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SECTION 1

INTRODUCTION

The ability of man to exploit space will be a function of availability of power and
energy in space and the cost of that power. Programs (such as the 25 kW power
system) are presently ‘underway to develop and orbit space power ranging in the
tens of kflowatts, and new studies are pursuing systems ranging to hundreds of
kilowatts. It is envisioned that by the end of the century megawatt capability
will power missions which will offer significant benefits to society. This study
was constructed to survey possible beneficial missions and identify crucial tech-
nologies that must be developed to enable multimegawatt photovoltaic space power
systems.

Both Low Earth Orbit (LEO) and Geosynchronous Earth Orbit (GEO) applications
were examined. LEO orbits offered the obvious advantage of lower insertion costs
and initial manned serviceability and constructability, while GEO orbits enable
single or dual satellites to support services tied to one terrestrial area.

This study assumes that power levels in the low megawatt range can be realized
by the year 2000 if technology development is started early enough to permit an
orderly, well planned development approach. Such an approach would also aid
in making programmatic decisions on current and near term technology efforts to
direct those technologies toward a multimegawatt capability.

By contractual ground rule, a photovoltaic source was selected for the baseline
power gerneration system, rather than solar thermodyr.amics or nuclear systems.,
However, to assure that possible beneficial solutions were not overlooked, two
alternates employing hybrid photovoltaic/thermodynamic approaches were included
for completeness.

The study was divided into four separate tasks:

Potential beneficial missions which require power in the 1 to 10 megawatt average
power region were developed in Task 1. Based on benefits, two types of missions
were selected as study baselines and their power requirements developed.

In Task I, alternative power system concepts and operating options, including
alternative component technologies, w~-r~e identified and compared. One high-risk
concept and a low-risk hackup epproaci: were selected for further study.

In Task III, the concepts were refined by performing trades and analysis, with
particular attention to encironaental interactions and modularity and safety, to
establish technology goals. Uenefits of the goals were established.

In Task IV, technoiogy efforts which enable megawatt capability were icientified
and, based on benefit criterie, ranked and recommended.
1-1




2.1 TASK I, BASELINE MISSION IDENTIFICATION

This part of the study was performed as shown in Figure 2-1.

GDC/AST 81-019

SECTION 2

STUDY RESULTS

NPT
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Figure 2-1. Baseline Miasion Identification.

2.1.1 IDENTIFY POTENTIAL MISSIONS. The first step of the study identifies
potential missions, Figure 2-2 indicates several of the potential missions which
were considered. In addition to those listed in Figure 2-2, one other misgion was
considered; RF and laser GEO power beaming to LEO user satellites.

2.1.2 SOLAR POWER SATELLITE (SPS) TECHNOLOGY DEMONSTRATION. The
prospect of converting solar energy at geosynchronous orbit continues to repre-
sent one of the more likely major future technological /energy thrusts. Its via-
bility is enhanced by its 4 to 1 advaniage over terrestrial solar power sources
from its locations, and its potential 1or lower environmental risks than fusion,
fission, or coal systems. The major obstacles to a funded SPS program are posed
by technical uncertainties, public acceptance of environmental impacts, and
skepticism about current economic analyses based on tentative assumptions. Like
fusion, the technological approaches involved are varied, and all the effects and
impacts of the various alternates have "ot been fully assessed or demonstrated.
Several SPS technology demonstration approaches are viable, including non-
photovoltaic systems which are not part of this study.

Capture probability of the SPS demonstration mission is rated high (Figure 2-3).
While it can be argued that some major segments of the SPS, such as the required
heavy launch vehicles and fpace construction techniques, would not be demonstrated

2-1




"SUOISSI\ [BIJU}04 ~7-7 2andiy

0002 - 068! S661L S68t §661 0681 06b. 001434 INIL
SHA 02 SHA 01 SHA 02 SuA 02 SHA 02 SHA Z 341, L JINY3IS
LHOINOIN L43IX3I/INVISNDD INILIINN3IM INVLSLJD INILIINEIIN SLEISULLEIL INILLINNILN ERILLE
0 mw sn It TR se NOLLY /1IN
m A¥YNOILY1S039 L NN 00t LLE WK o0t WN 052 11840 ON11 V340
o
) L. mn o MmN S Mn S-1 LU LU NI MW L 13ATT ¥IMO4
@ —_—— - ——— —_ - e —
(= $371A¥3S J11SIN00 1SAS WIJSNVEL JI¥1I313 1SV JINIIIS ADHINI-HIIW 0ZH WOU4 SINVTI340Ud JMISNILNI ADYINI ONIJ00¥d 143IN0D 3s04¥nd o~
“ Uvave 140d¥IY NOILY1¥O4SNYEL SINININIIXI DNISSII0N4d ONINNLIVINNYN 848 NOISSIW =
2 - -
: a b
=) K
O




R o o e R A A v

Lors o 2 g o i 1 T

i diencnse J A e S ARG M LR R At A e ]

GDC/AST 81-019

-2[PNAY UOrjBIISUOWR(] - WAISAS Jomod 91|28 "€-Z dIndig

SHONOUHL
INANAOTAAAD -)NvAYd MAd ATAAILVIZY FYINOAY HOIHM
ATIVOS-TINA HO4d HNIANNA TVNOISSAUONOD ADOTONHOAL 40 SNOILOAroud sdasn ‘Mol - MNSIY
QZUINdAY H09$U0I QOCHLTANI'T QASVAUOINI
: : SINANI ¥AdXE
HAJENVHL
¥viod-oa1 L1880
> 041 "IVILINI
NOILOArad LVAH
AONVIIAIOV FONAATINCD AN S°O0
o11and ALINILA 94 00053 i
oud AasSVAYONI AN S°T %

ONI1400Hdd
LdAONOO
AO0TONHOA L

INANSSAESYV

JOVARI
TVLIZANOYIANE

o el




GDC/AST 81-019

with a shuttle launch demonstrator, the operational environment of high power
and high voltage arrays and large, relatively flexible structures differs enough
from present or future GEO satellite plans to warrant demonstration up to the
limits of shuttle capability. Further, efficient RF conversion, transmissions, and
rectification, and concerns about RFI/sidelobe envircnmental impacrts should be
addresseG with test data for a GEO stabilized large structure. Without the data,
environmental skepticism will remain too high for the full public support nceded
for the program.

This study. therefore, includes the SPS demonstration mission. Ortital inclina-
tion is the recommended zero degrees (Ref. 1), weight is 2.5 x 104 Kg, with 2.0
megawatts useful power delivered to a potential load. Although the two pure
photovoltaic SPS concept baselines do not include active heat rejection, it is in-
cluded here as a contingency that may be deleted later. Mission objectives in-
clude the demonstration of concept viability, measurements of efficiency and
reliability, and data gathering on environmental interaction. These data would
increase the credibility of studies leading to full-scale SPS development.

2.1.3 MATERIAL PROCESSING IN SPACE (MPS). With the advent of the space
transportation system, it becomes feasible to consider the manufacturing of high
technology drugs, perishable cutting tools, and semiconductor electronics, when-
ever zero "g" can significantly increase quality or yields. Science Applications,
Inc. (SAI) estimated in 1977 (Ref. 2) that up to 25% of the drug market, 50% of
the current tool market, and 10% of the semiconductor market (with space segment
sales of 15, 38, and 17 billion dollars, respectively) might be economically justi-
fiable. These processes have not yet been proven, but the potential is there.
Certainly, if they can be developed, they will provide a significant encourage-
ment for public support of space activities which is now lukewarm because the
benefits are not clearly evident.

NASA plans to begin the development of MPS activity in the near future, and
some contractor studies have suggested that material-processing clusters could
be developed bty the late 1990s to meet the needs for material processing in an
efficient manner.

Unfortunately, in evaluating a cluster concept for materials processing (Figure
2-4), the conflicting needs of the different processes make a single integrated
facility impructical, at least at this time when much basic research is still needed
to prove the feasibility of manufacturing in space. Specific issues would be con-
tamination and different basic operational points. Materials processing is a "hot"
activity, while bio-processing (drugs) tends to be cold or at room temperature.
All the processes require low "g" levels, and clustering complicates the environ-
mental interaction.

2.1.4 PROPELLANT PROCESSOR. In the event that electric propulsion techno-
logy is unable to fulfill the requirements for transfer or interplanetary missions

in the 1990s because of technical or economic considerations, an orbiting propellant
processor was considered as a possible approach processing a high probability

2-4
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ORBIT LEO, LATE 1990's
20 YEAR LIFE,

5X 100 g's

100-200 GROUPED CLUSTER @
15~30 KW=1,5-6 MEGAWATTS

INTERMITTANT SERVICE OK FOR
RE-SUPPLY

DESIRED WEIGHT NOT

Figure 2-4. Material Processing in Space - Processing Cluster.

of success and the ability for alternative functions. The major advantages of
processing LHy and LOg2 fuels in LEO include the ability to avoid expenditure of
fossil fuels on Earth for electrolysis, the high power density achievable with these
more conventional thrusters and the ability to provide full-time multi-100kW power
by later incorporeting banks of nonregenerative fuel-cells, using the liquified
gasses as a power storage medium.

A typical system configuration is shown in Figure 2-5, from which it can be seen
that the high power level arises primarily from the requirements for electrolysis
and the low coefficient of performance attained in cryogenic cooling. The weight
breakdown shown in Table 2-1 indicates that the primary component of mass is
the L0y tank, and that multiple Shuttle launches or Heavy Lift Launch Vehicle
(HLLV) Shuttle derivative wo:d be required.

Table 2-1. Weight Breakdown for Propellant Processor.

LHy Tank 3,600 kg
LO, Tank 21,800
Radiators (2.4 kg/m2) 1,000
Stirling Cycle Refrigerators (2) 4,100
H90 Tank 250
Electrolyzer 900
Array (1 mw @ 430 w/kg) 2,300
Pumps, Piping, Insulation 2,250
TOTAL SYSTEM 36,200 kg
Initial Water Fill 25,400

Total Operational Weight 61,600 kg
y 2-5
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The capture probability of this mission is considered to be low (Figure 2-6) for
the following reasons:

a. Jon and Magneto Plasma Discharge (MPD) thrusters are in an advanced
state of technology development, and although there are uncertainties,
it can be expected that these will be reduced in the time frame considered.

' ’ b. Micro-meteoroid protection of the tanks makes them very heavy, leading
\ to high transportation costs. Completely fail-safe protection is considered
' : unlikely.

c¢. The considerable masses of the oxygen tank and the water fuel would
' : require multiple Shuttle launches to implement this system. §
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Figure 2-6. Propellant Processor.

2.1.5 LEO SPACE CONSTRUCTION FACILITY. There are two major thrusts that
encourage the development of space construction capability. The first arises
irom the results of many studies that are concluding that the Shuttle System pay-
load capability is volume-limited rather than weight-limited. This implies that
more efficient use of STS will result {rom the ability to load the cargo bay with a
dense array of raw materials and thca {> perform construction and deployment of
basic buildinb locks using an orbiting construction facility. This will allow a
variety of structures to bz implemciited +.ithout incurring the penalty of
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transporting a separate deployment mechanism to orbit for each. The planar
structure of Figure 2-7 is an example. This would be especially true as shuttle
performance increases in the 1990s.

LEO
BASELINE STATION-
PLANAR KEEPING
ARRAY (ON

ENGINES

o 1.0 MW AVERAGE POWER
© 250 KW FOR SCF MODULES
@ 750 KW FOR DRAG
COMPENSATION
¢ 2.35 MW ARRAY X
® 0.7 MW HR ENERGY STORAGE &

Figure 2-7. LEO Mission Ccncept Space Construction Facility.

The second thrust is the fact that deeper structures can be more maneuverable
and transportable. Perhaps they can be erected in LEO, fully tested, and then :
deployed intact more easily with this facility. Later in this study, concentrating ‘
arrays are shown to have greater oenefits (lower cost, higher efficiency) than

planar arrays. This also may be true at lower power levels for different missions
(Ref. 3). The technology for assembly may be significantly aided by utilizing :
space-aided construction. i

Because of these issues, a space construction facility was selected as a baseline
LEO mission.

Since the facility would be used to assemble larger spacecraft, such as those
eventually to be stationed at GEO, the baseline design includes ion engines and ’g
their propellants required for stationkeeping, as described in the following sec- !
tion on orbital constraints. Final trades could substitute more engines and array
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than included in the baseline; these would fire only when the spacecraft is inso-
lated by sunlight, and the energy storage requirement would be decreased ac-
cordingly.

A set of baseline design SCF mass properties were developed to be used as input
to the stationkeeping analysis. Table 2-2 lists the major components of the faci-
lity and their masses. A minimal facility could consist of a beam builder, a mani-
pulator, a device for sheathing the structure in some manner dependent upon the
particular application; for example, the construction of solar arrays, or manned
stations requiring radiation shielding, pressurized "cherry-pickers" for manned
operations, and crew quarters. Capture probability for the mission is high be-
cause it will be prerequisite to the deployment of very large space structures,
and should enable more effective use of STS.

Table 2-2. Mass Properties for Space Construction Facility.

MASS PROPERTIES WEIGHT BREAKDOWN
Required Power 1.00 MW AVG Beam Builder 15,000 kg
Energy Storage 0.64 MWH Crane /Manipulator 20,000
Array for Energy 0.7 MW Sheather 5,000

Storage "Cherry-Pickers" 12,000
Total Array 1.7 Crew Quarters 10,000
Wi(t‘};. s)afety Factor 2,35 MW 2.5 MW Array 12,500%*

Distribution (0.9) and Energy Storage 10,000**
EOL (0.9) 84,500 kg
Array Area Required 10,000 m2 ALTERNATE BREAKDOWN

(0.17n) Robotic Beam Extender(s) 15,000 kg
s"(’;‘g 'ggg“’i‘?‘g’;‘ss 8,000 kg Crane /Manipulator 20,000
Truss Mass (4300 m x 3,700 Crew Quarters 20,000

0.87 kg/m) 2.5 M\¥ Array 12,500%+
Odapt * Mass - 800 Energy Storage 10,000**

Total 12,500 kg 77,500 kg
Electrical Propulsion 100,000 kg

Mass

* Orientation Drive and Power ** Depended upon Study Outputs
Transfer. — Final Estimates Higher.
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2.1.6 ORBITING SPACE SCIENCES OBSERVATORY. The Orbiting Space Sciences
Observatory (0SSO) (Figure 2-8) is a large, orbital laboratory facility that could
be used by international scientists to increase man's knowledge and understand-
ing of the earth's space environment, the sun, stars, and other celestial bodies.
Specifically, OSSO would be employad for research to investigate the earth's
upper atmosphere, the jonosphere, the magnetosphere, the interplanetary medium,
and their coupling links; and to make observations of solar cosmic ray, X-ray,
gamma ray, ultra violet, infrared, and radjo emissions not possible from ground-
based observatories.

This large orbital facility is an unmanned, multi-purpose scientific observatory
that provides central subsystem support (power generation and storage, propul-
sion, attitude control, telemetry and control communications, computation, and
data handling) for a wide variety of user-provided scientific payloads in the
Astrophysics and Solar Terrestrial Prograws, thereby providing the scientific
community with both economic benefits and expanded technological capabilities;
e.g., high power, large area sensors, and a widz range of orbit altitudes and
inclinations.

The OSSO will be a long-life facility that is initially assembled in low earth orbit
(LEO) and is thereafter periodically serviced and refurbished in LEO using the
Space Shuttle. Typical mission durations might range from 1 to 2 years. Some
of the scientific instruments would stay aboard for multiple mission periods.
Others would be updated in accordance with new mission requirements and as
new technology evolves,

An advanced electric propulsion system provides the capability to operate over

& wide range of earth orbit altitudes and inclinations. Each mission begins and
ends in Shuttle-compatible low earth orbit; e.g., 300-500 km altitude and 28.5 to
56 degrees inclination. The electric propulsion system provides the capabiiity

for plane changes (range 0 to 104°) and orbit altitude changes (range 300-100,000
km), depending upon the specific mission requirements.

The facility includes a 1000m diameter antenna that is used for ratio astronomy,
gravity wave experiments, inner magnetosphere cold electron dynamics investiga-
tions, and various radar applications. The antenna size and figure should make
it usable up to about 0.2 GHz.

The large size of the facility makes possible the use of very large experiment equip-
ment items such as the 1000m long dipole antenna of the plasma wave injection facil-
ity (PWIF). Figure 2-8 shows the OSSO typically configured for a plasma Physics
investigation mission. The extendable tape dipole antenna is used for investigations
of magnetic pulsations and wave-particle interaction, and the electron accelerator is
used for particle beam injection experiments. Diagnostic instruments such as rf
receivers, energetic particle detectors, optical imagers & photometers, magnetome-
ters, and wave detectors are mounted on sensor platforms at the ends of four 600m
long experiment mounting arms. For other types of missions, these sensor platforms
would carry telescopes, spectrometers, polarimeters, high-energy detectors, and
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their supporting electronics. Some of the telescopes and /or detectors will be cooled
to LHe or LH temperatures and will require closed-loop refrigeration for these long
term missions.

Standard docking ports are provided at the ends of the six 600m long experiment
mounting arms. These provide the structural and functional interface for inter-
changeable platforms that house the user-supplied scientific experiment equip-
ment. The functional interfaces to be accommodatec are listed in Table 2-3.

Table 2-3. Functional Interface Requirements at Sensor Platform
Docking Points.

Structural: Maximum sensor platform mass = §,000 kg
(each of six)

Electrical Power: Up to 3 mw at any location (not simultane-
ously)

4 mw total power during operation of
experiments

NOTE: High power experiments do not operate while propulsion
system is operating.

Data Handling: Digital = 50 mbps
TV = 4.5 MHg, 2 channels simultaneously

Pointing /Attitude Control: 15 degrees for photovoltaics

NOTE: 1000 m antenna pointing/attitude contrcl = 0.2 deg.

The design of the OSSO must assure that the facility will not contaminate or
otherwise perturb the local environment and thus invalidate the results of the
investigations underway. For this reason, fine pointing control is accomplished
using reaction wheels rather than mass-expulsion devices, and tiie electric pro-
pulsion system employs argon as the working fluid. Magnetic fields produced by
the electrical power generation and distribution system must also be controlled to
acceptably low values,

The total facility is estimated to weigh approximately 8C,000 kg at the beginning
of a typical mission. A preliminery weight estimate is presented in Table 2-4.

2.1.7 FAST ELECTRIC TRANSFER. The development of larger ion or MPD
engines (References 4 and 5) could offer the prospect of relatively fast electric
transfer from LEO to GEO.

The number of shuttle flights tor propellant transfer would be reduced with this
development, and thus th¢ domain of less expensive space transportation extended
to GEO altitudes. Even lunar transfer could become less expensive should lunar
resources become needed in space.

2-12
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Table 2-4. Preliminary Weight Statement (0SSO).

ELEMENT MASS, kg

Structure 5,400
Electrical Generation & Storage 18,000
1000m Antenna 2,800
TCC 200
ACS ‘ 2,000
Propulsion, dry 7,600
Argon 12,000
Payload Equipment 30,000

Total 78,000

Successful pursuit of the fast electric transfer system (FETS) concept must re-
cognize a need for technology developments along several lines of effort, includ-
ing:

a. Advanced photovoltaic arrays
b. Light-weight, efficient support structures
c¢. Light-weight power bussing

d. DC to DC power conversgion ai MW levels, including possible on-array con-
ditioning

e. Thermal heat rejection
f. Long life ion or MPD thrusters

By reason of high specific impulse (5,000 to 10,000 seconds), possible large cost
savings are foreseen due to fewer shuttle flights needed for carrying propellants
into orbit. Propellant requirements can be ideally determined by the ratio of the
ISPs of the various propellants under consideration, but in practice, reduction
of total svstem mass is not this large because the self-powered electric stage is
heavier than its ¢ccunterpart in a chemical OTV.

It is useful to examine a hypothetical design to better reveal the target areas for
development to achieve fast electric transfer. Identification and study of the
vehicle systems “hat use and service electrical thrusters may uncover information
that is critical to the development of the thruster itself.

For this preliminary examination, Reference 4 was used to estimate thruster per-
formance.
2-13
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An overall concept for a FETS is shown in Figure 2-9. Two large solar arrays
are coupled to the equipment and propulsion module through rotating joints. The
struc*iral subsystem is derived from a truss concept patented by General Dyna-
mics i.. 1974 and from work accomplished during 1977 and 1978 under an Air Force
study for On-Orbit Assembly of a large space antenna. During this study, a
lightweight, deployable truss was defined (Figure 2-10). Linear packaging ratios
of 10:1 and volumetric ratios of 40:1 are achievable with this concept. For the
FETS structure, truss weights of 0.566 1b/ft are projected. Concepts for unfurl-
in and tensioning very large membranes were also defined.

Important to the cuncept i{s a photovoltaic array of an advanced design. Light-
weight, high efficiency, and long life are all important considerations. Studies
by General Electric for NASA have shown potential for constructing arrays for
approximately 450 watta/kg (array only). For this preliminary definition, array
performance is targeted for 430 watts/kg at 260 watts/sq. meter.

Table 2-5 summarizes subsystem wcights used to arrive at a total system weight.
One of the important tradeoffs recognized is in the area of power conversion. DC
to DC converters built to current technology would weigh three or four pounds
per kilowatt, which would result in the single heaviest subsystem. A converter
appears to be necessary, since the supply voltages for the ion and MPD thrusters
are varied, whereas for maximum efficiency the supply voltage array may be 1000
voits. An ideal system might be designed to operate without power conversion.
Trades at a system level can reveal information on this possibility. For the pur-
pose of this estimate, a target weight of 1 kg/kw was inserted in the table for
power conversion.

Tahle 2-5. Fast Electric Transfer System Weight Targets, kg.

Array Support Trusses Central Module 800
800m at 0.836 kg/m 640 Electronics 300
Paylcad Trusfer Trusses Batteries and Power Control 300
360m at 0.836/m 300 kg iliary Propulsi .
Berthing devices and fittings Auxiliary Propulsion 500
300 kg 600 Argon Containers
Array 15,000 Ib capacity 1,000
5.1 mw at 430 w/kg 12,000 Thrusters
Array Deployment Drums 30 at 20 kg each 600
Drums (2) 200 kg DC to DC Convertors/on Array
cable 2500m 160 kg Conditioning | kg/kw 5,000
motors 40 kg Radiator
mechanism 40 kg 440 est. 98% power conversion
Main Supgort Truss 20 kg/kw 2.000
f10mat 2 »2/m 220
Rotating Machinery TOTAL 23 '5?0
est 5% of array weight 550 ’3
Bussing
est 5% of array weight 550
2-14
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A second major area of concern is heat rejection for the thrusters. No weight

has been included in the table for radiators. Reference 5 estimates that it can be
done for 700 kg per thruster. This may be conservative, and may also impose
undue penalty in the event that multiple thrusters are used to unsure long life
for the system. Some other way might be studied to solve the heat rejection
problem. A bank of sixty MPD thrusters operating at one second on and fifty-
nine off, might be self-cooled. If this works, it could also prolong thruster life,
by distributing firing time across sixty thrusters. An additional system trade is
required to establish whether the projected ion engine efficiency and array weight
savings are worth the added complication.

Assuming the target weights indicated in Table 2-5 are achievable, the FETS can
become an efficient and useful tool for both orbital transfer and planetary explora-
tion. The weights are felt to be realistic, and in some cases conservative. For
example, a radiator weight of 2000 kg, could be as low as 900 kg, according to
some parametric information produced by the Vought Corporation (Figure 2-11).

With the fast electric transfer system, a GEO transfer time of 30 days is the goal.
For the configuration outlined herein, preliminary estimates show a payload trans-
fer capability of 20,000 kg to GEQO, carrying sufficient propellants for return to
LEC.

Conclusion: Although the Fast Electric transfer stage does provide significant
benefits as a vehicle stage, it was not selected as a baseline mission for the study.
It was felt that it would be better to select a mission which, in itself, provided
new benefits to the public in terms of the actual use of power in orbit for ex-
tended time periods.

2.1.8 AIR TRAFFIC CONTROL RADAR ILLUMINATOR. There are approximately

13,000 commercial airports in the United States today. At this time, they have ;

varying degrees of radar coverage for air traffic control/collision avoidance. 1

There are indications from news media reports that the air traffic control and {

collision avoidance system could benefit from increased accuracy and awareness

of the proximity of air traffic. Two ground station transmitters would be required
> to reliably assure that the area of each airport is illuminated, so that single point

failures leave the system operational.

Further, each radar requires its own power, which is generated terrestrially.
This generation adds to terrestrial energy usage; and, since beam field strength
is relatively high, poses a possible health risk to personnel in close proximity to
the transmitter. The above deficiencics can be overcome by careful control, but
an alternative is the space generation of energy in the form desired.

Figure 2-12 shows the basic system approach for such a bistatic illuminator, and -

a baseline spacecraft configuration using planar arrays. A space radar trans- i

mitter operating in a bistatic mode would sequentially illuminate the area surround- i é

ing up to 1,000 airports. Surrounding the airport, several bistatic receivers

would use inexpensive high-speed data precessors which will be available in the } 1
|
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1990s, along with techniques from modern information theory to establish the
location of the airplanes within a required error interval. The redundant set of
ground system radars would be redistributed to other airports, since the space
radar provides redundancy to protect against random or overtly caused failures
of the ground radar or power systems. The ground system would provide re-
dundancy in the event of hostile action against the space radar, or some highly
improbable catastrophic faflure. Airplane transponders would not be required.

Two spacecraft would be spaced so that only one was eclipsed during the spring
and fall eclipse periods. This is acceptable because traffic is reduced later at
night. The two 15-megawatt solar arrays supply 10 MW to the radar antenna.
The 45-meter aperture antenna uses phased array tachnology to direct the radar
beam to up to 1,000 airport areas over the continental United States. The 45-
meter aperture provides spot sizes of approximately 40-mile diameter from geo-
synchronous orbit. Using the 10 megawatts from the arrays provides enough
energy for a signal-to-noise ratio of about 10 db at the bistatic receivers, for
targets with a 5 sq. meter cross-section, which also requires a 10 MHz bandwidth
to estimate the velocity and position within 100 ft. Figure 2-13 provides the
preliminary link analysis. When the design is done, the bandwidth may be re-
duced by applying correlation and Kalman filtering to the video and state data,
but this analysis assumes further study would be required to analyze these effects
more completely to establish final link budgets.

The technology for the planar array baseline radar uses trusses to construct a
gridwork upon which solar blankets are mounted; the 45-meter radar antenna
concept uses Convair-developed deployable trusses and radar membrane blankets
for its construction (Figure 2-10). The membrane, which consists of about one
million transmitter modules spaced at intervals of 0.6 A\, can be used as a phased
array and is also under development at Convair. Each module would radiate 3
watts of power.

The socic-eccniomics of such a system are someshat similar to the proposed SPS,
with some exceptions:

a. The environmental concerns, costs, and risks of the system on the terrestrial
RF radiation environment are significantly reduced, because the average
energy density can be held below even the Russian safety level of 0.01 mw/
cm?2, and far below the postulated 25 mw/cm2 of the U.S. SPS.

b. Shuttle launch costs per kilcgram of payload are greater than the postulated
SPS heavy launch vehicles. Therefore, the system effectiveness equations
must show gains sufficient to overcome the transportation expenses. The
preliminary analysis conducted by Convair for NASA has indicated that the
cost of the space-based radar can reduce transportation costs by utilizing
centralization to achieve economics of scale. These come about primarily be-
cause individual ground radars require 8! every airport separate backup
systems which are operated only intermitteutly, while the space systems level
of redundance can be multiplexed in such a way as to be operational without
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a completely separate additional spacecraft. Low cost is essential however,
for the concept to be viable. Figure 2-14 summarizes these considerations.

This analysis of the susceptability of the two alternate approaches to catastrophic
and overt destruction has not been completely developed, since it is dependent
on the assumed threat and on detailed design.

2.1.9 RF POWER BEAMING SATELLITE IN GEO. The Solar Power Satellite (SPS)
is economically viable because satellites in GEO receive insolation almost the en-
tire orbital period and thus the photovoltaics have nearly 100% duty cycle. Use
of these GEO SPS satellites to beam rf power to LEO satellites provides potential
benefits to the space program. Because such satellites (Figure 2-15) would
generate the beam power at GEO, the LEO satellites receiving power would:

a. Require a lower cost rectenna compared to a higher cost solar array. The
rectenna would have a 100% duty cycle as compared to the 67% duty cycle the
solar array eclipsed LEO satellites may have. The photovoltaic costs associ-
ated with LEO energy storage/power generation would also be avoided.

b. Not require the significant energy storage systems which LEO satellites now
need to accommodate the eclipse period.

The weight and cost of energy storage systems such as NICAD batteries, nickel
hydrogen batteries, or fuel cells would be avoided.

Initially, the capture probability of such a system is thought to be small. User
resistance will probably be high because LEO users would be dependent on the
laser power beaming satellite for their energy. However, the benefit of such a
satellite strongly depends upon the configuration and design concept which even-
tually evolves. If a concept could be developed which features an extremely light
weight deployable structure for the rectennas and perhaps for the transmitting
antenna, the concept might have more viability than appears on first examination.
Because the air traffic control radar satellite has much higher capture probabi-
lity, the RF power beaming satellite will not be considered further.

2.1.10 ORBITAL CONSTRAINTS. The deceleration of structures whose cross-
sectional area is large increases as their mass decreases and may cause significant
orbital decay in LEO. To evaluate these effects for a typical multimegawatt con-
figuration, an analysis of the effects of atmospheric drag was conducted for the
spacecraft illustrated in Figure 2-16. The spacecraft configuration is one design
concept for a 5-megawatt solar power demonstrator. Components would be delivered
into low earth orbit by the Space Shuttle, where they would be assembled into the
configuration illustrated.

The General Dynamics program TRAJEX was used to generate a parametric set of
orbital flight simulations in which the only perturbing force acting on the space-
craft was atmospheric drag. The effects of rarefied fiow aerodynamic forces

normal to drag were not simulated. Since these forces act normal to the velocity
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vector, their effect would be to perturb orbital inclination and/or eccentricity
without changing orbital energy. The corresponding station-keeping velocity
corrections are believed to be small compared to the corrections for drag. The
oblate earth terms in the gravitation function were set to zero to isolate the effects
of atmospheric drag. The effect of solar radiation pressure was not included in
this analysis since it is small compared to the effect of aerodynamic pressure.
Reference 6 gives a value of about 9 x 10-8 1b/ft2 for solar radiation pressure at
earth, whereas a nominal aerodynamic pressure of about 1 x 10-6 1b/ft2 is indi-
cated for the highest circular orbit considered in this analysis (225 nautical miles).
The nominal upper atmosphere densities defined by the 1976 U.S. Standard Atmos-
phere of Reference 7 were simulated by applying a correction factor to the densi-
ties computed by the older atmosphere model (Reference 8) used in the TRAJEX
Computer Program. The densities defined by the 3-sigma cold atmopshere model
of Section 7 of Reference 9 were used to compute data for maximum drag.

Drag characteristics of the spacecraft are based on data obtained from Chapter V
of Reference 10. Drag coefficient was implemented as a function of total angle of
attach as defined in Figure 2-18. A flat plate drag coefficient, Cp = 3.3, was
assumed where Cp is based on projected area perpendicular to the free stream,
Free molecular flow, a non-tumbling spacecraft, and diffuse reflection of imping-
ing gas particles were assumed. The computed drag force was applied in the
direction of the negative relative velocity vector in the TRAJEX simulations.
Figure 2-17 defines the alignment of the spacecraft body axes with respect to the
TRAJEX inertial u,v,w coordinate system (Reference 11). The matrix of direction
cosines relating the spacecraft body axes to the inertial coordinate system is
shown. The inertially fixed spacecraft attitude is defined as a function of orbit
inclination and so’ar declination such that the flat plane of the spacecraft is always
normal to the earth-sun line.

Figure 2-18 summarizes the results of this study. Each data point on the nominal
atmosphere curves corresponds to a TRAJEX simulation. These simulations in-
cluded a range of orbit inclinations from zero to 90 degrees, solar declinations of
-23.5 degrees and +23.5 degrees, and altitudes of 150 nautical miles and 225 nau-
tical miles. The 3-sigma dense atmosphere curves were obtained by multiplying
the nominal drag loss values from the computer simulations by the ratio of the
dispersed atmosphere density to nominal density, since drag loss is directly pro-
portional to atmospheric density for the cases considered here. Note that mini-
mum drag losses occur when the difference between orbital inclination and solar
declination is equal to 90 degrees. Reference to Figure 2-17 shows that this cor-
responds to the case in which the spacecraft is always aligned in the minimum
drag attitude, that is, "edge-on" to the direction of motion. It should be noted
that, for simplicity, the projected frontal area for the "edge-on" case was con-
servatively assumed to be 37,670 ft2, corresponding to the long dimension of the
rectangular spacecraft. In reality, the average projected area of the leading edge
will be somewhat smaller over a full orbit because of the apparent spacecraft
rotation with respect to the earth-relative velocity vector.
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Earth Equatorial
Plane

U (inward)

X,¥,2 = Spacecraft Body Axes Unit Vectors

u, v, w = Earth Centered Inertial Coordinate System Unit Vectors
i = Orbital Inclination
8¢ = Solar Declination

Direction Cosines of the Spacecraft x, y, z Body Axes with the Inertial
u, v, w Axes (TRAJEX Ioput Format):

SMS(1) = cos (x, u), CO8 (X, V), CO8 (X, W),
SMS(4) = cos (Y, U), cO8 (¥, V), CO8 (¥, W),
SMS(7) =cos (2, u), co8 (2, V), cos (Z, W),

0, -sin ({ =8), cos ({ =48),

-1. 00 o'
0, ~cos (1 ~&), -sin ¢ -4),

Figure 2-17. Inertial Orientation of Spacecraft.
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Maximum drag loss occurs when the orbit inclination is equal! to the solar declina-
tion. Figure 2-17 shows tha: in this configurstion, the spacecraft is alternately
moving from "broadside" to "edge-on" with respect to its attitude relative to the
direction of motion. This is the expected position for large structures hangirg
down from the Space Construction Facility, to minimize gravity gradient torques.

i -~

In sizing the stationkeeping propulsion systed: for the spececraft, the minimum
required thrust level would be determined by the maximum drag force expected
to be encountered during the lifetime of the spacecraft. For a 150 nautical mile
circular orbit, the maximum drag force would te about 93 pounds. This corres-
ponds to a three-sigma dense atmosphere and maximum projected frontal area.
For 225 nautical miles, the corresponding maximum draj force would be about 15
pounds. For preliminary estimates of propellant loading raquirements, a velocity
correction capability someshere between those shown in Figure 2-18 for 3-sigma
dense and nominal atmospheres should be used; to assume a nominal atmosphere
would be nonconservative since drag force dispersions resulting ‘rom a 3-sigma
cold (dens2) atmosphere are greater than those resulting from a 3-sigma hot
atmosphere. (See Section 7 of Reference 11.)

e ——— .+ ~D——"

When the data for drag were used {o calculate the propellant mass required for a
20-year mission life, up to 2 x 1C6 kg of chemical stationkeeping propellant mass
were found to be required (Hydrazine, ISP = 225), whereas only 100,000 kg of
mass would be required for electric propulsion, with an assumed lon Engine ISP
of 5000 and a 225 mile altitude.

It should be noted that the amount of propsllant requiced for stationkeeping de-
pends on engine specific impulse, altitude, and spacecraft mass. This study as-
sumed a 225 n.xi. shuttle orbit, an engine 1SP of 5,000 and without Orbital Maneu-
vering System (OMS) Kits installed. Spacecraft mass was 50,000 Kg. This mass
influenc#s propellant Usage, because the velocity loss per orbit is the integral of
acceleration, and the more massive the spacecraft, the smaller the velocity loss per
orbit. For a fully configured space construction facility with five times the 50,000
Kg mass for which Figure 2-3 applies, and for a higher OMS-aided 300-mile orbit
and an ISP of 5.000, the chemical propellants required could decrease to as low as
40,000 Kg. However, the elecirical propulsion propellant mass would still be about
5% of this value, and even «ith these lower masses of propellan.:, the expected
cheniical propellant transportation costs are approximately equal to the extra array
cost3, and therefore ion engine stationkeeping is viable.

2.1,11 MISSION SELECTION AND GROUPING. The foregoing discussion high-
lights the fact that two GEO missions emerged as potentially very beneficial to the
needs of the country in the 1990s. They were the Radar illuminator and the Solar

Power Satellite (SPS) demonstratur. Both beam R.F. power to a relatively small
area on earth.

Because the SPS is being studicd extensively elsewhere, it was decided to focus
this study effort on the Radar iliuminator mission. The Radar mission also has

the attractiveness of focusing on a probiem of concern te all who fly: assuring
the safety of the traveling public.
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The selection of a LEO Space Construction Facility to implement the GEO power
beaming missions was a corollary to the LEO selection.

2.1.12 POWER REQUIREMENTS. As described above, the power requirements
for the radar satellites were established so that one or two satellites could handle
up to 1,000 airports. Final requirements would be dependent on the operational
planning. However, to minimize wasted orbitai slots, the satellites were sized at
the high end of the power range studied —— 10 mW each.

The power requirements developed for the space construction facility assumed
that the dr .7 caused by the interaction of the atmosphere at LEO with the array
frontal ap:* .are was compensated for by electrical propulsion, with shuttle-
supplied, statirriveeping propellants. Further, compensation for the drag caused
by the interaction between the atmosphere and the item being assembled by the
station was also supplied by electrical propulsion.

For ion engines, a 1.0 megawatt requirement will provide the stationkeeping with
electrical propulsion at 225 n.mi. These power requirements interact with the
energy storage component characteristics, as shown in Figure 2-19 (on the
following page) which specifies the power generation capability for the various
storage technologies. To accommodate any opticn, a 2.5 megawatt sizing was used.

2.2 TASK II, CANDIDATE POWER SYSTEM CONCEPTS AND COMPONENT TECH-
NOLOGIES '

Figure 2-20 shows how candidate power system concepts were developed, compo-
nents were identified, and preliminary system synthesis were accomplished.

INPYT 22.2 2.2.4 225

. 1+ svaLuaTE ConcePTs/ « RECOMMEND ALTERNATE
TASK | ) . gi’;g;::ﬁ,“ COMPONENTS CONCEPTS/COMPONENT :‘:?rfs?;:ﬂs
BESCLNE MISSISN =1 gpeRaTiNG — AOVANT./DISADVANT. 1=¥1  TECH. B
REQUIREMENTS " SRITERIA REQUIRED.
0PTICNS ~ LIMITATIONS/ = CRITER! AND APPROVAL
CONSTRAINTS — RATIONALE
i .24 3 ‘
o GENERATE ALTERNATE 2.2.3 b 228
POWER SYSTEN o ENTIFY ALTERNATE | o ;oenTiFy Maucn 10 TASK I
MAJOR COMPONENTS/ SELECTION DRIVERS
- PLANAR ARRAY ol AREOMTS - COST !
— COMCENTRATOR — POWER GENERATION sz 1
— HYSRID — POWER MGMT — POWER
— ENERGY STORAGE £1C. 1
~ THERMAL MGMT A
~ INTERFACES o324 ‘

Figure 2-20. Power System Concepts and Component Technologies.

2.2.1 CONCEPT IDENTIFICATION. Three types of power generation concepts
were developed: planar array, pure photovoltaic concentrator, and hybrid
photovoltaic/thermal heat engine concepts. They were considered in conjunction
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with two types of power management and distribution systems, ac and dc: and ¢
three types of energy storage systems: batteries, fuel cell/electrolysis, and in- :
ertial (flywheel) storage. f

2.2.1.1 Cell Configurations Considered. Three configurations of photovoltaic
cells were considered for power generation use:

a. Multi-bandgap (thrce bandgaps) cells with high projected efficiencies.
(Figure 2-21.)

b, Two cells or two-bandgap cells, with some form of spectrum splitting or dual
energy used.

c¢. Single-bandgap cells such as todays silicon and gallium aluminum arsenide.

2.2.1.1.1 Multi-Bandgap Cell Data. The analysis accomplished by this study was
performed using data provided to General Dynamics by the Varian Corporation as
part of a trade-of-data agreement between the two corporations. Figure 2-22
shows the performance predicted ¢ ~ .hree junctions Gallium Arsenide cells with
three-micron diffusion lengths fc. various concentration ratios and temperatures.
Appendix C describes the approaches and expected performance in more detail.

2.2.1.1.2 Two-Cell Configurations. There is some concern that multi-bandgap
cell technolocgy will never really achieve its ultimate desired goals. To provide a
viable plan, this study also projected an approach which uses two cells as a backup
to provide two-band operation. Two possible configurations for two-cell systems
were considered. In one configuration, a high-bandgap Gallium Arsenide cell
floats on tup of a lower-bandgap Gallium Arsenide or silicon cell. These type
cells have been referred to as "Gallicon" cells in the literature. Basically, the
spectral splitting is achieved inherently by the design: the two cells are bonded
together with a transparent bonding material which can survive the temperature
extremes of space. A second approach considered involves using energy which
the high-bandgap cell does not use, and reflecting it because of the geometrical
configuration on to the lower-bandgap cell. A typical configuration for such a
reflection is shown in Figure 2-23. This figure also shows what the ideal energy
utilization might be from the high-bandgap Gallium Arsenide cell when combined
with the lower-bandgap Gallium Arsenide or silicon cell. In the figure, the lower-
bandgap cell is a silicon cell. If the lower-bandgap cell were to be a Gallium
Arsenide cell, the cutoff point for the infrared energy might be at a slightly lower
wavelength (around 650 millimicrons) and the second lower-bandgap cell would
probably cease performance between 900 millimicrons and 1 micrometer.

The data used for this two-cell Gallium Arsenide configuration was provided by
Varian as part of the interchange agreement, and is also further described in
Appendix C.
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2.2.1.1.3 Single-Band Cells. The single-bandgap cells considered were those
emerging from the laboratory today, but with slightly higher efficiency projec-
tions. Back surface reflectors were employed to eliminate the unused infrared
energy, a "low cost", lower efficiency, silicon cell was also considered, since
such cells may be available from the DOE "low cost" photovoltaic program.

2.2.1.1.4 Cell Configuration Summary. Figure 2-23a summaries the various cell
technologies which will be available for use in planar arrays and concentrators.
The projected characteristics are summaries from the Component Application and
Performance estimates which are presented in Appendix A. These estimates were
developed from Vendor discussions and consultations with NASA component
engineers.

2.2.1.2 Power Generation Configuration Geometries. Six alternate geometrical
configurations of spacecraft were investigated. They are shown in Figures 2-24
through 2-29. Three configurations satisfied the requirements of a 10-megawatt
radar satellite operating in geosynchronous orbit (23.5 degrees). Three satisfied
a LEO space construction mission objective at 28-degree inclination. Preliminary
study of another configuration, the very-high-concentration-ratio (CR=2000)
spherical paraboloid, revealed a concern which weighs against its selection: if
the spacecraft should accidently tip off the sun line, the truss structure attach-
ing the focal electronics to the spacecraft could be destroyed by the concentrated
solar beam. Further, the thermal analysis indicates theremal impedance of the
high concentration (>200) systems is significant, and, very high velocity (> 50

ft /sec) liquid cooling is required. The spherical paraboloid was therefore dropped
from consideration.

2.2.2 PLANAR ARRAY OR LOW CONCENTRATION ABOUT GIMBALED AXIS (CON-

CENTRATION RATIO, CR, =2). These types of systems are extensions of today's
technology. A truss structure is used to hold solar cell blankets, and (in the
case of the CR=2 concentrator) the blanket and two flat mirrors are positioned so
that their surface is at an angle of 60 degrees with respect to the sun line, doubl-
ing the solar blanket insolation. Several alternate truss approaches exist. Figure
2-30 shows a deployable space truss beam utilized in a rectangular configuration
over which rows of solar blankets are tensioned.

An alternate, space-fabricated, composite truss, (Figure 2-31), can also be used
to build up the rectangular structure, tension the blankets, and hold the mirrors.

Figure 2-32 indicates the configursation to be studied for the radar satellite with
the antenna installation <plitting the planar array into two equal rectangular sec-
tions., Figures 2~37 and 2-34 show the space construction configuration with the
same type of split array, the differences being in the dimensions of the arrays
and mass properties of the central construction module compared to the radar core
antenna.

2-36
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In addition to the rectangi'ar structure, the hexagonal shape and construction
approach developed during Contract F04701-77-C-0178 (DOD/STS On-Orbit As-
sembly Concept Design Study) was examined for use as the structural backbone
(Figure 2-35). The system employs a center shaft to hold the solar blankets dur-
ing shuttle orbital insertion. During deployment, the arrays are then spooled
from the shaft by arms which extend and pull the blankets away from the center
shaft (Figure 2-36). Six shuttle flights would be required to complete the space-
craft deployment into LEO, and the spool shafts become a superfluous weight
penalty of approximately 6000 kg after deployment. Also, the star configuration
is usable for planar blanket approach but not the linear (x2) concentrator. Be-
cause of this added mass for the star system, it has been ruled out as a candidate
for planar arrays in the multimegawatt range.

In developing the planar configurations, it is apparent that consideration should
have been given to the alternate material concepts for solar cells being developed
for terrestrial application by various university and industrial groups for DCE.
This approach was excluded at this time, for the following reasons: The only
driver which will be influential in this approach is cost. Certainly risk, radiation
sensitivity, LEO drag, and mass/volume are significantly increased. The viability
of a 20-30 year life is extremely hard to evaluate. It does mean that risk would
be significantly increased with little prospect for achieving significantly better.
This does not mean the edge-defined film grown, dendritic web, or amorphous
cells have been rejected. They will be considered as a part of Tasks 2.2.4 and
2.2.5.

\ SOLAR

ARRAYS

ANTENNA

Figure 2-35. Ten Megawatt Planar Construction using On Orbit Assembly-
Construction Approach.
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2.2.3 LARGE TROUGH CONCENTRATORS. These designs use parabolic concen-
trators modified to accommodate the basic missions (antennas or construction module
added). The concentrator (shown in Figure 2-37) has a blanket of aluminized
Mylar attached to a truss frame which is parabolic when viewed from the end. To
establish the mass properties and dimensions of the configuration for the two mis-
sions (those specified by Figures 2-37 and 2-38), the thermal aspects of the
problem were first analyzed.

2.2.4 THERMAL MANAGEMENT REQUIREMENTS. Multimegawatt photovoltaic space
power systems will require thermal management of the collected heat energy. Cool-
ing and temperature control are required for the solar cells, the mission-specific
payload equipment, and subsystem equipment. Thermal management requirements
for orbiting spacecraft equipment have been well studied and thoroughly docu-
mented in the literature. The thermal analysis performed for this study therefore
addresses only thermal management of the solar cells.

Solar cells used in planar space solar arrays (without solar concentration) tend to
operate near 60°C (140°F). The portion of atsorbed solar energy not converted
to electrical energy (approx. 85%) is radiated back to space from front and back
sides of the array. Use of a high emittance coating on the array back side pro-
vides sufficient cooling. No liquid cooling or other heat removal is required.

It was initially assumed that fluid cooling is required for solar cells used in space
solar concentration systems, at least for large paraboloids. The cooling system
which removes heat from the cells and transports it to a radiator where it is radi-
ated to space can be either a pumped fluid or a heat pipe system. In both cases,
the cooling liquid is required to be as close to the cell as possible to prevent ex-
cessive cell temperatures. Effectiveness and limitations of each of the heat trans-
port methods are discussed in the following sectiors.

2.2.4.1 Pumped Liquid Heat Removal. The parabolic concentrator system shown
in Figure 2-39 is a represuntative application for a pumped coolant system and will
be used as a basis for the following discussion.

The coolant is pumped in parallel tubes across the solar cells in the short direction
to minimize pressure drop and coolant temperature rise. The coolant then flows in
larger manifolds along the long edge of the solar cells to the radiators at the end
of the concentrator. Fluid routing is not defined beyond that described above.

Evaluation of the pumped coolant approach will be based on the coolant-to-solar
cell temperature difference, with emphasis on convective heat transfer at the
coolant /tube wall interface. The latter analysis will investigate fluid velocities,
convective heat transfer coefficients, and resulting temperature differences across
the coolant convective boundary layer.
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AADIATORS
{PAR $108)

SOLAR CRLLS

Figure 2-39. Parabolic Concentrator with Pumped Coolant System.

2.2.4.1.1 Heat Load Model. The spacecraft thermal model employed to determine

the heat load on the pumped coolant system solar cells is shown in Figure 2-40.

The solar cell flux to be removed by the heat rejection system Qpej, is related to _
the concentration ratio, Cy, by: : |

Qrej = 1000 Cy, Watts /M2 (Eq. 1)
Qrej = 318 C; Btu/hr-ft2 (Eq. la) ;' ;
b
10% ABSORBED PARABOLIC Q
A TROUGH '

REFLECTOR

/ |
\ 90% REFLECTED )

\ 3% REFLECTED
p

/

e L o omoa

ELECTRIC POWER OUTPUT

SOLAR
HEATING HEAT TO BE REJETTED 1

Figure 2-40. Spacecraft Thermal Model for Pumped Coolant System.
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2.2.4.1.2 Coolant-to-Solar-Ce” 4 Temperstures. The portion of the concentrated
solar energy absorbed by the solar cells which must be removed by the cooling
system will conduct through the cell substrate anl tubing wall and be transferred
across the fluid boundary layer (see Figure 2-41).

:
1
;
)

Gads [0 0041 CM(0. 0018 TN)
| . SUBSTRATE — ~ - . 0.020 CM(0. 008 IN)
. é }rr.,m:wﬂssxvsu,f_w\ 777-0. 010°CM(U. 204 IN)
yj )

1 CU OR AL TUBE WALL. \‘1

E l L

§ 0.18 CM(0. 07 IN)

> !

= S

=Y

FLOWING COOLANT
COOLANT BOUNDARY
LAYER

AAAN A St

Figure 2-41. Solar Cell/Coolant Tube Wall /Coolant Cross-Section.

Heating of the solar cells by concetrated solar energy will establish 4 temperatures
across the various layers of material according to the following:

SI Units, AT in °C

Solar cell substrate ATgg = 0.204 91-:-
Substrate adhesive ATgq = 0.107 Cp (Eq. 2)
Copper tube wall AT¢w = 0.00516 C,.
Fluid boundary layer ATp) = 1003 EE—
English Units, AT in °F c,
Solar cell substrate AT =0.212 x
Substrate adhesive ATgg = 0.192 C, . (Eq. 2a)
Copper tube wall ATw = 0.00C928 Cr
Fluid boundary layer LTy = 318 5

where: k = substrate material thermal conductivity, w/m-°C (Btu/hr-ft-°F)
h = coolant heat transfer coefficient, w/m2-°C (Btu/hr-ft2-°F)
2-55
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The wolar cells will reside at a temperature established by the coolant temperature
plus the sum of the four A temperatures given above. The total solar-ce«ll-to-
coolant temperature difference is seen to be proportional to the concentration
ratio, C,.. A concentration ratio of 50:1 will be used here as an example for in-
vestigating cell teomperatures.

Temperature difference acr.ss the boundary layer, ATy, , is seen above to be in-
versaly proportional to the convective film heat transfer coefficient, h. The heat
transfer coefficient for fully developed turbulent forced convection flow in a tube
is ‘given by the following equation:

_ g Cpu 0.33

pVv
h=0.0235 — 0.8 — Eq. 3
a v ~ (Eq. 3)
where: h = heat transfer coefficient, w/m2-°C (Btulhr-ﬁ2-°F)

k = coolant thermal conductivity, w/m-°C (Btu/hr-ft-°F)
d = tube diameter, m (ft)
v = coolant velocity, m/sec (ft/sec)
u = coolant viscosity, kg/m-sec (Ib/ft-sec)
o = coolant density, kg/m3 (1b/ft3)
Cp = coolant specific heat, joule/kg-°C (Btu/lb-°F)

For a given tube diameter and coolant, the heat transfer coefficient is related to
velocity by

h = Ky?'® (Eq. 4)

Earlier studies conducted at Convair (Reference 12) compared fourteen fluids for
heat transfer performance in pumped-coolant space-radiator systems. Water has
by far the best performance. but because of its relatively high freezing tempera-
ture is generally unsuitable for space radiators. Coolants Freon-21 (DuPont) and
FC-75 (Minnesota Mining and Manufacturing) have about the same heat transfer
coefficient and are next to water in performance. However, Freon-21 has an ex-
cessively high vapor pressure at the temperature range foreseen in this applica-
tion (e.g. 12.1 x 105 N/m2 at 93°C or 175 psi at 200°F). FC-75 therefore appears
to be the most suitable coolant. Its vapor pressure is less than 13.8 x 104 N/m?2
at 93°C (20 psi at 200°F).

Using the properties of FC-75 and assuming a 1.9 cm (3/4 in) tube diameter,
Equation 3 gives the relationship between velocity and heat transfer coefficient
seen in Figure 2-42.

In terms of heat flux, the A temperature across the convective film is given by:
AT = r"A (Eq. 5)
where: Q/A = heat flux transferred into coolant, w/m?2 (Btu/hr-ft2)

2-56




o Su . e B o A

.’1.-‘ OO e b f L e A e
3 18004 - TUBE DIA-I 9 CM (0.75 IN)

g - -coom'r ) rc-'rs

e

-8

i ey g

Figure 2-42. Heat Transfer Coefficient Versus Velocity for FC-75.

For a concentration ratio of 50, the heat flux to be removed is approximately 50,200
w/m2 (15,900 Btu/hr-ft2). This assumes a 10% loss by absorption at the primary
reflector, a 3% loss by refiection at the solar cells, and electrical energy developed
by a 17% cell efficiency, all of which are removed before reaching the cell cooling
system (Figure 2-40). The resulting film A temperature is seen in Figure 2-43 as
a function of heat transfer coefficient.

TEMP ACROSS BOUNDARY LAYER,

- ,(*__zgosf?oﬁo 30801000
| g O£ 2T (B0) i (200). (150)_ (200)

9 . HEAT TRANSFER COEFFICIENT, W/Mzé-c S (Btu/Hr-Ft2-*F)

Figure 2-13. Temperature Difference Across Coolant Boundary Layer
Versus Heat Transfer Coefficient.
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From Figures 2-42 and 2-43, high heat transfer coefficients and correspondingly

high velocities, 9.1 to 15 m/see, (30 to 50 ft/sec) are seen to be required to bring

the coolant boundary layer A temperature down even to the 50-80°C (90-144°F)

range. This is seen as a critical limitation with the pumped coolant approach to

cooling solar cells in a concentrator system. |

Since substrate material has not yet been defined for this analysis and candidate
materials cover a range of k vilues, the potential cell substrate A temperatures,
ATgs, also cover a range of values. The spread of ATgg values shown in Figure
2-44 is representative of low-k semiconductors and is seen to be low compared to
predicted coolant film A temperatures (typically over 55°C or 100°F). As an ex-
ample, candidate substrate material SiOy has a thermal conductivity of 2.1 w/m-°C
(1.2 Btu/hr-ft-°F) which results in ATgg = 5°C (9°F).
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Figure 2-44., Solar Cell Substrate ATs for Typical Low-k Semiconductor.

The solar cell substrate can be bonded to the cooling tube using an Ablestick
preform adhesive (Ableform 506) which has a thermal conductivity of approximately
0.80 w/m-°C (0.46 Btu/hr-ft-°F). Required thickness is approximately 0.01 cm
(0.004 in). The resulting ATgg = 5.3°C (9.6°F) at a 50:1 concentration ratio.

Copper tubing wall A temperature is only 0.25°C (0.45°F) for a thickness of 0.18
em (0.07 in) and a concentration ratio of 50:1. Thus, tubing wall ATs can be
ignored in solar cell temperature predictions.
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The above discussion has shown that the coolant boundary layer AT makes up
nearly all the coolant-to-solar-cell AT. It has also shown that the overall AT is
proportional to concentration ratio, C.. Analysis to size the radiators required
to reject the heat picked up by the fluid in cooling the solar cells appears later
in this report.

2.2.4.2 Heat Removal By Heat Pipes. Heat pipe use in a multimegawatt space
power system is generally limited to applications where transport distances are
considerably less than the major dimensions of the spacecraft. A representative
solar concentrator concept well suited to heat pipe use is that shown in Figure
2-45. A version of u was, unknown the author at a much later date first sug-
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Figure 2-45. Solar Concentrator Concept Suited to Heat Pipe Use.

The array consists of a number of small concentrating parabolic reflectors, 0.6m

x 1.2m (2 ft x 4 ft) in cross-section, arranged in a plane. The primary reflector
acts as a heat pipe radiator for the solar cells on the adjacent concentrator. For

a 50:1 concentrator, the solar cell strip is approximately 2.5 cm (one inch) wide.
The assumed heat pipe arrangement for removing heat from the cells and distribut-
ing it to the heat pipe radiator is that shown in Figure 2-46. The heat pipe cross-
section is representative only. Other designs, such as a wide heat pipe saddle,
are possible and could result in a lighter weight. The following sections discuss
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heat transport limitations, wick design, fluid selection, thermal modeling, and
solar cell-to-radiator temperature drops for this heat pipe application.

2.2.4.2.1 Heat Transport Limitations. Four limiting conditions have been identi-
fied for heat pipe performance (Reference 14). That is, the heat pipe will con-
tinue to operate under increasing heat loads until one of the following conditions

| occurs: sonic limitation, entrainment limitation, wicking limitation, or boiling

\ limitation. The sonic limitation occurs when the working fluid vapor floviing to

‘ the condenser section reaches sonic velocity. The entrainment limitation occurs
with excessively high dynamic vapor pressure. In this case, some of the liquid
in the wick-return system is picked up and entrained in the vapor, which is
flowing in the opposite direction. Wicking limitation is reached when the pressure
drop due to resistance of liquid and vapor flows balances the capillary pumping
pressure. Boiling limitation occurs when the heat flux into the evaporator section
is great enough to cause nucleate boiling (bubbles), which interferes with the
liquid return.

e ——— L e gt o e S S < = e 8 5

RADIATOR

L L
MATERIAL }-7 LA R=0. 658 CM
{ AL 0.259TN) | 4y 0,21 CM (0. 082 IN)
} L R=0.572 CM 0. 086 CM (0. 034 IN)
! N (0. 225 IN)
' R=0.480 CM :
(0.189 IN) 3

—

I
HEAT PIPE
SPACING TBD

.

3.05 CM
(1. 20 IN) —'—'{

i
Y

l Figure 2-46. Heat Pipe Arrangement Assumed for Analysis.
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For this application, the boiling limitation is the most likely of the four to be
encountered because of the small solar cell (evaporator) area. The analysis,
therefore, investigated the maximum flux the evaporator can accommodate without
boiling, and the effects wicking design and fluid selection have on this max flux.
The wicking limitation is also a potential limiting condition, but was not analyzed

in this study.

Reference 14 has developed in equation for boiling limitation maximum heat rate
into the evaporator section, and this equation is given below:

2T, o [1KeZe (¥i + rg)]
g ebe g
(Eq. 6)

Q =
max hfgpgrb (ri-rg) J

where: Qmax = max heat rate into evaporator, watts (Btu/hr)

'1‘g = vapor temperature, °K (°R)
o = liquid surfece tension, Kg/m (1b/ft)
K, = effective radial thermal conductivity of the liquid filled wick,

w/m-°K (Btu/hr-ft-°F)
Ze = evaporator length, m (ft)

ry = wick outer radius, m (ft)

rg = wick inner radius, m (ft)

hfg- = heat of vaporization of the working fluid joule/Kg (Btu/lb)

pg = vapor density, Kg/m3 (1b/ft3)

r, = radius of wick capillary cavity where bubble originates, ft
(taken to be 0.025 cm (0.01 inch) = 2.5 x 10-4m (8.33 x 1074 ft)

J = conversion factor of 0.102m - Kg/joile (778 ft-1b/Btu) for

correct units

2.2.4.2.2 Wick Configuration. The effective radial thermal conductivity of the
fluid-filled wick, K, is strongly dependent on the wick configuration. Equetion
7 gives effective thermal conductivity for parallel paths of fluid and wick material

in an axial groove heat pipe.

Ke = € Kg + (1 - €) Ky (Eq. T

where: K¢ = liquid thermal conductivity, w/m-°K (Btu/hr-ft-°F)
Ky = wick material thermal conductivity, w/m-°K (Btu/hr-ft-°F)

e = volume fraction of the liquid, dimensionless

Equation 8 gives effective thermal conductiv.ity for distributed cylinders, arranged
to form a screen, surrounded by the fluid.
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K¢ [(Kg + Ky - (1 - €) (K¢ - Ky))

Ke = [Kf + Kw + (1+¢) (Kf - Kw)] (Eq. 8) 4

Effective thermal conductivities of $9 and 5.9 w/m-°K (40 and 3.4 Btu/hr-ft-°F) 1
were calculated for axial grocve and screen aluminum/water heat pipes, respec- ;
tively. Because of the significantly higher conductivity, only axial groove heat
pipes were considered from this point on.

2.2.4.2.3 Fluid Selection. A number of potential heat pipe fluids were investi-
gated and eliminated. Water freezes at too high a temperature. Methane liquid
surface tension approaches zero at -84°C (-120°F) and is only usable at tempera-
tures below this.

Ammonia has a vapor pressure of 13.8 x 109 N/m2 (200 psi) at 38°C (100°F),
which is excessively high. The Minnesota Mining and Manufacturing fluorocarbons
FC-43, FC-75, and FC-178 have acceptably low vapor pressures and freezing tem-
peratures. They were compared for boiling limitation performance; i.e., for
maximum evaporator heat rate without boiling.

Equation 6 was used to calculate boiling limit maximum heat rate (which was then
converted to heat flux and equivalent suns). At a gas temperature of 66°C (150°F),
the fluids FC-43, FC-175, and FC-178 were found to accommodate heating equivalent
to 47.6, 8.1, and 3.6 suns. For a 50:1 concentration ratio and typical system
losses and efficiency, the ! eat pipe is required to remove heating approximately
equal to 31 suns. FC-43 was, therefore, selected as a suitable working fluid.

To determine how warm the evaporator temperature can be allowed to operate,
Equation 6 was also used to determine FC-43 boiling limit heating at 100°C (212°F)
and 150°C (302°F). Maximum fluxes corresponding to 38 suns (at 100°C) and 25
suns (at 150°C) were calculated. The nature of the working fluid (FC-43) pro-
perties causes the allowable heat flux entering the evaporator to decrease with
increasing temperature. A concentrated solar flux of 31 suns could theoretically
be accommodated at a heat pipe evaporator temperature of 127°C (260°F). How-
ever, because of the uncertainty of ry, (radius where bubble originates) in Equa-
tion 6 and for a margin of safety, 100°C (212°F) will be taken as the maximum
allowable heat pipe evaporator temperature for this analysis.

2.2.4.2.4 Solar Cell-to-Heat Pipe Temperature Drops. Maximum operating tem-
perature of the solar cell is set by the maximum allowable evaporator temperature
(100°C) plus the cell-to-heat pipe temperature drops. Note that the solar cell
operates at a greater efficiency at lower temperatures, but that this requires
thicker radiation fin material between heat pipes and/or closer heat pipe spacing,
both of which increase weight. Radiator fin sizing and heat pipe spacing are
covered in Subsection 2.3. The design point for this analysis is based on the
maximum allowable evaporator ten.perature which results in the lightest weight
per unit aperture area.




The AT across the cell substrate is identical to that for the pumped coolant sys-
tem described in Subsection 2.2.4.1. Values are typically 1 to 10°C (2 to 18°F),
depending on the thermal conductivity of th.e substrate material (Figure 2-44). A
cell substrate AT of 5°C (9°F) is taken to be a typical value for this example.
Similarly, the AT across the cell adhesive is also identical to that for the pumped
coolant system. Bond line AT was shown to be 5.3°C (9.6°F) for an Ablestick
preform adhesive "Ableform 506."

Radial temperature drop across the liquid filled evaporator wick is given by the
following equation:

where:

T
T
Tg
Q

At a heat flux into the heat pipe evaporator of approximately 30 suns (for Cp =

Tg = Q (1y-7g) / [1KgZ (ry + Tg)] (Eq. 9)

GDC/AST 81-019

temperature of heat pipe wall at evaporator, °C (°F)
temperature of fluid vapor at evaporator, °C (°F)

heat rate into the evaporator, watts (Btu/hr)

inside radius of heat pipe wall = outside radius of wick, m (ft)
radijus of gas passageway = inside radius of wick, m (ft)
effective thermal conductivity of wick, w/m-°C (Btu/hr-ft-°F)
length of evaporator, m (ft)

50:1), the above equation gives a A temperature across a typical axial groove ;
wick of less than 1°C (2°F). Note that this AT compares to the 50-80°C (90-144°F) :

AT across a pumped coolant boundary layer as described in Subsection 2.2.4.1,

Maximum allowable cell operating temperature based on the heat pipe evaporator
boiling limitation is therefore 100 + 5 + 5 + 1 = 111°C (232°F).

The foregoing analysis indicates that it is possible to conceive of attainable designs
— albeit massive ones — which could be developed into modular concentrating sys-

tems.

During the Task III modularity studies, these approaches were refined further
in an effort to minimize mass and cost.

2.2.5 OPERATING OPTIONS. During Task I, the preliminary power system re-

quirements for the 10-megawatt radar and 2.5 MW Space Construction Facility

were synthesized. These preliminary requirements assumed that ion engines were
utilized to accomplish GEO injection of the 10-MW Radar and LEO stationkeeping

of the Space Construction Facility. During Task II, these requirements were
synthesized more accurately, based on the data generated for array specific
powers, energy storage specific energies, and based on possible power system
topologies and power system to ion engine interfaces. These calculations continued
to support the use of ion engines in both configurations, as descrited below.
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2.2.5.1 lon Engine GEO Orbital Transfer and LEO Orbital Stationkeeping. Be-
cause by ground rules, this study concerned itself with multimegawatt electrical
power systems, the natural first choice for a system to provide the thrust for
LEO to GEO transfer and LEO stationkeep is an electrical propulsion system. Both
ion engine and MPD tkrusters could have been considered, but, since the poten-
tial efficiency of ion engine systems appears to be greater (Reference 13), they
were used as a study baseline. Later trades should be conducted to establish the
quantified benefits and liabilities of an MPD approach. However, with ISPs of
5,000 to 10,000 and efficiencies of 50%, even MPD systems seem to be beneficial
compared to chamical propulsion, as discussed in the following section.

2.2.5.2 lon Engine Projections. The projections of argon electrical ion engine
propulsion technology have teen describec by Byers et al. (References 15 and
17). In this study, their equations and results were used to develop the expected
spacecraft performance for the two study missions. Particular resuits that af-
fected the study were:

a. Argon engines that have a diameter of 50 cm, efficiency of 0.75, ISP of 5,000
at a net beam voltage of 900 VDC (Vpg) appear feasible, and were used in
system configuration development.

b. Beam and discharge voltages were regulated by the receiving AC power sup-
ply for the AC system, or by the DC regulator for the DC system.

¢. Thruster and girbal mass was assumed to be 27 kg based on Figure 4 of
Reference 6.

2.2.5.3 GEO Electrical Injection Calculations. Based on these projections, cal-
culations were then made of the Argon propellants mass, thruster quantity, form,
and cost of propellants transportation, and mass for the 10-MW space radar GEO
orbit injection; total system mass was 141,000 kg, as shown in Table 2-6, which
lists the breakdown of these mass properties.

2.2.5.4 Chemical Injection. A calculation of the mass of propellants required to
inject the Space Radar into GEO orbit using chemical propulsion was also made.
At ISPs of 450, the indicated total system mass would be about 443,000 kg, using
a tank engine and electronics mass fraction of 0.12. Table 2-7 summarizes this
data.

The chemical system orbital trajectory was based on a nine-burn injection with a
25-hour coast phase, as was developed in a study of low thrust OTV concepts for
GEO injection (Reference 18).

For both the electrical and chemical systems, the cost to GEO orbit was also cal-
culated, including the cost of money for the orbital transfer time, assuming a

$1,000M spacecraft investment, $1,000/kg shuttle transportation cost, and 15%
interest rate.
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Table 2-6. Mass Properties for the 10 Megawatt Radar — Electrical Ion Engine
Propulsion Injection with an AC Power Management System.

— e m Am————

)\ | 10 Megawatt Solar Array — Small, modular, low-light-loss 55,000
concentrator
F" Radar Membrane Array — Orientation drive and electronics 7,000 .
Power Management System $2,000
Argan lon Engines and Gimbals, at a 5,000 ISP, Vg = 900 3,000 | 3
' VDC, 50 cm diameter, 108 thrusters @ 27 Kg each l 4
Storage /Tankage /Structure /Miscellaneous 8,000
Subtotal 125,000
' Argon Propellant Mass 16,000
; f 141,000
Trip time

v 30 days with continuous thrust, more likely 60 days
) with intermittent thrusting and extra velocity to be

! gained.
" Total Cost to Orbit plus Money Cost ~ $200 M

Table 2-7. Mass Properties for the 10 Megawatt Radar —
Chemical Propulsion Injection.

10 Megawatt Solar Array — Small, modular, low-light-loss 55,000 Kg
concentrator

Radar Membrane Array — Orientation drive and electronics 7,000 Kg
AC Power Management System or DC/DC Power Management 40,000 Kg

- -

Emergency Storage/Electronics’ 2,000 Kg
, ( Electronics, Engine/Tank Mass at 0.12 Mass Fraction 36,000 K¢
Subtotal 140,000 Kg
Propellant Mass at 450 ISP (Hydrogen/Oxygen, 1990s 303,000 Kg
projection) ——
Total 443,000 Kg
Trip Time 6 days

The data shown in the tables clearly indicates the benefits of electrical propulsion

!
| Total Cost to Orbit plus Money Cost $440 M
l for the 10-M¥W Radar Mission.

2-65




GDC/AST 81-019

2.2.5.5 LEO Space Construction Facility. The Space Construction Facility re- ?
quires engines to maintain it in low earth orbit against the drag forces caused by
the reaction between the upper atmosphere and the large planar arrays, which

it would be fabricating and assembling in space. To minimize gravity gradient
effects, the large space structure under construction would probably be assem-
bled outward from the bottom of the spacecraft (towards the earth). Since the
majority of the mass of the system viculd come from the array under construction,
crew quarters, and construction materials to counteract the drag forces should
be located where they can thrust the spacecraft away from the earth's horizontal
plane. By locating them on two truss frames as shown in Figure 2-47, the thrust
vector can be kept along the center of gravity of the composite system of arrays
and spacecraft modular components. Because these components comprise the
major mass, it is assumed that, for this facility, if electrical propulsion station-
keeping is utilized, all the engine power will transverse through the rotary joint. :
Based on this conceptual design, calculations of the benefits and labilities of ;
electrical and chemical stationkeeping were made. {

b e g S nt———— o v e ettty

2.2.5.6 Stationkeeping for the Space Construction Facility using Chemical or
Electrical Stationkeeping Engines. As discussed in Subsection 2.1, large solar
arrays in the megawatt class will have a significant amount of drag that could
cause their premature reentry before trey have been transported out of low earth
orbit to GEO synchronous orbit. To provide a stationkeeping acceleration, either
chemical or electrical propulsion could be employed. Calculations were made of the
anount of propellants and the cost of transporting the propellants to LEO using
the shuttle for both chemical and electrical propulsion systems. The mass pro-
perties of the combined Space Construction Facility and 10-MW radar given in
Table 2-6 were used to compuie both the drag of the combired system and the
propellant mass and transportation cost. The velocity loss caused ty drag was
decreased to 0.2 meter/sec/orbit because of the increased total mass of the en-
tire system.

2.2.5.7 Chemical Propulsion Versus Electrical Propulsion. For the chemical sys-
tem, a hydrazine ISP of 235 was assumed to be the mtw.imum possible value that
might be obtained. Tank and engine muss fractions of 0.12 were again used.

2.2.5.8 Electrical Propulsion. For electrical propulsion, the characteristics of
the argon ion engine system were assumed to be identical to those described in
Subsection 2.2.5.2, namely:

a. Argon engines that have a diameter of 50 cm, efficiency of 0.75, ISP of 5,000
at a net beam voltage of 900 VDC (Vg) appears feasible and were used in
system configuration development.

b. Beam and discharge voltages were regulated by the receiving AC power sup-
ply for the AC system or by a DC regulator for the DC system.

¢. Thruster and gimbal mass characteristics can be predicted from Figure
of Reference 16.

2-66




GDC/AST 81-019

THRUST LEO
DIRECTION STATION-
\ KEEPING
ION
BASELINE
PLANAR  ENGINES

ARRAY

® DRAG ANALYSIS ESTABLISHED
THAT CHEMICAL STATIONKEEPING

COULD REQUIRE UPTO 2 X 106 KG
OF PROPELLANTS FOR 20-YEAR
LIFE.

® ELECTRICAL PROPULSION
EQUIVALENT MASS - 100,000 KG T —

NOTE: PROVIDES CONTINUOUS ION ® 1.0 MWAVERAGE POWER
® 250 KW FOR SCF MODULES

STATIONKEEPING. FINAL TRADES
MAY SUBSTITUTE MORE ENGINES ® 750 KW FOR DRAG COMPENSATION
® 2,35 MW ARRAY

(OFF IN THE SHADE), AND REDUCE
STORAGE TO 0.2 MW HR ® 0.7 MWHR ENERGY STORAGE
264.770-2

Figure 2-47. LEO Mission Concept Space Construction Facility.

Based on these projections and estimates, the propellant masses and transporta-
tion costs at $1,000/kg shown in Table 2-7 were calculated, projecting ion engine
system costs of $13,500/kg for electri al systems (Reference 19) and hydrazine

engine costs of $12,000 per 6-pound thruster.

The conclusions reached from these updated calculations were that ion engine

propulsion paid for itself in about 6 months and thereafter was less costiy. There-

fore, the power system structuring was accomplished using ion engine electrical
propulsion requirements for both missions.
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2.2.6 GEOSYNCHRONOUS OPERATIONAL MODES. Figure 2-48 shows the three
possible geosynchronous operational modes. One mode is the normal mode used
by geosynchronous satellites today. In this mode, the satellite rotates in the
equatorial plane of the earth. A second possible mode is to drive the satellite
with the ione engine systems so the satellite itself maintains sun synchronism.
The effectiveness of this approach depends on the ultimate ISP of the ion engine
system developed. For a system with an ISP of 3000, 15,000 kilograms per year
of propellants would be required. However, if ISPs can be increased, perhaps
this propellant usage would go down, and the sun-synchronous approach becomes
more beneficial. Note that in this sun-synchronous mode, the satellite is actually
inclined enough from the equatorial plane to avoid the shadow of the earth. The
third operational mode involves simply the spaced apart placement of the two
satellites, and the acceptance of the midnight power outage during the time inter-
val when utilization on the earth has become significantly less.

2.2.7 OPERATING OPTIONS — PLANAR SILICON ARRAYS. There are several
possible operating options that are reasonable alternatives to consider for the
LEO and GEO spacecraft.

TWO SPACECRAFT WITH SUN-SYNCHRONOUS

POWER OUTAGE AT MIDNIGHT

=4
" .
(7]
[ X]
<
53
28
=
<2
20
o=
3 %
3 gg
-
-1
SINGLE
SPACECRAFT 0 8 1218 24 30 36
APPLIED AV PER DAY (M/SEC)
© ENERGY STORAGE DOUBLES INITIAL © REQUIRES HALF THE TOTAL MASS
MASS - 120,000 KGA @ USES INJECTION ION ENGINES FOR
© DOUBLES TRANSFER TIME THEIR REMAINING LIFE (IF 15,000
@ ENERGY STORAGE LIFETIME OF 10 YEARS HR LIFE, THEY SHOULD LAST 20 YEARS)
MAKES THE TWO CONCEPTS ABOUT © REQUIRES 7,500 KG/YEAR PROPELLANTS
EQUIVALENT

264.770-3

Figure 2-48. Three Geosynchronous Operational Modes are Feasible.
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One of these involves the servicing of the spacecra.: at approximately 4-year in-
tervals to add modules to the photovoltaic arrays and to the energy storage sys-
tems to supplement degraded arrays/batteries. The advantage of this approach
is that the cost of tl.e supplemental hardware would be incurred later in the life
cycle, and the highe.' cost of overdesigned hardware avoided. In addition, the .
added hardware would start its 1life cycle at peak efficiency, rather than in a ;
degraded condition. Therefore, Planar silicon array costs were based on this
approach.

Since the orbital injection degradation of the silicon arrays would require over-
sizing them by 508, the operating option selected was to first inject a 10-MW
radar with BOL LEO capability of about 20-MW, then, at 4-year intervals, main-
tain the array generation capability with orbital transfer vehicle supplied supple-
mental modules. No attempt was made to optimize this interval and its coversiide
interaction. Later studies, with more accurate costing, could accomplish this
analysis.

2.2.8 POWER GENERATION SYNTHESIS AND EVALUATION. The iast subtask
for Task II involved the analysis of the various component technologies for the
three concept configurations (Planar Array, Large Trough, and Modular Trough).

2.2.8.1 Planar Array Component Technologies. The planar array baseline uses
silicon solar cells combined with a kapton blanket stretched between truss mem-
bers with a 15-meter spacing between members. The baseline array assumes that
the 18% efficient cells at Air Mass One (AM1) described in recent laboratory news
releases can be qualified and upgraded to be 16 to 17% efficient in space at 10C
(36°C GEO and 60°C LEO) (see Silicon data sheet in Appendix A). The launch
packaging of the baseline system appears to be accomplishable in a volumetrically
efficient manner since the trusses would be fabricated from rolls and spools of
material that have relatively high mass densities. For example, the estimated
density for cap material is approximately (.06 1b/in3, while the ideal shuttle den-
sity 8 0.003 1b/in3. Likewise, the estimated density of rolls of solar blankets
would be on the order of 0.03 1b/in3. The estimated number of flights to orbit
planar arrays can then be based on the shuttle cargo payload bay mass capability.
The 15 meter truss spacing of the planar array was established for two reasons;
they are:

a, Reasonable maximum for the width of a roll of solar cell blankets when pack-
aged in the shuttle, compared to the 17-meter length of the cargo bay.

b. Calculations of the g-level capability of a 150-meter truss when loaded with
the solar blanket shows that the torsional cap buckling load capability of 600
1b was not exceeded. (The yield point is 900 1b, but a safety factor of 1.5
was used). To allow the 0.005¢g loads required when thicker and heavier
solar cells are used, the cap thickness of the baseline space-fabricated beam
was changed from 0.76 mm (0.030 in.) to 0.93mm (0.036 in.) and truss height
from 1.18M (3.87 ft) to 1.62m (5.31 ft). The beam mass per unit length in-
creased from 0.87 kg/m2 to 1.15kg/m2 for planar arrays. For concentrators
with even heavier mass per unit area, a truss mass of 3.5 kg/m was used.
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The study did not attempt to particularly optimize the thickness of the coverslides
to be employed versus cost versus radiation degradation over time. The rationale
was simply that these factors will depend on economic factors prevailing at the
time of the decision, such as discounted rates of return, cost of money, and cost
of the jon engines. Instead, a GEO baseline with 0.18mm ocoverslides was used
for comparison purposes. This represents the transit time from LEO to GEO and
was based on using the full 10-megawatt output capability of the array to drive
the 104 fon engines, but only with a duty cycle of 10% of the orbital time, i.e.,
the trip time used by Byers, et.al., in Reference 17 was increased one order of
magnitude, to calculate the proton radiation exposure that wu then averaged,
based on the data from Table 2-8 (Reference 20) to be 2 x 1016 equivalent 1 MEV
electrons per year. This dosages results in the efficiency chain loss of about
58%, as shown in Figures 2-49 and 2-50. The reader is cautioned that this esti-
mate may be somewhat pessimistic, later trajectory studies may decrease exposure
time. It could also be optimistic, i ISPs 5000 seconds are not achieved. None-
theless, such a severe degradation would make today's silicon technology less
attractive. On the other hand, for the LEO mission, without this exposure, the
silicon blankets are significantly more attractive.

2.2.8.1.1 Cost of the Baseline Planar Array. The cost of the baseline planar

array was estimated using conservative factors. The intent was to consider the ;
alternative approaches and evaluate them against a baseline whose cost attain- |
ability is not in question.

Today's space solar arrays typically cost $300 to $500 per watt. Costing studies
of the arrays reveal these costs are split roughly 30-50 between the cost of the
solar cells themselves and the cost of the cover slides, blanket, module assembly,
and assembly and test. The solar cells, made of single crystal si _.on, are cur-
rently becoming available terrestrially at $8 to $14 per watt. Even when the cost
of space requirements (such as weldability, wraparound contacts and more string-
ent quality) are added, the cost should be $20 to $50 per watt for reasonable
volume, therefore, an optimistic $20 psr watt will be used for the cell. This cost
will be doubled to include the cost of ce¢ll assembly on the blanket. Totel cost will
be raised to $40 per watt.

2.2.8.1.2 Alternative Planar Array Configurations. Several alternate planar
array configurations were considered in addition to the baseline:

GDC /AST 81-019

Lower efficiency, low-cost silicon approaches
Planar and CR=2 Galljum Arsenide configurations
Encapsulsted blanket approaches

Honeycomb panel arrays
Multibar.d planar CR=2 arrays
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The alternatives were scoped to provide a selection of possible configurations
from the baseline uy to relatively higher risk options. Some are theoretical only
(multi-bandgap cells for example) and have not been cdemonstrated yet in the
laboratory.

2.2.8.1.3 Advanced Silicon Technologies. The DOE/JPL Low Cost Solar Array
Program is developing silicon solar cell technology in several areas applicable to
space usage. Ribbon cells, using EFG or dentritic wekts promise lower cost. So
do amorphous cells. These processes, as they will exist in 1990s, initially pro-
duce either single crystal, polycrystaline, or amorphcus wzfers. . With laser
2chniques, the polyerystaline and amorphous wafers may be annealable into single
.rystal surfaces. Since the 1985, DOE goals specify initiatives across the entire
scope of this activity. This study assumes that the technology and cost of silicon ‘
cells will, by 1990, be driver to the point where the manufacture of cells can be r
accomplished for $0.5/watt, plus space requirements and standards, that would
raise the price to $5-$20/watt.

Transportation Costs for Advar.ced Silicon Cells. The silicon technologies con-
sidered included alternatives that assumed that terrestrial laser annealing of cells
will accomplish what will be alternatives ir which the cells remain polycrystaline
anc amorphous. The baseline array area would be increased to accommodate the
lower efficiency cells. Less obvious is the effect of radiation on the life of such
systems and how they could be "space qualified."

For purposes of this study, the assumption is made that "space qualification" will
introduce cost of $35/watt for the cells, just as in the case of the baseline and
that the baseline and that the savings in cell cost of $15/watt are offset by extra
transportation costs of $5/watt and extra assembly and test costs of $20/m2 (the
array is twice as large).

The conclusion is that the decreased efficiency that would require increased flights
and increased assembly costs will always cost more totally than the cell cost sav-
ings. Note that this conclusion is only valid for lower efficiency cells. If laser
annealed or largely single crystal ribbons can be fabricated, the distinction is
lost, and these approaches should then be "spaced qualified".

2.2.8.1.4 Single Bandgap Gallium Arsenide. By the 1990s, single bandgap GaAlAs
cells with efficiencies of 16% (air mass zero, 125°C) could reduce the area require-
ments of the planar array blanket about 45%.

Since Gallium Arsenide density using 50-um cells adds 16% to the specific array
mass, an extra 7% penalty is paid. This penalty is made up by the improved
radiation performance of the Gallium Arsenide, which is assumed to be self anneal-
ing, or reannea'able using heating circuits and, therefore, does not exhibit the
approximately 6-7% loss caused by the 5-year radiation flux that degrades the
silicon. (The 6-7% assume: silicon array supplements at 5-year intervals as dis-
cussed in the operating options section).
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Galium Arsenide Planar Array Mass. The Gallium Arsenide planar array mass has
been estimated based on the same blanket and truss concept used for the silicon
planar arrays. The cells themselves have a higher mass (129%) due to the 5.3
g'm/cm3 density of Gallium Arsenide, however, the cover slides are thinner, be-
cause self annealing of the GaA}As is assumed. The array design factor was also
assumed to be 0.95; it accounts for intercell spacing for thermal expansion.

2.2.8.1.5 Low Concentration Ratio Gallium Arsenide Concentrators. A Gallium
Arsenide concentration system with a concentration ratio of about two as proposed
for one of the SPS prototype concepts is a viable planar type option. The mass
of the system is slightly lower than the planar array mass, since the extra mass
of trusses required to position the mylar mirrors is offset by the reduced blanket
mass of one half of the number of solar cells. This discussion assumes that the
geometry of the array is as shown in Figure 2-51. Array design factor was as-
sumed to be 0.9; the additional 0.05 is caused by temperature mismatch power
loss. Low radiation degradation is assumed (0.98), due to the self annealing
characteristic of the Gallium Arsenide at 125°C or at a slightly higher temperature
with electronic annealing.

The first order analysis of the area required for Gallium Arsenide arrays indicates
blanket areas of 47,000 and 23,500 m2 for CRs of 1 and 1.9 respectively. Because
Gallium cost $40/watt for 10 times the price of silicon, cells cost of $20 to $40/watt
seems more reasonable for the 1-10 megawatt systems. This price accounts for
the extra costs associated with space qualification and the yield loss. To keep

the comparison with silicon consistent, $4,000/m2 is used for blanket assembly
and test cost.

TRUSSES AT 2.8-METER
SPACING WITH CROSS
TRUSSES AT EACH END

'/
S /4
1 [ SsoLARCELLS |

Figure 2-51. CR=2 Geometry.

264.770-4 |
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2.2.8.1.6 Planar Multi-Bandgap Arrays. Planar multi-bandgap arrays are con-
figurable with the hypothetical multi-bandgap cells being investigated at Hughes
Research, Varian, and several universities. Two alternates were considered; a

variation of the baseline planar array and a low concentration (CR=2) linear trough

similar to the SPS Gallium Arsenide alternate. The first order analysis of the
configurations assumed that the planar array would operate at approximately 36°C
in GEO and 60°C in LEO and the linear trough at approximately 125°C in both
orbits. The cells were assumed to be stacked with a series Vp,, at 28°C AMO of
1.1 +0.8 + 0.5 VDC. The temperature coefficient for the three series cells was
included in the calculations provided by Varian Associates. (See Appendix C).

The r~3istion environment was assumed to cause insignificant degradation; cir-
cuit ; ..cing provided will self anneal briefly when the array has degraded 2 to
33. Cover slide density was a low 5.6 x 10-3 gm/em? (2.6 x 10-3 gm/cm3).

With these assumptions, first order calculations for the GEO planar array would
require 36,000 m“ of area and have a mass of 61,200 kg. The cost of manufactur-
ing multi-bandgap cells was assumed higher than silicon or Gallium Arsenide be-
cause of the many process steps — and insentive to quantity reductions, which
normally would occur because of increased yield. A value of $100/watt will re-
main appropriate. Thus, cost benefits do not appear to be likely for this techno-
logy; the drivers and benefits will more likely come from the fact that gain in
performance may benefit SEPS or FETS type missions if a lower thickness cell cen
eventually be made.

2.2.9 LARGE PARABOLIC TROUGHS. Task II evaluated large parabolic trough
concentrators to see whether economies of scale could provide significant benefits.
Figure 2-52 shows the configuration evaluated. Cross-members run the length
of the trough to support aluminized Mylar which reflects incident insolation onto
the solar cells which lie along the focal line of the trough. Radiators on both the
far and near side radiate waste heat from the solar cells. The solar cells them-
selves were actively cooled using fluid cooling loops. The basic problem associ-
ated with the configuration turned out to be the mass of the radiators (refer to
Subsection 2.2.12, Figure 2-64). Because of the requirements for micrometeoroid
protection, they were large and relatively massive compared to concentrating and
planar array approaches with smaller cell sizes apertures.

2.2.9.1 Hybrid Approaches. In an effort to try to establish whether reduced
radiator size could be achieved, two configurations were evaluated that used the
waste heat provided by the cooling system to drive Rankine turbine systems.
Figure 2-53 is a graph of data provided by the Sunstrand Corporation for the

-upscaling of their "KIPS" Rankine Combined Rotating Unit Mass. This unit in-

cludes the Turbine, Generator, and Condenser. From the data asemptote, a
specific mass of 7 kg/kW was obtained and used for the hybrid system calcula-
tions. The first hybrid provided solar cells on the primary target area as part

2-76

PRSI

e



TURBOGENERATOR
& CONTROL

MODULE

COLLECTOR —~—

400

300
MASS

200

100

o (LA~ =

PARABOLIC
CONCENTRATION

. DOCKING &
|~ ~ POWER TRANSFER
.5, INTERFACE

A

"

RADIATORS
(NEAR SIDE) .

Figure 2-52. Parabolic Trough Collector.
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Figure 2-53. Mass Extrapolation — Rankine Cycle Turbine-Generator.
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of the Mylar blanket. The solar cells themselves reflected waste heat because of
blue-red filters on their front surface, and in this way the portion of the solar
spectrum unused by the solar cells could provide heat to the turbine system (see
Figure 2-54 and Table 2-9). This heat was collected along the focal line of the
parabola. In the second configuration, the mirror itself remained aluminized
Mylar (see Figures 2-55 and 2-56). Cells at the secondary focal line simply ab-
sorbed the entire spectrum, and an attempt was made to use the waste heat by
driving a Rankine turbine. In both cases, the amount of radiator area required
to radiate the waste heat, and its mass, offset the gains provided by the Rankine
system turbine. '

2.2.9.2 Paraboloids of Revolution. The fourth large-scale configuration con-
sidered utilized a paraboloid of revolution to focus energy in three dimensions on
the focus of the mirror system. It is shown in Figure 2-57. The system uses

the thermophotovoltaic approach developed by Stanford University. The energy
illuminates a 2,100° Kelvin absorber that then reradiates energy at its black body
temperature to a surrounding group of silicon solar cells. Because the energy of
illumine.ion peaks near the bandgap of the silicon cells, the system may have very
high efficiencies, when it is compared with normal silicon cells up-radiated with
the normal solar spectrum. Nonetheless, there is considerable waste heat required
to be dissipated from the silicon cells during the operation of the system, and

this makes for large massive radiators just as in the case of the parabolic trough
concentrators. In addition, the 2,100° Kelvin {lluminator has some concerns as-
sociated with its life. This is because the tungsten absorber element involved

has a lifetime that has been estimated by various researchers at from 7-10 years
(Reference 21). Another concern is whether the pointing angle error might cause
destruction of the truss assembly holding the illuminator and cell assembly. The
problem is that this significant amount of energy might actually cause the supports
to melt. This is not true of other concentrating configurations considered, be-
cause the concentration ratio is not as high as the concentration ratio of about
2,000 required for the large thermophotovoltaic concentrator. Figure 2-58 shows
the efficiency chain projected for the thermophotovoltaic concentrator. Notice
that the specific power is relatively high, but that ultimate costs will probably be
affected by the significantly higher risk.

2.2.10 MODULAR TROUGH CONCENTRATORS. The most effective approach
developed during Tasks II and III was a small, low-light-loss parabolic louver
concentrator. As defined during Task I1II, this approach used a series of para-
bolic louvers to reflect sunlight to a single-band, dual-band, or multi-bandgap
cell configuration (Figure 2-59). The benefits of this concept over others con-
sidered were:

a. The coucentration ratio of between 30 and 100 permitted a reduction in total
solar cell area and its attendant cost reduction, while at the same time en-
abling a cell operating temperature of between 90 and 100°C, with a reason-
able specific power (250 W/kg) when constructed from mirror whose thickness
is between 0.25 and 0.5mm (10 to 20 mils).
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b. Geometrically, the system should show low aperture light loss. Since there
are no Cassegrainian secondary reflectors, ihe aperture blockage and absorp-
tion losses in Cassegrainian designs are avoided. From a constructability
viewpoint, the mirror radiator louvers are modularizable, can be assembled
in space using a supporting truss structure, and are self supporting — less
extra structure is required to hold them aligned.

¢. Inherent shielding from natural radiation. The 20-mil thick trovgh louver to
which the solar cell substrate is attached, along with the substrate itself,
should provide up to an average of betweer 0.75 and 1mm (30 and 40 mils)
shielding on the backside of each solar cell. The sides of the cells are shielded
by the reflectors, which provide a minimum of 0.25mm (10 mils) shielding.
Coverslides could increase this front surface shielding.

The recommended mini-trough design has an additional benefit — one that involves
how it is pointed to receive the solar insolations.

2.2.10.1 Concentrator Pointing Strategies. The geometrical design of a concen-
trating solar array must be compatible with the spacecraft orbital geometry and its
overall relationship to the ecliptic plane and the direction of the sun. Since this
geometry changes with the seasons, the approach to the overall design should be
compatible with this seasonal change. Figure 2-60 shows the relationship of the
sun to the earth during winter. For a spacecraft with a rotary solar array joint
in GEO or LEO, three options are possible that could accommodate the geometrical
variations, there are:

a. Option 1 — A single rotary joint can be utilized, with its axis (the spacecraft
pitch axis) oriented normal to the plane cf the orbit. Then, as the spacecraft
rotates, the array counter-rotation in the opposite direction just compensates
for this, and the array remains facing the sun. -Depending on the season,
it will be from the direction of the sun by an angle of from 0 degrees (during
the spring and autumn equinoxes) to up to 23.5 for GEO in July and Decem-
ber). In July and December, the tilt angle of 23.5 degrees causes the effec-
tive insolation incident upon the array plane to be decreased by cos 23.5 (8%).
This loss is compensated for by the fact that problems associated with the
other iwo strategies are avoided. The control and coordinate strategy of
many three axis stabilized satellites launched today — specifically, FLTSATCOM,
Intelsat V, RCA SATCOMS, Communication Technology Satellite, and European
0TS, utilize this single rotary joint approach.

b. Option 2 — The array can be designed with two gimbals and two rotary joints
so that as the seasons change, the second compensates for the change in tilt
angle. This strategy has obvious mass penalties, momentum interaction
rpenalties, and reliability disadvantages (extra rotary joint).

c. Option 3 — The spacecraft can be aligned so that its single rotary joint axis
is aligned normal to the plane of the ecliptic.
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The penalties associated with this option are that one of the benefits cf geo-
synchronous orbits is that the shifting antenna pointing over the orbit can be
avoided. It is desirable to evoid extra antenna gimbals, and their momentum/
angle interactions/rotary joints, etc. Further, this option requires that the
total angular momentum vector must be adjusted so that it is normal to the plane
+f the orbit; therefore, extra momentum storage is required.

For LEU orbits inclined at 28 degrees, the same alternative strategies can be
considered. Namely, they are:

a. Two gimbéls
b. One gimbal, sun pointing
c. One gimbal, earth pointing (see Figure 2-60) £

The two gimbal systems have the same penalties at LEO that they have at GEO — 1
extra mass and momentnm interactions, which are desirable.

Of the single-gimbal systems, an earth-pointing spacecraft system has advantages, ;
since gravity gradients remain constant, and, if the larger masses hang down :
from the array (toward the earth), the system is neutrally stabilized.

|
Since an infinite number of 28 degrees inclinations are possible, the 28 degrees ;i
inclination closest to the ecliptic should be considered first. This constrains the '
launch time but does not impact performance. It also suggests a 4.5 degree }
pointing angle (28-23.5 degrees) tolerance along the array axis is desirable. i
Now, consider the mini-trough geometry. If the single rotary joint axis is aligned
along the trough axis, as shown in Figure 2-59, and the axis of the rotary joint «
is aligned normal to the orbital plane, the rotary joint can keep the array properly ’
pointed as the spacecraft orbits, even if the body of the spacecraft points toward
the earth. The LEO #4.5-degree pointing error and GEO t23-degrees pointing
error will cause the light to fall on different cells along the trough, with losses
due to edge loss, defocusing, and non-normal (cosine) pointing. Since these
should be less than 10%, the mini-trough accommodates these pointing errors with
only one gimbal, without the extra mass of two gimbals and without constraining
the spacecraft pointing. Both the GEO and LEO systems can work the same sim-
ple fashion utilized by today's single-gimbal axis spacecraft.

2.2.11 EFFICIENCY CHAINS. The efficiency chains shown in Figures 2-61 to
2-64 were developed to document the calculations for the preceding configurations.

They include seasonal variation caused by the cosine loss resulting from the
orbital plane and by variation of insolation at aphelion, all efficiencies at the ex-
pected operating temperatures, and degradation and array design factors.

The chains indicate the expected result two-cell and multi-band configurations
will out perform (have higher efficiencies) single-cell configurations. and calcula-
tions of truss, blanket heat radiator/mirror mass for the geometrics.
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These charts indicate that the most attractive configurations for GEO radar are
based on then Galllum Arsenide technology, followed by silicon planar arrays,
followed by concentrators. Although concentrators were heavy for this Task II
analysis, later modularity studies in Task III provided versions with almost the
same mass as silicon fcr the GEO mission.

2.2.12 MASS PROPERTIES. Figures 2-65 to 2-68 show the results of geometrical
analysis of the preceding configurations, and calculations of truss, blanket heat
radiator/mirror mass for the geometrics.

2.2.13 COSTS. Figures 2-69 and 2-70 provide cost estimate data for the three
power generation options. They show that the cost of concentrators is lowest.
This is a significant driver when a new mission, such as the radar, is being
developed. If cost can't be lowered then some of the benefits which the nations
should be reaping from the space program will not be realized.

2.2.14 ENERGY STORAGE. Three types of energy storage components were

considered as possible concepts for meeting the LEO SCF energy storage require-

ments — batteries, fuel cells, and flywheels (see Figure 2-71). Batteries with
solid anode and catiode plate materials typically have limited cycle lives more
suitable to higher orbits including GEO with fewez cycles, in LEO, they must be
restocked at varying intervals. Fuel cells are less efficient, requiring more array
area and larger radiators for waste heat rejection. Flywheels are efficient and
very long life; however, their specific energy is limited because the energy stored
cannot exceed the elastic limit of the material or catastrophic failure occurs. Dur-
ing Task II, the advantages of flywheels were significant enough to make them !
the initially recommended choice (Figure 2-72).

xR o aiaiadaaneg ..

A review of this data, and consideration of the large penalties being paid for i
transportation to orbit, led to the decision to investigate other high energy den-
sity systems during tasks III & IV. They were:

e IyBg, systems
LiMS systems — in particular Li FeSg
NaS.

2.2.15 10-MEGAWATT RADAR POWER SYSTEM SYNTHESIS. The 10-megawatt

radar system requires power conditioning for the ion engines which inject it into
its GEO orbit and power conditioning on the radar array to convert the higher

voltage power from the photovoiiaic svstem to the voltages required by the radar
module. Table 2-10 lists the components considered for use in the system. Two ,
alternate component configurations were initially considered for the system. They i
were:

a. An all DC system with power for the jon engine beam voltage and discharge i
currents provided by DC to DC regulators and radar power provided at the {
radar modules by a separate set of DC to DC converters.
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b. A split inverter AC system with one set of DC/AC drivers that delivered AC !
to receivers at the radar low voltage system and with on array regulators for 3
the ion engines.

In a split AC system, described in Reference 22, the entire power system is de-
signed as a single, distributed resonant converter. A multimodule unidirectional,
four-quadrant coverter driving a resonant circuit, including the source and load
transformers and power transmission buses, converts DC into high frequency AC
(like the usual front half of any resonant DC-DC converter). Unidirectional,
four-quadrant converter modules are transformer-coupled to the trans:mission
system at the load end to provide the loads with either DC or any frequency and
format AC, depending on their individual requirements. (This end is equalent

to the load-end half of a DC-DC converter.) A typical multiple-ariver, muitiple- )
receiver system is shown in Figure 2-73.

e

Notice that the rotary transformer not only provides frictionless power transfer
across the array rotary joint but also serves as the load inductance of the AC re-
sonant converter. Rotary transformer efficiencies of 0.98 were projected, although
data was sparse. For example, air gap losses for alternators are only briefly
mentioned in standard textbooks. Apparently they were ignored quantitatively
because they were not significant compared to other losses.

Review of these configurations revealed several alternate topologies which would
be considered as a part of modularization activities during the next study phase.
They were:

a. Consideration of the topology of Figure 2-74 for the AC system. In this
topology, a single set of AC drivers drives both the ion engine regulators
and the radar power supply modules for the 10-megawatt radar. Advantages
appeared to be lower mass for the ion engine power conditioning portion of
the circuitry.

b. Consideration of wing topology modularity levels compatible with on-array
electrical annealing of solar cells and with lowest possible mass and cost.

c¢. Consideration of alternate array and transmission voltage levels. Higher

array voltages (900V) will minimize transmission losses and may permit in-
creased ion engine specific impulse, thus reducing propellant mass; but they
are also less safe, susceptible to arcing, and, for the DC system, they in-
crease LEO plasma losses. Of these issues, lethality is certainly one to be
considered carefully; it is also difficult to evaluate. For this study, it was
decided to consider both higher and lower distribution/array voltages, and
estimate the increased mass cost of lower voltage approaches, along with the
higher voltage alternate topologies. This task was accomplished in Task III.
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2.3 TECHNOLOGY GOALS — SENSITIVITY TRADES AND ANALYSES

Figure 2-75 shows how technology goals and benefits were developed.

INNT .31 232 2.3.3

TASK o PERFORM SENSITIVITY o IDENTIFY COMPONENT o IDENTIFY POTENTIAL
ALTERNATIVE TRADES/ANALYSIS | | TecanoLogy coaLs o] SENSHITS JTorask v
mmm::: o] — TNEMMAL MoNT - COMPARISONS - EACH TECHNOLOGY
ool — ENVIRON_ INTERACTION — CONCLUSIONS — COMBINED TECN.
TECHNOLOGIES - SEVICEABILITY
= MOOULANITY/ LeRC AEVIEW. AEVISIONS
COMMONALITY AS REQUIRED. AND APPROV.
- STOWAGE/DEMOY/
ASSEMBLY
- CREW SASETY

Figure 2-75. Technology Goals.

Trades and sensitivity studies conducted to optimize the various concepts con-
sidered in the evaluation included: Thermal management; environmental inter-
actions; construciability, storage, and assembly on orbit; safety; and modularity.

2.3.1 THERMAL MANAGEMENT. The power generation, energy storage, and
power management and control systems are all affected by the approach taken to
their thermal management.

2.3.1.1 Thermal Management for the Power Generation System. The power gen-
eration options considered included planer arrays and concentrators as previously
discussed. For the planer array cases, the study projected that no significant
changes would be made in lowering the temperature of planer arrays beyond that
experienced by today's planer arrays and initially projected during Task II. In
particular, it was projected that the average emmisivity might run around 0.7
(0.9 for the back surface and 0.4 for the front surface). As a result, the LEO
array temperature is expected to be approximately 60°C while the array is operat-
ing in the sunlight, and the GEO temperature should average around 30°C during
insolation periods.

2.3.1.2 Therual Management System Sizing for Large Concentrators. Solar cell
thermal management systems identified in Subsection 2.2 were analyzed to deter-
mine pumped coolant radiator size, heat pipe spacing, and heat pipe radiator skin
thickness. The following sections shown the extremely large pumped coolant
radiator sizes required, and describe the thermal and weight effects of varying
pipe spacing and skin thicknesses of the heat pipe system.
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2.3.1.2.1 Pumped Coolant Radiator Sizing. A method for sizing pumped coolant
space radiators was developed at Convair in an earlier study (Reference 23).
The equations giving heat rejection per unit radiator area as a function of inlet,
outlet, and environmental sink temperature is given below:

20n¢eT3 (Ty-To)
-1 To -1 Ti 1 (Ti-Ts)(To+Ts)
where

Q/A = heat rejection flux, watts /m2 (Btu/hr-ftz)
Stefan-Boltzman constant, watts/m2 - °k4 (Btu/hr-t‘tz-°R4)

Q/A =

g -

ng = radiator fin efficiency = actual heat rejection /heat rejection if the
entire radiator fin temperature were that of the coolant at the fin
base = .90

£ = radiator surface emittance = .85

Tg = sink temperature, °K (°R)

T; = inlet temperature, °K (°R)

T, = outlet temperature, °K (°R)

Calculations to determine (a) the coolant temperature rise as it passes across the
solar cells, and (b) radiator sink temperature for low-earth and geosynchronous
orbits (LEO and GEO), are required before proceeding with the radiator sizing
equation.

a. Coolant Temperature Rise — Coolant temperature increase is given by the ab~
sorbed heat rate divided by the product of coolant mass flow rate (per unit
area of solar cells) times specific heat:

Q/A
wCp

AT = (Eq. 11)

For a given velocity, the mass flow rate p<r unit area of solar cell will sary
with passage depth. Calculated fluid temperature rise is shown in Figure
2-76. Coolant temperature rise is seen to be very small compared to the
temperature difference across the boundary layer. A temperature rise of
5.6°C (10°F) will be used in the radiator sizing calculations.
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Figure 2-76. Variation of Coolant Temperature Rise with Passage Height
and Velocity.,

ture the radiator would come to with no heat load on the fluid. Skin tempera-
tures -59°C (-74°F) for LEO and -110°C (~187°F) for GEO were calculated,
using the configuration of Figure 2-26 and the orbital average space heating,
view factor, and surface property assumptions of Table 2-11.

Radistor Sizing — Equation 10 was used to calculate four heat rejection flux
cases (two cell temperatures and two coolant velocities) at LEC and the same
four cases at GEO. The two solar cell temperatures analyzed are 200°C (392°F) P
and 125°C (237°F). The two coolant velocities are 3 and 15m/sec (10 and 50
ft /sec) with corresponding coolant boundary layer A temperatures of 193°C i
(348°F) and 53°C (93°F). These assumptions result in coolant temperatures T
(radiator inlet temperatures) of 7°C (44°F) and 147°C (296°F) for 200°C solar
cells and -68°C (91°F) and 72°C (161°F) for 125°C solar cells. Calculated
heat rejectionfluxes are summarized in Table 2-12. The highest (best) heat
rejection flux occurs at GEO (lower sink temperature) for the case of the
highest coolant temperature (200°C cell and velocity = 15m/sec).

2-109 !




ST e

ES . SRR E R o o ot
TP P e S YT Ty e

GDC/AST 81-019

Table 2-11. Assumptions for Calculating Radiator Sink Temperatures.

Solar heat flux = 1350 w/m? (429 Btu/hr-ft2)
Earth thermal heat flux = 237 w/m2 (75 Biu/hr-ft2)
Radiator direct solar heating (LEO and GEO) = zero
Primary reflector earth heating during GEO = zero
Primary reflector (both sides) view to earth during LEO, F = .40
Radiator (one side) view to primary reflector, F = ,35
Radiator (both sides) view to earth during LEO, F = .40
Primary reflector front surface:

Solar absorbtance, og = .19

Emittance, : = .75
Primary reflect:r back surface:

Emittance, € = .85

Table 2-12. Summary of Radiator Heat Rejection Fluxes, w/m2 ( Btu/hr-ftz).

LEO GEO
Cell Temp Cell Temp Cell Temp Cell Temp
=z 200°C = 125°C __=.200°C = 125°C
Velocity = 3 m/sec 164 (52.1) N/A* 226 (71.6) 42 (13.3)

Velocity = 15m/sec 1224 (388) 503 (159.5) 1278 (405) 565 (179.2)
* Radiator inlet and outlet temps are below sink temp.

To determine required radiator area, a 10-megawatt power output system was

assumed. Cell efficiency dependence on temperature was assumed to follow
the equation shown below:

n=.17- .002 x ,17 (T - 28°C) (Eq. 12)
where: T = cell temperature, °C

Calculated required heat rejection rates are 7.81 x 107 watts (2.70 x 108 Btu/
hr) for 200°C cells and 6.27 x 10 watts (2.14 x 108 Btu/hr) for 125°C cells.
Required radiator areas are shown in Table 2-13. Note that both sides of the
radiator would be used to achieve the areas shown. The areas are all so great
that none of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>