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FOREWORD

The SPS systems definition study was initiated in December 1976, Part | was complieted on May 1, 1977, Part H technical work
was completed October 31, 1977.

The study was managed by the Lyndon B. Johnson Spuce Center (JSC) of the National Acronautics and Spuce Administration
(NASA). The Contracting Officer’s Representative (COR) was Clarke Covington of JSC. JSC study munagement team members
included:

Lou Livingston System Engincering and Anulysis Dick Kennedy Powcr Distribution
Lyle Jenkins Space Construction Bob Ried Structure and Thermal Analysis
Jim Jones Design Fred Stebbins Structursl Analysis
Sam Nassiff Conetruction Base Bob Bond Man-Machine Interfuce
Buddy Heineman Mass Properties Bob Gundersen Man-Machine Interfuce
Dickey Arndt Microwave System Analysis Hu Lavis Transportation Systems
R. H Dietz Microwave Transmitler and Harold Benson Cost Analysis

Rectenna Stu Muchtwey Microwave Biologicul Effects
Lou Leopold Microwave Generators Andtci Konradi Spuace Radiation Environment
Jack Seyl Phase Control Alva Hardy Radiation Shielding
Bill Dusenbury Energy Conversion Do Kessler Collisian Probabdity
Jim Cioni Photovoltaic Systems Bill Simon Thermal Cycle Systems

The Boeing study manager was Gordon Woodcock. Boeing technical leaders were:

Vince Caluori Photovoltaic SPS’s Walt Lund Microwave Trunsmitter

Dan Gregory Thermal Lngine SPS’s Owen Denman Microwave Design Integration

Eidon Davis Construction and Orbit-to-Orbit Jack Gewin Power Distribution
Transportation Don Cirim lectric Propulsion

Hal DiRamio Earth-10-Orbit Transportation Henry Hillbrath Propulsion

Dr Joe Gauger Cost Dr Ted Kramer Thermal Analysis and Optics

Bob Conrad Mass Properties Keitk Miller Human Factors and Construction

Rod Darrow Opcrations Operations

Bill kinsley Flight Control Jack Ulson Configuration Design

Ottis Bullock Structural Dessgn Dr. Henry Oman Photovoltaics

Dr. Ervin Nalos Microwave Subsystem John Perry Structures

The General Llectnie Company Space Division was the major subcontractor 1or the study — Their contribubions included Rankine
cyde power generation, power processing and switchgear. microwave transmitter phase control and alternative transmitter config-
urations, remote manipulators, and thin-film sihcon photovoltaies

Other subcontractors were Hughes Rescarch Center  gallium arsenide photovoltaies. Vanan  klystrons and klystron produchon.
SPIRE  silicon solar cell directed energy anneuling.
,
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Solar Power Satellite
System Definition Study
Executive Summary
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GUIDELINES AND ASSUMPTIONS

Guidelines and assumptions used during the course of the study are sunimarized here. It is emphasized that the approach taken to
this study was to maximize confidence in results, rather than to minimize mass and cost projections by using optimistic or far-
future technology extrapolations. This is reflected in the selection of energy conversion systems, in the selection of transportation

systems, in the mass and cost estimating techniques and in the uncertainty analysis approach.

A significant factor in overall cost characteristics is the maximum ionosphere beam intensity stated. This intensity limit strongly
influences the cost characteristics of the ground receiving system, which represents approximately 25% of total costs.
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Guidelines & Assumptions

GUIDELINES

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

SPS SYSTEM DESIGNED AND ANALYZED SHOULD REPRESENT THE EARLY
PART OF A MATURE OPERATIONAL PROGRAM.,

SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDENCE IN RESULTS RATHER
THAN MINIMIZING MASS AND COST THROUGH MAJOR TECHNOLOGY
EXTRAPOLATIONS.

ASSUMPTIONS

INITIAL SPS'S DEPLOYED IN 1990°'S

1977 DOLLARS THROUGHOUT

SPACE TRANSPORTATION OPERATIONS KSC—BASED
SPS'S OPERATE AT GEO

NOMINAL DESIGN OUTPUT 10,000 MEGAWATTS THROUGH TWO MICROWAVE
LINKS AT 2.456 GHz

MAXIMUM INOSPHERE BEAM INTENSITY 23 MW/CM2

BOEINLG
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SPS SYSTEM DEFINITION STUDY DESIGN EVOLUTIONS
Design evolutions of the principal types of SPS systems and space support systems are showa.

The photovoltaic SPS began with the JSC truss configuration at a geometric concentration ratio of 2. This configuration was szed
for beginning-of-life oulput capability The configuration was resized to allow maintenance of output capability throughout the
thirty-year design life system, by periodic array addition. At the compliction of part | of the study . a totaf of 10 phiotovoltaic
options had been defined as shown. These included silicon and gallium arsenide cnergy conversion at concentration ratios Y and |
and various power maintenance methods  Thy Jowest vost silicon system was sehected for continuance into part 2. This system
employed no concentration and used in st anncaliag of the solar cells for power maintenance. The configuration was further
defined dunpg part 2. The system output. with the optimum rectenndg size, was reduced (o 9.3 GW as o result of final detinitions
of the efficicncy chain.

The thermal engine andyses begun with the 10 GW Brayton system defined under aa carlier vontract. Lurdy a the wihject study.
an analysis of availuble daty on plastic film reflector degradation in the space environment suggested that a 304 degradation imght
oveur Consequently . the concentrators were ealarged to compensate. The conigurastion was next divided mio 6 modules with
trough-shaped concentrators as shown under “constructionized Brayton.” During part | Rankine and Fhemnonic systeins were
also evaluated. Initial evatuations indicated the Rankine system to be more massive than the Brayton system. Howaver, a cyele
temperature ratio optimization resulted in 3 lower overall mnass. Additional design changes introduced at diis pon( elininated
steerable tuacets from the concentrator by flying the system always exactly facing the sun.

Toward the end of the study, new information became available on plastic film reflectors indicating that degradation impact would
not occur and the tinal system configuration was, therefore, resized to reflect nondegradation ot the concentratos,

The principal evolution in space transportation systems was in the fauach vehiicle. The study began with the 230 1on payload
heavy lift faunch velucle at a projected cost for transpoltation to orbit of $33 per kilogram Packaging indicated that lgher pay -
load densities could make possible a reusable shroud. Staging optimization studies led to g 400 ton heavy il Taunch velinche that
went through the evolution shown. Also, a twostage winged vehicle option. hased on cardier 3SC sindivs, was added.

Studies of chemical orb.tr transfer vehicles included space based and Earth launched option-  The orbat transter option tubhen
from the Future Space Transportation System Analyses study was found to b feast cost and was relained. Investigatuon ol the
means of moving the SPS hardware itself from low carth orbit to geosynchronous ortnt contmucd 10 mdwcate o sigasticant cost

advantage: to the self-power concept.

The evolution of construction concepts begun with equipment concepts  The anstial construction bawe coneept was for thie concen
tration ratio 2 satellite and included little detail other than overall sice and shape. This construction base concept evolved to the
illustration shown at the lower right hand comer of the chart Most of the structure is shown blocked in with stroctural detad
only on one simall portion ol the construction buase. This construction base mcludes capabilsties 1o construct satellite imodudes and
transmmitier anlennas  Analogons construchon base concepts were developed for the thertnal engime svstem also, bat are not Jown
on this chact.

6
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SPS System Definition Study
Design Evolutions

ORICNTATION PART 1 MIDTERM PART 1 FINAL PART 2 MID TERM  PART 2 FINAL
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PRINCIPAL FINDINGS

Principal findings of the study are summarized on this chart. The remainder of the executive summary section of this briefing fol-
lows this gencral outline and provides substantiation of the statements.
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Principal Findings

POWER TRANSMISSION

ENERGY CONVERSION
SPACE CONSTRUCTION
OPERATIONS

SPACE TRANSPORTATION
OPERATIONS

SPS SYSTEM COSTS

CONSTRAINTS DICTATE THE DESIGN
DF TAILED MICROWAVE LINK ERROR ANALYSIS CONFIRMED
ATTAINABILITY OF ACCEPTABLE LINK EFFICIENCY

SILICON PNOTOVOLTAIC BEST OVERALL CHOICE
POTASSIUM RANKINE BACKUP CHOICE

ASSEMBLY LINE FACILITY KEY TO HIGH PRODUCTIVITY
LEO CONSTRUCTION LOWEST COST

LOW COST DUE TO TRAFFIC LEVEL, fIOT NEW TECHNOLOGY
PAYLOAD VOLUME IS LAUNCH VEHICLE DESIGN DRIVER

POWER COST Iis 4 CENTS/kwh RANGE, COMPETITIVE
BY YEAR 2000
SYSTEM DESIGN FLEXIBILITY KEY TO COST CONFIDENCE
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CONSTRAINTS DICTATE POWER TRANSMITTER DESIGN

A systems analysis of power transmitter desigr considerations was conducted. The design process illustrated here controls the
determinadion of transmitter design. The desired power distribution voltage of 40 kv is 2 compromise between distribution effi-
ciency and mass, and problems and risk associated with high voltage distribution. Power distribution is matched to klystron oper-
ating conditions to minimize the amount of power processing required. Experience in developing and operating klystrons has
indicated that tube maximum efficiency occurs in a relatively narrow range of perveance. Perveance and distribution voltage
dictate beam current and the voltage and beam current dictate klystron power. Tube efficiency and thermal dissipation limits in
terms of heat rejection capability then establish the maximum klystron installation density. The current value for this parameter is

approximately 23 kw RF per square meter.

lonosphere heating limits determine the transmitter aperture lin.its (larger aperture results in a smaller beam, to increase the
ionosphere power density above whatever heating limit is established). Sidelobe limits are quite uncertain at present but will prob-
ably establish a transmitter power taper of at least 10:1. Power taper. aperture limit, and maximum klystron installation density
combined tu determine the total transmitter power. This power and the subarray design limits, together with power taper, estab-

lish the overall transmitter design.

10
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Constraints Dictate Power Transmitter Design

SPS 1670

DESIRED
DISTRIBUTION
VOLTAGE

40 KV

KLYSTRON
PERVEANCE
FOR
MAXIMUM
EFFICIENCY

WAVEGUIDE
LENGTH

MUST BE
INTEGRAL
NUMBER OF
WAVELENGTHS

KLYSTRON
RF POWER
70 KW

/L
 J

SO EING Smmmm—

THERMAL | IONOSPHERE SIDELOBE
DISSIPATION ‘ HEATING LIMITS

TRANSMITTER

MAXIMUM APERTURE

KLYSTRON LIMIT-1KM

INSTALLATION

DENSITY TRANSMITTER
23 KW/M2 POWER

TAPER-10:1

(10 d8)
TOTAL %

TRANSMITTER
POWER
(6,000 MEGAWATTS)

PERMITTED

SUBARRAY

DESIGNS
OVERALL
TRANSMITTER

DESIGN
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MICROWAVE POWER TRANSMITTER DESIGN

The main features of the power transmitter desigs is illustrated on the Tacing page. The basic power amplitier element is o 70 kw
heat-pipe-cooled klystron. Each transmitter element includes one klystron. its control and support circuitry, its thermal controf
equipment. its distribution waveguides and its section of radiating waveguide. The subarray is the basic Larth-manufactured unit.
It s approximately 10 meters square and will contain from 4 to 36 klystron clements. The subarrays. in turn, are integrated in the
overall transmitter. Each transmitter includes 6,932 subarrays supported on a two-tier structure At the back of the structural
assembly are the power processors that provide the necessary voltage changes and voltage regulation require:! by the RF systems.
Approximately 157% of the total power is processed. the other 85 + being used directly by the klystrons without processing or
regulation. Power interrupters and switch gear are provided for all power supplied to the transmitter, so that the sector supplied

by any power processor assembly can be isolated or shutoff 1. th: event of failures or malfunctions.

The power transmitter design illustrated is an integrated design meeting the structural. thermal. electrical. and R requirements of

the SPS power transinission systein.
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Microwave Power Transmitter
Design Concept

OOOOOOLDOODLDDONIN

‘ AAA A‘\.

ﬂ MMAIN BTRUCTURE

HEAT-PIPE. f'Z‘;‘ il )
COOLED KLYSTRON . . L“'T -
/ I '
POWER PROCESSING

KLYSTRON MODULE & DISTRIBUTION
13
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POWER TRANSMISSION SYSTEM HIGHLIGHTS

The pnncipal features of the power transmission system srv mdivated on the fucing page. The reivrence system employs a 10 '8
tapes in ten steps with an option being a fourteenatep. | 7-dB tuper providing an additional 10 dB of silelobe sippression.

14
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Power Transmission System Highlights

»n.. CURRENMT
QREEN 9OOK REFERFNCE ASASON FOR CHAMIE
OUTPUT POWER TN GRID FROM sow 4.080W SFFICIENLCY CHAN VARIANCE
EACH RECTENNA
ARRAY APERTURE 10STEP SAME
ILLUMINATION TRUNCATED
1040 GAUSSIAN
(ALTERNATE ILLUMINATION) (14.8TEM PROVIDES ADDITIONAL 1088 OF
(17 -0} SIDELOBE SUPPRESSION

SUBARRAY $IZE 100m2 113.9m2 GEOME TRIC CONSTRAINTS
NUMBER OF SUBARRAYS 7850 932 LARGER AREA PER LUBARRAY
ERROR BUDGET —

PHASE CONTROL 2100 SAME

AMPLITUDE +1db SAME

SUBARKAY MECHANICAL 3 ARC MIN t1 ARC MIN REOUCE LOSSES

RF DISTRIBUTION NONE 7% TOTAL LOSS [OETAILED SUBARRAY

ANALYSIS
PHASE CONTROL ACTIVE RETRO- SAME
OIRECTIVE
NECTENNA SIZE 10 x 1dkm 94x 13km HIGHER RECTENNA UNIT COSTS
YIELD SMALLER OPTIMUM $IZ6

MAXIMUM BEAM POWER 23 mw/m? SAME

OENSITY

1%




MICROWAVE POWER TRANSMISSION SYSTEM REFERENCE 1048 TAPER

The left-hand plot ilustrates the 10 step. 10 dB taper for the reference system. The right-hand plot shows the sclual power
density delivered 10 the ground by this taper pattern incfuding the first 4 sidelobes. The reference tapes is shown in sodid jines and
optional ways of providing the same amount of taper are shown as doticd lines  As can P2 seen. differcnces between the reference
and the options are shght. The sidelohe suppression provided by the reference system i« 24 dB resulting in a first sidelobe 21 0.1
M/Wcmz. The wdeal beam efficiency 18 96.5% (With no errors in the production of the beam. 96.5% of the energy is in the main
lobe with the remamder in the sidelobes.)

i6
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MPTS - Reference 10 dB Taper

NORMALIZED POWER DENSITY
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MICROWAVE POWER TRANSMISSION SYSTEM .7 DB POWER DENSITY TAPER

It may be desirable to provide addstional sidelobe suppression  The patrern shown here provides an additional 10 dB of aidelobe
hl .

suppression resulting in a first sid=lobe Jevel of 01 MW o= The 17 dB power taper s quantized m 14 qteps and a shishitly Larger

antenna s required to accommodate the additional power taper without excessive thenmal power to be dissipated at the center of

the array.
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MPTS 17 dB Power Density Taper

PWR. DENSITY (hw/md)

24 ¢

18

15

12

21

1748 POWER TAPER
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THE MICROWAVE BEAM - A SAFE POWER CARRIER

The customary enginecring mannes ol plottung the beam pattern i deuibels tends 1o leave the impression that the sidelobe le vel 1s

sigmificant as compared to the main beam lesel. This plot shows the pattemn on gn appro-imately lincar scale. (The height of the

sidelobes has been exagger g to some degree so that they can be seen at all) Also indicated are representative recerving sntenna

sizes and power levels at different locations within the beam

20
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The Microwave Beam: A Safe Power Carrier

{A CROGS-SECTION THROUGH THE BEAM)

CENTRAL BEAM STRENGTH
IS 23 mW/cm?

10 mW/cm?
/" 1U.S. EXPOSURE STANDARD)

MICROWAVE OVEN STANDARD)

/- STRENGTH HERE IS § mW/em®
{

2nd "PEAK"
{0.008 mV?/cm?2)
15t “PEAK” SIGNAL LEVZL AT
to.(;w m\i/em?Z) y AECEIVER EDGE: 1 mW/em?
AN
\

T
| .'\\—-
i 4
A ¢
3rd “NULL"  2nd “HULL” Tst “NULL R e e
1S 1/100 OF U.S. STANDARD
= 5.3 MILES EASTWEST
SIDE LOCE REGION (7.3 FILES HORTH.SOUTH) (0.1 mw/cm?2)

(SURROUMNDS ANTENNA)
(myi;em? = 1/1000 WATT PER SQUARE CENTIMETER)

oy
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DESIGN CONSTRAINTS ILLUSTRATION

A graphic example of the effect of design constraints is shown in this computer plot of transmitter system performance. The
example shown is for the 17 dB taper option to better illustrate the effect of the thermal dissipation limit and the ionosphere heat-
ing limit. The free design parameters accessible to the designer are power fed to the transmitter and transmitter diameter. It is evi-
dent that the system minimum ccst occurs at the intersection of the two constraint limit lines at 3 transmitter diameter slightly
greater than 1.0 km and a feed power of slightly over 6,000 mw. For the 10 dB taper reference case the thermal dissipation limit
is moved down and to the left so that the minimum cost system is at one km diameter and approximately 8,000 Mw of electric

feed power.

(5]
(%)
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Transmitter Constraints Determine
Minimum Cost Design Point
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REFERENCE PHO1OVOLTAIC SPS CONFIGURATION

Shown he-e is an artist’s illustration of the reference photovoltaic wonfiguration. it consists of 128 structural bays. 660 meters
square, with each structural bay supporting a planar photovoltaic array consisting of 50 micron solar cuils integrated with a 75
micron borosilicate glass front cover and SO micron borosilicute glass back cover. The satellite structure is a two-tier graphite
epoxy tubular truss structure.

Considerable discussion has ensued over the details of the structural configuration. One concept calls for assembly of the struc-
tured beams, from parts entircly prefabricated on earth, by ah “assembler™ beam iaachine. Another concept calls for fabrication
of the beams from specially prepared stock by a “‘thenmal fonmer™ beam siachine. The choice of these options has no noticeable
effect on overall construction operations. The prefabricate/sesemble option provides o more ideal structural section that reduces
SPS structure mass by about 1.000.000 kg (= 237 of structure mass) as compared to the imally formed beams made of closed-
section members. Open-secticii mnembers do not provide adequate compressive strength for this size of structure.
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Photovoltaic Reference Configuration

GOSN wmm—

256 BAYS
660x660 m ——{ e 660m TYP
T i | 660 m TYP
6300 m I '
; ) | i
i I :
il
l | 1000 m
21280 m { }=— 400m

TOTAL SOLAR CELL AREA: 97.34 Km?
TOTAL ARRAY AREA: 102.51 Km?

TOTAL SATELLITE AREA: 112.78 Km2
OUTPUT: 16.43 GW MINIMUM TO SLIPRINGS
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PHOTOVOLTAIC SYSTFM HIGHLIGHTS

Tabulated on the facing page arc highhights of the refercace photaovoltaie system contiguration

n

-
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Photovoltaic System Highlights

SOLAR CELL EFFICIENCY 17.3% (16.8% CELL WITH SAW.TOOTH COVER)

SOLAR CELL THICKNESS 80 um

COVER THICKNESS 7% um

SUBSTRATE THICKNESS 80 ym

BLANKET UNIT MASS 0.427 kg/m2

CELL AREA 97.3 km2

BLANKET AREA 102.8 km?2

OVERALL AREA 112.8 km2

SOLAR BLANKET COST $38/m2

STRUCTURE COST $80/kg

FLIGHT MODE POP WITH ELECTRIC THRUST

POWER DISTRIBUTION 40 KV WITH 208 ISOLATABLE POWENR SECTORS;
PASSIVELY-COOLED -NEDICATED-ALUMINUM
SHEET CONDUCTORS

POWER MAINTENANCE PERIODIC ANNEALING
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NWMINAL EFFICIENCY CHAIN

The normal efficiency change for the photovoltaic system and microwave power transmission system is compared here with the
JSC “‘greenbook ™ values at the initiation of the study. Reasons for signifizant differences ase indicated.
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Nominal Efficiency Chains
Photovoltaic SPS

CURRENT
ITEM JSC GREEN BOOK NOMINAL REASON FOR DIFFERENCE

SUMMER SOLSTICE FACTOR NOT INCLUDED 9768 THESE WERE INCLUDED IN
COSINE LOSS (POP) NOT INCLUDED 019 ENERGY INTENSITY ON 8P8
SOLAR CELL EFFICIENCY 173 )
RADIATION DEGRADATION 97
TEMPERATURE DEGRADATION 0.103 054 $0.951 | SLIGHTLY BETTERCELL;CR=1
COVER UV DEGRADATION 956
CELL-TO-CELL MISMATCH 99 J
PANEL Lgsr AREA NOT INCLUDED 981
STRING I12R 92 508
BUS I2R - 832 | DISTRIBUTION OPTIMIZATION
ROTARY JOINT 1.0 1.0
ANTENNA POWER DISTR .98 97 PROCESSING & TEMPERATURE
DC-RF CONVERSION 87 86 VARIAN ESTIMATE
WAVEGUIDE I12R 98 988
IDEAL BEAM 988 )
INTER-SUBARRAY ERRORS 88 948 J .88 | INTRA-SUBARRAY EFFECTS
INTRA-SUBARRAY ERRORS 981 NOT INCLUDED IN GREEN
ATMOSPHERE ABSORP. 98 98 BOOK
INTERCEPT EFFICIENCY 98
RECTENNA RF-DC 90 .848 NUMERICAL INTEGRATION
GRID INTERFACING 99 97 INCLUDES DC-DC PROCESSORS
PRODUCTS/SUMS 0808 0879
SIZES (Km2) 108.8

%)
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REFERENCE PHOTOVOLTAIC SYSTEM MASS STATEMENTS

The current reference mass statement is compured here with the original JSC “greenbook™ statement for the photovolitaic system.
Reasons for significant changes are noted.

30
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— _#

Silicon Photovoltaic Mass Properties Summary

s
Pg
t 2 3. Y5 r s
ITEM SC “GREEN BOOK'! cuRARENT MASS AEASON FOR CHANGE
MULTIPLE /COMMON
USE EQUIPMENT {3487; {5634)
PRIMARY STRUCTURE 2973 6396 o DESIGN LOADS
OTHER 484 249
ENERGY COLLECTION {5738) (0) ® CHMANGE TOCR =1
ENERGY CONVERSION (20877) (43760) o CHANGE TOCR = %
(SOLAR BLANKETS) o GLASS CELL COVERS
POWER DISTRIBUTION {3000) {2998}
POWER TRANSMISSION {18371) {25212)
STRUCTURE 1210 600 & SUBARRAY STRUCTURE IN
SUBARRAYS
POWER DI3TR 187 8886 ® PROCESSORS & THERMAL
CONTROL
MICROWAVE 8846 13490 e THERMAL CONTROL
GENERATORS
SUBARRAY 3TR & 4002 4314
WAVEGUIDES
CONTROL ELEX 358 970
OTHER 788 72 o GREEN BOOK CARRIED
ROTARY JOINT IN ATITENKIA
MASS
SUBTOTAL 56240 76994 o DETAILED UNCERTAINTY
GROWTH {50%) (28120) (26.6%) (20506) ANALYSIS
TOTAL 84360 87499

3!
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REFERENCE PHO1OVOLTAIC SPS MASS ESTIMATE HISTORY

The mass estimate history for the photovoltawc SPS, through the conduct of the system definition study . s shown here. ‘The point
of departure estimates come from the JSC green book. Encrgy converaon system detailed mass estimates were available by the
Part | mid-term. The principal reason for increase was the addition of borosilicate glass covers on the solar cells. increasing the unit

mass of the solar blankets substantially.

Some reduction of structure mass for the energy conversion system resulted in the values shown for the Part 1, final. Durning thes
time. an arbitrary 507 mass growth allowance was carnied. With anitiation of Part [§ of the study. ¢ffort was begun on the power
transmission system By the mid-term of Part [1. detailled mass estimates were availuble. These mass estimates resulted in a signifi-
cant increase in the power transmission system primanly due to mass requirements determined tor thermal control systems. This
bime also. a mass properties review suggested that with the availlability of comparatively detailed mass estimates and the general
lack of escalating factors intemal to the SPS design. a 25% mass growth allowance would be more appropriate During the final
part of the Pant || effort. a detailed uncertainty analyscs was conducted aid predicted a mass growth of 20,6 This growth

allowance was incorporated in the final mass statement.
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Reference Photovoltaic SPS
Mass Estimate History

100,000 *~
GROWTH ALLOWANCE (25%)
(50%) (26.6%)
$0%) (60%)
76,000 » !
(80%)
METRIC MICROWAVE POWER TRANSMISSION
To“s A
50,000 »
ENERGY CONVERSION AND OTHER
25,000 = ‘ UNCERTAINTY
FIRST DETAILED SWITCH FIRST DETAILED ANALYSIS
MASSES ON 70 MASSES ON RESULTS
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THERMAL ENGINL REFERENCE CONFIGURATION

The artist’s tlustration shows the themmat engine configuration ¢ Fhe illustration shows the modute arranged in a3 x 5 pattemn.

whereas the current configuration is 0 4 x 4 pattern ) Fach module consists of i faceted plastic filnl concentrator supported by

a tubular truss graphite structure. a cavity absorber with 36 Rankine turbogeneriators and pumps por shsorber. and the necessary
thermal radiators for waste heat rejection.
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Thermal Engine Reference Configuration
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THERMAL ENGINE HIGHLIGHTS

Tabulated here are the principal teatures of the thermal engine system design.
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Thermal Engine Highlights

BOEING Cmmm——

TURBINE INLET TEMPERATURE 1242K (17769F)

TURBINE EXHAUST TEMPERATURE 932K (12189F)

TURBOGENERATOR SIZE (NOMINAL) 31.4 AW

TURBOGENERATORS PER SPS 576 (6 ARE “RESERVE")

MODULES PER SPS 11

RADIATOR PROJECTED AREA 1.15 KM2/sPS

CYCLE EFFICIENCY 0.189

REFLECTOR FACETS 116,000

SATELLITE ORIENTATION PERPENDICULAR TO ECLIPTIC, ELECTRIC THRUST
REFLECTOR FACET THICKNESS 2.5 uM (ALUMINIZED KAPTON)

TOTAL FACET AREA 119 KM2

POWER DISTRIBUTION 40 KV, PASSIVELY COOLED DEDICATED ALUAINUM

SHEET CONDUCTORS, ANTENNA JOINTS INCORPORATE
DIURNAL AXIS WITH SLIP RINGS AND ANNUAL AXIS WITH
WIND-UNWIND CABLES.

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

A mass statement for the thermal engine reference system is presented here. There wus no comparable “greenbook” reference at
the beginning of the study. With growth included, the two mass statements are essentially equivalent. The growth allowances
resulted from the detailed uncertainty analysis. Because of the somewhat greater maturity of the thenmal engine technology the

predicted growth was slightly less
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SPS Thermal Engine
Mass Properties Summary

OEING ==
SPS- 1878

RANKINE
ITEM THERMAL ENGINE

MULTIPLE/COMMON

USE EQUIPMENT 2662
PRIMARY STRUCTURE 774
SATELLITE CONTROL 1450
COMM, & DATA 4
MECH SYS & OTHER 200
ANTENNA YOKE 234
ENERGY COLLECTION 8091
SUPPORT STRUCTURE €254
REFLECTOR FACETS 1837
ENERGY CONVERSION 40084
CPC & LIGHT DOORS 324
CAVITY ABSORBER 1000
THERMAL ENGINES 21933
RADIATORS 10769
FLUIDS 6058
POWER DISTRIBUTION 4978
MICROWAVE POWER TRANSMISSION 25212

TOTAL 81027
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REFERENCE THERMAL ENGINE SPS MASS ESTIMATE HISTORY

The therma! cngine mass estimate history goes back to Boeing {R&D work conducted begmning in 1972, The speciiic values
shcwn for 1973 a.ad 1975 came from papers published in the technical literature. These papers did no. address the mass of micro-

wave power transmission systems and early cstiamtes available from the literature were quite optunistic as can be seen.

The point of departure mass estimate represented the tirst completely integrated thermal engine design with all interrelationships
in this complex system properly represented. The power transmission system moss at that time was taken from Raytheon publica-
tions. Brayton system cycle optimization brought the mass down siizhtly by the Part 1 mid-term, where also the JSC microwave
power transmitter mass was adopted. By the Part | final, additional mass reductions resulted trom the adoption of the 16 module

configuration as compared to the 4 module configuration.

The continuing reduction In cnergy conversion systems mass was due to first. the switch to the Rankine system and secondly. elim-
mation of the oversized concentrator ongially thought necessary to compunsate for the degradation of plastic film reflectors.

The power transnussion system masses for the thenmal engine and photovoltawe sy stems are equivalent  The uncertainty analyses
predicted a 207 mass growth for the thermal engine syste 11, somewhat less than for the pliotovoltaic system. as might be expected

due to the some what greater matunty of the techrology
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Reference Thermal Engine SPS
Mass Estimate History
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PHOTOVOLTAIC vs THERMAL ENGINE ASSESSVENT

Highlights of the averall assessment are summanzed.
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Photovoltaic vs Thermal Engine Assessment

DOFINEG o=

® NO SIGNIFICANT OIFFERENCES IN SATELLITE MASSES OR COSTS
—  Photovoltaic is simpler but thermal engine technalogy Is mors mature

e COMPLEXITY OF THERMAL ENGINE SPS INCREASES OPERATING COSTS
-  Larger construction crow and facllity

~ fLower packaging density

¢ OVERALL 5% TO 10% SYSTEM COST ADVANTAGE FOR PHOTOVOLTAIC
-~  But sdvantage is sensitive to solar blanket production costs
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PHOTOVOLTAIC PREFERENCE. IS SENSITIVE TO SOLAR BLANKET COST

Because of the « ncertainty and controversy regarding so'ar blanket cost projectiuns, the sensitivity of the photovnltaic system to
ar blanket cost 1s important  Shown here are the study median projections for onc SPS per year and four SPSs per year com-
parzd to the Department of Energy 1985 goal and Department of Energy post-1990 projections. Influence ~n SPS total system
cost1s shown for each case. Also shown are *e comparative thermal engine system costs which indicate at what point an increase
in solar blanket cost would motivate a change to the thermal engine systern  This change occurs Jong before an unscceptable cost

level 1s reached
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Photovoltaic Preference is Sensitive
to Solar Blanket Costs

DOLING

........... <+ «m— THERMAL ENGINE SYSTEM COST (1 8P8/YR)

------ =+ <@~ THERMAL ENGINE BYSTEM COST (4 8PS/YR)

SYSTEM COST, S/kwg

4 1

PER PER DOE 1985 GOAL
YEAR YEAR

o> .

2 4 .8 8 100
w

DOE
POST-1990 SOLAR BLANKET COSTS, DOLLARS PER WATT
PROJECTION
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PHOTOVOLTAIC SPS CONSTRUCTION FACILITY ARRANGEMENT

Ilustrated here is the construction facility arrangement that arose from the construction base definition effort. It is 4 combined
power transmitter antenna and photovoltaic energy conversion construction facility. The facility is comprised of a Cclamp-shaped
truss structure. The structure is shown boxed in for most of the facility to clarify the illustration but would actually appear as
indicated by the *“‘actual structure® callout. Overall facility dimensions are 1.4 x 2.8 km. Crew modules and launch vehicle dock-
ing stations are shown approximately to scale. The crew modules are sized for 100 people (17 meters diameter by 23 meters
feagth). The facility includes 4 bays dedicated to structure manufacture and 4 bays dedicated to solar blanket and cquipment
installation. Additional details of the various construction concepts. operations and timelines are described in more detail later in
this briefing book.
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Photovoltaic Construction

Facility Arrangement

SOFING

TYPICAL
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FACILITY
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CONSTRUCTION HIGHLIGHTS

The most significant comparative construction factors for the principal options are compared.
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CREW SIZE

AT LEO
AT GEO

TOTAL

CONSTRUCTION TIME
FOR 1SPS

CREW WORK SCHEDULE
CREW STAYTIME
AL BASE SIZE
BASE MASS (METRIC
TONS)
AT LEO
AT GEO

BASE COST (LEO & GEO)

HLLV LAUNCHES TO
DELIVER
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Construction Highlights

BOEING wm——
PHOTOVOLTAIC THERMAL

LEO GEO LEC GEO
CONSTRUCTION CONSTRUCTION CONSTRUCTION CONSTRUCTION

540 650 816 835
480 70 760 106
60 480 56 730
540
1YEAR 1YEAR 1YEAR 1YEAR
| 10 HOURS/DAY, 6 DAYS/WEEK, 2 SHIFTS
80 DAYS 90 DAYS 90 DAYS 90 DAYS
28x 1.8 x 1.0 km 28 x 1.8 x 1.0 km
5870 750 9350 1150
770 6635 850 10040
8.2 BILLION 12.4 BILLION
61 83 96 144
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CONSTRUCTION RELULTS

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

SPS 1659

OEING =

REQUIRED CONSTRUCTION RATE DETERMINES BASE SIZE AND QUANTITY
—  Bases analyzed were sized for 1 SPS per year
BASE AND EQUIPMENT COSTS ARE SIGNIFICANT
~  Effective Utilization is Essential
LARGE PAYLOAD VOLUME AIDS CONSTRUCTION BASE TRANSPORTATION
- Packaging density is about 40% that for SPS Hardware
FACILITY DESIGN HAS EVOLVED TO ASSEMBLY LINE CONCEPT
— Maximizes crew and machine productivity; minimizes satellite design impact problems
CREW ARE PRIMARILY MACHINE SUPERVIGORS
—  Little or no spacesuit work
ONBOARD LOGISTICS IMPORTANT DESIGN FACTOR

—  Hardware throughput is 15 tons per hour
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REFEPENCE HEAVY LIFT CARGO LAUNCH VEHICLE

This artist’s illustration shows the reference heavy hift launch vehicle at the time of second stage separation. The booster is an
oxygen/hydrocarbon system equipped for down-range powered soft lunding at sca. The upper stage employs oxygen/hydrogen
propellants and includes a retractable telescoping puyload shroud fo provide largevolume accommodation for the low-density SPS

payload. The payload bay size is 17 meters diameter by 23 meters cylindrical length. The upper stage is also equipped for down-
range sea landing.
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Reference Earth Launch Vehicle
Depicted at Stage Separation
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LAUNCH SYSTEM OPTIONS

Two pnmary launch system options were characterized. a balhistic two-stage heavy ift vehicle illustiited on a previous page. and
a winged two-stage heavy lift vehicle The d:tferences in performance between these two options were wall witinn the uncertanty

of performance estimation.

The identified advantages of each are indicated on the chart. The winged vehicle indicated somewhat higher development and unit
cost  The onncipal 1ssue between the two systems s sea landing versus land lunding. The sea linding mode requires restart of i
some of the rocket engines (07 start ot special landing engines) for the powered letdown into the water and the hardware s
exposed to the sea sallwal=r envirtonment. There is also somce uneertainty associated with landing loads to be exparienced upon
water contact. The winged fand landing vehiicle avords these issues  Because of the some boom profiles for ascent and reentry of
tie vehicles. and because the booster requires down range land landimg. the winged system in?- wduces significant launch and
recovery siting issues  No suitable down runge land landing sites are avaidable for KSC liunch. Potentully attriactive sites. with
regions of wignificant sonic boom: overpressure being under govermment control. exist in the southwestern United States  These
sites are further north than KSC and introduce additional pertonnance penalties associated with the plane change requared to

achieve a zero-inclination geosy nchronous orhit. Other alternative sites have not been identified.
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Launch System Options

SOFING cmmm=

BALLISTIC VTOVL

WINGED VTOHL
¢ LARGE PAYLOAD VOLUME

READILY PROVIDED ¢ LAND LANDING AVOI08

e SEA LANDING AVOIDS SEA LANDING & RECOVERY
RECOVERY SITING ISSUES ISSUES

¢ SLIGHTLY LOWER COSBT PER e ENGINE START/RESTART NOT

FLIGHT REQUIRED FOR LANDING
L1
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PAYLOAD DENSITY IS DESIGN DRIVER

The payload densities achieved for the photovoltaic and thermul engine configurations are compared here. Except for the power
transmission system, the difference in photovoltaic and thermal engine systems would be far more striking.

The ballistic launch vehicle system has a theoretical payload density of 75 kg per cubic meter based on the available cylindrical
volume within the payload shroud. However, actual payloads are more rectangular or irregular in shape and the payload density
required for payload packages to reach a mass limited condition in thus shroud is approximasely 92 kg per cubic meter. As indi-
cated, the photovoltaic system slightly exceeded this value whereas the thermal engine system does not reach it. As discussed in
more detail in the transportation section of the bricfing, the least cost solution to the thermal engine volume problem was to use
expendable shrouds cf considerably increased volumetric capability .
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Payload Density is Design Driver

BOEING ==

PAYLOAD DENSITY ACTUALLY
RFAUVIRED TO BE MASS LIMITED

- e emm «me BALLISTIC HLLV
IDEALIZED
PAYLOAD DENSITY

REFERENCE COMPLETED DISASSEMBLED

PHOTOVOLTAIC
(COMPLETED
SUBARRAYS)
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TRANSPORTATION SYSTEM HIGHLIGHTS

Tabulated on the facing page are the principal features of the SPS transportation systems.
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Transportation Highlights

EOFIN G ==

CARGO LAUNCH VEHICLE (REFERENCE)

2-STAGE BALLISTIC FULLY REUSABLE

VERTICAL TAKEOFF, POWERED VERTICAL SEA LANDING
GROSS MASS 10,000 TONS WITH 390 TONS NET PAYLOAD
PAYLOAD VOLUME 17 x 23 M {13.3 M3/TON; 76 kg/M3)
LO2/KEROSENE BOOSTER; LO2/LH2SECOND STAGE

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

PERSONNEL LAUNCH VEHICLE-MOQDIFIED SHUTTLE, 76 PASSENGERS
PERSONNEL ORBIT TRANSFER VEHICLE
® 2STAGE FULLY REUSABLE LO3/LH2 OTV
® 75 TO 160 PASSENGERS DEPENDING ON CONSTRUCTION LOCATION
AND SPS TYPE

CARGO ORBIT TRANSFER-ELECTRIC-PROPELLED SELF-TRANSPORT OF
8PS MODULES; 180-DAY TRIP

OPTION IS FULLY REUSABLE LO2/LMH2 OTV FOR GEO CONSTRUCTION
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HLLV ASCENT OVERPRESSURES

This figure shows the sonic boom overpressure gencrated by the Heavy Lift Launch Vehicle (HLLV ) during ascent as a function of
ground location. This figure is applicable to cither the winged vehicle or to the ballistic vehicle, since the plumes and trajectories
of these two vehicles are nearly the sume. and it is the plume rather than vehicle size which controls the magnitude of the boom.

The combination of vehicle trajectory and acceleration results in the generation of a caustic or *“focsl zone” region in which the
sonic boom overpresiures are much larger than they would be for steady flight. Overpressures in this very localized region will be
about 25 psf. The beginning of the “‘focal zone™ is located 31 nmi downrange from the launch site. The overpressure decreases
rapidly to 10 psf at a point 34 nmi downrange from the launch site. It has dropped to 2 psf 65 nmi downrange from the launch
site. These overpressur=s are about three times s large as those generated by the Suturn V.
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HLLV Ascent Sonic Boom Overpressures
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SENSITIVITY OF HLLV ASCENT SONIC BOOM OVERPRESSURES TO VEHICLE SIZE

This figure shows the sensitivity of the sonic boom overpressures under the ascent Might track to the size of the HLLV. HLLYV size
was varied by varying the number of engines and, thereby, the plumc size. The overpressure in the “focal zone™ decreases from

25 psf 1o 15 psf when the number of engines is reduced from 16 to 10 and from 25 psf to 8 psf when the number of engines is
reduced from 15to 5.
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Sensitivity of HLLV Ascent
Sonic Boom Overpressures to Vehicle Size
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LEO/GEO DIFFERENCES

One of the principal issues addressed by this study was relative evaluation of construction in low carth orbit versus construction in
the geosynchronous operational orbit. The summuary table presented here provides an evaluation of the differences in terms of
qualitative factors and projected cost differences associated with these factors. In tenms of recurring costs, by far the most signifi-
cant difference is associated with the launch rate. A slight advantage to LEO construction is seen in constriction requirements.
This difference is associated primarily with difference in the transportation costs for the construction facilities and crews at LEO

as compared to GEO.

Principal design impacts on the SPS include oversizing of the solar arrays to compensate for radiation degradation and mismatch in
solar cell performance associated with this degradation. It is estimated that most of the degradation will be recovered by aanealing.
Solar cells degraded by the orbit transtfer ulter anncaling would have about 95% of the output ot those not degraded. Although
only 25% of the solar cells are so degraded, the mismatceh loss is additive to the degradation loss and results in a 5% oversize
requirement. In addition, there js a difference in structural mass due to the redunduancy in structure required to modularize the
satellite. Satellite modifications assocrated with power distribution to the clectric thrusters are included in orbit transfer system

costs.

A total differential of $16 million per SPS has been associated with operational complexitics of the self-powered transfer operi-
tion. Additional significant factors are the differences in interest during construction associated with longer overall construction
time requisvd for LEO construction ind differences in the cost growth resulting from ts application as 1 constant fuctor on overall
costs.
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LEO versus GEO Construction
Summary of Differences

HLLV LAUNCH RATE, 1400/YR VS 3064/YR@4 YR,

350/YR V8 768/YR @ 1/YR

FACILITY DELTA COSTS

STATIONKEEPING PROPELLANT 800 XG/DAY
CREW SUPPORT

QVERSIZING FOR RADIATION DEGRADATION
DELTA STRUCTURAL MASS - 864 TONS LESS FOR GEO

INCLUDED IN 8PS DESIGN REQUIREMENTS {OVERSIZING
COMPENSATES FOR OUTPUT AND MISMATCH LOSS)

HIGHER LAUNCH RATE FOR GEO

ORBIT TRANSFER HARDWARE IN OTS COST
DELTA INTEREST DURING CONSTRUCTION

NO DIFFERENCE IN NUMBERS OF VEHICLES IN FLIGHT.
MORE COMPLEX MONITORING FOR OTS.

BERTHING EQUIPMENT INCLUDED IN GEO FACILITY
FOR LEO CONSTRUCTION

COLLISION AVOIDANCE PROPELLANT
OBJECT MONITORING COST

OTHER FACTORS ITEMIZED IN THIS TABLE
DELTA GROWTH (FACTOR ON DELTA COST)

HARDWARE/SOFTWARE COSTS REFLECTED AS OTS COSTS

TOTAL COST DIFFERENTIALS
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SPS COST FACTORS

Although the SP3’s are big. they are relatively simple designs employing highly repetitive elements. The combination of size and
simplicity achieved in an SPS is probably only attainable in a space system. [t allows the economies of scale to be combined with
the economies of mass production to minimize the hardware costs. An additional factor in minimizing the handware cost is that
the design loads and other design conditions in space are of minimal effect on the system. Consequently, these systems are com-
prised predominantly of directly useful elements, i.e., solar blankets, with the investment in support systems such as structure and

. controls being a very small part of the total cost. A further attractive feature of the space location is that the very small differen-
tial gravity loads allow easy movement of SPS’s under construction with respect to the construction facility, allowing an assembly
line approach to construction.
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SPS Cost Factors

SPS'S ARE BIG BUT SIMPLE DESIGNS EMPLOYING REPETITIVE ELEMENTS
— Economics of scale combine with ecriomics of mass production

DESIGN LOADS IN SPACE ARE MINIMAL
—  Overhead costs associated with support systems are a small part of the total
—  Assembly operations use production sine approach

SUNLICHT MORE THAN 99% OF THE TIME
—  Solar collectors “work hard’’ for maximum cost effectiveness
— Little or no storaye required

TRAFFIC LEVELS ALLOW REALIZATION OF LOW-COST POTENTIALS
FOR SPACE TRANSPORTATION

- Fully reusable vehicles economically justified
- Frequent flights allow cost-effective operations

ol
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PROGRAM ASSUMPTIONS FOR COST ANALYSES

In order to develop cost data for the SPS syst.ms, several program acsumptions were necessary. These assumptions correspond to
a direct development of the SPS systems studied inder this contract. They do not represent recommendations as to a most desir-
able or most practicable SPS program. The last ~.sumption relates to the fact that most of the mass growth seen in these systems
(as a result of the uncertainty analyses) came from the efficiency chain. with the reference design efficiency being somewi:at more
optimistic than the median value resulting from the assignment of uncertainty ranges to the cfficiency chain. (Under the bi 'ariate
normal distribution assumption used in the uncertainty analyses. the most probable value for any item is the mean of the
extremes. This is believed to be realistic mode) for this kind of uncertainty analysis.) 1t is expected that the losses in efficien 1y
in the early systems will be recorerable through a normal process of product improvem.nt. Therefore. the growth ailowances

applizd to the 1-SPS-per-year case were reduced for the 4-SPS-per-year case.
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Program Assumptions for Cost Analyses

DOFING ===

AFTER 4 TECHNOLOGY VERIFICATIUN PROGRAM, INVOLVING GROUND AND FLIGHT
PROGRAMS BUT NO NEW SPACE VEHICLES, DEVELOPMENT OF THE 10,000 MEGAWATT 8PS,
AND IT’S ASSOCIATED SYSTEMS, BEGINS.

THE PRODUCTION CAPACITY INITIALLY DEVELOPED I8 SIZED FOR A PRODUCTION RATE OF
ONE 8PS PER YEAR, BUT DOES NCT INITIALLY ACHIEVE THAT RATE.

THE EARLY SP8'S INCUR THE MASE GROWTH PREDICTED BY THE UNCERTAINTY ANALYSIS.

BY THE TIME A PRODUCTION RATE OF FOUR PER YEAR HAS BEEN REACHED, MASS
GROWTH HAS BEEN REDUCED BY PRODUCT IMPROVEMENT,
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COST ANALYSIS METHODOLOGY

The overall cost analysis methodology 1s diagrammed on the Tacmg page. 11 begins with mass estiniates and system deseriptions tor
the reference systems. The system descriptions allow selection of cost estimating relat.onships.  These dre used to exercise the
Boeing parimnetnic cost model 1o generate an acrospace cost estimate for DDT&E and Tirst unit cost. The acrospice first unit costs
are then run through a mature industry analysis that applies production riate tactors according to the production rite requated tor
cach system element.  [he totuled mature mdustry estunates are then adjusted iormnterest dunng construction and lor cost growth
corresponding to mass growth as predicted by the uncetainty analyses. These provide the fmal production unit costs for | SPS

per year and 4 SPS's per year.
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Cost Analysis Methodology

DOFINEG —==——

MATURE

BOEING INDUSTRY
MASS ESTIMATE PARAMETRIC ADJUSTMENTS
COST MODEL (PRODUCTION

SYSTEM SELECT
DESCRIPTION CER'S

UNCERTAINTY
ANALYSIS
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MATURE INDUSTRY METHODOLOGY CONFIRMATION

The mature industry costing approach was developed by Dr. Joe Gauger based on intonnation developed duriny IR&D analyses of
design-to<ost., expenenced costs for comimercial arrcraft and other systems, and statistical correlatiens for financial and produc-
tion factors for a wide vanety of commeraial industnies It was judged to be desirable to spot-check thie mature industry predic-
tions. A total o! five spot checks were made as indicated on the facing page. These included sofar blankets. graphite structures,
klystrons, potassium vapor turbines. and clectromagnetic hauid potassiun feed pumps o all cases, the mature industry projection
was well within the uncertamties that would be expected for the kiod of cost estimates being made. Based on these examples. we

believe the mature industry methodology to be an appropriate cost estimating procedure for SPS systeims.
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Mature Industry Methodology Confirmation

BOEFING wmmm=——

MATURE INDUSTRY INDUSTRY
PROJECTION "ESTIMATES

SOLAR BLANKETS $22 t0 $37/m2 $26 to $50/m2
(RCA,TI,GE,MOTOROLA)

GRAPHITE EPOXY STRUCTURE  $60/kg $50/kg (BOEING)

KLYSTRONS $3000/TUBE $17650 o $2700/TUBE
(VARIAN)

TURBINES $40 t0 $50/kg $62/kg (GE)

PUMPS $75 to $160/kg $66/xg (GE)
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RECTENNA SIZE UPTIMIZATION

Hlustrated here is an example of system design flexibility adjustment to reduce system cost sensitivity to a particular cost problem.
Until late in the study effort it was assumed that the receiving a1 tennas would be full main-beam diameter. (This is the optimum
if receiving antennas are low in cost.) However, recciving antenna cost estimates were surprisingly high, resulting in a significant
cost problem. The nature of the transmitted beam is that very little of the total power is in the outer regions of the main beam.
Consequently, a cost optimization of rectenna size reduced its area by approximately half, reduced the received power by about
5% and reduced the cost per kw by 20 percent. (Cost values shown here do not include interest during construction or growth.)
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Rectenna Size Optimization
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PRODUCTION COST RESULT SUMMARY

Total production costs are summarized in these bar charts for cight combinations of energy conversion system. production rate,
and construction location. The silicon photovoltaie system has 4 modest cost advantage over the thermal engine and low Earth
orbit construction has a significant cost advantage over geosynchronous construction. The mcst important cost change occurs with
the production rate increase from | SPS per ycar carly in the program. to 4 SPS's per year in a more mature operation. Principal
cost reductions with system maturity occur in SPS hardware production. space transportation. and projected product improve-
ment. The lowest capital cost is achieved with the silicon photovoltaic system at 4 SPS's per year with LEO consiruction. The fig-
ure is approximately $1.700 per kilowatt electric including interest during construction and projected growth. Stitl lower figures
might be projected for advanced systems. such as thin film gallium arsenide.

Achievement of the projected silicon photovoltaic costs is critically dependent on the development of a satisfuctory mass produg-
tion technology for single crystal silicon solar cells and blunkets. This mass productinn technology may require continuous growth
processes but recent indications of improvements in the technology presently used for sobar coll manufacture, indicate that auto-
mation of this technology may provide greater cost reduction than commonly supposed.
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Production Cost Results Summary
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LEO TRANSPORTATION COSTS FOR FOURTEEN YEAR PROGRAM

One of the principal issues of overall SPS costs is the cost of spuce trar rortation. The projections made during this study have
indicated a low carth transportation cost on the order of $20 per ki' oam, including amortization of the vehicle fleet investiment,
total operations manpower. and propellunt costs. The distribution of this cost over the assumed 14 year progrim is shown on this
chart. Vehicle production hardware is the greatest factor: manpower is second in importance. and propellants are thied. The pro-
pellant cost is about !4 of the total, typical of & mature transportation system.
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LEO Transportation Costs for 14 Year Program
at 4 Satellites/Year
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COST PER FLIGHT WORK BREAKDOWN STRUCTURE

Cost per flight analyses used the work breakdown structure tabulated here.  Tlis structure is patterned after the shuttle user
charge cost analyses but includes two principal differences’ (1) Because the large traffic model will wear out many vehicles, the
production of vehicles and their spares is amortized in the cost per flight. (2) Production rates required will demand several ship-
sets of tooling. The tooling required to achseve the required rates is also amortized against cost per flight.
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Cost/Flight WBS
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FLICHT VEHICIE PRODUCTION HARDWARE COSTS

Since vehicle production is the most important component ot space transportation costs. it s mportant to compure the estimates
to otner similar systems Shown here are costs in terms of dollars pes pound for several acrespace vehicles including commercial
arrcraflt and launch vehicles. as well as the calculated costs for the second stage and first stage of the winged launch vehicle systems.
All costs he. 2 are expressed as the average costs over S0 units with leaming curves apphicd as appropnate. The commercial qir-
craft are ssmular in complexity to the launch vetucles, but g signilicantly smaller fraction ot the overall investment is in propulsion.
The S-1C Saturn booster stage 1s comparable m complexity 1o the first stage of the wing-wing vehicle. Shuttie costs are seen to be

somewhat higher than would be exnccted tfrom the cost ostimates here. However, there are several reasons for that as expressed on

the foilowing page.
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Flight Vehicle Production Hardware Costs
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DIFFERENCES BETWEEN SHUTTLE ORBITER AND SPS LAUNCH VEHICLE SECOND STAGE
“ast driver differences between the shuttlie orbiter and the SPS vehiucles are summarized here. These ditferences are sufficient to

ationahize the difference in it cost expressed on the previous page. However. even if shuttle unit costs were nsed. the cost of

2a/load trunsportation would be increased very hitle.
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Differences Between Shuttle Orbiter
and Wing/Wing 2nd Stage
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MAJOR MANPOWER COST DATA AND COMPARISONS

Manpower vost cstimates for conducting the SPS transportation operations were made on a detailed task/timeline/headcount basis
including all indirect and direct tasks. The estimates are summarized on this chart. They were derived from analogics and exten-
sions of the cost estimating base used to derive space shuttle user charges. In this illustration they are compared with the man-
power requirements and fleet sizes for major domestic airlines. The level of overall operations is scen not to be heyond the expe-
rience of commercial acrospuce vehicle operators today and the fleet size active at any one time is very small by comparison to
commercial aitline operations. The vehicles, of course. are larger. but even if the lefi-hand bar is scaled according to vehicle size.
the companison of manpower and flect size between the SPS operations and commercial airlines indicates the nunpower alloca-

tions for SPS transportation to be quite generous.
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Major Manpower Cost Data
and Comparisons
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PROPELLANT COST BASIS

Propellant costs are energy costs and. therefore. are of considerable significane  in SPS transportation costs. At the lelt of this
chart are shown the propellant mass and cost distributions for the SPS vehicles  On the right hand side. the SPS propellant cost
estumates used are compared with more recent daia arrived trom Boeing and 18C studies of large-acale propetlant cost production.
Significantly. the propellant cost estimates used were hugher than the more recent estmiites, except in the case of RP-1. where the
cost was comrensurate with production of RP-1 from o1l In the timeframe considered. it may be necessiry 1o use synthetic
hydrocarbons produced from coal  Thus might morcase the RP-1 cost agmificantly. but the RP-1 cast contribution 1o overal) pro-
pellants was relatively small and this low e nate is more than compensated by the higher estmites Yor the other two propellants.
Further, if synthetic propellants are employed. a synthetic hydrocarbon such as methane or propane can be produced at lower cost
thar a synthetic heavy hydrocarbon, such as RP-1.

KK



D180-22876-7

Propellant Cost Basis
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COST PER FLIGHT PARAMETRICS

The st per flight for the heavy lift launch vehicle is dependent upon annual launch rate, being lower at high launch rates. Actual
cust for the SPS systems des .nbed in this briefing used the parametric cost per flight data shown on this chart. Valies ranged

from about 13 million dollars per flight for the one SPS per year case with LEO construction to about 7% million dollars per flight
for the four SPS per year case with GEO construction.
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HLLV Launch Costs
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UNCERTAINTY ANALYSES METHODOLOGY

Anamportant objective of the SPS systems study was to make the best possible estimates of uncertainty in size. mass and costs, for
the SPS systems charactenzed. The methodology employed wis newly developed for the study and included the principal steps
iidicated on the chart. The basis for the uncertainty analyses was itemized estimates in the uncertainties of component perform-
ance, masses. and cost. A typical example would be the uncertainty in solar cell efficiency and degradation. This is an example of
the case where correlation exists between the two factors: i.e., more efficient cells tend to expericnce somewhat greater degrarta-
tion because the greater efficicncy tends to be associated with greater thickness and experimental data indicate thicker cells
degrade :nore. In developing the statistics in size, mass and cost, these kinds of correlations were tiken into account through use

of a bivaria«¢ normal distnbution probability model.

Also providing input data to the uncertainty analyses was a conventional mass property analyses for the systems with estimated
uncertainties in such factors as structural crippling criteria, solar cell thickness, and turbomachinery unit masses. Additional
uncertainties were devel,.ed in system costs, such as uncertainty in solar cell cost per unit arca and unceriainties in machinery
costs. These uncertaintics were coupled with the cost analyses discussed later to prepare the cost statistics. Size statistics and mass
statistics were combined to develop a joint mass/size uncertainty estimate and mass statistics snd cost statistics were combined to
generate combined cost/mass uncertainties. The bivariate normal distribution model was used to statistically combine the uncer-

tainties. with recognition of correlatic 1s between component uncertaint ¢s where significant conelations were determined to exist,
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Uncertainty Analysis Methodology
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COMPARISON OF EFFICIENCY CHAINS
The reference system efficiency chains are compared on the faang page. The power transmission system efficiency chain is the

same for cach encrgy conversion concept and 1s not repeated  As indicated. the projected overall efficiency of the silicon system is

very slightly hsgher than that of the Rankine thermal engine system.
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Comparison of Efficiency Chains

SILICON PHOTOVOLTAIC
ITEM NOMINAL | MINIMUS | MAXIMUM
ER SOLSTICE FACTO 9675 9678 9875
SINE LOSS (POP) 919 ) 919
LAR CELL EFFICIENCY a73 148 18
RADIATION DEGRADA f1 97 90 1.0
TEMPERATURE DEGRAD 954 954 954
COVER UV DEGRADATION 968 9560 1.0
CELL-TO-CELL MISMATCH 99 99 99
PANEL LOST AREA 9261 1) 961
STRING 2R 998 998 899
BUS IR 234 N 961
ROTARY JOINT 10 i 10 1.0
ANTENNA POWER DISTR 97 95 98
DC-RF CONVERSION 25 .80 .88
V. AVEGUIDE 12R 985 985 998
IDEAL BEAM 966 .966 99
INTER-SUBARRAY ERRORS| 956 88" 97
INTRA-SUBARRAY ERROR £81 97 [ ]
ATMOSPHE RE ABSORP. 28 93 e
INTERCEPT EFFICIENCY 95 80 08
RECTENNA RF-DC 848 79 92
|GRID INTERFACING 9 98 98
PRODUCTS .0679 .038s 096
SIZES (KM2) 108.8 183 77.8
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RANKINE THERMAL ENGINE
ITEM NOMINAL | MINIMUM | MAXIMUM
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cPC 866 .80 886
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CYCLE 1889 189 200

GENERATOR 984 884 908

PARASITIC 962 944 98
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PHOTOVOLTAIC SPS RELATIVE UNCERTAINTY CONTRIBUTIONS

'nc rtaimty analyses (to he described mo.¢ fully later) resulted in the relative uncertainty contributi < illustrated here. Also
shown are the statistical ~ombinations of all energy conversion cffects and all power transmission effecos. The energy conversion
effect 1s shghtly less than th power transmussion effect because a significant correlation between solar cell efficiency and radiation
degradation reduces the combined effect of 1hese two parameters consideraoly below what a simple root sum square would indi-
cate. The uncertainty in power transmission hink efficiency s a principal driver on overall svstem mas, and cnst uncertainty

because it influences more of the system than does solar blanket performance.
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Photovoltaic SPS Efficiency:
Relative Uncertainty Contributions
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PHOTOVOLTAIC SYSTEM MASS/SIZE UNCERTAINTY ANALYSIS RESULTS

This chart compares the statistically-derived result with the worst-on-worst and best-on-best results defined by combining all the
most optimistic component uncertainties und all the most pessimistic component performances. [t is demonstrably true that as
increased detail is developed in this Kind of analysis, the worst-onsworst and best-on-best extremes will continue to hevome further
apart. while the statistical uncertainties will tend to change little and will approuch a representation of true uncertaintics. Signifi-
cantly, the reference point design was outside the progected 3 sigma runge for mass and size. This resulted primarily becuuse the
efficiency chan assigned 1o the reference design was more optimisite than the mast probable etticiency chiain defined by the statis-
tical analyses. An example is as follows:  In de/RF conversion, the nominal efficiency assigned to the reference design was 85%
with extremes of BO% and 86%. It s a consequence of the bivariate normal distribution model that the most probable value must

be the inedian between the extremes. This resulted in the most probable size being significantly greater than the reference design
size.

The reference design point is shightly below the nonmal line because the nonna? line is assocsated with 10,000 MW output,
whereas the reference design. with the final efhoeney chan assessment, provided ©.300 MW output,  The prajected mass growth is
the ditference between the most probable pomnt and the reference pomt and s equivalent to 26,0, This growth is very clow 1o

the 257 projected by historical correlations of comparable systems,
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Photovoltaic SPS .
Mass/Size Uncertainty Analysis Results
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THERMAL ENGINE MASS SIZE UNCERTAINTY ANALYSES RESULTS

Presented here is an uncertainty estimate for the thermil engine comparable to the previous one for the photovoltaiv system.
Because the technology of the thermal engine system is somewhit more mature, it would be expected to estimate somewhat
less mass growth and that turned out to be the case. An additional factor in the reduced muss growth projection is that
significant part of the size escalation is associated with the size of the concentrator which is a2 low-mass component of the
thermal engine system.
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Rankine Thermal Engine Size/Mass Uncertainty
Analysis Results
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MASS/COST UNCERTAINTY ANALYSES RESULTS

With costs included in the uncertainty analyses. it is necessary to discriminate between the | SPS per year case and the 4 SPS per
year case. As discussed under cost analyses, for the 4 SPS per year case. an estimate was made that about 607 of the predicted
mass growth could be removed by praduct improvement. Similarly to the size and mass estimatcs. the reference design trended
towards the optimistic side of the median of the cost uncertainties. Conscquently. one sees first o cost escalation at the reference
design point and then a further cost growth associated with the mass growth projection. Note the very high correlation between
«ost and mass uncertainties. This corresponds 1o the historical indicutions that cost growth is frequently associated with mass
growth. and especially with the compensation for (or removal of ) mass growth in a system when performance requirements dictate

that ma-s growth be limited to predetermined values.
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Mass/Cost Uncertainty Analysis Results
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TOTAL COSTS THROUGH NO. 1 SPS PHOTOVOLTAIC SYSTEM

The actual hardware development costs for SPS hardware represent a small portion of the overall nonrecurring cost required to
initiate the program. This is because the SPS hardware is highly repetitive: individual elements are not extremely large and the
development of the basic hardware can be primarily carried out on the ground. The total nonrecurring cost includes a technology
verification effort including ground-based and flight-based test activities. the development of SPS energy conversion and power
transmission/reception hardware, and a significant investment in development of space operations capability including space trans-
portation and space construction systems.

The largest shce of the total nonrecurring costs is for installation of a production capability sufficient for production of } SPS per
year. i.e., 10,000 MW a year, and for the production of the first SPS. The production cost estimate for the first SPS does not
include the production capability amortization factors included in SPS costs on prior charts It does include a 50% prototype
factor penalty cost. The overali total is shghtly more than $80 billion in 1977 dollars. A similar estimate tor the thermal engine
SPS was about $8 billion greater, primarily due to the addi‘ional cost of the more complex construction buse system.
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Total Costs Through #1 SPS
Photovoltaic System
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PREDICTED BUSBAR POWER COSTS AND UNCERTAINTIES

The bottom line for an SPS system 1s its capability to praduce power at an acceptable cost. The result shown on this chart repre-
sents the final result of the costing und uncertainty analyses. Uncertaintics for busbar power costs include the uncertainties in unig
costs as well as uncertainties in the appropriate capital charge Lactor to be apphicd and the plant factor at which the SPS can oper-
ate. Capital charge factors from 12-18 percent were considered and the plunt factor uncertainty was taken as 70%-90% at one SPS
per year and 85%-95% (or four SPS’s per year. These uncertaintios were stutisticaily combined with the cost unceriaintics derived
by the cost uncertainty analyses.
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Predicted Busbar Power Cost & Uncertainties
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PROJECTIONS INDICATE SPS COST COMPETITIVENESS BY THE YEAR 2000

A study of energy and power cost conducted on IR&D indicated an approximate projection of increase in clectrical power costs
illustrated in the left hand band on this chart. Results from this study are plotted in the right hand band. As indicated these two
projections cross over in the general vicinity of the year 2000. This indicates that even with a relatively vigorous program to
develop the solar power satellite. by the time production installations could begin the system would be cost competitive with

alternative energy sources.
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Projections Indicate SPS
Power will be Economically Attractive
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MPTS Briefing

o ARRAY ANALYSIS
W. LUND, 8. RATHJEN

o RF TRANSMITTER
E. J. NALOS

o POWER DISTRIBUTION
J. GEWIN

® STRUCTURAL AND THERMAL INTEGRATION
O. DENMAN

o SUPPORTING WORK
GENERAL ELECTRIC COMPANY, SYRACUSE NY
VARIAN ASSOCIATES, PALO ALTO, CA

Tvmuminion Sysiem

11)



D180-22876-7

MPTS ROAD MAP

The study road map indicates the approach taken in establishing a baseline design for the spaceborne element of the MPT:.. High-
lights of this approach include a klystron transmitter selection study, an end-to-end system efficiency evaluation, spaceten.:a pat-
tern analysis and structural integration. These combine to produce inputs and constraints to the overall SPS cost model which
makes possible the SPS system evaluation. Follow-on topics are defined which will result in the next level of refinement of an
improved SPS.

The klystron trade study encompasses klystron design, thermal analysis, manufacturing and reliability assessments, power distribu-
tion and X-ray assessment. Spacetenna integration is influenced by structural concepts, design validation. mass assessment, and
finally end-to-end efficiency calculations which require a reference spacetenna design whose radiation pattern and impedance char-
acteristics are known. Alternate candidates for the spacetenna radiating element have also been assessed 1 > assist in a final antenna
design selection.
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MPTS Study Roadmap
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SPACETENNA SIZE AND POWER DENSITY

Collection efficiency and radiated power were calculated for a fixed rectenna size and power outyut. The spacetenna aperture dis-
tributions used in the study were:

Uniform

10 db Gaussian
20 db Gaussian
Inflected Bessel

e 0 © ©

The inflected Bessel produced a system with the highest efficiency and lowest power required ut the spacetenna. However, it
required a spacetenna with a radius 1in excess of 900 meters. The 10 db Gaussian was selected as the best compromise for further
analysis.

e
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Spacetenna Size and Power Density
Required For Fixed Rectenna Size and Power C'utput

BOFING wm———
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SIDELOBE DISTRIBUTIONS FOR FIXED RECTENNA CONSTRAINTS

This study was conducted 1o ~xamine spaceborme tronsnatter aperture power tapers alternate to the 10 db Gaussian used as hase-

hne  The distributions insestigated were

0 Unitorm
0 10 db Gaussian
0 20 db Gausstan

19 Infected Bessel

I'he resulting secondary antenna patterns were compared 1or beamwidth and sidelobe fevel  Because of power quantization tech-

niques presently inouse the 95 db Gouissim tape: was cttled on s the new baselime giving an overall etticiency of 96.6 percent
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Sidelobe Distributions For Fixed
Rectenna Constraints

SPS 850 OEINE v———

e RECTENNA RADIUS TO FIRST NULL = 6,485 METERS
e DELIVERED GROUND POWER = 5GW
\ o ASSUMED RECTENNA EFFICIENCY = 88%
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APERTURE FIELD DISTRIBUTION AND SPACETENNA PATTERN

Tras figure depicts the aperture power distribution produced by both the 10 db Gaussian taper and the inflected Bessel taper. The

next figure graphs the secondary radiation patterns produced by these aperture distributions. The inflected Bessel distribution can

be written as

Hpr=1+435Jo(3.84 p)
This expression s the suth of two distiibutions s umtorm distnbution fle) = | and a Bessel distnibution 1(p1 = JotU p). The

value of the constant U controls the sidelobe level and edge illumination This constant s adjusted to optimze the distributior .

The usefulness of this type of distnibution will be further investigated indluding the etiect an rectification cfliciency.
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Aperture Field Distribution
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Spacetenna Pattern
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ARRAY PATTERN ROLL-OFF CHARACTERISTICS

A numenical integration technigue was used to obtain the radiation pattern of the 10 db Gaussian tapered distribution. It was
established that the sidelobes rolled off at a 30 db/decade of angle rate. The chart shows the first five sidelobes and the average
power line 3 db below the peaks. The error plateaus were computed from the assumed error magnitudes and the number of sub-
arrays associated with three different subarray sizes. The aperture efficiency was also obtained by nunierical integration. The sub-
array roll-off characteristics were obtamed by numerically integrating the square aperture distribution for each of 19 different cuts
over a 45 degree sector of @ These cuts were then averaged at cach 8 to give the pattern shown. The resultant subarray sidelobes

also roll of f at a 30 db/decade of angle.
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Array Pattern Roll-Off Characteristics

DOEINEG ————

|
MAIN BEAM SLOT ELEMENT
SUBARRAY PATTERN (EST.)
SIDELOBES ERROR MAIN  SIDE- ‘
80 ‘ PLATEAU BEAM  LOBES
{ K
3 e
g Ay =
5 ) ;Z/\,som
E 40 N -3M
22} < | ERROR
= s---é.-\: - SIDELOBE DUE
2 20 N N, TO RANDOM
o K
@ N N, 2 OFFSET
< IAN. | 100 CM
"Wy
O Of — SPACETENNA-1KM \m‘\.
— 10 DB GAUSSIAN DISTRIB. ~ $10 CM
— SQUARE SUBARRAYS N
-20
*\
\
\
103 102 1071 1 10 102

ANGLE, DEGREES

12§



D180-22876-7

TOTAL RADIATED POWER VS ANGLE

To ubtamn i earer view of how the total energy s distnpbuted  the average pattern level as a tunction of argle can bhe mtegrated

graphically By weighting a sin 8 term wath an additior-] multipher proportional to 8.1t is posaible to take out the area s pro-

duced by the logarithmyc plot  Repeating this in tenns of power rather than db. as shown in the tacmg chiart. gives a curve. the

area under which represents the radiated power
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Total Radiated Power vs. Angle
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COMPARISON OF 10 DB GAUSSIAN DISTRIBUTION FUNCTIONS
AND THEIR FAR FIELD POWER DISTRIBUTIONS

Power quantization from subarray to subarray is used to approximate the desired continuous 10 db Gaussian apesture distribution.
In order to check the puattern sensitivity to quantization .tep size. quantization values were vanied as shown on the figure. The
secondary radiation patterns were calculated and examined for comparative beamwidth and side lobe level. As ¢can be seen. the

variations are negligible.
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MPTS - Reference 10 dB Taper
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QUANTIZED ENHANCED SPACETENNA CONFIGURATION
Inan attempt to ympro.e the system etficiency and mimnmze any increase i spacetenna size, the concent shown s being imvesti-

gated  Here the ar g of the aperture 1s increased only in selected locations (tabs are wdded ) At present. an analytical evaluation is

being conducted (BIGMALIN) to determue the appropnate aperture tapesr tor optunum efficiency
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Quantized Enhanced Spacetenna Configuration

L FIN LD emmmmm———
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ALTERNATE CONCEPTS
Pre.mising alternate candidates for the radiating clements of the space bore transmitier
o  Cylindrnical Lens Horn Array
o  Traveling Wave bod bire Array
o  Enhanced Slot Element
The lensed hormn exhibits extremely hugh etfficiency as o resuft of the lens i the horn apertuee.
The traveling wave end fire array provides an open steucture wluch s thermally transparent.
Using enhancing elements on cach of the radiating slots i a planar array reduces mutual coupling and consequently losses due to

edge effects. Although promismg. structural complexity or mereased mass have remforeed the selection ol the stotted waveguaide

for the reference design for this phase of the study.
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Alternate Array Candidates

w W J. /)
SPS- 1648

UNFURLABLE GORE TYPE HORN ARRAY
PARABOLIC ARRAY

N0

SLOT-DIPOLE ELEMENT
CYLINDRICAL LENS TRAVELING WAVE END FIRE ARRAY

)
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INPUT IMPEDANCE OF STANDING WAVE STICKS WITH 5§ RESONANT SERIES SLOTS

The effect of stick length and slot spacing variation was approached from the standpoint of masmateh for the broadside resonant
array. s s predominantly an impuedance eftect. the deviahion ol slot spacing trom Xg/ 2 due to fengthening of the entire stick or
change of guide wavelength are primanly to build up the VSWR at the feed point of the stick. (s s illustrated for o strng of five
series slots each deviating by 0.01xg from the resonant spacing of Ag 2. From the Smith chart it cin be seen that this deviation is
equivalent to the introduction ot a normahzed susceptance of B' =.06. The ratio of power delivered 1o that with the load matched

can be wnitten as a myssmatch loss LM

Ly = b2 (8" = .02

where B' = the total normalized susceptance introduced by all the slots.
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with 5§ Resonant Series Slots
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SPS SUBARRAY LOSSES DUE TO DIMENSIONAL TOLERANCES

Because ol manufactunng tolerances windd thermal distortions, wivegaide size as well as slot shape and position wili be displaced
from theoretical These dimensional changes will produce unwanted scattering and impedance mismateh resulting in o reduction in
efficiency. Factors aftecting the losses in the Spacetenna were studicd for g set of given manufacturing and control tolerances.
These were found to produce non-dissipative power losses of 1.87% and dissipative power fosses of 1.8% for Aluminum plated
wavegtide 9.09 x 6 ¢m 1.D. Thermal effects were found to be negligible it composite waveguide was used. A number of factors
including tolerance in the feeder guide from the Klystrons and beam squint due to stick errors were found to produce negligible

power losses.
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-SPS Subarray Losses Due
To Dimensional Tolerances

OEING Smmm——
MAIN BEAM POWER

DIMENSION TOLERANCE EFFECT DEGRADATION
150 MILS RMS SCATTERING FROM
SUBARRAY SURFACE PHASE VARIANCE 0.50% (1)
TILT OF SUBARRAY 0.1 AVERAGE SUBARRAY PATTERN 0.50% (1)
GAIN REDUCTION
GAP BETWEEN SUBARKAYS +.25"AVERAGE  ARRAY FILLING LOSS 0.13%
(~ AREA LOSS)
STICK LENGTH +30 MILS MISMATCH LOSS 0.02% (2)
WIDTH +3 MILS MISMATCH LOSS 0.12
CROSS GUIDE LENGTH +30 MILS MISMATCH LOSS 0.02% (2)
WIDTH +3 MILS MISMATCH LOSS 0.03%
SLOT OFFSET 0.5 MILS SCATTERING FROM 0.55% (4)

AMPLITUDE VARIANCE

TOTAL 1.87%

LEGEND: ALL LOSSES ARE ADDITIVE.
(1) INDEPENDENT OF SUBARRAY SIZE.
(2} INDEPENDENT OF STICK LENGTH.
(3) REFERREDT

(3) REFERRED TO AVERAGE STICK LENGTH OF 16.7 \g= 2.76 METERS.
(4) ASSUMES MEAN SLOT OFFSET ERROR IS ZERO,

137



D180-22876-7

EFFECT OF DC-DC CONVERTER FAILURLE

The “Bimam™ computer program was excrased 1o progade estun stes of pertormanc e degradabon due to the Lailure of ope DC-DC
converter which supphies processed power to 420 Klystrons. cach 70 KW RF - The results indicate an antenna efticiency degrada-
tion ot roughly 04 to 0.5 percent and an mcrease i tirst sideiobe lesel of about 0.1 to 0.3 db depending on the location of the
disabled converter. The total power loss thus approaches 0 9 percent, smee additional disconnected RE power is added to the

reduced array etficiency
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Spacetenna Section
With One DC -DC Converter Failure
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METHODS OF FOCUSING KT YSTRON BEAM

Convenbiomd methouds ol tocusasg igh power cw kKlystions nblize o extermal eleciomaenet which usoally wophs several tunes
the tube weght

By desigrang the tobe i a nuinner so st the solenord can be worid dorectly on the tube amd by selestinge ots
OD 1o optimize the solenord mass andd power selanonsps, i Jow sk basehioe design was intved al luvime (the nghest prabability
ol goud efficiency  Altemiate permancot Magnet (PM and Peroddic Permanent Magaet (PPM ) schiciies otler potential of some
fight wenghting and climmation ol solenor) powe

These bive not as yet been sedocea 1o prccbice on high power CW tabes bat
mernit addit onal consideration withan the SPS time Erame
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BASELINE KLYSTRON DESION (70 KW)
The basehine design was armived at on the tollowng criteria’

o Powerlevel of 70 kw compatible with a maxunum voltage of 42 kv and a perveance lln/an/Jlm 028 x 1070, resulting in
hugh efficiency.

0 RF Design. Single second hammaowe bunchung cavity resufing i short imteriction fength. 6 cavety dosign (o give 40 db gam
1e.. feasibility of solid state driver tube,

o  Focusing  Body-wound hghtweght solenoid tor tow rish ugh eiticency approach.
Cathode: Coated powder or metal matox medium convergence cathode to obaun an cission o) < 2(0) m.'a/s‘m: for 30 year
life to enussion wearout

0 Thermal Design Heat pipe with passive radiators to obtin the desired CW level with consen ative hicat disapation ratings.,

o Auxihary Protection Modulating anode to proside ripsd protection sint ot Copabily ab the mdinadaal tube lesel, hopetully

obviating the need 1or crow-bur type ot turn-otl
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70 Kw Klystron
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ESTIMATED EFFECT OF COLLECTOR DEPRESSION

The relationships between kly stron parameters required 1o optiniize chiaeney are shown  Although ot is relatively casy to increase
the overall efficency f-om say 50 to 6577 using a 3stage depreswed coliector withi g collector energy recavery of shout 7074, the
task of obtwning an 85% efticient kiystron will ikely reqguire the use ot a Satage colfector. With an undepressed efficiency of 74%
and a collector recovery of 5077 a net ethiaency of 854 would be realized  The design parameters for 3 70 hw klystron. based on

Equation (1). rupport this estimale
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Estimated Effect of Collector Depression
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?ROJECTED LIFE OF THERMIONIC CATHODES

Assurance of 30 year r.f. trunsmitter life wil require continued testing and assessment to provide o credible data base from which
to select either a cold cathode or a thermionic vathode operation. High sevondury emission vold cathodes (BeryHlium Oxide ) have
best known life of 18.000 hours and revjuire oxygen replenishment.  Best plitinum cathode data is currently 10,000 hours at §
GHz. Best thermjonic cathode life dats on the Intelsat trunsmitter TWTs and BMEWs ix over $0.000 hours and cathode wearowt
due to emission cun be designed to be 30 years with conservative current density. The candidate thermionic cathodes are proven
oxide cathode operating below 900°C and Tungsten matrix cathodes at slightly over 1000°C. Actual cathode testing should be
conducted in a rcalistic cathode-tube environment. not just i test diode. The SPS tube parameters are computible with conserva-
tive cathode ratings with a cathode to beam convergence of Jess than SO.

To avoid excessive infant mortality. a burn-in period is recommended. which may be possible in space. The question of open enve-

lope operation requires further assessment of space contaminants and can offer signilicant cost reduction if realizable.
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Cathode Emission Data

O EINED =

CATHODE LIFE (ESTIM)
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A 105 HOURS

iy
o

(2]
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KLYSTRON PROTECTIVE DEVICES

To assure reliable operation, hopefully in absence of u crowbir circuit, several features are proposed for incorporation into the
klystron design and external circuit monitoring. These include:

o Modulating anode which provides rapid shut-oft teature should 1.1, drive fait. or tube shut down in case of body or cathode-
to-modulating anode arcing.
Arc detector in the output waveguide to shut off 1.1 drive.
Body current monitors to assess cathode performuance as a function of time.

o  Collector current monitors as possible indicators of internal arcing.

150



D180-22876-7

- Klystron Protective Devices

BOOING wmemm—
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SPECIFIC WEIGHT OF MICROWAVE TRANSMITTERS

Specific weights of commercially available C W. transmitters vary over a large range of parameters. Crossed field services such as
the amplitron, due to their compact interaction region are clearly superior in the regime below 100 kw CW. Broadband devices,
such as the helix and coupied cavity TWT have never been optimized for low specific weight and are not directly applicable to SPS
where the advantage of narrow bandwidth can be utilized. Amplitrons, utilizing relatively recent Samarium Cobazlt improvements
n permanent magnet technology are projected to have specific weights of below 1 Ib. per Kw. CW klystrons at the 100 Kw level
with conventional solenoid focusing are typically 5-10 1b/Kw but with a solenoid wound directly on the tube can approach 2 Ib per
Kw and probably below that at higher powers. At the 50 Kw CW level, a klystrun design can be conceived using combined
PM/PPM focusing with a specific weight of about 1.5 Ib/kw. The choice between an amplitron and klystron will have to be based
on realizing the above values and on other system considerations such as efficiency, gain, antenna integration and reliability.
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Specific Weight of Microwave Transmitters
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RF TRANSMITTER ACQUISITION COST

The attached chart points out the importince of proper power level selection to optimize r.1. transmitter acquisition and replace-

ment cost. The indicated cost is based on the tollowing estimated tube costs amd MTBE .

Tube Type . Power Cost M UBI- (_Yc;Lrs )

Amplitron SKW S 100 ‘3’)' ‘I-S‘

Klystron 50 2700 R 14
250 6000 24 12
500 7500 20 10

Cost of trausportation to space is $60/kg. Passive cooling is assumed. Other system factors such as etficiency . gain diftferential.
maintenance cost and x-ray environment are not included. The anidysis indicates that the higher power level kiystzons are com-

_petitive with amplitrons on this basis und other vystem parameters will influence the ultimate transmitter selection.
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RF Transmitter Acquisition Cost
for 6 Gigawatt System
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MPTS POWER DISTRIBUTION SYSTEM BLOCK DIAGRAM

The MPTS power distribution system provides power transnsission. conditiomng, vontrol. and storage for all MPTS clements. The
antenna is divided into 228 power contiol sectors, cach sector providing power to approaxmutely 420 kiystrons, The two klystron
depressed collectors which require the majority of supphicd power are provided wiibh power directly from the power generation
system to avoid the de/de vonversion losses. Al other klystron clement power requisemients sre provided iy the DC/DC converter,
System disconnects are provided for isolation of cquipment tor repair and maintenanee.
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MPTS CONDUCTOR "ESIGN PROCEDURE

Aluminum sheet conductors were selected for routing power f'rom the rotary joint to power sector control since they result in a
minimum mass conducior systeni. For the conductor swgment shown in the figures a conductor operating temperature can hw
selected which will minimize the satellite mass. A general case for selection of the optimum conductor temperature is shown in
the figure. The conductor mass for the sheet conductors from the rotary jomnt 1o the power control substations was computed to
be 270,577 kilograms with an I°R loss of 145.5 megawalls for the entire antenna. The total mass which is attributable to the
MPTS conductor system is the mass of the conductors plus the mass of the array required to compensate tor the IR loss of the

conductor system.
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MPTS Conductor Design Procedure

LOCATION & ROUTING

CONDUCTORS }-Afd
8

THERMAL ANALYSIS

MASS OPTIMIZATION

TEMPERATURE, °C

OPTIMUM CONDUCTOR
TEMPERATURE OETERMINATION

1] 11‘.00 2‘00 300 400
W /T wamp/emd/d

FLAT ALUMINIM CONDUCTOR DIMENSIONS TxW

TEMPERATURE ——»
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COMPARISON OF POWER DISTRIBUTION CONDUCTOR MASS

For a given d.c. power level at the r.1. transmitter, serious consideration mist be given (o the distribution voltage. not only on the
basis of LEO/GEQ plasma effects or nearby Xeray lovels, but on the basis off 7R fosws within the sateBite distribtition network, as
they are impacted by the conductor size/mass selection. The I:R lass must be compensated by additional (photovoltaic) power
generation capacity (& 3,15 kg/kw) and il processed powes s reguired. with redundant active thermal control (@ (4.8 kg/kw of

thermal heat dissipated, with V6% etTicient dede conveiten.

The attuched chart shows the result o) an optimization tor two ty pes of distebution systems using (Tat adumiinusm conductors, it

clearly shows that high current unprovessed power requircments can residt in i lirge conductor muss penalty. This fuctor is of

sufficient impact to warrant inclusion in any meaningiul r.0. transsnicter vompacison.
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Comparison of Power Distribution Conductor
Mass for 20 KV & 40 KV System

SOEFING w—

UNPROCESSED POWER = BGW

FLAT CONDUCTOR
(CONSTANT THICKNESS) EXAMPLE
DROP BETWEEN ROTARY
f JOINT & TUBE = 8KV e AMPLITRON @ 20 KV~UNPROCESSED POWER
© OPTIM'ZED CONDUCTOR MASS = 6.3 x 108k
e 12R LOSS = 12% = 3,76 x 106Kg
x @3.15 kg/kw 9.06 x 108 kg
F, .
] 20 kV ® KLYSTRON @ 40 kV—-15% PROCESSED POWER
g 400 kamp OPTIMIZED CONDUCTOR MASS = 2.7 x 10%kg
pos WST OF PROCESSED POWER
S | 16% OF 4% THERMAL LOSS
o OF CONVERTER @ 145 kg/kW = ,71x 108
2 COST OF CONDUCTOR 12R LOSS o, 108
< 7.3% . = 1
8 20 kV @ 3.16 kg/kW 5.: xx‘l;akg
200 ka DIFFERENTIAL IS 5 76 x 108kg
= 0.85 kg/<W RF

CONDUCTOR TEMPERATURE

161l



D180-22876-7

DC/DC CONVERTER OPTIMIZATION

The results of a DC/DC converter analysis. perlormed by the General Electnie Company are shown in the figure. The totad mans is
composed of the DC/DC converter mass plus the mass ol the radiator system required to cool the converter plus the additional sat-
cllite uass required 1o generate the power to compuensate 1or converter clectrical loss. The minimum total mass occurs at o con-
verter switching frequency of approximately 20 kilohertz wiich corresponds to a conserter specitic mass ol 1.0 kg/kw. and an

efficiency of 96 percent. These values were used tor the hasehine MPTS power distribution system design.
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DC-DC Convertor Optimization

R

12}
10 ¢
e RADIATOR MASS = 14.9 KG/KW (LOSSES)
CONVERTER ' e SOLAR CELL MASS = 3.15 KW/KW
8r e CONVERTER CHARACTERISTICS
FREQ |LOSSES|{ CONVERTER| RADIATOR
KHZ KW MASS KG MASS KG
6+ 1 161 13,500 2,400
10 232 7,000 3,460
20 265 5,500 3,950
30 302 5,100 4,500
RADIATOR |
4r & SOLAR CELLS |
2} |
150 200 250 |3oo CONVERTER LOSS, KW
o I ] l Jl'—

purges
-
o

30 SWITCHING FREQ., KHZ
163



D180-22876-7

INTEGRATED KLYSTRON MODULE

An integrated klystron module. sized for installation near the center of the antenna, is shown, The major moduk: components and
their placement are noted.

This module configuration resulted in o very thin. 33 centimeter. subarray and is more condacive to carth fabrication, testing and
transport to the anteana assembly location.

For this study. the subarray was the system LRU but with this type ol structure. the module coukl be made the LRU with onfy

slight madifications.

ALFIVOD 00d 40
#9Vd TVNIOTHO

164



D180-22876-7

-Integrated Klystron Module

BOLING cm———

ARC SENSOR

DIPLEXER

POWER MONITOR
THERMAL CONTROL RADIATOR

THERMAL CONTROL HEATPIPES N\

KLYSTRON A
SUPPORT BEAM
SOLID STATE

A S , CONTROL DEVICE
v W i DISTRIBUTION
/‘f/’/ 4 WAVEGUIDE

RADIATING WAVEGUIDE

P atm—

ll\\\\\l\“\l\ nad

POWER DISTRIBL .ON CABLING
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INTEGRATED SUBARRAY

An integrated subarray for the lowest power density near the spacetenna periphery is shown. This structural configuration shows

where the module components are Jocated and how the integral structure was achicved.

The structure supportsng the klystron is designed to aceept the variable number of modules per subarray necessary for output

tapering. The same basic approach was used to lay out subarray structures and component locations for the other power densitices.
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Integrated Subarray

V 7727/ /7 -8 o

KLYSTRON SUPPORT C-BEAM

THERMAL CONTROL
RADIATOR

LATERAL I-BEAM

DISTRIBUTION
WAVEGUIDE "‘\

RADIATING
WAVEGUIDE
{BACKSIDE)

MAIN POWER
DISTRIBUTION / SOLID STATE ——KLYSTRON
PIG-TAIL CONTROL DEVICE -

4-MODULE SUBARRAY
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POWER TAPER INTEGRATION

The actual integration of powcer dens:ty rings is itlustrated on this view ol one-fourth ol the raduting tace ol the antenna. Listed
tor each step are the number of modules per subarray . the number of subarrays ot cnat type and the aumber of klystrons in that

step for one antenna.

To meet all of the design constraints shown previoushy . a power taper was achieved using the ten quantized steps avalable that

would provide a ground output of 5.0 GW tor o 1.00 kilometer diameter antenna with o 9.5 dB power density taper
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Power Taper Integration

500m 422m 366m  274m SUBARRAY
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NO.
SUBARRAYS

272
580
612
812
756
864
624
576
1032
1000

6.932

(GROUND)

NO.
KLYSTRONS
9792
17420
14688
12240
12096

10368

6192

4000

97,056

POWER CUTPUT: (ANTENNA) 6.78 GW

5.01 GW
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SPACETENN . STRUCTURAL CONCEPT
Prin ary Structure
The artenna primary structure 1s o tetrahedral flanar truss and gives depth to the antenna Tor stiftness and stability. The primasy
structure supports the secondary structure, powet distribution buses, power comditioning equipment, thermal control components

and provides tor antenna yoke attachment.

The prtmary structure is shown with secondary modutes instafled.
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Primary Structure
(Secondary Modules Shown)

DOFING w———

A f——  1203.74 M TYP

6684.974 M TYP 1300.01 M TYP
/ A
AN ‘
SECONDARY
STRUCTURE

PRIMARY
STRUCTURE

SECTION A-A
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SECONDARY TRUSS-MODULE

The antenna secondary structure. supporting the subarrays. s o tetrahiedral planas teuss, Indavidual modules may be bindt up in g
planar fashion to form the planar radiating lace of the antennag - Sixty-one of the hexagonal madules are arranged i five rings to

complete the secondary structuge
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Secondary Truss-Module
(Subarrays Shown)

BOEFING smm——

4
.
1

+

+

160.498 M TYP

PR ERRR N

4
-
s
*
4~ >

igdida-d

\.

+- Ak Al .o
/. e pofRagedy . 4m
k SUBARRAY T e\ >
9.928 M TYP —/\ 4

80.240 M TYP
SECONDARY STRUCTURE

ARRAY MODULE
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MPTS MASS AND COST ESTIMATE
In order to obtain the desired power taper across the raditing aperture of the spucetennis, the subarrays of which it is comprised
must contain varying numbers of klystron modules  This chart depicts the estimates of mass and cost for the individual types of

subarrays. the structune controls, power distribution systent and comm ayd and control subsystem.

The antenna mass summary shown is significantly larger than previous mass estimates.  fhe Targest growth arcas a. ¢ power distriba-

tion (DC-DC converters inchuding thermal controh and RE Guneration tklystrons including thermal control),
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Nominal MPTS Weight and Cost

—— ————— D SAILD S
SPS- 1157
VIS 1 JUMBER MASS (M.T.) cO8T (108 8)
1.0:.01.04 MPTS 13064 978.92
1.01.01,04.00 COMMON 36419 424.22
1.01.01.04.00.00 STRUCTURE 280.0 22.87
1.01.01.04.00.01 CONTROLS (388) 62.61
1.01.01.04.00.02 POWER DISTR. 2933 230.21
1.01.01.04.00.03 COMM/DATA {100) 108.64
1.01.01,04.01 TYPE 1 SUBARRAY 833.09 68.66
1.01.01.04.02 TYPE 2 SUBARRAY 1608.34 99.02
1.01.01.04.03 TYPE 3 SUBARRAY 12 5.02 83.49
1.01.01.04.04 TYPE 4 SUBARRAY 112,18 69.68
1.01.01.04.06 TYPE 5 SUBARRAY 111,12 68.7¢
1.01.01.04.08 TYPE 6 SUBARRAY 1042.98 88.84
1.01.01.04.07 TYPE 7 SUBARRAY 613.87 32.13
1.01.01.04.08 TYPE 8 SUBARRAY 807./3 28.19
1.01.01.04.09  TYPE 9 SUBARRAY 760 LS 35.20
1.01.01.04.10 TYPE 10 SUBARRAY 581.20 22.74

FOR 10 GW, 2 ANTENNAS, 26128 MT AND $1961.8 x 10°
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Photovoltaic
Conversion
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PHOTOVOLTAIC REFERENCE CONFIGURATION

This reference configuration represents the study staning pomnt. Its size was Based on he poformance cliain established during

the JSC study and a ground output requirements of 100W BOL.
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Initial Photavoltaic Reference Configuration

BOEING e

o Siliconat CR=2
e Nominal truss configuration with n =.060
e Orientation P.O.P.

24.8 KM ' 1KM
N
SOLAR ARRAY 56 KM
120 KM2 I

' ¥

6.2 KM

i ANTENNA (2)

1-KM DIAMETER
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PART I-PHOTOVOLTAIC STUDY REQUIREMENTS

The major objectives of Part ] of this study arc summarized her hese factors were used to analyze the various candidates tor

energy conversion and establish a system that could be defined to i greater depth in Part 1.
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Part 1 — Photovoltaic Study Requirements

D DEINEGE mmmm——

1. WHAT IS THE MOST OVERALL EFFECTIVE MEANS OF 6P8 ENERGY CONVERSION?

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

CANDIDATES COMPARITORS
SINGLE CRYSTAL PHOTOVOLTAICS ) 8PS PERFORMANCE
e SILICON PERFORMANCE DEGRADATION
® GALLIUM ARSENIDE §p8 8122

8PS MASS
ADVANCED THIN FILM PHOTOVOLTAICS ’ SYSTEM COMPLEXITY
o SILICON SYSTEM MAINTAINABILITY

CONSTRUCTION REQUIREMENTS
TRANSPORTATION REQUIREMENTS

® CADMIUM SULFIDE TECHNOLOGY ADVANCEMENT REQUIREMENTS

o COPPER INDIUM SELENIDE SYSTEM COST DIFFERENTIAL FACTORS
ENVIRONMENTAL EFFECTS DIFFERENTIAL FACTOR
MATERIALS DIFFERENTIAL FACTORS

o GALLIUM ARSENIDE
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PHOTOVOLTAIC OPTIONS

Highlights of the Photovoltaic Study and its basic options and suboplions are shown together with the primary issuces which
required resolution during the first study phase. Effort was directed towards addressing these issues within the constraints of the

satellite automated fabrication and assembly concept.
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Part I — Photovoltaic Options

e ARRAY TVPE &
CELL CONCENTRATION
TYPE RATIO CONFIGURATION ISSUES
SINGLE CRYSTAL SILICON COSTS/PERF
l'saucm Vst SILICON DEGRADATION
{ F\ & PERFORMANCE MAINTENENCE
/ SEMI- |
CONTIGUOUS ARRAY ?a%w' THIN FILM REFLECTOR
@“CR=2" | PERFORMANCE/DEGRADATION
GAAS COSTS & MATERIAL
GAAS NONCONTIGUOUS ARRAY AVAILABILITY
©“CR> 2" . GAAS DEGRADATION &
: — 1 | PERFORMANCE MAINTENENCE

TLANER | ¢ cPC PERFORMANCE

TRusS CELL TEMPERATURE
CONTIGUOUS ARRAY
@“CR=1" |
PERFORMANCE/COST/WEIGHT
THIN FI' M 4 DEGRADATION
POWER DISTRIBUTION

PLUS D LEO VS GEO TRADE

183



D180-22876-7

SOLAR CELL DEVELOPMENT -DECEMBER, 1976 STATUS
The **hest achieve ™ cell efficiencaies are those reported o' the 1976 Photovoltiue Specialists Conterence and the August. 1970
ERDA National Photovoltaic Conversion Program Review mecting. Ounly wlicon solur celis are w production. with 14.6 pervent

efficiency reported by Spectrolub for a hinuted quantity ot “sculptured™ cells.

Lificiencies expected in 1978 are based on Hpimions by the imves, vatoss. For example. J. M. Woodall ot 1BM predicted that he

would have 20 percent aie-mass-zero gallium-arsenide cells withm 4 yoar. Many workers predict 1a-peree 1silicon cells,

The probable 1987 ¢fficiencies are our own predictions, based oy, past progress and theoretical imits.
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Solar-Cell Development——August, 1977 Status
Cell Types Pertinent to Solar Power Satellites

_AIR MASS-2ERQ CONVERSION EFFICIENCY, PERCENT

PRODUCTION
CELLS

Tvee .  _m8m

GALLIUM ARSENIDE SINGLE CRYSTAL 17

SILICON

CALMIUM
SULFIDE

In/P/in8n0O

CuinSe
Cd/CulnSe

THIN FILM

SINGLE CRYSTAL 14.6
POLYCRYSTAL
THIN FILM
METALLURGICAL
VERTICAL

JUNCTION

SINGLE CRYST/ .

THIN FiLM

SINGLE CRYSTAL

THIN S1Lm

THIN PILM

TANDEM
JUNCTION

BEST

18.8
12

186
120

6.0
13

88
15

6.7
L

62
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ACMIEVED 1978

21
18

18
14
12
10
%

17
10

17

L

"
L

PRIRABLE THEORETICAL
1087 LIMIT

{

NOTES

HUGHES ACHIEVED 17.6%
IN 2x2om SPACE CELLS.
BEING DEVELOPED BY
JPL, VARIAN, SMU, MIT
LINCOLN LABS FOR ERDA

WOLF GIVES 19% COAL

CLAIMED TO BE
RADIATION RESISTANT

(?) IN RESOURCES

SPLUTTERED, SCHOTTKY
BARRIER, BELL LASS

BEING DEVELOPED
AT BOEING
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SPECTRUM OF PROTONS INCIDENT ON SOLAR CELLS

tsing Prof Webber™, solar activity predictions, we calculate that in 30 years in geosynehronous orbit a silicon solar celi under o
. ! ¥, z L

150 um (6 mab) fused silica cover will be exposed to the equivatent of 2.26 x 10! protons iaving greater than 10 M Y energy.

The spectrum ot the protons is plotted here, with fluence us a function of proton encrgy. Note how copious are the lov energy

protons. when compared with the high-energy ones
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Spectrum of Protons Incident on Solar Cells

P INEG =

109
oL\ Normalized te § x 102 protons (> 10 MeV)
19" \e Geosynchronous orbit
107 o
L
om< - MeV
106 o
108 |-
104 1 ] y
0 20 100 200 280

PROTON ENERGY (MeV)
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DAMAGE EQUIVALENT OF PROTONS
‘The previously derived proton fluence was converted into its equivalent one-MeV clectron fluence by applymg the §/F equivalence
plotted here. in layer by layer of the solar cell. Ap alternate, but more gross, conversion could have heen made with the curve

from the solar cell Radiation Handbook, plotted as a dotted line for reference.

The one-MeV electron damage coetficient, when plotied in the units shown, would be around IU"O. indicating that protons are

some 1000 tmes as damaging uas electrons.
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Damage Equivalent of Protons

SOSING mmmm——

~
\\ - e s = COMSA.I‘ KL

108 |
PROTON
DAMAGE
COEFFICIENT

1077 |-

10.8 a1 il Lot il a1 eaul 3 21y

0 1 10 102 108

PROTON ENERGY (MeV)
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PART J ANNEALING SUMMARY

Although the data was somewhat limited, inj-at data was receved for every anncabing issue and is smumarized here,

A largi r data base is needed on all anncaling issues exnecially the temperature/time relations. percent recovery of radiation damage.
and the vifects of repeated annealing.
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Annealing Summary

y e -

® PROTON vs ELECTRON DAMAGE

e TEMPERATURE/TIME RELATIONSHIPS
e SUBSTRATE COMPATIBILITY

® % RECOVERY

DATA BASE:

SIMULATION PHYSICS: RESEARCH & TEST
HUGHES: RESEARCH®

INPUT:

e ANNEALING IS FLUENCE DEPENDENT—PROTON DAMAGE REQUIRES HIGH
TEMPERATURES (600°C+)

e TEMPERATURE IS PREDOMINANT PARAMETER

e DIRECTED ENERGY APPROACH PROMISING FOR BOTH EFFICIENCY &
SUBSTRATE COMPATIBILITY
¢ RECOVERY WILL APPROACH 100% WITH PROPER DESIGN

o LOW TEMPERATURE GAAS ANNEALING PROBABLY NOT APPLICABLE TO
PROTON DAMAGE

*HUGHES CURRENTLY INVOLVED IN RADIATION DEGRADATION TEFT
PROGRAM FOR USAF
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GaAs INPUT SUMMARY -HUGHES

The Hughes input on GaAs is summarized here in key areas. Of significance was the luck of duta base in areas critical to SPS
applications. The resolution of these issues could result in o GaAs SPS with significant cost and mass advantages.
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GaAs Input Summary Hughes

o SINSLE CRYSTAL EFFICIENCY @ AMO = 20%
® THIN FILM (10 um) EFFICIENCY = SINGLE CRYSTAL EFFICIENCY

® GaAs MUCH MORE RESISTANT THAN 8| TO HIGH ENERGY PROTON
DAIMAGE

- & ELECTRON DAMAGE TO GAAS ANNEALS “OUT” @ 200-300°C
e GaAs $$ NOT EXPECTED TO EXCEED $1/g

© DATA BASE LACKING FOR: THIN FILM; RADIATION DEGRADATION;
ANNEALING
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THIN FILM REFLECTORS
A summary of the Part | reflector data used to evaluate the performance of a CR2 system is shown. Using the Project Able
radiation degradation data and the *“‘coupon data.” an initis! ideal reflectance of 0.85 will have degraded to 0.59 in 30 years. This
resulted in a geometric concentration ratio of 2.0 (CRg = 2), having an effective CR of 1.31 when compensated for solar cell

thermal degradation.

Also shown are some of the problems that must be taken into account if a reflector is used to concentrate sunlight on solar cells.
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Thin Film Reflectors

e “COUPON DATA"
— REFLECTANCE VS BEAM SPREAD
—~ REFLECTANCE VS STRESS LEVEL
— REFLECTANCE VS WAVE LENGTH
— REFLECTANCE VS INCIDENCE ANGLE
~ REFLECTANCE VS RADIATION/TIME
— REFLECTANCE VS ALUMINIZATION CHARACTERISTICS

e “REFLECTOR” PROBLEM/PERFORMANCE DEFINITION
— EDGE MARGIN FOR EVEN ILLUMINATION
—~ STRESS LEVEL VS “FLATNESS”
e MEMBRANE ANALYSIS
®© JOINTS o EDGES © TOLERANCES e TEMP AS
— REFLECTOR CREEP
— MECHANICAL PROPERTIES’ DEGRADATION
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SHADOWING AFFECTS STRING PERFORMANCE

This illustration shows the effect of shadowing on solar cell string output. The percent shadowing can be interpreted as cither the

percent of the array that is completely shadowed. the percent of reference illumination provided to a string compared to other
strings in the array or a combination of the two.

Uneven illumination may be caused by support members shadowing portions of the urray. edge marpins on thin film reflectors. or
objects passing in front of and shadowing the solar array.
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Shadowing Affects String Output
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PART 1 SILICON SYSTEM COMPARISONS

Several silicon systems were developed in Part 1 to show the efiect of the CRI vs. CR2, LEO vs. GFO construction. and powee

mantenance wenanos. An illustration of some of the systems developed for GEO construction is shown.

The main conclusion that can be made trom thas comparison s that a CR 1 system s more fuvorable and that anncaling presents a

large advantage 1in power maintenance. It anncalimg s not avarlable. array addition would b the next logical choice.
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SILICON =~ GEO ASSEMBLY

CR=2
U
30 YR, OVERSIZE ARRAY ADDITION mngl.!m
10 GW MIN, FOR 30 YRS, —_—
TOTAL AREA: 2831 Km2 2363 182.2 K
ACTIVE ARRAY AREA: 120.8 Km? 90.3 Km€ (1132.3 EOL) 88.4 K
MASS: 108,794 MT 86298 MT (100,480 EOL) 76,078 MT
PRODUCTION COST $~108  6844.0 61718 (6642.8 EOL) 8086.5
TOTAL COST $~106 18446.0 131846 (148114 BOL) 12148.2
ayen P2 o
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CR1 SILICON SATELLITE SENSITIVITY TO CELL PERFORMANCE

Silicon performance sensitivities, starting from u reference figure of 18% und dropping 24 per step. ure shown here. Even at 14%
efficiency there is not a dramatic chunge in either muss or cost. This indicates that achieving low vell vosts is much more
important than maximizing efficiency.
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Silicon Satellite @ CR=1 Sensitivity
To Cell Performance

bl

0830  (ex109)
T o nn
T (8x10% 1ing 1| Fya
72008 10838 sox| [ox
I = - e X F-1 - ey
war.| |cost war.| |cost wat| [cosT
! )
fn=18% Ne10% ne 1%

REFENRENCE 11% PERF) 22% PERF)
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PART 1-GaAs SYSTEM COMPARISONS

A similar trade was made on GaAs systems with major conclusions shown here. The CR-) vs. CR-2 trude is not as clear with GaAs
systems, {rom a mass comparison. The Jower gallium usage but higher system complexity and illumination problems with the
CR-2 system must be taken into account for a fair comparison. The advantuge of LEQ construction is apparent in the cases
shown.
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Part I — GaAs Configuration Summary

OHINEG wmmm——
reen Sahs — 10 GW MIN, FOR 30 YRS, V A ANNEALING
—LEQ ASSEMBLY SE0 ASSEMBLY
CRs=2 CR=1

TOTAL AREA: 104.9 Km2 71.7 Km2 664
ACTIVE ARRAY AREA: 65.9 Km2 71.7 Km2 664
MASS: 48820 MT 48113 MT 42180 MT
PRODUCTION COST: $~108 B027.4 8197.9 8028.4
YOTAL COST: $~100 8117.0 8313.0 8442.7

Po-os-2y aoaxee

— i
—f T_F'nﬂ
4

S
1
i
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PHOTOVOLTAIC ENERGY CONVERSION COMPARISONS

A matrix of the photovoltaic energy conversion candidates and the major system comparators, shown previously. was developed.
The viable candidates become apparent when compared in this fushion.

Single crystal silicon systems. CR1 and CR2, appear to be the best cundidates for the least amount of extrapolation. Thin cell
GaAs systems have the best overall characteristics but the question of gallium availubility is currently unresolved.
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Photovoltaic Energy Conversion Comparisons

O EIN G wm———

I A1l

SINGLE CRYSTAL CELLS
"“gg_",' MED FAIR PAIR MED GO0D G000 GooD Low
uu&qg MFD FAIR FAIR PAIR MED FAIR mMED GO0D wow
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PHOTOVOLTAIC SUMMARY
These are the conclusions with respect to photovoltaics at the end of Part |.

With respect to the cost of silicon solar cells, we found that the 20.5 billion 5 by 10 cm cells required for cach solar power satellite
would be manufactured in new automated factories which would be entirely difTerent from today's solar-cell production facilities,
and the cell cost would be more like the cost of today’s high-volume semiconductor products. The “mature industry® approach to
pricing indicated that the cost of the satellite would indecd be reasonable.

The weight and cost of the satellite was not too sensitive to solar cell performance. Practical satellites could be designed around
solar cells having efficiencies even as low as 16.5 percent. which is achievable today.

In concentration ratio trades, ihe non-concentrating array always came out best from cost and weight standpoints. The key lactor
was the radiation degraJation in reflectance of aluminized Kapton films. Project Able tests indicated that the 85 percent reflect-
ance of the aluminized Kapton films would degrade to 63 percent. with most of the degradation occurring within the first few
years of the 30-year projected satellite life.

Work done by Simulation Physics. Inc., showed that in solar cells the radiation damage caused by solar-flare protons can be
annealed out, avoiding the loss of some $16 billion of power siales revenue. Laser light, electron beams and infrared radiation are
possible heating methods. Thermal annealing is worth developing.

Low-earth-orbit turned out to be the most practical place to assembly to the solar power sateHites, provided electric thrusters
could be used to transfer the completed satellite to geosynchronous orbif. Geosynchronous-orbit assembly required shipping huge
quan‘ities of propellants to low-earth orbit. Essential to the low-earth-orbit assembly approach is the thermol annealing of radia-
tion damage occurring during transit through the Van Allen radiation belts.

Gallium arsenide solar cells were found to be advantageous because of their probable 21 percent conversion ¢fficiency and their
moderate loss in performance as they became warmer. However, gallium availability turned out to be questionable. Gallium was
not concentrated sufficiently in sca-water to be worth recovering. Gallium is at present a by-product of aluminum and zinc refin-
ing, with coal fly-ash being a potential source. The projected United States coal consumption and aluminum production will not
be great enough to support the construction of several solar power satellites per year unless the gallium arsenide layer in the solar
cells is made thin, say under 10 um. ERDA has funded Batclle Northwest to carefully mvestigate gallivm availability.

Some work has suggested that radiation damage in thin layers of gallium arsenide can be inncaled out ai fairly low temperatures -
perhaps at only 1250C. Also, gallium arsenide cells are more resistant than silicon sotar cells to radiation damage. making them
more applicable to powering the transfer of a completed solar power satellite from low-eurth o1bit to geosynchronous orbit.

Thin film solar cells, many types of which are being developed by ERDA. are characterized by preat but unproven potential. Their
low weights and thin cross-sections make possible ideal satellite design. Some offer the potential of good efficiency. for example.
15 percent in single-crystal indium-phosphide/cadmium sulfide. However. the generation of sizeable crystals on thin lilms has not
yet been realized. The best achieved efficiency in other than single-ceystal cells has been around 8 percent for cadmium sulfide
which has not yet been proven to be stable in performance.
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Part I — Photovoltaic Summary

® SILICON COSTS NOT “TOO HIGH”

® SILICON SYSTEM NOT SENSITJVE TO CELL PERF ORMANCE
® CR1PREFERABLE TO CR2

© ANNEALING CRITICAL TO SILICON SYSTEM

® LEO ASSY & SELF POWER SHOW TO ADVANTAGE WITH ANNEALING

38
® GALLIUM SUPPLY & $8 IN QUESTION 'é%
® GAAS THIN FILM CRITICAL TECHNOLOGY %%
© IF GAAS SUPPLY & THIN FILM OK—GAAS ATTRACTIVE & NOT AS %‘;
SENSITIVE TO ANNEALING OR LEO/GEO TRADE

© OTHER THIN FILMS LOOK COMPETITIVE BUT NEED IMPROVED DATA BASE
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PART | RECOMMENDATIONS
The conclusion of Part | of the study was the recommendation of a system to define to a greater depth for the reduction of uncer-

tainties in size. mass and cost in Part II. The main recommendations were the result of trades conducted on the various candidates
and the comparative factors discussed previously.
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Part 1 — Recommendations

O IN LG wmmmumumnms

©® RECOMMEND SILICON, CR1, ANNEALABLE SYSTEM

® BEST DATA BASE — LEAST AMOUNT OF EXTRAPOLATION
LOWEST SYSTEM COMPLEXITY
BEST CANDIDATE FOR REDUCTION OF UNCERTAINTIES
CR-2 ONLY PROVIDES A CR g4 ~ 1.31

e REFLECTOR/UNEVEN ILLUMINATION PROBLEMS

©® CARRY GALLIUM ARSENIDE AS ADVANCED TECHNOLOGY SYSTEM

® HIGHER EFFICIENCY — LOWER DEGRADATION
¢ MATERIAL AVAILABILITY
¢ THINNER CELLS REDUCE USAGE

@ DISCONTINUE THIN FILM CANDIDATES

® INSUFFICIENT DATA BASE
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PHOTOVOLTAIC SATELLITE-INITIAL PART Il O8JECTIVES

These program objectives pertain to the solar array for the initial Part It effort. An additional level of depth was needed for the
solar array, array primary structure, and power distribution. To generate baseline designs. we adopted a cell size and type. a cover
and substrate material, and an interconnecting technique. An important consideration was appropriatencess to automated manufac-
ture. With the blanket designed we could then proceed with preliminary designs of primary structure. and buses and control for

carrying the power from the solar array to the rotary joint. Minimum manhours in orbital assembly was an important requirement
of the structure.

Other areas requiring definition included microwave power transmission system. attitude control. secondary structure. and rotary
joint. The rotary joint turned out to be sensitive to brush voltage drop. which represents heat that must be re-radiated away.

We investigated gallium arsenide solay cells further, particularly with respect to their use in concentrated sunlight. considering the
refleciors, supporting structure, and performance during anticipated mis-orientations.

An important key issue in the use of silicon solar cells is anncalability. Many years ago the U.S. Naval Rescasch Laboratory
demonstrated thut radiation damage can be anncaled out of silicon solar cells. However. no one has anncaled cells repeatedly, so

we do n.’ know what is the unannealable fraction of radiation damage  More work in this ficld is reccommended.
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- Photovoltaic Satellite
Initial Part II Objectives

AV EINEG Smumwm—

ElE \MPROVE REFERENCE SATELLITE DEFINITION
® PURSUE THOSE AF As ALREADY DEFINED TO AN ADDITIONAL LEVEL OF DEPTH:
® SOLAR ARRAY
o PRIMARY STRUCTURES
e POWER DlSTRléUTION
© DEFINE THOSE SIGNIFICANT AREAS PREVIOUSLY ACCEPTED FROM JSC GREEN BOOK
o MPTS
® ATTITUDE CONTRO!
o ScCONDARY STRUCTURE
® ROTARY JOINT
@l PURSUE GAAS ISSUES OF SUPPLY AND HIGHER CR’s
Sl PURSUE KEY ISSUES
o SILICON ANNEALING
® COST DATA BASE
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DECISION CRITERIA

Obviously a full prehiminary design of the solar power satesite is not possible with the availuble lundimg. However, the available
resources do permit in-depth explorations of those portions of the design that significantly contribute to the uncertaintics of i3, a8
and cost

As an example. previous work was hampered by lack of a duta base tor thin-film solar cells. Additional nvestigation revealed tiat
at this time a data base on thin-him cells 1s not possible becavse the necessary inventions and developed processs aren’t heee y L8,

However, in other development work, the single-crystal sshcon solar-ceit technology had advanced to the pomnt where 12.5 percent
efficiencics are being obtained with S0 gm thick celis, and the COMSAT-invented techniguv of texturing solarcell surfuces tumed
out to improve hardness to radiation.

Other sources of uncertamty . which resulted from design complexity and analytical ditliculty e flikewse been resobved. The
resulting array concept s e which 1s achievable with reasonable extrapolation of the present state-ol-the<art. rather than sequir-

INR new iavention.
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Decision Criteria

wm DESIGN SELECTION RATIONALE
- TIED TO STUDY PHASE OBJECTIVES
- LIMITED BY RESOURCES

@ REDUCTION IN THE UNCERTAINTY OF
SYSTEM MASS & COST REQUIRES:

.o REDUCTION OF TECHNICAL UNCERTAINTIES
INTRODUCED BY;

e LACK OF DATA BASE
e DESIGN COMPLEXITY
e ANALYTICAL DIFFICULTY

e WITHIN REASONABLE PERFORMANCE BOUNDS

213
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PART 11 INFORMATION UPDATES
In an advancing tzchnological society there is a continuous increase 1in technology items  Shown her are wamne of the areas that

needed updates for the reference system selection. The charts following this will discuss the mnformation vpdates in cach area and
show what effect, if any. that they have on the sclected system.
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Part II Information Updates

® THIN FILM REFLECTOR DEGRADATION
® LOWER RADIATION DEGRADATION FOR 2 MiL SILICON CELLS

® SOLAR CELL UPDATES
o EFFICIENCIES

¢ THIN FILM GALLIUM ARSENIDE BREAKTHROUGHS

® ANNEALING UPDATE

215
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THIN FILM REFLECTOR DEGRADATION UPDATES

Recent data, from tests at JPL. show that there 1s an insigmificant amaount of thun film reflector degradation in a radiation cnviron-
ment similar to that in geosynchronaus ortt This gs o eignificant Jhange from the 30% degradation of reflectance that was used in
the CR-1 vs CR-2 trade

The effect of this update on the CR-1 vs CR-2 trade 13 also insignificant because the major portion of the performance degradation
on the CR-2 system was due to the mgher operating temperature not reflector degradation. The rellector degradation has o

secondary effect

The lower degradation of reflectance results in a Ingher FOL operating temperature tor the solar cells  This resulted in an etiective

voncentration ratio of 1.36 . nstead of 1.31 shown at the ¢nd of Part 1.
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Thin Film Reflector Degradation

® LOWER DEGRADATION ON THIN FILM REFLECTORS

® 0% vs. 30% PROJECTED FROM PROJECT ABLE DATA

® EFFECTON CR1-CR“2” TRADE

¢ PART ICRy = 1.31 INCREASES TO CR 4y = 1,36
® CR1STILL APPEARS TO BE BEST CHOICE FOR SILICON

217
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THIN CELLS EXHIBIT LOWER RADIATION DEGRADATION

A significant update was received in the area of radiation degradation of silicon solar cells. 1t had been stated previousty that
thinner solar cells exhibited lower radiation degradation but no information was available to demonstrate the effect of solar cel)
thickness on degradation.

Since we had gone to thinner solar cells (50 ym) to reduce system mass, it became necessary 1o reinvestigate the area of solar ccll
radiation degradation. A plot was made of radiation degradation at various fluences as a tunction o1 solor cell thickness. Thai data
was obtained from JPL’s “*Solar Asray Design Handbook.” The curves that were developed. whien extrapnlated to a 2 nmul cell
thickness, showed 2 significant reduction in radiation degradation. Information was glso publfished by Sofarex on the radiation

degradation characteristics of “ULTRA-THIN' 2 mil cells. also shown on this chart.

The effect of this data is that anncaling. although still very advantageous. is not as critteal an issue as previously reported.,
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Thin Cells Exhibit Lower Radiation Degradation
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SOLAR CELL UPDATES

Other solar cell updates were recognized in the arcas of cell efficiencies and in large grain growth on thin polycrystulline gallium

arsenide films.

In silicon solar cells, an update was the achievement of 12.5 pescent efficiency in SO um (2 mil) cells. Even though in our refer-
ence system, we used a 2 mil cell with 15.75 percent efficiency, an efficiency of 18 percent is probable by 1985 for this solar cell.

In gallium arsenide solar cells, John C. Fan of MIT's Lincoln Labs has uchieved a 20.5 percent efficient homojunction solar cell in

AM1 sunlight. He projects a 22 percent efficiency by optimizing the cell contacts.

A 16.2 percent efficiency has been reported in JPL's AMOS (polycrystalline) solar cell by Stirn and Yeh. Lincoln Labs has also
grown 25 um diameter crystallites on films 2 um thick by heating with a laser beam.

81 JOVd TVNIONQ

ALITVAD 9004 Jd0
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Solar Cell Updates

® SOLAR CELL EFFICIENCIES
@ SILICON

¢ 12.6% ACHIEVED FOR 2 MIL CELLS

@ GALLIUM ARSENIDE

® 20.5% ACHIEVED IN HOMOQJUNCTION CELLS
® 22% PROJECTED WITH OPTIMIZED CONTACTS

® 16.2% ACHIEVED IN SLICED POLYCRYSTALINE CELLS

@ THIN FILM GALLIUM ARSENIDE

¢ LARGE GRAIN GROWTH FROM LASER RECRYSTALIZED POLYCRYSTALINE GaAs FILM
® 25 um GRAIN DIAMETER ON 2 ym THICK FILMS
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ANNEALING UPDATES

A technica) effort is being accomplished by Boeing and Simulation Physics. Inc. snder Boeing subcontract to achieve a better
annealing data base. This effort is in work at this tune and the results will be made available after more work lias been
accomplished.

t
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Annealing Updates

M FINE Supummm—

® TECHNICAL EFFORT-ANNEALABILITY OF RADIATION DAMAGE IN BILICON SOLAR CELLS®
o LASER ANNEALING
o CONVENTIONAL SOLAR CELLS WITH ELECTROSTATICALLY BONDED 7070 GLASS COVERS
o TITANIUM SILVER CONTACTS
¢ DEEP JUNCTION SOLAR CELLS WITH ELECTROSTATICALLY BONDED COVERS
® 50 um SOLAR CELLS WITHOUT COVERS
SELECTRON BEAM ANNEALING

® SOLAR CELLS WITH 76 um COVERS

"SIMULATION PHYSICS, INCORPORATED (SPIRE), UNDER BOEING SUBCONTRACT
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REDUCTION IN GALLIUM REQUIRED FOR CR>2 PHOTOVOLTAIC SYSTEM

Shown here s (he possible reduction in the gallium required for a photovoltaic SPS by increasing the (‘Rg. A ('Rg = 6.0 gallium
requirement was calculated for a GaAs. CYLINDRICAL CPC system. For this cese approximately 450 MT/satellite of gallium is
required, so for a production of 4 satellites/ycar, 1800 MT/year of gallium would be needed.

Possible annual U.S galiuin production quantities are from “Avaijlability of Gallium and Arsenic™ by Dr. R. N. Anderson. A

recovery of 307 of thy galhum available from bawxite and coal fly-ash would supply the necessary amount of gallium for tour

SPS’s per year.
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Reduction in Gallium Required
for CR > 2 System

V7.7 7/ /& ]

ANNUALLY AVAILABLE

GALLIUM FROM U.S. PRODUCTION
OF ALUMINUM AND COAL
FLY-ASH

——————————————————————— 100% RECOVERY

GALLIUM
MASS ROMT.

GALLIUM USAGE BASED ON
(MT)

10 uM GAAS SOLAR CELLS

1000

— = = == 10% RECOVERY

1.0 2.0 3.0 4.0 5.0 6.0
CONCENTRATION RATIO, GEOMETRIC
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PART Il RFFERENCE SYSTEM ENERGY CONVERSION/SIZING

These are the factors used in calculating the solar array power output. We start with solur cells having 15.75 percent cffiviency.
To th., we add a 10 percent improvement, which could be achaeved by any one of several means. For example. A. Meulenberg of
COMSAT Laboratories estimates that the sawiooth cover that he invented will improve the efticivocy of solar cells by 8 to 12
percent.

The blanket factors of 0.9453 account for the power losses shown. The individuat elements of the blunket Tactors wilh change. but
the product will probably remain around 0.9453.

Tne summer solstice loss accounts for the 23.5 degrees mis-osivntation with respect to the Sun's rays. This loss could be avoided
by having *he satellite oriented perpendicular to the veliptic planc. but the cost in thrusters and propeliants required for attitwde
control in that mode shows 1o no real advantage.

Thle aphelion intensity lactor accounts for the reduced solar intensity when the Larth is at its aphelion, around the liest part of
July.

The temperature losses result from the solur cells operating between 36.50C and 409C, rather than at the 259C at which cell effi-
ciency is commonly tested.

The output is further reduced by 3 percent to account for radiation damage that cannot be removed by taermal anncaling. In past
tests. 95 percent of the radiation damage in solar cells has been annvialed out, even though the cells had not been designed for
thermal anneahng. There is no theoretical reason why all of the rudiation dumage in solar cells cannot be annealed out, anncaling
temperatures of around S000C being well below the 800°C region where ditfusion of impurities sturts. On the other hand. the
operating plan for the solar power satellite involves repeated anneibings. winch have not been attempted by anyone, as far as we
know.

The gower requirement of 17.55 X 109 watts was based on supplying 16,43 X 109 watts to the slip rings und compensating tor
bus I-R losscs. Another one percent was added to this power in the caleulation of soliar ¢l arca to provide power regulation.
auxiliary power, attitude ~ontrol and vneegy storage.

The other items include the lost area factors consider2d Tor ¢ach case. Thus information was used in the formulation of final refer-
ence system sizing.

dVNIOL;. |
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Part II Reference
System Energy Conversion/Sizing

OEFINEG wwmmwmun

OUTPUT = wM2

® BASIC CELL PERFORMANCE © AMO-25°C (.1575) 213.9

® 10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS {,1733) 2344

o BLANKET FACTORS (,0453) 2218

(STRING 12R, UV LOSSES, & MISMATCH)

® SUMMER SOLSTICE COSINE LOSS (.9190) 203.6

® APHELION INTENSITY FACTOR (.9678) 197.0

© TEMPERATURE LOSSES (36.6°C @ SUMMER SOLSTICE = 0,9840) 188.0

® 30 YEAR NON-ANNEALABLE RADIATION DEGRADATION (0.970) 182.3

e POWER REQUIRED TO BUS (INCLUDES 12R LOSS) 17.85 (10)® WATTS

@ SOLAR CELL AREA (1% OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 97.3km? S0
REGULATION, AUX. PWR & ANNEALING CAPABILITY) § t:
® ARRAY AREA (CELL, PANEL, STRING AND SEGMENT LOST AREAS) 102.5 km? g :-.3
H g

@ SATELLITE AREA (BEAM, CATENARY & ATTACHMENT LOST AREA FACTOR) 112.8 km?

| )
[ %)
~
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PHOTOVOLTAIC REFERENCE CONFIGURATION

This flustration shows the overaill ditnensions of the Photovoltaic Reference SPS. 1t is made up of 8 modules each 3300 meters by
2680 meters. Each of the modules are made up of 32-660 meter square bays. When assembied, the system will hiave an aspect
ratio of four.

The basic bay size has decreased from a 680 meter square to o 660 meter square 1o compensate for the revised solar cell area
requirements and lost area factors.

- ORIGINAL PAGE B
OF POOR QUALITY
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Photovoltaic Reference Configuration

DOLING —=————

266 BAYS
660x66G m

——1 ro— G&O m TYP

i

660 m TYP

|

~— 400m

TOTAL SOLAR CELL AREA: 97.34 Km2
TOTAL ARRAY AREA: 102.61 Km?

TOTAL SATELLITE AREA: 112.78 Km?2
OUTPUT: 16.43 GW MINIMUM. TO SLIPRINGS
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LOW-COST ANNEALABLE BLANKET STRUCTURE

A silicon solar cell must be provided with a cover to increase front-surface emittance from around 0.28 to around 0.85. and to pro-
tect the cell from low-energy proton irradiation. Cerium-doped borosilicate glass is o good cover material because it costs only a
fraction of the best alternate, 7940 fused sihica. matches the coeflicient of thermal expansion of silicon. and yet resists darkening
by ultraviolet light. Borosilicate glass can be clectrostatically bonded 1o silicon to form a strong and permanent adhesiveless joint.
In ATS-6 flight tests the cells having integral 7070 borosilicate glass covers lost only 0.8 £ 1.1 pereent of their output because of
ultraviolet degradation. These cells had no cover adhesive. Other cells having cell-to-cover adh sives degraded twice as much. Jena
Glaswerk Schott & Gen Inc., in West Germany expects to be able to manufacture 75 um borosilicate glass sheets one meter wide
by several meters long.

The cell cover is embossed during bonding with grooves wnich refract sunlight away from the grid lines and buses on the cell sur-
face. COMSAT Labs expects an 8 to 12 percent increase in cell output trom this leature in cell covers.

Solar cells only 50 um thick recently made by Solarex had an air-mass-zero efficiency of 12.5 percent without a backsurface field
or anti-reflection treatnient. Texturing the sun-facing surface akes the incoming light arrive at the back surtace of the cell at an
angle of over 319, so the light rays that have not been absorbed are reflected off the back surface with virtually no loss, the critical
angle in a silicon-air junction being 15.3 degrees. This feature not only improves photon collection efficiency. when compared
with thicker cells, by lengthening the light path in silicon for infrared photons. but also improves radiation resistance. Since all
charge carriers are generated within 50 um ot the P-N junction which is 0.2 um under the sun-fucing surface. the cell can abhsorb
radiation damage until the diffusion length in the bulk silicon is reduced to 50 ym by radiation-generated recombination centess.

The cells are desigred with both P and N terminals brought to the backs of the cells. This feature makes it possible to use simple
50 um silver-plated copper interconnections which are formed on the substrate glass. Complete panels are assembled electrically
by welding together the module-to-module interconnections.

Glass was chosen tor the substrate because it makes possible annealing out radiation damage by heating. With all glass-to-silicon
bonds made by the electrostatic process there are no clements in the blanket which cannot withstand the 5009C annealing temper-
ature which at present seems to be required. One rescarcher suggests that S009C may not be needed for annealing out the radia-
tion damage from solar-fla.e protons. However. his theory has not yct been confirmed by experiment.

ORIGINAL PAGE B5
OF POOR QUALITY
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‘Low Cost Annealable Blanket Structure

MEIRING mmmumm—

GROOVES REFRACT LIGHT AROUND
GRID FINGERS

\ e SR
:833:"_2 IST \\‘ WMI/IM/[MIMIM/M/[/[MIIII”A 7”1/////1////1/1.
FONNECTION / pa CELL-TO-CELL
INTERCONNECTOR
euss COVERING ON BACK OF CELLS, 60 um THICK,
ELECTROSTATICALLY BONDED

SILICON SOLAR CELL, 5 CM BY 10 CM, B0 uM THICK, TEXTURED TO
PRODUCE OBLIQUE LIGHT-PATH, 2 £1-CM FOR HIGH EFFICIENCY,
N AND P CONNECTIONS ON BACK

CELL COVER OF 756 uM BOROSILICATE GLASS, ELECTROSTATICALLY BONDED IN HIGH-VOLUME
EQUIPMENT, CERIUM DOPED TO GIVE ULTRAV!OLET STABILITY

INTERCONNECTORS: 12.6-4uM COPPER. WITH IN-PLANE STRESS RELIEF, WELDED TO CELL CONTACTS
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PHOTOVOLTAIC REFERENCE CONFIGURATION, SOLAR ARRAY FUNDAMENTAL ELEMENT. "BLANKET PANEL™

This is the basic panel adopted for dessgn studies 1t} as o matnix of 252 solar cells. cach 6 4 by 7 7 ¢cmin size. connected in
s "-ps of 14 cells in paralle) by 18 celis in series  The cells are clectrostatically bonded between two shecets ot borasilicate glass.
Spacing between celt and edge spacings are as shown  Tabs are brought out at two edges of the panel for electrically connecting

paneis in series. Cells within the panel are interconnected by conducting clements printed on the glass substrate.
Iimporiant panel requirements were these
® The panel components and processes should be compuatible with thermal annealing at 5000C.

®  Presence of chargevxchange plasma duning 1on-engine operation may necessitate msulating the clectrical conductors on the

pan.l.

e  The panel design should be appropniate for the high-speed automatic assembly required for making the some 78 million

panels required for each satelhte
® Low weight and low cost are important

The glassencapsulation technology . while not in use today. seems to be achievable by 1985 Simulation Physics has made excel-
lent electrostatic bonds of covers to cells Schott in West Germany s making thin niicroscope shides trom borosiic ate glass The
alternate panel design. using adhesives *or bonding cells. covers and substrate. muy ulo be teasible by 1985 Today polyphenylicne
sulfide adhesives can operate a1 3200 und polyphenyl queroxaline adhesives are good tor 3700C  Also some ol anr research
suggests that a temperature of SOO0°C may not be needed tor annealing out the Cluster detects prodaced in solai cells by solar-flare

protons
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— Photovoltaic Reference Configuration
= Solar Array Fundamental Element

s (13 11
Ps > Blanket Panel
MO FINE =———
$93.1300 # CELLS/PANEL : 2952
o 14 CELLS INPARALLEL WiLL TOLERATE WGT/PANEL : 426 GRAMS
___L PANELS/SATELLITE : 78,388,738
pe 1103 em —= 176 ym
Lem "'{
' -1t
i B8em
) ELECTRICAL
INTERCONNECT
18 CELLS |==F
IN SERIES |

128 um COPPER

!NTERCOHNECT
PATTERN

{RALCKSIGE) — -!—

l___ NO SCALE
14 CELLS INPARALLEL, —e
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PHOTOVOLTAIC REFERENCE CONFIGURATION-PANEL TO ARRAY ASSEMBLY

Shown here is the way panels would be assembled to form larger clements of the solar array. The interconnecting tabs of one
panel are welded to the tabs of the next panel in the string, and then the interconnections are covered with a tape that also carries
structural tension between panels. After joining, the panels are accordion-folded into a compact package for transport to the low-
Earth-orbit assembly station.

The 0.5 cm spacing between panels provides room for the welding electrodes. and also permits reasonable tolerances in the large
sheet of 75 um glass that covers the cells and the 50 um sheets of substrate glass.

ORIGINAL PAGE 1§
OF POOR QUALITY

234



D180-22876-7

- Photovoltaic Reference
Panel to Array Assembly
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PHOTOVOLTAIC REFERENCE-SOLAR ARRAY ARRANGEMENT AND ATTACHMENT
This illustration shows a typical 660 meter bu: and the method by which the solar cell blankets are supported within the bay.

The solar array panels are supported by a snain web support system which attaches to the satellite structure at 20 meter intervals
around the perimeter of the 660 meter bay. Further web support is provided by the catenary.

Thermal expansion and contraction are accommodated by use of a spring loaded pision cylinder that provides a constant foree to
the solar array support system. This arrangement also provides for a movement of up to 2 meters, in both x and y directions,
which may occur due to LEOQ-GEO transfer acceleration of I0'4g.
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ﬁ\fg Photovoltaic Reference

~— END SEGMENT
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PHOTOVOLTAIC BLANKET WEIGHT BUILDUP

The top of the chart shows the weights for the solar array blanket as reported at the time of the Part | final presentation. These
weights were based on a blanhet having Kapton as a substrate.

Our latest blanket design is compatible with thermal annealing of radiation damage. re~ulting in o signiticant seduction in array
area and consequently array weight and cost. The annealable blanket has a 50 zm glass substrate, electrostatically bonded to the
solar cells to avoid adhesives and plastics that can be degraded by thermal annealing. The silicon solar cells are 50 um thick. and

the cell covers are 75-um thick borosilicate glass. electrostatically bonded to the cells. Interconnections are printed on the sub-
strate glass prior to bonding.

ORIGINAL PAGE Ib
OF POOR QUALITY
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Photovoltaic Blanket Weight Buildups

DOEING wmmm——

SPS-1012
SILICON SOLARACELL BLANKET WEIGHT © PART | FINAL
ITEM DENSITY THICKNESS AREA FACTOR WEIGHT
15.G.) lg/ m2/marL) (MILS) (o/m?)
COVERS—FUSED SiLICA .20 56.88 2.00/3.00 0.966 107.96/161.94
CELLS-SILICON 236 59.94 4.00 0.968 231.61
INTERSCONNECTS~COPPER 8.94 227.08 0.50 0.200 22.711
SUPPORTING FILM-—-KAPTON® 1.42 38.07 2.00 0.900 32.48
ADHESIVE, GELLS TO FILM 1.40 35.56 0.60 0.900 1600 } 6268
ADHESIVE, KAPTON TO KAPTON  1.40 38.56 0.50 0.600 14.22
T [2miLs coveR THEORETICAL WEIGHT 424.96/478.94

smiLs | amLs cELL TOLERANCES & INSTALLATION (15%) 63.74/ 71.86

E————— | 2MILS BLANKET &
| INTERCONNECT ESTIMA fEC: ACTUAL WEIGHT 488.7/550.8
AVAILABLE BLANKET @ PART Il MIDTERM
CUVERS—FUSED SILICA 220 55.88 30 10 167.64
CELLS-SILISON 23 59.94 20 0.9607 115.17
"INTERCONNECTS—COPPER 8.94 221.08 5 0.100 135
SUBSTRATE—FUSED SILICA 220 66.88 20 1.0 1mM.76
THEORETICAL PANEL WEIGH S 40692
N 3 MILS COVER TOLERANCES ALLOWANCE (5%) 2030
[2miLs ceLL
2MILS SUBSTRATE & INTERCONNECTS ESTIMATED PANEL WEIGHT 424.22
PANEL AREA FACTOR (9913) 42251
CELL AREA 580,264 m2/BAY SEGMENTS AREA FACTOR (.9972) 42133
EA = m JOINT/SUPPORT TAPES 293 . .
PANEL AREA = 396,843 m2/BAY CATENARY SYSTEM 2.52 ORIGINAL PAGE IS
ARRAY AREA = 400,434 m?/BAY OF POOR & LITY
NO.OF BAYS = 266 ESTIMATED ARRAY WEIGHT 426.78
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PHOTOVOLTAIC REFERENCE CONFIGURATION-POWER COLLECTION

Long solar cell strings were adopted for the reference configuration to permit penerating the reguired voltage. around 40 kv,

directly from the solar array without inter/eming power electronics  The string length s around § | km

Current generated by the solar cells can be carried by conductors or by the solar cells themselves. The configurition shown here
uses the solar cells to the maximum possible « xtent for carrying the current It will be noted that no condudtors are needed for
bringing in the current from the edges of the array. the solar-cell strings being arranged in loops which start from one venter bus,

loop around the edge of the array. and return to the othier bus at the center of the atray.

Solar array power is controlled by vacuum circust breakers near the buses  Voltage 1s conter 'led by turning groups ot strings on or

off. depending on luad requirements

Two sections of the array provide the required voltage al the shp-rings using the sheet conductor voltage drop to achieve the

required voltage at the shp-rings. All solar cell steings are of the same design,
Power source "A” provides power directly 1o the Tifth stage of the Klystron depressed collector  Power source *B° provides power

directly to the fourth stage of the Klystron deprossed collector and to the MPTS doide vonserters which suprly all other Klystron

element power requirements.
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Photovoltaic Reference Power Collection

MBOEING s
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ORIGINAL PAGE B
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ANTENNA SUPPORT AND MECHANICAL JOINT AND WEIGHTS

The Antenna Support structure and mechancat rotary Joint are the structural intertuces between the basic satelhte structure and

the antenna yoke structure wiile providing for the 360° rotation of the antenna.

The Electrical Ship Rings are mounted at the center o) the mechamical rotary jomnt and provide for energy transfer across the rotat-

ing connection. Flexible conductors provide for encrgy transfer across the clevation jomnt on the antenna yoke.
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Antenna Support
Seg and Mechanical Joint Weights
\ |

BASIC

STRUCTURE

v‘l_ ANTENNA SUPPORT :ggxac'fa.&t
/N STRUCTURE
W\ YOKE STRUCTURE
w YOKE STRUCTURE

w
Y

R
)
|

MASS \ | ’<

ANTENNA SUPPORT STRUCTURE ~

53,000 kg \ — ANTENNA (REF)
MECHANICAL JOINT ~ 33,400 kg \ _/
YOKE ~ 41,200k T

TOTAL ~ 127,600kg

URICINAL PAGK IS
OF POUR QUALITY
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ROTARY JOINT AND MASS

The diameter of the rotary joint which was first designed was 350 mcters. Subsequent analysis of the silver required for the con
silver sup ring showed that over 5% of the silver reserves (known and projected ) was required for large slip rings. The smaller
design shown was developed to 1) reduce the required matenals, and 2) to fit into the launch vehicle payload envelope. This will

enable carth fabncation and check-out of the electnical shp ring prior to laung.
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Electrical Rotary Joint and Mass

ELECTF.ICAL ROTARY JOINT MASS SUMMARY

$L.17 RINGS -~ 11,810 kg
BRUSH ASSEMBLY -~ 1970kg
FEEDERS ~ 3.840kg
STRUCTURAL SUPPORT —  900kg
ASSY. & INSTL HARDWARE - 200k
| CONTINGENCY ALLOWANCE -~ 900kg
YOTAL - 19,800 kg

[—socm—f |

r locu
e m}f
b,
COIN SILVER
o e —\\'m Ag, 10% Cu

~

/___s-—oa‘.———-. ! V-V(/_ (STEEL)
7 el

, D i 8PRING

3
° P __NSULATOR
/ L\Ji\ - l/ (PORCELAIN)
SLIP RING ___ : '
(SEE DETAIL) ~—- BRUBH ASSY
EACH BRUSH ASSY/SLIP RING BRUSM A&ﬁl_

INTERFACE LOCATION
STAGGERED ON

T

16.0M

INSTALLATION
(SEE DETAIL

AND TABLE)
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REFERENCE PHOTOVOLTAIC INSTRUMENTATION AND CONTROL SYSTEMS

A preliminary Instrumentation and Control list was compiled for the power generation, distribution. and transimission systems. A
summary of the number of items in each major category for the powcer generation and distribution systems is shown.

ORIGINAL PAGE IS
OF POOR QUALITY
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Reference Photovoltaic
Instrumentation and Controls

D EFIN LS

CONTROLS | INSTRUMENTATION
POWER GENERATION
POWER SECTORS 1,162
SOLAR ARRAY STRINGS 36,224
POWER DISTRIBUTION
SWITCH GEAR 420 1,680
MAIN BUS .
ROTARY JOINT 104 149 ORIGINAL PAGE IS
DC.DC CONVERTERS 7 OF POOR QUALITY.
TOTALS® 524 39,279

*DOES NOT INCLUDE STATIONKEEPING, HOUSEKEEPING, OR ENVIRONMENTAL CONTROL AND
MONITORING SYSTEMS.
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PHOTOVOLTAIC REFERENCE-ATTITUDE CONTROL

For an ornientation perpendicular to the orbital plane the photovoltaic SPS attitude control equipment and propellunt masses are
listed along with the assumptions used in the calculations. A control authority margin of 20 percent was used in these calculations.

It was noted that the chemical propulsion requirement during equinoctal occultations resitlted in a small mass penalty.
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Photovoltaic Reference
Attitude Control

OOEING mmmm——

THRUST PRODUCTION EQUIPMENT 233 MT
POWER PROCESSORS 90.0 MT
INSTALLATION HARDWARE 18.8 MT
NON REOCCURING TOTAL 130.9 MT
ANNUAL PROPELLANT (ARGON) 48.0 MT/YEAR

1-YEAR TOTAL 178.1 MT

ASSUMPTIONS:

OPTIMIZED Igp ~ 20,000 SEC
SINUSOIDAL DUTY CYCLE (60 MW PEAK, 32 MW AVG)
PERFECT CONTROL LAWS (NOWASTED PROPELLANT)

CHEMICAL PROPULSION FOR CONTROL IN EQUINOCTAL OCCULTATIONS
{igp ~ 400 SEC REQUIRES 1.0 TO 1.6 MT/YEAR PROPELLANT)
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ANNUAL POWER VARIATION

The power output of a solar array depends on the intensity of illumination at the cells and the tempesature of the cells. the
maximum-power point of cells dimimishing as the cells become hotter  In geosynchronous orbit the temperature of the solar cell is

related to the intensity of sunhght for any given panel configuration

The sun 1s brightest at 1ts penhelion, which occurs around winter solstice when the onientation of the array is such that the sun’s
rays arrive at 23.5 degrees oft of normal incidence. The worst-case illumimation s at summer solstice where the 23.5-degree mison-
entation 1s accompanied by aphelion where the intensity ol sunhght 1s 0.967 of average. However. the solar array temperature s

aiso down, being 36.5°C rather than 46.0°C as at the spring and aviumn equinoxes.
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Annual Power Variation

O EINEG Smmuumm—m—

UNOCCULTED OUTPUT
1.10 - /_
1.05
POWER AVAILABLE
POWER REQUIRED 1% OVERSIZED FOR REGULATION
AND AUXILIARY POWER POWER REQUIRED
, 16.43 GW TO SLIPRINGS
1-w - anaas f oS eEmew—
C o4 '1 INCLUDES:
1. DISTANCE FROM SUN
yd 2. POP ORIENTATION CORRECTION
3. SOLAR CELL THERMAL CORRECTION
1 L] Li ¥ v 1 ] v L
[} 40 80 120 160 200 240 280 320 380

DAYS FROM SPRING EQUINOX
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PHOTOVOLTAIC REFERENCE CONFIGURATION NOMINAL MASS SUMMARY
The structural mass difference from previous analysis reflects a change in the structural ccncept and integration of the new sizing
cnteria for the Photovoltaic reference SPS. An all tubular beam section is now being used instead of a flat-tape. diagonally-
stabilized, beam section used previously. The secondary structure has been incorporated into the primary structure. The bay size
and member dimensions have been changed to be compatible with the new referance system.
The mechanical systems mass is composed of the mechanical rotary joint.
Investigation of the gravity-gradient torques and optimization of thrust 'sp led to a decrease in control system mass.
The mass of the solar cell blankets decreased due to a new blanket design consisting of 3.0 mil coversglass, 2.0 mil silicon solar
cells, and 2.0 mul silica substrate. Solar cell blanket decrease also resulted from lower radiation degraaation of the 2.C mil silicon

solar cells.

The increase in power distribution system mass reflects a change {rom the no longitudinal bus bar configuration te no lateral bus

bars and includes energy storage equipment.

The increase in MPTS mass reflects the inclusion of energy storage for antenna systems.

The growth used was 26.6% on the final configuration. This growth was the result of the uncertainty analysis that was performed.

ORIGINAL PAGE Ib
OF POOR QUALITY
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Photovoltaic Reference Configuration

‘Nominal Mass Summary
Weight in Metric Tons

OEING ——————"

CR=2 (10 GW B.O.L.) CR=1 (10 GW MINIMUM/30 YRS)
L ~ N/ —
PART! | PART! |[PARTH | PART I
ComPol NTATION| mi
NENT ORIE MIDTERM | rinaL FINAL _|MIDTERM| FINAL
1.0 SOLAR ENERGY COLLECTION SYSTEM | (38,616) (69,313) | (49,512) | (56,387) | (66184) | 61,782
1.3 PRIMARY STRUCTURE 2493 14,970 8,000 2334 €193 6386
1.2 SECONDARY STRUCTURE 189 209 209 209 - -
1.3 MECHANICAL SYSTEMS 40 40 4 L & L
1.4  MAINTENANCE STATION 86 - - - = =
1.6 CONTROL 340 340 340 40 150 7
1.6 INSTRUMENTATION/ 3 . 4 4 ) )
COMMUNICATIONS
1.7 SOLAR<CELL BLANKETS 25,748 37,502 34,11 51,897 | 47,319 | 43,780
1.8 SOLAF CONCENTRATORS 5,149 2,978 3.27¢ - - -
1.9 POWER D'STR\BUTION 2,670 3,180 3,532 1,689 2451 2% OMIGINVAL PAGE IS
Ou PCOR QUALLI
20 MPTS 15371 18,371 16,371 153N (24,384) | 25,212 QUALITY
SUBTOTAL 51,967 74,684 64,883 71,728 | 80,668 | 76,994
GROWTH {26.8 %) 25,994 37.342 32,442 36,884 | 20,142 | 20480
ToTAL 77,881 112,028 97326 | 107592 |100.7:C | 97,474
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MASS/SIZE UNCERTAINTY ANALYSIS

An important part of this section of the study was 10 provide the results of the unueripliety anslysis that was performed on the
reference photovoltaic $PS. A p' ¢ of the resuits of the uncertainty analysis on size and mass is shown,

it should be noted that the refrrence pomnt design had a rectentis output of 9.2 Gw instead of the 10.0 Gw that the nacertandy
ellipses use. This was caused by 3 freeze in the energy transmuasion power seguirements at the Purt 1 mid w.m. 1o allow a more
indepth sizing analysis of the energy conversion systenis. After thus was done. viuimges occurria i the trmsivssion system that
fower :d the réctenm output to 9.2 Gw,

The mass growth used in final mass summary was the mass growth shown op the uncertainty plot between the refrrence pomnt
design and the urcortainty analysis most probable mass point.

ORIGINAL PAGE Ib
OF POOR QUALITY
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Mass/Size Uncertainty Analysis Results

Fox- 7727 "7 -
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REFERENCE PHOTOVOLTAIC FINAL COST SUMMARY
The cost analysis on the photovoltaic SPS used a parametric cost model (PCM) to project the tlhicorctical first unit (TFU) cost. A
mature industry projection was applied to the TFU along learning curves to estimase the system costs for the various schemes

shown.

The LEO construction advantage is readily seen along with the advantages of increased production rates.
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Reference Photovoltaic Final Cost Summary

BOEINE ey

*INTEREST NOT INCLUDED

1SP8 PER YEAR 4 8P8's PER YEAR
wes NAME LEC CONST, | GEO CONST. | LEO CO'ST. | GEO RONST.
A1.01.01.00 | MULTIPLE/COMMON 8
PROD. COST (8 x 108) . 7 7% 760 861
A1.01.01.01 | ENERGY COLLECTION — L ____ .
N/A
A1.01.01.02 | ENERGY CONVERSION
0102 | Lo0D. COST ($ x 106) 3731 3ees 2783 2688
POWER DISTRIBUTION 82
AL01.01.03 | POWER DISTRIBUTIS) 138 133 78
MPTS )
A1.01.01.08 | pool coer (s x 106) 2876 2676 1962 1962
SUB TOTAL 8 x 16 ) 7442 7190 6587 6378
=g
INSTALLATION COST (8 x 10€) 7584 10908 5297 7648 g
g2
TOTAL COST *($ « 10€) 14,996 18,006 10,884 13,026 =
~
2
]
&7

ALrTYND
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Thermal Engine SPS

3
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D. L. Gregory
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SUMMARY

Of the thermal engine systems studied, the porassium rankins is the lightest near-term techaology SPS option. Our study resuits
show ii to be ligl ter. with this technology. than steam Rankine, helium Brayton or thermiovnic SPS systems. In the srea of solar
concentrators. we had previously anticipated approximaitely 30% deg-adation in the baselined 30 ycear Jife of the SPS. More recent
data has however. indicated that little or no Jenrwdation should be expected. Tharefore, none hax boen busclined. An investiga-
tior. ot potential materials for thermal engi e SPS tisage has indicated that some of the best materily aiv inn short supply. How-
ever, suitable options exist and these have been basclined  We have selected a turbine sizing of 12 megawatts. At this xize, 576 tur-
bines are required for a 10 GW output SPS. This turbiac size is approximately that of the SST engine purtially developed by
General Electric for the American SST program, und is uppropriate to the national fabrication capability. By the use of relatively
small heat pipes it has been possible to configure a radiator system which is sufficiently immune to meteroid penetration. At the
end of this study phase we indicate that the mass of the thermal engine SPS is approximately 80,000 metric tons and that the
average cost for one SPS at « rate of four per year is approximately 18 tillion doliars or 1,800 doliars per kilowatt produced on the
ground.
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Summary

D INE s

THE POTASS!UM RANKINE OFFERS THE LIGHTEST NEAR TERM
THERMAL ENGINE §PS

A PASSIVE SOLAR CONCENTRATOR WITHOUT ANTICIPATED
DEGRADATION HAS BEEN BASELINED

PROVEN, AVAILABLE MATERIALS ARE USED.

A TURBINE SIZING OF 32 MW OUTPUT PERMITS MANUFACTURE
BY ONLY A MODESTLY EXPANDED INDUSTRY.

A HEAT PIPE RADIATOR SYSTEM HAS ADEQUATE METEOROID
RESISTANCE

THE SATELLITE MASS IS APPROXIMATELY 80,000 METRIC TONS

THE SATELLITE COST FOR112 UNITS IS ABOUT $ 188 EACH
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A RANGE OF THERMAL CONVERSION SYSTEMS WAS INVESTIGATED

The steam rankine SPS would be an extremely heavy option  This s primanly because the maxnnum turbme inlet temperature is
in the neighborhood of 1.000 to 1.100 degrees Farenhest and the heat regection temperature 1s near the condensation point of
water. Consequently. the carnot efficiency is low and the realizable efficiency s even lower  Thermionie systems are also very
heavy This is becawn: tnermionic diodes and the interelectrode bushars required to coniect them e Foavy and the radiator
system required for excess heat rejection from the thermionic diodes is also guite heavy  Tive Brayton SPS e u helivm closed
cycle system, is a near con.petitor to the potassium Rankime system However, it is only competitive in erass with very lagh tur-
bine inlet temperatures. in *he vicinity of 1000 K i.c 25000k, This turbine infet tmperature is only acheesable with ceramic
matenals such as silicon carbide. This material 1s now 11 development but s not considered to be appropriate Tor basetine SPS use.
We have emphasized the potassium Rankine SPS in Part {1 of this study and dutails o) the results are concluded m the remainder of

this presentation.
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A Range of
Thermal Conversion Systems Was Investigated

O EING wmmm———

STEAM RANKINE EXTREMELY HEAVY
THERMIONICS VERY HEAVY
BRAYTON BEST WITH ADVANCED TECHNOLOGY

POTASSIUM RANKINE EMPHASIZED
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TECHNOLOGY TRENDS

In Part 1 ot thas study we put prigsary cinphasis on the Josed oy cle belinm Brayton svstoo with very lueh tarbine anfet tempera-
tures achieved by the use of ceranne turbimes Also dunng Port § we were studymy potassitny rankine steam rankine and therm-
1on1e systerns  The potassium Rankine system was seen as the closest competitor to the Brayton However, st was not untd near
tue end ot the Part Fstudy that the temperature optinsization of the potassvm ronhice syste was completed . When the ope.-
mum ycle temperature ratio was identihied 1t was tound that the potassium rankhme system was hgliter than the Brayton SPS cven
with relutively modest turbime indet temperatures tor the Rankine SPS ivestization of appropriate moatenals tor the potassium

rankine SPS fed to the selection ot o turbine et temperdture of 1242 K 017765 )
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Technology Trends

BOFING owemmmm—

STUDY PART 1
SYSTEMS WITH HIGH TECHNOLOGY:
¢ TURBINE INLET TEMPERATURES TO 1650K {2510°F)
® SILICON CARBIDE TURBINE ASSEMBLIES

STUDY PART 2
SYSTEMS WITH LESS ADVANCED TECHNOLOGY:

® TURBINE INLET TEMPERATURES TO 1242K {1776°F)
e NIOBIUM/MOLYBDENUM TURBINE ASSEMBLIES

DUE TO INCORPORATION OF POTASSIUM RANKINE SYSTEM
WITH PROPER CYCLE TEMPERATURE RATIO, PART 2
SYSTEMS ARE LIGHTER THAN PART 1
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REFERENCE RANKINE SPS DESIGN
A plan view of the thermal engine SPS s shown. This satellite has two 5 GW output rectennas focated on the north-south axis of

the satellite. The satellite 15 divided into 16 modules eich of which has 36 turbogenerators. tor 4 total of 576 per SPS. The satel-

hite flies in a perpendicular-to-echptic plane onentation at Jll times.
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Reference Rankine SPS Design

BOOEIN L smmm—

e  GROUND OUTPUT: MINIMUM
OF 10 GW (TWO ANTENNAS)

® POTASSIUM RANKINE
TURBINES (576/SPS})

® 16 MODULES
e C‘P.EP”ORIENTATION

e CONCENTRATOR AREA: 119 km2

® SYSTEM MASS
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LY
RANKINE CYCLE SCHEMATIC

The working fluid in the potassium rankine loop is potassium vapor in a portion of the loop and liquid potassium in the remamder.

Liquid potassium is inthoduced into the heat absorber tubes of the boiler located w thin the high tempueraturce cavity absorber.

Boiling produces potassium vapor which passes throughfhe turbine and docs the work of turning the generator which produces

the uselul power required for the SPS microwave trunsmitter and the power required o drive the clectromagnetic pump. Potays-

<ium vapor leaving the turbine is cooled by the expansion in the tusbine it is introduced into the radiator system whese it flows

through the vapor manifold into potassium throughpipes which are cooled by sodsum heat pipes  Condensation accurs in the

throughpipes ~o that liquid potassium s collected in the radiator outlet mamifold und flows to t ¢ clectromagnetic pump.
‘Q

: '
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Rankine Cycle Schematic

VS INE s
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DATA BASE DRAWS HEAVILY ON DEMONSTRATED TECHNOLOGY

The General Electric Corporation. our subcontractor for Runkine turhines, produced the dats shown con this chiart. We have base-
hined a turbine efficiency of 80%. This was demonstrated i tests in the late 1960°s at the Lewis Research Center. The B0 figure
is probably quite conservative tor lurge potassiin turbthes. In the anea of ¢rrosion control three promising methods were demon-
strated in he Lewis test. A total of nearly 800.000 hours of testing was acvumulated relative to potassium systems. Note thas this

includes a total of more than 10.000 hours of running tests on turhines amd more thun 10.000 hours of electromagnetic fewd pump
testing.
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Data Base Draws Heavily
.on Demonstrated Technology
(General Electric Data)

TURBINE EFFICIENCY: 80%; LeRc TESTS
EROSION CONTROL: THREE METHOOS DEMONSTRATED
POTASSIUM HARDWAR!:____K}
' - Potassium (800,000 houre tesstiag) Cosiua
] (223,000
Aflessarsh ce JPL | WASA-Lewvis | K ORNL L Other hours
testing)
Testiang hours sacumulated »)
Cerrosion test systeme: )
Jotiliag 1300 23 300 )] e=wne swee 62 800 12 000, | owwenes 3500
All~-liquid . 156 000 ——ee
Component test systems, boiliag 5900 19 600 | womee 1000 20001 4900 300 2400
Simulated poverplant systems . A %1000 |.. ove 10 200
Boilere . 7200 40 10| 1000 ‘1000 75 800 16 900 300 “¢000.
Turbines 3080 10 100 | =oweec | ocse 3 000 ] womcee 100 eoee
Soiler feed pumpe! ‘ )
Rlectromagnetic . 7200 34 600 3600 1000 26 900 4 900 3 300] - 35600
Turbine driven . . 5 000
Other pumps ) 5900 18 600] 23600 1600 $100] 1300) 37 600] owe=
Condensere 7200 40 100| ~1000 1600 75 800 | 16 900 300 5600
Seals . 30%0° 10 100 ‘
Bearing tests 3000 4 300 emwmue 1 600 cnve

‘xqeludoo testing bhours of Asrojet Wucleonice, Alliescn, Rocketdyns, United Muslear. g
'Xux\dn testing hours of Broockhaven, Aerojet Nucleonics, Westiaghouse Astromuclear.
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MATERIAL AVAILABILITY

The abundance data given on this ch rt were drawn from Department of Interior publications for 1973, The first of the general
rules shown states that since solur power satellites will not be available in large quantities until after the year 2000 it appropriate
that we baseline materials that will still be sufficiently aﬁ)undunl in that time period. Qur baseline SPS quantity for this study was
112 units, probably sufficient for U.S. electrical needs in the early part of the 21 century. However, moye umits may ultimately be
required for the United States. and up to a 1000 units or more for the world. Therefore. it is probubly appropriate that we do not
base line for SPS use a material such that 112 satellites would use over 874 of any world material resource. Rule 3 tends to mini-
mize the impact of SPS incorporation und the concomitant industrislization required. Turbine wheels and blades for potassium
Rankine turbines are baselined as using molybdenum. a wrought material. Silicon carbide could also be used. however, this
malenal is in its very euarly development stage und its probably too advanced to baseline  Turbine housing materials must be ductal
and weldable. Tantalum alloys would be idcal. however world resources are not adequate. Therefore. we have selected niobium,
also called columbium, for the baseline materisl. Cocinm would be an ideal runkineg vycle working fuid. 1t woukd result in the
turbines having fewer stages und a smaller disc diameter. However, the supplies of cesium are clearly not adequate for large scule
SPS usage. Potassium. an abundant material hus been baselined.
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‘Material Availability

SPe-1148

® GENERAL RULES: 1) MATERIAL TO QE PREDICTED TO BE “SUFFICIENTLY ABUNDANT* IN 2020,
2) 8PS TO NOT USE OVER 5% OF WORLD RESOURCES OF ANY MATERIAL
3} CURRENT WOR.D PRODUCTION RATE ADEQUATE FOR ONE SPS/YEAR

@ TURBINE WHEEL/BLADE MATER!~.. (NEED ~ 9000 MT/SPS)

(WROUGHT MATERIAL) -
MATERIAL SIAIEQFART  WORLD RESQURCER(MT)  PRODUCTION RATE (MT/YR)
MOLYBDENUM (TZM) DEVELOPED 29,000,000 $1,000
SILICON CARBIDE EARLY TEST VERY ABUNDANT VERY SMALL

@ TURBINE HOUSING MATERIAL/BOILER TUBES (NEED 4000 TO 7000 MT/8PS)
(WELOABLE DUCTILE MATERIAL)

MATERIAL SIATEQFART  WOSLR RESQURCES(MY)  PRODUCTION RATEMT/YR)

TANTALLUM {T111) DEVELOPED 100,000 PERHAPS 1,000
NIOBIUM (C103) DEVELOPED 17,000,000 ABOUT 20,000
SILICON CARBILE EARLY TEST VERY ABUNDANT VERY SMALL
©® RANKINE CYCLE WORKING FLUID
MATERIAL STATEQFART  WORLR RESQURCES(MI! _PRODUCTION RATE (MT/YR)
CESIUM DEVELOPED 100,000 8 28
POTASSIUM DEVELOPED > 109 10,000,000 =
g5
<&
. £
*MT = METRIC TON/SPS - 2
58
7
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MODULES CONSIST OF CONCENTRATOR AND FOCAL POINT ASSEMBLIES

The solar concentratos is made up of o structural system supporting o large number of plustic film reflector fuvets and is o segment
of a sphere. The reflected light 1s concentrated into the focul puint assembly which mounts to the concentrator iy fous cavity
support arms. These arms are Made up of graphite ¢poxX¥ tube swtions forming s 20 moter beam. The thruster systems required
for self power trunsport to geosynchronous orbit i the LEO constrachion option are tocated at the 3 points shiown,

274



D180-22876-7

Modules Consist of Concentrator
& Focal Point Assemblies

AL S INET wwmmmm———

=

FOCAL POINT
ASSEMBLY _\ —
-~

e
N

g )
v
% 20 M BEAM
\ FORMED OF
| TAPERED TUBE

CAVITY ‘ - SECTIONS
SUPPORT
ARMS

CONCENTRATOR

(SECTION OF N

SPHERE) /

..... : o
L

> LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF POWER
(LOAD CONDITION 1S 1x104 g ORBIT TRANSFER)
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CONCENTRATOR FRAME ELEMENT
The concentrator structure which supports the reflector facets s made up of o Lirge number of teteahedral elements which are in

turn composed of a number of tapered graphite epoxy tubes. jointed as shown. The graphite epoxy tubes can be nested to provide

a high density payload for transportation.
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Concentrato: Frame Element

ALV BN LT wsvrmmsesnse
17.5m, typ.

‘ /—mm? /-wALL THICKNESS 0.2 mm (0,008™)
|
TAPERED GRAPHITE v _/
EPOXY TUBE DIAMETER = 0.2m
{SHIPPED IN NESTED -
STACK)
SOCKET e o A

AHEDRON

17
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CONCENTRATOR FRAME
This is a photo of a “Toothpick Model™ of a portion of the concentrator frame. It is seen that this structure is composed of

repetitive tetrahedrons. A curved surface is required, This is formed b, ving the Tower members of any tetrahicdron larger than
the upper members of the adjucent tetrahedron so Mat a bidirectiona.  arvature is produced.
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Facet Support Structure

SO INE e
{TOOTHPICK MODEL)

REFLECTOR FACETS

“UPPER LEVEL"
MEMBER

SOCKET

REPRESENTS 35M LONG
TAPERED GRAPHITE/EPOXY
TUBE DIAGONAL

ETWEEN
LOWER LEVEL MEMBER (LBEVE LS)
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REFLECTOR FACET

The reflector facets are hexagons of thin aluminized Kapton. The Katpon is 3 micrometers thick. It is tensioned by 3 rigid
end members, pulled outward by bridles. This tensioning system causes the three edge members to be coplunar. so that a flat
reflector is produced. The rocker arm and spring canister systems which pull outward on the bridle are mounted to thie concen-
trator frame. A “scallop™ at the three free edges of the facet controls wrinkling at the facet edges.
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Reflector racet
1000 M of Reflecting Area

DO FING s

SCALLOP
19.8'm
39.62m
FILM—_ //
PIVOT AXIS
EDGE MEMBER EDGE L
MEMBER )
BRIDLES BRIDLES
PLASTIC FILM, ROCKER
3.0 um THICK, ARM

ALUMINIZED FAR SIDE TO SPRING

CANISTER
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KEFLECTOR FACET MOUNTING

The three bndles of the reflector tacet are attached to the rocker arms wluch mount to the midpoint ot the concentrator tube
structural elements. The springs. contamned in canisters. provide the pull that causes the rocker arm to tension the plastic libe
Note then that the tacet :s mounted directly to the concentrator support structure and does not mclude radial anm and 4 hub

system as shown in Pary [ of this study.
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Reflector Facet Mounting

— et JVEDFINED wnumanmwnwms
.."_M-\ /-EDG! MEMBER
.~-ANGLE ADJUST EDGE MEMBER
Y =1 """ (FINE FACET POINTING,
. BRIDLE
— CONCENTRATOR FRAME
OCKER ARM ;
SPRING CANISTER
| e ‘ -
% CONCENTRATOR
\ STRUCTURE
$PRING CANISTER \/- (UPPER LAYER)
ROCKER ARM N\
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PLASTIC FILM FOR FACET

“he plastic film material 1s alununized Kapton. DuPont Corporation, the manufacturer of Kapton. believes thit a thickness

< 3 micrometers is producible by nearly standurd roll methods and will demonstrate this in tests in late 1977, Duta from project
BiE has shown a potential degradation of reflector film speculur pertomance of approximately 30% due to the y, g.ation
envountered, first i a self-power transter from low orbat 1o lugh orbat, and then 30 years ol operation in geasyichironou orbit,
Tests performed for the solar sail program at the Jet Propulsion Laborutory have indicated however that this degradition mode
will probably not occur, and that the degradation previously seen s an artitact of the test method itsell, We consequently do not
forecast radiation degradation. We do anticipate approximately 2.25% degradation due (o meteeroid impacts i 30 years of
reflector film operation. Our reflectivity baseline is .90 for & retlector cone angle of .22 degrees. This is relatively ctm;ervalivw/
selected sinve even higher reflectivities are probably achicvable.
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Plastic Film For Facet

BASELINE MATERIAL IS ALUMINIZED KAPTON,
3uM (0.00012) THICK.

OuPONT BELIEVES 2uM IS ROLLABLE.

BASFD OH PROJECT ABLE TEST DATA,
30% DEGRADATION OF SPECULAR REFLECTIVITY
HAD BEEN PREDICTED.

PROJECT ABLE TEST WAS WITH MONO-
ENERGETIC PROTONS AT VFRY HIGH
DOSE RATES,

SOLAR SAIL WORK AT JPL INDICATES THAT THE
THRESHOLD OF MECHANICAL AND REFLECTANCE
DEGRADATION FOR KAPTON IS AT ~ 8x1010 RADS,

THE $PS DOSE, INCLUDING SELF POWER TRANSFER,
WILL BE ~ 109 RADS.

HENCE NO RADIATION DEGRADATION IS NOW FORECAST,

0.90 REFLECTIVITY 1S BASELINED BASED ON BOEING ENG, & CONCT,

DIV. TESTS. 0.84 1S PROBABLY ACHIEVABLE WITH 100 A SILVER
OVERCOAT ON ALUMINUM,

ALY

SOFINEG wwesmm——"
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CAVITY & COMPOUND PARARBOLIC CONCENTRATOR

Each of the 16 modules of thie thermal engine SPS is equipped with the assembly shown at its focal point. Reflected sunlight
from the reficctor facets enters the CPC at its aperture and by reflections reaches the cavity absorber which contuing the boiler
tubes for the thermal engine. The CPC 1s made up of a framework supporting a single luyer of molybdenum foil. A reflectivity
of .8 is baschined for this foil due to the use of a rhenium reflective coating. The walls of the cavity absorber are composed of a
framework system supporting S layers of molybdenum multifoil. Selection of the number of layers was based on a muss opti-
muzation trade. Heavy cavity walls leak relatively little energy to space and therefore require somewhat smatler concentrators.
Thin walls are lighter but require larger solar concentrators. Five layers is approximately optimum. The purpose ol the CPC is
to allow a relatively large reflector facetl image to fit within the aperature; also the large aperture of the CPC accommodates
satelhite pointing errors and some distortion in the framework in the solar concentratoy.
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Cavity and Compound
Parabolic Concentrator (CPC)

5PS- 1810

e CPC GEOMETRIC CONCENTRATION
RATIO 18 .06

* CPC LIGHT ACCEPTANCE
ANGLE = 300,

o CAVITY WALLS ARE
5 LAYERS OF MOLYBDENUM
MULTIFOIL.

e ALL BOILER TUBES MOUNT
ON CAVITY INTERIOR WALLS

¢ CPCWALLS ARE
MOLYBDENUM FOIL
WITH RHENIUM
INTERIOR COATING.

EFINE wmmm—

é9m

® CPC ACCEPTS LARGER
" IMAGE FROM FACETS:

~ALLOWS FEWER,
LARGER FACETS

~ACCEPTS POINTING
ERRORS & DISTORTIONS.
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CPC APERTURE DOOR

This door assembly allows a variation in turbine output 1 Hwer while muintaining a constant orientution with respect to the sun.
The door is composed of molybdenum toil panels mounted on cables driven by pi..ley assemblies attuched to the cuvity support
arm frame. The doors are shown in the open position. The rehenium reflective coating on the doors is used to maintain a low
tempeiature for the door punels when they are fully closed and exposed to the tull output of the solur concentrator assembly.
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CPC Aperture “Door’’ Maintains Correct Cavity
Temperature Despite Varying Power Output

VIV INILS wwmem———

CAVITY

DOOR PANEL (OPEN POSITION)

7
T CAVITY SUPPORT
// ARMS
/ / - il \
~~
/ ~ \\\\ \\\
N iy .
// \\ 5 ~N
/ N b2 '%
N\ 77 \
N\ ¢ P \\
, o .
\\
< \—ane
“PRINCIPLE"

DOOR MATERIAL IS MOLYBDENUM
FOIL WITH RHENIUM REFLECTIVE COAT
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FOCAL POINT ASSEMBLY

The primary equipment of the focal point assembly is shown. The cavity absorber assembly and CPC are supported by a steel
trring framework system. A ver (cal steel tubing framework system. A vertical stee! tubing framework member on each side of
the cavity supports the turbogenerator assemblics. 18 turbogenerators are mounted on cach side of the cavity. One radiator
assembly is provided per tirbogenerator and extends directly outward, cither to left or right. from that turbogencrator, The
radiator assembly which cools the generator is mounted above the cavity.
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Focal Point Assembly

.\,’lﬂﬂ S

LOCATION FOR SELF-POWER
ORBIT TRANSFER SYSTEM

MODULE-TO-MODULE BEAMS

RADIATOR: 18 PER

GENERATOR
RADIATOR
LYSTEM SIDE (ONE PER
TURBOGENERATOR)
: —> S
> N
77 ' , ’ { ‘\
— ! i I | R —— -
— e ——] ~—
- - — = | - S
/ < J] \ (L :L\\(
- e Ly — N
— S H£ F= NN
ANK o i o ¢ S
N\,
CAVITY LORNN \
ABSORBER r ; — COMPOUND
TURBOGENERATOR \\ ZSZ@:S#:&T or
PALLET (38/MODULE)

= CAVITY SUPPORT ARM

DOOR PANEL
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SYSTEM FLOY' SCHEMATIC

Liguid potassium from the electromignetic pump enters the boiler tubes which are focated within the high temperature cavity
assembly. Vapeor trom the boiler enters the double ended turbme and is exhausted into a single tupering radiator vapor duct.
Some aertinent parametais (O various points around the (low loop are given at the bottoim ot the chart. Note that while the vapor

duct 15 relatively large in diameter, tice pressures are quite Jow.
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System Flow Schematic
(Not to Scale)

O EFIN L vy »

§PS- 1511

TURBINE
{DOUBLE-ENDED)
BOILER
VAPOR HEAT PIPE, TYP:
DLCT E /‘RAD'ATOR VAPOR DUCT
N\ ]

S : ORIFICE (MATCHES
8 THROUGHPIPE FLOW)
PUMP . THROUGHPIPE (336/RADIATOR|

THROUGHPIPE ISOLATION VALVE

e
BOILER TUBE

\_ RADIATOR LIQUID DUCT
BOILER LIQUID DUCT

PRESSURE | FLOW RATE |TEMPERATURE | DUCT DIA
LOCATION kPa __ PS1 | kgy/s tbm/s K OF M ET

37.9 650 74.67 1648 832 1218 1.60 5.258
16.8 243 74.67 164.8 832 1218 0.28 0.92
379 550 9.23 20.3 828 1210 0.10 0.33
676 98.0 83.90 185.0 820 1212 0.145 048
631 77.0 83.90 185.0 1242 1776 0.55 1.80

mooOow»
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ZERO "G" 2-PHASE FLOW

WH1LE THERE ARE CRRTAIN ADVANTAGES T3 RECIRCULATION TYPE BOILERS OPERATING UNDER GRAVITY CONDITIONS,
ZEKO GRAVITY CONDITIONS FAVOR THE USE OF ONCE-THROUGH BOILING AND DELIVERY OF DRY, SLIGHTLY SUPER-
HEATED VAPOR.

THE CONDENSATION OF LIQUID IN THE TURBINE DURING EXTRACTION OF HEAT FROM THE VAPOR 1S A SPECIAL CASE
INVOLVING NEED FOR LIQUID EXTRACTION DEVICES TO CONTROL DROPLET EROSION DAMAGE. 1T IS CONSIDERED
SEPARATELY, ELSEWHERE.

IN THE CONDENSER, LIQUID IS SWEPT ALONG THE INSIDE LENGTH OF THE TUBES BY THE MUCH HIGHER VELOCITY OF
THE VAPOR. THE TUBE MIGHT BE TAPERED ALONG ITS LENGTH TO MAINTAIN HIGH VAPOR VELOCITY, BUT THIS IS NOT
NECESSARY. S. SAWOCHKA, NEAR THE 1965 TIME PERIOD, CONDUCTED EXPERIMENTS ON UPWARD FLOW CONDENSATION
OF POTASSIUM IN VERTICAL, CONSTANT DIAMETER TUBES; THE PERFORMANCE OF THESE CONDENSER TUBES WAS NOT
ADVERSELY EFFECTED BY A 1 "G" FORCE ACTING TO RESTRICT SWEEPING OF LIQUID CONDENSATE BY THE HIGH
VELOCITY VAPOR. )

POSSIBLE THERMAL FATIGUE CRACKING IN CONDENSFRS UNDER 2-PHASE FLOW HAS BEEN CONSIDERED. 1IN AIR-COOLED
METAL VAPOR CONDENSERS FOR LAND BASED APPLICATIONS, THE POOR AIR-SIDE HEAT TRANSFER COEFFICIENTS CON-~
TROLLED HEAT TRANSFER; HUS THE ALTERNATE PRESENCE OF EITHER A LIQUID OR A VAPOR PHASE AT A GIVEN POINT

ON THE CONDENSER TENDED TO CAUSE THERMAL FLUCTUATIONS AND POSSIBLE THERMAL FATIGUE. THIS POSSIBILITY
OCCURRED SINCE THE HOT SIDE WEAT TRANSFER FILM COEFFICIENTS VARIED APPRECIABLY IN THE PRESENCE OF A LIQUID
OR A VAPOR PHASE. 1N THE SPS A HIGH WEAT TRANSFER FILM COEFFICIENT ON THE COLD SIDE OF THE CONDENSER
TUBE WILL CONTROL THE METAL TEMPERATURE AND PREVENT SUCH ABRUPT THERMAL FLUCTUATIONS.

DURING PRIOR RANKINE CYCLE SPACE POWER SYSTEM STUDIES, THE PROBLEMS OF 2-PHASE FLOW WERE RECOGNIZED
AND PLAUSIBLE SOLUTIONS AND REASONABLE APPROACHES TO THESE SOLUTIONS WERE PROPOSED.
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space division

ONCE-THROUGH ROILING HEAT TRANSFER DEMONSTRATED
BOILER VAPOR OQUTPUT IS IN THE SUPERHEAT REGIME
NO LIQUID PHASE EXPECTED FROM BOILER

LIQUID EXTRACTION METHODS USED:

~=~ TO REMOVE LIQUID
—~ TO CONTROL DROPLET EROSION

CONDENSER

PUMPS

HIGH VAPOR VELOCITY SWEEPS LIQUID PHASE
1 "G" UPWARD CONDENSER FLOW AND LIQUID REMOVAL DEMONSTRATED EXPERIMENTALLY
TAPERED CONDENSER TUBES OPTIONAL

== TO MAINTAIN VAPOR VELOCITY
-- NOT NEEDED FOR LIQUID SWEEPING

SUBCOOLING OF LIQUID TO PUMP

-=- ASSURES LIQUID PHASE
-- PPEVENTS PUMP CAVITATION
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ELECTFOMAGNETIC B.ILER }EED PUMPS

ELECTROMAGNETIC (EM) PUMPS HAVE BEEN USE) EXTENSIVELY IN THE PUMPING OF LIQUID METALS. THEY HAVE THE
ADVANTAGES OF ABSENCE OF SEALS AND BEARINGS, OPER/TING RELIABILITY AND RFDUCED MAINTENANCE REGUIREMENTS.

FOR THE RANKINE CYCLE SPACE POWER PROGRAM, A LIGHT WEIGHT (425 LBS.) ZLFCTROMAGNETIC BOILER FPEED PUMP,
CAPABLE OF OPERATING AT A LIQUID METAL TEMPERATURE UP TO 1400°F, WAS DESIGNED, BJILT AND TESTED FOR
10,000 HOURS. IT PUMPED 1000°F POTASSIUM AT FLOW RATES UP TO 3.25 LB/SEC AT A DEVELOPED HEAD OF 240 PSI,
A NPSH OF 7 PSI AND AN EFFICIENCY OF 16.5%. THE PUMP FEATUKED A T-111 ALLOY HELICAL PUMP DUCT AND A
bBIGH TEMPEKATURE STATOR WITH A 1000°F 4AXIMUM OPERATING TEMPERATURE; THE STATOR MATERIALS CU.ISISTED OF
HIPERCO 27 MAGNETIC LAMINATIONS, 99% ALUMINA SLOT INSULATORS, TYPE "S" GLASS TAPE INTERWINDTNG INSULA-
TION AND NICKEL-CLAD SILVER CONDUCTORS JOINEwL 8Y BRAZING IN THE END TURNS. PUMI WINDINGS "7 COOLED

BY LIQUID NaK AT 8§00-900°F.

LARGY. SIZE ANNULAR LINEAR EM PUMPS ARE UNDER DEVELOPMENT FOR THE LIQUID METAL FAST BREEDER REACTOR.

A 13,500 GPM (1502 LB/SEC) PUMP HAS BEEN BUILT AND IS AWAITING TEST; PUMPS OF LARGER SIZES HAVE BEEN
CONSILERED IN THE RANGE OF 30,000; 70,000; 80,000 AND 130,000 GPM (3108;7573; 8289 AND 13,470 LB/SEC).
WELSHT AND COST ESTIMATES FOR COMMERCIAL LAND BASED VERSIONS OF THESE FUMPS HAVE BEEN INITIATED, WHILE
THESE PUMPS WERE DESIGNED FOR HANDLING SODIUM AT ABOUT 858°F, THEIR DEVELOPMENT INDICATES PUMP SCALE-UP
ZXPERIENMCE WELL ABOVE THAT O THE EARLIER HIGHER TEMPERATURE BOILER FEED PUMPS FOR RANKINE SPACE POWER
SYSTEMS.

SINCE THE DESIGN TECHNOLOGY FOR EM PUMPS IS WELL-DEVELOPED AND RELATIVELY LARGE PWPS HAVE BEEN BUILT,
TEE DESIGN AND PRODUCTION CF PUMPS OF THE REQUIRED S1ZE AND OPERATING CHARACTERIST.CS FOR THE SPS :ZHOULD
RE A STRAIGHTFORWARD ENGINEERING PROBLEM. THE USE OF HIGHER PUMP VOLTAGES AND IMFROVED HICH TEMPEKA.URE
ELECTRICAJL. INSULATION, MACNETIC AND CONDUCTOR MATERIALS WILL BE REQUIRED UTILIZING TIPERIENCE GAINED IN
THE DESIGL AND TEST OF THE 1400°! BOILER FEFD EM PUMP,

PUMPING AT LOW NPSH HAS BZEN DEMONSTRATED ANC AVOIDANCE OF CAVITATION IN THESE PUMPS CAN BE CIACUMVENTED
BY (i) SUBLOOLING OF THE CJUNDENSED POTASSIUM 70 MINIMIZE POSSIBILITY OF CAVITATION (ONLY VERY 1L.OW ENERGY
LOSSES AKRE INVOLVED), (2) MINIMIZING CONDINSATE RETURN LINE PRESSURE LOSSES AND (3) RELIANCE UPON THE
DYNAMIC FRESSURE AEAD OF THE HIGH VELOCITY COWDENSING POTASSIUM VAPOR TO HELP SUPPORT THE MINIMUM NPSH
PFQUIRED TO YREVENT CAVITATION,.
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Electromagnetic Pumps

ALY SR Ssm—

® NO MOVING PARTS

® NO RUBBING SEALS

® RELATIVELY HEAVY (APPROXIMATELY 100 TIMES HEAVIER THAN MECHANICAL)
® RELATIVELY LOW EFFICIENCY (17% VS. 80%, MECHANICAL)

® GOOD DATA BASE

® 10,000 TEST HOURS
® 17% EFFICIENCY
® UP TO 1033 K (1400°F)
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KALT METAL VAPOR TURBIN

THE CONCEPTUAL DESIGN OF THE 31.7 MWe, FIVE STAGE, DOUBLE FLOW ALKALI METAL VAPOR TURBINE
1S BASED ON TECHNOLOGY DEVELOPED POR SMALLER SCALE SPACE POWER TURBINES,

IT FEATURES HYDRODYNAMIC LUBRICATED LIQUID METAL PIVOTED PAD JOURNAL AND THRUST : AKTruS., IN
ADDITION, THE TURBINE SHAFT LEADING TO THE GENERATOR “MLD FEATURE AN ESSENTIALL: . ERO LEAKAGE
POTASSIUM SEAL OF A TYPE ON WHICH EXPERIMENTAL TESTING HAS BEEN ACCOMPL1SHED; IN SMALLER SCALE
SEAL TESTS OVER 100 HOURS IN DURATION, IT WAS ESTIMATED THAT THE LEAKAGE CF POTASSIUM WOULD
NOT BE OF ENGINEERING SIGNIFICANCE IN OVER 10,000 HOURS OPERATION.

LIQUID EXTRACTION DEVICES, AS SHOWN IN DETAIL ON OTHER PAGES, CAN BE INCORPORATED IN THE DESIGN
USING VANE TRAILING EDGE DROPLET EXTRACTION OR TRAILING EDGE TURBINE ROTOR DROPLET EXTRACTION.

THE SELECTION OF THE SUGGESTED MODULAR SIZE PROVIDES A NOMINAL POINT IN THE DESIGN, PRODUCTION
AND TEST OF THE ALKALI METAL VAPOR TURBINES NEEDED FOR RANKINE CYCLE SOLAR POWER SATELLITES.
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GENERATORS

Each potassium Rankime turbine turms a generator as shown hese  Fhese pencrators produe edhier 41000 or 39000 volts diredt
current as reguired by the nucrowave transmatters The generators are olf cooled using contit passages theouweh bath the 1otor
and starter. Although they are quite ethicent the generators must dissipate waste heat at such o rate that thea own sarfice area s
not sithiaent for thas disapation therctore extenal radiators are used A high copper temperature s wdvantageous to reduce the

area and mass of these radiators
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Generators
. ML EIN LS vewm—
$EI8 o OUTPUT 31.43 MW ¢ VOLTAGES: EITHER 41000 OR 39000 VDC, NOMINAL
e ROTOR SPEED 7500 RPM ® COPPER TEMP: 478K (400°F)
e COOLANT OlL (DC-200) e DUTYCYCLE: CONTINUOUS
e EFFICIENCY 0.984 ® SPECIFIC MASS: 0,14 kg/kW
/

TERMINALS

COOLANT CONNECTIONS

PRIMARY DATA BASE: AIRESEARCH MFG, CO. OF CA. STUDY FOR AIR FORCE, CONTRACT F33615-75-C-2071
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TURBOGENERATOR PALLETS

These pallets mount one turbine, one eenerator and clectromagnetic pump and an assoviated auxiharies. The structure ot this

pallet (s designed to allow launching of the umit preassembled that s at least a 5 g aveclerabion capability s required.

.~
o
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Turbogenerator Pallet

BOFING

TURBINE OUTLETS
{1.6m DIA)

OUTPUT PLENA

SUPPORT FRAME

GENERATOR OUTPUT —
TERMINALS

GENERATOR
VAPOR DUCT
TO TURBINE
GENERATOR
COOLING
MODULE
CONTROL PACKAGE

HEAT PIPE RADIATOR
PANEL FOR ELECTROMAGNETIC
PUMP

ELECTROMAGNETIC PUMP

PUMP OUTLET TN BOILER
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PRIMARY RADIATOR SYSTEM

Shown here is a segment of the rdiator for one generator A vapor dact s at the top and the hguid return duct s at the bottom.
The heat pipe panels with their throughpipes pass between the ducts  Also shown are the triple layers ot meteorod bumper
installed on the ducting  A: the Jower lett is a detl ot the throughpipes and the wraparound soditm heat pipes. These sodium
heat pipes are spoaced upart such that their conterhimes are 1.0 ameters trom cach other. 1his spacing s o optanam compromise
between greater spacing. which would unprove heat radiation. and reduced spacimg which would reduce mamitold mass by
requiring tewer through pipes. On the night is g cross section through two adjacent radhator systems show g how the vapor ducts

share common meteoroid protection systems tor o reduction i bumper mass

U .
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Primary Radiator System

BOEINE —

STEEL METEOR
\ BUMPER (TRIPLE) :AAPOD' :T%t;qﬂ"
e RADIATOR IS 316 STAINLESS STEEL \ \ '
POr, - :
Vaplssiy,
4pog G g

THROUGHPIPE,

FREEZING POINTS: RADIATOR

POTASSIUM 336K {145°F) -~
SODIUM 371K (208°F)
VAPOR DUCT ‘.;32‘7" .
POTASSIUM RADIATOR
-IN”
THROUGHPIPE
) LIQU’D

LiQuid
DUCT
RADIATOR
ION’_"'

N ;
:’/\ SODIUM HEAT
:;\ PIPE, D = 0.6 cm
\.j\ Leond = 0.5m
=
N
:% TRIPLE LAYER —
= METEOR BUMPER
;—;\ (TWO OUTER STEEL RADIATOR L varon
\ LAYERS, INNER oucT,

INSULATION LAYER) / VAPOR pucT —/ RADIATOR
RADIATOR “N+2»  "N#1”
“WRAPAROUND"

THROUGHPIPE
END, WITH
ISOLATION VALVE

THROLU/GHPIPE,

HEAT FIFES —/ SECTION
HEAT PIPE THROUGH
EVAPORATORS e
RADIATOR
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RADIATOR MASS

A breakdown 1s given here of the radiator mass elements per engine and for the entire SPS  Note that the heat pipes and the
potassium for the fill of the radiator systems doninates this mass stutement. The heat pipe shee! thickness is driven by meteoroid
protection requirements a *d is such as 1o allow approximately 10 of the heat pipes to be penetrated and thereby made inoper-
able in 30 years of geosynchronous operation. Because the heat pipes wrap the throughpipes they provide significant throughpipe
protection, however, approximately 37/ of the throughpipes can be expected 2 be holed in 30 years of operation. The raidator is

consequently oversized by 13 percent.

300



D180-22876-7

Radiator Mass
A EINES
PER ENGINE PER SPS
Kg 108 Kg
MANIFOLDS 3895 2.24
VAPOR DUCT (1240) (0.79)
LIQUID DUCT {216) {.12)
METEOROID PROTECTION {2439) (1.40)
THROUGHPIPES 1500 0.86
THROUGHPIPES (335/EMGINE) (790) {.46)
ISOLATION VALVES {(710) (.41)
HEAT PIPES 13,208 7.66
SHELL (10,838) (6.24}
WICK (1729) (0.99)
SODIUM (732) {0.43)
POTASSIUM _ 8046 4.63
TOTAL 26,740 15.39
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POWER BUDGET

This 15 a breakdown of the systerm power regurements aboard the SPS The gencerators require 16 43 GW Additional utilizations
within the system bringing the busbar total to 17.913 (W The power dastothution losses are thowe associated wath resistance
aftects withan the distribution busbars  The pumpiag power « that requured 1o operate the electromugnetic potassium pumps. The
arutude control power s a maxamum value and corresponds to the tone period when maximiun turast s required to mauntain the
perpendicular-to-echptic plane onentation. The total oug it can be produced by S70 of the generators 570 generators are
mstalled aliowing approximately o V7 margin Mo anthicipated that the microwaves transimatters wall degrade m output and
required power input by approximately 2% i the course of a year consesuently i one year afiout 3¢ ol the turbogenerator
systems could be zutomatically shutdowr by malfunction detection systems without impacting the power output of the micro-

wave transmtler

30%
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Power Budget

TRANSMITTERS
POWER DISTRIBUTION
PUMPING

ATTITUDE CONT, MAX

MISC.

BUSBAR

570 GENERATORS AT 31.426 MW, EACH

{576 INSTALLED)

309

106 kw
16.430

0.898
0.282
0.300

0.003

17.913

O EINE v
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SYSTEM EFFICIENCY CHAIN

The 17 913 GW required tor bushar power as indicated by the previous chart s the beginnmg point lor this system eflicency
chain. The generators have an efficiency of 98 4% This requires that the nirbines have a shaft outpot ot I8 204 GW. Since the
turbines and the rest of the system have an overall cycle etfiviency of 0.189 4 power lesel of 96,317 GW must {.¢ added to the
potassium 1low within the boiers of the cavity absorber - A breakdown of the losswes avaociated with the cavity abs rber s sl
given Forexample, 57 of the encrgy entening the cavity s reflected backout again. Ths s basead on tests 0f “bench modet™
absorbers for ground solar power programs  Fhe five Layers of msulation making up the cavity walls alloa a Licat foss ot gpproxi-
mately 1.2 GW. The hot walls of the cavity reradate energy back out through the apertore. Some o1 ths pusses davactly 10 space
and some of its reflected to space trom the solar concentrator. Other losses, such s heat losses through the walls of “ie mani-
folds, connecting the boilers to the turbines. amount to approcamately 1D GW The CPO also bas Tosses dov o energy absorbed
rather than reflected by 1ts walls. The end ot bie reflec tivity of the plastic il tacets s O 8770 Thic s the refllectivity after o

reduction of 2.257. due to meteorond scounng. i 30 years of operation
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System Efficiency Chain

A IN LS Swmm——

S8
lﬂ kW
BUSBAR (GENERATOR OUTPUT) 17.913
* {(GEN. EFFICIENCY = 0.984)

TURBINE SHAFT OUTPUT 18.204

{CYCLFE EFFICIENCY = 0.189)
POWER ADDED TO POTASSIUM 08.317
SOLAR ENERGY INTO CAVITY 112.397
(REFLECTION LOSS, 5%) {5.620)
{LOSS THROUGH INSULATION) {0.500)
{(RERADIATION THROUGH APERTURE) {6.836)
{MISC, |.E,, MANIFOLD HEAT LOSS) (1.124)
"NTO SECOND STAGE CONCENTRATOR 129.939

{CPC REFLECTIVITY = 0.885)
IMPINGING UPON PLASTIC FILM 148.079

(FILM END-OF-LIFE REFLECTIVITY = 0.877)
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“PERPENDICULAR TO ORBIT PLANE" ORIENTATION

Some advantages and disadvantages of o PEP onentation are given. PEP bas been selected primarily because moving Gacets are not

required. However, other benefits accrue as shown. The disadvantage of the additional, scasonal antenna axis are somewhat of sl
by two advantages relative to microwave power transmission. The first of these s that rectennas can be switched without polariza-
tion toss even if the antennas are at different longitudes without moving the satelinie wong the geosynchronous path, Additionally,

the seasonal antenna axis can be used 1o provade antenna Gt to compensale for Faraday rotation cuased by the ionosphere.

-t
[V ]
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OISADVANTAGES

s HIGHER PROPELLANT CONSUMPTION
{UNLESS CONFIGURATION IS
INERTIALLY SYMME (RIC, UBES
MAGKETIC TORQUEING OR SOLAR
PRESSURE EFFECTS!

o BEST PERFORMAMCE REQUIRES
TIGHTER ATTITUDE CONTROL
LIMITS (£.G., 0.19, NOT 0.5%

s REQUIRES ADDITIOMAL (SEASOMAL
AXIS ON ANTENNA

& 300 MW PEAK POWER REQUIRED
TO OPERATE THRUSTERS

“Perpendicular-to-Ecliptic Plane’’ Orientation

BEBGING swwmm—

ADVANTAGES

.

FACETS MEED NOT FOLLOW SEASON AL SUN MOTION
ELIMINATES COSINE EFFECT ON SIZING

FACETS MEED MOYT BE SPACED APART TO ALLOW
MOTION

LOWER METZROID FLUX ON RADIATORS

ADDITIONAL ANTENNA AXIS PERMITE TRANS
MISSION TO VARIOUS RECTENNA LONGITUDES
WITHOUT POLARIZATION LOSS (FROM GIVEN
ORBIT LONGITUDE)

ADDITIONAL ANTENNA AXIS PERMITS
COMPEMSATION FOR DIURNAL IONOSPHERIC
FARADAY POLARIZATION ROTATION
RADIATOR 18 ALWAYS EOGE ON TO THE SUN

CONETANT THERMAL ENVIRONMENT FAOM
FIXED SOLAR ORIENTATION
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ANTENNA JOINT STRUCTURE FOR PEP SPS
The additional, seasonal axin and dog-eg stracture required for PEP operations s shown, Shp-nings necd not be used at the sea-

ona) axis pivot. Flat cables which are wound duning one year of operation and unwoand duning an annual shitdown peniod are

instead baselined.

3i4
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Antenna Joint for “P.E.P.”” SPS

BOEFING w—

NOTE: TRANSMITTER C. G. REMAINS
IN CONSTANT POSITION
RELATIVE TO THE SPS

TRANSMITTER

— SEASONAL
TUANTABLE WiTH WIND/

{(WITH WIND/UNWIND
(WITH SLIPRINGS) N CABLES)

“DOGLEG’ STRUCTURE
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POTASSIUM RANKINE SPS MASS STATEMENT
This s a breakdown of the Part 1 fiaal mass Prompnent cloments i this moass are the transovitte e, e tarbanes, the radiator

systerns the structure (primanly the taet support Jtructore s and the potasaunm mveataery tor the systent The turbine mass was

estimated by General Flectnn and sprowents o valoe whoh s probably corren to watbiog 270 and 44y

e
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Potassium Rankine SPS Mass Statement

SPS-1633

STRUCTURE

FACETS

RADIATOR (W/O POTASSIUM)
POV DIST

SW. GEAR

GENERATORS, ACCESSORY PACK
GENERATOR RADIATORS
TURBINES

PUMPS, PUMP RADIATORS
BOILERS & MANYFOLDS

CAVITY ASSYS

CPCS

LIGHT DOORS

MONITOR, COMMAND & CONTROL
ATTITUDE CONTROL

START LOOPS, CONTROLS
ANTENNA SUPPORT

MISC, INCLUDING STORAGE
POTASSIUM INVENTORY

POWER GENERATION

ANTENNAS

SPS
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SUMMARY ~-THERMAL ENGINE SPS

Final conclusions of the thermal engine work of this stud s are given here. 1t was determined that the potassiuim Rankine cycle
thermal engine is the lightest of the potential upproaches investigated. At the beginning of this study the solur concentrators
involved stearable facets with individual power supplics, sensors and servo mechanisms. These have been eliminatated by using a
perpendicular-to-ecliptic onentation and a concentrator dish of the requisite curvature.  Instead of clectromechanical pumps.
composed of an electric drive motor and a pump with the requisite seal between them (which could be subject to leakage ), we now
utilize electromagnetic pumps. Although somewhat heavy. the low pumping power associated with potassium Rankine muakes
these potentially low-failure-rate pumps practical. Although certain materials such as silicon carbide and tantalum may ofter
advantages for thermal engine SPS they are either too advanced or insutticiently abundant to allow them to be buselined. The
materials selected are in common use and resource duta indicates that there is enough to aliow a significant thermal engine program
to be accomplished. The perpendicular-to-ccliptic plune oricntation is critical in allowing the fixed reflector tacets. This requires
somewhat more thruster power, but is a proper orientation for the thermal vngine SPS. The turbines themselves, at their size of
approvimately 32 megawatts, use forgings which cun be produced by existing U.S. industry. Generally low industrilization is
therefore required for the thermal engine SPS. The nation’s current production capability is probably adequite to produce one
SPS per vear.
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Summary — Thermal Engine SPS

SAIEINES s

¢ RANKINE CYCLE IS LIGHTEST AND SIMPLEST

¢ SYSTEM IS LARGELY PASSIVE
¢ FIXED CONCENTRATOR
® ELECTROMAGNETIC PUMPS

® PROVEN MATERIALS WITH NECESSARY ABUNDANCE ARE USED

® THE SATELLITE SHOULD FLY P.E.P,

® TURBINES SIZED FOR EXISTING INDUSTRY; GENETALLY
LOW “INDUSTRIALIZATION"

39
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Construction
and
TranSpOl’t&ﬁOn

321
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CONSTRUCTION/TRANSPORTATION AGENDA

In this section of the bricfing,the construction and transportation systems are discussed together from the standpoint of how they
relate to the two main issues of the study which are the comparison of 1) the power gencration systems and 2) the location for
ther construction.  Hie power gencration system comparison will be presented asing the LEO construction option. The GEO con-
strachion option has abso e studied and st could bue presented at thas time as well as both construction option at the Lame time.
But m order 1o focis most dearlhy on the ditterences m tiie construction and transportation characteristics for the two power gen-
eration options thi portion of the brieting will be contined 1o the LEO construction approach. In summary, the outcome of the
power generation compartson is not influenced by the construction location. Resulting from the power generation comparison
wiil be a judgement as 1o which is the preferred system {rom the construction and transportation standpoint. This concept will
then be used in the comparison of the construction location options.  Again, both power generation sysiems have been investigated

for both construction locations.

The construction splinter meeting will focus on more detailed definition of construction bases and the staging depot including such
fuctors s sizing, configuration, crew modules. and mass and cost data. Additional data will be provided on the construction equip-
ment and requirements imposed by this equipment. Pinally, severat ket trades will be presented relative to the antenna construe-

tion location and satellite installution as well as structura) assembly of the satellite itself.

The tran-mortation splinter meeting will be held at a separate time and will include data on self-power flight control.
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Construction/Transportation Agenda

MO EINE

® MAIN BRIEFING cetcvocesensasscsccssssssssasscsnsase ELDON DAVIS

® POWER GENERATION SYSTEM COMPARISON
{USING LEO CONSTRUCTION)

® CONSTRUCTION LOCATION COMPARISON
(USING BEST POWER GENERATION SYS)

® SPLINTER MEETING eeccecseencsncencase KEITH MILLER
ELDON DAVIS

o CONSTRUCTION BASE AND STAGING DEPOT DEFINITION
e CONSTRUCTION EQUIPMENT DETAIL

® TRADES
® ANTENNA CONST. LOCATION AND SATELLITE INSTALL.
¢ STRUCTURE ASSEMBLY
& CONSTRUCTION BASE SIZING

¢ SELF POWER FLIGHT CONTROL
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ASSUMPTIONS AND PHILOSOPHY
CONSTRUCTION AND TRANSPORTATION

The xzy assumptions and philosophy used s the o mstrus bion snd transportation analysis an indcated. Most of thew items are
self explanatory but a few require a brief explanaton, Item 1 was specificd i the Statemeat of Work. Ttem 2 deals with the
actual amount of useful time available for construchion taking into account that personmct do not work litersily an entire shift
(coffee breaks et ), and allowances also included for machine down tuae  {tem 3 is specilicd 10 indicate no o onstraclion « {ions
were investigated which v +d the satelite ttsell to support vonstruction equipment. ltem § relates 10 the case where a giver. ype
of machine operstion such av a solar arcay deployer was analyzed o detemune its reguired consin tiom rate 1 LEO construction
and then this same value was used for the GEO construction approsch. 1tem 6 deabs with the thoeeht that wherever practical, par-
allel construction operations were performed in crder to reduce the construction rates of the eqi.poment nd at all times an
attempt was made to ehiminate the cases where several operations had to occur simultaneously to finisn o given task. Item 9
primarily deals with the task of indexing the satellite or the terminal phase of bringing together large items such as satellite
modules or antennas using propulsive devices  ftem 10 entifies the two stage ballistic/bailistic system as the reference cargo
iaunch vehicles althoug): 'wo sage winged/winged systems were also investigated.
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Assumptions and Philosophy
Construction and Transportation

1. ONE YEAR CONST TIME (INCL 30 DAYS TEST AND C/0)
2. PRODUCTIVITY FACTOR OF 0.78

3. FACILITIZED CONSTRUCTION WITH ASSEMBLY LINE TYPE OPERATIONS
4. COMPONENTS MANUFACTURED ON EARTH, ASSEMBLLO IN SPACE

6. SIMILAR CONST EQUIP USE SAME RATES FOR ALL CONST OPTIONS

6. PARALLEL AND DECOUPLED CONSTRUCTION WHEREVER PRACTICAL

7. CONST. ACCOMPLISHED USING CREW OPERATED OR MONITORED EQUIP/MACHINES - NO
“HANDS ON” OPERATIONS

8. CREW WORK SCHEDULE
10 HOURS PER DAY

68 DAYS PER WEEK

90 DAY STAYTIMES

9. NO FREE FLYING INDEXING OR DOCKING OF LARG
OF CARGO AROUND FACILITY € SYSTEMS OR MOVEMENT

10. REFERENCE CARGO LAUNCH VEHICLE—-TWO STAGE BALLISTIC/BALLISTIC
11. SHUTTLE GROWTH {LIQUID BOOSTER) USED FOR LEO CREW DELIVERY

12. ORBIT TRANSFER SYSTEMS USED ION ELECTRIC OR LO2/LH2 PROPULSION
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PHOTOVOLTAIC SATELLITE CONFIGURATION

The next two charts illustrate the reference pho:ovottaic and therma! engine satellites to be constructed and transported. The el-
erenced 10 GW photovoltaie satellite consists o 8 satellite modules, which when assembled have an overull length of 21.6 kilo-
meters. Approxiniately 1300 kilometers of 20 meter beam s assembled. 112 square kilometers of solar array is installed olong
with 65 kilometers of powerbus  Construction of two antennas involves fabrication of structure and the placement of 1.0 sguae
kilometers of radiating surtace.
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Photovoltaic Satellite Configuration

21.8 km

—| 27t [~ t-mu

ole|lolo|lo|leD

e m
T
km

~| o8

® EIGHT MODULES

® 97MILLION kg

® 1300 km OF 2013 BEAM

e 102 km? OF SOLAR ARNAY
e 65km OF POWER BUSES

o 1.6 km? OF ANTENNA SURFACE AREA
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THERMAL ENGINE SATELLITE CONFIGURATION

The thermal engine satellite consists of 16 modules which when assembled have a planform dimension of 12.8 kilometers on a side
resulting in an area 29% greater than the photovoltaic satellite. A key distinguishing feature of this configuration relative to the
photovoltaic satellite is that the depth of the satellite is considerably greater. Key component characteristics are also indicated
with the only one directly comparable to the photovoltui satellite bomg that of the structure whch s appreximately 2.5 times
greater in length although in this case the magonty of this beam s 10 meter size rather than 20 meter.
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Thermal Engine Satellite Configuration

WOLINE v——
MODULE

FOCAL
"OINT
ASSEMBLY

TRANSMITTER

® 16 MODULES

Ry e ® 96 '1ILLION KG
T =N ® 2620 KM OF STRUT BEAM
BN N | | ® 12%xM? RADIATOR
LA - 4 ® 116 000 FACETS

-
B4R / N \l/ o 544 THERMAL ENGINES
4 SR [ d I
2 T .

— 2y -
. [ pY '
/ S LN N\
‘ ' 1., 1 ", |
S 2 BN \.,,N i
| Bt —fF ] POWER GENERATION
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7’ ™ 4 .\\ /‘ \\‘m‘f ‘\ ‘1 0' !"
' / e
& o
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POWER GENERATION SYSTEM COMPARISON

The principal arcas which will be used to compare the two power generation systems are indicated. These areas Bave been selected
to emphasize the differences between the two sateltites. The approach used in the briefing will be to compare hoth power generg-
tion system options for a given item of comparison of the same time or in two conweutive charts rather than going all the way

through the photovoltaic satellite and then the thermal enginge satellite Followed by a comparison at the ¢nd.
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Power Generation System Comparison

AREAS OF COMPARISON

CONSTRUCTION BASE CONFIGURATION

SATELLITE AND ANTENNA CONSTRUCTION OPERATIONS

FINAL ASSEMBLY OPERATIONS

CONSTRUCT!ON EQUIPMENT

CREW REQUIREMENTS
* CONSTRUCTION SYSTEM MASS AND COST

® LAUNCH SYSTEM

ORBIT TRANSFER SYSTEM

TRANSPORTATION COST
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LEO CONSTRUCTION CONCEPT
PHOTOVOLTAIC SATELLITE

The first comparnison to be made is that of the overall construction/transportation concept for cach satellite.  As indicated carlier.
the LEO construction approach will be used in making the power generation system comparison. In the casw of the photovoltaic
satellite, eight modules and two antennas are consteucted at the LEO base. All modulys are transported to GEO using self-power
electric propulsion. Two of the modules will trancport un antenna while the remigining six modules will be trinsported atone, The
GEO operation requires berthing (docking) the modules o form the satellite and deploymuent of the solar arrays not used for the
transfer, followed by the rotation ol the antenng into its desired operating position,

KX )
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LEO Construction Concept
Photovoltaic Satellite

LEO

— w DEVFIN L wwm——

@ DEPLOY SOLAR ARRAY
GEO FINAL ASSEMBLY

""""
%,

LEO
o ep— ®notare
BASE . INTO
: ~ et POSITION
L , {13ODULES
T o T 4 AND 8)
= .. Lo
(T / \"'M/ . SELF POWERED
sz e TRANSPORT
- ; TO GEO(180 DAYS)
Lo e e ANTENNA
-~ _CARRIED
BELOW
@ CONSTRUCT 8 MODULES (1'ODULES
AND 2 ANTENN
NTENNAS DErLOY. 4 AND 8)
SOLAR
ARRAY
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LEO CONSTRUCTION CONCEPT
THERMAL ENGINE SATELLGGE

The thermal engine LEO construction concept is similar to the photovoltaic satellite with the exception that 16 modules are con-
structed in LEO with 14 of these being transported alone and again 2 modules each taking up an antenna. Berthing is again
required at GEO, however, no reflector facets require deployment since they are not affected by radiation when passing through
the Van Allen belt so consequently are deployed while in LEO in order to simplify the construction operations at GEO.
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LEO Construction Concept
Thermal Engine Satellite

BOEINE =

iitiag

A gl

O I s S 2

MODULES —_ o2
e () maKe STRUCT & ROTATE ANTENNA

ELEC CONNECTIONS INTO POSITION

- (2) ¢ SELF-POWER TRANSPORT TO GEO
> o ANTENNA/YOKE CARRIED
BENEATH MODULES 8 AND 16

" g

= (1) CONSTRUCT 16 MODULES
AND 2 ANTENNAS
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LEO BASE CONSTRUCTION TASKS
The construction operations to be performed at the L3O construction base are 1) assemble the structure to {form a module 1/8 the

size of the total sateflite. 2} install solar arrays. 3 install power bus system. 41 instull arbit transter systeni. Sy install subsystems

and 6) construct two antennas with their yoke and rotuary joints.
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LEO Base Construction Tasks

O EINES w—

® CONSTRUCT B SATELLITE
MODULES WITH THE

DI D CHARACTERISITCS SOLAR
ARRAY
- pe— + ——
INSTALL
® FABRICATE THRUSTER
2 ANTENMA AND MODULES
YOKE ASSYS
® ATTACH TO I:0ODULE ASSEMBLE -
4 & 8 (UNDERSIDE) 32 STRUCTURAL
BAYS S
/ E“; / LT
- / / 4
- / INSTALL SOLAR
=S 4 ARRAY BOXES
- A INSTALL
— POWER BUS
o r
P
~ . INSTALL

PROPELLANT
2720 m TANKS

{UNDERSIDE)
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LEO BASE CONSTRUCTION TASKS
THERMAL ENGINE SATELLITE

The construction tasks associated with thermal engine sab Yite modules are indicated. The key difference compared to the photo-

voltaic construction task primarily relates to the difference in the power generation devices (i.c.. rellectors and thermal cngines/

radiators instead of solar arrays).
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LEO Base Construction Tasks
Thermal Engine Satellite

CONSTRUCT @ CONSTRUCT 16 MODULES
SPINE
CONSTRUCT ANTENNA (2)
ORI
; \ CONSTRUCT
FOCAL POINT ASSY
CONSTRUCT ' o ENGINES
LEGS e RADIATORS
CONSTRUCT YOKE/OFFSET
DEPLOY
FACETS
Z INSTALL ELECTRIC
THRUSTERS AND
PROPELLANT CONSTRUCT
TANKS REFLECTOR

STRUCTURE
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LEO CONSTRUCTION BASE
PHOTOVOLTAIC SATELLITE

The construction base lor the photovoltaic satellite consists o) two connecting Gacilitnes with one used to buitd the modules and
the other to build the antenna. The module construction tacility is an open vaded structure which allows the four bay wide
module to be constructed with only longitudinal indexing. There are two intemal working bays. The alt bay is used for structural
assembly using beam machines and joint assembly machines attached to both the upper and lower surlaces of the lacility. Solar
array and power distribution are primarily mstalled from equipment attached to the upper tacility surfuce in the forward bay. The
satellite module is supported by movable towers located on the lower surlace of the facility. These towers are also used to index
the module as it is being fabricated.

The antenna facility is configured to enclose four bays of antenna in width and four rows of bays in length. The mininum plan-
view shape of the facility is obtained through use of 4 60 degree paraliclogram. This shape is the result of the busic unit of the
primary structur» being triangular in shape and the resulting angular indexing. The lower surface of the facility is used to support
beam mazchines, joint assembly machines. support indexing machines und bus deployment equipment. The upper surface is used to
- support beam machines. joint assembly machines and a deployment platform that is used to deploy the secondary structuges and
antenna subarrays.
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LEO Construction Base
Photovoltaic Satellite
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LEO CONSTRUCTION BASE
THERMAL ENGINE SATELLITE

The thermal engine satelhie construc ion base has been desined toan ctfect surround the thermal engine satellite module and as a
result consists of some rather Jarge ditnensions  The construction operations are perforicd i three sepasate . vels or areas ol thy
basc Al the jower ievel i3 located the antenng consttucion tacifities .nd those provisions necessary to consiruct the antenna
yoke Immediately above this grea s the reflector conastruction Fuctory whiech mcludes coquiptent tecessary 1o constnct refllector
structure and install reflecting tacets Deployment ot thie constructed reflectors is accomphished using indexing devices moving
down two side rails  These rails ure also used 10 wipport beam machmes used 10 construct the four supporting legs hetween the
reflector surface and the focal point At the upper level of the construction base s jocated the 1ocal point factory whech has the
task of constructing the CPC. « avity. installing the thermal engines. constructing radiators and the spine which scrves as the power
distribulion system A tourth area. although only uscd in the conttruc tion of 1wo moduies is the assembly plstform used to form
the antenna structure support point for the antenna
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LEO Construction Base
Thermal Engine Satellite

FOCAL POINT
FACTORY

FOCAL POINT FACTORY
SUPPORT ARM

FOCAL POINT
ASSEMBLY

ANTENNA/YOKE
SUPPORT STRUCTURE
ASSEMBLY
PLATFORM

. ,~REFLECTOR ;
v/ INDEXING .
RAILS (2)

REFLECTOR
CONSTRUCTION
FACTQORY

TOR~"
REFLEC "

ANTENNA/YOKE PLATFORM ~/
ANTENNA

343



D180-22876-7

MODULE CONSTRUCTION SEQUENCE
PHOTOVOLTAIC SATELLITE

The construction sequence associated with the structure. solar array andd power buses consists of initially building the first end
frame of the structure. This end frame i1s indexed forwiard one structural bay length at which time machines can form the retmain-
der of the structure in cach of the bays. The first row of four bays s then indexed forward to allow construction of the fifth
structural bay in parallel with installation of solar arrays in bay | through 4  Solur array installafion amd construction of structure
occurs simultancously across the width of the module. although neither operation depends on the other. At the completion of 16
bays or four rows ol bays in length. the power buses and propellant tunks are instalied. Construction of the structure and installa-
tion of solar arrays of the remaining four bay lengths ol the module are done in a similur munner to that previously described.
Thruster modules for the self-power system are attached to cuch of the four corners of the module.

344



D180-22876-7

Module Construction Sequence
Photovoltaic Satellite
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REFLECTOR CONSTRUCTION OPERATIONS
THERMAL ENGINE SATELLITE

The vonstruction sequence for the power generation portion of the thermal engine satellite module is done using two charts. The
first of these construction oper.tinas deals with the formation of the reflector surface. The principal elements involved in this
operation are the factory itself and the structural machines, reflector deployment machines and indexing devices. The complexity
of this operation and the machines themselves is better appreciated by the fact that the shape of the reflector surface is a portion
of a sphere and in addition the structure forining the shape consists of interconnecting tetrahedrons. To accomplish this task, the
structure and reflector machines are attached to the underside of the reflector factory and run on tracks. The spherical reflector
shape is obtained by having the reflector factory move up and down in elevation and rotate about its longitude axis. Movement of
the factorv occurs after the machines make cach transit across the factory length. Five structural and reflector machines are
required in order to satisfy the timeline requirements.
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Reflector Construction Operations
Thermal Engine Satellite
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FOCAL POINT ASSEMBLY OPERATIONS
THERMAL ENGINE SATELLITE

The other major operation in constructing the thermal engine satellite occurs at the top of the construction base where the focal
point equipment is constructed and installed. Shown here are the major individual operations to occur against & background of’
the focal point assembly factory. The pomnt to be kept in mind is that all of these operations are going on simultancously. At
several points in time. major subassemblies are brought toge ther und finally all clements are then connected to form the complete
unit. At that point, the factory is moved away and the tocal point can be attached to the support legs coming up from the reflec-
tor surface.
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Focal Point Assembly Operations
Thermal Engine Satellite
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ANTENNA/YOKE/MODULE ASSEMBLY
PHOTOVOLTAIC SATELLITE

Construction of antenna and yoke for each satellite is essentially the same. and for that reason specific operations associated with
this task are not covered at this time. In both cases. each antenna requires six months of construction time. A point c¢f difference
however, is where and when these elements are constructed and how the assembled antenna/yoke is attached to the satellite tor

transportation.

In the case of the photovoltaie satellite as showi. 1ere, the yoke for the antenna s constructed in the module construction facility
because of its large dimensions. When using this approach however, it requires the yoke to be made in between the third and
fourth module and between the seventh and eighth modules. Following yoke construction, it is moved to the side of the module
facility. At that time either the fourth or the eighth module will be constructed. During the construction of these modules. the
antenna is completed so that it can then be attached to the yoke. After five bays of either the fourth or eighth module have been
completed, the antenna/yoke combination can then be attached to the module in its required location. Construction of two more
rows of bays puts the antenna outsidc the facility where it then can be hinged under the module for its transfer to GEO.
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Antenna/Yoke/Module Assembly
Photovoltaic Satellite
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ANTENNA/YOKE/MODULE ASSEMBLY
THERMAL ENGINE SATELLITE

Construction of the antenna elements of the thermal engine satellite occur at the lower leved of the construction base. The support
structuse for the yoke and the hinge linkage used to position the antenny are different from the photovoltiie satellite. In the case
of *the support structure. there 1s an offset which allows e proper pointmg of the antenng while the satetlite thes PEP rather than
POP as in the case of the photovoltaic satethte. The kg hnkage used to posthion the satellite s made 1ollowmg the yoke.
Assembly of the antenna. yoke and himge hinkage mto ore umt is jollowed by the attachicnt ot this unit to the underside of the
reflector surface for the transter to GEO.
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Antenna/Yoke/Module Assembly
Thermal Engine Satellite

DO EFINE ===

$PS1419
(3) ® CONST YOKE, OFFSET (2 « REPOSITION YOKE, (@ e ATracH anTENNA/YOKE
AND ANTENNA OFFSET AND ANTENNA & HINGE LINKAGE
o CONST HINGE LINKAGE = ® ATTACH ANTENNA SYSTEM
YOKE , OFFSET, TO UNDERSIDE OF REFLECTOR
[ Z

2ij

[ -

YOKE
PLATFORM

8 | &L - &L

2\,

i )
T

SIDE VIEW-LOWER CONST AREA

ANTENNA

&4 FACILITY

1 - — YOKE/ANTENNA PLATFORM

353



D180-22876-7

GEO BASE CONSTRUCTION TASKS
PHOTOVOLTAIC SATELLITE

Several key and distinguishing construction tiasks are required by each satellite once GLO i reached. In the case of the photovol.
taic satelhite, an additional task is required in that those solar arrays not deployed for transler now require deployment. This oper-

ation requires a final assembly platform that can support four solar array deployment machines as shown. The other tasks to be
pesformed at CGEO are shown on subsegquent charts,
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GEO Base Construction Tasks
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GEO BERTHING CONCEPT
PHOTOVOLTAIC SATELLITE

The first operation to occur once the modules reach GEO i that of the bertinng (or docking) of the modides  in the caw of the
photovoltaic satellite, the modules ure berthed along o single edge as indicated  The manor equpment vsed to perform these berth-
1ng operations are shown. The convept employs the use of four Jocking systems with cach mvolving i crane and three control
cables. Variations in the applicd tension to the cables allows the moditdes to be pulled in. provade stappmg control and provides

attitude control capability. Also required in this concept s an attitude contral system mvolving thrusters whicl are not shown.

kR



D180-22876¢-7

GEO Berthing Concept
Photovoltaic Satellite
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GEO BERTHING CONCEPT
THERMAL ENGINE SATELLITE

Berthing operations associated with the thermal engmne satellite smodules requires both single edge amdd two cdge (corner) berthing
as indicated. To accomphish the berthing operation. two facilities are employed. Lach s provided with a crane system simitur to
those described for the photovoltuic concept. One of the facithties is located at the upper porfion of the module while the second
1s near the plane of the reflector so that farces can be apphied srouod the @ of the module Movement of onv of these facihitivs
from module to module occurs by releasing one attachment point and pivoting around the othier until the desired location 18

reached.
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GEO Berthing Concept
Thermal Engine Satellite

DOEING =

CORNER
- / 7
' LOWER DOCKING FACILITY
UPPER DOCKING FACILITY
A A

DOCKING CRANES __j

) R e
S —— A= L — L
he—— - 0 ’

all p—wf-m.rlﬁ_,-—— LOWER DOCKING FACILITY

INDEXER/
SUPPORT
A-A

359



D180-22876-7

ANTENNA FINAL INSTALLATION
PHOTOVOLTAIC SATELLITE

Comparison of the antenna final assembly installation operations associated with the satellite also iHlustrates some differences in
terms of compleaity of the required mechanisms. In the case of the photovoltaic satcllite, the antenna is attached below the
module and uses a single hinge line. Once GEO is reached, the antenna is rotated into position followed by the final structural and

electrical connections.

360



D180-22876-7

Antenna Final Installation
Photovoltaic Satellite
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ANTENNA FINAL INSTALLATION
THERMAL ENGINE SATELLITE

Placement of the thermal engine satellite antenna requires sinvilar operations except that 3 hinge lines are required as shown rather
than one. This condition is a result of the long distance between the transfer position of the antenna and the final position for the
operational phase.
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Antenna Final Installation
Thermal Engine Satellite
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MAJOR CONSTRUCTION EQUIPMENT
PHOTOVOLTAIC SATELLITE

The major construction equipment associated with the photovoltaie satelhite are Mustrated along with some of the key character-
istics such as quantity . mass and dimensions.  Again. because the ancenna dselt < common to both satelfite systeras its special
equipment 1s not shown although this material has been presented in the Part 1 Madterm and s icluded in the tinal documenta-
tion The beam machine shown s indicative ol the structural concept which uses two beam machnes to torm all the main strue-
ture. Accordingly . 1t has both translation as well as rotational capability  The dumensions and muss indicated are indicative ot the
segmented beam approach although machines tabnicating themally fortired continuous cord structure could also be attached to

the same framec.

C1 e mamipulator systems are primanly used to lorm the structurad beam jomts  Although the size mdicated is most common.
several 250 meter units are also required m the construction of the antenaa yoke as well as several 20 meter cranes. Two man con-

trol cabins with manipulators arv located at the end of the crane which s stselt attached to g moving plattonn
The prnapal ditference between the imndicated solar array machme ind those flustrated i previous brictimgs s that the gantn

iself 1s located approximately 50 meters below the tacility beanis since that i the location of the upper surface of the satetite

Further discussion on these maclines will occur i the sphintor sueeting and in the Gnal docuamentation.
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Major Construction Equipment
Photovoltaic Satellite
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MAJOR CONSTRUCTION EQUIPMENT
THERMAL ENGINE SATELLITE

The thermal engine sateilite requires several machines sunslar to the photovoltaie cquipment but i addition requires severad differ-
cent units  Beam muachines are also required with the key difference bempg the quantity and also th need of a 10 mcter beam
Jnachine  Crane/manipulator unas ar approvimately the same  Formation of the retlector (tacets surtace )y equires a spevial

structure machine and o tacet deployment machine.

166



D180-22876-7

Major Construction Equipment
Thermal Engine Satellite
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MAJOR CONSTRUCTION EQUIPMENT
THERMAL ENGINE SATELLITE

In addition to individual machines the thermal engine satellite construction operation cquires several mini-factories involving
numerous picces of equipment. Examples of these simall factories are as follows: the formation of ine CPC and cavity where
cranes, manipulators, welders. conveyors and control vabins are required: o radiator factory 1%:at welds the 20 meter length sec.
tions of pipe into 350 meter lengths and then attaches the radiators theat pipe) panelds te the main pipes: in addition. engine instal-
lation 1s required including a connection of power busses between the engines and *.nally. the spine aswimbly that consists of
machines to build structure running between module tocal points and machim . (o assemble and attach the major power busses to

that structure.
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Major Construction Equipment
Thermal Engine Satellite
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CREW SIZE AND DISTRIBUTION
LEO CONSTRUCTION

The difference in crew size and distnbution of crew i mduated for the two witelhite concepts The Crew size for ol orbityl per-
wonnel indicates the photovoltax satelhite requires approximately 300 fewer people with all this difference ovcurming in the low
Earth osbit construction base The prinapal reason tor the larger crew requirements tor the thermal engine satelfite o due to more
construction opetations required and of course this then contnbutes to the cnnstruction Onditedt peesonnel and the wapport per-

sonnel manloadings
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Crew Size and Distribution
LEO Constructicln
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CONSTRUCTION ROM MASS SUMMARY

ROM mass estimates are presented for the comtruction bases as well as crew rotation/resupply. In the case of the LEO construe-
tion bases, the photovoltaic sateflite is hghter by approxunately 3 million kilograms. The muggor contributars to the thenmal engme
mass is the large foandation (structure) along with three extra crew modules due to the 300 additional people and of course as pre-
viously described additional construction equipment. GEO final assembly buses are approxmmately cqual. BDifterences i the

annual crew rotation resupply requiremunts reflects the difference in the 300 man crow sze
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Construction Mass Summary
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CONSTRUCTION BASE ROM COST
FIRST SET

Comparison of the unit cost of the first set of vonstruction buses indicates over a 4 billion dollar savings for the photovoltaic satel-
lite. These values reflect a8 90% learning factor applied to each major end item. Transportation costs are not included in this par-
ticular chart. In the case of the thermal engine satellite. the principa) difference in the facility cost is the three extra crew
modules and of course the large diffesence in construction equipment quantity and smass contributes the difference in cost. The
wrap-around factor is applied to the sum of the facility construction equipment cost.
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Construction Base ROM Cost
First Set
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TRANSPORTATION SYSTEM DIFFEREM” S

Several key transportation differences occur when comparing the two satellites us shown in this chart. Each of these differences

are further described in subsequent charts.
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Transportation System Differences
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COMPONENT PACKAGING DENSITY IMPACT

A most significant factor in the launch aspect of power satelites is the component packaging density und its impact on the number
of launches required and/or the type of payload shroud that is used. In terms of the component density of the photovoltaic satel-
lite. an average density of approximately 95 kilograms per cubic meteras indicated. The current 23 meter by 17.5 meter paylouad

envelope with a volume utihization factor of 0.7 requires a density of 93 kilograms per cubic meter in order to reach i mass limited

condition.

The thermal engine satellite density is approximately 66 kilograms per cubic meter pnimarily due to radiators. reflecting facets and
antenna subarrays. Should the antenna subarrays be divided into 2 waveguide/structure section and klystron tube section. the
density would go up to 76 kilograms per cubic meter. This approach however, requires assembly of the subarrays in orbit which is
not deemed desirable at this time. Consequently, the themmal engine concept presents a difficult case tfor achieving mass limited
launch conditions. The number of flights tor the photovoltaic satellite reflect mass hmited launch conditions. The thermal engine
system is shown for both an expendable shroud large vnough to reach a mass himited condition and a reuseable shroud option.
Launch cost for these options are compared in the third set of bars. For the thermal engine system. the expendable shroud shows
approximately a 300 milhon dollar savings per satellite as compared with a reuscable shroud due te the low umit cost (2 nullion
dollars) for the expendable shroud when large quantties are procured. 1t should be mentioned however. that the thermal engine

satellite will also utihize reuseable shrouds for the dehivery of crew and supplies and delivery of construction requirements.
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SATELLITE LAUNCH VEHRICLE

A vompanson of the launcl and reentry configuration for the vo sutellites s presented. The 38 meter expendable shroud
required for the thermmal engine systems s judged to be nearing the upper length hnut without giving excessive bending loads dur-
ing the launch. It should also be mentioned that aliliongh the expendable sliroud s heav:er than the reuscable uni¢ the system is
Jettisoned after the dynamac pressure lesel hasallen to 2ero Consequently, payioad capabilitics ot the two Lianches are judged to
be nearly cqual  As a result of using the expendulile shiroud. the docki. sy stem must be attached directly to the payload rack and

then retum on subsequent reuseable stiroud thgh's.
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Satellite Launch Vehicle
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SELF-POWER CONFIGURATION
PHOTOVOLTAIC SATELLITE

h. transfer of the satellite modules from LEO 10 GEO involves the use of clectric propulsion using power provided iy ‘e
module (thus the name seli-power).  The characteristics associated with seli-power of a photovoltaiv module are shown | r both
thoas modules transferming antennas and those that do not. The general characteristics indicate o 877 oversizing of the satellite to
compensate for the radiation degradation occurring during passage through the Van Allen beltand the mability to anncal out alf
of th Jamage atter reaching GEQ. 1t should also be emphasized at this point, only the arrays needed to provide the requised
power lor transter are deployed. The remamder of arrays are stowed within radiation prool contmners. Cost optimum trip times
and l‘p values are respectively 180 days and 7.000 seconds. Flight control of the module when Nying o PEP attitude during trans-
fer results in lasge gravity gradient torques at several positions in cach revolution. Ruather than provide the entire control capability
with elec.ric thrusters which are quite expensive, the clectne system is sized only for the optimum transter time with the adds-
tional thrust provided by LO+/LHa thrusters. This penalty actually is quite small since by the time 2,500 kilometer altitude is
reached the gravity gradient torgue is no longer a dominating factor.
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Self Power Configuration
Photovoltaic Satellite

BOSINGD ==

GENERAL CHARACTERISTICS
® 6% OVERSIZI{IG (RADIATION)
otoveo 3 I TIME S 1800AYS
ARRAY
NON
MODULE ANTENNA ANTENNA
STOWED CHARACLTERISTICS MODULE = _MODULE _
ARRAY ‘e NO.IJODULES 6 2
e MODULE MASS (108KG) 8.7 23.7
e POWER REQ'D (106Kw) 0.3 0.81
e ARRAY % 13 36
® OTSDRY {108KG) 11 2.9
X ® ARGON (106KG) 20 8.6
PROP. ®  LO2/LH2 (109KG) 1.0 2.8
TANKS ® ELEC THRUST (103“) 48 12.2
® CHEM THRUST (10°N) 120 8.0
1 L THRUSTER
Y_Moouu
‘7- (4 PLALES)

. Hor!
ANTENNA  ANTENNA

SIZE: 24x38m 48x76m
THRUSTERS: 800 1600
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SELF-POWER CONFIGURATION
THERMAL ENGINE SATELLITE

Self-power of the thermal engine satellite modules are for the most part similur to the photovoltaic madules from a performance
standpoint although there are some distinguishing differences in terms of satellite design impact. One example of this is that no
oversizing of the thermal engine modules is required since the reflector fucets and engines are not sensitive to radiation as are the
solar arrays. A second point is that the voltage gencrated by the sitellite can be the same as the operating satellite voltage (since
no plasma losses occur as in the case of solar arrays) snd thus a minimum power distribution penalty oveurs. From a propulsion
standpoint, three thruster modules are used rather than four and although all facets are deployed in LEQ. only a portion of these
are required for the transfer. Gravity gradient torque associated with this contiguratio.: are consilerably lower due to the inertia
characteristics of the mudule and consequently the chemical thrust required and the amount of LO+/LH + propelant are consider-
ably less than in the case of the photovoltaic satellite module. .
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= Self Power Configuration
Spg N, Thermal Engine Satellite
5981010 BOEING w====
ALL FACETS GENERAL CHARACTERISTICS
DEPLOYED

® NO OVERSIZING
FOR GEO ® TRIP TIME = 180 DAYS
CONST EASE o ISP = 7000 SEC

MODULE 25?ENNA ANTENNA
CHARACTERISTICS MODULE MODULE
e MODULES " 2

® MODULE MASS 4.1 19.1

e POWER REQ'D (105 Kw) .14 0.68
o FACETSREQD % [> 27 74

® OTSDRY (106 Kg) 05 2.35
e ARGON (108 Kg) 1.0 4.5

® LO2/LH2 (108 Kg) 0.2 0.94
® ELEC THRUST (103 N) 2.1 9.8

e CHEM THRUST (103 N) 2.1 9.8

D INCLUDES 14% TO COVER LOSSES
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CREW ROTATION/RESUPPLY TRANSPORTATION
POWER GENERATION COMPAR/SON

The major transportation system vlements and the . amber of hights associited with erew rotation/resupply 1s presented. A shut-
tle growth vehwcle using a luid booster dehvers up 1o 78 crewmen per flight to LEO  Carpo in terms ol crew and base supplics as
well as propellant and OV hardware is delivered by the satellite Liunch vehicle  The OTV used (or crew rotation/resupply 1s

two-stage LO» ! II: system with each stage having idents W propellant ¢opacity

Crew LEO dehvery flights and supply Rights we different as a result ol the ditferenee of 300 people required 1o construct the

two satelhites The GEO bases are nearly the same. No difference oveurs iy the OTV operation.
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Crew Rotation/Resupply Transportation
Power Generation System
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TRANSPORTATION COST
PHOTOVOLTAIC vs THERMAL ENGINE SATELLITE

The total transportation cost of the photovoltasc and thermal engine satellite effort is presented. The costs are broken down to
Mustrate the diff2rences for the three major transportation operations although the magnitude of the cost of the three are quite dif-
ferent. In the case of the satellite transportution costs, the primary reason for the thermal engine bemg greater is its need o use

an expendable shreud in order to achieve a mass linuted Liunch condition. Crew rotation/resupply differences are reflecting the
difference in numbers ot thights to get an extra 300 people to LEO mn the case of thermal engine satellites. Construchon base
transporiation differ:nces are primarily due to the larger mass of the thermal engine construction base as well as the volume
limited condition of the construction equipment ilsetf und the fact that the thermal engine concept uses considerably more equip-
ment. Jt should be remembered however, that this initial placement will most likely lust for 20 ycars in terms of the facility and
10 years for the construction equipment so that facility transportation costs can be considered as amortized.
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Transportation Cost
Photovoltaic vs Thermal Engine

BOEING ——

® 4 SATELLITES/YEAR
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CONSTRUCTION/TRANSPORTATION SUMMARY
GENERATION SYSTEM COMPARISON

A summary companson of the photovoltaic and themmal engine satellite is presented with an indicution of which concept is pre-
ferred relative 1o the vanous construction and transportation parameters discussed on priot charts. Compared in this numner. it
appears that the photovoltaic satellite has o clear advantage in terms of less complex tacilities, construction operations and con-

struction equipment, all leading to a lower construction cost and in addition has lowuer trunsportation costs.
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Construction/Transportation Summary
Power Generation Comparison

$P5-1626

V' FOR MOST PROMISING CONCEPT

COMPARISON PARAMETER

1

10.

BASE CONFIGURATION

SATELLITE CONSTRUCTION -

ANTENNA CONSTRUCTION

FINAL ASSEMBLY OPS

CONSTRUCTION EQUIP

CONSTRUCTION SYSTEM
MASS AND COST (UNIT)

CREW REQUIREMENTS

LAUNCH SYSTEM

SATELLITE ORBIT TRANSFER

SATELLITE TRANSPORTATION COST

PHOTO-

THERMAL

VOLTAIC  ENGINE

v

v
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NO DIFFERENCE

RATIONALE

SMALLER
LESS COMPLEX

LESS COMPLEX
FEWER OPERATIONS

DOCKING & ANTENNA
INSTALL LESS COMPLEX

FEWER TYPES AND LESS
COMPLEX

LIGHTER (3.2M Kgq; 33%)
CHEAPER ($4.08; 33%)

300 FEWER PEOPLE
$110M LESS/YR (33%)

HIGH DENSITY COMPONENTS
ALLOW REUSABLE SHROUD

LESS IMPACT ON
SATELLITE DESIGN

CHEAPER ($300M; 6%)

BOEINEG o
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CONSTRUCTION LOCATION COMPARISON
PHOTOVOLTAIC SATELLITE

Comparison of the major construction and transportation paramete es associsted with LEO and GEQ construction will be done
using the photovoltaic satellite due to it being judged to offer the hest chacacteristics in terms of construction and transportation.
The principle areas to be used in comparing the two constructhion locations options ase indicated. As in the case of comparing the

powcr generation system options. the two construction {ocation concepts will be compared at the same time or on consecutive
charts for a given 1tem of comparison.
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Construction Location Comparison
Photovoltaic Satellite

BOEING

o FACILITIES

e SATELLITE (MODULE) AND ANTENNA CONST. OPERATIONS
e CONSTRUCTION EQUIPMENT

e CREW REQUIREMENTS

e ENVIRONMENTAL FACTORS

e CONSTRUCTION MASS AND COST

e SATELLITE DESIGN IMPACT

e ORBIT TRANSFER COMPLEXITY

e LAUNCH OPERATIONS

e TRANSPORTATION COST
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LEG CONSTRUCTION CONCEPT
PHOTOVOLTASIC SATELLITE

To estehlish 1 framework trom which *o conduct the companson gt LEO vs GEO constincion. an overall summary ot ¢ach con-
struction concept s presented i the next two chiarts  In the case ot the photosoltae satelfste eight modules and two antennas are
construcicd i the LELO taahines Al wmodudes are transported (0 GO usimg sel-pow o Two ol the modutes will transport an
antenns while the rema.nmg six modules go up alone GEO aperations require besthig of the modules to fonm tlic complete

sateshite and the deployment of the solar array s not ueed tor the transter
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LEO Ccnstruction Concept
Photovoltaic Satellite

@ DEPLOY BOLAR ARRAY
GEO PINAL ASSEMBLY
BASE

uLEeS

SELF POWERED
TRANSPORT
TO @8O(180 DAYS)

LEO

ANTENNA

CARRIED
BELOW
%gs;rnuc;: mDUI.IS DEPLOY (MoDuLES
PORTION 4ANDS)
SOLAR

ARRAY

398



D180-22876-7

GEO CONSTRUCTION CONCEPT

The GEO construction concept begins with a staping depot. which has the capabidiry to fransfer payloads trom a Lunch vehicke to
orbit transfer vehicles and 10 house and mantuin the orbit trunsfer vehiick eet, Transter of all payloads between LEO and GEO
accomplished using LO>/LH> OTV's. Construction of the entire satelhite mehding antenna s done at GEO. Hie relerence satel-

lite for the GEO construction option i1s a monohthic design rath r than modular as i the caw of LHO construction The 2ficet of
this difference as well as others 1s discussed on subsequent vharis.
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GEO Construction Concept

BOFIN D mmm—

GEO CONSTRUCTION

(®) consTRuCT
TWO ANTENNAS

CONSTRUCT
MONOLITHIC
SATELLITE

(2) TRANSFER PAYLOADS
70 GEO USING LO/LHz
OTV (<1 DAY)

() » PREPARE 8PS PAYLOADS
FOR DELIVERY TO GEO
® REFUEL/REFURB OTV's
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ORBITAL BASES
L.EO CONSTRUCTION CONCEPT

Two principal bases are required for the construction of cach satellite in the LEO construction option. The hases for the photo-
voltaic option have been described earlier in the comparison of the two power generition system concepts.  In summary. however,
the LEO construction base consists of two connecting lacilities. with one used for construction of satellite modules. while the

other is used to construct the antennas. The GEO base provides basing lor cranes used in the berthing of the modules and supports
solar array deployment machines.
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Orbital Bases
LEO Construction Concept

MW INET wwm—
SATEL‘I:?E
® GEO FINAL ASSEMBLY BASE
® MASS: 855 600 kg
© CREW SIZE: 65
© LEQ CONSTRUCTION BASE

o MASS: 6900000kg
o CREW SI1Z2E: 480
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ORBITAL BASES
GEO CONSTRUCTION CONCEPT

The GEQ construction base has been sized to construct a satellite in one year and consequently. results i the sume overall size as
the base for LEO construction. This approuach does result in moving the satellite construction facility in two directions rather thun
one. This has been judged 1o be more cost effective than having a full width facility aud additional construction equipment and
have this equipment sit idle half of the time. Additional discussion on this subject will occur in subsequent charts. Mass difference
for this construction base compared to the base for LLO construction primaniy reflects the additional mass required for shiclding
protection against solar flares Other significant differences in the GEO construction base are the outriggers on the satellite facility
to allow lateral direction indexing in addition to the movement of the antenna fucility from one end of the satellite to the other.

Again, both of these differences are the subject of subsequent charts

The staging depot located in LEO 1n this construction option is sized to support the construction of one satellite per year, and
accordingly requires one SPS component OTV flight pee day . based on a five day a week launch and flight sthedule  As such, the
depot must provide accommaodations tor three launch vehicle paylouads. one being the SPS compoenents and the other two being
propellant tankers used to refuel the orbit transfer vehicles. Since the orbit transter vehicle propellant loading requires shghtly
more propellant than can be provided by two tankers a storage tank s also provided at the staging depot and s refueled every
tourth OTV fhight Other docking accommadations are provided tor o dedicated OTV used jor GEO crew rotation/resupply on o
once per month basis  This operation also requires docking for supply modules and crew transfer vehicles  The operational crew
siz¢ for the staging depot 1s 75 which can be accommodated 10 one mudulg: similar to the crew modules used in the GEO construe-
tion base A transent crew quarters moduae s also provided to accommodate the 160 personnel rotated with cach crew fhght

to the GEQO base. A mnmaintenance module 1s also included at this base for repair work primanly on the transportLi,on systems,
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Orbital Bases
GEO Construction

® GEO CONSTRUCTION BASE
MASS: 6500 000 kg
CREW: 480

CONSTRUCTION SATELLITE CONSTRUCTION FACILITY

FACILITY

VEHICLES AND CARGO
>0 LEO STAGING DEPOT

® MASS: 760 000 kg
o CREW: 7%

CREW MODULES
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SATELLITE CONSTRUCTION OPERATIONS
LEO CONSTRUCTION CONCEPT

The LEO construction operations assoviated with the photovoltine satelhite have previously been shown and described. In ths
chart the operations are tHustrated v a shightly difterent manner in order to show & more direct comparson with the GEO con-
structed satellite. Each satellite module is four bays wide and cight bays long. The module fucibity is tour bays wide and conse-

quently can construct a complete width of the module and results in indexing the module only in the longitudinal direction
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g\é% Satellite Construction Operations
Sp e LEO Construction Concept
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SATELLITE CONSTRUCTION OPERATIONS
GEO CONSTRUCTION CONCEPT -

The GEO constructed satellite is monohithie in design Gilthough 11t could also be modular, of so desired y and as a result has a con-
struction width of eizht bays  In order to obtam thes width with the sanie size tacihity Ueast mass and costyas o LEO construction
base, indexang of the satellite s required in two direvtions as indicated. In general. four bays of the satellite are under construction
at one ume With thesr completion, those bays are moved laterally and the remaining four bays of that row are constructed. When
a given row is completed, it 1s then indexed in s longitudinal direction and the construction operation is repeated. In order to

accomplish the lateral indexing in only two steps. outrizgers have been added to the side of the satethite facihity o cnable indexing
of four bays outside the construction envelope
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Satellite Construction Operations
GEO Construction Concept
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ANTENNA CONSTRUCTION AND INSTALLATION
LEO CONSTRUCTION

Antenna constructon and installation alyo presents some agnibicant differences in the two construction location options, Again.
the photovoltaie LEO construction approach has been presented in the power generation system comparison. but s shown here in
a manner to make @ more direct comparison with the GEO construction approach. In summary. the yoke support structure of an
antenna s made i the module tacihity and in between the third and fourth modules or between the seventh or cighth modules
dependimg on whether it s the hinst antennia or second antenna beme bwlt - The antenna is made inits faolity which remains
permanently attached to the module facility - Construction of erther the fourth or cighth module s then partially completed and
the antenna and yoke atiached at its proper location. Following module construchion completion. the antenna is rotated under

the module for transier to GEO - Once GEO s reached. the antenna is rotated back up to its operating position.
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Antenna Construction and Installation
LEO Construction
MV EFINE cmnm-umm
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ANTENNA CONSTRUCTION AND INSTALLATION
GEO CONSTRUCTION CONCEPT

The GEO coastruction conwept also utilizes separate satellite and antenna facibtics  However. i the sejerence rase indicated., the
antenna facility with antenna is required to free-fly to the opposite end of the satelhite und back. 1t should be noted at this point,
that the antenna construction/installation approach indicated has been judged 10 be one of the best. if not the best. option for this
particuldi task. Eight other options. involving vanations of the antenna facility rencuning attuched. others with it independent.

and also two separate antenna facibties were investigated and are reported in the finsl documentation.

In summary. the relerence approach consists ot the first antenna being made while the first halt of the satellite i3 constructed
including the yoke and support structure. At that point, the antenna facility with antenng is flown to the end ot the satellite and
docked and the antenna then attached to the yoke. The antenna facility is then flown back to the satellive facility (tiie short term
separation of the two facilities simplifies the Jogistics problem in terms of supplying antenna components as weil as living quarters
for the crew ) The remannng halt of the satcilite s then constructed, mcduding o second yoke. whide the antenna Facility con
structs the second antenna  Indexing of the sateihte facility to the extreme edge of the sutellite sllows th antenna facihity to be

positioned to enable placemuent of the antenna into the yoke.
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Antenna Construction and Installation
GEO Construction Concept
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CREW SIZE AliD DISTRISUTION

Souatson conepls, although the distribution of

There s caentally no difference in Grbital crew size between the two comtruchon
Crew waze 101 the main constiu hion by w indicates 480 peaple m LY O concept whisle Ly same

personnel s comsdersbly ditterent
Stawmg depot and Linad sswembly nianmpg requsenients are slso Tound 1o be

number 1s required m GEO 1ar the GEO con ept

nearly the samne
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Crew Size and Distribution
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ENVIRONMENTAL FACTORS SUMMARY

Several key environmental factors should be considered when comparing the two construction location options. A summary of
these factors is presented plus an additiona! chart dedicated to the topic of collision with man-made objects,

The principal difference between the two construction location options. in terme of natural radiation. s the large amount of solar
flare shielding which must be provided for all crew modules locuted at GEO. Steady-state radiation would make EVA at GEO con-
siderably worse than at LEO although only 4 bare minimum of suit EVA s anticipated in cither case.

Occulations of the construction base at LEO occur 15 times a day. whie a base at GEO is only occulted 88 tunes per year. The
principal effects of occultation are on the electncul power supply and thermal aspects of the structure. In the case of power
requirements. the GEO option requires Jess power due to not having 10 recharge nickel hydrogen batteries used for the occuftation,
The penalty for the larger power system s relatively small however when one is in the cra of low mass. low cost solar arrays.
Although a GEO base 15 certainly more continuously illuminated. the construction base itself produces shudows. Conscqaently.
both construction focations require a large amount of power for lighting purposs. Use of gruphite/epoxy structure in both the

satellite as well as the construction base structure should minimize the impact of thermal efiects.

Most canstruction concepts will orient the construction base so it is passively stable for attitude control and minimize gravity
gradient torque. Although the LEQ construction case required considerably more orbit keeping/attitude control propellant per
day, it still results in less than one HLLV launch per year for this propellant makeup.

Large amounts of debris from man-made space systems have esulted in some concern regarding LEO construction. The unalysis

conducted has indicated the potential is greater with construction in LEQ. however, simple avoidance maneuvers can reduce the
probabihty of being hil 10 near zero. The next chart discusses this topic in more detail.
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Environmental Factors Summary

® RADIATION
¢ SOLAR FLARE
® EVA

® OCCULTATION

& BASE POWER REQ'TS:

® LIGHTING:
® THERMAL EFFECTS:

® GRAVITY GRADIJENT &
DRAG:

® COLLISION WITH MAN-
MADE OBJECTS

OO SINED ==

LEQ BASE GEQ BASE
2.3 am/cm?2 20-26 GM/CM2 (116 000 KG/100 PEOPLE)
8O. ATLANTIC

STEADY STATE I8 WORSE
ANOMALY RESTRICTION

3600 KW 2500 Kw
® REQ'D AT BOTH LOCATIONS (A OF 100-150 KW)
® NO SIGNIFICANT DIFFERENCE IF GRAPHITE EPOXY IS USED

GRAVITY GRADIENT CONST MODE USED FOR BOTH LOCATIONS
LEO PROP REQ’T GREATER BY 800 KG/DAY

POTENTIAL GREATER FOR LEO BUT AVOIDANCE MANEUVERS
REDUCE PROBABILITY TO NEAR ZERO
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COLLISIONS WITH MAN-MADE OBIECTS

The collision analysis has been done tor an environment predicted Tor the year 2000. including an addition of 500 objects per year
since 1975. Results of this analysis mdicated thay the LEO construction approach «ould have forty additional collisioas it no pre-
ventive action 1s taken. However, as indicated at the Part 2 mid-tenn brieling. rescheduled orbit altitude corrections van essentially
eliminate the problem ot collision with little or no additional penalty. Thrust instiation or termination during orhit taansfer can
also be used to prevent colhisions. In summary . there should be no difterence between the two voncepts regarding the number of
collisions although the LEO construc hon approuch dovs require slightly diffeient operations. includinge e use of the tracking and
warning systems.
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COLLISIONS ON ONE SATELLITE
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NO PREVENTATIVE ACTION
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Collisions with Man Made Objects

DOFING ==

PREVENTIVE ACTION

¢ CLEAN UP GEO ENVIRONMENT

® RESCHEDULE ORBIT ALTITUDE
ADJUSTIMENT FOR AVOIDANCE
DURING CONS ".

/ OBJECT PATH
RESCHED ORBIT TRIM

NEW #6
HOMINAL NORMAL
= POS3ITION ORBIT
TRIA

Y

CONST. BASE RELATIVE
MOTION

o TERMINATE OR INITIATE THRUST
FOR AVOIDANCE DURING TRANSFER

® EXPECTED COLLISIONS:

NEAR ZERO,
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SATELLITE DESIGN IMPACT SUMMARY
LEO CONSTRUCTION

The design 1mpact on the sateliite for the case of LEO construction and seli-power has been descnibed carhier in the description of
the photovoltaic satellite A summury of the key impact arcas is presented at this tme  In the area of solar array. an ovensizing ot
5 percent has been inciuded to compensate for the inability to comspletely annest out slt the damag to the cells cattsed by radia-

tion occurring during transter and for the mismgtch i voltage output between the damnuaged and undamaged cells.

The structural impact includes both thut of modulanty and oversizimg, Modulanty mdludes addivional vertical members used
around the perimeter of the sateliite module and lateral beams at the end of the modules as well as the penalties for the transfer of
the 15 milbon kg antenna supported underneath the module (It should be noted that aff module structure has been sized to that
dictated by the modules used to trunsfer the untenna )

The power distribution penalty s related to the additionad fength of bus Caused by thie oversizing of the array. The total mass
Penalty for a LEO constructed satellite s approximately 4 2 mifhion kg tor the selected selt powers trans, ortation system. it
should b¢ noted however that the array oversizing and power distrabution penalty depend on the purlicalar performance charagter-

istics selected for the self power system
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Satellite Design Impact Summary
LEO Construction

OGN E s——

SELF POWER TRANSFER
IMPACT BEASON BENALTY

® SOLAR ARRAY ® OVERSIZING FOR ® 275MKg D
RADIATION DEGRADATION

® STRUCTURE ® MODULARITY ® 1.07MKp

® OVERSIZING o Q34MKg

® POWER DISTRIBUTION ® EXTRA LENGTH DUE ® 0.07MKg D

TO OVERSIZING

1 FUNCTION OF SELF POWER PERFORMANCE
CHARACTERISTICS
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TRANSPORTATION REQUIREMENTS
LEO VERSUS GEO

Transportatior requirements associated with the payloads of each construction location concept are shown, there is no OTV

propellant mass included.

The difference 1n satellite mass only reflects the structural mass penalty of the additional vertical and lateral members and loads
cadased by transfer of the antenna. Oversizing and power distybubion penultics are all a function of orhit transfer characteristus

and consequently are chargeable to the orbit transfor system itselt

Differences in crew and supply requirements dehivered to LEO primanly reflect additionat orbil keepingattitude control propel-

lant requirements The key difference. however. s in the mass whith must be debvered 10 GEO

Facility transportation requirements reflect the initial placement task as well as in the case of the GEQ hases (both vptions), that
mass that must be moved to the longitude location where the next satellite 1s to he constructed. The prncipal difference in the
two main construction bases is that tnz ux crew modules in the GEO concept cach have approximately 115 000 kg of additiona)

mass for solar flares shelters.
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Transportation Requirements
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SELF POWER CONFIGURATION
PHOTOVOLTAIC SATELLITE

The self power orbit transfer system used in the LEO construction approach has previously been shown in the power generation
system comparison. [n summary, clectrical power generated by the solar arrays is used to power jon clectric thrusters which use
argon propellant. LO2/LH> thrusters are also induded to provide attitude control during all occultations and during short periods
of time early 1n the transfer (up to 2 500 km altitude ) when thrust required to counter gravity grading torque is greater than that
provided by electric thrusters.

The cost optimum trip ime and ISp are respectively 180 days and 7.000 seconds. Variation in number of thrusters. propeliant

tanks. etc do occur in the design to compensate for the case of whether a module i1s being transported alone or with an antenna.
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Self Power Configuration
Photovoltaic Satellite
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GENERAL CHARACTERISTICS
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SPACE BASED COMMON STAGE OTV
GEO CONSTRUCTION

The GEO construction OTV is a spice based common stage (2-stage ) system with both stages having identical propellant capacity.
The first stage provides approximately /3 of the delta V requirement Jor hoost out of low earth orbit at which point it is
jettisoned for return to the low carth orbit staging depot. The second stuge completes the boost from low earth orbit as well as
providing the remainder of the other delta V requirecments to pluce the payload at GEO und the ren  ed delta V to return the
stage to the LEO staging depot. Subsystems for euch stage are identicul in terms of design approach. The basic difference includes
the use of four engines in the first stage due to thrust-to-weight requirements of approximately 0.15. The second stage requires
additional auxiliary propulsion due to its maneuvering requirements in the docking of the payload to the construction base at GEO.
The OTV shown has been sized to deliver a payloud tuken directly from the launch vehicle (400 000 kg). As a result. the OTV
startbur., mass is approximately 890 000 kg with the vehicle having an overall length of 56 meters.
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Space Based Common Stage OTV
GEO Construction

MAIN ENGINE (2)
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FLIGHT OPERATIONS
SYLF POWER ORBIT TRANSFER

Fhight operation differences between the two oroit transfer vehide: options is influenced by thetr orbit transfer ime. In the caw
o1 the self power system for LFO construction as many as 1200 revolutions ground the Earth occur prior 1o reaching GEO wihen
using 2 180 day transicr The flight swhedule incdduding a 40 day construcion phaw mdicates as many s five modules can be in

transit at any one tme for the vase of & modules per sotellite
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Flight Operations
Self Power Orbit Transfer
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FLIGHT OPERATIONS
CHEMICAL ORRBIT TRANSFER

The mission profile for the common stage LO»/LH> OTV for GEO construction resulls in a 40 hour mission requirement for the
first stage and 85 hours for a second stage which delivers the payload. These times inciude gbout 12 hours for refueling and refur-
bishment of each stage. With the requirement of one OTV flight per diy with the GEO construction option. a total of two lower

stages and four upper stages are required. Operated in this mannes. as many ss six smdependently operating stages can be in flight
at one time.
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Flight Operations
Chemical Orbit Transfer
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CREW ROTATION/RESUPPLY TRANSPORTATION

Crew rotation/resupply systeins consist of a shuttle growth vehicle for delivery of personnel to LEO and the stundurd two-stage
ballistic/ballistic launch vehicle tor delivery ot supplivs and propellant to LEOQ. Crew and supply detivery between LEO and GEO
use a two-stage LO2/LH2 OTV. The OTV for the 1 EO concept is about Y2 as lurge as that tor the GEO concept and requires one-
third as many flights because of the sigmiticantly fewer people at GEQ. Since the total orbital crew size for the two coneepls is
about the same number of delivery flights to LEO are ulso the same. Cargo tlights to LEO. howgever. are three times greater for
the GEO approach primarily due to the lurge OTV propellant requirements,
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Crew Rotation/Resupply Transportation

o mammssne S5 SV SANET Sm—

QTV's

12

® CREW/CARGO TO GEO 8
® 2STAGE LOp/LHz 0TV
® LEO CONST OTV a
® Vig = 495 000 Kg
® GEO CONST OTV
e Wg = 880 000 Kg

N

LEO

2]
m
o

~ CREW TO LEOQ CARGO TO LEO

| / E

é o)
/
é} N7 1 canco

LEO GEO LEO GEO

8

NUMBER OF FLIGHTS
3

10

e CREW TO LEO ¢ CARGO, PROP & QTV's
& SHUTTLE GROWTH ® 2 STAGE BALLISTIC
s 7H/FLY

429



D180-22876-7

TOTAL CARGO MASS TO LEO

Total cargo mass requirements to LEO reflect both the payload requirements indicated earlier and the OTV propellunt and hard-
ware requirements. For the three system elements that require transportation. payload requirements are not too different. how-
ever. the inclusion of the orbit transfer system requirements add significantly to the total mass which must be delivered by the
HLLV. Again, it should be emphasized that the satellite transportation requirements are by far the most dominating.

430



D180-22876-7

Total Cargo Mass to LEO
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SPS CARGO LAUNCH VEHICLE

As previously stated, the reference -argo launch vehicle is a two-stage ballistics/ballistic device using LO:/RP in stage one and
lDzlLHZ 1n stage two. GLOW for this system is approximately 10.5 million kg for the case of delivering 391 000 kg to the con-
struction base or the staging depot located in LEO with orbit characteristics of 477 km altitude and 31 degrees inclination.
Vehicle operations include first stage separation at a refative sclocity of 2970 meters per second and downrange water landing
approximately 815 km  The second stage delivers the payload to the LEO base. docks and returns onc day later and also uses a

water landing.
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SPS Cargo Launch Vehicle
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NUMBER OF HLLV LAUNCHES

A most significant impact in the areu of launch operations is the difference in the number of launches required to support each
construction location option. The number of flights indicated herz are only those relating to the delivery of satellite components
and orbit trarsfer provisions for the satellite and are for the case of constructing tour satellites per year. As would be expected
from the transportation requirements chart presented carlier, the LEO construction option requires only one half as many Earth

waunches as the GEO construction option.
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Number of HLLV Launches
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TRANSPORTATION COSTS
LEO VERSUS GEO

Total transportation cost for the three major system clements is presented. Cost s related to that associated with one satelhite.
but retlect rates associated with four sateltites per year. The Earth-LEO bar increments reflect the cost of getting payluads to
LEO. Accordingly. the LEO-GEQ incremcnt relutes to cost of refueling orbit transfer vehicles and ther umit cost. In the vase of
satellite delivery, the interest increment rJates 1o the self power tnp tume ol 180 days and the additional mterest accrucd. (Note:
Revenue is not lost. only delayed {80 days the samie revenue period still exists.)

The dominating tactor in this companison is that sutelhte transportation with LFO construction using seli-power provides a 82
billion (33% savings) over the GEO construction approach. Crew rotation/resupply transportation cost are also S150 nudhon
(36%) lower for the L EO construction concept along with o S200 midlion sisings foi the initial placement of the consiruction
bases.
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Transportation Cost
LEO vs GEO
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CONSTRUCTION LOCATION SUMMARY

A summary companson of the LEO and GEO vonstruction locations is presented with an indication of which approach is most
desirable Compared in this manner. a number of parameters result in po significant difterences between the two construction
location options. However, a number of parnmeters give a clear indication that LEO construction is most desirable. Most notable
among thesz being transportation costs. sumpliticd launch operations, and reduced construction base mass and costs. One param-
cler has been judged to be in favor ot the GEO vonstruction approach (the smpact on satellite design) although this data s then fed

into the transportation comparison which still fuvors the LEO construchon approach.

438



D180-22876-7

Construction Location Summary

COMPARISON PARAMETER

o FACILITIES

® SATELLITE (PWR GEM) CONST

® ANTENNA INSTALLATION

o CONSTRUCTION EQUIP
o CREW REQUIREMENTS

® ENVIRONMENTAL FACTORS

o CONSTRUCTION MASS & COST

® SATELLITE DESIGN IMPACT

® OHBIT TRANSFER COMPLE X

® LAUNCH OPERATIONS
o TRANSPORTATION COST

LOCATION

NO SIGNIF. DIFFERENCE

MO SIGNIF. DIFF.

v

NO SIGNIF. DIFF.
v

NO SIGNIF. DIFF.

v

NO SIGNIF. DIFF.

v
v

v INDICATES MOST PROMISING CONCEPT
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CONSTRUCTION/TRANSPORTATION CONCLUSIONS

The conclusions regarding the jssues of power generation system comparison and construction location comparison as influenced
by construction und transportation factors show a distinct advantage for + photovoltaw satellite (CR=1) constructed in low earth
orbit and transported to GEQ using self puwer.
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Construction/Transportation Conclusions

DOLING ==

e THE PHOTOVOLTAIC SATELLITE (CR = 1) OFFERS SIGNIFICAN™ ADVANTAGES
LESS COMPLEXITY IN FACILITIES AND CONSTRUCTION EQUIP

SIMALLER CONSTRUCTION CREW

LOWER CONSTRUCTION COST

LOWER TRANSPORTATION COST

® LEOCONSTRUCTION OFFERS A SIGNIFICANTLY LOWER TRANSPORTATION COSTY
OTHER FACTORS ARE COMPARABLE:

® CONSTRUCTION OPERATIONS

® SATELLITES INEITHER CASE REQUIRE ELECTRICAL
PROPULSION AND 3 AXIS ATTITUDE CONTROL

o ENVIRONMENTAL FACTORS CAN BE HMANDLED
WITHOUT EXCESSIVE PENALTIES

e Y MAHIERMENT PRINTING BILE (Y28 1)) IRV,





