisn to  elritriz p u r r  c x t  a-111 be i ' c ~ n ~ p a ~ b l e  to  that 

for ~ ~ w v ~ n t i o n a i  n u n t i  pw't:r pldnts. 

Volir~iw VI of this re!wrt presents cost estimating details and calculations. 

In the n~ultiplc cc%nlnton use equipment, the tliain structure I?; the pn1iilp3l i m t  drtter. h i s  nrw- 
ture is 3 _@nphite tubular tniss. with indiuidul tubuhr c.lements n\ughly 0.4 n~eters tn di tn~etcr  a i d  

0.5 .ntn tn wall thickness. Vhes ind~\tduai elenlents aa. .mangeti in tnanpti!.ir rrus lwants which are 

in turn r m n g d  in the c>tersIl SPS planar truss structure. The mass oi t k  zntit-t. ctrticture is s h r r t  

6 \ 10' kg. Mature industq correbtions predicted about ShU hg ior this hard.u-;lre (rccrd? t o  shri' lo 

spxel .  Subsequent manufacturing analyses for sutotwted prcx$octtcrn of t 1 1 ~  s tn~ i t t i r d  e l t t~~ents .  

inciudisp jeints and fittings. estimated 547 t o  S27 per k,a. 

Snhr  cells and bisnkets are the c a t  driver for the photovoltaic St5 energ) cnntzrsion system tat 

ccmcentntion n t i o  I. thcre is no eneq! colleztivn s)strrn). &Iar cell <<%Is welt' anal? led in thrce 

ways: (1  1 Mature industry projectkr : ( 2 )  Rcvievr of n~tnufa'siturer's prt+ctions: 13) tncp:! r'cwt 

check and retiew of prduct iun methods. Results arc sutn~nanted in rahlr' 3.2.h-l. 

Current ten-trial trra) c a t s  are at atttlut SiO -S12 per watt. a h w t  a factor oi s h u t  50 ahwe  tile 

prr?jer.itions. Cum*lt annual p r t d u f  Ion IS a b u t  0.- MM-e. The prtCfuifi~n rate c o r r e l a t ~ o ~  de..?iink.d 

above predicts I& 'watt at 5OUO MWe per year. Tkiw rate prc~jcstions n~us t  fk' uwd with caution. ::s 

the) u-111 tend to  1.n-dict f ~ h t s  below nitterial and entrg) cost3 s t  hiph rates. 

Therefore. a basic rtirrg> i th t  ;lnal)si?i was nitde: 

!k*iar cells are vr-.?; enera) ~ntensiw. frrWntr'd in Flgurc .;.2.i) ' .ire repr\ui'nfati:e enrw? i<xt\ rn 
k~iowatt hours pt r kilograni oi cells. The energ! pa\ btch for \ol.~r czl'. JS l i t ~ i t i o t ~  u i  ihi\ enr'rg! 

ccxt a also shctq.. n on two scales I SPS anel griwnd appiicstiorir ). Ricin;: the e n e r c  at 40 it~ill\ per 

k~lowstt hoyir. the dr'tifi~l cost o f the  eneq? i t  choun on the nttt\sle ~ i s l ~ .  

1hr main reawn tc~l.t> 'z c-clls Jrc \o i ~ i t c t ~ r t : ~  IS 11111 5 ~ c l i h  .1r~ icr\  pttirr. \lc~\t 01 tlic ~ t l~cnt i .  in 

whtcn 3 great Jedl of cncrg) a intestcd. *.nti\ up a\ ~ . i \ t c  (\a\\ At-ri; , I ~ Q  tnrtiti~trip). ('cvitinuour 

prcxrsscs i d t ~  prt~babi) rttrili d ) telcf r a n g  t>I'hO c to S:) . ru.ih:t~g t21e. jrd? hail, \rSr) .~t t r~ \ t t \ i ' .  

f nrrg? ccxt i> .I h a w  iditor 111 the co\t cf \ol.ir icll\. Ithc ni.ttcrt.11\ ~ t h t  111 I~~tl t i tng h.irtiw.irc It  rt1c 

e n r r n  cixt I\ bc*li)w 1 O cent\ bat  t OI\C tiitgtt~ bc r i ' .~ \ r~ t~~hl>  i c ~ i i l  t i l ~ t i ~  i I I , I ~  ic*ll\  111 ( 1 1 ~  2 0  icnt t  u .tt t 

ratlgc. ttladr. I r j  ~n ~~ltc~ni.ltcd 1-rchlttetion Ivrchc\\. t\c~ititi bc [ l t~ - - i l~ l i s  1 It< ~fi.\~*lttjltticnt ot \c)l.tr .:zll 



Table 3.2.6-2 Sdu Celt/Bhdiet Casts 

( 1  t J, Gauger's Maturn Industry Corrt.iation 

82 to / 73 Watt = 13-60 to 8.90;iu2 (Cells Only l 
= 22.00 to 5-37 'W.! t ~ m p  Panels) 

(2) Msnufacturen Estimates 
If& to I5i Watt (C~ l l s  Only 

= 17-00 to 4 2 . 5 0 : d  (Cells Only t 
= 525.00 to ~S0.34~ ( A m y  Panels) 

(3) Pruduction Kate 
Today S 10.0001 hi2 for SO kw 

m e n  4 1 ?c+  SO)"^ = .WI 7 x 10.000 ~ u r v z )  
= s ~ ~ . o o [ M ~  

E n e r ~  Cost = S l f M: for 534 MZ fs 1 SPS.TR 

44) Denman's Estimate - S404t2 (Median) 

Avetap of these values is S-35 lU2 f2 I SPSiY R: use S25 *M2 for 1 SPS 'Y R 
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CFFI(JEMCY i mvrr 
E F F I U E ~ .  1) ~ w ~ m 2 . o ~ ~  
GROVNO CELLS 14% R U N N E T  
E F F ~ E U C *  & mromn 
QHLECTM3U E F F ~ I E W Y .  S IWW&DAV 

WELD KG S O U R  CELLS P€R 
KC SEMttONDUETOR GRIOE ULKX)II 

Fire 3.2.64 Eneay Costs and Poytmck for Siticon Sohr Cdb 



pmduction technology is a contprtition between the existing techfiology and potential new tc&- 

nobgks  (Figure 3.2.6-5). Although the existing technology of growing single c~ stal b u l e s  and 

sawing them into wafers seems illsuited to  low cost production, an anal= to the internal combus- 

tion engine m y  exist. Although the IC engine x e n a  tllsuitzd to  propelling an automobile. the 

'%sore log id"  technologies haw never caught up. Similarly. inipmemttnts in sawing techniques 

t a c h  as 0.1 MM awl currently bring introduced. a d  automation of the proc-css mag keep the 
Czochr;rtski process competitive for longer than is often supposed. 

Becram of the uncertainty and mntmversy regrding solar blanket cost projections. the xnsititit y 

of the photovoltaic system to  solar blanket cost is important. Shown in t igure 3.2.6+ a= the study 

median projections for one SPS per year and four SPSs per pear compared to the fk'partment of 

Energy 1981 goal and Department of Energy ,xnt-1990 projections. Infiuznce on SPS total system 

cost is shown for each rase. ,W shown an: the comparative thermal engine system cihts which 

indicate a t  what point an increase in solar blanket cost would motivate a change to the therntal 

engine system. This change t ~ c u r s  long ktbre an ~naccvptable cost level is reached. 

I f  d a r  ~ ~ 1 1 s  exceed 203;watt h) very much (an upper ! h i t  is probably 39$, watt). tire cost ailvan- 

tags of thermal engine energy iwnt.ersion kct lme compelling. SPS thermal enginis Here ccxtcd 

based on similar equipment presently in production. such as aircraft jet engines. Turbomachine cost 

estimates %-ere provided hy C;ener.l Electric. The thennai engine s; .ten1 includes additiot~ai hard- 

ware in the concun:rator. thermal cavity absorber. and waste heat radiators. The cost data base for 

this type of hardware is comparatively strong. 

Considerable engineering effort was ~n\r%ted in distribution analysis since Irtqc amounts of 

power are to be handled and power distrihu:ion mass'zcxitieffiiir'niz opf~initatic~n is impl,rtant. 

Power distribution system elements were found to  be well within the state of the art and the cost 

not very significant. 

The doniinatin_e cost driver in the power tr&nsrnission system was found to be the 70 KWRr lily- 

~trons.  of which nearly 200.000 are needed. A detailed ntanufrrcturin~ cr r t  e s r l n ~ ~ e  was developed 

by Varian under silk-sntrart. contjrming a niature industr) correlation xtimate cf  about 53000 per 

tube. Va~ian's results arc a function of production rate as shown in Figure 3.2.h-7. Ill: t l ! + ,  .rk,a' 

site of this klystron is about 0.2 n~ dian~etcr by 1 m length. 

3.2.6.3.2 Gmund Receiving Station 

Surprisinsly. the eround receiving station has k e n  subject t o  larger variances in c,rst prn!zt tion thm 

the flight hardware. 
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Until recently, receiving antenna (rectmna) costs had received comparatively little attention. 

Because it was a ground system, it was taken for granted that it would not exhibit a very significant 

east. Howwer, the receiving antenna coven a lot of ground area, 50 t o  100 km2, and therefoir is 

more important than was thought. 

The most detailed study of the rectenna h a  been by the Raytheon Ccaipany. They have devel- 

o p d  a design for the basic dipole-cliodc-filter element that is weil suitt:d for automated manufactur- 

ing and have e v o l v ~  a semi-automated rttctenna construction pm-edcre as illustrated in Figure 

3.2.68. Raytheon's current cost estimates are approximately S12.00 p r square meter. A more 

probable median estimate was also constructed at $2 1.00 per square meter of ground arra. ff the 

receiving antenna is made Iargt: enough to t'ill the entire main beam. rectenna costs are a major cost 

contributor to system costs as shown in the rrctmn;t cost comparison chart. Figure 3.2.6-9. 

The outer part of the ham, however. is very low in intensity. The energy in this part of the beam 

costs more to  collect than it is worth. Accordingly. a rectenna size optimization is possible, as iilus- 

trated in F i y r e  3-2.6-10. The final estimate for the optimal rectenna issumn1aritr.d in Table 3.2.6-3. 

3.2.6.3.3 Space Flight Operations 

As a principal issue regarding SPS cos.s, space flight oper~t ions costs have received particularly care- 

ful attention. 

Transportation Cost 

For the most part, aerospace estimating techniques have been used for transportation cost A?; the 

production rate for vehicles is not large enough for mass production costs to be applicable. Costs 

are accrued in three prirnary and m u ~ h l y  equal categories: amortization of fleet investment plus 

expt.ndable hardware costs: operations direct and indirect labor costs: and propellant ti.e.. energy) 

costs. 

Minimization of fleet investn~ent trqnirr.s the devc.iopmt.nt of conipletely reusable Inttnch vehicles. 

This must be tnded against the development investment r e ~ ~ i i r e d  to achieve the reusability. In ear- 

lier programs. the traffic projections have never justified the development expense. The space shut- 

tle. for example. provides an approximately optirn;zed level of reiis~bility for its projected traffic 

level. The large traffic pro/cctians for a commercialized SPS. however. thornu@ily justify a com- 

pletely reusable space freighter. This  is not so niitch new technology as it is a new market. (En& 

neering development of the SPS can be accomplished using the Shuttle. The new vehicle is needed 

for conimt.rcia1itation. 

Operation$ direst and indirect labor costs for SPS tranfport:ttion were estini~ted based on detailed 

manpower requirements analyses for all task categories; these in turn were deriucd from Space Shut- 

tle operations plans. Difference factors a?propriate to differences in vehicle design. s i ~ e  and launch 

rate were applied. 
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Energy costs can be accurately calculated from propellant quantities deter , .+ by flight perfonn- 

ance analyjes. As noted earlier, the  energy cost is ?OW t o  4000 kwttl per SPS kw, installecl 

Thermsl energy from synthetic f~te ls  has been estimated t o  be as expensive as 24/hwhfh : the 

tam of the century. (OPEC oil is presently ahcut half of that .)  At &!/kwhth the wo,.  .t ~ n e r g y  

cost is S8d/kwe. 

Total transportation cost estintates are shown in Figure 3.2.6-1 1 ,  in terms of  1-ost per flight. for the 

winged launch vehicle. These figures represent about S?O!kg t o  low Earth qrbit: $4.5 t o  S80,'kg t o  

geosynchro:lous orbit, o r  S450 t o  5800 per kwe for SPS installation (propellant costs used in the 

figure include amortization o f  propellant production and hatldlir~g facilities). Two tnodes of  trans- 

port from, low orbit t o  geosynchronous orbit were evalua~ed. Solar-electiic self-propulsion yields 

the lower o f  the  two  figures; the higher figitre is associated with the  use o f  ~onvent ion:~l  rockets a11 

the way to geosynchronous orkit. 

Cost per flight arlalyses used the  work h r e a k d f . w ~ ~  structure shown ir, Table 3.2.64.  This structure 

is patterned after  the shuttle uset charge cost analyses but includes two principal differences: 

( I )  Hecause the large traffic niodel will wear out many vehicles. the production 9f ,liclc\ and their 

spares is amortized in the cost per flight: t) Productiolt rates -2quired will demand . iersl shipzets 

oT tooling. The tooling required to  achieve the reqillred ~ e s  is also a m o r t t ~ c d  ap;tins: cost per 

flig,.,. 

Since vthicle prodltction is the rnost itnp\~ctant conipo~lerit of  space tranbportation costs. it is 

important t o  compare the estimates to  other similar systems. Shown in Figure 3.2.6-1 2 arc costs tn 

ternis of  dollars per pot~ntl for scveral ~c rospace  vchicles including comrner~ial  aircraft :,n3 launch 

vehicles. as well as the  c ~ c u l a t e d  costs for the wcond ;tag<. and first stage of  the winged 1au::c.h 

vehicle systems. All costs here are expressed as the :);:rage costs over 30!) iinits with 1zar.iinp curies 

applied as appropriate. f l ~ c  cc>inmercial air(-raft are similar in cotnplrxity t o  the Ir; .,-I1 vehicles. 

itut a significantly \n~allc.r fra~.:ion o f  the overall investment is in propulsion. Thc S-IC Sarurn 

boostcr stage is cor.:prtrable i l l  zr>nlplt.~rt.y to  the first ~ t s g c  o f  the \+ ing-wing chicle. Shuttle costs 

are wen to  he somewhat highe: than would be expected from the cost estinlates liere. 

The rilnin coct difference between the  shuttle or1.rltt.r ;rnd the SPS vchiclcs is that shuttle production 

uses protcityy it~olitlp. IIistorical data shows nianufactttring witti prototype tooling to  he 1 ' :  times 

as e*:pt.ti.;ive ,is with pruduction tooling. tlowever. even il'shuttle unit costs wsre uscci. the cost of 

payload transport;~tio:l would he incrcustd less than S2ilb. 

Manposvcr cost estimates for conductinp thy SPS transportation operations wcre madc on a detailed 

task/t;meline,iht~;tcico~~nt basis inclttdinp all i1;dirc.c.t and direct tasks. She estim;ttt.s ;Ire surn!n;trizt~d 

in Figure 3.2.b-13. 'They were de~.ivrd from analogies and extensions of tlte cost es!~mating base 

used to  derive space sttttttle ilser ~cliargcs. In this illustration they are conp ; ,  ' * , . I  with the m;ittpower 

requirements anci t'leet s t ~ e s  for lnajcr domestic a1r1inc.s. The levt.1 of  over: . .~pt.rations is sceli not 
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t o  be beyond the experience of c o m m e ~ i a l  aerospace vehicle operators today and the fleet size 

active at  any one time is very $malt by cornparkon t o  commercial airline operations. The vehides. 

of mrse,  are larger. but even if the lefthand bar is scaled according to vehicle size. the cmpdrison 

o f  manpower and W t  d t e  between the SSP operations and commercial airlines indicates the man- 

power ailxations fw SBS tramportation to  be quite generous. 

Ropeihnt costs are energy costs and. therefore. are of considerable significance in SPS transporta- 

tion casts. At the left side of Figure 3-35-14 are shown the propellant m a s  arld cost distributions 

for the SPS vehicles. On the right hand side. the SPS propellant cost estimates used are compared 

with more tecent data arrived from k i n g  and JSC studies of  largescale propellant cost production. 

Signifiantly, the propellant cosa estimates used were higher than the   no re m e n t  estimates except 

in the case of RP-1. where the cost was commensurate with production of RP- I front oil. In the 

timeframe considered. it may be ntyessary t o  use synthetic hydrocax%ons produced from coal. This 

might increase the RP-I cost s g n i f ~ a t l y ,  but the RP-1 cost contribution to overall propellants was 

rehtively small ar~d this low estimate is more than compensated by the higher estimates for the 

other two propellants. Further. if synthetic piopellants are employed. a synthetic hydrocarbon 

such as methane or propane can be pmiuced at !ower cost thtn a ~n:heric' h e a q  hydmarhc~n. 

such as  RP- I. 

Ths cost w r  flight for the heavy lift It- . ~ c h  vehicle is dependent upon s n n d  launch nte. king 
I w e r  at  high faunc-h rates. Actual cost foi the SPS systems used the parametric cost per tlight data 

shown in Figure 3.2.6-1 5.  Values n n y d  from about 13 million dc:llars per flight for the one SPS 
per year case with LEO constn~ction t o  about 7?'i million dollan per flight for the four SPS per year 

case with CEO construction. 

Comtmction 

Constrtction costs have two primary parts: cost o f  supportirg the crew in space and amortization 

of  the -nstructiun facilities in spar:. C v w  suy:?ort costs h3vt h e n  estimated bawd on the use of a 

m o d i f ~ d  shut tle for crew transportation. Tnis is conxv ;~ i i \ r  in that a more advanced vehicle might 

profitably be used. and in that the srating capacity was very cunxmatively estimated at 75 people 

(an airline interior in the shuttle cargo tray would easily war over 100 people). Construction f xilit) 

and constrlctior equipment must also k amortised into SPS costs. 

3.2.6.4 Cost Results Summary 

l'he ie!s described are scmm;rired in Tahle 3.2.6-5 and shown in bar chart fashion in Fiparc 3.2.:- 
3.2.2-16. f usling details an. presented in Vnlumc VI of this rcpwt. 
ille bar chart shows results for eight combtnatlrtns o i e n e r e  con\znion s j  > i t t i t .  pnk:ii<;ion rate. 

ana e-onstruction location. The silicon phoiovoltaic systcm has a nlodet cost advantage over the 

thermal engine and low Earth omit constnaction has 3 signitjcant ccst >d\at~tagc over gcoq nzhrv 

nous tonstn~ction. T!IC most important cost change rh-curs u ith the prduction rate incrcase front 

1 SPS per year early in the program. to 4 SPS's pi year in a ;':ore mature opcr-tion. Princtr ,I c a t  
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reductions with system n~aturity oocur in SPS hardware production, space trgnsportation. and 

projected product improvement. TIP lowest capital cast is achieved with the silicon photovdtaic 

system at 4 SPS's per year with LEO construction. The figure is approximately S 1.700 per kilowatt 

electiic including interest during constrdction and projected growth. Still lower figurn might be 

projected for advanced systems, such as thin film gallium arsenide. 

Achievement of the projected silicon photovoltaic costs is critically dependent on the development 

of a satisfactory m a  production technofogy for sin& crystal silicon solar LYIIS and blankets This 
mass production tectinoiogy nlay require continuous growth processe.:. but as discussed earlier. 

recent indications of impmvcments in the technology presently used for :dar cell rnan~ifacture. 

indicate that automation of this technology may prwidr greater cost reduction than commonly 

u~pposed. 

The construction time of twc years is qrlite different than the typical terrestrial figire of 8-1 2 years. 

Thit is became builciing an SPS L r production line operation. Detailed timelines support a period 

slightly less than two years tiom beginning to fill the pipeline v ~ t h  SPS parts to beginning of power 

transmission from space. 

The entire proivss of acquisition of tin SPS by a r.*.tity would probably fake longer. The proiess of 

acquisition ot land for the rezri\ing site wnuid involve hasica1:y the same steps as ar: required iar 

any other kind of pot1 r r  plant and w w l d  t*ndoubtedIy take just as long. But -ntiaily all ihe con- 

struction costs are asscxi3tzd wit h the SPS hardware and space t&ht ~ p e r ~ t i o n s :  this major invest- 

ment need not begin until ahout t**?o years befor :hc plant is to go on l i x .  

The bottom line tor an SYS -.?stem 1, :i\ capability to produce pou-er at an accep:able cost. TIlz 
rewlt shown in Fi_~t~re 3.2.h-I 7 represents the tindl result of the costir.~ and uwertainty analyses. 

C'ncertainttes ibr btrsb lr p m e r  iOftS include the uncertainties in unit costs as well as uncei~aintii's 

in the appropriate capital ct~arge factor :o h. applied and the p!ant factor at which the SPS can 

opemte t ;itaI charge factors frotii I:-!!? percent wcrc consdered and the plant factor uncer- 
taint! u-as taken as 7CY i-90'; at one SPS per \car aad 85%95'; tbr four SPS-S per year. Thew 
uncertaintie\ ticre stat:sticaily combined with the cost uncertainties derived . . tile cost uncertainry 

analyses. 

A study of energy and power costs crtndilztrd on IRGrD pr0'0'ided the ~)roizitioti of Incir'3WS in elec- 

trical power costs illustrated as the leftf. tnd band of Figure 2.2.6-18. Rcsirlts f r m  t:ii. cti~rl!, are 

plotted a$ the right-hand band. Thic incftcates t h d  r\en with a relatibely viporo~rs nrogram to 

develor solar wwcr wtzllites. by thc time prcxfuction ins;~llationc could hr.gi11. 1 1 1 s .  Sf's'\ would br 

ion~prtitrit. with aItcrn3tive zrtergy SL'Urcrs. 



I 

1 

PnOmelLCTV 
-REEXCEEDED 

--- RANKINE THERMAL 

SILKON PHOTOVOLTAE 

0 
20 U 4.0 L O  6.0 7.0 8.0 

JIII;IUR POllER COST OF W I T A L  INVESTMENT 
UKwM 

F i e  3.2.6-18 Rojsctiorrr Indicate SPS Pow= will k Economically Attnctive 



3.24.6 Noneemkg Costs 

An estimate was made of the nonrecurring costs required to  construct the first SPS. In order to  

accomplish this estimate. it was necessary to invoke certain programmatic awntptions. These do 

not reprosent conclusions or  recanmendations as to how an SPS program should bc conducted. 

There ;ire of course many possible program options; no systematic analysis and comyarison has been 

conducted. The assunlptions for nonrecurring cost were: 

o After a technology verification program, involving ground and flight programs but no new 

space vehicles. development of the 10.000 megawatt SPS. and its associated systems begins, 

o The production capacity initially developed is sized for a production rate of one SPS per year. 

Figure 3.2.619 shows an estimate through the first photovoltaic SPS for LEO constrr~ction. 

(Figures for CEO would be slightly higher.) The cost for the initid SPS was derived by deleting 

that part of costs for I SPSfyear associated with amortization of  facilities and vehicles to  avoid 

double bookkeeping. and applying a 1.5 prototype factor t o  the balance. Thc themld engine total 

was also estimated and is about S8 billion highor. primarily due t o  the more expensive coristnrction 

bases. 
Note that the cost of SPS development as such is a small portion of the total. Most of the costs are 

associated with establishing the 10.000 megawatts per year production capability 2nd with develop- 

ment of the asu)c-iated space flight operations systems. The number I SPS itself is also a large cost 

item. 
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Fire 3.2.6-19. Tetal Costs Through #I SPS P!mtofi-ltaic Systm; 



4.0 TECHNOLOGY VERIFICATION NEEDS 

Establishment of firm designs, performance levels, cost expectations, development requirements, 

and environmental acceptability, depends on the achievable characteristics of several critical tech- 

nologies. Although overall success of SPS development is possible over a range of  performance of 

these technologies, establishment of specific attainable performance level: is important to  estab!ish- 

ment of designs and system specifications. Accordingly, technology verification can presently be 

regarded as a key schedule constraint for potential availability of SPSderived energy. Because of 

this importance of technology verification. detailed recommendations have been developed: 

4.1 GROUND-BASED (NON-FLIGHT) TECHNOLOGY VERIFICATlONS 

General areas include energy conversion, materials, structures, electrical systems, RF systems, flight 

control, space transportatian, space construction operations. and space environment effects. 

Energy Conversion 

If  sufficiently low costs can be achieved. w!ar cells are preferred tor energy conversion. Recom- 

mended solar blanket technology efforts i nc lde  automated cell production by conventional and 

novel means. automated blanket assembly. development of prototype blanket elemegt designs, rad- 

irtion effects investigations and solar cell annealing, high voltage array operation, and advanced 

solar blanket (e.g. gallium arsenide) development. 

These technology devel~pments will confirm solar cell and blanket design parameters. performance 

and production methods and increase confidence in costs, providing a sufficient knowledge base t o  

allow preparation of solar blanket hardware design specifications appropriate t o  an SPS program. 

Recommended funding in the first yea1 is 2.5 million with asregate over a five year program of 

16 million. 

Until near-tern Icw cost production of photovoltaic solar blankets is assured, it is prudent to  carry 

:: bzckup !ech::c?!zgy pregam fnr the thermal engine e m r u  conversion option Recomnier,,!i.d 

efforts include engine design studies and criticd component testing. automated space 

brazing techniques, solar concentrator model testing. meteoroid penetration testing. zero-g heat 

trarisfer investigations. and lightweight pneratol technology development. Most c - f  thcse techno- 

logy aieas are applicable to  SPS design and developmevt even if them~al  engine SPS's are never 

built. 

These activities will establish design parrtmctcrs. subsystem performance. J ~ J  provide a sufficient 

kllowledge base to allow preparation of  thermal engine and other design specifications appropriate 

to an SPS program. Rwontmendect funding In the first year iq 2.5 !~!il!ic:: x::f !!:: -.<?:pate over 

five years is 16 million. Ciiven early success in the pllittovoltaics cffort. !he thermal ctiginc techno- 

logy cffort could be reduced in scope. 



Ma teria's 

Materials testing anti develop~neilt are recoii~tiit.nded in tile areas of piastics ri11tl ~clri\po.iit\~\, life and 

properties in the space r.nvirotitnent. honditig atltl frtstelling tCclitiiques for si~rict8 z~bnstrtictio~l. 

moderate-to-liigii tetnpcntithts compositr's. t l icmi~l control rind otlier co;~ti~igs. rind .;lx.cial-~)urposc 

alloy J e v e l c p ~ ~ ~ e ~ ~ t .  

Thew technology items are required for wlectiotl of nrat~.riaIs. st'ttitig ol' ;illownklc strcsscs and 

other desiga it>ntlitio~ls. arid detaiiiitg ofsl~;tcc ;as~~~i ib ly  proc'e::ws. ;~i~propriatc to ; t i i ~ i c v ~ t t ~ ~ i i t  of 

SPS designs suitable for 30 to 100 years' qwrati~tg life. K~~o tna i enJed  i'irnding in tile l int year is 

1.5 rtiillion and the asregstc  over tivc y e s s  is 10 million. 

Structures 

Fabrication stid tests of reprcwtltative s t r t~~, tumi clenietits atltl joining devices sllotild I>L* cc>~i~lti~-tc;l 

to establish conlidencc in predictiotl i s r t h d s  for struztrrral stretlgth and Jy11amic.s Ibr tt1i.w tl1i11 

gage lightweight structur;~l elements. Tests and a11;ilyses arc also ncctlcd to  i~iiprovc pretlictioi~s 01' 

structural thermal response and pfttcisio~i in the operating environment. Acliicve11lcnt of very sni:ill 

structural responszs to  tlicrmal ilucti~ations can gre:itly siniplify SPS Aesigii. ~-s~c-cially in t l ~ c  I>otvcr 

transmitter. Kecomn~ended C~indiiig in the f ~ n t  yc;~r is 0.75 u~illioil: tliib aggreg:itc over 1ivc years is 

8.75 million. 

Ekctricai Systenls 

Electrical systems tt 'chnolon itcms in~lude  fast s\t'itcllgear ;111d con~p~)t ic~i ts  Ibr Kt: : ~ ~ ~ ~ l ~ l i l ' i ~ , r  ; ~ r c  

suppressicn, l~igli c.ftit.icncy ligtit\i'ciglit powcr prcxcssors (about 15'; of titc S!'S onhoarit powcr 

rcqiiires proccssiri~l. conductors. I~igli-tcniperaturc wiilic.oncItictors. ItigIl-power slip riugs aiid Iiglit- 

weight electric powcr storage. Thcse activities ;ire ~icr'dcd t o  selcct ;ind cst;ihlisi~ clcctrical powcr 

dist r~hurions and proccsaing design p;iran:ctcra ;lriJ to pcrtni t ~~rcparation 01' Jcsig11 \pCc,ilii.ations. 

R~cc~nimcndctl iitnding in ttic first yciir is 1.5 niillion. tile ayelegate ovcr five yc;trs ia I 2 ~i)iIlio:~. 

RF Systems 

rflc power tr;rrisr*.:ssio~i systeni is at tlie li*'art of tlie SP5 sys tc~i~ .  Its pCrtbr~ii;iricc ;riitl opcr:~titi!~ 

chrtrrrctcristic~ arc' critic:rl to  c~tablisti~nt.nt of t l ~ c  cnrrall systcti~ Jcsisn p;lraiiit.ttn ;IS wcll aa cost 

rsti~natts.  I'llL. design 01 .  thc power transniittcr rcquircs intcgratioti of i~itcractin: sri-itctural. cicc- 

trical. KI:. tlternlal coritrol. ant] tlipfit control p;rr;ttilctcn. Altltougl~ tlicrc ia c.onsicl~)r;~hl . Jcaign 

Ilcsihiliry i n  ths K t  systc~ii it1 Icrnls of altering desip; p;~ranlctcrs io utlapt to conil>o~icnt !si~I>\ys- 

tern pcriom1:tncc Icvcl. ~~cc . c s s i i~ l  opcr;~tton o i  a tlcsipn. once tlic paralnctcn arc sct. ia dcpcn~lc~i t  

on :tcliicving apccificil ~ o r n l ~ o n c n t ~ ~ i h s y s t ~ ~ i i  ~~c r fo r i~~anccs .  ~l'l~crtfcirc. tcclinolog): vcrificatic~n i l l  

111;:. arc;# ia parti~~ularly inlpart;tnt. 

Specitiz item inclucIc dcvelopmcnt of laboratory prototy pc K I: ;rmplificr ti~hcs. 1~l1;tw control cir- 

cuitry. . I I I ~  ; ~ I I ~ ~ I I I L I  \i~Ixtrr;iy liiirtl\v;irc. lc;ilii~iy to ;I prf.>totypc i11tcgr:rtcd si11>;1rr;1) . \ ~ I ~ ~ ~ I ~ I I I ~ ~ I I ~ c c I  i ~ y  



tonosphere heating tests, radio frequency interference testing and design standards development, 

exploratory development of high efficiency, high temperature solid state amplifiers, and develop- 

ment of receiving antenna elements. The recommended verifiedtior. program will provide the know- 
ledge base for subsystemfcomponent specifications and for selecting system design parameters. 

Recommended funding in the first year is 6 million dollars; the aggregate over five years is 37 
million. 

Flight Contml Systems 
A development effort on theorv, algorithms, and software is needed to  add confidence to  the tech- 

niques appropriate to control of the large, flexible SPS spacecraft. A snail effort on sensors is also 

appropriate. Recommended funding in the first year is 0.5 millicn, with an aggregate of 4 million 

over the five-year period. 

Space Transportation 
Acl~icving projected low costs for space transportation is important to  cconomic attnctikeness of 

SPS power. Studies have verified. to the extent possible by study. these low costs. Key technology 

verification needs include zero-g propellant transfer. a new booster engine, high-power electric pro- 

pulsion, fully reusable (e.g.. watercooled) launch vehicle heat shields, oxygen/hydrogen-fueled auxil- 

iary propulsion, and on-orbit servicing of vehicles. (The recommended work on the last item invol- 

ves design studies for checkout, maintenance, and hardware changeout equipment and techniques.) 

The booster engine will be the schedule limiter for the advanced launch vehicle system Upper 
stages can use the Space Shuttle Main Engine. The recommended technology effort will support the 

initiation of development of the lowtost transportation system. Recommended tint-year fuunding 

is 4 n~illion witl; a five-year total of 36 n1il:inn 

Space Construction 
Construction of SPS's will involve the operation of a final assembly factor)' in space. Critical tech- 

nologies include ituton~ated fabrication of space structures. closed life-support systems. means of 

in +tu structure integrity verification. docking dnd berthing of large space systems, drvtlopnient of 

construction operator acconlnlodations and provisions. and construction base onboard logistics sys- 

tems. These activities will provillf technology verification support development of sonstruct~on 

t-;;:.c.s t;r,c! :!xi; cqupi,ici;t ini-ciiiory. R ~ i ~ r ~ t i ~ ~ c r ~ c i t - J  fini-year iirndi~.g is 3 miiiion and the i~ve-year 

aggregate is 2 2 . 5  million. 

Space Environment 

A modes; study and analysis effort to improve knowlcdpe and predictallility of space cnvironmcnt 

effects is needed. Included are meteoroid, plasina and fields. and cnergctic radiation. Rcconime~l- 

ded first-ycar funding is 2 million for a tivc-year total of 1 1  million. 



Totals 
The total ground based trct~nolopy verification program is surnl~~arized in Table 4-1. 'l'he first-year 

total is about 25 nlillioii with s five-year total of 170 million. Table 4-2 presents a more detailed 

description of the specific recommended technology items Priorities indicated have the following 

meanings: 

(1) Very important t o  an SPS program decision. 

( 2 )  Cotrld probably be accc~n~rnodrtted wittiin a Jt.veIopmetil effort. but precursor technology 

program would significantly reduce risk. 

( 3 )  These technalogy itms would support development of advanced SPS's with improved perfor- 

rntlnce and reduced cost. Their leverage is great cnoi~gli t o  tnerit early techr~olopy ttltorts. 

4.2 FLIGHT TEST TECHNOLOGY VERIFICATION 

The reco~nmendcri !light yropr,im is presented belo\\. I t  includes an interferometer spacecraft 

expznmcnt. shuttle' wrtle fliphts. and :* wlar power technology ifemon\tlator irl the power range 

250 kts to 1000 kw. cctl.!n~cted and tcndrd in low tart11 orbit by tllc space shuttle. Costs for this 

program are lc\\ ~ c l l  d c i ~ n ~ t i .  e \ t~~i iatcd tot.11~ are 50 to 100 milltori for the tn?'rft.rometcr sp.~cc.- 

c ra f .  675 rnr!Iioti for shuttle sbrtlc\ J I ~ J  2.1 billion for the solar power Jeinonstrator ~iicli~ding 

des~gn, dc\t.loprnent. launcl~cs. con~tr,ic:ron.  rid tile c.otnplete cxperimrlit propratti. 

Fabrication Tests 

Objective I)ctnonstiatc in tlic \p,ict' c~ivirontiient a11 critical irthricatiun 1,roc-esses to  be t1sct1 in  thc 

sracc c:onstrti~.tiori of SPS's: 

Specific Tests 

Structtrtt, (hc.1111) t:,~Pnc.iror\ 

MCcit,tntc~~l fa\tcning 

l'u\ian \~citl~n,c ,inti hr,r/llip 

L I t r ~ \ ( ~ t l ~ c  \\ 'I(l~;ig 01 ~ x > t ~ i p ( ~ \ ~ t c ~  

Btm~liny 

Implementation Stiu t r l c  sortie tligli ts. 

Environment 

Objective I;nl,r.ovc definiti\)n o t ' h p a ~ ~  c~ivironmc~ltal f'ait:rs inipr,.::rnt to SI'S coiistr~~ction. opcr;i- 

tion. a n ~ l  lifc. 

Specific T2sts 

I .  i t .  I o ~ i s i t c  I itig ;~nd ~~ropcrticl* cll:~nges under rc prcscntativc SI'S 

$- .o~~di i io~\ \ .  



Tabk 4 1  SPS S Year Technology Devetopment Pian* 

Y LARS 
TEMmfLOGY ARCA 

o SOLA9 CELLS 

o MERML ENGINES 1 Th~c AL SYSTLHf 

o WlCROUAVE PWER TRA:iS"iSSION SYSTEM 

0 SPACE STRUCTURES 

o MTER14LS 

o FLIGHT C0UTM)L SYSTEFS 

c COtlSTWCTION SYSTEEIS 

a TRANSPORTATION SYSTFMS 

o W Y E R  O1S:RIBUTION AW CONTROLS 

o SPXE Et(V1RCf(KN'fAl FACTORS 

TOTALS 24.75 35.50 40.25 39 .? 33.7 

Dots n o t  I nc l ude  a ~ y  requ i r ed  space ta ti n!: 

F d l n g  I n  m t l l l o n s  of d o l l a r s  

Tabk 4-2 Recommended Technology Studies 

ARt A - I ~ T O R ~ ~ ' K E  

SOlAP r!ilS 

o Continuous GruetC, So lar  Ce l l  cos ts  are  a  s i g n i f ~ c d n t  SPS ~ c s t  3 r i v0 ,  Ccl! e f r , r iency  
Processing j i iu rk  has t he  g r e ~ t e s t  ef ;ect  o n  525 s  ze o f  3ny ,Sent'f:eC ? d r ~ - e t c r .  
Wtth fRDA Program) 

o Alrt*aied i r ianaet  5V5 s i z e  (approx. 100 tauare  b t 'c-ieters) requ i res  1 t r ge  q d a n t t t /  
Assem ly  o f  t e l l  b l a v ' e t .  Au toma t~on  reqd:rcd t o  r ch i eve  t o *  cos t  and higt ,  

p roduct ion .  

o  Pro to type 81cnkct  Dcg. 'b'.-?~1als corr?~::ltil i:y I n  s9a:e erd l ron-en? nust be ~ d c t r t l  f i c d  
Red la t ion  degradat ion  an6 dnnealtng a d s t  be q ~ ? l ? . f i c ? .  

o Rad ia t i on  E::cL:: 3 Rdd id t lon  Effr;ts Are th?  I d r g c > t  i d r n t i f i e d  P ~ : ~ t 0 ~ 3 1 : a i i  SPJ 
Anneal I sg perfurinancc dc j r ddd t i on  pJrar: c:cr. inned! i ng  c f i e r s  me'r~od o f  

recovery from r a d i a t i o n  d e g r a i l ~  t l o n .  

o  tJ iqb  Vol tdgc Arrays t ' iqn vol  tdqe a r ray  dcs I gn  d a t a  I F  lai) In9 Yo1 t a p  r c ~ , l ~ t i o n  a t  tCle 
with Vol tage Sw.'-hi,,j 3-ray l e v e l  s l n ~ l l f l e s  p w c r  , ~ ~ o c c s s i n g  requ:rcrcnts 
6 Regula t ion  

o  T l i i n -F i lm  GaAs ' e l t r  The use o f  GJAS ; o r l -  ,,lIs o f f e r s  the  ootent 'a l  f o r  5 1 c n . f l c ~ n t l v  
r t duc ln t j  5 , s  ; l z c  J f J  IrdSS. t d I l f b + "  reserve. a re  f l n l t r .  Th ln- f9 'm 
c t l l s  reduce Gai l  iu r i  Jsagc 

TOTAL 
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- tw &welopea far either earth or sp#e f rbr ic r t ion  of ast- st*-rrrwr.  

1. Omrll p m i s i o n  
C. Mr. Tahniqv@s 

o q i - T s p .  ni-Eft'y Trmislstorited RF-#: c o r n t r t m  t f fer an r t t r r c t l v t  a i t m t e  to  Irlfitmnt 
, .laistor R f  kp. r a d  miitronr prr t icu lar ly  w1U1 lo s t r v i c t  l i f e  sia;e aUPog 

m i o n  i s  mt r prob im w i t h  soi id state &vices. 
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b p k m m b f i O n  -Shuttle sorties and gecxynchronma ' 3ng duration exposure facility LDEF). The 

ht tcr  COUM be placed at GEO by an 111s and samples later retrkvttri by a manned CEO sortie when 

the latter capability is developed. 

Spar plasma and radiation environments emphasis on better definition of low t o  moder~te  

energy d i a t i o n  et~vironments and plasma et-fects. 

~ m ~ b f i O I I - M r w r e m e n t s  ahward suitable spacccnft. kxisting program such s S('BTHA 
and ISEE can pnwije much of  the needed information. 

RFimicrowave propawtion-S&ial-power-lzvel simulation of p w c r  transmitter k a n t  steering 

and phase control over actual gemynchronous range. 

Irtrpknrtatation-Shuttle ll!S-1aunclic.ct gmynzhronous microwave interfcroineter spacecraft. The 

spacecraft conczpt is shown in F'igure 4-1. RF tansponders on the buom tips would zimiilate tti* 

large aperture of the power transmitter. The tmnyronders would k synchronized and phase con- 

trolkd by methads hcmg tested for power transmitter application. Ground measurements of the 

interference patterns prorfuczrl by the interferometer transponders would determine the perfor- 

manly of  the p h a e  control techniques. 

SPS Power Generation and Power Transmission 

Ob&tive-honstrate critical technolc~y applications and opention in the space environment 

Specific Tests 

Pouer generation operate izrgz solar atrdys at nlorterate to high voltaptt. 

Power tr~nstitision c~r ' ra te  prototype klystron module  in space conditions. Test open and 

c l m d  envelnw t u b .  M t a ~ r r .  and asses?; RF arcing problenis in evxuated u~vegwidr's under 

various !enipi.n ture and out_msinp conditions. 

Electric propitision t e t  high power $ '- 100 L\v) thrusters. Measure thruster p l a s n ~ a . ~ l a r  away 

in tcnctions. 

Space-based solar cell anr ic~l~ng tests. 

ImplementationL- 

lnitiai Shuttle sortie !lights. 

Final -Large Power Module: Up to 1000 kw of solar-eiectric power at LtO. 
tThernial envit-onment tests may requirt. operation of up to nine 70 kw klystron ~iiojuitls requiring 

about kw,.) Array voltage switchable i ~ p  to ZOOO volts. "Test hcnch" contigiration to allow con- 

duct of various power generation. p o w r  i i a ~ l ~ ~ i i i s ~ i ~ n  and propulsion tests. 

Annealing tests coiild be preceded by electric-propelled LPM wrti: into lowcr van Allen belts with 

return to 450-500 kni orbit for tests. 



SPACECRAFT 8 IUS PACKAGED IN SHUlTLE 

ARRAY 

DEPLOYMENT SEQUENCE 

c- Figure 4-1 lnterfc~mcter Spacecraft Concept 



LPM test program primarily automated wtith support by periodic shuttlr sortie flights. 

The total ground and flight prograrti is summarired in Figure 4-2. 

ANNUAL 
FUtJDlNG 

SM 
(isn SS) 

1 DECISION TO START SPACE TESTING v 
2 DECISION TO COMMIT TO POWER MODULE DEMONSTRATfON v 
3 DECISION TO BEGIN SPS PROGRAM v 

Figure 4-2 The Verification Phrse: F i t  Step to SPS 



5.0 DISCUSSION OF SPS PLANNING ISSUES 

This section presents a discussion of the SPS planning issues that were appended t o  the NASA State- 

ment of Work for the SPS System Defmition Study. 

A. Subprogrsm Area: Systems Definition 

SPS Objective-Define the candidate Solar Power Satellite (SPS) systems which are capable of 

supplying a significant portion of the future United States electrical energy requirements at costs 

equal t o  or less than alternative nondepleting sources. 

( I )  What is the mass, acquisition cost, operating cost, and reliability of a SPS network built 
utilizing the technology available now, in 1980, 1985. and 1990, respectively? 

Answer 
This study emphasized the definition of SPS systems utilizing base technology generally avail- 

able now t o  1980. Several areas of technology verification and refinement were identified as 

discussed in Section 4 of this volume. Also discussed in Section 3.2.6 of this volume are the 

masses, acquisition cost, operating cost. and availability estimates. The principal technology 

advancements expected t o  become available in the next 10 years that would significantly influ- 

ence SPS mass and cost are those in advanced photovoltaics. such as thin film galiium arsenide. 

An advanced high efficiency. thin-film photovoltaic technology could reduce system cost by 

10 t o  15%. It should be noted that the greatest cost leverages appear to  be in the development 

of production and operations technologies appropriate t o  large scale installation of SPS's. It 

is believed that these technologies will mature as a result of the development and deployment 

of SFS systems. 

(2) What is the confidence level of each of the technology forecast utilized in answering the 
first question? What are the impacts upon basic feasibility and costs of over or under 

estimation of the figures of merit of each parameter of the technology forecasts? Which 

of those forecasts may be in error without significant impact? 

Answer 
Confidence levels were addresed by the uncertainty analyses. Relative significances of the 

uncertainties and elemental technolo@es were discussed as a part of the uncertainty analyses 

discussion in Section 3.2.5 of this volume. Power transmission system link efficiency. space 

operations cost, and receiving antenna costs, appear to  have the greatest leverage on overall 

system cost and feasibility. Sensitivity of the SPS's to  solar cell cost was less than suspected. 

This sensitivity is discussed in Section 3.1.3. 



(3)  What is the expected change in each catdidate SPS concepts' mass and cost characteris- 

tics as a multiple-decade program matures? Can ongoing research and development be 
applied to improve the characteristics of the later satellites and their ground cornpiex'! 

What is the extent of improvetileltt given a R&D activity parallel to  operational deploy- 

ment constrained only by talent and facilitiesa! What fraction of this unconstrained R&D 
effort appears to  be cost effective? In what areas should the effort be concentrated'! 

Answer 
Expected changes in the candidate SPS concepts. mass and cost characteristics during the early 

to  middle parts of an SPS program were discussed under the cost analyses section of this voi- 

ume. The nature of the SPS system is such that continuing research and development will be 

highly effective in accomplishirg product improvement and cost reduction. Detailed analyses 

of parallel product in~proiement programs were not conducted. Amin. the major leverages 

appear t o  br in power transmission link efficiency. space operations costs. and receiving 

antenna costs. 

(4 )  Are thert. natural limits to  growth of an SPS network'? What present or planned activities 
of terrestrial society might he adversely inipacted by placement of such a network? How 

may these iil~pacts be ameliorated? 

Answer 
Limits to  the srowth of an SPS  nctwork appear to be sufficiently far removed to be of little 

practical interest at this time. %umbers of satel!ites greater than 1.000 would certainly be fea- 

sible. Sociological irnpact analyses were beyand the scope of this study.: 

(5) What are the alternatike pdtlis which might be p i~nurd  in establishing an SPS network? 
What arc. the details o i  the tcc.hnolo_ey adtanccmrnt phase. prerequisite to  conimitment 

to large scale experimental s:~tellites:' When must nlajor decisions be reached in order to  

bcgin con~mercial power generation ( 1000 MI4 or more) by 1988? by 1992? by Ic)96? 

What are the issues t o  be resolved in order for each major decision t o  be reached'? What 

are the criteria for proceeding? For stopping'! 

Answer 

Alternative path, were not investigated. The technology verification phase was specifically 

characterized and is described in Sectlon 4 of this document. The minimum length of a pro- 

gram reaching commercial power generation appears t o  bc 12 to 15 years. Development of the 

basic space operations technology could occur in about the length of time required t o  accom- 

plish tlic nianned lunar landing. that is. roughly 8 years. However. once this technology is 

operational. about 4 years would be required to  establish the constructioti base in space and 

construct thc first SPS. 'The technology verification plan addressed the technical issues to  be 

resolved; other i\sucs such as env~rontilrntal and sociolog~cal impact were oirtsfdc the $cope of 

this study. 



16) What manapment, ownership and responsibility structure is suitable for each phase of an 
SPS program'? What involvement is appropriate of non-government groups in the conduct 

of each phase? Are there issucs which require intergovernmental activity? 

A m e r  
This question was not investigated. 

(7) What are the favorable and adverse impacts to  society which may be consequent t o  a 

technology advancement phase of an SPS program? Of a pilot plant or demonstrator unit? 

Of a small network'? Of the limiting case (or very large) network? How may these 

in~pacts be handled t o  maximize benefits, minimize penalties and permit progress to 
continue? 

A-er 

This question was not investigated. 

B. Subprogram Area: Microwave Energy Technology 

SPS Objective-To transmit 5 x 106 kw over a distance of 3.6 x 104 km by means of a pilot-signal 

steered phased array antenna at an overall UC-DC efficiency of 65-70%. 

(1 )  What performance characteristics of key components including DC-RF converter noise 
and efficiency and rectenna efficiency were assumed in the system studies? Are these 

attainable? What technology is needed to  meet system requirements? 

Answer 

Performance characteristics of the components are discussed in brief in Section 3.2.1 of this 

volume and in detail in Volunle 4. Detailed study of the critical performance characteristics 

indicated little doubt that these characteristics could be obtained by the technology verifica- 

tion program discussed in Section 4 of  this volume. 

(2)  Can an adaptive phase control system that electronically positions the microwave beam to  
within one arcsecond be realized? What technology is ~equired? 

Answer 

Several approaches t o  adaptive phase control have been identified by the various studies. Two 

of these are discussed in some detail in volume 4. Study results indicate that the desired per- 

formance can be achieved by appropriate application of existing base technology. The per- 

formance requirements, howcver. are demanding and a technology verification effort is needed 

to confirm predictions and techniques. 



(3) What candidate antenna waveguide and structural materials were assumed in the syst:m 
studies? Can these materials satisfy the mechanicai and thermal constraints. including 

thermal cycling? What technology is needed t o  meet the requirements? 

Answer 
Crdphite composites were assumed because they can satisfy the constraints and requirements. 

The graphite composite waveguides would be nletal plated on  the inside t o  reduce losses. ' h i s  

information is ctiscussed in more detail in Volume 4. 

(4) What are the mechanical tolerances that can be maintained in the f;?!)rication of 10-20 
meter long, thin-walled waveguides? 

Answer 

Mechanical tolerances an. discussed in detail in Voliime 4 with an analysis of the errors result- 

ing from thc various mechanical tolerances. l l e s e  errors were included in the link efficiency 

analyses. 

(5 )  What antenna structural configilntiofis and subarray segmenting techniques will satisfy 
the requirement of maintaining me~hanical alignment t o  several mm over the one k n ~  
diameter array:' 

Answer 

Structttral configuration$ f,rr the antenna are discimed in Volume 4. These appear to be ade- 

quate t o  meet the meci;anic;rl alignment needs. Mechanical alignment t o  several millimeters is 

not literally require..i binctt c.Icctronic phase control can cumpensite for largc-scdc n~cchanical 

error. Tht. princip:tl tolerance and precision requirements itre at the sub;trray It.vel. The mdi- 

ating face of tile stibarri~y for example. must bc tlat to  within a few nlillit~~eters and it is highly 

desirrtbltt t:, have an overall antenna ccmtipurztion that is rzlatikelv unaffec.ted by tticrmrtl 

changcs. 

0 What are the effects of the interactic~n of GEO plasma. ionospliere pl;~srnrt ;tnd the Earth's 

atmosphere on a 5 to I O  gigawatt power hem1 and the pilot steering be;un'? 

Answer 

This question was not invc~tigat~d.  An euperimental program is needed t o  define these inter- 

actions. Such experimental progranls are discussed under the tcchnotogy verificatioli section 

of this volume. 



C. Subprogram Area: Environmental Effects 

SPS Objective-Assure acceptable impacts on the ground, in the atmosphere, and i11 space, when 

steadily delivering 500-2000 GW of electric power t o  the ground by microwave beams that originate 

from 100-200 satellite power stations located in geosynchronous orbit. 

( 1 ) What types of vehicles and propellants did the system studies assum:: for launch to  low 
Earth orbit. operations there. transfer from LEO to GEO. and stationkeeping, attitude 

control, and operations in CEO? What types of emissions are produced by these vehicles 

using these propellants? For a system of 100-200 power satellites, each delivering 5-10 

GW of power on the ground, what total mass of exhaust pollutants and chemical reaction 

products per year are produced on the ground. in the atmosphere. and in space during (a) 

buildup of the system, and (b) steady operation? 

Answer 

Transportation systenl characteristics, propellants. types of emissions. and quantities of 

emissions are discussed in Volume 5 of Part 1 of  this study and Vol~rme 5 of Part 1. 

(2)  What microwave frequency was assumed in the systern studies for power transmission to 

the ground? What analyses and experiments are needed to  assess potential interference 

(RFI)  with other users 9f  the radio Frequency spec.truml 

Answer 

The microwave frequency is 2.45 gigahertz. Analyses and experin~i.nts required are tiisctr~sed 

in the tecnnology verificatiorl section of this document. 

( 3 )  What power density levels and distributions in the microwave bean1 did the system studies 
assume (a)  at the tranu~litting anten:la. and ( h )  at the rectenna on the ground'? What are 

the power densities during beam passage through the ionosphere'? What analyses and 

experiments are needed to  assess the effects on the ionosphere of 1 .  100, and 200 such 

microwave beams'? That analyses and experintents are needed to  estimate the microwave 

field on the ground near to and far from the rectenna due t o  taper of the main beam and 

due t o  the sidrlobes, for a system of 100-200 satellite power stations and total ground 

power levds of 500-2000 GW'? How can the impact on nlan be assessed due to  (a) acute 

exposure to  the main beam and (b) chronic exposure to low intensity microwa\t fields'? 

How can long term ecological effects be assessed? 

Answer 
7 

Power derlsity level at the transtnittcr was no greater tlian 23 kwlni- because of thermal limita- 

tions. At the receiving antenna ciri the ground the peak hearn intensity was limited to 23 mw/ 
7 

cm-. Ionosphere dclisities are essentially the same as the ground ievcl densities. Lirnited 



inforniation nri ic)nospltt*rc cffccts o f  t l~ese hcams can hc obt3ilird I>y ground based ionosphere 

hzalitig tests. Analysis of fartielit microwave intensities for tiiultiple satellite systems were not 

investigated. Tliese fields can he predicted by analysis and further investigation is needed. 

Environmental i r ~ ~ p a c t s  were oittside the scope of  this study. 

(4) If the rectennii i h  85-90 percent efficient. 10-15 percent of  the energy in the bean1 ma! he 

released a\ Ba\tr' heat. Wha: analyses arid cxperinients are needed t o  asseu potential he:tt 

ihland effects, flora 'tnd fauna impiicts. and potential land utili7at1onl 

Answer 

l leat  rrl:ase fro111 the recerving a~i tenna was rrot investigated by this study. ( A  heat release 

analysis wab performed bk J S C  and effects hc rc  estiniated to  he  negliglhlt..) 

D. Subpropran1 .Are3 Space Srructures 

SPS Objective-L'er) large area. rn in~mui i~  uetght. controllable structures cunf ig~red  for construc- 

tion in sp.~,-t.. 

4 I )  \VII;I! catiilidatt. ~tr.i~c~tirr;ti tilaterials itre candidates Ibr the  spitern studies'.' ('an thekc 

11iateri:tis satisfy thc lift'tinie reqitircmcnts and mcctianical and t htniial constraints. 

including thc'rtil;~l cyclitig'! 

.4nswer 

I'lir prtnirtry strttctural r:i;rtcri;tl assunicti w i~s  grr~phitc i u ~ i i p ~ s i t r .  hzcausc of its indicated ahil- 

ity to  s;ttisfy tncchatiiial ;tnd tlierinal constrai i~ts inclitding tlierrnal cycling. Additional 

itiiorniation oti t t t t*  lit;~tiriic o t ' t l ~ ~  ~iiatt~ri;il in the spact, rnvironnlcnt is nrt.11t.tl. This '.an PC 
obtained hj. ;tpproprjafC tc~.linc~Iogy \ t~~ i f i ca t iun  activities as rrconiniendcd in Scction 1 o f  tlii.; 

~-0lunlc.  

( 2  \Vhat 3trtrctirr.1l zontiguration3 % i l l  satisfy the confli~*ting rcquiremcnts of nlinirrii~irig 

\sL.ipht wliile ni;~\inii/it?g rigidit!.'! 

Atiswer 

Tul>ular tritsh stru~.tiirt-5 can niect 1liesc rCqiiirenlents. Vario,ls n:eans o i  protiticing tuhular 

truss strititilrcs 1 1 3 ~ ~ '  heen ititcstipatt~cf and a;,pesr ti.asihlr. 



14, tkcntl;tl L-ontrd ~ ~ a r ~ :  pmsmt ;a Sa dwtures? How can them3 c.ontroi 

friunvi&r8? 

h?mel 

Tie bzst Q k m a l  c w r t d  appmac31 is to utiiue r shuctud m r t d  t b t  is insrtnsitivc to 

th-I rtt2- 

(51 What k tf:c optimum b h c e  between earth a d  q - 1 ~ ~  assembly anbfymtm? - 
A compkte analysis of thb question w a  not naadc. The answer appears ti) h: that r'a* 

assembly Ss preferred tr. the extent i t  can ht xilomnrod;rtgd whik still aperating the s p x  

tnnsportatm system tn 2 Baas limited mobe. The ~vKt of vdume-limited launches is so great 

that spac~ assembly opemtkxs are probably pfeferrbk. This pIxm a crnsidedli przrniuni 

on l a w  ~dumr: payload hays Tor b n c h  s & k k  

(6) m a t  stmtutsl configuraths. ~ ~ z n t  with flair-hdnical a d  thermal requintmcnlr ant 

adaptable to aut=nnated assembly in sptcz? 

b!swef 

A number of ~tmtura!  iunfrpuntions werc investigated 3rd all were ajaptaMc to sutrmated 

assembly in  yr-x-e. Either continmsfy-fomlzJ hams or ;lswrnhled beams n d c  o f  netable 

elements ars feasible. 

E. Sbprogmm Area: Pewer Conrcrsion ( Including. p lwer prwiming % dist r i h t  ion t 

SPS Objective-Multt-plgwatt power conversion systems. configured for assembly in space and 

designed for 30-year life. wit11 a very low mass pcr unit area ai:d a cmt  o f  several hundred dollars 

per kilowatt. 

4 1 I What perfomlance characteristics of key power conversistt ccu~ipsncnts and subsysten~s 

were assttrned i n  thz system studies? Are these characteristics attainable? What tesh- 

PO!* is rrqsiiml? 



AR%wer 

Pcrtomam-c cbrx-tcmtics of !he fewer rwvetC'iSiUI1 ~t#npcmmtr M. d k m d  m thk votum. 

in Vttltrtiw 3 anti in \'ditnte h. 1hr.r. rJ11~;i~'tefifflL-s wee rk-terminal to he at tainsk8: by the 

tix-hndogy ~ ~ r i f i c a t k ~  I progrant dcxrikl) ill SISticn 4 sf this vdume. 

13 ! Ik'tiir-tt ni itw ~.~r# ih is t r .  power ~=~wttrsnwt -iysiems i\ rtnW i t i tm - t  irt- fitr this applkatiozt 

Ercwn tlic t k-s pa*tttts c*f pcrti,ntt.mce, fc-ssitrility. rciishitit y snJ i r a l  

answer 

nits qiw\t tr~t i  # ~ 5  rlt't \witfit JII? dtklrt-xud. Ik*n pra-dun-  tcr xccuitnttdatc eI~-cInzrd 

i l taq tng  .apw.ir t r t  ht. a\;rilablc arid h.~i<.tlil) of i i ~ a k ~ n g  tlie rn t i t c  q\tzt i r  aift ica-ntly 

i ~ t i l ~ . . f i f  8 % ~ .  1st 3% old s- tc~.\\ttr- iftdfw dit  trriitft.ti I~lrfdtrps. 

: 1 l t )w  '.;in p o ~ e r  tmn\fcr k. .ri\.otnplidrrd tlims.; tlic power cyatCttt 'ltntcnnlt in t r r facc l  

.\n\wer 

An e l s i r r ~ a i  rotary loint  en~p ioy~np  \li[l ring technoIctgy is wcl l  within tlic rtatc 01- the art. 

fhc  d i p  rtrtp tiestpi t\  J r \ z~ t~wbd  i n  Voit~trte 3 01 tiits report. 

f ') Iitw can tfrc /YYHTT t~rrn-on. tttrtr-oif fnnsicnrs &st be I*;indlcd in thr. swif~lt i t ig. circuit 

prr~tt.t*tion ;ind \ r? l  t ; i ~ r~  r~gul ;~ l io t i  .trc;ia:' 



(8) What nre amepg&k techniques for poam d e e t i a r ,  rqpbtiar, switching md pmtectk-n 

which satisfy the mtmarllod in- requirements? 

A.ta#t 
The designs dttretopcd for p o w r  cdlection. regulation. switching, and pmtrx-tion satisfy the 

rrctcam and :d interface aquiremeet as presently understood. These are d k d  in 
Volume 3. 

S?S o l jmi r t - (a )  Siattmkeep and mechanically point a lJrm diameter microwave transmitting 

antenna to  within + I  minute of an' in p40synchmous orbit. (b) Stationkeep and mechanically 

point a very Large sdar array to within 51 degree of ur in _gmsynchroncna d i t .  (c) Stationkeep 

and atEtirde controt the stsuetuns during assembly. and control them during orbit transfer. 

(1 What types of control devices !e+. ion thrusters) did the system studitv investigate? 
What perfomancv levels were assumed for the devices? Should alternate types of devices 

and performance levels be eunhmted? Are the assumed or atternate devices available? Is 

technology advanc~went required? .&re the t~t;nology requirement5 affected by: 

(a) the stnicture cfiaracteristks (rigidity or flexibility. integral madular construction. 
inertia. vibrational modes)? 

(b) tkrmal defonnaiions of the structure during steady state and during the transients 
arising tkm short period orbits in LEO an4 recurrent eclipses in GEO? 

(c) steady, pulsed. or commanded operational modes? 

(dl the 30-year lifetime requirement of the satellite? 

(e) the need to minimize pollutant emission? 

(f) the need to minimize system weight? 

(g) other factors? 

Answer 

The principal control device investigated was ion thrusters for the overall SPS configuration. 

The accumulated momenta appeared to be too large for practical momentum exchange 

devices. Magnetic torquing is conceivab!e but might be unreliable in the variable magnetic 

environment at s~synchtonolis  orbit. Momentum exchange devices appear to be entirely 

practical for aiming the antenna and can be unloaded by applying torque to the antenna from 

the SPS. The momentum unloading then is accomplished by the ion thrusters on the SPS 



itself. The principal arra of techndogq. advance q u i d  is scaling up of existing ion thrusters 

to larger size and developing the high power proccwrs. Control system sndyscs indicated 

that simple ~ ~ n t r o l  techniques and software are adequate. that the stmcturttl dynamic- can be 

n aintsinzd at 3 htgh enough frequency so that they do not intermix w i th  control  responses. Ion 

thr~tster ~ S P S  were *kited in wde r  ,a minimize weight. ftecaux of the long system lifetime. 

;* is cxpedd  that ntrrrttcnsnce o i  the att i tude c a n t t d  system w i l l  be requtred. An additional 

factor is the need to establish control  i u~ tho t i t y  and cvrrect the satellite att i tude m an instance 

where control h a  k e n  temporarily lost and the satellite is not sun-king. Under atih a tin-um- 

stance. a backup chcniical thrust skstem is needed and was i w l ~ d d  in the system definition. 

definition- 

2 What types of datt sensing. data pw-ssing. and drtvicr actuation and i o n t d  systems did 

the satellite system s t d i e s  pmtulste? M a t  pcrfom~anc=e levels were assumctJ? Should 

alternate data sensing. promsing. actuation. and device control systems and performance 

Ievsls be inkrsri~sttd'.' Are the ~ssumrxl  or alternate systems available? Is t c ~ h n o l o g j  

adr~nctrment require&? Are the tmhnolop?.' requirements affected by: 

fa) requirements on  rt3pctns times and accuracies? 

t h) rrutmlatzd response rr.quirement'! 

(2) sensor and electrontc ttitzriact wi th  the antenna phase front control  system? 

( d )  other fa<tom*.' 

Answer 

Analysts o t  dsta it'nsing was c i tn i~ned priniaril> t o  inzawrernctlt lists. The nature of the lists 

doe\ not tnd~catc. w r t o i ~s  prohiern it1 i n r ~ t i n g  the requircment3 b) the data pruczssinp 

sslpabilitieq prrtuntt? 1iniit.r dr.wloptncnt. 

( Z t  What rr.quirt.nir.rtts <l ist  rtn atr ' l l i tc trackin_g and data acqutsition'! What t z chno lq t  

advancements are needed'! 

Answer 

Satcllitc orhit tn:!lnten.tnce shoiiiii be bawd on  dctznnination o f  the satrllitc cphzmerts by the 

interaction o f  :tie satr'llite and its ground station in  order t o  minitnite requ~rc-m~nts on  

separate tmcktnp ,icIuorhs. No ~~nusua l  data acquisition needs were ident i t i t4 except for thr' 

potr.ntia1 total proLc\\ing load require:nents rcsult~ng fmm rr~any wtzll i tes being i n  place. 

A p i n .  most o f  i h t ~  rcijulrcrnent \huuld be handlcd k t w c e n  each satellite and its ground sta- 

t ian t o  mlnini i te nccti for separate networks. 

(4) What rcqu~rrtnznta for  ~natcrials and s tn~cture technofogy are implied'! 

Answer 

No specific rcqtr i rcmcnt~ uert- icft'11tifit.d c3t:irr than ttiose identified hy other investigations. 



S)5 OQjectii-Transportation of all goods and pers~nnel necessary to construct and emplace an 

optmtiod space power station network at the least posu'ble total program cost. Preliminary analy- 
ses kdicate that transportation costs in the S50 t o  S201Kg range may be achieved. The former tar- 
get cost is reeded if the SPS mass is near the upper bounds of the preliminary estimates while the 

latter eust may be ra-eptoble for the lighter weight SPS concepts. 

(1) HLLV 
(3 What are the expected RDT&E and TFU costs of candidate HLLV con fwrations 

mnging in size from i 50 to  1000 metric toms of payload per launch? 

(b) What are the expected recovery and refurbishment msts of the vehkle stages ( 1 or  
2) comprising each c n d 2 a t e  HLLV concept? Comparison of winged and ballistic 

nxcvery, water and hnd touchdown. and flyback or ground traverse of stages. 

(c )  What are the anticipated personnel staff sizes required for each concept to perform 
prelaunch and launch ground operations. mission planning, flight control and sup 

port 4 including sustaining engineering)? How do  these manpower levels vary with 

launch rates consistent with the placement of 100 x 103 to 7500 x lo3 metric tons 

per year into LEO? 

(d) What are the facility acquisition and operational costs to support the flux n t e  of fc)? 

(el What are the propellant requirements of the candidate HLLV's to fulfil (c). includ- 
ing those fluids consumed at the launch site but not launchsd?Mat is the energy 

budget to  produce these fluids in the quantities required? What are ihe environ- 

mental impacts of their expenditure in the biosphere. includirtg pre-launch. launch 

and entryfrecovery 'sen icing mission phases? 

( f l  What requirements are placed upon the national material resourcejretiningpround 

transportation structure to acquire and operate the fleet of HLLV's for the SPS 
program? Can material conxwation/substitution programs reduce dependence upon 

scarce or imported resources? 

(g) What new /innovative technology may be developed.for use in the 199@2025 inter- 
val (may be several stages. time phased) lo enhance the cost-effectiveness or decrease 

any adverse effects of the launch activity of (c)? 

(h) What are the consequent costs per flight and costs/kg of payload of the candidate 
concepts as a function of size and launch rate? What confidence is present in these 

estimates? What gracefill fallback positions are available for each area capable of 

jeopardizing either prog :m technical succeqs or cost iargets? 

Answer 

All of these questions are addressed in Volume 5 of Part 1 and Part 2 of the study. respc- 

tively, with the exception of item (g). New technology was not specifically addressed. but one 

area of significant contribution would be an advanced space shuttle for personnel 

transportation. 



12) O'W tndewndeatiy-powerrtd 

a Yi. nat are the expected RDT&E and TFIf (Theoietical First Unit) costs of candidate 

independent cargo OW'S ranging in size from 250 to  1000 metric tons of payload 

deiivzreci to GEO from LEO? 

(b) To what ektent can retlight pre,uration be accomplished in LEO? What sre the 

fariliryimanpwrr/n~dtefhl requirements neimsay to  achieve reflight'! 

(c) How many reflights m.iy he accornplisht-d with each candidate OR:'  What changes 

in reflight costs and mission-cmpletion eiirhiiity xcnlrt as the vehicle approaches 

eild-of-life? What is t o  be lthe disposition of units w h i ~ h  have completed their xm- 

~LZ: life? 

(d l  What are the sizes of the staffs required in LEO and on Earth t o  support the cargo 

O W  operations (see Ic). How do thex manpower levels and costs vary with annual 
3 papisad t o  GEO over the range of 40 x lo3 t o  1 CO x 10- metric tons per year? 

How do the LEO facility rrqitirements c h a n g  over this same range9 

(el What operattonal issues emer_ez consequent t o  the orbital transfer operations over 

the rmgr of 3. ahobz" Launch witidows. communication rendzzvoits and docking 

requiremrnfe. abort. s3ft.t). mission planning and control. LEO indentory m.lnwe- 

tnent all require con~idemtioti and Jzvclopmznt of tlie associated costs. 

if) What technical issues emerge for propellant handling and conwrvation in LEO? Is 

new tt.chr\olt>g> required o r  advantageous:' H'hat losses map be anticipated of the 

fluids delivered to LEO'? 

(p) Hhat reyutrcnwnts are placed upon the nat~onat marerid resottrce, retining'ground 
transportation structure to acqtrire and operate the tltaef of  i f  1.LV.s tbr thc SPS pro. 

pr~rn'.' C'an matenai cot1wnatio11.'suhstitution programs rediice dependence upoq 
b i d f i t '  or in~porteci rr'\c)uri'es'.' 

f h )  U'hat ncw Intiovrttltc tzclinolopy may he developed for use in the 1990-2025 inter- 

\ 3 i  (ntd) be w\er~I st:tprs. tinte ptl;isd) to enhaticc the cost-et'fec'titeness or decrease 

any adverse effects :31'thz launch activity rtf t l Mc). 

i Wltat art! the p r ~ w l l t ~ ~  - t ' \ p ~ i t ~ d  pcrfornldncc c.ost,'refurhist~nit.nt paranleten of 

candid~t t~  ~Ii'ctrical prc~pi~lston thnistcrs. power c.c)nditioners. and power soilrcei! 

Contidei~cr'? 

Answer 

This question 1s ;iddressed hy Voli~mes 1 and 5 of Part 1 of tlie sttidy and Volume 5 of 

Part 2 .  

( 3 )  O W  Ih-pentien t IJpon SPS Power 

(a) What requireii~ents d w s  the OTV impose upon the SPS (or power prrxlucing mod- 

ules thereon to prrmit ittilitation of the avaiiahle elrctrical power Ibr tllc LEO-(;EO 
transit:' Powrr conditioning, distribution, storage. control. attitude control. s t n~c t -  

tiral response and other requirements must hc addressed. 



(b) What are the developments and unit costs associated with thrusters, dedicated power 
conditioners. propellant supply and avionic systems if the units are t o  k: 
(1) Expended 

(2) Remain with the SPS and serve as the attitudeforbit uiaintenance subsystztn 

(3) Recevvered to  LEO for reuse 

(c) What is necessary t o  perform the mission from LEO, considering earth wcultation'? 

Departure time. date, inclination altitude and thruster system thrust decay power 

off d l  interact. 

(d) &me series of  staff levclffscility questions as other vehicles. 

(el  Same series of  pmpellantfenvironrnctnbl impact question as others. 

Answer 

This question is addressed 6y Volume 5 of Part I and Part 2 of the study. Staff levels 

were not specifically addressed. The space construction facility in low Farth orbit 

includes caphility to  install the thrusting system. 

(4) Personnel Launch Vehicle 

(a) What can he done t o  configure the space shuttle orbiter as a personnel launcli vehi- 

cle? How many passengers:' How soon can t!le sliuttlt. systcnt rnature sufiicirntly t o  

pennit this use? At what cost? Is a dedicated orbiter o r  mission-hit approach 

pmfemd'! 

(b)  What new concepts (S3TO. new shuttle boosters, etc.) compete wlth ttie shuttle lirr 

this role? What an: the cost t r d t ~ o f f s  vs. level of activity and time" 

(2) What are the inter-project interfaces with the v a c e  evaluation facility (space station) 

and the BLV? Inter-project iswes include safety, rescues. rende7vous docking. etc. 

Answer 

ltetii (a)-Tile s p ~ c e  shuttle orbiter in a personnel lairtich ~eliicle c.on&ipiirat~oti was di\- 

cussed in Volunie 5 of Part I of tlic sttccty. A passenpcr capacity of 75 was ;ISSIIIIIC~. It IS 

indicated that a dedicated orbiter wolild he the preferred approach. Itenls (h) and (c) 

under Question 4 were not specifically addressed. Sewrltl other studies Ii;rvc. addrcswd 

new concepts that may conipete with the shuttle in this role. 

(5) Personnel OTV 

(a )  What are the candidate configurations. their technical cliaractcristics and propram- 

matic factors? Can the personnel conipartnient be the sariic ~rriit as tllc ~ersonncl 

compartment of the PLV? 

(b) Wh;~t are the abort and niission safety consideratrons:' 

Answer 

lterr (a) is addressed in Volurnr 5 of Part ! of tile study; Item (b )  is addressed in Vc-I- rile 

4 of Part 1 of the study. 



H. Subprogram Area: Operations 

SSObjcctive-Achieve the zonstructiun in orbit. pbcemrnt and .~ctivatton. aitd maintain the pro- 

ductive capability for 30 yearc or more. of an opemtimal spare power station nctworh tn a manner 

that assures relubie power .itailability to  the gound network at tiirnimutn ccst to  t11~ ptwcr 

consumer. 

4 I )  M a t  are the c o n s ; n ~ c t i o n i a s u m b I y ! a c t i v l t i o n ~ e  tasks t o  ht. considered for 

LEO and CEO perfunnancc? 

( 2 )  What srrr the required input of man-hours to  perfom1 thcse tasks? IVA'! EVA'.' Ground 

support'? 

( 3)  What facilities rtrr requircc! at the constntction site t o  perfc~rn~ the tasks'! 

( 4) What toolsi'eqi~ipmcrtt!c~n~~mahles are required? 

( 5 )  What is the potcntia; for mii:function]acr.idcnt during construction? Recoveryi'work 

aroiind:salvage+.'! 

( b)  What costs are rnvolved in 2 .  3, and 4: 
t 7 i  What is the p ~ t ~ t i t i a l  for ms~,i~fai'turing SPS components and suhassl'rnhlies in orbit nictre 

pru<itictively than on Earth? Crystals. thin film. solid state electronic devices. stmctur;ii 

and reflector elenit.nts. ztc.'? 

1 8) What arc. the staffins requirtBtiients in orbit and on Earth ,or wpresentative SPS constntc- 

tion,:oprr~tions szcnario for: 

fa) L.FO iotistrtrctiott'l 

(h) C;EO const n~ctiun'? 

(c  t Lt:() constritztiitn of  n~oilttlcs aswrnblcd 'deployed at GFO? 
( ')I What itre tiit- cjper~tional considerations of the I~rge  manned orbital acti~iti~s:' 

!I) I'crstj~~~ii'l 9lippirrt ill orbit 

t hi l'crbimni*i support on F;trtl~ 

t ('o~iiti~tiriic:rtions and ~lufa Itandling 

( d  1 X;tturl\I :in J ir\ti\rct.d cnr ironmi~nts anti protect ion 

(el  ItiilttccJ cfI'~.cts tipon tlit3 SPS iindcr constrtcction Jut- to opcri~tions it1 orhit'! Lip011 

the ~~rosplicrc'! 

t I2 Missicln :rnd cari'er co~ i s t r ;~ i~~ t s  ttpoti pcr~otir~i.l dttc to radiation other fitctors 
t > y i i ; r l  ~.;trccr pr~grcssioti (c.F.. whdt  ti ,  (10 with ftvc year 111t.riV1 

(p) Traitiing,'siitiulati~~t~!ccrtili~~:ttioti~nt~tt;il chcck for pcrsc~nncl 

(h i  ('osts (,fa11 of the ;lbovC 

t 10) Wti;ll provisicjns riitist he niatl~. for rt*ci'ipt ;tncI cfisl~itrscnicnt of supplies. t~spcritlablcs. 

tools. ctc. What 1.1t.ility and striff inlplicritic~ns arc iiihi'rctit to  tlic 1;lrgc-scdc logistics 

tasks'! 

( I I iVh;~t ~~rovisiotis ;ire necessary fix ~iicjhility of pcrsonni'l, cqitil~nit~nt. ;tnd co~istrir~tion 

c.lc~~ii~iiis'.' Arc tiicw t~rnvisions ic)nsistcrlt with tlic work s~~licdt~Ic.'tI;ty-tiigl~t ~-ycltv,'SI'S 

va1ner;tbiIity ( t o  rockct culi;tt~sts. torilucs. tstc.)'? 



(1 2 )  What will be the data tmfl'ic in orbit local and remote I~ow handled'! 

(13) What arc the key rlernents of tile orbital operations prcxess of the t1iatiire SPS ~ I ~ i i l i  

?trftst be developed; Jetnonstrated/ret'ined by bartt.-orbital precursor prc~jccts'! tlow d o  

the sliiittle. ektended durstion (up to 180 days) spacelab. space station. pilot plant \.1)11- 

tribute t o  help meet these needs'! What tunding is needed to support thehe k~rtit-c~rbital 

precursor projects'? 

(14) Wliat ground operations are as~01:iated with the re~-'tcntia'? What operatioris art: necC1c~l ;it 

the ititerface with the ttseil 

Answer 

Most of the questit*ns under operatrotis are addreswd by Volu~tlc 3 of P;trt 1 of the \ttidy  nil 

Voli~nic 5 of Part 2 .  The following were sptlcitically not addressed: Qiit.stton 5 .  C)uCstton '. 
Questiotl 9.e. Question '1.f. Qucst~on 9.g. Addition~l work is recornntendcii on Vilt.\tion\ 10 

'T vcr- and 1 1. Question I2 was not addressed. Qucstic~n 13 is addreswd utider thC tcclitiolo,~ 

iticatton program discussed it1 Sectioti 4 of this ~c~ l t~ t l i e .  Qitestion I4 H J Z  not .itl~lre\\ed. 

1. Subprogram Area: Orbibi Technology Verification 

SPS Objective-To as\i~ re depetidahle. long-lived operation in I he space en1 irotitiient . J I  \ i ~ b l c  

enegy costs to  tlie user. 

Pertinent questions deribc front the tierd to  operltte in the sp;ictB r~nviro~i~ncnt.  \\it icti  h;is itlar;~\,tcr- 

istics that include the following: 

(a l  Gravity fields of low magrlititdcs. significant sradirnts 

ib )  Low aholirtt. pressitre. low sink ternper;ittrre 

(c )  Radiation (particles. pltcjtons. ionirinp. non-ionizing) 

( d l  Low density plrtsma 

(c) Meteoroicts 

(f) Perturbing I -ri-cs irntl torques tin ttddit ion to tlic gr;t\ i t )  ~.ft;'~.ts) on t..irth orbiting I~cltlit-s 

( p )  Periodic o c ~ i ~ l t a t i ~ t t  of si:n by Earth. when viewed by an Earth tIrl7itinp body 

( 1 )  ' h i t  are the impacts o f  tlicse (ancl otiltbr rcl~*vant) ~Jrt~pcrtics of the spazc ctitirnrt~iicnl on 

SPS design in (tic tiitiz SPS subprc?gr:tnl areas'.' Whicti of thcsc ~ t ' i c c t ~  <.!?I hc \t-r~t'icti 

otily it1 sp3<r atid 11c)t 011 tlit~ groiitlti'! 

( 2  Wliat tecllnology ridv;ttic.etiir.nt arc ncedcd reli~tive to  thc L~t't;~cts tltat can i ~ c  \ctiiicd onl! 

in sp;~ce? 

(3 )  What is the in~pr~ct o f  the (s~~ace-v~rifi;iI~Ii*) L - ~ ~ C C ~ S  on tiit- costs o i  systclii J c ~ c l o ~ ~ ~ i l c r i t  

anit opcrr~tions'.' 

Answer 
.l'tic orl7it;tl tcclinology vcrificatit'tn progr;tni is incluctcd in the t~-clint)lo~\ vcrif'i~.;tticrn p r o  

gratlis ctcscrihrd undcr Section 4 of this vc~ltrtnc. 


