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I. INTRODUCTION

In this time of dwindling natural resourees and increased global conflict, more and -more
people are looking to space for solutions to the problems that beset mankind. It is no coincidence
that the most popular TV series, the most popular movie, and the largest selling category of books
deal with the exploitation and exploration of space. Conflict between nations is driven primarily
by economic forces; the need for raw materials, for more land to accommodate growing
populations, for more energy. Space offers unlimited sources of energy and raw materials and can
be adapted to accommodate a vastly expanded human population. There is a growing realization,
especially in industrialized nations, that mankind must develop the resources of space or face his
own extinction.

The satellite power system (SPS) program représents a major step forward toward utilizing
the resources of space to supply man's energy needs. In the twelve years since the SPS was first
proposed a considerable amount of study and evaluation has been undertaken. To date no majbr
problems have been uncovered which would make the‘ concept unfeasible. Instead additional
élternatives have been proposed for energy conversion in space énd for energ'y transmission té
Earth. The séope of the SPS program is enormous. Thé idea of building miles-long satellites in
geosynchronous orbit and beaming converted solar energy to earth for introduction ‘intd the
electrical power grid staggers the imagination. SPS is now considered seriously by much of the
technical community and many political leaders as a viable future candidate for generating large
amounts of electric power.

In 1977 a four year study, the Concept Development and Evaluation Program, was initiated
by the U.S. Department of Energy and the National Aeronautics and Space Administration. As
part-_of this program, a series of peer reviews were carried out within the technical community to
allow available information on SPS to be sifted, examined and, if need be, challenged. The SPS
Energy Conversion and Power Management Workshop, held in Huntsville, Alabama, February 5-7,

1980, was one of these reviews. The results of studies in this particular field were presented to



an audience of carefully selected scientists and engineers. This first report summarizes the
results of that peer review. It is not intended to be an exhaustive treatment of the subject.
Rather, it is designed to look at the SPS energy conversion and power management options in
breadth, nvo.t depth; to try to foresee any troublesome and/or potentially unresolvable problems
and to i(jentify the most promising areas for future research and developmént. Workshop

participants are listed in Table 1.1.

J. Richard Williams, Ph.D.
Workshop Chairman

—
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2. PHOTOVOLTAIC CONVERSION

2.0 Introduction
‘

The work in the preceding SPS studies and the proposed GBED program, to be conducted
until {986, have bee_n reviewed as far as they relate to the photovoltaic approach to the Energy
ConversionvSyst'e_m for SPS. The examination was carried out with the viewpoint that the SPS will
be a cf>st effe(_:t‘ive;electrical power source in competition with fossil'and nuclear fueled base-load
plants, as 'well as with various types of future terrestrial solar photovoltaic power systems. The
attainment of a set of certain design parameters tor the ¢onversion systein is critical_to asauring
this competitiveness, and the proof of the feasibility of attaining these design parameters at the
earliest possible time-is the-refore important. Consequently, the planning of the GBED program
has been examined prjmarily for its potential of permitting the evaluation of the most important
feasibility conditions by the end of this program (1986).

It has 'been fo‘und that a number of Jimportant design parameters are interdependent,
particularly those involw}ing the photovoltaic array, and that only the concommitant attainment of
acéep;able levels of all these parameters can serve as demonstration of feasibility. Examples are
cell efficiency, thickness, and radiation )resistance. Alsu, certain tasks can bc meaningfully
carried out only in sequéncé. Thus, the development of suitable caindidate cell/blankct designs
meeting .the combined performance/mass/life design parameters, as verified in ground tests,

should precede space certification testing, as well as the development of manufacturing methods.
2.1 Critical Issues

The following items have been determined to be critical issues which require primary

attention is the GBED program:




°

2.1.1 Resource Issues

2.1.1.1 Gallium Arsenide Alternative:

Gallium availablity does not appear to be a limiting factor for the "year 2000" time
period, based on studies done to date by Rockwell

Contact metallurgy must be changed to use éf non-noble metals. Alternatives appear
to exist in adequate supply

Sources of metalorganic starting materials are inadequate now, but should be available

when needed (This is a processing industry capacity problem)

2.1.1.2 Silicon Alternative:

Contact metallurgy of space power cells must be changed to the use of non-noble -

metals, but work on this problem is already part of the terrestrial program

2.1.1.3 Summﬂ

There are no resource critical issues needing solution or study in GBED

2.1.2 Performance Demonstration Issues

2.1.2.1 Gallium Arsenide Alternative:

Existence of a suitable film-type solar cell

Supporting element for the cell

Demonstration of 18% efficiency (AMO) in a cell 10 microns or less thick and of 10 cm2

area or greater, on a thin, large area, potentially inexpensive substrate that is capable

of meeting SPS weight and cost goals

[da]



e As a milestone to the above point, achievement of 16% efficiency in an adequately
similar cell/substrate/cover structure within 2 years to perrﬁit starting of stability
tests |

) Developmenf of cells with contacts that are "weldable" and the use of non—noble and
non-mégnetic metals (trace use of noble metals is acceptable)

e Achievability of 16.2% end-of-life efficiency after 30 years, which requires radiation
resistance or annealing

® Preliminary manufacturability sfudies to show that the developed blanket structure is

*  not incompatible with SPS cost gouls

2.1.2.2- Silicon Alternative:

e Demonstration of 16% efficiency (AMO) in 50 micron thick cells of 25 cm2 or greater
area capable of meeting the radiation resistance and/or annealing requirements for SPS
within 3 years |

- o Development of weldable, non-noble, non-magnetic contacts, capable of surviving
annealing temperatures

® Achievability of 14.4% end-of-life efficiency after 30 years (increased ‘radiation

resistance or annealing)
2.1.2.3 Blanket
e Demonstrate a blanket design that is capable of meeting the SPS design goals (W/kg, T,

compatibie cost)

2.1.3 Performance Stability Issues

e’ Subject cells to a qualification test program with -emphasis on a radiation damage

anneal program (including critical evaluation and assessment)



e Demonstrate annealing'to 90% PEOL/PO of 0.9 or greater in GaAs and Si as funetion of:
particle-type, flux, temperature, concentration ratio, fabrication technique, and n/p or
p/n cell type

o Develop and conduct an accelerated testing program to demonstrate 30 year life

<»

® Demonstrate that end-of-life blanket power densities of 300 W/m2 in the GaAs
alternative and 150 W/m2 in the Si alternative are achievable (80% SPS goal, Rockwell
program) | |

e Conduct basic research and solar cell development programs to understand and

eliminate (or at least reduce) radiation damage in Si and GaAs

@  Plan and conduct synchronous orbit flight tests (may be after 1986)

2.14

Advanccd Concepts Alternatives:

@ Demonstrate 25% efficient AMO thin film cascade solar cell and show a potential for
.35% efficiency

e Investigate alternative advanced photovoltaic concepts leading to 50% conversion

efficiency

. 2.2 Recommendations for the GBED Phase

- @ ° The use of concentration ratio 1 with the silicon solar cells should be re-evaluated in

light of recent cell develdpments which resulted in considerably reduced

absorptivity/emissivity ratios, permitting lower temperature operation

e To permit evaluation of the impacts of potential changes in some of the cell or blanket

goal parameters which may result from the GBED program, the systems analyses will

need to be expanded during the GBED period to provide sensitivity data.



e As a minimum, regardless of whether or not other parts of this plan are carried out, the
GBED program should adequately address the critical need for a space-worthy solar cell
encapsulation/blanket-support system

e The SPS system concept should be. exposed to the technical community who will be
charged with the responsibility of designing and fabricating this system. To acéomplish
this, there should be a continuing series of peer review workshops during the GBED
phase of the SPS program, utilizing experts from the various technology areas of
potential concern

e Based on this very brief examination of the challenges presented by the SPS concept, it
is felt that the proposed GBED plan is not sufficiently detailed to allow a meaningful
assessment of the Qiability of the SPS concept to be made in 1986. A modified GBED

Aphotovolta‘ic conversion plan, reflecting the above 1isted cr:itical issues, is provided

‘ The 'goals outlined here for the GBED phase are rathef ambitious, but necessary to
pefmit assessment of SPS viability by 1986. In order to accomplish what has been
recommended, funding levels well in excess of what is proposed for the present GBED
progf'am will be required. The time available did not permit preparation of any type of

.cost estimate. However, feelings have been expressed that, in the best case, the
needed funding might be a factor of three greater than planned so far, and, in the worst

case, an order of magnitude greater

2.3 Technical Discussion

The nature of the problems in solar cell device development and in blanket development, the
latter with its systems integration aspects, as well as the experience base of the experts present,
were foimd to differ substantially. Thus, these two aspects were considered separately in

simultaneous sessions, with several joint meetings for integration.



FIGURE 2.2.1

l. RECOMMENDED GBED PHOTOVOLTAIC CONVERSION PLAN

GaAs Cells

Preliminary cell development
Cell stability testing

Cell development for feasibility
demonstration

Stability testing of experimental
modules

Preparation for flight test of
experimental modules

Experimental module flight test
Radiation damage/annealing study
Manufacturability evaluation

Data evaluation 5

Si Cells .

Efficieiicy improvement
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Stability testing of .experimental
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Data evaluation
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FIGURE 2.2.1

RECOMMENDED GBED PHOTOVOLTAIC CONVERSION PLAN (Continued)

Blanket/Array -

Encapsulant development:
Material development
- - Encapsulant testing

Preparation of encapsulant
sample for flight testing

Interconnect design
Subm'oduie busSing 'analysis-“

Preli minary blanket manufacturing
concepts development

Concenfrator reassessment
Study of launch vehicle interactions
Analysis of array dynamics

Array-induced environment consideration

Advanced Concepts

Demonstrate 25% (AMO) thin-film
cascade solar cell

Investigate alternative systems to move
toward 50% conversion efficiency goal
(including split spectrum systems)
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Notes (Figure 2.2.1):

Development goals: Cells on substrate material which is considered capable of becoming

~

compatible, with base metal contacts (weldable, non-magnetie, co-planar). Cell stabilié‘f{é}< :

v

tests to begin when 16% AMO efficiency reached :
Cells with cover and substrate to be tested in GEO qualification test program, including

thermal eycling, radiation damage/anneal, ete. Test contact integrity

.Development target 1986: Cells of thickness 10 microns or less on compatible substrate,

‘cell area 10 cm2 or greater, efficiency 18% or greatér, with base-metal contacts (weldable, -

non-magnetic, co-planar), with 16.2% 30 year GEO end~of-life capability, corresponding to
300 W/m2 output
Experimental modules to contain a small group of interconnected cells, otherwise similar to

b

Modest flight tests with experimental modules, to explore synergistic effects of GEO -

environment. To be flown piggy-back on suitable spacecraaft with primary non-SPS-related

mission

To establish nature of radiation damage and annea]jng‘ effects and to guide design:of
radiation resistant cells, both GaAs and Si |

Ta identify potential barriers to attainment of cost-éoalé

To evaluate degree to which feasibility has been demonstrated

To demonstrate improvement from current 15% to 16% AMO efficiency by v‘oltage inerease
in 50 micron tﬁick cells of area 25.cm2 or greater, base metal contacts .(weldable,
non-magnetie, co-planar) _

To develop cells capable of 14.4% 30 year GEO end-of-—life capability, with aﬁnéaling at
300°C o less (150 W/m? EOL output) | |

Definition of a straw‘rrian-process and analysis using SAMICS

11 .

[

!
‘o
2
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The solar cell and blanket problems imposed by the requirements of SPS, and their potential
impacts on the entire system design, were found to be extemely intricate. In light of the existing
techholog'y base with silicon solar cell production and application on spacecraft, and with
successful power system development and operation in GEO, a large amount of background
information exists which permits examination of many important interactions and problems.

As not all aspects of the preceding studies and the GBED plan relating to the SPS
photovoltaic 'conversion_‘system could be dealt with in this quick review, the effort was
concentrated. ‘:onA tl‘ie more obvious points of potentially substantial impact In many aspects the
GBED program, as defmed prev1ouslv, adequately covered the requ1red development. Those

aspects will generally not be dlscussed here. .

2.3.1 Resource Requirements

- Based on a variety of studies supported by the DOE terrestrial photovoltaic program and its
SPS program, it was concluded that the availabiltty of gallium in the 1990-2000 time period does
not appear to be a critical issue for SPS development utilizing GaAs solar cells. The gallium is
contained in bauxite and is recovered from slag resultlng from aluminum production. Currently,
40% of its gallium content is extracted from the slag, but Alcoa claims that it can develop the
technology to extract 80%. The conclusion is. based,on the amount of gallium needed for the |
production of thin film GaAs cells for SPS, under the assumption that only thin film cells would be
appropriate for SPS, and that SPS would be -the primary user of such cells. Although the
availability of cost-effective Ga may be in question and may require development of new
recovery methods, it is not believed that this is a GBED related issue. It is a matter to be studied
thereafter.

There is a definite need to develop suitable contact metallization for both candidate
photovoltaic . devices. Present cell designs require gold or silver in quantities so large that

SPS-required production might well exceed the metal production.” In addition, strategic metals

12



such as Pt, Pd, and Cr are used in some designs. The use of alternate metals is thus necessary,
also in view of the escalating prices for these materials. ’1;01" instance, 27 km2 of cqnductor afea ‘
in a thickness of 2 microns, if made from gold, would require 990 metric tons of that material
which would cost over $20 billion at current prices. This thickness may not even be adequate for -
low resistance conductors on large area cells. Available low-cost metals, such as aluminum,
copper, and tin, are possible candidates. Development of contact sys’;ems using these metals is in
progress in the terrestrial photovoltaic conversion program (e.g., the LSA broject). Aithough
verification tests to ascertain life of these contacts have not been performed, non-solvable
problems are not expected. Also, it does not appear that these non-noble metals will be in short .
supply. |

Supply problems exist currently for specific chemical metalorganic compounds required for

~ some of the ncwer GaAs cell fabrication processes. These problems are industry capacity

problems rather than resource problems, and are expected to be of a temporary nature only. ‘,‘Thus

there are apparently no critical issues related to the need for natural resources: for. the

photovoltaic converters for SPS that would require analysis or solution in the GBED:program,

provided cell designs are adjusted properly.

2.3.2 Solar Blanket

The solar blanket issues are connected with the photovoltaic element, its interconnects, und
the encapsulant, which is composed of the cell cover material and the blanket suppbrting eiement.
The issues relate to the blanket design parameters, particularly the performance, the mass, and
the operating life in the expected SPS GEO space environment. For the photovoltaic element,
two. alternatives are sb far the principal candidates: a thin-film GaAs cell, énd a thin single

crystal silicon cell (Figs. 2.3.1 and 2.3.2).
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Figure 2.3.1 The Rockwell (GaAs) Blanket Design

Each'l m2 size panel is 70-80 microns thick, with an FEP-Kapton-Polymer sandwich layer
as the mechanical substrate. The structural connection of the panels is not detailed.
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Figure 2.3.2 The Boeing (Si) Blanket Design

Note the 1.059 m x 1.057 m panel size, with 1.5 em x 40 micron tape between panels providing the
structural connection of the blanket. Panels are 175 microns thick glass-silicon-glass sandwiches.
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-In many respects, the oarameters of performance, that is beginning-of-life (BOL) power
output, of mass, and performance stab_ility, which determines the useful operating life through the
end.—of-life'(EOL)_power output, are. interreloted consequences of the solar cell and the blanket
de‘sigri,:rather-than readily separable, independent parameters. These parameters will, therefore,
be discussed in'conjunction.'

- Those issues which are believed critical and requiring resolution in the GBED program are
| identified. In many instances, the GBED program, as defined previously, adequately oovered the
required development.

:.2.3.2.1 The Supporting Element

A critical possibly "show-stopping"” component of the photovoltaic system is the supporting
element or encapsulant to which the active element, the photovoltaic cell is bonded (by deposition
orv by~attachment). The encapsulation material has to provide the structural strength of the
biarikét and the shielding for the solar cells against the energetic particle radiation of space.
Development of encapsulants with durability against bombardment by electrons and protons,
ultraviolet radiation, and deep thermal cycling t’or a 30-year period is essential to the program. It
is recommended that strong emphasis be given to the development of'a suitable encapsulant

material in-the GBED program.

2.3.2.2 Gallium Arsenide Solar Cells

For the design of this type of cell, as it has been evolved for SPS, it is still necessary that
the basio device technology be demonstrated. The goal of this GBED program should be to
produce a GaAs based thin-film cell with 18% AMO efficiency with a thickness of 10 microns or
less, and with an area of 10 cm2 or more, fabricated on a thin, large area, potentially inexpensive
substrate that is capable of meeting the SPS cost and weight goals. Relaxation of the current SPS

efficiency goal of 20% for this cell structure is warranted in view of overall system
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considerations. Although a very small GaAs thin-film cell with about 20% AMQ effi»ciency'has
been demonstrated (Fig. 2.3.3), such cells have not yet been made on thin substrates that would
allow the cell to meet the overall mass requirement of SPS. Since extension of even the more
advanced of the present GaAs cell technologies to the designs required (or proposed) for the SPS
may involve considerable further development, the reduced SPS cell efficienéy goal cited above
constitutes a reasonable recommendation for achievement by the end of the GBED program.
However, it is recommended that sufficient emphasis and support be given to cell development so
‘that, within two years, devices of 16% efficiency should incorporate all the critical elements that
are expected for the 18% devicé. The intended uses of these lower performance cells are for
various stability and lifetime verification tests, particularly radiation damage, environmental
durabiiity, and annealing characterization.

- It is also recommended that development of contacts be conducted that use non-noble
metals. Although trace amounts of noble metals may be necessary, fhe primary
current-conducting component of the cell cqnfaéts should not contain expensive metals such aé
Au, Ag, Cr, Pt, or Pd, some of which may also involve the problem of limited resources. Somé
potential candidates include aluminum, tin, copper and nickel. However, the suitability of these
contapt metals under expected space cpnditions must still be demonstrated. These rﬁéte}‘ials
should be essentially non-magnetic and should be "weldable.” The term weldable is not intended
to be specifie, and includes any suitable technology for interconnection other than' soldering.
Also, co-planar back contacts on the cells are envisioned. Top/bottom contacts cannot be ruled
oﬁt, but ‘they would require the development of an innovative cell-to-cell interconnection
technology to meet the 30-year lifetime goal.

Appropriate cost studies should be conducted throughout the GBED program to ensure that
the total array structure (cell, contacts, encapsulant, interconnects) is capable of meeting the SPS
cost gpals with suitable development and scale-up. Although extrapolations to expected
technologies may be required, it is believed that the costs so determined can yield important

program guidance.
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A final recommendation for GaAs solar cell development is that an end-of-life (EOL)

efficiency of 16.2% be demonstrated for the GaAs package for a 30 year equivalent combined
radiation damage/environment exposure.: 'The performance level selected allows .a 10% loss in
performance, which is a little more than double the SPS projection, but is considered mofe
realistic at this time. In this connection, it should be noted that significant uncertainties still
exist:"elative to the effects of the different solar ‘cell structures, and particularly the effects of a
cbr;ibined ‘radiation environment, as well as to the degree and repeatability of performance
restdration -by” annealing, especially ét relatively low temperatures. ' A fandamental research
'progra‘m‘aimed at understanding the radiation damage-and annealing effects, to support. the cell
development effort, is therefore strongly recommended. It is anticipated that unexpected
phenomena. may- appear' during the ground-based environmental effects and life test programs, but
these phenomena should be amenable to solution in development efforts to take place after GBED.

4

2.3.2.3" Silicon Solar Cells : et

It is recommended that a silicon'solar cell can be demonstrated with 16% minimum
efficiency (AMO), with 25 em? or greater area,’ and 50-mic.rons or less thickness. This
performance level is about 8% below the SPS goal, but its achievement will require that an
open-circuit voltage approaching the theoret_ical maximum be demonstrated. However, demon-
stration: of the full 17.3% is not deemed necessary in the GBED program so long as the initial
open-circuit voltage increase has been achieved. It is important to note that a variety of solar
cell structures that produce more than 90% "of ‘the maximum expectable efficiency have been
produced, but that the radiation sensitivity of these structures will not meet the SPS goal. Thus,
a substantial development effort backed up by radiation testing will be required for these solar

cells.
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~ “ . Devices capable of meeting the radiation resistance and/or annealing requirements can
probably be demonstrated within three years from program start. However, the currently planned
annealing at 500°C appears rather impractical from the viewpoint of solar cell and blanket life
requirements. Temperaturés near 200°C appear more manageable. The achievement of either
adequate’ radiation resistance for a PEOL/Po of 0.9 of greater after 30 years in GEO, or of an
adequate 'annealing capability in silicon at temperatures below '300°C, will require a fundamental
research program aimed at understanding the effects occurring in silicon during and after particle
irradiation and heat treatments which lead to damage and/or annealing in the various solar cell
structires. It is'stronély recommended that such concomitant basic research be carried out with
adequate effort to support the development of either a radiation hard cell or one that can be
annealed at temperatures well below 500°C. |

It is also recommended that a program be initiated to demonstrate for silicon cells an EOL
efficiency of 14.4% for the 30 year e;;uivalent.radiation damage/combined environment tests
described in section 2.3.2.2. This level also represents a 10% decrease from the 16% efficiency
previously expected as a rsult of GBED efforts, for the same reasons as outlined before.

Finally, a program is recommended to develop a weldable, non-magnetic, non-noble metal
contact system capable of withstanding the annealing temperatures without failure. Although the
development of non-noble contacts is in progress in the terrestrial photovoitai¢ program, the
non-magnetic properfy is not required there, and the weldability is only of peripheral interest.
Consequently, the contact system 're'sulting from that program may not be suitable for SPS. It is
also recommended that' demonstration of blanket technology that is capable of meeting the SPS
design goa-ls with respect to W/kg, cost, and temperature (as required for annealing), and of

withstanding the environmental conditions of GEO, be a part of the GBED program.

© 2.3.2.4 Manufacturing Process Development

Although a large-scale manufacturing capability will ultimately be needed for the SPS

program, several orders of magnitude above present solar module production rates, the evolution
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of new solar cell structures during the GBED phase would render premature any significant
production process development effort, beyond fabrication in a laboratory-type pilot line of
relatively small numbers of cells for the lifetesting program. However, to allow the feasibility
evaluation at the end of the GBED phase, an evaluation of potential barriers to production within
the SPS cost goals for the GaAs approach is recommended. For the silicon approach, which is
based on a much more developed technology, and where many of the results of the cost reduction
effort in the terresfrial progfam can be utilized, a strawman process sequence (paper design)
should be laid out, and the manufacturing process evaluated according to the SAMICS metho-

dology or, if needed, a variation of it.

2.3.2.5 Performance Stability

To meet the 30 year lifetime requirement, very good stability of the solar cells; the
ir_xterconnects, the cell covers, and the supporting element is required in the operating eﬁvironf .
ment (geosynchronous orbit). Four major influences of the environment are of concern:

(1) degi'adation caused by the energetic particle radiation which includes low-energy

. protons, medium-energy electrons and pi‘otons, and occasional - large bursts-.of
high-energy protons from solar flares

(2) degradation caused by the combined GEO environmental effects which include u.v.

radiation, vacuum, and extreme temperature, in addition to the particle radiation

(3) possible degradation caused by the interdiffusion of different elements at their

interfaces, particularly as the result of high operating or annealing temperatures

(4) material fatigue resulting from the extensive temperature cycling connected with the

eclipses |

As far as the solar cells are concerned, the degradation-causing particle flux mentioned in
(1) can be reduced by the use of suitable shields (encapsulation), and its effect minimized by
proper cell design. HoWever, because the radiation dosage both dufing transfer from LEO to GEO,

. and in GEO during the operating life, is expected to produce significant unavoidable cell damage,
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most SPS plans call for the use of on-site thermal annealing to restore the cell output. Since the
radiation-resistance 61‘ recovery-by-annealing design goes substantially beyond previously
attained levels, a basic research program should be -eonducted to elucidate the physical
mechanisms involved and to change material or device properties to' minimize radiation damage.
This is discussed in more detail in sections 2.3.2.2 and 2.3.2.3. - °

" Since it is difficult to predict the effects of the environmental factors, particularly the
Aefféct's of different particle types and their fluence at the operating temperature, on various
materials and cell designs, the GBED program must 'include exténSivl'e’ ground-based testing. This
tééting»can .be meaningful only when solar cell structures can be used whi¢h closely resemble
those considered to be strong candidates for SPS use.

. .""As some of the environmental factors of GEO (1 and 2-above) are not well defined and are

time=-varying (particularly the energy spectrum of the particle radiation), and as their synergistic |

effects as well as their long-time effects are difficult to simulate in ground-based tests, a simple
but adequately instrumented on-orbit test should be planned to start during the last year‘of GBED
as part of a-space flight performed under another program. Since preparations for such a flight
teSf are time consuming, they should start early-in the GBED program.

- The degradation effects described in (3) are expected to arise-‘mainly from thellong-te‘rm
influence of elevated temperatures, which are e€ither the on-orbit steady-state temperatures
‘under solar -irradiation without or with opticalconcentration, or the ‘temperature ‘needed for
annealing. These effects can be evaluated in ground-based - tests, and their impact controlled by
careful selection of adjoining materials of construction of the cells and the blanket, or by the
insertion of barrier materials.

The: low mass of the blanket will cause: very severe temperature cychﬁg during eclipse
periods, with consequent stress due to thermal expansion coefficient mismatches in the blanket
structure. This leads to the material fatigue effects (4 above). The extent of these effects can
be determined in ground-based thermal cycling tests, and the design, if needed, improved by

selection of more suitable materials.
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Suitable methods do not now exist for either the simulated, ground-based testing of the
combined effects of the various components of the GEO environment, or for the accélerated
testing to ascertain a 30 year operating life without gross overdesign. Therefore, an effort should
be initiated to define, develop, and conduct an accelerated testing program to demonstrate that
the array can perform satisfactorily for 30 years.

Other less important potential material or device degradation processes which will also need
to be evaluated in ground-based tests include electro-migration caused by the high circulating

currents and micrometeorite impacts.

2.4 Solar Blanket and Array Integration Issues

For the solar array review, it was assumed Athat the photovoltaic device which is yet to be
defined in detail will be the driving element in the array design, and the effort was concentrated
on identifying "SPS-unique" constraints as a basis of the review. It was also recogﬁiz’ed that
many 6f the considerations in array integration lead to new demands on the properties of .the
blankét components, which will subsequently have to be dealt with in the component»development
eft;ort_.‘ : |

The preséntly used methods for space blanket formation employ relatively expénsive
materials, depend extensively on hand labor, and are based on discrete manufacturing operations.
In the past ten years, space flight cells have increased in size from 1x2 cm to greater than 2x6 em
dimensions. This trend has been driven by assembly cost considerations: Alarger sized cells result
in lower unit area assembly costs because of the redugtion in the total number of handl@ng

-operations. Thus, even larger area cells will be required for the SPS concept. |

Since blankets of low mass, high performance, and long life will be needed to satisfy the SPS

goals, it was found that every effort should be made to eliminate or modify blaﬁket elements that

appear to severely compromise the criteria established for an SPS blanket. In addition, any
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qandidate component of the blanket should be capable of being mass produced by automated
asseinbly techniques.

‘In view of tﬁe significant developments during the last three years in silicon back surface
reflector cells, split spectrum devices, and irr}pro,ved cost-effective cold mirrors, a complete
re?evéluation of the methodology is indicated which leads to the selection of a preferred solar
concen'tration- ratio to be used in conjunction with a particular SPS photovoltaic blanket. These
new developments warrant a re-examination, at the systems level, of the present conclusions
reached in the SPS concepts study. Both low (less than 5) and high concentration (greater than 5)
co{iceptS‘ should be evaluated in_ terms of system cost and mass, using conventional (Si and GaAs)
as véell Ka:s‘a»dvar.lced (spljt spectrum, cascaded) solur cells. Such new otudios aould pravide an even
more optimistice perspective for the SPS with respect to performance and cost. This would then

provide some additional technological "breathing room" for the concept.

2.4.1 . Blanket Integration

. A "strawman SPS blanket".was considered, based on encapsulating the welded submodules
witlj ‘a material, glass or organic, which would be capable of meeting the SPS environmental,
Amanufactu_ring and performance requirements. This would mean a relatively thin layer
(25 micrometers) of encapsulant which has low mass, can survive 30 years iﬁ gedsynchronous orbit
without s‘ignificant. degradation in its mechanical, optical and thermal properties, and which would
lend itself to encapsulation techniques that would not compromise the other compohents of the
blanket. The development of such an encapsulant is of critical importance in order to
demonstrate blankets of speclific puwer high cnough to satisfy the gnals of the SPS program, and
will be needed regardless of the cell (GaAs, Si, etc.) that will ultimately be used.

; Because of the scale of the SPS, integrated techniques for producing blunket submodules
capable of delivering perhaps hundreds of watts must evolve. Adhesives which are now used for
bondi;ng cireuits to the substrate and protective cavers to the cells will likely need to be

eliminated because of their relatively high mass in the thin blanket structure and because of their
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inherent environmental limitations. The encapsulants may not now exist which could satisfy the
basic materials properties required for SPS: low mass, insensitivity to thermal shock -and high'
temperature excursions, resistance to the synergistic effects of the space radiation environment
(u.v., electrons, and protons), and capability of high density blanket storage and transport.

In order to be able to assess feésibility by the end of GBED, the technical means which will
permit approaching the specific-power, lifetime, and cost goals of the SPS concept in this century
should be known by 1986. It will thus be necessary to develop a space-worthy, SPS compatiblé
encapsulation system during GBED. Such a system directly impacts the main requirements for the
SPS.array, but has also numerous advantages for all other space systems. An appropriate
encapsulant allows the consideration of forming entire submodules in a single operation, thus
increasing manufacturing throughput and reducing cost. Developments along these lines for
terrestrial photovoltaics have already clearly demonstrated the gains in manufacturing volume
and cost reduction that may be expected in the case of the SPS array.

The development of such an encapsulation system would allow tﬁe elimination of adhesives.
Recent studies have shown that as the specific power of the cell approaches 1000 W/kg, which
would be the case for either GaAs or silicon, the mass of adhesive used per unit becomes ‘the
limiting factor in determining the speci‘fic power of the blanket. Efforts to further reduce
adhesive thickness or coverage would raise serious questions concerning array reliability. One of
the main causes of interconnect fatigue during extended deep thermal eycles is based on the
interactions that take place between the interconnect and the adhesive at low temperatures, a
condition that will be encountered by the SPS array in thousands of very deep thermal cycles.  The
elimination of these interactions would greatly enhance the survivability of the array, and
improve the prospects for a 30 year ;)perating lifetime.

There is an obvious need for work addressing both interconnect and submodule bus designs.
These érray components will have a significant influence on the ultimate cost and performance of
the system. The main problem that can be presently identified is the trade-off that must be made

between interconnect and bus mass and the required electrical performance of the array
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submodules. - A cursory examination of the interconnect technology has indicated that there are
obvious problems when relatively large cells and submodules are being considered. The goal
should‘be to considerably reduce interconnect mass while handling significantly larger amounts of
power th‘gn in present spacecraft, and to simultaneously be able to survive at least 3000 deep
thermal cycles with in-plane-stress-relieved interconnects. This will require a great deal of
| further study.” Determination of the required dimensions and materials for the interconnects and
busses as a function of cell and submodule size would be a logical starting point, and should be
carried out’at the beginning of the GBED program. Interconnecting the ‘c€lls and modules by some
form -of welding should,*‘ however, not present a major problem, and will facilitate meeting a
number of the SPS design constraints."

Another concern is the ability to manufacture such a blanket in an economic fashion. The
geometry -of the blanket submodules, very thin and very large, requires new approaches and
innovative machinery for fabricating these blankets. This part of the program cannot be further
addressed until a better understanding of the final cell and submodule configuration is developed.
' Nevertheless, a preliminéry assessment of techniques for economically manufacturing the array
should begin. This is required in order to provide some credible estimates of the SPS system cost
by the 1986 assessment date. Such data may be paced by the activities associated with
encapsulant develbpment. However, such work could begin within two years after initiation of the
encapsulant effort. -

As in the t'>1anket detail review, it was found here that the GBED phase needs to begin some
limited space flight test experiments. Such efforts could be shuttle launched or "piggy-backed"
on existing spacecraft. The recommendation for space experiments is based on the fact that it is
not possible to develop the necessary ground-based facilities to provide the synergistic environ-
ment of a geosynchronous orbit. The availability of -actual space data in order to realistically

evaluate the technology feasibility for SPS is essential. The test experiments should be designed

to obtain definitive data on a particular aspect of any technology being evaluated. We cannot
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presently see the need for dedicated, and therefore more costly, spacecraft for this part of the

effort.

2.4.2 Array Integration

Although it is not a present critical requirement for SPS viability, the lack of information
concerning the various subsystems interfaces offers a potential for ultimately delaying or
compromising the SPS effort.

While the array structure was not addressed in this workshop, problems associated with
packing, launching, and deploying very large, low mass arrays became immediately apparent. It is
recommended that every effort be made to _identify the properties of the proposed launch vehicles
at an early time so that the preliminary array ’design can be configured for a mavtch to the launch
vehicle. For example, the acoustic environment of the launch vehicle dictates the packaging
requirements for the blanket or array, Aand the damping material required may well exceed in mass
and/or volume those of the blanket to be transported. This environment must therefore be
bounded as soon as possible, so that the array .x"rilay be _configured to survive the .lauriu_:h. In
addition, the volume cdnstraints of the vehicle' must be known sufficiently to allow launch -
configﬁ_ration design for the most efficient utilization of lift capacity.

The size of an SPS array is such that presently available methods for predicting its dynami_c
behavior in orbit are not adequate. The question of how the array is to be oriented must be
considered in some detail at this st_agc"ol'f the program Lo ascertain the mechanical requirements
on'the array and blanket resulting from the orientation maneuvers. Also; the influence .of subtle
changes with age in the thermal and mechanical properties of the array and the associated
concentrétor system must be addressed in at least a preliminary fashion during the next -few
years. All this information must be fed back to the array design effort in order to avoid a
baseline design that is inherently incapable of operating at the required perfprmarice -lle\(el for the

required time in orbit.
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A set of "SPS unique" problems that need adequate definition are those associated with the
environment that the SPS array itself will induce, simply because of its size and the power being r
'distriputed over its area. Some obvious areas that must be addressed are the plasma effects that
might result from the high operating voltages, potential electromagnetic pulse effects thét could
result from transients to and from occultation, m&ghe‘tic dipole effects from the ‘high bus currents
that could severely change the dynamics of the array, and safety considerations during array
repair.- It was found that the blanket rieeds to be designed as an easily excharigeable modular item
to facilitate repair of the afray. Such information on the potential effects the array may induce
in.itself must be made available within the next few yeurs in order to provide some clues as to the

proper design approach needed for the SPS array.

‘2.5 Advanced Concepts

It is recommended that the GBED program- include investigation of advanced concepts that
offer the potential of significant advances in performance, mass and/or cost of the photovoltaic
energy conversion system over the "mainstream" concepts and designs. At least some of these
investigations should commence at the start of the GBED program, and some advanced concept
activity should be in progress throughout the six-year GBED program.

With the intention being of allowing new developments in existing technologies, as well a3
- totally new concepts evolving during the GBED period to provide a major portion of the Advanced
Concepts activity, specifié advanced concepts have not been included in this recommendation
with one exception.

-The one specific advanced concept recommended by the group for further immediate
development is the cascaded or tandem multiple-bandgap solar cell -~ a eoncept ulready being
ihvestigated in several materials systems under Air Force sponsorship for various space power
supply requirements, and under DOE/SERI sponsorship for high-efficiency terrestrial coneentrator

cell applications. The materials now under investigation involve GaAs or related compounds as a
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component in the cells required, but there are few, if‘ any, restrictions placed on the subStrate
material or its thickness (mass), or on its cost.

It is recommended that development of the casecaded cell technology be extended with
specific orientation for the SPS, which includes the added specification of a limited substrate or
encapsulant mass. It is recommended that ‘thé aim of this development be demonstration, in
experimental cascaded thin-films cells, of the achievement of 25% efficiency at AMO within the
GBED program period, and of the potential for achievement of 35% efficiency at AMO in the
same or separate development. The latter efficiency figure need not be demonstrated within the
six-year GBED program, but may result from suitable experimental data and appropriate

extrapolations.

It is also recommended that other advanced concepts -- which might include, but not be

limited to, such devices as split-spectrum systems, thermo-photovoltaic converters, and combined =

thermal-and-photovoltaic systems -- be investigated and, if so indicated, developed for the
purpose of achieving conversion efficiencies approaching 50%. It is recognized that such
investigations may be of a "high-risk" nature, but some activity of that type is required to

‘properly carry. out the intended mission of the GBED program.
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3. SOLAR THERMAL CONVERSION SYSTEMS

The thermal engine concept is a viable candidate for solar energy conversion in the SPS. ﬁ
The performance estimates of the solar thermal conversion approach, in terms of economies and
mass as given by the previous Boeing and Rockwell Studies, are not substantially different from
fhose projected for the photovoltaic refefence system. However, all energy conversion concepts
currently being considered, whether photovoltaic or solar thermal, cannot achieve the SPS goals
for cost and weight. For both approaches advances in technology are required and among the
competitive systems,.performance differences are largely contingent upon results assumed for
technology programé not yet performed. Théi'efuite, within our present knawledge, lhe photo
voltaic and sélnr thermal ‘systems are competitive in weight and cost.' In additi§n, there are
important comparative advantages that appear to be inherent in the solar-thermal approach. For
examples -
e Solar-thermal equipment is relatively insensitive to radiation effects, both.during
. transport from LEO and GEO and during 30 years' exposure to the GEO environment -
: . Gravity gradient compensation"may be‘ accomplishedv ‘through mass distribution thereby
reducing the need for stationkeeping with thruster propellant
¢ . The power conditioni;lg of generated electricity for the microwave transmitter will be
significantly easier using the solar-thermal approaéh |
o The production of the 40-200 turbine generators required for one SPS appears to be a
reasonable annual output for existing industry
There is considerable coneern ulkpresent ’.that tfle cl..lr;z;ént emphasis on the photovoltaic
apprbach to the execlusion of promising solar-therfﬁal options may result in an inadequate
examination of the solar-thermal approaches. It is therefore recommended thul renewed
attention be given td a s.olar-thermal study program which will investigate new systems
configurations that take advantage of rceent advances in thermal engine technology.

The following sections provide:
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@ A critique of the results obtained in previous solar~-thermal studies

e A discussion of light weight structures which addresses structural requirements for the
solar-thermal Systems goals for performance and economies along with comments on
the present level of advahced space structure technology

o A discussion of advanced thermal engine systems along with improvements which can be
reasonably expected from additional studies |

@ A discussion of advanced radiator concepts and their favorable impact on the solar-
thermal approach |

° Probosed programs for GBED which permit further evaluation of the solar-thermal
approach

@ Concluding remarks

3.1 Critique of Contractors' Results

' Thé studies that have been performed to date in the solar thermal cqnversion area have been ;
" broad in scope and have included the systems listed in Table 3.1.1. Although numerous systems
have been examined, the assumptions that were used in the analysis of the solar thermal systems
were generally conservative. If reasonable projections of future technology advances are‘:taken
into consideration, as they weré in the case of the photovoltaic systems, a.sollar therm'al system
may-have a considerably lower mass than that which was projected by tﬁe earljer studies. This
point will be illustrated with respect to the Brayton system which was one of the solar thermal

systems examined.
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Table 3.1.1

Thermal Energy Conversion Systems Reviewed for This Report

. Thermal-Solar
1. Brayton
2. Potassium Rankine .
3. Cesium/Steam Combined Cycle (Rankine)
4. Organic Rankine
5. Thermionic. (Including TI/Brayton Combined)
Solar Concentrators
1. Parabolic (Ineluding Compound Parabolic Cone.) .
2. Faceted.
3. Casag‘ranian _
4. Planar (CR=2to8).
5. Inflated
. Thermal-Nuclear
1_. Rotating Particle Bed Reactor
2.  Molten Salt Breeder Reactor (MSBR)
3. Uranium Hexaflouride (UF) ; |
4. I(-Jonvcrs-iun ‘Cycles (Braylon, R‘ankine, ‘I'hermionic)
LMFBR -
GCFR H
. Céramic pébble-bed reactor
. Gas-~core reactor -
. Fusion reéctor '
Radiators
1. Heat Pipe
2. Fin-Tube, Liquid
3. Fin-Tube, Vapor/Gas
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3.1.1 Thermal Systems' Development Issues

.The earlier studies reviewed by this panel examined the important problems associated with
space thermal power systems. While these studies tended to differ among themselves, by and
large they did address the major issues associated with solar thermal systems listed in Table 3.1.1 .
to define areas which require further study in order that a real assessment of the comparative
developmental risks between solar thermal and solar photovoltaic systems can be made.

Both photovolteic (silicon or gallium arsenide) and thermal eycle (Brayton or Rankine)
appear to be technically feasible solar energy conversion methods; however, photovoltaic systems
may have lower mass than solar Brayton and Rankine cycle system concepts, the costs of ‘
photovoltalc systems may be less than thermal cycle systems, and photovoltaic systems may have
hlgher reliability potential than thermal cycle systems because of the inherent redundancy
features of photovoltaic array design, passive system cheracteristics, and lack of an ac{ti___ve
noohng system. | |

"The space construction cost appeared to be higher for thermal engine systems than
photpﬂv‘oltaic systems because a larger crew size and larger construction facility could be required
anid the packaging space transportation costs eould be higher.

"The solar Brayton cyecle system with helium working fluid may have the following '
disadvantages:
e Large, heavy radiator system, including the requirement for leak-tight fluid joints
e Difficult requirements for efficiently constructing solar concentrators and radia-
tors
e Low packaging density components, which increase space transportation costs
" The solar potassium Rankine cycle system may have the following disadyantages:
e Difficult requirements for efficiently constructing solar concentrators and radia-
tors
¢ High temperature, vapor-phase radiator system requiring leak-tight joints and
seals, including adequate meteoroid impact protection for tubes

e Low packaging density components, which increases space transportation costs
' 33



Maintenance considerations for the cesium/steam Rankine dual-cycle syetem may be
excessive. The complex1ty associated with repair and replacement of a larée number of massive
components and potential problems of fluid system leaking may render this concept unattractlve
for further consideration.

»'I‘hermlomc conversion systems exahined resulted in a satellite mass 50-100% greater than
with -other thermal cycle .systems, and 2 to 5 times greater than photovoltaic systems. As a
resulf, ‘the‘trhlermionic‘ systems have a higher projected cost than other candidate systems because
of high transportation costs. However, should' more efficient thermionie diodes be developed,
satellite mass would be greatly reduced. | -

| Space nuclear reactor systems utilizing rotating particle bed, . molten salt and uranium
hexafluoride breeder reactor system with thermal cycle (Brayton, R_ankine, and thermionie) offer
the"advantage of compactness relative iIQ solar powered systems. It should be noted that little
effort was devoted to the nuclear system options, and the mass calculations were analagous to
taking off-the-shelf terrestrial photovoltaic panels (weighing about 200 kg/kw) and using this
‘information to determine photovoltaic SPS .sys':tem mass. Also, significant safety and environ-
mental questions exist and were not studied. |

While the systems definition studies indicated a cost advantage for photovoltaic systems
over the thermal Sysfem utilizing the ground rules of these studies, it should be emphasized that

. these differences are nonetheless small. By and large this advantage stems from satellite mass
differences which in turn affeet transportation costs.

The cost advantage of photovoltaic systeme ie very sensitive to solar array blanket cost and
weight when compared to solar therfnal eystems=. Thus a small difference in the actual achieved

efficiency of the type of solar cells which must be developed for space applications could change

this result dramatically. To illustrate this point, Fig. 3.1.1 shows a cross trade-off between the
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potassium Rankine cyeles and the projected performance of a space-worthy silicon photovoltaic
system. At the projected solar blanket cost, the silicon system appears to have a 5-10% cost

advantage which could easily be lost unless the project efficieney is fully achieved.

3.1.2 Brayton Cycle Concepts

A schematic diagram of the closed Brayton cycle system shown in Fig. 3.1.1 illustrates the
fundamental elements of the Brayton cycle SPS. The solar concentrator reflects and focuses
concentrated sunlight into the cavity absorber aperture. The cavity absorber is an insulated shell
with heat exchanger tubing. Helium gas ﬁdwing through this tubing is heated to .the turbine inlet
temperatﬁre. The‘ hot helium expands through the turbine doing the work of turning. the
compressor and the electrical generator. Residual heat in the turbine exit gas is used to-preheat
compréssor output gas befbre final heatirllg in the cavity absorbet;. This heat transfer is
accomplished - in the recuperator, which is a gas-to-gas heat exchanger. The minimum éas
temperature occurs at the exit of the cooler, which is a gas—to—liquid heat exchanger interfac.ing
the helium loop to the radiator system. Waste heat is rejected to space by a radiat’or‘.‘.

The total mass of the satellite, not including growth allowance, is 76,619 metric tons for a
10 GW system. Fig. 3.1.2 shows a mass statement for the Brayton SPS concept. Note that the

radiator constitutes almost 40% of ‘the satellite. mass.

Reference(s)

SPS System Definition Study, NASA Contract NAS 9-15196, Boeing Aerospace Company,
Report/Number/Date.
1. System Requirements and Energy Conversion Options, Part I, Volume 2/D180-
- 20689-2/July 29, 1977.
2. SPS Satellite Systems, Part II, Volume I1I/D180-22876-3/December 1977.
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ITEM 10°Kg
RADIATOR SYSTEM 30.951
TRANSMITTERS & SLIP RINGS 15.370
PRIMARY HEAT ABSORBER 19.070
RECUPERATOR/COOLERS 4.860
GENERATORS 4.320
FACETS, INCLUDING STRUCTURE 3 4.200
POWER DISTRIBUTION 3.370
STRUCTURE 2.730
TURBOMACHINES 1.950
CAVITY ASSEMBLIES 1.420
GENERATOR COOLING 0.620
SWITGH GEAR , 0.400
ATTITUDE CONTROL/STATION KEEPING 0.340
LIGHT SHIELD ASSEMBLIES 0.200 -
ONE YEAR's CONSUMABLES 0.200
BRAYTON SPS 79.601
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The major ‘assumptions and tables involved in the design of the Brayton SPS described above

are as follows:

Turbine inlet temperature - 1610°K (2438°F) - subsequently reduced to 1242°K

(1776°F) to utilize near-term materials technology; ie., refractory alloys in lieu of

ceramies

Cycle temperature ratio - 0.25 - subsequently raised to 0.41 for minimum radiator area
Energy conversion efficiency - 45% - subsequently reduced to 21% as a result'of the
above temperature ¢hanges )

Generator efficiency - 98.5%

Cavity absorber efficiency - 70.2%

Solar concentrator efficiency - 55‘.1%

Reflector film reflectivity - 0.87 BOL, 0.625 EOL

Radiator inlet/exit temperatures - 597K/395K

Faceted (heliostat)-type solar collector/concentrator

The major tradeoff studies that have been performed leading to the concept described are as

follows:

iy

Turbine inlet temperature ‘and cycle temperature ~ratio versus system
efficiency/radiator area/system - mass (Fig. 3.1.3).  Initial concepts with 1610°K
(2438"F) turbme mlet temperature yielded a satellite mass ot YY,61U0 metric tons;

howeveb, this concept required advanced materials technology (ceramics). Reducing

" the turbine inlet temperature decreases system efficiency thereby increasing satellite

size (collector area) and mass. At 1242°K (1776°F) and a cycle temperature ratio of

0.41 (minimum working fluid temperature divided by maximum working fluid

38



nx

RANKINE )

BRAYTON e 10 KW SHAFT POWER PRODUCED
—_— o 1242 K (1776°F) MAX. TEMP 4
T TURBINE - 0.92 « RADIATOR AREA IS "BOTH SIDES”
NCOMP - 0.875
CYCLE PRESS RATIO - 2.30 4
COOLER LIQ SIDE EFFECTIVENESS - 0.92
COOLER GAS SIDE EFFECTIVENESS - 0.90 RADIATOR
EFFECTIVE - o
TEMPERATURE
AREA 'RADIATOR .
L1oM EFFECTIVE COLLECTOR
TEMPERATURE AREA
5095.0% 7
COLLECTOR
404404 AREA 1
N TURBINE - 0.80 J
30430
204 2.0} 2
: _ RADIATOR AREA
10410 h
RADIATOR AREA
0 I A 3 1 I I I . < 2 Il ) 1 1

0025 030 0.35 0.40 0.45 0.50 0.55 060 0.65 0.70 0.75 0.80 0.85

MINIMUM WORKING FLUID TEMPERATURE
MAXIMUM WORKING FLUID TEMPERATURE

Figure 3.1.3 Cyecle Temperature Influence on Brayton and Rankine Cycles

39

1100
1000
900
800
700
609
500.
4A00
300

200

100

RADIATOR TEMPERATURE, EFFECTIVE. K



temperéture) the cycle efficiency is 21% but_the radiator area is minimized (see
Table 3.1.2). The 1242°K turbine inlet tempelrature design was‘ selected for final
system comparison studies - -- |
2. Space radiator design tradeoffs: ‘;gas (w.orking flui;i) radiator; pumped liquid metal
. with/without heafpipes; alternate mass folding concepts; meteéroid protection criteria.
The preferred concept based on mass. cdnsiderat-io’nsi is:a pumped- liquid metal (NaK)
‘system which transports waste heat from thé thermodynamic Brayton cycle engines to a
“-water heatpipe radiator system
~7f3.‘- Alt_ernéte construction techniques/désign approaches to _faéili_tate construction: free
-form, facilitized, and extrusion | o '
24, -~Solar eoncentrator/absorber trades:
—  Number of facets vs. efficiency. . ... .. . .. ...

— QGeometric concentration ratio

— Cavity receiver efficiency vs. mass

Caae mewar e e

-

The Brayton cyele SPS concept‘has .be;ai:i .cvompared“ w'ithu'a numbér of other thermal 'cycle
systems as well as with photovoltaic systems. Table 3.1.2 shows a cor_nparison of the Brayton
syst_em with Rankine cycle (potassium and eesium/wuter combincd)-and thermionies. The Bruyton
and potassium Rankine systen;.suof Tableu3l.1.-2 \;le‘zl;ew(liesignegwithin 'the context of Lhe same
system definition study (Contract NAS 9-15196, Boeihg Aerospace). -The cesium/water 5 GW
Rankine system.design was produced by. Rockwell.International under. Contract NAS 8-32475.

System masses, a?eas, etc V\;ere sxmply d;u}.)lcd for dlrect comparlson with the 10 GW
Brayton system. The thermionic system of Table 3.1.2 resulted from an earlier study by Boeing

under contract NAS 8-31628 to the Marsha_llep-acé‘ Fl'igh't"”(.Jen'ter.
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The major conclusion/results of this study with respect to a Brayton cycle SPS are as

follows:

1. The mass of the Brayton cycle SPS was 79,610 metric tons including the microwave
system (but with no growth allowance) at a turbine inlet temperature of 16109K
(2438°F) and a cycle temperature ratio of 0.25. The pertion of the mass attributable to
solar energy‘collection 'and cOnvefaion was 63,290 metric tons or about 4 kg/kw orbital
power output. This design requires use of emerging technology ceramic components.
Reduction of the turbine inlet temperature to refractory technolog'y 1242°K (1776°F)
and selecting a 0;41 cycle temperature ratio for minimum radiator area results in an
increase of satellite mass to 102,000 metric tons |

2. Radiator mass is the dominant element of the total satellite mass (see Fig. 3.1.3).
Therefore, any advances in radiator technology which result in lighter radiators' can

have a major impact on SPS thermal conversion system performance characteristics

The solar Brayton cycle system is presently considered only a backup candidate to the
primary silicon and gallium arsenide photovoltaic options. As a result, this system has been de- .
emphasized in stﬁdy efforts. Its primary disadvantages (relative to photovoitaic) have been '-said
to be higher satellite mass and more complex' space construction operations. Teehnp]ngy
improvements that would make the Brayton system more competitive include lighter weight
radiator systems (with development of leaktight fluid joints) and high temperature materials
(ceramics for example) to permit turbine inlet temperatures in the range of 1600 °K or higher.

These improvements would result in overall cycle efficiencies of 45% or more, greatly reducing

sulellite size and mass.

With respect to the nine assumptions listed for the previous Brayton SPS study, it should be

- noted that these were not uniformly applied to all systems. For example, the assumption of -

0.625 EOL reflector film reflectivity that was used in the analysis of the Brayton system was
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significantly lowgr than that that was used in the analysis of the gallium arsenide photovoltaic
system. Similarly, the assumption of a 1242°K turbine inlet temperature leads to a high mas
system whereas if a higher inlet temperature (1750°K) is assumed the mass can much less than
thaf ,of ‘the silicon photovoltaic system. A co’rhplementary development‘ program in the ceramics
afe'a is presntly underway. Using the higher turbine inlet temperature, a solar thermal mass
coﬁparison isshoWn_in Figure3d.l.4. A sﬁmmary of some of the solar thermal system results is

shown in Table 3.1.2.

3.2 Collector Structures for Solar Construction

SR The collection of ’the large amounts of solar radiation needed for SPS obviously requires very'
. large areas.  The hig_h- concentration ratios needed for efficient thermal power conversion requifeé
_ that' the surface areas be oriented aécurately. The economles ul the systems rcquiro that the
collectors befabpicated at'low cost per unit area and have reasohably low mass.
| Since 1978, concerted effoxfts have been devoted to the problem of manipulating sunlight in
:sb'acé', in connection With the Halley Comet Rendevous Solar Sails Studies. Aﬁ important
conclusion of that study was that the technology of thin polymer films is far enough advanced as
to allow the fabricatioh of kilometer-sized areas for launch in the early 1980's. The baseline film
system consisted of 2 micron thick Kapton film, coated with vac_qum-deposited_aluminum on the
reflector surface. Several means of produéing the thin films were found to be available, including
casting, chemical etching, and electrodepositi’on,’ as well as .the standard approach of stretch
-forming, ,v;lhich was demonstrated during a special run at duPont's commercial Kapton facility.
The mass per unit area of the baseline reflector filﬁl is about 4 g‘/m2 and the cost in the
‘quéntiti.es needed for SPS would certainly be less than $1.00 per square meter. It is reasonable to

A ekpect that by the time SPS is implemented, even better technological advances could be made.
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3.2.1 Surface Accuracy ;

The reflector film must be supported by a structure that is capable of adéqua‘te: surface
accuracy. The sun subtends an angle of 1/2 degree of ‘arc, so if the surface can be held to an
accuracy better than this, say one or two milliradians, then the system performance would nqt be
harmed-by the errors. Current studies of radio frequency antenna structures indicate feasible_
accuracies of an order of magnitud'e better than this.

y ‘Indeed, the surface slope error Vof a large-area truss structure is approxirﬁately equal to .the
rétid of the cell size of the trusé divided by the truss depth times the -truss unit length. If the
members of a truss can be established with a length error of one part in ten thousand, for
example, the resultant error in thé slope of a truss fabricated as deep as its local céll size _woulq _
be about 0.1 milliradians.. Thus, the objective of one milliradian slope accuracy without on-orbit |
Adjustment is a reasonable one to propose. Particularly, the developme'nt.of composite structur.és
componehts ‘of near zero thermal expansion coefficient area are very encouraging._. InNASA.
Conference Publication 2058, p. 126, minor errors}of 1-2 milliradians are shéwn t‘o~have_§n1y'a '
minor effect on thermal performance of a collector :and receiver, depéhding slightly on receiver

temperature. This steering of individual facets does not seem necessary.

3.2.2 Structure Types

There is a variety of types of structures thét are candidates for meeting the needs of SPS
collectors. They include the aforementioned truss with flat facets,' infléfed paraboloidal
mevr‘nbranés,, geodesic-dome structures, pressﬁre-erected self—stabilizéd -shells, ~tension-‘s‘ti,ffened
surfaces, and pretensioned spoked ‘wheels, as well as various éombinations of these._.- The.
» appfcpriate approaches are thos’é that can meet the accuracy requirements against the ervlvvir'o‘n— '
mental forces (characterized mainly by the solar pressure at 1 X 10'5 N/M?) With & reasonable

‘mass.
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3.2.3 Structure Mass

To the structures engineer, a "reasonable" mass is usually less than the payload mass. If the ﬁ
poyloac_l_ were a photovoltaic blanket of 400 g/mz, then a structure of 100 g/m2 would be
“re'o'sonable", indeed attractive. For the prese.nt situation, the payload is the reflector film. A
"reasonable" structiiral mass would thus be leso than 5 g/mz. Previous studies of SPS have yielded
structural masses less than tho stfucture's payload.

o .-'AIt‘ is- reco'}nmended that the following goals be established for the collector  including
struclure: |

"Aocuraey: | 1 milliradian rms slope error

Mass: 10 g/m?

Cost: $ l/M2 E

These goals are considered to be realistic and feasible. They furthermore are advanced
'e}lough to provide a strong stimulation to the technologies pertinent to the collector subsystem, as

well as to those pertinent to other related subsystems.

3.2.4 Recom mondations

A program1 should be instituted that is aimed at the foregoi'ng goals. The program should
include: Development of films and structural materials with emphasis on long-term environ-
mental stability, creation of an evaluation of various structural concepts for meeting the goals,
examination of various means of erecting the collector in the final orbit, including deployment,
assembly, space fabrication and a combination thereof, detailed design of attractive approaches,

and construction of sub-scale models or full-size modules as appropriatc and useful.
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3.3 Advanced Thermal Power Cycles

Several approaches to solar thefmal coﬁversion are combetitivé at this time. Within our
current abilities to quantify, the weights and costs of several concepts are competititve with each
other as well as with the photovoltaic reference system. Two types are the Brayton and Rankine-
cycle systems;‘ many systems of both types are in extensive everyday use for genefatling power for
electric utilities. Variations from the conventional systems include additions of Rankine
bottoming cyecles. In addition, various advanced concepts have beén proposed that are less proven -
than the Brayton and Rankine cycles.

The discussion that follows is organized according to the principal thermodynamic cycle,.
that is the Braytoﬁ cycle, Rankine cycle and advanced concepts. -In each case, the most fruitful

areas for investigation of these concepts over the next five years or so are outlined. Considerable -

“effort has already been invested by Boeing and Rockwell in analysis of these concepts. The

discussion herein builds on these earlier studies -and considers their outputs as a'p-oint of .

departure.

3.3.1 Improved Brayton Power Conversion Systems

Reasonable near-term improvements in closed Brayton eycle concepts and technologies have

not been incorporated in the previous SPS systems analyses. Although further. unalysis and

research and technology studies are needed it is already apparent that these improvexnents,may

have a very significant impact on the prospects for SPS and the choice of system concept and, in

turn, on the prospects for SPS itself.

3.3.1.1 System Analysis

o Intercooling during gas compression should be assessed in terms of its impact on perfor-

mance of SPS. The power level of the power-geheratidn moditles influences ‘ease of lguncﬁing,
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assembly in orbit, maintenance requirements and overall system reliability and should therefore
be studied some more in éombination with the overall system analysis.

: “Raisinlg the pressure level within the sys_tpm reduces the size of the various components but ﬁ
also requi;res thicker walls for the pipes and f‘orr the{ casings of the various components. The
potential for reduc,tions in weight and cost warrants further study.

Internally insulated ducts would permit _separation of the funq_tions of shaping the gas
passage and c§ntaining higher-pressure gas. Within this concept, a refractory metal could form a
thin and relatively cheap liner for a given duct, but that liner could be vented so that the pressure
load is imposed on a \cold. pipe outside the insulation. Not only would the resulting low
temperature for thestrength member permit reduced weight but also the demand for scarce
mkaterialswould be diminished. This _pri}nciple, althoug:h used in design of HTGR for terrestrial
| application,,has received f)o evaluation for use in space.

" The usual workingb fluid,' for use in space-Brayton systéms is a blend of helium and xenon
which has a molecular weight selected for effective design of the turbomachinery. For a given
molecular weight, this mixture has the best thermal conductivity among the suitable inert/gas
mixtures, and therefore the heat exchangers can be made light and compaet. Recause of the high
cost of Xenon, other inert gas mix.tures should be studied. X A. recent repor_t (NASA TM 79322,
Dec.‘. 1979) found tha; the _cyc}e efficiency of at least-some Brayton systems can be raised through
the use of a reacting gas as the working fluid; that concept shquld be eyalqated for SPS.

In exploring Rankine cycles, Rockwell found significant reduption§ in weight and cost of SPS
through the use of a steam bottor_ning cycle in combination with a cesium Rankine cycle. This
gain was realized despite the fact that significant thermodynamic losses result from condensing

. eesium at constant temperature in order to heat, boil and superheat high-pressure water. A
steam b,o;toming eyele could Abe even more ef_fec‘_cive_ in combination with the Brayton cycle, but
.this qombination has not yet been explored for SPS in spite of the fact that the m_ost efficient
terrestrial power plants are now based on this combination. Radiation weight trade-offs tend to

mitigate against low temperature bottoming cycles.
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3.3.1.2 Materials

As cited earlier, existing technology on refractory materials should permit operation of
Brayton systems at temperatures up to 1500°K (2250°F) through use of tantalum alloys. Niobium
(or colu‘mbium) alloys lose strength at high temperature and are for this reason presently limited
to ab0ut'l1300°K) (1900°F); however, niobium has only half the density of tantulum and is less
costly. Molybdenum alloys are about as strong at high temperature as tantalum, have density
almost as low as niobium, but have not been much explored for use in fabricating pipes, turbines
or heat exchangex;s. The very high thermal conductivity of molybdenum especially sﬁits it for use
in heat exchéngers. In particular,. molybdenum alloys warrant development and evaluation for use
at temperatures of 1300°K and higher. The technology for fabricating heat exchangers from
molybdenum should be evolved. |

The' ceramics, silicdn carbide and silicon nitride, have inherent propertiés at 1650°K
(2500°F) that suit them for use at that temperature, and thei sialons have_comparabie propertieé.
These. compai-atively new materials would be appropriate for use with inert gases, as planned for
use ‘with the Brayton cycle, and olffer the potential for high performance using rel&tively éheap
raw materials. The large program on ceramié gas turbines (over $100 million) s’plonsored‘ by DOE

should provide the basic enabling technology that would be the precursor of successful applica-

tionk of these mate'r'ials in SPS. The technology required for- application of these promising

materials in turbines for SPS should be evolved.
~ For electrical machinery in a Brayton system (in particular, for the generator and any
motors or EM pumps required), the technology hés already been demonstrated for 10000"hours '

with hot-spot temperatures of 980°K (1300°F); this technology would, in turn, permit cooling

" these components with a coolant supplied at 800-875°K (100-1100°F), a characteristic that

relieves the problems of cooling these components.
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3.3.1.3 Receiver
" For the Brayton system, the solar-heat receiver requires significant improvement. In the
: eiisting studies of SPS, the Brayton receiver was heavier than that for the Rankine cycle, chiefly
because the alkali-metal coolant of the Rankiné cycle permits such high heat transfer rates. For
the Brayton systems, use of such liqﬁid alkali-metal coolants (whether pumped or circulated by
the "c"a_billary‘:forces in a heat pipe) should be explored as a means of reducing size, weight and cost

of the receiver.

" 3.3.1.4 Heat'Exchgngers

.- In order to achieve its performance potential, the Brayton concept requires an effective
_ recuperating heat exchanger. At the highest turbine inlet temperatures (1650°K or above), :this
recuperafor should be made of a material sﬁch as molybdenum appropriate to temperatures of
1350°K (2000°F). The very high thermal conductivity of molybdenum also makes it a candidate
for high—performance lightweight heat exchangers at lower temperatures. Evolution of tech-
nology.on design and fabrication of bsuch heat exchangers from molybdenum would therefore be
very worthwhile. |

. 'If the solar-heat receiver is to be cooled by a liquid alkali metal, then somc invecstigation of
the high-temperature heat-source heat exchanger is also required. Effort is also needed on the
design of waste heat exchangers that would transfer their heat to multiple radfator—coolant loops,
thereby permitting design of radiators that would tolerate meteoroid penetration and stili provide

heat rejection f'with high reliability. Advanced heat pipe and liquid drop should also be considered.

' 3.3.1.5 Radiator

The waste-heat radiators for Brayton powerplants are relatively large, although less than
one-tenth the size of photovoltaic arrays. On the other hand, the low temperatures of Brayton
radiators compared with Rankine cycie system permit use of materials éuch as aluminum that

have not only very low density but also very high thermal conductivity. Design studies and
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technology development progré ms for Braytoh radiators are required in order to evolve acceptable
ways to fold and package the radiators for launching and to. exploit heat pipes over the range of
temperatures present in each Brayton radiator. The possibility of fabricating these radiators in

space should also be explored.

3.3.2 Rankine Cycle Systems

Based on the Rankine-cycle point design evolved by Boeing for potassium and by Rockwell

for cesium/water, the following analyses and tests are recommended:

(1) Evaluate rubidium as a workingl'fluid in competition with potassium and cesium for
turbine inlet temperature up to 1650°K (2500°F). ' Evaluate Watef and ammonia as
working fluids in'bottoming cyecles. Quantify the demands for critical materials

(2) Evaluate vapor reheating during the vapor-expans‘ion‘ process. In pafticular, consider

. reheating by use of the sensible heét in the liquid from the liquid;vappr separatpr at the
boiler exit

(3) Assess the optimum power from each power module, co‘nsideriné the masses and
volumes desired for launching and consideriﬁg as well thé‘addéd reliability and

" inereased maintenancé résulting from the increasing number of rﬁo‘dules '

(4) In order to exploit the reduced deﬁsi’ty of molybdenum (10 g/cé) ‘compared  with
tantalum (17 g/cc), evolve new molybdenum alloys. Investight'e‘cre.ep strength and
weldability of these alloys for operating-femperatures to 16‘00°K (2500°F). ~Investigate
use of these alloys for fabrication of ducts, pump and thbine housings, and heat
exchangers |

(5) Test cesium condenser and water boiler for satisfactory performance under zero-g
conditions. Evolve and demonstrate leak detection and automatic shdfdown of the

affected condenser and boiler - .
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(6) Develop long-lived dynamic shaft seals (for example, a graphite face seél) for sealihg
- between an alkali—rﬁetal vagv)or. and space :
-(7) Analyze and thereby quantify the benefits from use of existing technology for ﬁ
. hermetically sealing the alkali-metal turbogenerator within the present limitation of
. 975°K (1360°F) hot-spot
" (8) Consider use of a superconducting generator cooled with liquid helium if this action

. appears justified by current programs for electric-utility applications

3.3.3" Advanced Concepts

The pofential exiéts"for markedly improving performance of solar-thermal systems by
increasing .pverall efficiency of the: thermal powerplant'by 30-50%." Accordingly,‘the required
%nefgy'céllection might be diminished by 23-33% and the heat rejected decreésed by 45-55%.
These changes would have a sigrificant impact on the weight and cost of both the solar collector
and the radiator.

Concgpts for achieving these improvements are now either incompletely évaluated for
: application in SPS or insufficiently mature in their development to warrant substitution at present
for Lhe reference photovoltaic concept. But the magnitudes of the potential gaine aro great
enough that their exploratory investigation should not be neglected.

~ Investigation of these concepts should have two initial phases:
(1) System studies should define the most advantageous way to apply a giveﬁ concept to
S?S, should quantify the potential benefits from use of the concept, and should
delineate the principal technical issues that impede the coneept'a application to SP3

(2) If the benefits quantified in the studies justify further invesfigation, then a follow-on

tecﬁnélogy program should address the principal technical issues delineated by the

study
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Inasmuch as the investigation of each advanced concept v;10u1d have these two phases, the
two phases are not further discussed herein, it being understood that for each concept the two
phases are to be conducfed sequentially. A continuing research program should be directed
toward generating the necessary data, such as high temperature materials properties and

interactions needed for Plan 1.

3.3.3.1 Thermionic Conversior}

For over 20 years thermionic conversion has been under continuous investigation for
generation of space powér. At present, the investigation is centered at JPL and is focused on use
of heat from advanced high-temperature nuclear reactors.. Earlier studies of thermionics at JPL
.aiso considered the possible use of solar energy. |

For perhaps the first 15 years, thermionic converters were investigated .for operatiqn at
2000-2100°K. Under a Lewis-sponsored program, one converter operated stably,for‘ove-r 40,0_‘0_0 )
hours at 2000°K. Although the recent program has centered on achieving satisfactory power and
efficiency at lower operating temperatures of 1600—1700°K, the early fgsults show the potential
for operation at high temperature.

Because each thermionic converter :produces about a kiloWatt of pbwer, ,thefcc)ncept ﬁas the.
potential for. insensitivity to failure of single converters. The abili{ty' to operate at high
temperatures also sqits the thermionic converters for production of power either by themselvés or
as a topping system for a lower-temperature cycle. A |

Thefmionics were briefly studied already as one concept for SPS. We recorﬁmend that this
study ‘b'e feviewed in light of the current state of the art and that, if Warran.te_d,‘the study be
extended. In addition, fhe thermiénic concept should be evaluated as a topping system for a

Rankine cycle.
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. 3.3.3.2 Concepts for Very High Temperature

': The usual concepts for solar-thermal power use focused solar energy to heat a metal wall to
é high temperature and then transfer this heat to the thermo-dynamic cycle's working fluid. In
that‘event, the metal wall must be somewhat hotter than the working fluid, and the temperature
limitations- on this metal‘wall impose a 4limit on the efficigncy that can be achieved by the
thermodynamic cycle. |

Concepts that heat the working fluid above the wall temperature have the potential to raise
cyéié efficiency. One concept woujld pass focussed sunlight through a window and heat potassium
vapor by absoi"ption of the solar c{anergy in the .volur)ne of opaque potassium vapor, that is, by
volume' absorption. In concept, thcie potassium vapor might be heated to 3000-3500°K, which is
1500-2000°K above values practical in the usual potassium-Rankine cycle.

"+ Such hot potassium vapor could not flow at high speed pést turbine blades in the
conventional manner without heating them beyond the limitations of turbine materiais. Th'e'
"wave-energy exchanger" provides a concept forrpotentially transferring useful energy from the
hot potassiufn vapor to a lower-temperature working fluid such as helium. By that device, the
potassium would be expanded, cooled and relieved of some of its energy, this energy being used to
compress the .cool helium. The helium would give up this energy by passing through a conventional
turbine.

In éombination, the '"volume absorber" for heating the potassium vapor and the
"wave-energy exchanger" for extracting its useful energy provide the basis for_' a
power-conversion-system concept relieved from the usual temperature limitations imposed by
wall materials. The waste heat in the still-hot potassium vapor can, of course, be transferred to a
lower-temperature cycle, which would operate with its usual efficiency and performance. In this
way, the power output 'of the very-high-temperature potassium cyecle is a direct addition to the
output of the lower-temperature cycle, reducing the heat energy required and the thermal energy

rejected for a given electric power output.
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Although this approach to design of the powex; conversion system is very valuable in
principle, its technology is not yet advanced to the state at which one could exploit the concept
with confidence. However, experimental high temperature compressors have been built and shown
t'o'operate at temperatﬁres to 2500°K. At the present time further experiments are in progress
involving test machines to determine the efficiency of wave energy exchange. The future
benefits of concepts such as this are so great that the overall SPS program should explore thém

prior to embarking on the construction of the first SPS.

3.4 Life Expectancy, Failure Rates, and Long-Life Capability of

Rotating Machinery for SPS Application

One of the more obvious concerns regarding feasibility of a solar fhermal SPS is the
reliability, maintenance and life expectancy of rotating machinery such as turbines, electrlc

generators and pumps. Large ground-based utility turbines and generators are routinely de31gned

and operated for 30 year life, with scheduled shutdown inspection and maintenance ,ane every

few years. A capacity utilization factor (on-line service) of 75% is typical for an en‘ﬁtire
fossii-fueled steam power plant but only a small part of the total down-time is attributable to
rotating components. Most failures are related to corrosion in the plumbing, boilers, exhaust
stacks, condenser fouling, electrical control failures, ete. These problems can be largely avoidedv
in a spacé environment due to the absence of air leaking‘into the steam loop, and the absence of
moisture, dust, corrosive exhaust gases, and bio~fou1ing.‘ Also, with a very low turbine spe_cific

mass, it is economical to use high-alloy stainless steels throughout the design which are corrosion

* resistant if trace amounts of oxygen are introduced to form a protective oxide film on the

surfaces. The high purity metals used will have little tendency to exude contaminants such as
silicon which can cause scaling problems. It is not anticipated that water maintenance or
in-service water treatment will be required, if initial descaling runs are made in the steam loop

with a high pH fluid during ‘production.testing of the power module.
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3.4.1 ReliabiIity and Maintenance

The basic reliability goal for an SPS is uninterrupted production of rated power (excepting

eclipse periods), in the most cost-effective manner. This requires determination of the optimum

levels of reliability development and operational maintenance. For the cesium/steam. point

design, a rather high power availability of 90% of total capacity was chosen as a working target.

Consequently, each of the 318 power modules was oversized 10%. Achievement of the above

target requires the following:

(1)
(2)

(3)

(4).

(5)

Standby repair erews capable of servicing any satellite on 24 hours notice

High inherent component reliability achieved through extensive stress-to-failure test-
if_\g in developmeht and pi‘oduction ‘samples |

Redundant fail-safe system design

Extensive monitoring instrumentation and automated diagnostie/self-shutdown ecircuitry
at the power module level. Typical measurements are system pressures, temperatures,

flows, voltages, actuator positions, and vibration signatures of eritical rotating units.

“Summary data from each module is transmitted to the on-orbit and ground control

‘centers

Modularized replacement units at each component level to facilitate rapid mainte-
nance. A boiler feed puinp,‘ for instance, could be changed out in 10 minutes if

quick-disconnects are provided for all fluid, electrical and structural connections

As discussed in later sections, the bulk of failures are expected to involve small components

(sensors, controls, pumps, ete.) which can be readily replaced. It is estimated that major failures

~ which are not practieal to repair in service (turbine bearings, generator windings, ete.) would

result in less than 10% loss of generating capacity in 30 years. The power modules are 10%

oversized to absorb this loss and still meet gat_ed capacity, with some replacement of turbines and

generators in later years.
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, Achievement of a 90% availability (vs. 75% for ground utility power/stations) is also b.ased
f on the following SPS advantages: | .
(1) No problems of atmospheric air leakage ihto a sub-atmospheric fluid loop to cause
corrosion or degrade condenser performance ' ‘
(2)  Materials in the SPS fluid loop will be highly corrosion resistant. Ground utility bbilér
“tubes and turbine blades are typically of low alloy steel. The .presence of silica and
other metal impurities which cause scaling will be greatly reduced in the SPS
(3) Absence of gravity fori'ces virtually eliminates radial loads on turbine and generator
| beérings |
(4) Shutdown for routine inspection or maintenance will not be used, and will'be designed
out of the system by fail-safe features, rigorous development Qnd quality control,
production burn-in testing, and automated monitoring of turbine/generatbr vibration

signatures

.~ . 3.4.1..1" Failure Rates

The large number of power modules (318)‘increases the total satellite paris' count, but not
the failure Eate per module. The latter should actually be less in smaller power 'sizés, since "moré :
intensive development can be afforded and the auxiliary systems are usually simpler. Also, the
" proportion of total satellife capacity unavailable at any one time is reduced, due tQ",higher
redundancy.- i | . |
~Alth6ugh rotating machinery is traditionally expected to have a highef féilure rate than
solid state equipment, the SPS turbogénerators are expected to require much léss replacement

than solid state antenna components or specialized components, such as the klystron tubes. |
The chief drawback of a small power module size is an inérease ln the total numbef of
maintenance and repair tasks. 4Seventy—five percent of the 318 power modules are'expeéfed to
have at least one failure within their 30 year life. Most of these wﬁl be of a minor nature

(sensors, wiring, controls, seals, pumps, etc.) that can be quickly repaired or replaced. _Major
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fa:ilurés‘of the rotating units such as cracked turbine blades and failed bearings would be much
less frequent and would normally be handled by simply shutting down and abandoning -(and possibly
replacing) the failed unit. Interconnections between power modules permit sharing of cesium flow
in such cases. To maintain rated capacity, it may be necessary in the later stages of satellite life
to feplace entire turbines, generators, and even power modules. These would be refurbished in the
orbiting ‘maintenance shop or returned to earth for rebuilding. It is possible that a power module
could-be. changed out during a 72 minute eclipse period. The connectors involved are 2 cesium, '2
steam, 2 electrical power, 1 electrical cor;trol (multi-pin), and 4 structural. In the zero-g
environment, a power module is easily removed through the bottom of the aborber dise, away
from interference by adjacent plumbing, wiring, ete. ‘Extending .the module "down-time" several
hours,. if requiréd, would not ‘be serious since eclipses occur at ground-station midnight when

power demand is- minimum.

" 3.4.1.2 Cesium/Steam Interleaks

1

The possibility of steam leakage into the cesium loop can be reduced to a small probability,

and standard means are available for preventing subsequent over-pressure conditions and cesium -

contamination in adjacent power modules. This is considered less of a problem than that from the
accepted failure rates for-turbine blades, generators, ete.

High pressure steam leaking into the cesium system would cause a spontaneous exothermic
reaction (but not a detonation). It could also cause an overpressure condition and extensive

corrosion of the refractory metals in the cesium turbine, boiler, and flow loop. An intermediate

heat transfer fluid could be used to prevent direct contact of cesium and steam in the event of a°

leak, but a weight penalty would be involved. Double-walled boiler tubing would impose less of a
benalty in these areas. The recommended solution is to use single-walled tubing which has been
proof tested and leak tested to stringent requirements, with all joints of a brazed-sleeve design to
avoid the potential cracking problems associated with welded connections in a thermal eyeling and

vibrational environment. The tubing coils would be supported by streamlined radial struts at
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appropriate intervals to separate the natural vibratioh frequencies of the tubing spans _ftiblm
exciting frequencies. In the event of a failure, failed units would be shutdown, drained, and either
repaired, replaced or abandoned. Overpressure conditions in the condenser shroud ‘woul_d' be
prevented by a burst-diaphragm with a double-ported vent duct on top of the condenser shrouﬁ to
achieve thrust-balanced venting of the reaction products (HZ’ CeOH, H,0 or Cé)_awgy from

adjacent turbo/generator sets.

3.4.2 Technology Advancement and Verification

~The chief areas requiring technology gdvancement are:
1. Material properties data, especially long-term cfeep
2. Welding of refractory metals (electron beam and laser 'techniques)
- 3. High temperature liquid metal pumps
4. Turbomachinery
 5. Zero-g cbndensing
6. Reliable, long life electric generators
7. -Refractory metal properties, especially lontherm creep
8. Cesium erosion and corrosion data
9. Hydrodynamic bearings
10, Shaft seals
~ Technology verification can be accomplished by subscale and full scale testing of compiete
modules, both on ground and in orbit. Potent‘ial fire hazards from cesium and air leaks will
require elaborate precautions during ground development tests. Ground vacuum chambers" or
helium purge systems will be required;
Development and \'zeri‘fication of the integrated condenser concept will reduire subscalé‘ and
full-scale demonstrations on the ground and in orbit. Ground testing would involve placing the

“axis of the annular coil bank in a vertical direction, to observe the centrifuging action of the
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.rot'atihg"vapOr mass on the cesium condensate without a radial gravitational force component.
Development risk is not considered great since additional whirl velocity can be easily provided if
needed‘_to obtain required condensing performance. Stress-to-failure testing with over-désign
‘bt"éss‘ure,» temperature, vibration and corrosion environments would be mandatory.

With a double-flow cesium turbine, the shaft seals can both be located at the coolest end.
However,'it will be necessary to find face-seal materials which are compatible with each other

and also compatible with cesium.

. . 3.4.2.1: Develapment Risk

~-'.. Given the. fair state of refractory metal technology, cesium corrosion dat,a and hydro-
dynamic bearing development, the risk in developing a satisfactory cesium turbine is considered
" moderate. Even if SU-31 élloy should prove unfeasible, TZM- and molybdenum would provide a
' reliable fall-back position although turbine weight would increase somewhat due to the thicker

disc and casing sections required.

*3.4.2.2 Conclusions

Achievement of a 90% capacity utilization factor for the éPS is considered feasible,
although detailed studies may show, that a factor of 85% is more cost-effective. Due to the
presence of repair crews, the requirements for component reliability may be less 'stringent than

those now used for unmanned satellites.

3.5 Space Radiators

Among ‘the most important factors influencing the feasibility of Satellite Power Systems is
the necessity of rejecting the waste heat by radiation. High cycle efficiency generally implies a
~ low heat rejection tenfperature and consequently a large radiator area and mass. This tends to

conflict with the basic requirement that any space-based power plant have minimal mass. The
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balance between cycle efficiency and radiator mass thus forms a central design problem'.fbr‘ SPS
systems. |
In most designs the radiator is composed of a vast array of heat pipes and radiator tubes
‘through which flows the working fluid. The tubes must be sufficiently massive to minimize
micro-meteoroid penetration; in addition, transport of the fluid over large distances is reguireao
- Radiator mass and the thermal management system in such designs comprise a lai‘ge fraction of
the total SPS mass. -
| The development of heat pipe technology has continued to advance since the thermalicycies
were deemphasized several yearsl ago. Also new data has shown that the model used to evaluate
meteoroid penetration is probably too severe; therefore, the header tube and heat pipe,fnodel
shbuld be reevaluated. |
Despite the cruciél impacts that the radiator has on both weight and reliability: 6f large.
thermal power systems, thé technology for such radiators has received very little attention. In

the discussion that follows, radiators will be considered in terms of near-term technolog"y:ar)d

advanced concepts.

3.5.1 Near-Term Technology

Conventional radiators use a circulating fluid (whether liquid or vapor and. whgther
circulated by pumps or by capillary forces) to transport heat throughout the radiator. Sﬁéh
eocolant passages are armored so as to protect against meteoroid penetration and segmerited‘ jnto
multiple channels so as to tolerate meteoroid penetration whenever it does occur,

Primary and secondary coolant streams are also considered occasionally. The-*-p.rjrh'ary
streams would be heavily armored and would do the principal job of distributing heat throughout
the radiator's area. The waste héat from each primary stream would be transferred to multiple
secondary streams, and frém those secondary streams, the heat would be conducted along solid

fins that would then radiate the heat to space. The segmenting of the primary stream into
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multiple streams and thence to fins are all intended to decrease vulnerability to meteoroid
penetration, to reduce radiator weight and to increase reliability. The design of radiators for SPS '
will dépend not on just the techniques for design but also on the constituent technologies on which

t’he-design techniques are based.

3;5'.2 Constituent Technologies. .

Meteoroid-penetration criteria are crucial to design of lightweight, reliable radiators. The
vaﬁdity of the data from I_’ega;sus has 'been questioned because the actual experience in space
differs from what the Pegasus data would predict. The topic of meteoroid penetration sho(xld be
reassessed with the view that past efforts might require. extension. Such a program would help
not only the thermal power systems but also heat rejection from the power processors for
photovoltaies as well as the photovoltaic arrays themselves.

;. The nlature. and scale of SPS are sufficiently different from those of other space power
systems that technology specific to SPS is required. Detailed studies of radiator design are
required in order to defing both "opfimum" radiator designs and crucial problems limiting those
concepts. - The selection of materials and the known properties of these materials should be
appraised. Techniques should be evolved for compacting the radiators for launch and far ererting
them in space. Concepts for foldable pipes (such .as in NASA TM X-1187) should be evaluated in
competition with rotating seals and weldable joints for use in erecting the radiators. Concepts for
fabricating radiators in space should also be studied as ways to provide great compactness of
radiators during launch; as an extension of this, leak detection and repair should also be studied as
means of providing highly reliable but lightweight radiators.

Heat pipes have for a long time been considered as thé principal mechanism for distributing
wasfte: heat throughout the radiator's radiating surface. The weight reduction that accompanies
segmentation of the radiator is the crucial reason (English and Guentert, "Segmenting of

Radiators for Meteoroid Protection," ARS Journal 31, 1162-4 (1961)). In such a radiator, the
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heat-pipe circuits range from very long runs, in order to transport heat to the farthést reaches of
the radiator, to very short runs that simply convey the already-distributed heat to the radigting
surface itself and are occasionally called "vapor-chamber fins." Over this range of application,
the requirements imposed on the heat pipes differ considerably. The long runs require the ability
to transfer large amounts of heat in the 'vapor.phase through a duct of a given cross-sectional
area. The vapor-chamber fins require low vapor pressure and low liquid density in ordef that the
vapor chamber rﬁight be as light as possible per unit of surface area. The wide range of operatirig
temperatures also affeéts selection of working fluid and containing»material. The Brayton cycle
. presents a special problem in raaiator design for use of heat pipes inasmuch .as the wasté heat is
to be rejected over such a wide temperature range even within a single power system} on the

other hand, this wide temperature range produces for the Brayton system the lowest fluid flow

and inventory for those concepts using pumped liquid circﬁits for heat rejec;_tion. - Further

investigation of heat pipes for radiators over this range of conditions is required.

- 3.5.3 Radiator Design

A given radiator design is based on an actual or assumed state of constituent technologies - -
and on a given set of consfraints, such as volume available in the launch vehicle. It's ti_me .to.
reconsidef radiator design for the thermal power systems with the view of improving their w_eigh'.c,'
reliability and packaging for Jlaunch. Methods to cope with the wide range of heat-r.e__:j_ecv:tiqn"
temperatures from the Brayfon cycle should receive special attention. The possibility of _llljé_digtor
fébrication in space should also be studied. |

As the constituent technologies 4advance, the radiator-design studies should be reviewed andr

reassessed every two or three years.
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3.5.4 Advanced Concepts (Dust and Liquid Drop Radiators)

3.5.4.1 Dust Radiators

An entirely different approach to the radiator problem may yield significantly impi‘oved
designs. . This particular approach is baséd on the fact that sméll particles can have almost
un]jmited ratios of area to mass sir';ée the ratio is inversely préporfional to the size of. the
particle.- Such "dust" pértiéles could then be very efficient radiatofs. The particles are heated in
a container and projected in a stream .tb be caught by anofhex; container and reheated, thrown
again, ete. While the particles are traveling from one contéih_er to the next, they cool, losing
their heat by radiation. |

- A highly simplified analysis of this coﬁcept has recently been developed. ' In this anal&sis it
is' assﬁm’ed that the mass/unit éxit'area of the chamber is a given number, that the kinetic energy
of'eéch particle is 0.5 percentpof the amount of heat lost by the pafticle in its flight, that the
amount of particles inside the chamber are about 20% of the barﬁcles in the stream, and that the
number density of the particles' m the stream is such that only about one-half of the solid angle

seen by the particles in the flow of the stream is blocked by other particles.

3.5.4.2 Liquid Drop Radiators -

It is proposed in addition that a stream of liquid meta;;l droplets about .1 mm in diameter be
used as a radiafor. This concept‘ re'.(ains the low-mass advantagés of a dust radiator, and has the
additional advantages of allowing heat transfer by conduction in the heat exchanger and ease of
| m‘anipulation.

In particular, the punsrulion of a uniform, collimated stream of liguid drops is a
'v'vell-developed technology, and colléction and transport of the cooled drops (after radiating)
appears to be a solvable problem. One rudimentary collection scheme is presented below and

more efficient designs are doubtless possible.
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A governing factor in design of a liquid droplet radiator is mass loss via evaporation. The
mass required to replenish the evaporation must of course be included in the overall radiator mass
for comparison with other radiator schemes. It has been found, howevér, that for a given radiator
température range, liquid metals exist for which evaporation loss for a 30 year SPS lifetime is
sufficiently small that the liquid droplet radiator is still considerably lighter than a tube radiator.
Fig. 3.5.1 shows a possible configuration for implementation of the liquid droplet radiatof.
The use of paired modules eliminates the need for a long return loop for the radiafo_r liquid.l The
liquid absorbs the heat rejected by the working fluid in one module and is projected in a 'thin
converging sheet toward the second module which collects the radiatively cooled liquid in a
rotating drum. The collected liquid absorbs heat from the thermal engine of this second. module
and is projected back to the first module to complete the loop. A sheet réther;than conical
configuration for the drop stream rhinimizes the solar radiation absorbed by the stream. . .
Fig. 3.5.2 shows the prihcipies of drop gehération and collection. The generator is an array
“of holes or nozzles with provision for rapidly varying the pressure of the fluid (vibrator) to gphjeve,
a uniform drop size. This technique is well established in the operation of ink-jet printe;'s; "Ifhe :
collector is a rotating drum so as to form the drop stfeam into a continuous liquid by cent_l_'ifugal
‘ agceleration. Only modest rotation speeds are required to develop a sufficient head for‘ the pump.

AThé principal requirements for the radiating medium are a low melting terhperature and low
vapor pressure. Current SPS designs incorporate engines with rejection temperaturg‘g of
'70,0-1000°-K (peak temperature for the liquid drop radiator) so a melting point in this range and
below is desired to avoid the complications of manipulating solid particles. Of course, a lighter
x;adiator may enable even lower rejection temperatures to increase thermal engi'neefficigncy SO
thﬁt ideally the radiator medium should have as low a melting point as possible.'. Also the. vapor
p{ressure at the radiator temberature should be low enough to avoid excessive mass loss due to

evaporation.
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Initially, silicone fluids were investigated for this application due to their low vapor
pré'ssdf'e. However, the stability of thesé fluids under repeated tefnperature éycﬁng is. question-
able and liquid metals appear to be more attractive radiator media. .

Table 3.5.1 shows the relevant properties of some elem'é:ntal liquid metals and Figure 3.5.3
shows the .vapor pressures of these metals. Among these, gallium and indiﬁm” have the lowest

mélting points and also exhibit low vapor pressures. For large scale installations, these metals

may be too rare, however, to be prac'tical.. Lithium ma‘iz prove useful, due to its light weight and

large heat capacity. Above 500°Kf >however, its vapor pressure is excegsive. Tin appears: to be
the most. practical radiator medium, as it has a small enough vapor ’:pressure to be usable at
1000°K -and thus affords quite}a wide operafing temperature ranée from 505° to 1000°K.
Aluminum's high melting point (933°K) restrictsj‘its use to a narrow"range of high temperatﬁres,
_ Whilé‘ lead .may be alloyed wit_ﬁ tin to produce a low melting pointr-:eutectic. (melting temperature
“460°K for a 60% tin mixture). A wide range of binary eutectics was investigatéd but the lead-tin
mixture was the only one among those having low vapor pressure components with a melting
temperature appreciably below that of tin.

The mass loss for these materials.'prove to be surp‘xf‘isingly lowv;_t>his mass loss is plotted
versus temperature in Fi;gure 3.5.4. Also shown are the :cqi'respondingjvalues for Lithium (with
T1=453°K). The mass. loss for tin is .less than the mass of the liquid in the radiating slab for
temperaturés of 1000°K, for a thirty year life, while for lithium one is restricted to temperatures

7

below 550°K. A rule of thumb is that the vapor pre'ss'{xre should be less than 10~ * mm at the peak

droplet temperature.
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Melting - Boiling  Heat of Sp. Heat Th. Cond. Density Surface

Metal Point Point Fusion (liquid) © - (liquid) (liquid) - Tension
Ga 303°K 2523°K 80.1% 0.41g—J_—7 033 cm‘f’ % 60.1—% 740—3?,-
In 429 2348 284 027 042 7 600
Li 453 1600 410 422 042 05 —

Sn 505 3000 594 0.26 .‘ 0.33 6.8 - 550
Pb 600 2013 238 0.15 ©. 015 105 420
Al 933 2483 389 '1.08 0.84 23 900

Table 3.5.1 Properties of Liquid Metals
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While conventional tube type radiators for space power systems typically weight 500-
2000 kG per MW of radiated power, a liquid drop radiator is 10 times less massive. Since radiators
comprise a large fraction (up to 40%) of the total SPS mass in conventional designs, liquid drop or
dus;c radiators offer a enhancement of the feasibility of SPS thermal sysétems. Because of the low
mass, significantly lower rejection temperatures are feasible with dfoplet radiators and thus the
efficiency of SPS thermal engines may be markedly improved. It may even be possible, using, say,
low melting point eutectics, to use steam Rankine‘cycles in space, héretofore impractical due to
the low rejection temperatures.

The technology for prodl;ction of droplets is Well established ahd the simple radiator
vconfigur/atvion illustrated here offers at least a starting pbint for droplet colle.tlztor‘designs. Also,
fortunately, there exist liquid metals with low enough vapor pressures to be practical over 30 year
SPS lifetimes. While the elementary' analysis of the operation of a droplet or dust radiator
presented here shows the great promise of this concept, optimization and more detailed design is

neceésary to fully assess the potential of the droplet radiator.
3.6 Coneclusions

All the concepts (photovoltaic as well as solar thermal) require substantial advances in
" technology in order that the goals set for SPS might be achieved. Because of this, none of the
concepts has such low risk that it ean be relied upon to the exclusion of others. Therefore, all the
concepfs competitive at this time should be supported until sufficient information is available to
permit narrowing the choice. If arbitrary harrowing of the program is required by budgetary
pfessurés, then prudence would require that the competitive concepts to be supported should not

have a common question of feasibility such as radiation damage.
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3.6.1 System Reliability

Some missi.on planners incorrectly consider the solar-thel;mal power systems to have
inherently a lower reliability than photovoltaic systems. This view stems from two ‘basic'
viewpoints, viz., (a) the lower multiplicity of elements in solar-thermal systems éompared with
photovoltaic and (b) what is coﬁsidered to be an inherently limited life for rotating machinéry., In
fact, the number of power-generation modules for a solar-thermal version of SPS could r‘eédily be
of the order of 100, a value high enough to give the spacecraft very high reliability; an analysis of.
this reliability issue is highly desirable in order to provide specific, definite information on this
subject as background for the mission planners.. |

Consider, for example, that the reliability of each power-generating module is  0.95°
Although there would then be only one chance in 170 that a_ll‘100 power modules would;opera'teA,
without failure, there is also only one chance in 35 that more than 9 would fail,,~". Evep in the
complete absence of maintenance or repair, such a low failure rate is readily compensated for by
i_nit_ially installing 10% excess capacity.» And with that 10% allowaﬁce, there is only 1 épgn_e;e_ihi
2000 that power output would fall below 95% of the selected end-of-life power.

Even higher reliability numbers could be realized, if that were ever necessary, simply by
using a larger number of power modules, say, 1000 modules of 5-10 MW each. For a,. unit
»reliabi.l_ity of 0.95 as before, provision of only 8% excess capacity at mission stasrt wou;ld‘ Ayield‘
0.999 reliability of producing rated ppwer at the end-of-life and only oné chancg in a millionl that
enq-of—life power would fall below 98.7% of the d_esired value. (Power fluctuations.exceeding
_the:s¢ variations will result for every concept; including photovoltaie, because of ‘varying _
étmospheric attenuation of the microwave beam.) If maintenance of SPS in geostationary orbit is
practical; then even higher reliabilities can be achieved. The age-old criticism of the re]jgbility
of dynamic power sysfems because they have low mutiplicity of elements is .overcome‘by' the

sheer scale of SPS.
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3.6.2° Design and Fabrication of Components

The solar-thermal power systems raised issues in mission execution that remain largely
unfééolved, problems concerning the packing density of the components during launch and

-eoncerning construction and maintenance in space. Inasmuch.as these problems were defined in

the SPS ‘mission studies, now is the time for the component-design specialists to study how the

components might be designed and built so as to overcome thes.é problems. The approach shoﬁld
be. iterative with first the component-design specialists attempting to relieve: the foreseen
problems;-and then the mission analysts should evaluate the impact of the proposed solution on the
overall performance of the resulting SPS. Several such iterations should broduce design concepts

for SPS significantly superior to those now in hand.

3.6.3. Solar Concentrators and Receivers

-~~~ Lightweight high-performance focussing solar co]lectbrs are common to all :the
solar?thermal systems as are the solar heat receivers that absorb this heat and transfer. it ‘to 'thé
working . fluid. For the receivers, the state of the art is still rather primitive and considerable
effort on design and experimental evaluation of concepts is required. Such an effort would focus
on achieving low weight, high cycle temperature, good thermal efficiency and resistance to
thermal shock on entering and leaving the Earth's shadow. |

Low weight was achieved in the receiver concept for the alkali-metal Rankine systems by

exploiting the high-flux capabilities of the alkali metals. The receiver for the Brayton systems

- was considerably heavier because of the lower heat fluxes achievable by gas-cooling the receiver.

Some investigation of Brayton receivers is required to explore the feasibility of reducing receiver
weight through use of flowing alkali metal as the heat-transfer medium for cooling the receiver

and heating the Brayton's gaseous working fluid.
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3.6.4 High Temperature Materials

Existing technology of fefbactory metals (chiefly tantalum alloys) is such that either
}3_;‘ay"ton or alkali-Rankine systems could be developed for peak .cyclel temperatures "o'f 1500°K
(2250°F). A limited amount of data on refractory metals shows that higher temperatures‘ up to | :
perhaps 1600°K (2400°F) may also be practical. Molybdenum alloys appear to be competitive in
- strength with and to have only 60% of the density of tantalum, but not many mﬁlybdém_;mu ‘a',lldys-
have been developed, nor have techni.ques been evolved for fabriéating receivers, heat exchéng;eré,'
or turbines of this metal. On the other hand, the molybdenum alloy TZM has been creeb tested
for periods exceeding 5 years at 1350°K (2000°F) and 1400 MPa (20000 psi), and moly-alloy |
turbine blades have been tested in turbines operating on potassium vapor for a total of ,.10000. |
hours without encountering basic problems. |

On the 4basis of existing data on materials, ceramies might permit even higher tem‘peraturés'
for Bi"ayfon systems, but no effort has gone into their inveétigatioh for SPS. ARPA inVe'st,ed; 9§er
,$30 million in ceramic materials for gas turbines, and very substantial advances in.- ma@éri;gl
prpperties and in knowledgé of how to use these materials were evolved. On the basis of -r'na’terli:gal
pro_perties alone, ceramics_ are suitable for use at temperatures of 'af least 1650°% (2500°F) '
Because of the success of this materials program, the Department of Enélfgy has beguri a program -
for use of these ceramies in automotive gas-turbine (Brayton-cyélé) engines; the projected value.
of -‘the current program is about $150 million. Some effort in the SPS program should focus on
adaptation of tvhis rapidly-moving technology to, SPS. |

Bécause radiators for both Brayton énd Rankine systems are a substantial portion of _to{al
system mass and because the potential for meteoroid penetration of their fluid passages tends to-
degrade system performance with operating time, substantial effort is reqﬁired on the design of
this critical component in order that we migﬁt achieve low mass gnd high reliability. Advanced,
novel concepts in radiator design are considered in this report as wéll as the technology for. more-

conventional radiators that can be folded and packaged for launching and then erected or dépl_oyed
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in space. Exploitation of man in space for radiator assembly, erectioﬁ and maintenance has
received only cursory attention.

A seldom becognized advantage of the dynamic power systems (whether Rankine or Brayton)
is that they p‘rqduce power in a highly usable form that greatly simplifies ‘the problems of power
processing. Their output power will be AC with a frequeney of a kilohertz or two and a potential
qf a few kilovolts. This power would also be regulated as to frequency and voltage. The energy
losses in and the heat rejection from the power processor &re ‘thereby much reduced. The
generators or motors can also handle significant amounts of reactive‘power, if that is désired.

“Table 3.5.5 is a proposed GBED for solar thermal SPS system.
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SPS. Goals: -

2-3 kg/kW Conversion System

3-5 km Diameter Concentrator
Concentration Ratio: 5000: :1
Absorber Temp./Eff.: “4(}0 OF/90%
Radiator Mass: 1-3 kg/m” or less

GBED Targets:

" Demonstrate 3 kg/m2 Radiator Panel

30 m Diameter Thin-Film Concentrator
Concentration: 2000:1 o
Absorber Temp./Eff.: 2000°F/90%

Engine/Generator Size: 30-300 MW-

1. Materials & Component
Fabrication Technology

2. Engine/Conversion Systems
Design Analysis

- 3. Lightweight, Reliable

Heat Rejection System

4, Lightweight
Concentrator

5. Solar Heat

Receiver

6. Advanced Component/
System Concepts

Costs $M

Engine/Generator Design: 2-3 kg/kW or less
Eval. Adv. Heat Rejection System:

2

1981 1982 1983 1984 1985 1986
eeramics, moly anoye, joiniﬁg, shaping, etec.

| | , , assess-
alternate systems eval. seleeted options system optimizatiop ment
alt: designs/selection fabri_catiop test and evaluation
alt. designs/selection . ‘fabrvication test and evaluation
receiver ' selections  test and evaluation
-aevanced engine/generators selections  test and evaluation
2 o 5 s 5 5

Proposed GBED: It shouxd be pointed out that the proposed GBED was prepared as part of an intense three—day meeting. The
authors of this report regard this as a provisional statement of a GBED objective and a more extensive review of the capablllty of -
solar thermal systems should be undertaken before GBED is developed. ‘

Table 3.5. 5

Provisional GBED in 1980 Dollars '
Solar Energy Conversion
Thermal Power to Electric Power



. 4. ELECTRIC POWER DISTRIBUTION PROCESSING AND POWER MANAGEMENT

';Phe economic practicality of the SPS is greatly affected by the tens of thousands of kilovolt ﬁ
operation that is necessary to operate the power transmitters directly from the solar array or via |
power processors, and which is also required to minimize the weight of the power conductors and
ultimately the transportation cost.

Thé technical feasibility of the SPS will depend on the technology readiness of techniques,
components and equipment to reliably distribute, process and interﬁxpt hundreds of megawatts of
power at tens of thousands of kilovolts. . The combined requirgments of dissipating concentrated
heat and preventing breakdowns due to corona in the insulating materials or arc overs due to
plasgmi discharges are much more severe in space, that is,.in the absence of the insulating’ and
th,,eilftnalitransfer properties .of" air, than in similar high poWer and high voltage ground applications.

*“ "The technical feasibility of the proposed SPS power distribution and processing concepts
hir'lgesion~the: successful realization of high power kilovolt ultrafast protection switches (one
circuit -breaker for each high voltagé; 600,000 per SPS for the klystron concept) required to -

protec‘t the transmitter tubes for the normally occurring tube ares.

—

4.1 Power Distribution System Configuration

The approach sﬁggested by the study contractors is to combine the output of solar array
éectior.-\suand then redistribute it to load centers that individually account for between 0.5 and 3%
of the total transmitter load power.

Consideration shall be given, through SPS system studies updating, to enhance system
reliability and to limit the rating of the power distribution and processing equipment that need to
be developed by having each of the load centers powered from separate solar arrays and power

distribution channels. .

78



¥y

‘Separate solar array sections should also be considered for recharging of the energy storage
elements and to power the other spacecraft subsystems. AC distribution shall be carried on as 'an '
option until the economic pracvticality of the high power tens of kilovolts, fast response, DC

téansmitter tube protection switches has been established.

4.2 Power Processing Equipment

'ReQuirements definition studies should be expanded to ascertain that the weighf ahd
effici'ency estimates of the proposed power proceéssing and Aprotection equipment are_.baséd on
requiréments that are sufficiently complete so as to preclude gross errors in the predict;.ed SPS
weight and cost estimates and to insure that the technology development effort required to bridge
the gap between the present and predicted state of the art is properly defir_led and scoped; Of
particular concern are undefined requirements regarding grounds isolation, EMC, cathode to .body.
vo'lvtage ripple, and tube arcing energy limiting protection requirements as well as a closél"
approximation of the voltage and current requirements of the various depressed conectoré of the
transmitter tube (substantially different r'equirements.‘ were assu'med by. the two SPS "stgdy .
eontraetors). | |

- ‘Investigations and laboratory experimentation should be carried out- to deimbnstrate the

feasibility of the predicted efficiency and specific weight.

4.2.1 The Technology Readiness of Power Processing

‘The total weight of the Satellite Power System is projected to be about 35 to 50 x 1_06 .

kilograms for a 5GW system (with 8GW of power input to the trané_mitters),. This corresponds to.a
specific power density of 4-6 kg/kW of processed power. This projected weight appears to.
correspond to a system which will be potentially competitive 'w‘ith future ground based powér

systems. However, present aerospace power procéssing technology corresponds to a power density
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of the order of 10 kg/kw. Thus the power processing alone, using present technology, weighs more
than the total projected system. In agidition, present technology will not perform the functions

required.

It seems clear therefore that a major effort in power processing technology development is

_ necessary to make future satellite power systems first, technically feasible, and second,

economically viable.

4.2.2 Power Processing Equipment

| . Requirement definition studies, the conceptual design, and weight and efficiency estimates
should be updated. Scaled dowr feasibility test models can be utilized to demonstrate high

voltage generation and thermal control, specific weight, and efficiency

4.3 ‘Power Distribution and Processing Components

Necessary technology developments required to advance the state of the art so as to make

the SPS concepts technically feasible.

4.3.1 Switch Gear

Three major categories of switch gear have been identified by contractor study as required
for SPS operation. These are: |
| a.. Fifty kV, 200-1000 A solar array module switch
b. = Fifty kV, 5-10 KA main line switch = °
e. ' Fifty kV, 1-10 A high speed (5-10 msec and 5-10 sec) switch
Present aerospace technology provides switch gear capable of switching voltages in the area of 28

to 300V, handling power levels of 25 kW and having operation times to 20 milliseconds. It is
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therefore obvious that present technology falls far below the SPS requirements. »inthout .va'st |
improvements in this important technology, the power distribution, pfocessing and mgnagéméni
concepts of the SPS cannot be implemented and the survival of the normally areing transmifter
tubes cannot be insured. |

:’
Sy

4.3.1.1 High Power/High Voltage Switchgear Development Plan
Requirement 'de'finition studies, conceptual designs and weight estimates should be updated.
Feasibility test models can be utilized to demonstrate high voltage operation, ,ult'rafastboverldad

protection times, and specific weights

© 4.3.2 Power Device Development

Power electronic devices form the building blocks for switch gear and dc/ac caner_ters "and: |
inverters and as such are critical to high perfor-mance systems like the SPS. SPS will require new.
development in areas of: | |

a. »Transformers'.

_b.  Inductors |
c. Capacitors
d. Diodes
" e. - SCR's
for operation at 40 kV and ultrahigh power. Present technology is not available for devices
operating at the SPS required power levels. Therefore, without new.dévelopm.envt to ;the_'se

required performance criteria, switch gear'and power prdcessing goals will not be met. - .-
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4.3.3 Power Transmission

SPS requires transmission of extre.mely large current (10kA) at potentials of 50 kV over ﬂ
dist@n,ces of tens of kilometers. Therefore, developments in the areas of:

a. Conduetor joining techniques

b. Supports (insulators and stand offs)

c. Surface treatment for heat transfer

d. ;ﬂEquipment/transmission line connectors
are ri.eeeséary for practical power trapsmisgion. The‘ SPS requirements ar-e several orders of
magnitude more difficult than present aerospace systems.

- Without weight, transmission efficiency and‘arc'pt"otection imprbve;ments in.these recom- .
mended areas of development the SPS will not bé able to meet the combined goals of technical
feasibility and economic viability. |

If adequate consideration is not given to the total power transmission system, catasti'ophic

dér.n'age may oceur to the equipment on SPS,

4.3.4 Rotary Joints

There are two main rotary joints on SPS. The contractor studies indicate that one joint will
require a slip ring, which is 10-15 m in diameter, and the other will require a power cable that can
be flexed plus or minus 15°. | |

It is anticipated that the problems with rotary joints are solvable provided proper attention
is given to.them early in the SPS program. Cpnsideration shall be given to the use of small ring
c.]ian}eters.(l-2 meters) so that the bearings drive mechanisms, fabrication techniques, and other
associated problgms become easier to manage. |

There is the need to develop ring and brush materials that can be operated al high cur&act

temperatures (20090).' Also brush materials capable of higher current densities than those
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proposed by the contractor (7.5 A/sz) are needed. 'Consideration will be given' to the bi‘oblem of

cufrent distribution when multiple brushes are used on the same ring carrying very high currents.
Additional defintion of the flex cable configuratién is required. While the angulaf -

displacement is only plus or minus 15 degrees, the mechanical properties of this system must be .

determined, i.e., fatigue of large diameter conductors, mechanical interactions, ete.

4.4 Space Craft Charging and Plasma Interactions

The geostationary»orbit-plasrha environment presents special ﬁazards to spacecraft designérs
because of the presence of the dense, high temperaturé plasma associated with the plasma-,sheet; i
Plasma sheet electrons may charge up the satellite to high voltages (of the order of 10 _.KV). |
- These high voltages may cause breakdown (arcing), damage to componénts, chang'es in réfl'gctiye A
~ or thermal control surfaces and possibly shock hazards for EVA and docking‘activi.tes. - Adequate »
protection techniques have been established for low voltage satellites 'so that communication
satelites have now been built which operate at GEO with no problem.
| An associated problem tol spacecraft chargiﬁg is that the ambient space plasmé and’
,photoelectrons enter the solar cell array and form a parasitic load. |

- The voltage that the solar cell array develops éttracts plasma ipns andfelectro‘ns ,td» it
causing a voltage drop (IR drop) across the cover glass or substrate or blanket support T&Ferial.- .
Labofatory tests at Lewis Research Center and Johnson Space Center indicate thét‘large sui'faces
held at positive or negative high voltages tend to arc. -

The Marshall Space Flight Center contracted with Rice University for a small study <$:f _t'hev
space plasma effects on an early Rockwell International SPS design.” This study recommended |
several design modificatibns and concluded that, with these mbdifications SPS operation at GEO
was probably possible. However, the study stipulated that laboratory and flight testing of specifiAg
solar cell arrays operating at high voltage are neceésary for a definitive. conclusibn.A This study

has not. addressgd the latest SPS designs using epoxy-graphite composite structures.
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* The Rice study did not address the sepérate quest.ion of high voltage protection for the high
vbltage‘s’-generated by the solar cells themselves and throughout the entire system. The high
voltage "question is critical to the SPS concept for two reasons: First, the large satellite
diméﬁsions require power transfer at high voltage to minimize 12R losses in the bus bars; second,
the use of either klystrons or magnetrons requires high voltages at the device. The solid state
séndwiéh concept is the only SPS concept considered extensively' to date which can operate
entirely at low voltages.

A is'-necessary to establish whether or not high voltage (40 KV) solar cell arra;}s are.feasible
at GEO on the SPS size scale. | There aré 'two‘parts' to this problem, namely, the space plasma
interaction question and the design of the sys‘te‘m itself to withstand its own high voltage stresses.
. The im'lestigatibn should include a theoretical analysis, possibly coniputer modeling of t-he
spacecraft fields, laboratory tests of some realistic, arcing protected, solar cell arrays and power
distribution- dev1ces in a substorm plasma simulator and eventually flight tests in the geostatlon- ‘
ai'y'orbit.- A piggy back ride on another mission to GEO might be possible. k

 Flight 'tests should be condtcted at LEO to determine the high voltage levels a representa-
tive sbhr array and power distribution devices can tolerate in the LEO envirohment for use on the

EOTV.

k3

4.5 Energy Storage

The objective is to provide power to various SPS components at times when the array is not
prbdtxcing power such as during earth shadow portions of the orbit or shut-down for maintenancé.
The ‘major portion of this power is needed in the form ofb thermal energy, i.e., to keep klystron
heaters warm (for added life) if klystrons are used to produce the RF power.

" The appréach suggested by the study contractors was to use batteries or fuel cells. These
are straightforward means for providing energy storage. However, the projected requirement of

up to 40 MW-hrs of energy will require the battery or fuel cell system to have a high energy

84



density. Today's best battery technology for synchronous orbit application can be credited to the
nickel-hydrogen system with an energy density of 33 W-hr/kg and is projected td reach 66 W-hr/kg
with a high confidence level. New battery technology such as the molteﬁ salt systems being
funded by the DOE for transportation vehicles are also being considered as the next generation
space battery. Specific energy estimates for these batteries range from 110 W-hr/kg (Air Force)
to 200 W-hr/kg (SPS study contractors). If the requirement of 40 MW-hrs is realistic and if 200 W--
- brs/kg is achievable, then 400,000 Kg per SPS system can be saved by supporting the molteh salt
battery for space application. In concert with using the molten salt battery, thermal managémént
becomes very important. Good thermal management techniques would allow the use of parasitic
thermal power to keep the electrolyte hot rather than increasing the solar array size to prév_ide
the battery heat.

Another a‘pp'roach to providing thermal power to the klystron heaters is to cohcéivé of a way

. to-use heat pipes (that are now used to cool the Klystrons) coupled with a fused' salt thermél .
energy storage capsule that melts the salt during normal operation and freezes the salt,bgiving up
heat to the klystron heater during the time the klystron is not being: poweréd.- These 'thermal -
energy storage/heat pipe concepts are demostrating 100 W-hr/kg in the lz'aboratoryl with today's
technology and are projected to reach 220 th'r/kg. :

The molten sait electrolyte battery should be designed for space application, cells built and
completely characterized. Also, of interest is the corrosion effeéts ﬁssociated with the molten
s.alt system that could seriously reduce operational life of the battery.

Likewise if klystrons continue to be the primary means for RF power generation,.a.study

_effort is needed to deterfnine if a thermal energy storage/heat pipe configuration makes sense as
a means for providing the heat needed by the klystron heater during non-powered periods. :§hou;d
the conqept appear feasible, an effort should 5e initiated to build and test the combined _unft to

prove the concept.
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4.6 Power Managément

The deveiopment plan involves conductiﬁg power management system (PMS) conceptua:l
. design studie;s to scope the functions and hardware implementation of the PMS including
dév'e'lopmen't of the sensors operating at high voltagés and of the fiber optics needed for analog
and digital data transfer and interfacing with high voltage equipment.

The digital interface units and remofe terminal .units that will become part of the various
pbwier‘"‘fdigtributions, power processing, energy storage and thver;nal control equipment-should be
defined to facilitate their integration into the PMS and SPS.

The PMS of the SPS is requit;ed to fulfill the functions of monitox‘ing. the quality of critical
electric power system parameters, the state and perfc;rﬁiance of importunl power distributién,
bbWer- prdcessing, energy storage and thermal control: eéuipment and take corrective action in
case of out-t;f-tolerance performance or malfunction;. In addition it has to p‘rotect the powér
sSrs't"e'm' elements against destructive overloads, provide protection and recyleing to arcing
tbéﬁémitﬁer tubes and insure safe access of maintenance operations.
=~ “The PMS also assists in adjusting the delivered pbwex; by the rectenna to the varying load
demands of the electric power utility, by adjusting the voltages‘to the transmitter tubes or by
turning off the powei' to selec¢t antenna load centerS. -

These tasks are performed by gathering data through .vérious types of sensors, analyzing
status and trends, predicting electric power generation and generafing reconfigurationl decisions
by means of the electric power system (EPS) data processor.

The EPS data processor interfaces with the electric power distribution and processing °
system elements through a data bus and remote in’te.rface units. Data transmission {s acco‘m.-
plished via fiber optics which allows the use of high data rates, provides inherent protecfion

against short circuits to ground and allows optical data transfer across rotary joints.
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