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FORE WORD 

Phase 111 of the Solar Po81er Satellite System Definition Study investigated alternatives to the refer- 

ence SPS systems defined i n  earlier phases. Three principal alternative technologies were investigated. 

The first was laser power transmission; laser systems and satellite configurations were developed and 

analyzed to assess the viability of this power transmission technology as either an a1 ternative or sup- 

plement to the reference microwave power transmission system. 

The second investigation included three transportation issues: (a) investigation of a shuttle-derived 

transportation system intended to reduce non-recurring costs for SPS transportation development; (b) 

examination o f  a smaller, heavy-lift launch vehicle with the same end i n  mind. ( A  significant part of 

the smaller, heavy-lift vehicle investigation was assessment of the operational penalties that might 

arise because of reducing payload bay size and l i f t  capability.) and (c) a sensitivity analysis of the elec- 

tr ic orbit transfer vehicle with particular attention directed to effects of higher solar cel l  tempera- 

tures i n  lower Earth orbits and also to the eventuality of having to operate the EOTV without solar 

array annealing. 

The third investigation was an update of a previous analysis of solid state power transmiss;ora u i t h  

attention to the design details of the solid state transmitter and further analysis of the power distribu- 

tion system. 

The study effort  included two subcontracts. Grumman analyzed space construction corlsiderations for 

each major task area. Their results are included in each task presentation a t  the appropriate location. 

Their conclusions and recommendations are included at the end of their solid-state SPS construction 

analysis. Math Science Northwest assisted i n  laser power transmission analyses. Their results were 

incorporated into the laser task results. 
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LASER POWER TRANSMfSSKMI 

Laser power transmission for  t h e  solar power sa te l l i te  offers  a number of potential advantages. In 

addition t o  the  possibility of providing small power blocks because of t h e  relatively short  wave length 

of lasers, this transmission means provides a n  option to t h e  reference microwave system which avoids 

microwave environmental issues. One of t h e  laser options investigated even offers t h e  possibility of 

eliminating t h e  solar array f rom t h e  reference system by direct  conversion of sunlignt into laser 

energy. The known disadvantages and problems with the  laser system include a lower efficiency than 

t h e  microwave system, a perception tha t  lasers a r e  weapons systems, concerns over weather and a t m o  

spheric absorption of these short wave lengths and in many instances a complexity tha t  is comparable 

t o  t h e  old thermal engine sa te l l i te  options involving complex configurations, with large  fluid loops and 

pumping machinery. 
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LASER POWER TRANSMISSION 

SPS-3145 
I ' I ' ! O  - 

ADVANTAGES 

SMALL POWER BLOCKS - I0 - I00 Megawatts 

NO MICROWAVE ENVI RONMENTAL ISSUES 

NO IONOSPHERE HEATING 

SYNERG I S T I  C TECHNOLOGY 

POSSIBLE ELIMINATION OF SOLAR ARRAY 

D ISADVANTAGES 

LOW EFFl Cl ENCY (?I  

"WEAPQN" CONCERNS 

WEATHER /ATMOSPHERE ABSORPTION 

COMPLEXITY 



LASER CARACTERISTICS 

The characteristics of lasers a re  summarized on the facing page. The f ree  electron laser, although in 

some senses i t  can be considered as a normal laser, is different in that  the  extremely low entropy of the 

relativistic electron beam offers a system which in principle should be able to reach quite high tfficien- 

cies of conversion of electron beam power t o  light power. 
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LASER CHARACTERISTI CS 

SPS3373 

NORMAL,. LASERS 

CHARACTERIZED BY CREATION OF A NON-EQUILIBRIUM EXCITED STATE 

WHICH DECAYS BY EMISSION OF RADIAT ION*  

O P T I C A L  RESONATOR CAUSES STIMULATION OF DECAY EMISSION AND 

FORMATION OF COHERENT BEAM, 

1 U S A N T  OPTIONS: GASES, L IQUIDS,  SOLIDS 

PUMPING OPTIONS: ELECTRICAL> OPTICAL, CHEMICALj  GAS DYNAMIC 

FREE-ELECTRON LASER 
1 L I G H T  EMISSION BY INTERACTION OF A R E L A T I V I S T I C  ELECTRON 

BEAM WITH AN ALTERNATING MAGNETIC F I E L D 1  ELECTRON BEAM CAN 

BE CONSIDERED A "NON-EQUI LIBRI UM EXCITED STATE, ' I  
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LASER OPTlONS - FIRST SCREENINGS 

A wide variety of laser systems exist. Jn fact  it has been said that almost anything can be made t o  

laze. Of the better known types of lasers, three were selected for analysis and several others rejected 

for t h e  reasons stated on the facing page. 
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LASER OPTIONS FIRST SCREENING 

SPS.3374 

b 

OPT I ON 

GLASS OR RUBER LASERS 

CHEMI CAL LASERS 

EXC I MER LASERS 

SOLID-STATE LASERS 

GAS DYNAMIC LASERS 

GAS ELECTRIC DISCHARGE 
LASERS 

GAS OPT1 CALLY -PUM?Efi 
LASERS 

FREE-ELECTRON LASER 

SELECTED BECAUSE 

POTENTIAL FOR HIGH POWER 
AND F A I R  EFF IC IENCY 

E L I M I N A T I O N  OF SOLAR ARRAY 

POTENTIAL FOR HIGH POWER 
AND GOOD EFFIC IENCY 

2 

REJECTED BECAUSE 

LOW EFFICIENCY; MASSIVE 

NOT SUITED FOR STEADY-STATE 
OPERATION 
COW EcFIC!ENCY 

LOW POER PER DEVICE; 
LOW VOLTAGE; COMPLEXITY 

LOW EFFICIENCY 8 MASSIVE 

1 



GAS LASER OPTIONS 

Carbon dioxide and carbon monoxide gaj lasers may be pumped either directly by sunlight or using an 

electric discharge. Gas dynamic pirmping is also possible, but was eliminated from consideration as 

stated on :he previous chart. The CO lasers operate on a series of lines in the 5 m wavelength range. 

The bare efficiency of CO lasers, i.e., the light output divided by electric discharge power input to the 

gas, can be quite high. System efficiency estimates include parasitic loads, such as gas pumping, th2r- 

ma1 radiator fluid circulation, and other penalties. A furttrer discriminator exists in  propagation 

effects. The CO laser suffers substantial absorption by water vapor bands i n  the atmosphere. The C02 

laser wave length is long enough to escape most of the absorption. If an isotope laser is used to shift 

the wave length away from the CO2 atmosphere absorption band, quite high prooagation efficiencies 

can be achieved in clear weather. A final consideration is lasing temperature. For fhe CO laser 

to reach high efficiency, it must operate at a low lasing temperature whereas the C02 laser can 

operate at near room temperature. 
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GAS LASER OPTIONS 

SOLAR PUMPED OR ELECTRIC DISCHARGE 

WAVELENGTH - 5pM -10vM 

EFFICIENCY (BARE) - 50% - 25% 
ELECTRIC DISCHARGE - 85% - 85% 
SYS EFF'Y 

SOLAR-PUMPED SYS EFF'Y - 60% - 30% 

PROPAGATION - 55% - 90% 
LAS I N6 TEMPERATCRZ 60-80 K 3C3 K 



LASER POWeR LINK CHARACTeRlSTlCS - CO VERSUS C02 

. 
The facing page provides additional information on the transmission effectiveness for var;ous locatlons 

and for various numbers of receiving sites. The stat~stics for numerous receiving sites assumes that the 

sites are far enough apart such that the cloud cover is not statistically correlated. 'This ordinarily will 

require separation of well over hundred i<ilometers. The average transmission givcn is for vertical trans- 

mission. For the typical slant range of the SPS, the transmission will be on the order of 10 percentage 
points less for the 60% efficient CO laser lines and 1-2 percentage points less for t h e  high efficiency 

isotopic C02 lines. 
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LASER POWER LINK CHARACTERISTICS I CO vs C02 

SPS.3298 

NOTE : BEST SITES MSUMPTION - 
ARID. 2.6 KM ALTITUDE SITE (TYPICAL OF GOOD LOCATIONS I N  NEW MEXICO + NEVADA) 

o CLOUD COVER 

o ATMOSPHERIC TRANSMISSION 

L a s e r  L a r a n t  
T_vPe - - 

i % 5': + Non- Isotopic  C02 N .A. 
rj r .  
C 

$ vd '. I s o ~ o ~ ~  c C02 N.A. 
5 2 I N.A. 
Tj .  -3 
r . *+- 
*!/ y, 

CO 6 0  K 
3 

4 4 

CO 70 K 
& * CO 80 K 

NUMBER OF RECEIVINQ' SITES' JVERAat YEARLY A V W B I L  ITY  
1 *65  
2 ,878 
3 ,857 
4 e 986 

Receiver 
.A1 tl tude - 
2.6 IUII 
2.6 km 
1.3 kn 
2.6 km 
2.6 km 
2.6 km 

l s o t o p l  c C02 Yearly Avg r 

V e r t i c r l  

.56 

MONTH OF YEAR 

sac o 
o PATH INCLINATION DERATING T ( 0  ) r [ T  (0) 1 



ELECTRJC DISCHARGE LASER SCHEMATIC 

The electric discharge laser requires a gas loop to circulate gas and provide some refrigeration, a laser 
cavity including optics and the electric discharge equipment to pump the gas, a heat exchanger and 
thermal radi7tor system for waste heat removal, a solar array and power processor to provide power to 
the  systems, and. finally, an accurnulator and makeup gas supply to supply any makeup gas required due 
to leakage. In .,le schematic shown on the facing page, it is assumed that the gas flow through the 
laser cavity is supersonic. Subsonic lasers can also be constructed. 
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ELECTRI C DISCHARGE LASER SCHEMATIC 

u 
COMPRESSOR D R I V E  



ELECTRICAL DISCHARGE LASER CONFIGURATlON FOR SPS 

The i l lustrati~n on the facing page shows how the lasers would actually be grouped together and com- 
bined to form a single beam of the desired power level. In this configuration, the gas  flow through the 
multiple laser cavities is radially outward, 
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ELECTRICAL DISCHARGE LASER CONFI GURAT! ON FOR SPS 

-..I-- - 
LOCK I NG 1' 



Because of the severe radiator mass penalties associated with low temperature radiation, i t  is impor- 

tant to  provide a degree of refrigeration, especially for the CO systems or the lasent must be in the 

range 60K to 80°K. Two options exist: first, a supersonic flow laser as illustrated earlier6 and second, 

the  use of a refrigeration machine to provide a low circulating gas temperature in a subsonic laser sys- 

tem. 
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CO REFRIGERATION 

SPS-3275 

o SUPERSON!C FLOW 

o REFRIGERATIPN MACHINE 



1 GIGAWATT' ELECTRIC DISCHARGE LASER - MASSES VERSUS MACH NUMBER 

The various laser  flow option system masses were parameterized as a function of Mach number in the 

laser cavi ty  region. Subsonic C02 lasers may be  reasonably competi t ive because of t h e  relatively high 

12sant temperture. For CO lasers, supersonic flow is essential. The tradeoff between pumping power 
and radiator  tempera ture  reaches a minimum at a Mach number slightly in excess of 3. 
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1 GW EDL LASER SPS MASSES VS MACH NUMBER 

KEY 
----Subsonic C02 

.L - Supersonic C02 

-- Supersonic CO, TS = 60K 

----Supersonic CO. TS 80K 
T Total (inc. 22%. Growth) - R Radiator 
P Power 
L Laser 

SUBSONIC 

- cog 

SUPERSONIC Cg 
TS = 80 K 

I I I I I I t 

0 . -3 r 1 1.5 2 2.5 3 3,s 4 
MACH NUMBER 



LASER REFRlGERATKMl OPTIMIZATKXU 

For the  CO laser, if one  uses a refrigeration machine with subsorlic flow, one finds a n  optimum at a heat 

re jec t  tempera ture  of  about  500°K. Because of t he  refrigeration power, t he  hea t  rejection system 

actual ly rejects  about 10 t imes as much hea t  as is generated in t h e  laser  itself. Thus t h e  refrigeration 

option is more massive than the  supersonic flow option because in t h e  supersonic flow instance the 

i t u a t i o n  in the  laser  cavity i s  not an  equilibrium thermodynamic state and one  does not actually 

pump hea t  from the low lasant temperature. 



LASER REFRIGERATION OPTIMIZATION 

400 500 
H U T  REJECT ?EMPU?ATURE 60 



ELECTRlC DISCHARGE GAS LASER RESULTS 

A summary of the findings for the electric discharge gas lasers is presented. The main finding is that 
because of their generally low radiator temperatures they have large and massive radiators that com- 
pound the mass and cost  multipliers caused by their low (circa 20%) efficiencies. 
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ELESTR! C DISCHARGE GAS LASER RESULTS 

VERY MASSIVE 

e LOW E F F I C I E N C Y  

PUMPING MACHINERY & OTHER COMPLEXITY 

STRONG TECHFIICAL BASE 

LOW ABSORPTION WITH C02  ISOTOPE 

COULD IMPROVE MARKEDLY w I - r H  NOVEL THERMAL RADIATOR 



WDIRECT OPTICALLY PUMPED LASER PWNCIPLES 

Optical pumping of lasers occurs on relatively narrow resonance lines at which the lasant absorbs 
energy to raise it to the excited state, If  sunlight is concentrated directly upon a lasant, the laser 
absorbs the solar spectrum only on those resonant lines and the efficiency of utilization of sunlight is 
very low, typically less than 1%. Selective concentrators have been suggested as a way to make a rea- 
sonable directly pumped optical laser, but with realistic concentrator masses, this option is quite 
unattractive. By employing a cavity absorber to rethermalize the solar spectrum in the infrared range, 
a i I ;Jre  efficient match to the ~bsorption lines of CO or CO? may be provided and because of continu- 
ous energy exchange between wave lengths in a thermal cavity, efficient absorption of the solar energy 
by the lasent is possible. This is called the indirectly optically pumped laser, 
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INDI RECT OPT1 CALLY PUMPED LASER PRINCIPLES 
I 

1 THE SOLAR SPECTRUM, 
A POOR MATCH TO LASEH 
MEDIUM ABSORBT ION 
LINES, 

2 IS CONCENTRATED ON 
A CAVITY AT A LOWER 
TEMPERATURE 

3 TO PROVIDE A MORE 
~ F F  1 CI ENT MATCH 
AND ALLOW 
SPECTRAL ENERGY 
REUSE BY 
RETHERMALIZATION 



CO SOLAR PUMPED LASER 

A cycle schematic for the indirect optically pumped laser is illustrated here. Like the electrically 

discharged laser, a circulating gas loop is used with a laser cavity, a heat exchanger, and a pumpin8 
system. Pumping power may be derived either from a solar array or from a thermal powered loop. For 
tile iu~lfiguration selected, it rnakes sense to use a thermal power loop to avoid a rotary joint system 
for getting electric power to the laser system. 
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CO SOLAR PUMPED LASER 

SOLAR 
RECEIVER 

BRAYTON CYCtE 
TURBINE POWER SYSTEM 



INDIRECT OPTICALLY PUMPED LASER CONFlGURA7lON OPTIONS 

As is the case for microwave systems, a rotary joint between the sunlight collected by the SPS and the 

powered beam sent down by the SPS is necessary. In the case of the optically pumped laser, this rotary 

joint may be an optical/mechanical rotary joint. The two options are use of an optical rotary joint for 

the incoming sunlight or for the outgoing laser power. Geometric considerations limit the number of 

lasers t o  two for a case using a laser optical rotary joint. Since the solar pumped lasers may be limited 

in power to a few megawatts, the concentrator optical rotary joint was szlected since this allows as 

many lasers as one may wish to have attached to the cavity which is then fixed with respect to earth 

pointing. 
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;OPL LASER OPTIONS 
(NOT TO SCALE) 

LASER O P T I C A L  
ROTARY JOINT 

CONCENTRATOR O P T I C A L  

I ROTARY JOINT 
1 - ALLOWS M U L T I P L E  LASERS 
! 
I I 



Based on the  preceding cansiderations, a general configuration u.25 developed a s  illustrated in order  t o  

ca r ry  o u t  a construction analysis. This configuration was sized fo r  a light input to the  thermal cavity 

of approximately 1 gigawatt with a n  es t imated  output of between 100 and 200 megawatts  of laser light 

power. The concentrator itself is a segment of an off-axis parabaioid. It  is made of a tetrahedral  truss 
graphite  s t ruc ture  with the  length of e a c h  truss member selected to provide t h e  required curvature. 

Based on earl ier  studies of achievable mechanical precision of such structures,  i t  appears  t ha t  t he  re- 

f lec tor  sur face  of aluminized kapton could simply be stretched between the  s tructural  e lements  so t h a t  

individually adjustable pointable f ace t s  a r e ,  s t r ict ly speaking, not required. However, for  a conserva- 

t ive  approach to the  analysis h e r e  individually controlled, hex f ace t ed  ref lectors  l ike those proposed f o r  

t h e  ear l ie r  Boeing solar thermal power sa te l l i te  a r e  baselined, 



D 180-25969-2 

I ND I RECTLY OPT I CALLY PUMPED LASER SPS GENERAL ARRANGEMENT 

RAD I A7 

MAY BE SMALL TRIBEAMS, 
LENGTH TOLERANCE ON 
I N S T A L L A T I O N  I S  ' CM CONCENTRATOR I S  

TETRAHEDRAL TRUSS,  
NOMINAL STRUT LENGTH I S  20 M, 
CURVATURE RESULTS FROM 
VARIAT IONS ABOUT NOMINAL 



CAVITY SOLAR lMACED VIEW FACTOR AND WALL TEMPERATURE AS A FUNCTlON 

OF CONE ANGLE 

A s  one increases the  sunlight concentrator  cone  angle of surrlight concentrated into t h e  caivity, the 

apparent  view fac tor  from t h e  cavity of the  solar sur face  temperature increases t o  a f igure 

approaching 1 or  a concentrator  cone half angle of 900, Given 3 view factor ,  one  may calculate  an 

adiabat ic  cavity tempera ture  one  which would be reached if no energy were ext rac ted  f rom t h e  cavity. 

Efficiency considerations d ic ta te  a n  adiabat ic  cavity tempera ture  on t h e  order  of twice  the operat ing 

tempera ture  with hea t  extraction. Math Science Northwest has es t imated  a desirable operat ing tem- 

perature of about  1750K. This leads t o  an  adiabat ic  tempera ture  of about  3500K and suggests a 
concentrator  half angle on t h e  order  of 30 to 350. A figure of 0.6 radians, approximate 350, was 

se lec ted  for  configuration analysis. 
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CAVITY SOLAR IMAGE VIEW FACTOR AND WALL TEMPERATURE 

AS A FUNCTION OF CONE ANGLE 

VIEW FACTOR 

8 
CONCENTRATOR CONE HALF-ANGLE 



INDIRECTLY OPnCNLY PUMPED LASER SPS CAVITY AND LASER ARRANGEMENT 

On the  fscing page is il lustrated t h e  contemplated arrangement of lasers and laser  telescopes in order  

t o  provide multiple laser power beam transmission from the optically pumped laser satellite.  I t  is essen- 

t ial  t o  !;eep t h e  laser gas circui t  and cavity assemblies as close to t h e  aper ture  as possible in order  t ha t  

lasant pumped in the  cavity can be circulated immediately to  the  optical laser  cavity before i t  

depopulates. 

The telescope assemblies use turning mirrors t o  turn the  laser light toward the  Earth. The laser tele- 

scopes must be art iculated in order  t o  accommodate t h e  seasonal moveven t  of t h e  Sun as t h e  laser  

sa te l l i te  with its concentrator  must be flown perpendicular t o  t h e  ecliptic plane ra ther  than perpendicu- 

l a r  tc t h e  orbit plane a s  is done with t h e  reference microwave systems. 
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! NDI RECTLY OPT! CALLY PUMPED LASER SPS CAVITY 

AN3 'LASER ARRANGEPENT 

L!GHT APERTURE 

AS REQUIRED 
ENTRANT LASER 
APERTURf Q- 

eel '  

LASER OPTICS SETS 

ZZEb 
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YUDIRECTLY 0PTJCALI.Y PUMPED UISER SPS CAVITY AND LASeR ARRANGEMENT 

The other view of the arrangement shown on the previous chart is presented here. 
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INDIRECTLY OPT1 :ALLY PUMPED LASER SPS 

CAVITY AND LASER ARRANGEMENT 

RADIATOR ASSEMBLY 
(CIRCULAR, 275 M DIA.)  

1 N D I  RECTLY 
1 L L U M I  NATED 

LASER A S S E M B L I E S  

RADIATOR ASSEMBLY 
(CIRCULAR, 275 M DIA.)  

I L L U M I N A T E D 1  111 ; 1 1 1  1 
REG I ON n \ 

SOLAR 
FLUX CONE 



INDIRECT OYI'ICALLY PUMPED LASER SPS CONSTRUCTfON REQUIWEMFNTS & ISSUES 

Thc 100 MW Indirect ilpticelly i'trmpcrl Lilsvr IIOI'I.) Solor 130wcr Sat~::llte ISPS) is tw bc constructed errtircly in 
(;I 0 untl i s  tn 19 * . t ~ ~ ~ ~ t l h l ~ ~ l  it1 ~ I C C ~ N X ~ ; I ~ I C ~ C  W I ~ I I  ~ I I L -  1)1;1ior ~lrc~trndrt~lc.% anti ionstrnirits f r~ r  the rcfcrcncc construction base 
whcrcvcr possible. That is, to  rise contiguous assrmhly f:icilitics, opchrutc two 10-hourlshiftslday a t  75% efficiency, and so 
on. ilppcan rcas~rnahlc. The 10 G W  irrintlol prc~cluction goal howcvcr, lnay bc ineppropriutca for the 100 MW povtar category. 

Thc IOPL-SPS I'caturcs an oft'axis p,irabolic i~oncrntrator with a bl;~ck body cavity, radiator, and eigli: laser reflec- 
tors as Jefinod try reccrlt Bocing drltb. '17tc solst conccntri~tor is dcsigncd with u tetrahedral structim and is assunled to be 
covered with adjustable rcilcctivc hccts simil,ir tl, those ir\c(l 0 1 1  carly solar thcrnial SIBS concept (Refer ta Rcport Dl 8 0  
20689-3). 

As in the rcfcrencc SPS, u broad s;rnpc. ol' :cchnoloyy issucs (most o r  which nrc beyond the scope af thisstudy) must 
bc utiCIrc&cd to wvcr i1II BS~)C 'L*~S  uI' i i lc  luscr sl'S cu~>\trilciluri I ) I O L ~ > % .  l i  ~ I I I S  L L ) I I L U ~ L  1% 10 be stirdied furtlier. the satrllitr: 
con~truction approi~cli must be re~xi~mincci for thc ~ o l a r  co!ir.crrtrator. lawr power trinsrrrission, and interface systems. In 
~dd i t i on ,  the stnrct ural asscntbl:/ mcthotls sliould t>u wcll irndcrstootl to thc lcvci 01' bean) filhricntion, handling and joining 
Tecliniquc~ for i ~ s ~ c n l b l i ~ ~ g  and insti~lliny thc miljor ouhsystcms fi.c,, filcets. Isacrs, btrscz rotlcctors arid radiators) must he 
furtli~*r dcvclolwd :mtl thc rerliiirctrrcnts for construction ec;tiipmcnls tiecd furtller retiilcmcnt. In addition, tlre structitral 
dynariiil:. tlicr,nodynicriiic and control interitctio~i., I)ctweo~ the base and tlio sutclllte slrould bc invustiyated arid dcfined. 
Other itrcas to bc exiimined include methods for herthing or matitig of lurec system clerncnts, techniques for in-proccss 
inspection and repair. itnJ concepts for itnplcn~c~itirip satcllitr: final tcst irtid checkout. 



INDIRECT OPTICALLY PUMPED LASER SPS 
CONSTRUCTlON REQUIREMENTS & ISSUES 
a 10 OW ANNUAL CONSTRUCTION GOAL ? 

IOPLSPS CONCEPT INFORMATION (BOEING DATA FAX No. 24 ON 
3/14/80 & NO. 39 ON 3/18) 

LASER SPS CONSTRUCTION ISSUES 
- SATELLITE CONSTRUCTION APPROACH 
- STRUCTURAL ASSEMBLY METHODS 
- SUBSYSTEM INSTALLATION TECHNIQUES 
- CONSTRUCTION EQUIPMENT REQMTS - SATELLITE SUPPORT & BASE INTERACTIONS - HANDLING & MATING LARGE SYSTEM ELEMENTS 
- IN-PROCESS INSPECTION & REPAIR - FINAL TEST & CHECKOUT 



INIURECT OPTICALLY PUMPEI) LASER SPS CONSTRUCTION TIMELINE 

TIic timt.lille I'ol. ccrlvi\rtlitlli:: OIC I00 M'H 101' 1.usc.r SI'S is slrown 07 ' .c ft~ciny puge, As itr the refcrericr systeln. 
11 i\:;~ttrrci : . i l l ~ ~ l  ;i\zi.ii~l-!! oi rllt, sol;~r co~ iccn t r ;~ to r  syslc111 ;~ntl tlic li~scr pou,c.r trunstnisaiotr systcm. 'The i~iterftrcc 
iystcnl is i o n i t r ~ ~ c t v d  ;I$ i ~ c i t l ~ c l  f o r  final systcltis 111:1ti1lg. .I'Iic fi111c.5 I'OI. I I I ~ . . ~  ,',I.C ~ I M L ' I I ~ O ~ ) ,  s) S ~ ~ I I I S  111;1;illg. ;itld final test 
~ l i t l  t - l ~ ~ t - k o t ~ r  .irra acsu~rrcd to be tllr* S;II~:C as t l ~ c  rclkrcl~cc S ~ S ~ C ~ I I I .  Iiowcvcr, rlitj lorlgcr tirnc shown for assembling tlir two 
111:).1or ~ ~ S I C I I I .  n.13 ~ l ~ t c r ~ ~ ~ ~ i ~ i ~ ~ ~ t  tr,>111 ;111;,1! \ is  o f  cotI(.t!tllrirtor irssciiib~y o ]?~*r :~ ! i t -~~s .  



INDIRECT OPTICALLY PUMPED LASER 
SPS CONSTRUCTION TIMELINE 
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LASER OPTICS 
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ASSEMBLE INTERFACE SYSTEM 
TURNTABLE 
SHUTTER 

M A f E  ASSEMBLED SYSTEM 
TRIBEAMS 
OTHER 

FINAL TEST & CHECKOUT 



LASER SPS CONSTRUCTION OPERATIONS ANALYSIS 

('onstri~ction of thc 100 MW IOP I.,ascr SPS follows the same sequence as the rcfcrence 5 C;W Microwave SPS. The 
construction opcrations for the solar concentrator systcm reccivcd thc niajor emphasis and were analyzed from thc top 
dowi~ .  

A brcakdowrl of the irssembly opcrations for the Laser SPS Solar Concentrator systcm is showr~ by the abbreviated 
flow rllustrrrtcd on thc lower half nf thc facing page. This assembly activity inclirdes the fabrication and assembly for the 
first row of primary structitrc (3.1.1 ). I t  also includrs the parallel installation and inspection of other subsystems during 
Ihe construction process. These subsysten~s include the installiition of faccts (3.1.2) attitude control, etc. When each row 
is assembled, the  concc~~t ra tor  is indexed (3.1 .(,) away to allow the second row to be added. The remaining rows of the 
con~cntrator  are co~istructed in a likc manner. 
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IOP LASER CONCENTRATOR ASSEMBLY OPTIONS 
1. 

.This SPS systcrrl detinition callli for ;I concctitrator with the sliapc of  ;in offset paraboloid segment. To build this 
sliapc with rnaxiniunl rcyc;~tahility rccliclr:., a I'acility i~ l~ lcx ing  a lo~ig  a p:lrabolic curvet1 track, building as it goes a row o f  
\; irk in? gcomr'lry structural hays assctnl~lctl from beams of varying lengths. At co~nplc t ion of  a row, the structure is 
indcxcd outboard. ready for assembly ol' tlie ricxt row. Each row is rcpeatablc but owi~ ig  t o  the variation in beam lengths, 
as rnucli as 5E: above or below the 20 m nominal, the assembly facility must bu large enough t o  handle beams u p  t o  
30 111 long. Indexing the paraboloid ch;lpe strur:tilrc as it is built. rcquircs curvcd support arms, each of  which is a differ- 
 it radius t'ro~n another. Strcrable f i~ccts.  whicll provide the rellectivc' surfacc, ar r  rnourited t o  primary structure node 
points but. tluc t o  the varying gco~nc t ry  of  structural units, the n o ~ l e s  d o  not provide a regular pattern. I 'hererorc, t o  
nii:l~rnizr* c ~ n ~ ~ c ~ i t r ~ l t ~ : r  si~rfacc', [lie l ~ c c t s   nus st valy in sizc to  match tllc node pattern. An altcrnatc is t o  provide a sccond- 
a r y  ~ t r u c i u r c  which provides rcgillar pattern ~ n o u n t i ~ i p  points for constant size facets. Concentrator area is the minimurn 
nt'CCSsilry. 

Since steerablc facets will he used in iiriy cvcnt t o  1,rt)vidc the  ~ ) ; ~ r a b o I i ~  reflective s~lrface,  then a more simply 
built structure o n  which to  mount them can b e  considcrcil. A segment of a sphere which approximates the paraboloid 
scgmcnt can bc built by a Ilcility i~\dcxing along a circular trdck t o  fl>llow thc samc construction prc~cedure as the parab- 
oloitl. ticrc. I iowc~cr .  s11ppc)rt arms I'or tlie indsxing concentrator hrivr tllc siimch radius. Variation in primary structure 
beam length is + 10'i. niuch lcs4 thim the j l ;~r;~bollc \tructurc. ' ~ I I c '  structilrc 1 ~ 1 y  varics progressively in geometry over half 
of one row then rcvcrscs tlic v;lri;ition ovcr the remainder of the row. 'lhis total variation is repeated for each row. Spher- 
ical c o ~ i c e r i t r a t ~ r  h t r i~c t i~ rc  ;ire3 rililst be allout 1W;C larger thiin a tailored parabolic area since the facets must bc spaced to 
i t ' f l ~ ~ t  intcr .he paraboloid li3c~rs. as shown or-] the following chart. T o  kcel? this areil increase t o  a minimum requires, 
again, a sccundary s t ruct i~re  011 which t o  mount constlnt  size f;lcCts or  110 secondary strilcturc but facets varying in size t o  
suit primarb s t r i~cturc  gc'omctry. A n  alternalc is t o  usc colistallt s i ~ e  I'i~cets but increase tile cot~ccntra tor  area to provide 
t l ~ c  ncccs~ury L';icc't mounting points. ' rhc construction timeline is affcctcd by the s i ~ c  as well as the variation in struc- 
ture itnit geometry. 

Sirnj,lli\ I I ~ P  tlic C O ~ \ ~ T I I C I I O ~  ~ ; J W  even further Ic-ads t ( ~  thc otlicr two litructural shapc options shown on the chart, 
J p ~ r . i I ~ o l 1 ~  t ro i~gh  , ~ n d  ,r tlat \urt.icc Tllcse rccluirc up  to 4E4 larger concentrator arcas with little reduction in base com- 
plexity. One other  option IS to d ~ s p c n , ~  ~ 1 1 t l 1  the separalclly ~ n o u ~ l t c d ,  st~crtilble faccts ant1 mount  reflective sheet directly 
t o  the primar) structure. T ~ I ,  greatly increases the accuracy with which the stnrcturc must be built and dictates that it be 
a segment of J p;~rabola, a much more conlplcu .on\trr~ction opcratiun. This optir.11 rcqitirrs further study. 

The selected option is thc spIier~c.al segment  o on cent rat or wliich uses constant size facets but  n o  secondary struc- 
ture. Its small area peiialt) has littltb impact on production. 



IOP LASER CONCENTRATOR ASSEMBLY OPTIONS 
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PARABOLIC CONCENTRATOR SURFACE MOUNTED ON SPHERICAL SEGMENT 

A parabolic surface for thc concentrator is provided by separate stcerable facets mounted on  a spherical seg- 
mcnt i t r r r~ . ( tu .~ .  This figtlrc SI IOWS tht. pdraboloid shape (dot ted  lincs) si~pcrirnposed o n  a comparable splierica! surface 
~ w l i t l  lincb). In  a hcction tltroul~lli tlre pri11cillal ;!xis ol' tile paraboloid, tlic surt'aces are fairly close in form but in a section 
nor~na l  to thc principal axis. they divcrgc. cli~itc a bit ci thrr  side of a common ccnterline. 'Tha diverpcncc in surfaces re- 
cluirc.5 t t ~ a t  thc spherical s~ir face  bc laryc c n o ~ ~ g h  to ~ n o u n t  the faccts at il spacing which trovides unrestricted reflective 
pallls to 111c pitrabola focus. Tllc area of thc spllericul si irhcc is, thercfbrc, largcr than thc  corrcspondir~g parabolic surface. 
'T l l c .  ;rdditioiial urea is, of coursc, a function of Ilic gco~nc t~ ic .h .  
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lNDlRECT OITICALLY PUMPED LASER SPS CONSTRUCTION BASE 

['he Irrrscst cutistritction j o t 7  in this SPS systcrn i t o  blriltf ttlc cvncc-nfrator. w h i ~ h  I~irs t o  provide a surface with the 
si~:tpi. of a ~ r  oii,ct pacrbn!ord i ~ ~ p r ~ ~ ~ n ~ .  'rc, provi~lc t l ~ i h  surf.~ii.. sti.cr;~blc fat-cts art. ~ i io~ :n tcd  t o  a prinlary s t n ~ c t u r e  which. 
t'or <:i\c ot co~:-truction. is a spllcril-al scgrncnt ' r l ~ i s  collccntrator is similar in size to  tlie solid state SPS antenna and it 
~ '~. :IILI;L>\ ~ ~ ~ t r ; ~ l l i * ~ l r ; ~ l  io~istrul:tioll. I'IIc c~)~istr irct ion I I I I ~ I O S C ) I ~ I I ~  for t ) i t i l~ l i~~g  this concentrator is sil~iilar to  that of the 
5oliJ-\late an[cltiia in ;IS 111uc.h as ;in assembly facility 111dcxzi across a platform. building rows of  s t r t ~ c t i ~ r c  anti installing 
t 'a~ctb ,I:, it ?I':. -It compli.tiot. o i e a c h  row. the co~nplctecl atrt:c.tttrc is i r ~ d e r t ~ d  oc~thoarcl rrrrdy for asscmbly of tlie 
next ro*. The ~ss:mhly t-:~~,ility ruiis on '1 curved t rac i  to provide rhc :,pl~~-rical shapl: of  the structure. Arms, t o  support 
thc groiting \tiucttrrc. providt- c u n c d  tracks for in~lcxinp supports. 

The ~ ~ n c r ~ ~  conversion and tr;111~11iissi~~11 ccji~iptl~ciit is bllilt it1 3 fucility which is mounted on thc concentrator con- 
s t ru~, t ion  I>:I\L,. Ilcrc.. rhc Iascr cavity. radiator. tiirntal>lc. slluttcr assembly and the 5'3 m diamctcr reflectors with their sup- 
;)art st riictitrcs. src' asse~nbled. 

For final ;tssc.mt>ly. the laser power transmission assrrnbly is locared in its correct operational position, relative t o  the 
io i i icntmtor .  h!- ~111 rlrln pivoted from thC base. Strlrts t o  join the concc.ntrator to  the transmission assenibly a n  then fab- 
r i i3te~! and i ~ l s r a l l ~ d .  
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CONCENTRATOR ASSEMBLY FACILITY 

I I I C  '( ' \ I \ ; I ~ I L . ~  11loI)iIc I'acility. 04 111 I i i ~ l i  x 100 111 witlc x 100 111 lotrg. is s l low~l  monntcct to thc cc~nstructic;ri base 
\ i a  i111 ir~tl:.ui!~g tr3c.k sy.;tc5rn ~.hic.li ;~Ili)\v?; tlic I';tci~ity l o  i t~d~bs  I'rc>ri~ \ r t ! c s  t l >  * i [ l i ,  t o  I311i l t l  tlic rowr. ot' s t r u c t ~ ~ r a l  b;~ys of 
1 1 1 ~ -  \ ~ ~ I I ~ ~ ~ I L . ; I ~  ,II.I~)L,LI C O I I C ~ : I I I ~ . I I O I L  ' l l l ~ . -  ; ~ s s c ~ ~ ~ t t l y  1';iciIity i.ov~*rs l'oiir 11;1ys ot' t l ~ i :  cotlccutri~tor ~ ~ r i ~ c ~ u r c  ii11d l>uilds in two 
l l ~ r c ~ . t ~ r  1115. 'I't11~ ftllti~itr(~ low bay  ;irfil 31' t l l ~ '  1';i~'ilit): pf.c)vi~jcs ~ ' O L I T  . ! ; ~ l ~ i ) l l h  I'c )T I>lliltlill): t l l ~  COllc~'1~triltor SIrUCttltt!. LO- 
L.;IIC~I i i t  I I I P S P  > ~ ; l t i ( . ) l i \  11.c 1 .5 111 I,caln inacllit~cs I'or thc I'abric;lti,)n ol' I l lc  s t r i i c t ~ ~ r ; ~ l  hcarns and 30 111 chcrry picki:n for 
111~. ; i l i ~ r t r t ~ c ~ r ~ t  a n d  ;~sscri~bly of tllc bci~r~is.  111 ~) ;~r i~l lc l  with t l ~ c  I)~tililil~y ot' 1 1 1 ~  structure, lllc cc .  (:entr;llor rcflccting 
1,.  ILL*^\ .II.L* ; ~ \ $ c I \ I ~ ~ c ~ I  111  l i \ ~ *  I ; IL ,L~~  . ~ s \ c I I I ~ ~ ~ )  ~ I . I I I O I \  I L K ; I I L ~ ~ I  111 I \ \ L -  i ) ~ i I ~ ? i ~ ; i ~ ~ l  iippt*r !lig11 Iliiy i)t' the i'aci!il). 'i'llc iilcct ;IS- 

;t.r~~l>ltc.s ,lrc t1ic.11 inat;~ll~.il on  t l ~ c  ionlplct~*il  structrlral bay>. 
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CONC1:Nl'ftATOR CONS'I'KLICTION SEQUENCE: 

S l ~ o w n  on the- facirig p;rpC is t l lc  o v c r i ~ l l  ussc~~ ib l y  s c * c l i ~ c ~ ~ ~ ~ . i ~  wli icl i  is t o  htt i l t l  t l ic  conci'tltrtltor ill rcpcatrrblc rows 
o I ' \ t ruCtur i r l  birys. Shc hrci l i ty I I ~ ~ L X C S  iicrohlr t)ic co~ i s t r c~c t i on  basc via ;I track sys tc t~ i  t o  fahric,rtc and assern1)lc the first 
row as i t  goes. 'Tllc COIIIPI~~CCI row,  si111p0rtcJ I)y t w o  I io ld i l lg  I'ixtirrt!\ n lountcd  t o  a track on the construction basc, i s  
t l icn i n i i ~ . xcd  forwi l r t l  I'or one r o w  wi t l t l i .  'I'hc f'c~cility is ttiori ~ r i t l cxc t l  biick alorsg th(. track bu i ld ing  the sccond r o w  o n t o  
tIlc first row,  k l t~ r iny  t l ~ i s  .;c'concl ~o t i s t r i r c t i o t i  [,ass. 'I'liis process is r c p c a t ~ d  u n t i l  the  concct \ t rator  is complctod.  

'T:tkitig ;I rl lorc d~.t;~ilc:l rook at the sc~luct3co as i t  I ~u i l t l s  tJlc I'irst rows, the 1';lcility stiirts b y  hui l t l iny pr imary strut;. 

tirrc ['or t l ic  I'irst I ' o i~ r  hays of thc t'irst row. 'I l lc I'acility l l ~ c ~ i  itidcxc*s I ' o l ~ r  I u y  I~r lgr ' l is ,  tlren bt.ilds t l ic  slrclcturc f o r  tlic 
t icxt tbur  I l ~ y r i .  Illi\ is r c l > ~ i ~ t c d  u n t i l  t l ic  f'irst r ow  ih uornplctcci. 'I 11' I'irst r o w  1s then indcxed for ward one row.  'ilir 
l ' a ~ . ~ l i t y  theti  h t ~ i l i l s  t 'o t~r  hays ol ' thc sccortd row  o n  t o  tl;c I'irst row, i t  i\ t l i r n  i ndcxcd  b:rck four bay Icnj!ths t o  bu i l d  that  
structirrc. 'I'llc proccC,:. i\ rc l>ci~t iv l ,  w i t h  ci1c.11 L'C)IIIOIC~C~ r 0 . N  ind:xctl Corwiirtl on the c o ~ \ u t l t ~ c t i o n  biisc and thc f ' ic i l i ty  
bui l t l ing as i t  i?; intlcxcc! I ' r o n ~  sillC t o  \ idc, t ~ n t ~ l  thc s l i ~ r t  o l ' t l ~ c  t l ~ i r d  row. Wit t i  thc start o f ' thc  t h i rd  row,  the re t l ec t i t ~g  
I';rcc:ts, wh ich  Iiavc hcr11i i~~.:*:tnhlc~tl i t 1  1111: Itigli bay artit o t ' t i l c  f i ~ c i l i ~ v .  ; ~ r c  instal lcd on the complc tcd  rows or tllc coi l -  
wn t ra to r .  'I w o  o f  thtb l i ~ . x i ~ g o n  shii1>i1d I'ciccts ilrc i ~ ~ s t a l l c d  I'or L ~ ~ I C J ~  01' t l lc  I 'ol lo~r' inp I'ot!r s t r u c t u t ~ l  bays. This process 
i, r cpoa~cd  u n t i l  t l ic  c o t i ~ ~ c ~ i t r i r t o r  s t r i I ~ t i I r ~ '  is co~np le l c t l  i r t ~ t l  a l>p rox i~ i i ; r l ~ l y  1500 Sclccts installcd. 
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CC/?!CENTRATOR ASSEMBLY TIMELINE 
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I I 1 1 1 
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1.5 m BEAM MACHINES = 18 
30 m CHERRY PCKERS = 29 

(4) BUILD STAT1 

VARIES TO FORM 
SPHERICAL SHAPE 

CHERRY PICKER 

AM MACHINE 
O I U U U I *  

7 



Dl 80.25969-2 

CONCENTRATOR FACET INSTALLATION REQUIREMENTS 

The concenlrator reflecting surface is provided by the use of approxi~nately 1500 reflecting facets as shown in the 
facing page illustration. The hexagon shaped facets are assen~bled in the facet assembly station located in the high bay 
area of the concentrator facility The operations at the assclnbly stations consists of assembling the three radial support 
amls, edge members, tension bridles and the pre-cut reflecting l'ilm. Thc completed facet assetnbly is then attached t o  a 
ct>ntral mounting post which has been attached t o  the tetrahedron stri~cture of the concentrator. 
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IOP LASER POWER SATELLITE ASSEMBLY FUNCTIONS 

In considering the complexity of laser power satellite asse~nbly operations. this chart opposite lists the gross 
elements comprising a satellite and identifies the assembly functions necessary for each. The functions are classified 
as structural. mechanic,il. electrical. fluid and optlcs. 

All rlcrnents require structure assembly and, with the exception of basic structural subassemblies, they all require 
electrical asssnlbly. Many mechdnisms are involved in these elements, and each must be assembled and installed. Fluids 
are expccted t o  be in self-contained subunits which need no open fluid connections. Optical assemblies will require 
alignment by adjustment as they are assembled. or  during checkout. 

These operations arc diverse, and in some cases, require dedicated equipments which have yet t o  be defined. 



IOP LASER POWER SATELLITE ASSEMBLY 
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LASER REFLECTOR ASSEMBLY REQUIREMENTS 

As presently configured. the laser power transmission system lias eight reflectors transmitting t o  the ground. 
This chart shows the main subassemblies of a reflector and identifies gross assembly operations for building the reflectors 
from gound-fabricated components. Thc primary mirror is 50 111 in dianlerer and is an asscnlbl> of ,.gments. each of 
which has a pririlary structure. supporting adaptive optics. A secondary mirror is supported from the primary mirror by 
struts. 

Assembly should be done out  of the sun and, to tilis end, a shading facility is provided on the construction 
base. Contamination control during assembly is necessary to ensure satisfactory operational performance. 



LASER REFLECTOR ASSEMBLY REQUIREMENTS 
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LASER CAVITY ASSEMBLY REQUIREMENTS 

'1'11~ laser c;~vity assc~nl>ly conipriscs a cavitb dall li~lccl with ;I pyrillitic niatcrilrl and aswrtibled from segments. 
t.'icl~r laser units arc tnountc.rl : r r c r ~ ~ r i t l  thr. L-:I\ i t? ollc*tiitig, A ~'i~di;ltor. f'cd l'rotn the Ii~scrs. is  mounted to the cavity unit 
hy s t~ppost  5trLrIs. (;ross iisscmhly opcrationz arc lislcd for t ~ ~ i l ~ l ~ ~ l y  t l~c cavity ii11d its J ~ > ~ I ~ I I ~ ~ ~ C S  fro111 g~.~u~id-l';lbricated 
suhassc.~ii blics. 



LASER CAVITY ASSEMBLY REQUIREMENTS 

RADIATOR 
FEED LINES 

RADIATOR (275 m DIA) 

- - 
CAVITY ASSY OPERATIONS 

CAVITY SEGMENTS 
LASER UNITS (MODULAR OR WHOLE) 
LASER HEAT PIPES 1: RADIATOR SEGMENTS 
RADIATOR SUPPORT STRUCTURE 
CHECKOUT & TEST - 
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LASER SPS ('ONSTRlJCTION C'f)MI'LE'TEI) 

1111s i l l i~strat ion SIIOWS [tic f w o  11);1it1 s ) ~ s t ~ ~ ~ i i ~  ; ~ * \ ~ ~ ~ i ~ l ) l i ~ - s  01' Oic SI'S ( 1 1 1 ~ '  ~~oticcii1r;ltor ;11ic1 tllc 1:tsc.r power Iransrnission I 
111 tl1~bir L ~ ~ ~ I I S I ~ I I L ~ I ~ O I ~  l';icilitics. rc;~ily f o r  VIII;II ;~ssctiit~l> opCr;itiulis. 'l 'lic t:otl~.ctltr;i!or ; ~ ~ w ~ i i l i l y  l'acility I:, i11dcxi:ig back to i ts  
stowed lot. ~ t i o l i .  
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LASEF; SPS-CONSTRUCTION COMPLETED 



LASER SPS - FINAL SYSTEMS MATIN(; 

HeSorc nl,~ting the Iilricr powor ~ransmission system t o  thc concclntrator, it nlust first be located in its operational posi- 
tion This is ncconll)lislicil I>y il \upport  arrti, part o f  thc conrtnlction systcrn, whicll first attaches to thc  thc  trunsmission 
rl t  I:, ~ I L L I I ~ C I  ~ I S \ C I I ~ L ) I ~  I I ~ O L I I ~ ~ S ,  tllcli i )~vo t \  10 1>0\111ori it ;it thc  q)er,~tloli*r I ~ J L ~ ~ I o I I ,  ,I\ shown on this illustration. 

A small platrorni, n~oun t ing  ii 7.5 m bcam, is locatctl iIt tllc tip o f t h e  support  arm where it attaches to  tho  transmis- 
$Ion. Hi th  thc hewn ni i~cl~inc  a i ~ n c d  at  one ol ' the four intcrl';~cc beam irttachmcnt points on  the cotlcclntrator, a bcan~ is 
f;ihric,rtcd to arrive at  this i~ttirchmcnt po~r i t  w l~e rc  I \  is rnatetl to thc concentrator Thc  othcr  end o f  the bcam attaches to 
l l ~ c  t r a n s m i 4 o n  assrrnbly at the sliuttcr rnoilnt. This process or bcirrr~ machine aligl?mrtil, bean1 fabricibtion, and installa- 
tion is n*peiitud for the thrcc othcr itlterface beams. 
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LASER SPS-FINAL SYSTEMS MATING 

LASER POWER 
TRANSMl8810N 

CONCENTRATOR/TRANSM 
INTERFACE BEAM (4) 



10P LASER SPS CONSTRUCTION I'QUIPMLNT 

.J ' l~ic ~ , l l ;~ r t  list3 t l ~ r *  cor~\ t r i~ct io l i  ctlui1.111ic11t. iilcntific~d to tlatc, fcrr huilding the IOP Lascr SPS concept. A brcak- 
tlown 01' t11c ~*cl\rlpnlcnl LISL-LI t o  ;ls:;clnt)lc thc. so1;ir c o ~ i ~ ~ t ~ t r a t o r  is S I I ~ H ~ I I  togc~l icr  wit11 relatctl mas5 and coqt estimates. 
'l'llc, 1:1rp1! ; ~ t r l ~ ~ b ~ . r  I)!'  1.5 111 I>c;~m huiltlcrs ;bntl 30 111 cherry pickers ~cl'lccts tlic impact of  hwilrling 4 bays at  once to short- 
rqtt  the ovcri~ll asscll11)ly tj111c. 'I'lic 7.5 ni hear11 I~i~il i lcr  wllich t'irhrici~!cu the intcrl';rcc trih?:~m supports is also included. 
Iluwcvcr. av;liluhlc stutl?. resources ~)rcclutlctl oililivi~lent al~illysis to  tlcliric thc full array ol'cc~uipmetit nccded t o  asscmblc 
~lrc laser powcr trar~a~nission systcrn ; ~ n d  t l l i )  c.lc~ncnts 01 '  tlic illtcrfircc systcrn. As prcvioi~sly ihown,  many divcrsc con- 
*itruc:ion opc.r:rtiorls must hc pcrfon~icd t o  asscriil,lc all of  the cl~:mcnls in thcsc sy:;tcrns. Although a breakdown of tlic 
powcr trtnsntission!intcrf;~~~ ;~sscrnhly cquipmc!nt rcmiiins to Ije tlcvclopcd, i t  is believed that  the total mass and cost of 
tllesc i t c ~ n ~ s  will hc similar to tllosc for b ~ ~ i l i l i l ~ g  the concentrator. 



IOP LASER SPS CONSTRUCTION EQUIPMENT 

CONSTRUCTION AREA/EQUIPMENT 

CONCENTRATORASSEMBLY 
- BEAM BUILDERS 

1.5 m GIMBAL MANNED 
1.5 m MOBILE MANNED 
7.5 m MOBILE MANNED 

- CHERRY PICKERS 
30 m 
45 m 

- INDEXERS 

] SINGLE SUPPORT 45 m 
60 m MULTISUPPORT 

- FACET ASSEMBLY STATION 

SUBTOTAL 

PWR TRANSMISSION/INTERF4CE ASSY 
- UNDEFINED EQUIPMENT FACTOR (100%) 

TOTAL 

QTY 

18 
2 
1 

29 
6 

8 
6 
2 
1 

TBD 

MASS, 
MT 

72 
8 

11 

72.5 
18 

8.7 
7.8 

16 
3 

217MT 

217 

434 MT 

COST, 
$M 

I 

724 
79 
58 

621 
128 

26 
21 
14 
21 

$16921111 

1 692 

$3384M 



IOP L.4SER CONSTRUCTION BASE CREW COMPARISON 

.l 'lli> c.fi,irt shows J co~npiirison of crcw olyt~r;ltio~is .*tal'fiug f o r  tllc rci.ercncc (;EO basc ant1 for thc I;istr consrruc- 
 ti,)^ 1 %  , i c ;  I . : i i I  / y . ~ . > i '  t ~ 1 ~ ~ ~ r ; t I ~ ' ~  (311 10 110~11. sllift!, per (!;I! ;t1ii1 11;1vC \i!iii1;11. 1~rj!;11ii7;tti01is. 

( ' o ! i b t r ~ ~ c t ~ c ~ ~ i  of' tlic s o l ~ ~ r  c o ~ i c ~ ~ i t r i ~ t c ) r  r ~ ~ q u i r ~ >  11';1r1y tlircc t i11 lc~3  ;IS 11>;11iy pcoplc ; I S  for i 1 ~ ~ ~ 1 1 1 1 ~ l i t l ~  the rcfcrcnce 
~.l lcrg> con\~,r.iion bystcni I)cc.ai~se it has 3 c i~~~i s r ' r  strt~c.rurc ;111d rcc l~ i i r~s  morc construction .:q~iipment. The divcrsc con- 
~ [ ~ ~ ~ c t i o ~ i  opcrdti0115 I'or ; I S S C I I I ~ ~ ~ ~ I ~  IIIC.  i,~\~xr l > t ) i i ~ , r  t ~ ~ t i ~ i i i i > \ \ ( ~ l ~  \!,S~L\III. I I O W L ~ I  e~ . .  !i;~t,c I I O ~  I I ~ ~ I I  ; I I ~ ; I I ~ Y L ~ I  1 ~ )  t l ~ c  point 
~ I \ r ' r c  illc S C , ~ ~ I L , I ~ ~ ~ L >  o( 'ol~cri.;iol\s a ~ l d  rccluiretl ~ v l l ~ i l > ~ i i e ~ i t s  ;Ire clcl'i~it\ii. .At this junctiirc it is l>~licvt*d ttiiit the crew needeci 
co ;l\\r ' l~lliJ~ t I 1 ~ '  Ii~scr poivcr t!.;~n.;lni.;sion systcni \gill lit* so~iicwhcrc. I~ctwccn 50'.Y riarl IOO(% o f t l i t  total crew for solar 
c.oilictitr:itor ;rssc~nibly. The rcii iainin~ cons~ruc,tion oper:~tions ti.(>.. suhasscn~bly factory. t~ la i l~ to~ i lnce ,  logistics and test: 
C).('.) arc ; i s i t ~ ~ ~ ~ t . t l  to hr' tlic siinic for hot11 c.orlccpts. 111 aritlition. thc I ~ ~ s c  operations and hnsc n~anagcn~en t  crew opera- 
tirrnh Jrc ; ~ l s o  rlie saw<. Ilowcv~br. the  largcr c.oustruction crcw f'or tlic 1;lsc.r SI'S also reqirircs niorc people for base support  
4 i *:.. :::i!itics. Ilotci. food scrvicc. tBtc ). 



IOP LASER CONSTRUCTION BASE 
CREW COM! 4RISON 

TOTAL CREW 444 587 
CREW - 143 

75% SULAR CONC 

LASER 
CONST BASE 

377 - - 
116 - 
87 
48 
40 
44 
42 

-- 84 

CREW OPERATION 

CONSTRUCTION OPERATIONS 
- ENERGY CONVERSION SYS 
- SOLAR CONCENTRATOR SYS 
- ANTENNA 
-- POWER TRANSMITTER 
- SUBASSEMBLY FACTORY 
- MAINTENANCE 
- LOGlSTlCS 
- TEST/QC 
BASE OPERATIONS 

REFERENCE 
GEO BASE 

258 - 
42 - 
42 - 
48 
40 
44 
42 

- 84 
BASE SUPPORT 
BASE MANAGEMENT . - 18 



10P LASER SPS CONSTRUCTlON BASE IMPACTS 

'J'ht- Ir1lpac.t of  IOP I-ascr Sf's con~t ruc t ion  is snmmurizetl on  the f"~citi# page in tern)!. of penalty l o r  gain) to the  
rL~t'~~rc.ncc (it0 base mass, cost, and prudirctivity. 

Tlic r c f ~ ~ r c n ~ c -  h:~sc is not suitable for building this small Laser SPS cunccpt. An entirely different and muc11 small- 
c r  constructio1i hasc is neetled. ilowcver, there :Ire man!. diverse laser satellite assembly tasks t o  he performed on  this 
sn~al lcr  hasc. which leads t o  a larger crew ~ i 7 ~  f 5 X ?  vs 444).  flcncr,  more hahifats arc requircd than for the reference 4 
l7.i:. 2nd builrlcr. Although, the total Inass of tlic laser basc is significantly less. the net cffcct increases the GEO base in- 
\c>tmcnt  cost an11 annual operations ccst as shown. For the IOP 1,aser Construction hase defined. it was not  practical t o  
x ~ ~ l c r s t c  the concentrator assembly operation furthcr to col;ipletc construction in less than 176 dabs. Consrclbently. 
r~roclirctivity of the laser construction base is 3% o f  the rcfcrcnce. It is possible, however, that an alternate structural 
ccnccpt and another more highly autornatc~l  constrt~ction facility c.oultl build the entire satellite a great deal faster. 



IOP LASER SPS CONSTRUCTION BASE 

WORK FACILITIES 
- STRUCTURE 
- CONSTRUCTION EQ'JIPMENT 

1 AMASS, 
GC3 BASE ELEMENT MT 

CREW SUPPORT FACILITIES 
- 2-17 m DIA HABITATS 

A COST - 1979 SM 
DDT&E 1 UNIT COST 

WRAPAROUND FACTORS 
- DEVMT 127% 
- PROD.47% 

TOTAL -1 707 MT -$77M $30871111 

ANNUAL OPERATIONS INCREASE: 
SALARIES & TRAINING (+143) 212 
RESUPPLY +363 MTIVR 204 - 
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O P n c a L Y  PUMPED GAS LASER RFSULTS 

P. summary of the optically pumped laser results is presented here. 
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OPT1 CALLY-PUMPED GAS LASER RESULTS 

LESS MASSIVE THAN EDLS 
ELIMINATES SOLAR ARRAY 

EFFICIENCY UNCERTAIN; NEt?S MORE. DETAI  El ANALYSIS 
AND EXPERIMENTAL WORK 

COMPLEX AND EXPENSIVE TO CONSTRUCT 

SOME PUMPING MACHINERY 

POTENT1 AL FOR MARKED ! MPROVEMENT I F TECHNOLOGY 
BREAKC 'AVORABLY 
TECi4NOLOGY EMi3RYON I C BUT BASED ON WELL..UNDERSTOOD 
LASANTS 



I l , r : > )  t:o~~-ffpts ~IJ"C bc-cr~ d~vclop d for lice nlectron lasers. Tllrce of cite op t i~~ns  arc shc-wn on the 

f r i (  111); pi):- .  The "('clt,llac" lascr a x * \  ~i O ~ C  'crld a t ~ d l f  pas5 >ysterrl tlircrr~ph thc- w~ggler magnet to 

:rrrpr r v c  eff~crt~ricy. Thc d o u b l ~  f1.c~ CICI t r i ~ n  laser uses a long wave iength frcc electron laser to cre- 

\ti. ,i vrrlual w~gglcr rndgnpt w h ~ c t ~  then :?xtriiL+rs energy and sllort wave Icrrgths from the hiall power 

~ 1 r . c  troi) ~ L ~ C I ~ ~ I .  Sh~s curlc:ept ' . v ~ \ J  v ~ e ~ e d  , is ilrrrrcc'rlssdy f o ~  pursurt rn the present st8jdy because it i s  

,ultcbd illdllily to extract~ng very short wavclcngths (approxin~ately I m~cron). nally, a storage ring free 

t-1c.c. t r m  1,iscr ut.litcs a s~rnple rnagnetir.rlly ccrltained ptorage ring to rec~rc i~ la te  the electron beam 

t h r ~ u g  the w~ggler magnet so that n relatively small extraction of errergy per electron beam can st i l l  

provrdf. rt.asob~able eff lc~erlcres. 

Th?  sirnpfcst fret* I. lectrorr laser cor*:ept i s  a straight through concept in which the electron beam i s  

~icceler,iteci into a high extraction . ligglcr rnagnet which extracts as much laser energy as possible in  a 

5,ngle pdss. The spent bear-I is tllen collccted by a collector from which the waste electron beam 

energy n l a l s r  9e collected as therrnal energ] and dissrpated to space through a thermal radiator system. 

1ndica:ions are that the s ~raight  througtt sjstttm rnay achieve ef ficier~cies as high as 50% without the 

co ~plcxi t ics of  thc rcc:irc~llatirig systervs. Furthcrrnor?, recent study of electron beam thermalizatior~ 

I~as raised cl c-urrcertt c:orltruvcrsy rc?garding achievable cfficie. cies of recirculating beam FEL's. 
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FREE E LECTROM LASER CAND I DATES 

C A T A L A C  F E L  

DOUBLE FEL 

S T O R A G E  R I N G  F E L  



SINGLE PASS FREE ELECTRON LASER 

The facing page presents a sumlrlarv efficiency chain and mass estimating rationale for the single pass 

free electron laser SPS. 
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SINGLE PASS FREE-ELECTRON LASER 

sps 3335 EFFI C I  ENCY ESTIMATE 
POWER - AT - EFFI CIEFICY 
1 GW GROUND 
1 , 2 5  GW O I ~  RCVR , 8 0  I R/ELECTRI C I  TY 
1 ,3158 INTO ATM ,95 
2,6315 E-BEAM SO E-BEAM/Ll G HT 
3 , 289 E l ,  PWR ,8 ELEC I /E-9EAK 
3,46 ARRAY OUTPUT ,95 UNCONDITIONED -CONDITIONED POWER 

2L;,73 SU!{lI GHT 814 SUNLIGHT - . CUrlDITIONED ELECa 
= 4% vs 7X FOR MICROWAVE 

ITEM - 
OPT1 CS 

r) LASER b, CAV I TY OPT I CS 

RADIATOX & C00LIl iG 
HOUS I f iG  3 MOUNT I i J G  
Kl,!'ST?QirS 2 E-OPT I CS 
POWER PROCESSING 
POWER COVDUCTORS 

SOLAR ARRAY 
STRUCTlIRES 

MASS ESTIMATE - 
FACTOR BAS IS EST I MATE ( MT 



FREE ELECTRON LASER RESULTS 

,9 scmrnary of t h e  f r e e  electron laser results is presented on t h e  f e r c in~  page. Tlre f r e e  electrorr laser  

appears  t o  be t h e  most a t t r ac t i ve  of t he  options investigated t o  date .  Ilowever, t he  technology is very 

embryonic and i t s  a t t r x t i v e n e s s  depends on a c h l e v ~ n g  high extract ion of light energy f rom t h e  e lec t ron  

beam. Experiments t o  valioate t l~e  possibility of high elf iciency should be  relatively inexpensive to 
conduct. 
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FREF-ELECTRON LASER RESULTS 

I U I I ! #  - 
FREE- ELECTRON LASER 

NO MOVI t lG PARTS (EXCEPT OPTICS) 
NO FLUID CIRCUITS 
EFFICIENCY UiiCERTAI N BUT BELIEVED POTENTIALLY 
FA1 R TO GOOD 
LEAST MASSIVE OF THE LASER OPTIONS I F  
EFFICIEBCY ESTIMATES VALID 

a SCALItJG UNCERTAIN BUT HIGH POWER BELIEVED POSSIBLE 
TECHNOLOGY EMBRYO11 I C 



LASER SPS OPRON MASSES COMPARED 

The masses in space required for 5 gw of delivered electric power are composed for the 4 major laser 
SPS concept; assessea in this study. The free electron laser (with 50% extraction assumed) is clearly 

the best SPS laser option, However, due to i t s  power c0nvers;on efficiency penalty of a factor of 2 
\kith respect to the microwave reference SPS, it is also that much mope masslve. 



Dl  80-25969-2 

LASER SPS OPTION MASSES COMPARED 

80% EFFICIENT (OPTICAL RECTENNA) 
RECEPTION ASSUMED FOR LASERS 

MICROWAVE FREE ELECTRON - IOPL SUBSONIC C02 SUPERSONIC 
5 7 

REF. SPS LASER SPS SPS €DL SPS CO €DL SPS 
?7 $ 

-Q .$ 
..L' 

-,.? AY 

RADIATORS 

EM TRANSMITTER 

POWER 
COLLECTION 



LASER SPS OPERATIONAL FACTORS 

Thc following t w o  cha r t s  summar ize  laser  SPS operat ional  factors .  The  :actors fo r  t h e  EDL's and 

FEL's a r e  extrapolated f rom the r e f e r ence  system d a t a  base; specif ic  construct ion analyses  were  
no conducted. 

h u e  to t h e  f a c t s  t b a t  t h e  laser  SPS's a r e  more massive per  unit power and have  lower power per link 

than  t b e  microwave reference system, more  of every component  of the SPS system will be required. 
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LASER SPS OPERATIONAL FACTORS 

RECTENNA S I T E S  GROUND R E C E I V I N G  
STATION AREA ( K M ~ )  

RECTENNA S I T E  

..'I 
m -  

14 

6 

4 

M I X I N G  FEL €DL REF 
CONSTRUCTION RATE 

(SITES/YR) 
HCLV FLEET 0 o 

9 !a 

-- 

M I X I N G  FEL EDL REF 

HLLV UUNCHESIWEEK HLLV L A U N ~ H   ADS EOTV FLEET 
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LASER SPS OPERATIONAL FACTORS (CONTI 

The greater construction effort required lor the more massive laser SPSVs is illustrated. 



Dl 80-25969-2 

LASER SPS OPERATIONAL FACTORS 

M I X I N G  FEI, EDL REF M I X I N G  FEL EDL REF 

NO@ OF LEO BASES 

M I X I N G  F E L  €DL REF 

NO, OF GEO BASES 

M I X I N G  FEL EDL 
GAS 

CONSTRUCTION CREW 

REF 
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LASER SPS OPERATKMIAI, FACTORS 

On the following pages, the operational factors by which the various SPS laczr concepts differ are listed 
by category. 
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1 - ~ C C D  . J -  $5'' - - "3F,/FI ??!A!. FACTORS 
Q - /- - I--*I - "- . - - - I -  - t t - a ; v - - t -  *- -. . - - -  ------ - '-<---5-"- - 

C9S 2 - 5 3  .-- .---c- -- .. 7-- 

S,L,~E~LITE ~ : ~ 7 5 3 - 5  L.iSER RECTENNA CC:; :Z"'S 

o INDUSTRIAL COMPLE%/SURFACE 
TRANSPORTATION 

. Prirriary I n d t i s t r i a l  
Capacity Needs 

. Surface T ranspor ta t ion  

c RECTENNA CONSTRUCTION 

. No. b t  1 GW s i t e s  

. S i z e  o f  S i t e s  

, No. or  Si tes  t o  B r i ng  
On L i n e  Each Year 

. Kapton . tiraph' t e  
F i  bers . Laser Cpt ics  

ADDITIONA 
TRANSPORT 
CURRENT T 

. Yol a r  Ar ray 

1 .  
Grzphl t e  

I F ibers  
1 . Kl 1 s  t rons  . L?ser ?? t4cs  

,L PAS 
ED Wf 
RP,h SP 

S 

S OF MATE 
i L  NOT ST 
O?TAT!ON 

r 
I .  

7 

. So la r  Array . Solar Array . Graphi te . Fresnel tens 
F ibers  o r . Laser Opt ics < .  Opt ica l  i 

- 2  
> 

+ 
S w i  tchyard 

+ 
Exclusion 
Boundary 

+ 
Swi tchyard 

+ 
Excl  u s i  on 
Boundary 
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CPERA? ICY A? FACTOR 

o RECTENNA COr4STRUCTION - Cont. 

. Construction Complex1 t y  
Factors 

o LAUNCH AND RECOVERY S I T E  

Mass Laser SPS . MI crowave- t o - ~ e f  , 
Mass Rat10 

. No. of 4 0 0  MT H L L V ' s  
i n  f lee t  . No. of Launches per  Week . No. o f  Launch Pads 

. Location of Launch S i t e  

"Cq 80' 
0 $ 

LASER 

MIXING GAS 
1 LASER RECT ENNA CONCEPTS 

?HOT OVOLTAIC 

tens and 
support 
structure 
could be 

SATELLITE CONCEPTS 
POWER TOWER 

N e d  portable 
he1 fosta t  
assy, factory. 
P w r  tomr 
does not 
lend f t s e l f  
t o  hlgh-rate 

FEL 

I! au tomrted , 
, Yay need 

superconduc- 

€DL 

' 

6 

36 

48 
18 

(NONE OF THESE 
WOULD HAVE TO 
S I T E S )  

I 

tors,  

I 99 1 I 

2,25 
14 

18 
7 

COVLD BE SUPPORrED 
GO TO OFFStiORE 

6.4 

38 

5 1 
19 

BY KSC-- 
)R EQUATORIAL 

/ cons truCtfon 
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LASER SPS OPERATIONAL FACTORS 
1 

OPERATIONAL FACTOR 

o LEO BASE 

. EOTV F l e e t  S ize  

. Time required t o  construct 
EOTV f l e e t  a t  8 vehicles/ 
year  r a t e  

. N o .  o f  LEO Bases required 
t o  construct  EOTV f l e e t  
w i t h i n  9 years (veh ic le  
1 i fe )  

. No. o f  HLLV docking por ts  

. No. o f  E O T V ' s  I n  
s tat ionkeeping pos i t ions  

LASER S A T E L L I T E  CONCEPTS 11 LASER RECTENNA CONCEPTS 

. -i .. , 

0 ~+lg 

POWER TOWER 

5 ' 02 g& 
I 
I 

o[" 1 

18 7 19 
( 9  on each (10 on each 

base) base) 
i i 

(HAVING HLLV D 
S IDES OF THE 
APPROACH/DEPA 

6 2-3 6-7 
(could pose an (could pose an 
ooera t i  onal . . * L W * .  

operat ional  

I PHOTOVOLTAIC MIXING GAS 

132 

I 

16.5 y r s  I 6.25 y r s  17.6 y r s  1) 

t 
2  I 2 

FEL 

50 

\ 

EDL : 

141 

I 
I 
1 

$ I 

! 
i 

101 
. . 
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- 
OPERATIONAL FACTOR 

o MAINTENkNCE 

. Primary Maintenance 
Tasks 

. S i g n i f i c a n t o p e r a t i o n a l  
Problems 

2 0 
T a 
2 z 
5 2 
2 P 
P c w 
b - 3 

. LASER SATELLITE CONCEPTS 11 LASER RECTENNA CONCEPTS 
MIXING GAS 

, 
FEL 

C - .  

c,, ?"'?@VCLTAIC 1 
I r 

POWER TC>:SR 

. Reflector 
cleaning 

. Turbo- 
machinery 
mai n t .  

. Lasant f l u i d  
changeout . Radiator 
system maint. 
-Pumps 
-F lu id  Leaks . Lasant 
i ntercavi  t y  
tube cleaning . Optics 
cleani ng 

. W h a t t o d o  
w i t h  
degraded 
1 asant gases? 

. How much tlme 
must be 
allowed t o  
cool system 
before mai n t .  
crews can 
work? 

. Maint. access 
t o  f n t e r i o r  
o f  cav i ty ,  

. Klyst ron 
changeout 
(30 tubes) . Optics 
clearl iny . Radiator 
system maint 
-Pumps 
-Fl u't ~ e a k s  ! 

. What t o  do 
w i  t h  waste 
gases? 

i. 

. Cathode 
changeout . Makeup gas 
replenishmen . Waste gas 
removal 

I ,  

: 

. Lens Cleantng 
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i S LASER SPS OPERATIONAL FACTORS 
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LASER POWER RECEIVER TIlPES 

The types of laser power receivers considered in that study and their anticipated efficiencies are listed. 
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USER POWER ' RECEIVER TYPES 

LOW INTENSITY (LESS THAN 5 SUNS AVERAGE POHEWAREA) 

PHOTO CELL 
EFF I C I ENCY 40% 

POWER TOWER . 
EFFICIENCY 60% 
MRDnARE CURRENTLY UNDER CONSTRUCTION CAN, BE USED 

OPT I CAL ECTENNA I 

MUST BE PULSED FOR EFFICIENCIES UP TO > 90% 

HIGH INTENSITY (OVER 5 SUNS, DANGEROUS) 
PARABOLI C CONCENTRATOR 

EFFICIENCY 60% 
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PtiOTOC@LL RECEIVER 

Mass produced plastic Fresnel lens could he used to concentrate laser power on strips of water cooled 
photocells underneath. 
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PHOTOCELL RECEIVER 

FRESHEL LENS 
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POWER TOWER RECEIVER 

This concept i s  almost identical to the solar power towers now under investlgatlon by DOC and k i n g  

constructed at several desert locations. The laser power from the EPS has a rmaller dlvergrnca angle 
than sunlight, i s  of S times the intensity and Is constant over the courae 01 the day. 
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POWER TOWER RECEIVER 

REFLECTED 
LhSCR 

MDlATlON \ 

HE Ll Of TAT 
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SINGLE HJCH INTENSITY RECEIVER 

This concept ,  not a recommentled option for  beam safety reasons, is a dater point representing what a 

high intensity laser beam receiver might look like. 
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SINGLE HIGH INTENSITY RECEIVER 

SPS.3381 
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SCHEMATIC CROSSSEC7I0NAL VIEW 

The power head a t  the focus of ei ther the high intensity receiver or the power tower is expected  to be a 
design similar to this. 
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SCHEMATIC CROSS-SECTIONAL VIEW OF ABSORPTION CAVITY, 

ENERGY EXCHANGER/TURBI NE LASER DRIVEN HEAT ENGINE 

ENf ROY EXCHAHGER RADIAL MDIATORSFOR 

I I N  FLOW INTERCOOLING 
TURBINE - 

ABSORPTION CAVITY 
( l t r n s p i r c r t ( o n  Cooled ~ 1 1 1 s )  



OPTICAL RECTENNA CONmCURATlON 

The o?::cal rectenna i s  a microminature 10 micron wavelength dipole receiver and rect if ier  diode en- 

t irely :nalogous t o  the  microwave rectenna in principle of operation, The method of fabricatior, is by 

s e r n i c c ~ d u c t o r  processing and lithography on silicon sheets. The shee ts  a r e  mounted on water  cooled 

plates r l  t h e  base of a fac tor  of 30 parabolic trough concentrator  and connected to positive and nega- 
t ive  pc A e r  busses t h a t  run alongside. 
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OPTI CAL RECTEiYNA CONFIGURATION 

' WATER COOLING \ O P T I  CAL 
RECTENNA 
SHEETS 



OPTICAL RECTENNA PRELIMINARY CHARACTERISTIC3 

Preliminary optical rectenna diode performance based on the  constant forward voltage diode drop ap- 

proximat ion is shown. Neither concentration or pulse fac tor  alone will suff ice for  high efficiency - a 

concentrator  ra t io  of 30-100 witla a pulse f ac to r  of 1000 t o  10,000 is needed. However, the result is t h e  

most  eff icient  laser receiver concept proposed t o  date.  



I Dl 80-25969-2 

I OPT1 CAL RECTENNA "?f L!!y! NARY CHARACTERISTICS 

r w I / U O  - 
SPS-3 ?84 

o DIODE OUTPUT VOLTAGE 
V = ( (P/A) Zo )' A " + K 

PowerIArea Free Space Wave1 ength 
Impedance 

o AP?ROX!MTE RECTENNA EFFICIENCY DUE TO FORWARD D!Z?E ??!?b 2SSES 
"forward ( ' - 'torwa-d ) v-I 

for  S l l l c o n  diodes Vmrward = .6 v o l t s  

o RESULTS OF CONCENTRATING Ofl DIO9ES 9ND PULSING LASER 

CONCENTRATION PULSE FACTOR V (VOLTS) 'FORWARD 
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LASER CONCLUSIONS 

Qur conclusions on use of laser for SPS power transmission are listed. 
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I 

LASER CONCLUS I ONS 

- 
I I I 8 A l I  - 

SPS.3334 

BEST LASER OPTIONS ARE WIThIH A FACTOR OF 2 OF REFERENCE SYSTEM 
SPECIFIC MASS 8 COST . 
CAN PROVIDE SMALL ( <  100 MW) BLOCKS OF PbWER WITHOUT LOSS OF 
COST-EFFECTIVENESS a 

GROUND RECEIVER CAN BE EFFICIENT WITHOUT DANGEROUl INTENSITIES, 
AVAILABILITY BETTER THAN GROUND SOLAR BUT, :JOT AS GOOD AS 
MI CROWAVE SPS . 

, DOESIJ'T SHY 31=F AT NIGHT, BUT 
, CAN'T GET THROUGH IIICLEMENT WEATHER 

SMALL RECEIVERS POSSIBLE (HUNDREDS OF METERS DIAMETER AT 1 GW), 
MOST PROMISIlJG AREAS FOR REASEARCH . FREE-ELECTRON LASER . OPT1 CALLY-PUMPED LASER 

, M I  CRO- RECTENNA 



Because it is the most promising SPS laser candidate, the FEL deserves a Inore detailed study, prrticu- 
larly with regard to achievable beam power extractions. 
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LASER RESEARCH RECOMMENDATIONS 

FREE-ELECTRON LASER 
DETAILED TRADEOFF OF SIPIGLE-PPSS VS STCZASE RISS 

KEY ISSUES: 
a MAGNET WEIGHTS 

BEAI RECONSTI TUT I OF4 I STORAGE RING 
, POWER FROCESSING (LASER I S  PULSED) 

BEAM LEAKAGE 
H I GH-EXTRACTION WIGGLER 

I POWER PROCESSING (LASER I S  PULSED) I S I NG LE-PASS 
a SPENT BEAM DISSIPATIOf4 

SCALING & POWER L I M I T S  
, O P T I M I Z A T I O f ~  

OPTICS SURVIVAL 
} BOTH 

H I  GH-EXTRACT1 ON 8 POWER PROCESS1 fJG EXPERIMENT PROGRAMS 



LASER RESEARCH RBCOMMENDA'IXWS (m 

Despite the generally unfavorable preliminary results in this study, the indirectly optically pumped 
laser still has potential for improvement, To realize this r more detailed investigrtion of the Irnr 
cycle needs to be done. 

The optical rectenna is a good candidate for a small experimental program, u are bmd-gap matched 
photovol taics. 

Firrally, a laser SPS grid lntegratlon study is needed to rssers compatibility with eleetric utllltles, 
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LASER RESEARCH RECOMMENDAT IONS 

OPT I CALLY-PUMPED LASER 
DETA! LED PHYSICS,  THEP.V?DYNAMI CS & KINETICS RODELING I 
D E S I G N  T O  O P T I M I Z E  LASER C I R C U I T  8 ASSESS SCALIHG, 

a PUMP1 NG & G A I N  EXPERIMENTS 

SEARCH FOR BETTER CATALYSTS 

GROU;4D RECEIVER 
ANALYZE & T E S T  M I  CRO-RECTEANA WITH COflCENTRAT I O N  
& PULSING 
ANALYSE 8 T E S T  MATCHED PHOTOVOLTAICS 

Ga%!uL 
D E T A I  LED SCENARIO ANALYSIS  TO ASSESS L.OAD-CARRY ING 
CAPACITY FOR VAR I OUS REG I0 !IS, 
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TRANSPORTATION ANALYSES 

Three separate  transportation analyses were  conducted, A study was made of a shu t t l eder ived  heavy 

l if t  and orbit transfer system, a t tempt ing to make maximum use of existing or modified space s h u ~ t l e  

hardware. In addition, a significant e f fo r t  was invested in the  definition of a small heavy l if t  launch 

vehicle, sized t o  roughly one third t h e  liftoff mass o f  t h e  present reference SPS HLLV, The third anal- 
ysis, still in progress, is a sensitivity study of t h e  e lect r ic  orbit transfer vehicle, examining its sensitiv- 

i ty  to thermal e f fec t s  in low Earth orbit,  radiation degradation, and use of alterriative propellants. 



TRANSPORT AT I ON AlJALY SES 

e SHUTTLE-DERI VED SPS TRANSPORTATION 

SMALL HEAVY LIFT LAUNCH VEHICLE 

ELECTRIC ORBIT TRANSFER VEHICLE-SENSIITIVITIES 



SHUTTLE-DERIVED SPS TRANSPORTATION 

The goal of the shuttle-derived SPS transportation system was to minimize t r a n s p o r t a t h  development 
cost. The question related to this goal was determination of the  recurring cost  for  SPS production if 

this transportation system w e n  adopted. The concept involves urrt of shutt le orbiters and external 
tanks both for Earth-to-orbit and for orbit-to-orbit transportatim. In order t o  reduce costs and increase 
performance, a new booster is to be designed and developed. 
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SHUTTLE-DER I VED SPS TRANSPORTAT I ON 

GOAL : MINIMIZE DEVELOPMENT COST 

APPROACH : 

o USE SHUTTLE ORBITER AND ET 

o PROVIDE NEW BOOSTER TO INCREASE 
PERFORMANCE AND DECREASE COSTS 



PROBLEMS WITH THE ORIGlNN CONCEPT 

This concept was developed by  he Johnson Space Center. An initiaf configuration was provided as a 

part  of t h e  Phase 111 task s ta teqents .  The configuration had cer tarn  known problem. First of all, very 

l i t t le  volume was avadable for SPS hardware payloads. These hardware payloads are relatively low in 

density and require a low density payload bay to  achieve efficient transportation operations. Further, 

the  original concept included a redesign of the satellite, fairly complex construction operations, and 

raised cer ta in  questions as t o  whether t h e  large sections of satel l i te built at  low Earth orbit cwld be 

transported t o  CEO. Thirdly, accommodations for crew delivery from LEO to CEO w e n  not provided. 

Finally, t h e  system included a ballistic booster. Earlier studies of W k  versus winged boosters had 

indicated that  winged systems would provide lower transportation costs due bs mote rapid tunreround 

operations. 
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S 
PROBLEMS WITH THE ORIGINAL CONCEPT 

o NO VOLUME FOR PAYLOAD, 

o SATELLITE MUST BE REDESIGNED AND PARTIALLY 
BUILT AT LEO, PARTIALLY AT GEO, 

o NO VOLUME FOR LEO-GEO CREW, 

o BALLISTIC BOOSTER WITH HIGH STAGING 
VELOCITY REQU I RES EXTENS I VE SEA 
RECOVERY OPERATI ON, 
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WORKAROUNDS 

A revised configuration was developed that included a redesign of the external tank and the use of a fly- 

back booster. It had also been suggested that  t h e  orbiter  be redesigned to provide increased payload 

accommodations. This, however, appeared to be in conflict with the desired objective of minimizing 

development costs. If one were t o  redesign the  orbiter and provide a new booster, one would, in effect, 

have a small heavylift launch vehicle. That option was studied as another part  of the transportation 

task. 



D 1 80-2 5969-2 

WORKAROUNDS 

o REDESIGN ORBITER 

o REDESIGN ET (REQUI RED IN ANY EVENI) 

Q o USE FLYBACK BOOSTER 



MODIFTED SHUTTLE SPS TRANSPORTATiON SYSTEM 

S h w n  here  a r e  the principal iea turcs  of the  modified system. Cargo space  is provided in the exfcrnal  

tank. The s t ~ u t t l e  cargo  bay provides suff icient  volume for personnel accomrt~odation. The flyback 

booster and interstage structure provide fo r  launch of the shutt le  and external  tank to the proper 

staging conditions. 

Cargo is launched t o  low Earth orbit with t he  configuration Illustrated. Some of t he  external  tanks with 

cargo  space  a r e  to be used tor orbit-to-orbit transportation, These are,provided with be t t e r  thermal 

insulation fo r  roughly two weeks' stay t i m e  in low Earth orbit. Additional launches with relatively con- 

ventional external  tank3 bring propellant to low Earth orbit t o  fill t he  orbi t  t ransfer  ET systems. The 

relatively high performance of the  l a rge  flyback booster allows the system to  ar r ive  in orbi t  with sub- 

s tan t ia l  propellant remaining in the  externa l  tank, This is then transferred to  t h e  orbi t  t ransfer  ET's 

until they a r e  fully loaded with propellant. 

In order  t o  provide a n  adequate mass fract ion for orbi t  t ransfer  and allow t h e  shutt le  orbi ter  t o  go 
along as a propulsicn system and crew transfer  system, several external  tanks a r e  docked together end- 

to-cnd to  provide a very large orbit t ransfer  system with g rea t  propellant mass. 
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MODIFIED SHUTTLE SPS TRANSPORTATION SYSTEM 

CARGO MUNCH CONF I GURAT I ON 
I 4 1 1 ' I # P ,  - 

SHUTTLE CARGO BAY FOR 
/- 

ADDED CARGO OR PERSONNEL 

'LFLO~ER PETAL NOSE FOR- 
TANK-TO-TANK JOINING 

(TANK-TO-TANK OR 
ORBITER-TO-TANK) 



FeATURES OF REVISED SYSTEM 

The principal features of the revised system are tabulated here. Note that three types of external 

tanks arc required. Al l  cargo for launch from Earth to orbit is housed internally to the external tank 
payload bay. For orbit transfer, this is not necessary and cargo brought to Earth orbit by those external 

tanks not configured for orbit transfer will be stored externally to the orbit transfer ET's for the orbit 

transfer. 
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FEATURES OF REVISED SYSTEM 

IUI&#U - 
8- 

o CARGO SPACE IN ET ALLOWS DELIVERY OF 
CARGO TO GEO 8 ALL CONSTRUCTION AT GEO. 

o ADEQUATE VOLUME W BE PROVIDED. 

o ORBITER BAY AVAILABLE FOR PERSONNEL 

o THREE ET VERSIONS 

(1) "REGULAR* - PROPELIANT DELIVERY TO LEO - 
MOD1 F I  ED ONLY FOR PROPELLANT 
A C Q U l b I T I O N  AND TRANSFER 

(2) CARGO TO LEO - CARGO BAY ADDED 
3 LEO-GEO 

o CARGO BAY 
o FLOWER PETAL NOSE 
o BETTER INSULATION 



OPTIMU ATION QUESTIONS 

A number of questions have k e n  raised as to how to configure thls system for minlmum cost. The 

three principal variables are the booster size and attendant staging velocity, booster flyback optimiza- 

tion, and the number of external tanks to be provided for L'P h transfer flight. Crew rccornrnodations 
in the orblter wen a secondary question. 
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OPTIMIZATION QUESTIONS 

BOOSTER S I ZE/STAG I NG VELOCITY 

BOOSTER FLYBACK OPTI MIZAT~ON 

ET'S PER TRANSFER FLIGHT 

CREW ACCOMMODATI OMS 

COST 
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lSAIAtb WHAT IT ts 

In order to conduct the optimization analysis, the Isaiah Systems Modeling Software S y s t m  was em- 
ployed. The Isaiah software, in ef fcct ,  allows one to very quickly develop a computer program to arm- 
lyze a complex systems 1node1 by standardizing those things that normally cause most of the dl f f icdty  
in developing computer models. 



STANDAIIDIZED, STRUCTURED PROCEDURE AND SOFTWARE SYSTEM FOR 
INTERRELATIONSHIPS AND SUYSITIVITY ANALYSIS 

-- 

S 

a MODEL1 NG METHODOLOGY 
INPUT LANGUAGE 

I INTERdAL LOGIC 
D I AGNbST I CS 

a OUTPUT FORMATTING 
P U T  ROUT1 NES 

D 180.25969-2 

ISAIAH - WHAT I T  I S  

N I N E l Y  PERCENT OF THE CODE AND 95% OF THE TROUBLE I N  A URGE 
COMPUTER PROGRAM I S  INPUT, OUTPUT, LOGIC STRUCTURE, AND FILE 
HANDLING, THE RATIO I S  SOMEWHAT WORSE I F  COMPUTER GWHICS IS 
USED* WITH THE ISAIAH METHODOLOGY AU OF (THIS STUFF I S  ALREADY 
THERE AND DOESN'T NEED CHANGING, 

rnrnrn#@rn - 



ISAUH COMPUTER HOOKUP 

The Isaiah System operates with the computer network at  the B a i n g  Kent Space Center. The system is 
accessible through remote terminals and all card image files are maintained on disk files to avoid card 
deck handling. The software runs on a large IBM mainframe and plot files are transmitted to the inter- 
active computer graphics facility for rapid plotting of results. 
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ISAIAH COMPUTER HOOKUP 

-hC YCrrC - d (5j5g-! 
MODEL 

r2Eswuw 
A U L u  

MTS SOURCE CODES 
INPUT FILES ON DI 

I SAI AH PROCESS I NG 
AND OBJECT CODE FI LES 

PLOT F l  If$, 
ILE MAINTEN= 

AND 
, SK 

JOB LAUNCH CONTROL 

@ I NTERACTIVE COMPUTER 
dRAPH1 CS FAC1 L1TY 

149 



SHUTTLE DERIVED SYSTEM OPnMlZATION (BOOSTER) 

The systems model is summarized on the facing page. This segment of the model includes the booster 

flyback optimization with principal variables being the booster wing area, dry inerts, and the 
booster propelJant load and staging velocity. The iterations implied in the network are handled auto- 
matically with the Isaiah software. 
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SHUTTLE -DERIVED SYSTEM OPT 141 ZAT l ON (BOOSTER) 

lR4YIWP - 
BOOSTER 

1 
BOOSTER 

PROPELLANT Y I N G  
LOAD A 

AREA 

I I I 
i & r % 

BOOST BOOSTER zii? 
PROPELLANT DRY MET BOOSTER 
COST INERT'S * I N E R T S  L/ D 

I I 
1 

I 
1 - 

BOOSTER STAGING FLYBACK * 
BOOSTER 

HARDWARE U - I D E A L  INSTALLED FLYBACK ' 

COST THRUST A FUEL 
I 1 I 

I * 
+ * 1 

BOOSTER STAGING STAGING COAST 
COST P E R *  V -REL ,  RELAT IVE .  FLYBACK 
F L I G H T  PATH ANGLE - RANGE . 

- 
RANGE STAGING STAGING TOTAL 
pl ' V - I N E R T I A L  - I N E R T I A L  FLYBACK . 
STAGING 

-I 

I 
r!!EEJ RANGE ,-A- -, 

I TOTAL I a 

I BOOSTER! ' COST ( 
I-,,, 



SHCITTLE DERIVED SYSTEM OPllMIZATION (UPPER STAGES AND TOTAL) 

The analysis of the upper s t q e s  is diagramed on the facing page. As the ideal staging velocity in- 
creases, the upper stage injected mass increases thus increasing the cargo mass and the propellant 
deliverable. However, as the ideal staging velocity increases, larger and larger boosters are required so 
one would expect a minimum cost point. 



I 
I St!I!TTLE-DERIVED SYSTEM OPTIMIZATION (UPPER STAGES O TOTAL: 

I I 
1 S T A G I R G  I 
1 V - I  D E A L .  I 

I I N O .  O F  E T ' S  
P E R  T R A N S F E R  
F L I G H T  I 

B U R N  T I M E  I N J E C T E O  T R A N S F E R  
P E R  T R A N S F E R  P R O P E L L A N T  
F L I G H T  CARGO R A T I O  

I I 

- 1 1  
& ,  

r ~ ~ ~ u ~ ~  N O .  
w + b 

P R O P E L L A N T  CARGO ;:ASS - O F  CARGO - R E M A I N I N G  - P E R  C A R G O .  I- 
F L I G H T S  A T  C U T O F F  F L I G H T  

t 
I I 

A 
I I 

T R A N S F E R A B L E  

P R O P E L L A N T  N U M B E ~  OF 
P R O P E L L A N T  
F L T S / C A F ? G O  

B O O S T E R  CARGO 
COST T R A N S P . C O S T  F L I G Y T *  - COST . 

O R B I T E R  
T I E - U P  
C O S T  

# 



MODEL INPUTS 

Plo' ,ed here is the estimated relationship of booster wing mass to the booster mass and boorter-wing 

area. This is a key relationship for 3atablishing the flyback optimization. 
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MODEL INPUTS 

SHUTTLE-DLR 1VLD 
CURVES RRE VALUE9 ;/ 

"it b 

i?f . 
g$. 
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MODEL INPUTS (CONTINUED) 

The staging relative path angle decreases with increasing staging valocityf the path angle is  important 
in establishing tlyback range. 



MODEL 1 NPUTS (CONT'D) 

SHUtTLC~OtRlVZO 3PS TRIMSPORTAT ION COST OPTlHl2AT ION . . 



Shown here is the relationship of relative ataging velocity to ideal rtrglng velocity. 
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MODEL INPUTS (CONT'D) 

SHUTTLE-OIRIVCD SPS TRRN3PORTRtION COST OPT1MlZRllOU 



The flyback range is cor,.posed of two principal componentst the range at staging and the coast range 
after staging. Shown on this chart is the range at  staging as a function of ideal staging velocity. On 

the next chart, the coast and flyback range as a function of path angle and inertial staging velocity & 

shown. 
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MODEL INPUTS (CONT'D) 
SWUTTLE-DERIVED SP3 TR~NSPORTHTION COST OPTIHlZATION I 

S T A G I N G  V- IDEAL 13-HRV-8B 88128133 

* 

161 
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MODEL INPUTS (CONT'D) 



MoDEL INPUTS (CONTINUED) 

The booster theoretical first unit cost is modeled as dependent upon the booster wet inert weights 

(booster inerts including residual ascent propellants but not including flyback propellant). The model 

included learning curve relationships to allow the booster average unit cost to be computed from the 

theore ~ i c a l  first unit cost. 
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MODEL INPUTS (CONT'D) 

SHUTTLE-OERIVEO SPS TRANSPORTAT ION COST OPT IMIZATlON 



ET costs were computed based on the theoretical first unit for the basic El' and on a delta theo- 

retical first unir for the additional mass of payload bay which in turn depends upon the payload 
deliverable per flight. 
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MCJEL INPUTS (CONT'D) 

SHUTTLE-DER I V E O  SP3 TRlNSPORTRTION COST O P T I M l Z A T l O N  
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MODEL INPUTS (CONTINUED) 

The propellant transferrable is dependent upon the propellant remaining at staging. For relatively low 

values of propellant remaining, very little prooellant is transferrablc since most of it will be vaporized 

by the tank vapor residuals and the tank wall mass. 



MODEL NPUTS (CONT'D) 

SHUTTLE-OtR1Vt0 3P3 TRANSPORT A T  ION to31 OPTIMIZ~TlOM 



WWG AREA EFFECTS 

The first run of the model examined the im,portancc of booster wing area. Wing area was found not to 

he a very important parameter. For further investigatims, wing area was flxcd a t  1,000 square meters. 



WING AREA EFFECTS 

SHUTTLL-DERIVED SP3 TRANSPORTflTfON COST OPTIHlZATlON R 
TOTAL ANNURL COST (HILLION ) 

CURVES ARE VALUES OF BOOSTER PROPELLRNT LOR0 (TONNE3 ) 

PLOT306 
I T E M 6 2  Q 
I T E M 6 3  Q s  
ITEM64 @ 
ITEM65 (3 
ITEM66 A 
ITEM67 0, 
I T E M 6 0  pr 
ITEM69 0 
ITEM70 b 

BOOSTER W I N G  AREA ( ~ 2 )  
, . 

12-HAY-80 16104102 



\ 

BOOSTER START FLYBACK INERTS 

The larger wing areas actually reduce booster start Elyback inerts as the improvement and L/D is 

more important than the increase in wing mass. 
\ 



BOOSTER START FLYBACK INERTS 
SHUTTLE-DERIVED SPS TRRNSPORTATION COST OPllMlZPTlON R 

BoasTEa START FLYQRCK I N  (TONNES I 
CURVES RRE VRLUES OF BOOSTER PAOPELLRNT LOR0 (TONNE9 ) 

BOOSTER WING RREA 



TOTAL ANNUAL COST 

Displayed here is the total annual cost  for construction of two SPS's per year as a function of booster 
propellant load and number of ET's per orbit transfer. It is evident that large boosters are important 
and that using at least six ET's per orbit transfer is desirable. 
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TOTAL ANNUAL COST 

SHUTTLE-DERIVED SPS TRRNSPORTATION COST OPTIMIZATION R 
TOTAL RNNUAL COST (MILLION ) 

CURVES ARE VRLUES OF E T ' S  PER TRANSFER FLIGHT ( 

BOOSTER PROPELLRNT LOR0 
TONNES 

13-HRY-08 08134r40 



TOTAL COST PER KILOCRAM 

The same data are displayed here in terms of cost per kilogram. 
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TOTAL COST/KG 

SHUTTLE-DERIVED 3PS TRANSPORTRT1ON COST OPTfHlZFTION 
TOTAL COST/KG ( 1 

CURVES FIRE VALUES OF E T ' S  PER TRRNSFER FLIGHT ( 

BOOSTER PROPELLRNT LORD 13-HRY -00 06 I 38; 35 
TONNE S 
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TOTAL ANNUAL COW FOR LARGE BOOSTERS 

The previous case was rerun for larger booster propellant loads showing some additional reduction in 

total annual cost up t o  6,OOG ton boosters. The total annual cost  here is about twice that for the small 
HLLV whereas the booster size is approaching the booster for the large HLLV which had a propellant 

load of about 7,000 metric tons. 



TOTAL ANNUAL COST FOR LARGE BOOSTERS 
SHIJTTLE-OERIVED SPS TR;1N5PO2~fiTIOEc C3ST OPTIMIZATION R 

TOTRL ANNURL COST (MILLION ) 
CURkES ARE VALUES GF E T m S  PEP TRRNSFER FLIGHT ( 
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SHUTTLE DERIVED DEVELOPMENT REQUIREMENTS 

A number of developmental requirements are  necessary In order t o  implement the  shuttle derived sys- 

tem. Several changes t o  t h e  external tank a r e  reqlrjred and orbiter crew accommodations of up t o  30- 

40 crew a r e  needed for t h e  orbit transfer. These crew accommodations can be provided in the  payload 

bay. .9 new large booster is required and the orbiterlexternal tank flight operations technology 

involved in transferring propellant and flying LEO t o  GEO orbit transfers must also be developed. 



ET CARGO BAY (CARGO ET'S ONLY) 

a- ET -IMPROVED -LNSULATION (ORBIT TRANSFER ET'S) 

ET DOCKING :ORBIT TRANtFER ET'S) 
ET PROPELLANT TRANSFER EUlIPMENT 

(PROPELLANT ET'S AND 
ORBIT TRANSFER ET'S) 

ORBITER CREW ACCOMMODATIONS r( 30 TO 40 

a NEW BOOSTER 5000 TO 6000 TONNES GROSS BOOSTER MASS 
ORBITi t .  CT FLIGHT CJPEFIAT1C"I 



The dominant results a r e  summarized here. The recurring cos: is e s t ~ m a t e d  as about twice  tha t  of t he  

..n 211 heavy l i f t  launch vehicle a d  the  DDT&E, including :he large booster arid the ET mods is 

estimated a t  60 to 70 percent  of  the clmall heavy l i f t  launch vehiclc The stiuttle derived system opti- 

mizes with payload to  orbit per flight in t h e  range  of 300 tono. This payload capability is too large for 

many o ther  applications, a c r i t i c ~ s m  also directed a t  t he  large SPS reference hesvy l i f t  launch vehicle. 

It is recommended tha t  t he  small heavy l i f t  launch vehicle should be  selected as t h e  SPS reference  

system. That  small vehicle is described in the following briefing material. The shutt le  derived con- 

cept ,  however, should be  retained a s  an  option for  further  consideration and reexamined in light of 

shuts le operating experience a f t e r  a f ew shut t le  flights have been accompiishcd. 
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RESULTS 

NEED ABOUT 25 ORBITERS TO HANDLE LAUf4CH RATE 

RECURRING COST = 2X SMALL  HLLV 

DDT&E 60%-70% OF SMALL HLLV 

RECOMMENDATION: SELECT SMALL HLLV AS SFa 
REFERENCE SYSTEM 



SMALL HEAW LIFT LAUNCH VEHICLE 

Ciscl~ssion of the small HLLV considers the vehicle design aspects, then the operations analyses assess 
the effects of the small NLLV. 



SMALL HLLV 

o SIZE AND CONFf GURATION SELECTlON .. 

o VEHICLE ANALYSIS 



SPS LAUNCH VEHICLE CONCEPT EVOLUTlON 

The earl iest  studies of large launch vehicles were  conducted in the  mid-1960's d u r i n ~  the  development 

of Saturn V. With the  initiation of shutt le  development, such studies were for  a t ime  dropped. As con- 

cept  avelopment for  t he  solar power sa te l l i te  began, t he re  again developed an i r~ t e re s t  in large launch 

vehicles. Roeing developed a concept  of a 500,000 Ib. payload single? stage-to-orbit ballistic vehicle in 

1974. I t  used dual-fuel propulsion with oxygen-hydrocarbon and oxygen-hydrogen engines. A l a t e r  

study, funded by NASA-JSC and MSFC, examined heavy l i f t  launch vehicles and concluded tha t  s taged 

ballistic configurations would have a cost  advantage over single s taged systems, At t ha t  t ime  SPS pay- 

loads were thought t o  have very low density, on t h e  order  of 20 killograms per cubic metre.  Conse- 

quently, the configurations of t ha t  t ime period employed very large expendable shrouds. 

Development of space fabrication concepts improved thv payload d ~ n s i i y  to about 75 killograms per 

cubic me t re  and the  launch vehicles were resized in responst.. JSC, in 1977, developed a winged vehicle 

concept  for  ho r~zon ta l  land landing. A comparat ive assessment of this versus the  sea-landing ballistic 

system showed tha t  the  la184 lander would be operationall!. perfcrable and about equal in cos t  t o  the  

ballistic system, but t ha t  t h e  specific cor~f iguration had inadequate payload volume. I t  was 

subsequently reconfigured t o  increase payload vo:umt: and became the  refecence system. Later  studies 

have examined parallel burn vehicles, as well a s  a smaller heavy l i f t  system for  SPS application. The 

sr"7aller heavy lift  vehicle is t h e  subject of this  presentation. 



B A L L I S T I C  
SSTO A 

ORIGINAL 

\ ; X I N G  I R&D) 
C i r c a  1974 

530Y  PAYLOAD -2 

B A L L I S T I C  
2-STAGE 

HLLV STUDY 
Circa 1975 
STAGING SHOWN 
ECONOMIC 
NOTE LARGE 
SHROUD 

WINGED 
2-STAGE 

THE "REFERENCE" 
SYSTEM 1978 

900K PAYLOAD 

BALLS ST I C 
POSTAGE n 

SPS STUDY rn 
1977 
RESIZED ROOSTE 
SMALLER SHROUD 
7 0 0 K  PAYLOAD ( ) 

WINGED 
2-STAGE 

JSC (NASA) 
DESIGN 1977 
I YADEQUATE 
PAYLOAD V O L W ~  
500K PAYLOAD 

WINGED A 

2-STAGE 
PARALLEL BURN 

LANGLEY STUDY 1979 
ADVANCED TECHNOLOGY 

5 0 0 K  PAYLOAD dh 
WINGED 
241 AGE 

SPS HLLV 1980 
2 6 0 K  PAYLOAD 



LAUNCH SYSTEMS - SIZE COMPARISONS 
a 

The small or alternate  HLLV is shown to ccrrect  sca le  on this figure with the  shuttle,  t h e  Saturn, t h e  
reference SPS HLLV, and the  747 comrnerclal aircraft.  As is  evident,  t h e  small  HLLV i s  much nearer in 

size t o  large airframes tl~at have been built. 



SPACE YUTTLE 
-30 Tons - 

L I FTOFF 
1900 Tons 

SATURN V ALTERNATE HLLV 
-100 Tons , -120 Tons - . 

L I FTOFF 
4000 Tons 



SPS LAUNCH VEHICLE TECHNOLOGY ASSUMPTIONS 

The technology assumption used for the SPS HLLV studies are summarized on the facing page. In gen- 

eral,  thew represent evolutionary technology growth from space shuttle, The last item, on-board built- 

in :cst and fault isqlation tes t ,  is intended to provide rapid assessment of vehicle maintenance require- 

meqts t o  minimize turnaround time. 
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SPS LAUilCH VEH I CLE TECHNOLOGY ASSUMPTIONS 
IO'I ' i17 - 

o ENGINE TECHNOLOGY CONSISTENT WITH SPACE SHUTTLE MAIN 
ENGINE SPECIFICATION 

o CRYOGENIC ORBIT MANEUVERING PROPULSION 

o I N  SOME CASES, CONTROL-CONFI GURED AERODYNAMICS 

o STATE-OF-THE-ART ALUMINUM TANKS : TITANIUM WHERE 
WARRANTED FOR AERO SURFACES: MODERATE USE OF 
COMPOSITES I N  UNHEATED, DRY STRUCTURE 

n SERVICEABLE SHUTTLE-TYPE THERMAL PROTECI'ION FOR 
ORBITERS 

o REUSABLE LH2 INSULATION 

o SUBSYSTEMS GENERALLY CONSISTENT WITH SHUTTLE STATE-OF-ART 

o EVOLUTIONARY IMPROVEMENTS I N SUBSYSTEMS SERVI CEABI L I T Y  

o ONBOARD B I T / F I T  
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INERT MASS SCALING 

The small HLLV was initially scz'ad using an inert mass scaling technique tha t  represents t he  inert  

mass o i  each s t age  as a function of a fixed value and a proportional slope. The inert mass increases 

with propellant load, but because i t  s t a r t s  with a fixed value at zero  propellant load, we find tha t  t h e  

propellant fractii\n o r  "lambda-prime" improves as the  vehicle becomes larger. 
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INERT MASS SCALING 

INERT WS 

+ 
INERT MASS + A ' BMp 

IMPULSE PR3PELLANT LOAD 



"An PARAMETER SCALING 

Exatnination of a number of earlier vehicle desigas indicated that the so-called fixed value "aBt is fixed 
only for a constant tank diameter and that as the vehicle tank diameter ;-creases, the value of Itan 

should be scaled proportionately. This scaling approximirtion wrs used to select an "ag1 value for the 

small HLLV of approximately 140,000 killograms. 
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"A" PAMETER SCALING 

400 1 * SPS REF. 

S C A L I N G  A S S U M P T I O N S  
v . CONSTANT TANK CIAMETER 

. "NORMAL TECHNOLOGY GROWTH 

. LO2 - LCH4 BOOSTER 

< DIA. SQUARED (M') 



SERIES BURN GLOW = 4E6 

Given t h e  inert  mass scaling fac tors  for  each  stage,  it was possible t o  car ry  ou t  simple parametr ics  t o  

ascer ta in  t h e  variation of payload and o ther  important  parameters  with ideal s taging velocity. This 

analysis assumed t h e  total  ideal de l t a  V to low Earth orbit  to be 9200 me t r e s  per  second and examined 

t h e  variation of vehicle parameters  with s taging velocity, As indicated, t h e  maximum payload occurs  

with relatively low velocities. 



SERIES BURN - GLOW = 4E6 

=I mi- I ! 



VARlATlON OF PROPELLANT LOAD WITH STAGING VELOCITY 

In order to geometrically configure the vehicle, it is essential that the first stage propellant load be 

approximately twice that of the second stage propellant load. This result is obtained because the pro- 

pellants for the booster are comparitlvely dense and the booster does not include a payload bay. With 

first stage propellant loads less than twice than those of the second stage, the booster tends to become 

too short to be a reasonable aerodynamic configuration. 



VARIATION OF PROPELLANT* LOAD WITH STAGING VELOCI'TY 
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MASS TRENDING 

Parametr ic  studies, such a s  shown on the  previoirs two  charts ,  were developed for  a range of lift-off 

masses. The result was tt:e t rends illustrated here. The  series burn configuration offered slightly 

be t te r  performance than parallel-burn without crossfeed, The use of crossfeed with parallel burn 

improves vehicle performance. Two point designs from t h e  recent  Langley study of NTechnology Re- 
quirements for  Earth-to-GEO Transportation," a r e  shown for  comparison with implied trending lines, 

The improvements at tainable through crossfeed and accelerated technology a r e  illustrated. 
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MASS TREND I NG 

-- '. -*CROSSFEED .*- NORMAL 

CROSSFEED TECHNOLOGY 

ACCELERATED 
TECHNOLOGY 

0- I I 
3000 4 0 0 0  5 0 0 0  

L I F T O F F  M A S S ,  T O N N E S  



SMALL HLLV REFERENCE TRAJECTORY 

With propeilant loads and lift-off mass selected, a variety of trajectories were run in order to sele.,? a 
reference trajectory. The selected reference case employed injection at 90 killometers and a real stag- 

ing ve;acity of appraximately 5,000 ftisec. 



.SMALL HLLV REFERENCE TRAJECTORY 

Staff  Mtg. 2-12-60 
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STAGING POINT VARIATION AND INJECTED MASS 

Shown here i s  the  parametric study that resulted in selection of the  reference trajectory. The most  

important parameter is the  booster t i l t  angle. The t i l t  point occurs a t  approximately 60 metres/sec 

vertical velocity. This e f f e c t s  the staging path angle and attitude. The maxiinurn occurs when the  

combined losses for the  two stages arc minimized, 
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BOOSTER AERO SUMMARY LANDWG SPEED 

A further parametric study was conducted t o  select  the reference wing area. Wing area was dictated 

by landing speed with a desire to maintain landing speed a t  no more than 165 knots. The result was a 

selection of a reference wing area of 8200 f t 2  with a canard for subsonic trim. 
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BOOSTER AERO SUMMARY LANDING SPEED 

GROUND R U L E S  
L . E .  SWEEP = 
R E F  BODY LENS 
T R l M  = 1 5  
T A P E R  R A T I S  
N O S E  L E N G T H  
B O D Y  D I A  - 
L A N D I N G  WE1 

630,000 

0 I I I I I 

0 5000 6000 7000 8000 9000 

R E F .  W I N G  A R E A  F T  2 



BOOSTER AERO SUMMARY HYPERSONZC TRIM 

A hypersonic trim investigation showed that the vehicle could be  trimmed between 30 and 40 degrees 

angle of attack with reasonable aileron deflections. 
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BOOSTER AERO SUMMARY HYPERSOIII C T R I M  

S P S 3 r n  

R E D E S I G N E D  W I N G  TO 
R E D U C E  L A N D I N G  S P E E D  * = 5 5 O  
S P A N  1 3 7 . 8  
T A P E R  R A T I O  - , 153  
BODY F L A P  D E F L E C J I O N  10' 
T . E .  SWEEP - 9.2  
R E F  WING A R E A  . ~ ; J O  FT*  
A S P E C T  R A T I O  - 2 . 3 2  

A N G L E  O F  A l T A C K  ( D E G )  



EFFECT ON REF WING AREA AND ASPECT RATIO ON SPS ORBITER LANDING SPEED 

The orbiter wing area was also selected for landing speed of 165 knots. Again, a canard was used for 

subsonic trim to avoid large wing areas. 

/'- 

ma,. 



EFFECT OF REF WING AREA AND ASPECT RATIO 
ON SPS ORBITER LANDING SPEED 

1.1-1-u 

SPs.3262 
GROUND R U L E S  

~ . k .  SWEEP . 550  
R E F  B O D Y  LENGTH 200 FT 
W A X  = 150 
T A P E R  R A T I O  m , 2  0 

B O D Y  O I A  4 1  FT 
L A N D I N G  W E I G H T  r 

506,000 L B  (CONSTANT) 
X C G / L  = 0 . 7  

V) 

210 
r 2 . 0  
Y 

1 200 
a 
w 190 NO C A N A R D S  
W 
Q. 
V) 

c3 
180 

L 
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SUMMARY OF RESULTS OF INITIAL lT@RA?lON ON SPS BOOSTERIORBITER AERODYNAMICS 

The next four charts summarize the results of the aerodynamics investigations. 



SPS.3301 

SUMMARY OF RESULTS OF I N I T I A L  ITERATION 
ON SPS BOOSTEWORBITER AERODYNAMICS 

a BOOSTER 
, I N I T I A L L Y  DEFINED CONDITIONS 

- WEIGHT AT START OF FLYBACK 
320 ~ O N N E S  704,000 US - FLYBACK RANGE 
250 KM + 20 MINUTES RESERVE - GIG, 

X c . ~ .  /BODY LENGTH - 0,7 - DRAWING OF CONFIGURATION 

ADDITIONAL CONDITIONS DEFINED 

- LANDING 
, ANGLE OF ATTACK 15' MAX 
, SPEED - 165 KTS MAX, - HYPERSONIC TRIM 

TRIM RETWEEN 30' (L 50' ANGLE OF ATTACX 
TRIM WITHOUT POSITIVE ELEVON DEFLECTt3N 

RESULTS - LANDING SPECIFICATIONS CONTROL WING AREA 

ORIGINAL WING REF AREA FROM DWG = 6 6 ~ 9 ~ ~ ~  
REQUIRED WING REF AREA 8000 FT* 
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SUMMARY OF RESULTS OF lNlTIAL STERATION 
ON SPS BOOSTE WORBI TER AERODYNAMI CS 

(CONT'D) 
S P S 3 a a  

o BOOSTER 
RESULTS 

- FLYBACK 

a 'll0 = ,032 (BASED ON WING REF AREA) 
, ASSUME FLYBACK OCCURS AT I . / D ) ~ ~ ~  AND 

10J000 F T  A L T I T U D E  
, ASSUME TSFC - 0,8 FOR FLYBACK ENGINES 
, CONCLUSIONS 

o L / D ) ~ ~ ~  - 6 173 
0 67,000 LB FUEL REQD, (INCLUDING 20 MINUTES 

RESERVES) 
o VELOC r TY - 500' KM/HR 
0 WING LOADlNO A t  START OF FLYBACK ?j LB/& 
0 105J000 LB THRUST REQD, A? STAR? CY:"-.?r3ACK 

- HYPERSONIC T R I M  

BOOSTER WILL T R I M  AT 35' ANGLE OF ATTACK 

WITH 0 ELEVON OEFLECTlON 
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SUMMARY OF RESULTS OF IN IT IAL  ITERATION 
ON SPS BOOSTEWORBITER AERODYNMI CS 

(CONT'D) 

o ORBITER 
0 I N I T I A L L Y  DEFINED CONDITIONS - LANDING WEIGHT 230 TONNES - 506,000 LB - X ~ ~ / B O D Y  LENGTH - 0.7 - DRAWING OF CONFIGURATION 

0 ADDITIONAL CONDITIONS DEFINED 
. - LANDING ANGLE OF ATTACK ' 15' (MAX) - LANDING SPEED = 165 KTS (MAX) 

0 RESULTS - ORIGINAL WING REF AREA OF 5600 WAS A LITTLE LOW FOR LANDING - RECOMMENDED WI NG/CANARD CONFIGURATION . REF WING AREA - 6180 F T ~  . REF WING ASPECT RATIO 2,25 
0 REF WING TAPER RATIO a ,186 
0 WING LoEo SWEEP - 55' 

WING TOE. SWEEP ' 12' 
CANARD AREA = 500 F T ~  

m LANDING TRIM CL * 0.88 
0 ELEVON/WI NG RATIO ' 112 
0 ELEVON DEFLECTION 11' 
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o BOOSTER 

SUMMARY OF RESULTS OF I N I T I A L  ITl lRATION 
ON SPS BOOSTER/ORBI TER AERODYNIW I CS 

(CONT'D), 

I RESULTS 

- RECOMMENDED w I NG/CANARD DESIGN 

R E F  AREA ' 8200 FT* 
ASPECT RATIO = 2,32 
L a € ,  SWEEP " 5s0 
TAPER RATIO = ,15 
TsEs  SWEEP ' 9,20 
CANARD AREA = 400 F T ~  
LANDING TRIM CL = ,83 
ELEVON/WING AREA = (12 
ELEVON EEFLECTION = 7 , 6 O  



WALL HLLV WING RESIZE 

Illustrated here are the revised wing areas as compared to the original wing areas, shown on the origina. 

configuration. Revised wing areas are shown as  dotted lines. 
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SMALL HLLV - WING RESIZE 

SPS-3259 
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SPS HLLV SUECTED CONFIGURATION 

The small HLLV final configuration is shown here. The orbi ter  includes a swept-back de l ta  wing with a 

small subsonic foldout canard. The payload bay is a f t  of t h e  propellant tanks and is 11 me t re s  square by 

14 me t re s  long. The orbiter  uses six space  shutt le  main engines with extended exi t  bells. Four cf t h e  

six engines are gimbaled; t h e  center  two  a r e  fixed. The upper s tage  also uses a small yaw ventral for  

head-end steering to improve controllability in yaw. 

These vehicles a r e  control configured in yaw, thus eliminating t h e  la rge  vert ical  tail. Elimination of 

the  vert ical  tail assists in ba lanchg the  vehicle and makes practical an  a f t  payload bay on the  orbiter. 

The booster employs a "flower-petal" opening nose with a truss s t ruc ture  as an interstage structure. 

This approach avoids evpendible interstage hardware and allows the  second svage eqgine start sequence 

to  be ir,] t iated during t h e  f i rs t  s tage  tail-off as the  open nose allows room for  gas ver.+ing du. ;ng t h e  

s t a r t  sequence. After  s t age  separation, a simple hinged ac tua tor  mechanism closes t h e  .rose to a 

streamlined, aerodynamic configuraticn. 

The booster employs six oxygen-methane engines of approximately 1835 K/lb thrusts. Four high thrust  

air-breather engines a r e  mounted on top of t h e  wings for  fly-back. The air-breather e n ~ i n e  inlets a r e  

closed by a blow-off cover until subsonic transition at which t ime the  e ~ g i n e s  undergo s t a r t  sequence. 

Engine location was selected to avoid flow a t t achmea t  t o  ei ther  t h e  wing ?r t h e  body as a flow at tach- 

ment  will result in nigher drag during the  fly-back. 
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SMLL HLLV UPDATED CONFIGURATION ' 
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SMALL HLLV MASS PROPERTlES 

The next f ive pages present the mass statement for the small HLLV, based on the final configuration. 
The estimated payload based on the detailed mass statement is 126 metric tons a s  compared to a 
parametric figure of 120 metric tons, 
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SMALL HLLV MASS PROPERTIES 
BOOSTER P a 1  

#!a#" - 
SPS.3331 

C 

STRUCTURE-AEROSURFACES 
WING 
CANARD 
T I  PLETS 
YAW VENTRAL 

STRUCTURE - BODY 8 TANKS 
NOSE 
NOSE GEAR SUPPORT 
METHANE TANK 
OXYGEN TANK 
I LITERTANK 
AFT BAY & FAIRINGS 
THRUST STRUCTURE 
BODY FLAP 
FA1 RIII'GS 

TPS 
MECHAN I SMS 

CA;JDING GEAR 
DRAG DEVICE 

MA1 N PROPULS ION 
ROCKET ENGINES 
EiJG I IIE ACCESSORI ES 
PROPELLANT SYSTEMS 
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SMALL HtLV MASS PROPERTIES 
ORBITER P,1 

I b P I # r Y I  - 
51'5-3330 STRUCTURE-AEROSURFACES 22,552 49,720 

WING 20,135 44,390 
CAiiARD 3,560 3,440 
T I  PLETS 635 1,400 
YAW VENTRAL 222 490 

STRUCTURE-BODY 8 TANKS 
NOSE 
NOSE GEAR SUPPORT 
LH2 TANK 
LO2 TANK 
I NTERTAIIK 
PAY LOAU BAY BODY SECT1 ON 
PAY LOAD SAY DOORS 
AFT BOD\ 
THRUST STRUCTURE 
BODY FLAP 
F A I R I N G S  
CREW CAB STRUCTURE 

I i4DUCED THERMAL PROTECT ION 
W I V G  RSI 
BODY RSI  10,136 
TAlJK S I 3EWALL PKIELS 1,571 
WING TIPLETS RSI 386 
LH2 I HTERNAL I NSULATI Oll 2,169 
PROPELLANT PURGE, VENT, 8 DRAIN 

227 
862 
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SMALL HLLV MASS PROPERTIES 

ORBITER P,2 
IUIIAN - 

MECHAN I SMS 
LANDING GEAR 
DRAG DEVICE 759 

MAIN PROPULSION 
SSME's 

f1,694 
19,336 

ACCESSOR] ES 2,077 
AFT BODY PROPELLANT SYSTEM 7,008 
DELIVERY LINES 8 PROP,MGT 3,273 

A U X I L I A R Y  PROPULSION __I 4 090 
OMS PROPULSION SYS (DRY) 2 , 548 
RCS PROPULSION SYS (DRY) 1,542 

SUBSYSTEMS 9,960 
F L I  GHT COfITROL 1, 270 
A V I O N I C S  1,978 
EC/LSS 1,339 
ELECTRI C POWER 5,373 

CREW & PAYLOAD ACCOMMODATIOTIS 3,652 
PERSONNEL PROVI Sl ONS 305 
FURNISHINGS 
PAY LOAD PROVi S IONS 
CREW 3 ACCESSORIES 

G ROWTH 
TOTAL DRY WITH CREW 
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SI~ALL HLLV MASS PROPERTIES 

BOOSTER P,2 

SPS.3329 

AUXILIARY PROPULSION 
FLYBACK ENGINES 
FUEL SYSTEM 
RCS 

SUBSYSTEMS 
AUXI LI ARY POWER 
ELEC, CONV, 8 DISTR, 
FLT CONTROL ACTUATION 
FLIGHT CONTROL SYSTEM 
AVlONICS 
EC/ LSS 

GROWTH 
TOTAL DRY 
FLU IDS 

BIAS PROPELIAMT 
PRESSURANT 
RESIDUALS 3 TRAPPED 
FLYBACK FUEL 

NET INERTS 
IMPULSE PROPELLANT 
BOOSTER LIFTOFF MASS 
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SMALL HLLV MASS PROPERTIES 

ORB1 TER 8 I NTEGRATED VEH I CLE 

SPS-3332 

FLUIDS 3 GASES -- 41,734 92,008 
OMS PROPELLA!:jT 28,263 62,3C? 
OMS RESERVES & RESIDUALS 2,826 6,23: 
FUEL CELL REACTANT 254 5c* - - 
TRAPPED MAIN PROPELLANT & PRESSURA!,!T 10,391 22,P 

TOTAL I IIERTS 
ASCENT PAY LO,4D 
TOTAL ORBITER INJECTED 
IMPULSE PROPELLANT 
ORBITER AT LIFTOFF 
BOOSTER AT LIFTOFF 
VEHICLE AT LIFTOFF 



WALL HLLV HVeRT MASS DATA 

The pie charts show a summary of the inert mass of the two stages. The pie chart arcas a n  propor- 

tional to the total inert mass of each stage. 
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SMALL HLLV INERT MASS DATA 

BOOSTER INERT 
MASS DISTRIBUTION 

I-)....- - STRUCTURE MECHANrsms , YY 8 TANKS) 

... - & I  1 'A / \ STRUCTURE 
M n I r i  

PROWL- 
(AEROSURFACES) 

Sl DN 

FLUIDS 

AUXILIARY FLYBACK 
PROPULSION FUEL) 

SUBY STEMS GROWTH 

ORBITER INERT 
MASS DISTRIBUTZ?N 

s.lRumm 
a W  & TANKS) 

STRUCTURE 
CAEROSIJRFACES) 

<INCLWES *ORE 
PROPELLANn 

AUX PR3P. CROIlM 
SUBSYSTEMS 3 E W  8 PAYLOAD ACCOM. 

TOTAL- 221650 
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YLLV FLEET SCENARIO 

The SPS transportation and construction system interrelated transportation operations scetiario mate- 

rial presented in the reftrencc system dtJcription report frorn Phase II has been incorporated into soft- 

ware so that  trade studies can be run. Shown here is the HLLV f leet  scenario for the small HLJ.'!. 

Note the  increased numbers of flights and the  increased producticn rate. 
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SMALL HLLV TRANSPORTAT1 ON SCENARI 0 

I cP I IA lP  - 
nLLr F L E E T  

.' 
1 s* 

2877 
u 7 2 4  
'l3uu 
7 7 o a  
9 3 1 7  

lUbU4 
111Y6 
l 3 Y Z 3  
1 3 7 1 2  
l b 7 3 S  
l k Z b b  
1 9 Y Y I  
Y l 2 8 U  
2ZYUU 
P 4 Y l Z  
Z 562 5 
21337 
ZbYSb 
3USYb 
31au4 
3 J4Ub 
3 5 9 1  7  
30 '537 
37Y62 
3 9 4 5 3  
* I  l ru  
4 2 4 Y 1  
4 4  bU3 
45 73  7 
4 1 ~ 3 4  
*U$40 

TOTAL FLIGHTS: 45744.7 
TOTAL BOOSTERS BOUGHT: 173.482 TOTAL ORBITERS BOUGHT: 179.482 



Vehicle quantities were derived from the  scenario data  on the preceding page. the scenario analysis 
establishes the number of vehicles required for the initial f l w t .  Spares were added to this. Engines 
and auxiliary propulsion were independently estimated, Since the  engines follow e different learning 
curve than the  airframes, it is necessary t o  discretely est imate engine costs. The scenrrlo results also 
determine the  number of new vehicles required for l ife cycle operations. An additional set of equiva-. 
lent vehicles i s  required to  maintain spares and maintenance, The figures used were b e d  on the same 
assumptions as used t o  cost the  reference HLLV. 
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VEHICLE QUANTITIES 

INITIAL Fl EET g S P A M  BOOSTER 

A1 RFRME 17 22 
MAIN ENGINE 102 133 
AUX P ROPULS ION 70 22 

LIFE CYClJ 

NEW VEHI CLES 
A I RF RAME 173 
MAIN ENGINE 1041 
AUX, PROPULSION 694 

SPARES a MA1 NTENANCE 
A 1  RFRAME 174 

MAIN ENGINE 2744 
A U X b  PROPULSION 101 



SMALL HLLV INHERITANCE 

I t  was estimated that the small HLLV would inherit several subsystems and technolqics that could be 
used with suitable n~odiflcations. The principal ones are Indicated on the facing page. 
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SMALL HLLV INHERITANCE 

FROM SHUTTLE 

o ORBITER MAIN ENGINES 
o THERMAL PROTECTION SYSTEM 
o AVIONICS & POWER 
o CREW SYSTEMS 
o REACTION CONTROL SYSTEM 

FROM OTV 

o ORBIT MANEUVER ENGINES 

FROM M I L I T A R Y  OR COMMZRCIAL A l  RCRAFT 

o BOOSTER FLYBACK ENGIRES 



SMALL H t L V  COST SUMMARY 

Cost estimating factors are summarized here. The top part of the tablc indicates the DDTdcE costs. 

The center part shows the comcnonality credits from the shuttle and OTV, and the bottom summarizes 
the theoretical first unit costs  and learning slopes for vehicle production, 
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SMALL HLLV COST SUMMARY 

l P I I r Y r P  - 
DDTsE 

BOOSTER ORBITER 

AIRFRAME 
MAIN ENGINE 
AUXILIARY PROPULSION 
SUBSYSTEMS 
GROUND & FLIGHT TEST VEHICLES 

MAIN ENGINE 
OMS 
RCS 
ELECTRIC POWER 
AVIONICS 
EC/LSS 1 
A! RFRAME 8 SUBSYSTEMS 
MAIN ENGINE (6 PER STAGE) 
AUXILIARY PROPULSION 

TFU - 
178 
32 
4.5 

ORBITER COMMONALITV CREDITS (DDTS) 

BOOSTER 
SLOPE 

, Q 8 5 (SHUTTLE) 

0 .7  (SHUTTLE) 

PRODUCT I ON 
ORBITER 

TFU - SLOPE - 
187 .85 
18 .90  

5 .1 8 88 



SMALL HLLV DEVELOPMENT COSTS 

The development cos t  figures from the previous chart are shown in  pie chart fashion here. Note that 

totals  are also indicated. The relatively small main engine contribution for the orbiter results from the 
assumption that the space shuttle main engine is t o  be used essentially as is. 



0 180 -25969-2 

SMALL HLLV DEVELOPMENT COST 

ORBITER 



COSC PER FLIGHT 

The principal contributors to cost per f l ight  are enumerated on the facing page. 
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COST PER FLIGHT (1580PIR) 

ITEfi COST IN flILL13NS (79s) 

PROGRAM SUPPORT 

FLIGHT HARDWARE 
GROUND SYSTEM 8 OPS 

TOOLING SYSTEMS 
PROPEiWYT 
SITE MANPOWER 



SMALL HLLV COST PER FLIGHT 

The scenario indicated a nom~na l  launch ra te  of 1500 flights per year. The program average cost per  

flig71t is shown here in pie cha r t  fashior~. As was t rue  for t h e  refer ewe HLLV, flight hardware for  

ainortization of vehicles and spares and maintenance dominates t he  total. Ground system and opera- 

tions include those people directly involved i -  vehicle turnaround operations. Site manpower and pro- 

gram support a r e  indirect  people chargeable to  Jabncit operations. Tooling sustaining ref lec ts  a 10% a 

year figure based on initial tooling costs. Finally, propellants were costed a s  they were cos ted  for t h e  

reference HLLV. 



CROUM) 
SYSTEM t 
OPERATIONS 

*,$ ucnc* 
,sPr 

TOOL1 NG 
SUSTAIN1 N(3 TOTAL- 4.291 



EFFECTS OF SMALL HLLV ON PAYLOAD PACKAGING 

The  11ext si-ction of this  presentat ion discusses t h e  e f f e c t s  of t h e  smal l  HLLV on t h e  SPS operations.  

Twn kinds of c f f e c t s  were  investigated. F i r s t ,  those  on t h e  sys tems  operat ions  t h a t  could inf luence 

sys tem c o s t ,  and secondly, environn!ental e f f e c t s  a s  compared to t h e  large HLLV. 



THE EFFECTS OF A SMALL IILLV ON 

PAYLOAD PACKAG I BG, SPS CONF IG'JRATI ON, 

GROUK3 AN3 SPACE cACILITIES, AND 

OPERATI ONS , 
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SMALL HLLV PACKAGING PARAMETERS 

The nominal small HLLV payload parameters that were given are as follows: 

Following the guidelines established in previous packaging analyses (Reference: Section 5 in the Phase 

I1 Operations arid Systems Synthesis document, 13180 -2546 1 -3), we have discour.:ed these parameters to 

allow for packaging and a l l e t s .  The working pararncters beccrne the followirigr 

( Without Pacl;aginp ) 

This table lists the total payload r l l , , c  ~~ec.ds to bc deJivcrrld to LEO for each year of the SPS comn3er- 

c lal program. This total payl(xi~l ~ncladcs components, spare parts, crew supplies and propellants used 

at both LEO and CEO. Th;% table also iists the cortrspondin&; nurnkr of mass-limited launches required 

per day and per wcek to deliver tt',is payload. 



'CABLE 1 al 
0 

THEORETICAL QUANTITY OF MMS-LIMITED LAUNCHES 2 
ri 

i H E o R ~  
9P3 TOTN TOTAL NO. OF *-OF LAUNCHES 

PROGRAM PAYLOAD LA- PER PER D YR (ur) - - ~ ~ ~ ~  DAY W E E K  

Reference: Dl80-25461-2,Table 1.3-lL(p.216) 

Rased on 108 MT net paylrad per launch ( I 2 0  MT payload capability 
c?i:,ccar~tstl ;0% ?o ..I!!:. .+ !. !. a :.:k;i.,ing) 

. . 

b Based on I Jay per week Iaunch schedule 



EFFECTS ON SPS PROGRAM ELEMENTS 

The constraints identified in the previoc~s section were used to define the effects on the various SPS 

program elevents. 

The irlternctions of tt~crc cffccts are sliown in the figure. It is seen that thcre are eight primary 

effects. It shoulcl ho evident from this rnap that i f  any of the 8 primary effects can be alleviated, the 

secondary effects linked to th~rn can also be eliminated. Thc possibilities for alleviating the primary 

effects arc discc~ssecl iri the fallowing t,rhlc. 
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SMALL HLLV OPERATI ONAL EFFECTS TREE, 

111Idw" - 

m o u u n  
S L ~ P  - C d d l t M  TnUChm.kwt 

'ON0 f nlllcy b Om 
A U ' V  

R w M  EOTV Cum Plbtfrm 

(MALLIR 
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SPS-3193 

EFFECT 

o 7.5m Solar Array Blankets 

o Smaller Ion Thruster Panels 

o Modular Slip Ring Assyts 

o Smaller and More Numerous Cargo 
PaI1et.s 

T A B U  3 
ANALYSIS OF PRIMARY EFFECTS 

ANALYSIS 

o Anythlng less than I s m  leads to problemr. 
o If cargo bay could be  in excess of i s m  long and !! 91. blankets could 

be shipped on end, then the re  would be no impact. 

o The thruster panels were to be assembled from 2 scbenemblies 

anyway, so having t o  assemble from 4 rubassemblles is of only minor 
Impact. 

o Anything less than 16m diameter. i s  a problem. 
o The assembly could be knocked down into cylindrical quadrants. 

o Smaller size units offset  some of cost associated with having more 
units. 

o There is some quantity of additional units tha t  could be tolerated 

before exceeding the capabilities of t h e  presently defined set of 

handling equipment and crew. 
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TABLE 3 (Corrtimrd) 

ANALYSLS OF PRIMARY EFFECTS 

EFFECT 

o SmdlerGrewModules 

o MoreHLLV's 

o The smaller  HLLV leads t o  a 20 man  crew habitat  see Figure 2 

o \'/1?'1 c-ly 3 launch p d s  and a 7-day/2-s!-ift !w.rn- ' 5 e d u l  r, ord y 

1 or 2 m o r e  l a m c h e .  per week could be  realistic^'.';* scheduled. 

o Each launch pad can support  only 25 launches per week (on a 7- 

&y/2-shift schedule). 

o Going to a 3 shift schedule, 7 days  per week, eac5 'a*mch pad can 
support 3.75 lamches/week. 

o 6 pads will be r ewi red .  (2 a l t e r n a t i w  a r r a n g e m r t s  of 6 HLLV 

launch pads at KSC a r e  described i n  Appendix 9! 

o A 7-daylweek, 24 hr/day launch schedule will pro'=Yy be endron-  

men t  irll y unacce ptable (noise level). Theref  ore ,  2. -mote, equator ia l  
launch s i t e  would probably be required. 

o Thelargestaostassociatedwithlaunchpadsis?lv?*~xiwaysand 
offshore  causeways and break waters  (over 70% of cc: '. 

o The LEO Base  will have to have at least 3 additioya! HLLV Docking - 
Systems. 
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SPS-3295 

EFFECT 

o Swaller OTV 

D180-25969-2 

TABLE 3 (Continued) 
ANALYSIS OF PRlMARY EFFECTS 

ANALYSIS 

o Redesign OTV to  be shorter and larger diameter and +!I keep baseline 
performance capability see Figure 3. 

o Smaller Orbital Passenger Module o Could redesign to a shorter, larger diameter stage v.'+'- double deck 
to keep 75 passenger capacity, see Figures 4 and 5. 
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CARGO PACKAGING ANALYSIS 

The  pr imary  ob jec t ive  of t h e  c a r g o  packaging analysis was to de te rmine  t h e  configurat ions  of t h e  pri- 

mary  payloads f o r  t h e  smal l  HLLV. 

The  c a r g o  packaging d a t a  developed i n  Phase  11 of th i s  s tudy  w a s  used a s  t h e  r e f e r e n c e  (see Table  5-1 in  

Sect ion 5.0-Cargo Packaging, Volume 111, Phase I1 Final Repor t ,  Operat ions  and  Sys tems  Synthesis, D180- 

25461-3). This d a t a  was  examined  t o  f ind t h e  components  t h a t  1) would be a f f e c t e d  by t h e  smal ler  

c a r g o  bay anvelope, and 2) those  t h a t  a r e  e i t h e r  t h e  mos t  numerous, t h e  m o s t  massive, and lor  t h e  

l a rges t  ( t h e  so-called "primary payloads"). These  components  a r e  identified i ?  t h e  following figures.  

The only compcnents  t h a t  a r e  repackaged s ignif icant ly  a r e  t h e  solar a r r a y  blankets ,  t h e  ion th rus te r  

panels,  and t h e  e lec t r i ca l  r o t a r y  joint (slip ring) assembly. 



FIGURE A-1 
PRIt.lARY PAY LOADS 
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ORBITAL TRANSFER VEHICLE CONFIGURED TO FIT WITkIIN A SMALI. HLLV 

The reference persorlnel orbit transfer vehicle ern ploys a propellar~t loading of 200 metric tons. It is 

intended to be launched empty to rninimize structural mass and refueled in space. In order to provide a 
200 metric ton propellant volume within rhe payloati bay envelope of thc small IiLLV, it was necessary 

to change to a short orbit transfer vehicle configuration with m-lltiple liquid oxygen tanks, The config- 

uration shown maintains the desired propellant loading and fits within the payload bay, 



I 
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I 0RBITP.L TRANSFER. VEHICLE CONFIGURED. 

TO FIT WITHIN A SMALL HLLV 

LOZ TANK 
(typ of 4) 

PAY LOAD 
(1 

i LH2 TANK I 
I, ' - ..-.--- 
I 

14.0 m 

BAY ENVELOPE 
I x l l m )  \ I 



ORBITAL PASSENGER MODULE CONFIGUReD ' r 0  FIT WITHIN A SMALL HLLV 

,4 similar problem exists  with the  passenger module in tha t  t he  earl ier  referenced passenger module was 

a?proxirnately 20 met res  in length. In order  t o  f i t  t h e  smaller payload bay, it is necessary t o  employ 

;he wide-body configuration. The wide-body configuration ?rnviles an a d v a r t t j r :  t h e  cargo  carr icd 

e ~ t e r n a l l y  in t h e  earl ier  configuration can now be  stot,ved internally in a manner similar t~ the cargo  

co>npa r tmen t  of commercial  jet aircraf t .  
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ORB1 TAL PASSENGER. MODUETDNPIGURED 

SPS 3216 

78 PASSENGERS' 
+ 

lOABRLAST 
MANAGEMENT SEATING 
COMPARTMENT 

SECTION BmO 

t -CARGO 
+, , , , ; HATCH 

I 
- 0  

SECTlON A-A 



PERSONNEL ORBIT TRANSFER VEHICLE (POTV) 

The passenger module and OTV propulsion stage must be launched separately, thus requiring tw-  HLLV 

launches to deliver the entire POTV to low Earth orbit. 
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PERSONNEL ORBIT TRANSFER K h I  =LE (PON) 

\ 

J 

t 
ORBITAL O N  
PASSENGER 
MODULE 

I 0 0 0 0 0 0 0 0  

t W 
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SMALLER HLLV PAYLOAI) EFFECTS ON CEO CONSTRUCTION UASE 

Smaller t1LLV payload capability covcrs a reduction in allowat~lc cargo sizc and riiass that can bc delivered into 
low cart11 orbit. At thc (;tO Construction Raw, however, thc reduction in fiI.LV payload size will be iniportant. The 
I I x l  I x 14 rn cargo bay l in~i ta t ion  lcads to  altcrnatc SI'S constrll0:tion rccluircmcnts and impacts GEO base systems as  
shown ~ I I  the t'aci~ly pagl,. Wlicn lnorc. ~ o ~ i ~ t r ~ ~ c t ~ o ~ i  tasks ark l ed ,  extra equipment andjor  work areas are needed. The 
smaller curgo bay also l i~ni ts  tllc s i ~ ~  :1n0 J i e n c ~  tlic r i i~~nbcr  I rc(1uircd j)ressurc vessels tbr  habitation and work support  
firnctionh. A yrcatcr nirmbcr of sniall cargo containers rntlst hc hantllcd and distributed through thc intra-base logistic 
network. All of the abovc Icacls t o  a larger crcw. adtlitional Ilousing, more hasc support structure, ctc. 



SMALLER HLLV PAYLOAD EFFECTS ON GEO 
CONSTRUCTION BASE 

SMALLER HLLV PAYLOAD CAPABILITY 
- 11 X I 1  X 1 4 m V S 1 7 m  D I A X 2 3 m C A R G O B A Y  
- 120 MT VS 400 MT 

ALTERNATE SPS CONSTRUCTION REQUIREMENTS 
- 7.5 m VS 15 m SOLAR ARRAY BLANKETS 
- MODULAR VS ASSEMBLED SLIP RING DELIVERY 

GEO BASE SYSTEMS IMPACT 
- ADDED EQUIPMENT/WORK AREAS 
- SMALLER HABITATS & WORK MODULES 
- MORE INTRA-BASE LOGISTICS 
- LARGER WORK FORCE 
- ADDITIONAL BASE STRUCTURE 



GEO CONSTRUCTION OPERATlONS -- IMPACT DUE TO SMALLER HLLV 

Tllc s~ilailcr }ILL-V cargo bay ( 1 1  In 1 1 I 111 x 14 m )  at'fccts G F . 0   bits^ operations for satellite construction and 
i i l t l . . i  ('.I,; Iogi\l~;.;. K ~ ~ v i c c ~ i  iatcllitc c.oristr~rction rccji~ircnicnts include snialler solar array blanket cannistcrs (7.5 m $ 5  

I5  111 ). ~noditic..ltions t o  solar blanket intcrtllci.~ (c.g.. support structirrc, ;iccl~~isition buses. etc). and mod~l lar  versus 
prcussi~ilhlcii slip rings. Tlicsr operaticvis. \vhich irnposc ac1dt.d ccltliprncr~ts for thc GEO base. are shown o n  the tacirig 
I ' ; IF~. T o  tiiaintain the h nionth n!fcrc~icc cons t r i~c t i~ )n  schrdulc, twice as many chcrry pickers iir< t~eedcti t o  install 88 
Lcrsus 43 solar Jrray blankcts in cac.11 bay of the energy conversion system. N o  additional cquiprncnt is needed t o  
Ilalirllc the othcr suhsystcrn~ wilicll iiitt.rl'acc \vith tllc s~nallcr  wla r  ;r~.r;~y blankets. Tllc level J subassen~bly factory 
111i1st bc cxpa~~c ied  t o  ; ~ c ~ o ~ ! ~ ~ i i o d a t e  tile equipment needed to  support  thc assembly and checkout of the modularized 
slip ring. Finully. it is estiniared that four times as rnany cargo pallets rnust be dockcdjunloaded and handled. The 
cqu~p~inr 'nt  which  must be added t o  the intra b;isc logistic system is shown on  the chart, together ~ i t h  total impact in mass 
and cost for all added cquipmcnt. 



GEO CONSTRUCTION OPERATIONS IMPACT DUE 
TO SMALLER HLLV 

REVISED OPERATIONS 

e INSTALL 88 - 7.5 m SOLAR ARRAY 
BLANKETS/BAY (TWICE BASELINE) 

ASSEMBLE & C/O MODULAR SLIP 
RlNG 

DOCK/UNLOAD& HANDLE MORE 
NUMEROUS SMALL CARGO PALLETS 
(FOUR TIMES BASELINE) 1 

ACOST 
I 

$ 87.6Ni 

$ 97.6M 

$ 78.8M 

47 MI' 

GEO BASE SYSTEM 
ADDED EQUIPMENT 

(4) 30 r 3  CHERRY PICKERS 
@ LEVEL H ANCHORS 

(2) 30 m CHERRY PICKERS, 
RACKS & TOOLS, 
TEST & C/O EQUIP. 
@ LEVEL J FACTORY 

(2) CARGO TUG DOCKING 
PORTS 

(2) CARGO PALLET 
HANDLING JIG 

(80) TRANSPORTERS (SMALL) 
@ LEVEL J 

$264M 

IMPACT 
A MASS 

10 MT 

15 MT 

22 MT 



EFFECT OF SMALLER HLLV ON CEO RASE CREW OPERATIONS 

(it0 IXJSC creLt o p ; ' r ~ t i o ~ ~ s  ;I!SO i~ icr ' ;~s~~s  10 support tllc ;ldiic.d t:lsks for satcllitc constructioti atld intra base 
I I ~ ~ _ . I ~ ~ I L X .  I t  i.; cit i~natct i  tl!;it 50 c.rc\vtlliBn will hc. n c c d ~ t i  to covcr thc extra worklond and furnish the rcquirecl Iiabrt;it 
;~nt i  <rc\v supi'ort scrvIcc)r. A t ,rcak~lo\ \n 01' these adileil crew ol,c.riitiol?s is s h o w n  on the facing page together with the 
c.oit  tor A I I I I L I ; I ~  o p c r a t i o ~ ~ s .  



EFFECT OF SMALLER HLLV ON GEO BASE CREW 
OPERATIONS 

BASELINE GEO CONSTRUCTION CREW 

a WDED CREW OPERATIONS 

- SOLAR ARRAY INSTALLATION 8 
-- SLIP RING ASSEMBLY & C/O @ 
- C4RGO tIANDLIPJG & DISTRIBUTION 12 
- HABITAT & CREW SUPPORT 28 

(UTILITIES, HOTEL, F 30D MGT, 
k?A!NT, ETC) 

ADJUST ED BASE CREW 

OPERATIONS COST IMPACT 
.- ADDED CREW SP,LARIES 
- ADDED CREW SUPPLIES ($1.43M/MANYR) 

CREWMEN 
444 



l\lr \ ( 'I  OF HLLV SILI:. 0 3  01:O 0:1St: %lOl)L'L.I:S 

O I I C  I I ~ I \ . . I L ~  < ) I '  { I N  bri~,iIlcr 1ll.l.V i \  I I I C  I ~ ~ ~ I L I C L ~ ~ I  4 t c  of tlic ~,r:~-$ \~11)t>ort f;~cilities (or I ~ i ~ b i t i i t i o ~ ~  atlcl work-related 
~ i t i  t i1 the 1'11i1se* 11 ;~ti;~I).\is o t ' i . r ~ ~ w  Il ;~l>it i~tio~i r e ~ q i ~ i r ~ ~ i ~ ~ n t s ,  i t  t \ i I \  .juclgcil I lu t  one rnodulc, s i ~ c d  I'or the largr'r 
l l l . l , V  I?  111 d i ; ~  K 2 3  l i i ) ,  coi: l~l  ~~o t i i fo r t :~ l ) l>  Iroir\c I00 111t*t1. On ;I tlir~bct volitr~ie l?;~si\, l'ive of the s ~ i ~ i ~ l l c r  n~ucl i~lcs  

10.- 111 lliit x 13.5 111) wc~irl~l provide i r l ~ l ~ r o u i ~ i ~ ; ~ t c l y  tlle \illllc v o 1 1 1 1 i l ~ ~  d\ OIIC 1;lrgcr ~l\otlulr .  111 S.~ct, the cquivitlcr:t vo lu~nc  
r : l t i o  i t  p;obohly yrC;itcl. t11,rtl C to 1 .  \ i l l ~ . c  ~~;rc~k;~gi t \g  pivcri i t i l r i l h  it it^ ;I \ t f ~ i ~ l l ~ ' r  V O I ~ I I I I C  i \  IVIS effic I ,  tlian packaging the 
r;rt)rcm ifc,.rttb  til lo it Isrgcr V O ~ L I I ? I ~ - .  I'tiis l;O1d~ ('01. ;111 L ~ S Z \ V  s\illl10rt f;lc*ilit~cs wllcre tlrc i ~ ~ i t i i ~ l  allocatr ,'I 'JI functions! :Ireas 
15 ctillll'r bclicvc~l 10 I ~ L *  ~.r>rr:~:[ o r  i s  pr*rll;ll)'r I I O I  well ~ l ~ l ' i t i ~ t f .  'I'IIc* (iI(0 II;ISV work iiiotiulc~ for cornr:,and i ~ t ~ d  control. 
I>:l~c til:iitltc.~\i~~icc.. etc li;~vt. to be ; I I ~ ; I I ~ L ~ ~ I .  WIIL+I~ 1 1 1 ~  f ' i i 11~ t i o r i ; t i  I .  , ~ ~ ~ i r e ~ i i ~ t i t s  for t l i e~c  ;~c.ti\,itic~$ ;Ire dcvelol~zd,  the 
;rrc;r nccllvtl I'or CIVW ;tt11I c ( ~ L I I ~ I I ~ ~ I . ~ I ~ ~  ~ o i ~ l i l  ~*;t111'r 111~+vt or  C ' X L - C C ~  l I ic  ~.Iirrcttf ; i s s~~) i~ I i ! ) t l \ .  I I C ' I I C ~  tltr 5 t o  1 ratio is iised 
10  c s t ; ~ l ~ l i ~ l i  cq~~iv ;~ lc t l t  work r i io t l i~ lc~ l'or tlic 5111:1\lcr l l l .LV. 

('rew hi~hitutioti rc,;irir~-tnc~l~l\i. Ilowcvcr. werc c ~ i ~ t t ~ i ~ l c ( l  ill I'JI:I\L~ I1 to ttic J C V C * I  of L ~ O I I I ~ ~ ~ I I ~ C I I ~ ~ I I  partitioning 
3 I '  t o  w r V ,  c ~ ~ i t l r i i  I ~ r t ~ i s l i i t i  I ~ i n t s .  I r r w  1i t111Ie  r o v l  b u t  4 I 01' frcr 

~ 1 ~ 1 t 1 1 t -  f o r  ts;~c.t~ excw tii;111. 'l'lii\ is : ~ t i o ~ t ~  ,.5 t i , i ~ v \  ( ' c ' I c I I ~ ~ I ~ o ' s  ~ ~ C O I I I I I I ~ I I ~ C O  frcc \ol:lrnc pcr riiaii (7.08 m3) for  accept- 
;thlc criVw ~)~r l '~~r l i l ; l ! l c~ .  (.;VC.I. ')O 1l;lys. ' I ' ( . ~ r ~ - t ' o r ~ .  ;I I~ r i c f s t i~ t ly  W;IS p e r f ~ r ~ i ~ ~ i l  t o  take ;tnothcr look a t  the crew accommoda- 
tion ~ > i \ ~ k i l p i ~ \ g  ;~rrangcriicnt~ I'or tlrc s~naller iSrcw tliotlulc. By rcclucir~g tllc I'rcc volu~ilc crcw allacation t o  10.35 m3, we 
Iil<r&X' tllal 100 11il'11 C;III !>c ,~c lc .q i~ ;~ t~~ ly  I I O I I ~ C L I  i t 1  tl1rc~c of tlie s~ii ;~ller  t i ~ ~ . ~ d t ~ l c s .  .The tli+frihtction ot'crew rluarlcrs a id  other 
t;~cil~tir.\ .lrrs \tlowr~ in tllc following cllilrt. 



IMPACT OF HLLV SlZE ON GEO BASE MODULES 

REFERENCEHLLV 'SMALLER' HLLV 

MODULE SIZE 17m DIA X 23m 10.5 m DIA X 13.5 m 

FREE VOLIMAN* 17.44 rn3 
MODULES1100 MEN 1 

FREE VOLIMAN* 
MODULES/100 MEN 

CELENTANO 'PERFORMANCE': 90 DAYS = 7.03 I ~ ~ / M A N  FREE VOL. 

+FREE VOL ASSUMED TO BE 50% OF TOTAL VOLUME 
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(.'HEW MODIJLE SIZE. FOR "SMALLER" HLI-V LAUNCH ( 3  31OI)ULES HOUSE 100 MEN) 

I I I 1 '  I r  l ~ . ~ i t ; t t i t  t t ~ ~ l t ~ l c s  I I I  0 0  I is l o  I r C .  .4IIowi11p for wi111 tl~ickne!.~, i~ist~liifiori 
.*~icI ~ : ~ t i j . ! ? i  >!I p~otcct io t i .  tlic ~r~siilt* iii.ir~it~lcr of' c i ~ ~ q l i  i1~1.k 1s I 0  111 ;itid 1lo01, to ~ x ~ i l i t ~ g  I ~ c i ~ l l t  i h  1. 15 111. One ~?IO<!LIIC pro- 
viilc\ cliJ.lrlcr\ I'or 00 l l ~ r v l i  iind c.acIi ot' the I'oilr tlr:c.k\ 1ii1s tllc sanw layout 01' I h colnpt~l.:~bly hizrbtl quarters; cxccllr that on 
two ot I ; I L .  t1c.r.k.;. t w i ~  qtl.l~.Ic~rr ;lie e l i ~ l i ~ t i i ~ l c ~ l  I I I I  C ~ I C I I  lo 13rovii1c Ily!!~r'~le ; I I ' I ~  W i I S l i  tii;tti;1lf~'1ll~'111. 

I I l i a  .L.;OIILI tnoili~lc lias olic deck of 14 q\lilrtilrs plirs toilcts. Iiriil out ,IS tllc lirst n~otlttlc, t l ~ e ~ ~ i  two rlccks tr.itll 12 
la.?cr I ~ L I . I ~  t ~ . r \  + . . I c I I .  11 t'ourtl~ d ~ x k  pro\~ilca\ ~ i i ~ ~ : l i c ; ~ l  l ; t r ~ i l i ~ i ~ ~ \ ,  ;I lihritry i111iI two \Ii~I\,rOo~ll\ ! ' o r  tlic t \ v o  tiiost sc-tiior of- 
l i c c . r \ .  

I lit, t l l ~ r i l  ~ n i n l i r l ~  providc.3 I L . ~ S  011 two 01' t l i i '  I'oiir (Iccks. Oticn I I C ' C ~  I I I O V I L I C ~  ;I gy,! l~ii~\i t~t~i .  i t  r c c r ~ ' ; l t i o  I O U I I ~ C ,  
:I t 1 1 1 r 1 i  ,<-.it llic;~trc f'or ~liovit~s,  e~liurcll \crvic,cs i111cI t i~cctir~gs.  ;I t : ~ t ~ ~ l ( l r ; ~  i111iI .I I l ~ g i ~ * ~ i c . ~ ~ v ; ~ s t ~ ~  ~ l i a l i ;~~c tncn t  l'acility. 1 ' 1 1 ~  

otl~c.r \ ~ - r \ l ~ :  i l ~ ~ : k  I\ . \ \  rll: galley. I'ootl . ~ + w ; I ~ L .  1'01. ~ ~ l l r ~ r g ~ t i c i ~ ~ ~  and catinp a~~r*ot i in lo t la t io~i  {'or twcnty-ciplit. 'M:lin t'oc.)tl 
\It)r;t!!c I \  1 1 .  ;III  L t fit~.ticil logistic. t:io~lu'c. I 'll13 c1c'c.h: also scrvcs its tlic afcvl i i  s l ~ ~ l t c r  with s l ~ i t ; ~ l > l ~  dihtribution o f  cclilip- 
I i t i l l t \  .111cj % ; i l l  ~ I i i ck t i~~ \ \ t*s  t ( ; ~ > t - o ~ i i l ~ , l r r o ~ ~ ~ ~ . t i o ~ i .  'I'itkl~lg t l i ~  l'ri*i+ ;~va~lablc  I'or 100 r i i c * ~ ~    lit ring solar storm c.ondi- 
tton5, ,lrc.a pcbr tnan is 0.54 111 - ( 5 . 8  I ' t - )  c u t e ~ ~ i l ~ n g  frorn Iloor tu  ccil~np. 'ftlc rc~naininy Iwo clccks in this modulc liousc 
.;~ihsystcln\ ;inti t:VA prcl:ar; l icw.  



Dl 80-25969-2 

CREW MODULE SIZE FOR 'SMALLER' HLLV LAUNCH - 
3 MODULES HOUSE 100 MEN 

CREW QUARTERS 

STATEROOMS 
MEDICAL 
LIBRARY 

t 

SERVICES 

SERVICES SERVICES 

STORM SHELTER 



HLLV 1\1P:\( I' O F '  (JEO BASF CHEW SUPPORT 1~'ACILITIES 

A < O I ~ I I L I ~ I \ L ) I ~  of 1 1 1 ~ ~  c s t i t ~ ~ t ; ~ ~ ~ ~  011 ( ; I - ( )  H;IW t-r~,v. c;itpl>ort f ;~ciIi~ics is S I I O W I I  (.)ti 1 t i 1 ~  1';1~,11ip ])ape f o r  t11c l>aseli~ic i~rid 
311. I I I L \ I  1 1 1 . 1  '$' !?;I> !o.~il t ~ ~ o i I , t l c ~ .  1'11~1 I ~ ~ I I I I I > L * ~  o f ~ , r e w  1 1 ; 1 I i i t , i 1 ~  ; I I I ~ . ~  r ~ l i t t ~ l l  w o r k  111ocli1!cs i:rc ilt:fil1~~d for support oV(;l~O 
I I I ~ I I  I I S  t i i ; i ~ i t t i t t i : ~  I I ,, i r o r i ~ c  i . 1 1  t n i l i t c  t h;rscl,r~c ~tloi!t~lc r ;~ t io  is i~l?[)liid (i.c.. 3: 1 habi- 
1.1th . ~ n e I  5 .  I v:urL! 33  5111;tII 111oiI i1 l~~~ t 10.5 111 ~ l i : ' )  ;II.< r~-cli,ir.~,i t ' ~ ! .  i t i i l i ; ~ l  t IlrO cc111strt1~:tic.n (1 ,  81~4 1 ' I  111 : l i i~ ) .  I-i1tc.r ~n tll.. 
I?rcl;7ratii \ . l i ~ ) r i  00 - .~~~ . l l i t c s  I i a r ~ ~  to 111;tiliti1111 ,'I. 00 01' ttic .111;1Il~~r ~iioclules will bt* tic~-clcd for I1ahitatic)n and work s ip -  
I ~ ~ I . L  I ( I  t l i t l c ) l l \ .  ( \':,ll?i~r;~ti\.e 111li\(; ;\lid cost ~ ; I I , I  .ITC S I IOWII  oil I hc c'h;i;t. I t  shoitltl 1 - r ~ ~  notc'il t l i ;~t  I l l c  cost penalty attril~!ltetl 
10 t l ~ ~ .  \~ i i ,~ l l c '~  I)r~,\\i:rc VL-,S:I is proI?;iOIy too I~igli s i t~cc t l l~~\ :  i o ~ t  i l ; ~ t ; ~  d o  liot inc~l[tcl~~ tile l'u11 b ~ ~ n e f i l  ol' prc)cluc.tion cluan. 
111) ~ L ' L I F I I I ~ \ ~ .  



HLLV IMPACT ON GEO aASE CREW SUPPORT 
FACl LlTlES 

GEO CONSTRUCT1 'N SUPPORT 
7-- 

CREW HABITAT': 
- TOTAL (UNIT) MASS, MT 
- TOTAL (AVG UNIT) COST. 1979 $M 

WORK MODULES 

- TOTAL MASS, MT 

- TOTAL COST, $M 

SPS MAINTENANCE SUPPORT 
(20 TO 60 SATELLITES) - 

CREW HABITATS 
- TOTAL MASS, MT 

- TOTAL COST, SM 

WORK MODULES 
-- TOTAL MASS, MT 
- TOTAL COST, SM 

*EXCLUDES FULL BENEFITS 
OF LEARNING 

" 

8ASELlNE 
17 m DIA X 23 m 

5 
1215 (243) 
1923 (384.6) 

3 
413 
63 1 

4 T G  12 
972 - 2916 

1538 - 4615 

2 T O 6  

SMALLER 
10.5 m D I A  X 13.5 m 

18 
1710 (96) 
4451 (247.3) 

15 
807 

2028 

12 TO 36 
1 140 - 3420 
2967 - 8903 

1 10TO30 

HLLV PAY LOAD 
A MASS, MT 

494 

393 

168 TO 504 

3% - 1062 
646 - 1938 

TOTAL A MASS 1393 TO 2405 MT 

TOTAL A COST S 6785M TO 
S12506" 

& 

1 
A COST, $ 

2628" 

1397. 

1429-4288 

339 TO 1014 692 - 2076 
2077 - 6231 1431 4293"  

I 



GEO BASE: LEVEL J FACILITIES - IMPACT OF SMALLER HLLV 

I I ' I c  I I  I I I I I .  I I .  Mutcrial ; I I I L ~  pcrso1111c.l arc hro~rgllt t o  tl1i3 lcvcl from 
tl l , ,  1.1 0 l l , t ~ * :  SI'S hcrvic~* crcuh, wit11 tlicir ~ n , ~ t ~ r i ; ~ l \ .  tlcp,~rl l'roni Iicr~l. Iri  ;~c ld i t io~l ,  numerous verticiilly movilip trans- 
i l O r i . , ' ; ,  111 L~C!,IL,;-\ I!!;L,I I'.I<c !iLIL \\ i i i l  > L i i > i > I i < \  . I I I L ~  l>c~h<)il l l~ ' /  fOl' < ~ c ~ ~ I v ~ : I ' ~ ~  : : ,*.  1. l :L '~ l> .  '1.111' ~ J ~ s c I ~ ~ c  I C V L ~  1 l l i t ~  nut 
r . l ~ , l ! i ~ , i l  Iro111 tl1.11 rcportctl in I'hasc 2 ol ' thc  s t i ~ d y .  

111 \ :o~~\ ; ic l~-r i~lp  tlic i n ~ p a ~ , t  o l ' ; ~  s1ii~11lc.r f I L L V ,  its rctlucc.tl ~uylo:ld ..rlubility rcsirlts i l l  a 13.5 ni dianicter rtiuil- 
I I I ; . .  , : ! . I ~ . ; I , I  111' t l ~ ~ t  h i ~ s c l i ~ ~ c  17 111 ~ l i a r ~ ~ c t ~ . r ,  t o  l~rovicl~c tc.rcw (luartcr\ ;)nil ol>:rations cc11tc.r. As di\cusscti in prccccling 
ill.11.1-. rlli. ratio\ ol'srna1Jc.r ~ n o d u l ~ - \  to t>;~\t-lillc niollulcs is 3 :  1 I'or crew Il.lI>rt;~ts a~l t l  5 :  1 t'or work ~nodulc \ .  thus nceding 
1.11or.: t111all~r. rl~oclt~leh to  pro\ . i~ lc  t he s;i~nc biisclinc tacilities. I:or cxamplc. at  the end of tllc 30 year reference scenario. 
~ I I L  ~ L - L I  ~ ~ i ~ ; ~ r t ~ r \ ~ ' o p c r ; I f i o n s  coriiplcx coiiltl grow to 0') motlulcs, 'The cllart illustrates that level J has ample area to 
IlIol.11it a ,  I I I ; I I I ~  slnall rno t l~~ les  us neetlccl. 



GEO BASE: LEVEL J FACILITIES - 
IMPACT OF SMALLER HLLV 

'ION 



NET IMPACT OF SMALLER HLLV ON CEO BASE 

Thc2 rwt  inlp3c.f o f ' t h c  ~ i l i a l l ~ r  HL1.V on (;I:(-) haw mass a n d  cosi is su~nmarized.  Tllr reference work facilities must 
he I.L-\ i i c ~ l  ~?:i~narily to \upport thr. acldcd crew support facilities, accom~nodate  cxtr:i c o n s t r ~ ~ c t i o n  equipment. enlarge car- 
go I~ar ld l~ng ilistrihufivn. and cxpanJ  tllc subussemhly filctory. One benefit o f f h e  smallcr crew module is that  it lrrovidcs a 
siynifi i : \~~t r c i l ~ ~ c t i o n  in IllYT'&l: cx  p e n d i t ~ ~ r c s  wI1ic11 occur at  tllc outset of thc  investment phase. It also provides a pro- 
gr~llnnlatic cjptiofl th;lt \i.otrld nrak? one crew motfulc size scrvtb nc*ecls t'c~r both the demonstration and illvestment phasts of 
~ ! I L *  prvg;.iill. In that  ~ ~ \ c ' n t  o111y U I ~ ~  I I I U ~ U I C  W O L I I ~  t ~ c  CleveIo~~ciI ant1 SLI I IL~CL~ t o  nlcet c a r l ~ r r  den~onstl.ation pl~asc  ol3jec- 
ri\.i.s. Tl~i.; option wo~rld thcn avoid S3.XB (wi th  wraparound factors) for develol,ing another  small crew module for  the 
~ n \ , ~ s t n ! ~ , n t  p l l c ~ s ~ .  

I t  41ould be noted again that t he  crew ~nnclulc prod~rction costs are probably too  low since they exclude thc full 
' I ~ . I I I ~ I L : ,  L ~ L  I I I ~ I I  procltr~tlorl learning. In addition. t l ~ c  ranpt. ol crc*  nodules costs cover an expenditure over 30 years with 
n o  d1>c.o\1ntinp ~nclud. -d .  



NET IMPACT OF SMALLER HLLV ON GEO BASE 

GEO BASE ELEMENT 

WORK FACILITIES 
- STRUC'TURE 
- CONSTRUCTION, EOlllPMENT 
- CARGO HDLGIDISTRIBUTION 
- SUBASSEMBLY FACTORIES 

CREW SUPPORT FACILITIES 
- CREW QUARTERS (0  TO 60 SPS) 
- WORK MODULES 

WRAPAROLND FACTORS 

-. DEVMT 127% 
- PROD. 47% 

A MASS, A COST 1979 $M 
M T  DDT&E I PROD. 

ANNUAL OPERATIONS 
SALARIES & TRAINING (+56 CREW) 
RESUPPLY 142 MTIY R 
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ALTERNATIVE LAUNCH AND RECOVERY SITE CONCEPTS 

In t h e  analysis of t h e  e f f e c t s  of a small  HLLV on t h e  SPS program e lements ,  :t was  found t h a t  t h e  mos t  

s ignif icant  e f f e c t  would be on t h e  launch and recovery s i te .  

CALCL:LATION OF THE NllhlBER aF LAUNCH PADS - I t  was shown t h a t  a t  y e a r  12 (when 20 SPS's 

a r e  in orbi t ,  per year)  t h a t  1471 mass-limited f l ights  would b e  required. Multiply this  by 1.05 t o  

accounr  f o r  non-optimal packaging and w e  g e t  1545 f l ights  per year. The pad t i m e  per vehicle is  34 

hours. This l eads  To t h e  capabi l i ty  of e a c h  pad t o  support 257 f l ights  per y e a r  (assuming 24 hours  per 

day/365 days per year  operatins).  This resul ts  in a requ i rement  f o r  6 launch pads for t h e  small HLLV. 

LAUNCH PAD LOCATIONS - If we assume t h a t  i t  will b e  environmental ly  a c c e p t a b l e  t o  launch up to 5 

vehicles  per  day e v e r y  day of t h e  week at KSC, then  w e  a r e  given t h e  requ i rement  tc find s p a c e  f o r  6 

HLLV launch pads. In t a s k  421011 1, w e  found t h a t  f o r  t h e  smal l  HLLV t h a t  t h e  minimum pad separa-  

t ion d i s tance  required is 8000 f t. 

We examined  2 possible a r rangements  of 6 HLLV launch pads a t  KSC t h a t  m e e t  t h e  8000 f t  separa t ion  

requirement. This f igure  shows an  off-shore a r r a n g e m e n t  similar t o  t h e  baseline c o n c e p t  f o r  t h e  l a r g c  

HLLV. The  n e x t  f igure  shows a n  a r rangement  where  t h e  6 pads a r e  loca ted  on-shore. In this  arrange-  

rler. t ,  ? of t h e  HLLV pads will b e  a r  t h e  38C, 39D, and 39E pad locat ions  (shown t o  b e  in locat ions  pre- 

biously reserved f o r  thern). The 3 additional HLLV pads a r e  shown to be loca ted  at t h e  37, 40 and  41 

pad locr t ions .  ( I t  is asslJmed t h a t  t h e  cur ren t  user of t h e s e  pads will no  lo,lger k 3perat ional  o r  t h a t  

they can be moved to other pad locations. In addition, pads  34, 20 and 19 will h a v e  to be decomissioned 

t o  provide t h e  8000 f t  c learance) .  





THIS  PAGE INTENTIONALLY LEFT BLANK. 
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SPS LAUNCH AND RECOVERY SITE ARRAIGEME#T AT KSC C9RFIGURED FOR A SMALL HLLV 



COST ANALY SlS HIGHLIGHTS 

The cost estimates for the alternative launch and recovery sites are summarized in this table. The 
5 alternative concepts are described below: 

o Large HLLV Reference 
o This is the reference concept for the large HLLV, described in the Ref~rence System Description, 

WBS 1.3.7. 
o Large HLLV Piers 

o This concept substitutes a 200 f t  wide steel pier system in lieu of the rock causeways. 
Brown and Root estimates this steel pier arrangement to cost $90,000 per lineal foot. 

o Small HLLV Causeways 
o The causeways are 100 f t  wlde and 50 i t  high, 
o The launch pads are scaled to be 35% as large and expensive as that required for the large 

HI LV, 
o The HLLV Orbiter and Booster processing facilities werc scaled down to the smaller vehicle 

sizes and additional bays were provided as required. Scaling down the vertical clearance 
height and the strength required resulted in substantial cost savings, 

o Small HLLV Piers 
o Thisarrangementfor thisconceptwasider~ticaltothatdescribedabove. 
o The only differerlce is that 100 f t  wide steel piers are used in lieu of the rock causeways. 

Brown and Root estimated the cost to be $42,000 per lineal foot. 
o Small HLLV On-Shore 

o The arrangement for this concept was shown in Figure 8-2. 
o The ship and barge basin werc eliminated, 
o The scaled-down orbiter and booster processing facilities were also used here. 
o The cost =I! the new causeway was included. 

It is obvious that the so-called "on-shoref1 pad arrangement is substantially cheaper than the "off -shoreN 
alternatives. These cost estimates were fairly crude, so it is suggested that a task be provided in fu -  
ture studies to derive more detailed cost data. 

The environmental effects of a 24 hour per day, 7 day per week launch schedule cannot be ignored. f r  
nlort detailed study is required to define the maximum launch rate that could be tolerated at  KCC. 
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T A X 2  &1 
COST COMPARISON OF ALTERNATIVE LAUNCH AND RECOVERY SITE CONCEmS 

o Landing Site 
o HLLV Orbiter Proc. Fac. 
o HLLV Booster Proc. Fac. 
o other facilities 

Fuel Facilities 
Logistics Support 
Operatiofis 

I 

TBD TBD 
(40 (40) 

(78,3) (78,3) 

LARCe HLLV - 
REFERENCE PIERS 

( 3222) (3345) 

:727 1850 

673 673 
336 336 
486 486 

WBS - 
1.:.7.1.1 

TBD T5 - - -I TBD 

I (40 1 . . (6) ( .  . '  

(156.6) (156.6) (136.6) 

SMALL HLLV 
CAUSEWAY PIERS SHORE 

( 3823) ( h e  t t (949) 
1950 2Yr 180 
1109 l l ? ?  - 
234 22 4 234 

535 535 535 

ELEMENT 
ELLV Launch Facilities 

1.3.7.2 

I o Causeways & Taxiways 
o Breakwater 

' o Launch Pads 
o Equip/utilities/etc, 
Recovery Facilities (1770) (1770) , (676.5) (675.5) (676.1) I 



ENVIRONMENTAL EFFECTS OF THE SMALL HLLV 

The objei:;~e of this task was to  assess the environmental effects of the smaller and more numerous 

HLLV. These environmental effects include launch and reentry overpressure (sonic boom), launch facil- 

ity noise, launch pad exp!osions, and effluent depositjon in  the upper atmosphere. 

These environmental effects have been assessed for the baseline HLLV. The authors of these analyses 

were asked to make judgments as to the delta environmental effects when comparing the smaller HLLV 
to the baseline HLLV. This report presents the results of these assessments. 



o LAUNCH AND REENTRY SONIC OVERPRESSURE 

o LAUNCH NOISE 

o EXPLOSIVE HAZARD 

o EFFLUENT DEPOS I T I  ON 



LAUNCH PAD SEPARATION AND ADJACENT HABlTABLE AREAS 

Tnis  i igure snows the rnlnlrnurn pad separation required based 07, an on-pad explosion. The pads can be 

over 4000 f t .  closer together than was required for the large HLLV. This figure also shows that the 
minimum distance to habitable areas can be 12000 f t c loser ,  based on human noise exposure limitations. 
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Figure 6-3. Minimum Distance From Launch Pad to Adjacent Habitable 

/ 1 
mu"#' - 

SPS-3213 

\ 
/ 'k- 

URGE nLLv  
ADJACCNT 

SMALL HLLV 
ADJACENT 

/ 
i 
I 

i I 

I 

\ 10841) CRITERIA 

FOR HUMAN NOISE 
TOLERANCE 

0.76 PSI B U S T  
OVERPRESSURE 
FOR STRUCTURAL 
TOLERANCE 

/ 
/' 



LAUNCH NOISE AND BLAST 

The launch noise l eve l s  for the  small HLLV will be  substantially less t i ~ d i )  ii~at ior tire HLLV. The  

figure shows that adjacent structures can be 60% closer t a  the small HLLV launch pads when noise level 
s:ructural damage i s  considered. 
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Figure 6 -2 Minhun Ditance Fran Launch P d  to Ad j rent  

Structures Basal on Noise LcveL Criteria 

/ bm HLLV 

147 dB CRITERIA 
FOR STRUCTURAL 
DAMAGE DUE 
TO LAUNCH 
VEHICLE NOISE 
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SONIC BOOM 

The second  s t a g e  vehicle  reen t ry  will be t h e  source of t h e  most  s e v e r e  sonic booms a t  the launch a n d  

recovery  s i te .  The recommended  sonic  boom overpressure  a t  t h e  boundary of t h e  governm,ent  reserva- 

t ion is 2.0 psf. This figure shows t h a t  th is  2.0 psf boundary fo r  t h e  smal l  HLLV is s a ~ e w h a t  less t h a n  

t h a t  required f o r  t h e  l a r g e  HLLV. 

UPPER ATMOSPHERE EFFLUENTS 

T h e  smal l  HLLV will deposi t  1.71 t i m e s  a s  much e f f luen t  in to  t h e  a tmosphere  per  week as t h e  large 
HLLV. However ,  th i s  inc rease  may  b e  substant ia l ly  o f f s e t  by a s lower  rate of diffusion t h a t  will allow 

t h e  e f f l u e n t s  t o  b e  chemical1 y decomposed i n t o  non-harmful const i tuents .  



Small HLLV 
2nd Stage 
2.0 Psf -10 

s, Large H LLV 2nd 
\ - 8  2.OPsf 

Overprossun 

\ 0 
0 

-8 
/@ 

-1 0 

2.0 ?sf Is the, 
Suggested . 
Criteria For 
Establishing 
the Gw' t  
Reservation 
Perimeter 



DELTA COST SUMMARY SMALL HLLV 

The de l ta  c o s t s  b e t w e e n  t h e  small  HLLV and t h e  l a rge  r e f e r e n c e  sys tem a r e  summar ized  on t h e  facing 

page. Sa te l l i t e  design changes resul ted in increased c o s t s  fo r  t h e  s p a c e  construct ion sys tems  t h a t  were  

re f lec ted  as nonrecurr ing investment  c o s t s  in hardware ,  The necessi ty  to use  smal ler  c r e w  modules 

resu l t s  in  a DDT&E saq;ings, bu t  an  inves tment  inc rease  f rom t h e  need  t o  buy more  o f  t h e  smal le r  

modules. Transporta t ion includes d i r e c t  DDT&E savings on t h e  smal le r  launch vehicle,  savings resulting 

frorn less  complex  fac i l i t i e s  and increase  in t h e  f l e e t  i n v e s t m e n t  and  in t h e  HLLV f a c t o r y  and savings 

resulting f r o m  less development  ac t iv i ty  on s h u t t l e  de r iva t ives  as a result  of having t h e  smal l  heavy l i f t  

launch vehicle.  I t  m a y  be noted t h a t  the  l a rge  inc rease  in HLLV f a c t o r y  and tooling c o s t s  probably, in 

par t ,  r e f l e c t s  an underes t imate  in tooling f o r  t h e  l a r g e  HLLV. The  c o s t  model has  been updated s ince  

t h e  original figrlres w e r e  developed and  now r e f l e c t  higher  tooling costs. In t h e  recur r ing  column, 

resu l t s  include t h e  c o s t  of SPS hardware under SPS, t h e  c o s t  of t ransport ing ?5e addi t ional  SPS mass  

under  Transporta t ion,  and t h e  cos t  of cons t ruc t ion  opera t ion  in t h e  thi rd  column. Recurr ing c o s t  f o r  

t h e  small  HLL.V is higher than fo r  t h e  l a r g e  one, bu t  t h e  smal l  HLLV a l so  accomplishes  c r e w  rotat ion 

f rom Earth  t o  low Earth  c rb i t ,  resulting in a savings. T h e  n e t  recurr ing resu l t  is 887 millions p e r  year ,  

a b o u t  440 millions per  SPS, o r  raughly 3% increase  p e r  SPS. 



D 180-25969-2 

DELTA COST SUMMARY - SMALL HLLV 

NONRECURRING RECURRING I I P S  l'fUNSPORTA'l'1 O I  CONSTRUCT1 UN 

SATELL I TE DES I GN CHANGES 
CARGO LOG I ST I CS 

SMALLER CREW MODULES 

DDTsE 
I NVESTMENT 

TRANSPORTAT I 9K 

DDTsE 
FACILITIES INVtSTMENT 
FLEET INVESTMENT 
HLLV FACTORY 
LESS SHUTTLE MODS 
TOTAL 

INCLUDES CREDIT FROM DEMONSTRATI ON PHASE 

1 6 . 3  730,4 141.42 

) TOTAL = 887 

TOOLING UNDERESTIMATED FOR LARGE HLLV? 



SMALL HLLV NET EFFECTS 

1n summ; ry ,  the small HLLV has positivr- fea:ures and some negative features. In general, the positive 

featurcs outweigh the negative fcdturrs and it is reco~nrncnded that the srnall HLLV he adapted as an 

SP5 reference system. 



POSITIVE 
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SHALL HLLV NET EFFECTS - lUI8!1D - 

o LESS NONRECURRING COST: MORE COMiiONALITS WITH SHUTTLE 

o REDUCED NOISE s SONIC OVERPRESSURE 

o LESS FACILITIES COST: OFFSHORE PADS NOT NEEDED 

o SIZE APPROPRIATE FOR ALTERNATIVE MISSIONS 

o CREW AS WELL AS CARGO DELIVERY 

o SLIGHTLY HIGHER RECURRING COST 
m GREATER NUMBER OF CONSTRUCTION CREW 
n MORE PROPELLANT CONSUMED 

o MORE FREQUENT FLIGHTS 

o MORE EFFLUENT DEPOSITED IN UPPER ATMOSPHERE 



THIS  PAGE INTENTIONALLY LEFT BLANK. 



SOLID STAT@ SPS BACKGROUND 

The present solid s t a t e  report builds on analysis and experimental work conducted In earlier phases. 6 

synopsis of the background is presented on the  facing page. 
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SOLI D-STATE SPS BACKGROUf4D 

INTEREST I N  SOLID-STATE STENS FROM ORDER-OF-MAGNITUDE RELIABILITY ADVANTAGE, 
SOLID-STATE DEVICES ARE LOW-VOLTAGE AND LOW-POWER, 
TWO CONFIGURATION OPT1 ONS IDENTIFIED : SEPARATE (CONVENTIONAL) ANTENNA 
AND SANDWICH , 
SANDWICH I S  THERMALLY-CONSTRAI NED: SEPARATE-ANTENNA REQUIRES INNOVATlM 
POWER DISTRIBUTION I N  VIEW OF LOW VOLTAGE, 
SOLI D-STATE POWER COMBINER ANTEElNA ELEMENT EXPERIMENTALLY DEMONSTRATED 
UNDER TECHNOLOGY CONTRACT, 
DIRECT DC AT 4 KV WITH SERIES-PARALLEL POWER SUPPLY TO POWER AMPS 
SELECTED I N  PHASE I I , 
PHASE I I I EFFORT ADDED DETAIL TO Ah?P!.!FIER DESIGN AND IMPROVED POWER 
DISTRIBUTION, 



SPS RF DESKiN OPTIONS 

Integration of the transmitting aperture with the solar array represents one of the fundamental deci- 

sions to be made in an SPS design. The basic choices are: 1) to construct a separate transmitting 

antenna and bus power to it from the solar array, or 2) to hzve local DC-RF converters on the solar 

array. Note that in (2) the basic two-vector geometry of a solar power satellite requires at  least one 

R F  or solar mirror. 

In the interests of conservatism and to allow the ability to make fair comparisons of solid state and the 

NASA/DOE reference SPS designs, an antenna-mounted approach was chosen for the solid state refer- 

ence satellite. 



SPS RF Design Options 

SPS DESIGN 

I 
POWER OUTPUT 
TO GRID 

SPACE ANTENNA 
DIAMETER 

RECTENNAPIAMETER 
63 23 mwlcm 

ANTENNA a 

KLYSTRON 
OR 
CFA 

5 QW 

l k m  

10 km 

10 db TAPER 

SOLID 
STATE 

2 GW 

1.5 km 

6.7 km 

10 db TAPER 

SOLID STATE 

0.7 OW . . 

2.7 km 

3.8 km 

UNIFORM 

i 

SOLID STATE 
1 

0.2 GW per km2 
SOLAR CELLS 

HIGH POWER 
WAVEGUIDE 

NOT DETERMINE0 

ADVANCED 
HORN FED 
PARABOLOID 

I 



SPS COST TRENDS 

W e  have empirically observed tha t  cos t  projections fo r  various SPS designs tend t o  fall  on broad trend 

liqes t ha t  a r e  primarily power dependent. The solid state SPS design is very close to this t rend line and 

projected improvements should bring i t  down t o  o r  slightly below the  line. These projected improve- 

ments  a r e  mainly aimed at increasing power distribution efficiency. 
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2.5 CV SOLID STATE SPS CONFIGURATION 

The selected configuration for  t he  solid state SPS is illustrated here. I t  is similar in layout to the  5-CW 

Klystron reference  system described by the DOE/NASA reference systeln report. There a re ,  however, 

significarrt differences. First,  t he  transmitting antenna consists of 10.4 x 10.4 me te r  subarrays made up 
of solid state RF amplifier modules. Secondly, pentahedral t russ  s t ruc ture  is used throughout t he  satel- 
lite. Finally, t he  yoke-type mechanical interface has been replaced by a direct  actuator  in ter face  using 

linear e lec t r ic  motors. 
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2.5 GW SOLID STATE SPS CONFlGURATlON 



SOLID STATE TRANSMITTING ANTENNA QUANTIZATION HIERARCHY 

The hierarchical organization of t he  t ransmit ter  f rom the  ent ire  a r ray  down t o  the  solid-state radiator 

unit  is illustrzited in this figure. Subarrays a r e  somewhat arbitrarily sized a t  10 X 10 metres. Panels 

are sized at slightly less than 5 wavelengths in  order t o  faci l l i ta te  phase distribution. The panel s ize is 

se lec ted  on  ?he basis of judgment as t o  t h e  degree t o  which open loop phase distribution can be  used. 

Finally, t he  individual radiator modules a r e  sized t o  b e  .6 of a wavelength square. The high power re- 

gions on t h e  t ransmi t te r  use a cavity module which has excel lent  hea t  rejection capability. The low 

power e1er;rents of t h e  t ransmit ter  use a dipole type  radiator which has a much lower mass per unit 

area. 
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SOLID STATE TRANSMITTING ANTENNA QUANTIZATION HIEARCHY 

SPS3370 

T R A N S M I T T I N G  ANTENNA 

1 .42  K M  --4 
D I A M E T E R  

CENTRAL R I N G  PANEL CAV I TY 
SLlBARRAY MODULE 
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2 5  GW SOLID STATE SPS TRANSMITTING ANTENNA 

The quantization of the 9.54 db gausslan taper is shown here. 
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2.5  GW SOLID STATE SPS TRAiiSMITTING ANTENNA 

GAUSS IAN 



SOLID STATE TRANSMITnffi ANTENNA QUANTIZATION 

The solid s t a t e  transmitter is quantized into a 10 s t e p  approximation of a 10 dB Gaussian taper much 

like the  reference system. The table on the  facing page summarizes the quantization and surnmarizes 

the mass  es t imate  for the transmitter. 



I, 

J 

STEP 
N A S S  

I 

345.6 

1019 . 1 

048.9 

910.8 

1055.4 

544.3 

332.4 

246.8 

646.1 

724.6 - 
6673 .O 

- 

RADIATED STEP 
POWER 

(MW) 

282.4 

673.9 

467.8 

418.7 

455 

360.2 

164.4 

107.8 

213.8 

158.9 

- 
S T E P  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TOTALS 

MODULE TYPE 

I f lgh Power 4-FET, 
Cavity Rad ator I (6.73 kgm- ) 

I 1  

Reduced Power 
4-FET Cavi  t Radiator 
(6.46 kgm-27 

I1  

2-FET C a v l q  Radlator 
(5.50 kgm- 

2-FET Din0 $7 (2.69 k$n- 
I1 

II 

I-FET Dlpole 
(2.06 kgm-2) 

11 

NUMBER OF 1 

S U B A R R A Y S  

472 

1392 

1208 

1296 

1764 

1860 

1136 

840 

2208 

2476 

14662 

MODULE 
POWER 

[;;) 

28.7 

24.0 

19.2 

16 . 0 

12.8 

12.8 

9.6 

8.5 

6.4 

4.3 

(P /A lRF  

(kwmg2! 

12.90 

4 .45 

3.56 

2.97 

2.37 

1.78 

1.33 

1.10 

.89 

0 59 



SOLID STATE! COlhlBINeR RADlATOR MODULE 

The main fea tures  of t he  combiner  radiator  module a r e  il lustrated on this chart .  The antenna circui t  

itself is capaci t ively coupled t o  t h e  radiator  patch through a ceramic  dielectric.  The radiator  patch 

f r~nct lons  a s  a double s lot ,  emi t t ing  linearly polarized RF radiation, The antenna circui t  is driven by a 
pair of push-pull power amplif iers  employing 5 wat t  gallium arsenide FET transistolSs in each  of the  

final output  stages. DC sirpply connections a r e  routed through the c e n t e r  of the  antenna along the  zero 
potential line. Output  f rom t h e  radiator  is cornpared t o  t h e  input RF drive signal by a phase 

comp?rator  circui t  and t h e  phase of the RF drive to the  amplifiers is adjusted accordingly to maintain 

phase control  of each  individual radiator.  This compensates  for through phase variations in t h e  power 

amplifiers and an tenna  circuitry. The an tenna  is covered by a resonant cavi ty which provides filtering 

at t h e  amplifier outputs.  The en t i r e  assembly is mounted t o  an aluminurn baseplate and ground plane. 



Solid State Combiner-Radiator Module 

POWER AMPLIFIERS , 
- 

CAVITY - 

ANTENNA CIRCUIT 

RADIATOR 

BASE PLATE 



64 MODULE PANEL LAYOUT 

Illustrated on the  facing page is the  layout of a basic panel including 64 solid-state combiner modules. 

A fiber optic  phase-feed goes into the  cen te r  of this panel where a pre-arnplif~er converts  the  fiber- 

opt ic  phase signal t o  a microwave signal which is then distributed by t he  phase distribution network 

showil. This network at this level is presently conceived a s  apen-loop. Further analysis and experiment  

w ~ l l  be necessary t o  ascer ta in  t o  what degree open loop phase-feed can be employed with solid-state 

systems. 
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64-Module Panel layout 



SOLID STATE POWER MODULE CONCEPT 

The high power solid state cavity radiator power module is illustrated. Push/pull gallium arsenide FET 
power modules drive the radiator module through four coupling patches in the cavity. These couple to 
a radiating element which in turn drives the cavity slots. 
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SOL1 D-STATE POWER NODULE CONCEPT 

AW!!Ikrrn - 
sps;33sl RADIATING ELEMENT WWER COIOINIWB 

\ a Antenna excl tars  ( 4 )  
tow l o s s  combining , 

Cerunlc subrtrrta 

\ Metallized both sides ( thlck f l l n )  bog 

FAIL SAFE FEATURES 
a Open clrcul t prot8ttlon 
a Heat rrdfated to aprcr 

GaAs FET POWER HOOULE 2 DC f l o a t  allows standoff 
f o r  serles-parallel chain 

30 dB galn 
10, W A t t S  output 
Hybrid technology 
Sapphire, mlcrostr lp 

8 .  

Printed c ~ v l  ty  coup1 lng probes 

Low pass f i l t e r  
Phrsc, sh i f te r  



FOUR FEED POWER COMBINING MICROSTRIP ANTENNA 

The electric field patterns inside the cavity radiator module are shown. 
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FOUR FEED POWER COMBINING MICROSTRI P ANTENNA 

/- ANlENNA GROUND RAW SUBSTRATE OIELECT RIG-1 

L RADUTINO SLOT 1 )(IQIOSrnP - LI* 



BOTTOM VIEW OF PHASE DISTRIBUTION NETWORK COUPLING LOOPS 

A key aspect  of the Phase 111 cavity radiator module design is the coupling of the microwave signals 

across the  approximately 54 kilovolt supply potentials. This is to  be done with stripline coupling loops 

such as those shown here. 
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BO'i T3M VIEW OF PHASE D ISi RIBUTION NETWORK COUPLING LOOPS 

la'IIn0 - 
SPS-3392 



SOLID STPaTE CAVITY RADIATOR MODULE-EXPLODED VIEW 

This exploded view cf a cavity radiator antenna panel illustrates the  sequence to  the  word fo r  auto- 

ma ted  cons t ruc t ,  tn. Starting with t h e  radiator f a c e  shee t  a t  t h e  bottom, the  interior components a r e  

added layer by layer and covered with the cavity cover sheet.  The  last  s t ep  is the  adding of f au l t  load 

resistor panels which are  crimped t o  t h e  dc  power feeders  t h a t  stand off through t h e  cavity cobers. 
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SOLID STATE CAVITY RADIATOR MODULE - EXPLODED VIEW 

FAULT LOAD RES I S T O R S O  .:;. ..<i a 

PHASE 

- -- -- 

D I S T R I B U T I O N  S T R I P L I  

DC POWER 
A 

POWER A M P L I F I E R S  
RADIATOR COUPLERS /-F //>- 

\ 

RADIATOR FACE ' 1 

I TY COVERS 



FAULT LOAD RESISTOR CONFIGURATION 

The f 2?.1!t load re-'stors are to dissipate a module's no:~linal power in case of module open circuiting. 

The resistors are fabricated by printed circuit methods on a ceramic substrate that it held behind the 

panel back surface by standoffs :hat protrude through the cavity covers. 
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FAULT LOAD RESISTOR CONFIGURATION 



POWER HOOKUP DETAILS 

The configura;iol~ ;rnd crimping scl~e~r le  for the fault ioad resistors is shown, 



SPS.3348 
POWER HOOKUP DETAI LS 

C E R A M I C  COATED , 0 2 0  AL.  

I 

, 0 5 0  R I V E T  
T E R M I N A L  P I G T A I L  

CERAMIC COATED AL ( . 0 2 0 )  

.+. 
4'. .................... 

TYPJCAL SLOT T E R M I N A L ,  BEFORE B E N D I N Q  



MASS STATEMENT - MGH FOWER DENSITY FOUR-FET SOLID STATE C A W  RADIATOR 

The facing page presents a mass estimating rationale for arriving at the mass density for the high 

power section of the solid state transmitter. 



M A S S  S T A T E M E N T :  H I G H  POWER D E N S I T Y  4 - F E T  S O L I D  S T A T E  
C A V I T Y  R A D I A T O R  C O M B I N I N G  MODULE D E S I G N  

-- 
I T E M  COMMENTS MASS ( 9 )  

FACE S H E E T  . 6 X  x . 6  A x . 0 l O 1 '  X P A ,  

B e 0  S U B S T R A T E  . 5 h  x . 5 X  x . 0 4 0 1 '  x pBeo  

P O L Y S U L F O N E  I N S U L A T I O N  2 x . 5 X  x . ! A  x , 0 1 5 "  x p p s  

A M P L I F I E R  MODULE 2 x . 0 0 3  m x . 1 A  x . 2  x ( 3 0 0 0  k g m m 3 )  5.39 
( W .  F A U L T  L O A D  TOWERS)  

S H I E L D  CAN . 6 A  x . 6 X  x . 0 2 0 "  x ~ p l  f 7 .40  

TOP SHEET  AND F A U L T  
LOALI R E S I S T O R  

P H A S E  D I S T R I B U T I O N  S T K I P L I N E  

MODULE T O T A L  

X 6 4  

P A N E L  STRUCTURE 

P A N E L  T O T A L  

X 3 2 4  

SUBARRAY S T R U C T U R E  

SUBARRAY E L E C T k O N  I C S  

SUBARRAY T O T A L  



MASS STATEMENT - REDUCED POWER DENSITY FOR FET CAVITY RADIATOR MODULE DESICN 

The facing page presents the mass estimating rationale for a reduced power density cavity radiator 

where some mass reduction can be  accommodated in view of reduced thermal loading. 



MASS STATEMENT: REDUCED POWER D E N S I T Y  4-FET C A V I T Y  
RADIATOR MODULE D E S I G N  

I T E M  COMMf NTS MASS ( 9 )  

FACE SHEET 

B e 0  SUBSTRATE . 5  A x . 5  i. x , 0 4 0 "  x psrO : 7 . 6 1  

POLYSULFONE I N S U L A T I O N  2 x . S A X  1 .015"  x Pps rn 1.14 

A M P L I F I E R  MODULES 2 x . 0 0 3  m x . ! A x  . 2 ~ x  (3000 kgmo3)  = 5 .39  
(W. FAULT LOAD TOWERS) 

S H I E L D  CAN 

TOP SHEET AND FAULT 
LOAD R E S I S T O R  

PHASE D I S T R l B U T I O N  S T R I P L I N E  . l a  x . 6  A x , 0 2 0 "  x p A 1  

MODULE TOTAL 
X 6 4  .ho 8 
PANEL STRUCTURE 
PANEL TOTAL 
X 324  
SUBARRAY STRUCTURE 
SUBARRAY E L E C T R O N I C S  
SUBARRAY TOTAL L 



MASS STATEMENT - TWO PET SOLID STATE CAVITY RADIATOR MODULE 0-N 

Further mass reduction i s  possible as one moves outward from the ce~ter of the transmitter and is able 

to employ a cavity radiator using only two FETs. The rationale is presented on the facing page. 





SOLJD SJ'ATe DIPOLE RADIATOR MOOULE 

For the lower powerlarea periphery of the transmitting array, this dipole radiator module design a:lows 

a 62% reduction in masslarea. Note that these modules are also somewhat larger (.6X x .8X instead of 
.6Xx .6A). 
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Soil D STATE Dl POLE RAD IATOR MODULE 

UO mll Ceramic 

40 mil Dielectric Plugs 

Cable 



DIPOLE RADIATOR MODULE MASS STATEMENT 

Dipoie radiator msdules have a mass per unit area of 2.7 ~ ~ m - * .  Over two thirds of this mass is alurni- 
num and much of the rest is dielectric. 



D I P O L E  R A D I A T O R  MODULE M A S S  S T A T E M E N T  

. 6 x x  . 8 A  MODULE S I Z E  

I T E M  

10 M I L  A 1  GROUND P L A N E  

C E R A M I C  S H I E L G  

D I P O L E  AND S U P P O R T ,  10 M I L  A 1  

D I E L E C T R I C  P L U G ( S )  

C H I P S ,  M E T A L L I Z A T I O N S ,  B O N D I N G ,  E T C .  

T O T A L  MODULE 

X 48 

P A N E L  S T R U C T U R E  

T O T A L  P A N E L  

X 324 

S U B A R R A Y  S T R U C T U R E  

S U B A R R A Y  E L E C T R O N I C S  

SURARRAY T O T A L  

MASS 

4 . 9 3  g  

* 7  g  

3 . 7 5  g  

2  g 

* 5  Y 

1 2 . 6 8  p s 1 . 7 6  kgmW2 

6 0 8 . 6  g 

150.0 g  - 
7 5 8 . 6  g  

2 4 5 . 8  kg  

3 5 . 0  k g  

12.0  kg  .- 

2 9 2 . 8  k g  = 2 . 6 9  kgmm2 



DRIVING RESISTANCE IN AN INFINITE ARRAY 

Dipon ~ad ia tor  antenna arrays of the type desired for the solid s tate  SPS ere well understood. The ef- 
fect ive  resistance that the dipole presents to the power amplifier may be varied to nirtch the amyiifier 
by changlng the dipole standoff distance and spacing. 
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DRIVING RESISTANCE It4 INFINITE ARRAY 

SLOT - 

S/X 
HEIGHT ABOVE G!?C'-'S3 PLANE 

L .  S t a r k  
Hughes Tech,  Doc,  "60-230 
May ' 6 0  



ARRAY MlSMATCH LOSES 

When solar array strings are connected in parallel along a constant-width bus with significant voltage 
drop along the bus, a power loss occurs due to operation of cells away from their maximum power point. 
This may be compensated by using variable length strings to match to local bus voltate. For the prm. 
ent solid state SP5 definition this was not done. The assessed loss as a function of bus conductor 
operating temperature is shown. This loss is negligible for the Klystron reference SPS design. 
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POWER BUS SIZING 

Parametric analyses of passively-cooled f l a t  plate power buses in space underneath the SPS solar array 
yield the result that the  bus temperature is a function of the parameter I W . * ~ T - ~ / * ,  where I is the bus 
current and W and T are  the plate width and thickness, respectively. 
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POWER BUS S IZING 

W . m  Plate Width in cm 
t Plate Thickness in crn 
I Current in Amperes 

ASSUMPTIONS 
Aluminum Plate 
r~ 0.9 
Solar Panel Temp. 321°~ 



PHASE Ill SOLID !STATE SPS POWER DlSTRIBUllON SYSTEM PARAMETERS 

The data on the facing page summarize a tradeoff of power distrubtion parameters as % function of 
power distribution conductor temperatures. Unli ke earlier tradeoffs of this nature, the tradeoff illustra- 
ted here emphasizes minimizing cost  rather tharl minimizing mass, 



TABLE I. REVISED SOLID STATE SPS POWER DISTRIBUTION SYSTEM PARAMETERS AS A 
FUNCTION OF TEMPERATURE 

. Subarray Voltage = 8640 V . Subarray Power = 4200 MW 

MASSICOST (Metrl c Tons/$M) POWER LOSS (Megawatts) 

Conductor Temperature (OC) 0 25 50 100 0 25 50 100 

Non-Pma, Power Loss - - - - 56.1 84.1 112.6 302.0 

Power Busses 
($37 kg-1) 

Array Power (Megawatts) 4507. P 4806.5 4955.1 5747.1 307.7 606.5 755.1 1547.1 

Array Area 
(krn2 @ 179 w m-2 

Array Mass Cost 10683.3/1005.5 11412.0/1074.1 11764.911107.2 13645.311284.3 
.425 kg m - i ,  $40 m-2 

Switchgear 1.0273 kg nw-1; 123.1/29.4 126.8/31.4 125.2/32.4 133.3137.5 
6.53 $ kw- 

Number o f  Bays (Smeared 65.0 69.3 71.5 82.9 
@ 69.34 MW/Bay) 
Bay S t ruc tu ra l  Mass/Cost 2097.2/138.5 2240.5/147.9 2309.2/152.4 2678.61176.8 
(Smeared @ 32.3 T/Bay, 668 
kg-1) 
Tota l  Mass/Component Cost 17421.0/1340.6 16409.9/1350.7 16196.811365.9 18042.411557.9 
Transpor ta t ion 8 Constr. 1306.6 1230.7 1214.8 1353.1 
Cost ($75 kg-1) 
To ta l  Cost Invo lved i n  2647.2 2980.4 2580.7 2911.0 
Tradeof f 

C e l l  S t r i n g  Vol tage ( V )  9273 9888 10193 11823 



COST A N D  MASS VERSUS CONDUCTOR TEMPERATURE TRADe FOR SOJJO STATE, SPS 

Rescllts of the conductor temperature tradeoff are shown on the facing page. The cost tends to mini- 

mize the slightly lower temperatures than the mass as solid state conductors are less expensive than 

solar arrays. The selected operating point was 350C. 



SPS-3285 
m I 8 A Y L P  - 

CONSTANT SUBARRAY DELlVERtO VOLTAGE * 0.640 KV A 
SOLAR 
ARRAY, 

CON WCTOR . 
Sh'l TCHGLAR 
AND 
BAY 
STRUCTURE 
MASS 

(1 0 0 0 s  
o f  

Metric 
T o n s )  

---c VOLTAGE) 
10 

(Kv) 
loo0 

30 

25 

2 0  

I 

= t OPERATIN9 POINT 
SELECTED 

AVERAGE CONDUCTOR TEWLRAWRE (OC) 

- 

- - 

- - 

W R  
ARMY. 
COHWrn, 
SW!TCffiLAR 

-3000 z: 
ST wcnia 
COST 

2500 (W) 
(Note : 
Inc 1 udar 
Transport 

md 
2000 Corlstructlon) 



2.5 GIGAWATT SOUD STATE SPS d m  BUSING ARRANGEMENT 

The busing arrangement is illustrated on the facing page. Bc ,*use the string voltage is only about 10 

kV as compared to 40 kV for the reference system, buses are required to collect string currents and 

route these currents to the central main buses down the centerline of the SPS. Bus widths and arrange- 

monts are illustrated. 
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SOUD STATE SP5 EFFICIENCY AND SIZWC 

A summary efficiency chain for the soiid state SPS i s  presented on the facing page. This efficiency 

chain does not include tile solar ce l l  efficiency itself. Principal improvements over the solid state con- 
figuration are reductions in array, mismatch losses, and reductions in main bus I*R losses. This cffi- 

ciency chain represents slightly more than 10% greater loss than is the case  far the reference system. 
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TABLE I I ,  SOLID STATE SPS EFFICIENCY a SIZING 

SPS.3087 
I!!### - 

I TEA1 - EFFl C IENCY MEGAWATTS 
Array Mismatch 
A r ray  Mismatch 
M a i i ~  BUS 1 2 ~  
Antenna Distr 
DC-RF Conversion 
Waveguide 1 *R 
ldeal Beam 
Inter-Subarray Losses 
' n trad ubarray Losses 
Atmosphere Loss 
I n tercept 
Rectenna RF-DC 
Grid 1 n terface 

5033 Ideal Array Output 
4907 
'4191 Total Antenna Input 
4 128 
3303 Total RF Radiated Power 
3303 
3 187 
3110 
3110 
3048 
2896 I ncldent on Rectenna 

- 2577 
2500 Nei to Grid 

TOTAL ARRAY OUTPUT 5033 MW 
TOTAL SOLAR ARRAY AREA 28,l km2 



SOLlD STATE TRANSMITTER INTERPACE SYSTEM STRUCTURE 

Becaux of the relatively large diameter of the solid state transmitting antenna, en end-mounted inter- 
face configuration was selected instead of a yoke. The cad-mount employs telescoping structure to 
reposition the interface from the most convenient assembly position to the most p~actical operating 
position wi th  the cer~terlines adjusted to the center of gravity of the structilre. This interface adjust- 
ment mechanism serves only to reposition the antenna from the assembly position to the aperatin8 
position. 



INTERFACE SYSTEM STRUCTURE 8 B 
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lNTERPACE SYSTEM BUSES 

The solid state transmitter uses a very wide set of buses as prepared to the reference system to mini- 
mize losses. These buses are brought into a staging area prior to final routing to the clcctrical slip ring 
assembly. The convergence of t'le buses into the staging area is illustrated on the facing page. 
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IN7ERFACE SYSTEM - MECHANlCAt ROTARY JOINT ACTUA- 

The mec ~anical  rotary joint and actuator system employs a mechanical turntable drive for W diurnal 
rotation and a linear actuator system to accomplish elevaticn drive. 
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I NTERFACE SYSTEM MECHANICAL ROTARY JOINT AND ACTUATORS 



INTERFACE SYSTEM - ELECTRICAL ROTARY 3- 

Illustrated on the facing page is the feed-in of pigtails from the f lat  sheet conductors to the rotary 
joint itself. Becausc of the higher currenr, the electrical rotary joint for this zonfiguratian is larger 
than that for the reference system even though the power is less. 





Ma,: x s e s  are rooted on the back of the SPS solid stare transmitter through a maim switch yard that 

distributes the DC power to the subarray sections. 
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SOLID ST.4TE SPS CONSTRUCTEON REQUIREMENTS & ISUES 

The 2500 MW Solid State Solar Power Satellite (SPS) is to be constructed entirely in CEO and is to be essemblcd 
similar to the 5000 M W reference satellite. To facilitate comf srison with the reference SfS program scenario, the smaller 
capacity solid-state Sl"j uill h:ive to  bc prodllced dt  a farter rat( . That is. to  meet the reference program goal of 10  GW annual 
capacity growtll, one 2500 M W  solid state SPS will have to be fully assembled and checked out every 90 days. 

Tlic solid state satellirc lias a si~lgle ; I l l t < ~ l ~ i d  located at cne end of the 8 x I I bay photovoltaic energy conversion 
s> stern. as shown on the facing page. The microwave antenna is designed will1 the reference pentahedral primaty structure, 
whereas the ene rg  conversion system uses the reference hexahedral structure. The interface system retains the rcference 
rotary joint design with its sol~tr arr.1). support structure. However. the reference antenna support yoke is replaced by an end- 
mounted linear actuator. 

To achieve SPS ~nicrowii\~. I1ower transmiqsion performance requirements. both solid state and reference klystron 
antenna concepts niiist be constructed to lntct similar flatness design goals (LC., 2 arc minutes rms with a maximum of 
3 arc minutes). Hence. to  cover all aspects o i  the Solid State SPS construction process, a broad range of technology issues 
I \s hich arc beyond ;he scope of this study) must be addressed. For example, as the Solid State SPS system matures, the sat- 
ellite construction ap, roach must be reexamined for the energy conversion, power trsnsmission and interface systems. In 
addition. the structural assembly methods should be well understood t o  the level of beam fabrication, handling and joining. 
'Techniques for installing the major subsystems (i.e.. solar arrays, buses atld sirbarrays) must be further developed and the 
requirements for construction rquipments need further refinement. In addition, the structural dynamic, thermodynamic 
and control interactions between thc base and the satellite should be investigated and defined. Other areas to  be examined 
include methods for berthing or mating of large system elements. techniql~es for in-process inspection and repair, and con- 
cepts for implementing satellite final test and checkout. 
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- I N  PROCESS INSPECTION & REPAIR 
- FINAL TEST & CHECKOUT 



SPS CEO CONSTRUCTION TIMELINES - 5 Gh BASELINE & 2.5 GW =LID-STATE 

Curnparative tirneliner: for constn~ctinp the 5 J;W reference SPS and the 2 .5  GW solid-state SPS concept are shown 
uii thc facing page. Both timelines follow t h c  a n l e  construction approach. That is. where the energy system con*"ersion 
assembl). is .imed for simultant.ous trnr~plction and mating with the zatellite's power transmission and interface systems. The 
4 Bay End Suilder also assembles the sdlid-state 8 x I 1 bay energy conversion system during two successive passes. as pre- 
viously defined. However. the proeluction rPte tc  -cmplete final test and checkout of the 2.5 GW solid-state SPS is slowcr 
rhiin the basel i~~c 5 (;W SPS with klystrons. The 5 C W  klystron satellite is f~rlly constructed and checked in CEO in six 
months. The production rate for the reference system is ?'7.7 MWldap. in order t o  match this production rate, the 2.5 G W  
solid-state SPS would have to  be completed in one-half the time (i.e.. 30 days). At this juncture, the solid-state SPS con- 
\tnlction operation sopears to  fall short of the 10 GW annual production goal. The present desigii and construction approach 
used for the solid-state SPS Iias slowed the production rate to 24.03 .\fW/day or  104 days to IOC'. 



SPS GEO CONSTRUCTION TIMELINES - 5 OW BASELINE & 2.8 OW SOLID4TATE 

ASSEMB1.E ENERGY 
CONVERSION SY9 

RElNOEX BASE 

ASSEMBLE INTERFACe SYS (YOKE) 

ASSEMBLE POWER TRAYSMIE9810N I 140 1 
SYS 

MATE ASSEMBLEO SYSTEMS 

FINAL TEST & CHECKOUT 

ASSEMBLE ENERGY 
CONVERSION SYS 

RElNOEX BASE 

ASSEMBLE INTERFACE SYS 

ASSEMB! .F! POWER 
TRANSIY,':SION SVS 

MATE ASSEMBLED SY3TEMS 

FINAL TEST & CHECKOUT 



'The lnl~crcnl productio~i csrpoibility of the 4 B~iy 'End buildcr~C~nmmctian m&taei& MitMltrM,m tkrC f i w p @ # @ ,  
T Itis figure sliows how the total s~tellite corrstrilction tinie ran trr nltcrcd by rithm rhmpin# Ehe fabdcuion nlBe !'moowUb- 
\IO:IS l o ~ i g i t ~ t ~ i i ~ ~ a l  beuti~s. rtdnciny tlrv lcngtll (i.r., number of rows) of the rlwrgy corncamdon %yylcFny OF bOS4t FW ~xo~~kpk, 
li~rr h;~selillc SPS. whicit hue ii I (t row energy collvcrsion sy3trnr, is  conrtructsd in 110 daiys by limitlt~g lywhronilzrd SWQ~ 
tut l~~lal  bra111 thhrication to 0.5 ttt/ri~ir- 8 y  incrc.asirr# tllr bre~tr fubdcmzian rsltr to 3 nrirnin thc entire $urSdCJlt~lwdl~*yolP@ 
. I S S ~ .  S) 1e111'i muting. test al'tc1 chrdks) ..+auld be conrrn~ctcd in 140 days, A rirniler prdluction advslnt#$c crfrba l~bimld 
H'II 11 t!ic stiortcr solidrtate ~ t ~ r r y y  conversJon syiitem which is only 1 1 rows long. Howcvct, lincrcating the oip(crratlnvl at@ of 
tllc Ic~ngitudii~srl b~srl l  t?uilde,s is not oufficient 10 achieve the solid-stute SPS conrtructbm goel uithm 90 ~ w r  104 ~uYI. To 

'nictc l l i r~e  goitlr. additior:*l clrerry pickers 1ni16t be provided to specd up the i ~ l c ; a l l & $ h  d ~ b W ~ ~ y ~ b ! ~ a l u l k a r k .  Sd- 
' solar c.ollec:.~r o~enrb ly  ;utility 011 the refcrrncc (;EO hare can bc revised as rtqui~ed to met€ &bw W m W ~ t i ~ n  pod 
I .tie rolict-state SPS concept. The time c;ritic.,il conotruction operation, rhrrrrfortt, W l u  with tbc m ~ ~ n b a l j  @Z thk  lid- 

SPS antcnno. 



GEO BASE -- ENERGY CONVERS1OM PRODUCTION 
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SATELLJTE POWER TRANSMISSION C O N S T R U ~ Q M  OPEWATlONS & 4 ~ d ~ l t  

fluring Phase 3. the major ccrnutruction opcr:rlions of the. Soljd Statc SI'S sntclina wcrc anslyted from tllc top down,  
as previously dorle k)r  thc ret'rrencc systcni. A:+ shown on  the facing page, constructjan of phk 2,$sF;W solid4tate SPS 
follows tllc sijnle sequence as the rcfrrcnce 5 C;W Klygtran SPS. 

A hreakdown o f  the iissembly operations for the SPS power tranarrnission systent ig  drawn by the abbreviated llow 
illti~trittctl o n  thu lower hull' r ) f  thc page. This asse~nhly activity includes the Ibbrication and avrembly far the first row of  
p r i ~ n i ~ r y  and secondary structure (3.2.1 ), It illso lncludcs the parallel installation and inspection of  other subsystems during 
first row construclion. 'These subsystrnls inrludr thc installation of RF s ~ ~ b a t r n y s  (3 .2 .1 ) ,  power distributicn, phase cor~trol .  
ancl so forth. When first row construction is complctc, thc antenna is indcxud (3.2.7) away to allow t h e  second row to he 
added. Tire rcmainine, rows of  thc antenna are constructed in a like munncr. 
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SPS R ASELSNE AND SOLID t T N E  WI;TEMNA CQMlEPYN 

In  Plluqe I ol' ?ltc study t l~c  antenna pro ided a trans~nitting area. 1 km in diameter, made From 9.8 bay6 of A-frame 
pritit,lr\ \[us, IL I ~ C .  !.dill bay 113s ten t~ionguliir L~coms. 7.5 m deep, produced in spiiee by barn rnsct\inea operating f l  
5 1111min. Scccndary structure, n\ounrcd to  the primary structure, supported energy transmitting e q d p m t .  There WPlf 

eighty-right, ICJ m square, hays of t l  strrlcttlre. 

At the evd of Phasc 11, tile I km d i a n ~ r ~ ~ r  refrrencc antenna war changed to a mom leffickvlt pcnttntsldnl structure 
hating 88 bays of pri~nary strucitrrc iIach bay hod 9 or 1 1 mcmhets, dcpenjent upon whether It ~a(uii@d c l d n g  beams or 
not. wt icll were 1 .S nr deep beams. C'onstructifi.n of thiv structure war mvcr mdyzed, there fort^ na barn prc;dtactiofi rate 
-:Is as'rtrn1r.d. Agicin. secondary s~ructuro ruppd)rtdd WF suttarriry equil/ment on 88 bays. 

The solid-state SPS system in P11ase i l l  requires an ltntenna whose area incntaws to 1420 m diameter, ieffecflwely 
t t ,  ice that of Phascs I &  11. Primary structure uses the slanrc pentnhedron buys, ;is defined in the P h a ~  ll ~ f e m r ~ c e  syltttm 
d ~ x r i p t ~ o n  (D 180-3546 1-2). Fabrication of the 1 . S  m erp triangular beems is limited to  n beam pnodwctim ratc of 

equipment 
4 isbout 1 ntlniin. Beitig larger in area, 172 bays af 104 m secondary lstructure are required to aupport trm#m4tEln(r 



SPS BASELINE & SOLID-STATE ANTENNA 
CONCEPTS 

PHASE l 
6 OW BASELINE 

PHASE ll 
6 OW BASELINE 

PRIMARY STRUCTURE 

- TOTAL BAYS 
- BEAMSIBAY 
- EIEAM SIZE (FA0 

RATE) 

SECONDARY STRUC- 
TURE BAYS 

A-FRAME 

98 
10/BAY 

7.8 m (6 mpm) 

88 

I PENTAHEDRAL 

! 
88 

I 

0.1 1IBAY 

1.6 m ~ 
I 88 



'The 1.0 kin diameter reference 5 C;W klystron antenna is constructed at the CEO b a g  by prolprcducz build=up trl 
11s I 1  row plan rurrn. Thc bntcnna is assembled, one row at u time, as it is indexcd back and forth through tha mtonnss 
construction facility. As a rcsult, tPe antenna must be supported during this process on e platform a t  loat twice #s Errrpics 
!is the antenna is widv. 

The drea of the SPS, 1.4 krn diameter, 2.5 CW, solid-state ai~tcnna is nearly twice that of the 1.0 km diameter 
rcfcrcncc antenna. flci~cc if lhc rekrci~cr dntenna conhtru~tiun ~lyyrwcll was simply adapted to  the avnlid-statc antenna 
rcquircn~ent. tlie largc antenna support platform would simply grow in proportion. As a consequence, other lasuclmbly ap- 
proaches were considered t o  reduce the overall size OF the antcnncl constrilction PkoiliEy. "F rw  C;Ea base anthnna ass@m- 
blv opt ions are shown here for the solid-statc concept. The 4 Bay End Builder solar callector aaiwmbty Facility la common 
t o  all concepts. The first option usus the 5 GW bascline method to  build the new itntenna in an area approxirnrtely 65% 
greater than the 5 CW antennit area, also shown. This method caters for parallel construction of a yoke support for the 
antenna, as well as for the current cantilevcr support bitsclined for tllese options. 

Thc second construction method is an edge. builder in which the antenna indexes In one directian only. The: cow ,I 

struction facility is now much longer since it must cover the width of the antenna to provide mrany machinm-for building 
all longitudinal bcams simulti~nenusly. Arca for antenna construction is about 25% Iers than that far th% flmt optlon but 
nceda the longer facility for the increascd rlumbcr of beam macl~ines. An antenna yokc support could be built on rhir 
facility but it would be a secluencu operation which extcnds the timsline. .\ 

The third option retains the unidiruction indexing of the antenna (Option 2) but relocates the smJl canstructicm 
Ijcility orOyrion I and allows it t o  movr laterally to  ~.c)vc"r the width of the antenna. Construction ate8 is ntinlmum for 
this method i ~ n d  is. in fact, less than 5 GW baseline area cven though the antenna is larger, This i!, reflected in thc ndwd 
&eight for the base. To  accomn~odate construction of 3 oke support for the antenna would require added pl~tfosm rwe 
an&$ ,.lcilities and would extend the timeline. Thih third option was selected for preliminary design work t o  derive wsWM 
and costs. 
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SOLID-STATE SPS CONSTaElCTlQN BASE 

The configuration of this Solid State SPS Construction Base closely follows the reference CEO buse dapcribad Sn the 
Phase I f  Study. The energy coriversion systenr is built in thc same solar collector assernbly facility, while the rotary joint ic. 
asseniblrtl on a facil~ty very similar to  that of rhc previous base. 

The main differences arc in the antenna construction facility. It is smaller in area than that on the reference bwe.' 
,tncc thc construction n~ethod can now be simplified clue to  the change in support of the antenna from the rotary joint , ,  
lnstcatl of a lisetl antenna assernhly facility dnd bilateral iildexing of  the growing antenna, the antenna assembly facilit] 
now indexes laterally across the antenna platform as it briilds the antenna in rows. The platform is a frame of open t r w s  
members which prov~des tracks along which the antenna indexes a'; it is built. 

Facilities for mating the antenna t o  the rotary joint ore similar t o  those. in the Phase I1 Study. 



SOLID-STATE SPS CONSTRUCTION BASE 



PqLID STATE ANTENNA ASSEMBLY FACILITY 

The assembly facility sllow~l here covers four bays of the antenna structure and builds in one direction only. At 
one ~ n t l .  thc  facilitv builds prin~zry structure on the lower and upper levels. Maintenance gantries are installed in the next 
lowe- facility, fol!owed by fabrication ,in:! iristdllation of the secondary structure to the primary stntcture. In the ldst iow- 
er level filcility, subarrdys are installed on !he szcolidsry st.ucture. At the upper level, following primary structure fabrica- 
tion, power distribution busszs and switch gear :Ire installed. 

I-'allowing charts discuss in some detail prir:lary and secorlclary structure fabrication and assembly, as well its installa- 
tion of subarrays. 
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SOLlL) STATE ANTENNA CONSTRUCTION SEQUENCE 

!'rccc~i~~ig ~h:rt \  ILI\L> dlrcusscd the ,~ntc, ina c o n s t r u c t ~ o t ~  concept and 11s a s e m b l y  facility. This chart shows the  
i.r,lll ,~\\c.ml.rl\ \~cluc.nc.c. which 14 tc. h t~t ld  the 'intennii in raws of repeatable b z , ~  The tac l i ty  indexes across the COG- 

~ ~ I L I L ~ I U I ~  baht to IdL~rrcdt~ dnd a\strnble the lirst low a\ ~t got-S. i i  then ~ndcxcs  back along the track while, at the same 
tl ,ni . .  tile cornplctcd row tndcxc.5 t o r \ b ~ r d  fc;r one row wldth. lrhe wcond row 1s now built o n t o  the first row by thc 
1~1dex,11c tcrciI!t\ or1 it'\ ~ e c o n d  ccrnsti uc.tlon (lass. Ilrlr, 171 oirhb 13 repedtrd until the  antenna is completed. 

Takins ;I Inore dctailcd look at tlic h c q ~ ~ c n c c  2- I! huilds the first rows, the  facility st*,*rts constructiur~ by 
l , t~il t i~!~y primar! ,tructurc. for the tii,t bay of t ! ~  iirst row. 3'lle facility tlien indexes for one bay Icngth, then builds 
prinl;irq' s t r u c t ~ ~ r r .  !'or the second hay wiiilt.. at  thc same time, installing maintenance ecluipment in the first bay. Fol- 
Iuu ins another unc bay indcx of the f'acilitj. the third bay primary structure is built while secondary structure is assem- 
hlcii to tllc first hulr primary structure in  p,i;allc.i. Another one  bay index of the f i~cil i tr  is followed b y  construction of  
thc' i-,urth bay prrniary ztracture wl~ilc,  a t  thc  same time, secondary structure is added t o  the second bay and subarrays 
it;stallcJ o n  the tirst bay secondary stiucture. This proccss continues t o  cornplele the first row. !t should be noted that  
~n;r in tcna~~cc.  gdntrics :\re installed or.:y on thc  first and last buys of this and all subsequent rows. Thus, t w o  parallel main- 
tcnanct. operation; ca,i be ~>t>rfonnrd along each row. 

At corllpletion of the tirst row. tlic I'acility il-ilcxes back along its track while, a t  the sanle time, the  comp1ete.l row 
is ~ n d c h e d  f.orw:ird for one bay width The scqucncc i~ now repeated For the second and subsec,uc it roas t o  completion of 
t l~r  antrnn,  burlu. 



SOLID-STATE ANTENNA CONSTRUCTION 
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2.5 CW SOLID STATE POWER TRANSMISSION SYSTEM ASSEMBLY )kt R& ' ~ I E U N E  

The timclinc for asscn~bling the 1st row of tllc solid-3tate power truiislnissian aittenm is show11 on the opposite 
page. .-Is pre\iui~bl> ~ l c s ~ ~ . i b r . t l .  thc ; I I I I L ' I ~ I I ~  tdciliry b~lilds the slrttctltrc in ( ) ~ O L ~ ~ C S S ~ V C  S ~ V ~ ) S  and ~sequcntially installs the 

" 

required siibsysten~s. There are 8 prin~ary perrtrrlledral stri~crural bi~ys in thc 1st row 9f cr.~n$tructkm. A$ each primary 
pentahedral bay is built. the antenna facility moves sideward to allow thc ncxt pentahcdrul bay to bg 6ddkcS. Ibaintcnance 
equipment is installed in the Iirst stn~ctural hay before the secondary structilre is attached, He~icq ths sequential installa- 
tion of RF subarr.tvs and power ctistrib\~tion sllbsyste~ild perollclx tllc usscnrbly of the 4511 structure1 bay at the start of 
Day 2 .  This one day lag in srlbsysten~ installation is common to cach row of antenna constructian aperstians. 



2.5 GW SOLID-STATE POWER TRANSMISSION 
SYSTEM ASSEMBLY - 1ST ROW TIMELINE 

DAYS 
1 2 3 4 6 

FAB & ASSEMBLE PRIMARY STRUCTURE ~~~~~~@ 

INDEX ANTENNA FACILITY I I I I I I I I I I I I I  1 ,  

FAB. ASSEMBLE & ATTACH SEC. STRUCTURE 

INSTALL RF SUBARRAYS 

INSTALL POWER DISTRIBUTION 

INSTALL MAINTENANCE SYSTEM 

INSTALL OTHER SUBSYSTEMS 



SOLID STATE ANTENNA CONSTRUCTION TIME 

'rllt. 1.3 t;W \c\!~tl-\t;~tc. .~titi-nnr~ configuratioi~ <ontitins I72 i~c~itrrl\cdrnl b i ~ y s  wlliclr arranyetl in rows of 8, 10, 
I2 .1n1I 14 bi~ys  per rot\ I'lic ti111c .~lloir,xl 10 ft111! . ~ ~ c t ~ i h I c  tlic I4  r o w  of structure (primary ant1 secondary) ant1 insti~ll 
thc rr*qu~rctl s\~hsystr.llis (KI: suhiirrays, power clirtrihution. c tc)  i \  showli. As cacli row is constructed, tlirrc is a one day 
lrig In t tic st q i ~ ~ n t i n l  insti~lli~trori ol' stlos\lsteni Iiardwarc. 'I'llrn c i~l i i \~ l i l l~vo effcct of this sequential process rcsults in ;i 14 day 
tlel.ry in thC total antc~lria coristruction t i~ i lc  tllat niay be uscd Tor vitllvr structural avscmbly o r  si~bsystctn assembly. 
TIi~*i.~~l '~rc. .  urlly 00 ti;iys are .~vail;~blr: I'or dcdic:~lctl i ~ ~ ~ ~ t l i b l y  opct:~tionc, I'rom tltc tot.tI c~ns t r i t c t ion  time sclicdulcd (80 
11,1) \ ) .  In ligllt ol 'tlic I 4  day constri~int .  i t  is quest~on;rble t h i ~ l  itny furtller reduction can b e  ~l i ade  in convtrrictioti time 
\\ itliout ~ ~ n p a c t l n g  flit, , ~ s s~ i i ib ly  facility. construction c.qiripmcnt and r\*li\tctl work crcws. If h a t e r  antenna construction 
t i ~ n ~ .  .1rc ni*rdctl. it is r ccon~n icnJ i~d  that the a s ~ c ~ n b l y  sequcncr be re.cxan~ined w ~ t h  an eye  toward i ~ t ~ p l c ~ i ~ e n t i r ~ g  a greater 
tieprw of ;~utonii i t ioi~.  
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ANTENNA PRIMARY STRUCTUPE .- FABRICATION & ASSEMBLY 

(ISTBAY:  ISTROW) 

l i q u i p m c ~ ~ t  types i ~ n d  quantities for huilding the antenna within tlic prescribccl timeline are dicated by baseline con- 
%truction scenarios. Considering the first row of tlic primary \tructure, thrce bcam machines and six cllcrry pickers will 
build all structural elements. lxccp t  for tlic 1st structural hay, each beam builder substation fabricates 3 beams in the re- 
rli~irctl oricntatior~ and location. l>urina t l ~ c  asscl~ihly of the first bay in each row, 4 or  5 beams may be fabricated from these 
ilxcd hcam builder substations. As shown in the illustration, the outboard edge member is transferred to its assembly loca- 
tion by chcrry pickers, 'tf'ter it is protluced by a bearti n~achinc located on the same level. The other beams in this struc- 
ture protluccd i ~ n d  located by po~nt ing the pivot mounted bean1 nlacliines in the required direction. Cherry pickers, lo- 
cated at node points, then aligr~ the beams snd join them. An arrow on each beam membcr shows its direction of fabrica- 
tion and indicates the bcani machine which plvoduccd it. 



ANTENNA PRIMARY STRUCTURE - 
FABRICATION & ASSEMBLY (1ST BAY: 1ST ROW) 

BEAM MACHINE (3) 

CHERRY PICKER 



ANTENNA PRIMARY STRUCTURE FABRICATION REQUIREMENTS 

K e q ~ ~ i r c ~ ~ ~ c n t s  on scgmentcd bt.,tm Jes~gn ,~nd  automated bc.i~m building operations affect the assembly rates 
a~ ! : :~ . \~ i r l t~  for tllc antelilia primary StriIcti~rc. For c.xanlpIt.. automated I ; lb~~.~ t io l l  of the segmented beams for the 
pcntalic~ilral strl~cturc rcquircs tliat four bas~c operations must be pcrformed as shown on the facing page. A typical 
bcdm bu~lding cycir ~ncludcs about 30 nlinutes for Ilandling eitch 104-m long beam. This time is over and above beam 
tdbnc.,~i I O I I  t l l i i c  31iil .IIIC)WS for i ~ ! i p ~ ~ ~ l l ~ ~ l t  01' the bcaln builtler and attaching end fittings. The actual fabrication time is 
3 tirnct~on o i  hcaln length and beam batten spacing design. Achievable composite beam fabrication rates are shown in 
tlte lower left corner of thc chart lor dit'krcnt bcam batter1 spacings and bean) cap forming rates. (These data were 
dcvclopc~l by (;runirnan in s i~ j~po r t  of ifs Pllasc I SPS studies for Bocing-DI80-15037-9). For the required beam batten 
spacing of 1.5 nl, a t'abricatron rate of 1.7 m/minute was selectt-d since the curve quickly becomes asymptotic above this 
rate. Ustng tllc foregoing data and a prodi~ctivity rate of 7576, primary structure requires at least 62 days t o  be assembled. 



ANTENNA PRIMARY STRUCTURE FABRICATION 
REQUIREMENTS 

SEGVENTED BEAM BUILDING CYCLE 
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PRIMARY STRUCTURE ASSY, DAYS 



ANTENNA FLATNESS & SUPPORT CONSIDERATIONS 

1-0 iicllieve the roquiretl SPS microwave power transnlission performance, the solid-state antenna must be con- 
structcd to  meet \imilar t l a t n w  requiremctits to  those tlefineci for the reference klystson antenna. Tlie basic alignment re- 
quirement for the subarray surfacc is +3 arc minutes in the operating environment. 'This includes all manufacturing errors, 
all j tat~i.  and dynanl~c nlovemcnt clue to co~~zrruction flight attitude load\. dnrl all related thermal distortions. A recent 
study on achievable flatness In Large Microivave Power Antenna (NAS9-15423) recommended a design goal of 2.00 arc 
niinu tcs rm4 for the subarray slopc crror. T'::s 3.00 de\ig11 slope error was budgeted between manufacturing tolerance 
1 1 S O ) ,  maneuvering tolerance ( I .  lo), thernial allowance (0.70) and attitude control systen~ (0.00). Attitude control errors 
only become important for the completed SPS when line-of-sidlt puinting accuracy must be maintained. At that point any 
built in manufacturing bias ~ l i o i~ ld  be detectable and correctable by electronic beam offset techniques. 

During space assembly. the antenna is supported by indexers which run on a flatbed outrigger structure. Deviations 
from ilatness of the bed will be reflecttxd in the flatness of antenna structure. Other sources of misalignment during fabri- 
cation arc tolerances of the structural beam lengths and of assi:mbly jigs. A proposed solution fbr this problem is t o  locate 
Eiectro Optical Distance Measuring Equipment or. the base and optical reflectors at suitable points on the emerging 
antenna. Thc equipment will sensr misalignments and call for adjustments of structure beam lengths t o  compensate. 

The firing of attitude control thrusters will impose intrtia forces on the antenna, resulting in distortion of its struc- 
turc. These distortions can be minimized by the number of indexers tying the antenna to  tlle stiffer base. 

Therni:~l distortion effects, due t o  differing thermal coefficierrts for dissimilar materials and t o  thermal expansion 
variation with sunlshadc changes, require careful materials selection and a constant attitude t o  the sun. 

While plausible tecl~niques have been identified t o  meet the Pntenna flatness requirement, a great deal of additional 
a~ialvsis and technology development work remains t o  be accomplishi*l bcfore we can be confide~it in the achievable flat- 
ness. For example, future dynamic analysis of the satellite construction process should investigate the effect of base inter- 
actions on the surface flatness of the enlerglng antenna. 
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SECONDARY STRUCTURE ASSEMBLY REQUIREMEfiTS 

A ,e:ond;~ry str~itturc IS ~it .~cssary to protide mounts for tlic 100 subarrays located within each pentahedral bay. 
TI"- egpcratr ,lrtictilrc. 14 ~1\4~1iiblr'd with 2.5 m deep beams which are paced t o  support the 10.4 m-wide subarrays and 
prc,\~de lateral stab~itty at 20.8 n1 lntenals. The lo~~gitudinal and latertl beams ilre j o ~ n e d  to 'arm a grid work having 50  
cells 10.1 m I 20.8 m). The following charts consider the options for assembling and installing this structure. 



SECONDARY STRUCTURE ASSEMBLY 
REQUIREMENTS 
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SECO: JDARY'STRUCTURE INSTALLATION CONCEITS 

The  second;lry stri~c.turc can bc built as scgrlients to  c o l c r  0111: bay of the primary structure, o r  it  can be built as a 
~.olltillitoit> i t r i lc t i l r~~ co\~csitig tlic ~ s l i c ~ l ~ ~  antc'nna. Scpnicntcd structur:' is cirsier to assc~ablc,  handle atid install since it can 
I j r .  bitilt i n  tlic 104 111 siluirrc' units tlicn i ~ ~ d i v i i l ~ ~ a l l y  ~nountccl at t l ~ r c e  points to the pririlary structure, t l i i~s  minimizing 
cI't.ccts ot' prin1;rry structurc opcratiui~.~l  tlistortions. I\ dis;~diaIltilgc is tliiit, bring separate scluares, c l o s i ~ ~ p  members are 
:?tBc.essar! .111tl t:rCW ;I1111 t o  the total I?cillll Icllgtll illld i I ~ t C I l l 1 ~  IIlilSS. 

C n n t i n ~ ~ o u s  sccondiiry s t r i t c ru r~  irdtls t o  ;lntcntlil ovr^r;lil stil'fhcss, which liclps to ~nini l i~ izo  suharray flabncss dis- 
lort ion\  i l ~ l ~ i i i g  c?pcration. Inst;~llat io~i t o  tllc prin~ury structurc 1s tilore co~iiplcx sincc it would bc built in scctionu. which 

tl1r.11 .~tt;~cIicd t o  tlic prlniary str i lcr~lrc ant1 t o  each otlier by momcnt carrying joints. 

'Thrb srgniented s t lcon~i i~rv  s t r~ic t i~rc '  i~l>pro~lr'li is tlic pr..!'l~rrc.tl option siticc it si~nplifies cons ;n~c t io t~ .  
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SECONDARY STRUCTURE ASSEMBLY OFTIONS 

2 Opttons for building the 104 m acconilary unit arc preserltetl on tliis chart. 'The basic building clr*tnrnt is a 
.2.5 n~ deep beam which 1n;iy tic prefiibricaltcf on thc grotlnd for lligll density ner!ablc space trnnkport or  produced in space 
by autonnatcd beatn tnachincs. 'Thc brirn8s fi~rni i111 eggcrstc piittern. niadc up Src,r:~ 10.4 m x 20.8 m rectangles. 

One option is to asse~nbie the unit completely from 10.4 m long beams, This would be done by u facility weaving 
itcross a support bed, assembling in series as i t  gocs. Many joints rl l i t rrr  be niitdc to  irssemble two, three and four beams 
;if a time. 

Second option is  to bi~ilil from 20.8 111 long branls. This involves a sitnilar opention to thc 10.4 In beams assembly 
but rcdt~ces the number and complexity of the ussenibly joints. 

Third and toi~rth options use thc end builder principle by producing synchronized continuous beams in one 
direction, joined by seymcntcd beams to form tlic cggcrste structure. In one cilse, 1 1 lrelrm machines firbricate continuous 
beams which are interjoined by sixty 10.4 m bcatns. Thr* otlicr casc uses six beam machines to produce continuous 
beams interjoinecl by fifty-five 20.8 nt beanis. 

Selection of P prcferrcd option requires consideration oScquipments and ti~nelines, whicli arc reported on the 
next chart. 
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SECONDARY STRUCTURE ASSEMBLY OPTIONS 
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SECOND:\RY STRUCTURE ASSEMBLY OP'TJONS C 0 h l ; f ' ~ P d l S ~ ~  

Thc t w o  prcuctliny c~harts tliscusscii concepts for birilcling Il\c secondary strllcturr and o p t ~ u . ~ : ~ l  Ways of assembling 
the ~clcctcil cotlucpt. 1 l ~ c  toitr as~clnhlq t . ~ p t ~ o ~ i s  110.4 111 or 20.8 111 bcitr) buildup and 5 or 1 1 beam ouiuf?!,, are compared 
on the fi~cing piipc in tcrtt~s ol' their structur;~l a~scmhly n ~ ~ t l ~ o d ,  total atscmbly tiinc. recluircd conrlructioir ~~quiptnenr ,  co11- 
\truction base i~npctct, end n i t l~~ber  of crcu operators I)cr shift. 

As previoi~sly nutctl, t)ic sccondar) ~tructnru 111ust bc co~l~plcaed allrl ir:\ri~lIcd in par:tllcl with t l ~ c  assembly of prc- 
cctl~ng primary slructiirr.. I)l~e ro 1 I I C  pr i~ni~ry structtrrc assctr~bly lime l i l ~ ~ i t  (308 n~inutes). ~ n l y  the two :~\itofab methods 
cdn tncct this rcquircn~cnt. Hot11 m r t h o d ~  rcquisc fo i~ r  crcw operators arid havc t h e  same impact on the hrrsr. The discrimi- 
nator. is, tllcrcti)rc. t11c 11~111ibc't of I)va11i ~i~.tcI~incs i~nd clispct~sers. 'This leads to the six bsani autofab rnetl~od as the preferred 
opt ion. 



SECONDARY STRUCTURE ASSEMBLY OPTIONS 
COMPARISON 

# 

ASSEMBLY METHOD 

ASSEMBLY TIME, MIN 

CONSTRUCTION 
EQUIPMENT 

BASE IMPACT 

CREW OPERATORS 

PRIMARY STRUCTURE ASSEMBLY LIMITATION = 308 MIN 

+ 
6 BEAM 

AUTOFAB 

SYNCHRONIZED 
FRAME.TQ-FRAME 

I 

305 

8 BEAM BUILDERS 
6 LAT DISPENS 
(20 m) 
JOINERS 

FIXED SUBSTA 
UTILlTlES 

10.4 m BEAM 
BUILDUP 

SERIES 
BAY -TO-BAY 

930 

100 m GANTRY 
2 BEAM DISPENS 
(10 m LAT & LONG) 
JOINERS 

MOBILE SUBSTA 

20.8 m BEAM 
BUILDUP 

SERIES 
BAY-TO-BAY 

720 

100 rn GANTRY 
2 BEAM DISPENS 
(20 m LAT & LONG) 
JOINERS 

MOBILE SUBS7 A 

11 BEAM 
AUTOFAB 

SYNCHRONIZED 
FRAME-70-FRAME 

226 
- 

11 BEAM BUILDERS 
10 LAT OiSPENS 
(10 rn) 
JOINERS 

FIXED SUBSTA 
UTILITIES 

4 

SUPPORT 

8 

SUPPORT 

8 



SECONIIARY STRUCTURE ASSEMBLY STATION 

I!iic st;~ticrn i \  lot:,ttctl in tlle .illtctlllil ;~sac.~nhly f'i~cili!~ whtcli indrxcs ilcross the canstrttction base to  boild the 
,111tc1i11a i l l  ci~ccc~civc tr)ws. flerc.. ~ c ~ ~ l ~ d i ~ r y  structtrrc is f'~bric:rtc.d, asacml>led ancl i~i~tiil lcd. 

I llc scco~)~l.lry >tructilre .14sc1111~1~ statio~i is i4O 111 x I I8  111 x 2 5  111 in sire. A large bed. sized for t l ~ e  104 nr per 
s~tlc. ~ I I L ~ L L L I T ~ '  i l l l i t .  pro\~ljc.s ;I Ilat S L I ~ ~ ' ; I C ~  for its :~sss~iibly. This i~sscti~bly station operate\ likc a niini cnd buildcr wliich 
operates ~ I Y  l)r;1111 I ~ I , I C ~ I ~ I ~ C S  to f.~t>r~catc C O I ~ ~ ~ : I L I O L I S  longitudinal, I W ~ - ~ ~ I I I ~ I I S ~ O I I ~ ~ ~ .  2.5 nl bcirn~s in unison. At thr  same 
tlnrth. t i s o  s~t l~i lur  be.1111 macl i i~ie~ Incatetl a! irn upper Icvcl protluce 20.8 trl bca~ns. I'licsc. sdgmented bcanls arc collc.cted by 
tlicb La te i~I  Menlbr'r Inrtclllntion p,intr) for rissc~nbly to  tlic c o ~ ~ i n u o u s  bcarns. <'ontinuous bca~il fabrication proceeds in 
10.4 I:) stcps to ,~ccon~t l~od;~ te  s);nclir,~nizcd lateral ~nctiil~cr i~tt;i~hnlt.tlt oper,~tion\ Tllc g;ltltry. with fivc 20.8 nl beams 
~iioitntcil on i t .  positions and joi~is rhCsc. bca~ns to tllc continnous longitudinal beams. Tllr. #antry then returns t o  its 
v:~ynal  position to  collcct live lilorc ~ l i o r t  bca~ns. AS this process is rcpsated, the nsuemhlcd structure is intlexcd outboard 
'lcross thc twd. Intlrxrrs g t~ i c !~  thC Ic:ldi~~p cdpc of tlle strilctrtre to lnaintrrirl the rsc(uirt'cl gcotnetry atitl provide structural 
\upport. 

On con;y;*tio!.~ of tliis 104 111: unit structure, two elcvatiny cross bcams lift and support t l ~ c  secontlary structure 
for its attschmont t,r the primary strilcturc positioned overhead. 
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SOLIII-STATE SUBARRAY INSTALLATION REQUIREMENTS 

Once the se.ondary structure is attached to each bay of primary structure. 100 preasse~nbled solid state subarrays 
I : t ~ l  , I  t I I I .  I i t  Fach 10.4 .;ul-:~rr~y has mechanical and electrical connections to be 
maclc. Tllc mctl~od for automatically dispensing and installitiu each subarray is bdsed on the equipment concepts defined 
in Boeing's earlicr System I3eSinitioil St i~dy ( t loc \~~ncnt  L> 180-1407 1 - 1 ) .  Subarray deployment was estiqilaterl to be about 
10 nlinutes. Thercforc, the number ofrleployers needed for the subarrays is a function of the installation time. which must 
match tlie time allottcd to  the building of primary strllctllrc'. 4t lcnst thrcr dcplo~'ers are licedctl to meet tluli icquirement. 
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ANTENNA CONSTHUCI'ION OPERATIONS 

These figures show the construction base and illustrate antenna construction operations as described in some detail 
In earlier ciiarts. The antenna is built in one direction, bay by bay, wit11 an assembly facility which indexes across the base. 
As the antenna is progressively built, the completed rows are indexed outboard and the assembly facility tracks back t o  
start building the next row. 'The antenna assernbly facility and the rotary joint assembly facility are able to operate inde- 
pendently and index across the base as needed. The rotary joint, which prowides electrical and mechanical interfacg: 
between energy conversion and power transtnission systems, is built in parallel. 



D180-25969-2 

ANTENNA CONSTRUCTION OPERATIONS 

ANTENNA 

BUILD FIRST ROW OF ANTENNA BY 
INDEXING ASSEMBLY FACILITY CONTINUE ANTENNA BUILD, ROW-BY-ROW, TO COMPLETION 

a START ROTARY JOINT CONSTRUCTION 

6: IN PARALLEL 

- INDEX ASSY FACILITY FOR EACH ROW 
- INDEX ANTENNA OUTB'D AS EACH ROW IS COMPLETED 

CONTINUE ROTARY JOINT CONSTRUCTION TO 
COMPLETION 



FINAL SYSTEMS MATING 

When the power trmsmission systcn~ is fully constructed, the antenna assembly fa.,,~ty is moved away and the 
rotary joint facility is positioned tt: build and attach the interface end-mounted linear actuator support structure. The 
electrical bus is fed across this structure to connect the rotary joint slip ring with the antenna systems. 

Final niating of antenna ancl mlar collector assemblies is accomplished, similar to  the reference approach, as shown 
on the facing page. First the base is indexed to the solar collector antpnna support strut pickups, then the antenna assem- 
bly is indexed to  align with the collector and the rotary joint facility is positioned. Two mobile 7.5 m beam builder sub- 
stations, mounted on ?he joint facility, initiate fabrication of the outboard support struts. These stations align the beam 
fabrication with the collector-pickup point areas where il~crry pickers mounted on the collector facility wait to  capture 
and attach the fabricated struts to the collector attach fittings. The joint faciiity rnchlle cherry picker perform this same 
operation in attaching the strut end t o  the rotary joint pickup fitting. This procedure is repeated uciil all five outboard 
struts are installed. Next the base is re-indexed and the joint facility is repositioned t o  fabricate and install the four center 
struts. Afi.sr the struts have been installed the solar collector power buses are routed along and attached t o  these struts and 
final power t u s  hook-up is made between antenna and collector. With thc power bus installation completed, the base and 
yoke facility a19 again relocated to  align with the five remaining strut pickups and the operations are repeated for the fabri- 
cation and installstion of these antenna support struts. The remaining operations are those for final satellite checkout. 



FINAL SYSTEMS MATING OPERATION 

ROTARY 
ANTENNA JOINT 

I SUPPOF?T 

INSTALL ANTENNA/ROTARY JOINT INTERFACES RE-INDEX BASE & REPOSlTlON ROTARY JOINT FACILITY 
INDEX BASE TO *SOLAR COLLECTOR PICKUP TO FABRICATE & INSTALL REMAINING SUPPORT STRUTS 

INDEX ANTENNA TO ALIGP1 WITH COLLECTOR INSTALL BUS* 
POSITION ROTARY JOINT FACILITY TO FA6 & . 
INSTALL ONE SET OF SUPPORT STRUTS 



S0LII)-STATE SPS CONSTRUC? ION EQL'IPMENT COMPARISON 

Tlii5 cllilrt i d t n t ~ l ' ~ ~ * s  iblranpcs in howlint oqulpnicnt tr Iwn going t o  a solid-stutc SIPS. Rcclcsigned primary structure 
;lffcc t \  11~111lhcrs ;111ti \i/tl\ 01' hcunl huiltl:r\ 'I'lic tir:\vy incr?:lw in tlli* ni~nrhcr of cherry pickers is due t o  the shorter 
t i~nt.  .i\ brllulrlc t o  hulld ccrch SPS when striviiig for production goal of I0 (;I+' per year. I n  addition, due t o  the 
lower opcrat1~ig vol~agc of tllc \olid statc system. the )roulcr I-us it1 the c.licrpy conversion systvn~ is much wider t250 m vs 
7 5  11;) ~ n ~ l  rcclrlires Inore bus deploycrs. A! a result, tlle totdl cquipmrnl used f o r  constructing tlre Solid Stirlc SPS is heavier 
tll.111 t l lc  rcl'crcrlcc cqii~prllcnt Ilhtiilg (48 1 . 1  h1'1 t s  300 MTI I t  also reqitircgr a lligllcr irivcstri~ent cost to heyin construction 
opcr,irtorls ( $ 2 2 5  1 M vs S 1800M). 



SOLID-STATE SPS CONSTRUCTION EQUIPMENT 
COMPARISON 
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SOLID STATE SPS GIiO UASE STRUCTURE COMPARISON 

A compi~risoll ol' t l lc  cstinii~tcs on C;bO hilac stri~cturc Iticl?sn nnd cwt urv sl10wn t111 the I'acing page for thc reference 
SI'S iiud I 'ru ~IIC a o l i r l  .~ t ;~ tc  option. Ttic tnajor tlil'fcrencc hctwecn these 4 Buy 1Snd BuilJer construction busas lies in the 
gcol~ictry. iIrrillrpclllt*nl i~nt l  support 01' their reaprctive iintenna construction platt'ormr. While t l ! r ~  platforms arc located 
'11 ~li1'I;L'cnt Icvclh 011 rq;icti I>~Isc, tl~cy arc bot l~ i ~ t t ~ l : I \ ~ d  to !he support ntructurc shsrcci by the rotury joint uwmbly 
I'acility. 

At thi\ stilpt.* ol'conctbpt ilrvcloprr~cr~l, thrB solid s t i ~ t c ~  SIBS construction bust ia  aotnewhet lighter than the reference 
(;l:O bilsc. Tlir illtcrniltc snlitl state ~ltitcnnci ccrnstructioti plutf'orm coilld olvo be modificd to build the rmullcr refcmnce 
antenna ( l , 0  k11i vs I .4 ktn dia~ileter). I I ' t l ~ t ~ f  were done, the ~iiodified reference woulcl then be lighter than the solid state 
coristri~ction bilse shoun. 



SOLID STATE SPS GEO BASE STRUCTURE 
COMPARISON 

r 

6 OW REF 28 OW SOLID STATE 
END BUILDER END BUILDER 

ANTENNA ASSY CAPABILITY 1.0 km dia 1.4 krn dir 

BASE STRUCTURE 
MASS 2927 MT A 1 -142 MT 
UNIT COST (1979$) 8337M A m  -617 M 



SOLID STATE SPS CONSTRUCTION RASE iMPACTS 

The iml);rct ot' Solid Stortc SPS constnrction is si~mmrrri~ed on thc t a c ~ ~ ~ g  puge in terms of penalty (or gain) t o  the 
reference GEO buso ~iiass, cust onil productivity. 

'I'lic rcfurencc bas*: work f;~cilitics cnusl be rcviscil prinrarily for the solid st.rtt ulllcnna construction opcrdtion. 
13i1c l o  ths iiltcrncltc ;Itrtctrnil construction approitch, Icss structurc is ncedecl for the busc. I.lowcver, to strive for the 
I O G W  ant~uul protft~ction goill, utltliti~~liil constructiotr equipmetit untl oy::.ritting crews iirr nccded. It is estimnted 
that rt*fcrcitcc constrtrctian crew (444) ,nust !x int:rc~irsecl 1)) 47 peoplc which nccersitatcs titat another 17 m diarnetcr 
habitat he adtlcd. Thc nct cl'fecl incrcuscs thc initial muss of tllc reference base by 122 MT. The investnient cost and 
anntrul oycrotiong costs also increase as shown. For thc Solid Sti~tc SPS co11stt.uctiot1 basc defined, it was not pmutical 
to accelcratc ~ l r c  ontcrinlr ussr~nbly ctl~crntion I'itrtlicr to conipletc construction in less tho11 I04 days. Consequently, 
productivity of the Solid State SPS construction base is 86.5%) rtf the reference. It is possible, howcvet, that another 
Inore highly uulo~natcd antennu facility could have built the entire solitl state satellite in the desired time. This remains 
 IS ;in i IRa fcr future ~tu<ly. 



SOLID-STATE SPS CONSTRUCTION BASE IMPACTS 

L 

CREW SUPPORT FACILITIES 
ADDED HABITAT (17 m DIA) 

GEO BASE ELEMENT 
L 

WORK FAClLITIES 
- STRUCTURE 
- CONSTRUCTION EQUIPMENT 

I WRAPAROUND FACTOR (47%) I I 386 I 
TOTAL 

A MASS, 
MT 

- 142 
21.1 

A UNIT COW', 
SM79 

4 

- 16 
461 

- - - - - - -  
ANNUAL OPERATIONS (+ 47 CREW) 

SALARIES & TRAINING 
RESUPPLY 

70 
110 MT/YR 67 

$137M/Y R 



SOLID STATE SPS OPERATIONAL FACTC)RS 

This chart compares some of the solid s t a t e  SPS operational factors to those of the reference SPS. 

Industrial C o m ~ l t x  - More solar array, graphite fiber, and aluminum power bus sheet will be required 
over 2.5 billion FETS/saklllte will be required. Berylium oxlde will be consumed a t  19000MT/yc. 

Rectenna Construction - Will require four of t h e  2.5 gw ground receiving stations to be brought on- 
line each year. Two times as many sites will be required as for the reference but the sites will b 
half t h e  size. 

Launch avd Recovery Site - The additional mass-to-orbit per year will require an additional WLLV 
orbiter and booster. This will require larger vehicle processing facilities. No additional launch puds 
will be required. 

LEO Base - No impact. 

Space Transwrtatian - Four additional EOTV8s will be required in t h e  fleet. 

GEO Base - The impact on t h e  CEO base is discussed In detail on other charts. 

Maintenance - Several hundred phase control system component failures per year per satellite will 

be the primary maintenance requirement. The solid s t a te  transmitter can tolerate substantial numbers 
of failures. 

Utilitv Grid - No significant impacts. 

Mission Control - No significant impacts. - 
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SOLID STATE SPS OPERATIONAL FACTORS - 
m-33- 

SOLI D-STATE 31 

BOOSTERS ORBITERS 
RECTENNA SITES HLLV ' s EOTV' s 

CONSTRUCTION CREW CONSTRUCTION TIME MOB1 LE GEO BASE 

MA I NTENANCE CREW 



SOllD STATE SPS MASS AND COST SUMMARY 

The mass  es t imate  for the r e ~ l l z e d  solid s t a t e  configuration and t h e  c o s t  e s t imate  for the  sa te l l i t e  only 

are summarized on  t h e  facing page. The cost figures shown d o  n o t  include space  transportation, space 
construction, or the ground antenna. 
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SOL1 D STATE S PS MASS & COST SUMMARY 

1 

SPS3070 
I U # ' ! '  - 

MASS (MT) - ESTIMATING BASIS (COST ($MI 
1.1 SPS ?h 3-q 

d " ,  - .  .. - 
1.1.1 ENERGY CONVERS ION 17,037 
1.1.1.1 STRUCTURE 2,333 
1.1.1. 2 CONCENTRATORS (0) 
1.1.1.3 SOLAR BLANKETS 12,027 - 
1.1.1.4 POWER DISTRIB. 2,250 
1.1.1.5 THERMAL CONTROL 10) 
1.1.1. 6 M A  I NTENANCE 427 
1.1.2 POWERTRANSMISSION 7,296 
1.1.2.1 STRUCTURE 460 
1.1.2.2 TRANS M I 'KER 6,673.0 

SUBARRAYS 
I. 1,2.3 POWER D I STR, & COND, 631.0 : 

1.1.2.4 PHAS.E D I STR. 25 
l. 1.2.5 M A  I NTENANCE 20 
1.1.2.6 ANTENNA MECH, PO INTI NG 118 

e 1.1.3 INFO MGMT & CONTROL 145 
Y u 
" 2 1.1.4 
-I C: ATT. CONT. & STA. KP, a6 - 
,O Z L 1 . 5  COMMUN 1 CAT I ONS O,2  " 1. l. 6 l NTERFACE 1 1 3  
&' ? 5 > 1. 1.7 GROWTH & CONTINGY. 5.4X 
E Q 

Detal led Estl rnzte 
Not Required 
Scaled fror 7efercencs 
Detailed Es? mate 
A 1 located to S ubsysterns 
Scaled from Reference 

Scaled from Referent? 
?9tz!led Est!r???e 

Scaled from 1.1.1.4 
Scaled from Referenc'e 
Docking Ports Only 
Scaled by Mass x Area 
Scaled from Ref, 
Scaled From Ref 
Same as Ref, 
Est. Based on Slmpllfication 
Same % as Reference 



SPS MASS COMPARISONS 

Mass estimates for the referenced SF3 and the solid state options are surnrnarized on the facing page. 
The improvement between the Phs.se I1 and Phase 111 systems came from the increase in distribution 
voltage and consequent redrlction in power losses, principally reflected as  a reduction in the solar array 
size. 



SPS MASS COMPARISONS 

KLYSTRON PHASE 11 I PHASE I1 
REFERENCE SPS SOLID STATE SPS GOLID STATE SPS 



SPS COST COlYPARlSONS 

Not surprisingly, satellite cost deltas track the mass deltas. The main difference between the Phase I1 

and P h ~ s e  111 solid state SPS costs is a substantla1 solar array cost reduction. The slight cost increase ir; 
the microwave transmitter is due to the fact  that the Phase Ill solid state cavity combiner modules a n  
somewhat more expensive (as they are also more massive). 



SPS COST COMPARISONS 

KLYSTRON PHASE :SII PHASE 11 
REFmmCEseS SOLID STATE SPS 80Cf 0 STATE SPS 



ALTERNATE SPS CONSTRUCTION BASES 

'I'wo cor~struction b;tsc\ were tlcvclopetl during I'hi~se 3 fiv comparison with the Phusc ? referonce GEO construction 
base. As shown on tile thcing page, one lrlternate base is dofined t o  build u 2500 MW photovoltaic SPS with solid state trms- 
mitting antenna; a second alternate base is dcfinrd to  build a 100 MW indire~t  optically pumped laser SPS. This cliart com- 
pares the annual production rate, unit cost, mass, and crew required to operate thucic buses wit11 tlie Phase 2 bascline. as 
updatcd on the preceding chart. 

I'urlher disci~ssion on construction requirements for thc solid state i lr~d laver systems is conlaincd in tht'appropriate 
sections of this report. 
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ALTERNATE SPS CONSTRUCTION BASES 

C 

0 SPS PRODUCTION RATEIYR 

UNIT COST, 19798 

MASS, M f  

CONSTRUCTION CREW 
C 

L 

BASELINE 

' r 

10 OW 

9,OlB 

6656 

444 

$OLIO-STAT# 

I 

a66 OW 

10.2lB 

8778 

491 
J 

U%LR 

.w 

1 

0.2 OW 

12086 

$81#3 

567 
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SPS GEO CONSTRUCTION BASE - PHASE 3 CONCLUSIONS 

GEO BASE FOR SOLID STATE SPS CONSTRUCTION IS COMPARABLE TO PH-2 
REF. BASE, EXCEPT 

- PROVIDES 15% LESS ANNUAL PRODUCTIVITY 
- NEEDS 10% LARGER CREW 
- ADDS 10% TO UNlT COST & OPERATIONS COST 

GEO BASE FOR IOP LASER SPS CONSTRUCTION IS SMALLER (26% LIGHTER) 
THAN PH-2 REF BASE, BUT 

- HAS 98% LOWER ANNUAL PRODUCTIVITY 
- USES 30% LARGER CREW 
- INCREASES UNlT COST & OPERATIONS COST 30% 

SMALLER CREW MODULES ADD 14% TO OEO BASE MASS 

- INCREASES INVESTMENT PHASE COSTS 60% (INITIALLY) 
- PROVIDES OPTION FOR EARLY DEVMT UNDER 

DEMONSTRATION PHASE 
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SPS CONSTRUCTION TECHNOLOGY - RECOMMENDED 
NEXT STEPS 

BROADEN SATELLITE CONSTRUCTION TECHNOLOGY 

-- ALTERNATIVE STRUCTURES & ASSEMBLY METHODS 
- SUBSYSTEM lNSTALLATlON TECHNIQUES 
- FINAL ASSEMBLY TEST & CHECKOUT CONCEPTS 

EXPAND CONSTRUCTlON SYSTEM TECHNOLOGY 

- WORK FACILITY REQUIREMENTS & EQUIPMENT 
-- CREW OPERATIONS SUPPORT & SAFETY 
- BASEISATELLITE DYNAMICS & CONTROL 
- BASE BUILDUP REQUIREMENTS 

CONDUCT LABORATORY SCALE DEMONSTRATIONS 

- STRUCTURAL CONCEPTS 81 MATERIALS 
-- STRUCTURAL FABRICATION & ASSEMBLY 
- CONSTRUCTION SUPPORT OPERATIONS 
.- SUBSYSTEM ASSEMBLY METHODS 

ESTABLISH EARLY CONSTRUCTION EXPERIMENTS FOR 
SHUTTLE FLIGHT DEMO 


