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Preface 

1 

This study, conducted under the auspices of the Energy Engineering 
Board of the National Research Council, examines the status of and 
outlook for advanced power sources for space missions. The study 
resulted from a request by the U.S. Department of Defense (DOD) 
for an independent review relating to the space.power requirements 
of its Strategic Defense Initiative (SDI). 

Initial impetus for the study came from the U.S. Air Force Wright 
Aeronautical Laboratories, at about the time the SDI Organization 
(SDIO) was being formed in DOD. Initially, the charge to this com- 
mittee included these tasks: 

• Evaluate the planning for the development of advanced space- 
based high-power technologies to determine the best combination of 
technology options that should be pursued. 

• Critique current SDI power development plans and objectives. 
• Identify an alternate power program plan that would meet 

SDI requirements for space-based power. 
• Identify technology development approaches that could lead 

to enabling power system capabilities for future space-based defensive 
systems. 

To examine the relevant but less demanding power needs of other 
U.S. space missions, the scope of the study was subsequently broad- 
ened to include consideration of military space power requirements 

4 th®SL.jiittmiQMUM sum 
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other than those of SDIO and of potential civil space power require- 
ments, especially those of the National Aeronautics and Space Ad- 
ministration (NASA), where power will be needed for earth-orbital, 
interplanetary, and lunar-surface missions. 

A forerunner to this study, with emphasis on space nuclear 
power, was conducted by the National Research Council's Com- 
mittee on Advanced Nuclear Systems, under the chairmanship of 
John M. Deutch. That study led to the report, "Advanced Nuclear 
Systems for Portable Power in Space," published in 1983. 

In accordance with its charter, this committee has taken a broad 
look at candidate power technologies for space missions, both civil 
and military. At the same time, special emphasis was given to study- 
ing the specific space power requirements of the SDI program, and 
possible programmatic courses of action for satisfying them. In the 
study, technology options were mainly considered for their capability 
to provide space-based power for applications other than propulsion. 

On behalf of SDIO, Richard Verga, Robert L. Wiley, David 
Buden, and Richard G. Honneywell provided useful inputs and co- 
operation throughout the study.   Richard G. Honneywell, of Air 
Force Wright Aeronautical Laboratories, initiated the request and 
contract for the study. By the time the committee began its work, 
the focal point for government technical interaction with the com- 
mittee had shifted to the SDIO Power Program Office, headed by 
Richard Verga. The committee received timely, useful briefings and 
valuable written material from that office, its contractors, and other 
individuals. David Buden served as a committee member for several 
months, at which time he resigned after accepting an offer to become 
Richard Verga's deputy. Louis O. Cropp and his colleagues at Sandia 
National Laboratories furnished the committee with numerous tech- 
nical inputs and publications. Phillip N. Mace and Milan Nikolich, of 
W. J. Schäfer Associates, Inc., frequently provided technical and lo- 
gistical assistance to the committee in that company's capacity as a 
support-services contractor to SDIO. 

Arrangements to conduct the study were facilitated by Dennis 
F. Miller, Director of the Energy Engineering Board until November 
1987. He was succeeded by Archie L. Wood in December 1987. 
Robert Cohen served as Study Director and as Editor of this report. 

JOSEPH G. GAVIN, JR., Chairman 
Committee on Advanced Space Based 
High Power Technologies 

;* V~ ?;*. •-«&';' 



r._T.^T      ,.;: 

r 
ft*- 

•  I- 

* >l 

aumun 

,,w> 

Contents 

EXECUTIVE SUMMARY l 

1 INTRODUCTION 6 

2 SPACE POWER REQUIREMENTS AND SELECTION 
CRITERIA • •• • 9 

Overview of space-based power requirements, 9 
SDI power requirements for housekeeping, alert, 

and burst modes, 9 
Requirements of military missions other than SDI, 13 
Requirements of civil missions, 14 
Commonality of requirements among civil and 

military missions, 15 
Approaches toward selecting space power technologies to 
meet SDI requirements, 15 

Critical issue areas, 17 
System considerations, 19 
Qualification of power-conditioning subsystems 

and components, 19 
Influence of SDI survivability and vulnerability 

criteria, 20 
Findings, conclusions, and recommendation, 22 

ff»* w 
l% ■■- ■■ 

;S * •* 
■...f3> 

.? 
■- ."* 

I 
■'S 
■M 

■.■■■■■a 

;|g 

>.(S 

\i 

I 
i 

A 

IX 

Jr 
■ v> •-■^■i-W^i:-* ^^lLiüWKASa3»-,«*i 

a» 



".TV; 

i^i 

\;,:""v   > .v'>-r ■*'   r-r'\J' "-«."'$ :'■"'..' 
 :—:—;— '"Y  f >v •     , *\ - - •■■,- ■* V 

.-^M... 
» 4   ,« 

•• ,'.r.' v 

i IIMik ■ 

.'/ 
»r- "-'/{•- 

CONTENTS 

SPACE POWER SYSTEM OPTIONS AND SELECTION 
CONSTRAINTS 24 
Summary of available space power system options, 24 

Nonnuclear power for orbital use, 30 
Nuclear power for use in space, 34 
Ground-based power beamed to orbit, 44 
Co-orbiting power sources, 46 
Environmental constraints influencing the selection of 

space power systems, 46 
The natural space environment, 46 
Orbital environmental impacts, 47 
Conclusion and recommendation, 51 

NEEDED TECHNOLOGICAL ADVANCES IN SPACE 
POWER SUBSYSTEMS TO MEET SDI 
REQUIREMENTS 52 

Implications of SDI Space Power Architecture System studie3 
for advances needed in power subsystems, 52 
Advances needed in high-temperature structural materials 
technology, 63 
Advances needed in power-conditioning and pulse- 
generating technologies, 64 

Superconducting materials, 64 
Component technology, 65 

Findings, conclusion, and recommendation, 66 

APPROACHES TOWARD ACHIEVING ADVANCES IN 
CRITICAL POWER TECHNOLOGIES 68 
Advancing-thermal management technologies, 68 

Heat-rejection considerations, 69 
Survivability considerations, 71 

Advancing power-conditioning components and technologies, 71 
Advancing the design of conductors, 71 

Advancement potential of technology for dynamic power- 
conversion cycles, 75 

Advancement potential for alternator technology, 76 
Advancing the state of the art in power system 
components, 78 

Materials advances required for the evolving space power 
technologies, 83 

Magnetic materials, 83 

\\ 
\-- 

•K 

>> 

ijBi- 
•»•djfc* s*r:' 

:♦] K 



V\':.. 

r- 

1 ?s 
ft.    ,• 

'    ■            & f      .:. Jp- 4N 
;*       ft                 ' 8\ .';. & 
-V-                     .   ■ i:,: 
L;-._ '   1 

$■- 

! 

■;.s- A.-,S-\*'*- ■' •'' •<*■•*,   ■   ■■•■  - •;•?'••■ 

^•.V'.rj. 

<9->  • : 

CONTENTS 

Insulators, 83 
High-temperature structural materials, 84 

Conclusion and recommendation, 85 

6    COMMENTARIES ON THE SDI POWER PROGRAM 86 
Commentary on SDI spacecraft system needs and their 
impacts on the space power system, 86 
Commentary on SDI pror-am issues, 86 
Review of the SDI space power program, 87 
Commentary on the SDI space power investment strategy, 91 
Finding, conclusion, and recommendations, 98 

REFERENCES 101 

APPENDLKES 
A. GLOSSARY OF ABBREVIATIONS 104 

B. BIOGRAPHICAL SKETCHES 106 

C. STUDY CHRONOLOGY.. • 115 

D. POSSIBLE IMPACTS OF EFFLUENTS FROM SDI 

SVSTEM5   
E    COMPILATION OF STUDY FINDINGS, CONCLUSIONS, 

-    AND RECOMMENDATIONS • 129 

INDEX 135 

m;.c ■ ■■■ A 

it 

41 

fr. 

I' 
:^o::&-a=SSä^^ 

säwt&mx&vmaMsMws 



rr ■j?-<m":;.': "'.^J 

> 'i ' 

r. 

\     ...v ... ..\rt.-.,.        ■/. ,  •■   '  .',-v 

i-' 
t 

.UBsseasw»» 

sf^m 

rjm\\ttm *,.mm*kJM&V*'fr& V-*n- ■■■'''"!'■ '■■'■ .'\r 

••i 

0 

'*5 

■Ji 

V! 

(5 

«f «« 

'*n: ;.^,:;-''^^^*''\ 



F r^t^;:r 
AXf« 

,.    ■»•;t.' 

Executive Summary 

-s -v 

•■< 

i 

*( 

This study focuses on approaches to satisfying the power require- 
ments of space-based Strategic Defense Initiative (SDI) missions. 
The study also considers the power requirements for non-SDI mil- 
itary space minions and for civil space missions of the National 
Aeronautics and Space Administration (NASA). The more demand- 
ing SDI power requirements appear to encompass many, if not all, 
of the power requirements for those missions. Study results indi- 
cate that practical fulfillment of SDI requirements will necessitate 
substantial advances in the state of the art of power technology. 

SDI goals include the capability to operate space-baäcu beam 
weapons, sometimes referred to as directed-energy weapons. Such 
weapons pose unprecedented power requirements, both during prepa- 
ration for battle and during battle conditions. The power regimes 
for those two sets of applications are referred to as alert mode and 
burst mode, respectively. 

Alert-mode power requirements are broadly stated, inadequately 
defined, and still evolving. They are presently stated to range from 
about 100 kw to a few megawatts for cumulative durations of about 
a year or mere. These power and time parameters correspond to 
an energy (power multiplied by time) requirement in space ranging 
from about a million kilowatt-hours to several billion kilowatt-hours. 
Burst-mode power requirements are roughly estimated to range from 
tens to hundreds of megawatts for durations of a few hundred to a few 
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' 2                                     ADVANCED POWER SOURCES FOR SPACE MISSIONS 

I 
1 thousand seconds, corresponding to space-based energy requirements 
\ ranging from hundreds to millions of kilowatt-hours. 
| Complete study findings, conclusions, and recommendations are 
| contained in the body of this report and are compiled in Appendix 
C E. This summary restates all of the study recommendations and 
• highlights the most significant study conclusions that led to them. 
j Those conclusions are that: 

f.- 

;9 

• There are two likely energy sources, chemical and nuclear, for | 
powering SDI directed-energy weapons during the alert and burst j 
modes. The choice between chemical and nuclear space power sys- j 
terns depends in large part on the total duration during which power ■■* 
must be provided. On the basis of mass-effectiveness, large durations 
favor the nuclear reactor space power system and short durations fa- | 
vor chemical power systems if their effluents can be tolerated. For j 
alert-mode requirements at the low-power end of the requirement | 
range stated above, a solar space power system might qualify. 3 

• Multimegawatt space power sources appear to be a necessity .! 
for the burst mode. $ 

• Pending resolution of effluent tolerability, open-cycle power 
systems (systems whose working fluid is used only once) appear to / 
be the most mass-effective solution to burst-mode electrical power I 
needs in the multimegawatt regime. If an open-cycle system cannot 
be developed, or if its interactions with the spacecraft, weapons, and 
sensors prove unacceptable, the entire SDI concept will be severely ; 
penalized from the standpoints of cost and launch weight. 

• A nuclear reactor power system may prove to be the only | 
viable option for powering the SDI burst mode (if effluents from \ 
chemical power sources prove to be intolerable) and for powering the ,>' 
SDI alert mode (if the total energy requirements of the alert mode * 
exceed what can be provided by chemical or solar means). | 

• A space nuclear reactor power system, such as the SP-100 j 
system presently being developed, would be a step toward meeting i 
SDI requirements and would be applicable to other civil and military i 
space missions. Early deployment of an experimental space power I 
system, possibly the SP-100 system, would be useful to provide | 
confirmation of design assumptions prior to commitment to an SDI * 
system. | 

• Beaming power upward from earth by microwaves or lasers | 
has not been extensively explored as a space power option, but may 
be worthy of further study. 



!i 

Estimated gross masses of SDI space power systems ana- ;| 
lyzed in existing studies appear unacceptably large to operate major J| 
space-based weapons. At these projected masses, the feasibility of § 
space power systems needed for high-power SDI concepts appears ■■'$ 
impractical from both cost and launch considerations. | 

• At the current rate of power technology development, power •% 
systems appear to be a pacing item for the successful development | 
of SDI directed-energy weapon systems. Accordingly, either major -;..| 
innovations in power systems and power system components will be | 
required or SDI power requirements will have to be relaxed. 4 

• Existing SDI space power architecture system studies do not ,| 
provide an adequate basis for evaluating or comparing cost or cost- | 
effectiveness among the space power systems examined, do not ade- . J.| 
quately address questions of survivability, reliability, maintainability, :| 
and operational readiness, and do not adequately relate to the design | < 
of complete SDI spacecraft systems. | 

The committee arrived at the following recommendations: >|                                   ; 

Recommendation 1 (Chapter 4):   Using the latest available in- i: 

formation,   an  in-depth,   full-vehicle-system preliminary   design i 
stndy—for two substantially different candidate power systems for f                                    . 
a common weapon platform—should be performed now, in order J                                   i 
to reveal secondary or tertiary requirements and limitations in the .i                                   j 
technology base that are not readily apparent in the current space 
power architecture system studies. Care should be exercised in estab- i 
lishing viable technical assumptions and performance requirements, )■* 
including survivability, maintainability, availability, ramp-rate, volt- t| 
age, current, torque, effluents, and so on. This study should carefully j. 
define the available technologies, their deficiencies, and high-leverage | 
areas where investment will produce significant improvement. The j 
requirement for both alert-mode and burst-mode power and energy J 
must be better defined. Such an in-depth system study will improve :|                                 "; | 
the basis for power system selection, and could also be helpful in p,                                    i 
refining mission requirements. ^                                    j 

1 ■"' Recommendation 2 (Chapter S):   To remove a major obstacle to -q                                 j 
achieving SDI burst-mode objectives, estimate as soon as practicable |                                  j 
the tolerable on-orbit concentrations of effluents. These estimates |                                    i 
should be based—to the maximum extent possible—on the results of :| 
space experiments, and should take into account impacts of effluents y 
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on high-voltage insulation, space-platform sensors and weapons, the 
orbital environment, and power generation and distribution. 

Recommendation S: Rearrange space power R&D priorities as 

follows: 

a. (Chapter 5) Give early, careM consideration to the regula- 
tory, safety, and National Environmental Policy Act require- 
ments for space nuclear power systems from manufacture 
through launch, orbital Bervice, safe-orbit requirements, and 
disposition« ,.   .. 

b. (Chapter 6) The SP-100 nuclear power system is applicable 
both to SDI requirements and to other civd and military 
space missions. Therefore, SP-100 development should be 
completed, following critical reviews of SP-100 performance 
goals, design, and design margins. . 

c   (Chapter 6) SDI burst-mode requirements exceed by one 
' or more orders of magnitude the maximum power output 

of the SP-100. Therefore, both the nuclear and nonnuclear 
SDI multimegawatt programs should be pursued. Hardware 
development should be coordinated with the results of imple- 
menting Recommendation 5. 

Recommendation 4 (Chapter 6):   Consider deploying the SP- 
100 or a chemical power system on an unmanned orbital platform at 
an early date. Such an orbital "wall socket" could power a number of 
scientific and engineering experiments. It would concurrently provide 
experience relevant to practical operation of a space power system 
similar to systems that might be required by the SDI alert and burst 
modes. 

Recommendation 5 (Chapter 5): Mafce additional and effec- 
tive investments now in technology and demonstrations leading to 
advanced components, including but not limited to: 

• thermal management, including radiators; 
• materials: structural, thermal, environmental and supercon- 

ducting; .,.*,.__ 
• electrical generation, conditioning, switching, transmission, 

and storage; and 
• long-term cryostorage of Ha and 02. 

Advances in these areas will reduce power system mass and 
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1. 

EXECUTIVE SUMMARY 5 

environmental impacts, improve system reliability, and, in the long 
term, reduce life-cycle power system cost. 

Recommendation 6 (Chapter 3): Review again the potential for 
ground-based power generation (or energy storage) with subsequent 
electromagnetic transmission to orbit. 

Recommendation 7 (Chapter 2): After adequate evaluation of 
potential threats, further analyse the subject of vulnerability and 
snrvivability, mainly at the overall system level. Data resulting 
frcm implementing Recommendation 1 would be appropriate for this 
further analysis. Pending such analysis, candidate power systems 
should be screened for their potential to satisfy interim SDI Orga- 
nization (SDIO) 8urvivability requirements, reserving judgment as 
to when or whether those requirements should constrain technology 
development. Convey the screening results to the advocates of those 
candidate power systems, to stimulate their finding ways to enhance 
survivability as they develop the technology. 

Recommendation 8 (Chapter 6): To further U.S. capabilities 
and progress in civil as well as military applications of power tech- 
nology, both on the ground and in space, and to maintain a rate 
of progress in advanced technologies adequate to satisfy national 
needs for space power, plan and implement a focused federal pro- 
gram to develop the requisite space power technologies and systems. 
This program—based on a multiyear federal commitment—should 
be at least as large as the present combined NASA, Department of 
Defense (DOD, including SDIO), and Department of Energy space 
power programs, independent of the extent to which SDI itself is 
funded. 
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1 
Introduction 

This study focuses on how to satisfy space-based power requirements 
of the Strategic Defense Initiative Organisation (SDIO). (Appendix 
A is a glossary of abbreviations used in this report.) The initial 
charge for this study included these tasks: 

• Evaluate the planning for the development of advanced space- 
based high-power technologies to determine the best combination of 
technology options that should be pursued. 

• Critique current Strategic Defense Initiative (SDI) power de- 
velopment plans and objectives. 

• Identify an alternate power program plan that would meet 
SDI requirements for space-based power. 

• Identify technology development approaches that could lead 
to enabling power system capabilities for future space-based defensive 
systems. 

To examine the relevant but less demanding power needs of other U.S. 
space missions, the scope of the study was subsequently broadened 
to include consideration of military space power requirements other 
than those of SDIO, and of potential civil space power requirements, 
especially those of NASA, where power will be needed for earth- 
orbital, interplanetary, and lunar-surface missions. 

In forming the Committee on Advanced Space Based High Power 
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fe INTRODUCTION                                                                                              ' 
£.< 
£' Technologies to conduct this study, the areas of expertise sought 
f included nuclear, chemical, and solar energy conversion systems; 
| space environment; materials science; thermal management; power 
I conditioning and control systems; rotating machinery; pulsed-pov/er 

generation; and system safety. Biographical sketches of the members 
of this committee are contained in Appendix B. 

The committee has had access to classified briefings and publica- 
1 tions to provide it with adequate insights regarding activities relevant 
f ■ to the SDI power program and to this study. However, there is no 
•p. classified information in this report. 
t' The study chronology is summarized in Appendix C. The com- 
%. mittee devoted particular attention to briefings and information sup- 
« plied by the Independent Evaluation Group (IEG), a panel of experts 
I under the leadership of R. Joseph Sovie, NASA Lewis Research Cen- 
!.. ter. The IEG was established by the SDIO Power Program Office 
P to provide it with analyses and counsel regarding its programmatic 
i) activities. 
I The committee held a meeting in Albuquerque designed to gather 
V" up-to-date information from the IEG's Field Support Team centered 
5' at Sandia National Laboratories. That team provides the IEG with 

technical analyses of the ongoing power system architecture studies, 
i and includes personnel from NASA/Lewis Research Center, Sandia 
r , National Laboratories, and the U.S. Air Force Space Technology 
i Center. 
f I At the outset of the study, the SDIO Power Program Ofiice made 
\ available to the committee a number of reports (listed in the Refer- 
[ ences) summarizing the results of contractor-performed studies of a 

variety of power-generating systems. Because of the ongoing nature 
f\ of these studies, and recognizing certain shifting SDIO priorities, the 
t \ committee was briefed on current SDIO thinking in October 1987 
£ and January 1988. Military needs for space-bated power for non-SDI 

■ applications were described by Air Force and Army representatives. 
'» The committee also obtained presentations relevant to projected 
* NASA space power needs from Raymond S. Colladay, then NASA 
f Associate Administrator for Aeronautics and Space Technology, and 
t J. Stuart Fordyce, Director of Aerospace Technology at NASA Lewis 
C- - Research Center. 

The committee sought to keep abreast of relevant activities and 
t progress in a variety of technical fields, through the contacts, ex- 
f pertise, and efforts of its members.   For example, the committee 
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8 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

examined implications to space power of recent research on high- 
temperature superconducting materials, of progress in defining the 
NASA Space Station, and of the growing interest in returning to the 
lunar surface. The committee also took the initiative of reviewing 
the status and potential of a system that would provide power to 
space vehicles by beaming electromagnetic energy to orbit from the 
earth's surface. 

A forerunner to this study, with emphasis on space nuclear 
power, was conducted by the Committee on Advanced Nuclear Sys- 
tems of the National Research Council, under the chairmanship of 
John M. Deutch. That study led to the report "Advanced Nuclear 
Systems for Portable Power in Space" (National Research Council, 
1983). 

In the following chapters of this report, the committee discusses 
much of the information it acquired, with emphasis on those ele- 
ments it believes provide a basis for its findings, conclusions, and 
recommendations. Chapter 2 summarizes the broad space power re- 
quirements of SDI, other military missions, and civil missions. It also 
examines approaches to selecting space power technologies to satisfy 
SDI requirements. Chapter 3 examines available space power system 
options and some important safety and environmental constraints in- 
fluencing their selection. Chapter 4 covers the kinds of technological 
advances needed to meet SDI requirements, and Chapter 5 suggests 
approaches toward achieving such advances. Chapter 6 examines the 
current SDI space power R&D program and provides suggestions on 
how to facilitate its achieving SDI requirements. 

r*v 



•  . " + - ■'    - 

•1$; 

'Vr * . "-.• ' *  ' v..'. 

-  ;    v \-y. .* 
:'v;,. 

t ' :■ 

.-  :'      •      "i V ■" 

SB?*'1'-5?' ■"'••' 

Space Power Requirements and 
Selection Criteria 

OVERVIEW OF SPACE-BASED POWER REQUIREMENTS 

Power system requirements for U.S. space applications can be con- 
sidered based on the needs of three categories of users: SDI systems, 
military systems other than SDI, and civil missions. At this time, the 
requirements of these user categories have only been broadly defined. 
Summaries follow of these three broad sets of requirements and their 
commonalities. 

SDI Power Requirements for Housekeeping, 
Alert, and Burst Modes 

New U.S. requirements for space-based power imposed by the SDI 
program greatly exceed space power system capabilities available 
from past civilian and military experience in spacecraft. In addi- 
tion, SDI systems and their power subsystems must be survivable in 
wartime, as discussed later in this chapter, and in the face of possible 
peacetime attrition attacks while traversing Soviet territory. 

SDI applications require electrical power for directed energy 
weapon (DEW) and kinetic energy weapon (KEW) systems; for 
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10 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

surveillance, acquisition, tracking, and kill-assessment (SATKA) sys- 
tems; and for command, communications, and control (C3) sys- 
tems. SDI's requirements also include the integrated and mission- 
coordinated power-conditioning technologies that are needed to con- 
vert the source power into the form required by the specific load 
being driven. One or more power systems are needed by each SDI 
spacecraft, potentially at multikilovolt levels, to satisfy power needs 
categorized by three modes of operation: 

• Housekeeping mode. Electric power ranging from several 
kilowatts to tens of kilowatts (or hundreds of kilowatts, if refrigera- 
tion of cryogens is necessary) is needed continuously for long periods 
of time—durations of up to about 10 years—for baseload operation of 
the space platform, including communication, station-keeping, and 
surveillance systems. A typical household consumes energy at the 
average rate of about 1 kW (i.e., 1 kilowatt-hour per hour). 

• Alert mode. In the event of a hostile threat, powers from 
about 100 kW to about 10 MWe might possibly be required. Cur- 
rently, among the three SDI power modes, the alert-mode require- 
ment is the least clearly defined. The total duration of power needs 
while in an alert status or during periodic testing might even be a 
year or more. The power level and duration required for the SDI 
alert mode appear to depend on a postulated operational cycle that 
is not easily defined, and may also include power for periodic status- 
checking. Alert-mode power requirements are likely to be higher 
than can be accommodated with energy storage at reasonable energy 
storage system masses. Otherwise, either a power system—probably 
nuclear—would have to be provided or excessive storage capability 
would be required. Accordingly, unless considerable effort is made 
to develop SDI systems that minimize the alert-mode requirement, 
there may be so many kilowatt-hours of energy storage needed— 
especially if nonnuclear power subsystems are used—that the prime 
power subsystem would become a major factor in sizing the orbital 
platform. 

• Burst mode. For weaponry and fire control during battle, 
power needed for the burst mode may extend from tens to hundreds 
of megawatts (and beyond) for durations of a few hundred to a few 
thousand seconds, and these power levels must be available quickly 
on demand. Commercial power plants fail into about this power 
range. 

For the alert and burst modes, the unprecedented high power 
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SPACE POWER REQUIREMENTS 

TABLE 2-1  Salient Features of the SDI Housekeeping, Alert, and Burst 
Modes 

11 

SDI Mode Duration Start-Up Availability Power Level 

Housekeeping      M->ny year»      Not critical      Continuous Several to 
lOOsofkWe 

Alert Uncertain Minutes 
(up to 
1 year) 

Sporadic 100s to 1,000s 
(on demand) of kWe 

Burst Minutes Seconds Sporadic 10s to 100s 
(on demand) of MWe 

) 

8f  ''"'' 

levels, durations, integrated energies, and time-profiles far exceed 
any current experience with space power systems. Table 2-1 outlines 
salieni, features of these three SDI power modes. 

Power requirements need to be considered for the major potential 
SDI weapons and sensor systems that the SDI program is pursuing. 
Those systems include the following: 

• ground-based free-electron lasers (FELs); 
• space-based FELs; 
• ground-based excimer lasers; 
• neutral-particle beam (NPB) systems; 
• charged particle beam (CPB) systems; 
• kinetic energy weapon (KEW) systems; 
• chemical lasers; 
• radars (radio detecting and ranging systems); and 
• lidars (light detecting and ranging systems). 

The SDI Space Power Architecture System (SPAS) studies (1988) 
indicate that current ground-based versions of FELs and excimer 
lasers would require prime power in excess of 1 GWe (perhaps as 
high as tens of gigawatts) at each site; power needs for space versions 
of these devices are yet to be determined. Space-based free-electron 
lasers, charged particle beams, and neutral particle beam systems 
may require from 50 to about 200 MWe per platform; chemical lasers 
may require only tens of kilowatts. 

As summarized in Table 2-1, space-based weapons platforms will 
require continuous housekeeping power of tens to hundreds of kilo- 
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12 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

watts (perhaps into the megawatt regime for advanced radar/sensor 
platforms), depending on the specific system. Power will be needed 
for refrigeration, communications, radar, and other continuously op- 
erating systems. Most SDI space systems are expected to be deployed 
at altitudes ranging up to a few thousand kilometers, while SATrvA 
platforms, communication/weapon relay, and other special-purpose 
platforms may be deployed in a range of low earth to geosynchronous 
orbits. System life is ultimately intended to exceed 10 years if inter- 
mittent servicing is feasible on an as-needed basis. 

These power requirements are extremely critical to the design of 
any orbiting platform; severe mass and cost penalties accompany un- 
due conservatism with respect to power level or duration. Depending 
cs the specilc SDI system, power subsystems are estimated in the 
SPAS studies to make up some 20-50 percent of the total mass of 
the space platform. 

The SPAS studies and related data showed that no present inte- 
grated technologies could satisfy these ranges of power requirements. 
Even for the 1990-1995 period, initial estimates of prime power re- 
quirements for electrically energized DEW systems tests at the White 
Sands Missile Range indicate that extremely high power levels hav- 
ing fast time-ramping capabilities must be provided during the tests. 
Only highly efficient prime power or power conversion technologies 
could qualify for space-based versions of such applications. 

Although the major challenges in developing power technology 
for SDI applications are associated with space-borne systems, SDI 
also has power requirements for high-power, ground-based weapons 
systems. In addition to sources of prime power for ground-based and 
space-ba3ed SDI systems, new forms of energy storage for delivery 
of the burst mode in space and on the ground may be needed to 
meet the simultaneous requirements of power level and running time. 
Satisfying requirements for ainstant-on" operation would necessitate 
development of new ways to switch both power sources and loads. An 
experiment likely to be relevant to testing the ability for rapid start- 
up of both ground-based and space-based power systems is expected 
to be performed as part of the SDIO superconducting magnetic 
energy storage (SME3) project now under way. 

A space environment poses many problems affecting integration 
and feasibility that have not been previously encountered in either 
ground-based or space-based systems. Examples of major concerns 
include source-to-load power transmission; the close physical prox- 
imity of source and load; and the large magnitude of the power being 
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SPACE POWER REQUIREMENTS 13 

transmitted compared to current power levels (a few kilowatts) being 
used hi space. 

Requirements of Military Missions Other than SDI 

A number of non-SDI military space missions—for example, those of 
the U.S. Air Force—will require advanced power sources for applica- 
tions that include surveillance, tracking, and communications. Such 
applications (Johnson, 1988) focus on hardened surveillance systems 
as well as electric propulsion systems for orbital transfer vehicles to 
position military assets in more favorable high orbits. These appli- 
cations are provisionally projected (USAF/DOE, 1988) to require 
perhaps 5 kWe in the near term, up to 40 kWe for the midterm, and 
up to hundreds of kilowatts in the long term; steady generation of 
power will be the rule. Such space power requirements are techni- 
cally satisfiable with nuclear reactor or solar power systems, but the 
size of the required solar arrays could present problems relating to 
detectability or maneuverability. Current U.S. activity toward devel- 
oping a space nuclear reactor system (known as SP-100) is directed 
toward achieving a nominal 100-kWe power output. Subsequent vari- 
ants of that design may be possible over the power range from 10 to 
1,000 kWe. 

Power requirements for military, non-SDI space applications will 
probably overlap those of civil space missions. Military spacecraft 
requirements include power both for electric propulsion and for on- 
board uses. A significant additional requirement that power systems 
for military applications must satisfy will be their survivability in the 
presence of a hostile threat. 

Survivability considerations include needs for military spacecraft 
to be maneuverable and to have both the capability of being hardened 
against enemy weapons and of avoiding detection. These considera- 
tions impose certain constraints on candidate space power systems, 
such äs the size of solar arrays and the temperature of radiators 
needed to reject heat to space. 

Power requirements for non-SDI military missions can proba- 
bly be satisfied with solar dynamic or small nuclear reactor power 
systems. The choice between using a solar or nuclear system may 
depend on various factors, especially specific mass (measured in kilo- 
grams per kilowatt). Future use of advanced Bray ton or Stirling 
cycles could make the solar dynamics option competitive with the 
nuclear option at power levels of 60 kWe or greater. On the other 
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14 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

hand, using dynamic power cycles in space nuclear reactor systems 
could make nuclear systems more attractive from the standpoint of 
reducing their specific masses. 

Requirements of Civil Missions 

Among its current approved missions, NASA's largest projected near- 
term power need is for the Space Station. Future missions, such as 
establishing a lunar base and traveling to Mars, will probably require 
significantly greater power. Solar power systems will suffice for most 
NASA requirements in earth orbit, but space nuclear reactor systems 
will probably be needed for planetary and deep-space missions, as 
discussed in a survey of such needs by Mankins et al. (1987). 

NASA options such as space-based materials processing facilities, 
located in earth orbit or on the lunar surface (Colladay and Gabris, 
1988; Ride, 1987), would have power requirements in the hundreds of 
kilowatts or greater. The Jet Propulsion Laboratory survey (Mankins 
et al., 1987) of possible NASA needs for nuclear power sources lists 
approximately 20 possible missions with power requirements ranging 
from tens to hundreds of kilowatts. 

For Phase 1 of the Space Station's development, 75 kWe of 
average power* will be available from a system of photovoltaic arrays 
and storage devices. The total area of the solar cell arrays needed 
io achieve this average power level exceeds 2,000 m2. Although 
the earth's atmosphere is extremely tenuous at the station's orbital 
altitude, atmospheric drag on this very large area of solar cells would 
periodically require reboosting of the station itself to maintain its 
orbital altitude. NASA plans to reboost the station by burning 
gaseous oxygen and hydrogen, obtained by electrolyzing excess water; 
thus, reboosting would not require fuel supplies from earth. 

Once started, photovoltaic space power systems used for civil 
applications typically operate reliably at their rated average powers 
for their entire useful lives. Usually the spacecraft for such missions 
rotate around the earth and experience day and night during each 
orbit. Thus the energy input into these power systems will ramp up 
and down once each orbit, necessitating reliable power conditioning 
and on-board storage. 

For Phase 2 of Space Station's development—to increase the 
average power generated to 125 kWe (300-kWe pea*)—NASA's 1987 

'Requiring a peak power input of about 200 kWe. 
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SB10E POWER REQUIREMENTS 15 

planning called for adding two solar-dynamic power systems* to the 
Phase 1 power supply. Because of the greater overall efficiency of 
a solar-dynamic power system compared to that of a photovoltaic 
space power system, a solar-dynamic system can produce a unit of 
power from less collection area than is required for an array of solar 
cells. The improvement in system efficiency results from advantages 
in thermal storage versus battery storage and from the increased 
conversion efficiency of a solar-dynamic power cycle compared to 
solar cells. 

Commonality of Requirements Among Civil and 
Military Missions 

While the most demanding space-based power requirements are those 
of SDI, some projecte-j civil or NASA applications under discussion 
could capitalize on the SDI investment. For example, to operate 
an outpost on the lunar surface, a power plant suitable for the 
SDI housekeeping mode may suit the utility needs. Such a power- 
generating capability might also be applicable to providing future 
communications satellites with the capability for a direct-broadcast 
mode of operation. The burst-mode capability might be useful for 
powering a catapult on the lunar surface, a device that conceivably 
could be a factor in making mining of the lunar surface (Kulcinski 
and Schmitt, 1987) practical. The alert and burst modes may also 
be useful for spacecraft propulsion. These potential applications are 
speculative, pending further study. 

Long life and reliability are desirable qualities for all space power 
systems. In addition, many potential missions that have been studied 
will have power needs that significantly exceed the capabilities of any 
previous space power sources. These much higher power outputs will 
require the development of technologies leading to advanced power 
system components. 

I 

it 

APPROACHES TOWARD SELECTING SPACE POWER 
TECHNOLOGIES TO MEET SDI REQUIREMENTS 

Studies completed to date do not provide a basis for selecting a 
preferred SDI power system or for ranking preferable systems, but 

*A solar-dynamic power system converts solar radiation into high-temperature 
heat, then uses the heat to drive a thermodynamic power cycle. \'3 
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16 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

they do point to areas of leverage. These are areas of technology, 
mission requirements, and program emphasis where early, careful 
attention is likely to be cost-effective in: achieving savings in mass, 
cost, and/or component development time; improving reliability; and 
in ultimately establishing feasibility (See Chapter 4). 

SDI missions impose electrical power requirements far exceed- 
ing the state of the art; in particular, to power weapon systems in 
the burst mode and to supply high-power-demand sensors during 
the alert mode. These requirements dictate power systems having 
capabilities ranging from hundreds of megawatts for hundreds to 
thousands of seconds to supplying several megawatts for times to- 
taling as much as a year to support system operations under alert 
conditions. Bimodal operation providing both continuous and burst 
power capabilities may effectively address the combined mission re- 
quirements. The multimegawatt technology task of the SDIO Power 
Program should address these needs by providing for development of 
an integrated power technology base that considers both nuclear and 
nonnuclear multimegawatt power sources and combinations of those 
sources. 

For each concept, the following related electrical power supply 
subsystems should be considered: 

• energy source (a source of heat or voltage); ^ 
• heat transfer and rejection (thermal management); ' 
• power conversion; 
• energy storage (if needed); 
• power conditioning and control; 
• power transmission; and 
• transient performance. 

During this consideration of possible multimegawatt power 
source concepts, a parallel program of review, analysis, and test- 
ing of applicable technologies should be conducted to ensure that 
feasibility issues associated with the systems concepts can be re- 
solved. In many cases, proposed power system operating designs will 
result in extremely stringent operating conditions, including high 
temperatures, high pressures, and corrosive substances. The effects 
of radiation, micrometeorites, space debris, and microgravity on sys- 
tem operating components and materials must also be considered. 

Research issues include demonstrating technological feasibility 
for such considerations as: 
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SPACE POWER REQUIREMENTS 

• long-term autonomous operational reliability of high-power 
systems in both natural and perturbed space environments; 

• minimizing system mass and size; 
• employing higher temperatures; and 
• using lower-mass structural and shield materials. 

The technology overview should definitely include the following 
factors peculiar to nuclear power sources: 

• radiation safety; 
• reactor fuels; 
• neutronics and control; 
• shielding; and 
• reactor thermal hydraulics. 

In addition, relevant technologies should be included that affect 
all power sources, such as the following: 

• materials; 
• thermal management; 
• energy storage; and 
• energy conversion and storage. 

Several critical issue areas in satisfying SDI space power require- 
ments are discussed below without attempting to rank them by their 
relative importance; all of them may be vital. 

Critical Issue Areas 

Figure 2-1 (based on the SPAS studies), which does not include 
weapons coolant mass, illustrates the sensitivity of the specific mass 
(measured in kilograms per kilowatt) of space power systems to two 
critical assumptions: open versus closed cycles* and operating time. 
For example, an open-cycle space power system might combine hy- 
drogen and oxygen, then discharge the resulting water to space. 
There may be effluents from the spacecraft even if a closed-cycle 
power system is used, since military weapons in the spacecraft pay- 
load may require a coolant such as liquid hydrogen, which can then 
be made available to the space power plant as fuel before being dis- 
charged. It is tempting to conclude from Figure 2-1 that open cycles 

'Power systems are classified into those that utilise an open cycle or a 
closed cycle, according to whether they discharge or recirculate a working fluid, 
respectively. 
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CLOSED CYCLE NUCLEAR (very high mass due to radiators; no consumables) 

OPEN CYCLE NUCLEAP. 
(intermediate fixed mas» plus relatively modtst mass of consumable 

hydrogen)  — 

OPEN CYCLE CHEMICAL (low li«»d mass plus relatively large mass o( consumables 

sucn as hydrogen and oxygen) 

200 400 600 800 1000 

RUN TIME (sec) 

1200 1400 1600 

FIGURE 2-1 Sensitivity of system-specific mass to choice of power system and 
to duration of power use. (Masses of consumables required for weapon cooling 
are not included in the calculations.) SOURCE: Space Power Architecture 
System studies, Sandia National Laboratories, and NASA. 
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must be made to work—at least for the burst power mode—or the 
entire SDI concept may be very severely penalized. 

For the higher-power burst mode, the need for hundreds of 
megawatts—rising from zero or near zero to full power in a few 
seconds—for a comparatively short period imposes drastic demands 
on the system designer. It is presently unclear what penalties are ex- 
acted as the price for achieving rapid (i.e., several seconds) start-up 
times; increasing these times by a factor of two or more could reduce 
system mass and complexity. With the exception of turbines, all 
of the power system components being proposed for space applica- 
tions are massive. Those components include magnetohydrodynam- 
ics (MHD) channels, radiators, fuel cells, and power-conditioning 
equipment. - 

To minimize total system mass aboard a spacecraft, open-cycle 
systems that exhaust their working fluid into space are an attractive 
option. To be successful, this option must include a means to cope 
with possible adverse effects of releasing effluents. Both the effluent 
question and the rapid start-up consideration are issues that suggest 
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SPACE POWER REQUIREMENTS 19 

the necessity of careful review of mission requirements and of the de- 
sirability for emphasis on weapons concepts that require only modest 
power levels. 

System Considerations 

Satisfying SDI space power requirements necessitates a system ap- 
proach. Descriptions of nuclear and nonnuclear options sometimes 
overlap in the following discussion, and some hybrid systems concepts 
must be covered under the description of nuclear options, particularly 
in their relation to driving the development of electrical component 

fcecHnoloffV. 
Three Space Power Architecture System (SPAS) studies (1988) 

were performed for the SDIO Power Program Office. The studies 
were desired to consider and analyze system factors in SDI archi- 
tecture that define space power requirements in scale, m state of 
technology, in time, in transient capability, and in reliabu.ty. The 
SPAS studies were also intended to provide guidance for making step 
improvements in system performance through integrated technology 
development. 

The SPAS studies addressed individual space power system op- 
tions. However, the spacecraft power supply needed to satisfy re- % 

quirements for the three SDI power modes (housekeeping, alert, • 
and burst modes) may well not be a single system, but rather an 
integrated set of generating and power-conditioning systems that 
optimize total-life performance and reliability. Such approaches may 
well enable power systems that would otherwise remain impractical. 

Life-cycle costs will likely be a major factor in the selection of all 
weapons systems. However, cost considerations were not included in 
the SPAS studies. 

Qualification of Power-Conditioning Subsystems and Components 

To qualify for meeting SDI requirements, there must be an adequate 
experience base for power-conditioning subsystems and components. 
The committee believes that projections of component performance 
must be developed based on: 

• an experimental data base for component performance; 
• analytical models that are anchored to the data base and that 

permit future capability to be projected; and 

• ■■-> 

v <?. 

'" * '' v*1 

j,.=.5ÄaeiVi«w,«*^a©«>flt-ac»e«*»Ä«7e' 



rj"»j» v-t^c* '■ '""^^V 
^V-V 

-<r.-     •.'. ."V~'»^-^f 

^ . '    ' * v ■* J.      : _. .■ '   -'*        ■ ■!■     11 i i ii tr      - — - . -  - ~—<— 

20 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

•   basic research that anchors the model to fundamental pro- 
cesses. 

The data base, models, and fundamental understanding must 
provide technology projections (at required reliability) to assess 
where additional funding is required. Considerable experience has 
been obtained for power-conditioning components used with pulses, 
including elements such as thyratrons, diodes, capacitors, inductors, 
and transformers. In contrast, less experience has been obtained in 
the areas of power conversion and conditioning components, such as 
high-voltage inverters, alternators, generators, and compulsators. 

Experience suggests that there will be an optimum load-driven 
power-module size, as found by designers of accelerators, radar, and 
electrical power systems many years ago. An analysis of this nature 
can be applied to SDI power needs and matched to the megawatt 
average power class of most of the conversion devices. The optimum 
module size will depend on conversion efficiency, thermal manage- 
ment, power flow, and voltage levels, and may be in the same power 
range already experienced in the very-high-power radar and fusion 
fields; namely, between 1 and 10 MWe. 

Keeping components and subsystems small and modular also 
enables local control of faults and minimizes development time. Local 
fault-control approaches are likely to be required for these very-high- 
power systems, since only a short period of delay in clearing a fault 
will destroy the power system. 

Influence of SDI Survlvabllity and Vulnerability Criteria 

A fundamental SDI requirement is that a space power system, like 
any SDI system, must be technically effective, cost-effective, and 
survivable in the face of natural or hostile threats. These three cor- 
nerstone requirements are known as the Nitze criteria. Attaining 
SDI goals—of crisis stability and arms-race stability—would require 
satisfying these criteria before system deployment. The difficulty of 
simultaneously satisfying all three Nitze criteria can lead to frustra- 
tion, which can motivate finding a creative solution for providing 
power or developing weapons that require less electrical energy. 

Assuring a high probability of survival of each system element 
can be quite costly, both in economic and launch-weight terms, hence 
survivability is best treated as a system issue. Accordingly, the sys- 
tem designer must balance capabilities for maneuvering, shooting 
back in defense, decoying, and hardening to provide the required 
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system survivability at minimum cost and launch weight. System 
trade-offs must include consideration of uncertain parameters such as 
the threat and technical effectiveness of postulated weapons, ihese 
and many other uncertainties tend to lead one to delay trying to 
satisfy the survivability requirement of system components using ad- 
vanced technology until that requirement has been more definitively 

specified and validated. „^„»    . •      *:,,„ P Pending such a definitive specification, SDIO-in c^juncüon 
with the IEG and other advisory groups-has adopted (SDIU, lasbj 
the interim approach of formulating a list of general guidelines for 
survivability. Values are listed in that publication for maneuvering, 
hardness against x rays, and so on, and are prob ably saisfactory 
as interim survivability guidelines except for platforms in low earth 
orbit Although minimal, these survivability requirements are nev- 
ertheless very stressing, hence applying them in the meantime to 
evaluate the relative survivabilities of otherwise comparable candi- 

' date technologies may promote some progress. 
There are differences in viewpoint as to how early in the system 

development cycle one should consider survivability requirements and 
when there should be an insistence on high levels of survivability. If 
the system design evolves without survivability in mind, compromises 
to benefit one criterion may jeopardize survivability. For example, 
having hydraulically interconnected parallel paths to the many pan- 
els of a heat exchanger improves reliability but makes the system 
fatally vulnerable to a single hit. Incorporating survivability consid- 
erations from the outset might lead to thermally interconnected-but 
hydraulically separated-coolant loops for both reliability and sur- 

V1VaSome technologists prefer to emphasize the survivability criterion 
from the outset, while others recommend postponing survivability is- 
sues. The first group argues that applying the criterion early would 
avoid pursuing inappropriate technologies and would also stimulate 
new ideas that might be able to satisfy all of the criteria simul- 
taneously. The other group recommends allowing initial research 
and development on candidate concepts to proceed unfettered by 
survivability constraints, in order to avoid the risk of prematurely 
precluding any promising but undeveloped options. 

Many technologists are in the first group, while many system 
architects, such as those who performed the SPAS studies, are in the 
second group. In the SPAS studies, none of the power systems the 
contractors examined were hardened prior to estimating masses. 
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22 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

While the committee sees merit on both sides of this issue, it 
reached no final conclusion as to when in the development cycle 
survivability should be emphasized. It was apparent that the subject 
could be handled only at the SDI system level, not solely at the 
power system or component level. 

Rigidly applying survivability concerns to space power systems 
now would mean there could bi. comparative studies of only hardened 
power systems, there could be no development of the largest space- 
based consumers of electrical power (those requiring more than about 
100 MWe), and weapons requiring minimal energy per kill would be 
favored. Such restrictive actions at this time are unwarranted. 

Accordingly, Recommendation 7 below would elevate the con- 
cern for survivability to acting as a stimulus to innovation in the 
development process, and at this stage of exploratory development 
the committee regards that stimulus as sufficient. 

Findings, Conclusions, and Recommendation 

Based on the preceding discussion, the committee developed the 
following findings, conclusions, and recommendation: 

Finding 1: Of the three significantly different SDI modes of 
operation (housekeeping, alert, and burst mode), requirement» for 
the alert mode are inadequately defined, yet they appear to be a 
major design determinant. For that mode, the unprecedented high 
power levels, durations, and unusual time-profiles—as well as the 
associated voltages and currents—that are envisioned will usually 
make extrapolation from previous experience quite risky and unreli- 
able. A possible exception is in the area of turbine technology, where 
an adequate range of power levels has bean validated for terrestrial 
applications, although not for spaceflight. Proposed space power 
systems will need to be space-qualified for long-term unattended 
use. 

Finding 5: Among the power systems that are candidates for 
SDI applications, the least massive, autonomous self-contained space 
power systems currently being considered entail tolerance of sub- 
stantial amounts of effluent during system operation. The feasibility 
of satisfactorily operating spacecraft sensors, weapons, and power 
systems in the presence of effluents is still unresolved. 

Conclusion 1: Multimegawatt space power sources (at levels of 
tens to hundreds of megawatt* and beyond) will be a necessity if the 
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SDI program 1B to deploy electrically energised weapons systems for 
ballistic missile defense. 

Conclusion 4: The rate of rise («ramp-rate») from sero to full 
burst-mode power level appears to be a critical requirement. It 
is not apparent to the committee what relationships exist among 
elapsed time for power buildup and system complexity, mass, cost, 
and reliability. 

Conclusion 8: Survivabillty and vulnerability concerns for SDI 
space power systems have not yet been adequately addressed in 
presently available studies relevant to SDI space power needs. 

Recommendation 7: After adequate evaluation *?«*«*" 
threats, further analyse the subject of vulnerability and^survrrabU ty, 
mainly at the overall system level. Data resultmg from hnplementtog 
Recommendation 1 would be appropriate for this analys«. Pending 
«rach analysis, candidate power systems should be screened for their 
potential to satisfy interim SDIO survhrability «quirements, re- 
serving judgment as to when or whether those requirements should 
constrain technology development. Convey the screening results to 
the advocates of those candidate power systems, to stimulate thehr 
finding ways to enhance solvability as they develop the technology. 
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Space Power System Options and 
Selection Constraints 

SUMMARY OF AVAILABLE SPACE POWER 
SYSTEM OPTIONS 

The classes of space power systems that are capable of meeting 'he 
i/rial orime power and power conditioning requirements of SDI 
space sysZarchitectures* are based on three approaches: nonnu- 
3T spacepower systems, nuclear space ^Jj^^ 
based power systems for beaming power to space. The n0™""*™ 
oSions refer to solar photovoltaic, solar-dynamic, and chemical (in- 
3K m^etobydrodynamic [MED]) '^^^^Z 
include radioisotope thermoelectric generators (RTGs), dynamic iso- 
ope powtr Lrces (DIPS), and nuclear reactor f^T^f 

3-1, £2, and 3-3). These power sources can be utilized m   closed 
or "open" thermodynamic systems. fallows- 

Closed and open thermodynamic systems are denned as follows. 

closed-cycle employing a gas turbine, m which the working üuid s 
Gaseous throughout the power-generating loop; a ^m%^f » 
h?e a conventional steam cycle, in which the vapor is liquefied j * 
condenser; and a Stirling cycle is a closed-cycle reciprocating engine 
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Orbital Power, Non-Nuclear 

Storable Chemical Cryogenic Solid PropellaiS 
Gas Generator* MHD Solar + 

Storage 

open-cycle* 

"Open-cycle systems raise the question of effluent impacts on trie 
spacecraft, sensors, weapon systems, and on the power system itself 

*The committee did not consider this option in detail 

FIGURE 3-1    A nonnuclear orbital power source. 

closed-cycle 
Brayton 
Rankine 
Stirling 
AMTEC 

whose working fluid is a high-pressure gas, either helium or hydrogen. 
The alkali-metal thermoelectric converter (AMTEC) cycle is simi- 
lar thermodynamically to the Rankine cycle turbogenerator system. 
AMTEC utilizes high-pressure sodium vapor supplied to one side 
of a solid electrolyte of beta alumina, causing low-pressure sodium 
vapor to be removed from the other side. Sodium ions transported 
across this electrolytic membrane produce a voltage difference, which 
drives electrons through a useful load, whereupon they reunite with 
the sodium ions to complete the circuit. In an open-cycle system, a 
working fluid is heated, does work, and is discharged, carrying waste 
heat with it. An open-cycle system is also a "single-pass" system, 
since the working fluid is used only once. A variation of the open cycle 
is the use of chemical reactants—following an exothermic chemical 
reaction such as combustion—to produce a pressurized vapor and 
liberate heat. In order to minimize the impact of the resulting efflu- 
ents on the overall spacecraft system, the reaction products can be 
separated and, conceptually, some or all of them could be retained, 
but, in practice, the retention option may prove to be difficult to 
achieve or totally unrealistic. 

Another category of open, or single-pass,, systems is one that 
has no thermodynamic working fluid, or prime mover. Examples are 
batteries and fuel cells. Usually—but not always—such devices store 
their effluents. 
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Isotope 
Thermoelectric 
Thermionic 

ADVANCED POWER SOURCES FOR SPACE MISSIONS 

Orbital Power, Nuclear* 

Dynamic 
Isotope 

Small fission 
reactors of 
the SP-100 and 
PBR** type 

Multi-MW 
fission 
modular 

open cycle* open 
cycle* 

closed cycle 
Brayton 
Rankine 
Stirling 
AMTEC 

Fusion 

closed cycle 
Brayton 
Rankine 

[systems receiving 
primary committee emphasis] 

*A1I nuclear systems introduce complex safety requirements, (see discussion later 
in this chapter) 

•Open-cycle systems raise the question of effluent impacts on 6ensors, on weapon systems. 

and on the power system itself 

"PBR refers to Pebble bed Reactors and Particle bed Reactors, which are 
distinguishable from each other by the size of their fuel elements 

FIGURE 3-2    A nuclear orbital power source. 

Although op jn-cycle space power systems tend to be less massive 
than closed-cycle systems for operating periods of less than about 
an hour, they present the problem of spacecraft toleration of their 
effluents. 

The major space power options available for each SDI power 
mode are presented in Table 3-1 according to whether or not an 
effluent is produced. 

The committee reviewed SDIO briefing documents that sum- 
marized results emerging from SPAS studies (1988) that were being 
simultaneously conducted by three SDIO contractors while this study 
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Ground Based Power* 

Utility 
Grid 

Nuclear 

fission* fusion 

[Areas where there are possible applications of 
superconducting magnetic energy storage (SMES)] 
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Conventional 
Non-Nuclear 

coal 

Chemical 
Non-Nuclear 
MHD 

gas 
oil 
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•Requires microwave beam to orbit 

*An added benefit might ensue, since this military requirement 
cou!d-as a spinoff-lead to a true second-generation, fail-safe 
reactor for civil applications 

FIGURE 3-3    Ground-based power. 
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TABLK 3-1  Space Power Option« for Each SDI Power Mode 

Operational Option 
Power Mode No Effluent 

Alert 

Burst 

Effluent 

Housekeeping        Solar, RTG, DIPS, None 
nuclear reactor, 
ground-based source 

Solar-dynamic, 
nuclear reactor 

Nuclear reactor 

None 

Chemical, 
nuclear reactor 

NOTE:  DIPS = dynamic isotope power sources; RTG = 
radioisotope thermoelectric generator. 
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was in progress. Unfortunately, during the course of this study the 
SPAS studies did not become available in published form. Informa- 
tion on the SPAS studies was supplied to the committee by the SDIO 
Power Program Office, by its Independent Evaluation Group (IEG), 
and by the IEG Technical Support Team. The committee also read 
the reports of other relevant SDIO-sponsored studies. Although the 
committee did not review all power system concepts originally con- 
sidered by SDIO, it did examine several power systems not treated 
in the IEG summaries. 

Figures 3-1, 3-2, and 3-3 are summaries of the power systems 
reviewed by the committee: (1) nonnuclear power generated in orbit, 
(2) nuclear power generated in orbit, and (3) power generated on the 
ground and beamed into orbit electromagnetically. Details on each 
of these options follow. 

Various combinations of prime power generation and storage are 
possible, but at present it is unclear how to make optimum use of 
storage—whether by fuel cells, batteries, electrolysis, thermal me- 
dia, flywheels, superconducting magnetic energy storage (SMES), 
or by using a combination of those techniques. A power technol- 
ogy research and development program should continue to establish 
technical feasibility, develop the technologies and resources, and con- 
duct proof-of-principle testing. Applying terrestrial turbomachinery 
technology to high-power systems for space applications may prove 
viable but could pose technical obstacles. Areas of uncertainty that 
will reed attention include mass reduction, providing capability for 
rapid start-up (especially nuclear reactors); operational lifetime, if 
high-temperature operation is contemplated; embrittlement of tur- 
bine blades and other components; in-orbit maintainability; and 
integration of the power system with its loads and with the space 
platform. 

A major concern for space power generation at the multimega- 
watt level is thermal management; in particular, the problem of 
rejecting heat from the power cycle. If a nuclear reactor is used 
in a multimegawatt space power system, then—unlike a low-power 
system such as SP-100—the mass of the radiators, rather than the 
mass of the reactor and its shield, is the dominant component of the 
mass of the overall power system. Although chemical energy heat 
sources appear attractive because they offer rapid response and rea- 
sonable mass for limited duration, they emit effluents that may have 
unacceptable impacts. Another potentially attractive option, fusion 
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reactors, will be unavailable—even for terrestrial applications—until 
well into the next century. 

Closed-cycle power conversion systems generate practically no 
effluents (although attitude control and weapon cooling may pro- 
duce some additional effluents) and require much lower storage and 
replenishment of expendables than do open cycles. On the other 
hand, compared to open-cycle systems operating for short durations 
or cases in which their working fluid comes from weapon cooling, 
closed-cycle systems tend to be more massive and require large radi- 
ators to reject heat. 

The choice of optimum temperature levels for power conversion 
depends on the selection of conversion cycle and materials, but can 
be summarized as follows: High heat-addition temperatures* aid 
thermodynamic performance, but pose materials problems. Low 
heat-rejection temperatures improve thermodynamic performance, 
but result in large, massive radiators, thus posing vulnerability and 
maneuverability problems. 

Some low-mass concepts for heat rejection are worthy of consid- 
eration for heat rejection at low temperatures (i.e., below 1000°K). 
These include the liquid droplet and liquid sheet radiator concepts, 
and various moving belt (liquid, solid, and hybrid) radiators. All 
of these approaches are in the advanced conceptual stages of devel- 
opment, and none of them have been adequately tested. Questions 
regarding maneuverability issues, particularly for the belt radia- 
tors, and contamination caused by escaping fluids have not been 
addressed. It is anticipated that such systems, if successful, would 
not be available before the year 2000. Nonetheless, the heat rejec- 
tion issue is sufficiently critical that such advanced concepts merit 
consideration for future SDI systems. 

A closed-cycle system typically employs a Brayton or Rankme 
closed loop and a turboalternator for power generation. Although 
activation of a chemical heat source can be rapid, it may be more 
difficult for a fission reactor to reach full power quickly. Consequently, 
substantial housekeeping power may be required to maintain the 
power conversion cycle components in a warmed-up condition ready 
for rapid start-up. Bimodal operation of a nuclear power plant to 
supply power for both the alert and burst modes would substantially 
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»Currently, temperatures for metallic parts of terrestrial gas turbines can 
go to 1100°C (1373°K). Refractory metals, if oxygen is completely absent, offer 
reasonable hope of attaining 1500°K-1600°K in spaca (Klopp et al., 1980). 

■■%: 

'■} 

/•• 

r 
»6" r Ü3 

Ält:iÄ&*^!«iä^«^^-fo'l<Ä'*a**SSK®' 
-,siw£^si»»ws4cawt4a*aaÄ^jnwiE^i«üÄS^Ä&Jäit 

■^ 

•iZr.iS'- '.ü   " " iriftir   m-1—•*"' 



:;'   ;--.   .,-, 'W     ■,." •■;.- ".; • 

%■■: 

<*+ l 

i\ ■ 

• v,    •     ■ ■■•*•■■ 
■<• ■ . .  ..   .■;}»•"■. -v- .SJ/.vr 

■•^737* 

■'■'■ '•*  <;*E.'~>- 
i,V»f«..-, •>i>. r. '..71 

30 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

alleviate its start-up problems. The reactor's increased power output 
in going from alert-mode operation to burst mode could then be 
achieved with only modest change in its operating temperature, in 
contrast to the significant changes in temperature and heat output 
that would occur if the reactor must be activated just prior to the 
burst mode. 

i/> *\s 
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Nomraclear Power for Orbital Use 

Nonnuclear (largely chemical and solar) power-generating systems 
(Figure 3-3) offer the attractive feature of avoiding certain safety con- 
cerns associated with nuclear systems. Furthermore, the gross mass 
of open-cycle chemical systems is less than that of open-cycle nuclear 
systems for the short operating times typical of SDI burst-mode 
power requirements. In these open-cycle systems, a major effluent 
is hydrogen, which is typically used for weapon cooling. Chemical 
power generation systems may also emit water or other reaction 
products, although these products could conceivably be condensed 
and stored on board. Presently it is unclear whether any or all of 
these effluents can be tolerated by SDI systems; however, the effluent 
question is clearly an important consideration in choosing between 
effluent-emitting and closed-cycle nonnuclear power systems for space 
applications. 

The several levels of power required by the housekeeping, alert, 
and burst modes are significant discriminators among candidate non- 
nuclear systems. 

Photovoltaic Space Power Systems 

The most commonly used long-lived space power systems are baaed 
on the photovoltaic conversion of solar radiation into electric power. 
The largest such power plant usefully applied in a space mission 
was aboard Skylab. For that spacecraft, 3.8 kWe of solar power 
was installed for the Workshop and 3.7 kWe to operate the Apollo 
Telescope Mount. 

There are still substantial problems to be solved. Means for 
erecting large arrays (about 25,000 m2/MWe) have yet to evolve, 
and the structural dynamics of these low-mass and generally flexi- 
ble arrays remain to be developed. In addition, when high-enough 
voltages are generated, some interaction will occur between the so- 
lar array and the space plasma, resulting in arcing or power losses. 
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$*•* Since arcing can damage the array, electrical insulation in the space 
Fv! ' f nvironment is a major issue. The arrays cause orbital drag, requir- 
| \ • ing make-up thrust to compensate. Any magnetic fields generated 
H interact with the earth's magnetic field, producing torques. 
f,; Photovoltaic arrays presently used in space are sensitive to hos- 
|t tile action because of their large size, their low mass per unit area, 
**.\ and exposure of their semiconducting cells to the threat. In contrast, 

in concentrator arrays now being studied, the metallic mirror and 
|; supporting structure provide a substantially smaller target and some ' -|                       ' \ 
|";': protection to the semiconducting cells. Concentrator arrays have a )::|                           ' 
fe.- very narrow cone of optical vulnerability, centered on the direction 2|                            I 
V of the incoming solar radiation. If the hostile threat is a beam, that rjf                         ,\ 
|■■■! orientation is difficult for the beam to achieve. pk                   - '    '^ 

\ \ Solar-Dynamic Power if                          . 

!f Solar-dynamic power generation is being considered for the Space M                           } 
| Station as a means of reducing the area required for collection of ?J                            ] 
I solar radiation compared to the area that would be necessary if all "r|                           ,i 
| the power were supplied by photovoltaic arrays. j$ 
li.              To date, the largest solar parabolic collector built for space § ' 
I power applications was a mirror 6 m (20 ft) cin diameter (English, I                            j 
|] 1978). This solar collector and its heat receiver also require fairly |                            i 
:{ accurate orientation toward the sun, an acceptable pointing error 3          \ . 
^ being perhaps 1 to 3 arc-minutes. 1 
!                Rankine, Brayton, and Stirling power conversion cycles have I 
I been proposed for use with solar energy sources.  The Stirling cy- .| 
L cle employs a reciprocating engine—for which a firm long-lifetime M 
I technology base is not yet available—and is attractive primarily be- i 
|, cause of its high cycle efficiency at moderate temperature.   The 1 
t; Rankine and Brayton cycles utilize a turbine driving an alternator. ,' f 
|.; By employing fluid-film, gas-supported, or magnetic bearings, tur- § 
| boalternator wear mechanisms can be avoided, hence long lifetimes f 
| appear to be attainable. >| 
||               Substantial development work on both the closed mixed-gas tj 
p Brayton cycle and on the organic Rankine cycle engine has been im 
| done over the past 20 years, first as candidates for 1- to 10-kWe, || 
|i isotope-fueled power systems, and more recently as contenders to M-.    ">t" 
£■ supply Power for the Space Station. Both Brayton cycle and Rank- ||              " 
|: ine cycle power conversion systems use large multistage turbines to '     frf 
| drive electric generators. ?Öj           « 
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32 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

la summary, for generating solar-electric power in low earth 
orbit, solar-dynamic power plants have th» potential to produce 
several times the power output of solar photovoltaic arrays having 
the same collecting area. These power plants are constructed almost 
entirely of metallic materials, and their semiconducting components 
(chiefly for power conditioning and control) are small, and thus more 
easily shielded from being damaged by charged particles in space 
or by man-made radiation. Solar-dynamic power systems to supply 
from 50 to 300 kWe are being considered for Phase 2 of the Space 
Station. 

*\ 

Chemical Space Power Systems 

Chemical reactants can be stored aboard spacecraft for power gen- 
eration as well as propulsion. These reactants can be used to power 
open-cycle power systems, as summarized in Figure 3-2. Consider- 
able technology relevant to this application is availab'e from the 
extensive technical experience derived from using stored propel- 
lants aboard the Titan rocket and aboard spacecraft used during 
the Apollo program. Nitrogen tetroxide (N20«) and mixed amines 
are quite easily stored and require no separate ignition system. The 
associated metals and synthetic sealing materials have been amply 
demonstrated. 

The principal unknown in using chemical reactants to produce 
space power is the tolerability of the spacecraft systems to the im- 
pacts of any chemical effluents that are released. A basic shortcoming 
in using chemical reactants is that their mass becomes prohibitive 
for durations beyond about 1,000 s (see Figure 2-1). Cooling of the 
weapon system would require a separate liquid hydrogen supply, and 
would also produce effluent, but release of hydrogen may well be 
tolerable. Space experiments could help resolve the relative tolera- 
bility of hydrogen compared to other effluents, such as water (see 
Recommendation 2). 

Space power systems using stored cryogens such as liquid oxy- 
gen and liquid hydrogen provide an attractive source of energy for 
an open-cycle space power system. The Apollo and Space Shuttle 
programs provide a well-developed background for applying cryogens 
to propulsion. The turbine-driven fuel pump for the Shuttle's main 
engine represents a record achievement in horsepower per unit mass. 
Insulation for cryo-tankage is well understood. The liquid hydrogen 
supply could be provided by the weapon-cooling system. 
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The principal penalty for a cryogenic system is the requirement 
for active refrigeration. There may be some trade-off between sys- 
tem pressure, loss due to boil-off, refrigeration system mass, and 
insulation mass. Figure 4-4 is representative of such a system. 

Both storable and cryogenic space power systems are feasible. 
The choice between them should be based not merely on compari- 
son of the power subsystems, but on the basis of comparing all-up 
spacecraft system designs (see Recommendation 1). 

Magnetohydrodynamic Space Power Systems 

Magnetohydrodynamic (MHD) space power systems, a variety of 
chemical power systems, are still in the research phase. The basic 
principles of operation of an MHD electrical power generation sys- 
tem are conceptually simple, although practical systems are difficult 
to realize. In an MHD system, electricity is generated directly by 
causing a conducting Quid to flow across magnetic field lines. Such 
a system operates similarly to a Faraday-disk machine, except that 
a conducting gas is substituted for a metallic conductor, and linear 
motion through a channel is utilized instead of rotational motion. 
Because of thi3 substitution, an MHD generator may be less massive 
than a conventional generator, hence MHD generators have some 
prospect for reducing the mass of space power systems, especially for * 
burst-power applications requiring peak powers measured in multi- 
megawatts. 

In practice, introducing MHD technology poses several practical 
problems in addition to its extremely high operating temperatures . 
and the need to obtain adequate electrical conductivity. One category 
of problem relates to achieving satisfactory behavior of the fluid flow 
in the MHD channel during the conversion process. Another problem 
is the management of system effluents emerging from the channel. 

Mitigation of the first problem requires attaining a highly ion- 
ized, high-velocity gas stream having adequate uniformity. The 
gas flowing through the MHD channel consists of a mixture of the 
hot combustion products of an exothermic reaction—which provide 
fuel—seeded with an alkali metal (e.g., potassium) to improve electri- 
cal conductivity when ionized. Small nonuniformities of gas density 
and/or ionization concentration (conductivity) can result in major 
flow instabilities, and the excess heating in these regions causes 
acoustic disturbances and flow disruptions. 

The effluent problem requires finding channel geometries that 
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34 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

maximize uniformity of flow and minimize excess heating—and the 
resultant acoustic disturbances—in the conversion and exhaust re- 
gions of the channel. The high-MHD generator-exhaust tempera- 
tures (about 2500°K) pose difficult materials problems and, if the 
escaping ionized gas is discharged to space, the glow emitted by the 
recombination of its ions and electrons would be visible to an enemy. 

The total mass flow rate of eflluent for a 200-MWe MHD space 
power system was estimated in the General Electric SPAS study 
(1988). This mass flow was 24.3 kg/s, which was considerably 
less than the 39.6 kg/s emitted by a conventional 200-MWe hy- 
drogen/oxygen chemical power system. 

The SDIO Power Program Office has recently funded a feasibility 
study to evaluate the applicability of MHD to SDI requirements. The 
first phase of that project is for independent feasibility assessments 
of two candidate concepts for a multimegawatt space power system. 
The second phase is to assess innovative approaches to develop such 
systems. These studies will address problem areas such as uniformity 
of the ionized gas in the MHD conversion channel, channel erosion, 
and dealing with substantial quantities of metallically seeded ion- 
ized effluents. MHD space power systems could degrade spacecraft 
stability or perturb orbits. 

Based on these considerations, the committee considers that 
the state of the art in MHD technology may eventually warrant 
demonstration m space. However, until MHD systems that might 
be developed for SDI are projected to be capable of modifying or 
trapping such effluents, it is the sense of the committee that fur- 
ther MHD development for SDI-beyond the conceptual studies and 
scaling validations presently contemplated—is not warranted. 

Nuclear Power for Use in Space 

Nuclear power technology can provide the capability to satisfy the 
power-density and power-level requirements for a variety of civil and 
military missions in space. The United States has used radioisotope 
thermoelectric generators (RTGs) in space, but has never employed 
nuclear reactor power systems for space applications except for a 
S^S!'*8* °f the SNAP"10A P°wer system in 1965. In contrast 
the USSR has continued to develop and deploy fission reactor systems 
that have been largely successful, although two unplanned reentries 
of Soviet nuclear-reactor-powered satellites have occurred, causing 
adverse public reaction throughout the world. 
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In the following presentations relating to nuclear power in space, 
the committee examines safety, environmental, and regulatory con- 
siderations, then discusses technical aspects of six categories of candi- 
date space nuclear power options. These options offer the possibility 
of developing compact space nuclear power systems that have favor- 
able specific-mass characteristics and that are suitable for generating 
energy for long periods. A variety of nuclear reactor system designs 
have been proposed as candidates to supply steady-state and burst 
power for both civil and military applications. These candidate sys- 
tems range from a few kilowatts to several hundred megawatts, and 
their designs cover a spectrum of technologies. However, with the 
exception of the SNAP-10A reactor, none of the reactor systems have 
been tested in space by the United States. 

The six general categories of nuclear power sources (Figure 3-2) 
considered here are as follows: radioisotope thermoelectric genera- 
tors, dynamic isotope power sources, the SP-100 class nuclear fission 
reactor, small nuclear fission reactors, and power sources using ad- 
vanced nuclear processes. A complete nuclear reactor power supply 
system consists of a nuclear reactor, shield, power conversion system, ; 
radiator (or coolant supply for the open-cycle case) and bus power 
conditioning. 

Nuclear Safety, Environmental, and Regulatory Considerations   » 

The committee believes that the responsible approach to devel- 
oping nuclear power systems for space missions is to make safety 
of paramount concern, and that it must be designed into candidate 
nuclear power technologies from the outset. Using a nuclear power 
source for space power requirements is an important option to pre- 
serve, yet poses significant safety risks. For space reactor systems to 
be regarded as safe, they will need to present an extremely low risk 
to the biosphere. This is a necessary condition for obtaining public 
acceptance, but it may not be sufficient. 

Safety and institutional acceptability must be considered from 
both general and operational points of view. Reasonable risk is 
always difficult to define; however, time can be saved and frustration 
avoided if concerns associated with nuclear, power in space are faced 
early and openly. 

From an operational point of view, the safety of a nuclear power 
system for use in space must be examined under the various sets 
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of conditions that the system may experience. The e mclude.the 
«relaunch phase (assembly of the reactor, ground testing, assembly 
o the launch-vehicle cargo); the launch phase (abnormal launch- 
sequence trajectory, on-pad or suborbital accidents, failure to at- 
tain orbit); the on-orbit phase (on-orbital maintenance of spacecraft, 
power system control anomaly, erroneous signal from the ground 
inadvertent spacecraft reentry, and ensuring reactor safety); and the 
end-of-mission phase (safety of orbit or establishment of safe orbit, 

ensuring reactor safety). .    ..   *.       n,„„„t 
In a broader sense, overall safety contingencies that must be sat- 

isfactorily addressed for a space nuclear system include ^advertent 
or uncontrolled criticality; protection of the biosphere; P^tum 
of occupational workers, astronauts, and the general public against 
radiation and toxic materials; safeguarding nuclear mater als against 
diversion; disposition at the end of its useful life; compliance with 
domestic and international law; and achieving public ««Pj««^ 
that is, the perception that all of the above issues have been handled 
honestly and reasonably. Certain of these contingencies and some ap- 
proaches for dealing with them are developed further in the following 

ParaÖhamental safety concerns about space nuclear power systems 
focus on the radiological, hazards of prelaunch or launch malfunc- 
tions and on unplanned reentry. Prior to and during launch-before 
it is first brought to criticality-a nuclear reactor has a much lower 
radiological inventory than later in its life cycle, that is, after fis- 
sion products have accumulated. From this standpoint, although 
a nuclear reactor would typically have a much greater power level 
than an RTG, before initial criticality, a reactor is significantly less 
radioactive than an RTG. Although it has a low probability of oc- 
currence, the event with the greatest potential adverse impact would 
be the reentry into the biosphere of a nuclear reactor that has failed 
to respond to a remotely controlled shutdown instruction. 

Inadvertent criticality concerns protection against core com- 
paction that would be caused by launch explosions and h»gh-velocity 
ground impacts, soil burial, or loss of reactivity control. Addition- 
ally critically safeguards must encompass water immersion and 
flooding of a damaged reactor, core configuration and composition 
changes, and inadvertent removal of neutron absorbers. Levels of 
exposure to radiation must be kept to acceptable standards for all 
planned or unplanned activities, such as maintenance, upgrading of 
components, and accidents. Ensuring end-of-life neutronic shutdown 
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38 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

protects against core disruption and release of radioactive material 
due to power excursion. Protection must be provided for the external 
heat load due to atmospheric reentry. 

A relatively fail-safe approach to deploying nuclear-reactor power 
systems in earth orbit would be to restrict spacecraft carrying such 
power systems to so-called «nuclear-safe» orbits in order to xeduce 
deleterious impacts of an unplanned reentry. Such orbits would need 
to have orbital-decay times that are sufficiently long—300 years or 
more (Seaton, 1985; Buden, 1981)-to allow ample decay of the ra- 
dioactive inventory.  Because the highly enriched uranium is used 
for fuel, that inventory is primarily composed of fission products 
which typically have half-lives ranging from a few seconds to 30 
years  A very small percentage of the radioactive inventory consists 
of longer-lived (transuranic) radionuclides.  If a mission requires a 
nuclear-reactor power system aboard a spacecraft in a lower orbit, 
the reactor must be boosted to a nuclear-safe orbit after mission com- 
pletion. The Soviets have launched about 35 nuclear space reactors 
relying on this approach. On at least two occasions (Johnson, 1986), 
this approach has failed. The altitude corresponding to a 300-year 
lifetime depends upon the ballistic coefficient of the system (Buden, 
1981)- for an SP-100 reactor power system without payload, suitable 
orbital lifetimes are achieved for altitudes of 800 km or greater. 

Environmental, safety, and regulatory considerations need to be 
dealt with both domestically and internationally. Domestically, the 
mission agency responsible for the program should file a program- 
matic environmental impact assessment (ElA) early in the process. 
From an international standpoint, relevant space and environmental 
laws are diverse and are often of indirect applicability to military 
missions. , 

No single source of international law directly governs the use of 
space-based nuclear power systems. Instead, six international con- 
ventions and a United Nations resolution in some way address nuclear 
power systems. The Outer Space Treaty (Treaty on Principles Gov- 
erning the Activities of States in the Exploration and Use of Outer 
Space) requires a country to consult with treaty members prior to 
deployment of a system that may contaminate outer space. Should 
a system malfunction or pose a threat to the outer space environ- 
ment, consultation is required prior to taking corrective actions. The 
treaty places the international liability for nuclear contamination 
on the country that launched a space object, even if the mission is 
aborted on the launch pad. 
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The Liability Convention (Convention on International Liability 
for Damage Caused by Space Objects) expands on the Outer Space 
Treaty to include damage (loss of life, personal injury, health impair- 
ment, or loss or damage to property) on the surface of the earth or 
to an aircraft in flight caused by a space object. A related conven- 
tion, the Convention on Third Party Liability in the Field of Nuclear 
Energy, sets limits for collectable damages. 

*r 

Radioisotope Thermoelectric Generators 

Radioisotope thermoelectric generators have been demonstrated to 
be useful and reliable power sources to supply a few watts to a few 
kilowatts of power for space missions. Heat is provided by radioactive 
decay of plutonium 238 (Pu-238), the half-life of which is 87.7 years. 
Thermoelectric devices are employed for power conversion. Since 
Pu-238 undergoes primarily alpha decay, little radiation shielding is 
required, hence RTGs can be used for manned missions. However, 
for cost and safety reasons, current RTG designs are mainly suitable 
only for low-power applications (current units typically produce 0.275 
kWe). In addition, RTG conversion efficiency is approximately 5 
percent, and power output of RTG systems decreases during service 
through decay of the plutonium heat source and the degradation of 
the thermoelectric devices. 

Efforts to improve the performance of RTG power systems lire 
focused on increasing their net conversion efficiency. New thermo- 
electric devices are being investigated that can operate at higher 
temperatures with improved conversion efficiency. 

A primary user issue relating to RTGs is the availability and 
cost of the isotope Pu-238. Since Pu-238 is essential for a variety 
of other applications, a significant increase in demand may exceed 
current production capability. In addition, even if a sufficient supply 
of Pu-238 were available, its cost (roughly estimated at about $20 
million per kWe) would make large-scale use of RTGs impractical. 
For example, a 1-MWe power source using several thousand RTGs 
would have a fuel cost alone reaching into the billions of dollars. 

The primary RTG safety issue relates to the possibility of a 
launch accident, in which case contamination could occur in the 
vicinity of the accident. Although up to now the general public 
may have been unaware of U.S. rocket-launched RTGs, resistance 
to future launchings could arise because, of concerns about possible 
launching mishaps. 
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40 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

Dynamic Isotope Power Sources 

Because of their higher system efficiency and reduced specific mass 
compared to RTGs, dynamic isotope power sources are an attractive 
advanced power option to supply power levels of a kilowatt or greater. 
They can provide about five times as much power output as an 
RTG from a given supply of Pu-238, but presently appear to be 
limited to power outputs of about 5 kWe because of the high cost 
and limited availability of Pu-238. Dynamic power-conversion cycles 
that are being considered utilize Brayton cycle, organic Rankine 
cycle, Stirling cycle, or liquid metal systems. Considerable experience 
regarding DIPS systems is available from terrestrial investigations, 
but their long-term, unattended reliability in space must still be 
demonstrated. 

As with RTGs, the principal technical issue to be resolved for 
DIPS systems—once their feasibility has been demonstrated—will 
again be the availability of the Pu-238 radioisotope in sufficient 
quantities and at acceptable cost to make widespread use of DIPS 
feasible. The primary safety issue confronting DIPS systems, as for 
RTGs, is likely to be launch safety. 
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SP-100 Space Nuclear Reactor System 

The only U.S. nuclear fission reactor system that has been developed 
and tested in space, SNAP-10A, consisted of a NaK-cooled 43-kWt 
reactor with thermoelectric power conversion, and produced 0.56 
kWe. SNAP-10A operated in space for 43 days in 1965, until it 
failed because its voltage regulator malfunctioned and triggered its 
automatic shutdown. During the period from lf-57 to 1972, federal 
funding for nuclear space reactors totaled $735 mislion, but from 1972 
to 1982 the United States funded only a modest research activity on 
space nuclear reactor technology, at a level of about $1 million per 
year. 

The latest program for developing a nominally 100-kWe space 
nuclear reactor power system was established in 1983. That power 
system was designated as SP-100, and the program was organized 
through a tri-agency agreement among DOE, NASA, and DARPA. 
DOD later formed the Strategic Defense Initiative Organization 
(SDIO), which replaced DARPA as the DOD representative in the 
program. The SP-100 program includes development and ground 
demonstration of a nuclear reactor power system that employs ura- 
nium nitride fuel, liquid-lithium coolant, and thermoelectric power 
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conversion. The baseline SP-100 design provides a power output of 
100 kWe. Possible future redesign options are contemplated for space 
power applications over the range extending from 10 kWe up to 1 
MWe. 

In defining the baseline SP-100 system, it was necessary to select 
technologies that would both represent advances in the state of the 
art and have a reasonable likelihood of success. As a result, uranium 
nitride fuel, clad with PWC-11 (niobium one percent zirconium 0.1 
percent carbon), was chosen as the material for operating in the 
range of approximately 1400°K. 

Considerable operational experience with Nb-one percent Zr had 
been obtained from the previous space nuclear reactor system pro- 
gram. Although higher operating temperatures would be desirable, 
the creep strength of Nb-one percent Zr decreases at temperatures 
significantly above 1450° K. Similarly, thermoelectric power convex 
sion was selected because, despite its low conversion efficiency, con- 
siderable operating experience with RTGs is available. The major 
drawbacks of such a system are its net conversion efficiency of about 
four percent and the resulting need to reject large amounts of heat. 

In addition to the baseline SP-100 power system, several alter- 
native materials and subsystems that could substantially improve 
SP-100 performance are also being investigated. Materials under in- 
vestigation (Cooper and Hor*:, 1984) include other clad and struc- 
tural alloys, such as PWC-11 (Lundberg, 1985), and molybdenum- 
rhenium alloys. These alloys have significantly greater creep strength 
than Nb-one percent Zr, but little information is available on their 
behavior under irradiation. On the power conversion side, two al- 
ternatives are being examined: a high-temperature thermionic fuel 
element and the Stirling engine. The thermionic fuel element would 
operate at internal temperatures of 1800°K to 2000° K (external tem- 
peratures in the 1000°K to 1200°K range), while the Stirling engine, 
with its significantly higher conversion efficiency, would in the near 
term operate at 1050°K, permitting the use of special stainless steels 
or loWer-alloy supefalloys such as S-590, S-816. or N-155. To make 
use of the full capability of the SP-100 reactor, the long-range goal 
of the Stirling power conversion program is to develop a converter 
operating at 1300°K, which would result in maximum specific power 
density (watts per kilogram) of the system. The 1300° K Stirling 
converter would require the use of refactory alloys (such as PWC-11) 
or composites (e.g., tungsten wire-reinforced Nb-one percent Zr). j 

The SP-100 program is currently entering into development of a 
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ground engineering system (GES) to demonstrate the nuclear reactor 
power system during a 90-day test on the ground. A reactor and pri- 
mary heat transport system will be combined in a full-scale system 
test In addition, an out-of-pile, end-to-end demonstration will be 
performed using l/12th of the full system, and employing a reac- 
tor simulator, the power conversion system, and the heat rejection 
components. Another objective of the GES tests is to advance fuel- 
element technology through the use of both advanced ceramic fuels 
and refractory metal-alloy materials. If these tests are successful, a 
demonstration of SP-100 in space could follow. 

The SP-100 system design incorporates innovative components 
wherever appropriate, and the SP-100 program is designed to allow 
opportunities for evolutionary growth. It is recognized, however, that 
the materials and subsystems employed must be qualified through 
demonstration at the operating temperatures envisioned and over the 
desired operating lifetime. System trade-offs—for example, system 
responses to a reduction in operating temperatures—must also be 
considered. In that example, system performance would be reduced 
but the probability of achieving a succecaful system would increase. 

The primary technical goals of SP-100 development are to achieve 
terrestrial and space demonstrations of a nuclear reactor power sys- 
tem acceptable to planners of space missions that require high powers 
and high power densities. If the SP-100 engineering design is shown 
to be feasible, a wide range of civil and military space missions are 
foreseeable where SP-100 technology could be utilized. 

Additional delay in implementing a space nuclear reactor power 
system program will of course add to the time needed for planning 
and deployment of an associated space mission. The dilemma is that 
the development time for such a system still significantly exceeds nor- 
mal mission-development time, yet a candidate power system must 
be fully demonstrated to be feasible, reliable, safe, and acceptable 
to the general public, legislative bodies, and regulatory agencies be- 
fore any space mission planner can count on utilizing the system 
as a power source. Hence a primary issue to be addressed by the 
SP-100 program is that SP-100 satisfy mission safety criteria and 
requirements. A rigorous review based on the earlier discussion of 
safety for nuclear power systems is an absolute prerequisite to mission 
assignment. This situation is recognized in Finding 8. 
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f-:.-'       Smaller Nuclear Space Reactor Systems 

A number of missions, both civil and military, have been identified 'M 
with power requirements in the 5 to 40 kWe range.   Studies are ^| 

g*        being conducted (USAF/DOE, 1988) to determine if an alternative 1% 
^ -        nuclear fission space reactor power system would be preferable to If 
j£ redesigning SP-100 to meet these requirements.   Several potential | 
|i        candidate power systems are being considered, including a lower- | 
£■.        power version of SP-100. ;i 
) j While there appear to be sufiRcient mission needs for a long-term f 
p       energy source in this low-power range, as with SP-100, it will be nee- | 

essary to demonstrate a small-reactor system before planners would 
|\ incorporate such a design into upcoming missions. In additiv, if an I 

i                                     |< alternative to the SP-100 design were selected for this application, ■% 
f' years may be added to the development schedule if new technologies I 
j; are required. Again, a primary issue of concern will be , ifety. :

:\i 

t,:- i 
? Multimegawatt Nuclear Space Reactor System Designs ^ 
■■■ ■"$. 

I Various designs have been proposed for nuclear fission space reactor 4 
- I systems capable of producing power in the multimegawatt range. 1 

£ Candidate system concepts are discussed, for example, in the Pro- f 
I ceedings of the Symposium on Space Nuclear Power Systems. These f 
j. Proceedings are available for symposia that are held each January 5 
jj in Albuquerque, N. Mex.  Currently, candidate options exist only i 
I: at the conceptual stage.   In addition, multimegawatt systems for I 
I SDI will need to satisfy requirements that include providing power . I 
y for operating in the housekeeping, alert, and burst modes.  Both 1! 
jr. open- and closed-cycle systems are being investigated, as well as S 
I several approaches to power conversion; however, closed-cycle sys- ^ 
I terns impose significant mass penalties, while open-cycle systems :& 
& produce efiiuents that could impair overall performance (si? Find- "M 

->                                 § lngs X and 3)- The multimegawatt power range can be divided into -| 
»>; three regimes:   (1) tens of megawatts for durations of 10 years or | 

' * -                                % more' V2) bursts of about 100 MWe, and (3) bursts of hundreds of $ 
k:                                 l, megawatts. Power sources for the two burst-power regimes probably '4 
f-                                   |: correspond to closed- and open-cycle systems, respectively. f-f 

, \.                                  I              Tests »re being conducted with two candidate technologies: in- Q 
f                                     IT6 thermionics and the gas-cooled pebble/particle bed core' In the M 
s                                  \ thermionic fuel element demonstration, power conversion is accom- If 
^                                  fv pushed within the nuclear fuel elements. IJJ 
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44 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

Other Advanced Nuclear Systems 

New concepts utilizing nuclear processes other than radioactive de- 
cay or nuclear fission may play a role in the future. Such systems 
might, for example, include magnetic fusion reactors. The overriding 
technical questions will be demonstration of the eventual feasibility 
of these processes for space power systems. Furthermore, it is not 
possible to project a date of availability for these advanced systems. 

If space power sources are to be developed to provide electric- 
ity to power space weapons for defense against ballistic missiles, it 
seems clear that multimegawatt power sources—either nuclear or 
nonnuclear—are an absolute necessity, based on current understand- 
ing of requirements. With current SDI emphasis on "near-term 
deployment, space power systems are being developed only for such 
functions as surveillance, discrimination, or detection, hence they 
lack the multimegawatt capabilities required for weapons (Conclu- 
sion 7 and Recommendation 3c). 

Finding, Conclusion, and Recommendation 

Based on the above, the committee arrived at the following finding, 
conclusion, and recommendation: 

Finding 8: The time needed for the development and demon- 
stration of a U.S. space nuclear reactor power system currently 
exceeds the time required to plan and deploy a space mission depen- 
dent upon that power source. 

Conclusion 7: A space nuclear reactor power system, once 
available, could serve a number of applications—for example, in 
NASA and military missions requiring up to 100 kWe of power or 
more—in addition to SDI. 

Recommendation Sa; Give early, careful consideration to the 
regulatory, safety, and National Environmental Policy Act require- 
ments for space nuclear power systems from manufacture through 
launch, orbital service, safe orbit requirements, and disposition. 

Ground-Based Power Beamed to Orbit 

Power transmission from ground-based power systems for reception 
and use aboard spacecraft for propulsion or power needs could con- 
ceivably become practicable. The ground-based portion of power- 
beaming systems could employ a combination (summarized in Figure 
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3-3) of dedicated power plants, energy storage devices, and linkages 
to the commercial power grid. However, in examining the relative 
merits of the power-beaming option, trade-offs must be made based 
on resolving certain problems intrinsic to this option. 

One such problem is the vulnerability to hostile threats of fixed 
ground-based transmitter facilities and—in the case of microwave 
transmission—of the rectennas used for reception of power at the 
spacecraft. Another problem is that space platforms will "see" a 
given transmitter beam during only a small portion of each earth or- 
bit for the low earth orbit (LEO) application. Solving this problem 
would necessitate using some combination of multiple ground-based 
transmitters and spacecraft storage of electrical energy. The received 
electromagnetic energy would be used to charge an on-board energy 
storage device (e.g., batteries, superconducting magnetic energy stor- 
age). The need for energy storage and a rectenna is associated with 
significant spacecraft mass. 

The relative attractiveness of the power-beaming-to-spacecraft 
option is probably closely linked with the brief time available for line- 
of-sight transmission (Hoffert et al., 1987) and with the masses of 
the rectenna and of on-board power storage systems. Existing stor- 
age devices, especially batteries, are too massive, although future 
batteries may qualify. Even if the mass of the storage system com- 
bined with the rectenna were attractive, any potential mass benefits 
of this option must also be balanced against system vulnerability. 
A rectenna would make the spacecraft difficult to maneuver, and 
in contrast to the relatively compact SP-100 nuclear option—which 
includes a significant mass penalty to achieve minimal hardening—is 
so extensive and fragile that it would be difficult to camouflage or to 
harden as a target. 

The comraittee considered the limited available information 
(Brown, 1987; Gregorwich, 1987; Hoffert et al., 1987) regarding 
the option of beaming power from the ground into orbit using mi- 
crowaves, and found that this concept has some attractive features 
For example, there is the potential for keeping much of the power- 
generating machinery on the ground, where mass is not critical and 
where maintenance and refueling are simpler. On the other hand, mi- 
crowave power-beaming systems do have certain drawbacks: brevity 
of transmission periods, complex orbital mechanics, the masses of on- 
board energy storage systems, the vulnerability of large-area recten- 
nas and ground installations, and a possible need for orbiting relay 
reflectors. The committee regards this option both cautiously and 
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46 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

seriously, and believes that further study is warranted to evaluate 
this system concept. 

There has been only a modest evaluation of the various power- 
beaming-to-spacecraft options that have been suggested. These op- 
tions include (a) beaming power from earth directly to a weapon; 
(b) beaming power from earth to a reflector in geosynchronous orbit 
and thence to the weapon in low earth orbit; and (c) beaming power 
from earth to a converter in synchronous orbit, thence to a reflector 
in low earth orbit. A variation on these options would be to beam 
power downward from a space power source in higher orbit. 

Finding and Recommendation 

Based on the above, the committee arrived at the following finding 
and recommendation: 

Finding 6: Beaming power from earth to spacecraft by mi- 
crowaves or lasers (see Recommendation 6) has not been extensively 
explored as a power or propulsion option. 

Recommendation 6: Review again the potential for ground- 
based power generation (or energy storage) with subsequent electro- 
magnetic transmission to orbit. 

Co-Orbiting Power Sources 

Power can be delivered to a spacecraft from a detached part of 
that spacecraft or from a co-orbiting spacecraft by the use of long 
tethers, rigid booms, or by beaming. The concept of locally beamed 
or tethered (i.e., via long cables) power transmission from a power 
source to a weapon "at some distance"—which is taken to mean 
within a distance on the order of a kilometer or so, appears possible 
but is probably very complex. * -■*< 

ENVIRONMENTAL CONSTRAINTS INFLUENCING THE 
SELECTION OF SPACE POWER SYSTEMS 

The Natural Space Environment 

The natural space environment contains neutral gases, plasmas, ra- 
diation (both penetrating particles and solar electromagnetic), mag- 
netic fields, meteoroids, and space debris. Characteristic densities, 
energies, fluxes, and so on vary widely with both time and position 
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(including altitude) in orbit. The lower-energy constitwnts of the 
apace environment, notably neutral particles, plasmas, and fields, 
can be dramatically perturbed by the presence and operation of 
space systems, creating a local environment much different from the 
natural one. .       . 

The impact of system interactions must be examined in the 
context of the local space environment, leading to results that will, 
of course, be system-dependent. The higher-energy constituents of 
the space environment, such as radiation and participates, are iess 
influenced by the system than are the lower-energy constituents. 
Accordingly, the high-energy constituents can most readily be con- 
sidered in terms of their direct impact on the system. However, to 
the extent that these constituents modify the system, their impact 
will also be manifested in the local space environment of lower-energy 
components. 

Orbital Environmental Impacts 

Two key factors in the operation of SDI systems in natural orbital 
environments drive system design in terms of both feasibility and 
launch weight. These are (1) toicr&nce of effluents, most dramati- 
cally those from open-cycle cooling and/or power systems; and (2) 
achieving satisfactory operation of very-high-power systems in the 
natural orbital environment. Effluents and high-power operation are 
clearly interrelated, and in the final analysis these factors must be 
considered at an overall system level, because the local space envi- 
ronment couples the impacts of various subsystems (e.g., the power 
and weapon subsystems). Furthermore, both the power levels and 
the effluent-expulsion levels envisioned for SDI systems are orders 
of magnitude beyond present experience in space. Resolution of 
these factors will require more than simple extrapolation of existing 
knowledge. 

In evaluating possible impacts of effluent from open-cycle space 
power systems and space weapon systems, consideration must be 
given to effluent behavior under a variety of circumstances. Data 
from past experience in space will be of limited utility, however, 
since attitude-control jets produce effluent on a much smaller scale 
than will open-cycle space power systems. Those data do suggest 
that condensation may occur on cold surfaces of the spacecraft, and 
that there is also the possibility of creating "snow flakes," such as 
those reported in the Apollo program. 
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48 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

Chemically reacting gases or ionized gases could also emit elec- 
tromagnetic radiation. For an SDI platform, such a radiant plume 
could interfere with its sensors, increase its detectability, and increase 
its vulnerability. 

High-power systems use high voltages and/or high currents, 
hence operation of such systems in the low-pressure, ionized space en- 
vironment requires great care to avoid surface arcing and "vacuum" 
breakdowns. The usual approach to operating high-power systems 
in the earth's atmosphere is to insulate the high-voltage compo- 
nents using oils or pressurized gas containers. Implementation of 
this approach for space power systems may make them prohibitively 
massive, especially since the mass problem is further aggravated 
by the need to make Bpace systems survivable against natural and 
hostile threats: damage from space debris and meteoroids must be 
prevented over long mission lifetimes. 

Survivability concerns introduce an additional factor that is best 
considered in synergism with dealing with effluents and providing 
high-voltage insulation. For example, if space platforms were hard- 
ened to several calories per square centimeter, the substantial armor 
shell employed would provide an environment that may eliminate 
the possibility of electrical breakdown between bare electrodes and 
at the same time protect against effluents and space debris. Thus, re- 
sponding to survivability needs could also serve these two additional 
purposes. The prospect for simultaneously achieving these multiple 
objectives suggests that there should be an effort both to develop 
low-density, high-dielectric-strength materials for encapsulation and 
to formulate appropriate space experiments for testing them. 

Arcing on partially insulated probes (planar solar-array seg- 
ments) biased negatively in plasmas, both in ground test facilities 
and in orbit, has been observed at voltages in the range of a few hun- 
dred volts. Probes of other geometries—such as conducting discs on 
insulator and "pinhole" geometries—are less prone to arcing. While 
arcing mechanisms are not fully understood, enough is known that 
attempts to develop arc-resistant designs could prove fruitful. An 
initial demonstration of this possibility is the success of the SPEAR- 
I rocket experiment, which obtained data at altitudes up to 369 km. 
On December 13, 1987, using specially designed 1-m long booms 
to suppress surface arcing, two 20-cm diameter spherical probes on 
SPEAR-I demonstrated space vacuum insulation that withstood a 
maximum (pulse) voltage of 44 kV applied between the rocket body 
and the spherical boom terminal. The payoff, in terms of reduced 
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power system mass, could be large if insulation requirements can be 
reduced or partially eliminated in pulsed systems. 

The basic strategy is to achieve a design solution that both elim- 
inates along-surface arcing and takes advantage of the space vacuum 
to help avoid gas breakdown when using high-voltage pulses. Steps 
along these lines are being taken within the current SDI program. 
However, it should be noted that attempts to follow this strategy 
may be compromised by high levels of contaminants, both because 
(a) surface arcing and gas-breakdown thresholds are dependent on 
background neutral and plasma densities, and (b) breakdown near 
a high-voltage surface can short out such space-vacuum-insulated 
conductors. Neutral-gas-breakdown threshold voltages are reduced 
below the Paschen levels when plasma is present (due to the availabil- 
ity of free charges for initiation), and—under some conditions—are 
further reduced by magnetic fields. 

Magnetic fields at levels that may be present in high-power equip- 
ment may inhibit both charge mobility and breakdown potentials. In 
the density regimes characteristic of the unperturbed natural space 
environment, pressures are so low that very high voltages are nec- 
essary to initiate gas breakdown. Yet an orbiting vehicle introduces 
local surrounding gas and plasma densities through outgasing—as 
well as local magnetic fields characteristic of the orbital vehicle— 
creating conditions markedly different from those of the natural en- 
vironment. Again, large amounts of emuent will make the system 
much more susceptible to breakdown and dictate more stringent in- 
sulation requirements. In addition, attaining survivability against 
hostile threats may complicate implementation of the exposed high- 
voltage approach, since direct use of the space vacuum as an external 
surface insulator will be precluded for those space platforms that 
must be hardened by encapsulation to withstand hostile threats. 

In the SPAS studies examined by the committee, open-cycle 
space power systems are tentatively regarded as attractive choices 
compared to closed-cycle power systems because of their potential 
to be significantly less massive. As this report was being finalized, 
the committee became aware of a study by El-Genk et al. (1987) 
favoring closed-cycle nuclear power systems. 

Open-cycle space power systems may not be practical if they 
liberate large amounts of effluent. Open-cycle weapon systems (e.g., 
chemical lasers) are also being proposed, although any resulting 
evolution of effluent clouds is not well understood in terms of ex- 
pansion, dissipation, ionization, excitation, radiation emission, and 
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50 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

interactions with surfaces, background environments, sensors, and 
weapons. . 

To understand the impacts of effluent clouds, estimates are re- 
quired of neutral particle densities around a vehicle due to back- 
streaming around nozzles. Such estimates vary widely, however, de- 
pending on the nozzle geometry and the analytical models employed. 
There are orders-of-magnitude differences between independent pre- 
dictions of densities in the region "behind" nozzles. None of the 
models has been fully validated. Impacts of effluents include chem- 
ical interactions with surfaces, condensation on cold surfaces, inter- 
ference with power system operation, and interference with weapons 
and sensors. Ail of these impacts depend on the kind of effluent and 
its mode of emission, density, and temperature. The question of what 
liberated effluents, if any, can be tolerated has not been resolved. Yet 
the mass penalties resulting from containing large quantities of efflu- 
ents are significant. 

Various possible impacts of effluents on weapons and sensors 
need resolution. For example, one unresolved issue is whether ef- 
fluent releases will interfere with propagation of a neutral particle 
beam. The simplest approach to estimating such interference is to 
approximate the effluent as a spherical cloud emanating from a point 
source at distance R« from the particle beam source, then compute 
an effluent dump rate that will interfere with the beam. The validity 
of using the spherical approximation has been estimated by compar- 
ison to Space Shuttle data via the calculations shown in Appendix 
D. These calculations suggest both that the approximation is rea- 
sonable and that the issue of neutral-particle-beam stripping must 
be addressed. To complement these estimates, a program of space 
experiments is needed, as suggested in Recommendation 2. 

From the space power system perspective, two strategies appear 
to have high payoffs in terms of reducing system mass. One is to ex- 
plore development of effluent-tolerant systems; the other is to explore 
using space as a "vacuum insulator," if this approach is consistent 
with achieving survivability against hostile threats. The two are an- 
tithetical, as an effluent-tolerant system must be carefully insulated 
for the long term, while a space-vacuum-insulation approach may be 
intolerant of effluents. Given the prohibitive mass estimates gener- 
ated in systems studies to date, it is imperative to quantify both of 
these potentially high-payoff mass-reduction approaches. 

Because effluents can affect power systems, sensors, and weapons, 
analysis of the total space system must be significantly refined 
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rates projected for SDI systems. 

Conclusion and Recommendation 

Based on the preceding, the committee arrived at the following con- 
elusion and recommendation: 

ffp^"toiÄ^"*» Ifanopen-eycle 

(absXne of the avenues stated in Conclusion 2, Chapter 4). 

Recommendation 2: To remove a major obstacle.to.chiev- 
W,* SDI burst-mn^c objectives, estimate as soon as practical the 
If !w, ororbuVoncentrations of effluents. These estimates should 
bfw-To tuSXun extent possible-on ^results of space 
Piments and should take into account the impact of effluents 
SSÄgTu^ation, space-platform sensors and weapons, the 
orbital environment, and power generation and distribution. 
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Needed Technological Advances in 
Space Power Subsystems to Meet 

SDI Requirements 

IMPLICATIONS OP SDI SPACE POWER AECJITECTUEE 
SYSTEM STUDIES FOR ADVANCES NEEDED 

IN POWER SUBSYSTEMS 

The following seven listings indicate key features of some space power 

Sei selected by SDI space l^^^^^fZZlZl 
capable of providing power-in the relatively near term-at the levels 

indicated. • 
•   At maximum power levels greater than 100 Mwe: 

1   open-cycle, gas-cooled fission reactor + turbine; 
2. open-cycle, H2 + Oa combustion + turbine; 
3. closed-cycle, Brayton, gas-cooled fission reactor + turbine, 

4. closed-cycle, Rankine, liquid-metal cooled fission reactor 
+ turbine. 

•   At power levels of lOMWe or less: 
5. closed Rankine cycle, fission reactor; 
6. closed Brayton cycle, fission reactor; and 
7. thermionic conversion, fission reactor. 

These selections were provided to the committee in the form of 
prepublication results obtained from three *^^J*«^ 
dent studies of Space Power Architecture System (SPAS) options 
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(1988). These SPAS studies were performed under contract to the 
SDIO Power Program Office. It should be noted that the studies ap- 
parently did not make allowances for system survivability, leading the 
committee to Finding 3 below. Abbreviated descriptive summaries 
of some results of the SPAS studies are shown in Tables 4-1 and 4-2, 
and in Figure 4-1. These exhibits make no allowance for the mass of 
the hydrogen used for weapons cooling or for H2-02 combustion. 

The entries in Table 4-1 for masses of the open-cycle systems 
(first two columns) do not include the masses of hydrogen needed for 
cooling the reactor or for burning in the turbine. Rather, the table 
assumes the specific direction given to the SPAS contractors: namely, 
that the hydrogen for these purposes is available "free"—for example, 
with no mass penalty—from the weapon system. On the other hand, 
coolant required for the 1,800-s burst is included in the masses for the 
closed-cycle systems. According to the Sanda people who prepared 
Table 4-1 (Cropp, 1988), the turbine design for the H2-02 combustion 
system was optimized assuming free hydrogen, so that simply adding 
the required mass of hydrogen will somewhat overestimate the overall 
system mass because of mass tradeoffs between hydrogen mass and 
turbine mass. 

Another view of system mass comparisons is shown in Figure 
4-2, from the IEG Field Support Team's critique of SPAS contrac- 
tor reports. This figure shows an overview of the power system 
masses (exclusive of power conditioning) calculated by the SPAS 
contractors in terms of specific mass as a function of run time. The* 
bands labelled "Open power systems," "Closed power systems," and 
"Closed thermodynamic cycle power systems" indicate the envelopes 
of contractor-calculated masses for these classes of systems. The 
mass of hydrogen is included in all of these specific mass figures, 
as is seen from the increases in mass with run time for all but the 
thermodynamic cycle systems. In Figure 4-2, the power systems that 
produce effluents that are discharged into space (which are referred 
to as open power systems) include (where TRW means TRW, Inc.; 
MM means Martin-Marietta, Inc.; and GE refers to the General 
Electric Co.): 

• TRW Nerva-derivative reactor MHD (least massive) 
• TRW gel MHD 
• TRW Nerva-derivative reactor turboalternator 
• TRW H2-02 combustor turboalternator 
• GE Nerva-derivative reactor turboalternator 
• GE pebble bed reactor MHD 
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NEEDED ADVANCES IN SPACE POWER SUBSYSTEMS 

TABLE 4-2 Multimegawatt Space Power System Comparison 
(10-MW, 1-year operation; masses are in metric tons) 

57 

Power System 
Component Rankine Brayton Thermionic 

Reactor 1.1 E.S 12.8 
Shield                           a Ü* 0.8fe,£ 

6.6 
Turbine and generator- — 
Compressor — 0.5 — 
Vapor separator 3.8 — ~ 
Power conditioning and 

generator radiator 1.4 1.4 2.0 
Power conditioning 20K 

11.4** 
20b 5.0 

Radiator S1.05 30.0 
Miscellaneous 2.8 4.6 G.6 

TOTAL 31.0 60.4 62.0 

- It is assumed that the specific mass of a standard generator 
is 0.05 kg/kW.  The mass of a cryogenic generator may be 
lower by a factor of two. 
2. No allowance is made for weapons cooling. 
£. Although some turbine mass differences are expected between Brayton 
and Rankine systems, these differences may be too large.  Consistent 
algorithms for power conversion masses are still being formulated. 

SOURCE:  Sandia National Laboratories and NASA, Independent 
Evaluation Group Field Support Team, using reference models they 
developed prior to the Space Power Architecture System (1988) studies. 

• GE open H2-02 fuel cell 
• GE H2-O2 combustor turboaltemator 
• GE Li-HCl battery 
• MM H2-02 combustor MHD (most massive) 
• MM H2-02 combustor turboaltemator 
• MM open H2-02 fuel cell 
• MM combustor turboaltemator (no H20) 
• MM Nerva-derivative reactor turboaltemator 

The power systems that generate chemical products that are 
retained (known as closed power systems) include 

• TRW ice-cooled H2-02 fuel cell (least massive); 
• MM ire-cooled H2-O2 fuel cell with radiator; 
• TRW closed combustor turboaltemator (most massive); and 
• TRW lithium-metal sulfide battery. 
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FIGURE 4-2 Mass as a function of whether the system is open or closed and 
of run time. SOURCE: Sandia National Laboratories, Independent Evaluation 
Group Field Support Team, based on inputs from Space Power Architecture 
System contractors (1988). 
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The closed thermodynamic cycle systems are Martin Marietta's 
reactor-powered Rankine and thermionic systems, which use radia- 
tors to reject waste heat. * 

Figure 4-3 is a block diagram showing a closed-cycle Brayton 
space power system energised by a nuclear reactor. Figure 4-4 is & 
similar diagram for an open-cycle space power system energized by 
the combustion of hydrogen and oxygen. Note that weapons cooling 
is diagrammed in Figure 4-4. 

The above-mentioned descriptive summaries are based on three 
SPAS studies performed by SDIO-supported contractors who, unfor- 
tunately, employed an inconsistent set of assumptions. Consequently, 
there are necessarily differences in the three sets of results that arc 
difficult to interpret, a problem recognized by the SDIO Power Pro- 
gram Office's technical team charged with interpreting the SPAS 
results. This problem is especially severe in comparing estimates of 
system mass. In that regard, this team noted significant differences in 
assumptions among the contractors—along with overall limitations 
in the assumptions—pertaining to the following technological and 
packaging considerations, to which the mass estimates are sensitive: s ■ft! 
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60 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

• High-voltage power systems perform well with tube radiofre- 
quency (RF) systems. 

• Low-voltage power systems perform well with solid-state RF 
systems. 

• High-voltage alternators save mass, since no transformers are 
needed. 

• Cryo-cooled power conditioning, if realizable, saves mass, 
hence conductors, transformers, and other components can be less 
massive. 

• Mass estimates were based on conservative near-term or on 
optimistic far-term assumptions regarding technology. 

• Masses required for thermal management and packaging were 
not uniformly considered. 

• The technology postulated for power conditioning does not 
exist. 

Tables 4-1 and 4-2 warrant comment, in view of the fact that 
the information they contain became the bases for several of the 
committee's findings, conclusions, and recommendations. In Table 
4-1, masses for several burst-mode space power systems are quoted in 
metric tons. For the convenience of those unaccustomed to thinking 
in those units, Table 4-3 shows the range of system masses from 
smallest to largest. 

Assuming typical costs per pound for development, production, 
and launching to orbit, and noting that the power system may range 
from 20 to 50 percent of the total orbital vehicle mass, these systems 
appear to be very large—hence probably prohibitively expensive— 
and too massive to lift into orbit with any practical launch vehicle, 
unless they were launched separately and assembled in orbit, thus 
motivating Conclusion 2 below. 

A further difficulty encountered in Table 4-2 is the significant 
difference in reactor masses between the Brayton and Rankine sys- 
tems. This large discrepancy resulted from the fact that the two 
sets of results were obtained by separate contractors who used differ- 
ent technical assumptions, some of which may be questionable. The 
range of their results for reactor and turbogenerator masses of two 
multimegawatt space power systems is shown in Table 4-4. 

These differences contributed significantly to the committee's 
reluctance to recommend, with any assurance, either the selection 
or elimination of any candidate space power system(s). Figure 4-1 
expresses the above results in terms of system-specific masses (in 
kg/kWe), for gross power levels of 1, 5, 10, and 20 MWe. In this 
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TABLE 4-3 Range of System MMM of Variou» SPAS Bunt-Mode 
Space Power System» 

System Mm 

System Metric ton*        Kilogram* Pound* 

Smallest 
Largest 

148.5 
2,908.4 

•148,500 
1,908,400 

826,700 
6,398,480 

NOTE: For comparison, the payload capacity of the Space Shuttle to 
currently about 45,000 pounds, and the largest U.S. heavy-lift launch 
vehicle could lift less than the 326.700 pound* stated above. SPAS - 
Space Power Architecture System. 

TABLE 4-4 Range of Reactor and Turbogenerator Masse* of Two 
SPAS Multimegawatt Space Power Systems 

Reactor Mas* 

System Metric Ton» Kilogram* Pounds 

Reactor (Rankine) 
Reactor (Brayton) 
Turbine and generator 

(Rankine) 
Turbine and generator 

(Brayton) 

1.2 
S.5 
7.4 

0.8 

1,210 
5,500 
7,400 

800 

2,052 
12,100 
16,280 

1,760 

NOTE: SPAS = Space Power Architecture System. 

':-1 

form, the difference between Rankine and Brayton cycles is open to 
question. Perhaps most striking is the difference between these cycles 
for reactor plus shield, a factor of 5 to 6 at all gross power levels. _ 

Figure 4-3 indicates, for one particular system, the integration of 
power system and weapon—at least to the extent of using a common 
source of hydrogen. In other systems studied, there is no explanation 
of the extent to which the power system was reviewed in the context 
of the entire orbital vehicle. Consequently, the committee cannot 
assess either penalties or advantages that might be encountered m 
making the power system an integrated part of the complete orbital 

platform. » .    ,   , -^     * 
These difficulties (Findings 2, 3, and 4) lead the committee to 
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the conclusion that there is still an insufficient basis for making 
a selection between the power architectures examined; they also 
motivate the committee's Recommendation 1—to carry out detailed, 
whole-system design studies. 

Despite difficulties in comparing the SPAS results, however, the 
dramatic mass differences between open-cycle and clo3ed-cycle power 
systems, found by all of the contractors (cf. Fig. 4-2), were qual- 
itatively adequate to motivate Recommendation 2 regarding the 
question of permissible effluent. Figures 4-3 and 4-4 highlight the 
differences between typical closed-cycle and open-cycle systems, re- 
spectively. 

ADVANCES NEEDED IN HIGH-TEMPERATURE 
STRUCTURAL MATERIALS TECHNOLOGY 

As is evident in Tables 4-1 and 4-2, radiator masses are a large frac- 
tion of the mass of closed-cycle (Bray ton and Rankine) apace power 
systems. As the peak operating temperature (T, measured in °K) of a 
space power plant increases, the heat radiated per unit radiator mass 
increases rapidly (as T*). Therefore, advances in current materials 
technology could provide high-temperature, creep-resistant materials 
that could greatly reduce the radiator mass required (Rosenblum et 
al., 1966; Buckman and Begley, 1969; Devan and Long, 1975; Klopp 
et al., 1980; DeVan et al., 1984; Stephens et al., 1988). 

For example, if the technology for carbon-carbon composites 
were sufficiently advanced BO as to provide a material for constructing 
a Bray ton cycle power plant, it is conceivable that the turbine-inlet 
temperature could be raised from the 1500°K stated in Table 4-1 
to 2000° K. This temperature increase would reduce the mass of the 
required radiator by about a factor of three, thereby roughly halving 
the total mass of such a power system, and would also increase tli e 
efficiency of power conversion. Realization of the full potential of 
such a material, about 2300°K (National Research Council, 1988), 
would reduce power system mass even further. Accordingly, achiev- 
ing broadly based advances in high-ternperature structural materials 
could provide a basis for dramatic potential gains in power plant 
performance and corresponding reductions in power plant mass. Use 
of such materials in space would avoid the need for the antioxidation 
coatings that are required for terrestrial applications in an oxidizing 
atmosphere. 
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64 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

TABLE 4-5 Potential Department of Defense (DOD) Application! of 
Superconductor» for Power Component» 

Power Application 

Megawatt power generation 
(low specific mass: 0.1 kg/kWe) 
Synchronous alternators 
Pulsed alternators 
DC generator exciters 

MHD generator magnets 
Megawatt propulsion motor (DC) 
Power conditioning and energy 

storage 
Low-mass, fast-pulsed 

energy storage 
Ground-based, slow-pulsed 

energy storage 
Low-mass inverter 

transformer 
Low-mass inductor 

components 
Power transmission lines 

Responsible DOD Organisation(a) 

Air Force, SDI 
Air Force, Army, BTI, DARPA 
Air Force, Army. BTI. DARPA, 

Navy 
Air Force, BTI 
Navy 

Air Force, Army, BTI, 
DARPA, SDI, 

Air Force, Army, DNA, SDI 

Air Force, SDI 

Air Force, DNA, SDI 

Air Force, Army, BTI, 
DARPA, DNA, Navy, SDI 

NOTE: BTI = Balanced Technology Initiative; DARPA = Defense Advanced 
Research Projects Agency; DC = direct current; DNA = Defense Nuclear 
Agency; MHD = magnetohydrodynamic»; SDI = Strstcgic Defense Initiative 

;* A- - 
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ADVANCES NEEDED IN POWER-CONDITIONING AND 
PULSE-GENERATING TECHNOLOGIES ? 

Superconducting Materials 

Superconductors are potentially useful throughout the power sys- 
tem/weapon system. The importance of superconductors in power 
applications lies in their ability to carry large current densities with 
essentially no resistive losses. Tables 4-5 and 4-6 list potential SDI 
power- and weapons-related applications, respectively. 

In view of their potential to operate in liquid hydrogen, the 
recently discovered high-critical-temperature superconductors could 
impact many SDI applications if they can be developed into usable 
forms. As a result of this potentially major impact, a more detailed 
discussion on these materials is provided in Chapter 5. Increased 
research in this area is being sponsored by industry, the Depart- 
ment of Defense, Department of Energy, and the National Science 
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Foundation. These agencies are redirecting funding into high-critical- 
temperature superconducting materials and their applications. 

Component Technology 

The state of the art in power conditioning is adequate to satisfy the 
needs of most commercial land-based power applications. For those 
applications, it is sufficient to improve product reliability without 
developing new devices. For instance, radar designs, both airborne 
and land-based, are rather standard and use only proven components, 
resulting in the availability of only a few competing designs. This 
is done to avoid the cost of developing new components and the 
subsequent need for a program to prove their reliability. The same 

TABtE 4-6 Potential Department of Defen«e (DOD) Application» of 
Superconductor» for Weapon» Component» 

Weapon Application Responsible DOD Organizations 

Directed Energy 
Laser 

R5" cavities 
Wiggler magnets 
Electron beam guidance magnet» 

Particle beam 
RF cavities 
Beam-guiding magnets 
Focusing magnets 

Kinetic Energy (electromagnetic launcher«) 
Tactical 

Augmentation magnet» (railgun») 
High-current »witches 

Coil gun accelerators 
Strategic 

Augmentation magnets (railguns) 
High-current »witches 
Coil gun accelerators 

Air Fore», Army, SDI 
Air Force, Army, SDI 
Air Force, Army, SDI 

Air Force, Army, SDI 
Air Fore», Army, SDI 
Air Force, Army, SDI 

Army, BTI, DARPA, DNA 
Air Force, Army, BTI, DARPA, 

DNA 
Army, BTI, DARPA 

Air Force, DNA, SDI 
Air Force, SDI 
Air Force, SDI 

NOTE: BTI = Balanced Technology Initiative; DARPA = Defense Advanced 
Research Projects Agency; DNA = Defense Nuclear Agency; RF = radio 
frequency; SDI = Strategic Defense Initiative. 
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can also be said of much of the electronics associated with launch 
vehicles and satellites. 

Newer applications requiring very fast pulses or very high average 
powers have met with difficulties, in that the present state of the 
art in component technology is generally inadequate to achieve the 
desired level of performance (Rohwein and Sarjeant, 1983). These 
applications have not offered sufficient economic impact to stimulate 
substantial corporate investment in a new technology base required to 
establish the next generation of power-conditioning designs. Instead, 
such applications have attained their rather modest goals through 
modifications and extensions of existing components or techniques. 

Although present designs serve very well, they do not scale di- 
rectly into the multimegawatt range for SDI applications. This dif- 
ficulty is partly attributable to the emphasis placed on conservative 
designs in order to obtain the requisite reliability; however, in the 
multimegawatt range, extension of standard designs leads to imprac- 
tically large and massive systems. More must be known about the 
failure mechanisms of critical components. The mass penalty of the 
large design margins affordable in small systems cannot be toler- 
ated at high SDI power levels. Indeed, entirely new components and 
concepts may be required to achieve SDI objectives. Power must 
be made available at specific voltage and current levels matching 
weapons power requirements. 

'  \ 

FINDINGS, CONCLUSION, AND RECOMMENDATION 

Based on the discussions in this chapter, the committee arrived at 
the following findings, conclusion, and recommendation. 

Finding 2: The space power subsystems required to power each 
SDI spacecraft are a significant part of a larger, complex system into 
which they must be integrated, hence the only completely valid 
approach is to analyze them in the system context, (see Conclusion 
2 and Recommendation 1.) 

Finding 3; Existing space power architecture system studies do 
not adequately address questions of survivability, reliability, main- 
tainability, and operational readiness—for example, availability on 
very short notice. 
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Finding 4: Existing SDI space power architecture system stud- 
ies do not provide an adequate basis for evaluating or comparing 
cost or cost-effectiveness among the space power systems examined. 

Conclusion 2: Gross estimated masses of SDI space power sys- 
tems analyzed in existing studies appear unacceptably large to op- 
erate major space-based weapons. At these projected m».*™ 
feasibility of space power systems needed for high-power SDI con- 
cepteappears hnpractlcal fromboth cost and launch considerattons. 
A^enue?available to reduce power system costs and launch weights 
include (a) to substantially reduce SDI power requirements; (b) to 
significantly advance space power technology. 

Recommendation 1:   Using the latest avaflable information, an 
in-depth ftul-veMcle-systempreinninary design study-for two sub- 
stantially different candidate power systems for a common weapon 
platform-should be performed now, in order to reveal secondaryor 
tertiary requirements and limitations in the technology base which 
are not readily apparent in the current space power «^««*«JJ 
tern studies. Care should be exercised in establishing viable technical 
assumptions and performance requirements, including survhrabiliiy, 
maintainability, availability, ramp-rate, voltage, current, torque, ef- 
fluents, and so on. This study should carefully define the available 
technologies, their deficiencies, and high-leverage areas where in- 
vestment win produce significant improvement. The requirement for 
both alert-mode and burst-mode power and energy must be better 
defined. Such an in-depth system study will improve «he basis for 
power system selection, and could also be helpful in refining mission 
requirements. 
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Approaches Toward Achieving Advances in 
Critical Power Technologies 

In the discussion of space-based power requirements (Chapter 2), the 
committee pointed out the advantage of pursuing high-leverage areas; 
similar approaches can yield some very useful results in advancing 
critical power technologies. In this chapter, the following subjects 
are discussed: advancing thermal-management techniques, advanc- 
ing power-conditioning components and technologies, and materials 
advances required for developing power component technologies. 

ADVANCING THERMAL-MANAGEMENT TECHNOLOGIES 

The thermal-management problem is that all heat generated on a 
space platform must be (a) converted into another form of energy 
(with the associated thermodynamic constraints); (b) absorbed as 
temperature rise in components or thermal storage elements; (c) 
absorbed by a coolant that is vented; or (d) radiated to space either 
directly from the component or by use of a higher-temperature, more 
efficient radiator. 

The last option requires a heat-pump (refrigeration) cycle, in 
which heat is absorbed at a low temperature and rejected by the 
radiator at a higher temperature. Only the first three options are 
available for heat rejection from the space power system itself. 

The space power system—defined for this purpose to include 
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a heat source, power conversion devices, and its loads—is the pri- 
mary source of spacecraft-generated thermal energy that must be 
disposed of. Thus the efficiencies and losses of the overall power 
system—including those of its subsystems and components—are ma- 
jor factors determining how much heat is generated and thus must 
subsequently be absorbed or rejected. Availability of survivable 
cost-effective technology to store, pump to higher temperatures, and " 
radiate thermal energy effectively with low mass penalties is an im- 
portant ingredient of space power system design. 

The problem of thermal management is very important for space- 
craft of any size, to say nothing of spacecraft power systems ranging 
from hundreds of kilowatts to multimegawatts. The primary means 
for heat rejection currently employed is to use heat radiators. This 
method is basically the only long-term means of rejecting heat m 
space without spacecraft mass alteration. Obviously, heat can be 
stored in a mass that is then ejected from the spacecraft. The practi- 
cality of this method is limited (to about 30 min) by the rapid increase 
of the mass required with increasing duration of operation. Further, 
heat storage (in a heat sink) is a very useful method of point cooling 
and has considerable potential for SDI utilization. These methods 
will be discussed separately. 

Heat-!* ejection Considerations 

As is well known, i\■ ■: -ü-iount of heat radiated from a surface is 
proportional to the lucich power of the surface temperature (mea- 
sured in °K) and to the emissivity of the surface material. For these 
reasons, reductions in radiator size and mass can be realized if the 
operating temperatures and emissivities of space power radiators can 
be increased. Because of the high sensitivity to temperature, dra- 
matic mass reductions can be achieved, as discussed in Chapter 4, 
whereas there is less sensitivity to emissivity improvemeuts. 

Significant innovation in this area has the potential to alter 
conventional views of power-system design trade-offs and should be 
examined in connection with the preliminary vehicle design proposed 
in Recommendation 1 of this report. Innovative radiating systems 
based on liquid-droplet radiators, moving-belt radiators, heat pipes, 
or on radiators that are deployed on power demand have been pro- 
posed. Although there is no assurance that any of these concepts will 
prove feasible, such approaches might produce significant reductions 
in radiator size and specific mass, and hence warrant exploratory 
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70 ADVANCED POWER SOURCES FOR SPACE MISSIONS 

research. An unarmored deployable radiator would be less massive 
than an armored radiator, yet still be survivable to attrition attacks 
by ground-based or space-based lasers. 

For high-power systems, needs for heat rejection and mass mini- 
mization cause system designers to favor power systems that operate 
at high temperatures, thereby reducing the size of power-conversion 
equipment (through higher conversion efficiencies), the amount of 
heat that needs to be rejected, and the size of the radiators. For low- 
temperature power systems, low-density materials (e.g., aluminum, 
beryllium, or titanium) can be employed as radiators, thereby pro- 
viding a means for reducing mass. Unfortunately, most highly devel- 
oped heat-rejection technology was optimized based on cost factors, 
rather than on considerations such as survivability, efficiency, or 
high-temperature capabilities. Consequently there is only a limited 
available technology base applicable to the problem at hand. 

Heat rejection is essential, and for clc3ed-cycle (noneffluent) 
space power systems at the multimegawatt level, the heat rejec- 
tion subsystem (see Chapter 4, Figure 4-1) can easily account for 
half the mass of the overall power system. The SP-100 power system 
has large, massive radiators because of the low conversion efficiency 
of its thermoelectric converters. These radiators are made even more 
massive by the imposed survivability requirements. Two other heat 
rejection options are discussed below which avoid using radiators but 
are mass-intensive, hence they become impractical as the duration of* 
power usage increases beyond about 1,000 s. 

One of these options is to use heat storage aboard the spacecraft 
for thermal management of multimegawatt systems that are operated 
for only short periods of time (i.e., in the burst mode). Most of 
the heat storage needed can be accomplished through endothermic 
chemical reactions, use of < pecific heat capacity, and phase changes. 

The other option that avoids radiators is gross heat rejection 
from a thermal engine, where the waste heat is simply thrown over- 
board with the effluent. This is a viable concept if the effluent does 
not unduly interfere with friendly weapon, sensor, spacecraft, or 
power systems. On the other hand, liberating effluents may hinder 
hostile action. 

From a strategic standpoint, duration constraints on the use of 
the above mass-intensive options make them ineffective against a 
counter-strategy of prolonging the period of combat to an hour or 
longer. 

Power system working fluid can typically be used for weapon 

■-*. 

/ / 

1   / 

t 

■.■...■-'!» .(«»-SJi^aJ i*»J|kfeääe* 



-,,., .p^. 

K 

frv- 

P-- 

B^-" 
•    ■ r- 

t£" .   1 
r  ■ * 
; * v r; 
f 

f * 
r- 

^ P 
f < 

V* 
,,,w ■■■;--?" 

AcmBvma ADVANCES IN POWER TECHNOLOGIES 71 

cooling prior to entering the power-generation system. The ejected 

hfat tl1ST haVC """S thG dual fuDCtion of disposing of wSe 
of tL Z S TTl M,d P°wer-g^«ration systems. Resolution 
of the quesfcon of whether or not the release of effluents is tolerable 
is addressed m Recommendation 2. «Merao« 

Snrriyability Considerations 

The survivabUity of space radiators is a major design problem ow- 
oroblJ.    CaSe °f*etectoa of su<* localized thermal source^s 
Seht be us^TlalIy TriOU8 &t the high K^tioa temperatures tha ought be used for nudear reactor systems. Radiators at those tem- 

IT^ILTLI™™* h°r?g beaCünS for hostile d^ecS and action. Early in the process of advancing candidate space power 

SSs^Srr?" tec5niques need to be swwST ^ate the risk of detection and attack but do not impose excessive 

ADVANCING POWER-CONDITIONING COMPONENTS 
AND TECHNOLOGEN       . 

tt"cia"ryT^Stem-COmP7c
e?T

S> m^™3' and techno^ bekw! y ^visioned SDI requirements, as discussed 
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Advancing the Design of Conductors 

Conductors usually make up a significant fraction of the overall mass 
of a power device and also determine its characteristics. ConduX 
37^ tr^ °ff against electricai losses, device efficiencT 

Normal Conductors 

Practical conductors at ambient temperatures generally consist of 
copper or aluminum or their alloys. The materials are «l«STrivf 
the app,0p„ate combination of low resistivity, mechaSsteTh 
and ease of fabrication required for specific applications *   ' 
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High-strength conductors are important in applications (gener- 
ally circular or solenoidal windings) where the conductor is also the 
only part, (o> a major part) of the necessary structure. In applica- 
tions where the structure is separate or is not of major concern, the 
resistivity of the conductor becomes the major factor. 

It is desirable to have conductors that can operate at high current 
density—consistent with achieving structural, dielectric, and thermal 
requirements of the winding. 

Essentially all pure metallic elements of interest as conductors 
exhibit decreasing resistance with decreasing operating temperature. 
This decrease is limited at the low-temperature extreme by impu- 
rities, magneto-resistance, mechanical stress level, work hardening, 
size, and so on. 

High-conductivity, high-strength, wide-temperature-range me- 
tallic conductors are distinctly possible, but do not appear to have 
been examined over the temperature ranges of interest. The two best 
metallic conductors (commercial, at practical cost levels, formable, 
ductile, and tough) are copper and aluminum and oxide-dispersion- 
stabilized (ODS) alloys of Cu and Al. 

Dissolved impurities have major negative effects, especially on 
electrical conductivity, but also on thermal conductivity. The purer 
the Cu and Al, the higher the conductivity values. Fortunately it is 
possible (commercially) to produce Cu at purity levels of S9.9 percent 
or better, and Al at 99.99 percent or better. Each dissolved impufity 
element has a different effect (percent conductivity loss per unit of 
impurity content) on conductivity. 

The potential availability of liquid hydrogen as a conductor 
coolant can have a major effect on system operating temperatures. 
Conductor« capable of operating with liquid hydrogen should be de- 
veloped either separately or as part of the component development. 

Of existing cor-ductors, high-purity aluminum in a composite 
with an aluminum alloy is a promising candidate for use in a liquid- 
hydrogen high-power alternator. If estimates of conductor perfor- 
mance hold up for this option, it could be important in many direct- 
current and alternating-current applications. 

Superconductors 

Superconductors exhibit zero resistance only below a certain 
critical temperature. They are poor electrical conductors above this 
value. The metallic superconductors NbTi and NbsSn, which require 
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^^s^^^^&^contenders-SDI 

aPPl
£fralfrequency (Bf) ^ *£tf!£^ 

perconductors exhibit low surfte «^^*J j£J at 2°K for 
perature, the lower the losses. Nb ™*™™^™*iio frequen- 
Lelerators in the gigahertz range.Sm« opera on at radi       q^ 

8UbSSrUse of superconductors in power ^^^ 
high-efficiency, compact ^^^^S^londition- 
cies of oower generation power transmis-on^^ P >me 

^t^^nt^^d^tor applications are either d£ct 
,mA orTasi-DC where the currents change riowly. It is 

.eta, Mp.««i»*». «Mbit'-».%" ^fTÄh, St 

armature windings, and so on. .,«» have now 
Superconductor transition temperatures up toJIMJ^ n 
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progress is expected. Reports of achieving critical *f**f™' °f 

££ temperature or above have been erratic, unconfirmed, or have 
used inadequate measurement techniques. 

To^mtSze the present status of superconducting materials: 

1 High-critical-temperature superconducting materials have 
the potential of carrying high critical currents. - 

2 The superconducting materials are ceramics and, at this 
staee of their development, they have poor mechanical properties. 
'T Indications of transition temperatures ^e room tempera- 

ture have been reported (Materials Research Society, 1987), but have 
not been confirmed and may not be reproducible. ,,rfnTB 

4. Applications depend on the availability of superconductors 
or superconductor sections with consistent properties that car,.b. 
fabricated into reliable windings for magnetic components or struc- 
tures resembling permanent magnets. 

This committee concludes that high-critical-temperature super- 
conduc ors may well play a major role in BDI P«^ 
someday. Nevertheless, because of their «^ J^* *f£*^ 
such superconductors are not currently available-nor will they likely 

be avlable for many yesrato «^^T^sSA 
power technology. Accordingly, the development of other SDI.power 
technology should not be curtailed until these superconductors begin 
to become a viable option. 

Superconducti ig Magnetic Energy Storage 

Storaee of energy in a magnetic field occurs when electricity flows 
3 one or more coils. Since any electrical resistance in the circuit 

causes energy loss, the use of superconducting coils-which have 
no DC resistance-^ a very efficient approach to storing electrical 
enerKV for any length of time. 

A major application of energy storage is to allow energy sources 
to be sized for average or low power. In the case <*.^™^"*£ 
magnetic energy storage (SMES), the coils are energized at low power 
levels and then discharged at a higher power level. 

Low-critical-temperature superconductor technology has been 
demonstrated en several large-scale projects-primarily in magnet* 
fusion high-energy physics, and magnetic resonance imaging appli- 
Sons Technolo?yfor these applications usually operate, reliably 
and even larger-scale applications of superconductivity in these areas 

are planned. 
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Studies aimed at providing ground-based power of limited du- 
ration at gigawatt power levels with rapid rise-times have indicated 
that SMES is a very attractive approach for SDI applications, es- 
pecially in view of the possibility of time-sharing the facility with a 
utility during peacetime. Two large contracts for independent con- 
ceptual design studies of SMES systems were awarded by SDIO late 
in 1987. 

ADVANCEMENT POTENTIAL OF TECHNOLOGY FOR 
DYNAMIC POWER-CONVERSION CYCLES' 

The existing gas-turbine industry builds gas turbines for propelling 
aircraft and builds both gas and steam turbines for terrestrial power 
generation. The largest gas turbines generate 100 to 200 MWe per 
module, and specialized gas turbines operating on stored compressed 
air produce up to 290 MWe from a single machine (Gas Turbine 
World, 1987). About 20 separate models of gas turbine power plants 
currently marketed have power ratings exceeding 100 MWe. 

Advances in the gas turbine for solar-dynamic power generation 
aboard the Space Station and for use with nuclear reactors such as 
SP-100 could occur (English, 1987) in the following ways: 

• Using a tantalum-based refractory metal alloy (ASTAR-811C) 
for the hot components of the power plant would permit operation at 
peak temperatures up to 1500° K. That alloy has been creep-tested for 
over 300,000 hours at temperatures from 1144°K to 1972°K (Klopp et 
al., 1980). Refractory alloys—based on molybdenum and niobium— 
having considerably lower density may in the future prove to be 
applicable at these temperatures; specifically, the Mo-HfC alloy has 
been tested for only a few hundred hours at temperatures up to 
1800°K in an inert gas atmosphere, much less than the testing (over 
22,000 hours) to which ASTAR-811C was subjected at temperatures 
above 1800°K (Klopp et al., 1980). However, both molybdenum and 
niobium alloys must still undergo a very considerable testing program 
before final conclusions can be drawn. 
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*The committee has discussed the Bray ton cycle in considerable detail. 
Many of the advances described in this section are also applicable to the 
Rankine cycle. The committee believes additional study of both cycles is 
warranted in view of unexplained or inconsistent SPAS analysis results, which 
were unavailable m published form during the course of this study. 
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• By using the Brayton cycle combined with molten-lithium 
heat storage, since the sensible heat capacity of the molten lithium 
is n gher-by a factor of two or more-than the latent heat capacity 
of the fusible salts now contemplated for the Space Station. Use of 
lithium, because of its extremely favorable heat-transfer properties, 
would also permit a significant reduction in the size and mass of the 
solar heat receiver. . . ,.  

. Inasmuch as molten lithium is not tied to any given working 
temperature (as is the melting and freezing of a sah) using lithium 
in a Brayton cycle would permit the gradual evolution of a given 
power plant by first operating it at, say, 1200'K and then gradually 
raising the operating temperature toward the potential of the power 
plant, 1500°K in this case. 

• This rise in peak temperature would increase not only the 
power generated but also the efficiency of power generation; the sizes . 
of the solar collector and waste-heat radiator could therefore remain 
constant with up to a 50 percent increase in generated power. 

• Finally, for application to nuclear power, the solar mirror and 
solar heat receiver of the solar Brayton power plant could be replaced 
by a lithium-cooled nuclear reactor, such as the SP-100. 

By virtue of their high efficiency, closed Brayton and Rankine 
cycles could generate about 500 kWe using the same reactor from 
which the present SP-100 thermoelectric conversion design generates 
100 kWe. Similarly, from a 25-MW reactor required for thermoelec- 
tric generation of 1 MWe, these power cycles would generate up to 
about 5 MWe. , .      ,. 

For generating very high power in the burst mode, use of molten 
lithium as the heat sink for a high-power closed-cycle system would 
provide a low-mass power plant that discharges no effluent during 
operating periods of 1,000-2,000 s. This same technology could also 
provide the megawatts of power needed for long periods in the alert 

mode. 

Advancement Potential for Alternator Technology 

Alternators are electrical rotating machines that convert shaft en- 
ergy into AC electrical power that can then be used as generated 
or transformed and/or rectified as required by the load. A field 
winding-usually DC-energized-is rotated, with the power being 
generated in the stationary armature. 

The power for a given-size machine generally increases with 
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increasing speed and current density in the field and armature 
windings—within the limits of structural integrity—consistent with 
the requirements for high rotational speeds and rapid start-up some- 
times imposed. The alternator technology relies heavily on the avail- 
able prime mover, the available conductors, and thermal management 
of the losses in the rotor and stator. 

For an ambient-temperature application, the U.S. Army is de- 
veloping a 3-MWe, gas-turbine-driven, oil-coöled machine. The al- 
ternator for that device has a specific mass of about 0.1 kg/kWe 
(for the generator alone) and rotates at 10,500 to 15,000 rpm. The 
output power, which has a frequency of about 1 kHz, is fed into 
transformers. 

Because superconductors have losses when subjected to time- 
varying currents or magnetic fields, the use of superconducting tech- 
nology has been limited up to now to the field windings of the 
alternator, where they are exposed essentially to DC operation. An 
example of this technology is a machine using a liquid-helium-cooled 
superconducting rotating field and an ambient-temperature arma- 
ture, being developed by General Electric for the U.S. Air Force The 
machine is undergoing preliminary testing. It has a rating of 20 M We 
at 6,000 rpm and is capable of starting up in Is from a cooled-standby 
condition. The machine has a specific mass of 0.045 kg/kWe, and 
is designed with several system-oriented unique features, such as a 
rectified 40-kV DC output, potentially eliminating the need for ad- 
ditional transformers. It also has an ambient-temperature aluminum 
shield that reduces external time-varying magnetic fields, which is an 
important design feature for space applications. Because of its lower 
speeds and high-voltage winding, the 0.045 kg/kWe machine is not 
directly comparable to the 3-MWe army machine. 

An experimental air-core alternator with a disc rotor is being de- 
signed by ARDEC-KAMAN with a continuous rating of 0.1 kg/kWe 
at about 5,500 rpm. This rating is projected to decrease to 0.03 
kg/kWe for a future cryogenic machine with counterrotating discs 
and a 20-MWe rating. 

An approach using liquid-hydrogen-cooled, high-purity alumi- 
num conductors for both field and armature is being undertaken 
for SDI by Westinghouse and Alcoa. Recent rrsasurements of the 
resistivity of high-purity aluminum samples by these organizations 
(Billman, 1987; Eckels, 1987) are lower than previously attained. If 
such resistivity can be maintained in finished windings, these results 
indicate that high-purity aluminum may be an even better conductor 
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than previously thought for high-current-density operation in the 
liquid hydrogen range. Estimated specific masses are of the order of 
0.03 kg/kWe for a 30-MWe machine with output in the 50 to 100 kV 
range. 

In the United States there is essentially no operating experi- 
ence with alternators other than at ambient temperatures. Cryo- 
genic and superconducting techniques have been successfully demon- 
strated in homopolar types of machines and in other stationary ap- 
plications, such as magnets for high-energy physics, magnetic fusion 
experiments, and magnetic resonance imaging. While experimen- 
tal developmental hardware does exist, the successful application of 
these techniques to high-power alternators still remains to be demon- 
strated. 

An alternator configuration for use in space—because of its inter- 
face with power conditioning/load, thermal management, the prime 
mover/energy source, and the torques, magnetic fields, high volt- 
ages, and currents it generates—must be the result of a thorough, 
interactive systems approach. The basic advantages of the alternator 
in being able to generate high voltages without transformers must 
be traded off against the loas of flexibility in initially developing a 
general purpose alternator that must then be connected to a power 
system with transformers to provide load-specific voltage levels. Note 
that all loads may not operate at the same voltage level. 

Direct generation of high voltages requires either placement of 
the alternator near the load or the transmission of power at high 
voltages, and has the attendant problems of high voltages in space 
and fault management, as discussed elsewhere in this report. * 

Advancing the State of the Art in Power System Components 

Funding that has been available for component development has gen- 
erally been used within a program to improve existing manufacturing 
techniques, evaluate new materials developed for other applications, 
and to make improvements in techniques for manufacturing compo- 
nents. In view of the limited resources available in the past, that was 
the only logical approach. However, this strategy is at best capable 
of achieving only modest gains. 

A more cost-effective approach is illustrated by the example of 
the recent joint SDI/DNA capacitor program. This program has 
been very successful, in large measure because it made maximum 
use of new theory and computer modeling power.   This program 
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makes use of 1980s technology rather than simply extending the 
standard approach typical of the 1960s. This approach can be ap- 
plied to other component technologies as well. Examples of the 
rapid advances achieved to date in representative power technology 
components when their development was aggressively funded are il- 
lustrated in Table 5-1. In contrast, note the dismal evolutionary 
advance rates of 1.5 per decade in surface-voltage withstand-level for 
resistors. While the committee recognizes that technical progress is 
often nonlinear, use is made here of average rates of advance in order 
to focus attention where it is needed. 

The SDI power program should continue an aggressive, coor- 
dinated base technology program to parallel and complement its 
weapons platform/systems efforts. To enable the multidecades of 
advances needed for SDI power, program focus should be on areas 
such as: 

high-temperature materials for nuclear reactors and power 
generation; 
high-temperature radiators; 
advanced, high-temperature instrumentation and reactor con- 
trol; 
two-phase flow evaporation and condensation in reduced grav- 
itational fields; 
electrical and thermal insulators; 
low-mass electrical conductors, including superconductors; 
thermal conductors; 
ferromagnetic and magnetic materials; 
survivable devices for switching, power conditioning, and gen- 
eration; 
techniques for managing/containing high voltages, currents, 
and electrical and magnetic fields; and 
improvements in inverters, which are not presently being de- 
veloped for weapons power. 
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The committee recognizes a clear need to make progress in ma- 
terials for increasing the efficiency and compactness of power compo- 
nents. There may also be benefit in coupling industry to university 
research groups via the SDIO directorates responsible for basic re- 
search (DOD category 6.1) and technology base development in the 
power area. As an example, mass reduction in high-power thyra- 
trons could be substantial if the ceramic insulators could either be 
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eliminated or made of less dense insulating materials capable of higb- 
temperature operation. 

Progress toward advances in the state of the art of components 
used in power-conditioning and pulsed-power systems could be ef- 
fectively achieved through initiatives anchored in materials tech- 
nologies. In view of the major successes achieved in applying ba- 
sic science to materials programs in high-energy-density capacitors, 
similar approaches should be applied to other areas of power devel- 
opment. This committee recommends a development strategy of this 
nature, pursued aggressively and funded adequately, to develop scal- 
able power technology, particularly if success would enable selection 
of one weapon system over a less desirable one by removing power 
considerations as the principal constraint. 

The following four areas of development form an integrated pro- 
gram ensemble in both prime power and power-conditioning technol- 
ogy: 

• Technology feasibility projects to demonstrate that a required 
capability is possible. 

• Scaled experiments to give high confidence in the ability to 
design a full-size system. 

• Limited near-full-scale demonstrations of advanced-develop- 
ment models, for technology validation and to clarify integration and 
compatibility problems associated with production devices. 

• A continuous effort to understand fundamental mechanisms 
as applied to component technology feasibility and scalability. 

In summary, development of subscale (i.e., at about 10 percent 
of full power level), scalable, high-performance power components 
and associated technology to provide a broad range of system op- 
tions is a prudent investment strategy. Emphasis on component' 
development for generating, conditioning, and transmitting electri- 
cal power is required. The issue of high-temperature superconductivity 
as it affects scaling feasibility must be addressed. Furthermore, the 
longer-term and nearer-term technology base development programs 
must be brought into balance. A technology-based-cption investment 
strategy for the longer-term options in SDI is needed by periodically 
targeting superior technologies among existing candidates as a means 
of achieving future needs through down-selection. Such an increased 
emphasis is needed on the technology base for space power system 
components, a3 the existing base is grossly inadequate to meet the 
mission challenge. 
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\ \ V-   - K' MATERIALS ADVANCES REQUEUED FOE THE EVOIVING 

»p fe SPACE POWER TECHNOLOGIES 

There are vast differences in the materials requirements for the range 
of space power cycles and power systems examined by this commit- 
tee. These rvstems typically demand high temperatures (with little 
else speciBed) ranging from 1300'K to 2500°K. Although the lower 
temperatures in this range can be met in reasonable time and at 
reasonable cost, the higher ones will necessitate the development of 
totally new or different materiak, requiring a dedicated effort in or- 
der to achieve success in some "short-term" period such as 10 years 
The development of SDI space power component technologies will 
require significant advances of materials technology in the follow- 
ing areas of magnetic materials, insulators, and the development of 
high-temperature structural materials. 

Magnetic Materials 

^   I 

# 

1 

Magnetic materials are important for induction accelerators, low- | 
mass, high-frequency inverters, and so on. However, data are cur- g 
rently being obtained that indicate that FeNdB magnets can be | 

? fabricated for a variety of magnetic applications with outstanding | 
I results. Metallic glasses of selected compositions are soft magnetic j 
i materials.   Being free of grains, grain boundaries, and secondary % 

l phases, these materials can be used for making soft magnetic alloys | 
f that are entirely free of orientation effects. ] 
f Apparently Metglass* has not yet approached the potential s 
i" desirable properties achievable in magnetic materials by applying 3 
I rapid quenching techniques to create new alloys.  During the past | 
I- year, General Electric-using Allied Signal Company Metglass j 
!:       compositions—built and tested a large number of commercial AC | 
£       power transformers that exhibited the outstanding performance pre- | 

I viously predicted. ±% 
t - ■ '•     « 
| Insulators :1 
a'. "" -ß 
f        Newly developed products far superior to classic baked clay ceram- ?| 
| '     ics are available for making feedthroughs, standoffs, interfaces, and J 
I        other insuLtors.   Numerous new classes of polymers and ceram- J 
*'       ics, preceding techniques, and forming techniques can now offer J.J 
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major improvements in insulators. Such improvements include high- 
strength material that can be used at high and low temperatures 
and that can produce intricate shapes. 

High-Temperature Structural Materials 

Because materials are almost always—and properly—viewed as de- 
sign limiters, support for the development of advanced materials 
has received reasonable backing since the early 1950s. Unfortu- 
nately, performance specifications all too frequently come fairly late 
in systems development programs. Furthermore, almost every new 
application unfortunately requires new or different combinations of 
properties and performance: temperature, time at temperature, per- 
missible deformation, structural stability (i.e., changes of properties 
under operating conditions), surface degradation, joining problems, 
and so on. For new or different applications, these requirements em- 
phasize the need to define a proposed system so that materials can 
be tailored to such needs. It is rare that the more critical materials 
can be obtained "off the shelf." 

For SDI power systems, radiation hardening is a /squirement 
for power semiconductor switches and other electrical components. 
There are significant opportunities for exploiting new materials such 
as gallium arsenide and silicon carbide for this purpose. 

Before the use of ceramic materials or carbon-carbon compos- 
ites for rotating blades—or the use of filament-reinforced ceramics 
for temperatures between 1200°K and 1500° K—can be seriously pro- 
posed, considerable time will be needed to develop and test such ma- 
terials for use in a specific power system. This is because only limited 
data are available on long-term performance in highly cyclical tem- 
perature and stress systems. A few such systems are making excellent 
progress, but results for these applications are emerging slowly, hence 
careful development of these materials for meeting specific needs will 
continue to be required. 

The preferred cycles and systems must be selected, and all op- 
erating conditions must be integrated. Such integration will permit 
selection of the alloy systems, if not of the alloys, for preliminary con- 
sideration and planning for alloy modification. Thus the committee 
notes the following three partial bases for arriving at its Conclusion 
5 and Recommendation 5 stated below. 

1. Selection of operating temperatures up to about 1500°C 
(1773°K) (National Research Council, 1988) may permit preliminary 
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selection of materials already in existence for specified life cycles and 
environments. Usually, and fairly obviously, the lower the planned 
operating temperatures, the greater is the number of available appli- 
cable alloys. The refractory metal alloys are reasonably well known 
and perform well at the right temperatures and atmospheric pres- 
sures, but must be carefully selected for ductility. 

2. For temperature applications above about 1100°C-1200°C 
(1373°K-1473°K) regardless- of alloy type (metallic base, ceramic 
base, carbon base), only limited data are available for lifetimes in 
excess of 100 h—or even for lifetimes in excess of only a few hours— 
although there are important exceptions. Obviously, low-mass struc- 
tures should be emphasized. 

3. Coatings may be required for advanced materials operating 
at high temperatures for significant periods. This area has received 
very little funding, yet it is critical for the selection of appropriate 
materials. 

CONCLUSION AND RECOMMENDATION 

Based on the discussion in this chapter, the committee arrived at the 
following conclusion and recommendation. 

Conclusion 5: Major advances in materials, components, and 
power system technology will be determining factors in making SDI 
space power systems viable. Achieving such advances will require 
skills, time, money, and significant technological innovation. The 
development of adequate power supplies may well pace the entire 
SDI program. 

Recommendation 5: Make additional and effective investments 
now in technology and demonstrations leading to advanced compo- 
nents, including but not limited to: 

• thermal management, including radiators; 
• materials—structural, thermal, environmental, and super- 

conducting; 
• electrical generation, conditioning, switching, transmission, 

and storage; and 
• long-term eryostorage of H2 and 02. 

Advances in these areas will reduce power system mass and 
environmental impacts, improve power system reliability, and, in 
the long term, reduce life-cycle power system cost. 
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COMMENTARY ON SDI SPACECRAFT SYSTEM NEEDS AND 
THED1 IMPACTS ON THE SPACE POWER SYSTEM 

There are several spacecraft-level SDI system needs that could well 
affect the 8pace power system but could not be assessed by the 
committee because of the limited scope of available studies This 
recognition underlies the committee's recommendation for reprcsen- 
tat.ve all-up preliminary spacecraft designs" (Recommendation 1). 
The following list of system needs that require better definition is 
meant to be representative but not all-inclusive: 

• vehicle maximum slewing rates, presumably established by 
needs for retargeting; 

• verification of spacecraft operational readiness; 
• vehicle-maneuvering requirements, including replenishment * 

oi orbital-drag losses as well as needs for evasive actions; 
• elimination of torques produced by spacecraft'interaction 

with the earth's magnetic field; and 
• modification of spacecraft thermal and radar signatures. 

COMMENTARY ON SDI PROGRAM ISSUE3 

In this section, the committee has highlighted the programmatic 
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4'       items. 

Sf 
concerns it believes to be most important among the recurring space 
power issues confronting SDIO management. These issues are ^ 

a. Balancing investment of resources between the near term and ,4 
the long term. '| 

b. Coordinating the investment in basic technologies and com- 4f 
ponents to produce timely results and to emphasize high-leverage vf 

y* 
c. Integration of SDI power supply systems with overall SDI -, 

systems. )s 

;..-.i 

The dilemma posed in (a) above is apparent in both large and rf                                    ' 
small examples. In Chapter 3, the point was made regarding nuclear I                                    i 
power that failing to initiate and carry out the development of a '■%                                    \ 
multimegawatt power source would limit SDI options for very-high- il                                     ) 
power electrically energized systems. hM 

Not so immediately obvious is the potential referred to in (b) for 'I                                  '. \ 
crippling the future by failing to develop critical advanced technol- .if                                     I 
ogy components needed by SDI, such as resistors, insulating materi- ;|                                    j- 
als, high-temperature structural materials, thyratrons, transformers, -4                                    j 
and so on. The unstimulated rate of improvement is, in many in- ~?H                                    \ 
stances, not rapid enough.   Stimulating power-system-component f                                     • 
development will probably have beneficial impacts on many techni- i                                     t 
cal activities in addition to SDI, a factor in motivating Recommenda- 'i                                     I 
tion 8. I                  .                  | 

Issue (c) expresses the committee's concern that the overall space I                                     ' 
platform will impose demands on the power supply system not im- *                  "                  '■ 
mediately apparent when examining the space power supply system 
in isolation.   Active Program Management and Integration at the 
vehicle level can address the issues cited, and should examine with *J 
skepticism ail estimates of development times and costs. The length ■} 
of time required to design, develop, and qualify new power sources— % 
especially nuclear ones—must be a key consideration, a factor moti- M 
vating Recommendations 4 and 8. : | 

With this introduction, a more detailed commentary on SDIO I 
budget allocation and strategy follows. v| 

REVIEW OF THE SDI SPACE POWER PROGRAM f f 

The SDIO fiscal year (FY) 1987 and 1988 budgets, future projected "' \ 
budgets, and interviews with staff in the SDIO Power Program Office I'.)$ 
were used as data to deduce the current SDIO investment strategy ,<|& 
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for its space power program.   This present strategy includes five       '. .'    ' ' ' 
elements: 

1. Provide power for initial deployment based on chemical rock- 
ets and passive sensor platforms. 

2. Conduct technical research and development for providing 
power to directed-energy weapons for discriminating decoys interac- 
tively and for killing boosters, postboo3t vehicles, and warheads. 

3. Demonstrate enabling long-term technology. (An "enabling" ; 
technology is one that satisfies an applications requirement.) • 

4. Formulate future requirements to guide development. ■ \ 
5. Provide power for near-term SDI experiments and tests. : 

i 
Providing for near-term requirements (item 1) means enhancing 

survivable solar power in FY 1988 and beginning, an exploratory ex- 
amination of a small nuclear reactor power system at approximately ', 
1 percent of the FY 1988 SDIO space power budget. This shift is 
a direct response to near-term requirements, and shows technically ^ 

' agile and responsive program management. . 
The high priority SDIO has assigned for conducting technology 

development for powering directed-energy systems (item 2) is nee- ' 
essary to advance the rate of progress in pulsed-power development 
and to avert a century of development to attain gigawatt power lev- ' 
els for space missions. Substantial R&D is required to reduce that < 
time from a century to 10-20 years. The emphasis on technology 
development is appropriately placed, and can provide for long-term 
SDI needs. i 

Demonstrating enabling long-term technology (item 3) has led j 
to continuing support for the SP-100, which was 48 percent of the j 
FY 1987 budget and will be 30 percent of the FY 1988 budget. The j 
SP-100 project could provide enabling technology that is suited for ( 

powering many missions in space, on the moon, and for exploration                                    ■         ■        ■ ■» 
of the solar system. History has shown that it takes longer to develop t 
a nuclear reactor system, such as SP-100, takes longer than to de-                      . J 
velop a space mission. Hence today's civil and military space project                                                ■    . \ 
managers cannot include any nuclear reactor space power system—or j 
any other system—in their mission planning until that system has » 
been developed and tested. This dilemma is frequently referred to j 
as-the "chicken-and-egg syndrome."   Consequently, support of the \ 
SP-100 program by the SDIO Power Program Office—in the absence 
of a commitment for a specific space mission—shows a fareighted 
perspective, and this committee strongly endorses that strategy. An 
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operational SP-100 space power system would be a major product 
of—and a major benefit to—the SDI effort. 

The power portion of the SDI program is currently in a com- 
ponent development and technology phase. Until SDI weapons sys- 
tems have been more clearly defined, more aggressive advanced de- 
velopment and engineering of SDI power systems would—in most 
instances—be premature. Based upon the personal experience of 
several of its members, this committee finds that investment in large, 
narrow demonstrations is generally wasted if it la accomplished more 
than 6 to 10 years before deployment. Accordingly, this committee 
strongly encourages the development of generic, scalable space power 
technologies for the future, but believes that advanced development 
of specific space power systems should await improved specification 
of SDI weapons. The SP-100 is an exception, and is justified by its 
having broad applicability to civil and military space power missions 
and by its potential for providing experience on how to integrate 
pulsed-power systems in space. 

Development of technology for superconducting magnetic en- 
ergy storage (SMES) is a response to the power requirement for the 
ground-based (free-electron) laser, and is also motivated by a poten- 
tial 8pinoff to load leveling of commercial power. Enabling SMES 
technology could also result in substantial overall economic benefits 
to this country, in addition to technical benefits to SDI. 

The pace of developing repetitive, high-powered, -»uUed-power 
systems needs to be accelerated as much as possible. Over the 
last several decades, the power available from continuously oper- 
ated repetitive pulsed-power systems has increased every decade by 
a factor of approximately three. In the early 19S0s, average power 
levels of accessible terrestrial power-conditioning technology were in 
the neighborhood of 1 MWe. Given that technologies can usually 
be adapted to space, one could envision a multimegawatt capabil- 
ity in the early 1990s; however, pulsed-power systems for hundreds 
of megawatts to several gigawatts may be required for some SDI 
weapons platforms. Their development could require 40 to 60 years 
at the demonstrated historical extrapolation rate, making them un- 
available until about 2030 to 2050. It may be possibile to dramatically 
accelerate this rate in some areas by developing new materials and 
by stimulating innovative technological approaches to space power 
system applications. Such acceleration has already been achieved 
in the capacitor development program, and similar approaches are 
needed in other power areas. 
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The current emphasis on multimegawatt space power systems 
seems to be appropriate, but the goals of the SDI space power pro- 
gram require several hundreds of megawatts. The next round of 
power architecture studies and power system studies must address 
the need for aggressively advancing space power technologies to the 
multihundred-megawatt class. 

Formulating future requirements (item 4) to guide development 
is an essential part of every technically challenging program. The 
three Space Power Architecture System (SPAS) studies (1988)— 
constituting about one percent of the SDIO power program budget 
in FY 1987—were an initial attempt to establish relative priorities 
of various candidate space power system concepts. However, during 
the course of the committee's study, the SPAS studies had still not 
been published. Because the architects studied a wide variety of 
power systems and employed differing assumptions, the committee 
found it exceedingly difficult to make direct comparisons among the 
results of the three studies. Nevertheless, the requirements definition 
for those studies identified some key total-system issues, such as the 
effluent-tolerability issue. 

There is substantial interaction within SDIO between its Power 
Program Office and its programs dealing with kinetic energy weapons, 
directed-energy weapons, and sensors, in order to provide qualita- 
tive and quantitative guidance for emphasis within the space power 
program. The committee finds that the SDIO Power Program Of- 
fice is being responsive to the^anging needs* of the other SDIO 
directorates by shaping its program accordingly. 

Providing power for near-term SDI experiments and tests (item 
5) is an ancillary strategy. Superconducting Magnetic Energy Stor- 
age would support near-term testing of a ground-based free-electron 
laser (FEL) if an SMES Bystem were sited at White Sands, and 
would provide technology~for future FEL tests if one were located 
elsewhere. Magnetohydrodynamic (MHD) power generation was di- 
rected to near-term SDI power requirements because the resulting 
effluents may make the use of MHD in space unattractive in the 
long-term. 

In addition to these basic strategies, the committee notes that 
SDI requirements often change. Various weapons systems have waxed 
and waned in popularity, resulting in shifting SDI power system re- 
quirements. Such shifts in requirements will continue as the major 
technical aspects of each weapon concept become better defined. 
The pursuit of long-term power system demonstrations should be 
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buffered from such short-term fluctuations because significant re- 
sources and continuity would otherwise be wasted in stS and 

SaUone8m0n8trati°n ^^ ^ " * hetot ,eadin* to R^om- 

l.ad'Se|'PaCeJ,OWer technolo*y development program, which can 
lead to large advances m capability, should also be protected from 

fits rr Ts^nbecause ?.hM ,arge potentiai fon«-term *Z" efits for a relatively low annual investment. Thus this program re- 

mircyde *"**>»" 8UPPort du»°* • P^racted dJS£ 

ntnZ'°-n!an manaScment '**""> »«re also examined during the 
study The committee found that the relative power program fund! 
mg allocations among the five major program investment sUaterii 
being pursued have been reasonable. The SDIO power program h2 

te?m rPTVrt0 thC DeedS °f SDI USCre' both **«•!» LTon" 
to tlmt L rC P""" dcvel°Pment Md * t™sfer technology 
to Innnl ^^t ae»-te™ *ai™ " will be very difficult 
to supply space power with assured reliability, provide it in a form 

S'oe Kr.needS' "i"?"ik aVaiIaWe P^'y on ^mand dT mg per ods when it is needed. This difficulty needs to be appreciated 
Within the various SDIO directorates. Fpreciaiea 

A more detailed examination of the SDIO space power program 
investment strategy for the FY 1987 and FY 1988 budgTts foZs 

t-:t? 

•5 ^ 

•>. 

COMMENTARY ON THE SDI SPACE POWER 
INVESTMENT STRATEGY 

1QS8TWLSDI° *P*f* P?*?T Pr0gr<im budSet8 for FY 1987 and FY 
for sill nrCVieWe4,t0 dCdr the CUfrent SDI° ^vestment strategy for space power. The raw data are presented in Figures 6-1 through 

lion Lh FY^IQ^T LTr P,r0gr&m budgCt increased from *80 ™Z- lion in FY 1987 to $95 million in FY 1988, and is distributed as 
shown ,n Figure 6-1.  Funding for integrated demonstrations mad" 

bFYmi988 R C ^ bUdgCt b FY 1987' "d * »«" *S£ in e T 1Ü88. Research on components received roughly the same 
percentage, about 20 percent, in both fiscal years    FundLgfor 

SEE*f
OVe7ati0n techD0,°«ie3 jD«e«ed substantially in FY 

1988 as funding for power systems studies-including programmatic 
support-decreased. Although the committee reg Jed tKS 
in furling m the area of generation technologies as well warranted, 
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additional studies of the space power subsystem as an integral part 
of a space weapons system are a high-priority need. This recognition 
is reflected in Recommendation 1. 

Development of SP-100 is a joint program of the DOD (through 
SDIO), DOE, and NASA. Joint funding of SP-100 by the three 
agencies totalled about $60 million b FY 1987 and $99 million in 
FY 1988. The SP-100 was essentially the SDIO Power Program's 
only integrated demonstration during FY 1987, and received $38 
million of SDI funding. In FY 1988 the SDIO portion of SP-100 
funding was $25 million, and a new SMES program is funded at $13 
million to provide a near-term capability. Cost sharing of the SP-100 
program by other agencies permitted the total SP-100 program to 
grow, even though the SDIO funding component declined. Since all 
orbiting platforms will require housekeeping power, and the versatile 
SP-100 system has been designed to provide the range of powers 
needed for that purpose, the committee regards demonstration of 
a space nuclear reactor power system as one way of implementing 
Recommendation 4, since it would provide valuable experience in 
how to integrate various components into a space Dower system. 

The committee cautions, however, that growth in SP-100 fund- 
ing should not consume the remainder of federal funds allocated 
for SDI space power development. Thus, the committee reluctantly 
recommends slowing down joint SDI/DOE/NASA development cf 
SP-100—but not below a "critical" rate—if that step is essential to 
preserve the SDI power technology program at a viable level. If a 
substantial portion of SP-100 funding can be provided by the DOE 
and NASA, SP-100 development can proceed without consuming the 
entire SDI power program budget. The committee strongly encour- 
ages SDIO to pursue these project partnerships aggressively to avord 
erosion of its power technology development program. The SDIO 
strategy for FY 1988 maintains a strong power technology develop- 
ment program along with SP-100. Although the committee favors 
SDI funding of SMES, it is concerned that this not be accomplished 
at the expense of SP-100 development. 

There are five multimegawatt power generation technologies be- 
ing pursued with the $13 million in FY 1987 and $26.7 million in 
FY 1988 devoted to technology development. The subdivision of 
that sum is shown in Figure 6-2. The multimegawatt nuclear power 
program, in collaboration with the DOE, is the largest program, 
but has a decreasing budgetary share from SDIO in FY 1988. The 
electrochemical technologies enjoyed reasonable growth. The major 
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growth in R&D on survivable solar power technology reflects near- 
term needs. Because of its potential as a compact multimegawatt 
power source for weapons (with only the hydrogen used for thermal 
management as an effluent), the committee understands why nuclear 
power was a major portion of the program. The electrochemical 
program may be justified by the potential of fuel cells to provide 
rechargeable power for system start-up at battle time. The fuel cells 
can be arranged in modular series parallel combinations to minimize 
power conditioning. Battery research is bein$ funded aggressively 
for a short time to stimulate rapid maturation of that technology. 

The MHD program, which grew substantially from FY 1987 to 
FY 1988, appears to command a disproportionate amount of funding. 
Such a spending profile might be justifiable to satisfy a near-term 
program need for powering ground tests if the project would make 
available a power facility for ground tests at lower overall cost than 
that of more conventional alternative technologieo and if that facility 
could be available with high reliability. The large investment for a 
short time appears to be regarded by SDIO as the most cost-effective 
way to produce this near-term power source. The committee regards 
the effluents associated with an MHD space power system—or with 
other open-cycle power systems—as potentially incompatible with 
long-term SDIO needs for space power. 

The major decrease in funds for chemical technology is justi- 
fied because it is an off-the-shelf technology. Should this option be 
selected for deployment in space, its development, integration, and 
space qualification will require a major program. 

Component development is being broadly pursued in the pro- 
gram, receiving approximately $14 million of the FY 1987 funds, 
and $20.8 million in FY 1988, divided as shown in Figure 6-3. The 
large portion going to radio frequency power sources is a program 
response to the current emphasis on the neutral-particle beam and 
the free-electron laser. 

In FY 1987 the second largest budgetary portion, 19 percent, 
was for R&D on inductive storage and switching, a program element 
that is a holdover from prior commitments when electromagnetic 
launchers were given high priority in SDI. Funding trends for FY 
1988 reduced this commitment appropriately. 

Funding for research on rotating machinery technology for power 
conditioning grew from FY 1987 to FY 1988 because that technology 
permits reasonable pulse compression to the millisecond range. The 
committee understands that current-collection technology is a major 
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t limitation and, as such, it represented 14 percent of the total budget 
in FY 1987. The effort on current collection associated with large 
inductive storage and switching is appropriately reduced in FY 1988. 
The current-collection work for general power conditioning may be 
continued if improvements in power conditioning capabilities are 
required. 

The capacitor development program, at 12 percent to 13 percent 
of total funding, has been an outstanding success. The application of 
science to enable creating materials for high-strength, high-energy- 
density capacitors in the current SDI program has been quite im- 
pressive. This successful and exemplary development of high-energy- 
density capacitors and the demonstration of their reliability are likely 
to have very broad applications in SDI, tactical defense, and a large 
number of significant civil and military programs. 

Budget allocations for exploration and development of thyra- 
trons, solid-state switches, and magnetic switches are reasonable. It 
would be highly desirable for science to be brought to bear in cat- 
alyzing the development of these devices with the goal of successes 
similar to those achieved in capacitor development. 

In contrast to development of the above technologies, develop- 
ment of inverters, at 3 percent in FY 1987 and 0.7 percent in FY 1988, 
seems grossly underfunded, and the funding trend is in the wrong 
direction. In particular, there is currently no development of tech- 
nology for the high-duty-factor solid-state switches, transformers, 
and capacitors required for multimegawatt inverters. This deficiency 
should be corrected by implementing an aggressive inverter program, 
including the component development needed for those inverters. 

System and system technologies have three explicit subdivisions \ 
totaling approximately $12 million. As shown in Figure 6-4, most of \ 
these funds are to define requirements, conduct surveys, fund pro- ; 
gram management of the SDIO Power Program Office, obtain pro- \ 
gram advice, and support the independent evaluation group (IEG). '> 

Studies on thermal management are broadly applicable to all ! 
candidate power system concepts, and are strongly supported by the l 
committee. Although survivability is not explicitly called out in any 
of the work package directives, it appears to be included in the work I 
of the IEG. ] 

Frorn FY 1987 to FY 1988, the 38 percent reduction of funding i 
for resolving environmental concerns would be of concern if it were I 
to result in delaying resolution of the emuent issue. The capability I 
of SDI weapons platforms to function when immersed in their own j 
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tm«gawSu technologies. If ao effluent can be tolerated, the extra 
mass of closed-cycle systems will be costly. If hydrogen » the only 

IE? m » T'then 8paCe P0**' "V*™ would ^ restricted to 
that effluent, and storage would be required aboard the spacecraft of 
chemical combustion products or of effluents from nuclear open-cycle 

SSuTS. * Stated i0 CoBcIu«0ß 3 **d R«commendntioa 2 
(Chapter 3), the committee recommends a concerted study of the 
IK™!*"1* *° dwcriminat* «"™i P°**r options before selecting 
ft JT" »™mmn* »PPro«hes. Of course, if some weapons plat* 
form, can tolerate substantial effluent, the improved poweV-per-unU 
ma» from the open-cycle system* and the reduced reliance on the 

rt™w°Pt'0n~W,t.h itB, UMcUt«d *^i«>nmentaJ and surrivabii- 
*y problems-may juatdy developing several multimegswatt power 

r 

FINDING, CONCLUSION, AND RECOMMENDATIONS 

folU^sS 'hc,diacU9sJof in th» ^P*'. f>« committee arrived at the 
following finding, conclusion, and recommendations: 

the capability of space power cotrrenlon and power-eondUkmin* 
components appear, badete to meet SDI «di«hd„ ox NASA 
needs beycad the Space Station. 

'w.SSdn*Ir *.. JUf0C,a!a* SDI° we««« toward near-tmn 
weap^^,tem. demoasoratlorui could deby derelopment of \£ 
SSli^ Udui0,B«* «I *™*J "rkmsry Jeopardise meeting 
long-term space power program objectrre«, 

E«onur«mdatkm Jb*   The SP-100 endear power system Is ap- 
plicable both to SDI requirements and to otheTchU anYrXS 

S* £3£* sp-iw perfartnaa" »*> *** »d 

Tr ,«™7 °f m*gBitBd* *• maxtemm power output of tS 
SP-100.      Therefore,   both   the   «»clear   «d*mir«Jear   SDI 
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multimegawatt program« should be pursued. Hardware develop- 
ment should be coordinated with the results of implementing Rec- 
ommendation 5. 

Recommendation i: Comlder deploying the SP-100 or a chem- 
ical power system on an unmanned orbital platform at an early date. 
Snch an orbital »wall socket» could power a number of eclentmc and 
engineering experiment«. It wonld concurrently provide experience 
relevant to practical operation of a fpace power system similar to 
systems that might be required by the SDI alert and burst mode». 

Recommendation 8: lb further U.S. capabilities and pro- 
grew In chU M well as military applications of power technology, 
both on the ground and in space, and to maintain a rat" of progress 
in advanced technologies adequate to satisfy naticaal needs for space 
power, plan and implement a focused federal program to develop 
the requisite »pace power technologies and system*. This program— 
tased on a mnltiyear federal commitment—should be at least as 
Urge as the prcient combined NASA, DOD (inchidiag SDIO), and 
DOE space power programs, »dependent of the extent to which SDI 
Itself Is funded. 
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AEC 
ARDEC- 

KAMAN 
BSTS 
BTI 
Cs 

CARDS 
CPB 
DARPA 
DEW 
DIPS 
DNA 
DOD 
FEL 
FES 
GEO 
GES 
IEG 
KEW 
LEO 
L!A 
MHD 
MMH 

t 
i 

Atomic Energy Commission 
Army Research and Development Ccnter-Kaman 

Company 
Boost Surveillance and Tracking System 
Balanced Technology Initiative 
Command, Communications, and Control 
Concept and Requirements Definition Study 
Charged particle beam 
Defense Advanced Research Projects Agency 
Dirccted-energy weapon 
Dynamic Isotope Power Sources 
Defense Nuclear Agency 
Department of Defense 
Free-Electron Laser 
Flash Evaporator System 
Geosynchronous orbit 
Ground Engineering System 
Independent Evaluation Group 
Kinetic Energy Weapon 
Low earth orbit 
Linear Induction Accelerator 
Magnetohydrodynamics 
Monomethyl Hydraaine 
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MMW Multimegawatt 
MMWSS Multimegawatt Steady State 
NASA National Aeronautics and Space Administration 
NPB Neutral-particle beam 
ODS Oxide-dispersion-stabilized 
OMS Orbital Maneuvering System 
PDP Plasma diagnostics package 
PM&I Program Management and Integration 
PRCS Primary Reaction Control System 
RCS Reaction Control System 
RF Radio frequency 
RTG Radioisotope Thermoelectric Generator 
SATKA Surveillance, Acquisition, Tracking, and Kill 

Assessment 
SDI Strategic Defense Initiative 
SDIO Strategic Defense Initiative Organization 
SETA Scientific, Engineering, and Technical Assistance 
SMES Superconducting Magnetic Energy Storage 
SNAP Space Nuclear Reactor Program 
SPAS Space Power Architecture System 
SPEAR Space Plasma Experiments Aboard Rockets 
TFE Thermionic Fuel Element 
USAF U.S. Air Force 
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technology research and development as chief experimental project 
engineer, chief missile and space engineer, vice president, president, 
and chief operating officer and director at Grumman during a 39- 
year career span. He was the vice president responsible for desigp. 
construction, and mission support of the Apollo Lunar Module. He 
concurrently served as chairman or member of various government 
and industry committees and boards. In 1971 Mr. Gavin received the 
Distinguished Public Service Medal from the National Aeronautics 
and Space Administration. He is a member of the National Academy 
of Engineering, and a fellow of the American Astronomical Society 
and the American Institute of Aeronautics and Astronautics. 

Prior to becoming a part-time consultant with Grumrrar  Cor- 
poration at the end of September 1985, while president i.n<; chief 
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operating officer there, he sponsored the preparation of proposals 
responding to requests for proposal from the Strategic Defense Ini- 
tiative Organization (SDIO). He did not administer, nor does he 
now relate to, any resulting contract. Grumman has several SDI 
contracts, relating to neutral-particle beam platforms, boost surveil- 
lance tracking systems, and space nuclear power. It is not among 
the top SDI contractors nationwide. Mr. Gavin is a member of the 
Executive Committee of the MIT Corporation, and is on the admin- 
istrative policy board for MIT and MIT Lincoln Laboratory. MIT 
as an institution does not participate contractually in SDI research; 
several of its faculty members do. MIT Lincoln Laboratory is among 
the top SDI contractors nationwide. Mr. Gavin is an outside director 
of the Charles Stark Draper Laboratories, which specializes in pro- 
viding the U.S. government with research and prototypes in the field 
of inertial guidance and control mechanisms. 

TOMMY R. BURKES {Member) 
Visiting Professor of Electrical Enginesring, Texas Tech University 

TOMMY BURKES is a Visiting Professor of Electrical Engineering 
at Texas Tech University, Director of Technical Programs in its 
Center for Advanced Research, and President of T. R. Burkes, Inc. 
He has B.S.E.E. and M.S.E.E. degrees from Texas Tech University 
and a Ph.D. degree from Texas AkM University. Dr. Burkes has 
held associate and assistant professorships at Texas Tech as well. 
The focus of his recent professional activity is in the areas of high- 
voltage/puke power electronics for driving lasers, electron beams, 
and microwave generators for radars and accelerators, as well as 
research in high-voltage fast switching, energy storage, and other 
power system components. Dr. Burkes organized and chaired the 
First International Pulse Power Conference in 1976. He has served 
as session chairman at a variety of conferences, symposiums, and 
workshops, and is a member of various technical evaluation teams 
for the Air Force, Army, Navy, and Strategic Defense Initiative 
Organization. He belongs to numerous honor societies. 

Professor Burkes is an occasional consultant, about five days per 
year over the past two years, for the SDIO Power Program Office 
via W. J. Schäfer Associates, Inc. This activity relates to technical 
review of existing contracts. In February 1988 he was appointed to 
a Defense Nuclear Agency (DNA) technical advisory group relating 
to the Superconducting Magnetic Energy Storage (SMES) program 
of SDIO. In 1986 he led a U.S. Air Force study effort regarding the 
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applicability of the electrical utility power grid to powering ground- 
based lasers. Professor Burkes' department at Texas Tech University 
has two contracts with SDIO. He is not a principal investigator on 
either project. 

ROBERT E. ENGLISH {Member) 
Distinguished Research Associate and Consultant, NASA Lewis 
Research Center 

ROBERT ENGLISH is a Distinguished Research Associate and Con- 
sultant at NASA Lewis Research Center in the fields of space power 
generation and electric propulsion. He serves without compensation. 
He holds B.S. and M.S.. degrees in mechanical engineering from the 
University of Minnesota. Mr. English joined the Lewis Research 
Center in 1944, where he performed research on turbojet engines, 
then on generating electricity in space using both solar and nuclear 
power. When NASA was formed in 1958, English's work on elec- 
tric propulsion for manned exploration of Mars formed the basis for 
the Lewis research program on space power and electric propulsion. 
On retiring in 1980, Mr. English was Deputy Director of Energy 
Programs, following a period as Chief of the Space Power Division. 
NASA awarded him its Exceptional Service Medal in 1975 and again 
in 1984. Mr. English has served on numerous committees and panels, 
notably for the Atomic Energy Commission, the Council on Environ- 
mental Quality, the National Institutes of Health, and the President's 
Office of Energy Policy and Commission on the Accident at Three 
Mile Island. 

NICHOLAS J. GRANT (Member) 
Professor of Materials Science  and  Engineering,   Massachusetts 
Institute of Technology 

NICHOLAS GRANT is a Professor of Materials Science and Engi- 
neering at MIT. He has a B.S. degree in materials science from the 
Carnegie Institute of Technology and an Sc.D. degree in metallurgy 
from MIT. Dr. Grant has held a number of academic positions in 
the field of metallurgy and materials science. He is the recipient of 
several awards and has led government-sponsored research projects 
and technical advisory committees. Fluent in Russian, Dr. Grant was 
chairman of the U.S. side of the U.S.-USSR science technology agree- 
ment on electrometallurgy and materials for the State Department 
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from 1977 to 1982. He is & member of seven national engineering 
and science scholastic honoraries, including the National Academy 
of Engineering, and has participated in many National Academy of 
Sciences/National Research Council study committees, including a 
1983 study on space nuclear power. 

Professor Grant is not engaged in research relating to SDI. He 
has conducted numerous research projects sponsored by the U.S. De- 
partment of Energy (DOE); the Defense Advanced Research Projects 
Agency (DARPA); the U.S. Army, U.S. Navy, and U.S. Air Force; the 
National Aeronautics and Space Administration (NASA); the Atomic 
Energy Commission (AEC); the Office of Naval Research (ONR); 
and private industry. That research emphasized high-temperature 
materials for turbines, jet engines, nuclear power systems, and high- 
temperature structures. Studies have included alloy design and de- 
velopment and manufacture, testing and evaluation over a wide range 
of conditions. 

GERALD L. KULCINSKI (Member) 
Grainger Professor of Nuclear Engineering, University of Wisconsin 

GERALD KULCINSKI is the Grainger Professor of Nuclear En- 
gineering and Director of the Fusion Technology Institute at the 
University of Wisconsin. He received a B.S. degree in chemical en- 
gineering and M.S. and Ph.D. degrees in nuclear engineering from 
the University of Wisconsin. He has held research positions at Los 
Alamos Scientific Laboratories and Battelle Northwest Laboratory 
involving nuclear rockets and radiation damage reactor materials. 
Dr. Kulcinski has served as a consultant to various industries and 
on many technical advisory committees. He is a member or fellow of 
several scientific societies. His current research activities are focused 
on magnetic and inertial confinement fusion. 

Professor Kulcinski is not currently performing any SDI-related 
research. From 1986 through October 1987 he participated in an Air 
Force assessment of the potential for using fusion power in space. He 
docs energy-related research sponsored by DOE, USAF, and NASA; 
all of that work is related to terrestrial power. In November 1987 his 
department at the University of Wisconsin received a subcontract 
from Ebasco Corporation to engage in an SDIO study on SMES. 
Professor Kulcinski has not participated in that study. 
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JEROME P. MULLIN (Member) 
Vice President, Research, Advanced Technology Group, Sundstrand 
Corporation 

JEROME MULLIN is Vice President, Research, Advanced Technol- 
ogy Group, with the Sundstrand Corporation. He received & B.S. 
degree in physics from Spring Hill College, graduate training from 
the University of Maryland, and topical training from Princeton, 
Arizona State, and Catholic University. In addition, he was a 1973 
Stanford Sloan Fellow. Mr. Mullin was previously with NASA as 
a program manager, systems program manager, and director of its 
Space Energy Systems Office. Prom 1963 to 1984 he directed NASA's 
space power research program. Among other honors, he received the 
Exceptional Service Medal of the National Aeronautics and Space 
Administration. 

At Sundstrand, Mr. Mullin is research director for the Advanced 
Technology Group in areas relevant to corporate products for aircraft 
and spacecraft subsystems. From 1963 to 1984, he directed NASA's 
space power research program, which overlapped areas of research 
covered in this study, such as SP-100, solar systems, thermal manage- 
ment, and power conditioning. Mr. Mullin is not personally engaged 
in his group's SDIO research. Sundstrand has participated as a 
subcontractor in a number of SDIO studies, including one of the 
Space Power Architecture System (SPAS) studies, the concept and 
requirements definition (CARDS) study for a neutral particle beam 
platform, and a megawatt-burst thermal management study. Sund- 
strand expects to be a subcontractor on multimegawatt advanced 
Rankine technology, and is presently a supporting participant in a 
Stirling engine proposal to NASA. Sundstrand has also been active in 
the development of organic Rankine cycle technology. Isotope-fueled 
versions of this technology are under study for the Boost Surveillance 
and Tracking System (BSTS), and solar-powered versions have been 
evaluated for the Space Station. Sundstrand expects to pursue simi- 
lar activities in the future. The totality of SDIO-related activities of 
its Advanced Technology Group make up less than one percent of its 
total effort. 

K. LEE PEDDICORD (Member) 
Professor of Nuclear Engineering, Texas A&M University 

K. LEE PEDDICORD is a Professor of Nuclear Engineering at Texas 
A&M University and Assistant Director for Research at the Texas 
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'*K* Engineering Experiment Station. He received a B.S. degree in me- 4 
|s  ' chanical engineering from the University of Notre Dame and M.S. ;j 
£y* and Ph.D. degrees from the University of Illinois.   Dr. Peddicord '| 
|'r has been active in research and education in the field of nuclear | 
|v"*< engineering and nuclear fission. He has held positions at the Swiss 1 
f\' Federal Institute for Reactor Research, Oregon State University, the   " | 
!. " EURATOM Joint Research Centre, and was formerly head of the f| 

" f v Department of Nuclear Engineering at Texas A&M University. He ^ . ' , . 
i is a member of several professional and educational societies, and an | '; 
\ \ author or coauthor of over 100 scientific publications and reports. ^| 
|- Professor Peddicord is a consultant to Los Alamos National -| . ■ ' 
| Laboratory, including serving on a materials science review commit- 3 **> 
1 tee for the SP-100 project office, and is engaged in or supervises .£f / , 
'% other DOE-sponsored research, including projects relating to mul- ;| 
t timegawatt nuclear fuel behavior.  He has served on the Materials !i| ( 

Science Review Committee for the SP-100 program. :% 

CAROLYN K. PURVIS (Member) % 
Chief, Spacecraft Environment Office, NASA Lewis Research Center | 

CAROLYN PURVIS is Chief of NASA Lewis Research Center's f 
Spacecraft Environment Office, which conducts investigations to de- | 
fine and evaluate interactions between space systems and orbital % 
environments. She holds a B.A. degree in physics from Cornell Uni- f 
versity, an M.S. degree in physics from the university of Washing- ,'| 
ton, and a Ph.D. degree in theoretical solid-state physics from Case }| 
Western Reserve University. Dr. Purvis is a member of the Amer- IJ 
ican Geophysical Union and the American Physical Society, and is § 
an Associate Fellow of the American Institute of Aeronautics and "| 

f       Astronautics.   She is the author or coauthor of over 35 technical ; f 
f       publications and reports. ' % 
\ Dr. Purvis manages an investigation to define and develop ana- : % 
i      lytical tools to evaluate space environment effects on SDIO systems. \\%  ' 
l       This work comprises both in-house activity and the management of -*s 
I       outside study grants and contracts. She is a member of ?n indepen- </■; 5 % 
%       dent DNA review committee for the SDI Space Plasma Experiments ^   i| 
I      Aboard Rockets (SPEAR) program.  The Spacecraft Environment *;. | 
I       Office is also conducting some environment compatibility studies in           .     .   I - § 

support of the NASA/SDIO SP-100 Advanced Development Pro- 'h;|| 
gram. That activity is managed by another NASA Lewis group. i;j- % 
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WALTER J.SAWEANT^mM     Conditioning  Institute  and 
Director  of the  Power  and  Power^ iversit   of New York 
Professor of Electrical Engineering, State urn 

at Buffalo 

WALTER SARJEANT ^^SeÄ^^ 
Conditioning Institute and the ■J™ ^ of New York at Buf-       {: 
Electrical Engineering at the St** ^^ from tbe University       | 
falo. He received BSc, ^^™* ^Sarge lasers. He has 
of Western Ontajo mAjfc**£££**> **». »J develop-       j 
been a member of or directed ™" . • iwi[Xy in the areas of 

me„t groups within natio^^S^nent system*- At Los      I 
pulse Power comP-ents^d impuUem        ^ ^ ^^ ^ 

Alamos National Laboratory ** *" __£ 8y8tem8, including energy 
opment of pulse power ^P^^/^dulätors. Dr. Sarjeant 
storage devxes, switches, «J^S^S. and technical advi- 

has led 8«r«n^,3K^lS^^^aiti0,liB8- Heba 
sory committees in the^fieW o pow«       p ^ ^^ ^^ 

senior member of the J"3™™6 °* £ Academy 0f Sciences, 
and is a member of the ?ewY«k A^S^n ^^ yia 

Professor Sarjeant is doing researchjm 8 chairman of an 
DNA on insulation for space P^ •JJ^'^jI SPEAR program, 
independent DNA review committee for ™»u 8CfVe3 ^ a 

Through W.J. WjrjaSiK^- 
technical adviser to DNA on tue aa consultant to the Los 

5Ä of power, lasers, and accelerators. 

PACE VANDEVENDER » ™^Ä^ 
Sandia National Laboratories^Al^Xversity, an M.A. degree 
B.A. degree in physics ^^'^"J^V in physics 
in physics f^P^^SfS^t Technology  University of 
from the Imperial College of bcienci « f or 
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tactical applications and for the SDL Ha serves on several advisory 
committees at Sandia National Laboratories, Los Alamo* Nat.onal 
Laboratory, and the SDIO. Dr. VanDevender ha. received various 
«ademic honors, and in 1964 w» named one cf -100 Most Pronusmg 
Scientists Under 40" by Scitnct Dtge.L 

Dr VanDevender has served on advisory panels to SDIO in the 
area of directed energy. Personnel in his directorate have managed 
project« and conducted in-hou«e work on power condiUonmg for the 
SDIO Power Program Office. Directorate personnel also work on 
electron beam technology, la««, and electromagnet* Uunehers for 
other programs within SDIO. Altogether, SDIO prond«. approxi- 
mately 15 percent of the funding u» h» organization. 

ENERGY ENGINEERING BOARD LIAISON 

S WILLIAM GOUSE (Energy Engineering Board Liaüon) 
Senior Vice President and General Manager, Civil System» Division, 

. MITRE Corporation 

WILLIAM GOUSE is Senior Vice President and General Manager 
of the Civil Systems Division of the MITRE Corporation in McLean, 
Virginia. He holds *>.&., M.S., and Sc.D. degrees in mechanical en- 
gineering from MIT. >. Gou« has held academic Fo«Uon,»at_ MIT 
Und Carnegie-Mellou University.   He served a. leehnieal Assistant 
for Civilian Technology in the Office of Science and lechnology Ex- 
ecutive Office of the President; Science Advisor to the Secretary 
of Interior; Director of the Office of Coal Research; and Deputy 
Assistant Administrator for Fossil Energy in the Energy Research 
and Development Administration. Dr. Gouse U a member of many 
scientific and educational societies, has served a« a consultant to 
industry, and has participated on various National Academy of Sci- 
ences/National Research Council study committees. He is a member 
of the Energy Engineering Board. 

Dr Gofse is not personally engaged in SDI-related research. His 
organization, the Civil Systems Division of The MITRE Corporation 
» also not engaged in SDI work. The C> A.r Force Group of The 
MITRE Corporation in Bedford, Massachusetts, conducts some work 
in support of SDI, amounting to about 5 percent of its activity. 
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TECHNICAL ADVXSOE 
Z. J. JOHN STEKLY 
Vice President, Advanced Programs, Intermagneti« General 
Corporation 

JOHN STEKLY » Vice Present, Advanced Program*, of fate*. 
magneU« General Corporation. He .tudied electro and nUw 
icai engineering at MIT, where he received B.S., M.S., and Vh D 
degree,. Dr. Stekly h« held management and research po«tlonl"S 
«no» corporation» in the field of applied superconductivity, and 

.member of the National Academy of Engineering, and ha* .served 
on Nafonal Academy of Science/National Reeearch Council com- 

Army** °° "***"" fugba' electricaJ ««». «<* ^teriab for the 

Intermagnetk. General Corporation, a «nail boaine», b a major 
developer and manufacturer of .»perconducting material* „pJ£E 
ducting and permanent magnet«, and cryogenic «yrtema. The com- 
pany b» several SDI-fundcd development contra/t, or .«bccnJS. 

tmly applications. Dr. Stekly periodically conaults on the« effort*. 

STUDY BISECTOR 
ROBERT COHEN 
Senior Program Officer, Energy Engineering Board, 
National Academy of Science« 

ROBERT COHEN b a Senior Program Officer at the Enerrv En». 

«Stv™M■ i 7 * SS- dT"i0 Ch*m^ (nm WV». State Un' 
and I Ph n /• gr*Va Phyf<* ff0m the "«««* of Michigan, 
Dr STiS ?T " Ctn<UÜ ensinwfin* from Co««B University Ur. Cohen . first career «as re«arch on remote «Mint of nlaim* 

2dSS,? *°.trnc*for the N*tion,d BarMU ef st«»dard. 
IWS KTSIV ^^S^T *** At™*P^ Administration. In 
JSh ! f .•!,J™ J^'*1 Meaa «"W"R*D program. He » a 
member of tie IEEE Energy Committee. 
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MEETING, APRIL 11-22,1987, | » 
WASHINGTON, D.C„ 

NATIONAL ACADEMY OP SCIENCES 
WASHINGTON, D.C„ | < 

April 21,1087 

Overview of the Independent R. Joseph Sovie 
Evaluation Group (IEG) for    NASA Lewis Research Center 
the SDIO power p'ogram 

Review of the SP-100 Ground        Major Joseph A. Sholtis 
Engineering System (G ES)      U.S. Department of Energy 
space reactor program 

Overview of the multimegawatt     Stephen J. Lanea | \ 
tpace nuclear power program  Ü.S. Department of Energy ^ t 

1 * i Clasiifitd fttttnt ations: * 
Philosophy of the SDIO Richard Verg* and 

space-based power program; Robert Wiley 
relevance of this «tudy SDIO Power Program Office 

Overview of the SDI system Edward T. Gerry 
architecture W. J. Schäfer Associates, Inc. 

Overview of the SDI Richard Verga and f| 
power program Robert Wiley } J 

SDIO Power Program Office f 
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After-dinner talk: 

Passible civilian space-based Raymond S. Colladay 
power applications NASA Headquarters 

April 22,1987: Committee Exeeothre Session 

MEETING, JUNE 25-28,1987, 
NASA LEWIS RESEARCH CENTER, 

CLEVELAND, OHIO 

June 25,1987 

NASA space power need» 
and programs 

SDI space power architecture 
studies 

SDI nonnuclear baseload and 
multimegawatt power 
program 

SDI power conditioning and 
pulse power program 

Space plasma experiments 
aboard rockets (SPEAR) 

USAF/SDI thermionks 
technology program 

Space power environmental 
effects 

After-dinner talk: 
Powering the space station 

R. Joseph Sovie 
NASA Lewis Research Center 

R. Joseph Sovie 
NASA Lewis Research Center 

William Borger 
Air Force Wright 

Aeronautical Laboratory 

Phillip N. Mace 
W. J. Schäfer Associates, Inc. 

Herbert Cohen 
W. J. Schäfer Associates, Inc. 

Elliot Kennel 
Air Force Wright 

Aeronautical Laboratory 
Carolyn K. Purvis 
Committee on Advanced Space 

Eased High Power 
Technologies 

Larry H. Gordon 
NASA Lew» Research Center 

G& 
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Jon« 2«, 1687: Executr« Swsion 

Classified presentation: 
Soviet space nuclear power 

program 
Lt. Randy Wharton 
USAF/Wright Patterson 

MEETING, JULY 20-21,1S8T, 
ALBUQUERQUE, NEW MEXICO 

July 20,19S7: Sandla National Laboratories 

K. Lee Peddicord 
Committee on Advanced Space 
Based High Power Technologies 

Louis O. Cropp 
Sandta National Laboratories 

Issues in nuclear fuel technology 
for space power under 
transient conditions 

Status of multimegawatt power 
sources and power 
conditioning subsystems 

NPB integrated experiment 
power subsystem integration   McDoacell Douglas 

The DOE thermionic fuel ele-        Richard Dahlberg 
ment (TFE) verification General Atomics 
program 

ClaJtifitd presentations: 

Power system aspects of the Carmelo Spirio 
neutral-particle beam (NPB)   Los Alamos National Laboratory 

Q"^£tia Quinn 

An Air Force perspective on 
space power 

Soviet space-based power 
development 

After-dinner talk: 

High-temperature super- 
conductors: Why all the 
excitement? 

Capt. Arthur P. Huber 
AFSTC/XL (PLANS) 

Kirtland Air Force Base 
New Mexico 

Phil Berman 
Defense Intelligence Agency 

Frederic A. Morse 
Los Alamos National Laboratory 
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July 21, 1987 (a.ra.): Sandia National Laboratories 

Tour of PBFA II Guide: T. H. Martin 
Sandia National Laboratories 

Tour of Sandia Pulsed Guide: K. R. Prestwich 
Reactor III Sandia National Laboratories 

July 21,1S87 (p.m.): Executhre Session at Offices of Science 
Application« International Corporation 

MEETING, AUGUST 25-2«, 1987, 
SEATTLE, WASHINGTON 

August 25,1937/Bo«bag Aerospace Company 

Overview of the free-electron 
laser (PEL) 

Tour of the PEL laboratory 

Beaming power from earth to 
space with microwaves 

U.S. Army activities relevant to 
■pace-based power 

The SP-100 project's approach 
to developing a long-lived 
SP-100 power system 

Don R. Sboffstall 
Boeing Aerospace Co. 
Guide: Don R. ShofFstall 
Boeing Aerospace Co. 

Walter S.'Gregorwkh 
Lockheed Missiles tt Space Co. 
Larry I. ArmrtuU 
Bclvoir Research, Development, 

and Engineering Center 
Jack P. Mondt 
Jet Propulsion Laboratory 

") 

August 28,1B87: Executive »eselon at BatteOe SeatÜe 
Conference Center 
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October 19,1987 

Update on SDIO power program   Richard Verga and David Buden 
SDIO Power Program Office 

Subcommittee on Energy R&D 
House Committee on Science, 
Space, and Technology 
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'■•1! i MEETING, OCTOBER 19-20,1987, Vf 

*'' NATIONAL ACADEMY OP SCIENCES, f| 
fC WASHINGTON, D.C. I 

.a 

\ Martin I. Hoffert | 
New York University 4 

^ 

-A 

j MEETING, NOVEMBER 17-1S, 1987, 
i NATIONAL ACADEMY OP SCIENCES | 
I WASHESGTON, D.C. $ 

I 
'■4 

NoTember 18,1887t Execotrve Session | 

I 
I 

"**,w"*sa99?5SJ§Ki 

I •        Presentation on beaming of William C. Brown | ^ 
| power to space platforms Microwave Power Transmission 5| 

using microwaves Systems I 
' and ;I 

i 

% .      .        1 - I 
i October 20,1987 J , 

\        Status of Congressional activities  John V. Dugan and &| J 
I relevant to space power Nelson L. Milder 

i 
I 
I 

1 ■ ■       • 

Norember 17,1987 ; j 

Some innovative concepts for         Osman K. Mawardi |                            v | 
space power generation and     Case Western Reserve University |                                1 
storage :,>| 
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APPENDIX 

D 
Possible Impacts of Effluents from 

SDI Systems 

SPACE SHUTTLE EXPERIENCE BEIEVANT TO 
POSSIBLE IMPACTS OP EFFLUENTS PROJECTED 

FOR SDI SYSTEMS 

Space Shuttle experience is relevant to projecting likely effects of 
effluent dump rates for Strategic Defense Initiative (SDI) systems. 
A good source of data on effluent rates for the Space Shuttle was 
provided by Pickett et al. (1985). Sources of effluent on the Shuttle 
include outgasing (estimated at about 3 x 10"4 kg/a at mid-mission), 
Flash Evaporator System (FES) operations, water dumps, and the 
primary and vernier Reaction Control System (RCS) engines. Data 
found fov Ihe STS-3 mission are presumed here to be typical of those 
for other Space Sbufct** Tussions. 

The FT5S systens dumps water vapor in pulses of duration 200 ± 
30 ms at A maximum pulse rate of 4 Hz, yielding a release rate of 22.7 
kg/h (= 6.3 x 10"* kg/s). The average FES release rate is 2.3 kg/h 
(= 6.3 x 10"* kg/s) at 0.4 III. There were 20 FES releases during 
the STS-3 mission, with durations ranging from 1 min to about 
2.5 h. 

The Space Shuttle also dumps liquid water at an average rate 
of 64 kg/h (= 1.8 x 10"3 kg/s). During the STS-3 mission, there 
were nine water dumps, each of duration 45-60 min, which released 
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a total of 41-93 kg of water. If the 93 kg is assumed to have been 
dumped in 60 min, this gives a maximum rate of 2.6 x 10~a kg/s. 

The RC3 consists of 38 primary thrustera (395 kg of thrust each) 
and 6 vernier f-.rusters (11 kg of thrust each). These thrusters use 
monomethyl hydrazine (MMH) fuel with an NOj oxidizer, and have 
(calculated) effluent as shown in Table D-l (Pickett et al., 1985, Table 
2). MMH is N3H3CH3. Minimum pulse duration is 80 ms. Longest 
pulse on STS-3 was about 30 s. Mass efflux rate for the vernier 
thrusters is 4 x 10-3 kg/s per engine, and 1.4 kg/s per engine for the 
primary thrusters. The velocity of the released gases is estimated as 
3.5 km/s. 

Finding estimates for SDI system effluents proved somewhat 
more difficult. Review of the Space Power Architecture System 
(SPAS) summary reports (1988) yielded a quotation from TRW, 
which performed one of the three SPAS studies, of 7.5 kg/s of Hj for 
cooling a 180-MW free-electron laser (FEL), and 13.5 kg/s of H2 for 
cooling a 400-MW neutral-particle beam (NPB). Martin-Marietta 
gives estimates in the 40-100 kg/s range for various NPB systems 
(Tables D-2 and D-3), and General Electric (GE) quotes efflux rates 
in the 20 to 40 kg/s range, though these are associated with power 
systems, so this may amount to comparing apples with oranges (Ta- 
ble D-4). The wide variation in these numbers is due to different 
assumptions about power levels and system designs among the con- 
tractors. 

It appears that, with the exception of the primary RCS thrusters, 
none of the efflux rates associated with the Shuttle approach those 
estimated for SDI Systems. Neither is there much Ha efflux from the 
Shuttle. The L2U burn (described in the following section), during 
which the three PRCS engines were fired over a period of 1.5 min, 
was the longest PRCS operation identified by the committee. Data 
from this burn have been used in the following section to estimate the 
usefulness of the spherical assumption employed for efflux expansion. 

ESTIMATION OF THE IMPACT OF EFFLUENT ON 
PROPAGATION OF A NEUTRAL-PARTICLE BEAM 

Following is a calculation—using a spherical approximation—to es- 
timate the impact of effluent on propagation of a neutral-particle 
beam. Assume that the effluent originates at the origin and expands 
radially with velocity uf. The resulting mass density p at distance R 
is given by 

* h 
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TABLE D-l Thrueter Plum« CharacterUtlc* for Primary (PRCS) and 
Vernier (VRCS) Thnuter« 
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Effluent 
Specie* 

Molecular 
Weicht Mole Fraction 

Compoiition, Neutral* 

HjO 18 
A 38 
CO, 
Oj* 

44 
32 

CO 28 
H2 IT 

2 
1 

MMH-NO, 108 

Total 

NO" 
COj 
OH" 
Electrons 

Thruiter 
Firing 

0.328 
0.S06 
0.036 
0.0004 
0.134 
0.17 
0.015 
0.002 

0.9914 

Composition, Dominant Ion* 

SO 
44 
17 

Number of 
Neutral* 
Ejected 

1.7 x 10 
2.7 x 10 
4.3 X 10 
24 X 10 

:-io 
10 

-9 

Number of Ion* 
(electron*) 
Ejected 

VRCS 
Typical^ 
Longett- 

1.3 x io: 
1.7 x 10 

.25 
26 3.1 x 10 

3.8 x 10 

PRCS e 
Typical^ 
Longest- 

9.2 x IO! 
6.5 x 10 

2.1 x 10 
1.2 x 10 

NOTE: For tha primary thruiter, m = 1,419.8 g/»/«ngine, where m 
U the ma*« efflux rate; for the vernier thruiter, m = 40.8 g/»/engin«. 
PRCS = primary reaction control »yttem; VRCS = vernier reaction control 
■yatem. MMH = monomethylhydrasin«. 

* Bated on 2 firing» ejecting 163 g over 2 ». 
* Baaed on 14 firing« ejecting 2,100 g over 30 *. 
' Based on 1 firing ejecting 114 g over 80 m«. 
» Baaed on 5 firing» ejecting 682 g over 720 m». 

SOURCE: Pickett et al. (1985): Table 2. 
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TABLE D-2 Aatumed Effluent Compoeitiont 

Power System Effluent Composition* in 
Weilht Percent 

Nuclear Brayton turboalternator 
Nuclear Rankine turboalternator 
Liquid metal reactor 
Oombu.tion Brayton turboalternator 

Combu.tion Brayton turboalternator 
(water collected) 

Combuition-driven MHD 

Fuel cell 

Fuel cell, radiator cooled 
Fuel cell, water collected 

100« H 
No effluent 
No effluent 
FEL: $2.8% H2, 47.2% H,0 
f^PB;58-6%«r«3.5SH30 

FEL: 20.256 H2, 66.6% H,0 4 2% C.OHS 

FEL: 59.1% H2, 40.9% H20 
EML/NPB: 67.6% H    32 4% H,0 
No effluent * J 
100% H. 

SActua! ceeium-containing .pecie. may differ from this. 

ffTÄu"1*" SpKe P0W" ^"itectur. Sy.t.m (1BM) report, 

4J, 

m 

J 
i 

(1) 

</,R>= /R'pdR = A/ri._ M 
/R. 4JTTI VRo     Rf/' 

which, for t » R„/u and R, > R,,, becomes 

</>R>= in 

4«TIR. (2) 

For hydrogen exhaust at 10Q0°K, u * 45 xlO* m/,    on, 

8-9 x 10    g/cm . Approximately 7 percent of the beam i. stripped 

J 
r.*»Vl 
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TABLE D-3  Auumed Effluent Initial Temperatures ( K), Initial Pressure« (atm), 
and Flow Rates (kg/s) 

FEL NPB EML 
Pressure Temp. Flow Temp. Flow Temp. Flow 

Nuclear Brayton 
turboaltern ator 1.0 586 52 416 44 8S5 44    . 

Nuclear Rankine 
turboaltem ator .. _• „ mm „ „ „ 

Liquid metal reactor .. .. — .. .. ._ „_ 
Combustion Brayton t.0 570 8» 407 70 818 70 
Combustion Brayton, 

water collected 1.0 639 48 447 41 996 41 
Combustion-driven MHD l.S 3000 178 3000 122 3000 122 
Fuel cell 1.0 450 81.7 4S0 61.8 4S0 61.8 
Fuel cell, radiator 

cooled .. .. -.. .. _. __ _. 
Fuel cell, water 

collected 1.0 450 48.3 4S0 41.8 4S0 41.8 

NOTE: EML = electromagnetic launcher; FEL = free-electron laser; MHD = 
magnetohydrodynamics; NPB = neutral-particle beam. 

SOURCE: Martin-Marietta Space Power Architecture System (1988) report, Task 3: 
Table III-2.2. 

at 1 x 10_e g/cma. For purposes of the present calculation, the 
integrated mass density for which beam »stripping becomes a concern 
is taken to be 

< pR >= 10-sg/ema = 10_5kg/m2. 

Ensuring undisturbed beam propagation requires 

m « 4]niR0 < pR >= 0.56Rokg/s, 

or, for R„ = 10 m, m < 5.6 kg/s. As noted above, estimates of coolant 
mass efflux rates for neutral-particle beams used in the Space Power 
Architecture System (SPAS) studies were in the range of about 10 
to 100 kg/s, somewhat greater than the 5.6 kg/s estimated above. 
Thus, if the spherical approximation is at all reasonable, neutral- 
particle beam stripping should be a serious concern. 

A zero-order check on the spherical approximation can be made 
based on Space Shuttle data from the STS-3 flight. During this 
flight, an engine test of the Shuttle's Primary Reaction Control 
System (PRCS) was conducted. Observations of pressure in the bay 

1 

'■A 

> 

••Sci-riÄÄ*»*« 

/2T 



&■: :■ 

K\. '■■*-c-;<':*v- \ V 

'^SUmmmtaaDam 

~.f-ss~ 

^.:".*■' - .1 **?.?>* 

126 

r(     .,' ■i>-:t; 

•c 

D 
a 
n 
2 

£1 
"3 x 5 u 

O .2   « ;*. 

-Ü.-S e 
O    3    0» 3fc 

3-  o 
2 

.-» 
o 

•si 

•0 

•a • >< 
o  8  O  bfi 

_ &'•>' 
2 öS o c 5 

"^ 
3 be 

d. to 

X 

«OX"'» 
f-( (H r4 
OOO 
f-t •-« fH 
X       X        X 

CO      v>       Ol 
CD       t-i       »H 

<)*       O *i       X»       ** 

■A       «      o      S       0       O 
O      O      ■-<      O      O       O 

CO X« tO 99 tO 

5>   8   o   §   8   8 
O      O      i-i      d      0      0 

o 
e*     w     w     M    m 

X     X     X     X     O     35 

s T     O 

•o 

«9 

E 

a 
s 
2 
w 
H 
O 
Z 

3 

S Ü 

J5 S 
E 5 
s * 

w o 
a 
o 
CO 

4 

I • 
■I 

* t 

i 
4 



£•* y-^fc]m*v j,■%-- ■«*-'*» -- .-»j^iS    ■-' 'V" 

tv-S-' 
;;v * .<%- '■ ,'■"., 

> APPENDIX D 

tj"> 

127 

were made by ths neutral pressure gauge on the Plasma Diagnostics 
Package (PDP) during this engine test, known as the L2U burn. This 
burn lasted for about 1.5 min, and involved pulsed firing of the L2U 
and R1U thruaters and continuous firing of the F2U thnuter.   " 

Pressure at the PDP's location was about 3 x 10~* torr (com- 
pared to a background p. sssure of 10"v torr) during the L2U burn 
(Murphy et al., 1983; Pickett et a]., 1985; Shawhan and Murphy, 
1983). The mass flow rat« of each of the PRCS engines is m = 1.42 
kg/a (Murphy et al., 1983, Pickett et al., 1985; Table D-l), which is 
high -nough that the exhaust gas is coilisionaj when it exits, as ex- 
pects; or coolant efflux associated with SDI systems. The L2U and 
R2U u.rusters are located to thf port and starboard, respectively, 
of the Shuttle's vertical stabilizer «sn the orbital maneuvering system 
(OMS) pods and fire upward, while the F2U engine is on the upper 
■urfece of the Shuttle's nose and also fires upward (Murphy et al., 
1983). During the L2U burn, the engine« were fired to obtain net 
«ere torque on the Shuttle, with RlU cancelling the roll induced by 
L2U and F2U cancelling pitch from both rear thrustera. The PDP 
is located on-axis, somewhat aft of the center of the paybad bay, at 
about the level of the longerons. 

Estimates of the distances from the PDP to the three engines 
are as follows: 

• F2U: 17 m forward, on-axis, 1.5 m down; 
• RlU: 12 m aft, 2.7 m to starboard, 1.5 m up; and 
• L2U: 12 m aft, 2.7 m to port, 1.5 m up. 

These estimates yield distances of Rr *» 17 m to F2U and RR w 13 m 
to RlU and L2U. Ths mass density at R», the location of the pressure 
gauge, is computed using equation (1) as the sum of contributions 
from the three engines. The result for mass density is: 

To relate this result to pressure, recall that. 

1     3 

(3) 

(<) 

where 9 = v/2kT/m and T is the temperature of the gas at the 
point in question. An upper limit on the pressure can be obtained 
by assuming that V = u; that is, there is no cooling of the effluent. 
Making this asmmption, and using u = 3.5 km/s(Pickett et al 
1985) yields, for the Shuttle case above, 
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I                                               PmMI(IU)*.2.lBt/ra,«l.exlO-atorr. | 
1                    A reasonable lower bound on the expected pnwiiirmay be obtamed | 

by turning that the effluent thermal»*; that is, T « 200°h-3G0 K f 
2 the pressure gauge. The velocity u - 3.5 km/s corresponds to | 
an average kinetic «Lperature of 22O00»K for the PRCS exhaust | 

i                     (Murphy ctd., 1983; Pidsettet aJ.f 1985). Uwnsthwcorte-poadeuce, ^ 

and Uking T«- 250* K for the thermalued exhaust, yields j 

P.W— " I** 10"4torr. I                                                ^ 
Tbemee^edpreeaurefcjrtheLSUbumwMSxlO-^torr.whichU I                                                ,' 
very clow to the pressure computed above for the thermabied case. ?                                             ,    J 
ThU suggest, that the spherieaUpproxiraatioo u reaac*abfc, which | 
in turn tnggeste th»t neutral perticle beam «tnppmg by eßluent » j                                                » 

an taue that must be addressed, f                                                ; 
The committee considers that a ßight experiment to character«« |                                               # 

the behavior of the II, effluent would be appropriate. Altitude is an ,                                               , 
important consideration here. At Shuttle altitudes, orbital vehicles | 
move at about 7.5 km/a, and the residual at-nospherc is dense enough % 

to can« rapid dissipation of effluent clouds. At higher altitude«, the |                                                  • 
residual atmosphere becomes very tenuous, so the effluent will remain | 

X                                            „ear the vehicle longer. To the extent that the orbits of wtoiMt are i                                                 ; 
in the 1.000-!- km range, useful early data might be obtained from . f 

a sounding rocket experiment, because sounding "><*«* velocities f 
relative to the background residual atmosphere are 00 the same order A                                                 I 
u the random thermal velocity of the background atom« (about 1 £                                                 * 
km/s). Even though the residual atmospheric densities are high at |                                                 J 
typical sounding rocket altitudes of a few hundred kilometers the low ^                                                  f 

j                      relative velocity of the rocket should make the dissipation of rocket- 3                                                  j 
generated efiRuent comparable to that expected of vehicle, orbiting |                                                 4. 
at higher altitude (greater than 1,000 km). I                                            '" I 

(*) 
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Following is a compilation of the study findings, conclusions, and 
recommendations. 

•     FINDINGS 

The committee arrived at the following Endings: 

Finding 1 (Chapter 2): Of the three significantly different SDI 
modes of operation (housekeeping, alert, and burst mode), require- 
ments for the alert mod* are inadequately defined, yet they appear to 
b« a major dfsign-determinant. For that mods, the unprecedented 
high power levels, durations, and unusual time-profilea-as well a« 
the associated voltages and currenta-whrch are envisioned will usu- 
ally make extrapolation from previous experience quite risky and 
unreliable. A possible exception is in the area of turbine technol- 
ogy, where an adequat« range of power levels has been validated for 
terrestrial application«, although not for flight conditions. Proposed 
space power systems will need to b* space qualified for long-term 
unattended use. 

I 

»4 

| 

i 

Finding 3 (Chapter 4): The space power subsystems required to 
power each SDI spacecraft are a significant part of a larger, complex 
system into wbkh they must be integrated, hence for obtaining a 
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tern rtudS di?rtPSeJ« J^ü* "^ Tr "^«t«« *y*- I 1 '^^^x^J^^9^J^ of survey, j 
»büity on very «hort notice       °P*r*t,on*l "admess-thAt «, »vail- ' 

examined. 'TO^ ^*D« ^ «P«« power «ysten* ' 
s j 

Finding S (Chapter 2V    A««— .«. ' t 
«^«•t« for'SDI •pplieatL. Sr^iF ^e power »T8*«** that are     i' Y 
contained .pace po^SS^.S^i^fc?"-**- —««-«K«. «11^     t 

«^^edaaa^^^ , 1 
j £ 

or NASA need, beyond thelpTe 1? """ SDI 9cW"'1 

» necessity if the SOI P^ttT.T     ?' ^^ *iU b* 
weapon, Vihaai for balLtk SL^I^ **"""' eBW«i"rf 

* 

«Ät^^^^ ! ' 
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dependent upon that po^S^^P^^^P^ami^on    j J 

CONCLUSIONS 1 t 
.The committee reached the folbwi«. «nduW I \ 

■<..< 

... .* :*i & 



rr*c«riv-"? ■*~"T?V •5: ' 
i,> '• ""•>•■-*v*19 

t 

•i ': 

APPJSJWIXE 

Conclusion 2 (Chapter 4): Gross estimated masses of SDI space 
power systems analyzed in existing studies appear unacceptably large 
to operate major space-based weapon». At these projected masses, 
the feasibility cf apace power systems seeded for high-power SDI con- 
cepts appears impractical from both cost and launch considerations. 
Avenues available to reduce power system costs and launch weights 
include (a) to substantially reduce SDI power requirements; (b) to 
significantly advance space power technology. 

Conclusion 3 (Chapter 3): The amount of effluent tolerable is a 
critical discriminator in the ultimate selection of an SDI space power 
system. Pending resolution of effluent tolcrability, open-cycle power 
systems appear to be the most mass-effective solution to burat^mode 
electrical power needs in the muttimegawatt regime. If an open-cycle 
system cannot be developed, or if its interactions with the spacecraft, 
weapons, and sensors prove unacceptable, the entire SDI concept will 
be severely penalized from the standpoints of cost and launch weight 
(absent one of the avenues stated in Conclusion 2, Chapter 4). 

Conclusion 4 (Chapter 2): The rate of rise ("ramp-rate*) from 
sero to full burst-mode power level appears to be a critical require- 
ment. It is not apparent to the committee what relationships exist 
among elapsed time for power build-up and system complexity, mass, 
cost, and reliability. 

Conclusion S (Chapter S): Major advances in materials, com- 
ponents, and power system technology will be determining factors in 
making SDI space power systems viable. Achieving such advances 
will require skills, time, money, and significant technological innova- 
tion. The development of adequate power supplies may well pace the 
entire SDI program. 

Canchüloa C (Chapter 6): Refocusing SDIO resources toward 
near-term demonstrations could delay development of advanced po- 
wer technology, and thereby seriously jeopardise meeting long-term 
space power program objectives. 

Conclusion 7 (Chapter 3): A space nuclear reactor power sys- 
tem, once available, could serve a number of application»—for ex- 
ample, in NASA tad milit*ry missions requiring up to 100 kWe of 
power or more—in addition to SDI. 
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132 APPENDIX B 

Conclusion 8 (Chapter 2): Survivability and vulnerability con- 
cerns for SDI space power systems have not yet been adequately 
addressed in presently available studies relevant to SDI space power 
needs. 

RECOMMENDATIONS 

The committee arrived at the following recommendations: 

Recommendation 1 (Chapter 4): Using the latest available Infor- 
mation, an in-depth foU-vehkl*-«ystem preliminary design stndy-for 
two substantially different candidate pewsr systems far a common 
weapon platform-should be performed now, in order to reveal sec- 
ondary or tertiary requirements and Bmltatiocs in the technology 
bast which are not readily apparent in the current space power ar- 
chitecture system studies. Care should be exercised in establishing 
viable technical assumptions and performance requirements, includ- 
ing survivability, maintainability, availability, ramp-rate, voltage, 
current, torque, effluents, and so on. This study should carefully 
define the available technologies, their deficiencies, and high-leverage 
areas where investment will produce significant improvement. The 
requirement for both alert-mode and burst-mode power and energy 
must be better defined. Such an in-depth system study will improve 
the basis for power system selection, and could also be helpful in 
refining mission requirements. 

Recommendation 2 (Chapter 3): To remove a major obstacle to 
achieving SDI burst-mode objectives, estimate as soon as practicable 
the tolerable on-orbli concentrations of effluents. These estimates 
should be baaed—to the maximum extent possible—on the results of 
space experiments, and should take into account impacts of effluents 
on high-voltage insulation, space-platform sensors and weapons, the 
orbital environment, and power generation and distribution. 

Recommendation S: 
follows: 

Rearrange space power R&D priorities as 

a. (Chapter S) Ghrt carry, careful consideration to the regu- 
latory, safety, and National Environmental Policy Act re- 
quirements far space nuclear power systems from manufac- 
ture through launch, orbital service, safe orbit requirement«, 
and disposition. 
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b. (Chapter 6) Tie SP-1D0 unclear power system It applicable 
both to SDI requirements and to other ehrli end military 
•pact missions. Therefore SP-1SJ0 development should be 
completed, following critical reviews of SP-1Q0 performance 
goals, design, and design margins. 

c. (Chapter ft) SDI bnrst-mode requirements exceed by one 
or more orders of magnitude the maxlmnm power ontpnt 
of the SP-1G0. Therefore both the unclear and notmndaar' 
SDI muitimegawatt programs should be pursued. Hard- 
waxe development should be coordinated with the results of 
implementing Recommendation 5. 

Recommendation 4 (Chapter ft): Consider deploying the SP- 
100 or a chemical power system on an unmanned orbital platform at 
an early date. Such an orbital "wall socket" could power a number of 
scientific and engineering experiment». It would concurrently provide 
experience relevant to practical operation of a space power system 
similar to systems that might be required by the SDI alert and burst 
modes. 
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Recommendation S (Chapter S)t Make additional and effec- 
tive Investments now m technology and demonstrations leading to 
advanced components, inchidfog but not limited to: 

• thermal management, mcfadhsg radiators; 
• materials—structural, thermal, environmental, and super- 

condsctmg; 
• electrical generation, conditioning, switching, transmission, 

and storage; and 
-term cryostorage of H3 and 03. 

Advances in these areas will reduce power system mass and environ- 
mental impact«, improve system reliability, and, in the long term, 
reduce life-cycle power system coat. 

Recommendation 6 (Chapter 3): Review again the potential fey 
ground-based power generation (or energy storage) with subsequent 
electromagnetic transmission to orbit. 

Recommendation 7 (Chapter 2): After adequate evaluation of 
potential threats, farther analyse the subject of vulnerability and 
survlvabOity, mainly at the overall system leveL Data resulting 
from implementing Recommendation 1 would.be appropriate for this 
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analysis. Pending ouch analysis, candidate power systems should 
be screened for their potential to satisfy interim SDIO survivabu- 
ity requirements, reserving judgment as to when or whether those 
requirements should constrain technology development. Convey the 
screening results to the advocates of those candidate power systems, 
to stimulate their finding ways to enhance survivability as they de- 
velop the technology. 

Recommendation 8 (Chapter 6): lb farther VS. capabilities 
and progress hi civil as well as military applications of power tech- 
nology, both on the grotmd and la space, and to maintain a rate 
of progress in adranced technologies adequate to satisfy national 
needs for space power, plan and implement a focused federal pro- 
gram to derelop the requisite space power technologies and systems. 
This program-based on a mnltlyear federal commitment-should be 
at least as large as the present combined NASA, DOD (Including 
SDIO), and DOE space power programs, independent of the extent 
to which SDI itself is funded. 
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