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Section 1

IN,MDQCTION

The objective of the Advanced Energetics program at NASA-Lewis

Research Center is to search out and investigate innovative new concepts in

energy processing systems which, if successfully developed, could provide

substantial improvement over state-of-the-art technologies now envisioned

for space missions beyond the 1990s. This overview study was undertaken as

a first step in this program. The overview study wan performed to (1)

define the state of the art of space power technologies, (2) establish

"benchmark" standards for comparison of competing technologies on a unified

basis as well as to provide a measure against which new and unconventional

concepts can be evaluated, (3) address the technological impediments to

reveal new research opportunities, and (4) make recommendations on the

technological areas with potential for major improvements so that NASA's

limited resources for further developments can be directed on c. meaningful

basis. The purpose of this report is to review the findings and

recommendations of the overview study. A summary of those is included at

the end of this section.

Future scientific missions, the requirements of man in space, large

scale communications systems, propulsion and the new opportunities enabled

by the prospect of power beaming are all driving forces in the

consideration of advanced space power systems. These forces manifest

themselves in the trend toMSrd higher power requirements, higher vol*ages,

higher temperature power conversions and higher waste heat rejection

temperatures pushing beyond the capabilities of current technologies. The

main issues are the requirements of new missions, the potential ability of

advanced technologies to satisfy those needs and the likelihood of

realizing that potential. These issues .are discussed in a general way

below and are treated in detail with respect to specific technologies in

later sections of this report.
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Previous reviews of advanced space power technologies have generally

been limited to specific topics such as energy storage, (l) photovoltaic

cells	 radiationradiation energy conversion in space,	 oror to forecasts of

mission requirements (4) and power system requirements. (5) The emphasis here

has been to broaden the review to encompass all of the major categories of

space power technology and to develop self-consistent priorities for

choosing those technologies with the highest payoff, regardless of which

category they belong to. The scope of this study is outlined in more

detail below, and the methods used to assess and rank advanced technologies

are discussed briefly in the following sections. A summary of the major

recommendation is presented in Section I.S.

1.1 ,SQpg

Solar energy collection, nuclear energy sources, energy conversion,

energy storage, power transmission, waste heat rejection and power

processing technologies are included in the scope of this study. Power

systems for producing electrical energy and in some cases heat have been

considered. The power output is assumed to be used on-board the spacecraft

or for beaming to anothor spacecraft. Power transmission to ground

receivers has been excluded from this study because it lies within the

province of the SPS program; however power transmission from the ground up

to satellites has been included. Specialized power processing for

spacecraft propulsion also lies within the scope of this study, while the

precise mechanisms or processes involved in the propulsion unit are not

considered. In short the uses of the power output are treated to the

extent necessary for characterizing their requirements on the power

system.

New and advanced technologies being developed by government,

industrial and university groups have been reviewed. The stage of

development varies from flight tested systems all the way to concepts not

yet even at the laboratory experiment stage. One of the primary objectives

of this study has been to sample a wide range of groups involved in

research and development on technologies related to space power systems.
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Information has been obtained from Department of Energy programs funded in

this area as well as from the aerospace industries and other firms involved

in relevant research. NASA energetics programs have also been reviewed to

determine the state of the art of advanced technology.

1.2 Methe -Im

A committee of scientists and engineers whose expertise spans the

range of advanced space power technology was assembled to carry out this

study under the direction of Mathematical Sciences Northwest, Inc.

(MSNW). Their review and assessment was carried out over a period of six

months through their own individual efforts and as a group in a series of

three committee meetings. This report incorporates the committee's

assessment and recommendations for R & D in those areas which offer the

greatest payoff for improved power system performance.

The review of the state of the art of advanced and new space

energetics technologies was based on the personal knowledge of the

committee as well as their contacts with colleagues and other workers in

the fields which they represent. The committee members were chosen for

their reputation and expertise in their specialties and for their ability

to synthesize the latest information related to advanced space energetics.

The committee members and their responsibilities for this review are listed

in Table 1.1. A list of the groups and individuals contacted for data input

to this review are in Appendix A. A preliminary draft of the review was

circulated for comments and criticism, and these were incorporated wherever

appropriate.

A broad range of opinions have been factored into the review and

recommendations of this study. A portfolio of views is presented which

illuminate key technologies holding high payoff potential for large

increases in space power system performance.

In establishing benchmarks for advanced space power systems we have

taken the point of view that the most advanced flight-tested systems should

be used as the standards. New or advanced space power technology must
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i
	 perform significantly better than these benchmarks in order to qualify for

attention in the Advanced Energetics Program. Technologies which enable

entirely new missions and for which there is no present comparable

technology may also qualify. These benchmarks are summarized in each

technology discussion of Section 4.
i

New and advanced energetics technologies not currently under

development as well as technologies in current development programs but

promising significant advances were investigated in order to determine

their potential for surpassing the benchmarks. In many instances the

technologies are only in the conceptual stage of development so that scant

data were available for assessing their potential. In other cases,

experimental data were present so that a reference level of performance

could be more firmly established. With this background the reader is

forewarned that the estimates of performance improvements are highly

qualitative. For that reason we have refrained from making detailed

distinctions as to the comparative levels of performance improvements which

might be achieved. Instead, we have chosen to focus on those technologies

having a clear advantage over present systems or those technologies which

attack tough performance limits and which may be instrumental to creating

greatly increased performance for a whole class of space power systems.

1.3

The criteria for selecting new and advanced technologies for

research under the Advanced Energetics Program are

• potential for large, nonincremental improvements in

performance,

• enablement of new missions, and

• high payoff for a large nunber of missions.

Within these criteria we have established individual measures specific to
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each of the major subcategories of space energetics technologies to

determine their candidacy for this program. For example in the area of

photovoltaic cell energy conversion the criteria for performance were based

on increased lifetime, high efficiency, lower power-specific mass, reduced

price, higher array operating temperatures....for a range of output power

conditions from 1 kW to 1 MW. Each candidate technology was subjected to

these criteria. Those having the best overall potential for improvements

or those with excessively high potential in one or two areas were ranked

the highest.

The most difficult aspect of prioritizing our recommendations is

related to cutting across the technology categories where comparisons for

example of energy storage technology to energy conversion technologies were

required. For this purpose we invoked the more global criteria first

mentioned in this section. In addition we also considered the finite

resources available to the NASA Advanced Energetics program and chose those

technologies which would benefit most from seed money rather-than those

which would require very large initial expenditures to test their potential

for improvement.

1.4 Structure of Reuort

The results of the state-of-the-art review, the technological

assessment of new and advanced energetics and recommendations for high

payoff technologies are summarized in each subsection in Section 4 by major

technology category. This approach had the advantage of allowing us to

apply category-specific criteria for ranking technologies before cutting

across these boundaries in our final recommendations. The contents of

Section 4 are also intended to be the beginning of a catalog of

technologies which have been investigated for space energetics along with

our opinion of their potential. This format should assist researchers in

the field as well as NASA program staff in selecting technologies for

further research.
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The final two subsections in Section 4 address the broader aspects

of new mission enablement and a comparative evaluation of technologies.

These two sections introduce some of the critical space power systems

issues and trade-offs used to prioritize our final recommendations.

In Section 5 we present our recommendations supported by a

discussion of high payoff technologies, R a D priorities, project-area

(technology) recommendations, program priorities and program

recommendations. A, summary of the highest priority recommendations

follows.

1.5 Summary of Findings and Recommendations

The state-of-the-art review of advanced space power technologies has

led to estimates of the performance limits for each of the major technology

areas and to specific needs for improving performance. For example these

include a continuing need for improving the performance of the photovoltaic

cellr., batteries and power processing components now in use as they

workhorse power systems for most satellites. Higher power spacecraft will

almost uniformly require new or advanced approaches to overcome the

stubborn obstacles to scaling up current technology. New techniques are

needed for deploying large photovoltaic cell arrays and for making them

last much longer in space. Waste heat radiators for thermal power system

designs have already reached their natural size limits with heat pipe

technology: New heat rejection techniques will be needed for power systems

much above several hundred kilowatts in size. Energy storage weight

becomes a particularly onerous penalty for LEO and GEO missions as the

power requirements rise: New, lightweight energy storage systems are

needed.

New mission concepts, such as planetary surface exploration and

return and outer planetary travel, also encourage one to consider advanced

power technology concepts such as power beaming, compact high-specific-

power energy-conversion concepts (like gaseous nuclear reactors), power

systems designed for high performance propulsion and novel components to

enable these power systems to function at their full potential.

w!9
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over one hundred different new and advanced technologies have been

assessed in order to determine their potential for improved performance.

Many other concepts may have been passed over, and some of these will

undoubtably arise in the future as being useful to power system

advancement. However our selection attempts to be representative by giving

examples of classes of concepts which have been proposed and/or

investigated for advanced power systems. By applying the screening process

described above in Section 1.2 we arrived at a more select group of

prospects to recommend for support under the Advanced Energetics grogram.

The technologies judged to have the highest potential payoff in

terms of major performance improvement, to have no insurmountable obstacles

to achieving these goals and to be applicable to a reasonably large number

of mission categories were selected for final recommendation. These were

further classified into first priority, second priority and third

priority. The six highest priority technologies recommended for the

program, without any preference intended by their order, are the

following.

e FLYWHEELS FOR ENERGY STORAGE - Flywheels have the

near-term potential of doubling the energy storage

capabilities of batteries, are capable of retaining

their energy for years as opposed to months and for

some applications can potentially be combined with

satellite attitude control to reduce the weight of

two separate components.

e RECUPERATORS FOR HIGH-TEMPERATURE POWER CYCLES -

With the use of high-temperature heat sources,

Brayton cycles may become very advantageous

compared to photovoltaics in terms of power

specific weight at high powers. High-temperature

recuperators (such as rotating or fluidized bed

recuperators) would complement current developments
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in high-temperature expanders to make this approach

feasible.

• HIGH-TEMPERATURE SOLAR RECEIVERS - These comprise

the second key component along with the recuperator

in allowing high-temperature solar-thermal power

systems to be used in space. The potential for

considerably higher-temperature operation exists

with advanced receiver concepts which would allow

high cycle efficiencies and high- specific-power

solar-thermal systems.

• MULTIBANDGAP ADVANCED PHOTOVOLTAICS - This

technology appears to have the greatest potential

for improving the performance of photovoltaic

energy conversion by a nonincremental amount (30%

efficiency).

• NEW HIGH-TEMPERATURE MATERIALS FOR THERMOELECTRIC

CONVERTERS - Several materials have been proposed

which have the potential of thermoelectric

operation with sustainer: high efficiency at high

temperatures. The gain would be equivalent to the

relative gain in Carnot efficiencies achieved by

raising the heat source temperature provided that

increased thermal conductivity losses are

minimized.

• NICKEL ELECTRODE IMPROVEMENT AND ELECTROLYTE

INTERACTION - Proper understanding and improvement

of electrode materials and structure has the

potential of doubling the lifetime and specific

power of nickel, hydrogen battery operation and

F
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making it a significant successor to the = rent

nickel, cadmium battery systems.

The second and third priority categories contain a total of 25 separate

technologies spanning, for example, advanced photovoltaic cell research,

batteries, thermionic converters, array and concentrator deployment

schemes, novel radiators, materials development, beam power transmitters

and receivers and dynamic thermal power conversion components. Details are

included in Section 5. A separate search through these technologies was

made to identify those areas in which little or no work is currently being

supported for development. These -included high-power systems development,

high-temperature batteries, flywheel energy storage, power beaming,

lightweight solar concentrators and high-temperature power-processing

components. The long lead items in these areas serve to emphasize the need

for starting programs in the areas of high-power systems development and

materials and high-temperature concepts which often bridge the materials

and high power systems requirements. The recommendations are completed by

noting a definite insufficiency of data in several key areas with the

potential for significant improvements and by suggesting appropriate

studies to fill in these gaps.

There appears to be a multitude of good ideas for increasing the

performance of space power systems. The Advanced Energetics Program has an

excellent choice to work from and can have an important impact on space

power systems of the future.



Section 2

TECHNOLOGY REVIEW AND ASSESSMENT

The thrust of advanced energy technology in space towards higher

powers and more reliable, lighter weight systems already has its

foundations in concepts that are under development now. Each of the main

technology categories (e.g., sources, converters, storage, etc.) is

reviewed below to determine the current state of the art and to establish

benchmarks against which to judge future improvements. These benchmarks

are based on the best performance of flight-tested components. New or

advanced concepts must show a non-incremental improvement over the

benchmark performance in order to be considered a significant advance over

current technology. The theoretical limits and practical operating ranges

of-new and advanced technologies are also reviewed in ..hose cases where

sufficient data is available. Each technology subsection closes with

recommendations of specific technical areas which should be pursued to

advance the performance of space power systems.

2.1 FnergX Sources and co?lection

2.1.1 Introduction

This section describes the status of advanced technologies which are

used to collect and concentrate solar energy for conversion to on-board

power, and nuclear power technologies such as radioisotope sources and

nuclear reactors. Basic energy source requirements in terms of absolute

power needed and the form of delivery to the energy conversion unit (i.e.,

by thermal conduction, radiation, neutron transport, etc.) are described.

Limits to the performance of advanced energy source technology currently in

use or under development are estimated in order to establish benchmarks for

comparing potential improvements in this area. Conventional technology in

this area is limited to solar energy utilized by flat array solar

collectors for photovoltaic cells and radioisotope nuclear power sources

for planetary probes. Partially developed technology includes lcw

concentration ratio collectors for photovoltaic conversion, high
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concentration ratio solar concentrators for solar thermal power conversion,

and nuclear fission reactors (solid, liquid, and gaseous fuels) for larger

scale space power systems. The section concludes with an assessment of new

and advanced technologies which offer substantial improvements over the

performance benchmarks established for existin^ technologies.

Performance limits projected for developing technologies indicate

that lightweight (500 g/m 2 ), low concentration ratio ("10), solar

collectors for photovoltaic cells can be ready for flight testing in the

near future as a natural evolution of current developments. Systems

combining lower weights and higher concentration ratios are strongly needed

in order to achieve the full advantages of gallium arsenide photovoltaic

cells. Current technology for higher concentration ratio (500 to 1000),

paraboloidal solar concentrators is limited to small (0.5 meter diameter or

less) sizes in lightweight versions. At the intermediate scale,

paraboloidal concentrators 6 meters in diameter with specific masses of

5000 g/m2 have been built. (6) Scaling to larger sizes (i.e., up to 15

meters diameter) appears to result in specific masses of about 2500 g/m2,

at present. Therefore, to enable the use of higher power solar thermal

energy conversion systems, much lighter weight solar concentrators scalable

to large diameters must be obtained.

Solar thermal receivers are integrally related to solar

concentrators for thermal power conversion. Current receiver developments,

associated at present with terrestrial applications, suggests that specific

weights of 0.2 kg/kW (of thermal power transferred) can be reached in a

near-term program. Such receivers will have practical temperature limits

of 1500 to 1800 oR due to the blackbody re-radiation occurring at higher

temperatures and the subsequent loss in receiver efficiency. These devices

can be scaled to larger sizes (i.e., Megawatts) but will need novel

approaches to achieve higher temperatures at high receiver efficiencies.

Radioisotope heat sources currently produce approximately 480

Wth/kg; these devices are a maturing technology with no prospects for very

large increases in specific power. These heat sources are highly reliable

and have lifetimes on the order of 15 years using current designs where the
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limits are not due to the source itself but rather to the converters.

Thermal power is limited to roughly 2400 W per module. The potential to

achieve higher powers and lower specific masses axists in the prodigious

amount of development already invested in nuclear reactor technology for

space. For example, the SPAR solid fuel UO2/1401ybdenum reactor concept
r-

under development at the Los Alamos rational scientific Laboratory has an

1	 unshielded specific power projected at 1200 Wth/kg, a factor of 2.5 greater

than the radioisotope heat source specific power. These devices are being

designed in modules on 4 ,9 order of 100 We, each with the potential to

scale to approximately 1 Mw(s) in size. The prospects for even higher

specific powers are good but will require advanced concept development,

probably in the gaseous fuel reactor area. The question of the kind and

size of nuclear power sources that should be developed in NASA's programs

is very much at issue and needs further clarification through comparative

power systems studies (e.g., nuclear vs. solar) and through a careful risk

and safety analysis. A recent NASA procurement has begun this process of

evaluation.

2.1.2

Energy sources capable of supplying power in the range of tens of

kilowatts to several hundred kilowatts are needed for the class of missions

currently under consideration by NASA. These can be divided into missions

where solar energy is sufficient and those where nuclear power is a

necessity. Solar energy conversion is effective from approximately 0.1 to

2 astronomical units (1 AU it 1.6 x 10 8 km, i.e., the earth-sun distance).

A variety of different solar conversion technologies will be needed to

actually span this range of distance from the sun. Photovoltaic cells can

be used over this range but are constrained to regions which are relatively

free from strong charged particle bombardment. Frequent passage through

the Van Allen belts and similar space plasma or solar storm plasmas rapidly

degrade solar cell performance. Very close to the sun direct solar thermal

power systems may be used if the radiators can view the cooler regions of

space. High concentration ratio collectors will certainly be needed far

from the sun to bring the intensity of the collected radiation up to a
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usable level. concentrators are also needed for high temperature solar

thermal power systems and may be needed for more efficient, long-lived

photovoltaic cell converters. Nuclear power systems appear attractive for

missions far from the sun and have also been used because of their long

life, high reliability characteristics. Nuclear power systems are also

being considered as a possible alternative for orbit-raising missions where

many passes through the Van Allen belts will be required.

2.1.3	 ergy sources

The status of current technology for solar collector/concentrators,

solar thermal receivers, and nuclear energy sources is reviewed below.

Flat plate collector arrays, the most common and best developed solar

collector technology for spacecraft, are discussed first. The3e include

flat panel and flexible roll-out array structures. The assessment of

photovoltaic cells is deferred to Section 2.2. While early work on solar

concentrators and receivers was carried out by NASA, the most recent

developments are associated with DoE-Sponsored research related to

terrestrial power systems.

Nuclear sources have been under development since the 1950s for

space power purposes. They offer very long life and very high integrated

energy output per unit weight. A variety of nuclear systems have been

pursued. some of these have been dropped, while others appear promising

but have not been carried to the application stage, and still others are

either being applied or will be applied relatively soon.

2.1.3.1 =lar rn1_le	 atora

Solar photovoltaic cell arrays have traditionally been flat arrays

with no concentration of solar radiatior_. In contrast to photovoltaics

mounted on a satellite's body, flat arrays provide continuous e:Tosure to

i
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the sun, with close to optimal angle of incidence. Generally, it is

difficult to speak of the array without the photovoltaic cells because many

of the structures integrate these two elements. However, materials,

structures, and mode of deployment help to distinguish the different types

of fiat arrays. In many cases, the array is made in rigid panels which are

unfolded in space. Other arrays consist of a flexible material which is

deployed by unrolling it. The rigid panel structures generally provide

more accurate orientation to the sun but tend to be heavier per unit area

than the roll-out arrays. The roll-out arrays are lighter per unit area,

but their performance can be degraded by poorer solar alignment. A variety

of additional trade-offs ultimately governs which choice is used. In the

past five years low concentration ratio (i.e., 2 to 10) arrays have been

considered as a possible means for reducing the amount of semi-conductor

material required for a given power output and for raising the efficiency

of photovoltaic conversion. Actually, maximum efficiency often occurs at

higher concentration ratios, but the attendant cell heating is harder to

cnatrol and the system specific power deteriorates compared to lower

i
concentration ratios. Also, higher concentration ratio collectors require

greater pointing accuracy to maintain their advantages. A selection of

r	 photovoltaic concentrators adapted from a recent review article (7) is

shown in Figure 2.1 to illustrate the diversity of concepts being

considered. same configurations also lend themselves to cell protection

from high energy particle fluxes (e.g., case N, Casegrainian Light Cone),

and others may be especially suitable for split spectrum photovoltaic

arrays (e.g., Cases C, I, J, and N). Details on photovoltaic cell

technology are presented in section 2.2.

Larger solar concentrators have been constructed for space thermal

power conversion systems which operate at elevated temperatures. Several

of these schemes are shown in Figure 2.2 (a) and (b), suggesting a 14 meter

diameter paraboloidal concentrator with 2400 g/m 2 specific mass which could

be inflated and then rigidized with a quick setting foamed plastic

backing." ) A paraboloidal deployable (petalled) concentrator 9 meters in

diameter was also constructed on the Sunflower project with a honeycomb

sandwich construction, aluminum surface, and 2960 g/m 2 specific mans." ) An
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Figure 2.2 (a). Plastic Film Inflated to Paraboloidal shape.
(Reference 8)

Figure 2.2 (b). Sunflower Concentrator, Deployed. (Reference 9)
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alternative approach (shown in Figure 2.3) using a cone and column

concentrator was also tested in a small size (1.5 m diameter) with

projections of 500 g/m2 specific mass. (e) These concentrators represent the

state of the art for space systems even though neither one has been

actually flight-tested. The larger of the two would be capable of

delivering on the order of 200 W of solar energy to a receiver assuming

perfect reflectivity. Polished aluminum surfaces typically reflect 85

percent of visible radiation at near normal incidence; evaporated gold

surfacing can improve the reflectivity to approximately 99.7 percent.

Larger land-built concentrators exist which are made from silvered glass or

thick metal surfaces. (10) The materials and masses would be inappropriate

for use in space, but the technology of configuring and aligning larger

surfaces in paraboloidal shapes has been established in principle.

2.1.3.2 Solar Thermal Receivers

Similarly, solar thermal receivers have been constructed for space.

For example, the Sunflower project receiver had an approximately EO cm

diameter cylindrical cavity aperture with tubing wound around the cavity

interior to carry the working fluid (Biphenyl - see Figure 2.4). (9) Larger

cavity receivers are currently being tested at the Sandia Albuquerque solar

thermal test facility. (1l) These receivers, in the 1 to 5 MW class, are

several meters in diameter, operate with steam or helium at temperatures of

approximately 500 oC, and are designed for terrestrial power tower

applications. A separate smaller, distributed power solar receiver

research program is also in progress at Jet Propulsion Laboratories (JPL)

where receiver sizes in the range of 10 to 100 kw are being investigated,

which can reach peak temperatures in the range of 1200 oR to 1400 OK;

examples of the higher temperature receiver concepts are shown in Figure

2.5 which utilize ceramic heating elements and, in some cases, windows to

allow cavity pressurization. (12) Higher temperatures will require novel

approaches to receiver technology. In particular, the temperature limits

outlined above normally restrain thermal cycle efficiencies (e.g., Brayton

cycle) to 35 percent or less when the heat rejection temperature is taken
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into account. Thermal energy conversion is discussed in detail in Section

2.2.2.

2.1.3.3 Radioisotope Sources

Radioisotope sources have proven very successful. In many cases

they offer substantial advantages over other energy sources and, in soma

cases (outer planetary missions), are the only viable choice. Table 2.1

summarizes existing and developmental radioisotope space power sources as

of the early 19709. The state of the art is represented by the Multi-

Hundred watt (MHW) radioisotope heat source used on the DOD LES-8 and -9

satellites and on NASA's Voyager missions. The MM source produces 2400

wth, weighs 21 kg, and typically operates at 1400 OX.

Thermoelectric power conversion has been the main power generation

method employed with radioisotope thermal generators (RTGs) giving

efficiencies in the range of 5 to 7 percent and output powers of "0.5

KW(e), optimization of the RTG could probably increase efficiency up to

"10 percent and overall specific power of "88 Wth/kg.(13-15)

While it is probable that radioisotope sources will continue to be

used for space power, limitations on supply will constrain its future use

to an amount not much more than presently used. The only practical isotope

appears to be Pu238, which must be maAe by expensive and difficult

successive neutron captures from U235; :.n fact, it is only realistic to

produce Pu238 as a byproduct from other reactor operations. At "10 percent

power conversion efficiency, only 50 watts(e) of power capability is

available per kg of Pu238. It is doubtful that more than a few KW(th) of

additional radioisotope power sources per year could ever be available for

space purposes. while less developed as a radioisotope source, nuclide 244

Cm 203 has roughly four times the power density of Pn-238 and might be

somewhat more available.

Accordingly, future work in the area of radioisotope sources,

although it can increase efficiency somewhat to make better use of the

Pu238 heat source, cannot greatly expand either the capability of
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individual missions by large increases in power nor can it substantially

increase the number of missions. In fact, if radioisotope generators were

to be preferentially allocated for space military applications in the

future, the amount of power available for NASA purposes could decrease.

2.1.3.4 Nuclear Reactor Sources

No such supply constraint applies to reactor based power sources.

There is ample fuel to sustain many hundreds of megawatts of power

generation in space at high efficiency and high specific power. A number

of systems were under development for space nuclear electric and space

nuclear propulsion, but were all cancelled about nine years ago. In

general, the propulsion reactors could, in principle, also be used for

electric generation by using the hot gas output in a turbine or MM energy

conversion system.

At present, the only space nuclear reactor still being developed is

the SPAR reactor system at LAS0 17,18) SPAR will generate 100 1CW(e) from a

1.2 MW(th) fast reactor (8.5 percent thermal efficiency) using

thermoelectric converters. Heat is transferred from the "1100 oc UO2-Mo

core by sodium vapor in Mo heat pipes to the TE converters. Reject heat is

removed by a 500 oC space radiator with titanium-potassium heat pipes.

Overall specific mass would be '20 watts/lb or about an order of magnitude

higher than RTGs. The design life of the SPAR reactor is 7 years, which

would permit a wide variety of missions; increasing its lifetime to

approximately 10 years would also allow outer planet exploration. Figure

2.6 shows an overall view of the baseline reactor, and Table 2.2 summarizes

the operating parameters. Reactor size is very small (L/D 'l, D '52 cm).

Table 2.3 summarizes system mass parameters for a range of output powers

from 10 to 100 KW(e) using the same basic reactor as structured for

unmanned missions; manned missions will require substantially more

shielding.
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Figure 2.6. SPAR Layered-Core Reactor Design (Reference 17).
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Table 2.2

(Reference 19 )

SPAR REACTOR DESIGN PARAMETERS

Reactor power (kWt)
	 1200

Core diameter (mm)
	

290

Core height (mm)
	

290

Core heat pipes

Number
	

90

Temperature (K)
	

1400

Reactor diameter (mm)
	

520

Reactor height (mm)
	

500

Reactor mass (kg)
	

400

CORE HEAT PIPE PARAMETERS

Number	 90

Design criterion

MW/m2 of vapor area	 100

Heat pipe ID (mm)	 13

Power per heat pipe (kW) 	 13.3

Heat pipe o.d. (mm) 	 15.7

Maximum axial i^T (K)	 1

Radial input heat flux (MW/m j )	 1.1
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Table 2.3

Operating Parameters of SPAR Thermoelectric
Power Plant with Seven Year Lifetime

(Reference 20)

Reactor power (kWt)

Core heat pipe temperature (K)

Fuel swelling (%)

Burnup fraction- 235U W

Thermoelectric efficiency M

Radiator temperature (K)

Radiator power (kWt)

Power plant mass (kg)

Reactor

Shield

Thermoelectric converter

Radiator

Structure

Power (kwe)

10 50 100

110 550 1100

1400 1400 1400

1 2 3

1 2 4

9 9 9

775 775 775

100 500 1010

810 1255 1775

400 400 400

255 335 380

30 140 285

50 255 530

75 115 160
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The present SPAR program is developing the technology base needed to

build a ground based prototype through both analytical and experimental

investigations. Construction of such a prototype could be initiated in 3

to 4 years, depending on results from the present SPAR program which is

funded at a level of 2 million dollars a yaar.

Current experimental efforts center on fabrication and testing of

No-Na heat pipes for the reactor core, Ti-K heat pipes for the radiator

thermoelectric modules, and fuel elements for inpile radiation tests.

Although still in the initial stages of development, all components built

and tested so far have performed satisfactorily.

The neutronic design of the SPAR reactor has been checked by

construction of a critical assembly; theoretical and experimental Keff

values agreed to within 1 percent.

Design studies of a Braytoa cycle with turbine inlet temperatures

ranging from 925 to 1475 OK for use with advanced nuclear reactors have

been carried out. (21) specific Brayton cycle studies for the SPAR reactor

have been carried out (22) which would require higher reactor temperatures

on the order of "1300 oC with turbine inlet temperatures of -1200 oC.

Thermal efficiency would be considerably larger than that of a

thermoelectric conversion system, i.e., "25 percent versus 'e percent.

If successful, the SPAR project will allow space nuclear power

systems in the range of '50 KW(e) to "1 MW(e), depending on reactor size

and power conversion method. It is doubtful that the SPAR technology can

be scaled to much larger sizes because of heat transport limits in the Mo-

Na heat pipes, as well as size limits relating to reflector control in fast

reactor systems.

LiQuid Met Cooled sod?d Pie? R^a_etors

Extensive work was carried out by Pratt i Whitney as well as Atomics

International, NASA-Lewis, and Oak Ridge National Laboratory during the

1950s and 1960s on liquid metal cooled fast reactors for space

applications. (23-25) Potassium turbines, thermionics, and two phase liquid
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metal MD were the main power conversion options investigated. Other

options considered at that time included me ry Rankine, Brayton cycles,

and thermo-electric concepts. (24,25) Projected thermal efficiencies ranged

from "S to "25 percent, depending on the option chosen.

In the SNAP-50 reactor, lithium was examined as the primary reactor

coolant at a temperature of -1100 oc for operating system. Refractory

metal piping (e.g., niobium, molybdenum) was required for high temperature

strength and corrosion resistance. Under these conditions the

reactor/power conversion system had good corrosion resistance. Power

levels of Soo KW(e) were chosen as a first generation system, although

ultimately the reactor could be scaled to much higher power levels because

of the excellent heat removal capability of pumped liquid lithium. .Power

levels in the multi-megawatt level appeared achievable. The program was

canceled for lack of interest in missions capable of using the SNAP-50

system.

Other lower temperature liquid metal cooled reactor development work

was carried out on the SNAP-0 and Stf71P-10 systems by Atomics

International.( 16,26 ) These were U-ZrH thermal reactors cooled by NaK

eutectic, with a maximum  coolant temperature of '700 oC. various

conversion options were developed, including thermoelectrics and a mercury

Rankine turbine cycle. Table 2.4 summarizes the SNAP reactors developed

during the program. SNAP-8 parameters were 600 kw(th) and 35 KW(e) output

(6 percent efficiency). A SNAP-10A system was launched into orbit and

performed satisfactorily for 43 days at 40 KW(th) and 500 watts(e) using

thermoelectric conversion until a malfunction in the power plant's voltage

regulator caused reactor shutdown. The SNAP-8 program was stopped in 1972

during the general cancellation of the space program.

The NE7M program (27-29 ) developed and succesfully ground tested a

substantial number of high power hydrogen cooled, solid UC2-graphite core

reactors during the late 1950s to early 1970s. Figure 2.7 shows the 3/4

inch hexagonal fuel element designed by Westinghouse Astronuclear
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Laboratory for use in NERVA. The overall core assembly showing fuel

elements, central rods, reflector, and flow arrangement is shown in Figure

2.8. The NERVA reactor was aimed at space nuclear propulsion using H2 at

relatively high specific impulse (760 seconds). Although successful in

ground tests, the lack of a definite mission led to the cancellation of the

program in the early 1970s.

With some relatively simple modifications, NERVA technology could be

applied to the generation of large amounts of electric power in space using

either MHD, high temperature turbine, or thermionic conversion systems.

The NERVA system was H 2 cooled with design gas exit temperatures of

2100 0C. Projected operational lifetime was 10 hours, limited by chemical

reactions of the H2 coolant with the graphite fuel element. These were

coated with carbide to reduce the erosion rate. At the end of operational

life most (>99%) of the fuel would still remain, however. Design

conditions are listed in Table 2.5.

For electric power generation a closed cycle operation with inert

gas coolant (e.g., helium) would be used. For example, the 710 reactor was

specifically designed for inert gas, closed cycle power generation by GE-

Evandale. Under these conditions and somewhat lower temperature operation

(e.g., "2000 oC), fuel life should be very long (e.g,, years). Since an

electric power version of the NERVA system would, in general, be

considerably lower power and operate in a CW or long pulse mode, many of

the design problems in the NERVA propulsion application would be avoided.

Design power was 1500 MW(th) at a reactor weight of "15,000 lbs,

corresponding to a specific power of 100 KW(th)/lb. With a 20 percent

conversion efficiency, this corresponds to a reactor specific power of 20

KW(e)/lb. Since reactor weight will decrease only slightly with power

level, the specific power of derated systems would tend to go as

(power)-I.

Cumulative test time for the various reactor engines tested (NRX

series, XECF, and XE,KIWI series) was 15 hours at powers above 1 MW and 4

hours at high power. During early development, problems with flow induced
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mechanical v ibrat ion were encountered. These were solved, and subsequent 

t e s t s  showed that NERVA engines could be repeatedly s t a r t e d  and stopped 

without damage from a cold condition. F u l l  design temperatures and powers 

were achieved on a number of occasions. Figure 2.9 summarizes reac tor  and 

engine system tests through the  end of 1969. 

Because of thermal shock considerations i n  the r e l a t i v e l y  l a rge  f u e l  

elements, temperature ramp r a t e s  (up and down) w e r e  l imited t o  a maximum of  

'so K/sec. This would not be a r e s t r i c t i o n  f o r  CW o r  long pulse  electric 

power generation but  could be a l imi ta t ion  fo r  rapid pulse power 

appl icat ions .  

A second generation, higher performance reac ta r  was under 

development a s  a possible  eventual  successor t o  the NERVA engine. I n  t h i s  

reactor ,  t he  Rotating Bed Reactor (RBR), (30f 31) t h e  nuclear fue l  w a s  i n  t h e  

form of f i n e  pa r t i cu l a t e s  severa l  hundred microns i n  diameter contained i n  

a ro t a t i ng  ("1000 rpm) porous metalll,c cyl inder .  Coolant gas  w a s  admitted 

through t h e  walls  of the  cyl inder ,  heated by contact  with t h e  f luidized 

fue l ,  and passed ou t  through a nozzle a t  t h e  bottom of t h e  cylinder.  

Reactor control  w a s  by means of con t ro l  absorber drums i n  the ex te rna l  

moderator/reflector (g raphi te  o r  beryll ium).  Figure 2.10 shows an o v e r a l l  

view of t h e  RBR with ou te r  diameter equal t o  '1 meter. 

The RBR projected subs t an t i a l l y  higher operational temperatures (up 

t o  '2700 OC), a l i gh t e r ,  more compact reac tor  ['I m3 f o r  a power output of 

'1000 t o  2000 MW(th)], and absence from s t r u c t u r a l  and thermal shock 

problems. Only t h e  fue l  w a s  hot - a l l  s t r u c t u r a l  components were cold, and 

t h e  small pa r t i cu l a t e  nature of t h e  fue l  v i r t u a l l y  eliminated thermal shock 

problems, 

Non-nuclear flow, hydrodynamic, and heat t r ans fe r  t e s t s  were ca r r i ed  I 

l 

ou t  on a ha l f  s ca l e  RBR which es tabl ished its bas ic  f e a s i b i l i t y .  C r i t i c a l  
1 

assembly t e s t s  on cav i ty  moderated reac tors  demonstrated t h a t  the  projected 

nuclear performance could be achieved. Figure 2 . 1 1  shows t h e  t e s t  
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Figure 2.10. Rotating Fluidized Bed Rocket Engine (Reference 30).
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arrangement used for high speed movies and stills] the fully fluidised,

stable bed was run at 10oo g. Pressure drops through the settling and

fluidised beds were measured and found to agree with the theoretical

predictions. In the fluidised state, pressure drop equals the bed mass

times the effective centripetal acceleration. Particle motions were

observed to be relatively smooth and gentle in the fluidised state.

Work on the RBR stopped along with all other work on the space

nuclear propulsion program when it was canceled in the early 19709. For

high electric power generation applications in space, the RBR, together

with the NERVA system, would be the leading contenders.

^ouid Pue t Nue 7 ,r Reactors

The liquid fuel nuclear reactor was proposed as a concept for space

applications but not carried beyond that stage. There appear to be no

significant advantages to liquid fuel and a number of major disadvantages.

Although a number of liquid fuel reactors have been successfully operated

(e.g., LAJOW), the coolant temperatures achievable if liquid fuel is

contained in tubes are relatively low due to corrosion limitations. Solid

fuel reactors can achieve higher coolant temperatures more reliably.

Reactors utilizing direct contact of a molten nuclear fuel with a gas

coolant have been proposedl however, the mobility of the fuel poses severe

problems of reactivity control and fuel loss.

Gas Fuel Nuclear Reactors

A number of concepts were proposed for a gas fueled nuclear reactor

for space propulsion, and extensive tests were carried out on two mainline

approaches - the confined vortex and the "nuclear light bulb."

A gas core reactor would permit considerably higher operating

temperatures than the NERVA engine (10,000 K vs. 2400) and much higher

specific impulses. Critical tests of cavity moderated assemblies (with

both U foils as stand-ins and UF 6 ) have demonstrated that reactors can be

operated with relatively low ('10 kg U235) fissile masses.
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Experiments with various types of confined vortex flows were not

able to achieve the required B 2/U235 separation to permit a practical

system. Turbulent diffusion at the interface between the two gases always

resulted in excessive mixing. Typical containment parameters achieved were

on the order of 10 (uranium residence time in the cavity divided by 82

propellant residence time), while containment parameters of -10 3 would be

required for a practical propulsion reactor.

The nuclear light bulb concept separated the B 2 propellant and

cerasium fuel with a thin transparent wall (silica or Be0) cooled by an

auxiliary stream (e.g., neon). The containment problem appears solved, but

major materials and thermal-hydraulic problems associated with maintaining

the transparent wall against uranium condensation and excessive energy

transport (both convective and radiative) are introduced. For these

reasons the nuclear light bulb concept was canceled after substantial

effort was invested in it.

Gas core reactors could be used for space nuclear electric

generation but appear to have no significant advantage over solid fuel

reactors, either in terms of overall weight or higher efficiency, and they

possess substantial disadvantages related to their severe materials

problems.

If the working fluid was separated from the fuel, we would be

limited to the temperatures associated with corrosive interactions of the

gaseous uranium (metal or UF6 ) with the coolant tubes. In general, these

would be substantially less than those with inert gas cooled solids or

sodium cooled systems. If the uranium gas fuel were used in a direct power

conversion system (e.g., conventional or pulsed IM), severe gas

circulation problems would be introduced together with materials problems

relating to compressors, etc. Nuclear control of such systems would also

be difficult. Finally, in general, MHD efficiencies would not appear to be

significantly larger than those of inert gas cooled solid fuel systems,

since the working fluid in gas core reactors, while hotter, is not as good

for MHD cycles. It needs higher temperatures to be ionized, and generally
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has poorer electrical conductivity due to higher electron-neutral

scattering cross-sections.

2.1.4	 7e=

Present solar concentrator technology is limited by both physics and

engineering constraints. Sunlight can be concentrated no more than a

factor of 45,370 in three dimensions; higher concentration ratios would

permit focal point temperatures to exceed the blackbody source temperature

of the sun which would violate basic thermodynamic principles. (32) in two

dimensions (i.e., cylindrical parabolic concentrators) the limiting

concentration ratio is approximately 213. These limits are indicated in

Figure 2.12 which illustrates the limiting concentration ratio which can

ideally be achieved from the sun for various concentrator geometries. The

use of secondary reconcentrating mirrors placed about the receiver aperture

is technically capable of raising the paraboloidal concentration ratio to

the 3-D limit, (32) although this has not yet been established by

experiment, to the authors b=st knowledge. Actual concentration ratios

achieved by land based paraboloidal receivers (33) are shown in Figure 2.13,

where the ratio a/E of the receiver absorption coefficient to the emission

coefficient is shown as a free parameter. Clearly, the peak temperature

achievable in the receiver is a strong function of a/E as well as the

concentration ratio. In any practical concentrator the focal point

intensity can be approximated by a Gaussian distribution. In particviar,

large size paraboloidal concentrators in space will most probably be

constructed from a large number of flat facets which are individually

aimed. Figure 2.14 shows the practical limits to concentration ratio

associated with faceted receivers. (34) The larger number of facets the

higher the concentration ratio up to a point where the number of facets

becomes impracticably large. The impact of the resulting Gaussian

distribution is that any receiver with finite aperture guts off part of the

incident intensity. However, as the aperture is reduced, the reradiation

loss also decreases. Therefore, a maximum of net solar power received [-

(incident intensity - reradiated intensity) x aperture area] occurs for an

intermediate aperture size. This limit on receiver performance is
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illustrated in Figure 2.15. (35) The only way to surpass these limits is to

achieve an effective reduction in reradiation temperature or emissivity.

Figure 2.15 suggests that temperatures much above 1500 OK cannot be treated

efLiciently with present recaiver and concentrator technology.

Limits to current nuclear source technology also derive from

fundamental physical and engineering constraints which pertain to the half

life of the source and the energetics of the radioactive decay mechanisms

involved in the case of isotopes, and to the degree of criticality and

supporting coolant systems in the case of nuclear reactors. Radioisotopes

are also somewhat limited in supply. As noted earlier, Pu 238 is limited to

500 w(th)/kg. In contrast, the power density of reactor sources can be

considerably higher . For example, the SPAR reactor is designed for 3000

w(th)/kg of reactor mass with output ;emperatures as high as 1300 0  in the
range of 500 kW(th) to 10 MW(th). The SNAP-50 series of liquid metal

cooled reactors was designed for 2000 w(th)/kg of reactor mass with output

temperatures as high as 1100 oC in the range of 5000 kw(th) to 100 MW(th).

Gas cooled reactors is the HMA program are designed for 200 kM(th)/kg

with outlet temperatures of 2000 0  in the range of 1500 MW(th). An
advanced version (the rotating bed reactor or RBR) was projected to 2700 0 
operation in the 1000 to 2000 MW(th) range. Liquid and gaseous fueled

reactors have also been investigated but do not appear to have any

significant advantages over the solid fuel reactors described above.

Current technologies are summarized in Table 2.6 and constitute benchmarks

for judging new technology in this area. The next section describes the

basis for comparing various solar and nuclear energy systems.

2.1.5 Sagia of Coma risen

The only flight tested paraboloidal concentrators are those which

have been developed for communication satellite::. These are on the order

of 2 to 10 meters in diameter and are not covered with optical quality

reflecting surfaces. (37 ) Nevertheless, some very precise parabolic antenna

have been designed and built and should be examined for contour control and

pointing accuracy.
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Table 2.6

Benchmark Data for Solar Collectors,
Receivers and Nuclear Power Sources

Solar Collectors

Paraboloidal (Sunflower Project)

Size (m-diameter) 	 10

Reflectivity EOL (yrs)	 85%

Concentration Ratio	 500

Mass/Area (kg/m2 )	 2

Photovoltaic Flat Array (Orbital Workshop - Complete Deployable System)

Size (Area(m2 ))	 200

Mass/Area (kg/m2 )	 2

Solar Cavity Receiver (Sunflower Project)

Aperture (diameter-m) 	 0.5

Temperature (°K) 	 600

Specific Mass (kg/kW(th)) 	 2

Nuclear Power Source

Isotopes (Pu238 ) [MHW Power Source]

Power per Module (W(th)) 	 2400

Temperature (°K)	 1350

Specific Power (W(th)/kg)	 115

Liquid Coolant Reactor (SNAP 10-A)

Power per Module (kW(th)) 	 43

Temperature (°K)	 1070

Specific Power (kW(th)/kg) 	 20
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The key features of solar concentrators are size, concentration

ratio, mass per unit area, and reflectivity over a ten year lifetime. The

need for higher power, higher efficiency, lighter weight power systems will

require larger concentrators, higher concentration ratios, lower specific

mass, and better retention of reflectivity. The size, concentration ratio,

specific mass, and reflectivity for the Sunflower mirror are summarized in

Table 2.0 9) With development one might reasonably expect to be able to

extend the same structural concepts to paraboloids of 30 meter diameter,

but not much larger, for single concentrators. Deployment is limited to

approximately 10 m diameter mirrors; larger sizes will probably have to Le

assembled in space. (38) These limits are imposed by the concentration

ratio, since small deflections from the paraboloidal shape will seriously

distort the size of the focal spot and diminish the concentration ratio.

The values shown in Table 2.6 are chosen for a single device. Clearly

higher concentration ratios and lower values of mass per unit area(6) have

been achieved by smaller diameter concentrators. The new and advanced

concentrator technology discussed below aims at significant improvements

beyond the benchmarks in one or more of the categories shown in Table 2.6.

Similarly, deployable flat arrays for photovoltaics up to 25 kW BOX,

rating (i.e., 200 m2 ) have been successfully used in space(39) as well as

lightweight deployable arrays of 50 to 100 W(e)/kg.(40) This size also

establishes the basis of comparison for new and advanced deployable array

technology.

No solar thermal receivers have been flight tested. The Sunflower

project represents the closest to a basis of comparison since it was

designed as a space power system and tested on the ground. Its parameters

are 0.5 meter aperture, a specific power of approximately 500 W(th)/kg, and

an operating temperature of 600 oK.(9)

Radioisotope sources serve as the basis of comparison for the low

power range of nuclear energy sources in modules of 2400 kW(th) and 50

W(e)/kg at 1350 oK. (16) At the higher dowers, SNAP 10-A was flight tested

at 43 kW(th) at temperatures of approximately 800 0C and 20 kW(th)/kg.(16)
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2.1.6 agg? t 	 1i ±Y to C..nari c Las; ens

Table 2.7 shows the applicability of solar collector/concentrators,

solar receivers, and nuclear energy sources to generic missions.

Generally, these missions can be distinguished on the basis of absolute

level of power requirements, mission duration, space environment (i.e.,

charged particle and solar radiation flux intensities) and energy storage

requirements. In the particular case of earth orbits, nuclear energy

source applications have a, asterisk as a reminder that safety issues must

also be resolved before certain types of nuclear sources can be used.

Clearly, nuclear sources will continue their historic role for far

sun missions. In those instances where long term energy storage (i.e.,

batteries) might be the conventional technology, nuclear sources may play a

role as an attractive alternative, especially if specific power is a strong

mission determinant; for example, in novel missions such as lunar surface,

and returnable missions for outer planet exploration.

Solar electric propulsion is the principal approach for deep space

missions including those to comets and missions out of the ecliptic plane.

Solar electric propulsion combined with local use of chemical propulsion

may also be used for exploring the outer planets. Radioisotope power may

also be used as an auxiliary energy source for these missions.

Solar energy collection for large photovoltaic arrays and for solar

thermal power systems is indicated for specific missions in the near-earth

category where solar insolation is significant and where the trade-off

between thermal and photovoltaic power systems is still in debate. This

trade is still quite an open question at the higher power levels (i.e., 50

kW and above).

2.1.7 Advanced Technology Assessments

New ane advanced concepts are discussed here which have been

suggested as ways to improve the performance of solar and nuclear energy

sources compared to present technology. While the list is not complete, an

attempt has been made to contact individuals and groups carrying on
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research in this area and to review their idea,. An assessment of the

potential for improvement is presented in eac', case where sufficient data

exists. In those cases where data is lacking, an estimate of likelihood of

improvement is made along with suggestions as to the desirability of

generating data for a more complete assessment.

2.1.7.1. Solar ellectnrs a„d Concentrators

While photovoltaic power systems with up to 25 kW capacity have been

successfully flown, arrays larger than this have not been flight-tested,

and the use of newer technologies permitting lower power-specific mass

would be needed for such future, larger arrays. For much higher power

levels, the need to assemble or even to fabricate arrays in space will

evolve from the payload weight restriction of the available spacecraft. At

the intermediate to high power levels (that is, from 50 kW to 1 MW), the

relative merits of deployment versus assembly in space are not well

determined. Individual studies of these alternatives are ongoing, (41) but

there appears to be a need for a broad comparative study of the trade-offs

between these two options, including a discussion of the size (e.g., power)

at which assembly in space becomes the desirable option. The potential

benefits of large deployable arrays are substantial in the 50 kW to 1 MW

power range, because this is, in all likelihood, the power range for

greatest growth of new missions. Further, it would appear initially that

space fabrication capabilities might be unjustifiable until much larger

powers are required (e.g., for SPS power systems) because of the additional

mass in orbit associated with array fabrication units.

A variety of very lightweight reflectors have been proposed which

promises to reduce the mass per unit area by approximately a factor of

10. (42) These concepts utilize metalized plastic films (e.g., Kapton)

stretched flat over a tensioned frame. A large number of small flat
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surfaces can be used to approximate a paraboloidal surface, as shown in

Figure 2.14, so that rather high concentration ratios can theoretically be

achieved in this fashion. However, each individual frame would need to be

positioned and held in position. The implications for the backing trusses

suggest that something on the order of 1 mrad slope error would tolerable

and practical in truss sections which are as wide as they are deep. (43) The

alternative is to use an active positioning system involving feedback

control, sensing devices, and some form of mechanical or electromechanical

drive for positioning. Also, the lifetime of reflective surfaces is not

well established for thin films; a resurfacing concept may be needed in

order to make them retain a reasonable fraction (i.e., 85 percent) of the

reflectivity available at the beginning of life.

Small figured reflector sections may also be achievable through

controlled electrostatic distortion of thin films. This would permit high

concentration ratios with fewer sections at the expense of a continuous but

relatively small power drain due to, for example, charge leakage and the

control functions.

Rather little is kno-n about the support structure required for

large concentrators. Another NASA program is funding R & D in this

area. (44) it would be worthwhile tracking work in that program (e.g.,

associated with large communication satellite antennae) which must satisfy

very similar constraints to those of the solar concentrator.

Large scale solar concentrators would enable an entirely new class

of large thermal power systems having high temperature receivers and,

hence, the ability to reject waste heat with small area radiation and to

convert sunlight to useful work efficiently. For this reason we recommend

initial studies of large, lightweight concentrators. This project area

should consider novel concentrator technologies (i.e., thin films,

reflective concentration ratios). The goals for such systems should be

less than 200 g/m2 (i.e., 10 times lighter than the benchmark),

reflectivity (averaged over lifetime) of 85 percent or better, and

concentration ratios of 5000 or more for concentrators 10 meters in

diameter or larger. Thin, metallized films of 4 g/m2 have been proposed
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for solar sail systems planned for the aid-1990s. This approach with a

suitable support structure may prove fruitful and, ultimately, might lead

to solar concentrators on the order of 10 g/m2 .(43)

2.1.7.2

Many of the advances in solar receiver technology now being tested

for terrestrial applications need to be explored for use in space. These

include ceramic tube heat exchanger receivers capable of sustaining high

temperature operation, secondary reconcentrators to improve the

concentration ratio at the receiver, and windowed receivers with ceramic

honeycomb direct absorbers through which the working gas circulates. Each

of these concepts aims at higher temperature, higher thermal efficiency

operation. Their use in space would relax some of the materials

requirements posed by exposure to air for an Earth-based system.

Conversely, pressure and stress requirements may be somewhat more demanding

in the vacuum environment of space.

A variety of novel solar thermal receivers have also been proposed

which have the potential for increasing the receiver operating temperature

while maintaining a relatively low reradiation temperature. one of these

concepts emphasizes the use of high pressure alkali metal vapors where

direct solar absorption occurs in a compound molecular state (i.e., dimer)

of the gas. (45) Another concept uses a working gas doped with another

absorbing molecule (i.e., CN) and a third uses fine particulates (e.g.,

carbon) suspended in the gas to absorb the sunlight. ( 46,47) Each of thase

relies on the fact that concentrated sunlight can be absorbed directly

within the working fluid without first having to heat, and transfer heat

through, a solid surface (e.g., tube walls in a cavity solar receiver).

Therefore, the working fluid temperatures can exceed the limits normally

imposed by heat exchanger technology. If the working fluid is optically

thick, then it will support a thermal gradient by injecting cooler gas near

the front of the cavity where the radiation enters so that it flows towards

the rear of the cavity as it heats up. The reradiation losses are,

therefore, characterized by the cooler temperatures near the front of the



2-44

cavity. This technique allows the overall cavity efficiency to be high

despite the high exit temperatures of the gas. The cavity walls can be

transpiration cooled by injecting some of the gas through the wall into the

cavity.

The critical technologies in these concepts have each been explored

to some degree. Specifically, high temperature windows for solar receivers

are just beginning to receive attention in DOE's Advanced Solar Thermal

program. The longevity of high temperature working fluids in the state of

purity, particulate suspension, or absorber doping, etc. required to keep

their absorptivity high is not well understood. The design of the

absorption cavity, etc., is also an open question which needs to be

answered. The receiver may be able to handle heat fluxes to the limit

achievable with concentrating mirrors [e.g., 10,000 suns or 10 Hw((th)/s2]

as the technology of cooled windows advances.

An illustrative concept, the Rotating Bed Solar Absorber (RBSA), is

shown schematically in Figure 2.16. Solar energy is focused onto the inner

surface of a rotating fluidized bed where it is absorbed by the inner

layers of suspended particles. Rapid mixing in the fluidized bed transfers

the absorbed energy to the other particles, resulting in a temperature

gradient in the bed. The fluidizing gas enters through the rotating porous

cylinder or "crib" that holds the fluidized bed. The crib is kept at the

gas inlet temperature with the gas temperature increasing as it moves

through the bed until it exits from the inner fluidized surface.

Performance parameters for the RBSA are indicated in Figure 2.16. This is

just one of several concepts being proposed.

Development of high temperature solar receivers for space power

systems will involve one or more of the following areas:

e ldirrored collectors/concentrators
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Figure :.16. Rctsting Bed Selar Absorber (RBSA) for Space Power.
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e Cooled transparent window for the focused solar

flux

e Absorber cavity and associated flow and mechanical

equipment

The above ranking reflects the degree of development required, with

the most development probably being needed for the mirrors and

concentrators. The absorbing cavity can be relatively simple

mechanically. For example, work on the thermal hydraulics of rotating

fluidized beds indicates that heat transfer and bed stability should be

adequate. work would be needed on long term integrity of the receiver

materials. Design studies of the solar absorption in the receiver would

also be needed.

Development of the windowed receivers appears to be feasible.

Windows would require active cooling to remove absorbed and convectively

transferred energy, but the hest fluxes should be quite low (a few

watts/cm2 ) and could be readily handled. Stress distributions (both

primary and thermal) and mechanical design (particularly scaling) would

also have to be investigated.

2.1.7.3 Raiieisetenas

Very little remains for improvement of radioisotopes as an energy

source. These are well established as a long-lived source for outer

planetary exploration. Most of the continuing development in this area

will focus on making small but useful adjustments in design to make the

sources more resistant to atmospheric ablation and impact break-up for use

in Earth orbit applications. we recommend that the isotope heat sources

not be the specific subject of the Advanced Energetics Program.
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2.1.7.4

Advanced reactors deserve serious attention as high power, low

specific mass heat sources. NASA needs to adopt a position on what reactor

sources, if any, it will need in the years to come. The earlier such a

position is reached, the sooner the necessary R A D can begin on the long

lead item needed for a successful reactor program. The SPAR program at

LASL represents just one of sever-2 alternate reactor concepts that can be

pursued. While it has the simplest coolant system (i.e., heat pipes), it

is by no means necessarily the most desirable in terms of absolute power,

level or specific mass. As discussed earlier in this section, a range of

reactor concepts exists with varying degrees of complexity and level of

development to provide power to nearly any mission conceivable. Reactors

do not need on-board energy storage, are long-lived, and can be made to

operate very reliably, offering a very attractive energy source for NASA.

While the Advanced Energetics Program need not specifically concern itself

with the whole of a reactor concept, it can help to decide which reactors

are most desirable within the context of various mission classes and help

NASA arrive at an appropriate R A D posture on space reactors. Individual

novel reactor concepts may also arise from such a study, which need a proof

test and/or further analysis before their promise is clear. Such concepts

would be worthy of attention in the Advanced Energetics Program once the

basic direction of NASA's commitment in the nuclear reactor area has been

established.

2.1.8 F-nwrQy cr+urn" Cenclnnien

This suction has emphasized solar energy collection for photovoltaic

cells, solar thermal power systems, and nuclear energy sources. The

greatest advances appear possible in those areas leading to larger power

systems. Large solar arrays and large, lightweight solar concentrators are

enabling technologies in this respect, as are the development of high

temperature solar thermal receivers. One of the chief benefits of

developing higher temperature solar receivers is to operate more efficient

power cycles and to reject waste heat at higher temperatures in order to
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reduce the overall power system weight. The use of large nuclear power

systems in space appears technically feasible considering the enormous

amount of R s D already performed in that area. The most important

question concerns a need for a definite NASA posture on the use of nuclear

power in space.

As a result of assessing the current status of energy sources for

space power and suggestions for new and advanced technology in this area,

we recommend the following areas of research:

1. LARGE DEPLOYABLE ARRAYS: Novel concepts for

handling arrays greater than 50 to 100 kw should be

investigated at a modest level and tested in the

laboratory at full scale to prove the technical

concepts and establish problem areas needing

engineering development. Increasing the size of

the deployable arrays would help to guarantee the

continued success of the photovoltaic cell as a

mainline space power source into the future, as

NASA'hs power requirements grow.

2. LIGHTWEIGHT SOLAR CONCENTRATORS: New and advanced

structural concepts and reflecting materials (e.g.,

thin metalized films) need to be studied (1) to

determine the best way to assemble a large, high

concentration rttio concentrator in space, and (2)

to test specific reflector concepts for durability,

rigidity, controllability, and end-of-life

reflectivity. Lightweight solar concentrators

represent a technological advancement which should

enable the use of high power, compact solar power

systems.
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3. SOLAR THERMAL RECErVERS: Several high temperature,

lightweight solar receiver concepts have boon

suggested which have the potential for allowing

higher thermal cycle efficiencies and/or rejecting

waste heat at relatively high temperatures to

reduce radiator weights. The ability to use high

temperature working fluids already exceeds the

ability to produce high temperatures efficiently in

solar receivers. Hence, this is a key technology,

enabling efficient solar thermal power systems of

low power-specific mass.

4. NUCLEAR REACTORS: A position paper needs to be

developed laying out NASA's requirements, if any,

for high power nuclear reactors for space power.

This paper should also review the need for advanced

research in those areas corresponding to NASA's

reactor requirements.

2.2 Energy Conversion

2.2,1 Tntr d"G—tinn

This section reviews the state-of-the-art of energy conversion

technologies including photovoltaic cells, thermoelectric converters,

thermionic converters, thermal dynamic cycles, and a variety of other

energy conversion concepts. The technology for capturing or releasing

energy from an energy source has already been discussed in Section 2.1, and

converters that transform stored energy to electricity are included in the

following section (2.3) on energy storage (e.g., batteries, fuel cells, fly

wheels, etc.). Table 2.8 shows a list of some of the principal technologies

considered in this section. Wherever overlap occurs with Sections 2.1 and

2.3, the corresponding technologies are referred to for the reader's

assistance.
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Table 2.8

Principal Energy Conversion Technologies

DIRECT CONVERSION

Photovoltaic Cells

Thermoelectric Converters

Thermionic Converters

DYNAMIC CONVERSION

Gas Turbines

Free Piston Expander

Energy Exchanger

MHD Generators

NOVEL ENERGY CONVERSION CONCEPTS

Photo-assisted Electrolysis

Photo Diodes

Thermo Photovoltaic Conversion

Thermo-Electrochemical Conversion
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Energy conversion technologies for space power systems are in

varying stages of maturity, development, or conceptualization. The latter

category includes photovoltaic cells and thermoelectric converters.

Clearly, photovoltaic cells have been preferred because of their

reliability and elegant simplicity. Radioisotope powered thermoelectric

converters have similar attributes and have been used for missions far from

the sun where solar radiation is too faint for practical collection, for

missions where fixed orientation to the sun is undesirable, or for missions

needing power during a long period of occultation (i.e., planetary surface

exploration). Solar thermoelectric converters have also been investigalLed

for use near the sun. Thermal dynamic systems such as Brayton cycle gas

turbine and Rankine cycle turbine power systems have been extensively

developed for space power systems but are not used for present spacecraft.

The remaining technologies have only been considered, or in some cases

developed to a lesser degree, for actual application.

The relative quality of the available data is of importance for any

comparative assessment. Because of the large differences in the

development status of the various power systems considered, the quality of

the data, by necessity, varies considerably ► . The best data available is

that stemming from in-orbit experience. However, it requires that the

power system has remaii ►ed in an operational status for some time. This is

not the case for most of the advanced power systems, some of which are in a

conceptual stage, with only projections to in-orbit performance being

possible.

Special DOD requirements may exist for specific attributes of a

power system which may have greater weight than the attributes of interest

for normal NASA service. Such special attributes will not be considered in

this assessment.

The assessment of current technology follows a fairly uniform set of

criteria for comparing disparate concepts. These are generalized as the

power-specific mass, the system life, and the price of power. in many

cases, these criteria are mission dependent, since both the mass and the

power deliverable at the end of the system's design life depend on the
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mission orbit, mission lifetime, and payload requirement. Thus, a second

set of criteria more specific to each particular converter technology is

used to develop a preliminary ranking before trying to express the merits

of a given type of converter more generally. In addition, while efficiency

is not a good direct measure of converter merit (generally, specific power

is the most important criteria), component efficiency does have a strong

system-wide effect in terms of total system weight (e.g., influencing both

collector and radiator size in a solar thermal power conversion system).

7°herefore, we include it in the technology evaluations which follow.

Materials play an important role in the development of higher

performance systems. In some cases, especially in established conversion

technologies, an evolutionary materials development process has been

underway for many years. For example, high temperature materials for

turbine blades permit higher cycle temperatures and higher cycle

efficiency. Similarly, photovoltaic cell materials have been improved by

using higher purity silicon and better dopant diffusion processes.

However, the development of materials already in use today is unlikely to

lead to major, non-incremental improvements in converter performance. The

most likely paths to such improvements are the use of different or new

materials and the conceptualization of new converter types or

configurations. Such advanced systems will face a relatively well

established set of benchmarks to compete against, as discussed in Section

2.2.5. A variety of these new and advanced ideas are assessed in Section

2.2.7 summarizing the status and potential of each.

The main conclusions of this section are that significant

improvements in performance are available is both photovoltaic and

thermally driven converters. A multitude of advanced converter concepts

have been suggested of which only a select group have shown a realistic

potential for non-incremental improvement over the performance benchmarks.

In the area of photovoltaics, these potential improvements are associated

with better methods of encapsulating cells, providing increased radiation

resistance and higher single cell efficiency. Both multi-bandgap cells and

high solar concentration cells have been singled out for attention. These



2-53

technologies are being developed within NASA already] specific areas not

presently covered in these programs are called out for support. Thermal

Energy converters promising large improvements uniformly require high

temperature sources and radiators as part of the power system requirements

to achieve these improvements (see Section 2.1 for hi4h temperature sources

and Section 2.4 for high temperature, lightweight radiators).

In other respects, the advanced thermal converter category

recommended for support is very diverse, ranging from new thermoelectric

materials and electrode configurations to high temperature expanders for

thermal dynamic systems. Thermal cycle efficiencies in excess of 40

percent appear feasible for several of the systems employing these

converters with associated reduction in power-specific mass. The thrust to

higher powers is the driving force behind the reconsideration of thermal

energy conversion systems. A number of systems studies to investigate the

needs and trade-offs of thermal energy vs. photovoltaic conversion systems

is recommended, which should account in detail for new ideas in each of

these areas.

2.2.2 Conversion 	 1 _ '

Energy conversion requirements from 20 kW up to megawatts of power

have been identified in planning for future missions. The requirements of

man in space lead to power in units of approximately 5 to 10 kW of power

per person for extended missions (i.e., where regeneration of oxygen and

moisture is required). Future missions involving space platforms or large

communications satellites may push power requirement3 up to several hundred

kilowatts; power needs for orbital transfer propulsion may range upwards of

1 MW. As power requirements increase, the efficiency of conversion becomes

increasingly important since the amount of rejected heat in low efficiency

systems leads to very large radiator areas and, in solar powered Qystems,

the collector also becomes a very large stru.^ture. In the case of

photovoltaics, both surfaces of the collector radiate waste heat;

nevertheless, the low efficiency, in absolute terms, of photovoltaic

conversion still leads to very large and cumbersome arrays. Thermal power
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systems may have some advantages in terms of overall system efficiency,

especially at higher powers, so long as the power-specific mass can be kept

small. Because of the trend to higher powers, therefore, there is a

natural motivation to examine higher power, thermal energy conversion	
A

systems that scale favorably with increasing power. 	 I

2.2.3 Conversion Methods

2.2.3.1 Photovoltaic Energy Converters

INTRODUCTION

A comparative assessment of space power systems should, ideally, be

based on three generalized criteria: the power-specific mass (g/W), the

price of power (S/W), and the system life (Table 2.9). The determination

of the power-specific mass should include the mass of the entire power

system, including storage and power conditioning where applicable, and

should be based on the power actually deliverable to the load at the end of

life (EOL) under the actual operating conditions. The price of power

should be based on the cost of the complete system, installed on the

spacecraft and fully operational, and on the EOL power deliverable to the

load. For some systems whose mission is power delivery, such as the SPS,

the costs of launch, transfer to orbit, and assembly in orbit should also

be included in the power system price. These criteria are, however, not as

general as would appear initially, since both the mass and the power

deliverable at EOL depend on the orbit and on the mission. The dependence

on the orbit stems primarily from different radiation environments and

operating temperatures attained, while the dependence on the mission stems

primarily from varying requirements for energy storage and power

conditioning. The system life represents the time to the appropriately

defined end of the useful life of the power system. In some cases the

useful life of the spacecraft system may be shorter than that of the power

system.

While these generalized criteria would make the comparative

assessment of different power systems rather easy and transparent, they are

usually not available. Instead, a number of specific criteria are often
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Table 2.9

Generalized Criteria

1. Power-Specific Mass (g/W)

Should be for complete power system; power

EOL, at in-orbit operating conditions.

(Depends on orbit, mission, because of

battery and P^! subsystem mass, radiation

environment, operating temperature.)

2. Price of Power ($/W)

Price of complete system; power output EOL,

at in-orbit operating conditions, including

launch costs, where applicable. (Dependencies

as in PSM.)

3. Life

Time to appropriately defined EOL.
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given (Table 2.10). The specific criteria are used, at least in part,

because the generalized criteria are dependent on orbit and mission. They

are, however, more specific to the particular power system and, thus, do

not readily permit a comparative assessment of different power systems.

The specific criteria include, for example, the power-specific mass and the

price of power of a photovoltaic array alone, generally at the beginning of

life (BOL), or the BOL efficiency of the photovoltaic array, or even the

BOL efficiency of the solar cells themselves. Instead of the system life,

degradation characteristics of specific components or subsystems are

usually given. These degradation characteristics are usually given with

respect to certain influences which can be readily simulated in the

laboratory rather than those resulting from the combined effect of several

simultaneous influences experienced in orbit. Thus, the degradation

characteristics are usually given for solar cells under irradiation by 1

MeV electrons, with approximate equivalency factors for other electron

energies or even protons available. Some types of solar cells have also

been found to degrade under the influence of short wavelength photons. The

European produced solar cells, which are prepared from float-zone refined

silicon, particularly show such sensitivity. (The American produced solar

cells are prepared from Czochralski-grown silicon.)

1980 TECHNOLOGY BASE OF

PHOTOVOLTAIC SPACE POWER ARRAYS

Photovoltaic solar energy conversion systems have formed the vast

majority of the power systems for spacecraft with mission durations greater

than one to three weeks. Relatively few spacecraft have been equipped with

radioisotope thermoelectric generators (RTGs), particularly those with

missions far from the sun where the solar irradiance is too low to make its

utilization practical. Photovoltaic arrays with BOL ratings as high as 25

kW (Orbital Workshop together with Apollo telescope mount) have been

installed on spacecraft, and an upper limit for the size of photovoltaic

arrays on spacecraft is no longer considered. In fact, designs of

photovoltaic arrays with rating above 20 GW are actively pursued for the

SPS system. A guaranteed photovoltaic system life of seven years in
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Table 2. 10

Specific Criteria

1. Power-specific Mass of Array, BOL

2. Price of Power of Array, BOL

3. Efficiency of Array, BOL

4. Efficiency of Solar Cells

5. Array Operating Temperatura

6. Degradation Characteristics

a. Electrons (1 MeV)

b. Protons

C. T cycling

d. Pre-launch Environment

e. Photons, if applicable

7. Quality of Available Data

(In-orbit experience, accuracy of
in-orbit performance predictions)

S. Special DoP Requirements
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geostationary orbit (GEO) is now staadard, (48) with ten years actual useful

life a not uncommon experience. (48,49) The life-limiting item is frequently

the battery rather than the photovoltaic array. In low earth orbits (LEO),

with their more severe radiation environment, the useful life is usually

guaranteed for one tenth of a year to five years, depending on the

orbit . (48 )

The photovoltaic space power systems have all been based on the use

of silicon solar cells. For space application these cells are all of the

"n on p" type because of greater radiation resistance, with most of

nominally 10 Ohm cm base resistivity. The remainder uses 3 Ohm cm base

resistivity with advantage. Modern space solar cells of high efficiency

have either a texture-etched front surface with a single layer anti-

reflection coating, or a multi-layer anti-reflection coating on a polished

surface. The cells have a so-called back surface field (BSF) base

structure, with some having an additional photon reflecting back surface

(BSR). (50) The front layer, generally phosphorus diffused, is nominally 0.1

to 0.3 u m thick. The overall cell thickness is 200 to 300 um. Bowever,

cells of only 50 u m thickness have recently been successfully fabricated

with only a relatively small efficiency tradeoff (14% AMO). (51,52) Cells of

200-300 um thickness with 14.5 to 15.5% Air Mass 0 efficiency under

standardized test conditions are routinely available from current

production lines. (49,53-55) Since many power system designs, to which

arrays are now being delivered, are older and specify solar cells of lower

efficiency, the average efficiency of the solar cells currently produced is

closer to 14%, and the average array efficiency is near 130 53,56) A major

reason for this low average cell efficiency is that substantial numbers of

older cell types are still being bought. The radiation degradation of

present production solar cells, measured with 1 MeV electrons at a fluence

3 x 10 14 cm2 , is approximately 0.75 of the initial power output.(49)

The annual production rate of space-qualified solar cells in the

United States fluctuates around 100 kW, and has not been in a growth mode

in the la-t ten years. (53,54) The rated power of the spacecraft arrays

produced is a fraction of this 100 kw number, and that of the spacecraft
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launched by NASA and DOD combined seems to be less than 30 kM per year.(56)

The total experience base of photovoltaic power systems in space seems to

be in the range of 600 to 1,500 kM -year. This number is based on the

total rated power of the spacecraft launched, multiplied by their useful

life.

The systems which have been flown to date do not use optical

concentration but are composed of extended flat arrays or body mounted

arrays of silicon solar cells. The power-specific mass of the more

recently designed arrays falls into the range of 15 to 60 g/N BOL,

depending on the individual spacecraft design, and excluding the heavier

body-mounted arrays. (48,49) The power-specific price for the complete

array, including attachment and deployment mechanism, falls into the range

of 400 to 1,000 S/W.(48,53,56) The actual power-specific price of the array

for an individual spacecraft depends considerably on the size of the power

system and on the type of deployment used. A considerable fraction of the

spacecraft arrays delivered seem to fall into the lower part of the given

price range (Table 2.11).

Two other parts of the photovoltaic power system need mentioning.

They are the power conditioning system and the energy storage. The power

conditioning systems used range from rather unsophisticated, low efficiency

series or shunt regulators to maximum power point tracking systems with

efficiencies as high as 99%. Mass, volume, price, and reliability of these

systems seem acceptable. Energy storage has been found to present a bigger

problem, both with respect to mass and to reliability. So far, nickel-

cadmium batteries exclusively have been used for energy storage. However,

Comsat has been developing nickel-hydrogen cells, with a successful flight

experiment already carried out.(49)

2.2.3.2 Thermal Conversion

Thermoelectric thermal converters have been in use on spacecraft.

Thermal Brayton power units and alkali-metal vapor, mercury, and organic

Rankine cycle power systems have each undergone substantial development for

space power systems. In addition, a variety of advanced and new thermal
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Table 2. 11

Technology Basis 1980: Photovoltaic Arrays

Current
Production

Item Assessed Units Si Flat Arrays

Power-Specific Mass g/W 15-60 BOL

Power-Specific Price $/'A 400-1000

Life	 GEO y 7-10

LEO y 0.1-5

Production Rate	 kW/y	 -100

Experience Base	 kWe	 600-1500
(total flown)

Array Efficiency 	 $	 13 ave.

Solar Ceil Efficiency 	 14.5 ave.

Radiation Degradation
@ 3 - 10 1M cm (1 MeV)	 -	 -0.75
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power conversion concepts hav e. icon proposed which have some potential for

increasing power system performance over what can be achieved at present.

Each of the relativtl y well developed thermal energy conversion approaches

is described below, summarizing the current status and expected performance

of these technologies and the possible impediments to their development.

The advanced technologies are assessed in Section 2.2.7.

TALWELECTRIC CONVERTERS (TE)

Thermoelectric technology has been developed as a reliable power

source which will provide watts to hundreds of watts of electric power

using available isotope heat sources. There have been two types of

applications for these devices: 1) remote site or undersea where air or

water cooling is available, and 2) space applications where rejection

temperatures are required to be higher to reduce system weights.

Tote majority of research has been directed toward achieving

reliability with only limited effort toward new materials or higher

temperature materials. It is only recently, since the proposed development

of a high temperature reactor, that higher temperature thermoelectric

materials are being considered.(57,58)

Typical hot junction temperatures for (Si,Sb) 2(T'e,Se) 3 system are in

the 200 to 300 oC range (175 to 575 OK). Degradation rates increase as a

function of hot junction temperature from diffusion mechanisms,

vaporization mechanisms, Kirkendall void formation, etc. Figure 2.17(59)

is a degradation curve for the (Bi,Sb) 2(Ty ,Se) 3 systems similar behavior

can be expected for other thermoelectric systems. The low operating

temperature for this system makes it of little interest for future space

power, although RTGs of this type were used in the 1960x.

The system which is being used now for space power is the Si-Ge

1	 thermoelectric generator. This generator has flown on LES 8 and 9

missions, voyager 1 and 2, and is planned for Galileo and the International

Solar Polar Mission. Figure 2.18(60) shows the overall system efficiency

is approximately 6% (net electrical output/total thermal input) BOL; the
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Figure 2.17. Degradation Rates of (Bi,SL)2(Te,Se)3 Thermoelectrics as
a Function of Hot Junction Temperature. (Reference 59)
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corresponding EOL efficiency is 5.5%. This figure can be regarded as

typical of current technology. Improvements in overall system design allow

increased mission length and lower specific mass for the system (Figures

2.19 and 2.20).

THERMIONIC a?E M CONVERTERS (TEC)

TEC research and development has been concentrated on individual

converters and small clusters of converters; relatively little data exists

on entire systems tested for long periods of time. As a consequence,

assessing the performance for a TEC system is difficult. The operating

temperature for TEC (1400 oR and above) makes electron bombardment heating

the most practical approach for laba wztory devices. Most research devices

are planar in design and have, as . - asequence, large extraneous heat

losses which make high-confidence calculations of efficiency difficult.

However, cylindrical devices have been tested which have smaller extraneous

heat losses, resulting in increased confidence in the observed

efficiencies. Even in this case the effectiveness of coupling between

individual TEC devices, as well as coupling betvA in the TEC system and the

heat source, can only be estimated and should not be viewed in the same

perspective as the performance data from other prototypical systems.

While substantial efforts have been made in the United States and

abroad to develop in-core thermionic reactor fuel elements for nuclear

reactors (61) with engineering prototypes tested for tens of thousands of

hours and more, these have generally been designed for thermal reactors.

Significant problems of device distortion and failure due to fuel swelling

are encountered when the equivalent technology is used in compact fast

reactors suitable for space. The resolution of these lifetime problems

will lead to a significant advance in TEC space applications. (62) Out-of-

core thermionic converters are currently being investigated in conjunction

with the SPAR space nuclear reactor program. In this context, the

thermionic diodes are integrated into the high amperature end of heat

pipes which carry waste heat to the radiator.'63)
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TEC are complex devices in that performance is affected by device

size (e.g., massive electrodes have small 12R losses but may be

prohibitively heavy), electrode spacing, cesium vapor pressure in the

interelectrode area, as well as the high and low operating temperatures of

the devices.

Results of various TEC tests are commonly presented as electrode

voltage vs, current density (A/c3m 2 of emitter area) as a function of the

above variables which affect performance. (64) These curves are compared

with the theoretical output, a Boltzmann line intersecting the saturation

level at the contact potential. Typical curves are shown in Figure 2.21.

Approximate efficiencies can be inferred from these curves. Electrode

efficiencies for converters typical of today's technology are in the range

of 12%. With an 'optimum' lead the device efficiency would be in the 10%

range, and incorporation of such converters into a realistic system design

would result in further losses, reducing efficiency to the 8% range. A

converter with these efficiencies using current materials technology would

have an emitter temperature in the 1600 oK range, a collector temperature

in the 750 OK range, a power density of 3 to 5 w/cm2 , with an output

voltage approximately 0.5 to 0.7 volts. These numbers must be viewed as

approximate since maximi zation of efficiency requires a converter designed

for the spacific point of operation, and maximum efficiency does not occur

at the same operating point as does maximum power output.

Performance and efficiency improve rapidly with increased emitter

temperatures. Emitter temperatures of 1800 oK have produced electrode

efficiencies in the 16% range. (65) Similarly, emitter temperature

reductions below 1600 oK quickly result in drastically reduced power

output.

TEC has two unique, desirable features for power conversion systems

applications:

(1) Demonstrated long life, 46,000+ hours of operation

without significant degradation in performance, and

(2) High heat rejection temperatures which minimize

radiator weights for space systems.
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A substantial gap appears between the predictions of high efficiency by

researchers in this field (e.g., 26% theoretical optimized lead efficiency

vs. the 10 to 13% experimental values) and the results of experiments.

Clearly, a potential for improved performance exists, but researchers have

made slow progress towards these goals. Ways to enhance TEC performance

are suggested in Section 2.2.7,

BRAYTON CYCLE TURBINES

A variety of gas turbine space power systems have been designed and

tested over the past twenty years to help identify the potential

performance for these systems. A typical Brayton power system is shown in

Figure 2.22. (66) The system includes the solar collector, receiver, heat

source heat exchanger, turbine, compressor, recuperator, generator, and

waste heat radiators. Evidently, an economy of scale is available for

power-specific mass, as shown in Figure 2.20 67) The upper limit on module

size is generally determined both by the mission as well as by the power

units themselves, according to an optimizing criterion such as min'ma=

weight in orbit or minimum cost for the mission. There is good reason to

suggest that the economy of scale reaches a lower limit in the vicinity of

4 kg/kWe and does not continue much further downward along the dashed line

graphed in Figure 2.23.

Actual gas turbine power systems have been tested for use in space

only at the lower end of the power scale shown in Figure 2.23, that is,

from 2 to 15 kW(e), (69,69) At 15 W(e), a complete Brayton power generation

system operated at 1600 0  with power plant efficiencies of 29% (excluding
concentrator and receiver losses). Long run duration tests of 38,000 hours

were carried out on this system with exceedingly high reliability.

Materials tested included TZM for the turbine rotors (64,000 hours at 1600

to 2000 OF) and ASTAR-811C (250,000 test hours at 1600 to 3000 OF) suitable

for the turbine casings, ducts, and heat exchanger.,-. (70,71) Examples of

similar rotating units are shown in Figure 2.24. Incorporation of

separately tested, improved components is expected to raise the power plant

efficiency to 32068)
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The other critical element of these units is the recuperators, which

must operate at the turbine exhaust temperature to help reheat the high

pressure working fluids. These devices have been built and operated with

the rotating units described above an a complete system. The recuperators

have a design effectiveness of 0.90, with pressure losses of 0.09 psi and

0.05 psi on the turbine outlet (hot) and compressor outlet (cold) sides,

respectively, using type 347 Stainless steel. The corresponding gas

temperatures were: 1110 oK (turbine inlet) and 420 OK (compressor

outlet). The design shown in Figure 2.25 is typical of recuperators built

and tested, and is a multi-pass, cross-counterflow heat exchanger.(72)

Higher effectiveness (i.e., .95) recuperators have also been tested at

lower power throughput.

RANKINE CYCLE TURBINES

Rankine cycles have also ban designed, built, and tested for space

operation. These have utilized organic working fluids, mercury, and alkali

metals. The SNAP 8 development program conducted by NASA in the mid-1960s

and early 1970s investigated solar powered mercury Rankine cycles in the

power range of 35 to 90 We. (73) These systems operated at pressures of 250

psis and temperatures of 1250 of (950 'K) for 10,000 hours without

significant deterioration. A .antalum tube boiler was used to insure

wetted-wall contact with the mercury. Higher temperature, larger alkali

metal Rankine power components were also built and tested in conjunction

with the space nuclear power program. (73) These devices were driven by

radioisotope source and, in some cases, by fast fission reactors designed

for high powers. Potassium was the most common working fluid; rubidium and

cesium were also considered. Peak temperatures of approximately 1600 of

(1150 OK) were obtained in these turbines with successful use of refractory

metals in the blades and stators and corrosion resistant seals, bearings,

and heat exchanger materials elsewhere in the system. Astroloy U-700 and

refractory alloys such as TZM molybdenum have been tested for potassium

turbine blades, and HA-25 alloy was used for hot stage nozzle vanes. The
alloy T-111 was tested as a principal structural material in flow passages;

ASTAR-811C is an attractive alternative to T-111 and can be fabricated more
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Figure 2.25 (a). Mini-Brayton Recuperator Core Assembly.
(Reference 72)
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Figure 2.25 (b). Mini-Brayton Recuperator Configured for DIPS
Workhorse Loop. (Reference 72)
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easily. These systems were aimed at spacecraft power on the order of 450

kwe . Heat was to be transferred into the cycle at 2150 of (1450 OK) and to

be rejected at 1200 OF (920 OK) to minimize radiator weight. The internal

pressures ranged from 163 psis at the turbine inlet to 5.4 psis at the

radiator/condensor. Figure 2.26 shows several examples of the Rankine

cycle turbines tested under this program. Approximately 900,000 hours

collectively were spent in testing potassium Rankin cycle components and

over 23,000 hours on cesium components.

2.2.4 Tamita to present Te^hnolne^

The best performance characteristics of current flight-tested

photovoltaic cell and radioisotope thermoelectric conversion systems are

summarized in Table 2.12 as benchmarks for energy conversion technologies.

Through continued development of these technologies, an evolutionary

increase in performance can be expected. These evolutionary improvements

are discussed below and quantified when data is available. Any new or

advanced concepts must e=eed one or more of the benchmark characteristics

for energy converters by a large amount in order to provide a significant

increase in performance over the evolutionary improvements in performance.

Specifically, in experimental silicon flat arrays, a power-specific

mass of about 16 g/w BOL has been attained. (74) Alao, on experimental

silicon solar cells, efficiencies near let Air Mass 1 (about 161 Air Mass

0) have been reported. (75) Theoretical analyses indicate that Air Mass 0

efficiencies near 20% might ultimately be attainable .(76) whether such high

efficiency cells can be prepared with equal or better radiation resistance

than current cells is still an open question. In contrast, advanced thin

silicon solar cells of rather high efficiency have been prepared with

approximately twice the useful life of the current production cells, namely

a power output of 0.86 of the original power output after irradiation with

1 MeV electron to a fluence of 3 x 1014 cm2.(49)

Significant work has earlier been carried out with "p on n" Si solar

cells containing Li in the base region. These cells exhibit annealing of

radiation damage at normal cell operating temperatures. The cells,
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(a) Two-staqe Potassium Vapor Turbine.

(b) Three-stage Potassium Test Turbine.

Ficrure 2.26. Potassium Vapor Turbines (adaFted from
Reference 73).
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Table 2.12

Energy Converter System Benchmarks

Power
Specific

n	 Mass

Photovoltaic Cells	 14.5	 15-60 g/W(e)
(Silicon Flat Arrays)

Thermoelectric	 6.4 t	 330 g/W(e)
(with RTG source)
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however, also showed some instability, and their advantage over the normal

"n on p" Si solar cells in an electron radiation environment was not

adequate to warrant further development.

In cognizance of the large effort mounted under the DOE program

towards the reduction of the price of terrestrial solar cells, NASA has set

a goal for the power-specific price of $30 S/W for silicon flat arrays. It

appears that this goal applies to the arrays themselves, without deployment

mechanisms. [See Section 2.1 for a discussion of deployable arrays.] These

efforts in progress on silicon flat arrays towards mass and price reduction

with efficiency improvement and further radiation hardening need to be

maintained in the further NASA and DOD programs since they represent a

relatively low-cost, low-risk evolutionary approach with reasonably defined

goals.

More advanced photovoltaic cell concepts, including GaAs cells,

MISISIS cell structures, tandem and vertical multi-junction structures,

multi-bandgap systems, and other novel photocell concepts are assessed in

Section 2.2.7. These concepts suggest a variety of ways of improving on the

basic flat silicon photovoltaic cell performance by virtue of using

different materials and configurations better matched to the solar

spectrum, able to operate at higher temperatures without serious loss of

efficiency, and/or relying on focused sunlight.

Improvement of the overall thermoelectric converter design to reduce

specific mass and incorporate new heat sources while retaining the basic

unicouple or thermoelectric element (Figure 2.27) is being studied.(77)

Modification of the basic SiGe material to reduce its thermal conductivity

and thereby increase its efficiency is also underway. This effort is

emphasizing GaP additions to the basic SiGe material. (79 ) Both of the above

result in small increases in performance which are sufficient to meet

immediate mission requirements.

In brief, the limits to performance of present thermoelectric

converter approaches is tied to the peak temperatures obtainable with

insulating materials now in use and by the techniques employed for
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transferring heat within the system (i.e., thermal conduction). Theme

limit the project efficiency of SiGe thermoelectric converters to

approximately 12% when operated at temperatures up to 1950 of (1340 OK)l an

incremental reduction in power-specific mass down to 40 g/W(e) for solar

powered systems (i.e., no batteries) or 166 g/W(e) with radioisotopes is

also considered feasible as a result of the systems development occurring

concurrently.

Thermionic energy converter (TEC) research has and is presently

emphasizing electrode materials development or designs which would increase

the efficiency or performance of the converters. (79) Increased surface area

associated with grooves or surface roughness formed during fabrication has

been tried and evaluated. Incorporation of two materials with different

work functions into the electrode surfaces has also been evaluated (so) as

have additions such as oxygen to form controlled surface oxides. Limited

improvements in efficiency on the order of a few percent have been achieved

by these techniques.

Major gains are theoretically available if 1) a low work function

collector material could be maintained at a sufficiently low temperature to

limit back emission from the collector, or 2) electrodes operating

principally with inert gas plasmas in devices containing a third electrode

were to be developed. (81) Continuing efforts along these lines have shown

limited progress in converting these concepts to practical devices.

Performance reference values for present technology are set at 10%

overall efficiency (i.e., including lead and system losses), a power

density of 4 to a W/cm2 with output voltages in much the same range (i.e.,

0.5 to 0.7 Volts) as operating devices. An estimate for power-specific

masses for a space-qualified 200 kw(e) system using thermionic energy

conversion with 10% efficiency is 40 kg/kW.(82)

It is interesting to note teat this lot efficient 200 We conversion

system, a propulsion system, and a 3 tonne payload which can be placed into

LEO by the shuttle can subsequently reach Saturn or Uranus within a 10 year
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period. Higher efficiencies (e.g., on the order of 13%) would enable

similar mission constraints to be met for exploring Neptune and beyond.

The limits to Brayton cycle turbine energy conversion performance

depend on the gradual extension of turbines blade and heat exchanger

materials to higher temperatures to improve the cycle efficiency and reduce

radiator weight as well as an improvement _., the reliability of turbine

systems. Blade metallurgy has been developing continuously toward higher

temperature operation. Figure 2.28 shows the creep strength of a variety

of blade materials in various stages of development and use. The

horizontal dashed line indicates an approximate criterion for material

acceptance for turbine tip speeds of approximately 250 m/sec (820 ft/sec)t

the height of the dashed line is proportional to tip speed squared. Above

the dashed line, materials will survive with less than is creep for more

than 40,000 hours at the temperatures and tip speed indicated. Materials

such as Nickel based alloys are in use now for larger turbines.

Experimental turbines have been built and tested for many of the niobium

(i.e., columbium) alloys, tantalum alloys, and molybdenum alloys.(68,69)

Small (e.g., 50 kM or less) ceramic turbines have also been constructed

which encounter the highest cycle temperatures (i.e., 1600 OK or 2400
oF). (83) In the near-term we anticipate that blade temperatures of 2200 OF

(i.e., 1500 OK) could be made available in a fully developed Brayton cycle

system using tantalum alloys. (59) This would permit thermal cycle

efficiencies on the order of 37%. This assumes a mean radiator temperature

of 450 OK and some temperatures on the order of 1600 oR. An overall power-

specific mass can be estimated from a recent study of nuclear Brayton-

powered propulsion systems, giving a value of approximately 14.4 kg/kW(e)

for a 400 We unit. (84) This specific weight excludes the reactor and

shielding masses, but does include two separate Brayton units, heat

exchangers, recuperators, and radiator. Each unit is capable of delivering

the full power; a single unit system would be 7.2 kg/kW(e) under the same

assumptions.(84)

The use of multiple units is directly related to the reliability of

individual power modules. Single units are subject to single point failure
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and, as such, are generally unacceptable. For moderate to high powers

(e.g., 100 We to 1,000 We), multiple units each supplying only a fraction

of the total power can be used to increase the overall system-wide

reliability. For example, if the reliability of each turbine power unit is

95% for the mission lifetime and 100 such units are used, then there would

no only one chance in 1000 that the power output would ever be less than

95% of the rated power of the system, assuming that 10% excess capacity was

originally installed. (85) At smaller total system power, this approach is

not as attractive because turbine unit efficiency falls and power-specific

mass rises substantially as the :snit size decreases (e.g., sea Figure

2.23).

A similar analysis naturally applies to the Rankine cycle turbine

power system. Molybdenum alloy turbines may achieve 1470 
0R (2200 0F)

operating temperatures in potassium vapor under the constraints discussed

above for turbine blade stresses. This constitutes 100 oR higher

temperatures than those where long duration creep tests (i.e., 10,000

hours) have been conducted. (71) Higher temperatures also are accompanied by

increased material migration within the potassium loop, especially as

impurity levels of dissolved materials increase over the lifetime of the

mission. The use of CrAl alloy claddings is being investigated in

combustion applications as added protection to reduce alkali metal salts

attack of stronger substrates in turbine blading. (86) A cladding substrate

approach might also prove feasible for achieving high turbine temperatures

in the pure alkali metal vapor environment of a space Rankine cycle. These

developments should lead to a Rankine cycle efficiency on the order of 19•

(with a power-specific mass of 5 kg/kW(e) at the 375 W e size, excluding

the radiator), making it strongly competitive with Brayton cycle

systems. (241 The efficiency in this case, while low compared to the Brayton

cycle, does permit low radiator weight advantages of a high reject heat

temperature (i.e., 900 0X or 1160 0F).
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2.2.5	 -

Energy conversion systems can be compared fairly on the basis of

their power-specific mass, reliability over a fixed period of time (i.e.,

probability that the power level will not drop more than 10 percent below

rated power capacity during the mission lifetime), and cost per W(e), if

available. The preceding section has discussed the limits to the

performance which can be expected from an evolutionary development of

present energy conversion technology. The benchmarks of Table 2.12

indicate the best systems which Nave been flight tested. The current

photovoltaic cell technology has demonstrated approximately 25 We with

certainty. The reliability for a 10 year mission may be obtained from the

photovoltaic cells as well as the thermoelectric units (e.g., those used in

the Voyager series where nearly 95% of peak power is still available after

7 years). Henceforth, these select figares will serve as benchmarks to

judge disparate, advanced, or new energy conversion technologies. Overall

system efficiency also is relevant in special circumstances where the

absolute size of the collector and/or radiator associated with the

conversion system becomes a hindrance; for example, in orbital transfer

propulsion applications where atmospheric drag is significant or in

situations where scaling to larger sizes entails an increase in power-

specific mass of the radiator or collector gax- m•

2.2.6

Generally, thermal energy conversion systems can ba used for any

mission since either solar or nuclear energy may be utilized. Photovoltaic

energy conversion, restricted to the use of solar energy, will be

applicable to the missions with an adequate solar source, as indicated in

Table 2.7 of Section 2.1.

2.2.7 Advanced conversion Technology Assessment

A great variety of advanced conversion concepts have been proposed

which promise improvements over present conversion technologies. Some of

these appear to be prosaic extensions of current development with rather
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modest increases in performance. Other concepts are still just ideas with

very little concrete data for evaluating their claims. There are an

interesting number of novel schemes promising significant performance

improvement and having sufficient data to back up these projections. This

last class of advanced conversion concepts encompasses new ideas in both

photovoltaic and thermal energy conversion areas. The more advanced, novel

concepts are also reviewed and data needs, if any, are noted.

2.2.7.1 Advanced Photovoltaic Conversion

Advanced development in photovoltaic conversion encompasses the use

of compound semiconductors such as GaAs, heterojunction devices, multi-

bandgap cells, MISISIS cells, and tandem junction as well as multi-junction

cell structures. Other photon-assisted conversion concepts (e.g., photon-

assisted electrolysis) are assessed in Section 2.2.7.3 under Novel

Concepts.

The main thrusts of advanced photovoltaic cell development are to

improve cell performance, enhance radiation resistance, select better

methods of support and encapsulation, realize the potential of higher solar

concentration ratio effects, derive higher voltages, and achieve in situ

annealing. These concepts, along with structural and other material

improvements, aim at increasing cell life and reducing power-specific

mass.

Gd#s SOLAR CELLS

A flat array currently under development is based on Gallium

Arsenide (GaAs) solar cells. The more successful of these cells are of the

GaAlxAsl_,/GaAs wide bandgap window layer structure. The effort is

primarily directed at developing cells of lower mass (thin film devices)

and possibly; greater operating life (that is, of higher radiation

resistance) than is obtainable in silicon solar cells. The solar cell

efficiency will be comgarable to or possibly slightly higher than that

obtainable in silicon solar cells. In elevated temperature operation the
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GaAs solar cells exhibit a significant efficiency advantage over the Si

calls.

Efficiencies of 15 to 17% Air Mass 0 have been reported( 07) for

single crystal GaAs cells of relatively large thickness and, consequently,

high mass (the density of GaAs is about 2.5 times higher than that of Si),

and test groups of such cells have been successfully flown on spacecraft.

The operating life advantage of these devices is, however, still in

question. (87,80)

There has been some evidence that annealing of radiation damage may

occur in single crystal GaAs cells at temperatures near 150 oC. It may

thus be possible to experience no significant performance degradation by

high temperature operation of these cells. The evidence for this is,

however, not yet complete.

True thin film, polycrystalline GaAs solar cells have now been

reported with efficiencies near 100 89) A goal for the power-specific mass

for the GaAs cells is 10 to 40 g/W, and the power-specific price is

expected to fall into the 300 to 1500 S/W range. These estimates are

summarized in Table 2.13.

Because of the performance advantages of the GaAs cells under high

temperature operation, these cells are thought to be better suited for use

with optical concentrators. Here a power-specific mass of 5 g/W is

projected for the complete con-entrator/array system. Since the efficiency

of properly designed solar cells increases with light intensity, a solar

cell efficiency of 18% under operating conditions with optical

concentration is expected to be achieved on such systems. However, there

exists very little experience with the deployment and performance of

optical concentrators in space, so that most of these data are

projections. While waste heat rejection in space is a problem at higher

irradiance, it is thought advantageous rather than to use one or a few

large-area concentrators with the corresponding photovoltaic converters, to

break the system up into a large number of small-area concentrators with

very small photovoltaic converters, possibly not much larger than a common
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Table 2.13

Technology Basis for GaAs Photovoltaic Arrays

Experimental	 Experimental
GaAs	 GaAs

Item Assessed	 Units	 Flat Array	 Concontr. Array

Power -Specific Mass	 g/W	 10-40	 5

Power-Specific Price	 $/W	 300-1500	 -

Experience Base	 Test groups
(total flown)
	

We	
Test

Array Efficiency 	 `14	 -

Solar Cell Efficiency	 $	 15-17	 18
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integrated circuit chip. This approach sight possibly also bring cost

advantages for the concentrator fabrication.

MISISIS SOLAR CELLS STRUCTURES

Development efforts are in lrogress, particularly in the terrestrial

program, to replace the commonly used potential barrier, a pn-junction, by

one resulting from a MIS or SIS structure. The development of these cells

has been pursued primarily under the viewpoint of potential lower-cost

processing compared to pn-junction formation, but this premise is being

increasingly questioned. In a few cases efficiencies comparable to those

obtained in pn-junction devices have been achieved. (90) However, the

structure contains an insulator of 20 to 80 Angstrom thickness which is

sensitive to environmental influences. While this sight cause degradation

in the pre-launch environment, the charged-oxide layers have also been

found to be extremely vulnerable in the space radiation environment.

In addition, the higher efficiency MIS ar SIS solar cells are now

understood to operate as minority carrier devices, just as the pn-junction

solar cells. Thus, they are also subject to radiation damage by minority

carrier lifetime reduction, besides the charge buildup in the insulator

layer. Also, the insulator layer and the space charge region below it are

even closer to the device surface than the depletion region of a pn-

junction cell, so that low energy protons could have i large effect.

Without a recognised efficiency advantage and with the potential

reliability and radiation damage problems, the MIS/3i8 solar cells do not

seem to hold much promise for an advance3 photovoltaic space power system

at this rime.

TANDEM AND VERTICAL MULTI- JUNCTION STRUCTURES

In the conventional solar cell structures, a single potential

barrier - usually a pn-junction or, as in recent developmental cells, an

MIS or SIS barrier structure - ie located in a layer parallel to the light

exposed surface, usually at a very small distance from the latter.

Recently, experimentation with so-called tandem junction cells has been
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carried out in which a second potential barrier, or pn-junction, is placed

nearer to the back, Ohmic contact of the device. so far efficiencies near

those obtained for single junction devices have been achieved in these

celis.01)

1

	

	 In vertical multi-junction (VMJ) cells the potential barriers are

placed normal to the light exposed surface instead of the usual parallel

placement. They have been experimented with primarily in silicon. A

number of variations are possible for the VMJ cell. They include cells in

which the junctions reach all the way through the thickness of the cell.

In others they reach only part way from either the front or the back

surface into the cell. The latter arrangements require, by necessity, a

i	 parallel connection of the multiple p and n regions. The advantage of VKJ

cells lien primarily in the potential attainment of a higher radiation

resistance. However, this increased radiation resistance can be achieved

only if the individual p and n regions are made very thin compared to a

diffusion length. (92) This requires a structure of very thin individual
layers, which are difficult to reproduce with current process technology.

This type of structure has been better approximated in the parallel
junction VMJ cells than in the series junction VMJ cells. Consequently,

the improved radiation resistance has so far been observed only in the

former.

on the other hand, a series connection of the individual cells which

are represented by each p and n region pair, including a pn-junction, leads

to a cell which produces a low current and a high voltage. At the same
time, the structure is so arranged that the series resistance is naturally

small. For both reasons, a cell with high voltage and low current lends

itself especially well for use with high concentration ratio optical

concentrators. It should be noted, however, that such a cell is much more

sensitive to variations in irradiance over its light exposed surface than a

single, parallel junction cell would be.

WN
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From theoretical considerations, significant efficiency advantages

for either tandem junction or VMJ cells cannot be expected over

conventional parallel junction cells of cam par able material, structure, and

optimal design. However, the vMJ approach does have the advantages of

combining high efficiency with increased radiation resistance and, in the

series connected version, coupling with low series resistance and higher

voltages, making it attractive for high ratio optical concentrator

applications.

OTHER SOLAR C11"'A

The only other type of solar cell which has been test flown on

spacecraft is the copper-sulfide/cadmium--sulfide (Cu2S/CdS) thin film solar

cell. 36 •cause of its relatively low efficiency (3 to 71) and stability

problems, this cell has not been considered am a viable candidate for

photovoltaic space power systems for over ten years. However, a variation

of this design, using Cu 2InSe on CdS, has recently been shown to achieve

better efficiency and stability.

While numerous semiconducting material of properties suitable for

photovoltaic solar energy conversion exist, none of these materials is

known to have attributes which could make it significantly more favorable

by itself for spacecraft power systems than the materials developed so far;

that is, silicon and gallium arsenide. Therefore, it does not sera

warranted, at least at this time, to expend the considerable research and

development effort necessary to being the technology of newer materials to

a state comparable tc that already achieved for silicon and gallium

arsenide. In general, it cannot be expected that efficiencies

significantly above 20% Air Mass 0, without optical concentration, can be

achieved with any single semiconducting material.(93)

with optical concentration the conversion efficiency of the solar

cells themselves may reach into the mid 20• range, but it has to be

observed that the optical concentrator also will have a limited efficiency,

which may snake the complete power system not significantly smaller than a



flat array. It is, however, conceivable that its mass might be lower

(e.g., 5 g/W) as well as its price.

MULTI-HANDGRP SYSTEMS

The only way conceived so far for attaining significantly higher

efficiencies is by the use of several semiconducting materials with

different bandgaps. Two approaches to this end are being pursued. The

first involves external optical beam splitting using dichroic elements

which direct separate spectral bands of the total solar spectrum to

individual solar cells prepared from semiconductors with different bandgaps

which are matched to the particular optical spectral band. (94) The second

approach utilizes the optical properties of the semiconductors of different

bandgaps for the beam splitting. Here the cells are mounted behind each

other in the optical path of the sunlight so that each can respond to its

most favorable wavelength range. The latter approach goes under the name

of "stacked cells," "tandem cells," "cascade cells," "multicolor cell
System,,, 	 In such stacks the cell with the widest bandgap faces

the incident radiation, while the cells with successively smaller bandgaps

are mounted in sequence behind. For systems with adequately large numbers

of such cells of different bandgap, theoretical conversion efficiencies

above 508 have been computed, while practical efficiencies in the 30 to 408

range may be expected.(95,98)

The problem with these multi-bandgap systems is that each

semiconductor material with a particular bandgap has to have its own

potential barrier (usually a pn-junction) and has to be connected to the

ro-ighboring cells by a transition layer which exhibits the properties of an

Ohmic contact. At the same time, the transition layer should be optically

nearly perfectly transparent to all wavelengths not absorbed in the

preceding cells in the stack. This means that practically the entire cell

interface area shall be transparent, with negligible absorption on

reflectance. This requirement eliminates the more conventional cell

connection with metallic ohmic contacts, except possibly if applied in a

grid pattern. New approaches have consequently been pursued, such as using
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a heavily doped layer of either or both of the two different materials for

the transition layer and making this layer adequately thin to permit

tunneling of the charge carriers through the resulting potential barrier.

Such transition layers are known under the name "tunnel junctions."(96,97)

A second approach is to use the newly developed "super lattices" for the

transition layer. (99) such a super lattice consists of a periodic structure

of alternating layers of different bandgsp or different impurity content.

So far, in Air Mass 1 sunlight, efficiencies of approximately 29%

have been attained with multi-bandgap systems using optical beam splitting

by dichroic elements, (100) and approximately 161 with stacked cell systems

using tunnel junctions. (96) The development of these systems is actively

pursued by the Air Force and the terrestrial photovoltaics program of DOE.

While the optical beam splitting systems can be readily attained with

current technology, successful development of the stacked cell system will

require a substantial effort.

The optical beam splitting systems are mechanically more cumbersome

to implement, while the stacked cell system seems to provide a more elegant

approach. Either system is expected to be, at least initially, relatively

expensive. It will, therefore, appear to be more attractive in use with

optical concentrating systems, particularly those of high concentration

ratio. In addition, the efficiency of the multi-bandgap systems is

expected to increase significantly with higher solar irradiance so that the

use with concentrators appears advantageous also from the performance

viewpoint. By combination with concentrators, multi-bandgap systems are

already practical with two or three junctions. The availability of high

efficiency phot,,voltaic converters will make the application of

concentrator systems much more attractive since the optical collecting

area, viz. the concentrator size, needed for the satisfaction of a given

load can be significantly decreased by use of high efficiency converters.

This decreased collector area makes the use of relatively costly high ratio

concentrators much more attractive than their application with photovoltaic

converters of a single semiconductor. on the other hand, it is conceit,able
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that the stacked cell eyatems might ultimately be produced cheaply enough

to make them also attractive for flat arrays.

A disadvantage of the multi-bandgap system is that changes in

operating conditions (spectral distribution, light intensity, operating

temperature, performance degradation) can cause a mismatch betwen the

individual cells of the system and, consequently, an efficiency loss should

the cells be connected in series. It may, therefore, be advisable to

connect each cell of the system to ita own load circuit (power conditioning

system); however, this would entail additional system complexity, cost, and

probably mass.

In summary, the photovoltaic conversion concept promising the

greatest performance advancement is the multi-bandgap system in the stacked

cell version or, alternately, with external optical beam splitting. The

multi-bandgap systems may be instrumental to making optical concentration

practical in space. Less ambitious, but nevertheless important,

development concepts involve improved radiation resistance (including

annealing techniques), better encapsulation where electrostatic bonding is

being developed as an alternative to the common adhesive bonding

techniques, the development of high concentration ratio and of higher

operating temperature solar cells (e.g., GaAs), and improvement of single

and vertical multi-junction cells for better efficiency, particularly

through higher voltage. Most of these concepts are already being pursued

to some degree within NASA or DOD and through the DOE program. However,

there is a need for considerable further development effort in each of

these areas to help achieve the desired performance improvements.

There is a real need for a careful study of the relative advantages

of photovoltaic concentrator systems versus flat photovoltaic arrays. Each

of these has been evaluated in its own right, but there is not sufficient

data on comparable performance conditions to allow a clear selection of the

best approach. Also, many approaches have been tried in the pabt which

have not been very successful to date, for example, in increasing radiation

resistance; but the problems are still there, and it is important to

continue to seek solutions for them.

-A	 s
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Advanced thermal conversion concepts have been suggested in the

areas of thermoelectrics, thermionics, and thermal dynamic converters.

These concepts span ideas which have a long history and which may be

fruitful now because of new materials or the use of new configurations as

well as relatively new ideas for which virtually no data exist for their

evaluation. Advanced thermal conversion concepts generally offer the

potential for higher efficiency than photovoltaic converters with the

associated problems of greater complexity. The greatest uncertainty

concerns the overall power-specific mass associated with the whole system,

including heat source (or collector) and waste heat radiator. Within the

limits of material strength, power-specific mass will be reduced by devices

which operate at the highest temperatures possible in order to reduce the

waste heat radiator mass. Advanced radiator concepts are presented in

Section 2.4. Novel concepts involving thermal and direct photon energy

conversion are treated in the next section (2.2.7.3).

ADVANCED TEMTW LECTRIC CONVERTERS

New Materials

Development and demonstration of a new thermoelectric system

typically requires 10 years of research effort. In some cases, such as the

selenide system, problems become apparent only after long-term testing in

the system configuration. These problems can be related to material

evaporation, interdiffusion, creep deformation, diffusion caused by current

flow, or a wide spectrum of other problems. Thus, research is needed as a

continuing effort on new or promising systems to document not only short-

term performance but long-term degradation mechanisms.

As discussed above, thermoelectric conversion at higher temperatures

has the advantage of reducing power system mass (e.g., radiator mass). As

temperatures are increased, electrical insulation problems must either (1)

be avoided by using radiation heat transfer from the heat source to the hot

side of the converter, or (2) addressed by an insulator development

program. Existing data indicate that electrolysis is a major mechanism for
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insulator deterioration in the +1000 oC range. furthermore, there is a

specific need for higher temperature thermoelectric materials themselves.

High temperature materials including the chrome-lanthanum-chalcogenide

system (Cr 2Se3 , La2Se3 , and La2s3 ), (101) the Si-C system, (102) the B-N

system, and others are currently being evaluated. Little data is available

on these systow at present. However, it is understood that these

materials generally degrade more rapidly via the mechanisms cited above as

the temperatures increase. They also suffer from loss of structural

integrity if they are subject to thermal cycling under load (i.e.,

cimpressive stresses); for example, if the heat source is solar energy.

The payoff in terms of power-specific suss is directly related to

higher operating temperatures. For example, increasing the operating

temperature from 1000 OK (SiGe alloys) to 1300 oK (e.g., rare earth

chalcogenides) can reduce the radiator weight by a factor of five, assuming

a constant temperature difference of 570 OK between hot and cold junctions]

that is, the radiator temperature would be increased from 430 oK to 730

oK.

A?lra 7 i eta? h rime tctric Converter LAM=

This is a relatively new direct conversion concept (103) in which an

alkali metal (sodium) is driven around a closed thermodynamic cycle between

two heat reservoirs at different temperatures and pressures (i.e., 1 at=

and 10-2 atm) as shown in Figure 2.29. This device does not rely on the

Seebeck effect. Rather, the principal step in the cycle consists of the

separation of sodium into positive ions and electrons by means of a beta-

alumina solid ionic conductor to produce electrical work. Beta-alumina

belongs to the class of materials known as solid electrolytes or fast ion

conductors. These materials have ionic conductivities much larger than

their electronic conductivities and can thus act as permselective barriers

in electrochemical devices. At a temperature of 800 °C, for example, beta-

alumina's ionic conductivity is 0.63 ohm 1cm 1, while its electronic

conductivity is only 0.0023 ohm-1 cm 1 . A porous metal slectrode covers the

low pressure, cold side of the beta-alumina barrier. Electrical ieads
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making contact with the porous electrode and the high temperature liquid

sodium exit through the wall of the device. Nearly all of the temperature

drop (i.e., 500 OK) across the ANTEC occurs in the low pressure vapor space

between the porous electrode and the outer wall. A return line and an

electromagnetic pump circulate the sodium working fluid through the AIMC.

At the beginning of the cycle, cold sodium from the condenser enters

the hot zone (Figure 2.29) and absorbs thermal energy until it reaches T2.

The temperature enhanced pressure differential across the beta-alumina

forces Na+ ions across the ionic conductor, stripping the electrons off in

the hot liquid sodium phase, and recombining them with the ions at a lower

potential in the porous electrode on the cold side by connecting the two

sides of the beta-alumina with an external load-bearing circuit. Thus, a

voltage potential gradient is established in the beta-alumina which is

given ideally by
RT2

V = F n(P2
P

1

where T2 is the heat source temperature, P is a Faraday, and Pi and P2 are

high and low pressures creating the pressure gradient. This voltage can

produce work in the external circuit.

As current flow increases, the voltage decreases (Figure 2.30) due

to trs effects: 1) An IR drop occurs across the ionic resistance of the

solid electrolyte, and 2) the pressure at the electrode/electrolyte

interface increases so as to drive sodium vapor through the electrode and

across the vapor space. The voltages obtained from the ANTEC are

comparable to those from single battery cells (e.g., 1 to 1.5 volts).

The efficiency of the AMTEC under realistic conditions must take

into account the thermodynamic efficiency plus the effect of parasitic heat

losses from the high temperature to low temperature regions. These heat

losses consist of heat conduction through the structure and electrical

leads, and the thermal radiation (infrared) from the high temperature

electrode surface to the low temperature condenser. For an estimate of

upper limit efficiency, it can be shown that:
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Figure 2.30 shows the actual measured efficiencies for an experimental

ANTEC. Also presented are calculated efficiencies based on the reduction

of parasitic losses, thus showing the potential for improvement in future

ANTEC design and operating characteristics. with high temperature series

connection and optimized radiation shielding, the efficiency of the AKMC

should rise to the 201 ' 401 range.

Based upon the present level of experience and understanding of

AMTEC operation, a small AMPEC power module using a radioisotope heat

source (Pu23902 fuel) with a maximum surface temperature of 1100 0  and a
reject temperature of 300 oC would have an efficiency of 251. The specific

power of the projected ANTEC' conversion system is 21.5 w(e)/kg for a 1000

watt output. The present projections for the lifetime characteristics of

such an ANTEC system indicate that, after approximately 10,000 hours, the

output power would be reduced by 501 or the specific power would decrease

to approximately 11 w(e)/kg. However, it is anticipated that these

lifecycle characteristics can be improved substantially with further

research and development. The ANTEC' could also be integrated with a solar

concentrator heat source.

A variety of unusual direct conversion heat engines have been

proposed which rely on cyclic thermal processes which induce voltage

potentials via hysterisis effects, for example, in ferroelectric

materials. (104) Typically, these concepts are limited to modest temperature

(i.e., room temperature to 200 oC) and small temperature differences. A

very limited amount of experimental data is available at this time, which

makes their use for space power systems difficult to evaluate. They do

show promise for high power per unit volume. Current research in this area

is being supported by the Department of Energy. New higher temperature

versions of this concept would be required before it shows any significant

promise for advanced energy conversion.

1
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Thermogalvanic cells, similar in many respects to the AKTEC device,

have also been proposed. These cells develop a voltage between two

electrodes as the result of the transfer of a liquid between the two

electrodes which is brought about by electrochemical reactions at the

electrode/electrolyte interface and ionic transport in the

electrolyte. (105) The higher temperature versions of this concept have used

molten salts and solid electrolytes. The reactions are driven by applying

heat to a hot electrode and removing heat from the colder electrode.

Generally, these have not been as successful as the sodium/beta-alumina

cell.

ADVANCED TNERKIONIC ENERGY CONVERTERS (TEC)

Areas where modest performance gains are available and where

production of a practical device appears feasible are combined TEC-

thermoelectric (TE) converters and the particle converter. The combined

TEC/TE utilizes a thermoelectric material as the electrical leads, which

are the series connectors between the hot thermionic emitter of one

converter and the cooler colleci:or of the next converter in the series

string. The temperature differential is capable of producing sufficient

power in the T/E material to offset the I 2R power loss produced by the

current flow. One would expect an increase in efficiency to 19% from this

approach.

The particle converter shown in Figure 2.31 requires low work

function particles (e.g., porous metal oxides) with low thermal

conductivity to replace cesium in the interelectrode gap. (106) These

devices can be viewed as thermoelectric devices with a large Seebeck

coefficient and a high figure of merit. Output powers of 60 mw/cm2 appear

feasible when operated at emitter temperatures of 1370 OK. Evaporation of

the particulate filler still appears to be a problem. The peak

efficiencies anticipated for this type of converter are 20%; current

devices appear capable of achieving 12 to lb% in a laboratory environment.

The slow, but steady, progress of TEC technology has resulted in

long life devices with usable output, usable efficiency, and the advantage

of high heat rejection temperatures for space power conversion if the high



r

O

EMITTER
F L

MLECTOO
L

JW WC AT FLOW

-ELECTQOM FLOW

LOW •ORR rU"CT*k 0&%TICLES
r^-

2-99

Figure 2.31. S.:hematic Representation and Motive Diagram

of Particle Thermionic/Thermoelectric Power
Converter. (Reference7.06)



Z-100

temperature supporting technology can be developed. both T/E and TEC

systems need high temperature heat sources and high temperature

insulators. For example, silicon carbide and corset electrodes made of

Zr02 and No, which are being developed for combustion fired systems, may

also work well in space power system P07,10e) These material requirements

are more severe for TEC than for TE because of the higher operating

temperatures for TEC.

Concepts have been proposed to eliminate the high temperature

insulator by utilizing the electrical resistivity of long heat pipes

supplying hest to the conversion units. (109) Approaches of this type reduce

design flexibility somewhat, require operation of the system at a maximum

of S to 10 volts to maintain acceptable parasitic losses, and have yet to

be demonstrated as operating hardware. Demonstration of the uninsulated

system as a parallel effort to research on insulated systems appears

merited if it can be shown there are distinctive power-specific mass

advantages to this approach.

Heat pipes of moderate length which can be bent are needed on the

hot side of both TEC and thermoelectric systems to couple converters to

proposed nuclear heat sources. Similarly, heat pipes of unusual geometry

are needed to reject heat to a radiator.

The above research needs are in addition to ' ,.he ongoing research

program to develop low work function collectors and low cesium pressure

diodes or triodes. Demonstration of lifetime as well as performance of TEC

devices is required to provide credibility to continued research in this

area. Evaluation of combined TEC/TE devices and the particle converter

concept also appear merited.

HIGH TEMPERATURE EXPANDERS

To take full advantage of the potential of thermal dynamic systems

(e.g., Brayton and Rankine cycles), expanders need to be developed which

can withstand higher peak temperatures. This development can proceed along

two fronts. The first approach is high temperature materials development
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for gas turbines, and the second is the development of novel high

temperature expander concepts which do not require substantially new

materials. The latter category includes MM generators, free piston

expanders, and energy exchangers, each of which bypass the critical

problems of high tip speed stresses combined with high tesiperaturea that

plague gas turbine development. Furthermore, these novel expanders span

the range of power scaling from medium power (free piston expanders),

medium to high power (energy exchanger), to very high power (1®

generators). within this power range there is considerable overlap in the

applicability of these three concepts. It is important to note also that

each of these ideas offers substantial payoff without substantial risk in

development based on the existing technology base. The consequence of this

fact plus current support for these technologies outside of NASD is that

high temperature thermal power systems have a choice of expanders; the most

crucial problems are, therefore, how to generate the high temperatures and

how to radiate the waste heat effectively.

ADVAMCBD CAS TURBIMM DIMAPM:NT

Now turbine blade materials are being investigated which have the

potential for higher temperature operation. These are principallg f ceramics

being developed in conjunction with the automotive gas turbine program and

high temperature refractory alloys being developed for military gas

turbines and for high temperature, combined cycle power plant operation.

Some ceramic-coated metal blade combinations are also under development.

Much of this development must also deal with corrosion and erosion

as well as high temperatures, since the applications involve combustion

gases with excess air, corrosive combustion products, and, in some cases,

particulates. Generally, closed cycle operation - such as the space power

application - is a less demanding materials environment. Materials which

are resilient at high temperatures but which oxidise realily may have been

disregarded in the current development program. Such materials would

possibly be suitable for the space applica':ion, and they need to be re-

examined in this light.
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The ceramics under study include silicon carbide and silicon

nitride. These are want to be used as uncooled rotor blades, often with

an integral ceramic disk to which the blades are attached, and, sometimes

in larger devices, attached to a metal disk. Ceramic coatings now being

studied include Zr02 stabilized with 2203 sprayed onto a NCrA1? (where M-Ni

or Ni/Co) substrate which covers the refractory metal blade (e.g., vdimst-

500). (110) These coatings performed well in clean fuels at 2000 OF.

Aluminide coatings worked at temperatures up to 2100 0?. (111) Ceramic blade

attachment to metal rotors has been attempted. For example, the blade can

be dovetailed to an intermediate superalloy piece which in turn is attached

to a metal disk. (110) in this design a compliant surface minimises the

stresses where the ceramic blade is attached. Not pressed, fully dense

Si 3N4 was used for this design, which operates at 2500 OF inlet

temperature, 227S of blade temperature, and approximately 4950 rpm in the

30 MM power level. Surface flows related to the smoothness of the surface

finish, especially on the blade root, had a strong predictable correlation_

with spin test failures. Sialons (compounds of silicon, aluminum, oxygen,

and nitrogen) may also prove to be suitable for high temperature turbine

applications.

Figure 2.32 shows the 1 1# creep stress at 40,000 hours (horizontal

line .) for a variety of turbine materials as a function of blade

temperature. The ceramics, as discussed above, have the potential for

extending peak turbine blade temperatures from the benchmark value of 1500

OK up to 1520 OK. The cobalt and nickel based metal alloys have already

been surpassed by the tantalum and molybdenum alloys which, in turn, have

set the benchmark value.

we conclude that Brayton cycle temperatures may be increased from

1600 OK (2400 OF) to 1650 OX (2500 OF) by using ceramic blades and either a

ceramic (integr-l) rotor disk in small units or a metal (or two metal) disk

for large units. This results in efficiency increases from the benchmark

(37%) to 36%, a relatively small increrent in performance and a possible

reduction of only 12% in the radiator weight.
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FREE PISTON EXPANDER

Free piston expanders are of interest for space power systems

because of their potential ability to operate at substantially higher

coolant temperatures than turbines can.

Thg free piston expander (Figure 2.33) would be driven by an

expanding high temperature, high pressure coolant (e.g., argon or cesium

vapor). The energy of expansion would then be directly converted to

electricity in an external coil by flux displacement caused by the moving

high conductivity piston. The piston would not contract the wall of the

expansion chamber but would be magnetically or gasdynamically suspended.

The power cycle would be equivalent to a conventional closed Brayton

cycle with a turbo-compressor, except that the turbine would be replaced by

the reciprocating piston. Two power stokes would be delivered for each

cycle of the piston, with flow controlled by appropriate valving. The

expanded gas would be pushed from the chamber on the return stroke into the

flow line for delivery to the compressor. A rotary turbo-compressor is

indicated in Figure 2.33; it is the simplest and lightest compressor, and

the blade temperatures are compatible with present state-of-the-art

materials. A separate reciprocating piston compressor could be used, or

compression could even be carried out on the return stroke of the

expander. System weight and efficiency considerations appear to rule

against such systems, however. Separate compressor/expander devices also

are readily compatible with heat recuperation, which increases cycle

efficiency.

The piston would be made of a refractory metal (e.g., Mo) and would

operate at a temperature about halfway between th ,: inlet and outlet gas

temperatures. Assuming 3000 OK for the inlet and 1500 OK for the outlet,

the average piston temperature would then be 2250 0K. Molbydenum pistons

appear satisfactory under these conditions.

For efficient power generation the magnetic Reynolds number of the

piston (Rm - ,>Va) shoul3 be >> 1. For typical velocities of -100 m/sec and
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Figure 2.33. Free Piston Expander.
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pistcr diameters of 0.3 meter, Rw for a molybdenum piston is on the order

of 10, which appears adequate for efficient power generation.

Illustrative performance parameters are shown in Table 2.14 for an

inert gas working fluid (e.g., argon). High working pressures are favored

for compact, high power output.

A radial clearance of 0.2 cm is chosen, which permits some gas blow-

by during the stroke. This can be minimized by using a high molecular

weight working fluid (argon) and shaping the surface of the piston to

reduce the velocity of the gas that leads through the gap between piston

and chamber wall. One can use the equivalent of non-contact rings on the

piston to make the gas go through a series of expansions and contractions

as it flows down the gap. The 5% blow-by value corresponds to an effective

gas velocity through the gas of one-tenth of sound speed, which should be

readily achievable.

Overall cycle efficiency for the example in Figure 2.33 is "30% with

a power output of 3 MW(e). The expander chamber is quite small (30 ca

diameter, 150 cm long) and would be very light in weight.

The molybdenum piston could be hollowed out with rib supports if

desired, although piston weight is small. Detailed design studies would be

required for a realistic determination of expander system mass, though a

range of -0.1 to 0.2 kg/KW(e) appears reasonable (300 to 600 kg for a 3

MW(e) system).

Although there has been a substantial amount of work on free piston

engines, primarily of the combustion driven type, considerable R & D would

be required to develop a free piston expander for space power generation.

This R & D would primarily relate to components (high temperature valves,

power conversion circuits, piston materials) and control (load control of

piston motion, suspension dynamics). There appear to be no fundamental

go/no go issues, however.
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Table 2.14

Free Piston Expander Illustrative Performance

• Argc.n Working Fluid

• -1000 psia inlet pressure

• -3000 °K inlet temperature

• Molybdenum Piston

• L/D -1

• -30 cm diameter

• Piston Frequency -30 Hz

• Volume Expansion Ratio -3/1

• Expander Length ^1.5 meters

• Intake Volume -25 liters per stroke

• Average Velocity -70 meters/sec

• Radial Clearance -0.2 cm

• Gas Blow-by -5%

• Output Power -3 MW(e)

• Net Cycle Efficiency -30%

• Radiator Temperature -900 °K
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Energy exchangers combine the high temperature capabilities of

piston type expanders with the ability to maintain steady flow.

The energy exchanger (Figure 2.34a) would also be driven by a high

temperature, high pressure working fluid such as argon or alkali metal

vapor. A second, lighter molecular weight working fluid such as an argon-

helium mixture would be compressed in the energy exchanger by the driver

gas and exhausted at high pressure but lower temperature to a conventional

uncooled turbine for work extraction. Consequently, very high temperature

thermal cycles (e.g., Brayton or Rankine) are conceivable with the use of

the energy exchanger. Such cycles must operate either as topping cycles to

more conventional lower temperature power cycles or as recuperated (i.e.,

Brayton) cycles where the heat left in the energy exchanger exhaust is re-

invested in the heating portion of the cycle (see Figure 2.34b).

Energy exchanger technology has reached a commercial level of

application for diesel superchargers, and it is currently being developed

by DOE for application to electric power generation systems. (112) The

latast series of experiments using argon and argon-helium mixtures have

demonstrated good work transfer efficiencies on a small (100 kWth ) device

with projected efficiencies in the 80 to 85% range for fully engineered

versions of this device. (113) These component efficiencies are high enough

to warrant further investigatio:i of higher temperature and higher pressure

versions of the energy exchanger. The key problems are to maintain good

seals with efficient aerodynamic design at the elevated temperatures and

pressures desired, and to utilize the higher temperature waste heat

effectively in the power cycle. High temperature operation appears

feasible with present materials, vastly simplifying the development process

required. Inlet (i.e., peak cycle) temperatures on the order of 2000 OK

(i.e., 3150 OF) appear feasible for most gas environments, since the rotor

temperature would be no more than 1500 0K. These peak temperatures allow

an increase in Brayton cycle efficiency from the benchmark of 37% to 43%

or, alternately, an increase in radiator temperature from 450 OK to 560 OK,

assuming a constant efficiency. This would reduce the power-specific mass
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to the a kg/kW(e) range. Typical operating parameters are given in Table

2.15.

MAGNETOMYDRODYNAMIC GENERATORS

M8D has been under development for almost three decades in the

United States and abroad. The total M® budget during this interval is on

the order of a billion dollars. Many U.S, groups have engaged in MUD work,

including AVCO, GE, Westinghouse, NASA, DOE, University of Montana,

University of Tennessee, MIT, JPL, ANL, etc.

Most of the work ("90i) on MM has concentrated on open cycle

combustion fired systems using either coal, oil, gas, or solid propellant

(military applications) fuel. Although this system is not viable for space

power applications, it shares many common development issues with closed

cycle MM systems so that progress in this area helps other areas.

The USSR has been operating a relatively large experimental MND

power plant (the U-25 plant) since 1971 with natural gas fuel. Peak

generation powers of '20 Mlle have been achieved using the AML 5 Tool&

superconducting magnet. The U.S. is constructing a relatively large

experimental MHD generator in Montana (CDIP) which will be operational

relatively soon. Design studies of a demonstration MHD plant are being

carried out.

Technical problems have been encountered with MED channels, air

preheaters, and seed recovery units, particularly for coal fired systems

with high ash content. The superconducting magnets, while not yet within

present state of the art (large 4 to 6 Tesla dipole magnets of the required

size have not yet been built), do not appear to present any fundamental

problems.

Materials have been developed that promise channel lifetimes of

several thousand hours in coal fired M®. Platinum coatings have been

developed for anodes to protect against corrosion by coal slag. Channel

efficiencies (i.e., equivalent to turbine mechanical efficiency) for the

sizes tested have demonstrated "40 to 45s, which are comparable to the

I
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Table 2.15

Typical Energy Exchanger/Turbine Operating Parameters

ENERGY EXCHANGER

• Output Power -500 kW(e)

• Argon Working Fluid

• 150 psia inlet pressure

• 2000 °K inlet temperature

• 3:1 pressure ratio

• Tantalum Alloy Rotor

• 30 cm length

• 30 cm, diameter

• 1440 °K skin temperature

TURBINE

• Argon-Helium Working Fluid

• 150 psia inlet pressure

• 1500 °K metal temperature

• 3:1 pressure ratio

RADIATOR TEMPERATURE 560 °K

NET CYCLE EFFICIENCY 43%

POWER-SPECIFIC MASS 8 kg/kW(e)

(including solar collector and
cavity,power unit and radiator)
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values predicted by theory. nigher efficiencies, "75 to 90%, are expected

for the larger channels appropriate to NED power plants. Enthalpy

extractions of "20• of flow energy have been demonstrated in shock tube

studies, compared to the "151 needed for practical MED power plants.(114)

Seed recovery appears solvable but has not yet been demonstrated in large

systems.

Projected cycle efficiencies for first generation open cycle

MHD/steam plants have dropped to the low 40% level as compared to projected

efficiencies in the low 50% level a few years ago. This seems to parallel

a general decline in coal/steam power plant efficiencies due to tighter

environmental controls. Second generation MHD plant efficiencies should be

on the order of 50%.

Relatively little direct work has been done on closed cycle, thermal

equilibrium MHD because of the current non-availability of heat sources

with working fluid temperatures of "2500 OK. However, no problems are

anticipated with extracting 15 to 20% of the enthalpy flow in equilibrium

closed cycle M® channels at generator efficiencies on the order of 70%.

Substantially more work has been done on closed cycle non-

equilibrium MHD since lower working fluid temperatures (on the order of

'2000 OK) are acceptable. (115) These could be provided by advanced gas

cooled nuclear reactors or solar thermal power systems.

The relatively non-reactive nature of the seeded inert gas working

fluid (e.g., seeded argon, helium, or a mixture of argon and helium)

greatly eases channel materials problems compared to coal fired MHD

systems. Uncooled channels can probably operate up to '2200 OX and cooled

channels well above that.

Initial work on non-equilibrium MHD generators was discouraging

since electrothermal ionization instabilities were always observed, which

resulted in a spatially non-uniform distribution of ionization and internal

current loops that reduced the generator efficiency. GE experiments in the

last few years using shock tubes have indicated good generator performance

in the non-equilibrium temperature regime if one starts with high initial
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stagnation temperatures. (116) While not conclusive proof of good non-

equilibrium operation (ionization relazation effects may be important),

they are encouraging. A U.S.-Netherlands cooperative program should

provide conclusive demonstration of a large (5 MMth) non-equilibrium NHD

generator in a year or so using a GE MD channel in the Eindhoven

facility.

If successful, non-equilibrium MED generators will operate at

maximum coolant temperatures of '2000 K. Somewhat lower operating

temperatures may be possible, but probably not below 1800 K. The generator

should achieve a component efficiency of '60 to 704 using argon or argon-

helium working fluid. The effective Hall parameter (WT) in the generator

will be limited to '2 (even though the microscopic WT is much larger) by

electrothermal instabilities. The low WT offis actually of benefit to

generator operation since it reduces inter-electrode voltage along the

channel and lowers the chance of electrical breakdown. Operating power

densities in the channel should exceed 500 MNe per m s . Several concepts

(see Figure 2.35) have been prepared for direct absorption of sunlight into

the seeded gas. (117) This technique should allow high temperature operation

with cycle efficiencies on the order of 404. Using a nuclear MM space

Power system design, (118)
 the mass-specific power of the conversion unit is

estimated to be 4 kg^W(e) .

Liquid metal MHD appears to have limited promise for space power

applications. Maximum working temperatures are constrained by materials

limitations to 1000 oC, while heat rejection temperatures cannot fall too

much below this level (e.g., typical radiator temperatures are on the order

of 500 to 700 oC) because of radiator mass considerations. The relatively
small temperature difference available will result in low cycle

efficiency. In addition, liquid metal MHD depends on the expansion of a

two phase gas-liquid metal mixture through the MHD channel. The gas

component must be recompressed as in a normal Brayton cycle, which tends to

reduce efficiency if the available AT is small. Experiments with two phase

MHD have demonstrated expansion of the mixture, but expansion distances are

relatively long ('40 feet in one dosign for coal combustion plants) to
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control gas slip past liquid. The relatively low power densities would

appear to be unfavorable for space power applications.

in summary, closed cycle equilibrium and non-equilibrium MW appear

to offer considerable promise for space power applications provided nuclear

or solar heat sources with high working fluid temperatures in the range of

2000 oX or above prove to be available. MW physics is well understood,

and promising materials for practical channels appear available. However,

the efficiency scaling with site sujgests that NED power systems will only

be attractive at power levels of 10 to 100 We and above. This places the

IUD option in the far-term so far as anticipated power requirements are

concerned.

HIGH TE1?E ATURE RECUPERATORS

weight, heat exchanger effectiveness, peak material temperature, and

size are the most significant features of recuperator design for high

temperature Brayton cycle operation. Recuperators for space power systems

have been undergoing a continuous evolution in design and materials

development over the past twenty years. Figure 2.36 illustrates the

temperature limits as a function of allowable stresses for a number of

metal heat exchanger alloys. (119) For pressure ratios of 3 to 5 (i.e., for

regenerated Brayton cycles) and base pressures of 1 ata, the stream per

square inch is on the order of 2 to 4 atmospheres or 30 to 60 psi; at a

base pressure of 10 atm, the stresses rise to 300-600 psi. The maximum

allowable stress criterion asserts that the true stress be a factor of 10

below the maximum allowable stress. Therefore, those alloys with

(T)max > 6000 psi would be satisfactory at the peak pressures anticipated

in these examples. These alloys would be viable up to metal temperatures

of about 2000 OF (1400 OK), for example, using columbium (niobium).

Ceramics will allow higher material temperatures. The experiment

carried out by Garrett(120) and others indicates that temperatures as high

as 1530 °K (2300 OF) have been achieved with experimental tube-in-shell

silicon carbide and silicon nitride ceramic heat exchangers. Small,

rotating ceramic recuperators have been developed for vehicular gas turbine
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(open cycle) systems in the 60 to 475 W range. (121) However, there is some

question that ceramic heat exchangers will prove practical because of

stress and brittle failure problems.

High temperature pebble bed recuperators have operated successfully

in many applications. Temperature capabilities well in excess of 2000 'OK

are achieved using appropriate ceramic materials. However, as presently

configured, they are generally large and massive and must be cycled

relatively slowly.

Development of a small, lightweight, high performance particulate

bed recuperator would be of considerable importance for space power cycles

since it would allow high efficiency and high radiator temperature

systems. Such recuperators appear feasible using rapid cycling, rotating

bed recuperators with small size particulates.

The rotating bed recuperator concept is illustrated in Figure 2.37.

A packed bed of small ceramic particulates (diameter of "100 to 200

microns) is held by centrifugal force inside a rotating porous cylindrical

frit. Two beds are used in the cycle, one to extract sensible heat from

the low pressure exhaust from the expander and the other to heat the

incoming high pressure gas stream from the compressor. The beds

alternately carry out both functions, with typical cycle times of "10

seconds. As shown in Figure 2.37, hot gas from the expander passes down

the axis of bed #1 and flows radially out, first through the packed bed and

the: through the porous cylindrical frit. The exit temperature of the gas

is somewhat above the radiator temperature. After heat rejection and

compression (two or more stages of compression may be used with radiative

heat rejection between compression stages), the cool gas working fluid

passes into bed *2, first through the porous cylindrical frit and then

radially 4.nward through the packed bed, exiting along the axis of the

rotating bed. The hot high pressure gas is further heated by the heat

source and then enters the expander.

A linear temperature gradient is established in the packed beds with

the highest temperature at the inner surface of the rotating bed and the
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lowest temperature at the outer surface. Each point in the bed rises by an

amount AT during the heat extraction part of the cycle, and drops by the

same amount during the gas heating phase. There is a small amount of heat

leakage to the outside surface of each bed, but the thermal conductivity of

the packed bed is low enough that the heat loss can be neglected.

Using low Z ceramic particulates (e.g., graphite or boron carbide),

the mass of the recuperator bed can be quite small. For example, with a 20

second cycle (10 seconds heating and 10 seconds cooling) and a AT of 100 K,

the mass of particulates in the two beds is only 0.10 kg per KW of thermal

duty.

The particulate diameter is small enough ('200 microns) that their

thermal diffusion time is very small compared to the recuperator cycle time

(e.g., 10-2 seconds vs. a cycle time of 5 to 10 seconds). Accordingly, the

individual particulates will have essentially uniform temperatures

throughout, and all portions of the particle will contribute to thermal

storage during the heating and cooling phases.

Table 2.16 lists illustrative performance parameters for a rotating

bed recuperator. The parameters appear very attractive, and the system

weight is quite acceptable.

The rotating bed recuperator is a relatively simple device with

minimum structural requirements. All important structural components are

close to the radiator temperature, with only the small diameter

particulates and valves exposed to high temperatures and temperature

savings. If necessary, the valves can be actively cooled since they

comprise only a small area of the system.

The rotating bed recuperator has potentially high payoffs for those

power systems with high working fluid temperatures, since it will

considerably increase cycle efficiency as well as substantially reduce the

specific mass, kg per KW(e), of the system.
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Table 2.16

Illustrative Performance Parameters

For A Rotating Bed Recuperator

Power Cycle Output 1	 MW(e)

Thermal Duty on Recuperator 1.5 MW(th)

Bed Cycle Time 20 seconds

Temperature Swing in Recuperator
100 °K

Bed During Half Cycle

Rotating Bed Particul^.te Mass (2 beds) 150 kg

Bed L/D 1

Bed Inner Diameter 50 cm

Bed Thickness 7 cm

Bed Rotation Rate 500 RPM

Particulate Material Graphite

Gas Pressure Range 30 atm Low

75 atm Hiah

Temperature Difference Across
1000 °K

Recuperator Bed

Maximum Gas Flow Velocity through
30 cm/sec

Recuperator Bed

TOTAL RECUPERATOR SYSTEM WEIGHT 300 kg



2.2.7.3	 qy Gnnverainn Cenoe

Novel energy conversion concepts combining direct photon conversion

to electricity with thermal and chemical conversion processes have been

proposed which may have the potential for performance improvements. These

are reviewed below along with a new concept for direct conversion of

nuclear gamma ray decay to electricity. The general thrust of these

concepts is to use a portion of photon energy not participating in direct

conversion as heat to assist the conversion and, thereby, improve the

efficiency. In practice, this often involves degrading the temperature at

which waste heat can be rejected, leading to a counter-acting effect in

terms of total system weight. A thermally assisted electrolysis concept .s

proposed which also relies on cascaded energy use.

PHO'T'OELECTRIC POWER CONVERSION

Novel photon energy conversion concepts specifically include photo-

assisted electrolysis, photodiodes (i.e., microrectenna), and

thermophotovoltaic (TPV) cell systems. Photo-assisted electrolysis uses

photons to help boost electrons over the barrier potential between a solid

electrode and the electrolyte, and thereby establishes a voltage above that

obtainable from the materials themselves. The photodiode is a device which

rectifies electromagnetic waves in a physical antenna structure having

dimensions on the order of the incident light wavelengths. The output is

DC power with a voltage on the order of the light quanta energy.

Discussion of the photodiode (i.e., s►icrorectenna) is deferred to Section

2.4.7.2 (on laser power transmission) where these devices show considerable

promise as receiver/converters. Thermophotovoltaic systems use a cavity

heated by sunlight to 1800 OK to 2400 OK. The blackbody radiation in the

cavity is absorbed by the photocells which, ideally, are transparent to all

of the radiation except for the photons with energies greater than the

bandgap energy, which are absorbed to make electricity. Light transmitted

through or emitted by the photocells is "recycled" by the blackbody walls,

which reconstitute a complete spectrum when the energy is re-emitted back

at the photocells. Each of these devices is still very much in the
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development stage, where efforts are being made to desonstrate the high

efficiencies projected for this operation.

THERMO-PHOTOVOLTAIC CONVERSION

The therso-photovoltaic converter was originally developed for the

United States Army for application as a chemically fueled, non-detectable

power source which would generate minimal noise and infrared radiation.

The system has been successfully developed to a conversion efficiency near

20% for use with conventional army fuels but has evidently not been

produced in any quantity. For solar energy conversion relatively high

efficiencies have recently been calculated for these systems. (122) However;

this high performance depends critically on the achievement of near ideal

values for a number of performance parameters, particularly surface

properties. Therefore, it is doubtful that the predicted high performance

values can be approached. Nonetheless, some development work on these

systems is in progress, and the outcome will have to be awaited before

further statements can be made.

PHOTO-ASSISTED ELECTROLYSIS

Terrestrial application of solar assisted electrolysis of water

(i.e., generation of hydrogen and oxygen from water) is under active

investigation(123) The maximum thermodynamic efficiency, n m, for the

conversion of solar radiation into useful chemical or electrical energy is

	

4 Tr	 1 Tr 
4

n m - 1- 3T + 3 T4

	

S	 s

where the sun's temperature is approximately 5900 OK and Tr is the heat

rejection temperature. More stringent restrictions are placed on n by the

threshold photon energy required to make the desired reaction proceed and

by the fact that concentrated sunlight is not sufficiently intense for

multi-photon excitation to occur before back reactions in the photo-excited

materials take place. Therefore, the fraction of energy available in

sunlight is drastically reduced from the ideal limits given by n m . These

considerations generally limit the threshold-related efficiency, nth, to
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less than 48• for materials with maximum absorbance near 1100 na

wavelength. Assuming radiative temperatures near to 600 OK, giving

nm W 87%, the product overall efficiency is less than .87 x .48 - 42%. In

practice, most photochemical reactions will have thresholds at wavelengths

considerably less than the optimum for sunlight (i.e., 1100 nm) so that the

efficiency will be limited to values more like 15 to 20%; a quantum yield

less than 1 will reduce this value still further.

Photo-assisted electrolysis or photogalvanic systems operate by

using passive electrodes immersed in a fluid solution of optically active

compounds which release their chemical energy when the electrode(s) are

illuminated. An electrostatic potential is also formed at the same time,

allowing work to be extracted from the system. The chemical species are

sometimes evolved as bubbles, which can be separated (e.g., centrifugally)

from the solution in space where normal buoyant forces are inoperative. A

terrestrial system is shown schematically in Figure 2.38 where bubbles rise

under the gravitational buoyant forces. Typical materials used in this

type of cell include iron-thiazine. The best reported efficiencies for

absorbed, monochromatic light is 1.5%; broad band radiation would be

substantially less efficient.(123)

Other combinations include the cis-trans acid cell, the cyclic

silver halide cell, the absorbed dye layer cell, micellar systems, and

bilayer membrane cells. (123) None of the cells is efficient. At this point

they produce, at best, milliamperes of current making them unattractive for

power applications; they may be considered for recharging batteries.

Generally, however, photovoltaic cells will still perform this function

best.

The liquid junction photovoltaic cell is perhaps the most attractive

new idea in this area. In this concept. for example, a semiconductor such

as TiO 2 is connected to a platinum counter-electrode in water, and can

duce enough voltage, when exposed to short wavelength light, to

sociate water. (123) A schematic of this approach is shown in Figure

9. This requires the application of a bias voltago. Hence, the

nciple product is chemical (i.e., H 2 and 0 2 ) and not electricity.
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Figure 2.38. Schematic Illustration of a Classical Photo-
electrolysis Cell. (Reference 123)
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Figure 2.39. Schematic Energy-level Diagram for a Schottky-type
Photoelectrolysis Cell. (Reference 123)
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Figure 2.40. Representative ExamFle of a Photochemical Redox Cell.
(Reference 124)
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Nevertheless, such fuels may be attractive when stored for pulse power or

transient power (e.g., occultation) applications; for example, for use in a

hydrogen oxygen fuel cell.

other semiconductors considered for this application include Gab and

semiconductor materials (p-type and n-type) which can be slurried in the

electrolyte and dissociate water with no external electrical circuit (i.e.,

the so-called photochemical diode). This is a very active field at

present, with much on-going research in the area of new classes of

electrode materials.

The photo redox cell involves illumination of both electrodes (e.g.,

Cadmium Telluride damped n and doped p, respectively) causing charge

separation and the generation of electric current through the external

circuit (load), as shown in Figure 2.40. On the order of 9% solar-to-

electric efficiencies have been reported with ultimate limits of 20 to 408

computed theoretically for this type of cell. (124) The weight of such

devices must include the liquid and encapsulation in addition to the

electrodes and wiring. Further, the question of electrode and electrolyte

lifetime is uncertain and needs to be investigated before the true

performance potential of this approach can be assessed.

PHOTO-EMISSIVE CONVERTERS

Gilbreath and Bil l -an have reviewed novel direct conversion devices,

including the photo-emissive converter. (124) Despite an early history of

poor performance (i.e., 0.01% efficiency), these devices (see the schematic

shown in Figure 2.41) can make use of relatively new, stable photo-emitter

materials, such as Cs/C9 20 monolayer on GaAs.Py which have quantum yields

of 508, together with new device configurations. Projected efficiencies of

35% for very thin (5u micro-etched) receivers suggest possible high

payoffs, but there is very little actual data to support these figures.

Table 2.17 contains a summary of efficiency and specific mass

estimates made by Gilbreath and Billman for a variety of novel energy

(124)conversion concepts. 	 our estimates coincide very closely with those in

:t
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Figure 2.41. Schematic of Photoemissive Converter Concept
and two examples of devices predicted to pro-
vide enhanced power conversion efficiencies
and improved operating characteristics.
(Reference 124)
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Table 2.17

Summary Characteristics of Primary Collection and
Conversion Devices

(Adapted from Reference 124)

EfficiAncy, Specific mass Power*
Device solar to electric kg/kWe Level

Phutovoltaic 12-20 2-3 -

Redox cells 10-20 2-6 L

Photoemissive 15-30 1.2-4 L

Solar Brayton 18-25 2-3.5 M-H

Solar boiler MHD 30 2 H

Plasma collector -.1 5-30 M-H

Solar electrostatic 18-25 1.8-3 -

Thermionic 8-20 2-5 -

Dielectric conversion	 5-20 2-6 -

* L: 4 50 kW(e);	 M: 50 kW (e) 4, 14 1 MW(e); 	 H: 1MW(e) G

A dash indicates no restriction to a particular power range
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Table 2.17. We have added the additional column on applicable power range

where such restrictions apply.

THERMAL-ELECrROCMCMCAL CONVERSION (TECC)

A non-mechanical, high efficiency power conversion cycle can be

devised which involves two electrochemical cells operating at different

temperatures. The input to the two cell system is a pure thermal one, and

the output is a net electrical generation (though there is internal

recirculation of electricity).

The two cells comprise a high temperature electrolyzer (WM) and a

fuel cell. In the HTE cell, the working fluid is electrolyzed using

combined thermal =4 electrical input. The electrolysis products are than

recombined in a lower temperature fuel cell, generating more voltage output

than required to operate the HTE cell. The excess electricity from the

fuel cell is then available for external loads. Figure 2.42 illustrates

the overall cycle.

The TECC has no moving parts (except for small gas circulators which

can be in parallel) and will have very high reliability since the cells can

operate as modules in parallel. stresses on components are low, and creep

failure (particularly in zero G operation) does not appear to be of

concern. There is extensive technical background on the electrochemical

cells that would be used in a TECC cycle.

As shown in Figure 2.42 (steam TECC cycle), good net cycle

efficiencies can be expected. The cycle efficiency of -501 corresponds to

a fuel cell component efficiency of 75%, which is relatively high but

probably feasible. Assuming that cell over-voltage in both cells is small,

the net efficiency of the TECC approaches that of the Carnot cycle based on

the operating temperatures of the two cells.

H2O (steam) and CO2 are two promising candidate process fluids for

the TECC cycle. In both cases the enthalpy of formations is essentially

constant with temperature, while the ratio of thermal input (T SS) to
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Figure 2.42. Thermal-Electrochemical Converter Flowsheet.
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electrical input (AG) into the BTE cell that decowposes the process fluid

rapidly increases with operating temperature.

Sigh temperatures are required if one is to operate with a high

fraction of thermal input into the electrolysis cell, so that a high net

Cycle efficiency can be achieved. Electrolysis of steam, for example,

requires a temperature of '1500 oc if the thermal input is to equal the

electrical input. CO2 electrolysis requires similarly high temperatures.

Whin film, solid oxide WE cells have been developed to operate at

very high temperatures. The" cells have thin (tens of microns thick)

oxide electrodes deposited as porous refractory oxide substrates (e.g.,

zr02 tubes). Figure 2.43 shows an BTE cell developed by Westinghouse for

fuel cell applications. [Although this cell was originally developed for

fuel cell applications, it also functions as an BTT cell by simply putting

in electrical energy instead of taking it out.]

The reactant (either steam or CO 2 ) diffuses through the porous tube

wall and is electrolysed at the electrode surface to 32 (or CO) and O^

ions, which move across the electrolyte. The a ions combine at the oxygen

electrode layer to form 0 2 gas.

02 gas is collected from the space between the M-M tubes, while the

B2 (or CO) gas product flows from inside the tubes to a collecting plenum.

The individual cells along the BTE tube are electrically connected

in series by an interconnection layer so as to minimise 1 2R losses in the

thin electrode layers.

Single and small stacks of BTE cells have operated satisfactorily

:or several thousands of hours at '1000 oC in units constructed by

Meetinghouse and Brown-Boveri. Large arrays have not yet been tested, but

there seem to be no fundamental problems in constructing and testing such

arrays.

In compatibility tests of various candidate electrode materials at

temperatures above 1000 0C, Brookhaven National Laboratory has identified

promising materials that appear suitable for higher temperature operation

t.'I
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up to '1500 oC. (125) There are plans to construct and test cells at these

temperatures, but this has not yet been done.

Candidate construction materials have been tested at Brookhaven

Nat_:nal Laboratory for weight loss in flowing CO 2 , steam, and steam-H2

mixtures at temperatures up to '1500 oC. Yttria-stabilised ZrO 2 has no

discernable weight loss at this temperature. it thus appears to be a

suitable material for HTE process units.

No detailed studies of the TEC system have been carried out, but

approximate performance levels can be estimated. overall net cycle

efficiencies in the range of 40 to 50% (heat to net electrical output)

appear feasible. The HTE unit would have a power density of '3 KW(e) per

m2 of HTE electrode area ('10 MP(e) per m3 of HTE vessel volume) and a

specific mass in the range of 'l to 2 K rw/KW(e). The specific mass of the

complete energy conversion system (including fuel cell) would be several

kg/KW(e) .

The TEc cycle appears to be an interesting and promising energy

conversion system for space power applications because of its potentially

high efficiency, modularity, high reliability, and lack of moving parts.

2.2.8 Ener= Convernion Con_?Uaio s

Photovoltaic cells (solar) and thermoelectric converters (nuclear)

represent the state of the art for flight-tested energy conversion

systems. Substantial improvements in these two conversion technologies, as

well as other alternate and advanced conversion concepts, are needed in the

thrust to longer lived, higher power systems. These latter concepts

include Brayton and Rankine cycle systems using high temperature expanders

such as advanced turbines, free piston expanders, energy exchatgers and MHD

generators, thermionic converters, and hybrid converters using both

photons, thermal energy, and/or electi:ricity in va.'ious combinations. The

energy conversion benchmarks have been set by assuming an evolutionary

advance in silicon photovoltaic technology and SiGe thermoelectric
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technology in the near future leading to estimated efficiencies and power-

specific masses of 16%, 10 g/Me and 9%, 40 g/we, respectively.

Advanced energy conversion technologies were reviewed and their

potential for better performance was assessed. Those concepts promising to

perform as well or better than the benchmarks are listed in Table 2.18.

Those ideas which have been selected here represent our best judgement of

potential at this time. In several cases, the performance estimates are

based on extremely limited data. The first order of business in any

investigation should be to obtain a more precise estimate; in some cases

this is just a matter of collecting data which already exists, and in other

cases the critical data must be generated. In most of the entries of Table

2.18, the entire energy conversion system weight (e.g., including solar

collectors and radiators) is accounted for by the power-specific mass. The

exceptions are the last two items in Table 2.18, which do not include

radiator weights. Concepts which were not identified for Table 2.18 may be

worth development either as part of current programs where they are already

being supported (e.g., advanced turbine blade materials) or in the event

that any gains for improvement perceived for them in the future would not

be significantly greater than the benchmarks. A periodic reassessment of

such concepts is necessary to keep track of recent changes in the

development of these technologies and to reconsider them for the Advanced

Energetics Program.

In addition, we also recommend a series of studies to help generate

additional data needed for evaluating advanced conversion technologies and

for deteraining t*.eir relative merits. These are:

e Evaluate relative advantages of concentrator

photovoltaics versus flat photovoltaic arrays

e Evaluate the relative advantages of solar thermal

versus photovoltaic power systems
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Table 2.18

Most Promising Advanced Energy Conversion Concepts

Specific Mass Efficiency*
Device/Concept [g/W (e )] M

Photovoltaics:

High Concentration Cells (GaAs) 5 18
Radiation Resistance and Annealing NA NA
Higher Voltage Arrays (VMJ) 10 16
Improved Single Cell Performance NA 18-20
Multi-Band Gap Cells 3 30-40

Thermoelectric:

High Temperature Thermoelectric Materials 40 8
Particle-Filled TEC/TE Converter NAt 20
AMTEC (and Thermogalvenic) Concepts 33 25

Thermionic:

High Temperature Insulating 20 20
Materials and/or Concepts
Cascaded TEC/TE Converter 20 19

Thermal Dynamic:

Free Piston Expander 8 30
Energy Exchanger S 40-50
MHD Generator 7 40
High Temperature Recuperator -¶ --R

Hybrid Concepts

Thermophotovoltaics 10 30-40
Photoemissive Converters 46 35
Thermo Electrochemical Conversion 56 40-50

* Efficiency = Electrical Power Out : Energy Received

t Data is not available in quantifiable form

H Dash indicates the entry is not applicable

Measured in g/W(th)

5 Does not include radiator mass
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• Review and evaluate alternate high temperature gas

expanders for thermal power systems

• Compare the relative merits of thermophotovoltaic,

thermionic, and thermoelectric power systems.

2.3 Energy Stu &"

2.3.1 latr2dUCtjAW

Energy storage for secondary power systems may be considered to

comprise all energy storage systems excluding those fora propulsion. In

today's technology this function is performed by batteries, which are

electrochemical devices. For future applications we can consider four

additional generic approaches to energy storage: regenerable fuel cells,

flywheels, thermal and chemical, and novel. Batteries and regenerable fuel

cells receive and deliver electrical energy, storing the energy

chemically. Using motor-generator auxiliary equipment, flywheels also can

receive and deliver electrical energy, storing the energy dynamically. The

catch-all "novel" approach is applied to hybrid approaches, new concepts,

and approaches that reduce or eliminate the need for energy storage.

Energy storage technology is closely interrelated with energy

conversion technology. If one sets up a matrix with the various forms of

energy input listed along the left column and the various forms of energy

output listed along the top row, the various storage technologies will be

found along the diagonal of this diagram (Table 2.19). Quite often it is

advantageous to combine a pure storage system with an energy conversion

system. These types of technologies can be found in the fields adjacent to

the diagonal. Some of these combined storage/conversion schemes have not

yet been fully developed and offer potential improvements for future

advanced energetics developments.

All energy storage systems, which so far have been used on Earth

only, should be scrutinized with regard to their ability to operate in a

zero-g environment. Gravitational environments related to the Earth's

would be encountered for planetary surface missions. The most common
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mission envelope would typically be a spacecraft or manned permanent space

station with zero g in Earth orbit with a period of revolution varying from

approximately 100 minutes to 24 hours (in geosynchronous orbit). Depending

on the inclination and eccentricity of the orbit, the spacecraft may spend

from four percent to a little less than half of its time in the shadow of

the Earth. Energy storage of some sort is required to keep the systems on

board operating during sun occultation.

2.3.2

Future NASA spacecraft mission categories to be considered for

energy storage technology research are:

s Low Earth orbit satellites (LEO)

e Geosynchronous Orbit satellites (CEO)

e Near sun missions

e Planetary orbit missions

e Energy conversion for space propulsion

e Space-to-space power transmission

e Deep space missions

e Lunar surface

Finke and Barthelemy(126) identify an important future need for 20

kW to 50 kW synchronous orbit power systems with ten year life. They

proposed a typical requirement for a 25 kW system with a peak power need of

approximately 5o kW and a battery storage capacity of approximately

2.5 kW -hr. These requirements reflect NASA and Air Force synchronous

orbit expectations, giving recognition to civilian and DOD expected needs.

Thus, this requirement is accepted as a valid one.

For GEO synchronous crbit missions, there are approximately 84

discharges per year, with needs presumed to be on the order of ten years.

Special emphasis is warranted to the GEO synchronous orbit missions because

launch weight is especially critical. Finke and Barthelemy have

established a tentative technology goal for energy storage for this mission
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of 123 W-hr/kg (60 W-hr/lb). When compared with the current usable

secondary battery energy density on the order of 23.1 W-hr/kg (10.5 W-

hr/lb) it is seen that refinements of existing systems will not be

adequate, but that totally different approaches will be necessary. An

assessment of technology under current development, as discumsed in a later

section, shows that this goal is very ambitious.

Requirements for Low Earth Orbit (LEO) missions have not been

defined as clearly as for GEO synchronous orbit missions but are understood

to extend beyond 20 kW to 50 kW and even to 100 W. Unfortunately, the

energy storage requirements for low Earth orbit missions are somewhat

uncertain. It has been presumed, therefore, that (a) weight is important,

though not so much as for GEO synchronous orbits; (b) life is important;

and (c) cost is important.

For low Earth orbit missions there are approximately 15 discharges

per day, with approximately 1.0 hour for charge and 0.6 hour for

discharge. It is presumed that such costly, high power spacecraft will

require long life, in excess of five years. Further definition of

requirements for low Earth orbit missions, similar to that done by Finke

and Barthelemy(126) for GEO synchronous orbit missions, would be of benefit

in research planning. Improved energy density is undoubtably of value,

although specific goals cannot be cited.

Non-Earth orbital missions require non-cyclic energy storage such as

from a primary battery. Energy density should be very high because of the

great importance of weight for such missions.

Stored thermal or chemical energy usually must be converted to

electrical energy for use in spacecraft. For comparison with other

systems, it has been assumed that the conversion efficiency from thermal or



2-139

2.3.3 EnsrgX Sta ,	^thnde

Energy storage methods that may be considered for space applications

are batteries, regenerable fuel cells, flywheels, thermal or chemical, and

novel. These are briefly described below.

2.3.3.1 $AIM

Batteries store energy chemically, transforming it into electrical

energy upon discharge. Primary batteries are discharged only once and

cannot be recharged; such batteries have applicability to many NASA

missions beyond Earth. Secondary batteries may be discharged and recharged

many cycles; these batteries are used for Earth orbital and some planetary

orbital missions.

2.3.3.2 Beoenerable Fuel Cells

A fuel cell is similar to a battery except that the reactants,

either liquids or gases, are stored externally and plumbed into the cell.

A regenerable fuel cell system is reversible, having a recharge cycle in

which the discharge product is electrochemically converted to the initial

reactant state. Hydrogen-oxygen and hydrogen-halogen regenerable fuel

cells are candidates for future spacecraft.

2.3.3.3 Flywheels

Flywheels release and absorb kinetic energy by changes in rotational

speed. This energy can be converted to electrical energy by a generator

with either do or non-constant frequency ac output. Related technologies

include homopolar generators and compulsators.

2.3.3.4 Thermal and G'hemical

Thermal energy storage is the storage of energy as heat without

changing the form of energy. Chemical energy storage, on the other hand,

includes thermochemical, photochemical, and radiochemical storage.

Thermochemical energy storage is based on the heat which accompanies

F._
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chemical reactions. Reversible reactions are required for circling of

energy. The thermal energy can be used directly for temperature control or

may be converted to electrical or mechanical forms by heat engines,

thermoelectric, thermoionic, or other means.

2.3.3.5 Novel ^n^rQy e o aQe ner^oa^l+ee

very little effort has gone into conceiving and analysing novel

approaches to energy storage for space applications. The concepts

mentioned here are merely by way of illustration to point out that there is

much room for innovation. There appear to be good possibilities for novel

high energy density storage approaches for GEO synchronous orbit

applications due to the limited cycle life requirement, the low charge rate

requirement, and the availability of long durations for rehabilitation

prior to the next occultation season. Some examples follow.

1. Reclamation of Secondary Batteries: Lithium batteries

(as well as some others) have very high energy density

but poor cycle life. One cause of the poor cycle life

is that the lithium reacts at a slow but finite rate

with the electrolyte, forming electrochemically

irreversible byproducts. Conceivably, special

treatment could periodically be given these reaction

byproducts to rejuvenate the degraded active

materials.

2. The electrical power system can be configured with two

sets of batteries: one of medium energy density but of

long cycle life to be used for housekeeping loads, and

the other of high energy density but uncertain with

regard to long cycle life and to be used for payloads.

3. For synchronous orbit, batteries could be practically

eliminated by use of ground based lasers transmitting

during occultation. Solar panels are Earth facing at
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this time, and transmission would be in wavelengths

useful to solar cells. Multiple transmitters could

circumvent problems of clouds.

4. Flywheel energy storage could be integrated with the

control moment gyros of the attitude control system for

possible weight saving.

S. Thermochemical energy storage might prove useful in

temperature control applications as well as in

conversion to electric energy. This can be more weight

efficient than the use of electric heaters, and can

minimize thermal cycling of thermoelectric and

thermcionic converters.

6. Thermoelectrochemical engines such as the Li/I 2 can be

considered. These consist of pairs of electrically

coupled electrochemical cells operating at different

temperatures, and usually involve a gas phase energy

storage medium which also takes part in an electrode

reaction. Such systems are new and have never been

studied for spacecraft application.

2.3.4 General Limits tc Present Techneleev

The nickel-cadmium battery system has a theoretical energy density

of 220.5 W-hr/kg (100 W--hr/lb). (127) Considerable experience has been

obtained with this system. The highest energy density achieved in a cell

is 55.1 W-hr/kg (25 w-hr/lb), (128) but rate and cycle life with such

designs are not adequate for spacecraft use. Typical aerospace batteries

of lightweight construction use cells which will deliver approximately

31 W-hr/kg (14 W-hr/lb). Modest improvements in cells to approximately

35 W-hr/kg (15.9 W hr/lb) are possible and can be reflected in batteries

for an energy density of approximately 32 w-hr/kg (14.5 W-hr/lb).
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The nickel-hydrogen system has a theoretical energy donaity of

443 W-hr/kq (200.7 W-hr/ib). (129) This is a recently developed system, but

the technology has advanced rapidly because the nickel electrode is well

developed from the nickel-cadmium battery, and the hydrogen electrode is

well developed from hydrogen-oxygen fuel cell technology. Single cells

currently have an energy density of app::ximstely 47 N-hr/kg (21.3 W-

hr/lb), resulting in batteries with an energy density of 33 W-hr/kq (15 W-

hr/lb). (130) Weight saving improvements are possible in the nickel

electrodes, the cell container, and in the battery packaging. it is judged

that a battery energy density of 50 W-hr/kq (22.7 W-hr/lb)is attainable in

this system for LEO, and 60 to 75 W-hr/kg (27.2 to 34.0 AI-hr/lb) for GEO.

High temperature alkali metal batteries such as Li/reS and N&IS are

presently under development. Li/!eS batteries have attained an energy

density of 80 W-hr/kg (36.3 W-hr/lb) and Na/S batteries are expected to

provide from 70 to 110 w-hr/kg (31.7 to 49.9 W-hr/lb). Both systems have

life and performance problems, so it is expected that energy density of

fully developed systems will not exceed these values.

The status of other energy storage technologies is included in the

technical assessments of Section 2.3.7 since none of the other technologies

have been developed yet for flight testing.

2.3.5 Sasi1 of aMpALUM

Secondary batteries are the state of the art energy storage method,

and are used as the basis of comparison. Kost of the flight experience has

been obtained with nickel cadmium batteries, which have an energy density

for full discharge of approximately 28.7 W-hr/kq (13 W-hrs/lb). Typical

depth of discharge (DOD) for near Earth orbit is 25 percent, for a usable

energy density of 7.17 W-hr/kg (3.25 W-hr/lb).

Nickel hydrogen batteries currently have an energy density for full

discharge of approximately 33.1 *-hr/kg (15 W-hrs/lb). With today's

technology, these could be designed for 40 w-hr/kg for GEO and 33 W-hr/kg

for LEO. Though there is little flight experience so far with this new



system, cell am battery designs are well aavancea. Typical assign o0o for

LEO is estimated to be 40 percent and 70 percent for GEO, resulting in

usable energy densities of 13.2 N-hr/kq and 24.5 K-hr/kq, respectively.

Though the nickel hydrogen battery system is relatively new, it is

in the advanced stages of development, having been used on some programs

and committed for others. Therefore, the nickel hydrogen battery has been

selected as the basis of comparison. The usable energy density per cycle

is taken to be the appropriate measure of performance. Thus, the reference

points are 13.2 W-hr/kq for LEO, and 24.5 W-hr/kq for GEO.

2.3.6	 itIt to Gonsric Missions

Future mission categories are listed in Table 2.20, with the

applicability of the several energy storage methods indicated. it is seen

that the three general methods of energy storage are applicable to law

Earth orbit and geosynchronous orbit satellites, with relatively little or

no application to the other missions. These two missions also appear to be

of great importance in the NASA space program. it should also be noted

that high energy density primary batteries are important for many missions,

and that thermochemical energy storage has potential for application to the

lunar surface mission as well as near-Earth and geosynchronous orbit

missions.

2.3.7

Advanced and new battery technologies as well as terrestial energy

storage technologies including regenerable fuel cells, flywheels, thermal

and thermochemical storage and novel energy storage approaches are

assessed. The state of the art of these technologies is reviewed and

estimates made for their potential to surpass the benchmark for energy

storage set in Section 2.3.5 by the nickel hydrogen battery. Specific

concepts are identified where possible, and these have been ccwq-ared in

order to recommend the most attractive ideas for research in Section 2.3.9.
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2.3.7.1 Sattwzv Asaosa^nt

Silver-Zinc and Nickel-Zinc Batteries: Some well established

aerospace battery systems have so little potential for high energy density

and long life that they may be disqualified at the outset from further

consideration. The silver-zinc and the nickel-zinc systems have high

energy density, but suffer from poor low cycle life. The cycle life

limitation is due to the high solubility of zinc species, and is thus an

inherent restriction on these systems. Unless some bold new, promising

approach can be taken, such ap operating in electrolytes with low zinc

solubility or with solid ionic-conducting electrolytes, these systems

cannot be recommended for research.

Recommendations with regard to silver-zinc and nickel-zinc batteries

are as follows:

Silver-zinc and nickel zinc systems with alkaline

electrolyte cannot be recommended for research.

However, novel approaches may be entertained for

obtaining long cycle life and high energy density with

these systems.

Nickel cadmium Batteries: Nickel cadmium batteries have been the

workhorse of space power batteries since the inception of the space

program. Nickel hydrogen batteries are superior with respect to life and

weight performance, though admittedly this has not been fully verified by

long-term cycling data. Nickel cadmium batteries have a cost advantage

over nickel hydrogen, and there are many missions that are well within the

capability of nickel cadmium batteries. Thus, we may expect a continuing

need to use nickel cadmium batteries, to understand their problems and

Weaknesses, and to try to improve the technology.

Research to improve nickel cadmium batteries would not be enabling

and cannot be justified by the need for high energy density batteries. It

can to justified, however, on its continued importance to the space
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program. This is especially valid in light of the fact that nickel cadmium

batteries share with traveling wave tube amplifiers the distinction of

being the most troublesome components in spacecraft. Research on the

nickel electrode would be especially valuable for it would benefit both the

nickel cadmium system and the nickel hydrogen system.

Research efforts in batteries tend to emphasize the development of

batteries; research on ways to control battery manufacturing so that a

reliable, repeatable product can be made is mostly neglected. one

important lesson learned from nickel cadmium technology is the great

importance of understanding the effects of manufacturing variables and

developing ways to keep them under close control. This lesson must be

applied to any new battery system developed for spacecraft use.

Recommended research on nickel-cadmium batteries is summarized as

follows:

(1) Research, at a modest level, should be conducted on

nickel cadmium batteries to better understand their

problems and weaknesses end to improve the technology.

(2) Research should be conducted on the nickel electrode to

benefit both nickel cadmium and nickel hydrogen battery

technologies.

Nickel-Hydrogen Batteries: Nickel hydrogen batteries have been

selected as the basis of comparison for all energy systems, as discussed in

Section 2.3.5. This is a consequence of the system's good cycle life, even

though there is little flight experience with this system, as well as the

somewhat improved energy density relative to nickel cadmium batteries. The

nickel hydrogen system is an extremely unusual battery system because,

except for minor traces, neither electrode involves the formation of

soluble species. The biggest problem with cycle life of practically all

batteries is the changes in electrodes which occur when active materials go

into solution and then precipitate in a different morphology. This
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fundamental problem is avoided in the nickel hydrogen system and, as a

result, the system has the potential for unusually long cycle life and very

deep depths of discharge. Other inherent attributes are also desirable,

such as ability to tolerate reversal and excellent high rate capability.

Without question, this system will be very important for many years.

NASA should exploit the long life prepotency of the nickel hydrogen

system by conducting research on life limiting processes. such research is

worthwhile, irrespective of energy density improvement objectives, for

reliable, long life battery operation in itself is a major goal in NASA

research.

Research on the nickel-hydrogen system is even further justified by

the large improvement in energy density that is possible. weight

improvement can be accomplished both by engineering measures and

electrochemical advances. Engineering measures include: (1) lighter

containers than steel, such as titanium, fiberglass composites, or carbon

fiber composites; (2) development of a bi-cell, consisting of two cells in

series with a common pressure vessel; (3) optimization of battery packaging

for heat removal, incorporating heat pipes into the design if necessary,

and even developing ways to couple battery heat pipes with spacecraft

radiator heat pipes.

Electrochemical measures include: (1) development of lightweight

nickel electrodes, preferably with properties intermediate between plastic

bonded and sintered construction; (2) research to approach a two--electron

transfer (already demonstrated experimentally) instead of only one electron

transfer.

Research to improve the nickel electrode has high leverage in

performance for the nickel electrode is a high fraction of the weight of

nickel-hydrogen cells. It should be emphasized that, although millions of

dollars have been spent to date on nickel-hydrogen battery research, an

overwhelmingly large fraction of this has been on engineering of the system

with relatively little effort on r asic research to understand problems and
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overcome the impediments to improving the systems, especially the nickel

electrode. Future research must place greater emphasis on basic research.

In assessing nickel hydrogen technology today and the prospects for

the future, it is concluded that this system is without peer for LEO

missions, whereas for GEO missions it is a strong competitor but not the

ultimate (Table 2.21). For LEO missions, an energy density of 33 W-hr/kg

at full discharge is attainable with today's technology, resulting in a

usable energy density of 13.2 M-hr/kg at 40 percent depth of discharge.

For GEO missions, an energy density of 40 W-hr /kg is attainable with

today's technology, resulting in a usable energy density of 24.5 W-hr/kg at

70 percent lepth of discharge.

With research to improve nickel-hydrogen batteries, significant

improvements are possible. For LEO missions, an energy density of 50 W-

hr/kg at full discharge should be attainable, resulting in a usable energy

density of 30 W-hr/kg at 60 percent depth of discharge. For GEO missions,

an energy density of 60 to 75 W-hr/kg at full discharge should be

attainable, resulting in a usable energy density of 48 to 60 Whr/kg at 80

percent depth of discharge. It should be emphasized that these projections

are based on complete batteries, not just the cells.

Recommended research in nickel hydrogen battery technology is

summarized as follows:

(1) An analysis should be made showing energy density

obtainable by R a D. Such an analysis would need to be

made in considerably more detail than has been possible

in this study.

(2) A nickel electrode research program should be

undertaken. This should include a comprehensive review

of the nickel electrode.
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(3) A nickel-hydrogen technology program should be

undertaken.

Silver-Hydrogen Batteries: Silver-hydrogen batteries have potential

for efficient energy storage for GEO applications. Energy density is

greater than that of nickel-hydrogen batteries, but designing for long life

is a greater problem. There is a difficult electrolyte management problem,

but there is no inherent reason why this cannot be solved. It has been

thought that there is a silver migration problem, which would limit system

life; however, recent studies of this show that silver d :̂ es not migrate

significantly.

NASA has had a research program on this system, but it has been

discontinued. Research on this system has been underway in Europe for a

number of years. One experiment with silver-hydrogen cells resulted in

1500 cycles at 75 percent depth of discharge. Cause of failure was

corrosion of the substrate, a problem that should be readily solvable.

For GEO missions, silver hydrogen batteries should attain an energy

density of 70 to 90 W-hr/kg with full discharge. with design to a maximum

depth of discharge of 70 percent, a usable energy density of 49 to 63 w-

hr/kg should be attainable. This system is, therefore, recommended for

further research, and that research should not be terminated unless it can

be demonstrated that there is an inherent process operating in this system

which limits cycle life below required levels.

Recommended research in silver -hydrogen batteries is summarized as

follows: A silver-hydrogen cell research program should be undertaken, and

the research results obtained in Europe should be closely monitored.

High Temperature Batteries: High temperature batteries are

attractive possibilities for energy storage because they offer both high

power density and high energy density. High energy density is achieved by

selecting reactants of low equivalent weight ( such as lithium, sodium,

sulfur) and high electronegativity difference. High power capability is

attained by use of low resistance electrolyte materials, such as molten
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salts, and by operating at elevated igmperature, which increases the rates

of reactions and transport processes, resulting in a high exchange current

density; high temperature also makes possible the achievement of a high

degree of reversibility.

High temperature batteries may loosely be divided into throe

groups: (1) those with a molten salt as the sole electrolyte, such as the

system Lill/LiCl-KC1.4PeS, (2) those with a combination of a solid main
electrolyte, and a molten salt mix of reactant and subsidiary electrolyte,

such as the system Na/Na+glass/S-Na2Sn, and (3) solid state batteries in

which both electrodes and electrolyte are solids, such as the system

Ca/CaP2 ± YP3/NiP2.

Paradoxically, the best known, highly funded high temperature

battery programs have unimpressive prospects for application to future

spacecraft. One reason is that the systems picked for development were

selected based on totally different criteria than are needed for space.

Thus, potentially low cost has been paramount for commercial applications,

whereas of lesser importance for aerospace; long cycle life with high

reliability is pre-eminent for aerospace, whereas commercial needs are less

demanding. Thus, high temperature battery development for aerospace

applications must consider many approaches that could not be entertained

for commercial applications.

Development of high temperature batteries is a non-trivial

undertaking. It would be inappropriate to attempt to identify the one most

deserving system that should be given research emphasis; a separate study

to do this is, in fact, one of the recommendations of this section. Many

of the candidate systems are identified below, however. An energy density

of 70 to 90 W-hr/kq should be attainable at full discharge for

geosynchronous orbit missions. with design to a maximum depth of discharge

of 70 percent, a usable energy density of 49 to 63 W-hr/kg should be

attainable. In making these energy density projections, the following

process was used:

1
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1. Projections were made based on application of high

temperature alkaline metal batteries now under

development, with allowance for aerospace design needs

and rate requirements.

2. Theoretical energy density of several other candidate

battery systems not under development was found to be

equally high, suggesting that similar useful energy

densities might be obtained if the R a D problems were

solved.

Candidate High Temperature Batteries include:

1. Li-Al/FeS1 . Argonne National Laboratory is developing

this system. (131) Operating temperature is 450-475 oC,

using a LiCl-KC1 molten electrolyte. Hundreds of cells

have been tested, but progress has been slow. On the

order of 25 million has been spent on this system,

providing a reference point to the cost of technology

for high temperature batteries. Many basic technical

problems remain with this system. Indications are that

this is not an inherently long life system. Ability to

discharge efficiently at the rates needed for GEO is

also a problem, and the relative capacity at typical

SIC rates is low (see Figure 2.44).

2. Li4Si/FeS2 . Rockwell(132) and GM(133) have done the

most work on this system. Operating temperature is

450-475 0C, using a LiCl-KC1 molten electrolyte. work

is at an early stage, but results so far are somewhat

encouraging. One of the major problems is capacity

fading of the upper voltage plateau. Ability to

discharge efficiently at the rates needed for GEO is

also a problem.
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3. Ca2Si/FeS 2' Argonne Labs is working on this system,

which is in an early stage of development. (134 ) The

molten electrolyte is a four-part mixture of LiCl-NaCl-

cant-Bacl2 . Though work with this system is just

beginning, it has been found that high solubility

sulfur species are not formed in the electrochemical

reactions at the positive electrode, so long lifetimes

may be possible.

4. Na/S. Large programs have been underway all over the

world on sodium sulfur batteries. (135) Beta-alumina (or

its derivatives) is used as the solid, ionically

conductive ceramic separator. Both sulfur and sodium

are in the liquid state. Marginal durability of the

ceramic separator is a major problem with this system.

Ability to discharge efficiently at the rates.naeded

for GEO is also a problem (Figure 2.45).

5. Na/SC13A1C14. This system is a recent entry into high

temperature batteries. (136) An advantage is the

unusually high voltage (4.2 V). The relatively low

operating temperature of 255 °C is an advantage for

commercial applications, but may be a disadvantage for

aerospace use because of the low conductivity of the

beta-alumina separator at such temperatures. The

system's good reversibility, over 400 cycles so far,

compels that this rystem be given serious

consideration, however.

6. Na/SbCl 3 . This cell is referred to variously as the

sodium chloride cell (NaCl is part of the discharge

product) or the antimony trichloride cell. This system

operates at the especially low temperature, for molten

salt systems, of 200 0C, where corrosion containment
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and seal problems are relatively mild. The low

conductivity of beta-alumina electrolyte at this

temperature is a disadvantage. There is some promise

of good cycle life with this system, however.

7. L_/TeCl4 . High cost of materials has contributed to

lack of cosmsrcial interest in this system, which

operates at 400 OC. Good cycle life justifies its

appraisal for aerospace use.

S. Na/Se. To the knowledge of this writer, no

experimental work has been done on this system.

Selenium and sulfur are in the same family, and much

work on sodium/sulfur batteries should be directly

transferable. k higher power density should be

attainable with selenium than with sulfur.

9. KIS. The theoretical energy density of this system is

nearly the same as the sodium/sulfur system. If a

solid electrolyte can be developed which is a good

conductor of potassium ions, then this system could be

worthwhile.

10. Li/Se. High energy density and high power density

should be possible with this system. High cost and

limited availability of materials may not be a major

problem for space use.

11. Li/Te. The short supply of tellurium has discouraged

commercial development of this promising system.

Otherwise, the system has good prospects and should be

evaluated for aerospace use.
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12. 3e/Nit. High energy density and reversibility of this

system suggest it for consideration for aerospace use.

The molten salt electrolyte is a mixture of fluoride

salts; operation is at about 450 oC.

13. He/Agt2 . High energy density and reversibility suggest

consideration of this system for aerospace use. The

molten salt electrolyte is a mixture of fluoride salts;

operation is at about 450 °C.

14. Ca/Nit2 . This is an all solid state battery system,

using doped Cat2 as the electrolyte. Operation is at

about 450 oC. Improvements in conductivity are

needed. The fact that the system is all solid state is

of great interest from a life and reliability

standpoint.

Racommended research on high temperature batteries is summarised as

follows:

(1) A study should be made of all candidate high

temperature battery systems to determine realistic

energy densities to be expected and to determine those

systems best deserving of research. This should

include couples currently not under development.

(2) NASA should develop expertise in high temperature

batteries and establish a long-range program.

(3) NASA should establish a program on super-ionic solid

state conductors for use in development of high

temperature batteries.

I

A
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Battery-Related Topics  Research in battery systems should not only

include the energy storage devices, but should also include items related

to the entire system. Two such items to be mentioned briefly in this

regard are autonomous operation and reliability.

There are a variety of reasons why power systems should limit their

dependence upon ground control for their well being. These inc:ude lack of

continuous contact with the ground, ground system outages, high cost of

ground crew surveillance, and aeed at tines for fast response. It is

necessary, therefore, to develop systems which monitor state of health of

batteries and use this information in automatic on-board control of the

batteries and, in fact, all components in the electrical power system.

This will require the development of new tools for monitoring and

determining the state of health of batteries and will require also that

battery systems be configured in ways that failures and problems can be

compensated for and the effects of failures minimized.

Reliability considerations dictate that failure of some battery

dells should not necessarily result in failure of the entire battery. To

design battery systems so -they will degrade gradually rather than fail in

relatively large increments, it is necessary to do a considerable amount of

switching. This is inordinately heavy with components available today and

requires the development of lightweight switching. Multikilowatt

spacecraft will have dozens of batteries, chargers, regulators, ane other

power components, and the problem of switching bernomes formidable. Solid

state switches, which are a close equivalent to relays, are needed. Such

developments would greatly improve reliability and life, for failed battery

cells or modules can more easily be switched out.

Two important devices which are keys to this development are (1) the

inverted transistor, which has a voltage drop less than 0.1 V, but,

unfortunately, has too low a breakdown voltage (less than 9 V); and (2) V-

NOS power FET's, which have high breakdown voltage (35 to 90 V) and low

leakage current when off (0.5 micro-ampere) but too high a resistance when

on (about 1.4 ohm at 1.0 ampere). Research to improve these two devices is
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needed, with the aim of using them for lightweight switching (see Section

2.5).

Recommended research on battery-related topics is summarised as

follows:

(1) Develop methods for monitoring batteries and

determining their state-of-health.

(2) Develop ways to use battery state-of-health information

and apply it to the development of autonomous operation

of battery systems.

(3) Develop lightweight switching for reconfiguring cells,

battery modules, chargers, or other components when

failures occur.

Ambient Temperature Lithium Batteries: Much ►-ffort has been

directed nationally to the development of high energy density secondary

lithium batteries. NASA also has a good sized program on this.

Intercalation systems predominate in all research programs with major

emphasis given to the following systems: Li/TiS2 ; Li/MoS2 ; Li/V6013 ; and

Li/CuCO2SV

Maxim-am cycle life is about 150 to 200 cycles. There are apparent

limitations on cycle life due primarily to reaction of lithium with the

electrolyte. There are research directions that could be taken to cope

with this problem, but these are not being pursued in the NASA program. An

equally sericus limitation is on the reaction rates of ambient temperature

lithium batteries - they cannot be discharged anywhere near the rates

required to support spacecraft during eclipse periods.

It is concluded that ambient temperature lithium secondary batteries

are not appropriate for NASA's main needs. It is recommended that the
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current NASA program on this subject be redirected to avenues more likely

to meet the NASA future energy storage needs.

Recommendations in ambient temperature lithium batteries are

summarized as follows:

The current NASA research program on ambient

temperature lithium secondary batteries is not

appropriate to NASA's main needs, so this work should

not be continued.

Primary Batteries: Many high energy density primary battery systems

are available today, especially for low rate eiWiarge. In addition to

military funding of such work, much privately funded research and

development is occur--?ng in the industry because of the commercial economic

importance of such systems. Primary batteries have a number of NASA

applications, but these appear not to be mission enabling. As such, large

research activitieb in this areas cannot be justified.

In spite of all the activity in high energy density batteries, few

of these new systems are qualified for space nor have they all been

investigated more than superficially for reliability and safety. Also,

insufficient data is available on these new systems. Comprehensive safety

and performance verification is needed for lithium batteries in manned

applications, such as the shuttle.

one important problem is the need for a method to determine the

state-of-charge of lithium primary cells without discharging them. It is

useful to know whether a battery planned for flight is fully charged, as

expected. A promising approach for assessing state-of-charge is the use of

special pulse discharges, carefully controlled and analyzed.

Another need is the development of small aerospace quality lithium

primary cells for electronics memory retention, an app;.cation that will be

much used in the future. Mass produced commercial cells are presently

,considered unsuitable for aerospace applications. Although there are other
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ways to provide backup electric power to microprocessors, the primary cell

can provide independent power that cannot be interrupted and which does not

require additional power processing and distribution.

Recommended research on primary batteries is summarized as follows:

1. Research on safety should be conducted on those lithium

battery systems currently planned for NASA manned

missions, such as the shuttle.

2. Research should be performed to develop a non-

destructive state-of-charge test for lithium primary

cells.

3. Aerospace quality primary lithium cells should be

developed for electronics memory retention

applications.

Battery Assessment Summary; Based on technology available today,

nickel hydrogen batteries are the best approaches for both GEO and LEO

missions and are used as the basis of comparison. Performance attainable

with today's technology is summarized in Table 2.21. Improved nickel

hydrogen batteries offer the best promise for future LEO missions. High

temperature batteries and silver-hydrogen batteries offer the best promise

for future GEO missions, although the prospects for advanced nickel-

hydrogen batteries are also quite good. Performance of these systems

judged attainable with research is also s ummarized in Table 2.21.

Silver-zinc and nickel-zinc batteries ahow insufficient promise to

warrant research. Nickel cadmium batteries will continue to be important

to the space program. Although their improvement would not be enabling,

continuation of research on them is worthwhile. Research on nickel-

hydrogen batteries is especially worthwhile, particularly on the nickel
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electrode. Silver-hydrogen batteries should also be researched, at least

until definitive answers can be given on prospects for this system.

2.3.7.2 Maenera?+le Fuel Ce1_ls PLSes^ nt

Due to the high energy density of the reactants hydrogen and oxygen,

the development of light weight hydrogen-oxygen fuel cells has been made

possible. The reactants are stored externally as either liquids or gases

and plumbed into the fuel cell. Practically all fuel cell applications to

date have been as primary systems; that is, reacting to generate

electricity and the product water.

Regenerable fuel cells not only generate electricity but also

reverse the process, converting the discharge product electrochemically to

the initial reactant state through the consumption of electrical energy.

Emphasis on regenerable fuel cells has been with the hydrogen-oxygen

system, though the hydrogen-bromine system and the hydrogen-chlorine system

are also candidates. The regeneration can take place either in a separate

unit, usually called the electrolyzes, or in the fuel cell using

bifunctional electrodes.

In spite of all past studies, it is still uncertain whether the

regenerable fuel cell is advantageous over batteries for future high power

applications. A complexity of factors must be skillfully considered in

such an evaluation, and this has not yet been done. Weight alone is not a

sufficient criterion. It should be noted that prior studies have been

directed at LEO rather than GEO, which has the more important energy

storage problems. Therefore, it is recommended that information generated

in past studies be reviewed, supplemented as necessary by additional

information, and an evaluation made. Recommendations should be made to

either continue the present NASA program, modify it by concentrating on

critical items, or to abandon this effort. The following factors must be

considered in this evaluation:



2-163

1. Sufficient redundancy and automatic control must be

included in the fuel cell system to make the overall

reliability high - comparable to batterieE - and

provide a reasonable degree of autonomy.

2. Batteries used for comparison should not be those

available today but those advanced batteries which

could with reasonable confidence be developed in the

same time period.

3. Suitable means must be used to evaluate the impact due

to the fuel cell requiring greater development and unit

cost, more frequent resupply, and greater required

solar panel area as compared with batteries.

4. valid results must be established for GEO, recognizing

that prior studies have been directed at LEO.

5. An assessment of the hydrogen-bromine regenerable fuel

cell system should be included because of its higher

energy and potentially longer lifetime.

Recommendations with regard to regenerable fuel cells are summarized

as follows:

(1) A review should be made of all past studies on

regenerable fuel cells, and comparisons made against

advanced batteries.

(2) Valid results must be established for GEO.

(3) Recommendations should be made whether or not to

continue the NASA regenerable fuel cell program.
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2.3.7.3

Flywheels are a generic class of energy storage devices where the

energy storage is proportional to Iw 2 , where i is the moment of inertia and

w is the angular velocity. Energy extraction can be achieved most easily

as electrical power. Several technologies have evolved for extraction,

including conventional generators, homopolar generators, and compulsators,

in order of decreasing extraction time. The rotor and support technologies

are reviewed below, followed by a brief discussion of several promisinq

extraction techniques.

ROTOR

For any given system parameters, flywheel system energy density is

roughly proportional to that of the rotor. The energy per unit weight

which can be stored in a flywheel rotor is directly proportional to the

allowable stress-to-density ratio obtainable in the material. For an

isotropic constant strength material, such as some metals, the mathematical

solution to a constant-stress optiaized wheel derived by Stodola in 1924

still represents the state of the art. (137) This gives a wheel a thick hub

with an exponentially thinning rim, which is truncated in various ways for

a practical design. However, real materials are not uniform in allowable

stress because their properties vary with thickness due to the hardening

and forming processes used. Therefore, a better optimum could be realized

by including this dependence in the mathematical optimization of the

shape. However, there is little reason to believe this optimum will

significantly improve on the present designs (8 W-hr/lb obtained with

titanium Stodola whe4ls). One such wheel system with mechanical bearings

was developed by Rockwell and delivered to NASA-Langley Research

Center . (138 )

Composite filament wound materials are anisotropict their properties

(strength, stiffness, etc.) vary with orientation. Tensile strength is

very high in the direction of fiber length, but the normal strength and

shear strength are quite small. Therefore, it is possible to create thin

hoop-shaped structures ..y filament or tape winding processes which have
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primarily circumferential strength. Thin hoops have been built and tested

which demonstrated 80 to 90 W-hr/lb using Kevlar. However, attemps to make

the hoop radially thicker produce radial stresses in the weak direction,

and failure occurs at lower energy densities. This is often aggravated by

locked-in thermal radial. stresses due to processing problems.

The result is that disc or hollow cylinder designs tend to break

radially if a si3nificant fraction of the circumferential design strength

is used. Simple solid, circumferentially wound discs of Kevlar composite

actually have not achieved as good an energy density as isotropic metal

wheels. S-glass, which has somewhat better transverse characteristics due

to a more developed method of bonding fiber to matrix, does somewhat better

but is still not impressive for solid discs. Goodyear Aerospace is now

working on improved matrix characteristics for Kevlar wheels. (139) Rockwell

has done rather well with graphite-epoxy composites.(140)

One approach to solving this problem is to put an outer radial fiber

wrap of Kevlar on the rotor after the circtmiferential inner hub is cured.

This adds some radial strength and helps carry the radial loads on the

inner matrix material. At present, it is not clear that the outer wrap

does not create more problems than it solves by introducing discontinuities

in the radial properties.

A second approach being tried is to build up a radially thick

structure out of thin hoops which are discontinuous and thus strain-

relieved at their interfaces. By using a number of concentric thin hoops

in a bicycle-wheel shaped assembly with flexible spokes, Garret-AiResearch

Corporation has achieved an impressive 31 w-hr/lb performance on a number

of Kevlar rotors storing from tens of W-hrs. to several kilowatt

hours. (141) The precise method of bonding concentric rings together at

Garrett is proprietary but involves preloading fiber tension and ring

interference fits held together by friction. However, these structures

were test devices and need to be evaluated for flight criteria. A

variation of this approach using concentric rings of different properties

tied together with elastomers has been plagued with dynamics problems.

Dynamics problems broke the wheel-hub bond in one Garrett wheel.
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A third approach is to weave the fibers in the rotor in different

directions so as to give the structure strength in the radial and axial

directions as well as the circumferential. This requires a three-

dimensional "polar weave" capability which General Electric's REED facility

and others have developed for nose cones. GE has produced several Kavlar

rotors of this design and expects to achieve 5o *-hr/lb with them, but has

not yet tested them beyond the 5 W-hr/lb level.(142)

A fourth variation, used by AVCO and developed to about the same

point over a longer period of time, builds up a radially thick flywheel by

using a two-dimensional weave to get circumferential and radial strength

and then laminates these together axially.(143)

All four of these approaches are currently under test and should

show 20 to 40 W-hr/lb performance if design expectations are achieved.

The most promising current experiments with anisotropic rotor design

are being done at Johns Hopkins Applied Physics Laboratory. (144) Using bare

filament Revlar and other materials, rotors are wound without glue on it

metal hub. Spokes of the same material are wrapped through the hub, around

the periphery, and then glued to give some radial and axial strength to the

wheel. The resulting rotor is attached to a thin shaft with a metal and

rubber shock mount to allow self-centering. Results have reached 30 to

40 W-hr/lb in this solid disc configuration, in spite of problems in

bonding spokes to circumferentials. Due to the lack of glue on the

circumferentials, the potential hoop strength is nearly double other

designs.

In summary, the composite rotor represents a technical risk but

appears well worthwhile as a weight-saving advantage and an advance in the

state of the art for energy storage.

The information presented at the 1980 Flywheel Technology Symposium

showed that flywheel designs are numerous and varied. (145) Composite rotors

are typically achieving energy densities of 20 to 30 w-hr/lb. Future

developments should double the energy density of these units before
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materials limitations become dominant. Testing to date is summarised in

Figure 2.46.

Based on this data, it appears that rotor dev oUopmant is proceeding

in a satisfactory manner and that rotors will soon be available which are:

1. Reasonably light (40 to 6o N-hr/lb)s

2. self-pulverising (no high energy penetrating

fragments at failure).

Flywheel AZaj^ can be assumed from previous studies to weigh twice

the ratnr weight, including electronics and supports.

MAGNETIC BEARINGS

The magnetic bearing represents a significant improvement in the

long-term reliability and lifetime expectancy of high speed spinning

asseablies. A combination of permanent magnets and electromagnets is used

to levitate a rotor between the poles of the magnetic bearing. The

resulting structure has no contacting surfaces to require lubrication. The

bearing is limited in force density by the magnetic saturation

characteristics of iron so that size, weight, and power are dominated by

the need to support the rotor in a 1 G environment. Zero-G applications

are an excellent watch for these bearings.

In addition, a magnetic bearing is a "soft" support in that its

restoring spring constant is relatively weak compared to mechanical

bearings. Therefore, such a system is characterized by clearance

dimensions measured in ails or tens of mils rather than the tens of micro-

inches typical of conventional ball bearings. Such soft bearings

effectively isolate rotor from mounting when imbalance vibrations occur.

Also, they allow a relatively crudely balanced rotor to spin about its

principal axis with minimum effect on the system performance. However, the

low stiffness places lim o	the allowable cross-axis spin rate which

causes lateral torque or. .e spinning flywheel.
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At present, several gyro and mosontum wheel vsudtta are investing in

magnetic bearing technology to apply these bearings to inertial

navigational systems and large momentum wheels. Cambion Corporation, which

invented the magnetic bearing and has accumulated a long record of

innovations in this field, has retrofitted several wheels for Dendix in the

hope of interesting saw customers of Hendix systems in an experiment

promising longer lifetimes and, eventually, higher speeds." 46) Sperry-Rand

Corporation, Flight Systems Division, has developed a considerable in-house

magnetic bearing crppability and has developed these bearings for its

momentum wheels to extend their lifetime.(147)

Most work at Sperry has been with radially passive, axially active

permanent magnet systems for momentum wheels. Rather large steel rotors

have been floated using this system.

korospatiale (France) has developed a permanent magnet bearing for a

momentum wheel with a composite rotor. (148) This radially passive, axially

active system has relatively high input power requirements, due in part to

the imbalances from a composite rotor and in part from the sunny magnetic

components in this design. It includes a passive magnetic damper for

oscillations about the transverse directions. This wheel design is an

ambitious use of several new technologies with a rather complex

implementation. It is the most developed unit of its kind, and has been

qualified for COMSAT.

Teldix (Germany) has a metal wheel with 5-axis active magnetic

bearings. (149) This allows limited magnetic gimballing of the rotor by

changing the set points of the transverse position loops. The limit is the

maximum gimbal angle, done to small clearance in the magnetic 92ps. The

MDR series wheel at 100 9 N 5 has a ± 1/20 gimbal capability, and has many

coils for sensors, bearings, and motor which are single-point failures.

However, engineering radial wheels with 1.2 0 gimballing and fully redundant

coils have been built (not qualified) and demonstrated automatic fault

correction. The MDR wheel, flight qualified for COMSAT, appears to be a

very well-engineered unit, clearly implmmented and easily inspected or

repaired. The bandwidth of its servo loops is set by the wheel nutation
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frequency, and is not too much lower than the comparable permanent magnet

system due to high (1610 rpm) wheel speed. Other manufacturers of high-

speed rotating equipment are moving more slowly in applying these

bearings.

11 fundamental statement derived from Maxwell's equations, known as

Earnshaw's Law, states that no static assembly of permanent magnets and

ferromagnetic materials will suspend a device in rtable equilibrium,. This

means that at least one degree of freedom of the rotor in a magnetic

bearing system must be stabilized by active feedback electronics.

Passively stable behavior can be obtained axially (along the spin axis) or

radially (perpendicular to the spin axis) but not both. For energy storage

it appears that a passive-radial, active-axial system will allow fully

redundant electronics and electromagnets to be used with a simple

arrangement. The radially passive containment can be achieved with

permanent magnets while electromagnets at each end of the shaft are used

for axial stabilization. Proper design allows either electromagnet to

perform the function if one should fail. Key design parameters are low

weight and realization of the potential for low power. This design

represents state of the art engineering using Samarium-Cobalt permanent

magnet materials in ways which do not exceed their limited stress

capabilities.

The Lincoln Experimental Satellite (LES) flywheel system was

conceived and designed us a component to supply storage of energy and

angular momentum in an experimental communications spacecraft. A test bed

system and brassboard were built and testsd. (150) The brassboard bearing

system was designed to support a 2S-pound spacecraft rotor. It provides up

to 200 pounds of lift in the vertical direction. The electrical paver

dissipated in the bearings is a total of one watt for a 200 pound mass.

The measured drag in the brassboard bearing system, without motor-

generator, was 9 x 10-6 inch-ounces per RPM. This would allow energy

storage over a period of four months before 90 percent of the energy was

dissipated in bearing drag.
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There appear to be several limiting items in available magnetic

bearing designs. The first is complexity. For situations which do not

allow the power dissipation or complex circuitry of S -axis active systems,

a radially passive, axially active permanent magnet scheme looks most

attractive. However, the Aerospatiale system, with this and in mind was

still very complex due to separate bearings for each direction and separate

magnetic dampers and sensors. The 3perry boaring looks simplest, yet even

it has three magnetic loops and a relatively heavy and Complex magnetic

pole structure. An improvement in magnetic flux topology with plenty of

iron in the pole pieces to allow low drag from flux nonuniformities appears

possible. The MIT/LL magnetic bearing was an attempt to achieve this

improvemenO IL51)

Weight is another limit. Many magnetic bearing designs weigh more

than the supported shaft and wheel. A great deal of weight appears often

to be associated with the bearing station support to avoid beading mode

coupling to the stabilization loops. By placing sensors very close to the

magnetic coils and yet truly axisymostric to avoid shaft runout signals, it

is possible to drastically reduce this weight.

The third limitation is bandwidth. This is determined by the

instability in position due to use of permanent magnets for power

minimization. Wide bandwidth is required for a very stiff bearing with a

large ratio of active-axis to passive-axis stiffness. This implies a heavy

structure and interaction with other spacecraft structural elements.

Finally, the drag of a magnetic bearing is inherently determined by

the nonuniformity of field and the conductance of reacting structures. The

MIT/LL bearing uses geometry of the iron pole pieces to attempt to minimize

the effects of magnet iron and uses no copper dampers to avoid conductance

in the resulting structures.(152)
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The magnetic bearings would not be designed to withstand launch

vibration and shock, power failures, or accidental test handling mishaps.

These loads would be absorbed by a "touchdown" or backup ball bearing which

makes no contact with the rotor under operating conditions, but prevents

contact of the magnetic. CompOnrents and complete failure in case of mishap.

This bearing will require ► careful design to avoid brinelling or breaking

during a high speed spin down. It trust withstand high accelerations

without significant deterioration. for large energy wheels, this bearing

represents a development item which Sperl:p, Dendix, or Draper Laboratories

can design with existing technology and is an engineering development item

of relatively low risk. for smaller wheels, the present HIT/LL design is

adequate.

EXTUCTION TEMIQUES

The design of small, light, efficient motor generators is an art.

The key to the most advanced designs is to use samarium-Cobalt magnets on

the rotor without exceeding the stress limits of the material and to

minimise eddy current losses in the stator windings without sacrificing

efficiency.

The Samarium-Cobalt permanent mgnet material is relatively new and

represents a new generation of capability and performance for rotating

machinery. Its energy product is an order of magnitude higher than

previously available materials, and its nigh coercive force lends itself

well to an ironless armature machine which will have lower drag than other

designs. Typical extraction times are on the order of 1 second to hours.

For example, seventy percent cycle efficiency for a 10-hour charge, 12.9

hour coast, 1.2 hour discharge is desired for geostationary missions.

Rockwell's flywheel uses a GE design and achieves adequate motor-generator

performance for these conditions with a very low toO nical risk in this

item. (1,38) The MIT Lincoln Lab effort with Sperry improved the solution to

the problem using an axial gap ironless armature approach for lowest drag

losses. 
(150) 

The MIT/Sperry design uses a special titanium support
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structure to reduce stresses on the rotating magnets, combined with a

structure minimizing losses and low cost fabrication techniques.

In contrast to advanced conventional generators such as thosi

described above, the homopolar generator is designed to extract energy from

a flywheel in shorts- times of 1 msec to 1 sec long. Disk, spool, and drum

rotor configurations are used, with the latter providing the lowest stress

and lowest internal impedance characteristics. Power is taken off by

brushes in mechanical contact with the rotor (completing an external load

carrying circuit). Conventional or magnetic bearings can be used with disk

and spool type homopclars because they are spun about a cents. axle. Drum

rotors are usually supported by gas film bearings surrounding the periphery

of the device. The Energy Storage group at the University of Texas at

Austin has developed several hom000lar devices; for example, operating at

0.7 sec discharge times, 560 kA pulses for a total of 5 NJ of stored

energy. (153) Rotor tip speeds are typically 80 to 170 m/sec, and energy

retrieval efficiencies can be as high as 90 to 95%. The energy storage

density is somewhat more difficult to estimate since most of the systems

have not been optimized for low weight. Estimates range from 1 to 2 kJ/kg

for devices which have been built in the range of 5 MJ to 50 MJ

1	
storage.^154) Brushes are the key area requiring development for extending

1	 the lifetime and reliability of these devices.

The compensated pulsed alternator or compulsator is very similar to

the homopolar generator but extracts power in very short .pulses on the

o=der of 0.1 to 1 msec. It is best suited for driving capacitive or

resistive loads. Experimental compulsators have been built and tested, but

a substantial amount of development is still required in order to achieve

projected performance levels of efficient, low inductance, short pulse

power delivery. (155) Both the University of Texas at Austin and JPL are

presently conducting research in this area.
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SHAFT AND HOUSING DESIGN

The shaft and housing for the flywheel system represent a

significant part of the system weight. They are to provide rigid mounting

s%-)port for wheel alignment, estimated to be tens of arc seconds to a-oid

attitude control interaction with power demands, and also provide a vacuum

enclosure for ground testing. There is no doubt that these can be built.

Use of composite materials for lighter weight and, perhaps, flywheel

failure containment could be considered but may be a technical risk.

SUMMARY OF POTENTIAL

Flywheel energy storage represents a promising technology being

actively advanced by current DOE efforts through a program managed at the

Lawrence Livermore Research Laboratory. In spacecraft applications, it

pzovides the following attractive features:

1. High energy density (low weight)

2. Independent sizing of power conversion and storage

elements

3. Pulsed high power load capability

4. Integrated power and attitude control capability

using antiparallel wheel pairs as diagrammed in

Figure 2.47

5. Ability to function reliably in a wide range of

thermal environments, allowing a relaxation of

spacecraft thermal control requirements

6. Long life and high reliability

n

Lt.-



2-175

Ie-c-19o5^

10
	

081

0.50

s
3

3 Q5	 Oi

0.125

E"=0^O^
n

H' • TOTAL NORMALIZED
MOMENTUM

E'- TOTAL NORMALIZED
ENERGY (2 wheals)

.ti, .,2 • WHEEL SPEEDS

WM n MAXIMUM SPEED

SHADED AREA IS ACCESSABLE

TO COMBINED ENERGY AND
ATTITUDE CONTROL SYSTEM

0	 0.3	 1.0

W2/WM

Fiqure 2.47. Flywheel Parameter Relationship.



2-176

Key performance parameters are best compared with state

NiH2 batteries. These are done on a syste ID bas i s including con

and control electronics, v: ,d supporting structures. (A flywhee

typically weighs 2 to 3 timt the rotor alone).

NiH2 batteries can pro. :e a.:out 6 W-hr/lb (see Section

This figure is tabulated below for projected flywheel systems,

rotor weight:

In-use systems	 5	 10

Reliable components 	 10	 15

R&D items	 15	 25

Potential	 30-40	 50-60

Power density is also of interest. UiH 2 batteries provide about

30 W/lb, compared with perhaps 100 W/lb for flywheel systems. Here, the

power conditioning needed for the end-use is often included in the flywheel

circuitry, giving extra flexibility as well as possibilities of AC

distribution systems.

Self-discharge rates of 50 hours are possible with NiH 2 systems,

whereas flywheels can reach lower drag levels and lcnger hours if the power

requirements and resulting motor-generator losses are small. Lifetimes of

3 to 6 years in LEO, and 10 to 15 years in geosynchronous orbit are

comparable, although flywheel lifetimes are not proven at present due to

lack of magnetic bearing experiments.
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2.3.7.4 Thermal/Chem:cal_ Energy Storage Technologies

THERMAL ENERGY APPLICATIONS

Most thermal energy needs on spacecraft (e.g., for preventing liquid

propellants from freezing) are currently being satisfied by proper thermal

management of incident solar radiation as long as the spacecraft is close

enough to the sun. To a lesser extent, electric resistance heaters are

used to prevent propellant freezing or to maintain temperatures of other

critical components (e.g., electronics package, vidicons, sensors) within a

range of normal operating temperatures. Electric power for these auxiliary

heaters is usually derived from solar panels or, as in the case of VIKING

Lander and VOYAGER fly-by missions, from radioisotope thermal generators

(RTGs). The consideration of nuclear energy for powering Earth satellites

has apparently been discontinued for civilian NASA missions. For this

reason thermal and thermochemical storage may gain increased importance for

solar powered near-Earth orbital missions.

Another less frequent use of thermal storage using phase change

materials (PCM) is not for the purpose of power generation but for the

purpose of passive thermal control. In this mode the PCM provides cooling

instead of heating and prevents the overheating of delicate spacecraft

components. A low-temperature PCM canister containing n-heptane and

methylethylketone has already been used on operational satellites and has

helped to delay an undesirable warming trend.(156,157)

Extending cooling requirements ;as opposed to heating or power

generation requirements) to even lower temperatures, energy storage schemes

are sought which will allow the maintenance of cryogenic temperatures for

infrared sensors or for superconducting magnets in space. Sevnral of the

metal hydride reversible chemical reaction systems can be usr.d for rc.oling

cycles.

The rapidly g-owiny area of space processing brings with it new

requirements for thermal energy in LEO :pace Shuttle/Spacelab

missions. (158) Potential products produced in space are large single
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crystals, new metal alloys, and semiconductor materials. Raw materials 	 1

could be melted by placing them directly into the focal point of a solar

collector or by circulating a hot fluid which has prRviously been heated in

a solar receiver. In order to achieve the desired uniformity of crystal

structure ( free from contaminants and faults or with a carefully controlled

amount of dopants and lattice defects), the cooldown has to proceed very

slowly and may require several Earth revolutions. Removal of heat from the

process vessel by simply radiating it away would result in variable

cooldown rates, depending on whether the spacecraft is in the Earth's

shadow or not. Exchanging heat with a circulating molten salt coolant from

a thermal storage s ystem will allow uniform cooldown rates and will result

in a more reproducible product.

Other thermal energy requirements which have so far (on

comparatively short orbital missions) been satisfied with electric power

are for life support and waste management systems. Up to this time there

have been no attempts to regenerate oxygen and water from space cabin

atmospheres or human wastes on previous space flights, although closed

system simulation tests have been conducted on the ground. Sufficient

water and oxygen was carried on board the spacecraft during APOLLO and

SKYLAB to last for the entire mission. It will be inevitable to^ use CO2

and waste regeneration on long-term missions of the future, even in LEO or

GEO. Thermal energy is required for reducing CO 2 to breathing oxygen and

to reprocess wastes to obtain potable water. These chemical processes

operate best in a steady state mode. On-again, off-again operation when

operating the system with direct solar input would result in a very

inefficient system. Thermal energy storage would level the cyclic heat

input and allow the Co t/waste reprocessing system to operate at a constant

load.

Up to this time solar thermal electric conversion ( STEC) power

plants have not been used in space, although the high intensity of incident

solar radiation and the freedom from atmospheric effects ( clouds, haze,

-just, wind, thermal convection) would make the space environment ideal for

STEC pcwe: plants. STEC technology is currently being developed for
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terrestrial applications in desert climates. Some of the demonstration

plants (e.g., Barstow, California) will include thermal storage as senaible

heat in hot oil and hot rocks, in order to compensate for temporary loss of

insolat:ion due to cloud cover and in order to allow extended operation into

the evening hours when the demand on the utility grid is high.

GEO orbits for solar space power systems (SSPS) using STEC (those

which are meant to beam power to Earth) are chosen such that sun

occultation is minimal. For stations operating in LEO (with frequent sun

occultation) and generating power for their own needs, the question of how

to provide a constant power output by the or.-board generator has to be

answered. If the station uses STEC in LEO, a thermal energy storage buffer

would allow the power plant to operate at constant output. The mode of

thermal-to-electric convers ion is irrelevant for the discussion here. It

could be either a steam Rankine, mercury Rankine, potassium Rankine; or hot

gas Brayton cycle for shaft power; or a thermoelectric generator. Wha`_ever

the temperature requirement of the conversion cycle may be, a thermal or

thermochemical energy storage aethod can be found and adapted.

All applications listed above are of the load/input leveling type

(Figure 2.48a). In addition to load leveling, energy storage can also be

used to satisfy peak power demands (Figure 2.48b). In this mode of

operation, storage is charged over a long period of time (probably several

revolutions) and all accumulated energy is used to provide power for a

short peak laid, e.g., high intensity transmissions, communication with

distance spacecraft or home base, or pulse power applications with beamed

energy.

Although a Rankine or Brayton STEC power system is more ..omplex than

photovoltaic arrays, there are several potential advantages to such a

system, in particular when it incorporates thermal storage: The system is

not susceptible to radiation damage, and it could operate in orbits which

are currently avoided by satellites because they pass through the van Allen

belts. This applies to orbits with constant altitude as well as to

spiraling orbits flown by heavy payloads with electric propulsion for

transfer frcm LEU to GEO. Furthermore, a STEC system can be built more

IM
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compactly than a solar PV array. It is less susceptible to atmospheric

drag in the lower Earth orbits. It is also less likely to be detected by

unfriendly forces because it would offer a smaller visual or radial cross-

section. The rotating machinery reliability limitations would not apply to

thermoelectric or thermionic converters.

THERMAL ENERGY STORAGE ke THODS

Thermal energy storage methods include storage of heat in solids and

liquids as sensible heat and in phase change materials (PCMs) as latent

heat.

Both methods of energy storage are currently being evaluated for

Earthbound stationary energy storage. PCMs have also been considered as

energy storage for road vehicles. A common disadvantage of both sensible

and PCM thermal energy storage is that because the storage media have to be

stored in the hot state, heat losses are inevitable and the amount and

quality of energy available decreases with time during periods of standby.

These types of energy storage systems are therefore suitable for short-term

storage only. Typical heat losses from large (),100 MWh), well insulated

systems are of the order of is/day. For Earth orbit applications, such

losses are nearly negligible. Vacuum in space will aid in achieving low

thermal conductivities of multi-layer insulations. In addition, the

absence of conve:tion due to lack of gravity will eliminate one mode of

heat transfer a ► .d heat loss. Heat losses by radiation and conduction will

persist regardless of ambient pressure or gravity.

Evaluation criteria for thermal energy storage media are storage

capacity (J/g) and storage density (J/cm 3 ). The energy storage system is

characterized by the so-called roundtrip efficiency nRT:

	

_ Energy out - [(parasitic power during discharge) 	 (discharge time)]

nRT	 Energ,,: in + [ (7,arssitic power durir.a charciin .i )	 (charainn tine) l

This roundtrip efficiency is usually below C.5 because of pressure drop,

heat losses, and reduction of energy value ("availability") if the outlet

temperature is below the inlet temperature. Roundtrip efficiency depends
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on the mission duty cycle (charge:discharge ratio, charging time, degree of 	 ^l

charge, discharge time, degree of discharge).

Up to this time, thermal storage systems were not extensively used 	 ^l

on Earth because prime energy sources (coal, oil, gas) were thought to be

abundant and used to be cheap. Only recently increased emphasis has been

placed on thermal (and thermochemical) storage as a means to utilize cyclic 	
r^

energy sources (solar, industrial cyclic waste heat) or to make better use 	 U
of existing power systems (load leveling and peaking power). This has

resulted in recent advances in the state of the art, the implications of

which have not yet been fully explored for potential space applications.

Sensible Heat Storage: Sensible beat storage systems have the

disadvantage that heat is given off (and accepted during recharging) at

varying temperatures; thus the discharging (charging) efficiency varies

significantly with the state of charging. The amount of energy stored

increases with the width of the temperature span wit-Ain which the heat-

using system can operate. Typically, the system requires the temperature

to be as uniform as possible. Sensible heat storage systems are available

for a wide range of temperatures ranging from hot water to hot oil, molten

salts, or hot bricks. Molten salts are used extensively as heat transfer

media (e.g., Hitec^) or heat treatment salts for the quenching and

tempering of alloys ("draw salt"). A significant amount of data on molten

salts has been accumulated as part of the evaluation of molten salts as

coolants for nuclear fission reactors (Oak Ridge National Laboratory).

Generally, the storage capacity of sensible systems is below that of either

PCMs or thermochemical systems.

Phase Change Materials: As opposed to sensible heat storage

systems, PCM heat storage systems operate at a more steady temperature.

Ideally, the temperature band around the melting point within which the

temperature fluctuates would be very narrow. In most practical cases,

however, the temperature swing is wider and involves significant

contributions of sensible heat from both the liquid and the solid phase.

This is necessary b.?cau3e the thermal conductivity of the solid is so much

worse than that of the liquid, and a temperature gradient of sufficient
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magnitude has to be maintained in order to arrive at acceptable charge and,

in particular, discharge rates. Heat exchanger tubes embedded in molten

PCMs will usually be encrusted with solidified material as soon as heat is

withdrawn from the system. The crust impedes heat transfer from the

remaining hot .liquid to the heat exchanger tube. Heat transfer enhancement

methods are currently Toeing developed for PCM applications. Under zero-g

conditions it is important to keep the PCH in close contact with the heat

exchanger tubes. A metal foam attached to the tubes would serve a dual

purpose; not only does it enhance heat transfer because of good thermal

conduc t ivity of the metal, but it also retains the liquid by surface

tension, similar to surface tension screens used in propellant tanks.

Several receivers for in -orbit solar thermal electric conversion

with integral PCM storage have been developed and tested during the past

decades. The SUNFLOWER mercury Rankine program at TRW tested lithium

hydride PCM. Westinghouse tested a lithium hydride PCM storage device for

a thermoelectric generator, (159) and NASA-Lewis tested a receiver with

integral lithium fluoride PCM heat storage tubes surrounding the heater

tubes for a Rankine or Brayton cycle power plant . (160-162) During the work

with lithium hydride as a PCM, it was noted that the dissociation pressure

at the melting point is substantial, and it was subsequently proposed to

use the LiH 4- Li + ^H 2 system as an RCR heat sto: :age system.

Chemical Energy Storage Methods: C.emicai energy storage uses

reversible chemical reactions ( RCRs), e.g.,

exothermic
A + B	 C

endothermic

which can be easily reversed depending on concentration and temperature of

the reactants. In the charging mode, chemical C is dissociated and the

more energetic chemicals A and B are stored. Physical separation of A and

B is not always required. A and B can be stored indefinitely without loss

of stored energy. When energy is needed, A and B are allowed to recumbine

(generally on the surface of a catalyst) and energy is released in the

reaction forming C. Thermochemical energy storage may be compared to the

more conventional energy storage by pumped hydro where the dissociated
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chemicals A + e constitute the more energetic state (upper reservoir) and C

constitutes the lower energy state (lower reservoir).

I
The types of chemical energy storage being considered here for

advanced space energetics include only thermochemical, photochemical, and

radiochemical (fissio-chemical) reactions. Electrochemical energy storage

is discussed in Section 2.3.7.1. The majority of information offered here

for discussion is devoted to thermochemical storage via reversible chemical

reactions (RCR). This mode of energy storage is relatively new, even for

Earthbound applications, and its potential for space applications has not

yet been fully explored.(163-165)

In addition tc RCR chemical energy storage, RCR chemical energy

transmission should also be considered, in particular where it can be

integrated with chemical energy storage. These so-called "Chemical Heat

Pipes" can replace conventional heat pipes where long distances of

transmission are involved.(166)

Photochemical energy storage is taking place on a gargantuan scale

on planet Earth in the form of photosynthesis. However, the energy storage

density is extremely small. Photodissociation of nitrosyl chloride or

isomerization of norbornadiene by concentrated sunlight has been attempted;

the reverse reaction would then release heat. No practical system has yet

been demonstrated, and it is very doubtful that photochemical energy

storage/conversion holds any promise for space applications.

Radiochemical ("fissiochelical") energy storage is possible by

irradiating ammonia with y-rays, X-rays, electrons, protons, or other

ionizing radiation, forming amino radicals which recombine to form

energetic hydrazine. Hydrazine can be separated from ammonia and stored as

the more energetic fluid. On Earth, synthesis of hydrazine from ama►onia by

passing it through a nuclear reactor has been demonstrated, but the process

was not economical. It is suspected that the reaction is also taking place

in the ammonia clouds of Jupiter's atmosphere. It is not expected to be a

practical means of energy storage, even if the ionizing radiation is

available for free, as in the van Allen radiation belt.
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It should be emphasised that thermochomicai energy storage systems

with reversible chemical reactions operate in a closed loop mode in a

hermetically sealed system. Thus, under normal operation there are no

consumables or replenishment chemicals involved. If the chemical reaction

chosen is free from side reactions leading to irreversible byproducts, the

reactants can lie cycled back and forth an infinite number of times without

losing storage efficiency.

Tables 2.22 and 2.23 provide a summary of selected reversible

chemical reactions with their storage capacities and storage densities.

The data have been arranged in two separate tables because the evaluation

criteria for systems involving Solid constituents are quite different from

those for systems not involving solid reactants. Systems with solid

reactants are difficult to scale up ar.d solids handling is general?;

avoided if the same objective can be achieved with liquid reactz.its.

Liquid reactants are more easily stored, metEred, and pumped than solids.

Gases, on the other hand, have very low storage densities.

The preferred thermochemical energy storage system would be one

which involves only liquids in the charged as well as in the discharged

state. Only one of the systems lis':ed, the S0 3 (L ) + H2 0(L ) f H 2 SO4 (L )

reaction, meets this requirement. Unfortunately, a high temperature

separating technique for SO  anc l. H 2O has not yet been perfected. The other

all-liquid system, H 2 0(L ) + H2 SO4(L) '-H 2 so 4 • H 20(L ), has too low an energy

content to make its use attractive for space applications.

So far, Table 2.23 lists only saline hydrides ouch as lithium

hydride. The energy changen associated with the formation and dissociation

of metallic hydrides such as LaNi 5H6 or ?OTiH l 9 are relatively small

(7 kcal/mol H 2 ). These systems are being investigated mainly as a means to

store hydrogen gas. Combination of two metallic hydrides operating at

different characteristic temperatures in chemical heat pumps has teen

demonstrated. Ch-rmical heat pumps will be discussed in a later paragraph.

Another method of -hemical energy storage would be in the form of

frozen free radsr3l3, e i , atomic hydrogen in a matrix of frozen molecular
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hydrogen. This possibility has already been investigated for a long time,

but it is unlikely to become available as mature technology in the near

future. (167-169)

Table 2.24 summarises -nergy storage capacity and storage density

for typical thermal and thermochemical energy storage media. So far,

numbers shown in Table 2.24 are for the storage media only. This is like

showing only the electrolyte and electrode weight of a battery without

casing, spacers, and insulation. Weights or volumes for containment of

thermal/thermochemical storage media, heat exchangers, pumps, and other

procPss equipment have not yet been included.

The main reasoi, for not yet including system weights in the table is

that no reliable numbers are available at this time. Thermal energy

storage technology for Earth based applications is just emerging, and high

temperature thermochemical systems exist only as a concept. If currently

available data were used and if the data were applied to potential space

applications the results would be misleading since the designs for Earth

based systems were done with little concern for system weight or system

volume. Lightweight structural materials such as those typically used for

spacecraft would result in more favorable system weights. Also, if large

systems were assembled in space and ',ad to withstand neither 1 9 nor high g

forces during launch, the support structure would be much lighter than the

same system interndrd for Earth based applications.

The preliminary design of thermal and thermochemical energy storage

systems . +r space applications requires additional effort to core up with

reliable predictions and performance comparisons. The same is true for

cost data for any of these systems because there is no cost experience.

The system weights to be added to the storage media weights depend

on the desired charge:discharge power ratio. They would be optimal if the

charge:discharge ratio were kept close to 1.0. The system weights in

relation to the storage medium weight for a given total storage capacity

aml . "viri p : j is--har ge ratio are ,mall for sonsible, larder for Pi M, and

•:i-lnifirant for thn.rmochomica1 energy storage systems. The complexity of
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most thermochemical energy storage systems is only warranted for very large

installations (), 100 kw) and long storage times. For a short term (less

than 6 hours) storage system operating at a charge:discharge ratio of 1,

the system weight roughly equals the weight of the storage medium for

sensible and PCX storage, and is roughly twice the weight of the storage

media for a thermochemical system. This reduces the weight-specific

numbers in Table 2.24 by a factor of 0.5 to 0.3.

If one envisions the use of thermal or thermochemical storage in

conjunction with thermal-mechanical-electric conversion, the numbers will

furthermore have to be multiplied times a factor of 0.2 (20 percent

conversion efficiency assimed for thermal to mechanical conversion). If

r.he conversion from stored chemical to electric energy is carried out in

fuel cells instead of a mechanical turbine, the storage capacity of

chemical systems would be higher and above that of Ni/H 2 batteries serving

as a benchmark for comparison.

The entire field of storage media for sensible, PCX, and

thermochemical energy storage systems has been thoroughly searched. It

will be difficult to find other, new storage media which will result in

significant improvements over the examples listed in Table 2.24.

The cycle life of sensible and PCM heat storage media is essentially

unlimited. The life of the heat storage system is most likely limited by

the life of centrifugal pumps used to circulate heat exchange fluids or

heat storage fluids. Thermochemical systems not involving solids generally

require a catalyst and/or separating membranes. It is estimated that

current technology catalysts limit the useful life of the system to

approximately ten years. The catalyst can be replaced during maintenance

of the system.

Chemical Heat Pumps: In addition to plain energy storage,

reversible chemical reactions are also being used to collect heat at a low

input temperature and to release it (although a smaller amount) again at a

higher output temperature, analogous to an evaporation/condensation

mechanical heat pump. Reactions which are being evaluated for this purpose
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include hydrides (170), ammoniates(171) , and sulfuric acid/water. (172) It

has been proposed to use mechanical or chemical heat pumps on satellites to

boost waste heat temperature to a higher outlet temperature such that it

can be radiated and rejected by more compact radiation.

Because the amount of energy radiated increases with the fourth

power of the radiator temperature, the overall system might be lighter than

without heat pumping. Under terrestrial conditions it is usually easy to

find a heat sink for a heat pump. This is not as easily done in a space

environment.

Chemical Heat Pipes: In addition to storing and pumping energy,

reversible chemical reactions can also be used for transmission of heat

from Point A to Point B. The unique feature of chemical heat pipes is that

the reactants are transported at ambient temperature. Unlike a steam or

hot oil pipeline, there are no thermal losses during transport. A chemical

heat pipe is therefore attractive for transmission of heat over very long

distances. Chemical heat pipes can be used to distribute heat from a

central heat source (173) or to collect heat from a multitude of parabolic

dish focusing collectors (174) with or without buffer storage of reactants.

For a large power satellite in geostationary orbit, the system could

be modularized and could be assembled from a large number of easily

transported small parabolic concentrators. In the focal point of each

collector there is a thermochemical receiver in which the heat i9 used to

dissociate a chemical in an endothermic reaction. The dissociation

products are collected in a manifold and fed to a central exothermic

reactor with the adjacent central power plant. This system promises to be

more efficient than a multitude of dish-mounted heat engines.

Comparing the performance, weight, and cost trade-offs of competing

thermal and thermochemical energy storage technologies is not as easy as

comparing the merits of different types of well established electrochemical

storage devices, e.g., nickel-silver versus nickel-hydrogen versus

reversible fuel cells. There are not sufficient desiqn data available for

existing systems, and those which are available are only for terrestrial
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utility-sized systems. In order to compare thermal and thermochemical

storage technology with competing storage techniques, one has to rely on a

number of assumptions and extrapolations. Three such comparisons published

in the literature shall be referenced here in order to emphasize the

conclusion that thermal (and thermochemical) energy storage should receive

further study for space advanced energetics. Not all assumptions

underlying the three studies are known at the present, and it would occupy

too much space to spell them out here.

The 25 kW space station study by Grumman (175) compared system mass

penalties for two different storage requirements: 30 kW peak load with

Brayton conversion (Figure 2.49) and 130 kW eclipse load with thermionic

conversion (Figure 2.50). In both cases the system mass penalty was lowest

with a lithium fluoride PCM thermal storage system.

A British study (176) compared the storage density (GJ/m 3 ) and

storage capital cost (f /GJ) of various storage technologies (Figure 2.51).

Reversible chemical reactions and fused salts had the best cost and density

characteristics of all systems considered (excluding the air-supported

combustion of fuels such as oil and synthetic hydrocarbons).

A comparison of storage technologies for utility energy storage

(systems above 100 MWt ) shows the dependence of capital and storage cost on

the time of operation on storage (Figure 2.52). (177) Because the cost lines

start out at different capital costs (zero storage) and because the slopes

of the lines differ, the best storage technology depends on the desired

mission profile. This chart assumes that the system is discharged

immediately after being fully charged and does not make allowances for

energy lost during standby. Underground pumped hydro and compressed air

combustion gas turbines cannot be applied in space stations. This

essentially leaves PCMs (fluoride eutectic) as the most economical option

for storage capacities up to 10 hours.

Summary: It appears that thermal or thermochemical energy storage

will not play an impor.:ant role in space operation.; as lone as space

vehicles remain the size of a single Skylab, spacelab, or space Shuttle,
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Figure 2.51. A Comparison of Various Energy Stores in Terms
of Capital Cost and Storage Density. The costs
of producing and distributing energy are ex-

cluded. (Reference 176)
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the reason being that small thermal requirements are more easily met with

electric resistance heaters. Thermal electric conversion via mechanical

does not become attractive until powe7 levels of at least 20 kw are

required. If it should be used, short term thermal storage will enable the

system to operate throughout the entire orbit and, in particular, during

sun occultation. Thermochemical energy storage is not attractive unless

very long storage times (in excess of 24 hours) are required. It would be

ideally suited for lunar bases with very long dark periods (14 days).

Sever—L experts in the field of thermal and thermochemical energy

storage have been interviewed and asked if they were aware of any past or

ongoing research and development efforts in thermal or thermochemical

energy storage for space applications. Several useful leads to past work

were obtained, but none of the persons were aware of any

thermal/thermochemical storage work in progress for space applications.

2.3.7.5 Novel Approaches

So far, energy storage has been considered as a pure storage metb.>d

only, with identical forms of energy input and energy output. Certain

improvements in overall systems efficiency are pcssible by combining energy

storage with energy conversion.

'21.srmally Regenerative Fuel Cells

A thermally regenerative fuel cell uses a rever%ible

thermocherucal/electrochemical reaction. The endothermic step of the

reaction is carried out in the focal point of a solar concentrator, e.g.,

SO  + AH - SO2 + 120 2

The dicsociation products can then be stored indefinitely until electric

energy is needed. The exoergic reaction with electron transfer takes place

on the electrodes of a fuel cell, releasing electric energy and oxidizing

S0 2 to SO3:	
0 + 2e - - 0 --

S+a - e S+7
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Thermally regenerative fuel cells are not limited by Carno t. efficiency. No

experimental data are available yet. Thermally regenerative fuel cells

should =t be confused with regenerable (- reversible) fuel cells where

aoth energy input and output are in the form of electric energy. Several

r^reversible chemical rea:tions are currently being evaluated for potential

use in regenerative fuel cells.

So far, fuel cells for aerospace have always been Pssociated with

hydrogen/oxygen fuel cells. Sufficient know-how exists with

uxygen/hydrogen fuel cells for space applications. Unfortunately, the

oxygen and hydrogen reaction

0 2 + 2H2 'P 2H20

is highly irreversible. Thermochemical water splitting cycles are under

development, but the conversion efficiency of multi--step water splitting

processes resulting in hydrogen and oxygen is very poor. While

hydrogen/oxygen fuel cells achieve conversion efficiencies of 60 percent,

the overall efficiency of a thermally regenerative hydrogen fuel cell would

be below 10 percent. So, even if the S02 + 0 2 fuel cell should be only 30

percent efficient, it would still be Bette- than the combined efficiency of

most other systems which convert to electricity first and then store

electricity, or store heat first and then convert to electricity. In

at'empting to sell the idea of the S0 2 fuel cell to prospective sponsors

for further development, the S0 2 fuel cell has so far not made any inroads,

because people already working on fuel cells always compared it to the

oxygen/hydrogen fuel cell (assuming that hydrogen is readily available

when, in reality, it is not). By comparing the fuel cell efficiency only,

the SO  fuel cell cannot stand up to the hydrogen fuel cell. It is the

combination of thermal to electric conversion which makes this scheme now

so attractive.
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The 	 StrraQe in Brayton Power Cvclls

Thermal storage is an attractive alternative to other modes of

energy storage for Brayton power cycles. The stored high temperature

thermal energy can be used as a heat source during periods when extra

electric power is required.

K graphite particulate bed will store 1 MJ(th) per kg for a AT of

500 OK. The Brayton cycle expander could run at constant temperature with

variable recirculation flow being used to accomodate the changing source

temperature during those periods when the thermal storage bed was being

drawn again.

For a power cycle efficiency of 30 percent over the draw down

period, a graphite particulate bed could store -100 watt hours(e) per kg.

This compares very favorably with advanced batteries and is considerably

better than present battery systems. The number of cycles would be

essentially unlimited, and no degradation of storage capability should

occur. Graphite also has the potential advantago of extending the

operating temperature of Brayton cycles with energy storage up to 1500 OK

if the interaction of the carbon with the turbine Raterials is not too

deleterious.

The prime energy source could be sized for the average power of the

cycle, while the energy conversion device (e.g., a turbine) would be sizes]

for the peak power. The energy source would have to he capable of short

periods of operation at substantially higher temperatures (e.g., 500 oC

higher than the normal operating temperature). This might not be feasible

for some sources; however, for gas cooled reactor or solar thermal systems,

it appears likely that the outlet coolant temperature capability is

considerably higher than can be accepted by a turbine.

Z ormal Electrochemical F nerQy 5±&aA e

Near-reversible electrochemical energy storage is a very promising

storage option for space power applications. Systems have been developed

in which units can function fir9t as electrolyzers to dissociate chemical
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compounds, and then as fuel cells to generate electricity when the products

are recombined. The very high specific energy available per unit mass of

the dissociated compounds makes this storage option much more attractive
i

than batteries.

A leading candidate is a high temperature ('1000 oC) solid oxide

electrolyzer/fuel cell assembly operating on steam/hydrogen and oxygen.

The steam/H 2-0 2 system has an energy storage density of 2600 watt hours

(e)/kg of stored H 2/02 at an efficiency of 70 percent in the fuel cell

mode. This is an order of magnitude better than can be achieved 4ith

advanced batteries.

Solid oxide electrolyzer/fuel cell assemblies have been developed

and tested in the U.S. by Westinghouse, in West Germany by Dornier, and in

Switzerland by Brown Bove=i. The cells consist of several layers of thin

films, each with a typical thickness of "10 , deposited on the surface of a

porous yttria stabilized Zr02 tube. Typically, the tube has a wall

thickness of -0.5 mm and a diameter of -1 cm.

The successive thin Film layers consist of an outer 0 2 electrode, a

sandwiched electrolyte (yttria stabilized ZrO 2 ), and an inner H2

electrode. The electrodes are connected in series along the ZrO 2 tube

using thin interconnection films. The electrodes, electrolytes, and

interconnection films are deposited using masking techniques similar to

those in the electronic industry, with chemical or vapor deposition.

Single and small stacks of multiple cells have been tested for

thousands of hours at operating temperatures of "1000 oC. Large arrays

have not yet been tested, but there appear to be no fundamental problems in

constructing large systems. Mass production fabrication techniques will

have to be developed, however.

Achievable output power densities for H 2/O` solid oxide

electrolyzer/ fuel cells are -0.35 watts (e)/cm 2 (0.5 A/cm2 , 0.7 volts).

While operating in the electrolyzer mode at 1000 0C, input electrical

requirements are "0.55 watts/cm2 (0.5 A/cm2 , 1.1 volts) with corresponding

2thermal inputs of "0.3 watts per cm. For tube wall thicknesses of 0.5 mm,
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gross specific powers will be "1000 watts(e) per kg mass of the solid oxide

assembly.

For a given power delivery time Tc , the equivalent specific energy

storage for the electrolyzes/fuel cell assembly is 1000 T  watt

`iours(e)/kg. Thus, for values of T  of 3 to 4 hours, th y- energy capacity

in watt hours(e)/kg will be comparable to that for the stored H 2/0 21 i.e.,

-2600 watt hours(e)/xg. n..e overall specific energy storage for the entire

system is: 	 kq

ST	2600 + 1000 T c + S
C
	Watt-hr(e)

where SC - watt hours(e) per kg of mass for the container for the stored H2

and 02 gas. For optimized storage systems, SC will be on the order of

twice the value for H 2/02 alune. Accordingly, for power delivery times of

3 to 4 hours, ST is "1000 watt hours(e) per kg of total mass, and

substantially higher for longer power delivery times.

Electrolyzer/fuel cell stacks could readily be arranged in

series/parallel connections to match the output characteristic p of solar or

other power source arrAys, and should not require any power conditioning.

Another promising candidate would be the H.,C1 system using cells
d.

with solid polymer electrolytes (SPEs) at -100 oC. 5c The much lower

operating temperature with this system poses more problems of heat removal

than the 1000 oC H,/0 2 system, but it appears practical. A similar HBr

system is to be tried on the space shuttle. No heat would be geneiuted

during charging because of the TAS term; on discharge (recombination of H2

and C1 2 to generate electricity), however, -0.7 watt of heat would be

prod , :eed per watt of electrical output, and this would have to be radiated

to space at a radiator temperature of "400 oK.

Typical performance parameters would be -0.3 A/cm 2 at 1.2 volts.

The SPE would be "10 mils thick, with an overall thickness of - 4 mm per

cell. Cell electrodes would use carbon based materials.
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The HC1 system does not appear as attractive as the H 2/O2 system

because of higher electrolyzer/fuel cell weight per unit output, lower

operating temperature, and a somewhat higher weight of stored gases per

unit amount of stored energy.

2.3.8 Energy Storage Conclusions

Batteries are the principal energy storage technology for spacecraft

at present. However, the demands for longer lifetime, greater number of

charge-discharge cycles, lighter weights, and greater net energy storage

capacity will require substantial advances over the performance of present

systems. New and advanced battery concepts are available which appear to

have the capability to meet these requirements. In addition, flywheel

storage, regenerable fuel cells, thermal storage, thermochemical storage,

and several novel concepts integrating energy storage with energy

conversion promise significant advances in these areas.

Advanced nickel hydrogen batteries, silver hydrogen batteries and

high temperature batteries offer good prospects for significant improvement

over current energy storage. Regenerative fuel cells using either

bifunctional electrodes or separate electrolyzers and fuel cells also look

attractive in terms of weight for medium to high power systems (e.g., 25 kW

and above). Flywheel energy storage appears to be applicable by itself and

possibly in combination with attitude control. It may be possible to

combine the flywheel energy storage function with inertial attitude control

functions to economize on weight for particular missions. Flywheels look

particularly attractive wherever high power density is desired (i.e.,

watt/lb). Further, they have exceedingly long self-discharge times

compared to virtually any other energy storage technology (i.e.,

potentially 5 to 10 years).

,hermal or Viermochemical energy storage is best suited for medium

to high power systems (i.e., 25 kW and above) since thermal requirements

can be easily met by resistance heaters at low power levels. Also, thermal

energy conversion becomes truly competitive with photovoltaics for tower

above 25 to 50 kW and will be able to utilize thermal energy storage
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effectively. There is also an intriguing possibility that the integration

of some energy storage and conversion concepts may offer higher performance

thaii the separate use of high performance storage and high performance

conversion technologies.

As a result of the technical assessment of energy storage

technologies, the following items are recommended for further research.

These recommendations will be narrowed considerably in Section 5 in order

to arrive at the highest priority items for NASA's Advanced Energetics

Program.

RECOMMENDED BATTERY RESEARCH

1. Research, at a modest level, is needed on nickel-

c'dmium batteries to better understand their

problems and weaknesses, and to improve the

technology. A nickel elActrode research program

would be n efit both nickel-cadmium and niakel-

hydroger battery technologies.

2. An analysis is needed to determine energy density

that could be attainable with R & D on nickel

hydrogen batteries. This will help in determining

how -iuch emphasis should be given to nickel-

hydrogen research.

3. A nickel electrode basic research program is

needed. This should include a comprehensive review

of the nickel electrode.

4. An advanced nickel-hydrogen technology program is

needed.

W
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5. A silver-hydrogen research program is needed which

includes monitoring of silver-hydrogen battery

research in Europe.

6. A study should be made of all candidate high

temperature battery systems to determine realistic

energy densities to be expected and to determine

those systems most deserving of research. This

should include couples currently not under

development.

7. Ex-)ertise is needed in high temperature batteries

and the establishment of a long-range research

program in this area would be beneficial.

8. There is a need to establish a program on super

ionic solid state conductors for use in development

of high temperature batteries.

9. Methods should be developed for monitoring

batteries and determining their state-of-health.

This should be applied to the development of

autonomous operation of battery systems.

10. Lightweight switching devices should be developed

for recon.i.>guring battery cells, battery modules,

chargers, and other components when failures

occur.

11. Research on safety should be conducted on those

lithium battery systems currently planned for NASA

manned missions, such as the shuttle.
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12. Research should be performed to develop a non-

destructive state-of-charge test for lithium

primary cells.

13. Aerospace quality primary lithium cells should be

developed for electronics memory retention

applications.

14. A small program should be undertaken to seek out

and conceive new battery concepts which have

promise as high energy density spacecraft

batteries.

RECOMMKDED FLYWHEEL RESEARCH

1. Advanced high energy-density rotors should be

designed for a size representative of some

realistic applications.

2. Advanced materials for rotors should be

investigated.

3. A study of total system integration needs to be

carried out, using the most advanced available

rotors, to combine the development of rotor

dynamics, bearings, control electronics, motor-

generators, and other extraction techniques.

RECOM MDED THER?01L AND TEERDODCHEMICAL ENERGY STORAGE RESEARCH

' 1. Summarize thermal power needs of space processing

operations. Review that list for thermal storage

applications.
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2. Integ;:?te energy requirements of life support

systems with thermal/thermochemical energy storage

systems.

3. Perform a set of preliminary baseline designs

specifically for in-space (vacuum, zero-g)

operation of one each (a) sensible, (b) PCX, and

(c) thez.aochemical energy storage system to obtain

performance, weight, and cost data for several

specific applications/missions.

RECOMMENDED NOVEL APPROACHES

1. Study the feasibility of thermal regenerative fuel

cells as a confined energy storage and conversion

technology for space.

2. Investigate fluidized bed energy storage concepts

(e.g., graphite particulates) for high temperature

gas, thermal energy conversion such as the Brayton

cycle.

2.4 Power Transmission

2.4.1 Introduction

Power transmission encompasses power beaming to spacecraft from

remote sources (i.e., orbiting or planetary-based power stations) and waste

heat radiators. Power beaming is primarily conceived of as electromagnetic

energy (e.g., laser or microwave) transmitted in phase at a single

frequency with a very small beam divergence so that tuned receivers of a

modest size can convert the incident radiation with high conversion

efficiency. Laser and microwave beam sources are discussed briefly below,

including a brief review of the state of the art for beam power

transmission. The main problems with long distance power transmission are

team divergence, atmospheric effects (in the case of ground-based power
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transmitters), and high intensity optics needed to fora, transmit, receive,

.3..d refocus the beams. Tuned recei7ers are also reviewed; these devices

can capitalize on the monoenergetic character of the radiation to achieve

high efficiency conversion.

Waste heat radiators, in contrast, involve incoherent, nearly

isotropic radiation emission under conditions normally approximated by a

blackbody source at an effective radiation temperature, Trad. Current

spacecraft radiator technology depends almost entirely upon flat plate

radiators. Plate and fin radiators are strictly passive and involve heat

conduction from the heat source through the spacecraft's structure to an

exterior portion of the spacecraft, which acts as the radiator. As higher

powers are developed, the radiator will grow in size and weight. Radiators

comprise a significant portion of thermal power systems weight and, hence,

an aggressive program to reduce radiator weight, especially at higher

powers, is needed. Options at higher powers include heat pipes, pumped

fluid radiators. and more advanced radiator concepts.

2.4.2 RaQyirpmen a

Coherent, phased power transmission using diffraction-limited beams

can be effective over large distances. Specifically, the transmitting and

receiving antenna diameters (D t and Dr , respectively) are governed by the

relation DtDr - C1 4 where R is the range, ^ is the wavelength, and C 1 is a

constant related to the fraction of incident beam profile intercepted by

the receiving antenna. (178) The product DtDr is shown in Figure 2.53 for

several different wavelengths. Figure 2.53 indicates that power could be

transmitted as far as the moon using small antennae if short enough

wavelengths are used. However, beam power transmission is not presently in

use. The nearest related use of this technology occurs in remote laser

sensing and communications where similar relationships apply and where

relatively small powers are needed. Although mission analysis of beam

power transmission is outside the scope of this study, a great deal of

analysis in this area has been carried out for the solar power satellite

(SP.;) application. A beam power transmission study parallel to the present
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energetics study is also being carried out, which will encompass a

preliminary mission analysis. Gigawatts of power from a single transmitter

have been considered for the SPS application, with receiving antenna

several kilometers on a side required on Earth. (179-181) Future high power

space-to-space power transmission, for example to power electrical

propulsion systems used for orbital transfer, may require tens of megawatts

of power using receiving antet.nas nc more than tens to hundreds of meters

in diameter. (182) Smaller power requirements in the range of a few hundred

kilowatts to Megawatts may be required for satellite power supplies, with

receiving antenna size dependent on the mission environment.

The receiver-converter may also be sensitive to the frequency used,

and safety requirements may further limit the frequencies used. For

example, microwave levels must be kept below 10 -3 watts/cm2 under present

United States statutes, and laser wavelengths must be greater than

approximately 2 microns in order to prevent eye damage. (Industrial safety

standards for laser use are much more detailed according to th,a frequencies

and the peak power levels encountered in pulsed lasers.)

Safety and efficiency of conversion may also require accurate power

beam tracking and pointing to avoid "spill over" beyond the receiving

antenna. The D t D r relationship discussed above assumes that the receiving

antenna accepts 95% of the incident radiation; further, the transmitter is

assumed to operate in phase so that side lobes constitute a relatively

small fraction of the transmitted power.

waste heat radiators generally are sized to rejec power at levels

of 3 to 9 times the net electric power being produced on-board the

spacecraft, as the efficiency may be as high as 25% or as low as 10%,

respectively. In the case of photovoltaic cells, waste heat must be

radiated at low temperatures in the range of 28 oC to 50 0C, since the

efficiency of photovoltaic cell material is substantially reduced at higher

temperatures. The exception will be high concentration ratio solar cells

where higher operating temperatures on the order of 130 0  may be
encountered. Radioisotope power sources require waste heat radiators which

operate at temperatures in the range of 50 0 C to 180 oC. A need for higher

}
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temperature radiators in the range of 200 0  ' 1400 °C is anticipated as
higher power systems become necessary, in order to keep the radiator

weights and sizes as small as possible.

2.4.3 Power Transmission Methods

-he following paragraphs give a brief description of beam power

transmission and waste heat radiator methods. Power transmission is still

basically at the conceptual stage, so nothing definitive can be said about

what techniques will work. Waste heat radiators, usually of the passive

variety, are associated with ed^_h power system in space, and there is an

accepted state-of-the-art technology in this area.

2.4.3.1 microwave and ;pimp±er Pha4ed Arrags

Microwave beam power transmission at wavelengths of 10 cm or longer

(suitable for atmospheric transmission) can be carried out with a variety

of rapidly pulsing vacuum tube devices, such as the klystron, which drive

microwave horn or slot transmitters and are received by dipole-filter,

half-wave microwave rectennas. Initial experiments have demonstrated

overall transmission efficiencies exceeding 80% at Jet Propulsion

Laboratory employing receptor panels several square meters in area with

total power on the order of 30 kW. (183) Receiver conversion efficiencies

over 90% have been demonstrated in the laboratory as shown in Table

2 25 (183) These experiments have all used dipole receiving antenna devices

coupled with galium arsenide Schottkey barrier diode rectifiers and

appropriate coupling and filtering circuitry. Most of the experiments have

coupled one dipole device to one diode. In order to maintain high RF

absorption efficiency, the receiving antenna must space the dipoles such

that the size of each dipole cell is 0.7 a2 to 0.8 a2 . It is necessary to

provide each diode with a power level near 1 watt to drivr the diode hard

enough to achieve reasonable efficiency. Moderate power (Amplitron or

Magnetron) DC to microwave transmitter conversion efficiencies above 85%

has also been achieved (see Table 2.26). (184)
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llil.imeter wave power transmission is now an established art concept

in waveguides at relatively small pow- 	 Beamed power transmission should

be feasible using a new class of high frequency devices under development

called gyrotrons (relativistic klystrons) and with solid state

eystems. (104) The gyrotron devices provide high power (hundreds of

kilowatts to me5awatts) at high efficiencies but require very high

voltages (185) and may present substantial thermal control problems in the

space environment due to the concentrated nature of waste heat sources.

Solid state systems are pushing higher and higher in frequencies.

Efficient power production at 100 GHz and more has not yet been achieved,

but there are solid state systems operating at low efficiency at

frequencies of this order.(184)

At present, there are no millimeter wale analogues to microwave

rectennas. A clear need exists for an efficient millimeter wave receiver,

if this technology is to be uacd.

2.4.3.2 Iai=3

Laser power transmission specifically for conversion into

electricity at a receiver has been carried out only in laboratory-sized

devices. (186,187) There are a variety of lasers exhibiting the potential

for scaling to powers of interest for space power transmission. These fall

into the categories of gasdynamic lasers (GDL) which are pumped by inverted

vibrational state populations indo,ced during rapid gasdynamic cooling of

the lasant (e.g., CO  lasers ) j ( 188) e) ectric discharge lasers (EDL ) where

inverted states are created by electron impact in the lasant (e.g., CO

lasers ) ! (189) direct optically pumped lasers (DOPL) where focused sunlight

creates excited states which subsequently lase (C 3l7 I lasers);(190)

indirect optically pumped lasers (IOPL) where radiation from a blackbody

cavity heated by some external source, such aj the sun or a nuclear

reactor, is used to pump the lasant (e.g., CO or CO2);(191) and nuclear

fission lasers (NFL) where fission fragments pump the lasant (e.g., Ax-He

o- CO). (192) Numerous novel concepts have also been proposed, some of which

will be discussed in Section 2.4.7.
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Efficient receivers for converting laser radiation into electricity

are in a primitive state of research. Several systems and device studies

have been carried out which indicate potentially good conversion

efficiencies (i.e., 50% and higher) for advanced concepts. (193-196) One of

the experiments referenced above utilized a resonant absorption of CO2

laser radiation in helium doped with SF  to achieve a high working fluid
temperature in a glass-windowed Stirling engine with a linear alternator

(i.e., a Beale-type Stirling engine). Approximately 10% conversion

efficiencies were measured. (186) Efficiencies on the order of 40% have been

measured for photovoltaic cell receivers at short wavelengths (0.6-0.85

UM). 
(197)

2.4.3.3 Waste Heat Radiators

Radiatora are either active or passive systems. Passive radiators

involve no circulation of coolants, relying entirely on heat transfer by

conduction and/or internal radiation to an outer surface which radiates

waste heat to space. This surface may be especially prepared to enhance

its emission coefficient and to increase its radiating area, for ?xample

with fins. This technique is often used on the front and back of solar

panels. With no area enhancement, such panels would rise to a temperature

of approximately 60 °C before radiation losses balance the generation of

waste heat (assuming a 15% photovoltaic cell and E - 0.85).

Active radiators involve coolant circulation and permit the transfer

of heat over much larger areas before the temperature falls too low for

effect;ve radiation. Heat pipe radiators rely on capillary forces and

vapor diffusion to circulate the coolants in two phases. These devices

circumvent the problem of moving pars (i.e., pumps) but are limited in the

length of pipe over which heat can be transferred effectively. Large power

systems will require large radiators extending over even greater distances,

requiring pumped fluid systems or some novel concept or hybrid of existing

concepts to transfer heat to the outer periphery of the radiator.

I-
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2.4.4 i.imitm to Present Technoloav

The practical limits to present technology required for beam power

transmission can be phrased in terms of the transmitting and receiving

components. As shown in Table 2.26, microwave transmitters have been

tested with high efficiency (851 and higher) at moderate powers and

somewhat lower efficiency at higher powers (i.e., klystrons at 20 to 200 kW

and 801 or higher efficiency), (184) projected state of the art advances in

power-specific weight for high power CW microwave transmitters is shown in

Figure 2.54. (180) From these data we conclude that present developments

could lead to power-specific weights on the order of 1 kg/kw in the

relatively near-term. These devices have the added feature that they

operate at relatively high temperatures (i.e., 600 oK to 8oC OK) so that

waste heat radiation can be accomplished with relatively small areas.

Microwave receiving antennae (rectennas) have been constructed in

small sizes primarily for eventual use as ground receiving stations. At

least one experiment has been conducted with an airborne receiver designed

with power-specific weight in mind. (198) However, there are no reliable

data available to use as a benchmark for space-based receiver performance

at this time.

Laser transmitter performance can be based on available lower power

terrestrial technology and can be scaled to higher powers using the results

of several recent studies performed for NASA. These studies have

emphasized solar-powered space-based lasers, (188-191,199) although at least

one has also considered nuclear powered lasers. (192) Closed cycle,

continuous wave lasers at the 15 kW power level have been built and tested

with one of the purposes being space power transmission. (200) Laser

efficiencies on the order of 51 (laser power out/solar power received) are

projected on the basis of these experiments, accompanied by power-specific

weights of approximately 50 kg/kW at power levels of 1 Megawatt,(189)

Again, these values cannot constitute a true benchmark because space

qualification of high power lasers is still in a preliminary stage. There

is good reason to believe, however, that advanced laser concepts will be

able to do r„uch better than these preliminary data would suggest, both in
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terms of higher efficiency and lighter weights. Laser power receivers axe

also in the earliest stages of research and development, so that no

reliable data exists for benchmarking their performance.

Waste heat radiators of the passive type typically operate at 50-300

oC and have power-specific weights on the order of 0.5 to 3 kg/kW(th).(201)

Recent research suggests that "he temperature range may be extended up to

400 oC with improved high emission coatings under d`.velopment. (202) Passive

radiators are used for dispersed power systems such as flat photovoltaics

arrays where waste heat is generated at the location of the radiator and

fin radiators are used for radioisotope heat sources. Active radiators,

most notably heat pipes, have been designed and tested over a range of

temperatures from 700 OK to 1700 OK, as shown in Figure 2.50 180) The

power-specific- weight for heat pipe radiators depends strongly on

temperature, as shown by the examples in Figure 2.56, where they are

compared to a forced convection radiator. (180) The basic weight constraint

for active radiators has been imposed by the need to armor the radiator

against puncture by meteorites. (203) Because of the precipitous increase in

man-made debris in low Earth orbit, an even greater probability exists for

collision between the radiator and these artificial meteorites. (204) In

higher Earth orbits, the meteorite danger may have been over-emphasized in

the past; a re-examination of newer data appears to be in order. also,

novel active radiator concepts may help to circumvent or mitigate the need

for armoring. A measure of armored radiator power-specific weights as a

function of temperature is given in Figure 2.57. Any advanced concept

projecting much lighter weights than these would be a good candidate for

the Advanced Energetics Program.

2.4.5 RaQiya of ComDar 9

The appropriate criteria for comparing beam power t: namission

options are efficiency and power-specific weight. These numbers are

mission-dependent, since placing the transmitter on the ground will produce

quite different constraints than an orbiting transmitter. In this study

all of c.he receivers are assumed to be in space. The energy per photon is
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also a figure of merit, since this is related to the product of transmitter

and receiver antenna diameters ( see Figure 2.53) and also affects the range

of receiver efficiencies available and the transmission efficiency in the

case of ground-based transmitters.

Power-specific weight and, as a secondary figure of merit, the

temperature are appropriate measures of waste heat radiator performance.

As the temperature changes the typos of radiator material will also change,

as well as the area required for radiation of a given amount of power.

2.4.6 Applicahi lity to Generic M'ssions

Studies and technology work done under DOE and NASA sponsorship on

the solar power satellite technology program have demonstrated that energy

beaming, in principle, can be efficient; a clear determination has not

developed as to the desirability of the solar power satellite as a

commercial energy system. (179-1E1) This discussion is aimed at potential

applications and technology of power beaming to support space missions.

Space to space. A number of studies have also considered the

application of microwave space-to-space power beaming with the idea of a

central power generation plant supplying power to spacecraft which did not

include their own power supplies. (205) These studies have not yet indicated

a clear advantage for this technique over simply providing power supplies

for the spacecraft. Power beaming for space propulsion is still of some

interest. The main application is in power beaming for propulsion systems

traveling from low Earth orbit to geosynchronous orbit. The principle

interest in power beaming stems from the problems attendant to carrying

self-contained solar photovoltaic power supplies through the intense Van

Allen radiation belts of Earth. Either fF ^Dr laser power beaming can

alleviate this problem. A laser power beam may be co-averted directly to

heat for heating a propellant. This technique has beeo the subject of

several NASA studies and/or technology activities and will not be discussed

further here.(206)
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RF power beaming could be used to provide electric power to an

electric propulsion system. The RF receiver is not likely to be less

massive per unit area than a solar array, but could be more efficient and

far less subject to radiation damage.

^oace to Lunar Surface nd Mars SLrfa_re. The eventual construction

of manned bases or settlements in space has been widely discussed in

futuristic literature and has been the subject of some NASA and university

studies. (207) Potential locations for such settlements have included the

lunar surface, Mars surface, and various locations in space. Space based

facilities could most easily provide their own power. Facilities either on

the lunar surface or on the Mars surface could utilize beamed power. This

is particularly important on the lunar surface where the lunar night lasts

approximately 2 Earth weeks and locally generated power seems practical

only through nuclear options. The Mars day/night cycle is similar to that

of Earth, but the use of beamed power there also may be of interest.

The feasibility of power beaming is dependent on a suitable location

for the pow 1r beaming spacecraft. Fortunately, both the moon and bars have

such suitable locations. For the moon these are the lunar libration

points, L1 for the side of the moon facing the earth, and L2 for the far

side of the moon. For Mars the appropriate location is the Mars analog of

geosynchronous orbit. These locations are shown in Figure 2.58. Both the

lunar libration point L1 and the aerocentric orbit provide beaming ranges

less than that from geosynchronous orbit to Earth, the latter having been

considered for solar powered satellites.

Power Levels. The solar powered satellite studies dealt with power

levels in the thousands of megawatt3. It is not likely that early

applications of space based power beaming would deal with such high power

levels. Therefore, one must consider systems that can deal with

substantially less power.

For a lunar surface base, three principal applications of power may

be considered. The first is life support, lighting, and other

accommodations for base personnel. These functions will consume roughly 5

iJ

1
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to 10 kilowatts per person. A second potential application is for

agriculture. The lunar night is a long dart period, as stated above. The

power requirement to sustain agriculture during nighttime periods may range

from 5 to 20 kilowatts per person. A third potential power use is

indigenous industry. Two likely products include aluminum and oxygen.

Aluminum would have evident structural. uses, and oxygen would be used

primarily for propulsion.

The availability of lunar oxygen would allow a simple, single stage,

cryogenic vehicle to shuttle back and forth between low earth orbit and the

'unar surface. The vehicle would be fueled with enough hydrogen in low

earti. orbit for the round trip and enough oxygen simply to reach the lunar

surface. Oxygen would be re-fueled on the moon. Such a vehicle would have

a payload capability in each direction of 10 to 12 percent of the

propellant load.

The production of oxygen will require roughly 20 kilowatt hours per

kilogram. Aluminum will be a byproduct. Depending upon the feedstock,

aluminum and oxygen may be produced in roughly equal mass quantities.

Power levels on the lunar surface of a few tens of megawatts would allow

shuttle trips every week or two between the Earth and the moon. A

plausible power beaming system could produce its own mass in oxygen and

aluminum in no more than a few weeks.

From these discussions it is reasonably clear that power levels in

the range of 10 to 100 megawatts are of some interest. Either RF or laser

beaming might provide the power in this range. A number of studies of

laser power beaming have been conducted, and technology recommendations for

laser power beaming have been made as a part of those studies.(182,199)

heed for Millimeter Wave. RP power beaming through the Earth's

atmosphere is restricted to wavelengths on the order of 10 centimeters or

longer because of the intense atmospheric absorption of shorter

wavelengths. For space to space or space to lunar/Mars applications,

however, much shorter wavelengths on the order of millimeters or less could

be considered. These shorter wavelengths may permit effective power
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beaming of a few tens of megawatts with RF techniques that may be more

cost-effective than laser techniques.

Power Roaming Nomograph. Power beaming is amenable to fairly simple

nomography to present the most significant interrelationships. Figure 2.59

presents such a nomograph for the lunar surface power beaming range of

28,000 kilometers. An example is shown.

A transmitter aperture between 200 and 300 meters was selected with

I	 a 2 mm wavelength. This provides a receiver aperture slightly greater than

500 meters to intercept over 95% of the power beam. It is desired to

transmit 100 megawatts, resulting in a power density of approximately 5

kilowatts per meter 2 from the transmitter. If the power beaming efficiency

is 50%, this results in a received power of 50 megawatts, and the receiver

aperture and received power result in a received power density of

approximately 100 milliwatts per square centimeter.

The nomograph is based upon a transmitter illumination taper of 10

db, which provides ef.icient power beaming with most of the radiated power

contained within the main lobe of the power beam. The average to peak

power density for the transmitter is approximately .4, and the average to

peak level at the receiver is approximately .21. These average to peak

ratios were used in plotting the received and transmitted power densities,

both of which are peak values.

Earlier studies of power beaming have suggested feasible transmitter

intensities of 4 to 5 kilowatts per square meter for solid state systems,

and a little over 20 for vacuum tube systems employing magnetrons,

klystrons, or, perhaps more appropriate for millimeter wave systems,

gyrotrons. (184) A received power density of 100 milliwatts per square

centimeter appears :o be safe for the applications considered here,

particularly given the very limited penetration power of millimeter waves.

The illustration shown on the nomograph indicates the applicability

of millimeter wave systems to power blocks in the range of 100 megawatts or

1^:
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Applicability of waste heat radiators is virtually mission

independent, varying instead just with the temperature And total amount of

waste heat power which must be rejected. The only conventional conctraints

which must be recognized are that radiators ,should face away from the sun

if they operate at relatively low temperatures, and in low Earth orbit the

re-radiation from the Earth must be conald-red in determining the true heat

rejection rate from the radiator.

2.4.7 Advanced Technology AnSessment

2.4.7.1 Microwave and Millimeter Ph see Arrays

Substantial performance advances may be available in microwave beam

power transmission through the use of solid state devices. A recent review

of the devices (184) suggests that antenna-mounted gallium arsenide field

effect transistors (FETs) acting as the basic do-rf converter could offer

smaller receiving antenna areas for transmitter costs similar to those

characterizing the klystron approach. however, the biggest advantage of

the solid state Cobvice is a much lower failure rate (a factor of 100) than

vacuum tube devices. (179) The disadvantage inherent in this approach is

that the solid state devices are constrained to operate at temperatures

like 100 oC. The key question is whether or not an 80% conversion

efficiency can be attained. The status of relevant solid state technology

is illustrated in Figure 2.60 (184) where it can be seen that there is a

large gap between achieved (674) and desired (80-85%) conversion

efficiency. Even if this level is achieved, the power per unit will

prcbably be limited to 1 to 10 watts, implying that many knits art,

required, even for modest powers. An evaluation demonstration program on

solid state rf transmitters is currently underway at RCA Laboratories (208)

under NASA funding. The results of these initial experiwents should be

reviewed at their completion to determine the advantages of further

exploration for the Advanced Energetics Program.

Millimeter wave power generation is of significant interest for

various ear l "- based applications. Accordingly, technology developments are

Itaking place both with gyrotron ievlces ,relativistic klystrons) and solid
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state systems. Radiation of the RF power at these frequencies will most

likely be effectively accomplished with slotte9 waveguide radiators. The

principle issues at millimeter wave frequencies include multifact^'r

problems and the high dimensional precision and stability required to

maintain effective radiation efficiency at these short wavelengths.

The nomographed example in Figure 2.59 considered a 250 meter

transmitter aperture with a 2 mm wavelength. The transmitter diameter is

125,000 wavelengths. This may be compared to a transmitter d/ ^ ratio for

the solar power satellite studies cn the order of 10,000. The latter

figure is considered as quite challenging. By comparison, optical systems

deal in d/\ ratios of 1 million and greater.

For a millimeter wave system, the power within each wavelength unit

receiver cell may be, at most, a few milliwatts without additional

focusing. Consequently, the receiving device might have to combine

hundreds of unit cells per diode. A suggested technique is the use of

slotted wave guide or slotted cavity resonators to absorb the RF radiation

and provide the power to the rectification equipment.

2.4.7.2 Laser Power Transmission

TRANSMITTERS

Virtually any high power, space-based laser system must be

considered an advanced technology. The key problems are to determine the

best lasers for each type of application according to wavelength, power-

specific weight, scalability to high powers, lifetime, and reliability as a

^w source. Critical technology problems include the development of

lightweight radiators to reject waste heat from the laser cavity (and other

power equipment), high intensity cw laser optics, lightweight solar

concentrators in the case of solar-powEred lasers, pulsed high voltage

systems for space in the case of EDLs, and long lifetime lasants for cw

closed cycle operation.
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Gas lasers or Free Electron Lasers (FEL) are virtually the only

varieties capable of being scaled to high powers because waste heat can

easily be transferred from the lasant at a moderate to high temperature.

In contrast, solid or liquid laser systems do not scale well to high power

cw operation because heat cannot be transferred easily from the lasant in

these two cases. Table 2.27 summarizes the basic types of high power

lasers and some of their features. This list is illustrative only since

there are many lasants, for example, that could be used with each laser

concept. Initial scaling exercises suggest that the GDL is far too heavy

compared to EDLs and to the other concepts listed in Table 2.27 to be

considered any further. (209) Its basic r:isadvantage is inherent in the

concept of creating inverted populations with thermal energy (i.e., a

heated gaseous lasant). The other schemes use much more selective

inversior techniques where the pump energy is made to excite just a few

states instead of all of them. As a result, EDLs, IOPL, etc. have much

less reject heat (i.e., higher efficiencies) than the GDL.

There are large differences in the level of development of the

remaining laser candidates. EDLs are a well established laser technology

at moderate power levels. A closed cycle, 15 kW cw EDL has been built and

tested at NASA-Lewis Research center. (200) In contrast, direct optically

pumped lasers and indirect optically pumped lasers are in a very embryonic

stage since gain measurements are about the only test which has been

carried out. Proof-of-concept experiments must be carried out for DOPLs

and IOPLs before their potential can be assessed properly. The FELs have

been operated as oscillators, but their behavior as an efficient device is

still in debate. Several FEL proof-of-concepts are presently

u,iderway. (210) The results of those experiments should be critical in

establishing the merit of the FEL concept.

Clearly, new ideas in this area are required in order to make high

power laser concepts fit the very special requirements of continuous

operation in space. The EDL makes no special accommodations in this

respect, operating very much as it would on the ground. Electricity is

produced ._f irst for pumping the lasant. In some cases the lasant is kept
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i

cold to enhance lasing efficiency. In the case of some excimer EDLs the

lasant may be warm or hot, which would make waste heat rejection more

efficient.

In contrast, the DOPL and IOPL concepts are designed to be 	
1

lightweight for the power they produce. The direct c)tically pumped lasers

typically have a very narrow laser absorption band in the visible (i.e.,

within the solar spectrum). This feature generally implies that an

enormous amount of light outside this band will also be absorbed as waste

heat, necessitating larger radiators. However, if the light is filtered

first so that only the laser absorption band radiation spectrum from the

sun is focused on the lasant, then the unused radiation is allowed to pass

through the collector, vastly reducing the size of the lasant radiator (see

Figure 2.61).

The IOPL utilizes a unique concept of energy recycling whereby the

lasant absorbs a narrow band from the blackbody cavity radiation spectrum.

This "notched" spectrum is continuously refilled by radiation re-emitted

from the cavity walls. Thus, energy recycling permits the use of broad

band radiation to excite the lasant in a very narrow absorption band. The

main loss in the IOPL is the heat absorbed by the transparent tubes which

carry the lasant through the blackbody cavity (see Figure 2.62).

The FEL, on the other hand, has no lasant at all. Instead, an

oscillating beam of relativistic electrons rides in phase with a growing

light pulse whose frequency is determined by the electron energy and by the

oscillation induced in the electron beam by a series of alternating

polarity magnets stationed along the length of the laser cavity (see Figure

2.63). waste energy is generated in the electron beam as the light pulse

grows. This waste energy manifests itself as a dispersion of electrons in

phase space away from a monoenergetic distribution. Recovery to a

monoenergetic, in-phase distribution or recovery of the total remaining

electron energy (in the case of single pass devices) is the key to

developin g an efficient FEL. The CATALAC FEL concept, developed at Los

Alamos' `11) and shown schematically in figure 2.64, is based on a single

pa3s FEL in which the spent electrons are recycled through the electron
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Figure 2.61
	

Direct Optically Pumped Laser (DOPL) using a filter/reflector,

to concentrate the sunlight and reduce waste heat rejection.

Figure 2.62.	 Indirect Optically Pumped Laser (IOPL) using Blackbody radia-

tion to pump the lasant and recycle the unabsorbed eneryy to
increase laser efficiency. 	 (Reference 191)
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accelerator to help build up the RF acceleration fields. In theory, the

old electron bunches emerge from the accelerator having given up most of

their remaining energy. other concepts for multiple pass devices have been

proposed which intend to reconstitute the monoenergetic character of the

electrons over a series of passes through the storage magnets. Each of

these ideas (single or multiple pass) has some controversial aspects to it

and will need more careful analysis and testing to assess its potential.

The FEL does have one overriding advantage: I£ it works as predicted, the

electrical energy needed to drive the accelerator can be supplied by

klystrons, which can reject their waste heat at quite high temperatures.

Also, FELs appear to scale quite naturally to hig`; powers. Beam intensity

and electron accelerator emittance pose the next highest priority problems

when it comes to actually making such devices work at high power.

Reversible chemical lasers may also exist which would suit them for

high power cw operation in space. For example, a closed cycle HF laser

system can be visualized in which the laser beam is produced by the

chemical reaction between hydrogen and fluorine, which are regenerated by

electrolysis. Because of the inherent storage capability possible with the

H and F reactants, high rates of power transmission could be achieved for

relatively short periods when needed, e.g., power beaming to users in orbit

shadow with long regeneration periods. The power supply ,,teight could thus

be minimized; while the laser would have to be sized for maximum power

rate, a chemical laser should have very favorable power-to-weight

characteristics. Also, as compared to CO 2 laser beaming, the shorter

wavelength HF laser will have smaller and liyhter optics and receivers.

HF can be electrolyzed using solid polymer electrolytes (SPEs) in

which porous fluorocarbon films (e.g., Teflon) are impregnated with the HF

electrolyte. SPE units have been developed for water electrolysis and are

capable of high efficiency, e.g., -90%. The HF electrolyzer should have a

relatively low specific mass, on the order of 1 Kg/kW(e). For power

beaming systems with low duty cycles (e.g., on the order of 1%), the power

supply and electrolyzer wr^aht for the regeneration of the H and F

reactants would be negligible.
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Figure 2.63	 Free Electron Laser- Schematic of Cavity Operation
showinq interaction of photons with relativistic
electrons in periodic magnetic field.
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Figure 2.64. The CATALAC Free Electron Laser Concept (Adapted from

Reference 211)illustrating spent electron energy re-
covery in the Linac accelerator.
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RECEIVERS

Numerous receiver concepts have beer proposed for converting laser

radiation into electricity. Direct conversion concepts (no moving parts)

rely on the resonance between the incident laser photon energy and

electronic excitation within the receiver. These devices are indicated in

Table 2.28 as photovoltaics and optical diodes or microrectennas.(194)

Thermal conversion concepts can also utilize resonant absorption with the

intermediate development of thermal energy which, in turn, drives a heat

engine (see thermal dynamic cycles and thermionics in Section 2.2). In

this application, resonance absorption allows very high temperatures to be

developed in the receiver without serious re-radiation losses.

Photovoltaic cell conversion of laser radiation can be very

efficient if the laser wavelength is slightly shorter than the wavelength

equivalent of the cell band gap energy. This insures that each photon

absorbed results in a conduction electron with virtually no excess thermal

energy. However, a certain fraction of photons absorbed produce no

conduction ele(-trons, and these contribute the main losses in the

receiver. Estimates of efficiency, as shown in Table 2.28, range from 30%

at present to values as high as 45%. Efficiencies much larger than 45 to

50% appear highly improbable because of recombination and diffusive losses

of conduction electrons in the applicable semiconductor materials. The

power is limited mostly by the array jr receiver size. If the laser

radiation is concentrated, then the higher intensities will improve the

receiver performance up to similar limits. The disadvantage of this

approach is that the waste heat must be rejected at relatively low

temperatures. Nevertheless, this problem can be balanced off against the

demonstrable reliability of photovoltaic cells. In effect, this is a fail-

safe option with a relatively well-developed technology. Lacking a flight-

proven laser receiver, photovoltaic cells come as close as one could hope

to providing a benchmark for this technology.

By contrast, only the most elementary experiments have been

perf.)rmed to test the concept of microrectenna designed to cor,.ert

monochromatic radiation to electricity. (212) The basic concept is
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Table 2.28

Projections for Laser Energy Conversion
in 1978-80 and 1980-90

(Reference 194)

1978-1980	 1981-1990

1. Photovoltaics AMOS (GaAs -x Px )	 AMOS

301 efficiency	 452 efficiencv

megawatt power levels	 megawatt power levels
wavelengths below 1 ua	 lower cost. i < 1 um

2.	 Beat engines Piston engine: Otto or diesel Turbine
cycles

501 efficforcv_ 752 efficlencv

1-10 kW megawatt power levels
wavelengths near	 10.6 um wavelengths near 5 um

3.	 Thermionics TELEC TELEC
402 efficiencv 502 efficiencv
1-10 kW megawatt power levels
wavelengths near	 10.6 um wavelengths near 5 or 10 um

4.	 Photochemical Photoassisted dissociation Photoassisted dissociation

cells of water of water
152 efficiency 30; efficiency
wavelengths near 0.4 um wavelengths  near 0.6 um

5. Optical	 Evaporated junction arrays 	 Evaporated junction arrays

	

diodes	 not ready to convert power 	 502 efficiencv
megawatt power levels
respond to wavelengths from
W to over 10 um



2-238

illustrated in Figure 2.65 which shows a metal-oxide-metal junction being

irradiated at optical frequency w. Below the schematic are the three

principal phenomena contributing to the development of voltage in this

junction. These are due to tunneling caused by the incident photon energy

and the thermal energy of the metals, each modulated at the frequency of

the incoming light. This latter effect is the primary mode of operation

for microrectenna: The oxide layer is designed to have dimensions on the

order of the laser wavelength so that the oxide layer will be polarized in

phase with the incoming radiation. The natural difference in conduction

band energies of the two different metals insures that the induced voltages

will be rectified to produce a pulsed DC output. The oxide forms a barrier

to prevent lower energy electrons (e.g., thermal electrons) from swamping

the optically induced voltage. The experiments have demonstrated

conversion efficiencies on the order of 50 194) Theoretical efficiencies

in excess of 50% and as high as 80% have been projected for this

approach. (199) The key problems are the manufacture of submicron junctions

within acceptable tolerances, the electrical control network associated

with these junctions, and demonstration of higher efficiencies at the

higher intensities needed to make the junction work well. In this regard,

microrecteniia would probably work best with rapidly pulsed laser radiation

where the average power is delivered in units of very high peak p-der

(e.g., estimates for peak intensities are approximately Gigawatts/m2),(199)

Thermal conversion concepts include devices such as the laser heat

engine and the TETXC. Actually, there are three classes of laser engines,

as shown in Figure 2.66, Types I and II are heat engines, while the third

involves conversion of laser radiation to vibrational energy and, thence,

directly to work from an expanding gas without an intermediate thermal

stage. (194) This last concept (called the photon engine), while

theoretically feasible, encounters too many losses in gas circulation to

make a practicable device. The Type I heat engine operates 3ust as a solar

"boiler" would, since it is not dependent on the monochromatic aspects of

the incident radiation.
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Figure 2.65. Currents in Metal-Barrier-Metal Junctions - A schematic representation

of the three maior phenomena which result when a metal-barrier-metal
junction is irradiated (Reference 212).

A. Fhoto-assisted Tunnelina: The "dark current" is due to the electron=
that are- not excited. For simrlicit y , the electron excitation in

one metal is shown.

Thrr-al-assisted Tunnelina: The Fermi tails are onl of t'r.._ ordt-r
of kT.

C. Fermi Level Modulation: Modulation is around the biasing point 'ADC.
The potential barrier is simplified by a traFezoidal barrier.

i
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Figure 2.66. Three Classes of Laser Engines (Reference 194).
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The Type II device, o. resonant absorption heat engine, capitalizes

on the thermodynamic potenLial of the laser radiation by absorbing the

radiation in vibrational. transitions, which are well above the thermal

excitation level of the background gas. As a result, if a noble gas such

as helium is used which rapidly deactiVLtes the excited states in the

absorber (e.g., SF 6 or CO), the background gas temperature will be heated

(indicated in Figure 2.66 by the transition Ev -4- ET ). Helium has the

additional advantage of not radiating very well until its temperature rises

to 10,000 O
K or higher because it has no vibrational states. Thus, working

fluid temperatures cn the order of 3,000 OK should be quite feasible using

this technique, w_th very small re-radiation losses. The result is the

potential for very high thermal cycle efficiencies. A recent study of

resonant heat engines indicates that only reciprocating engines utilizing

Otto or Diesel cycles (or perhaps the high temperature expanders discussed

in Section 2.2) can accept such high temperatures. (193) Initial experiments
on a Stirling cycle resonant heat engine have been carried out. However,

the conclusions were that the Stirling .ycle approach would be limited to

cycle efficiencies on the order of 30 to 401 without a substantial

materials program which would still have an uncertain eventual payoff. The

Diesel/Otto cycle or high temperatu.e expander options offer immediate

higher temperature capabilities with present technology, leading to

efficiencies exceeding 501. Experiments on these concepts need to be

performed, with attention also to testing the effectiveness of the gaseous

absorber and the transparent window required in t - tie engine cylinder or

receiver.

The TELEC represent3 a sEcond class of direct conversion thermal

heat engine based on thermionic converter principles. (213) In this concept,

laser radiation is absorbed directly by an alkali metal vapor under high

pressure. The dieter states of the alkali (e.g., C3 
2' Cs3 .... ) provide the

appropriate asorption bands in the infrared. As the vapor heats it reaches

a state of partial ionization, at w},ich point absorption may also occ ,_r by

inverse bremsstrahlung. r^ resulting plasma is electrically conducting

and his an elevated, non-equilibrium electron temperature whic:i is Well

suited for a geometric version of thermionic conversion. That is, one of
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the electrodes presents a very small area to the plasma and the other a

very large area. The larger area collects more electrons and, hence,

becomes the negative electrode, developing a potential difference relative

to the small area electrode. The larger electrode is cooled to prevent

backward thermal emission of electrons. Two possible configurations are

shown in Figure 2.67.

Initially, laser heating experiments have been conducted with the

TELEC demonstrating a very low efficiency (i.e., 0.1%). (187) Projected

efficiencies of 50% have been estimated. A preliminary review of these

experiments and the theory is warranted to determine the reasons for such a

large discrepancy and to more accurately assess the actual potential for

this class of devices.

2. 4 .7.3 [+taste Heat Radiators

Heat pipes are currently one of the most attractive waste heat

radiators for higher power systems. Advances in this technology are

require.: if hiovar powers are to be achieved in space. Higher temperature

heat pipes would help to reduce radiator weight. Also, as radiator sizes

increase, longer heat pipes or combinations of heat pipes and forced

convection radiators will be needed. Considering the limit to present heat

pipes to be approximately 3 meters, this would span a radiator with

characteristic area of 56 m2 (counting both sides of a circular area). At

a radiator temperature of 600 °K, approximately 400 kW of waste heat can be

rejected. With a 25;; efficient thermal cycle, this radiator could

accommodate a pow-r system delivering 130 kW of nct electric power.

High ':sryerature heat pipe radiators (i.e., 775 OK) are being

investigated for space nuclear power plants at Los Alamos. (214) These use

potassium and are fabricated of titanium. By comparison to the example

given above, these high temperature heat pipes would be capable of reducing

the radiator area by 65%; alternatively, the net electric power output

which could be accommodated could be raised to 380 kW. Fabrication of

these heat pipes and subsequent reliability still present substantial

technical challenges.

E;*_
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E,k1 I TTE R

81 05188	 (b) Emitter Out Of Beam

Figure 2.67. TELEC Electrode Configurations (Reference 194).
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It should also be pointed out that the power-specific weight of

these heat pipes follows approximately the inverse T 4 dependence associated

with heat pipes at other temperatures and does not have any additional

weight savings other than that associated with higher temperature

operation. They also suffer from the same puncture liabilities as other

conventional fluid cooled radiators.

There are several novel radiator concepts such as the dust,(215)

drople0 216) and belt radiators (217) that involve material transfer as

part of the cooling and radiating process but which are not subject to

puncture failure and which have much larger radiator areas without the

conventional structural constraints. Both the dust and droplet radiator

are based on the idea that a large radiator area can be achieved in this

way and that meteorite strikes will simply remove a small portion of the

"coolant" materials as they pass through the sheet of dust or droplets

enroute from a transmitter nozzle to a "catcher" placed some distance

away. The droplet concept appears to be more attractive because of the

ease of moving liquids within the power system and because direct contact

heat exchange by heat conduction and forced convection within the system is

simplified relative to solids-solids heat transfer. However, liquids will

tend to have a higher vapor pressure than solids, so that n.aterials loss

may be a problem. Even if only a small fraction of the liquid ?vaporates

during a mission lifetime, the transport and condensation of the coolant

onto other parts of the spacecraft exterior could be detrimental. Examples

of these two concepts are shown. in Figure 2.68.

Initial estimates of the droplet radiator power-specific weight

suggest t;at an order of magnitude reduction might be possible. (216) This

would be an extremely significant advance if it materializes, since it

would affect the competitiveness of all thermal power systems rala.tive to

photovoltaics systems in terms of both reliability and weight. To this end

there is a need for careful evaluation of the droplet radiator concept to

accurately account for all of its components in a systems context in order

to estimate its weight. Initial experiments on droplet formation and

radiation are in pr3gress. (Zirl) If these prove successful, then some of the
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Concepts for Space Power Systems. (References 215 and 216,
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critical technology should be tested; for example, a multi-droplet

injection system and the droplet catcher.

The belt radiator suffers from much the same problems as the dust

radiator except that solid-solid heat transfer is more easily

accomplished. A study is in progress now to compare droplet radiators to

belt radiato_s. (217) It will be useful to review the results of that study

before attempting any further research on belt radiators.

2.4.8 Pow r Tr nc ission Con lL . a

Application of power beaming technologies to support space

propulsion systems or space bases is clearly some years in the future.

Therefore, the energetics technology activities appropriate in the next few

years are those essential to understanding the feasibility of these

concepts. There are three main feasibility issues:.

1. Phase Control: The need to reach high phase front

precision over large antennae at frequencies of 100 GHz

and more indicates the need for new phase control

approaches. The phase control technologies employed in

solar power satellite research used RF phase

distribution and RF phase conjugation to achieve phase

control. Phase distribution systems typically operated

at something like 400 megahertz. Since phase errors

are multiplied by the frequency multiplication ratio,

the use of phase distribution at this frequency and

multiplying up to 100 !Hz or more for beam production

would magnify 1 degree phase errors to something like

360 degrees. Therefore, frequencies and high d/A

ratios more nearly like optical techniques may be

appropriate. This would involve free space

illumination from the back side of the transmitting

surface for phase distribution and inter_`erometric

techniques with feedback to provide the beam shaping
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through active structures to manipulate the transmitter

surface. A traveling wave interferometric technique

may be applicable here.(218)

2. Millimeter and Optical Wavelength Receivers: The

principal issue here is the development of a

rectification device that can convert these high

frequencies to DC electric power. Possible candidates

include microrectenna, photovoltaic cells, and laser

heat engines.

3. High voltage Power Supplies: In the eventuality that

gyrotron devices are used as millimeter wave

generators, then high voltage power supplies will be

required. High voltages are likely to be needed for

other high power spacecraft applications; for example,

to reduce on-board power distribution losses. Voltages

of interest range from 1 kilovolt to 100 kilovolts.

High voltage power processors will also be required.

In addition, the very basic question of the relative merits of power

beaming versus on-board power production should be reviewed thoroughly as

the technology of laser and rf sources develops. Specifically, the

relative advantages of new laser sources should be analyzed. These include

the suggestion of a reversible chemical laser for space power beaming.

Direct and indirect optically pumped lasers need to be carried through the

proof-of-concept experiments to determine their actual potential. These

latter two laser concepts can obviate the need of high voltage power

sources listed as the third feasibility issue above and, therefore, have a

chance of leap-frogging over a formidable technical obstacle.

Significant advances appear to be in the offing through the use of

high temperature materials in heat pipes. we recommend the following

r
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topics for research in waste heat radiators, in addition to the Los Alamos

heat pipe development program: 	 it

1. Droplet Heat Radiators: Test the critical technologies

1
^l	 required for the fea.iibility of this concept and

conduct a careful systems analysis and preliminary

designs to determine its true power-specific weight.

2. Evaluate the desirability of Zero-G experiments to

demonstrate the operation of condensating radiators and

long heat pipe operation (e.g., see Reference 219).

2.5 P.OWer Processina

2.5.1 Introduction

In the past, power processing on-board spacecraft has mainly

performed the conversion of low voltage DC power from photocells or

thermoelectric cells to a wide range of on-board power uses from high

frequency communication output and very steady voltage and current supply

conditions required for scientific instruments (e.g., computers, data

storage, detectors) to battery charge and discharge voltages and currents.

Redundancy is required in order to guarantee reliability for the mission

lifetime. Also, the power processing units, usually inside the spacecraft,

must be cooled in order to maintain proper operating temperatures. In

short, the power processing category includes all of the power busses,

power conversion (electric to electric) needed to connect supply to end-

use, and the auxiliary. equipment (coolers, radiators, control systems)

needed to keep these components operating properly.

As power requirements rise into the 100 kw range and higher, the

absolute size of the power busses and converters will make it more

attractive to increase the voltage and frequency of the power delivery

system by reducing line losses and making voltage conversions more

efficient. Upper limit3 in voltage and frequency will be imposed by the

volt-age characteristics of the primary electric power sources (e.g.,
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photocells or thermal power supplies) and by the length and configuration

of the power busses (ie., "antennae" and transmission line effects).

The specific mass of power control or processing units is currently

abo-ye 10 kg/kwe . (220) By 1990, development of current technology should

succeed in decreasing the specific mass of such units below this limit.

The functions being supplied by the power processing units will also be

increasing their requirements on the system, especially in the area of data

handling (i.e., scientific and communications satellites). Therefore, the

challenge to power processing technology is to handle higher voltages in

space and higher powers (multi-hundred kilowatts) and to reduce weight (and

cost) of the processing units.

2.5.2 RPQuirements

Present power processing systems are bawd on 28-60 Jolt, 0"50 amps

regulated current supplies. Such systems typically must be maintained

below 250 oC to avoid degradation of insulators and conducting connection

and to keep temperature dependent resistivity from rising too high. Also,

solid state components lose their efficiency at higher temperature. The

maximum temperature constrains the temperature at which waste heat can be

rejected. A minimum temperature, typically of -20 oC, is often imposed to

prevent the extremes of thermal stress at electrical connections in order

to maintain reliable operation over the mission life.

Higher power systems and larger areas over which power must be

collected and distributed very quickly lead to much heavier power

processing systems measured in mass per unit power unless higher voltages

and higher temperatures can be utilized. Additional weight savings may be

realized by faster switching devices to eliminate unnecessary inductor and

capacitor weight.

For missions far from the earth, where message round-trip time

exceeds the time needed for internal power processing response functions to

varying internal and external power demands, fault correction, cycling,

r
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etc., then a need exists also for autonomous control systems to monitor the

processing unit and effect its operation to maintain its reliability.

Further, standardizatiun of the power processor inputs and outputs

with spacecraft usEr voltages, currents, and frequencies is extremely

important in order to ensure a proper match between all of these

components.

2.5.3 Power Processing Technologies

Power processing includes all the electronics and cabling to convert

the output of the energy converter and/or the storage element into

controlled, regulated power at the load. See Figure 2.69 for the blocks of

a typical power processing unit.

This unit consists primarily of a few key generic component types,

including active solid state switches, passive switches (diodes),

capacitors, inductors, and conductors. Since future missions will involve

operation of spacecraft at higher power levels, higher voltages and

currents, and perhaps with lower weight requirements for power systems,

there are needs in each component area for advanced technology elements.

The following sections detail each component type as to status, needs, and

possible targets of opportunity where leverage for significant advances

appears to exist.

2.5.3.1 Switches

ACTIVE SWITCHES

The bipolar transistor is the workhorse of space power processing at

present, with space-qualified components a ,.ailable at 28-60 volts, 0-50

amps, with switching speeds of up to 50 kHz.
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Figu,-e 2.69. Schematic of Power Processing Unit.
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DIODES

Present diode technology offers bipolar devices at hundreds of volts

with switching speeds increasing with current capacity, from 30-100

nanoseconds at 5 amps to microseconds at hundreds of amps.

2.5.3.2 CaRAQ tQ=

Capacitors consisting of foil wound packets play the classic role of

capacitors in LC circuits to provide given tunable frequency output power.

Tantalum capacitors offer high energy density, high current capability, and

low dissipation factor up to 125 volts.

2.5.3.3 Inductors

Inductors also satisfy the usual role of shifting voltages up or

down through inductive coupling and, as described above, provided the

appropriate inductance in LC frequency synthetic (oscillator) circuits.

Magnetic components at high frequencies must have low eddy current losses,

low hysteresis losses, and high magnetic flux density capabilities.

Presently ferrites and Moly-Permalloy Powder (MPP) cores are used for low

power levels.

2.5.3.4 Conductors

Conductors, usually copper or aluminum wiring, connect most of the

elements of power processing units to convey the power and control function

from one point to the next.

2.5.4 Limit to Present Power Processing Technoloav

Presently available space quality transistors for high speed

switching converters are available in the range of 28-60 voles, 0-50 amps,

and 20-50 kHz. The associated tantalum capacitors, diodes, inductors,

etc. a_e available also:

a. Transistor switches with Beta -=^ 10 up to 350 V
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b. Diodes with switching times near 5C

Schottky diodes with faster times f

volts

C. Ferrite magnetic core material for switching

applications

d. Tantalum capacitors up to 125 V - aluminum above

that.

More than many other areas, power processing packages represent a

synthesis of the available component technologies. Lack of any one

component makes a design unmanageable.

Current programs include (221)
	

(I
• Spacecraft Charging Program (high voltage systems

interaction with the ambient space plasma) in

cooperation with the Air Force.

• Automatic System Controls for on-board system

monitoring fault identification, fault correction,

and control (at JPL) using the Viking orbiter solar

array/battery power system.

• High Power System Technology Program (at MSFC) for

multi-hundred kilowatt systems.

• Power Systems Modeling (at GSFC): AC/DC models for

solar arrays, batteries, power processing, and

control equipment.

• Power Component Development: high power switching

transistors, inverters, converters, and circuit

breakers.
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In this latter program area, NASA expects to demonstrate:

1. Transistor power handling capability of 125 amps at

500 volts (and a gain of 1C) with possible

extension to a LOGO volt, 30 amp transistor.

2. SCR circuit breaker capable of handling 1 kV at ^!5

W, allowing the use of 500 V (high voltage) power

bussing system.

3. Bilateral power converters which transform AC

polyphase powers to ccntrollabl.e AC or DC power

weighing 1 kg/kW at 25 kW (used at base of solar

array to convert solar array power to AC using a

rotary transformer).

The technical challenges in power processing are to achieve high efficiency

while maintaining low weight and cost. Higher efficiency means smaller

solar arrays for a given power output as well as less waste heat to reject

from the power processing units. Further, it is desirable to be able to

operate the power processing units (that dissipate energy) at higher

temperatures so that the waste heat radiator can be. .reduced in size. At

present, component temperatures are limited by semi-conductor temperature

constraints (i.e., for silicon SRCs); using a different material that could

operate at a higher temperature would be better.

2.5.5 Basis of Comte rison

The level of performance to be used as a benchmark will be taker,

from an existing satellite power system operating with a photovoltaic cell

power source and a nickel cadmium battery energy storage system. we have

chosen the power system associated with the satellite INSAT-I as

exemplifying the present state of technelogy. (222) 7n this system, power is

bussed at DC voltages of 2G.5 to 42.5 V, currents of C to 45 amps for

average power revels of 940 watts, and a seven year design life. Power
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switching is accomplished by Dc to do converters which utilize magnetics

and a hybrid microcircuit consisting of chip and wire components in a thick

film subs=r;ce. The converter has ar. efficiency of 80% or better. Voltage

control is accomplished with capacitors to limit the rate of change to less

than ±3.5 V/ms. Battery discharge is controlled by parallel redundant

discharge diodes. Any advanced or new technologies should provide a

significant improvement over these performance levels in order tc qualify

for serious attention in the Advanced Energetics Program.

2.5.6 Application to Generic Missions

Future systems will press the limits by going to higher voltages and

higher frequencies. All missions, including LEO and GEO, require power

processing and benefit from advances via weight savings ar,d/or higher

efficiency.

2.5.7 h yanced Power Processina Technology

2.5.7.1 SwitrheL+

ACTIVE SWITCHES

Since the weight of the processor is dominated by inductor,

capacitor, and heat sink, the use of faster devices results in 1/f

reduction in filter weight while also reducing switching losses. Device3

are available at voltages up to 400 volts in non-qualified form, but as the

currents go up the speed comes down. A family of higher speed devices with

multi-hundred volts and tens to hundreds of amps capability is needed.

The VMOS FET represents a quantum improvement in switching speed at

high powers. Present development by the terrestrial power conditioning

market has produced a rapidly improving series of devices by many

suppliers, with voltages over 400 volts and currents into the tens of

amps. it is vital that these devices be made available to the spacecraft

designer for 100 kHz - 1 ?Viz switching of power. Lower "on" resistances

are the key parameter at present. However, these devices may suffer from

radiation effects as other MOS devices do. For example, early in 1980 a
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'.'MOS power FET was tested for radiation resistance at MIT Lincoln Lab at	 Il

1.5 MeV. It tailed at a total exposure of 30 Brads or 1 x 10 12 electrons

per Square centimeter, a relatively low level. The mode of failure was a

reduction in threshold voltage to below zero volts. Thij indicates a need

for the evaluation of radiation effects and for either shielding or

radiation-resistant device development for the generic class of VMOS lower

FETs.

Lightweight. solid state switches which are a close equiva l P y •t to

relays are needed. Such developments would greatly improve reliabi'_a ry anc

life, for failed components and devices can more easily be switched out

while retaining use of other components associated with the failed device.

Multikilowatt spacecraft will have dozens of batteries, chargers,

regulators, and other power components, and the problem of switching

becomes formidable. Two important devices which are keys to this

development are 1) the inverted transistor which has a voltage drop less

than 0.1 v, but unfortunately has too low a breakdown voltage, less than

9.0 v; and 2) VMOS power PETS which have high breakdown voltage (35 to 90

v) and low leakage current when off (0.1 micro-amp) but too high a

resistance when on (about 1.4 chm at 1.0 am i s,. Research to improve these

two devices is needed.

PASSIVF SWITCHES

Schottky diodes offer very high speed but at low voltage:. Tc

properly utilize a VMOS transistor at its highest speeds, faster high-

voltage diodes are needed. These may be faster bipolar devices or higher

voltage Schottky devices, the latter being most probable.

Both diodes and transistor3 require heavy heat sinks due to their

I ow temperature limits. New semiconductor materials • :apab).e of higher

temperature operation would reduce this weight.
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2.5.7.2 Capacitor_a

High energy density, high current capability exists up to 125 V.

Above this, there are low dissipation factor, low current devices or low

energy density (aluminum) devices. There is a need for a new family of

capacitors combining these features for multi-hundred volt systems.

2.5.7.3 Tnd uctars

A new material capable of efficient high frequency operation at

higher flux density, and usable for higher powers is needed. For example,

metallic glass materials, such as Metglas by Allied Chemical Corporation,

represent one possible approach to achieve these performance goals. Thin

(1 to 3 mil) ribbons of amorpb- i material, made of metal-metalloid

combinations, have been produ	 and made into transformers as large as 15

kVA. These units feature very low magnetization currents, low hvsteresis

1o39ey : and potential for low eddy current losses.

The presently produced Metglas material, optimized for 60 Hz

applications, is good for any use below 1 kHz and has core losses as much

as 7 times lower than conventional transformers.

For higher frequency applications. a different material chemistry

and the development of interlaminar insulation techniques will probably

reduce the eddy current losses to allow very attractive designs.

2.5.7.4 Conductors

The large weight of copper distribution wiring may be reduced by

using advanced high conductivity, low weight materials, such as those

formed by "doping" materials in a carbon matrix with anisotropic

properties. This represents the development of a long-term technology with

significant potential.	 present, even the problems associated with such

'components are not well defined.
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2.5.8 Power Processing Conclusions

By focusing on the component level, the needs for space power

processing have been treated at a basic technology level. The main thrust

for new and advanced technology in this area comes from mission goals

requiring higher powers and lighter weights. Power processing for multi-kW

systems presents a whole new set of problems related to system size, heat

loads, reliability, and distribution of power. Major advances appear to be

possible in virtually every category of power system components reviewed.

Specifically, we recommend the research be considered in the following

areas:

1. VMOS FET's allo ding higher frequency operation with

much higher power gain compared to minority-carrier

devices. Power supply frequencies from 100 kHz to

2 MHz can be achieved and, in general, weight is

inversely proportioned to frequency. However, VMOS

may be subject to radiation damage. This problem

should be assessed and, if possible, hardened

families of devices developed.

2. The above switching speeds are only possible if

diodes can be developed which are fast enough.

Below 40 v, Schottky devices do this. A family of

higher voltage diodes with Schottky speeds and

multi-hundred volt ratings are needed to match the

VMOS capabilities.

3. Higher efficiency transformers are needed. As one

possible example, new magnetic materials made of an

amorphous metal ribbon are now being developed.

This material has much lower hysteresis losses than

steels, and may be able to replace ferrites and

tapewound cores. A- present, the material is

excellen t_ from 40 Hz up to 1 KEz. The material
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resistivity must be increased and inter-layer

insulation improved for use at higher frequencies

to avoid eddy currents. This appears feasible but

has not yet been pursued. Needed are:

• insulating layer techniques

• methods of applying to gapped

components

• further material improvement to

reduce eddy current losses

Potentially much smaller, lighter magnetic elements

in 20 KHz to 1 MHz frequencies are needed.

4. Extension of tantalum or other high energy dens:.ty

capacitor technology to higher voltage levels.

5. Investigation of new conducting materials capable

of maintaining hi gh conductivity and lifetimes at

lower weights than copper or aluminum.

In addition, we recommend that the following studies be carried out to

develop additional data needed to evaluate th? potential of advanced power

processing technologies:

• Determine the critical problem areas in high power

spacecraft processing and distribution systems

emphasizing the consideration of high voltage

level, `sigh current level options and the

interaction with the spacecraft environment.

• Determine the areas of application and need of

energy storage for pulsed power amongst NASA's

mission requirements.

,r^
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• Conduct a systems study of autonomous controls of 	 I I

power system, especially the battery subsystem.



Section 3

MISSION ENABLING TECHNOLOGIES

3.1 Introduction

Advanced energetics technologies can enable new capabilities to be

realized in missions already on the drawing board and may allow the

conception of entirely new missions. The main questions area What real

mission needs exist for advanced energetics? How well can advanced

energetics meet these needs? In which ways can these technologies enable

new missions? The following discussion of generic missions points out

specific needs and refers to advanced technologies which have the potential

for satisfying these needs.

3.2 Low Earth Orbit Operations

Missions iii. low Earth orbits that will benefit from advanced

energetics include manned and unmanned science, applications, and

operations platforms as well as specialized single-purpose missions such as

materials processing or space-based manufacturing. Mission planning for

space platforms has concentrated on applications which are Earth-observing

or Earth-oriented and on operational systems such as the proposed Space

Operations Center. The latter is conceived as a manned platform to

facilitate space operations including construction of large satellites,

transportation servicing, and servicing of low Earth orbit missions or

satellites.

The low Earth orbit environment presents certain problems to the

energy supply designer. In order for the low 'arch orbit to be readily

accessible by the Shuttle, it must be placed at an altitude no higher than

500 kilometers and very likely will be placed as low as 400 kil , meters so

that the Shuttle can reach it without an orbit maneuvering syretem kit. The

drag of power-intensive platforms in a low Earth orbit is dominated by the

solar array. In order to compensate for drag, it is necessary to

periodirally resupply these vehicles with orbit makeup propellant. Such



3-2	 t

resupply can be expensive in view of space transportation requirements.

Consequently, there is a high payoff for improving the efficiency of the

solar array to reduce its area and, therefore, its drag. Drag could also

be reduced by using solar thermal (e.g., Brayton cycle) or nuclear power

systems. Similar advantages will accrue to efficiency improvements in the

power processing and energy storage systems.

Low Earth orbits experience roughly 15 shadow periods per day.

During each shadow period available power must be supplied by batteries.

The tendency in future systems is to consider longer and longer mission

life periods. Over a ten year life, the battery storage system of a low

Earth orbit spacecraft may experience over 50,000 charge/discharge cycles.

Batteries for low Earth orbit spacecraft can be replaced by a Shuttle

flight (or possibly by service from a co-orbiting Space Operations

Center). There is a tradeoff between battery life, depth of discharge, and

replacement cost. However, a significant value exists for improving

battery life at a given depth of discharge. Similarly, the turnaround

efficiency for the energy storage system provides the Same benefit as

increased efficiency of the solar array in reducing drag and orbit makeup

propellant requirements.

Presently, for large-area long-life systems, the collision

environment in low Earth orbit is dominated by man-made debris. The

expected flux of objects ranging upward from a few millimeters in size is

orders of magnitude greater for man-made debris than for the natural

micrometeroid environment. The collision design requirements for objects

of 100 square meter9 or more for extnding periods in low Earth orbit is

dominated by the problem of collisions with man-made objects from 1 to 10

centimeters in size. Crew comparttients must be heavily shielded. However,

for lightweight, large-area systems such as solar arrays, the only

practical design approach is to ensure graceful degradation in the event of

collision damage.

- -	 - _ —
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3.3 Scientific Mica.

Scientific missions often place special constraints on spacecraft

power systems in addition to those of performance, weight, cost, etc.,

which apply for all types of missions. The major areas of concern are (1)

that some of these scientific missions must gather data in unusually

hostile environments, and (2) that the power system must not interfere with

the performance of the measurements.

Operation in Hostile Environments
1

Table 3.1 lists several possible future missions with unusual

Ienvironmental requirements. In addition to those requirements, an

important problem is due to the effects of cosmic dust on spacecraft. This

problem is directly related to the collection and concentration of

particulate debris and subsequent impact on solar cell obscuration,

operation of high voltage power systems, and possible malfunction of other

power components. This i!^ an area deserving of further study.

Nearly all magnetospheric, planetary, solar, and deep space

scientific spacecraft carry instrumentation to measure the local charged

particles and electric and magnetic fields and waves. Typical sensitivity

or natural background levels are as follows:

a. DC magnetic fields: 1 Gauss at the sensor, which is

often mounted on a boom to be far removed from

spacecratt magnetism.

b. Electromagnetic and RP interference: See Table 3.2(a)

and (b) for a typical instrument (Galileo).

C. Electrons: For energies above 30 eV, integral fli

1	

(= number of particles cm-2 s -1 with energy > E(Mev)) _
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Table 3.2 (a)

Galileo Electric Field Sensitivity

Frequency Range	 Integrated Electric Field

1 Hz - 4 kuz	 0.5 uV/m in 30% bandwidth

4 kHz - 400 kHz	 0.5 uV/m in 15% bandwidth

1 Hz - 2 kHz	 50 uV/m

250 Hz - 85 kHz	 50 yV/m

400 kHz - 10 MHz	 0.5 O/m in 1 kHz bandwidth

between harmonics of 2.4 kHz

power supply frequency

Table 3.2 (b)

Galileo Magnetic Field Sensitivity

Frequency Range
	

Integrated Magnetic Field

1 Hz - 1 kHz
	

40 uY in 30% bandwidth

1 kHz - 100 kHz
	

30 uY in 15X bandwidth

1 Hz - 2 kHz
	

2m Y

250 Hz - 85 kHz
	

1mY
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1/E 2 . At lower energies, the total integrated fluxes

are of the order of 10 8 cm 2s-1.

d. Cosmic rap protons: In the energy range 1 keV to 1

MeV, integral flux =3/E2.6

The outer spacecraft surface is normally required to be an equipotential,

within a few Volts. we note that solar panels are often a greater source

of RP interference than RTGs, but that the radioactive decay products of

the RTG9 tend to interfere with the cosmic ray measurements.

In general, the scientific experiments which are most demanding on

the spacecraft power system are active magnetospheric experiments in which

ions, electrons, or plasma waves are injected into the magnetosphere, and

the response of the magnetosphere to this perturbation is measured at both

the point of injection and elsewhere. At present (e.g., Spacelab 1), the

power available for wave injection is - 8 kw in one 15 minute pulse each 4

hours. For future experiments, hundreds of kw at hundreds of Volts with a

50% duty cycle would be desirable. Future particle injection experiments

will need many amps at tens to hundreds of kV; a few percent voltage

control would be adequate for these experiments.

Accurate high voltage control is required for particle analysis

instruments, especially those which use solid-state detectors. The present

state-of-the-art is -30 kV with "0.1% stability. Instrument performance

would be improved if the voltage level could be increased to "100 kv.

3.4 Power Trrnsmiasion

A great deal of power transmission analysis and some experimentation

has been conducted, mostly with resp ct to the use cf this technology to

transmit power from space to Earth for eventual commercial use. However,

there are space-to-s pace transmission applications that might prove

attractive under certain -ircumstances. Examples include the use of space-

^



3-7

to-space transmission to provide power to lunar or Mars surface stations.

A space-based power transmission system might prove preferable for such an

application as compared to a nuclear reactor system. Due to the lonq

duration of the lunar night, lunar--surface-based solar arrays with battery

storage are impractical. Freed from the requirement to select a power

transmission frequency that can easily transmit the Earth's atmosphere, one

could deal with millimeter wave or laser systems at much higher frequency

and transmit much smaller blocks of power over the distances from the Ll or

L2 luna7 libration points to the lunar surface. The transmission distance

is somewhat less than that from the surface of the Earth to oeosynchronous

orbit. Laser power transmission systems with net power outputs as low as a

few hundred kilowatts might very well be feasible. The accomplishment of

such power transmission capability for long time lunar surface missions

will require substantial advances in steady-state laser technology and

laser light-to-electric conversion technology. At somewhat higher power

levels, millimeter wave RF systems might well be used with technology more

nearly like that presently in use for large phased array systems. These

ncepts have been discussed in greater detail in Section 2.

3.5 Solar Electric Propulsion

Solar electric propulsion offers an attractive capability for

advanced solar system exploration missions as well as a potential economic

advantage for large scale cargo delivery between low Earth orbit and

geosynchronous or other high Earth orbits.

For solar system exploration missions there is a technology

performance breakpoint above which the mission performance improves

dramatically. The effect was discovered empirically during numerical

integrations of solar system escape missions. In summary, if the power to

mass ratio of the electric propulsion system is above a certain level, then

the system can accelerate ^o a high veloci.ty before it is too far from the

sun to derive power from it; otherwise, the system will gain thrust too

slowly and achieve only a modest velocity at a distance so far from the sun

that it cannot gain much more energy and ran only spiral slowly away from
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the sun. The performance breakpoint occurs approximately at an

acceleration level of 10 -3 .n/sec t at Earth's distance from the sun. With a

typical electric specific impulse of approximately 5000 seconds, this

requires a specific power of 30 watts of jet power per kilogram of vehicle

mass. This specific power is about 5 times that of the solar electric

propulsion system (SEPS) presently under study by NASA. The SEPS will use

planetary flybys to achieve a slingshot effect to reach the outer planets.

With a sufficiently high performance solar array, this might not be

necessary and could reduce the mission time to just a few years. Reaching

30 watts per kilogro,t would require improvements in solar arrays as well as

improvements in lightweight power processors.

The operation of a solar electric propulsion system between low

Earth orbit and geosynchronous orbit entails a very high level of radiation

exposure in the Var. Alle y, radiation belts, with today's photovoltaics,

this presents a serious problem of radiation degradation. There are

several possible avenues of technology development that could minimize this

difficulty. Clearly, improved performance reduces trip time and reduces to

some degree the degradation due to radiation. More important would be a

means of restoring lost array output through annealing of the solar cells,

selection of a very radiation-hard photovoltaic material, or selection of a

design approach in which the cells may be adequately shielded from

radiation.

Some of the thin film technologies may offer promise of increased

radiation hardness, but too little experimental data exists today to make a

firm conclusion in this area. 3ub)ects promising for research incluee

thermal annealing of silicon and galium arsenide solar cells, radiation

hardness of thin film galium arsenide and other thin film systems, and

design studies of thermal photovoltaic systems to assess efficiency and

performance potential.
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3.6 Advanced Space Prooulmion

The importance of advanced space energetics to advanced space

propulsion can hardly be overstated. In this discussion we consider

advanced space propulsion to be propulsion, systems capable of making space

flight tc the moon and planets routine. Some of the difficulties

associz.ted with interstellar flights are also illustrated.

]advanced energetics may also be important to Earth launch

propulsion, but this is forseen as further in the future. Up to 2 orders

of magnitude cost impro-ement beyond the projected osts for the space

phuttle is potentially a..nievable through improvements of reusable liquid

propellant rocket launch vehicles. Since this is an evolutionary rather

than a revolutionary path, it is quite likely that advanced energetics will.

not be applied to launch propulsion -lntil such time as these evolutionary

improvements have Leen exploited. It is likely that the next 30 years or

so will be devoted to driving the cost of transportation to low Earth orbit

down to the $10 per kilogram rr-nge, somewhere near the lower limit

achievable with chemical rocket technology.

Advanced energetics has potential application, in a timeframe

parallel with this 30 years, to propulsion from Earth orbit to more distant

destinations. Chemica: -ocket systems are very marginal for space

transportation beyond low Earth orbit because of theiz relatively poor

specific impulse or het velocicy. Ad-3nced energetics offers the

possz.Dility of much higher specific impulses with acceptable thrust to

weight ratios.

A relatively simple analys13 can shel coi, siderable light on the

performance levels desirable for routine transportation within the solar

system. This simple analysis recognizes that systems capable of desirable

trip times will have enough thrust such that to first-order approximation

the sun's gravity field can be ignored and a simple, straight path

acceleration and deceleration algorithm can he used to establish trip times

of interest. Figure 3.1 was deri ,-ed for acceleration to distant objects

using this simple algorithm. '.T.e chart is drawn for one way acceleration.
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If deceleration at the target is desired, then one can cover twice the

distance indicated in twice the time indicated.

Numerical integration was used to establish the relativistic effect

at very high velocities. The relativistic effect is not very important for

conceivable systems of practical interest. Even if we presume a perfect

matter annihilation engine in which matter is converted to collimated

energy directed as thrust, the vehicle will have converted 90% of its mass

to energy by the time it reaches the point on the 1 G curve labeled .9.

Relativistic effects were determined using the special relativity

algorithms. Since the analysis was based on an inertial frame of

reference, it is unnecessary to consider general relativity even though the

vehicle is accelerated.

Representative distances within the solar system and to one of the

nearest stars are shown. The solar system distances to planets nearer than

Jupiter are not enough less than Jupiter to merit additional lines on the

curve.

The two principal figures of merit for an advanced propulsion system

are its specific impulse, or jet velocity, and the representative

acceleration it can de ,relop. Figure 3.2 illustrates the performance

potential of space propulsion systems as a function of these two

parameters. Several parameters are cross-plotted on the curve. First,

since propellant consumption is proportional to acceleration and inversely

proportional to specific impulse, diagonal lines trending upward to the

right are lines of constant time required to consume 90% of the ship's mass

as propellant. These lines are positioned such that the acceleration

during the propellant consumption time is constant; in other words, thrust

is decreasing as propellant is consumed. The curves would shift slightly

for constant thrust, but not very much.

The chart is L-)nstructed on the premise that a power limited system

will always be used in a continuous thrusting mode. one can show that if

the propulsion system is power limited, then to reach any given destination

in the shor t est possible time one should operate the propulsion system all.

r
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3-13

the time and select the highest specific impulse that one can utilize to

reach the objective in the indicated time.

The curves for Jupiter, Pluto, id Alpha Centauri are cross-plotted

on this curve based on where they cross the acceleration and time lines on

the prior curve. one can see that acci.'w_at4ons on the order of 10 -2 G's

with specific impulses in the 10 to 20 thousand second ranae would allow

travel anywhere within the solar system in a matter of months, and that to

begin to think of travel to the stars one would need to improve these

capabilities, each by something like 4 orders of magnitude.

Where are we Today? Two areas are labeled or the curve - one for

chemical rockets and another for SEPS. Chemical rockets are actually

energy limited systems; that is, their ISP is limited by the energy of

propellants and are not really applicable to this curve. However, it is of

interest that their acceleration capabilities generally exceed 1 G and

their specific impulses are typically 2 to 500 seconds. Solar electric

propulsion systems now in development will provide an effective vehicle

acceleration on the order of 10-5 G's. The bare propulsion system can do

better, but once the mass of propellant and payload are taken into account,

this is about the figure. Forseeable advances in solar array power

processing and thruster technology might improve this by up to a factor of

2 to 6 to achieve 10 watts per kilogram for the entire propulsion system.

A 10 watt per kilogram propulsion: system can reach Jupiter in just over a

year.

Large advances are needed to get into the range of real interest.

100 watts per kilogram to 1 kilowatt per kilogram of vehicle mass would

begin to open up the solar system to routine travel. These, again, are

vehicle levels, and the bare power system level should be roughly ; factor

of 10 better or 1 to 10 kilowatts per kilogram. By way of comparison,

modern aircraft jet engines deliver approximately 10 kilowatts of thrust

power per kilogram of engine weight. Liquid rocket engines do something

like a factor of loo better, roughly 1 megawatt per kilogram of bare engine

weight. Those .,ystem3, however, can dump the cycle wa3te heat overboard in

the 7Nt. In the ar-a of spaces propulsion, it is likely that only direct
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nuclear systems of some sort will achieve these kinds of performance

potentials. Systems which must generate electricity, reject waste heat

through space radiators, and use the electricity to accelerate a propellant

will have a very difficult time ever reaching such performance levels.

Nuclear fission systems are specific impulse limited to something like 2000

seconds ISP, even for very advanced concepts. Fusion systems uay

eventually achieve such performance levels if charged particle reaction

micro-explosion systems can be developed.

3.7 Conclusions

Consideration of new mission capabilities has emphasized the need

for high efficiency solar cell arrays, solar thermal (dynamic) power

systems, or i,uclear power systems to reduce satellite drag in low Earth

orbit (LEO). More efficient power systems will also help to reduce array

size and conserve station-keeping propellant. Long lifetime mission

requirements in LEO have exacerbated this problem. Longer lifetime

batteries are needed for the same reason; improved battery charge-discharge

efficiency will also help reduce solar collector sizes. Scientific

missions place particularly severe requirements on the power system because

they must often operate in hostile environments (e.g., near the sun, in

energetic charged particle streams, or in cold, long duration missions) and

simultaneously maintain the operation of delicate instruments which are

sensitive to the electric and magnetic fields induced by the power system

itself. Power system shielding or concepts which do not generate

electromagnetic fields are essential. In special cases (i.e., ionospheric

particle and wave in-vction experiments), high voltage, pulsed power

systems will be needed in the hundred kilowatt and hundred kilovolt range

with a 50% duty cycle. Power transmission would help to eliminate the nsed

for batteries in those missions where the stored power requirements are

extensive enough to make remote power supply costs allowable; it might be

fessible to meet power demands from 100 kw up to tens of megawatts in tnls

i

way.
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Advanced propulsion, including solar electric propulsion, clearly

benefits from the development of new and advanced space power systems.

Easy travel within the solar system and the possibility that star travel

might be eventually achievable provides a long range motivation for

investigating very high specific power sources, such as gaseous nuclear

rockets, and fusion sources, such as an updated thermonuclear version of

the Orien concept using repetitive micro-explosions to provide high

f	 specific impulse thrust.

I
In the following section both routine and advanced generic missions

take an important port in the evaluation of new and advanced energetics

technolog l ^s. The foregoing discussion provides the background and

notivating information for carrying out this part of the evaluation. In an

effort to ensure that the use of mission analysis is contin4ed as a tool

for determining needs in advanced energetics, we recommend that studies be

carried out periodically to investigate new mission applications and the

enhancement of existing mission capabilities through the use of advanced

energetics technclogies.



Section 4

COMPARATIVE EVALUATION

4.1 Intrc>ducti on

As a result of the technology assessments in Sections 2.1 to 2.5 and

the mission analysis of Section 3, we have identified numerous prospects

having potentially high payoff for advanced space energetics. In this

section these technologies are rated according to their probable payoff,

the technical risks involved in achieving high performance, and the level

of investment required to demonstrate their potential. Only the top 43

prospects were considered. The potential for enhancing planned missions

and for the enablement of new missions is also used to help evaluate these

technologies.

The committee's judgement played the most important role in

selecting and rating the technologies. Clearly, different results will be

obtained when a different group of 2eople evaluate the same technologies,

depending on their judgement and the weighting factors employed.

Nevertheless, it is possible to draw useful information from this process,

which has reinforced the committee's judgement concerning the highest

priority technologies. These lead to the recommendations contained in

Section 5.

4.2 Approach

The relative merits of the technology items were compared in terms

of "intrinsic" and "applications" factors. The intrinsic factors were:

Investment - What investment is required to realize

significant progress on this item?

R isk - What is the risk of failure to achieve
significant progress?
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E&y ff - How great is the payoff !i.e., performance	 1

improvement) if the venture is successful?

Each factor was rated low, medium, or high based on the judgement of the

committee. J^Pdgement used in assigning the ranks of ].)w, medium, and high

implicitly accounts for the degree to which individual technologies might

exceed the performance benchmarks for energy storage, conversion,

transi,ission, and processing, the existence of technological barriers to

their development, and the estimated cost of that development.

An applications rating was developed by selecting thirteen

representative new missions from NASA planning literature. The missions

are comprised of three generic "routine" missions and some additional

imaginative missions. The "routine" missions are widely discussed in

future space mission literature. The advanced missions were derived from

NASA material on imaginative mission sources such as the space systems

technology model.

A wide variety of potential applications fall under the category of

high power spacecraft. In this discussion a high power spacecraft is one

that uses electrical or other power at several kilowatts or above. It

excludes power beaming spacecraft, such as solar power satellites, which

are covered under imaginative missions. There are a great number of

potential space applications, science, communications, or manned missions

requiring high power spacecraft with power levels ranging from a few

kilowatts to at least a few megawatts and perhaps more.

Outer planet exploration was divided into a routine category and an

advance) category. The advanced category includes such missions as Kars

sample return and manned planetary missions.

Space industrialization in the routine category includes primarily

such missions as space processing of materials in zero gravity. High

power, advanced communications satellites can fall into either category.
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The source material for imaginative missions included more than 50

specific missions. Many of these require advancements in engineering or

scientific technique in areas other than energetics. Insofar as energetics

are concerned, most of these missions fall into the high power space^raft

category or require high power spacecraft for support, e.g., a manned space

construction base to build some of the very large instruments. others fall

under such categories as advanced planetary exploration, planetary surface

or atmospheric vehicles, hostile environment vehicles, or may require

advanced space propulsion to enab16 their accomplishment. Several of the

missions have unique needs for space energetics and were explicit)y called

out in the matrix. One mission - asteroid deflection - found little in the

advanced energetics research areas that was applicable. Asteroid

deflection will require some form of very advanced space propulsion and, in

that regard, the energetics areas applicable to advanced space propulsion

would also be applicable here.

The matrix is coded in three ways. First, a blank means the

energetics technology either has no application or is judged very unlikely

to have an application. The second category, P, indicates a possible or

potential application. It is assumed that the advanced energetics

technology will be successful, but if a P is entered it means that even if

successful it might not be used. Finally, an X is used to indicate

definite or important applications where, if the technology is successfully

developed, it will almost certainly be used.

4.3 Results

Since the bulk of the study was devoted to understanding the status

and intrinsic performance potential of advanced energetics concepts, the

most significant ratings employed in this evaluation are those associated

with payoff, risk, and investment. The mission application ratings were

necessarily more superficial due to the scope of the study. Nevertheless,

the mission ratings do indicate preliminary perceptions of the utility of

various advanced concepts. The results of these ratings are shown in Table
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4.1. Section numbers refer to those sections of this report where a 	 li^

particular technology is discussed. These results are taken into account

but form only part of the process of arriving at the final recommendations

for research summarized in the next section.

. JM
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Imò '	 J'"d
JJ^	 JJ4	 S a L	 L a x	 ...	 x

t,^J'7

	
•Id

J
S a^	 "Q

C
G G 6	 ..

d 46 1
41

w a a x a x

T ^ Z
J	 7

G
_ \ Z Z

a =
N
G	 Y

^V Z S Z Z .] 2	 _
IL

c	 " y
i	 P	 C
C U Z	 I

J^ ti ry ^^ T ^ ^ s
y
S h N ^^ N N N	 ".



Section 5

RESEARCH PECOl4ENDATIONS

The evaluation of advanced energetics technology begun in Section 4

is carried to its final stage in this section. Priorities for ranking the

advanced energetics technologies evolved during the course of this study

and are summarized below. In ranking these technologies the committee

relied strictly on their own judgement. A more objective ranking procedure

should be applied at some point in the future to verify the results

presented in this section. The outcome of the committee's evaluation forms

the basis for a series of research studies and project recommendations

presented here for the NASA Advanced Energetics Program.

5.1 R & D Priorities

R & D priorities for the Advanced Energetics Program have been

selected which emphasize the role that this program can play in supporting

high risk but high payoff ideas which are key technologies in the

sequential development of more complete, high performance space power

systems. This rationale evolved over the course of the study from numerous

observations of technologies which were or were not being cultivated for

space power systems as well as the fortunate conclusion that there are many

potentially high payoff concepts to be explored.

As a consequence, those technologies rated as having high payoff

were ranked highest, with the ratings of risk and investment cost playing a

less important role. This approach constitutes a narrowed focus to the

ratings presented in Section 4. Since the mission applications were not the

direct subject of this study, the mission ratings were used only to better

qualify the nature and direction that research should take on the proposed

topics, instead of using mission ratings to explicitly rank the

technologies.

The list of technology R & D project areas evaluated in Section 4

has also been evaluated with respect to the sequence required for orderly
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exploration of related concepts, most notably in the thermal conversion and

power beaming areas where the feasibility of a primary technology should be

established before the rest of the elements are investigated. This 	 ^f

evaluation also involved an identification of the long lead time

technologies such as high power, high temperature components and materials

requiring immediate attention. We have also endeavored to recognize those

project areas which may receive concurrent support by parallel programs

within NASA or other agencies, with the underatanding that such support

might serve similar goals.

5.2 Project Area Recommendations

As a result of the evaluation process described above, we recommend

that the following project areas be considered for the NASA Advanced

Energetics Program:

PROJECT AREAS

Flywheels for Spacecraft Energy Storage

* Rotating Bed Recuperators for H;gh Temperature Power Cycles

High Temperature Solar Receiver

Mult_-Bandgap Advanced Photovoltaics

New, High Temperature Materials for Thermoelectrics

Nickel Electrode Structure and Electrolyte Interaction

High Temperature Batteries

Thermoelectric/thermionic Compound Converter

Thermoelectric "packed-bed" Converters

High Temperature Electrolysis with Intermediate

Temperature Fuel Cell

Free Piston Expander

Energy Exchanger Expander

Droplet Radiators
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I	 * Rotating Bed Reactor (RBR) System

* Large Area Photovoltaic Array Deployment Schemes

Lightweight Solar Concentrators

* Millimeter Phased Array Transmitters and Receivers

High Temperature Solid State Components

Super Ionic Solid Conductors

* Efficient Laser Transmitters

High Temperature Insulators for Theraionics

Third Priority (moderate to high layoff and low cost le

Flywheel Energy Storage/Altitude Control Combination

* Graphite Particulate Thermal Storage

* Microrecceuaias for Monochromatic Sources

High Efficiency Transformers

Advanced Photovoltaics:

Radiation Resistance (including annealing)

Encapsulation

High Solar Concentration Cells (high intensity,

high temperature)

Efficiency Improvement of Single Cells

* Long Heat Pipes (flexible points, high specific power)

Thermally Regenerated Fuel Cell

Because the thrust to higher power is a natural, underlying theme for the

Advanced Energetics Program, we have identified with an asterisk those

pro]ect areas which relate specificially to high power systems.

These recommendations include technologies such as the advanced

energy storage concepts which could be brought into a state of development

where flight testing could take place, on a relatively short time scale in

some cases, which would benefit a large number of planned Earth orbital

missions involving various degrees of solar occultation, high power

delivery, long life, and high reliability. The advanced thermal conversion

concepts recommended above span technologies which could radically improve

the effi iency and power levels of space power systems over current RTG9
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and photovoltaic cell systems using solar energy and/or (in the case of the

high temperature expander element) nuclear energy. The power beaming

concepts would enable new mission capabilities such as dispensing with	 11

energy storage requirements on LEO and GEO, orbital transfer, and other

planetary surface and orbital missions. Lastly, the advanced power

processing concepts impact virtually every mission conceivable, especially

in the high power end of the mission spectrum where processing efficiency

and waste heat disposal are important problem areas.

The application of program priorities in the energy conversion area

is straightforward: the leading criteria are to support te-hnologies

leading to higher power, reliable, lightweight systems. In the field of

photovoltaics, higher powers can be achieved by increasing the collection

area: a project concept of investigating novel deployable large arrays has

been identified. The project area involving multi-band gap photovoltaic

cells has a high potential for increasing the overall efficiency of such

conversion. we have also identified a class of advanced photovoltaics

which involve radiation resistant/annealable cells, advanced encapsulation

techniques, high concentration ratio photovoltaic cello, and improved

efficiency of single cells as an important project area.

In the field of thermal energy conversion, scaling to higher powers

and lighter weights will require larger, lighter weight radiators. Two

approaches have been identified: long heat pipe radiator concepts and

novel droplet radiator concepts. High temperature radiators of necessity

require even higher temperature thermal converters. Several high

temperature conversion concepts have been identified, including the free

piston expander/generatpr and the energy exchanger-turbine concepts.

These, in turn, regi:ire high temperature sources such as the Rotating Bed

Reactor System or lightweight, high concentration ratio solar

concentrators. In large sizes (i.e., at high powers), such collectors must

be carefully configured as well as lightweight. High temperature solar

receivers will also be required for this option; for example, the

particulate (e.g., RBR), loped-gas, or alkali-metal solar receivers. A

critical component category for high temperature Brayton cycles is
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exemplified by the rotating bed recuperator project area. Similarly, high

temperature nuclear reactor concepts (e.g., RBR) are also desirable, but

experiments may be beyond the scope of the Advanced Ener getics Program

because of the expenditures required.

Direct energy conversion thermal power system projects leading to

higher specific powers include the advanced thermoelectric and theraionic

project areas listed above and the hovel concept of high temperature

electrolysis coupled with an intermediate temperature fuel cell. A

companion program in novel high temperature insulators for thermionics and

other high temperature, advanced energy conversion techniques is also

recommended.

Energy storage is needed mostly for missions involving solar

occultation (e.g., LEO, GEO, boon Surface, Planetary Orbiter, etc.) and

for high power communications during short intervals. In this sense,

improvements in energy storage have a very wide impact. The specific form

of energy storage will depend on the conversion system. In particular,

thermal energy storage and thermochemical energy storage are two areas

selected for study. These areas are represented by graphite particulate

thermal storage concepts and thermally regenerative fuel cells. Flywheel

energy storage systems, the nickel electrode structure for advanced

batteries, and high temperature batteries also show high potential for

scaling to higher powers and for improved storage potential for converters

which produce electricity without thermal or chemical energy as

intermediate steps. The superionic solid conductor project area would

contribute generally to high temperature bo`tery, fuel cell, and

electrolysis systems.

The greatest advances in power transmission are likely to come in

the use of lasers and phased millimeter arrays. NASA's needs are for

continuous (e.g., days to weeks) high power output and intermittent power

for 35 to 70 minutes in the case of LEO and GEO solar occultation. It may

be in NASA's interests to orbit power stations to accomplish its goals, in

which case solar powered lasers and microwave transmitters may be

attractive in terms of weight and scalablllty. The Advanced Energetics
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Program needs to determine the best power transmission alternative from a	 !I

systems point of view, including the problems of transmission and

conversion at the receiving end as well as the features of the central

power satellite itself. High efficiency receiver concepts, including

microrectenna and millimeter wave receiver concepts, have been selected for

further study.

Lastly, power processing would benefit enormously from lower losses

and lighter radiator masses. Again, this can be accomplished by operating

the radiator and, hence, the power processing equipment at higher

temperature. High temperature solid state power processing components have

been selected as a primary project area. Similarly, novel materials such

as Met Glas are recommended for investigation related to transformer and

other inductive components.

Those technologies which enable the use of other advanced power

system components include, for example, the lightweight large solar

collector, novel and high temperature radiators, high temperature

recuperators, and high temperature solar receivers as technologies which

must precede the development of high power, solar thermal, or nuclear power

systems. Similarly, high efficiency laser receivers will enable laser

power transmission to be used. Novel large deployable arrays and more

efficient photocells will also allow higher power solar photovoltaic arrays

to be used. These technologies deserve emphasis early in the Advanced

Energetics Program because without them many of the other technologies

selected for investigation would not work well.

Those technologies affecting the largest number of missions, mainly

the energy storage and power processing concepts, also should be emphasized

because their payoff is felt numerically even with modest advd,icements in

their performance.

We also recommend that the following study topics be considered for

the NASA Advanced Energetics Program. The purpose of these topics is to

improve the state of understanding and data enough to evaluate the

potential for improved performance in particular areas of technology and to
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help establish firmer research priorities through a comparison of competing

technologies. Without any preference intended by their order, these

recommended topics are:

STUDY AREAS

1. Evaluate NASA's needs for high power nuclear sources

and compare to alternative solar power systems.

2. Evaluate the relative advantages of concentrator

photovoltaics versus flat photovoltaic arrays.

3. Evaluate the relative advantages of solar thermal

versus photovoltaic power systems.

4. Evaluate the relative advantages of photovoltaic array

deployment versus array assembly in space for higher

power systems.

5. Determine the merits of power beaming versus local "on-

board" power generation.

6. Review and evaluate alternate high temperature battery
candidates.

7. Review and evaluate alternate high temperature gas

expanders for thermal power systems.

6. Determine the critical problem areas in high power

spacecraft processing and distribution systems,

emphasizing the consideration of high voltage level,

high current level options and the interaction with the

spacecraft environment.
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9. Evaluate the desirability of Zero G studies (e.g., to	 ^I

demonstrate the operation of ::oo densating radiators,

long heat pipes, etc.).

10. Investigate new mission applications and the

enhancement of existing mission capabilities through

the use of advanced energetics.

11. Compare the relative merits of thermophotovoltaic,

thermionic, and thermoelectric power. systems.

12. Evaluate the relative advantages of new laser sources

for space power transmission.

13. Determine the need for energy storage for pulsed power

amongst NASA's mission requirements.

14. Conduct a systems study of autonomous controls of power

systems, especially the battery subsystem.

5.3 Conclusions

The outcome of this study has yielded several notable results;

namely, that large advances in performance are potentially feasible in the

areas of energy storage and power processing technologies through the

exploration of advanced concepts. Advanced solar and nuclear energy

technologies have the potential for lightweight, high power and high

thermal conversion efficiencies. New mission capabilities may also be

enabled, principally in the area of thermal energy conversion and power

transmission.

Clearly, a large list of interesting and useful advanced energetics

R s D topics has emerged during this study. This list should be reviewed

and revised periodically as the technologies develop and as NASA's

priorities c hange. The important features )f the technologies recommended
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are that they have the potential for large improvements in performance in a

significant number of generic mission categories and/or they show very

strong promise of enabling entirely new missions, as discussed in Section

f. Hence, the payoff in supporting R s D in these areas would be felt

widely throughout NASA and would raise the agency's ability to respond to

new missions and to new space requirements.



Appendix A

INDIVIDUALS CONTRIBUTING TO THE STUDY

of

L.W. Slifer

R.M. Jones

G.O. Fitzpatrick

G. Walberg

A. Pozwolski

J.E. Drummond

N. Elsner

J. Palmer

R. Beverly

A. Hunt

W. Jones

K. Sun

A. Hertzberg

M. Tfrighton

J. Rather

K. Hillman

J. Wheatley

M. Coombs

R. DeYoung

N. Jelufka

NASA-Goddard Space Flight Center

Jet Propulsion Laboratory

Rasor Associates

NASA-Langley Research Center

Rue de la Plaine, Paris

Power Conversion Technology, Inc.

General Atomic

Hughes Research

Consultant

Lawrence Berkeley Laboratory

Lockheed Missiles and Space Company

Lockheed Missiles and Space Company

University of Washington

Massachusetts Institute of Technology

BDM Corperation

Electric Power Research Institute

University of California at Los Angeles

Garrett AiResearch

NASA-Langley Research Center

NASA-Langley Research Center



A-2

I. Meyers NASA-Lewis Research Center

R.E.	 English NASA-Lewis Research Center

R.C.	 Finke NASA-Lewis Research Center

H. Brandhorst NASA-Lewis Research Center

K.S. Jefferies NASA-Lewis Research Center

L.H. Thaller NASA-Lewis Research Center

J.F.	 Morris NASA-Lewis Research Center

B. Wilson Sandia National Laboratories

B. Beverly Boeing Engineering and Construction

C.J.	 Swet Consultant (formerly Department of Energy,
Division of Energy Storage)

R.D. Smith Rocket Research Company

R. Duscha NASA-Lewis Research Center

J. Marten Oak Ridge National Laboratories

A. Chalfant United Technology

H. Pearlman Atomic:i International

R. Rose Westinghouse

J. KErrebrock Massachusetts Institute of Technology

D. Rosa Montana State University

H. Isaacs Massachusetts Institute of Technology

J. McBreen Massachusetts Institute of Technology

C. Oberley Wright Patterson Air Force Base

B. Bartholow Department of Transportation

L. Belove Marathon



A-3

R. Brodd Exide

E. Cairns Lawrence Livermore National Labs

A. C'harkey ERC

E. Cupp Eagle Picher

J. Dunlop COMSAT

H. Prank Jet Propulsion Laboratory

H. Killian Aerospace Corporation

L. Nuttal General Electric Company

H. Seiger Consultant

E. Seo Gates

R. Spriggs National Academy of Science

0. Wagner U.S. Army Research, Ft. Monmouth

B. Walsh Argonne Labs

J. Werth Exide

D. Davis Rockwell International

S. Hamil'.on Bendix

B. Stemple Allied Chemical

N. Bennett Sperry Flight Systems Division

D. Rabenhorst Johns Hopkins Applied Physics Lab

P.A.	 Studer NASA-Goddard Space Flight Center



REFERENCES

1. The 1977 Goddard Space Flight Center Battery Workshop (NASA), Gerald

Halpert, Chairman, 15-17 November 1977, Goddard Space Flight Center,

National Aeronautics and Space Administration Conference Publication

No. CP-2041; see also G. Halpert, Ed., "The 1979 Goddard Space Flight

Center Battery Workshop," NASA CV-2117, November 1979.

I
2. 14th IEEE Photovoltaic Specialist Conference, IEEE Catalog No. 80 CH

1508-1, January 1980.

3. Radiation Energy Conversion in Space, Kenneth W. Billman, Editor,

Progress in Astronautics and Aeronautics, Vol. 61, Martin

Summerfield, Series Editor (published by the American Institute of

Aeronautics and Astrona+!tice, New York, 1978).

4. NASA Spacp ystems Technology Modal, Vole. 1-3, Office of Aeronautics

and Space Technology, National. Aeronautics and Space Administration,

May 1980.

5. D.P. Hearth, "A Forecast of Space Technology 1980-2000," NASA SP-387,

January 1976.

6. R.E. English, "Alternative Power Generation Systems," Future Orhital

Power Systems Technology Requirements, Symposium Proceedings, NASA-

Lewis, 31 May-1 June 1978, NASA CP-2058; see also, A.R. Heath and

E.L. Hoffman, "Recent Gains in Solar Concentrator Technology,"

J. Spacecraft and Rockets 4(5): 621-6224, 1967.

7. J.W. Gais, "Concentrating Photovoltaics - A Visikle Candidate for the
I	

Next Generation of Air Force Satellite Power Systema," 15th

Intersociety Energy Conversion Engineering Conference, 18-22 August

r



R-2

11
1980, Seattle, Washington, Vol. 1, pp. 383-388 (AIAA, New York,	 ••

1980) .

8. T.J. McCusker, "Solar Collector Design and Construction," in %CE

Power Systems Fngineerina, G.C. Szego and J.E. Taylor, Editors

(Academic Press, New York, 1966), pp. 687-700.

9. C.H. Castle and E.S. Kovalcik, "Development Status of Aluminum Solar

Concentrators," in SDace Powr System Fnsineerina, C.C. Szego and

J.E. Taylor, Editors (Academic Press : New York, 1966), pp. 687-700.

10. Proceedings of Facility Operators/High Temperature Sciences Workshop,

Solar Thermal Test Facilities (STTP) User's Association, Albuquerque,

New Mexico, 28-30 November, 1977.

11. W.D. Beverly, "One Megawatt (Thermal) Bench Model Solar Receiver

Design and Test," 15th IECEC, 18 -22 August 1980, Seattle, Washington,

Vol. 3, pp. 203x-2038.

12. J. Ewing and J. Zwissler, "Performance Prediction Evaluation of

Ceramic Materials in Point-Focusino Solar Receivers," JhL Report 79-

58, DOE/JPL-1050 -23, 1 June 1979.

13. N.B. Fassig, et al., "Development of An Advanced RTG U93.ng Segmented

Thermoelectrlcs," 15th IECEC, 18 -22 August 1980, Seattle, Washington,

p. 1026.

19. G.L. Sorenson, "1980 Technology Status of the Dynamic Isotope Power

System," 11"., p. 720.

15, B. Ra&b, "Unique Features of the Dynamic Isotope Power System for

High Requirement Spacecraft,' JILId., p. 1020.



R-3

16. A.B. Martin, Rockwell International, Personal Communication [Informal

report titled "Zirconium Hydride (SNAP) Reactor Space Power

Programs - Summa-y of Major A ctivities and Accomplishments," June

1976].

17. K.C. Cooper and R.G. Palmer, "System Tradeoffs in Space Reactor

Design," mod., p. 738.

18. D. Buden, W.A. Ranken, and D.R. Koenig, "Space Nuclear Power Plants,"

LA-8223-14S, January 1980.

19. W.A. Ranken, "Experimental Results for Space Nuclear Power Plant

Design," 15th IECEC, 18-22 August 1980, Seattle, Washington, pp. 744-

752.

20. G.L. Bennett, J.L. Lombardo, and B.J. Rock, "Nuclear Electric Power

for Space Systems: Technology Background and Flight Systems

Program," 16th IECEC, Atlanta, Georgia, 1981, pp. 362-368.,

21. P.T. Kervin, "Analysis of a 35- to 150 Kilowatt Brayton Power

Conversion Module For Use With An Advanced Nuclear Reactor," NASA

TND--6525, September :.971.

22. P, Layton, "Reactor/Brayton Power Systems for Nuclear Electric

Spacecraft," P_oc-:edings 15th IECEC, Seattle, Washington, 18-22

August 1980, p. '132.

23. R.I. Strough and A.I. Chalfant, "High Temperature Technology for the

SNAP-50/SPUR Nuclear Electric Space Power Plant," Air Transport and

Sp ace Meeting, Paper 861E, New York, 27-30 April 1964, (Pratt 6

Whitney Report].



R-4	 ^l

24. J.A. Heller, T.A. Moss, and G.J. Barn&, "Study of a 300-Rillowatt 	 II

Rankine Cycle Advanced Nuclear-Electric Space Power System," NASA

TMX-1919, November 1969.

25. R.E. English, "Technology For Nuclear Electric Space Power Systems,"

NASA T`(X-52771, April 1970.

26. A.B. Martin, "Space Nuclear Power Developments in the 1960-80

Decades," [Informal report issued in 1972.]

27. "Technical Summary and Report of NERVA Program, Phase 1 NRX and XE,

Volume III," TNR-230, Westinghouse Astronuclear, July 1972.

28. "NERVA Executive Summary," Westin ghouse Astronuclear, July 1972.

29. "The NERVA Nuclear Subsystem," Westinghouse Astronuclear, October

1970.

30. T. Botts, J. Powell, P. Grand, and H. Makowitz, "A Compact High

Performance Electric Power Source Based on the Rotating Bed Reactor,"

Brookhaven National Laboratory Report 27460, 1980.

31. H. Ludewig, A. Adnning, and C. Roseman, "Feasibility of the Rotating

Bed Reactor for Rocket Propulsion," J. Spacecraft and Rockets U:

65, 1974.

32. A. Rabl, "Comparison of Solar Concentrators," Solar Energy 19: 93-

111, 1976.

33. STTF User's Association Newsletter No. 1, Volume 1, April 1978, P. 4.

34. D.L. Gregory, "Systems Definition Space Based Power Conversion

Systems," Boeing Aerospace Compiny, Johnson Space Center Contract

NASA— 1628, Final PeifotmtncP RoviNw Prieiing, 2 P eceniter 1 976.



R-5

35. R. Taussig et al., "Design Investigation of Solar Powered Lasers for

Space Applications," Mathematical Sciences Northwest, Inc., Prepared

for NASA-Lewis Research Center (Contract NASA CR-159554), May 1979,

p. 58.

36. Handbook of Satellites and Space Vehicles, G. Merrill, Editor (Van

Nostrand, New Jersey 1965).

37. R.J. Hertzberg, K.F. Johansen, and R.C. Stroud, "Dynamics and Control

of Largt Satellites," Astronautics and Aeronautics, October 1978,

pp. 35-39.

38. W.H. Alff et al., "Large Deployable Reflector," Final Report LI 1SC-

D766449 (NASA Report No. CR 152402], July 1980.

39. "Orbital Workshop with Apollo Telescope Mount," in ,lane's Pocket B--Io$

of Space Fxplorttion, T.M. Wilding-White (Collier Books, New York,

1976), p. 33.

40. G. Wolf and A. Wittenauer, "The Flight of the FRUSA," AIAA Paper

No. 72-510, Presented at AIAA 9th Electric Propulsion Conference,

Bethesda, Maryland, 17-19 April 1972.

41. Large Space Structures: Challenge of the Eighties, Special Edition,

Astronautics and Aeronautics, October 1978, p. 23-59.

42. K.W. Billman, W.P. Gilbreath, and S.W. Bowen, "Orbiting Mirrors for

Terrestrial Energy Supply", pp. 61-80 in Reference 3, Op. Cit_

43. Solar Thermal Panel, A. Hertzberg, Chairman, SPS Energy

Conversion/Power Management Workshop, 5-7 February 1980.

44. R.V. Powell and A.R. Hibbs, "An Entree for Large Space Antennas,"

Astronautics and Aeronautics, December 1977, pp. 58-64.



u

u

u

i

R-6

45. k. T. Mattick, "Absorption of Solar Radiation by Alkali Vapors,"

Reference 30, QR- Cit., pp. 159-171.

46. R. Taussig et al., "Photocell Heat Engine Solar Power Systems," 15th

IECEC, 18-22 August 1980, Seattle, Washington, Volume 1, pp. 119-124

(AIAA, New York, 1980).

47. A.J. Hunt, "A New Solar Thermal Receiver Utilizing a Small Particle

Heat Exchange," 1-.ch IECEC, August 1979, Boston, Massachusetts,

Volume 1, pp. 159-163.

48. P. Goldsmith, TRW, Private Communication.

49. L.W. Slifer, Jr. and W.J. Billerbeck, NASA Technical Memorandum

80280, April 1979.

50. K.D. Rasch et al., 14th IEEE Photovoltaic Spec. Conf., IEEE Cat.

No. 80CH1508-1, January 1980, pp. 141-145.

51. G. Storti et al., jbid., pp. 137-140.

52. B.F. Auspaugh et al., Tbid., pp. 853-857.

53. P. Iles, ASEC, Private Communication.

54. E.L. Ralph, Spectrolab, Private Communication.

55. M. Gillanders and R. Opjorden, 14th IEEE Photovoltaic Spec. Conf.,

,EEE Cat. No. 80CH1508-1, January 1980, pp. 146-150.

56. L.W. Slifer, NASA GSFC, Private Communication.



R-7

57, D. Buden, "Selection of Power Plant Elements for Future Reactor Space

Electric Power Systems," Paper 799302, 14th IECEC, Boston,

Massachusetts, 1979.

58. D. Buden, "Assessment of the Need for Space Nuclear Electric Power,"

Paper 809139, 15th IECEC, Seattle, Washington, 1980.

59. F.E. Rosell et al., "Test and Evaluation of the Navy Half-Watt RTG,"

Paper 769271, 11th IECEC, Stateline, Nevada, 1976.

60. G. Stapfer et al., "Advanced Thermoelectric Material OeveloF.-ant at

JPL," Paper 809317, 15th IECEC, Seattle, Washington, 1980.

61. V.A. Kuznetsov, "The State and Direction of Thermionic Converter

Research in the USSR," 11th IECEC, Stateline, Nevada, 1976.

62. W. Chubb, V. Storhok, and D. Keller, "Factors Affectin g the Swelling

of Nuclear Fuels at High Temperatures," Nuclear Technology 1$: 231-

256 (1973).

63. J.F. Morris, 'High Power Densities from High Temperature Material

Interactions," 16th AIAA Thermophysics Conference, Palo Alto,

California, 23-25 June 1981.

64. G. Stark et al., "Thermionic Converter Output as a Function of

Collector Temperature," 15th IECEC, Paper 809424, Seattle,

Washington, 1980.

65. W. Phillips and J. Mondt, "Thermionic Energy Conversion Technology

Development Program," Report No. 730-36, Jet Propulsion Laboratory,

Pasadena, California, 15 November 1978.

si

V



R-8	 1 ,
I

66. G. Woodcock, "Solar Power Satellite System Definition Study," Boeing 11'
Aerospace Company, Johnson Space Center Report No. D180-24071, Part

III, March 1978.

67. R. Taussig, "Design Investigation of Solar Powered Lasers for Space

Applications," Mathematical Scierces Northwest, Inc., Report prepared

for NASA-Lewis Research Center, NASA CR-159554, 1979, p. 66.

68. J.L. Klann and W.T. Wintucky, "Status of the 2- to 15-kW(e) Brayton

Power System and Potential Gains from Component Improvements," NASA

".'M X-67835, August 1971.

69. A. Pietsch, "Solar Brayton-Cycle Power System Development," Third

Biennial Aerospace Power f.-stems Conference, Philadelphia,

Pennsylvania, 1-4 September 1964.

70. A. Harper, "Study of Reactor Brayton Power Systems for Nuclear

Electric Spacecraft," AiResearch Manufacturing Ccmpany, Phoenix,

Arizona, for JPL, 28 September 1979.

71. K.D. Sheffler and R.R. Ebert, "Generation of Long-Time Creep Data on

Refractory Alloys at Elevated Temperatures," NASA CR-134481,

September 1973.

72. Mini-HRUlRTPS 1300 W(P) Dynamic Power Conversion System_ Develop,

Executive Summary, AiResearch Division of Garrett Corporation for

NASA-LeRC (NASA CR-159440), October 1978.

73. W.P. Zimnerman, "Alkali Metal Space Power Technology Applicable to

National Energy Research and Development," J. Energy 1: 159-168,

1977.



R-9

74. E.N. Costogue and G. Rayl, 13th Photovoltaic Spec. Conf., IEEE

Cat. No. 78CH1319-3, June 1978, pp. 200-207; see also F.V. Elms, Jr.,

Thyd, pp. 208-214.

75. S. Kemthong, F.F. Ho, and P.A. Iles, 14th IEEE Photovoltaics

Spec. Conf., IEEE Cat. No. 80CH1508-1, January 1980, pp. 414-418; see

also R.D. Nasby and J.G. Fossum, Thid„ pp. 419-422.

76. M. Wolf, jay, pp. 563-568, and M. Wolf, IEEE Transactions of

Electronic Development 2,2: 751-759, April 1980.

77. A. Schock and H. Sookiazian, "Design Optimization of RTG for Solar-

Polar Mission," 14th IECEC, Boston, Massachusetts, August 1979,

pp. 1444-1454.

78. R.K. Pisharody et al., "Modified Selenium Germanium Alloys with

Improveu Performance," Paper 789475, 13th IECEC, San Diego,

California, 1978.

79. F. Huffman et al., "Advanced Thermionic Converter Development," Paper

769282, 11th IECEC, Stateline, Nevada, September 1976.

80. K. Shimada, "Low Arc Drop Hybrid Mode Thermionic Converter," 12th

1£CEC Paper No. 779261, Washington, D.C., 1977.

81. G.L. Hutch, "Status of Research on Advanced Thermionic Converters,"

12th IECEC Paper 779260, Washington, D.C., September 1977.

82. W. Phillips, "Nuclear Electric Power System for Solar System

Exploration," J. Spacecraft and Rockets 17(4): 348-353, July/August

1980.

83. D.J. Lines, "Ceramic Materials for Gas Turbine Components," in

Proceedings of the Symposium on High-Temperature Materials _n Cas



R-10	 l^

Tu rbine-g, P.R. Sahm and M.O. Speidel, Editors (Elsevier Scientific 	 ^I

Publishing Company, F,msterdam, 1974), pp. 155-177.

84. J.P. Mondt, "Thermionic and Brayton Power Subsystem Comparison for

NEP," Jet Propulsion Laboratory, NASA, 15 March 1980.

85. Solar Thermal Panel, A. Hertzberg, Chairman, SPS Energy

Conversion/Power Management Workshop, 5-7 February 1980.

86. C.M. Thoennes, "The General Electric Pressurized Fluidized Bed

Combined Cycle Power Generation System," in Pressurized Fluidized Bed

Combustion Technology Exchange Workshop, 5-6 June 1979, pp. 94-117,

US-DOE Report CONF-7906157, April 1980.

87. R. Low et al., 14th IEEE Photovoltaic Spec. Conf., IEEE

Cat, No. 80CH1508-1, January 1980, pp. 1090-1097.

88. J.C.C. Fan et al., rbid., pp. 1102-1.105.

89. T.L. Chu, Southern Methodist University, Private Communication.

90. M.A. Green et al., 14th IEEE Photovoltaics Spec. Conf., IEEE

Cat. No. 80CH1508-1, January 1980, pp. 684-687.

91. C. Goradia et al., Ibid., pp. 172-177.

92. J. Wohlgemuth and A. Scheinive, Ibid., pp. 151-155.

93. W.A. Hasbach, "Photovoltaic Energy Conversion," in space Systems

Technology Model, Volume II, Space Technology Trends and Forecasts,

NASA, May 1980, pp. 1-1 to 1-6.

94. N.S. Alvi, C.E. Backus, and G.W. Masden, 12th IEEE Photovoltaic

Spec. Conf., IEEE Cat. No. 76CH1142-9ED, November 1976, pp. 948-956.



R-11

95. J.J. Loferski, Thid., pp. 957-961.

96. S.M. Bedair, S.H. Phatak, and J.R. Hauser, IEEE Trans. El. Dev. 27,

April 1980, pp. 822-831.

97. L.M. Fraas and R.C. Kucohtli, 13th IEEE Photovoltaic Spec. Conf.,

IEEE Cat. No. 78CH1319-3, June 1978, pp. 886-891.

98. A. Bennett and L.C. Olsen, Thid., pp. 866-873.

99. D.C. Tsui et al., Phys. Rev. $21—• 1589-1595, February 1980.

100. R.L. Moon et al., 13th IEEE Photovoltaic Spec. Conf., IEEE Cat.

No. 78CH1319-3, June 1978, pp. 859-867; J.A. Cape et al., Thid.,

pp. 881-985.

101. V. Raag et al., "Development of Alloys of Rare Earth Selenides and

Sulfides for Thermoelectric Applications," Paper 799387, 14th IECEC,

Boston, Massachusetts, 1979.

102. J.R. Lowney et al., "Thermoelectric Efficiency of SiC at High 	 +

Temperatures," Paper 799388, 14th IECEC, Boston, Massachusetts,

1979.

103. T.K. Hunt, N. Weber, and T. Cole, "Research on the Sodium Heat

Engine," Society of Mechanical Engineers Paper No. 789034, 1978; also

supporting information supplied by R. Jones, P. Bankston, and

T. Cole, JPL, 1980; also supporting information supplied by R. Jones,

P. Bankston, and T. Cole, JPL, 1980.

104. R.B. Olsen, "Demonstration of Heat to Electrical Energy Conversion

With A Ferroelectric Material," 15th IECEC, Seattle, Washington,

1980, pp. 1586-1591.

da



R-12

105. H.L. Chum, R.F. Fahloing, and T.S. Jayadev, "Analysis of the

Application of Thermogalvanic Cells to the Conversion of Low Grade

Heat to Electricity," 15th IECEC, Seattle, Washington, 1980,

•t	pp. 1603-1609.

106. P.E. Oettinger, "Electrical Energy Production by Particle Thermionic-

Thermoelectric Power Generators," 15th IECEC, Seattle, Washington,

1980, pp. 1592-1594.

107. R. Henne, M.V. Bradke, and W. Weber, "Progress in the Development of

Small Flame Heated Thermionic Energy Converters," 15th IECEC,

Seattle, Washington, 1980, pp. 2089-2094.

108. O.S. Merrill, "The Changing Emphasis of the DOE Thermionic Program,"

15th IECEC, Seattle, Washington, 1980, pp. 1773-1774.

109. R.S. Dick et al., "Collector Temperature Effects on the Performance

of Advanced Thermionic Converters and Nuclear Electric Propulsion

Systems," Ihld., pp. 1766-1772.

110. S.C. Singhal and S.Y. Lee, "Ceramic Turbine Components Research and

Development: Part 2 - Evaluation of MCrAlY/Zr0 2 (Y20 3 ) Thermal-

Barrier Coatings Exposed to Simulated Gas Turbine Environments,"

Westinghouse Electric Corporation, EPRI Report AP-1539, August 1980.

111. L.S. Bill-man and B.H. Walker, "Status of Forged Turbine Rotor

Technology," Gas Turbine Conference, ASME, 10-13 March 1980, New

Orleans, Louisiana, Paper No. 80-GT-100.

112. P.H. Rose, "Potential Applications of Wave Machinery to Energy and

Chemical Processes," pp. 3-30 in 12th International Symposium on

Shock Tubes and Waves, A. Lifshitz and J. Rom, Editors, 16-19 July

1979, Jerusalem, Israel (The Maqnes Press, Jerusalem 1980).



R-13

113. W.J. Thayer III, T.S. Vaidyanathan, and J.F. Zumdieck, "Measurements

and Modeling of Enery Exchanger Flow," 15th IECEC, Seattle,

Washington, 1980, p. 2368.

114. R. Kessler, "Open-Cycle MHD Generator Channel Development," 15th

IECEC, Seattle, Washington, 1980, pp. 170-178.

115. "Closed Cycle Power Generation Experiment", Closed Cycle Plasma MW

Systems, Proceedings of the 5th International Conference on

IMaanetohydrndynamic Flartri^al Power Generation, Sec. 2.6, Volume 2,

1971, pp. 371-496.

116. H. Zanderer and C.H. Marston, "ECAS Work Done by General Electric on

CCMHD," pp. IV-2 to IV-22 in Proceedings of the RAND Corporation

Conference on MHD Power Generation, 29 June-1 July 1976, R.Y. Pei and

S.W. Purnell, Editors, Report No. R-2127-ERDA, May 1977.

117. C.V. Lau and R. Decher, "MHD Conversion of Solar Energy," Reference

41, Qp. cit., pp. 186-200.

118. G.R. Seikel and L.D. Nichols, "Potential of Nuclear MHD Electric

Power Systems," J. Spacecraft and Rockets S: 322-326, 1972.

119. F.L. Robson et al., "Technological and Economic Feasibility of

Advanced Power Cycles and Methods of Producing Nonpolluting Fuels for

Utility Power Stations," United Aircraft Research Laboratories Report

UARL J-970855-13, December 1970.

120. A. Pietsch, "Coal Fired Prototype High Temperature Continuous Flow

Heat Exchanger," EPRI Report No. AF-684, Garrett Ai Research, February

1978.



R-14

121 . Ha ndh-o] of Data on Selected Engine Com pQnsnts for So l r Theresa l

DOE/NASA/1060-78/1, NASA TM-79027, NASA-Lewis Research

Ccnter, June 1979.

122. P. Wurfel and W. Ruppel, IEEE Trans. E1. Dev. 22: 715-750, April

1960; see also W.E. Horne et al., "Solar Thermophotovoltaic Space

Power System," 15th IECEC, Seattle, Washington, 1980, pp. 377-382.

123. R.E. Schwerzel, "Methods for Photochemical Utilization of Solar

Energy," Reference 42, Op. Cit., pp. 626-657.

124. W.P. Gilbreath and K.W. Bill-an, "A search for Space Energy

Alternatives," Reference 41, Op. Cit., pp. 107-125.

125. J.R. Powell and J. Fillo, "Advanced Synfuel Production with Fusion,"

14th IECEC, Boston, Massachusetts, 1979, pp. 1549-1552.

126. R.C. Finke and R. Barthelemy, "Synchronous Orbit Energy Technology

Requirements," Intersociety Energy Conversion Engineering Conference,

Seattle, August 1980; see also R.C. Finke, "Synchronous Energy

Technology Program," NASA CP-2154, April 1980; and R. Barthelemy,

T. Mahefkey, and T. Hebblewaite, "Air Force Space Power Technology

Program," NASA CP-2154, April 1980.

127. S. Gross, "Review of Candidate Batteries for Electric vehicles,"

Energy Conversion U: 95-112 (1976).

128. C.J. Menard, "High Energy Density Nickel Cadmium Batteries,"

Proceedings of the 1972 Intersociety Energy Conversion Engineering

Conference, pp. 95-97.

129. M. Klein and M. George, "Nickel-Hydrogen Secondary Batteries," 26th

Power Sources Proceedings, pp. 19-20 (1974).



R-1S

130. J.D. Dunlop and J.F. Stockil, "Status of COMSAT/INTELSAT Nickel-	 I

Hydrogen Battery Technology," Proceedings of 1980 Intersociety Energy	 +I

Conversion Engineering Conference, pp. 1878-1884; see also G. van

Ommering, C.W. Kochler, and D.C. Briggs, "Nickel-Hydrogen Batteries

for Intelsat V," ThiQ„ pp. 1885-1890; and E. Adler, S. Stadnick, and

H. Rogers, "Nickel- Hydrogen Battery ldvanced Development Program

Status Report," Thid„ pp. 1891-1896.

131. S. Gross, Battery Design and Oatiaisation I pp. 408-435, The

Electrochemical Society, Princeton, New Jersey (1979); see also

D.L. Barney, "Recent Progress in Lithium/Iron Sulfide Battery

Development," Proceedings of 1980 Intersociety Energy Conversion

Engineering Conference, pp. 198-204.

132. L.R. McCoy, S. Sudar, L.A. Heredy, and J.C. Hall, "Lithium Silicon-

Iron Sulfide Load Levelin g and Electric Vehicle Batteries,"

Proceedings of 13th Intersociety Energy Conversion Engineering

Conference, pp. 702-708 ( 19'/8 ).

133. E.J. Zeitner Jr., and J.S. Dunning, "High Performance Lithium/Iron

Disulfide Cells," ibid., pp. 697--701.

134. E.J. Cairns, "Rechargeable Molten Salt Cells," Electrochemical

Society Fall Meeting, October 1980; see also W.J. Walsh, "Advanced

Batteries for Electric Vehicles - A Look A;: The Future," Physics

Today, June 1980, pp. 34-40.

135. W. Fischer, W. Haar, B. Hartmann, H. Mainhold, and G. Weddigen,

"Recent Advances in Na/S Cell Development - A Review," J.Power

Sources 3: 299-309 (1978).

136. G. Mamzntov, R. Marassi, Y. Ogata, M. Matsunaga, and J. Wiaux, "A New

Rechargeable High Voltage Low Temperature Molten Salt Cell,"



R-16

Proceedings of 1980 Intersociety Energy Conversion Engineering

Conference, pp. 569-574.

137. A.R. Gilbw_rt et al., "Flywheel Drive Systems Study," LMSC-D246393,

July 1972.

138. A. Cormack et al., "Design and Test of a Flywheel Energy Storage Unit

for Spacecraft Application," 10th IECEC, Newark, Delaware, 1975.

139. Personal Communicatioi;, A. Millner, 19'8.

140. D. Davis, "The New Age of High Performance Kinetic Energy Storage

Systems," 15th IECEC, August 1980, No. 609297.

141. David Satchwell, "Garrett AiResezrch Advanced Flywheel Development,"

DOE 1979 Mechanical and Magnetic Energy storage Contractor's Review,

Washington, D.C., August 1979.

142. Personal Communication, A. Garber, G r neral Electric Company, 1977.

143. Personal Communication, A. Sapowitch, Avco Systems Division, 1980.

144. D.W. Rabenhorst et al., "Composite Flywheel Development Program Final

Report," Johns Hopkins University Applied Physics Laboratory, SDO-

4616A-APL/JHU, (1977).

145. 1980 Flywheel Technology Symposium Proceedings, Scottsdale, Arizona.

146. Rare Earth Cobalt Permanent Magnet. Workshop, San Diego, California,

1979 - A. Yanamara of Cambion Corporation.

147. Personal Communication, A. Sabnis, Sperry Flight Systems, Phoenix,

Arizona, 1978,

11



R-17

148. P. Poubeau, "High Speed Flywheels Operating on One Active Axis

Magnetic Bearings," 1977 Flywheel Technology Symposium Proceedings.

149. Personal Communication, M. Sindlinger or Teldix, 1979.

150. A.R. Millner, "Flywheel Components for Satellite Applications," MIT

Lincoln Laboratory Technical Note 1978-4, ESD-TR-78-97.

151. "A Low Drag, Low Power Magnetic Bearing," Paper No. IV-6, Third

International Workshop on Rare Earth-Cobalt Permanent Magnets and

their Applications, University of Dayton, Dayton, Ohio, 27-30 June

1978.

152. "A High Speed, High Efficiency Permanent Magnet Motor-Generator,"

Third International Workshop on Rare Earth-Cobalt Permanent Magnets

and their Applications, University of Dayton, Dayton, Ohio, 27-30

June 1978.

153. T.M. Bullion et al., "Testing and Analysis of a Fast Discharge

Homopolar Machine (FDX)," 2nd IEEE International Pulsed Power

Conference, Texas Tech University, Lubbock, Texas, 12-14 June 1979.

154. Vendor Literature, Astec Industries, Inc. (J.W. Weldon), 1981.

155. M.A. Pichot et al., "The Design, Assembly, and Testing of a Desk

Model Compensated Pulsed Alternator," 2nd IEEE International Pulsed

Power Conference, Texas Tech University, Lubbock, Texas, 12-14 June

1979.

156. J.F. Keville, "Development of Phase-change Systems and Flight

Experience on an Operational Satellite, AIAA Paper 76-436; also AIAA

Prog. Astron. and Aeron.	 19-36.

i,



R-18

157. P.-T. Brennan, H.J. Suelan, and R. McIntosh,"Low Temperature Phase-

Change Material Package, AIAA Paper 77-762; also AIAA Prog.

Astron. and Aeron. fQ: 371-381, 1977, 	 li

158. R.J. Naumann, "Early Space Experiments in Materials Processing,"

NASA-TM-78234, July 1979, 323 p., N79-28192.

159. D.A. Na-mer and J.L. McCabria, "Solar Thermoelectric Power Conversion

Coupled with Thermal Storage for Orbital Space Applications," AIAA

Preprint 64-728; also AIAA Prog. Astron. and Aeron. Ifi: 851-875,

1966.

160. R.A. McKinnon, T.J. Vild, and J A. Milko, "Design Study of Solar

Absorbers with Lithium Fluoride Heat Storage," AIAA Preprint 64-727;

also AIAA Prog. Astron. and Aeron. 11: 795-820, 1966.

161. R.K. Burns, "Preliminary Thermal Performance Analysis of the Solar

Brayton Receiver," NASA-TN-D-6268, 1971, 40 p., N71-21512.

162. D. Namkoong, "Measured Performance of a 1089 K (1500 OF) Heat-Storage

Device for Sun-Shade Orbital Missions," NASA-TN-D-6665, 1972, 71 p.,

N72-17953.

163. E.W. Schmidt, "Thermochemical Energy Storage Systems", 11th IECEC,

1976, Vol. I, Paper 769116, pp. 665-672.

164. R.D. Smith, "Chemical Energy Storage for Solar Thermal Conversion,"

Rocket Research Company, Fln&l Report RRC-80-R-678, April 1979, SAND

79--8198.

165. D.R. Poole, "Chemical Energy Storage for Solar Thermal Conversion,"

Rocket Research Company, Interim Report No. 2, NSF Grant AER 75-

22176, April 1977.	

1



R-19

166. H.B. Vakil and J.W. Flock, "Closed Loop Chemical Systems for Energy

Storage and Transmission (Chemical Heat Pipe)," General Electric

Zompany, Final Report COO-2787-1, 448 p., February 1978.

167. G.C. Szego and E.A. Mickle, "Free Radicals As High Energy

Propellants," ARS Preprint 525-57, (1957).

168. E.A. Mickle, W.W. Chanson, and G.C. Szego, "Free Radicals As High

Energy Propellants," Final Report, General Electric Company, Contract

DA-33-008-ORD, 1956.

169. W. Peschka, "On the Use of Atomic Hydrogen As Propellant for Liquid

Rockets (in German), 9th IAF Congress, 1958 (Springer Publishing

Company, Vienna, Austria, 1959).

170. I. Sheft, D.H. Gruen, and G. Lamich, "HYCSOS, A Chemical Heat Pump

and Energy Conversion System Based on Metal Hydrides," Axgc ne

National Laboratory, ANL-79-1, 1979, 81 p.; also CONF-781142-7, 1978,

12 p.

171. M.T. Howerton, "A Thermochemical Energy Storage System and Heat

Pump," 13th IECEC, 1978, Paper 789152, pp. 935-940.

172. E.C. Clark and C.C. Hiller, "Sulfuric Acid/water Chemical Heat

Pump/Energy Storage System Demonstration," ASME Publication H00126,

1978, "Thermal Storage and Heat Transfer in Solar Enerqy Systems."

173. K. Kugeler, "Thermochemical Cycles and Distribution of Process Heat,"

in Proc. Solar High Temperature Industrial Process Workshop,

SERI/0637-4, September, 1970, p. 176.

174. T.A. Chubb, "Application of Chemical Engineering to Large Scale Solar

Energy," Solar Energy a: 219-224, 1978.



I 

R-20

175. B. Clark, "The 25 kw Space Station Study," in Battery workshoo,

Goddard Space Flight Center, November 1979 ( NASA CP-2041), p. 463-

474.

176. G. Gallagher, R. Hoyes, and J. Brown, " Investigation of a	
^I

Thermochemical Heat Pump/Energy Storage Scheme," Rutherford

Laboratories, SRC Chilton, Oxfordshire, United Kingdom, Report

No. RL-79-041.

177. Public Service Electric and Gas Company, Newark, New Jersey, "An

Assessment of Energy Storage Systems Suitable for Use by Electric

Utilities," EPRI Report EM-264, ERDA Contract E(11-1)-2501, July

1976.

178. A. E. Siegman, An_lntroduCtion to Lasers and Masers, (McGraw-Hill Rook

Company., New York, 1971), p. 312ff.

179. J. Grey, "Satellite Power System Technical Options and Economics,"

Prepared for the Office of Technology Assessment, 1930.

180. G. woodcock, "Soar Power Satellite System Definition Study," Boeing

Aerospace Company, Johnson Space Center Contract NAS9-15166, Part I,

Report Number D180-20689, June 1977; Part II, Report Number D180-

22876, December 1977; Part III, Report Number D180-24071, March

1978.

181. C. Hanley, "Satellite Power System (SPS) Concept Definition,"

Rockwell International Corporation, Marshall Space Flight Center,

Contract NASB-32475, Report Number SD78-AP-0023, April 1978.

182. W.S. Jones, J.B. Forsyth, and J.P. Skratt, "Laser Rocket Systems

Analysis," Final Report, Lockheed Miasiles and Space Company, Report

Number LMSC-D564671A, NASA Report Number CR-159521, Contract NAS3-

20372, 15 March 1979.



R-21

183. W.C. Brown, "A Profile of Power Transmission by Microwaves,"

Astronautics and Aeronautics, May 1979, p. 50-55.

184. E.J. Nalos, G.W. Fitzsimmons, and H.R. Sperber, "Applicability of

Solid State Microwave Technology to Solar Power Satellites," 14th

IECEC, Boston, Massachusetts, August 1979, p. 1506-1511.

185. infrared and xiilimetor Waves, Volume 1, Sources of Radiation, K.J.

Button, Editor (Academic Press, New York 1979)1 "Gyrotrons," Chapter

1, J.L. Hirshfield, p. 1-54.

186. G. Lee, R.L. Perry, and B. Carney, "CO 2 Laser Driven Stirling

Engine," J. Energy Z: 203-209. 1979.

187. D.L. Alger, E.J. Manista, and R.W. Thompson, "A Review of the

Thermoelectronic Laser Energy Converter (TELEC) Program at Lewis

Research Center," in Radiation Energy Conversion in Space,

K.W. Billman, Editor, Volume 61, Pro gress in Astronautics and

Aeronautics (AIAA, New York, 1978), pp. 437-449.

188. G.W. Kelch and W.E. Young, "Closed-Cycle Gasdynamic Laser Design

Investigation," Pratt and Whitney Aircraft, NASA-Lewis Research

Center Report CDR-135530, 1 January 1970,

189. P.K. Bailey and R.C. Smith, "Closed Cycle Electric Discharge Laser

Design Investigation," Firal Report, Hughes Aircraft Company, HAC

Report Number P78-128, NASA CR-135408, March 1978.

190. J.D.G. Rather, "New Candidate Lasers for Power Beaming and Discussion

of Their Applications," Reference 187, Qp. Cit_ pp. 313-332.

191. W.H. Christiansen "A New Concept for Solar Pumped Lasers," Reference

187, Op- Cit., pp. 346 -356.



R-22	 II

192. F.P. Boody et al., "Progress in Nuclear-Pumped Lasers," Reference

187, On. Cit., pp. 379-410. 	

fl
193. R.T. Taussig, P.E. Cassady, and J.F. Zumdieck, "Study, Optimization

and Design of a Laser Heat Engine," Reference 187, On. Cif-, pp. 498-

523.	 J

194. G. Lee, "Status and Summary of Laser Energy Conversion," Reference

187, Qo_ Cit_, pp. 549-566.

195. W.R. Martini, "Space Electric Power Design Study," Joint Center for

Graduate Study, Richland, Washington, NASA Contract A-29674-8, 1976.

196. M. Garbuny, "Isentropic Processes for Laser Engines," Westinghouse

Research and Development Center, NASA Contract NAS2-9185, 1977.

197. R.J. Stirn, "Photovoltaic Conversion of Laser Energy," pp. 39-48 in

2nd NASA Conference on Laser Energy Conversion, 27-26 January 1975,

NASA-Ames Research ?nter, Moffet Field, California (NASA SP-395), 	 i

K.W. Billman, editor; see also J.M. Woodall and H.J. Hovel, p. 29-32

in Laser-Energy Conversion, Symposium Proceedings, K.W. Billman,

Editor, NASA TMX-62, 269, September 1973.

198. S.W. Fordyce and W.C. Brown, "Appliations of Free-Space Microwave

Power Transmission," Astronautics and Aeronautics, September 1979,

pp. 54-61.

199. "Solar Power Satellite System Definition Study, Phase III," Final

Report volume 3 - Laser SPS Analysis," Boeing Aerospace Company,

Contract No. NAS9-16539, Report No. D180-25969-3, NASA-Johnson Space

Center, June 1980.

I 

jW



R-23

200. R.H. Lancashire et al., "The NASA High-Power Carbon Dioxide Laser: A

Versatile Tool for Laser Applications," Optical Engineering 11: 505-

512, 1977.

201. R. Sperber and G. Woodcock, "Parameterized Power Satellite Systems

Design," Boeing Aerospace Company, August 1979.

202. Paasive Thermal Control Coatinaa, NASA Technical Brief MPS-22794,

(Spring, 1976), p. II-17.

203. Handbook of Satellites and Space  Vehicles, G. Merrill, Editor, (Van

Nostrand, New Jersey 1965), p. 181ff.

204. V.A. Chobatov, "Collision Hazard in Space," Astronautics and

Aeronautics, September 1980, p. 38-39.

205. W.C. Brown, "The Technology and Application of Free-Space Power

Transmission by Microwave Beam," Proceedings of tie IEEE 62, No. 2,

January 1974, pp. 11-25.

206, A.N. Pirri and R.F. Weiss, "Laser Propulsion," AIAA Paper Number 72-

719, June 1972.

207. G.K. O'Neill, "The Colonization of Space," Physics Today 21: 32-40,
September 1974.

208. D.G. Weir, "Solid State Technology," in F Lnal Proceedings of the
solar Power Satellite Program Feview, 22-25 April 1980, Lincoln,

Nebraska, (Conf-800491, July 1980; U.S. DoE) p. 344.

209. Laser Technology for Solar Power Sate liter, Mathematical Sciences

Northwest, Inc. Report No. MSNW1154, May 1980.



U

R-24

210. At Mathematical Sciences Northwest, Inc., Los Alamos National

Scientific Laboratory and TRW, Inc. under ONR sponsorship.

it

211. C.A. Brau et al., "Eigh Efficiency Free-Electron Laser Systems," LASL 	
j

Report No. LA-Us-Z-79-3389, 1979.	 H

212. M.P. Guedes et al., "Photo Induced Currents in Metal-Barrier-MetalI

Junctions," Reference 187, On. Cit_, pp. 524-548. 	 1

213. E.J. Britt, "The TELEC-A Plasma Type of Direct Energy Converter,"

Reference 187, Op. Cit., pp. 421-436.

214. K.L. Meier, S.P. Ginens, and J.M. Dickinson, "Titanium Heat Pipes for

Space Power Systems," 15th IECEC, Seattle, Washington, August 1980,

pp. 762-766.

215. J.M. Hedgepeth, "Ultralight Structure for Space Power," Reference

187, Qn- Cif., pp. 126-135.

21E. A.T. Mattick and A. Hertzberg, "Liquid Droplet Radiators for Heat

Rejection in Space," 15th IECEC, Seattle, Washington, August 1980,

pp. 143-150.

217. Private Communication, Astro Research Corporation, Santa Barbara,

California.

218. Personal Communication, Jim Ott, Novar Electronics.

219. D. Namkoong, H.H. Block, R.P. Macosko, and C.C. Crabs, "Photographic

Study of Condensing Mercury Flow in 0- and 1-G Environmertf " .7KSA

7ND-4023, June 1976.

220. P. Goldsmith, S.H. Gorland, and E.B. Canfield, "Aerospace Power

Oystems," Astronautics and Aeronautics, December 1990, pp. 24-26,

U
r^



R-25

[e.g., The Modular Power System (MPS) on the Solar Maximum Mission is

27 kg/kW(e) . J

221. J.P. Mullin, L.P. Rando?.ph, and W.R. Hudson, "Progress in Space Power

Technology," 15th IECEC, Volume 1, Seattle, Washington, 18-22 August

1980, pp. 83-88.

222. D.C. Briggs and H.N. McKinney, "Electrical Power Subsystem for INSAT-

I," 15th IECEC, Volume 2, Soattle, Washington, 18-22 August 1980,

pp. 1058-1063.


	0020A02.pdf
	0020A03.pdf
	0020A04.pdf
	0020A05.pdf
	0020A06.pdf
	0020A07.pdf
	0020A08.pdf
	0020A09.pdf
	0020A10.pdf
	0020A11.pdf
	0020A12.pdf
	0020A13.pdf
	0020A14.pdf
	0020B01.pdf
	0020B02.pdf
	0020B03.pdf
	0020B04.pdf
	0020B05.pdf
	0020B06.pdf
	0020B07.pdf
	0020B08.pdf
	0020B09.pdf
	0020B10.pdf
	0020B11.pdf
	0020B12.pdf
	0020B13.pdf
	0020B14.pdf
	0020C01.pdf
	0020C02.pdf
	0020C03.pdf
	0020C04.pdf
	0020C05.pdf
	0020C06.pdf
	0020C07.pdf
	0020C08.pdf
	0020C09.pdf
	0020C10.pdf
	0020C11.pdf
	0020C12.pdf
	0020C13.pdf
	0020C14.pdf
	0020D01.pdf
	0020D02.pdf
	0020D03.pdf
	0020D04.pdf
	0020D05.pdf
	0020D07.pdf
	0020D08.pdf
	0020D09.pdf
	0020D10.pdf
	0020D11.pdf
	0020D12.pdf
	0020D13.pdf
	0020D14.pdf
	0020E01.pdf
	0020E02.pdf
	0020E03.pdf
	0020E04.pdf
	0020E05.pdf
	0020E06.pdf
	0020E07.pdf
	0020E08.pdf
	0020E09.pdf
	0020E10.pdf
	0020E11.pdf
	0020E12.pdf
	0020E13.pdf
	0020E14.pdf
	0020F01.pdf
	0020F02.pdf
	0020F03.pdf
	0020F04.pdf
	0020F05.pdf
	0020F06.pdf
	0020F07.pdf
	0020F08.pdf
	0020F09.pdf
	0020F10.pdf
	0020F11.pdf
	0020F12.pdf
	0020F13.pdf
	0020F14.pdf
	0020G01.pdf
	0020G02.pdf
	0020G03.pdf
	0020G04.pdf
	0020G05.pdf
	0020G06.pdf
	0020G07.pdf
	0020G08.pdf
	0020G09.pdf
	0020G10.pdf
	0020G11.pdf
	0020G12.pdf
	0020G13.pdf
	0020G14.pdf
	0021A02.pdf
	0021A03.pdf
	0021A04.pdf
	0021A05.pdf
	0021A06.pdf
	0021A07.pdf
	0021A08.pdf
	0021A09.pdf
	0021A10.pdf
	0021A11.pdf
	0021A12.pdf
	0021A13.pdf
	0021A14.pdf
	0021B01.pdf
	0021B02.pdf
	0021B03.pdf
	0021B04.pdf
	0021B05.pdf
	0021B06.pdf
	0021B07.pdf
	0021B08.pdf
	0021B09.pdf
	0021B10.pdf
	0021B11.pdf
	0021B12.pdf
	0021B13.pdf
	0021B14.pdf
	0021C01.pdf
	0021C02.pdf
	0021C03.pdf
	0021C04.pdf
	0021C05.pdf
	0021C06.pdf
	0021C07.pdf
	0021C08.pdf
	0021C09.pdf
	0021C10.pdf
	0021C11.pdf
	0021C12.pdf
	0021C13.pdf
	0021C14.pdf
	0021D01.pdf
	0021D02.pdf
	0021D03.pdf
	0021D04.pdf
	0021D05.pdf
	0021D06.pdf
	0021D07.pdf
	0021D08.pdf
	0021D09.pdf
	0021D10.pdf
	0021D11.pdf
	0021D12.pdf
	0021D13.pdf
	0021D14.pdf
	0021E01.pdf
	0021E02.pdf
	0021E03.pdf
	0021E04.pdf
	0021E05.pdf
	0021E06.pdf
	0021E07.pdf
	0021E08.pdf
	0021E09.pdf
	0021E10.pdf
	0021E11.pdf
	0021E12.pdf
	0021E13.pdf
	0021E14.pdf
	0021F01.pdf
	0021F02.pdf
	0021F03.pdf
	0021F04.pdf
	0021F05.pdf
	0021F06.pdf
	0021F07.pdf
	0021F08.pdf
	0021F09.pdf
	0021F10.pdf
	0021F11.pdf
	0021F12.pdf
	0021F13.pdf
	0021F14.pdf
	0021G01.pdf
	0021G02.pdf
	0021G03.pdf
	0021G04.pdf
	0021G05.pdf
	0021G06.pdf
	0021G07.pdf
	0021G08.pdf
	0021G09.pdf
	0021G10.pdf
	0021G11.pdf
	0021G12.pdf
	0021G13.pdf
	0021G14.pdf
	0022A02.pdf
	0022A03.pdf
	0022A04.pdf
	0022A05.pdf
	0022A06.pdf
	0022A07.pdf
	0022A08.pdf
	0022A09.pdf
	0022A10.pdf
	0022A11.pdf
	0022A12.pdf
	0022A13.pdf
	0022A14.pdf
	0022B01.pdf
	0022B02.pdf
	0022B03.pdf
	0022B04.pdf
	0022B05.pdf
	0022B06.pdf
	0022B07.pdf
	0022B08.pdf
	0022B09.pdf
	0022B10.pdf
	0022B11.pdf
	0022B12.pdf
	0022B13.pdf
	0022B14.pdf
	0022C01.pdf
	0022C02.pdf
	0022C03.pdf
	0022C04.pdf
	0022C05.pdf
	0022C06.pdf
	0022C07.pdf
	0022C08.pdf
	0022C09.pdf
	0022C10.pdf
	0022C11.pdf
	0022C12.pdf
	0022C13.pdf
	0022C14.pdf
	0022D01.pdf
	0022D02.pdf
	0022D03.pdf
	0022D04.pdf
	0022D05.pdf
	0022D06.pdf
	0022D07.pdf
	0022D08.pdf
	0022D09.pdf
	0022D10.pdf
	0022D11.pdf
	0022D12.pdf
	0022D13.pdf
	0022D14.pdf
	0022E01.pdf
	0022E02.pdf
	0022E03.pdf
	0022E04.pdf
	0022E05.pdf
	0022E06.pdf
	0022E07.pdf
	0022E08.pdf
	0022E09.pdf
	0022E10.pdf
	0022E11.pdf
	0022E12.pdf
	0022E13.pdf
	0022E14.pdf
	0022F01.pdf
	0022F02.pdf
	0022F03.pdf
	0022F04.pdf
	0022F05.pdf
	0022F06.pdf
	0022F07.pdf
	0022F08.pdf
	0022F09.pdf
	0022F10.pdf
	0022F11.pdf
	0022F12.pdf
	0022F13.pdf
	0022F14.pdf
	0022G01.pdf
	0022G02.pdf
	0022G03.pdf
	0022G04.pdf
	0022G05.pdf
	0022G06.pdf
	0022G07.pdf
	0022G08.pdf
	0022G09.pdf
	0022G10.pdf
	0022G11.pdf
	0022G12.pdf
	0022G13.pdf
	0022G14.pdf
	0023A02.pdf
	0023A03.pdf
	0023A04.pdf
	0023A05.pdf
	0023A06.pdf
	0023A07.pdf
	0023A08.pdf
	0023A09.pdf
	0023A10.pdf
	0023A11.pdf
	0023A12.pdf
	0023A13.pdf
	0023A14.pdf
	0023B01.pdf
	0023B02.pdf
	0023B03.pdf
	0023B04.pdf
	0023B05.pdf
	0023B06.pdf
	0023B07.pdf
	0023B08.pdf
	0023B09.pdf
	0023B10.pdf
	0023B11.pdf
	0023B12.pdf
	0023B13.pdf
	0023B14.pdf
	0023C01.pdf
	0023C02.pdf
	0023C03.pdf
	0023C04.pdf
	0023C05.pdf
	0023C06.pdf
	0023C07.pdf
	0023C08.pdf
	0023C09.pdf
	0023C10.pdf
	0023C11.pdf
	0023C12.pdf
	0023C13.pdf
	0023C14.pdf
	0023D01.pdf
	0023D02.pdf
	0023D03.pdf
	0023D04.pdf
	0023D05.pdf
	0023D06.pdf
	0023D07.pdf
	0023D08.pdf
	0023D09.pdf

