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FOREWORD

The SPS system definition study was initiated in Docember 1976. Part | was completed on May 1.
1977. Pat 1l technical work was completed October 31, 1977,

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

Dickey Arndt Microwave System Andrei Konradi  Space Radiation
Analysis Environment
Harold Beason Cost Analysis Jim Kdley Microwave Antenna
Bob Bond Man-Machine Interface Don Kessler Collision Probability
Jim Ciond Photovoltaic Systems Lou Leopold Microwave Generators
Hu Davis Transportation Systems Lou Livingston  System Enginecring and
R. H. Dietz Microwave Transmitter Jim Meany MPTS Computer Frogram
and Rectenna Stu Nachtwey Microwave Biological Effects
Bill Dusenbury Energy Conversion Sam Nassifl Construction Base
Bob Gumndersen Man-Machine Interface Bob Ried Structure and Thermal
Alva Hardy Radiation Shiclding Analysis
Buddy Heineman Mass Propertics Jack Seyl Phase Control
Lyle Jenkiss Space Construction Bill Simon Thennal Cycle Systems
Jium Jones Design Fred Stebbins Structural Analysis
Dick Kennedy Power Distribution

The study was performed by the Bocing Acrospace Company. The Boeing study manager was
Gordon Woodcock. Boeing Commercial Airplane Company assisted in the analysis of launch vehicle
noise and overpressures. Boeing technical leaders were:

Ottis Bullock Structural Design Don Grim Electrical Propulsion

Vince Caluon Photovoltaic SPS’s Henry Hiltbrath  Propulsion

Bob Conrad Mass Propertices Dr. Ted Kramer Thermal Analysis and Optics

Eldon Davis Construction and Orbit- Frank Kilburg Alternate Antenna Concepts
to-Orbit Transportation  Walt Lund Microwave Antenna

Rod Darrow Operations Keith Miler Human Factors and

Owen Denman Microwave Design Construction Operations
Integration Dr. Ervin Nalos  Microwave Subsystem

Hal DiRamic Earth-to-Orbit Jack Olson Configuration Design
Transportation Dr. Henry Oman  Photovoltaics

Bill Emsley Flight Control John Perry Structures

Dr. Joe Gauger Cost Scott Rathjen MPTS Computer Program

Jack Gewin Power Distribution Development

Dan Gregory Thermal Engine SPS’s

The General Electric Company Space Division was the major subcontractor for the study. Their
contributions in iuded Rankine cycle power generation, power processing and switchgear, micro-
wave transmitter phase control and altemative transmitter configurations, remofe manipulators, and
thin-film silicon photovoltaics.

Other suvcontractors were Hughes Research Center - gallium arsenide photovoltaics; Varian—
klystrons and klystron production; SPIRE -silicon solar cell directed encrgy annealing.
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This report was prepared in 8 volumes as follows:

1 — Executive Summary V  ~ Space Operations

B — Technical Summary Vi - Evaluation Data Book

Il — SPS Satellite Systems VIl - Study Part 1l Final Briefing Book

IV - Mirowave Power Transmission VIH — SPS Launch Vehicle Ascent and Entry

Systems Sonic Overpressure and Noise E flects
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1.0 INTRODUCTION

This is Volume 111 of a set of 8 which comprises the final report of a study of Solar Power Satellites
(SPS) conducted for the National Aeronautics and Space Administration’s Johnson Space Flight
Center under Contract NAS9-15196. These volumes are:
| Executive Summary
II  Technical Summary
In SPS Satellite Systems
IV Microwave Power Transmission System
\Y Space Operations
Vi Evaluation Data Book
VIl Study Part I Final Briefing
\211] SPS Launch Vehicle Ascent and Entry Sonic Overpressure and
Noise Effects

The study was divided into two parts of approximately equal duration. This documentation sum-
marizes the Part | results and details the Part 2 activities and results,

This volume concentrates upon the power generation portion of the SPS. The transmitter systems
are not covered, although their masses are included in the overall mass statement.

Two generic types of power generation systems were investigated. These were the photovoltaic
{solar cell) and thermal engine systems: both convert solar energy to the elecirical power required
by the transmitter systems.

The two systems are fundamentally different in their approach to energy conversion. Solar cells are
passive “‘no moving part” devices which effect direct conversion of solar energy to a direct current
output. The thermal engine concept employs generators turned by turbines energized by a heated
working fluid. Concentrated solar energy heats this working fluid; excess heat is rejected to space
by a radiator.

The two systems were found to be approximately equal in mass; however, in-s1 ' ce construction of
the thermal engine system is more complex and involves a more expensive constiuction station and
higher “front-end” cost.

Parts 2.0 and 3.0 of this volume give system requirements and a definition of the operational envi-
ronment. Section 4.0 gives a brief description of the primary SPS subsystems and cxplains why
specific subsystem types were selected. for example, why the Rankine cycle was selected over the
Brayton for thermal engine energy conversion. Section 5.0 explains trades leading to exact contig-
uration selection, for example, selection of the Rankine cycle operating temperatures. Section 6.0
gives a detailed description of the two satellite configurations.



PAZCIDING pag
D180-22876-3 8 BLANK Nor FLMeD

2.0 REQUIREMENTS
2.1 PROGRAMMATIC REQUIREMENTS

Primary overall requirements of a programmatic nature are given in Volume II of this document set.
More specific requirements influencing the actual satellite configurations are given in the following
section.

2.2 SPECIFIC REQUIREMENTS

These requirements apply to the power generation systemn (non-transmitter) portion of the SPS.
(1) The operational location tor the satellites shall be geosynchronous orbit.

(2) Nominal life shall be 30 years (indefinite with appropriate refurbishment).

(3) System sizing shall be such as to deliver a minimum of 8.215 MW to each of two microwave
transmitters per satellite, over the course of a year. »xcepting occultation periods and five

minutes before and after occultation.

(4) Station keeping systems shall be provided such that perturbating effects do not reduce inter-
satellite spacings below 50 km for a nominal spacing or 75 km. Nominal orbit error alloca-
tions are: out-of-plane 2.2°. equivalent to 15.5 km longitude error; eccentricity 0.0004.
equivalent to 16.87 km longitude error: loug-period drift, 10 km.

The RSS of these three parameters is 23 km total random error. It the satellites can be shifted
as a group. the group may excee ' 25 km from the assigned locations,

(5) The satellites shall have attitude control capability and structural integrity to recover from a
gravity gradient stable attitude to a nominal flight attitude (in geos* nchronous orbit).

(6) The power generating system shall be designed to degrade (include random malfunctions) by
no more than 2% in the course of one vear. Degradation of solar arrays below this quantity
shall be correctable {for example. by annealing) within a period of 606 days.

(7) In addition to the capability of handling start-up and shut down power ;amps. the power gen-
eration system shall be capable of operating at power levels between 507 and 100°% ¢f nominal
(for foad tollowing).

(8) Partial shadowing by other SPS’s shall not cause total disruption of operation or damage. Loss
of output proportionate to the shadowing is acceptable.

(93
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€ 9) Each SPS shall have provisions for the storage of consumables for one year of operation.

(10) SatcBites shall be designed for construction in space from pretabricated cloments and other
naterials delivered to space construction site(s) from Earth by a space transportation system.

(i1) Encrgy Collection 2nd Concentration Subsystem: {if used; the “CR=1" photovoltaic satellite
has none):

)

b

{©)

The energy collection subsystem shall be designed to aveid variation in concentrated sun-
light intensity that would damage or scriously interfere with operation of, the energy con-

The eacrgy collection subsys' em shall actively or passively compensate for variations in
sun elevadon due to satellite attitade. The energy collect:on sabsystem shall also com-
pensate for expected suructural deformations in the SPS due to space environment and
other operational factors. and for attitude variations due to normal operation of the atti-
tude controf system.

The energy collection subsystem shall be designed to preciude arving and/or other poten-
tially damaging effects associated with electrostatic charge build-up duc to the geosyn-
chronous orbit natural or induced environments.

{12} Encrgy Conversion Subsystem (Photovoltaich:

@)

(k)

<)

)

The photovoltaic system shall be modularized into space installable blankets (“strings™)
of approximately 80.000 KWe nominal generating capacity each at beginning of life
under nominal operating conditions including applicable sunlight concentration. The
nominal voltage output of cach modulke shall be 44.000 volts.

The photovoltaic system shall employ radiation shiclding and,or annealing as appropriate
for minimum powcer cosl.

Individua! converters (cells) shall be wired into the blanket array such that eithcr open or
short<itcuit failures of imdividual converters do not cause 1) loss of array output dispro-
portion_ ‘2 to the loss of the individual converter’s contribation, or 2) arcing.

The photovoltaic systetn shall oe designed such that a blanket module and/or its switch-
gear can be isolated tron: the operating onboard clectric power distribution system. and
its generated electrical poteatiai reduccd to safe levels. so that it may be serviced without
shutdown of the entire ciiergy conversion subsystem.
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(13) Energy Coaversion Subsystem (Thermal Enginc):

@)

®)

«)

)

13

]

g)

The thermal engine systems shall be modulmized into space installable clements. with a
nominal generating capacity per machine sct of 32,000 KWe. The nominal DC veltage
output of cach machipe »=° skafl be controllable within the range 40.000 to 45.000 voits
at rated power output.

ladividual generators shall be provided with controls and connected to the onboard
power distribution system such that planned shutdown of an individual generator does
not mapair operations of the SPS cxcept for loss of the Latput contributed by that
generator.

Individual cngine generators shall be designed to allow service. inchading entry to Muid
systems. without shutdown of other, functicning. engine-generators, except in the case
where acoess to the intenior of the cavity absorber may be required.

Fluid systems shall include scavenging and /or inventory control such that intentional or
unintentional breaches of fluid system integrity will not cause excessive loss of fludd.

The thermal engine energy conversion system snall be capable of sun ivirg without dam-
ape 2 maximum-duration geosynchronous occultation {72 minutes!) when cntering the
shadow cold. i.c.. after an extended shutdown period. and then reaching full power
within one hour.

Normal restart after occultation. i.c.. upon entering the shadow hot. shall rcach tull
power within five minutes after kcaving the shadow.

The axes of rotation of the turbogenerators shall be paralicl. One half of the machines
shall rotate in one direction. the other half in the other. to minimize the net angular
momentum.

(14) Power Distribution System:

(1)

The pewer distribution system shall conduct DC electrical power from the cnergy con-
version system interfaces to the transmitter rotary joint interfaces. (It is assumed that
there are two 5-GW ground output antennas and associated rotary joinds per SPS. The
distnibution system shall supply the follwing nominal voltages and currents to the rotan
joint interface.

Bus A 30.800 volts at 138600 amps (5.65 GW)
Bus B 38,700 volts at 59.4C3 amps (2.30 GW)

A common return for these two supplies shall be provided.
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This requirement is based on estimated Klystron characteristics described in the following.
and is subject 10 revision:

Supporting Rationale Reference Klystron Parameters
The following are the parameters for the reference DC to RF converter:

Tube Type:  Klystron-Depressed Collector
RF Powe: Outpul:  70.66 KW

Effwciency: O.B5{

Nuimnber of Depressed Collectors: §
Modulcting Anede Voltage: 21,050 $0.5%
Body Anode Vol:age: 21,050 +0.57

Body Anude Current:  0.088 Amperes
Beam Ciiirent: .20 Amperes

KLYSTRON TUBE ELEMENT REQUIREMENTS

ELEMEXT VOLTS D.C. CURRENT (AMPS) POWER (WATTS)
Moduiziing Anode 21,050 00588 1.8524
Body Anode 21050 0.088 1.8524
Spike Electrode 0 ] 0.044 -
Collector £ 21.050 0.044 9264
Collector #2 25160 0.088 221401
Collector #3 19470 0.154 45384
Collector #4 37.89% 0.330 12.503.7
Collector £3 1000 1452 58.080.0
Caiode BD 1BD 500
Sokenoid TBD TBD 1.000.0
TOTAL POWER 830174
PROCESSED POWER 124337
EFFICIENCY 8507

(b)) The power distribuiion system shall employ dedicated aluminum conductors (not part of
main stiucture) which are passively cooled by radiation to free space.

{¢) The power distribution system shall have switching and control equipment as necessary
to isolate the rotary joint and power transmission system from energy conversion system
startup and shutdown transwents. This requiremeni may be in part met by delayed activa-
tion of power distribution provided that the delay is not greater than five minutes.

(15) The SPS shall be designed to the ionizing radiation environment given in the “Environtuent™
portion of this document (Scction 3.2.1).
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3.0 ENVIRONMENT

This section specifies the environmental factors assumed, for this study, to prevail in the geosyn-
chronous operational orbit. Also provided are some factors associated with low orbit locations used
for assem™dv and the intermediate regions used for transfer from low to high orbit.

3.1 METEOROIDS
3.1.1 Flax-Mass Model

The average total meteoroid environment was based upon the model given in Reference (1). The
flux-mass model is shown in Figure 3-1. The meaning of this flux-mass model is that for a given
area, say one square meter, in free space particles will pass through in all directions (including “both
sides” of the area) at the average rztes specified. Models such as this are derived from observations
of meteors in our atmosphere and from limited space flight data.

PANTICLES/FT2/SECOND)
ne'® ned
w"s ﬂ]'“ ;“ u:' w?
PARVICLESMETERZSECOND

Figure 3-1 Meteoroid Flux-Mass Model (Omnidirectional)

Most ineteoroids are apparently in elliptical orbits about the sun and the orbits are of relatively low
inclinaiion to the ecliptic. The orbital motion of the Earth (and of objects in orbit about the
Earth), coupled with this low inclination of the meteoroids’ orbit, causes a significant directional
cffect. Planar objects, such as the thermal engine SPS radiators, are thus advantageously flown
“edge on” to the prevalent meteoroid stream. Using such an orientation, a previous study (Refer-
ence (2)) has determined that the number of hits per unit (projected) area per second, will be
approximately 40% of that indicated by the omnidirectional flux-rass model. Thus the “particles/
meterzlsecond" quantities of Figure 3-1 can be multiplied by 0.4 for radiators mounted perpen-
dicular to the north-south axis of the SPS.
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3.1.2 Man-Made Objects

The probable incidence of man-made objects such as satellites or satellite parts is discussed in Vol
ume VI of this document set.

3.2 RADIATION
.2.1 lonizing Radiation
The SPS shall be designed to the following ionizing radiation environments:

High Energy Particles

For high energy trapped electrons and protons. the ek ctron flux maps AE4() and AE-63" and the
proton flux maps AP-5_ AP63) and AP-7(®) shall be used. The anticipated AP-8 proton flux
map shall be used when it becomes available, These flux maps. described in a series of publications
by J. Vette and co-workers at the National Space Science Data Center. are the standard high evergy
trapped particle data source.

The solar proton environment model of J. King‘n. and the survey and predictions of W, R.
Webber(s'.‘g) be used to define both an cxpected and a worst case sclar proton environment.

Low Energy Particles

Electrons of encrgy less than 250 keV. and protons below 0.5 MeV are not treated in the trapped
particle flux mans and must be defined from the research literature. The S/C charging article by
DeForrestt10) is tyvpical of the data available in this area that shall be used.

Ionosphere and Space Radiation Environment Definition
The NASA Space Vehiclke Design Handbook ionosphere environment shall be used.

References:
(1) NASA TMS-64627 “Space and Planetary Environmental Guidelines for Use in Space Vehiclke
Development.™ Nov, 15, 1971.

(2) D. Gregory “Final Technical Report. Syst~mns Definition, Space-Based Power Conversion Sys-
tems.” NAS8-31628. Boeing Aerospace Company Document D180-20309-2.

(3) G. Singley and J. Vette, A Model Environment for Outer Zone Electrons, NSSDC-72-13. 1972,

(4) M. Teague, K. Chan, J. Vette, “AE6: A Model Environment of Trapped Electrons for Solar
Maximum,” NSSDC 76-04, May. 1976.
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¢ 5) J. King, “Moc-ks of the Trapped Radiation Environmert, Vol. IV, Low Energy Protons,”
NASA SP-3024, 1970.

( 6) J. Larine and J. Vette, Models of the Trapped Radiation Environment, Vol. V, Inner Belt Pro-
tons, NASA SP-3024, 1970.

( 7) 1. Larine and J. Vette, Models of the Trapped Radiation Environment. Vol. VI, High Energy
Protons, NASA SP-3024, 1970,

( 8) J. King, “Solar Proton Fluences as Observed During 1966-1972 and as Predicted for 1977-
1983 Space Missions,” NASA Godda:d X-601-73-324, 1973.

( 9) W. R. Webber. “An Evaluation of the Radiation Hazard Due to Solar Particle Events,” Boeing
Document D2-90469, 1963.

{10) W. R. Webber, ““An Evaluation of Solar Cosmic Ray Events During Solar Minimum,” Boeing
Document D2-84274-1, 1966.

(11) S. DeForrest. “Spacecraft Charging at Synchronous Orbit,” J. Geophys. Res. 77, 651, 1972,
3.2.2 Radiation Cycle Prediction

Predictions of the sunspot number for the coming Cycle 21 are compared in Figure 3.2-1. F. M.
Smith bases his prediction on two non-synchronous components related to planet-caused tidal varia-
tions on the sun. W. Gliessberg of the Astronomical Institute in West Germany bases his predictions
on 80-year repeatability of sunspot phenomena. Ted Cohen and Paul Lintz base their prediction on
a periodicity of 179 years obtained from a maximum entropy analysis.

A solar power satellite launched in 1990 will experience Cycles 22, 23 and 24 for which no predic-
tions have yet been made. We therefore used data averaged for us by Professor W. R. Webber, Uni-
versity of New Hampshire, who is our consultant on solar activity.

The average expected solar proton fluence (>>10 MeV), and a 90% value, are shown in Table 3.2-1).
An equivalent 1-MeV electron damage fluence for a 6 mil 10 ohm-cm n/p solar cell with 6 mil cover
slip and 3 mils of equivalent back side Kapton, adhesive and mylar shielding is also given. The pro-
ton damage coefTicient used is shown in Figure 3.2-2 as “1/E.” The electron damage coefficient is
taken from the TRW Solar Cell Handbook. The incident proton spectral shape is shown in Figure
3.2-3, while the trapped electron spectrum is shown in Figure 3.24,



D180-22876-3

100
10 E 21 TOTAL SMITH ,*
ML
140 d
/ \
§ 120 ' CYCLE 218 smm‘.\
§ 100
I ECORDED
AND PREDICTED
%0 ZURICH SMOOTHED
NUMGERS
3 o N
“X;CYCLE 208 SM
© ~
el
2
ol bl it ol . —
1971 1972 1973 1974 1975 1976 1977 1978 1979 12G0 1981 1982 1903 1984 1985 198G
JAN
YEAR
Figure 3.2-1 Predictions For Solar Cycle 21
Table 3.2-1 Solar Proton Fluence
AVERAGE FLUENCE 90% FLUENCE
SOLAR CYCLE 21
Op {>10 MeV)/CM2 228 x 10'0 1o'?
1-MeV DEN: ELECTRONS 23x 10" 6.98 x 104
SOLAR CYCLE 21, 22, & 23
Q, ( > 10 MeviiCM2 1.1 x 10" 2.25 x 10"!
1 -MeV DENI ELECTRONS 7.7 x 10%4 1.6 x 105

TRAPPED ELECTRON FLUENCE

YEARLY FLUENCE ( D> 0.25 MeV) 3 x 10" o/em?

YEARLY 1-MeV DENI FLUENCE 2 x 10'3 1-MeV o/cm? -YEAR

( 8 MIL COVER SLIPS, 10 OHM-CM, n/p)

10
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4.0 PRIMARY SUBSYSTEMS

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

4.1 MATERIALS

If solar power satellites become a ‘‘national energy solution,” 100 or more units could be required
for the United States alone. As a global solution, literally thousan s of satellites might be required.
Therefore, careful attention should he given the abundances of materials considered for power satel-
lite use. Not only should the material be adequate for the application in the engineering sense
(strength, temperature capability, etc.) but resources must be adequate for the expected need.

4.1.1 Provisional Material Availability Requirements

As a general nule, the following requirements wer: used in this study:
(1) Materials used inust be probably “sufficiently abundant™ in the year 2020. It is illogical to
baseli~.e materials for SPS which will be in short supply by the time of SPS incorporation.

(2) A program of 112 SPS units ( 1010 watts output each) should not use more than 5% of the cur-
rently known world resources of any material.

(3) The current world production rate of any material should be adequate for the production of
one SPS per year. Implementation of this requirement tends to insure that the “industnaliza-
tion” required for SPS will be able to successfully occur.

4.1.2 Thermal Engine Satellite Materials

The thermal engine satellite must have high temperature assemblies in order to operate efficiently.
These include the cavity absorber, boilcr, turbines and radiators. The last three of these are pres-
sure vessels, exposed to hoop stress for the 30 year (260,000 hour) design lite of the SPS. Coupon
tests of candidate materials are, in general, for no more than 10,000 hours so that considerable
extrapolation is required.

Figure 4-]1 contains probably the best data available for potential thermal engine materials. Shown
is the one percent creep stress (the stress to obtain a one percent elongation) versus temperature for
an accumulated exposure of 30 years.

These allowable design stresses for weldable containment alloys have been reduced from previous

estimates to reflect more conservative values, based on long term creep tests sponsored by the
NASA-Lewis Research Center.

13
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Figure 4-1 Extrapolated Strengths for 1% Creep in 30 Years at Temperature Indicated

Molybdenum TZM alloy is included as a non-weldable, very high strength alloy which would be
used for highly stressed rotating parts such as turbine discs and blades: the alloy has well docu-
mented high tempenature strength, is readily available and its metal processing, machining and fabri-
cation technology is well cstablished.

High strength weldable columbium base alloys such as FS-85 contain tungsten and zirconium which,
jointly, produce grain boundary embrittlement when operating in the 1006-1283K (1350-1850°F)
temperature range for long periods of time. Only the resolution strengthened alloys. such as C-103
(Cb-10 HE-Ti). or the weaker Cb-1 Zr, have strengths supenor to the nickel and cobalt base super-
alloys and possess good weldability and long-term themmal stability; while weldable superalioys.
such as the nickel base alloys, Hastelloy X and Inconel 617, and the cobalt base alloy. HA-188 are

14
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available and have good high temperature strength characteristics, they will not serve in the very
hotest portions of the system. Therefore, the weldat'e coluinbium alloy, C-103, appears to be the
most promising material for use in the highest temperature boiler, duct and turbine containment
components and the non-weldable molybdenum alloy TZM appears most suited for the hotest tur-
bine rotating components.

Figure 4-2 shows material availability data pertinent to the thermal er sine SPS. Most of the data
was drawn from “United States Mineral Resources,” Paper 820, U.S. Dept. of Interior, 1973.

?e1148
© GENERAL RULES: 1) MATERIAL TO BE PREDICTED TO BE “SUFFICIENTLY ABUNDANT"™ I1] 2020.

2) SPS TO NOYT USE OVER 5% OF WORLD RESOURCES OF ANY MATERIAL
3) CURRENT WORLD PRODUCTION RATE ADEQUATE FOR ONE SPS/YEAR

©® TURBINE WHEEL/BLADE MATERIAL (NEED ~ §000 MT/5PS)

{WROUGHT MATERIAL)
MATERIAL STATEQFART  WORLD RESQURCES (MT) PRODUCTION RATE (MT/YR)
MOLYBOENUM (TZM) DEVELOPED 29,000,000 91,000
SILICON CARBIDE EARLY TEST VERY ABUNDANT VERY SMALL

@ TURBINE HOUSING MATERIAL/BOILER TUBES (NEED 4000 TO 7000 MT/SPS}
(WELDABLE DUCTILE MATERIAL)

MATERIAL STATEOF ART  WORLD RESQURCES (MT)  PRODUCTION RATE (MT/YR)
TANTALLUM (T111) DEVELOPED 100,000 PERHAPS 1,000
NIOBIUM (C103) DEVELOPED 17,000,000 ABOUT 20,000
SILICON CARBIDE EARLY TEST VERY ABUNDANT VERY SMALL
® RANKINE CYCLE WORKING FLUID
MATERIAL STAYE OF ART WORLD R RC PRODUCTION RATE (MT/YR)
CESIUM DEVELOPED 100,000 =B
POTASSIUM DEVELOPED > 109 10,000,000
*MT = METRIC TON/SPS

Figure 4-2 Thermal Engine SPS Material Availability

Turbine wheel and blade materials require a material capable of taking the required stress for the
baselined 30-year life of the system. These materials may be wrought, that is high ductility is not
required ; a molybdenum alloy has been selected. Turbine housings, however, require a weldable,
ductile material. Tantalum would be ideal and would permit a very high turbine inlet temperature.
However, it 1s in relatively short supply; therefore, niobium (also called columbium) has been
selected. Silicon carbide is truly the ultimate material for this utilization. Early test results are
quite promising, however, it is not felt appropriate to baseline it.

15
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4.1.3 Thermal Engine SPS Material Selection

The relatively large turbine sizes and weights of the potassium turbines scaled fro.n prior land-based
power conversion system studies suggests the possibility of considering the use of cesium as a work-
ing fluid to reduce turbine size. In prior space power studies the relatively low power levels
required and small turbine sizes occasioned by the use of cesium as a working fluid would have
resulted in small first stage turbines, very short first stage turbine blades and significan: first stage
tip losses. These effects are of less cohsequence in the larger power level turbines now being
considered.

The physical and thermodynamic properties of cesium result in smaller diameter turbines with
fewer stages. As a result of the reduced number of stages turbine disk temperatures are lower than
for equivalent potassium systems: furthermore. the reduced expansion ratio of cesium vapor tur-
bines should limit the growih of scroll weights and sizes in the latter stages.

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

So cesium seems to have significant advantages, but is in relatively short supply. Our current fluid
inventory for the 10 GW (ground output) SPS is about 6000 metric tons of potassium. over half of
which is in the radiator. An “‘all-cesium’’ SPS would have roughly the same fluid mass, which is
high relative to the world resources (100,000 metric tcns). A cascaded system could greatly reduce
the amount of cesium required: the cesium loop consists only of the boiler, turbine, pumps, contact
heaters and a cesium-to-water ineat exchanger. The radiator loop employs water. So at the expense
of the additional elements of the two liquid system, cesium may be proved to be sufficiently abun-
dant (if the use per SPS is only a few hundred metric tons).

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

4.1.4 Photovoltaic Satellite Cell Material Selection

The primary materials evaluated were silicon and gallium-aluminum-arsenide/gallium arsenide

(multijunction). Trades leading to selection of a baseline and a discussion of gallium availability are
. sicribed in Section 4.4, *'Solar Cells.”

16
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4.2 SOLAR CONCENTRATORS

4.2.1 Photovoltaic Application

Concentration of sunlight on solar cells has some advantages but also creates some deleterious
effects. The obvious advantages are reduction in the actual solar cell material requirements, and the
possibility of lower system mass if the reflecting material is significanily less massive, per unit of
area projectvd, than the solar cell blankets,

Some of the disadvantages of concentrated systems are higher operat:ng témperaturcs causing lower
cell efficiencies, problems associated with uneven illumination as discussed in the Part | Final
Report and updated in Section 5.1.1.4, and a higher degree of complexity in system construction
and maintenance.

Both the advantages and disadvantagss of concentrated svstems are partially dependent on the type
and degree of concentration, as well as on the type of solar cell used. Figures 4.2-]1 and 4.2-2 show
planar concentrators for cor.centration ratios of two and three, respectively. The effective limit of
concentration ratio for planar concentrators is threc. For higher concentration ratios Compound
Parabolic Concentrators (CPC’s) may be used. CPC’s may be either two-dimensional. cylindrical
(Fig. 4.2-3) or three-dimensional, conic (Fig. 4.2-4). The generation of a three-dimensional CPC sur-
face 1s illustrated as Figure 4.2-5,

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

4.3 SOLAR CONCENTRATION FOR THERMAL ENGINES

The us uved reflector surfaces and secondary concentrators allows high (over 1000) concentra-
tionra 1o be obtainced for thermal engine use. Section # 1.2.4 explains how multiple facets are
used to form the curved reflectors.

44 SOLAR CELLS

Significant advances have been made during the Part 2 study period by ERDA contractors -vho are
developing silicon and gallium arsenide solar cells. Metal-insulation-semiconductor structure for
thin-filin solar cells has produced 11.7 percent efficiency, and a 21 percent limi: is now predicted.
Progress in solar cells based on other polycrystal and other thin-film materials has been slower.
Solar cell developments occurring during the Part 2 study period are des  »ed in ihe paragraphs
that follow.

17
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44.1 Silicon Single Crystal Solar Cells

Solarex Corporation, a JPL contractor developing thin single-crystal silicon solar cells, has produced
over 3000 cells that are only 50 um (2 mils) thick (Ref. 4.4-1). The pilot line making the cells was
constructed in 2.5 months, and onec month later (June 1977), it had prc Juced 2000 cells, each 4
cm? in area, for delivery to Jet Progulsion Laboratory. NASA has contracted with Solarex io kecp
this pilot line in production.

Cell yields improved from 0 to 61 percent during the fabrication of the 50 um cells. A total of
5173 cells was started. with 2049 passing final inspection. Front comast failure and breakage were
the most common causes for rejection. Acceptable output of the 4 cm*® cell without cover was 5§35
mW at 25°C when illuminated with 135.6 mW/cm= of simulated sunlight having an air-mass-zero
(AMO) spectrum. This cell output corresponds to 10.1 percent efficiency. The current-voltage
curve of on 11 percent cell is shown in Figure 4.4-1. Laboratory cells have had 12.5 percent effi-
ciency, and 75 am cells have been better than 13 percent efficient. One 30 pm cell had 11 percent
efficiency.

The solarex cells are sawed to a thickness of around 300 gm from Czochralski grown single silicon
crystal. and then etched to 50 um thickness in 2 40 percent NaOH solution at 373K (2129F). The
yield of the etching process has reached 90 percent. The wafers are then phosphorous diffused at
1138K (15889F) for 15 minutes, and the 500 R thick P* back=surface field is generated by dittus-
ing vacuum-deposited aluminum at 1073K (1471°F) for 10 minutes. Photolithography is used in
defining the front-surface contact fingers and bus, which are layers of titanium. palladium and
silver, vacuum deposited and subsequently sintered. Application of a tantalum oxide anti-reflection
coating requires a temperature of 673K (751°F) for one minute. This coating might not be suitable
for the solar power satellite, where we anticipate thermal anncaling temperatures as high as 773K
(931°F). Heliotek's SO pum cells. which have a textured surface to reduce reflectance, would not
need an anti-reflection coating. Heliotek's cells have generated 67 mW output under 135.6 mW/
cm? of simulated AMO sunlight. This corresponds to 12.35 percent efficiency. However, Heliotek
has not been able to match Solarex’s cell production rate.

Four operators manned the Solarex pilot line which produced 2000 cells in one month. To build

a production line making 50,000 cells 3 month Solarex needs $800,000 and six months time. Such
a line would produce 4 cm? cells for $5.00 each. Solarex has also made 39 cm- hexagonal cells and
5 by § cm square cells from 50 um thick silicon.

Radiation resistance is the most surprising characteristics of the 50 um cells. Figure 4.4-2, pub-
lished by Solarex, shows that after absorbing a fluence of 10! one-Mev electrons, the thin cell can
still produce 92 percent of its initial output. This radiation resistance is also apparent in a cross-
plot of data from JPL’s “Solar Array Design Handbook™ (Fig. 4.4-3). The durability of the 50 gm
cells in a solar-flare proton environment in geosynchronous orbit has not yet been established.
Some insight will come when Boeing irradiates with protons the ten cells that were sent to SPIRE
Corporation for electrostatic bonding to borosilicate glass covers. After the cells are irradiated,
SPIRE will attempt to anncal out the radiation damage by heating with a controlled laser beam.
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Engineers at COMSAT Laboratories say that the radiation resistance and light weight of a 50 um
cell give it a clear advantage over conventional cells for geosynchronous-orbit communication satel-
lites. The radiation resistance also permits the use of thin substrates. Previously thin substrates
were not practical for synchronous-orbit satellites because the differential contraction between the
silicon in the cells and the aluminum in the substrate stressed the cell-to-cell interconnections during
the long eclipses. The thermal mass of a heavy substrate was used to limit the temperature excur-
sions to values that would permit reasonable cycle life for the panels. Now COMSAT has sponsored
the development by MBB and Telefunken in Germany of a graphite epoxy substrate that weighs
only 63 grams per m2. The matrix of graphite is so arranged that the coefTicient of thermal expan-
sion of the resulting sheet matches precisely the coefficient of thermal expansion of the silicon in
the cells. Tests at COMSAT Labs have shown that with this new substrate, thermal cycling in geo-
synchronous orbit will no longer be a serious lifedimiting problem.

COMSAT Labs, with the assistance of the NASA Lewis Research Center, had tested lightweight sub-
strates for their ability to dissipate spacecraft charging in geosynchronous orbit. The conductivity
of the carbon in the graphite substrate was sufficient to limit charging in a 63 grams per mz sub-
strate to one kV. However, during the tests the investigators discovered that a light coating of soot
on the back of any insulated panel will limit the spacecraft charging voltage to less than 100 volts.
Soot, suitably applied and covered with a protective coating. will probably solve the charging prob-
lem for insulated solar panels.

4.4.2 Gallium Arsenide Solar Cells

Previous contract reports showed that the nation’s potential gallium resources could not support a
program of one or more solar power satcllites per year if single-crystal 125-pm (5 mil) thick cells are
used. Figure 4.44, reproduced from previous work, shows the gap between gallium availability and
requirements for the solar power satellite program.

Availability of gallium and other photovoltaic materials is being investigated by Batelle Northwest
Laboratories. with ERDA funding the work. ERDA has not yet released the first report, which will
include a comprehersive picture of gallium availability. The report will probably state that no sig-
nificant sources of gallium other than bauxite, zinc ore, and fly ash have becn identified. However,
it will note that ALCOA has determined that the recovery of gallium from bauxite can easily be as
high as 80 percent, rather than the 10 percent previously assumed. It will also stress that gallium is
a by-product. and that expanding the production of the basic metals just to increase gallium output
will probably not be practical. By 1990 the U.S. could be producing 2.5 x 106 kg per year of gal-
lium as a by-product from zinc and aluminum refining.

On the other hand, the thin-film high-efficiency gallium-arsenide solar cell may not be far away.
Such a cell would be made by depositing on a suitable substrate, by evaporation or by chemical
means, a layer of gallium arsenide which is between 4 and 10 um thick. The crystallites on the film
would then be consolidated to a diameter of perhaps 15 um, and junctions would be formed on
them. Suitably large crystallites have now been grown at several institutions. At MIT's Lincoln
Labs, for example, 25 um crystallites have been grown on films 2 um thick by heating with a laser

beam.
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Perhaps the most important breakthrough has been the formation of a gailium arsenide homojunc-
tion cell by John C. Fan of MIT’s Lincoln Labs. Previous high-efficiency gallium arsenide solar cells
have had a heterojunction formed with gallium-aluminum arsenide. Fan’s cell, which has a very thin
degenerate N* layer on p-type single-crystal gallium arsenide, had a 20.5 percent efficiency in air-
mass-one sunlight. The 500 X N¥ layer provides high conductivity with low light absorption, and
anodizing reduces surface recombination velocity. No vacuum processes are involved in making the
cell. The ncxt step for Fan is to generate homojunctions on his thin-film gallium arsenide with 25
pm crystallites.

Another approach to thin-film gallium arsenide cells is JPL’s AMOS concept in which 16.2 percent
efficiency has been demonstrated, but using sliced polycrystalline gallium arsenide rather than thin
deposited films of gallium arsenide. The AMOS development is now funded with $363K from
ERDA.

In general, the thin-film gallium arsenide work looks good with farge grain sizes grown, and with
short-circuit currents approaching those of single-crystal cells. Achieving good contacts seems to be
the most important remaining problem. Gold and palladium make good contacts, but are 100
costly.

4.4.3 Other Thin Solar Cells

The status of other thin-film solar cells is summarized in Table 4.4-1. The changes during the past
year in achieved efficiency of cells other than silicon and gallium arsenide has not been significant.
Very few materials have produced stable conversion efficiencies above 10 percent.

Dr. Morton Prince, at ERDA’s review of its contracted solar cell development, summarized the
status of thin-film p-n junction silicon solar cells as follows: The key problem with these cells is the
substrate. If the low-cost silicon solar cell program achieves its objectives, then the lowest cost
substrate for thin-film cells may well be single-crystal silicon! Grain-boundary recombination limits
the performance of junction-type thin-film silicon concepts, which are based on polycrystailine sili-
con. Graphite could be a low-cost substrate for amorphous silicon. Hole traps, which collapse the
depletion region and reduce the diffusion length of holes, are the most significant problem in amor-
phous silicon. RCA workers have obtained 6 percent efficiency from thin-film amorphous-silicon
cells produced by plasma deposition from silane gas. Higher efficiency could be had if hole diffu-
sion length could be increased.

Recrystallization of polycrystal and amorphous films of silicon is a tough problem, according to
Dr. Allan Kirkpatrick of SPIRE. No one has been able to do it yet.
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Table 4.4-1 Solar Cell Development Staius in October, 1977, for Cell Types Pertinent
To The Solar Power Satellite
"N
AIR-AIASS ZERO CONVE RSION EFFICIENCY, PERCENT
PRODUCTION _RESEARCH CELLS
CELLS REST PROBABLE THEORETICAL
_CELL TYPE 1977 ACHIEVED 1978 1987 LT NOTES
GALLIUM ARSENIDE SINGLE CRYSTAL 17 185 20 22 25  HUGHES ACHIEVED 175%
THIN FILM 12 15 7 26 IN 2x2cm SPACE CELLS.
BEING DEVELOPZD BY
JPL, VARIAN, SIAU, 31T
LINCOLN LABS FOR ERDA
SILICCN SINGLECRYSTAL W& 156 18 19 22  WOLF GIVES 19% GOAL
POLYCRYSTAL 120 - 1 16 22 '
THIN FiLM 12 R ] &) 22
METALLURGICAL 6.0 10 12 2
VERTICAL 13 15 18 2 {CU\““ED TO BE
JUNCTION RADIATION RESISTANT
CADMIUM 8s 10 10
SULFIDE
1aPCdS SINGLE CRYSTAL 15 ” {?) IN RESOURCES
THIN FILM 57 10
nPAnSn0 SINGLE CRYSTAL 15 (¥4 SPLUTTERED, SCHOTTKY
CulnSe THIN FILM 3 17 BARRIER, BELL LABS
Cd/CulnSe BEING DEVELOPED
THIN FiLM 62 7 a7 BOENG
Si/Gahs TANDEM 34
JUNCTION
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4.4.4 Metal-Insulation—Semiconductor Cells

Development of Schottky-barrier diodes inspired the development of solar cells incorporating
Schottky barriers rather than a simple P-N junction. Schottky barriers are potentially advantageous
in that the bulk material in the solar cell need not be single-crystal, nor need it be very thick. One
approach being developed bg} RCA Laboratories applies 1-um thick films on amorphous silicon,
with platinum Schottky barriers and zirconium dioxide antireflection coatings to achieve 5.5 per-
cent conversion efficiency (Ref. 4.4-2). Amorphous silicon, being highly absorptive, need be only
on= um thick, and the substrate can be steel or glass. Open-circuit voltages are highest with the
most expensive metals. A platinum barrier produced 800 mV, whereas nickei, chromium and
aluminum gave voltages below 300 mV. Of course the value of the metal used is trivial, the
Schottky barricr metallization being only 50 to 100 X thick.

Estimates had been macic of the efficiency versus grain size for polycrystalline p-n junction solar
cells of silicon and gallium .uscnide. These estimates used one and two-dimensional analyses to sim-
plify the mathematics. Lanza 3¢ Hovel of IBM, using a sophisticated analysis in which the three-
dimensional nature of the grains in polycrystalline cells is taken into account, determined that sili-
con cells 10 um thick will be at best 8 percent efficient for 100 pm grain sizes and 10 percent
efficient if 25 um thick. (See Reference 4.4-3). They found that gallium arsenide 2 um thick ceils
can be 12 percent efficient if the grain size is 3 ym or greater. Figures 4.4-5 and 4.4-6 summarize
their conclusions.

The metal-insulation-semiconductor (MIS) cell does not have the limitations cited by Lanza and
Hovel. The interfacial insulating layer or oxide between the metal and semiconductor of the
Schottky barrier increases conversion efficiency considerably, For example, Stim and Yeh report
that they obtained 16.2 percent efficiency in JPL’s AMOS gallium arsenide cell. In fact, Lofersky,
et al predict that the theoretical maximum efficiency of these cells can be 21 percent under Earth-
surface illumination with high substrate doping. low metal work function, and low interface defect
density. (See Reference 4.44). The MIS cell. also called a metal-oxide-semiconductor (MOS) cell
because the insulation is usually silicon oxide, typically consists of a p-type layer of silicon, doped
to 0.1 £cm resistivity, onto which an oxide layer generated by hot nitric acid. anodic oxidation. or
boiling de-ionized water. The oxide layer is usually less than 60 R thick. The metal. for example
titanium, is evaporated onto a thickness of 50 X making its resistance about 800 ohms per square.
Its transmission may be only 60 percent. Contact to the metal is then made with a silver grid.

The best periormance of a MIS cell was reported by Fabre et ai from the Laboratoires
d’Flectronique et de Physique Appliques in France (Ref. 4.4-5). They obtained an efficiency of

11.7 percent with a 2.6 em® cell (Fig. 4.4-7).

Professor Loferski thought that the MIS was the most likely configuration to be used on the solar
power satcllite,
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Figure 4.4-5 The cffect of grain size on AM1 efficiency of 2 um thick GaAs and InP cells and
10 pm thick (solid lines) and 25 um thick (dotted lines) Si cells. The “classical”
Schottky barrier dark current is used, and the metal transparency is 100%.
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Figure 446 The effect of grain size on the AM1 efficiency of 2 um thick (‘:aAs and 10 and 25 pm
thick Si MOS Schottky barrier cells. The transmittance of 75A of Au covered by an
AR coating was used.
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4.4.5 Other Solar Cell Developments

0ak Ridge National Laboratory (ORNL) nas been making respectable solar cells by ion implanta-
tion and also by generating dopants by transmuting elements with neutrons. The neutrons, with a
2-meter range in silicon, transmute silicon atoms into phosophorous with a uniformity that cannot
be approached by other means. However, these radiation processes severely damage the crystal
structure, ONRL scientists have found that the radiation damage is better annealed out with a
laser beam than with oven-heating. Apparently oven-heating causes additional diffusion to take
place degrading cell performance.

A sawtooth cover invented by A. Neulenberg of COMSAT is a real breakthrough (Fig. 4.4-8). The
sawtooth cover makes the grid lines invisible. Besides eliminating the reflection from the grids. the
sawtooth cover makes it possible to put on enough zrids 10 make the series resistance of the cell
virtually zero. The cover can also be made a little larger than the cell 1o capture the light that
would otherwise be trapped in the gap between cells. The new cover can increase solar cell output
by as much as 12 percont.

4.4.6 Conclusions

At this time 50 um single-cry stal solar cells look best for the referen.e design of the solar power
satellite. While today these cells do rot have the desired 18 percent efficiency in standard air-mass-
zero conditions. there are many approaches that have a good chance of achieving this 18 percent
goal. One of the foilowing will probably succeed.

o  Single-Crystal Silicon Cells. The 50 um cells are being developed for today's space applications
where the combination of 12.5 peicent efficiency. low weight, and radiation resistance make
these cells clearly superior to conventional cells. The program ephasis is now on production,
Many opportunitics for improving efficiency are available. For example. Solarex chose to
throw away the power that would be available from infrared photons because texturing ot the
cell surface is not compatible with the Solarex photolithographic process for depositing grid

lirves.

o  Thin-Filmt Gallivm Arsenide. Invention of the homojunction gallium arsenide solar cell,
together with the laser-generated 25 um crystallites in 2 um thick films of gallium arsenide.
open the route to high-efficiency thin-fitm gallium arsenide cells. Cell thickness need by only
some 2 to 8 um. The resulting gallium requirement for solar power satellites may become
attainable with U.S. national resources.

o Gallium Arsenide AMOS Cedl. JPL has already achieved 16.2 percent efficiency with its AMOS
cell, but with sliced polycrystalline gallium arsenide. Here again only a few micrometers of
gallim arsenide is required for high cell efficiency. IPL's AMOS development program is well
funded.
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@  Metal - Oxide - Semiconductor. Fourteen papers at the 12th Photovoltaic Specialists Confer-
2nce (November, 1976) dealt with metal-insulator-semiconductor (MIS) or its equivalent,
metal oxide semiconductors (MOS) solar cells. Effeciencies up to 11.7 percent were reported.

Dr. Loferski of Brown Univer_.ly predicts 21 percent as being achievable. Significant progress

can be expected in the next ten years.

References

4.4-1

44-2

4.4-3

444

445

Lindmayer, 1., “Pilot Line Repor:, Development of a High Efficiency Thin Solar Cell.”
Report SX/105PL, June, 1977. Solarex Corporation.

Carlsor;, D. E_, Wrowski, C. R, Triano, A. R., and Daniel, R. E.. “Solar Cells Using Schottky
Barriers on Amorphous Silicon,” PROCEEDINGS OF THE 12th PHOTOVOLTAIC SPE-
CIALISTS CONFERENCE, 1976

Lanze. C.. and Hovel. H. 1., “Efficiency Calculations for Thin Film Polycrystalline Semi-
vonductor Schottky Barrier Solar Cells.” PROCEEDINGS OF THE 12th PHOTOVOLATIC
SPECIALISTS CONFERENCE. 19706

St. Pierre. J_ A_. Singh. R., Shewchum. J__ and Loferski. J. J., “*Solar Cells Based on Metal-
Insulator-Semiconductor Structures.” PROCEEDINGS OF THE 12th PHOTOVOLTAIC
SPECIALISTS CONFERENCE. 1976

Fabre, E_, Michel. 1., and Budget. Y.. “Photocurrent Analysis in MIS Solar Cells.” PRO-
CEEDINGS OF THE 12th PHOTOVOLTAIC SPECIALISTS CONFERENCE. 1976

4.5 TURBOGENERATOR SYSTEMS

4.5.1 Potassium Rankine Systems

4.5.1.1 Rationale for Rankine

Trade studies performed in Parts [ & 11 of this study led to the selection of the Rankine cycle as the

most promising “near-technology™ thermal engine option. The nearest competitor. the closed cycle
Brayton. is putentially relatively ‘ight only with the extremely high (1600K = 2420°F) or higher
mlet temperature. The potassium Rankine SPS has approximately the mass of the silicon photovol-
taic SPS when the turbine inlet temperature is only 1242K (1776°F).
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Figure 4.5-1 compares Brayton and Rankine systems at the same turbine inlet temperature (1242K
= 1776 OF). The abscissa is the cycle temperature ratio, defined as the ratio of the cycle working
fluid minimum and maximum temperatures. (The Brayton working fluid is helium; the Rankine
fluid is potassivm). Both systems in this figure produce 107 watts busbar. Note that the Brayton
cycle efficiency can be quite high: 45% at a temperature ratio of 0.25; however, it falls to only 10%
at a temperature ratio of 0.48. This is because compressor pumping power becomes so large as to
take nearly all of the power produced by the turbine. The most significant factors in this figure arc
the “radiator effective temperature™ and the “radiztor area.” Since radiator heat rejection is pro-
portional to T4, a high temperature radiator is very effective, even if the power to be rejected is
large (due to low efficiency). The minimum Brayton radiator area of 1.03 Km< occurs at a cycle
temperature ratio of 0.41 where the cycle cfficiency is 21%. The Rankine radiator area of 0.18 km~
occurs at a cycle temperature ratio of 0.75 where the efficiency is 19%. At the points just mentioned.
the Brayton solar collector area is 4.6 km?: the Rankine collector area is 5.3 km=.

The fundamental difference in mass results from the fact that the radiator contains pressure vessels
and is exposed to the meteroid environment. Even with heat pipe radiating elements. if the working
fluid loss in 30 years of operation is to be kept to a reasonable amount (sav 10%), significant mete-
roid armoring is required. The solar concentrator is relatively unaffected by penetrations and can
be quite thin.

If a power level appropriate to a “10 GW™ SPS is required (approximately 18GW busbar). then the
areas in Figure 4.5-1 must be muitiplied by 18. The resultant radiating areas are 18.54 km-=.
Braytcn and 3.24 km:, Rankine. The corresponding radiator masses are 92 x 106 kg. Brayton and
16 x 106 kg. Rankine. The Brayton radiator is more massive than the entire Rankine SPS including
transmitters. Lighter Brayton satellites, previously analyzed, achieved lower mass by the use of
higher turbine inlet temperatures (with ceramic components).

Of course the preceding analysis is based on equal mass per uuit area for the two radiator types.
Our analyses indicate the Rankine radiator is actually lighter per unit area since one manifold con-

2ins vapor as opposed to the two liquid manifolds in the NaK system which is best employed in the
Brayton radiator.

As a consequence, the Rankine SPS has been selected as the thermal engine baseline. Additional
data relative to this selection is contained in the Part 1 final report for this study “‘Solar Power Sat-
ellite System Definition Study. Part 1, Volume I, System Requirements and Energy Conversion
Options, July 29, 1977 (Boeing document D180-20689-2).

4.5.1.2 Data Base

A significant alkali metai data base was established in the 19607s as a result of efforts by the NASA,

AEC. Air Force and their subcontractors. Figure 4.5-2 summarizes this data base.
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As a result of this effort. which was primarily directed toward small scale nuclear power applications
in space, the following summary statements regarding alkali metal Rankine cycle technology status:

(1) A 10 year $24 M (1968%) space power program was conducted.

(2) 12,000 hours of potassium turbine testing was accumulated

(3) 800,000 hours of alkali metal tests were conducted

(4) Methods were established for retractory alloy processing, forming machining and welding.
{5) Methods for alkali metal purification. analysis. handling and control were established.

(6) Materials compatibility with alkali met-ls were determined

(7) Alkali metal bearings were investigated

(8) Electromagnetic boiler feed pumps were operated 10,000 hours at 1000 1o 1400 CF

(9) Dump tanks, getting systems, valves, etc.. were evaluated

10) A 450 kWe space-type turbo-alternator went through a preliminary design cycle

Over 10.00 hours of potassium turbine testing have been conducted on two-and three-stage tur-
bines operating in a 3000 KW AISI Type 316 stainless steel test facility. The turbines operated at
teraperatures up to 1117K (1350 OF) and represented the latter stages of a space power system
intended for a 1422K (2100°F) turbine inlet temperature. Turbine design and performance pre-
dictions were verified. Various turbine disc. blade and casing materials were evaluated. including
superalloys and molybdenum alloys. Methods of controlling moisture and blade erosion on the tur-
bine were evaluated including droplet extraction at the turbine blade tips and in interstage swirl
devices. The analysis. handling and control of potassium during system operation and explicit oper-
ating and maintenance e¢xpenience was gained.

4.5.1.3 Turbine Systems

Potassium Rankine turbines are similar to the water Rankine turbines used o generate approxi-
mately 90% of our current terrestrial electrical power. Shown in Figure 4.5-3 is a two-stage turbine
built by General Electric, our subcontractor in this area. Potassium vapor from a boiler is admitted
to the turbine from the left. After passing through the two stators and rotors the expanded (and
consequently cooler) flow is collccted in the plenum at the right. The machine in the photograph
had a disc diameter of approximately 0.25M (10 inches).

“Full size™ turbines would have more stages (4 to 8). Also. by mounting two turbines “end-to-end.”

with common shafts and housiag, the axial thrusts resulting from flow through the turbines are
balanced. Details of the selected turbine configuration are given in Section 5.1.2.
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4.5.2 Generators

The microwave transmitter requires direct current at approximately 40.000 volts. The power distni-
bution system (see section 4.6) links the generators to the microwave transmitters. The selected
power distribution system is passive, i.¢., it does not convert the generator output to a different
form. Hence, the generators are high voltage d.c. machines. They are directly driven by tae tur-
bines, without gearing. The selected rotational speed is 7200 rpm.

Generator design is based on light weight systems currently evolving for high power airborne use.
Although there is a mass advantage to cryogenic generators, this tends to be offset by the mass of
the cooling system (cryostat). This offsetting effect makes refrigerated power distribution inferior
to passive, radiation cooled systems (as explained in Section 4.6). It is advantageous to operate
generatoers at relatively high temperature to minimize the mass of the associated radiators. These
radiators are required since the surface area of the generators themselves is not sufficient for the
required waste heat rejection.

4.5.3 Potassium Boilers

As previously explained, a significant data base exists relative to alkali metal boiling and condensa-
tion. The boilers (one per turbogenerator) are mounted inside the cavity absorber where they are
exposed to the requisite thermal flux, produced by the solar concentrator system. Zcro gravity con-
ditions favor the use of once-through boiling and the delivery of dry. slightly superheated vapor.

Boiling can best occur when the liquid is in contact with the tube walls. This could be “encouraged™
by centrifugal force induced by causing a swirling motion in the flow.

If boiler droplet emission proves to be a problem. a separator device could be provided in the vapor
duct between the boiler and the turbine inlet. Figure 4.5-4 shows such a separator (separators of
this type are sometimes called “'demisters™). Such separators have achieved 8307 effectiveness.

4.5.4 Pumps

Through part 1 of this study. motor driven mechanical pumps had been tavored for radiator fluid
pumping, since their overall efficicncy of at least 807 was critical in achicving low SPS mass. This
was because radiator pumping power is quite high in the Brayton systems then receiving primary
emphasis. Since this pump type involves two parts (motor and pump). a rotating scal is required.
This seal and the bearings were potential sources of reliability problems.

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

(EM) pumps could be effectively used despite their high specific mass and low efficiency. This is
because the Rankine pumping power is relatively low.
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EM pumps have been used extensively in the pumping of liquid metals. They have the advantages
of absence of seals and bearings, operating reliability and reduced maintenance requirements.

For the Rankine cycle space power program, a light weight 193Kg (425 Ibs.) electromagn=tic boiler
feed pump, capable of operating at a liquid metal temperature up to 1033K (14C00F), was designed,
built and tested for 10,000 hours. It pumped 811K (1000°F) potassium at flow rates up to 1.47kg/
sec (3.25 Ib/sec) at a developed head of 1650kPa (240 psi). a NPSH of 48kPa (7 psi) and an effi-
ciency of 16.5%. The pump featured at T-111 alloy helical pump duct and a high temperature
stator with a 811K (1000°F) maximum operating temperature; the stator materials consisted of
Hiperco 27 magnetic laminations, 99% alumina slot insulators, type *S” glass tape interwinding
insulation and nickelclad silver conductors joined by brazing in the end turns. Pump windings
were cooled by liquid NaK at 775K (900°F).

Large size annular linear EM pumps are under development for the Liquid Metal Fast Breeder
Reactor. A 680Kg/sec (1602 Ib/sec) pump has been built and is awaiting test: pumps of larger sizes
have been considered in the range of 1409:3435: 3759 and 6100 Kg/sec (3108; 7573:8289 and
15470 Ib/sec). Weight and cost estimates for commercial land based versions of these pumps have
been initiated. While these pumps were designed for handling sodium at about 732K (8589F).
their development indicates pump scale-up experience well above that of the earlier higher tempera-
ture builer feed pumps for Rankine space power systems.

Since the design technology for EM pumps is well-developed and relatively large pumps have been
built, the design and production of pumps of the required size and operating characteristics for the
SPS should be a straightforward engineering problem. The use of higher pump voitages and
improved high temperature electrical insulation. magnetic and conductor materials will be required
utilizing experience gained in the design and test of the 1033K (14009F) boiler feed EM pump.

Pumping at low NPSH has been demonstrated and avoidance of cavitation in these pumps can be
circumvented by (1) subcooling of the condensed potassium to minimize possibility of cavitation
(only very low energy losses are involved). (7} minimizing condensate return line pressure losses and
(3) reliance upon the dynamic pressure head of the high velocity condensing potassium vapor to
help support the minimum NPSH required to prevent cavitation.

Figure 4.5-5 shows the EM pump (as described above) fabricated by General Electric for the space
power test program.
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#® 10,000 TEST HCURS ® 17% EFFICIENCY ® UP TO 1033 K [1400°F)

Figure 4.5-5.  Electromagnetic Pumps
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4.5.5 Radiators OF POOR QUALITY

4.5.5.1 Temperature

The amount of energy which must be input to a conversion system is inversely proportional to the
efficiency, n, where Py is the useful power to be rejected.

Pin _ Pout M
n

After removal of the useful power, the waste heat to be rejected is:

Prej = Pin- Py 2)
- Pout ) 3
=T 7)_ out

= Pout (_‘_ - 1)
n

Thus, the heat to be reiected grows rapidly as the cycle efficiency (n) diminishes:

n Pin Prej
Pout Pout

S0% 20 1.0

40% 25 1.5

30% 333 2.33
20% 5.00 4.00
10% 10.0 9.00

Thermal cycle efficiencies are relatable to the ideal, or Carnot, efficiency.
Mideal & Tin-Trej (3)
Tin

As will be explained in section 5.1.2, the selected Rankine cycle temperature ratio is 0.75, i.e.:

=0.75 (6)

=
E

m
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Consequently nideal is limited to 0.25 (the actual efficiency is 0.189). However, with a turbine
inlet temperature of 1231K (1776°F), the radiator temperatuze is close to 932K(12180F). At this
temperature, thermal radiation is quite effective, so much so that the radiator has less area than if
the rejection temperature were lower (although the cycle would be more etficient, and there would
be less heat to reject). Refer back to the right side of Figure 4.5-1.

4.5.5.2 Radiating Elements

Heat pipes have been selected as the radiator heat dissipation elements. For high temperature
radiators, fins are a poor choice. This is because thermal conductivity through the fin material is
inadequate to keep up with high temperature surface radiation (conductivity varies directly with
temperature; radiation, with the fourth power of temperature). If the werking fluid (potassium).
is conducted directlv through tubular radiating elements, these elements must be capable of isola-
tion by valves. Without icolation, a single leak can cause loss of the entire fluid inventory.

Heat pipes can be used as radiating elements by wrapping their evaporator sections around a mani-
fold carrying the working fluid to be cooled. Meteoroid penetration of a heat pipe makes that pipe
inactive but does not cause loss of working fluid in the manifold. .\ derivation of the optimum
spacing between heat pipes and the associated view factor effects is given in Scection 5.1.2.

4.5.5.3 Manifolds

Rankine cycle radiators employ an inlet vapor duct and a hquid return duct. The radiater panels
themselves incorporate “throughpipes.” on which the heat pipes are mounted. which accept the
flow from the inlet duct and output flow to the return duct. Two primory options exist for the
arrangement of these elements, as shown in Figure 4.5-6.

4.6 POWER DISTRIBUTION AND CONTROL

The function of the power distribution and coutrol system is to acquire power from the power gen-
eration system, condition, regulate and control the quantity and quality of the electrical power,
transmit the power to the MPTS antenna, provide for energy storage. and provide for fault detee-
tion and isolation. The MPTS antenna power distribution system is discussed in detail in Volume 4.
MPTS. The following paragraphs report the power distribution and control system status at the end
of part 1 of the study, retrigerated conductor system analysis, the current status of the satellite
power distribution system, and rotary joint design analysis.
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“Z" TYPE

VAPOR INLET DUCT  ——— D

=— THROUGHPIPES

\—‘—- LIQUIDO RETURN DUCY

“U" TYPE
—————e____~— VAPORINLET DUCT

~=— THROUGHPIPES
Ve ORIFICES

\——— LIQUID RETURN DUCT

Figure 4.5-6 Manifold Arrangement Options
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Figure 4.6-1: Thermal Engine SPS Power Distribution
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4.6.1 Type Section
4.6.1 1 ?ower Disiribution and Control Status—Part [ Study End

The power distribution and control system status tor each element at the end of the Part | study

effort was as follows:

Conductors—The conductors for the satellite were selected t be one millimeter thick clectrical con-
ductor (EC grade aluminuin sheet). Aluminum was sele: ted as the conductor muaternial hased on the
produci of resistivity and density (Ret. 4,6-11. Sheet conductors were selected over other shapes
because they maximize the ratio of surface area (for radrite o ol winte heat) to enclosed area (6

current conduction). The thickness of one millimeter was selected 1o mainimize handling damage

Switciigear—The switchgear sclected was the liquid metal plasma valve switeh with a paralled
mechanical contactor, Commutation circuttry ix alse roquitted. One switvhgear was requarad por

power sector or gonerator. solation disconnecis were provided.

DC/DC Converter—DCDC converters had a specitic mass of one Kdogram per Kilowatt ot input,
Efficiency was 0.96.

Main Buses—Three main buses were provided. The DC RE converter used ax the bascline during
Part 1 was a Klystron with three depressed collectors. Tt was determined that it was maore orticion
to process all power required by the Klystron theater, sotenoid. one depressed collector, and o
eration anodes), except for the two depressed collectors which mtercept the matonty of 1o boain
current. This eftficiency was compared with genorating the required voltages on the satellite and
using buses to transmit the power to the MPTS Khvstrons, Thius three buses were reqaired o deinver

-~

the two voltages (40,000 volts. collector AL and 37900 volts. codlecior By to the Khves ons

Power Sectars- Power sectors are defined as that portion of the power generation equipment whose
output is controlled by one switchgear unit. Power sectors for the thermal ongine were stranght-
forward. Fach generator was considered a power sector. For the photovoltaie SPS the ~clection
was e complex. Power sector size was selected based on a reliability maintainability anabvais
and - on the anncaling concept. The powes sector size selediod representad approvimateh

0.5 of the tetad satellite output tor 1% of cach antenna outpaty,

Rotary Joint—The rotary joint defined in the JSC baseline (Ret 4.6-1y was used. No citort was

expended on rotary joint analysis in Part 1 ot the study otfert,

Energy Storage -Not defined in Part 1.
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Power Distribution and Control for Self-Powered Orbit Transfer—Becaus . of the severity of the
plasina problem at LEO, power was acquired from the array at a considerably lower voltage than at
GEO operations. The Part I analysis showed that it was more eificient and a Jower weight system
was obained if power was processed for all ion thruster requirements. Power was acquired from
the array at a higher voltage than required by the thrusters (but much lower chan the GEO operat-
ing voltage) and a DC/DC converter used to provide the proper thruster voltages.

Conductor Operating Tempersture—Conductor operating temperatures were selected during Part 1.
The rationale used to determine these temperatures was to minimize the totel satellite mass. The
sum of conductor mass and power generation system mass required to gencrate the conductor I°R
_ losses was miniimized. The optimum conductor of - ating temperaturz for thermal engine SPS was
determined to be 323K (121°F) and for the photovoltaic SPS. 373K (212°F).

4.6.1.2 Refrigerated Power Distribution Systems

One of the areas that was investigated during the system definition study for the SPS power distri-
bution and control system was the application of refrigerated conductor system to improve system
efficiency and mass. The paossibility of greatly reducing system size and mass by operating in either
the superconducting or the cryoresistive (LN~ temperature) regime is attractive. Both temperature
regimes were investigated during the course of the analysis. The analysis was performed on the
Thermal Engine SPS Configuration. (Sce Figure 1.6-1))

Superconducting Power Distribution System— A number of superconductor materials are available
for use as the superconducting medium in power transmission lines (Refs. 3-1 thru 5-0). Figure
4.6-2 shows some conductor parameters which were used to sclect the superconductor and stabiliz-
ing conductor for the transmission line discussed herein. Aluminum was selected as the stabilizing
conductor for the superconducting cable.

Also shown in Figure 4.6-2 are several candidate sup2reonductive materials which were copsidered

for use in the superconducting cable. Niobium-tin was selected as the superconducting material for

tWO primary reasons:

(1) It has a relatively high critical temperature (the temperature at which the transition to super-
conduction occurs): and

{2y Niobium-tin has been shown to be ad=ptable to cable fabrication. The selection of a material
with 2 high critical temperature is extremely important in terms of total system mass and effi-
ciency. The refrigerition system mass and power requirements are heav'ly dependent upon the
refrigeration cycle 'ow-und temperature. Other superconductive nyaterials have higher critical

temperatures, But  wve not been saown to be amena’ e to cable fabrication technigues.
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The thermal engine satellite was used as the baseline to perform the refrigerated conductor system
analysis. Figure 4.6-1 shows the thermal engine SPS with sheet conductors against which the super-
conductor system was compared. For the sheet conductor power distribution system, the con-
ductor mass was 3.193 metric tons and the conductor losses were 0.715 gigawatts. Using a specific
mass of 3.3 kg/kw for the thermal engine SPS, 2,260 metric tons of power generation mass are
required to provide for the conductor losses. This yields a total of 5,553 metric tons of SPS mass
which can be attributed to the power distribution system conductors.

Total system mass and power for the superconducting cable system was determinad by designing a
systemn with a typical run from the generators to the rotary joint as 2 baseline. This baseline system
was then scaled to the entire satellite.

The superconductor cable designed for the SPS is shown in Figure 4.6-3. The cable is coaxial and is
made up of the following eiements:

(1) An open area in the ~enter for refrigerant flow. The diameter of this open area if 3 cm.

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

(3) Layers of counterspiraled alumirum stabilizing conductor. The purpose of the counterspiraled
aluminum stabilizing conductor. The purpose of the counterspiraling is to cancel out trans-
verse magnetic fields caused by winding the conductor in a spiral.

(4) A superconducting layver of niobium-tin.

(5} A layer of clectrical insulation made of wound polyetratluoroethylene teflon (PTFE)

{6) A second region of counterspiraled stabilizing aluminum conductor similar to (3) above.

(7} A second superconductor sinular to (4) above.

(8) An open area with spaces to provide for refrigerant flow between the ovter conductor and the
prossure jacket (effective flow area equai to item 1),

(9) A cerrugated flexible stainless steel outer pressure jacket with a thickness of 0.030 inches.

(10* Thermal insulation composed of 30 layers of super insulation. The thickness of the multi-
layered insuiation is 1 inch (2.54 cm

t11) An cuter covering of TEFE coated glass cloth.
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SPIRAL HELIX

INNER CONDUCTOR
HELIUS STABILIZER

Figure 4.6-3. Coaxial Superconducting Power Transmission Cable
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The outside diameter of the total superconducting including the thermal insulating jacket is
approximately 12.4 centimeters and has a mass of 10.06 kilograms per meter of length as shown in
Table 4.6-1. For the thermal engine SPS used for the study. a total length of 52,440 meters of
superconductor are required. This yields a total conductor mass of 528 inetric tons.

The results of the superconductor analysis are shcwn in Figure 4.6-A. The power required to
operate the refrigerators and pumps for the liquid helium refrigeration cycle is considerably less
than the sheet conductor 12R losses even at relatively Ligh values of super insulation thermal per-
formance. “he weight and power required by the refrigeration/radiator system is heavily depend-
ent on the refrigeration cycle temperatures. Values of 6K (449°F) and 8K (~446°F) were used for
conductor inlet and outlet refrigerant temperatures respectively. The primary reason for sclecting
these values was to assure no loss of superconductivity for short periods of refrigerant plant out-
ages. Since, with DC superconductiag cables. the primary heat load to the refrigerator system is
leakage through the superinsulation, a considerable reduction in refrigerator/radiatcr mass and
power requirements could be realized by the development of a superconductor with a higher critical
temperature.

As can be seen from Figure 4.64. the superconductive conductor system can be less massive than
the equivalent sheet conductor system when the thermal performance of the super insulation is
good enough. Table 4.6-2 summarizes the mass of the superconductor power distribution system
tor two values of thermai performance within the range of values measured on space programs.
Abso shown is the sheet conductor mass summary to allow for comparison.

Based on the results obtained during this study where only the conductor systein wis analy zed. the
use of a superconductive conductor system on the SPS s not recommended at this time Jue to the
system complexity and roughiy equal muss with the aluminum sheet conductor concept. Supercon-
ductor systems shouid not be totally dismissed {rom consideration as a SPS power distribution sys-
tem clement, however. The development of suporconductor materials with critical temperatures
higher than the present iquid hyvdrogen temperature could swing the trade into a more favorable
position. This is particularly true for the theraal engine SPS concept where the use of supercon-
ducting gencrators could also contribute to the mass savings. It is recommended that the SPS stud-
ws stouid conLinie 1o use conventional conductors. but that the superconductor technology status

should be monitored for advarces which would be applicable te SPS usage.

Crvoresistive Power Distribution System- The resistivity of aluminum decreases from approxi-
metoly P78 microohm-centimeters to 0.23 micro-ohm centimeters at LN~ temperatures. This
represents an improvament of abouat 15 times and hence a reduction of the l-:R fosses to about
1/15 of the losses nea: 373K (2129F).

s
This decrease in IR losses must be more than the offset by the refrigeration system powcer require-

ment in order for the reinigerated conductor system to win out. Fach watt of cooling requires 14 to



D180-22876-3

0 002

004 006 008 0.10

«®* THERMAL PERFORMANCE

Figure 4.64. SPS Superconductor Analysis Summary

51

$P5-1257
Table 4.6-1. Superconductive Cable Mass Summary
CABLE ELEMENT MATERIAL SP.GR. d, 4, KoM
Gmcud v Cu
& SPIRAL CABLE SUPPORT AL 27 500 520 0.144
® STABILIZER CONDUCTOR AL 27133 520 6580 2.106
{1.33 FILL FACTOR)
® SUPERCONDUCTOR (INNER) NbySa 84 580 582 0327
® INSULATION TEE 22 582 &82 2.184
® STABILIZER CONDUCTOR AL 27133 682 729 2.105
{1.33 FILL FACTOR)
® SUPERCONDUCTOR (OUTER) Nby So 84 729 13 o3
® SPACER TFE 22 731 886 0.040
® OUTER PRESSURE VESSEL STAINLESS 80 886 9.88 2535
{CORRUGATED) STEEL
® SUPERINSULATION KAPTON/  19x102 986 12.40 0.187
MYLAR/
NET
® QUTER COVER TFE Zaxgm? 1240 1240+ 0.107
COATED
GLASS
TOTAL 10.081
H-137%
108 1010
TOTAL WEIGHT
/ CONDUCTOR SYS +
GENERATION TO
RANGE OF OBSERVED —- - COMPENSATE FOR
SUPER INSULATION THERMAL N REFRIGERATOR +
PERFORMANCE ON N i PUMP POWER
FLIGHT PROGRAMS
WEIGHT
10’ REFRIGERATOR + fLup] '’
SHEET CONDUCTOR 12R LOSS —#
TOTALWEIGHT — TOTAL MASS
RADIATOR + FLUID </ suEET GENERATION TO
CONDUCTOR COMPENSATE FOR
12R LOSS OF
¥ CONDUCTOR
. REFRIG. + PUMPS™ SHEE o
[ T 1 w‘ E
g WEIGHT g
] RADIATOR + FLUID 1
3 «
g g
g 4
105 10’



SYSTEM
ELEMENT

CONDUCTOR WT.
REFRIGERATOR + FLUID
RADTATNR + FLUID

CABLE TERMINATIONS
(22 REQ'D @ 4.0 Kg ea.)

TOTAL CONDUCTOR SYSTEM WT
CONDUCTOR POWER LOSSES

POWER GEN. WT TO
COMPENSATE FOR POWER
LOSSES @ 3.3 Kg/Kw

TOTAL WT FOR CONDUCTOR
SYSTEM & LOSSES

Table 4.6-2. Superconductive Power Distribution Summary

SUPERCONOUCTIVE CONDUCTOR

THERM. PERF = 0.02 THERM. PERF « .0

528 x 108 kg 528 x 10% Kg

4.964 x 106 kg 3.436 x 10° Kg

218 x 106 Kg 120 x 106 Kg

.009 x 105 kg .009 x 105 kg

6 6

5.719 x 10° Kg 4,093 x 10% kg
1.08 x 108 WATTS 756 x 10° WATTS

.356 x 10° kg 249 x 10° kg

6.075 x 10° Kg 4.34 x 108 g

AL SHEET CONDUCTOR

3.193 x 10% Kg

3.193 x 10 K¢

7.15 x 107 WATTS

2.360 x 10° Kg

6

5.553 x 10° Kg

£-9L87T-081Q
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- . S . = . hi
13 watts of retrigerator and pumping power at LN+ temperature. Thus the reduction in I-R losses
by operating at LN+ temperature is approximately offset by the increase in power for the refrigera-
tion system.

The results of the study for cryoresistive conductors are summarized in Figure 4.6-5. The mass of
the refrigerating system at the same current density (449 amp/ cm-) as the baseline thermal engine
SPS shown in Figure 4.6-1 is approximately the same as the sheet conductor weight. The total
power required ai the same current density is also approximately equal to the l:R losses. Thus the
total system mass (conductor + refrigeration system) is approximately twice the sheet conductor
mass and the power required is approximately equal to the sheet conductor I:R losses.

The cryoresistive conductor system requires the same amount of power gencration mass tor an
equivalent efficiency. The crvoresistive conductor svstem is twice as massive. Therefore. the cryo-

resistive conductor system should not be considered for use on the SPS.

SUPER CONDUCTIVITY
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Figure 4.6-5. Cryoresistive Cooling of Conductors

4.6.1.3 Power Distribution and Control Systems for Reference Solar Power Satellites

The design concepts developed during the Part 1 study effort on the satellite power distribution and
control system remain essentially unchanged at the end of the Part Il study. However, system
updates were accomplished to: 1) reflect satellite configuration changes: 2) incorporate results of
investigations in areas which were not covered in the Part 1 study effort; and 3) incorporate any
changes required to establish compatibility between the MPTS antenna and the satellite power
distribution and control system.

The block diagrams for the power distribution and control systems for the thermal engine and

photovoltaic satellites are shown in Figures 4.6-6 and 4.6-7 respectively. The main power buses are
all conductor grade aluminum sheet conductors.
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The basic concep? is Hlustrated in Figure 4.6-8. The paths for current flow through the cell strings
within the power sector are as shown. Jumpers are used at the satellite edge to connect power sec-
tors. These jumo=rs are included in the mass summary shown in Table 4.6-3 as aoquisition buses
a'ong with the small buses used to acquire the power from the power sector prior to connecting to
the switchgear shown ir Figure 4.6-8.

Some of the important parameters for the photovoltaic solar power satellite are summarized in
Tabie 4.64. For each power sector, the main bus voltage. sector curten? and the main bus power
ioss to transmit the secto: current to the rotary joint are shown. During the conduct of ihe part |
study effort, discussions with the NASA/JSC SPS systems definition study COR, C. Covington, led
to the imvestigations of sateilite power distribution system buses which routed power in only cne
direction (laterally or longitudinally dependent upon satellite configuration). The primary reason
for the mvestigation was (o attempt io take advantage of ihe large distance accumaulated by con-
nacting in series enough soiar cells to achieve 42 to 44 kilovoits.

Di<cussions 0: the areas of switchgear, DC/DC converters. and energy storage are included in the
power distribution section of Volume IV, MPTS, of this final report. Reports provided by General
Eicctric in the area of DC/DC converters and switchgear are included in the appendicesof Volume IV,

Power sector summary data for the thermal engine SPS is shown in Table 4.6-5. The mass and loss
summary for the thermal engine satellite is shown in Fable 4.6-6. For the thermal engine satellite.
a power sector is ecuivalent to a satellite module.

A summarny comparison of the power distribution svstems for the two satellite cnergy comersion
options (photovoltaic and therma! engine) is shown in Table 4.6-7. In coneral. the power distribu-
tion svstern for the photovoltaic SPS is lighter. less efficient. and requires less energy storage than
the ihermal cngine SPS. The pnmary reaso for increased energy storage 1equired for the thermal
engine satctite is for engine start-up. Energy storage is required for start-up of only one engine per
cavity. All other start-up is bootstrapped to the first engine.

462 Rotary Joint

The MPTS antenna-to-spacecraft interface requires 3609 rotation about the spacecraft central axis
with limited moticn for elevation steering while maintaining structural and electrical integrity
between the satcilite and the antenny Previous designs of rotary joints (Ref: 4.6-} and 4.6-2) were
massive and mounted directiy behind the center of the microwave antenna with its high thermal
radiation environment. An alternate concept was developed which is ligater and is mounted
between the satellite and the antenna.
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SHEET CONDUCTORS — 1 MM THiCK
2R LOSS 1.05 x 102 WATT®
CONDUCTOR TEUP = 100°C

Photovoltaic Reference Power Collection
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Table 4.6- 3. Fhotovolaaic SPS Power Sector Summary

POWER DISTANCE TO MAIN BUS SECTOR MAIN BUSS
SECTOR ROTARY JOINT ~ M. VOLTAGE ~ VDC CURRENT = AMPS I-R LOSS - WATTS

Al 418,57 0995 41 2.210.18 428431
A2 415.57 40.993.41 2.216.18 428.631
A3 62519 41.090.9%¢ 228 644322
A4 62519 41.090.9% MRS BN odd 322
AS N34.81 $1.188.52 221140 839,190
Ao 834.81 41, 188.82 221140 839.19%
A7 1.073.57 41.300.57 2.208.03 J05.274
A 107357 4130037 2.208.03 J05274
A9 1.285.19 41.398.13 2.205.03 SR ges
AlQ 1.285.19 4139513 220303 318 89S
All 1494 81 41495 a8 20117 AX3
AlZ 149481 4149503 2200 S330
Al3 1494 81 11 495 65 220117 A3
Al3 1.733.5%7 4160773 219754 TS
Ald 1,735,587 4100773 19773 TTRN

&~

41.705.29
4170529

d940
9410

Q80,297

ot
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‘et b a b d by bd bd L a1 g B g s s as s e e e R B e e
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1
1
Al7 21 1 4180285 190,43 196003
AlS MR B3| 41.302 83 219045 100093
A9 2398587 419149 218610 437350
A2 239557 419140 248610 437380
Al 200819 4201240 218188 645 442
Al 2.005.19 1201240 218188 o45.442
AR 287481 4211001 217823 883,503
A4 281481 42.110.01 217823 J33.503
Als 307883 42.231.37 21787 110,131
Alo 3.075.57 42.231.37 2.172.87 3110181
A7 32851 4232893 2. 1e837 331880
A28 328519 4232893 216837 3313286
A9 349481 4242048 216279 3517748
A30 I 4M81 4242648 2162.79 3515748
Adi 372587 42.533.88 2.158.29 3742216
A32 37587 4253388 188,29 3742210
A3l 3935019 42.631.44 215422 3045325
Ald 3.935.10 4203144 21422 3945323
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Table 46-3 Photovoltaic SPS Power Sector Summary (Cont’d)

POWER DISTANCE TO MAIN BUS SECTOR MAIN BUSS
SECTOR ROTARY JOINT ~ M. VOLTAGE~ VDC CURRENT = AMPS I-P. LOSS - WATTS

A35 4,144 81 42,728.99
A36 4.144.81 42,728.99
A37 4,395.57 42.845.70
A3R 4,395.57 42.845.70
A39 4.605.19 42,943.2¢6
A40 4,605.19 4294326
Adl 4.814.81 43.040.81
Ad2 4,814.81 43.040.51 3,20 +.780.09%0
A43 5,055.57 43.152.86 5004486
A4 5,055.57 43.152.86 2.126.98 S.044 4%
A4S 5.265.19 43.250.42 212062 3.196,410
Ad6 5,265.19 43.250.42 2.120.62 5.190.410
Ad7 547481 4332798 214476 RIS IRTYS
334798 L1476 3388360

.149.71 4,146,769
L1971 4,146,769
14392 4383 817
14392 4,383,817
3856 4.583.490
4.583.49%
20 4.780.09%6

tad
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1J Lt 1D te Yo 1a e td 12
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3 twe twr les

- e e e es
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A48 547481 43

A49 5.73557 43.469.33 2.105.76 56209638
AS0 5735587 4346933 210576 26209638
ASl 5,945.19 43.566.39 2.099.97 3310380
AS2 5.945.19 4356689 2.099.97 3310386
AS3 6.151 81 43.663.05 2091 .82 5.988.985
AN 6.151.81 13.663.05 209182 S.U8R.985
ASS 6.39557 43776 30 208324 6.200.704
AZS6 0.396.57 43.776.530 208324 ©.200.704
A7 6.605.19 43.874.06 207574 6. 380,949
ASR 6.605.19 4387400 207374 OO0 4
A30 6 8i4.81 439716l 2.0e8.23 6. 58396010
Aot 6.814.81 13971 .61 20080 0,556,619
A6l ERLRN I 44.083.66 205751 6.756.103
A62 ER LU 44.083.66 205751 6.756.163
A63 T.26S19 44.182.22 204894 6927917
A64 7.265.19 44.182.22 2.048.91% 0.927.917
AbS 7474.81 +4.278.78 2.039.93 7.096.465
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Table 4.6-3 Photovoltsic SPS Power Sector Summary (Cont'd) @ POOR QUALITY

POWER DISTANCE TO MAIN BUS SECTOR MAIN BUSS
SECTOR ROTARY JOINT ~M. VOLTAGE~ VDC CURRENT = AMPS I2R LOSS - WATTS
Bl 7.474.81 42.178.78 2,144.80 7,461,287
B2 7.715.57 42,290.83 2,139.22 7,681,575
B3 1.715.57 42,290.83 2,139.22 7,681.575
7,925.19 42,388.38 2.134.29 7.872.073
B5 7,925.19 42.388.38 2,134.29 71,872,073
B6 8,134 81 4248594 2.130.65 8.066.513
B7 8.134.81 42,485.94 2,130.65 8,066,513
B8 839557 42.607.30 2,124.64 8.301 606
B9 8.395.57 42.607.30 2,124.64 8,301,606
B10 8.605.19 42.704.86 2.120.14 8.490.864
Bl1 8,605.19 42.704.86 2,120.14 8.490.864
BI2 8.814.81 42.802.41 211542 8.678.320
B13 8.814.81 42.802.41 211542 8.678.320
Bi4 9.055.57 42.914.46 2.110.28 8,893,691
B15 9,055.57 42.914.46 2.110.28 8.893.691
Ble 9,265.19 43.012.02 2.104.70 9.075.509
Bi7 9.265.19 43.012.02 2,104.70 9.075.509
Bi8 9.474.81 43,109.58 2,099.34 9.257.208
B19 9.474.81 43,109.58 2.099.34 9.257.208
B20 9.713.57 43.221.63 2.091.84 9.458,527
B21 9.715.57 43,221.63 2.091.84 9,458,527
B22 9,925.19 43319.18 2.086.05 9.635.840
B23 9.925.19 43,319.18 2,086.05 9.635,840
B24 10,134.81 43.416.74 2.078.54 9.803,933
B2S 10,134.81 43.416.74 2,078.54 9.803.933
B26 10,375.57 43,528.79 207211 10,005,784
B27 10,375.57 43.528.79 207211 10,005,784
B28 10.585.19 43,626.35 2,063.96 10,167,789
B29 10.585.19 43,626.35 2,063.96 10,167,789
B30 10,794.81 43.723.90 2.057.10 10,334.665
B31 10,794.81 43,723.90 2.057.10 10,334,665

£5.282937 x 108
M =933,210kg
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Table 4.6-4. Photovoltaic SPS Power Sector Summary

MASS 1%R L0SS
Kg MEGAKATTS
MAIN POWER BUSES 1,866,420 1,056.6
ACQUISITION BUSES 36,838 10.0
SWITCHGEAR 78,000 NFG.
DISCONNECTS 78,000 NEG.
CELL STRING FEEDERS 38,800 INCL. IN ARRAY
ENERGY STORAGE 20,000 -
TOTALS 2,118,058 1,066.6
% LOSS 6.10
Table 4.6-5 Photovoltaic SPS Power Sector Summary
POWER DISTANCE TO MAIN BUS SECTOR MAIN BUSS

SECTOR ROTARY JOINT ~M. VOLTAGE ~ VDC CURRENT = AMPS I-R LOSS - WATTS

Ai 11.902 44.066 4 24.001.672 343722
A2 9.168 432699 150204 61.797 886
A3 6.434 428333 25,4418 44.098.272
A4 3.700 41.796.8 14.0340 13.989.091
AS 6.434 42,5333 2534418 44.098.272
A6 9168 43.269.9 15.0204 61.797 886
A7 i1.902 41,006 .4 2460162 34157122
B! 10.200.40 41474 26.103.4.2 286807503
B2 7.366.40 40,7384 265752 34170888

3 10.300.40 414749 26,103,422 JRO60T 563
B4 3.700 39.696.8 125214 12481332

VITR = 417962 x iy

EM=204"¢.

ORIGINAL PAGE ‘:-
A% POOR QUALITY
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Table 4.6-6. Thermal Engine Satellite Power Distribution Summary

MAIN POMER BUSES
ACQUISITION BUSES

SWITCHGEAR

DISCONNECTS

ENERGY STORAGE
TOTALS
% LOSS

Table 4.6-7. Satellite Power Distribution System Comparisons

NUMBER OF MAIN BUSES
CONDUCTOR 12
CONDUCTOR MASS (METRIC TONS)
SWITCHGEAR QUANTITY

ENERGY STORAGE (WATT HOURS)

CONDUCTOR OPERATING TEMP (°C)

R LOSSES (MEGAWATTS)

65

MASS
K9

4,295,232
42,950
230,400
230,400

198,896

4,997,878

THERMAL ENGINE

SPS

841.9
4,338
582
8,000,000
50

12R LOSSES

MEGAWATTS
835.9
6.0
NEG.
NEG.
841.9

4.87%

PHOTOVOLTAIC

SPS

1,066.6
1,942
198
800,000
100



D180-22876-3

The selected design for the electrical rotary joint is shown in Figure 4.6-9. The followirg para-
graphs discuss the rationale used in accomplishing the slip-ring design:

Brush-Ship Ring—-Candidate brush and slip-ring materials were reviewed for applicability to the SPS.
Based on the results of the review, coin silver (90% silver and 10% copper) was selected for the slip-
ring material and a silver-molybdenum disulfide brush with 3% graphite was selected. The charae-
teristics of this combination are shown in Figure 4.6-10. The use of these two materials for the
rotary joint is cxtramely attractive. With a design using a brush current density of 10 ampsf‘cmz
only about 40 kW of power is dissipated in the rotary joint. Included in the review were materials
shown in Table 4.6-8 which were acceptable for extended testing in tests performed by COMSAT
on candidate brush/slip-ring materials for application on communications satellites.

Early designs we made for t.e zlectrical slip-ring/brush assembly had a diameter of 350 meters.
Subsequent review of materials avzilability showed that for the large slip-ring over 5% of the worlds
total silver reserve (known and projected) would be required. This matenal constraint caused s
redesign effort for either a smaller slip-ring or the use of coin silver plating over another conductor
material for the slip-ring. The large slip-ring will require assembly in space. A smaller design

which could be assembled on earth and checked out and launched as an assembly is an attractive
option. The selected design shown in Figure 4.6-9 satisfies this set of requirements.

The selected matenals combination performs exceedingly well in vacuum. Care niust be taken in
earth-based testing. however. Operation in the earth’s atmosphere results in high wear rates.

The installation of a single brush assembly on a circular slip-ring causes unwanted detlections due to
assymetrical loading. For this reason. the ship-ring;/brush assembly was designed for symmcetrical
loading as shown in Figure 4.6-9. Brush drag twith a coefficient of friction of 0.141 at a brush pres-
sure of 4PSI (235 .0KPa) was computed to be 307N, 387N and 463N (69 pounds. 87 pounds. and

104 pounds forced for cach inner. middle and outer ship-ring brush assembly.

The comn=sifver stip-miae < a br ght surtface and. bonce. eiects heatvery poorly. Coin sitver is a ven
good conductar. However, tre combinations of the two result in faiely lugh slip-ring temperatures
as is shown in Figure 4.6-11. For this calculation, it was assumed that no heat s rejected through

the shp-ring teeders. Actual operating temperatures will thus be somewhat lower than shown since
the feeders are designed to operate at a much lower temperature and will help in removing slip-ring

waste heat.

King Feeders- Fecders from the main power distribution buses to the slip-ning aic designed to
operate at a current deasity of only 100 amps, em-=. Feeders are spaced 45 degrees apart (centerhine
to venterbme) and are spaced at 13 degree intervals as shown in Figure 4.0-9, The temperature of
the feeders are shown in Figure 4.6-12 and retlect the advantage of the feeder placement shown in

Figures 4.0-9 and 4.0-13,
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a2}t

2

BRUSH DROP ~ VOLTS
o
g

o

002}
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AMPS/INZ

BRUSH CURRENT DENSITY -~ AMPS/AREA
Figure 4.6-10. Silver Slip Ring Grade 26 Brush 85 Ag 3Gr 12Mo S,

Table 468 OOMSAT Selected Brush/Slip Ring Materisls for Sg .ce Applications

3RUSH MATERIAL SLIPRING MATERIAL

COMPACT 046-45 HARD GOLD PLATE
Au-INi ON
‘JICKEL PLATE

Ag-12 Nb Se, COIN SILVER
Ag-12Cu

Ag-12M0S,-3C COIN SILVER
Ag-12Cu

¢ = 10.3 gm/cm3

P=3x108Qcm.
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Figure 4.6-11. Slip Ring Temperatures
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A similar thermai analysis of the NASA/JSC ball joint design was performed. The results are shown
in Figures 4.6-14 and 4.6-15. The feeder temperatures are approximately the same although the
effective conductor area of the feeders for the ball joint is approximately twenty times greater than
the feeders for the concentric ring design. The primary reason is that the inner of the coaxial feeder
conductors must radiate to the outer conductor which then must reject the heat of both conductors.

The current induced forces of the concentric ring feeders were determined. The resuitant radial ang
tangential components of these forces are shown in Figure 4.6-16. The resultant {forces are small.

General Electric provided rotary joint design concepts and analysis. Their anaivsis is shown in
Appendix A and includes an analysis of brush/slip-ring wear. The projected wear is very small.
(0289 to 0617 CM3/year)

4.7 PHOTOVOLTAIC REFERENCE ATTITUDE CONTROL

The reference photovoltaic SPS was sized to be oriented perpendicular to the orbital plane (POP) to
minimize required attitude contral thrust. This orientation results in the lowest mass and least com-
plex system to meet attitude control requirements.

The POP onientation imposes a 23.5 degree cosine loss on the photovoltaic SPS at each solstice.
This loss is partially compensated for by increased solar cell efficiency resulting from lower temper-
ature operation during these periods.

An attitude control svstem mass summary ( Table 4.7-1) was completed for the reference configura-
tion. This svstem provides for a twenty percent control authority margin with, che hsted assump-
tions. A comparable svstein tor an orientation gerpendicular to the ecliptic plane (PEP)Y would hoave
5.6 times the hardware mass and 3.5 fimes the propellant consumption as for the POP orientation.

Since the PEP onientation does not impose the cosine losses of POP, 1t is about a break-even trade
from the mass and efficiency standpoint. Due to the added svstem complexity assoctated with a
PEP orientation. it should oniv he adopied if it provides a sigmific: nt enough design advantage (as
it does for the thermal engine SPS).

4.8 INTERFACE TO TRANSPORTATION SYSTEM

4 1 Photovoliae SPS

A Bl summuary of the packaging analy s is represeated in this section for mator componen:s only.

with o niore Jetatled analvsis provided in Srace Operations, Voluiue V.
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Figure 4.6-15. Rotary Ball Joint Temperatures
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Figure 4.6-16. Ring Feeder Induced Forces in Newtons/Meter of Depth. (Current Induced Forces)

R Table 4.7-1. Photovoltaic Reference Attitude Control Summary

e  ELECTRIC ION PROPULSION

THRUST PRODUCTION EQUIPMENT 283 MT
POWER PROCESSORS 90.0 MT
INSTALLATION HARDW. RE 16.8 WT
NUN REUCCURING TOTAL 130.1 MT
ANNUAL PROPZLLANT {ARGON) wominear >
1-YEAR TOTAL 178.1 MT
ASSUMPTIONS:

OPTIMIZED Igp ~ 20,000 SEC
SINUSOIDAL DUTY CYCLE 15 MW PEAK, 32 MW AVG)
PERFECT CONTROL LAWS (NO WASTED FROPELLANT)
CHEMICAL PROPULSION FOR CONTROL IN EQUINOCTAL OCCULTATION
{igp ~ 400 SEC REQUIRES 1.0 TC 1.5 MT/YEAR PROPELLANT)
> ALLcuem. proPELLANT REQ'T WOULD BE 2100 1T/VEAR.

14
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The component packaging charscie:.<1 .~ i gure 4.8-1) for major photovoltaic system components
is very favorable. A first estun:*- “w tfic mixing of various system components for delivery to LEO
is illustrated in Figure 4.8-7. ‘he n:mber of flights indicated is that associated with the mix of
components and is nut meant to be indicative of the actual launch sequence. As indicated, the
dominating component was the antenna subarrays included in 246 out of 247 total flights (of
identifiable hardware).

In the Part I analysis 25 to 30% of the payload shroud was used to transport the undefined anienna
system. A more complete understanding of the antenna. along with the desire to deliver the sub-
arrays fully assembled. has led to the use of the full iength of the payload shroud in order to achieve
mass limited launch conditions. Fortunately. the high density solar arrays can be used to offset the
low density antenna subarrays during most of the launches.

49 ANNEALING

Analysis and tests of silicon solar ccll annealing were conducted by Simulation Physics. Incorp-
oratad, and were presented in Part [, Volume 11, Section 3.2.5.3.

Three methods of solar cell annealing were considered: thermal buik annealing. ¢lectron beam
annealing and laser beam annealing. Thermal bulk annealing uses a heat source to achieve and hold
the entire solar cell at the annealing temperature for the desired length of time. 7o do this, the heat
source must be relatively close to the solar cell and be designed t¢ not exceed the thermal hmita-
tions of the solar array componcents. The required annealing time at temperature and the mnposed
the ‘mal limitatious result in this being the most time consuming method of annealing  This mathod
has the largest data base.

Recent annealing developments employ directed energy. An electron beam can be used 1o depostt
energy in the damaged region of the solar cell. This method localizes the thermal environment in
the solar cell and makes it possible to achieve very high temperatures in the silicon without exceed-
ing the thermal limitations of other blanket materials. The ma'n potential advantage is signiticantly
shorter anneal times. Some solar cell man.facturers use this method to anneal out ion implanta-
tion damage. The electros beam method requires the beam to be generated relatively close to the
solar cell.

Laser beam anncaling has many of the advantages of the clectron beam dovice and the added poten-
tial of annealing a large area from one location. At present it is not known whether an electron
beam can be used to anneal through a cover glass. but preliminary tests indicate that the laser
method can be so used. Laser annealing is receiving an increasing amount of attention which will
fead to the development of a much better data base.
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Figure 4.8-1. Comgonent Packaging Characteristics
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Future annealing issues that need to be resnlved are temperature versu: time requirements. repeat-
ability of the annealing process, degree ot recovery, and the development of  better data base,

Since most of the previous work in annealing was Jdone for the recovery of damage sustained in ion-
implementation and not from the proton fluence received by cells in geosynchronous orbit, these
issues are primarily importaut for SPS application..

Simulation Physics. Incorporated. again under subcoatract. will be anncaling pioton damage tfrom
solar cells using both laser and electron beam methods 1 aser anneaiing will be conducied on con-
ventional solar cells that are electrostatically bonded to 7070 glass covers and irradiated with a
proton fluence by Boeing. The subcontractor will also design and manufacture fon-implanted cells
with deep junctions under the contccts, to attain greater ar:nealability. and use laser annealing to
recover proton radiation damage. Solar cells with 75 um covers will also be irradiated with a proton
fluence and an electron beam will be used to anneal the damaye.

These tasks should demonstrate the feasibility of a solar cell blanket in which performance degrada-
tion caused by solar flare protons is periodically removed by an annealing process.
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5.0 CONFIGURATION SELECTION

5.1 COUNFIGURATION SELECTION TRADES
5.1.1 Silicon Photovoltaic

Part I of the study contract was devoted primarily to the selection of a configuration that could be
taken to an additional level of depth for the reduction of uncertainties in Part 1I. This section will
summarize the results and recommendations of Part I, update the information presented in Part |
and conclude with the final configuration used in the Part I analysis.

5.1.1.1 Part [ Conclusions

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

Silicon Costs Not “Too High™

Silicon System Not Sensitive to Cell Performance

CR-1 Preferable to CR-2

Annealing Critical to Silicon System

LEO Assy. & Self Power Show to Advantage with Annealing
Gallium Supply & $$ in Question

GaAs Thin Film Critical Technology

If Gallium Supply & Thin Film Okay -GaAs Attractive and not as sensitive to annealing or
LEO/GEO trade

e  Other thin films look competitive but poor data base

With respect to the cost of silicon solar cells, we found that the large number (=2 X 1010) of 5 by
10 cm cells required for each solar power satellite could be manufactured in automated factories
which would be entirely different from today’s solar cell production facilities, and that the cell cost
would be as proportionately low as tocay's high-volume semiconductorproducts. The “mature
industry” approach to prici.., indicated that the cost of the satellite would indeed be reasonable.
The weight and cost of the satellite was not too sensitive to solar cel! performance. Practical satel-
lites could be de ‘gned around solar cells having efficiencies even as low as 15.0 percent: this is
achievable today.

In concentration ratio trades, the non-concentrating array always came out best from cost and
weight standpoints. The key factor was the radiation degradation in reflectance of aluminized
Kapton films. Project Able tests indicated that the 85 percent reflectance 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.
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‘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 significant power sales revenue. Laser
' '§§1t, eleciron beams and infrared radiation are possible heating methods. Thermal annealing is
- worth developing.

" Low-earth-orbit tume out to be the most practical place to assemble the solar power satellites. pro-
“vided electric thrusters could be used to transfer the completed satellite modules to geosynchronous
~orbit. Geosynchronous-orbit assembly required shipping huge quantities of propellants to low-carth

‘. orbit. Essential to the low-carth-orbit assembly approach is the thermal annealir.g of radiation dam-

ape occurring during transit through the Van Allen radiation belts.

Gallium arsenide solar cells were found to be advantageous beocause of their probable 21 percent
conversion efficiency and their moderate loss in performance as they became warmer (as with solar
concentration). However, gallium availability turned out to be questionable. Gallium was not con-
centrated sufficiently in seawater to be worth recovering. Gallium is at present a by-product or
aluminum and zinc refining, 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. The U.S. Department of Energy (DOE) has funded Batelle Nurthwest to
carefully investigate gallium availability.

Some work has suggested that radiation damage in thin layers of gallium arsenide can be annealed
out at fairly low temperatures—perhaps at only 398K (256°F). Also. gallium arsenide cells are
more resistant than silicon solar cells to radiation damage. making them m . re applicable to power-
ing the transfer of a completed solar power satellite from low-carth orhit to geosynchronous orbit.

Thin filin solar cells, many types of which are being developed by DOL, are characterized by great
but unprov n potential. Their low weights and thin cross-sections make possible ideal satellite
design. Sume offer the potential of good efficiency. for example 135 percent in single-<crystal
indium-phospiude/cadmium suifide. However, the generation of sizeable crystals on thin films has
not yet been realized. The best achieved cofficiency in other than single-crystal cells has been around
8 pereent--for cadmium sulfide, which has not yet been proven to be stable in performance.

Using a comparison matrix to lustrate the good or poor points oi the various types of systems
{Table 3.1-1) 'Ise leads to the conclusion that a single crystal siticon. CR-1 system is the best choice
for Part H emphasis. The choice of best alternatives for an advanced technology system appears to
be thin fiim or thin cell GaAs.
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Table $.1-1. Photovoltaic Energy Conversion Comparisons
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on ratio of one (CR1) and anneal

Sto establish a system that was designed 1o a depth which would allow a
1 s by a factor of two. To do this it was necessary to:
Im;;mve rfmm:e satellite d&ﬁmtmn
Pursue thosc areas a:!rewdy defined to an additional level of depth:
e  Sol.rarray '
’t  Primary structures .
?owet distribution :
ﬁpi‘né those smﬁcant areas ;s:evrous!s a;cepted from JSC green bouk
e MPTS
@ Attitude cc:itrol ,_
© @ " Secondary structure
& PRotary joint
- Pursue key issues
& Silicon annealing
& Cost data base

"5.1.1.3 Outline of Part H Effort

To generate baseline designs, we adopted a cell size and type, a cover and substrate material, and an
- interconnecting technique. An important consideration was appropriateness to automated manu-

fecture, With the bianket designed wo conld thea proceed with preliminary designs of primary

structure. end buses und voat.o! tor carry g the power from the solar array to the rotary joiat.
Minine s manhouzsin araital assembiv was an ‘mportant requirement of the structure,
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Tuble S.1-2. Part I Nominal Mass Summary Weight in Metric Tons
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Other areas requiring definition include the microwave power transmission system. attitude control.
secondary structure and rotary joint.

We were to also investigate gallium arsenide solar cells further. particularly with respact o their use
in concentrated sunlight, considering the reflectors. supporting structure and performance during
anticipated mis-orientations.

An important key issue in the use of silicon solar cells is annealability. Many vears ago the US.
Naval Research Laboratory demonstrated that radiation damage can be anncaled out of silicon solar
cells. However, no one has annealed cells repeatedly, so we do not know what is the unannealable
fraction of radiation damage. More work in this field is recommended.

A full preliminary design of the solar power satellite was aot possible with the available funding.
However, the available resources did permat in-depth explorations of those portions ot the design
that significantly contribute to the uncertainties of mass and cost.

As an example, previous work was hampered by lack of a data base for thin-film solar ¢ells. Addi-
tional investigation revealed that at this time an adequate data base on thin-film cclls is not available
because the necessary inventions and processes have not been developed. However. in other
development work, the single-crystal silicon solar-cell technology had advanced to the point where
12.5 percent efficiencies are being obtained with S0 um thick cells. and rhe COMSAT-invented tech-
nique of textuning solar cell surfaces turned out to improve hardness to radiation. As a rosult wve
wers able to develop, with reasonable extrapolations of thin single-crystal silicon cell techuaiogy. a
blanket design that is probably very close in performance to that which will be provided by thin-
film cells when they become availabie,

Other sources of uncertainly. which resulted from design complexity and analytical difficuliy, were
likewise resolved. The resulting crray concept was on2 which is achievable with reasonable extrapo-
lation of the present state-of the-art. rather than requiring new invention. The corresponding
interim configuration is shown in Figure 5.1-1: a mass summary is giver in Fable 5.1-3,

5.1.1.4 Incorporation of Technology Advances

There were advances in solar cell technology which occurred during Part 11 that may affect the
future selection for a photovoltaic SPS. These advances are discussed in more detail in the section
on solar cells (Scction 4.4). Brietly. there has been lurge grain growth (25 um on thin (2 gm) poly-
crvstalline GaAs using laser recrystallization. There also has been 20.5 percent efficient homojune-
tion GaAs cells demonstrated in AM-1 sunlight. With a better data base on gallium availability

another mvest:zation of a GaAs phiotovoltaic systent may be approprate in the near future.
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256 BAYS
960x660 m

i

TOTAL SOLAR C{LL AREA: 97,34 Km?
TOTAL ARRAY AREA: 10251 Km<

VOTAL SATELLITE AREA: 112.78 Km?
OUTPUT: 16.43 GW MINIMUM 10 SLIPRINGS

Figure 5 1-1. Part I} Midterm Photovoltaic Reference Configuration
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Another significant advance relates to the radiation degradation characteristics of 50 pm (2 mil) sili-
con solar cells. Plotting data on irradiated solar cells, from JPL’s “Solar Array Design Handbook,”
revealed that therc was a significant advantage with thinner cells (Fig. 5.1-2). This .as further sub-
stantiated by a degradation vs fluence chart (Fig. 5.1-3) for 2 mil silicon cells publi-hed by Solerex.
With a 30 year fluence of equivalent FMev ¢lectrons the 2 mil cell has only degradea !0 approxi-
mately 90 percent of its initial power. This lower degradation suggests that annealing is not as cniti-
cal an issue as was previously anticipated.

In part | ihe CR1 vs CR2 trade assumeua that the aluminized Kapton reflectors degraded 28 percent
in 30 years due to the radiation environment. This assumgtion was based on Project Able data (Fig.
5.1-4) which has since been updated. It is now accepted that in thin aluminimized Kapton the
reflectivity does not effectively degrade with a 30 year fluence of the geosynchronous radiation
environment. %)

Using new reflector degradation data from Wm. Carroll of JPL, another analysis was made to deter-
mine the effect on the CR1 vs CR2 trade. The effective concentration ratio (CReff) of a geometric
CR2 system was 1.31 using the Project Able degradation. With no reflector degradation CReff =
1.36. The small change is due to the fact that the major portion of the power degradation in s CR2
system is from increased solar cell operating temperature.

The slight increase in CReff alonc does not make a CR™2" system more advantageous. Other prob-
lems associated with the CR*2™ system are uneven illumination and the effects of shadowing on
solar cell string output (Fig. £.1-5). These facts plus increased system comnplexity with CR™27 still
shows the CR1 system to be the best choice for a reference.

5.1.1.5 Structural Design Options

A comparison »f continuous and non-continuous chord structural approaches is given in Appzndix
B. along with a discussion of the associated ramifications.

5.1.1.6 Final Configuration Selection

The solar cell selection (Table $.1-4) was based on known or anticinated. 1983, performance char-
actenstics. A solar cell efficiency of 15.75 percent is somewhat lower than previously shown and is
more conservative since an 18 percent 50 um solar cell is still possible by 1983, The “V-Groove™
cover adds about 10 percent to the solar cell efficiency which results in an effective efficiency of
17.3 percent. The major reason for using a lower cell efficiency was to reduce the effect of solar
cell efficiency on system uncertaintics.

The configuration for the reference system is based on a CR1, silicon photovoltaic, anncaiable sys-
tem with an aspect ratio of appronmmately four. The structure will be composed of tapered tube

members forming 20 meter beams (Fig. 5.1-6).
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Table 5.1-4 Solar Cell Selection

FEATURE SELECTION RATIONALE
T Type Siicon Designated as baseline
| N-on-P More radiation-resistant than P-on-N
Resistivity 2 ochm<<m Boeing tests have shown that 2 ochm-cm violet

cells had the highest output after irradiation
with 7 x 1010 1-MEV protons

Cell size Approx. 50 em- Adjust length and width to optimize lost area
‘ factors on solar array
Connections On back of cell Compatible with automated assembly of array
blanket
Thickness 50 pm Lower blanket mass and much lower radiation
degradation
E fliciency 15.75% (AM=0 @ 25°C) Appears achievable for 50 gm production cells
by 1985
Cover 3-mil borosilicate The cover should provide a 10 percent increase
microsheet with V-grooves in cell efficiency and good radiation protection.
over grid lines Electrostatic bonding to cell is still applicable.
Substrate 2-mil microsheet Radiation protection with electrostatic bonding

and annealing compatibility
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This configuration provided a design point that could be taken to an additional level of detail for
the reduction of uncertainties in Part 1. The section on configuration definition (Scc. 6.1.1) will
show greater detail of the system and subsystem components along with the mass and uncertainties
that evolved in this part of the study.

5.1.2 Rankine Thermal Engine

liz this section will be described the design trades leading to a final configuration definition. The

most important “trade” is the selection of the cycle temperature ratio, since it has a large impact on

system mass.

5.1.2.1 Cycle Temperature Ratio Selection—First Principles

The following is a description of 1 parametric analysis of the ¢fect on thermal engine SPS power

generation mass of a range of cycle temperature ratio. Study resources did not permit numerous
““point designs™; however, the parametrics are “anchored” by a few mass estimates, including

turbne mass estimates by General Electric.

As explained in Section 4.5.5, the heat rejection required is:

Piej = Pout (%- 1),

where Pout is the useful, shaft, power and 7 is the cycle efficiency.

- Pout
Pin
The cycle efficiency parametric used was
- . Ii_n_: Tout
n=08 Tin )

where Tin is the turbine inlet temperature and Tout is the radiator surface temperature. The tur-
bine inlet temperature is. of course. the boiler outiet temperature, and the radiator surface tempera-
ture is assumed equal to the turbine outlet temperature. The cycle temperature ratio is defined as
the ratio of Tout to Tin.

The vapor pressure of the potassium working fluid is a function of temperature, as shown in Figure
5.1-7.
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Figure 5.1-7. Potassium Vapor Pressure Vs. Temperature

One advantage of the use of alkali metals. such as potassiuni. rather than water is immediately
apparent. The vapor pressure at high temperatures is much lower. which allows lighter ducting.
High temperature is. of course, necessary for the combination of good efficiency and lightweight

rudiators,

The cyle romperatures thus mflaence the turbine inlet and outlet pressures. Section 4.1.3 explained

how columbium was selected for the turbine housing. The turbine inlet temperature should be about
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1242K (1776°F). At this temperature the vapor pressure is approximately 531 kPa (77 psi). In the
temperature selection trade, Tin was kept constant at 1242 K. Low turbine outlet temperatures
mean low outlet vapor pressures and a consequent high pressure ratio:

Pin o _ Pressure in (at turbine inlet)
Pout  Pressure out (at turbine outlet)

High pressure ratios mean a large number of turbine stages and large housings. The last turbine
stages (“back end”’) become very large due to the low pressure. General Electric has concluded that
the maximum number of stages (rotor/stator sets) should be five in a given housing. Beyond five,
two separate turbine assemblies should be provided, a “high pressure turbine’ and a “low pressure
turbine.” These have separate shafts and are interconnected by ducting as shown in Figure 5.1-8.

—= TO RADIATOR
svsrm. (37 kPa =~ 6.4 si )

YURBINE OUTLET TEMPERATURE FROM BOILER

GINE INLET TERPERATURE = 079 {531kPa = 77 psi)
TUR LET 1EMPERATURE e TORADIATOR
TURBINE EFFICIENCY = 18.82% HIGH PRESSURE

TURBINE

--TO RADIATOR
M : ;1:‘%&; 'PNBEESSURE (7.4 kPa = 1,07 psi)

TURBINE OUTLET TEMPERATURE . g5
TURBINE INLET TEMPERATURE :

TURBINE EFFICIENCY = 26.33% — TO RADIATOR
FROM BOILER —= LOW PRESSURE TURBINES
{531 kPa = 77 psi) ~ TO RADIATOR

—TO RADIATOR
Figure 5.1-8. High and Low Pressure Turbines

5.1.2.2 Cycle Temperature Ratio Selection—Turbine Mass

A method was required for determining the weight of potassium vapor turbines for different ther-
mal cycles. Normally this would requirc a preliminary turbine design, the preparation of drawings
and a weight analysis of components. Time and scope did not permit this.

Turbine designs and weight analysis were available from a previous study of potassium vapor tur-
bines as topping devices for steam power plants (ECAS). Weights were available for turbines with
2.03M (80 inch) disc diameters in a 1422K/1061K (2100°F/1450°F) high pressure turbine (HPT)
and a similar sized 1061K/867K (1450°F/1100°F) low pressure turbine (LPT). As indicated in the
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of enthalpy vs vapor specific volume for potassium (Fig. 5.1-9), the area under the curve within

" cycle temperature limits is representative of turbine size (and weight). Area vs weight comparisons

' fm both the HPT and LPT ECAS turbines indicated relatively good agreement. Note that relatively
. -small areas under the curve are asscciated with enthalpy (temperature) increments at high tempera-

: tures whereas very large areas (and large turbine weights) are associated with enthalpy (temperature)

" fncrements at lower temperatures. Limiting the range of cycle temperatures reduces cycle effi-
- <iency and, of course, requires the addition of more compensating turbine weight. Increasing heat
* rejection temperatures eliminates much of the large “back end” portion of the turbines and favors
. reduction in radiator weight, while reduction of a portion of the high temperature part of the cycle

also reduces efficiency but optimizes the use of more plentiful materials in a more reliable tempera-

- ture range.

ENTHALPY BTU/LBM

Cycle A and Cycle B turbine weights were extrapolated from weight vs area comparisons with the

ECAS turbines at a given power level and correcting that weight for the relative efficiencies of the
two cycles.

3

CENERAL EXTRAPOLATION OF TURBINE WEIGHTS space diviaion
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Figure 5.1-9. Extrapolation of Turbine Weights
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The graphical method was used to estimate turbine weights for new cycle temperatures from
weights calculated from preliminary turbine designs of a prior thermal cycle. The specific turbine
weights were then determined for the new cycle at the prior cycle turbine sizc. Then the specific
weights, individual turbine weights and turbine weights per cavity heat source were calculated by
coznsidering that specific weight varies with diameter (weight varies with D3 and power varies with
D*=).

4800 MWe -~ BQ" DISC.

3 Eb We - 40" DISC. - 34 TIRBINE SYSTEM
SYSTEM CYCLE TURBINE SYSTEM 1078 Mle X C TRB

9EF1§!TI°“ EFFICITENCY TOTAL WT. SPECIFIC WT. SPECIFIC WT. TURBINE WT. TOTAL &T.
ECAS CYCLE 0.278 18.572 x 3.87 LIk - - -
2100°F/1100°F 10° 18
A" CYCLE 0.1522 7.826 x 1.63 LB/KN - -
1776%§/1329°F 10% s
B CYCLE 0.1882 11.941 x 2.49 LB/KW 1.56 LB/KW 52.6 x 160 LB 1.79 x 10% ¢
1776°F/1218°F 10% s

.S?SCIFIC WT. SCALED FROM 80" DISC. SIZE TO 40" DISC SIZE BASED ON VARIATION OF THE SPECIFIC WEICHT
DIRECTLY WITH THE DIAMETER.

BECAUSE OF THE UNCERTAINTIES IN MAKING EXTRAPOLATFD WEIGHT ESTIMATES, IT IS ANTICIPATED THAT LATER
TURBINE DESICN AND WEIGHI ANALYSIS COULD RESULT IN ACTUAL TURBINE WEICHTS aS MUCH A3 20% ICHYR oR
AS MUCH AS 35% LOWER THAN THOSE SHOWN WITH 80% PROBABILITY.

5.1.2.3 Cycle Temperature Ratio Selection—Radiators

: 3 - . .
The parametric used was a mass of 5.0 kilograms per square meter (1.02 Ibm/ft-) of radiating urca.
The radiating area is twice the projected area. This mass allowance includes manifolding and closely
approximates the specific mass of the final design. Radiating area was found by

_ Prej
Arad = -

v (Tont)'*(().; )
where ¢ is the Stephan-Boltzman constant.

5.1.2.4 Cycle Temperature Ratio Selection--Concentrators and Remaining Elements

N Y ¥ A . . -
The concentrator mass was taken as 0.1 kg/M=~ (0.02 Ibmft=). This includes the reflector facet:,
support structure for tie facets and the cavity support arms.
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Figure 5.1-10 shows conceatrator and radiator areas versus cycle temperature ratio. It also shows
" themass treads. Fortuitously, minimom mass is obtained without the complication of a low pres-
-~ gure turbiste. From a material cost standpoint this is good. because sume of the highest price raw

materials sre used in the turbine. '

~ The cycle temperature ratio is therefore set at 0.75. Thus the turbir2 outlet temperature is 932K
(1218°F). The turbine outlet vapor pressure is 37.9 kPa (5.5 psi). Since at least 10kPa{1.5psi)is
required 7¢ the electromagnetic pump inlet to prevent cavitation. the pressure drop around the
_radiator must be relatively small. Very high cycle pressure ratios tend to be impractical for this
eaon. 5

X ¥ ¥ x x
3 § E g § f ADIATOR
v T T Y ]

L=
CONCENTRATOR
AREA

410

s s segIssld
2
i
\\¢
SOLAR lgﬂip!ﬂ'l’lkmﬂ

AREA,
RANIATOR PROJECTED

AREA Kin?

POWER GENERATION SYSTEM MASS,
THOUSANDS OF METRIC TONS

Qo | 900090

TURBINE QUTLET TEMPERATURE TURBINE OUTLET TEMPERATURE
TURBINE INLET TEMPERATURE TURBINE INLET TEMPERATURE

*TURBINE INLET TEMPERATURE = 1242K = 1776°F
*HNCLUNES OVERSIZE FOR MZTEOROIDS (2.25%) AND RADIATION DEGRADATION (30%)

Figure 5.1-10. Cycle Tempensture Ratio Selection

Note the points “A” through “E” in Figure 5.1-10. These correspond to specific design points. In
Figure 5.1-10 can be seen the physical significance of cycle pressure ratio for two examples, “B”
and “D".
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$.1.2.6 Radiator Design Selection—Heat Pipe Spacing
ORIGINAL PAGE 1B
As explained in Section 4.5.5.2, heat pipes have been selected as the radiatinG BIORINE M‘l
5.1-11 shows candidate heat pipe working fluids. For the radiator temperature of 932K (1218°F),
sodium is appropriate. The freezing point of sodium is 371K (208°F). The freezing point of
potassit .n is lower; 336K (145°F This insures that the heat pipes will “shut of” while the
potassium is still liquid. '
Optimum heat pipe spacing is influeticed by these factors:
(1) Closely spaced pipes have a poor view factor to space, reducing the effective emissivity of their
surface, so that more surface, and consequently mass, is requ~_.
{2) Increasing pipe spacing improves emittance and reduces heat pipe més; however, this incresses-
the length of the “throughpipes™ which mount the heat pipes. The length of the inlet and out-

let mas&fdds a,!sortends to increase.

The view factor of one heat pipe to another is

a2 2| o) o] -
where assin! 2,

D is the heat pipe diameter,
and P is the pitch {center to center spacing).

The “net :missivity” is e (1 - 2F_3 €).

& {11 A —
i ~—}
2 Y
£r M
;5 Y
g3 | mor—
3
3
. e W X 1o e
R ) wo
TENPERATURE

Figure 5.1-11 Candidate Heat Pipe Working Fluids
Figure 5.1-12 shows the effect of spacing (P/D) on the view factor and net emissivity.
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et
o3t
e NET EMISSIVITY™ = €112 Fy pE |
Fi-2
“a2b
£ “+.3 ;
a1}
v 4.2
1 4.1
) 25
riD

. Figure 5.1-12. Iafluence of Heat Pine Spacing s» Emissivity

For the sslected spxcimg {P:D =1.6) thie net emissivity is 0.57 (the basic suiface emissivity for a view
factor of 1.0 is taken as 0.90). For a radiator surface t~mperature of 928K (1218°F), the heat

R .0
pipes will radiate 24.0 kW/m~,

The rotio of actal arcz of 2 heat pipe to its profected ara is 7,
5.1.2.7 Radiator Design Selection—-Meteoroid Frotection

As explained n Section 4.5.5, it is advantageous to fly 1 w0 radistors “edge on” the apparent

meteoroid flux. When this 1s done, the «fF ¢ of the flux ' reduced approximately 60°% The next

consideration 1s what penctratioa rate should be allowed. The penetration probiem can be broken
down info two parts. the heat pipos cad the maatfolds. Duc to the inherent nature of these cle-
ments, the following approaches wore hasclined:

{17 Hcat pipes: An excess shall be provided such that. after the penetrations resulting from 30
vears of openation. the remainuig pipes can dissipate the waste heat associated with full SPS
power output. Thus there will be an initial excess capability (extra heat pipes). No mainte-
nance is required.
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(2) Manifolds. Meteoroid bumpers are provided such that the penetrations resulting fromn 30 years
of operation shall result in approximately a 10% loss of the total potassium invontory. Isola-
tion valves at both ends of the throughpipes provide redundant isolation of the large liquid
mzss in the return manitold from the large surface area of the vapor manifold. A peuetration
of a liquid manifold therefore results in the loss of the majonty of the potassium inventory for
that engine/radiator {reduction of the local pressure near a hole altows vaporization: eventually
all of the liquid will boiloff). When a° aetration occurs, the associated engine is shut down,
After repair of the penetration, probably during annual maintenance, thy: potassium is topped
off and the engine restarted. The selection of a 10% inventory loss in 30 vears is arbitrary,
since no comparison of operation and maintenance (O&M ) costs with initial launch costs has
been made. Heavy meteoroid bumpers increase initial launch costs but red:.ce penetrations -
and therefore O&M costs. :

Radiator mass was estimated for allowances of 30%, 10% and 5% heat pipe penetrations: the total
mass was least with 10%. The use of relatively small heat pipes was critical. since this breaks up the
radiaCng area into 2 large number of individual elements. A heal pipe diameter of 9.6 om {247y -
and condensor section length of 0.5M (19.7™) gives a projected arca of 3 X 103 M= (4.64 square
inches). The radiating area required for the SPS is 3.21 X 108 M= (3.45 X 107 ¢t°) to dissipate 77
GW. The cosresponding projccted area is:
iﬁiﬁi@l = 102X 16 MY = L1 X 107 ad
Thus the total number of heat pipes, with 10% allowance for heat pipe damage and 3% for through-
pipe penetration is:
LI3X 102X 100 M°
3 X107 M pipe

(The total arcais 1.15 X 108 M2 = 1.24 X 107 1),

Thaty yeais s 3.3 X 108 scconds. The meteorond penetration rate, for the heat pipes. is thus:
. 00X383X109X0399 ) .
113X 10% M2 X 9.5 X 108 seconds = 1 X 107 "hits” M™ sec

The factor 0.399 ts the allowanve for “edge-on™ radiator penetration.

Per Figure 3-1. the largest particke corresponding to this flux rate is about 2.6 X w0’ gm. The
diameter. for a specific gravity of 0.05. 5998 X 105 M {0.004™). For steel. the “vulnerstility
thickness™ is approximately 1.97 tiines the particle diameter. Thus the heat pipe sheli thickness
should be at least 197 X 1074 M (0.008™) to insure 0% of the pipes survive the requisite 30 vears,
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" Meteoroid protoction for the manifolds was based on design principles given in Boeing Document
. D2:24056 “Metearoid Protection For Spacecraft Structures™ (NAS3-2570).

Tre Gghtest protection system described therein employs triple bumpers, i.c.. three layers of protec-
tive mateiial are spaced outside of the item to be defended. Meteoroids are broken up by the first

- sheet; the other two layers stop the resultant debris.

© $.1.28 Attiude Contral: P.OP Verms PEP

The SPS will require station keeping by thrusters in order to overcome forces which tend to displace
" it from the desited location in geosynchronous orbit {GSO). This is true for any type of SPS. The
__ satellite must also be stabitized in attitade. Two primary orientations are possible:
‘ P.O.P.: Perpendicular-to-Orbit-Plane
In this orientation the north-south axis of the satellite {which is paraliel to the solar con-
~ centrator) is fikwn perpendivular to the orbit plane and hence perpendicular to the

P.EP.: Perpendicularto-Ecliptic Plane
In this orientation the north-svuth axis of the satellite is flown perpendicular ‘o the
ecliptic plane and hence perpendicular to the solar rays.

The primary differences between these two orientations are: (1) that when flying P.O.P. torques on
 the satellite from gravity gradients are much less than when flying P.E.P. and (2) when flying P.OP.
* the sun moves through an apparent arc of approximately 47 degrees. When flying P.EP., the solar
rays are ah%ays perpendicular 1o the solar concentrator.

In Part | of this study the P.OP. orientation was baselined. The solar concentrator employed steee-
abie syar facets theliostiats) to maintain focus at the cavity absorber dospite the apparent annual
solar motion (47%). The hehostats had individual power supplies. sensors for the sun and cavity,
pointing logic and servomechanisme. Over 100.000 of these units were required poer SPS. The
facets incorporated 4 central post mounting (with & piver system} and radial menbers. per Figure
5113
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.o N 7 f /=~ TENSION BRIDLE
d i,} “.‘ “1.5M SUPPORT BEAM

oy N

—

fe— 4

/ FACET (SHADOW Sipe)— SCALLOP CONTROLS EDGE WRINGLES

Figure 5.1-13. Steerable Facet (Heliostat)

Figure 5.1-14 shows a potential sensing system for such facets and Figure 5.1-15 shows how these
systems would be incorporated in the facet hub.
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Y Alignment sequence:
~ . Without cavity light source,

facet drive is commanded
to end of travel (no power
to cavity).

When modulation of light
source is as required, detector
tube aligns with light source.
Facet drive system positions
facet such that reflected rays
from facet are aligned with
detector tube axis and hence
are aimed at cavity.

If modulation is removed,
logic causes facet drive to

gimbal stop.

Figere 5 1-14. Pointing the Facets



Figure 5.1-15. Facet Hud

With a P.E.P. orientation the sun stays “fixed.”” Hence a properly shaped concentrator can provide
the necessary focusing without movable facets. The facets do not require a hub mechamism or
radial membess and are considerably simpler in design.

Attitude control requirements are at GEO dominated by gravity gradient effects. Orbit trim
requirements are dominated by solar pressure. A good flight control strategy will combine the cor-
rections, using unbalunced couples to provide translation corrections for solar pressure while apply-
ing torque tu counter gravity gradients. Solar pressure for an absorptive surface is readily calculated
as:

= =451 X 10 n;"m:
C 3x108mssec
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' The reference photovoltaic system has a projected area of 119 km?; the solar pressure is 4.51 X
106 X 119 X 105 = 537N,

. Granity graident torques around the 3 SPS axes are given by:
T, =3/203 (4, L) cos? B sin 29
T,=3/2P3(,-1,)sin20 cos $

T,=3 /2P (- L) sin 20 sin ¢

Axes and angles are defined in Figure 5.1-16 is gravitational potential and p is orbit radius.

T=3/p> UX{1]{U]

Orbit Path
- —

8 1s around y axis
¢ 1is around x axis
Euler apnles for 3, 2, 1 sequence

Figare 5.1-16. Definition of Angles & Axes

where bold-face symbols are vectors, U is a unit vector directed radially outward from the Earth’s
center through the spacecraft mass center, and 1 is the inertia tensor. Square brackets signify matrix
multiplication.
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Fer o fe:ence photovoltaic SPS with the JSC “green book™ antenna masses, the inertia differ-
£nces are:

| r-g,=39;3‘:x1035xg-32

-1, =1.258 X 1014 kgM?

1, 4,=378'~3h0*5k;-u3

mmtt&mamammmﬁmlz‘lym!x-lyvaluesabout 30%.

The force components required to control the gravity gradient torques are Ti/Si where Si are the
© - moment arms.

In this case. ¢ = 0 by definition and only the Fy term is opera&ve; The peak thrust required is
390n. (100u, each 4 places). The duty cycle is that for a sinusoid. 0.64.

The mass penalty for gravity gradient control includes: 1) thrust production hardware: thrusters
plus power processing: 2) senerating capacity required to power the thrusters; 3) propellant
required. The correct propellant quantity penaity reflects the time value of the cost of propellant
resupply: the penalty should be the net present value (in economic terms) of the lifetime propellant
requirement. The value ranges from 10 years’ annual supply (10% discount for 30 vears) to 14
years” annual supply (7%% discount, infinite life).

Propulsion system Isp is 2 variable, assuming electric electric propulsion. As Isp is increased.
propellant mass penalty decreases but hardware penalty increases. Accordingly, an optimum occurs
(Fig. 5.1-17). 20,000 seconds Isp is selected as a representative value. For POP operation. assuming
perfect control laws {(no control authority margin, no wasied propellant) about 250 tons o« hasd-
ware (including generating capacity) and 41 tons/year argon propellant are required. (Electric pro-
pulsion characteristics were taken from Part I technical report Vol. 5.) About 50 megawatts peak,
32 megawatts average, power is required to drive the thruster system. Chemical propulsion will be
needed to provide coatrol during cquinoctal occultations. Despite the low Isp (400 sec), only 1 to
114 tons of propellant is needed annually due to the small duty cycle.

Flying PEP

All 3 terms are operative. ¢ varics from 0 to 23%° by sin ¢ = sin i sin where i = 23.5°. @ varies
from 0 to 360°. An approximate numerical integration gives peak thrust (total 4 comers) as 2230
newtons with an average duty cycle of 0.4. Therefore, the hardware penalty is 5.6 x that for tlying
POP (1390 tons) and the propellant penalty is 3.5 x that for flying POP (144 tons/yr). Thisisa
1.4% hardware mass penalty (for about 3% gain in output due to sun orientation) and a propellant
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PROPELLAANT AT 20,000 SEC
ACTUAL ANNUAL = 41 TONS ARGON
+1.5 TONS CHEMICAL FOR OCCULTATIONS

ﬁm PROPELLANT (NET PRESENT VALUE = 10.5 YRS ACTUAL)

7 ”7/,//////// //

HARDWARE

5,000 10,000 15,000 20.000
ELECTRIC PROPULSION SPECIFIC IMPULSE, SEC

Figure 5.1-17. Attitude Control Propellant—Photovoltaic POP
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penalty roughly equivalent to one chemical OTV flight io GEO every 2.75 years. The hardware
plus NPV propellant penalty is about 3% compared to output gain of also about 3%.

Thus flying PEP is about a break-even and should be adopted only if it provides desigr: advantages
{as it does for the thermal engine).

Additional aspects of the choice of a P.F.P. orientation for the thermal engine SPS are given in
Figure 5.1-18.

[ o oFit]
DISADVANTAGES ADVANTAGES
® MIGHER PROPELLANT CONSUMPTION o FACETS NEED NOT FOLLOW SEASONAL SUN MOTION
(UNLESS CONFIGURATION I8 , ‘
INERTIALLY SVAMETRIC, USES o ELIMINATES COSINE EFFECT ON SIZING
MAGNETIC TORQUEING OR SOLAR
PRESSURE EFFECTS) 1 » FACETS NEED NOT BE SPACED APARY TO ALLOW
MOTION

* BEST PERFORMANCE REQUIRES
TIGHTER ATTITUDE CONTROL o LOWER METEOROID FLUX ON RADIATORS
LIMITS {E.G,, 0.1°, NOT 0.5%)
s ADDITIONAL ANTENNA AXIS PERMITS TRANS-

¢ REQUIRES ADOITIONAL {SEASONAL) MISSION TO VARIOUS RECTENNA LONGITUDES
AXIS ON ANTENNA WAITHOUT POLARIZATION LOSS (FROM GIVEN
ORBIT LONGITUDF}

© 300 MW PEAK POWER REQUIRED
YO OPERATE THRUSTERS o ADDITIONAL ANTENNA AXIS PERMITS
COMPENSATION FOR DIURNAL IONOSPHERIC
FARADAY POLARIZATION ROTATICN

s RADIATOR 1S ALWAYS EDGE ON TO THE SUN

o CONSTANT THERMAL ENVIRONMENT FROM
FIXED SOLAR ORIENTATION

Figure 5.1-18. Perpendicular-to-Ecliptic Plane Orientation

5.2 OTHER SPS OFTIONS

This section describes alternate SPS configurations and systems that appear promising but have a
need for either a better data base or a technological breakthrough. The best choice for the photo-
voltaic alternate was a Gallium Arsenide system with a Brayton cycle as the best alternate for the
thermal engine system,
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§.2.1 Gallium Arsenide Photovoltaic Alternate

5.2.1.1 Status at the End of Part 1

A thin cell gallium arsenide SPS was selected as the bast alternate (Sec. 5.1.1.1, Table 5.1-1). Even
though the GaAs system was significantly less massive than the silicon system, there was a lack of
data base with respect to gallium availability and cost.

Some of the results of the Part I analysis were CR1 vs CR2 (Fig. 5.2-1) system sensitivity to sclar
cell efficiency (Fig. 5.2-2) and system sensitivity to solar cell thickness (Fig. 5.2-3). It is apparent
that gallium availability, cost and cell thickness are the major drivers in the use of GaAs for a
successful SPS system. New breakthroughs in the areas of thin cell production, efficiencies and a
better data base on gallium availability cculd make a GaAs SPS most attractive.

5.2.1.2 Part Il Objectives

With respect to gallium arsenide, the main objectives of Part 11 were to investigate the areas of
higher concentration ratios and gallium availability. To accomplish these tasks several systems with
geometric concentration ratios of six were analyzed using thinner GaAs solar cells.

5.2.1.3 Part I Conclusions

The investigaticn of higher concentration ratios leads to the use of reflectors that are non-planar
(Sec. 4.2). Compound parabolic concentrators were used at a geometric concentration ratio of six.

To investigate the reflector characteristics and to determine the orbital orientation, computer analy-
sis was accomplished on CPC’s with various acceptance half-angles. The results are shown in Table
5.2-1.

8, ~ acceptance half-angle
A, angle of offset of the incoming light rays to the axis of the CPC
Irlo —  fraction of beam incident on the receiver to that which enters the CPC
<n> -- the average number of reflections
8;; - average angle of incidence of reflected light rays on the reflector surface

It is noted that as 6, approaches . the value of Ir/lo decreases rapidly. Therefore, if large values of
7, must be realized, £ 23.5 degrees for POP orientution, 0, must also be very large. With three-
dimensional CPC’s, CRg = l/sinze s0 24 degrees is about the maximum 6, for CRg =6.0. Witha @ c
= 14 degrees aind a 0, = 23.0 degrees Ir/lo = .6682 which is not acceptable.

Asf  isincreased, to decrease the effect of 60 the CRg also decreases (Fig. 5.24). This is also
utgs op-iable it iigher concentration ratios are needed.
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CR | sad CR 2 sre Very Close in GaAs, (1%) with the Higher Cost of the
GaAs Array reducing the CR 1 Advantage Seen in Silicen

GaAs-10 GW MIN. FOR 30 YRS, VIA ARRAY ANNEALING-GEL ASSEMBLY

i
TOTAL AREA:
ACTIVE ARRAY AREA:
MASS:
PRODUCTION COST: $~108
TOTAL COST: . g~
ca=t
TOTAL AREA:
ACTIVE ARRAY AREA:
MASS:
PRODUCTION COST: $~108
TOTAL COST: s$~108
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Figure 5.2-1. GaAs Satellite, CR 2 Vs CR 1

™MT)
sigrs  (AXx10%
92509

T}
tsx10%
L 1) sx106 47854 eT26 1| hos
“rer  sn3 5.7% CE% - z
o e el por — = ¢ el = w—
WGT.] Jcost WGT. COST WGT.| |cosT
n=% n=19% N= %

Figure §.2-2. GaAs Satellite Sensitivity to Cell Performznce
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Figure 5.2-3. Sensitivity of Satellite Mass and Cost to GaAs Solar Cell Thickness
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Figere 5.2-4.  CPC Openativn
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Gs*éﬁ,&sismifsj‘-s& ARl of the options
}ﬁﬁaﬂmahméb; truncation of Compound Parsbolic
Qm:aﬁi&r;t@‘ﬂ mim:mmm:d}mmmmwgﬁ@af -
zﬁm&sﬁﬁytﬁm:%*éﬂﬂmﬁz&mﬁgt@m&hﬁéﬂm
-(PCP). Option 2 siso uses a conic CPC but is orieated Perpendicular to the Eliptic Plane (PEP) and
fmam&ﬁ'wﬁs@mudm:@fm Oplion 3 uses a cylindrical
,A,;izmcrcmmmﬁmx@mmmds“*muﬁa toaCR, = 6.0.
, Wxth &ehrgha ‘onmtrauonrahosanoﬁ;ﬁ Bﬁm&atmm&twﬁﬂsmeffeﬂe{m

~ ipcveane in solst cell temperature. Even though GaAs cells havs 2 lower coefficient of thermal

- degradation, the high temperatures invoived reduce the operating etficiency significantly. Thermal

“analysis revaled that the nominal steady state operating temperature of the cells was approximately

220°C. This causcd 3 reduction w cell op=rating efficiency to 14 percent. a significant d: rease for

- % GaAs solar cell.
*';::dmon of a thcr:—‘::%l rzdiater (aluminum fin) wiil reduce the operating temperature (Fig. 5.2-6)
but with 2 significant mass penalty for the system. The effect of the thermai radiator on solar cell
efficiency. GaAs mass required and representative system mass for the three options are shown
{Figs. 5.2-7 and 5.2-8). Mass assumptions are listed in Table 5.2-°

It was evident that the addition of a thermal radiator to the sofar cells caused a small gallium mass
bhenefit but a large svstem mass penalty. It is suggested that if a thermal radiator is used it should be
very thin ana wil not give a significant gain in system operating efficiency. From the system siand-
poiat. the most favorabk systemn appeared 10 be the cylindrical (two-dimensioual) CPC configura-
tion cricnted PGP.

The ma:n advantage noted was dhe decrease in gallium mass required compared to a CR 2.0 system.
The incr-1se in svstem hass, comparsd to 3 CR 2.0 system. is caused by addition of reflectors,
added suopost strecture and, in some cases, thermal radiators.

The availability of gallium is still in question as tere first report from Battelle Northwest Labora-
torizs 10 DOE has not yet been made available. When it is made available, it hould inciude a
comprehansive picture of gallium availabitity. Using a projection on possible annual U.S. gallium
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Figure 5.2-6. Passive Thermal Control for GaAs Options
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Figure 5.2-7. System Mass Characteristics for CR>2 Options
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Figure 5.2-8. GaAs Requirements for CR>>2 Options
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 Table$22 Mam Asumptions for CR >2 Options
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production quantities, from “Availability of Gallium and Arsenic” by Dr. R. N. Anderson (Fig.
Sé&gtkeCRs=6£mgdaPﬂ1!.CR=i.ﬂ.&&smmﬁdtedmmpm&e
ef&ctafﬁkmﬁ?ﬁmus* mc&=639&mw@ﬁmeﬂtmm:fm&eh@&g{ﬁm
usage of the three systems shown previously, cylindrical CPC with no thermal radiator. For this
case, approximately 450 MT per satellite of galtium is required and for a production of four satel
lites per year, 1800 MT per year of gallium would be used. Using a recovery of 30 percent of the
gallium available from bauxiie and coal fly-ash would supply the necessary amount of gallium for
four satellites per year.

5.2.2 Brayton Thermal Engine

Closed cycle helium Brayton energy conversion for SPS was investigated under NASA MSFC con-
tract NAS8-31628 (“Systems Definition, Space Based Power Conversion Systems™) and in part one
of this study. A simplified schematic of the Brayton system is given in Figure 5.2-10.

The solar concentrator reflects and focuses intense solar energy into the cavity absorber aperture.
The cavity absorber is an insulated shell lined with heat exchanger tubing. Helium gas flowing
through this tubing becomes heated (simultaneously preventing cavity overheating).

Hot helium expands through the turbine, doing the work of turning the compressor and the genera-
tor. The compressor forces the helium flow arcund the cycle loop. Minimum gas temperature
occurs at the exit of the cooler, which is a gas-toiquid heat exchanger inierfacing the heiium loop
to the radiator system. The recuperator is 3 gas-to-gas heat exchaager which increases the system
efficiency by exchanging energy betwec~ the “hot™ and “cold™ sides of the cycle. The recuperator
causes the average turbine temperature to be higher and the average compressor temperature lower
for given maximum and minimum cycle temperatures.

Wasie heat is rejected by a liquid metal radiator system. The working {luid is a sodium-potassiurt
eutcectic (NaK). NaK pumping is by a motor/pump system drawing power from the generator.

To achieve relatively low system mass s high turbine inlet temperature was baselined: 1610K
(2438°F). This was only obtainable by the use of ceramic (silicon carbide) turbine components and
insulated helium ducts. Optimization studies of the helium loop using machine processing of
parametric models indicated that minimum system mass would be obtained with compressor outlet
pressure of approximately 4140 kPa (600 psi). Columbium was selected for the primary heat
absorbor, which is exposed to this pressure and, at the outlet. the full turbine inlet temperature.

Figure 5 2-11 shows how insulation allewed use of a cool (and thereby stronger) outer shell.
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10 434 GAAS SOLAR CELLS

19 20 20 a0 so o
CONCENTRATION RATIO, GEOMETRIC
Figure 5.29. Reduction in Gallium Required for CR>>2 System
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Figure 5§.2-10. Solar Brayton Cycle
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Figure 5.2-11 Insulated Helium Ducts Reduce Mass
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As explained in Section 4, Brayton radiators tend to be relatively large. With a cycle temperature
ratio of 0.25 (determined us optimum), the projected area of the radiator was approximately 4.5 X
, 108 M2 @8 x 107 ft?'}. A sixteen module Brayton SPS was configured. One module of this satel-

~ "~ lite is shown in Figure 5.2-12.

The overall configuration is shown in Figure 5.2<13.

This configurstion employed a 47% oversize of the solar concentrator, since at that time this was
conadered necessary to offset the radiation-induced degradation. A mass statement for this config-
uration is given in Figuwe 5.2-14.

Now at the end of Part 2 of this study. two microwave transmitters are expected to have a mass
24,384 metric tons. rataer than the 15.370 shown. This change would bring the total mass to
88.613 metric tons.  At!- r adjusting this total for the current concept of no concentrator radiation
damage. the total mass be.cm2s approximately 85.000 metric tons. This is about six percent more
than the potassium Rankive 8PS (with its lower turbine inlet temperature).

However, the Brayion systers is capable of further mass reductions through advanced technology.
For example. ceramic heat exchangers could possibhy save several thousand metric tons. The
Brayton system inherently avoids the potential erasion problems of the potassium Rankine svstem,
It is therefore appropriate to consider it as a promising altermative to the potassivm Rankine SPS.
WG

W0 wm - -

ERGINE
\ 4 PER MODULE) ——

Figure 5.2-12. One Module, Brayton SPS
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® POF ATHITUOE
& 10K TURBINE INLEY TEMP,

Figure 5.2-13. Brayton SPS Configuration

ITEM
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GENERATORS

FACETS, INCLUDING STRUCTURE®
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STRUCTURE
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GENERATOR COOLING

SWITCH GEAR

ATTITUDE CONTROL/STATION KEEPING
LIGHT SHIELD ASSEMBLIES
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BRAYTON §PS
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30.951
15370
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4.860
4320
4.200
3.370
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1.950
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0.200
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Figure 5.2-14. Rrayton SPS Mass Statement
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6.0 SATELLITE CONFIGURATION DEFINITION
6.1 CONFIGURATION

 6.1.1 Silicon Photovoltaic *

"5 6.1,1.1 Reference Design

This section is devoted to the definition of the photovoltaic reference configuration as selected in
Section 5.1.1 . The reference design is discussed from the major base assumptions, system compon-
_ent deﬁnition; structure and subsystems definition, and system characteristics. Mass and cost sum-
maries are covered in Sections 6.2.1 and 6.3.1, respectively.

6.1.1.1.1 Baseline Data—The reference configuration selected in Section 5.1.1 is a silicon, concen-
tration ratio one, annealable photovoltaic system. The solar array uses 50 um (2 mil) silicon solar
cells electrostatically bonded to borosilicate microshect glass, to provide an annealable blanket con-
figuration. A mo-. complete definition is provided in the next section. ’

A listing of the reference efficiency and energy conversion chain, along with initial sizing require-
ments, is provided in Table 6.1-1. The major changes from eanier results are solar cell initial effi-
ciency, blanket factors and 30 year non-annealable radiation degradation.

The initial solar cell efficiency is 15.75 percent instead of the 18.0 percent assumed at the end of

Part I. At the Part Il midterm briefing the initial cel! efficiency was 16.5 percent but increased to
18 percent with the addition of a V-groove cover. Since a thinner solar cell is being used now, and
to reduce the uncertainties, the lower efficiency was adopted.

‘The blanket factor appears somewhat larger than in Part I, 0.9453 vs. 0.9081, but actually has not
changed. The lost area factor was removed from the blanket factor so there would be no degrada-
tion of “lost area”. The lost area factor was included in the sizing analysis. The other items
included in the blanket factor were updated. An analysis of the blanket I°R loss revealed that it
was significantly less then previously estimated. The cell mismatch used previously was re-evaluated
but not caanged. To be somewhat more conservative on the expected UV degradation, the decrease
in I°R loss was compensated for by an increase in the UV degradation which kept the blanket
factor constant.

The other major change in the conversion efficiency was in the 30 year non-annealable radiation
degradation factor. Recent 1esults for 50 um silicon solar cell radiaticn degrzdation, discussed in
Sections 4.4 and 5.1.1, revealed a significantly lower degradation than previously anticipated.
Using the annealing scheme seemed to warrant a decrease in the non-annealable radiation degrada-
tion. The change was not that significant, 0.97 vs. 0.95, but due to the lower degradation actually
received in a 30 year neriod, it suggests that annealing only has to be 70 percent effective.
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Table 6.1-1. Part [I Reference System Energy Conversion/Sizing

108

® BASIC CELL PERFORMANCE @ AMD-257G (1578}
® 10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS (.1733)

* BLANKET FACTORS {.9453)
(STRING (2R, UV LOSSES, & MISMATCH}

® SUMMER SOLSTICE COSINE LOSS (.9190)

# APHELION INTENSITY FACTOR (9676}

® TEMPERATURE LOSSES {36.5°C © SUMMER SOLSTICE ~ 0.9540)
® 30 YEAR NON- NNEALABLE RADIATION DEGRADATION {0.970}

© POWER REQUIRED TO BUS (INCLUDES 13 LOSS)

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

® ARRAY AREA {CELL, PANEL, STRING AND SEGMENT LOST AREAS}

® SATELLITE AREA (BEAM, CATENARY & ATTACHMENT LOST AREA FACTOR)
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The sizing criteria include a one-percent oversize to provide power regulation during the summer
solstice and also provide auxiliary power including attitude control, energy storage and annealing
capabilities.

6.1.1.1.2 Refereunce Configuration

6.1.1.1.2.1 Array Dimensions—The final reference configuration for the photovoltaic SPS is
llustrated in Figure 6.1-1. This configuration evolved from the integration of system, subsystem,
¢ mponent and operational requirements.

An illustration of the solar cell blarket is provided in Figure 6.1-2. A silicon solar cell must be pro-
vided with a cover to increase front-surfzce =mittance from around U.25 to around 0.85, and to pro-
tect the cell from low-energy proton irradiation. Cerium-doped borosilicate glass is a good cover
material because it costs only a fraction of the best alternate, 7940 fused silica, matches the coefti-
cient of thermal expansion of silicon, and yet resists darkening by ultraviolet light. Borosilicate
glass can be e. :ctrostatically bonded to silicon to form a strong and permanent adhesiveless joint.

In ATS-6 flight tests the cells having intagral 7070 borosilicate glass covers I st only 0.8 * 1.1 per-
cent of their output because of ultraviolet degradation. These cells had no cover adhesive. Other
cells having cell-to-cover adhesives degraded twica 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 which refract sunlight away from the grid
lines and buses on the ccll surface. COMSAT Labs expects an 8 to 12 percent increase in cell out-
put from this feature in c<il covers.

Solar cells only 50 um thick recently made by Solarex had an air<-mass-zero efficiency of 12.5 per-
cent without a backsurface field or anti-reflection treatment. Texturing the sun-iacing svrface
makes the incoming light arrive at the back surface of the cell at an angle of over 319, so the light
rays that have not been absorted are reflected off the back surface with virtually ro foss. the critical
angle in a silicon-air junction being 15.3 degrees. This feature not only improves photon collection
efticiency, when compared wich thicker cells, by lengthening the light path in silicon for infrared
photons, but also improves radiation resistance. Since all charge carries are generated withn 50 um
of the P-N junction which is 0.7 um under the sun-facing surface, the cell can absorb radiation dam-
age until the diffusicn length in the bulk silicon is reduced to 50 um by radiation-generated recom-
bination cent ' ..

The cells are designed 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 assemblied electrically by welding together the module-to-
r..odule interconnections.
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FOTAL SOLANR CELL AREA: 97.34 Km?
TOTAL ARRAY AREA: 10251

TOTAL SATELLITE AREA: 11278

OUTPUT: 36.43 GW MINIWUM TO SLIPRINGS

Figure 6.1-1. Photovoitaic Reference Configiration

GROOVYES REFHACT LIGHT AROUND
GRID FINGERS

Ammf PR == ,
COMNECTION L
CELL-TO-CELL
INTERCONNECTOR
GLASS COVERING ON BACYK OF CELLS, 50 pm YHICK,
ELECTROSTATICALLY BONDED
SHICON SOLAF CELL, 5CM 8Y 10 CM, 50 uM THICK, TEXTURED TO

PRCOINE OBLIQUE LIGHT-PATH, 2 L1-CM FOR HIGH EFFICIENCY,
N AND P CONNETTIONS ON BACK
~—= CELL COVER CF 78 sM BEOROSILICATE GLASS, ELECTROSTATICALLY BONDED IN HIGH-VOLUME
EQUIPMENT, CERIUM DOPED T0 GIVE UL TRAVIOLET STABILITY
INTERCONNECTORS: 12.5-uM COPPER, WITH INFLANE STRESS RELIEF, WELDED TO CELL CONTACTS

Figare 6.1-2. Low Cost Annealable Blz 1ket Structure
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Glass was chosen for the substrate to enable annealing of radiation damage by heating. With ail
glass-to-silicon bonds made by the electro-static provess there are no elements in the blanket which
cannot withstand the 773K (93 1°F) annealing temperature which at present seems to be required.
One rescarcher suggests that 773K (9319F) may not be needed for annealing out the radiation
damage from solar-flare protons. However, his theory has not yet been confirmed by experiment.

The solar array fundamental elemext is the blanket panel (Fig. 6.1-3) which was adopted for desigr.
studies. It has a matrix of 252 solar ceils, each #.4 by 7.7 cm in size, cornected in groups of 14
cells in parallel by 18 cells in series. The cells are electrostatically bonded between two sheets of
borosilicate glass. Spacings between cells and edge spacings are as shown. Tabs are brought cut at
twe cdzes of the panel for electrically connecting panels in series. Cells within the panel are inter-
tonnected by conducting elements printed on the glass substrate.

Important panel requirements were these:
o  The panel components and processes should be compatible with thermal apnealing at 773
{931°F)

@  Presence of charge-exchange plasma during ion-engine operation may necessitate insulating the
electrical conductors on the panel.

@  The panel design should be appropriate for the high-speed automatic assembly required for
making the some 78 million panels required for each satellite.

® Low weight and low cost are important.

The glass-encapsulation technology, while not in use today, seems to be achievable hy 1985, Siinu-
lation Physics has made excellent electrostatic bonds of covers to cells. Schott in West Germany is
making thin microscope slides from borosilicate glass. The alternate panel design. using adhesives
for bonding cells, covers, and substrate, may also be feasible by 1985.

The panel-to-panel assembly (Fig. 6.1-4) is accomplished to provide the larger elements required for
the solar array. 1™e interconnecting tabs of one panel are welded to the tabs 0. the next panal in
the string. and then the interconnections are covered with a tape that also carries structural tersion
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 welding electrodes, and also permits reason-

able tolerances in the large sheet of 75 um glass that covers the cells and the 50 um sheets of sub-
strate glass.
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Figure 6.1-3. Photovoltaic Reference Configuration Solar Array Fundamental Element “Blanket Panel™
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Figure 6.14. Photoveltaic Panel to Array Assembly
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The method of joining the panels to both other panels and to support is illustrated in Figure 6.1-5.
The tapes provide biaxial support requirements for the array blanket and to the satellite bay struc-
ture (Fig. 6.1-6).

Primary support of the array is accomplished by the use of a spring loadc.] piston cylind. r at the 20
meter support points. This provides a constant force to the array support catenaries. It abo pro-

_vides for a movement of up to 2 meters, in both X and Y directions. which may occur due to a
LEO-GEO transfer acceleration of 104 g.

A mass summary for the array blanket is shown in Table 6.1-2. A comparison is provided for the
blanket make-up at the end of Part 1. Even though significant changes have occurred to the blanket,
only a small variation in the unit mass has resulted.

6.1 1.12.2 Structural Analysis

The structure for the reference photovoltaic SPS had design constraints that were used in the devel-
opment of the final configuration. It was attractive to use a modular structural concept for con-
struction in LEO with transfer to and final assembly at GEQ.

The modular concept includes eight modules of equal size and is composed of square grid sections
that would form a system with an aspect ratio of four on fin.d assembly. The satellite is comprised
of 256 bays. each 660 meters square. They are arranged eight wide by thirty-two long to provide
the aspect ratio of four as was shown in Figure 6.1-1. Each module is 8 bays by 4 bays: the mod-
uies are joined together along the 8-bay edges.

A loads analysis was conducted on the satellite structure to identify the critical beams. The module
configuration used is shown (Fig. 6.1-7) for the case of LEQ-GEOQ transfer with an antenna payvload.
The critical beams are noted and were used to size the structural members.

A section view of a trussend (Fig. 6.1-8) reflects the geometry of the basic structure used. This
arrangement provides squared ends which provide docking points on the top and bottom of the
satellite modules. The dimensions shown are those used in the reference configuration. Details of
the method of joining the beam sections are shown in Figure 6.9, Construction considerations are
addressed in Volume 5. Section 3.2.1.1.1.4.1.

The structural beam sections were optimized for cost and mass as illustrated in Figure 6.1-10 A 20-
meter beam was chosen because .l was both structurally compatible and near the cost/mass
optimization point.

An edge loading analysis was accomplished on the array to establish structurzl load criteria (F ig.
6.1-11). This established strut design endoads and sizing criteria (Table 6.1-3 and Fig. 6.1-12) for
the graphite epoxy tapered tube beam members. Results were used to establish a mass summary for
a 20 meter beam section (Table 6.14). It was noted that since the critical beams were in the upper
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Toble 6.1-2. Photoveltsic Blanket Weight Buildups
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MANUFACTURING COST ONLY
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Figure 6.1-10, 680 Meter Beam Cost & Weight Size Sclection

®  ARRAY FIRST MODE FREQUENCY = 12CYCLES/HOUR
®  ARRAY CONSIDERED AS A SOUARE MEMBRANE

UNDER UNIFORM BIAXIAL LOADING
ARRAY WEIGHT

7 -
(KILOGRAM/METERD)
0.50

6 045
0.40

0.35
4 030

REFERENCE CONFIGURATION
2} ® STRUCTURAL BAY LENGTH = 660M
® BEAMWIDTH = 30M

® ARRAY WEIGHT = 0.427 KG/M2

ARRAY EDGE LOADING ~NEWTONS/METER

° i N IS S SUN U |
T 5s0 620 660 700 740 780

STRUCTURAL BAY REFERENCE LENGTH MINUS BEAM WIDTH ~METERS
Figure 6.1-11 Array Edge Loading
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Table 6.1-3. Loads/Sizing Summary for Critical Bearn in Upper Surface

AFPLIED ILIT) LOADS ON CHITICAL BEAM lmmuronanzna
DESIGN (ULTIMATE) [LoNG T, O TURE
UNIFORM LOADING | COLUMN LOAD | COLUMN LOAD ON ”B
: DESIGN CONDITION ALONG BEAM ON BEAM mm:ng
sl o A
w, ", ’ max |t AVE.
AN | asam om oMl | oan | oy
®  ARRAY PRETENSION s - » %% 1296 | 0w | s
®  ARRAY PRETENSION, om £004 L 2666 1307 | o1 | 84
MODULE SELF TRANSPORT,
NO PAYLOAD
®  ARRAY PRETENSION. o 0004 2 mz 1212 | o197 | sS4
MODULE SELF TRANSPORY,
P/~ X ANTENNA
~={ ® ARRAYPRETENSOON. s 2006 " 23 1327 | 0202 | 561 |=—
MODULE SELF THANSPORT,
PA. = ANTENNA
ARRAY PRETENSION =29 NEWTONS/METER D,,’ wal « % wz[wa?) ¢ Pl s ufs.
MAX YW CAPABILITY DURING SELF TRANSPORT - 0.8001 )
MODULE WEIGHT = 6,500,000 ke AL ™
ANTENNA WEIGHT = 12,200,000 kg
== ~=— INDICATES BASELINE DESIGN CONDITION L = SROM = 25,504 IN.
W= 20M - 757 IN.
M= 1731 - 682 IN.
UFS =15

[ ommouax -1
Table 6.1-4. Mass Definition for 20M Beam Section (Upper Scrface Beams)

iTem MATERIAL PRINCIPAL DIMENSIONS (1) el B ool
TAPERED TUBES
CHORD MALF SECTION G D=133,6=44,0L 3869, ¢~ 020 1392 s 169.20)
$10€ DIAGONAL HALF SECTION - - - 433.4,1=.010 734 s %72
BASE DIAGONAL HALF SECTION - - - s499 - 9.32 2 5872
BASE BATTEN HALF SECTION . - - 389 - €56 2 164
TUBE CENTER JOINTS 12
CHORD CTR. JOINT HALF SECTION ALUm FITS TUBE ENDWITH D = 133 081 [ ) { 10.98)
DIAG./BATTEN CTR. JT. HALF - o w e . - - 12 368
SECTION 7.32
TUBE END FITTINGS
CHORD END FITTING ALUM FITS TUBE END WiTH d = 44 0.8 s t 5.18)
DIAG./BAYTEN END FITTING ” L - - 12 1.88
STUD RETENTION SPRING INCONEL 0.0002 % 3.36
SPRING INSTALLATION BOLT STEEL 0.0009 7 0.07
SPRING INSTALLATION NUT - 0.0003 k3 0.08
0.01
STRUT INTERCONKECT FITTINGS
APEX FITTING ALUM L=225Ws=225H=185 0.35 1 { 140}
BASE FiTTING . " W=165, " 0.30 2 0.35
BALL-END "TUD STEEL Dgar = 0375, L =135 0.025 L 0.60
045
NOTE: FOR LOWER SURFACT BEAMS AND INTRA SURFACE BEAMS, USE 147.40 L8 29 186.76 L8
{3.34 kg/M} BASED ON CHORD THICKNESS = 0,010 IN. 14.24 kg/M)
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Figure 6.1-12  Sizing Data for a 20 Meter Long Tapered Tube of Graphite Epoxy
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surface, the lower surface beams < duld be fabricated from minimum gauge thicknesses at a signifi-
cant mass benefit.

6.1.1.1.2.3 Subsystems

The major subsysiems are power distribution, electrical rotary joint, mechanical rotary joint,
antenna support structure, attitude control, and instrumentation and contraols.

The reference power distribution system is a no-lateral-bus-bar coafiguration. The main busing is
run longitudinally along the centerline of satellite. The solar array strings are run laterally starting
at the satellite centerline with a connection to the main bus, running to the edge of the satellite,
then returning to the centerlinc and connecting to the main bus through a set of switchgear.
Aluminum sheet conductors are used for both main busing and string jumpers at the euge of the
satellite. The main busing is terminated at the electrical rotary joint v-hich provides energy transfer
capabilities across the mechanical joint with the antenna. A complete descri, tion of the power dis-
tribution system including switchgear and the elect:.cal rotary joint is covered in Sections 4.6.1 and
4.6.2.

To provide a means of pointing the antenna toward the earth while the energy conversion system is
continually oriented toward the sun, it was necessary to design an interface between the energy
collection and transmission sections of the satellite. The method chosen was to provide a support
structure on the satellite and a yoke structure, to support the antenna, joined by a mechanical and
electrical rotary joint (Fig. 6.1-13).

The antenna support structure provides the interface between the main satellite structure and the
mechanical rotary joint. It is composed of the 20 meter tapered tube beams discussed in the struc-
tural definition se:;tion. The antenna support structure also provides a base on which the mechani-
cal rotary joint is attached.

The mechanical rotary joint provides the interface between the antenna support structure and the
antenna yoke structure and also provides the drive mechanism to rotate the antenna with respect to
the main section of the satellite. The snechanical rotary joint is composed of two circular-geometry,
20 meter beams (Fig. 6.1-14). one on the antenna support structure and one on the antenna yoke
structure. The circular beams are arranged concentrically with the adjacent members 73.2 ¢m apart
with a drive and roller assembly between them (Fig. 6 1-15).

The antenna yoke structure is the interface between the mechanical rotary joint and the antenna.
This structure is composed of five meter beams of the same geometry as the twenty meter beams
described previously. The antenna yoke structure also provides a flexible coupling at the yoke/
antenna joint to allow tilt control of the antenna for alternate receiver locations. This coupling
allows for an antenna tilt of up to eight degrees with respect to the yoke and does not require an
electrical rotary joint.
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Figure 6.1-13. Antenns Support and Mechanical Joint Weights
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Figure 6.1-14. Circular Ring Beam Geometry
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Attitude control requirements were investigated in Part II. Table 6 1-5 lists the assumptions and
mass summary for the attitude control system that was used for the reference photovoltaic SPS
uriented perpendicular to the orbitai plane. Electric pronulsion thrusters were used wherever possi-
ble but souis added c}cinical propulsion equipment was necessary to provide attituge control
during occehations

Another task that was accornplished in Part 1l was the compilation of an instrumentation and con-
trol list. Table ©:.1-6 provides a listing of instrumentation and control components along with their
function and the number of units required.

6.1.1.2 Reference Configuration Characteristics

Most of the msior system characteristics have been discussed either in Section 5.1.1 or 6.1.1.1. One
of the iateresiing characteristics that has not becn discussed is the actual operating point of the
solar cells at different locations on the array.

All of the solar cell strings have the same number of solar cells in the same configuration. To com-
pensate for power bus voltage drops. the strings and thus the solar cells must operate at different
voltages dependent on their location with respect to the load. An illustration of the operating point
for an average solar cell at various locations is shown as Figures 6.1-16 through 6.1-19. Another
point that can be noted from these figures is that the solar cells operate near the maximum power
points during different times of the year and at different locations within the system.

The available power cf the reference photovoltaic SPS varies throughout the year. This is a result of
the variation in solar flux seen by the energy conversion system and the resulting effect on solar cell
operation.

The power output of a solar array depends on the nitensity of illumination at the cells and the tem-
perature of the cells. The maximum-power poinis of the cells diminish as the cells become hotter.
In geosynchronous orbit the temperature of the solar cell is related to the intensity of sunlight for
any given panel configuration.

Sunlight is most intense at SFS perihelion. which occurs around winter solstice when the orientation
of the array is such that the sun’s rays arrive at 23.5 degrees off of ncrma! incidence. The worst-
case illumination is at summer solstice where the 23 S-degree miscrientation is accompanied by
aphelion where the intensity of sunlight is 0.9675 of average. However, the solar array temperature
is also down, being 36.6°C rather than 46.5°C as at the spring and autumn equinoxes.

A plot of the yearly power availability variation is shown in Figure 6.1-20. Not included in this plot
is the effect of occultations. No power is available when the system is occulted.
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weran Table 6.1-5. Photovoltaic Reference Attitude Control

& ELECTRIC 1ON PROPULSION

THRUST PRODUCTION EQUIFMENT
POWER PROCESSORS
INSTALLATION HARDWARE

NON REOCCURING YOTAL
ANNUAL PROPELLANT (ARGON}

%+YEAR TOTAL

ASSUMPTIONS:

OPTIMIZED lgp ~ 20,000 SEC

233 M7

90.0 MT

WwBeMT

130.¥ M7

48,0 MT/YEAR D

7.1 MT

SINUSOIDAL DUTY CYCLE {50 MW PEAK, 32 MW AVG)

PERFECY CONTROL LAWS {20% CONTROL MARGIN
{NO WASTED PROPELLANT]

CHEMICAL PROPULSION FOR CONTROL IN EQUINOCTAL OCCULTATIONS
(igp ~ 400 SEC REQUIRES 1.0 TO 1.5 MT/YEAR PROPELLANT)

D ALL CHEM. PROPELLANT REQ'T WOULD BE 2100 MT/YEAR.
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Table 6.1-6. Photovoltaic Satellite Instrumentation and Control

Switchgear Measure Number of Components
Circuit Breakers (210) 1,680
Status Open-Closed
Current Amps.
Voltage Volts
Temperature oc
Overcurrent On - Off
Under voltage On - Off
Reverse Current On - Off
Disconnects (210)
Status Open-Closed
Main Bus i
Current "A" Amps
Voltage "A" Volts
Current "B" Amps
Voltage "B" Volts
DC-DC Converters ( 14) 70
Voltage (2) Yolts
Current (2) Amps
Temperature ¢
Rotary Joint 1_4_9_
Voltage Drop (40) Volts
Current (40) Amps
Position (2)
Drive Motor Current(12) Amps
Drive Motor Voltage (12) Volts

Brush Holder Position (40)

To-merature (3) oc
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Table 6.1-6. (Contimsed)

Power Sectors 1152
Voltage (192) Volts
Current (192) Amps
Temperature (768) % 1 Temp/Bay/Pwr. Sect.

Solar Cell Strings

May not Yoltage (18,112) Volts
be needed Current (18,112) Current
Total Sensors = 39,279
CONTROLS
Circuit Breakers (210) Open/Closed
Disconnects (210) Open/Closed
Rotary Joint
Drive Motor Command (12) Command
Drive Motors 12 On/0ff
Brush Holders
Cormand (40) Conmand
Operators (40) Open/Closed
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6.1.2 Rankine Thermal Engine

6.1.2.1 Sizing

Sizing of an SPS must proceed iteratively; for example, the satellite must be sized to produce not
only the transmitter power input but also parasitic loads such as power distribution losses. But
power distribution losses are a function of the distribution path length which is a function of sys-
tem size. Several iterations were involved in producing the power budget and physical size data
which follows.

Per requirement 2 (see Section 2.0) the satellite power generation system must produce full power
under “worst” conditions. corresponding to maximum parasitic power consumption at aphelion.
The consequent power budget is as follows:

Element Power, GW
Transmitters 16.430
Power Distribution Losses 0.898
Potassium Pumping Q.282
Attitude & Station Control 0.300 (Max)
Bus Bar 17913

Since this power is to be produced by 570 (of the 5§76) generators. each gencrator must be capable
of 31.426 MW output.

With a generator efficiency of 0.984, each turbine must have a shaft output of 31.937 MW (a total
of 18.204 GW). The cycle efficiency is 0.189. hence the boilers must add
LYY 13
1804 GW _ o, 3176w

of thermal power.

Several loss mechanisms are associated with the cavity absorber. One of these is reradiation from
the boiler tubes and hot cavity interior walls. A “worst case™ calculation of these losses is per-
fcrmed as follows: The cavity aperture is assumed to have an unobstructed view of space and black
body characteristics, i.c., an emissivity of unity. The total aperture area is 59.828 M- (643,755 f(:).
The average cavity internal temperature is estimated at 1260K (1808°F). Consequently. each
square meter of aperture can radiate a maximum of 143 kW. The maximum total aperture reradia-
tion is consequently 8.836 GW thermal. Note that this is 9.2% of the useful pawer to be added in
the boilers.
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Reflection losses from the cavity walls must also be considered; i.e.. energy which enters the cavity
and is reflected out again. after one or more passes, without being absorbed. Tests currently being
conducted on subscale (*‘bench model™) cavity absorbers for ground sclar thermal engine systems
(Power Tower) indicate reflection losses can be held to approximately 5%.

The insulation of the cavity walls limits heat transfer. A low emissivity external coating should also
be used; approximately 0.04 should be easily obtained. Using characteristics for molybdenum
Multifoil (a product of the Thermo Elactron Corporation, Waltham, Mass.) a total wall loss of 500
MW was estimated. The exterior wall temperature will be about 905K (1169°F). A lower wall tem-
perature could be produced by the use of more insulation. The resuitant mass increase would not
offset the solar concentrator mass reduction (less solar concentrator is required when cavity losses
reduce).

A one percent allowance is made for additional losses (such as from the walls of the manifolds
which connect the boilers to the turbines). A summary of the cavity thermal energy balance is as
follows:

Element Power, GW
Useful Power to Turbines 96.317
Reradiation 8.836
Reflection (5%) 5.620
Wall Losses 0.500
Miscellaneous L1244
Total 112.397

The “cavity efficiency” can be considered to be:

96.317GW__
112.397 GW

85.7%
The compound parabolic concentrator (CPC) at the cavity aperture acts a “light channel” to
increase the effective aperture opening. Figure 6.1-21 gives the general configuration.

Since the geometric concentration ratio is low:
CPC Entrance Area

Cavity Absorber Area = 3.05.

many of the rays from the concentrator are not refleccted by the CPC, they directly enter the cavity
absorber. A ray trace program, developed under IR&D, indicates that 66% of the rays will have an
average cf one reflection, 34% directly enter the aperture. A plating of rhenium on the molybde-
num foil walls is expected to yield a retlectivity of 0.8. The net (PC reflectivity should be approxi-
mately ©.865. Per Section 4.2. the facet end-of-life reflectivity is baselined at 0.878. An additional
allowance of § percent is made for fucet scallops. spacing, wrinkling. etc. For an aphelion solar flux
of 1.309 kW/Mz. the required reflector projected area is 119.06 km:. After allowance for shadow-
ing by the cavity absorbers. ete.. a total prejected area of 119.56 km= is selected for the reference
design. Thisis 7.473 km= for each of the 1¢ modules.
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® CPC GEOMETRIC CONCENTRATION

® CPC ACCEPTS ' ARGER
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Figure 6.1-21. Cavity Absorber and Compound Parabolic Concentrator
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6.1.2.2 Overall Configuration

Figure 6.1-22 gives plan and side views of the Rankine SPS. It will be noted that the two trans-
mitters are mounted a considerable distance from the “corner™ power modules. This is to allow an
unobstructed field of view from the transmitters to the ground receivers. The “southem™ antenna
requires the greatest clearance (312) if it is to “see” a rectenna at 56° North latitude. his clear-
ance angle is, of course. due to the perpendicular-to-ecliptic plane (PEP) orientasion. The photo-
voltaic SPS, flying perpendicular-to-orbit plane (POP) does not require as much angular clearance.

The sixteen modules are arranged in a "4 X 47 pattern. They are connected at their corners and. at
the cavity absorber level, by 20 meter” beams. These beams provide. in addition to structural
mtegrity. supports for the aluminum bus bars of the powcer distribution system. Note thait the radi-
ators of the modules arc arranged such that they are “edge-on™ to the apparent meteoroid stream
resulting from the orbital motion of the Earth. Consequently. the radiators are parallel.

In the side view. it will be evident that the transmitfers are located at an clevation intermediate to
those of the solar concentrator and the cavity absorber. The position shown corresponds to the
level of the overall center of gravity. This was done to minimize the effects of the once-a-day trans-
mitter rotation on the attitude control system.

The P.E.P. orientation requires that each antenna mount have two rotational axes. diurnal and sea-
soral. The diurnal axes are kept parallel to the rotational axis of the Earth by rotation of the
“dogleg™ structure about the seasonal axes.

6.1.2.3 Power Generator Module

Figure 6.1-23 gives details of one of the power generation modules. The basic form of the solar
voncentrator dish is an element of 2 sphere of radius 6740 m (22,100 t)  The concentrator frame
supports the facets. which are adjusted at installation to produce a common focal point at the
entrance to the compound parabolic concentrator (CPC).

The focui point assembly is held in proper position by four “cavity support arms™ (20M beams).
The tocal point assembly consists of the cavity absorber, CPC turbogenerators. radiators. and i steel
tube support frame.

The “small” radiator system for the generators is located above the cavity absorber and between the
two uprights which mount the turbogenerator pallets. See Figure 6.1-24 . A power generation mod-
ule as shown here is the basic “self—poWer transport” element tor the Jow Earth orbit (LEO) assem-
bly option. Figure 6.1-24 shows the locations for attachment ot the three electric propulsion

systems.
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]

= LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF POWER
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Figure 6.1-24. Modules Consist of Concentrator & Focal Point Assemblics
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The curved concentrator surface which supports the reflector facets is formed of tapered graphite
epoxy tubes which are joined by “sockets.” The “lower” members of this structure are longer than
the cormresponding members in the “upper™ (facet side) surface: thic produces the required curve.

Figure 6.1-25 is a photoy “oh of a toothpick model of a portion of the facet support structure.
This facet support structure forms the concentrator assembly and is covered by reflector facets.
The support structure is made up of tapered graphite epoxy tubes joined at sockei assemblies. The
reflector facets are mounted on the upper level of the support structure. This structure. while
extremely rigid. is also relatively heavy. The total mass of concentratoer support structures for the
thermal engine SPS is approximately 6.000 metric tons. Considerable assembly eftort is also
required in low orbit. Astructure of lower mass and with a lower assembly time would be devirable.

An altemative configuration for facet support might consist of one. or 1.5, meter beams assembled
by beam machines and arrayed across a framework of larger members such as tweaty meter beams,
The mass of this system would be approximately the same. however. construction time might be
reduced. In Figure 6.1-26 is shown how a main frame formed of 20 meter beams would be used to
support a giid of 1.0 to 1.5 meter beams formed by automatic “beam machincs.” The reflector
facet mounts would be located on these smaller beams. This approach would require a lower invest-
ment in assembly machines than the approach shown on the previous chart: a mass comparison has
not been made.

Tapered tubes are also uscd to form the structure of the focal point assembhy . However. due 1o the
temperature cavironment (the radiators run at 928K = 12109F), tvpe 316 steel is baselined rather
than the graphitecpoxy used elsewhere.

6.1.2.4 Reflector Facets

Figure 6.1-27 shows a reflector facet. The reflector {acets are hexagons of thin aluminized Kapiton.
The Kapton is 3 micrometers thick (0.00012). It is tensioned by 3 rigid end members. pulled out-
ware by bridles, This tensioning svstem causes the three ~dee members to be coplanar. so that a flat
reflector is produced. The rocker anm and spring canister systems which pull outwara on the bridie
are mournted to the concentrator frame. A “scallop™ at the three free edges of the facet controls
wrinkling at the facet edges.

The three bridles of the reflector facet are attached to the rocker arms. which mount to the mid-
point of the conzentrator tube structural clements. The springs, contained in canisters. provide the
pull that causes the rocker arms to tension the plastic flm. Nete then that e facet is mounted
directly to the concentrator support structure and dovs not include radial anms and a hub syatem as

shown in Pari 1 of this study.
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Figure 6.1-25. Facet Support Structure
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Figure 6.1-26. Altemate Structure Approach
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6.1.2.5 Thermal Energy Control

Figure 6.1-28 shows the CPC aperture door assembly. This door assembly is composed of molvbde-
num foil panels mounted on cables driven by pully assemblies attached to the cavity support arm
frame. The doors are shown 1 the open position. The rehenium reflective coating on the doors is
used to maintain a low temperature for the door panels when they are fully closed and exposed to
the full output of the solar concentrator assembly.

6.1.2.6 Turbogenerator Pallets

Figure 6.1-29 shows a turbogenerator ““pallet " These pallets are launched preassembled and are
consequently stressed for high (=5g) acceleration. The generator is direcily driven by the double
ended turbine: the steel tube framework maintains alignment between these elements. The electro-
magnetic pumps and their associated heat pipe radiztor are also mouated on the pallet.

The intent is that these pallets be as self~contained as possible. However, five major duct artach-
ments are required. Thz two outiet connections to the radiator are 1.6M (5.25 ft) in diameter: the
other three ducts are’ turbine inlet. 0.55M (1.80 ft): boiler inlet, 0.145M (0.48 ft): and pump inlct
0.55M (1.80 ft). There will be several electrical control systems which must be connected at the
time of pallet installation.

6.1.2.7 Turbines

Figure 6.1-30 is a section through the turbine reference desigr. as produced by General Eleciric.
Potassium vapor from the boiier at 1242K (1776°F) is admitted at the center and flows outward
tiirough the two five stage turbine assemblies. The expanded. and consequently cooler (932K =
12189F), vapor from the last turbins stages is collected in output plena at the two extremes of the
assembly. Although multiple inlets :ind double outiets are shown. it would p-obably be best to go
to a single inlet and a single outlet at each end. To feed the multiple inlets shown could require a
toroidal distribution manifold which fits around the center of the turbine. This raanifold would
accept the boiler flow and distribute to the multiple inlets shown. A lighter soluticn would prob-
ably be to merely enlarge the current inlet system and provide a single inlet.

Bearings support the turbine shafts at each end. One end is the drive output to the generator: the
other end is closed. In the alkali metal space power testing of the 1960’s, hydrodynamicaliv lubri-
cated pivot paa bearings were developed and tested under load at temperatures in the 700-811K
(800-1000°F) range in liquid potassium for hundreds of hours. The stability of hydrodynami:
hearings and shaft asscmblies were also eviluated in “casy™ fluids as a means of develaning hearing
stability prediction criteria. The t_cinology of alkali metal bearings also included extensive work
on the characterization of potential alkali meta! bearing materials such as refractory allovs and
metal-bonded carbides. particularly in friction and wear characteristics under vacuum and liquid
potassium.
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Testing of alkali metal rotating seals was also undertaken in the test facility.
The pressure feed lines for the potassium bearings are shown at each end of the assembly.

Not shown is any moisture extraction system. Droplets forming in the third stage region are a
potential source of erosion damage to the last two stages.

No droplet impact erosion was observed on molybdenum alloy~ or on nickel base superalloy blades
in 5000 hours operation of a two stage turbine at a temperature of 1 240°F and a moisture content
at the turbine exit of 8%.

Very negligible impact erosion was ohserved on molybdenum alloy blades in the last stage of a three
stage turbine tested for 5000 nours at about 1200°F and 7-9% moisture content. From these tests
it was estimated that turbine blades would perform satisfactorily for at least 50,000 hours.

Erosion tests under more severe wetness conditions were performed in the 5000 hour three stage
potassium turbine test. TZM molybdenum alloy inserts were located in a position behind the third
stage turbine blade tips where moisture content in the vapor stream was about 13% and a high con-
centration of droplets was shed from the blade tips. Highly localized droplet impact damage
pointed to the advantage of using trailing edge turbine olade moisture extraction methods to
remove liquid which would otherwise collect at the outer diameter flow surfaces.

Figure 6.1-31 shows impact damage examples.

Follewing 10,000 hours of endurance testing in the two stage and three stage potassium turbines.
the chree-stage turbine and the turbine facility were mcdified to incorperate moisture extraction
devices for brief performance tests. These devices included {1) extraction of liguid condensate (and
seme vapor) from the trailing edges of stator vanes. (2) centrifugal extraction of liquid from the
trailing edges of turbine blade tip shrouds and (3) vortex separation of liquid from the vapor down-
stream of the third turbine stage. The latter liquid separation device was planned to be used as an
interstage moisture extraction device lovated external to the potassium turbine in a 450 KW, potas-
sium turboalternator which received extensive preliminary design ceffort for space power
applications.

Figure 4.544 showed the three extraction approaches.

" rotor extraction device generally exceeded 30% effectiveness and the vortex separator achieved
307 cifectivencss

The 1 omonstreien of these extre tion techniques indicates the availability of methods for removing

dimasging quartites of liquid from rotussivim vapor turbies and aiding in the minimization of
droplet impact damage and liquid washing corrosion effects.
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Calculations were initially made for the “A™ 1242K/994K (1776/1329°F) and “C" 1242K/870K
(1776/1106°F) cycles and for their turbine weights. Costs were estimated from previous turbine
designs which had 1.52M (60™) discs for the HP turbine and 2.03M (80") discs for the LP rotor.
The “A" cycle was selected because the weights and costs were much lower and because the LP tur-
bine was eliminated. However, it was decided to size these turbines for 40” discs in order to retain
a practical size for molybdenum disc production. A preliminary potassium flow estimate of 202
Ib/sec was estimated for one double flow turbine with these 40 discs.

Before the turbine design calculations and flow areas were completed, it was determined that to use
the “B” cycle 1242K/932K (1776/1218°F) was more optimum for the entire power system. A
cycle calculation gave the flow required for the 1166 MWe “B” cycle. That cycle required 34 tur-
bines at a flow rate of 91.63 kg/sec (202 Ib/sec) each.

Reduction of the power requirement per solar heat souice from the 1166 MWe system to the 1678
MWe interim system would logically reduce the number of turbines to 32 if the fiow per turbine
was unchanged. Hcwever, the turbine design calculations indicate that the last stage will limit the
flow rate due to a large annulus area requirement. It was decided that 34 turbines at reduced flow
per turbine were required for the 1078 MWe system. Later in this study it was determined to main-
tain the 10 gigawatt power level requirement as a minimum rather than as an average and to include
additional power necessary to meet on-board peak power requirements related to satellite position
and attitude control needs. The 34 turbine, 1078 MWe system for each cavity heat source was
increased to a 36 turbine. 1136 MWe system. This revised system had a 1% power margin over the
power required even under peak power requirements and peak power transmitter capability. This
reserve increased when attitude control power was reduced and as the power transmission capability
decreased through the year.

Using a specific turbine weight of 0.75 kg/kw (1.66 th/kw). the total weight for the 1136 MWe sys-
tem was 8.48 X 105 kg (1.87 X 100 1b),

The percent effectiveness was based upon the total moisture in the vapor stream irrespective of such
factors as droplet size or whether or not droplets were collected either on the turbine blade or on
the inside wall of the swirl device.

Figure 6.1-32 relates the size of the rotating components of the SPS turbine to the turbine
developed by GE for America’s SST program.

The aircraft and land gas turbine industries in the USA have advanced the design. muterials, process-
ing and manufacturing technologies of superalloy turbine systems to a highly refined state. The
development and manufacture of the potassium vapor turbine can use these existing technologies
with a high degree of assurance. While specific preliminary design effort and later detailed compo-
nent design work will be required to more exactly define potassium turbine hardware at the power
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levels required for solar power satellites, no major enginecring breakthroughs are required nor do
other serious technology barriers exist. Superalloy gas turbines of the size of the proposed potas-
=jum vapor turbine have been built. Large astroloy forgings of the size required by the potassium
turbine have been mde for the GE4 engine for the supersonic transport. A production base of
significant size exists in the USA for the manufacture of large high temperature turbines.

Newly deveioped powder metallurgy processing capabilities including large hot isostatic powder
compaction presses provide the basis for preparing forgeable billets of molybdenum alloy. TZM, for
the fabrication of turbine discs of the rcquired size. Altematively. conventionally arc-cast and
extruded billets of this alloy could be forged and hot isostatically pressed in stacks to form forging
villets of the required size for forging in existing facilities within the USA.

6.1.2.8 Genenators

Ez.h potassium Rankine turbine tums a gencrator as shown in Figure 6.1-33. These generators pro-
duce either 41,000 or 39,000 volts direct current as required by the microwave transmitters. The
generators are oil cooled using coolant passages through both the rotor and staror. Although they
are quite eff_cient the generators must dissipzte waste heat at such a rate that their own surface arca
is not sufficient for this dissipatic n therefore externai radiators are used. A high copper tempera-
ture is advantageous to reduce the area and mass of these radiators.

6.1.2.9 Primry Radiator System

Sections 5.1.2.3 through 5.1.2.6 explain the derivation and selection of the most important radiator
parameters. This section describes the resultant radiator design. «etatls o1 which are shown in
Figure 6.1-34.

Shown here is a segment of tae radiator for one turpog=nerator. A vapor duct s at the top -..J the
liquid returm duct is 5t the bottom. The heat pipc paiiels wiili theit tinoughipipes pass beiween the
ducts. Also shwn are the triple layers of meteoroid bumper inztalled on the ducting. At the lower
left is a detail of the throughpipes and the wraparound sodium hea: pipes. Ti.. o sodium heat pipes
are spaced apari such that their centerlines are 1.6 diameters from cach other. This spacing is an
optimum compiomise hetween greater spacing. witich would improve heat radiation. and reduced
sp1 ing which would reduce manifold mass by requiri: 2 fewer throughpipes. On the right is a cross
section through two adjacent radiator systems showing how the vapor ducts share common meteor-
Sl protection systems fur a reducton in bumper mass.

Each radiator extends 355M (1165 ft* from it; {u.bozenerator, so that the liquid and vapor du-ts

each have that length. [he vo-or Cuct is tapered. o ihe {urbine the diameteris . oM (525 1), The
liquid duct has i diam.ter (maximum) of 0.278M (0.91 ft). The throughpipes are 8 cm (3,15
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inches) in diameter. Assuming that one hall of the pressure recovery in condensation . usable, the
total pressure drop in the radiator is 21.3 kFa (3.09 psia), making an NPSH of 16 kPa (2.31 psi)
available to the pump.

The entire radiator system, including the heat pipe wicks. is tvpe 316 stainless steel. which has
excellent compatibility with beth potassium and sodum.

Figuie 6.1-35 gives a mass breakdown of the rediator sy stem for one turbogenerator and tor the
entire SPS.

6.1.2.10 Electromagnetic Pumps

Electromagnetic (EM) pumps have oeen used extensively in the pumping of liquid metais. They
have the .dvantages of absence of seals and bearings, operating reliability and reduced maintenance
requirements.

For the Rankine cycle space power program, a lightwe ght 193 kg (423 b)) clectre-magnetic boiler

feel pump. capable of oprerating at a liquid metal temperature up to 1033K ¢ 1400VF), was designed.
bui¥* and tested for 10,000 hours. See¢ Figure 4.5-4.

It pumped 811K (1000°F) potassium at flow rates up o 147 kg'sec (3,25 b sect at a developed
head of to48 KPa (230 psit. o NPSH F 7 puiand ar efficiency of 1657, The pump features a
T-111 alloy hetical pump duct and 2 high temperature stator with a 811K ¢ 1000°F) maximum
operating temperature; (he stator matenials consisted of Hipeico 27 magnetic limnanons, 997
alumina <ot insulators. tvpe ~S7 glass tape interwinding insulation and nickelciad sibver conductors
joined by braring in the end tums. Pump windings were cooled by hiquid NaK ai 708-"3¢K
(SO0-900F ).

Large size annalar sinear FM pumps are under doveiopaient for the Liqusd Metsd Fast Breeder
Reactor. A 14500 gpm (681 Ke sed 115302 th secY pump has been butit and » awaiting est: pumps
of larger <izes have been considered m the range of 300G, 70000, SD.000 and 130000 gpm
(1310, 347335 5720 and 0110 kg sech e 3TO8. TS TIRIB0 ynd 13470 1b secr. Weght and cost estr-
mates for commercial fand based versions of these puanps huve been mriated Whike thoswe pumps
wers designed for handling sodiem at about 83890 thewr develepment indicatos pimp ~eale-up
cxpenence well above that of the earber higher tempe  ware boder tecd 0~ 1o Runkine space

PONET SUSICTIN

vaght estimates for Lrger swze puanps were prepared from prosent weights of the LS00 G\
EMERR EM oump. Por space fight sppheanons it was ostimated that e gqiad misiogen cooled
LMEBR pump. which worghed 31,730 kg s 00000 ivmY, couk? be reduced By about 3007 and then

ncreased m wcight B 207 o aliow tor sdded igud motal conling reateres The shight weight
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E ¢ 3 <]
PER ENGINE PER SPS
kg wixg
MANIFOLES 305 2.4
VAPOR DUCT t12¢40) 0.2%)
LI0UID DUCT 216 (A )
METEOROID PROTECTION (2439) (140
THROUGHPIPES 1500 ons
THROUGHPIPES (3IS/ENGINE) (90} (a6}
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HEAT PIPES 13,299 768
SHELL *30,838) 6.24)
WICK {1.29) {0.99)
SODIUM 3 {0.43)
POTASSIUM | 8045 463
TOTAL 26,740 15.39

Figure 6.1-35 Radiator Mass Summary

rrmp was estimated te weigh 19.0°1 kg (42.000 lbm). For the larger proposed 70.000 GPM pump.
the weight was derived from tiie above flight weight pump by scaling its weight upward from the
19.051 kg (42.000 1bm pump in accordance with the increased tflow capacity ana then reducing
weight by 307 for scaling efficiencies. Weights of other pumps for a2 7"B7 cvcle at ther pre-
scribed flow rates. were then estimated trom a weight vs. low capacity curve derived from these
tlight we'ght pumps.

6.1.2.11 Boilers

The baoiler tubes are located inside the cavity absorber v aere concentrated solar cnergy is available
tor the illumination. The boiler manifolds are located outside o1 the cavity absoroer wall panels and
are instlated with Multifoil (multiple layer refractory alloy insulation) to reduce energy waste. The
mantfolds and boiler {ubes would be fabricated from niobwum (columbium)}. The outlet manifold
diameter s .55 m 180 10 the inlet manifold diameter is 0.143 1, (048 t0). The “working™
region of the boiler tubes i 10M (33 f) long. The boiler tubes are 1.52 ¢m (0.6 inch) diameter.

The inuia potassium inlet temperature is 932K (1 218CF): the potassium vapor outlet temperature
is 1242K (1776YF). All design in this subsystem i for 30 year creep rupture capability. plus SO
for safety. If & toiler tube fatlure occurs inswde the cavity ., repair can be effected by isolating that
botler tibe and welding oft the resultant stubs outside of the cavity. Of course. this can only be

done to approvimately 370 of th: tubes before a complete repair might be necessary.
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6.1.2.12 Attitude Control

The attitude control ard station keeping system consists of argon ion thrusters. chemical thrusters
and the related auxiliary elements The baselined specific impulse for the argon thrusters is 20,000
seconds (see Section 5.1.2.8). Characteristics of this system. including location. are given in
Figure ¢..1-36

Maximum electric power is required when the system must produce maximum torque: the power
level is approximately 300 MW. The SPS is sized to allow full transmitter output when the thrusters
are drawing this power level. Average thruster power is about 120 MW,

The primary purposes of the chemical propulsion are attitude contrel when bus bar power is not
available and recovery from a gravity gradient stable “upset’ condition.

6.1.2.13 Future Development Requirements—A Preliminary Overview

The development of Rankine cycle power conversion systems can proceec on the basis of prior
demonstration cf the feasibility of a broad range of technology. However. considerable scale up in
size and continued emphasis on improvement of component and svstem reliability will be required.
A long term effort will be necessary to reinstate the alkali inetal Rankine cycle test capability in

1231
® “P.E.P.” ATTITUDE @ OCCULTED THRUSTING: ® AVERAGE ELECTRIC PO'VER = 120 mw
® SUNLIT THRUSTING: * CHEMICAL & ANNUAL PROPFLLANT:
* ELECTRIC THKUSTERS (100 cm) * 400 SEC I, ARGON: 134.C0Ckg/ YEAR
* ARGON PPOPCLLANT o DUTY CYCLE = 0.008 CHEM: 4,400 kg/ YEAR
* 20,000 SEC 1, - ® SYSTEMMASS = 12x10%kg

* DUTYCYCLE = 04

T FOUR INSYTALLATIONS:

i - ;
:/ 7 "‘ 24M1 —-1
/ / THRUSTERS ._\ D ?

s/
///
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/
/
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/
/7 EACH INSTALLATION:
/ ¥ = 560 N {126 1bf) ELECTRIC
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Figure 6.1-36 Attitude Control System
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facilities appropriate to SPS requirements. Nevertheless, there is a possible progressive approach
which would permit considerable progress to be made on a cost effective basis.

It the near term. it is necessary to plan. cost estimate and schedule the broad outline of the pro-
grams required for the development of the power conversion system. to further optimize the sys-
tem, to consider some o} the anticipated operating. maintenance and power control situations and
to initiate preliminary component design effort.

For the mid term. solid progress must be made in developing test facdities: in design. construction
and test of components: and. in general. in developing a sound engineering basis for full size compo-
nents. Initial component and facilities capabilitics might be limited to the use of superalioys and air
environment facihities for practical engineering achievement.

In the longer term, near “final™ designs ot :cfractory alloy components .~ ouid be required. along
with a capability -f testing modular components in a space-like environment under 1G conditions

on Eartn: during this period v =~arations coula be pianned fo, [osting in spuce.

A program planned with definitive objectives and a logical progression of hardware development
weuld provide a sound basis for consistent and coonomical progress toward the mailability of reli-

able, cost competitive thermal power comversic 1 systems for the solar power satellite.
6.2 MASS SUMMARY
6.2.1 Silicon Photosoltaic Mass Se nmary

A mass summai . o the photovoltaic reterence SPy isted by major WHS elements is gnen in Table
6.2-1. A more complete mass statement was provided in the definition sections for each of the WBS

elements (. this mass summan.

Table « 2-2 provides 4 comparison of the mass summuarics for the evolution of the final photovoeltaie

reference.

The gro' th for the final photovoltaic reference was detemiined from the - tem uncertainty analy-
sis. Figure 6.2-1 provides the results of the st ¢ and mass uncertainty analysis. The complete uncer-

tainty analvsis is disc cssed in the Evaisation and Data Book (Volume o).

6.2.2 Rankine Thermal Fngine Mass Summary

Figure 0.2-2 is a mass statement for the referonce desagn erefer back to Figure & - for the corre-
sponding coafigaration). This mass stuteiment does not include “growth” Volume 6 of this set
contains a sumnany of g statistival analyvsis of potential size and mass growth, [t gives o “moest

protable’ Rankine thermal engine SPS mass of appre vimately 94,000 metric tons (2076 X 105 thm.

lo9
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Table 6.2-1. Referenc: thotovoltaic Final Mass Summary (Mass in Metric Tons)

1.0 SOLAR FIUENGY COLLECTION SYSTEM 51,782

1.1 PRIMARY STRUCTURE 5,385

1.2 SECONDARY STRUCTURE >

1.3 MECHANICAL ROTARY JOINT 67

1.4 MAINTENANCE STATION

1.5  CONTROL 178

1.6 INSTRUMENTATION/COMMINICATIONS 4

1.7  SOLAR CELL BLANKETS 43,750

1.8 SOLAR CONCENTRATORS

1.9 POWER DISTRIBUTION 2,398
2.0  MICROWAVE POWER TRANSMISSION SYSTEM(S) 25,212
3.0 SUBTOTAL (NO GROWTH) 76,994

DDISTRIBUTED TO APPROPRIATE WBS ITEMS
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ORIGINAL, Pa,
OF GE IS

POOR QUALITY

Table 6.2-2. Photovoltaic Reference Configuration Nominal Mass Summary Weight in Metric Tons

SPS-1547

Cit=2(10GWB.0.L)

CR=1 (10 GW MINIMUMI0 YRS)

L4 N\ .
COMPONENT ORIENTATION | sipTcam | PART! | PARTI [PARTH | PARTH
FNAL | FPnaL | mioTERmM] sinal
10 SOLAR ENERGY COLLECTION SYSTEM |  (36,616) 159313 | wes | seasn | soise | svs2
L1 PRIMARY STRUCTURE 2403 14,970 so00 | 233 6193 8385
12 SECONDARY STRUCTURE 189 209 209 209 - -
13 MECHANICAL SYSTEMS Py © P © &7 s
14 MAINTENANCE STATION 85 - - - - -
15 CONTROL 340 300 0 240 150 178
1.6 INSTRUMENTATION/ ) 4 4 4 4 4
COMMUNICATIONS
17 SOUARCELL BLANKITS 25746 502 | sam | swser | erme | aziso
18 SOLAR CONCENTRATORS 5.149 2978 3276 - - -
19 POWER DISTRIBUTION 2,570 3,180 3532 1.589 2451 23%8
20 w3 15,371 183N 153711 | san | 2380 | m212
SUBTOTAL 51,967 7468 | 64583 | 71728 | so.ses | 76,204
GROWTH 25994 37.382 32442 35,854 20142 zusoD
ToTAL 72,91 112026 | 97425 | torss2 |100.719 | 97474

D 26.6% GROWTH FROM UNCERTAINTY ANALYSIS
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Figure 6.2-1. Mass/Size Uncertzinty Analysis Results

ITEM 108 kg
STRUCTURE 6.976
FACETS 1.837
RADIATOR (W/O POTASSIUM) 10.768
POV DIST 4.7€0
SW. GEAR 0.218
3ENERATORS, ACCESSORY PACK 2508
GENERATOR RADIATORS 1140
TURBINES 13.756
PUMPS, PUMP RADIATORS 0.984
BOILERS & MANIFOLDS 3.296
CAVITY ASSYS 1.000
CPCS 0.299
LIGHT DOORS 0.025
MONITOR, COMMAND & CONTROL 0.160
ATTITUDE CONTROL 1.200
START LOC™S, CONTROLS 0.250
ANTENNA SUPPORT 0.286
MISC, INCLUDING STOR AGE 0.200
POTASSIUM INVENTORY 6.055
POWEh FENERATION 55.560
ANTENNAS 24.384

S $0.044

Figure 6.2-2. Potassium Rankine SPS Mass _atement
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ORIGINAL PAGE I
6.3 COST SUMMARIES OF POUR QUALITY

Note that the radiator mass does not include the potassium working fluids (which is given under
“potassium inventory™). Thus the radiator mass does not correspond to that given in Section
6.1.2 9 since the potassium normally present in the radiation was included in that section’s radiator
mass summary.

6.3.1 Silicon Photovoltaic Cost Summary

A cost analysis was accomplished on the reference photovoltaic SPS usire a PCM to project the
theoretical first unit ({TFU) cost. A mature industry projection was then applizd to the TFU along
learning curves to estimate the system costs for various schemes.

Table 6.3-1 summarizes the cost ot major WBS elements tor the photovoltaic SPS. A comparison
is provided for the LEO-G¥O cost trade for one SPS per year and for the advanced production rate

of four SPS’s per vear.

A detailed cost summary is provided in Evaluation and Data Book (Volume 6) and includes the
instatled system cost ($;Kwe) and the energy cost to the customer (Mils. Kw-hr.

6.3.2 Potassium Rankine Cost Summary

Table 6.3-2 summarizes capital cost elements for the thermal engine SPS sysiem at two production
rates.
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Table 6.3-1. Reference Photovoltaic Final Cost Summary
251538
was NAM 1 SPS PER YEAR " 4 SPS's PER YEAR
€ LEO CONST. GEO CONST. LEO CONST. GEQ CONST.
A1.01.01.00| MULTIPLE/COMMON 1
PROD. COST ($x 10°6) bl % 760 86
A1.01.01.01 | ENERGY COLLECTION — — - .
N/A
A1.01.01.02 | ENERGY CONVERSION 1588
o PROD, COST ($ x 105) 73 2793 2696
A1.01.01.03 | POWER DISTRIBUTION oy
10 PROD, COST ($ x 105) 138 13 7
A1.0101.04 | MPTS
01.01.04 | pr0D.COST ($x 106) 2678 2676 1952 1952
SUS TOTAL {$ x 106) 7442 7190 5587 5378
INSTALLATION COST ($ x 105) 7554 10906 5297 7648
TJOTAL COST *($ x 105) 14,996 18,096 10,884 13,026

®INTEREST NOT INCLUDED
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Table 6.3-2. Capital Cost Summary—Thermal Engine SPS (Rankine) Dollars in Millions

1 SPS/YR 4 SPS/YR

WBS NO. [TEM SOURCES & REFERENCES LEO GEO LEO GEO
CONSTRUCTION CONSTRUCTION CONSTRUCTION CONSTRUCTION

1.01 Solar Power 0 Mature Industry Esti- (7987) (7987) (5284) (5284)
Satellite mate, Table 20

1.01.00 Multiple/Common o PCM Run, Table 21 1196 1196 846 846
& Pkg'g o General Electric Tur- 374 374 374 374

Energy Collection bine, Generator, &
Energy Conversion Pump Cost Estimates

Power Distribu- o Structural Mfr Estimate, 3365 3365 1890 1890
tion 9th MPR
Microwave Power o Varian analysis of 376 376 222 222
Trancmission Klystron Productions
o MPTS Error Analysis 2676 2676 1952 1952
o SPS Mass Estimate,
Table 22
1.02 Ground Receiving (Same as Photovoltaic) (4446) (4446) (4000) (4000)
Station
2.00 Construction & (1716) (1768) (1716) (1768)
Space Support
2.01 Construction Base Writedown Summary, 9N 1010 97 1010
(Facility Write- Table 23; Facility Mass &
down) Cost Estimates, Tables 24
& 25
2.02 Space Support
2.02.07 Staging Base {Same as P/V) N/A N/A
2.02.02 Crew Support o Crew Support from Esti-
mates, Table 12
o Crew Rqts from Construc- 745 758 745 758
tion Analyses (Part I
Vol 111 & Part 11 Vol lV)
2.02.03 Other OPS 16 16

Support

€-9L87T-0814
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wWw ww

iu

.00

A
N

.01

.02.
.02.

» NG.

.01
.02
01

ITEM

Space Trans-
portation
tarth-lLeo
Freight

Crew
Leo-Ger
Freight
Crew

Interest during
fonstruction

Growth

Table 6.3-2. (Continued)

1 SPS/YR 4 SPS/YR
SOURCES & REFERENCES LEO GEO LEO GEOQ
CONSTRUCTION CONSTRUCTION CONSTRUCTION CONSTRUCTION
¢ Numbers of Flights & (7425) (11182) (4678) (7275)
Costs Summary, Table 26
o Other References Same 3900 3270 2527 2095
as Photovoltaic
528 528 220 220
181 533 141 357
2816 6851 1790 4603
(700 days) (450 days) (566 days) (366 days)
(2068) (1563) (1215) (916;
“able 27 {2946) (3489) (755) (903)
26588 28872 17648 20146

€-9(877-0810
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APPENDIX A
ROTARY JOINT ANALYSIS
GENERAL ELECTRIC
SPACE DIVISION
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SPS SLIP RINGS

Two sizes of slip rings were evaluated, a single 350 meters diameter slip ring (2 per SPS) and three
concentric 13 meters. || meters and 5 meters slip ring (2 sets per SPS). Also three materials were
considered as likely candidates for the SPS <lip rings. The coin silver (90% silver, 10% copper) is the
2ast loss (I2R losses) material and in conjunction with silver moly disulfides brushes provide the

best performance.

~ . N . . - . - . Y
Cwper slip nne material cost 1s considerably less than coin silver with comparable weight and I-R
losses but vacuum operation experience is limited.

The disadvantage of aluminum slip rings are the high IR losses and very limited experience in
vacuum operatior. The additional problem with alurrinum is that the surface oxide would have o
be removed and protection provided in air by plating. Oxidation in space could also occur over long
periods of time due to oxygen molecules,

& =6

CENERAL Mgyt
ELECTRIC SPS Stip Rings s

COIN SILVER

§ 15,11, 7m DIAMETER 350m DIAN

ADVANTAGES
VACUUM OPERATION EXPERIE.{CE
LOW WEAR
LOW FRICTION
LOW LOSSES ( @ = 1.59 am /cmd)
LONG LIFE

DISADVANTAGES
COST OF MATERIAL - {PER SPS) $1.7M $8M
WEIGHT (PER SPS) 24,000 LBS 115,000 LBS
AVAILABILITY OF SILVER

COPPER

ADVANTAGES
COST OF MATERIAL - (PER SPS) $30K $175K
WEIGHT (PER SPS) 20,000 LBS 96,000 1BS
AVADABILITY OF COPPER

DISADVANTAGES
LIMITED LONG TERM EXPERIENCE IN VACUUM OPERATION

-

AT ETRIINTTINS
e

-

ADVANTAGES
CC.T OF MATERIAL - (PER SPS) $5K $82K
WEKGHT (PER SP3) 6,500 LBS 30,000 LBS
AVAILABILITY (-F ALUMINUM

DISADVANTAGES
HIGH LOSSES ( @ = 2.70un ,’cms)

SURFACE OXIDATION
VERY LIMITED EXPERIENCE IN VACUUM OPERATION
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@ o1se 2763 SD
GENERAL

ELECTRIC SPS Brushes

o 8% Ag, 12% MoS,, 3% C

~ ADVANTAGES

VACUUM OPERATION EXPERIENCE
LOW WEAR

LOW FRICTION

LOW LOSSES

LONG LIFE

-~ DISADVANTAGES

COST OF MATERIAL - $250K PER SPS
WEKGHT - 1,500 LBS PER SPS

& CARBOX TYPE (MOLISULFIDE ADDITIVE)

-~ ADVANTAGES

X
COST OF MATERIAL - $10,PER SPS
WEIGHT - 300 LBS PER SPS
- DESADVANTAGES

HIGHER LOSSES (TWICE THAT OF SILVER)
HIGH FRICTION ( TWO TO FOUR TIMES THAT OF SILVER)
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An investigation was made to determine the magnitude of brush wear that could be experenced on
the Solar Power Satellite (SPS).

The Solar Power Satellite has three different diameter slip rings with the following parameters:

Diameter Current Nutnber ot Brushes
{meters) (amps) per ring
is 199 360 x4
i 139 560 X
7 39 800 128
Brush Area Iemx3dom
Brush Pressure 4 psi
Rotational Speed ! revolution per duyv
Brush Material AgMoS, €

Ring Matenal

Coin Sibver

There is very little information concerning theoretical aspects of brush wear or actual brush waar

occurring under vacuum operation.

Brush and ship ring wear s a complex phenomenon dependent upon many paramceters such as the
brush and slip nng maternial, mechanical pressure, sliding veiocity | electrical current and the environ-

mental conditions. Holm has expressed brush wear as

L er B H l -{
W = bP(\\O«t\x! ‘JIAO 1O

Where:
o= mechanical wear coefiicient
= Shding distance, Km W,

P = brush load. Kg

.
brush wear. cm” w

it

clectnical wear coelticient

741
!

Values of W, between 0.6 and 20 have been given by Holm for brushes running on smooth copper
rings. The lower value, 0.6, is 1or clectrographite brushes and the higher value. 20, is for copper-
graphite of bronze graphite. Value of Wy range from 0 to 20 depending upon the ty pe of brush

material as woll as whether it is anodic or cathodic.

The brosh wes, was determined for SPS based on Holn tor ditfferent types of brushes with the fol-

lowing results:
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Wear - cm3/Km/brush
Material Yithout Current With Current
Electroly tic graphite 03x 104 2y e
W, = .6
Natural graphite A7x 104 1.33x 1074
w, =4
W) =4
Copper graphite B3 o 6.7x 1074
W, =2
W] =20

Lewis. et al.. presents data for vacuum operation of Ag Mo §» C brushes and coin silver rings as
follows:

Wear 27x 10 in'in
Vacuum 5 x 10 torr
Brush pressure 170 grams
Brush curmrent 8.33 amps
Current density 100 amps f‘in:

If this data is extrapolated for the SPS brush pressure and brush area, the wear will be 3oy 10
cm¥/Km per brush. The wear for the brushes on the SPS rings will be:

Diameter Ring Total Debris Debris per Brush
I3m 23.7em? iyear ALH Cmsx)’féf
1tm 14.3 cm3 ‘vear 0453 cm3 Jvear

m 37 cm3;“) car 0289 ¢m? /ycar

The wear rate of 36 x 104 cm? Km is considerably in excess of that calculated with Holm's equa-
tion and paramcters. However, this represents wear in a vacuum with brush materials that Holm did
not address.

It is not immediately apparent as to what occurs to this debris. Because of the low rotational speed
as well as the vacuum and space environment. it is possible that the debris will remain in proximity
to the brushes. It should be noted that the guantity of debris per brush per year is quite small

between .0289 cm? /year and 0617 cm3;’year. This debris is in the form of fine particles which
vould become charged and adhere to other surfaces.

The wear of aircraft brushes was determined based on data of the Carbon Products Department.
General Electric Company. The brushes are graphite having molydisulfide cores and are used with

181



D180-22876-3

both commutators and slip rings. The brushes used with slip 1.ngs have about 1.5 times the life as
those used with commutat~rs. The data provided was as follows:

Wear 25T
Speed $000 1t/ min
Brush Pressure 4 psi
Brush Area Sin-
Commutator

Wear = 28x 104 cms km brush  Commutator

Wear A9«x T cm';:‘km ‘brush  Ship Ring

On aircraft applications. the wear of the slip ring and commutator is approximately the same as that
of the brushes.

References
Ragnar Holm. “Electric Contacts Handbook.” Third Edition. Springer-Verlag, 1958,
Lewis, Cole, Glossbrenner and Vest, “Friction. Wear and Noise ¢! Slip Ring and Brush Contacts for

Synchronous Satellite Us~ " IEEE Transactions vn Parts. Hybnds and Packaging. Vol. PHP-9,
No. . March 1973.
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APPENDIX B
ANALYSIS AND COMPARISON OF
ALTERNATE STRUCTURAL APPROACHES
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A comparison was made between continuous chord beams and the 20 meter
tapered tube beam being used in our current reference satellite design.
Solutions were found that met the load requirements of the tapered

tube approach and resulted in relatively small mass increases.

The continuous chords investigated were of both open and closed section
configurations. The open sections investigated were of the configura-
tion shown in Figure 1. This is the basic configuration of the General
Dynamics continuous chord approach {NAS9-15310) with the side length,
L, varied from 3 inches to 15 inches. Figures 2 through § illustrate
the relationship of critical load (in buckling) and Tnad-tc-mass

ratio as a function of batten spacing and bteam width. Sclutions were
sought that would give the cptimum beam width and batten <pacing with
respect to load-to-mass ratio for each conficuration.

The closed section configurations that were used are shown in Figures 10
through 22 along with the optimization curves for each case investigated.

The conclusions from the investigation are:

1. The load carrying capability of the continucus chord beam is
very sensitive to El_ of both the chordand batten. This seers
to suggest that the Xchord configuration should be used for
the batten for the best performance.

2. For a given chord/batten cunfiguration, solutions exist for
chord width and batten spacing to give optimum load-to-mass
ratios for that configuration. The trend is for wider beams
to have srmaller batten spacings for the optimum condition.

3. Closed section members have higher load-to-mass ratios for a
given beam configuration.

4. Solutions exist for continuous chords that could replace the
current tapercd tube beams with a mass growth of approximately
20 porcent for clesed sectien members and 40 percent for open
section members. Other solutions exist that may be closer to
the tapered tube mass for the load requiremen's, but of the
configurations investigated, Figures 23 through 26 illustrate
the chosen solutions.
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