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DEPARTMENT OF THE AIR FORCE
AIR FORCE CENTER FOR ENVIRONMENTAL EXCELLENCE (AFCEE)
BROOKS AIR FORCE BASE, TEXAS 782355000

INEL Technical Library (PRR)
Attn: Gail Willmore

1776 Science Center Drive
Idaho Falls, ID 83415

Dear Ms Willmore

Per our telephone conversation on 23 March, 1992, I am enclosing a compilation
of news releases, news clippings, and journal articles on the Space Nuclear
Thermal Propulsion program. Request you make these available to the general
public through your reference desk (along with this letter), and suggest—a 34

.)G‘ hour-time—timit—on-cheekout--so-all interested parties have the opportunity to
view—tt+ All of this material is in the public domain and may be reproduced.
Our intent in making this available is to provide an understanding of the
technology and why it is being studied. However, since much of this consists
of media articles, we cannot guarantee its accuracy.

Decisions yet to be made about this program include whether to proceed with
the technology development and if so, where to conduct ground testing. These
decisions will be based in part on an Environmental Impact Statement (EIS)
that we are preparing. Since two sites at the Idaho National Engineering
Laboratory are under consideration, we will be conducting a scoping meeting

in Idaho Falls on Thursday, 9 April, 1992. It will be held at the Bonneville
High School Auditorium at 7:00 PM. This meeting is open to the general
public, and will assist us in determining the scope of environmental issues to
be analyzed in the EIS.

Your assistance in this matter is greatly appreciated. If you have any
questions on this matter, please call me at (512) 536-3806.

Sincerely

AT gt

Scott A. Hartford, Capt USAF,
EIS Project Manager
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News Release

% United States Air Force

AIR FORCE SYSTEMS COMMAND
OPFPFICE OF PUBLIC AFFAIRS, PHILLIPS LABORATORY, KIRTLAND AFB NM 87117‘0008

Room

Re@d“
public ont of Energy
73
u. S, Dres . ifice
Ldaho f%pww“ﬁm* o

) January 13, 1992
PL RELEASE NO. 92-02
CONTACT: Rich Garcia
PHONE: (505) 846-1911

PHILLIPS LABORATORY ANNOUNCES PROGRAM IN SPACE PROPULSION

KIRTLAND AIR FORCE BASE, N.M. -~ A technology program
that could advance the state-of-the-art in space propulsion
was announced today (Jan. 13) by Phillips Laboratory
officials at the 9th Symposium on Space Nuclear Power

Systenms,

The program, called Space Nuclear Thermal Propulsion,
will use a particle-bed reactor that is expected to more than
double the specific impulse of the best current rocket
engines. The goal is to develop a 75,000~pound thrust engine
with a specific impulse goal of 1,000 seconds at a 30-to-1

thrust-to-weight ratio for exoatmospheric applications.

-MORE~-
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PROGRAM IN SPACE PROPULSION ~-- 2

The program is managed by the Air Force’s Phillips -
Laboratory at Kirtland Air Force Base, N.M. The Department
of the Airxr Force, Department of Energy, and NASA are also

participating in the project.

The propulsion technology was Qelected bocause it offars
potential for a wide range of military and civilian space
missions. The Air Force has no plans to use the engine in
the atmosphere. It may be used once a vehicla is in space,
for example, as an advanced upper stage for space launch,
orbit transfer vehicle,' or a space propulsion vehicle for the
President’s Space Exploration Initiative (SEI).

A July 1991 report by the SEI’s Synthesis Group
fstafford Report) cited nuclear thermal propulsion as an
enabling technology for the manned exploration of space.

Department of Defense officials are working closely with
members of the U.S. Congress, the Administration, and various
regulatory agencies to ensure a safe, successful proof-of-

concept, research and technology effort.

- 30 -~
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PN News Release

-2 ! United States Air Force

AIR FORCE SYSTEMS COMMAND
QOFFICE OF PUBLIC AFFAIRS. PHILLIPS LABORATORY. X!ATLAND AFB NM 87117-6308

JANUARY 13, 1992
RELEASE NO. 92-2

CONTACT: KXARI J. PASEUR
PHONE: (505) 846-1911

SPACE NUCLEAR THERMAL PROPULSION ENGINE

KIRTLAND AIR FCRCE 3ASE, N.M. -- PICTURED IS A MODEL CF
THRE SPFACE NUCLEAR THERMAL PAOPFULIION ENGINE WHICH THE A!R
ForcE’S PHILLIPS LABORATORY IS DEVELOPING. THE BLACK
CONE-LIKE STRUCTURE AT THE BOTTOM IS THE ROCKET NOZZLE. THE
NUCLEAR PARTICLE RAED BKACTOA I% THE BDLACK CYLINDER IN THE
MIDDLE PORTION, AND THE ENGINE SUBSYSTEMS AREFE THE BLUE
CIRCULAR ASSEMBLY AT THE TOP. THE ACTUAL ENGINE WOULD Be 12

FEET HIGH, (OFFICIAL U.S. AIR FORCE PHOTO)
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“The challenges of the Space
Exploration Initiative are great,
but so is the quality of American
talent and ingenuity, and so is the

leadership of the American peo-
ple. And ... it is Amcrica’s des-

tiny to lead.”

President George Bush

FAX NO. 5058464328
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pollo 11 first placed America

an the Moon on July 20, 1969.

This extraordinary accom-
plishment confirmed the United
Statey’ technuolugical ascendancy for a
generation. On the 20th anniversary
uf Apollo 1, President George Bush
announced a new vision for America
i the 21at contury — & viaton that
will return us to the Moon to stay,
and vmward to Mars by 2019, This
vision, the Space Eaptoration Ini-
tative, represerits voe ol the greoetest
technological challenges the world
has ever known,

Vision for America

The Space Exploration fnitiative pro-
vides a tocus that ollows the United
States to pain control of our destiny in
apave. T doing this <is "visions”
puide and direct vue space efforts,
Theeare:

h

3
Knowledee of our Universe, We
strive o undeestand the origin and
histon: of our Solar System, the ongin
of life, and the ultimate tate of our
aniverse. People are the best explor-
ers, but they otten need machines to
help, The sSpaee Explosalion Initiai e s
mn mbegeriod progrom of anssjons Pu
fruntans aond robads fo explore, 0 inder
stend aond b xain knoichadee of e o
eerse st over place b,

Advnncement in Scicnce aud
Engineering. Returning to the Moon
and onweard to Mars ricquiees the bost
engineering and scientific talent our
nation can muster. Through a long
range commitment to space, we stim-
ulate our national education system
and inspire students to fearn.
Motivated students are essential to
excellence in education. The Space
Exploration tnitintive will motizate and
inspire Hie new generations on which our
Juture as a nation depends.

United States Leadership. The
Space Exploration Initiative provides
us with an opportunity to re-establish

and maintain American preeminence
in technological innovation and space
leadership. Other nations have
goined the initiative in certain arcas
and have become leaders in a tradi-
tion of space exploration that America
pionoered. Leadership cannot be
declared . L L it st be anned.

Technologics for Eartli. America’s
recent history has demonstrated
that vur space program stimulates a
wide range of tochnological innova.
tions that find abundant application
in the consumer marketplace.
Space technology has revolution-
ized and improved our daily lives
in countless ways, and it will con-
tinue to da so. Energy from space,
advances in solar power and fusion
fucls, usetul materials for advanced
communications, new resources,
medical breakthroughs, and greater
insight into the human potential are
some of the direct benefits we can
expoct. The Spuce Exploraton buitiatice
prviiles focnsad goals fa okl practical
and bencticiul (eehinotoxical e

Contmercialization of Space.
Initiatives by the private sector are
goals of our National Space Policy.
Space is a Hmitless, untapped source
of materials and energy, awaiting
industrial development for the benetit
of humanity. Connnercig! products,
stcl as zere gravity derivad mntericls,
wind service industrics. like odeanced glob
al comunnications, all become fncreas-
inQly fensilte mind profilable once routine,
reliable wid nﬂbnfabh‘ access b space 1f
woailable,

Strengthened U.S. Economy. New
technologies open new markets. An
investment in the high technology
needed for space exploration main-
tains and improves America’s share
of the global market and enhances
our competitiveness and balance of
trade. It also directly stimulates the
scientific and technical employment
bases in our country, scctors whose
health is vital to our nation’s econom-
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ic security. The Space Exploration
Initiative is an investirent in the fictiere of
Aunerica.

Why the Moon?

Earth’s closest neighbor in space, the
Moo, is surprisingly complex. [t is
an obicct for detailed exploration, a
platform from which to observe and
study the universe, a place to live and
work in the environment of space,
and a natural source of materials and
energy for an emerging space-based
¢conomy.

The Moon offers a record of four
billion vears of planctary history. s
violent birth and history of bombard-
ment from space is closely related o
events on the earty Earth. The Moon
provides a natural laboratory for
detailed study of gealogy and plane
tory formation, the output of our Sun
over its lifetime, and the clements of
our universe. The Moon's 14 Earth-
day night, crystal clear, airless sxy
and stable ground provide a superb
platform for astronomy.

The Moon is the nearest abject it
space where people can live under
conditions similar to thase we will
face on other plancts. Thus, the Moon
is a natural test bed to prepare for
missions to Mars through simulation,
systems testing, operations and
studying human capabilitics.

The Moan is a rich source of mate-
rials and energy for use in space
Abundant metals, ceramics and
recoverable amounts of hydrogen,
carbon and oxygen can provide pro-
pellants and human life suppart from
the lunar surface. The 14 Earth-days
of a lunar daytime provide abundant
solar energy. Our Moon provides a
rich scientific and economic waysla-
tion for human expansion into the
Solar System.

Why Mars?
Of all the planets in our Solar System,

Mars is the most like Earth. With a
thin atmosphere, weather, seasons
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and a 25-hour day, Mars has a
diverse and complex surface, includ-
ing ice and cvidence of water.
Although conditions on Mars cannot
auppurt lifc now, o varicly wluevi-
dence suggests that Mars was
warmer, wetter and had a much
denser atmosphere early in its history.
Life may have existed. If so, fossil
evideney may by foynd.

Mars has undergone a complicated
geologic evolution,” Its surface con-
sists of gigantic canvons, huge volea-
nocs, gorges carved by running
water, vast regions of sand dunes and
a polar ice cap. Understanding the
periadic changes in climate that have
oveurred on Mars will help us under-
stand the Earth's climate and predict
its future behavior, a topic vital to the
survival of lire on Earth.

Architectural Considerations

At its closest pivint, Mars is 35 miliion
miles from Earth, This distance
increases to 230 million miles when
we are on apposite sides of the Sun.
By camparison, the Moon is only a
qunrlcr -million miles away — a three-
day joarnev. The chalienges of a
AMars o p..\dntmn stem fram the Jdis-
tances, the lang times away from
Earth, the environment of dccp space
and Maex® unique characteristics.

A total Mars mission duration
depends on both the round trip
travel time and the time spent on
the planet’s surface. Conventlonal
chemival propulsion missions will
take about 230 days one way, and
require long surface stays of about
500 dava to allow the plancts to
realign before returning home.
Advanced nuclear propulsion tech-
nologies can shorten the transit
time, provide flexible surface stay
times, significantly reduce the pro-
pellant mass to low Earth orbit and
increase the available launch oppor-
tunities.

Shorter travel times are desirable
to reduce the impact of the deep
space environment on the crew and

mission equipment. During the space
voyage, expected hazards include
radiation from galactic cosmic radia
tion and solar flares, the lack of nor-
wal gaavily, y:]ullulugtull seas fiu.
long term {solation, and cquipmen:
degradation.

The challenges of a2 Mars trip wit
require several hundred tons o
g\]uipmcnt ond fucl for the uxpedi
tion. Thus, we will require a heav:
Het launch capability to minimizt
assembly in Earth orbit. Nuclear pro-
pulsion technology allows reduced
weiglit, appraxinately one-half the
of chemical svstems, and achieves
faster interplanct ary trip times, A
Mars, we need Earth-independent
operations, since round trip commu-
nications times will vary from sever
to 40 minutes. We also need im
proved long term life support sys-
tems that operate for leagthy time
periods without resupply.

The planetary surface of Mars pro-
vides challenges different from thos
of the Moon. The planet is large —
about one-third the size of Earth. !
has a diverse tapography, it
80,000 foot voleanos, three times a-
high as Mount Everest and as farge a:
the state of Montana, and canvons o
long as our continent is wide. Mars
atmosphere is mostly carbon dioxide
and it is known to have periodic dus
storms. These features will requin
unique power systems, landers, rove:
vehicles and human habitats.

Architectures

The foundation of the architectures<
reflects three arcas of emphasis
human presence, exploration and sci-
ence, and space resource devclop
ment for the benefit of Earth
Different architectures vary with the
degree of human presence, the leve
to which exploration and science arc
pursued, the extent to which space
resources are developed, as well a:

the relative emphasis between luna.
and Martian activity.
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Four architectures have been iden-
tified and they provide significant dif-
ferences across the possible areas of
interest. They are:

Mars Exploration: The emphasis of
this architecture is on Mars explo-
ration and sclence. The first human
mission to the Moon occ¢urs in 2005.
The lunar infrastructure is developed
only to the degree necessary to test

and gain experience with Mars sys-
tems and operatdons and ta simulate

Mars stay times. The Moon is
explored while developing opera-
tional concepts for Mars.

Robotic precursor missions are
used to scout the lerritory before comn-
mitting to a landing site for Mars.
The first human mission to Mars
vecurs in 2014, with a surface stay of
30 to 100 days. The next mission is
planned for 2016 for a 600 day stay.
This architecture is designed to be a
minimal approach to achieving the
Initiative objectives.

Science Enphasis for the Moon and
Mars: The Moon and Mars are
emphasized equally, and an carly
global assessment of both bodies per-
mits a variety of initial missions
designed to Letter understand global
diversity. The first human mission to
the Moon 1s 2003. Life sciences data
required for Martian missions are gen-
erated through extensive operations
on the Moon. Human-controlled
robotics assist the planning and execu-
tion of human activity on the surface.
Instrument emplacement focusces on
early deployment of portable instru-
ments which gather observation dala
independent of lunar location. In the
latter stages of architecture implemen-
tation, emphasis shifts to larger scien-
tific experiments and instruments
after developing surface capabilities
for construction, maintenance and
operations. Continuous exploration
activities yield a significant scientific
return though the use of a balanced
mix of human and robotic exploration
techniques.

Subsequent to the establishment of
the desired long term operational
capabilities for exploration and sci-
ence on the Moon, human missions to
Mars take place beginning in 2014.
All knowledge gained by the activi-
ties in Junar orbit, and on the surface
becomes part of and is complemen-
tary to the dress rehearsal for the
Mars mission.

The Moon to Stay anud Mars

Explorarion: This architecture
emphasizes permanent human pres-
ence on the Moon, combined with the
exploration of Mars. One of the major
objectives is to build towards life sup-
port self-sufficiency for breathing
gases and food production on the
Moon.

The permanent presence of
humans on the Maon, beginning in
2004, gives us an impressive scientific
capability. Science on the Moon will
emphasize exploration and observa-
tion. For Junar exploration, extended
traverses in pressurized rovers will
permit detailed study of complex and
puzzling lunar features and process-
es. Robotic assistants will extend
human reach for great distances
across the lunar surface. With a per-
mancnt human prescace an the
Moon, advanced and saphisticated
astronomical observatories can be
installed and maintained.

Extensive space and lunar surface
operations are conducted on the
Moon to provide the necessary life
sciences and engineering data to pre-
pare for future exploration missions
to Mars. The first human mission to
Mars is in 2014, with a suiface stay of

30 to 100 days.

Space Resource Utilization: This
architecture makes maximum use of
available space resources to support
the exploration missions directly. It
also seeks to develop a large class of
available resources for a broader
range of transportation, habitation,
life sciences, energy productior, con-
struction and many other long term

Architectures

I. Mars Expior’aﬁon
il. Sclence Emphasls for the
Moon and Mars

Iil. The Moon to Stay and
Mars Exploration

IV. Space Resource
Utilization
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activitivs. In preparation for the first
human return mizxcion, a rabhntic
experimental resource producing
plant is landed on the Moon in 2003.
The finst human mission to the Moon
tahes place In 2004 and o Mars in
2016, On Mars, the basic exploration
wauld be done on the finst bweo mis-
sions with the addition of more
resource development. which could
be s panded on missions bevond the
tiest tive, In the lony term, this archi-
teviure may benetit Earth by pm\-inL
ing Hehum-3 to tued Earth-based
fusion reactors amd beaming, solar-

\prmlucui electricity to Farth,

Transporiation

Alter studv ot the vartous transporta-

ton eptons, it was concluded that
chamival propulinan em lowe Baeth

orbit, as usad mthe Apollo program,
is stll the pgeterred wav o get to the
Moan, However, signiticantly heav-
ter it capability will be required to
support any of the architectures. For
the Mars transit trom Earth orbit, the
nuclear thermaf racket is the pre-
ferred propulbsive system o allow sig-
itivantly raduced mass 1o ke Earth
arbet, sharter transil times and greater
operational Qevibility,

Supporting Technologies

Fechnulogy will provide the toals
necessary tor safe and cost effective
evploration af the Moon and Mars.
Tewhnology development is required
in the following arcas:

B Hleavy it launch with @ min-
tmum capability of 130 met-
ric tons with desipned
prowth to 250 metric tons

I 2) Nuclear thermal propulsion

3) Nuclear electric surface
power to megawatt levels

4) Extravehicular activity suit

5) Cryogenic transfer and long
term storage

6) Automated rendezvous and
docking of large masses

7) Zera gravity countermea-
SUres

8) Radiation cffects and shiclding
9) Telerubotics

1 Closed loop fife suppuort sys-
toms

(1 Blumas factoes for lonyg dura-
tian space missions

12 [ightwoipht structural mate-
rials and fabrication

13) Nulear electric prnpu!sion
for follow-on cargo missions

14) In situ resource evaluation
and processing

AL finst glanee, the implementation
the architectural approaches outlin
appuars daunting. It is indeed co
plex. But it is noteworthy t
America’s ability to return to t
Moon and ta begin the exploration
Mars depends on two fundamer
technologies:

1) Restoration of a heavy ift
launch capability

2) Redevolopmentofa nuclear
propulsion capability

This natlon had both of these capat
ties in the early 1970s. In additior
these two areas, the 12 other te
nologies identified, if successfu
developed, offer the potential

vastly enhancing the exploratior
the Moon and Mars.
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Organization and Acquisition
Management

The Space Exploration Initiative rep-

‘resents @ major management chal-

lenge as well as a significant techno-
logical challenge to this country. The
capability exists in this nation to
accomplish the Space Exploration
Initiative within the combined re-
sources uf the government, Industey
and the academic community, It
requlires management that allows for
crisp and timely decision making,
plus the assured resources to reach its
goals,

An Exccutive Order should be
issued to cite the basic charter of the
National Program Office for the Space
Exploration [nitiative Organization.
ft should define the leadership role of
NASA and the covperative relation
ships among various governimental
departments and agencies. The
Exceutive Order should clearly enu-
merate the staffing, budgeting and
reporting relationships and responsi-
bilities of the affected agencies.

The Synthesis Group reviewed
munerous successful and unsuccess-
ful major acrospace, industry and
government programs, and studied
various acquisition improvements
and key factors that helped reduce the
cost of the mast successful acraspace
programs,

In managing the Space Exploration
Initiative, NASA should be autho-
rized to tailor the existing procure-

ment system and devise new proce-

dures to fit the needs of this major
newW prograin.

_ The opportunity for a number of
International cooperative ventures
CxXists,

Commercial potential abounds
within the framework of the Initiative.
Launch services, communications
s:atellites, robotics, production of mate-
rials in space for use in space and on
the Earth, and electronics technology
represent a few of these potential areas.

Recommendations

Specific recommendations are provid-
ed for the effective implementation of
the Space Exploration Initiative.

REcOMMENDATION 1

Estublish within NASA a long
rangc strategic plan for the nation’s
civil space program, with the Space
Exploration itlative as its cenfer-
piece.

“. .. the jewel represented by the
vision of a scemingly unattainable
goal, the technologies engendered,
and the motivation provided to
our natjon’s scientists and engi-
neers, s latoratories and indus-
trioe, ite studonts and ite cilizens,
Hence that the Mission from
Planet Eartly be estalilished with
the long tenin goal of human
exploration of Mars, underpinned
by an cffort to produce significant
advances in space tr:'mspnrt.\tiun
and space life scionces.”?

A strategic plan will provide decision
points to allow tleaibility during the
life of the program, concentrate man-
agenent activities of diverse depart-
muents, provide budget guidelines and
identify technology pathwavs, The
plan must be based on a detailed gov-
emmental (NASA, the Department of
Defense, the Department of Energy)
analysis of the Synthesis Group's four
architectures. This analysis should
result in further refinement to gain
sufficient detail to support relative
costing of the architectures. Existing
and planned programs should be
reviewed for their contributions to
this plan. Industry effort should be
limited to studying elements of the
architectures. As the strategic plan’s
centerpiece, the Space Exploration
Initiative complements the goals of
Mission to Planet Earth.2
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“We propose . . . to accelerate
the development of the NOVA
nuclear rocket. This glves promise
of some day providing a means
for even more exciting and ambi-

tious exploration of space, per-
haps beyond the Moon, perhaps
to the very end of the solar system
itself.”

John Fitzgerld Kennedy

RECOVIMENDATION 2

Establish a National Program
Office by Executive Order.

This vrganization would include
Dupartment of Defense and Depart-
ment of Energy personnel working
directly for the National Program
Ottice. \Vith the niulti-agency nature
of the National Program Office, an
Exceutive Order should be issued to
cite the basic charter of the organiza-
tion, the leadership role of NASA,
andd the cooperative refationship
amony; various governmental depart-
ments and agencies. The Executive
Order should clearly enumerate
stafting, budgeting and reparting
relationships and responsibilities of
the affected agencies.

-

Riconmvuanatin 3

Appuint NASA's Associate Admini-
strator for Exploration ns the
Program Dircctor for the National
Program Office.

This i~ required to ensure clean lines
of Mmanagement authority over a
large, complex program while stmul-
tancously providing a facus for
NASA's supporting program ele-
munts.~

RicosisitSparos 1

Establisit a new, aggressive nequisi-
tion strategy for the Space Ex-
ploration Initintive.

The Space Exploration Initiattve
should standardize acquisition rules
for the agencies executing the
(nitiative's various projects. The most
streamlined processes available
should be adopted for that standard.
The Space Exploration Initiative is so
great in scope that it cannot be execut-
ed in a “business as usual” manner
and have any chance for success. The

Space Exploration Initiative National
Program Director should be designat-

ed as the Head of the Contracting
Activity. This will alliny the director

to establish the optimum acquisition
procedures within the Federal
Acquiisition Regulations. Multi-vear
handing should be provided.

Ricovtn o 3

Tucorporate Space Exploration
Initiative requirements into tre
joint NASA-Department of Defense
Heavy Lift Program.

The Space Exploration Initiative
launch requirement is a minimum
of 130 metric tons of 1ilt, with
designed grosvth to 250 metric tons.
Using !\PO“U Saturn V' PF-1a for
booster engines, coupled with liy-
uid oxvgen-hydrogen upper stage
engines (upgraded Saturn J-2s or
space transportation main engines?,
could result in establishing a heavy
lift launch capability by 19982

RecovivisnDiion b

Iuitiate a nuclear thernmal racke
techiology devefopuient progran:.

The Synthesis Croup has deter
mined the only prudent propulsio:
system for Mars transit is the nucte
ar thermal rocket, Sufficient testing
and care must be taken to mee
safety and environmental require
ments.

ReCOMMENDATION 7

Initinte a space nuclear porwer tec).
nology development program basc
on the Space Exploration Initiatit
requirements.

The program must concentrate ¢
safe, reliable systemns to a megawa
or greater lcvel. These nuclear pow
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; syvstems will be required for use an
' the Moon before use on the Mars mis-

sion.

RECOMMENDATION 8

Conduct focused life sciences exprori-
nments.

Implement a definitive life sciences
program, along with the necessary
experiments and equipment. on
Space Station Freedom, consistent
with the recommendation of the
Advisory Committee on the Future of
the US. Space Program. Thuse ex-
periments are needed to reduce the
uncertaintics of long duration space
Mmissions,2

RLCOMMEINDATION 9

Establish education as a principal
theme of the Space Exploratian
Initintive.

The Initiative will require scientists,
engineere and techniciona fin its ¢
cution. It is a source of interest and
eapectation to those considering sci-
ence and engineering careers. The
Space Exploration Initiative can con-
tbute directly to undergraduate and
graduate education in engineering
and science by re-invigorating a uni-
versity research program in support
of the Exploration Initiative as was
done during the Apolle program of
the 1960s and carly 1970s.

‘ RecomMMENDATION 10

- Cantime and expand the Outreacly
;Program.

The Outreach Program has served a
very useful purpose in the Synthesis
: Group’s deliberations. The ideas
from the Qutreach Program will be
imed over to NASA with the recom-
mendation that they review them

perivdically. The Qutreach Program
generated not only ideas but also
greater interest in the Space Ex-
ploration Initiative. Both features
should be emphasized. The databasc
should be refreshed with further out-
reach solicitations, perhaps every two
years, and with increasing focus to
specific program geals. The Space
Exploration Initiative touches virtual-
lv every scientific field and enginecr-
ing discipline. The Cutreach Program
should be extended to include all
other entitics that are affected by the
program in addition to the acrospace
industry. An informed public is vital
to the Space Exploration Initiative,
which will require a sustained com-
mitment of the nation’s resources.

Why Now?

Amcrica stands at the threshold. Our
national space program is undergoing
intense scruting. Many ask questions
similar to those voiced during the
heyday of Apollo — What is the point
of large space ventures? How can we
afford the great expenditures? What
Is the function 0f a human presence in
space?

By offering dircction and purpose,
the Space Exploration Injtiative will
rejuvenate our sense of challenge, of
competitiveness, and of national
pride. The Space Exploration Initia-
tive is a positive, social endeavor. Ina
world of uncertainty, it has the capac-
ity to inspire people, to stimulate
them and to cause them to reach decp
inside to find the very best they have
to offer.

Technology development and
architecture analysis must precede
any final concept validation cffort.
The Injtiative can be started now with
a modest commitment of funds.

Great nations have always explored
and profited from new frontiers and
territories. Space is the new frontier of
the industrialized world in the 21st
century. Benefits from space and the
technologies needed to journey there
become increasingly important in the

next century As Americans, we must

ask ourselves what our role will be in
human exploration of the Solar Sys-
tem: to follow or step aside?

1 The Advisory Committee on the Future of the
US, Space Program.

2 These recommendations are consistent with

and upon those made by the Advisory
Committee ome Future of the U.S, Space
Program.
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Figure 2

to-orbi

vigorously Rursued. Hie single-stage-
to-orbit concapt shduld be carried for-
trate concept feasibil-
efforts could hoid

Nuclear Systents. The nuclear ther-
mal rocket is a device which uses a
nuclear reactur 1o heat propellant to
high temperatures. The propellant is
then expanded by a supersonic noz-
zle to producc thrust much in the
same manner as a conventional rocket
motor, as shown in Figure 2. How-
ever, singe the nuclear thermal rocket
can use a low molecular weight pro-
pellant (usually Hy), heated to high
temperatures, substantial increases in

NUCLEAR THERMAL ROCKET

Propellant tank —/ |
(Liquid Hydrogen)

Coolant line

Reactor

66

performance over chemical sysiems
are possible.

Nuclear thermal rockets under-
went substantial development in the
1960s and the early 1970s under the
Rover/Nuclear Engine for Rocket
Vehicle Applications program. A
series of full power reactor/engine
tests resulted in propellant tempera-
tures in excess of 2,700°K and a spe-
cific impulse of 845 seconds. One
1,125 MWt reactor power tcst was
run continuously for one hour. In
addition, a reactor power test demon-
strated 28 automatic start-up/shut-
down sequences and a thrust level of
250,000 pounds was demonstrated.
Although no integrated rocket system
was ever flight qualified or flown, the
program did generate substantial test
experience prior to program termina-
tion in 1972. Based on experience
gained in this program and the Space
Exploration Initiative requirements,
nuclear thermal rockets, with further
development, are the choice propul-
sion technology for the interplanetary
phase of the Mars mission.

Since 1972, advances in materiais
and fuel technology hold the promise
for higher temperatures leading to
still higher performance engines.

FX Newer concepts, such as the compact

particle bed reactor, offer potential for
high power density reactor cores
which could lead to substantially
higher integrated thrust-to-weight
ratios. A high thrust-to-weight ratio
engine would be particularly attrac-
tive for a second generation upper
stage of an advanced heavy lift
launch vehicle.

To provide propulsion for Moon
and Mars cargo missians, where tran-

sit time is not an important constraint,
low thrust nuclear electric propulsion
systems are attractive because of their
very high performance levels; their
specific impulses range from 3,000 to
10,000 seconds. Although the tech-
nology is usually described as new,
some 30 electric thrusters have been
flown in space to date.

cren g
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While the develonment of nuclear
electric thrusters is moderately well
advanced, the main issue in the tech-
avlugy status of these systems is the
lack of space-qualified nuclear power
systems in the 1 to 5 MW range. A
robust technology program to devel-
op multi-megaiwatt nuclear systems
for both surface and space application
could result in the use of nuclear elec-
ttic propulsivn fur Mars cargo mis-
sions. The major advantage of these
systems is the very low propellant
requirements for interplanetary mis-
sions. lhis directly translates into a
cost savings due to a decrease in the
amount of propellant needed in low
Zarth orbit.

Promising nuclear clectric thrusters
include ion and magnetoplasmady-
namic engines. [on engines use a
roble gas such as Xenon or Argon as
a prapellant. [on systems have specif-
ic impulses approaching 10,000 sec-
onds, but this benefit is offset by a low
thrust level. Magnetoplasmadynamic
thrusters have demonstrated high
performance with specific impulses
ranging from 3,000 to 6,000 seconds.

Baseline

Chemical svstems, such as liquid oxy-
gen-hydrogen or liquid oxygen-
kerosene (RP-1), are the primary high
cthrust aystems for Carth-to-orbit oper-
ations and lunar missions.

For low thrust missions such as
lunar ascent and descent, storable lig-
uid systems are utilized (nitrogen
tetroxide-unsymmetric dimethylhy-
drazine, ctc.). Numerous storable pro-
pellant systems have demonstrated
the necessary throttlins for ascent and
descent applications. High perfor-
mance systems such as liquid oxygen-
hydrogen need to demonstrate long
term storability.

Parametric studies for piloted
Mars transfer missions show that
chemical propulsion is an undesirable
option since the initial mass to low
Earth orbit requirements exceed 1,100
metric tons in addition to providing
limited launch opportunities and

requiring langer transit times.*'he
piloted Mars transfer vehicle uses a
nuclear thermal rocket propulsion
system with a high thrust to weight
ratio (approaching chemical propul-
sion systems). The initial Mars cargo
missions will also use the same high
thrust-to-weight nuclear thermal
rocket propulsion system and pro-
vide further intlight verification prior
to the piloted ﬂighl)Fol]ow on cargo
missions may use nuclear electric
propulsion.

Near term Earth-to-orbit and lunar
cargo transter will use a conventional
cryogenic chemical propulsion sys-
tem.

Dcvclopéncnl Programs

Propellant management in zero gravi-
ty has several technology problens
and issues which need to be resolved,
such as tank staging and whether to
use wet or dry transfer. Tu ineet the
timetable for returning to the Moon,
handling experiments should be com-
pleted by 1999 and, therefore, be inlti-
ated soon. It must be emphasized that
although no new physics is involved
and all propeilant management issues
are engineering problems only, actual
demaonstrations will be a significant
challenge.

Advanced development in chemi-
cal propulsiun technologies, such as
the large pintle-controlled injector
and the liquid/liquid platelet injector
concept, hnlds promise for reductions
in cost without major performance
penalties

In order to provide a flight quali-
fied nuclea: thermal rocket for the
2014 Mars mission, an aggressive
development program must be initiat-

Testing of an integrated nuclear
thermual rocket presents a challenging
engineering and political problem.
The safety issues regarding operation
are principally concerned with acci-
dental releasc of radioactive material.
Location of potential Department of
Energy ground test sites are very iso-
lated and the amount of radioactive

s yr e e e

Nuclear Ther

mal Rocket -
Perfarmance Goals -

4% Engine specific impulse 2

925s

* Thrust-to-weight ratios
approaching those of
chemical systems

¢ Start/stop cycles 210

* Highly reliable, environ-
mentally sound, and inher-
ently safe
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mater:al in the engtnes assures that
even if an accident released 100% of
the fuel, radiation levels outside the
test site boundary would be below
accepted national nuclear safety stan-
dards. In addition. as demonstrated in
the Rover/Nuclear Engine for Rocket
Vehicle Applications (NERVA) pro-
gram (Figure 3), exhaust scrubbers
can further guard againet the possibil-
itv of inaduertent release. Develop-
ment testy can be designed to meet all
applicable nuclear safety require-
ments and licensing criteria.

The issue of using a nuclear rocket
in a flight test is more complex. Social
and political perceptions, not just
tichnical realities. are involved.
Design of an engine is such that
under normal cperating conditions,
there is virtuailv no radioactivity in
the exhaust stream, as all fission prod-

ncts are conrained within the fuel par-
ticles. There is 3 minimum radiation

risk prior to the time the reactor is min
for thie first Bime, which occurs at
trangghlars injection, Jeaving Larth
orbit” Thus, while the reactor is on the
launch pad, it contains only the natu-
ral radicactiviee levels associated with

the uranium fuel. '
‘;%When the engine is operated in
space to provide thrust, the operat-

ing time is relatively short com-
pared to terrestrial power reactor
svstems. This method of operation
produces fission byproducts which
are predominantiy short-lived) The
radioactivity in the engine after
completion of thrust is far less than
contained i1 & comparable terresir!-
al power reactor. However, the
dccay of these radioisotopes releas-
es secondary radiation such as
gamma rays. It is the radioactivity
associated with this process which
poses minimal and short-term con-
sequences in a terrestrial accident
situatiof¥Use of nuclear engines for
upper stages and missions beyond
Earth orbit permits further mini-
mization of rick by allowing a
wider selection of trajectory profiles
and abort options_}

ﬁ’rhe amount of radjoactive naleriz
in the rocket engine paiur to the nucle
ar engine’s start would be orders ¢
magnitude less than radioisotop
thermoelectric generators which hav
already been safely launched (mos
recently, Ulvsses). The issue of meer
ing all the necessary safety and env:
ronmental standards will be a sut
stantial challenge. The program mus
be dedicated to this aspect if the tech

nology is to gain public acceptance.

Power

Requirements

The functional electrical pows
requirements are shown in Table -
Transportation to the Moon require
power for about seven davs for tr
round trip in addition lo time 1n lune
orbit, whereas transportation to Mar

involves trip times on the order of
vear plus orhital and- surface vper:

tions of up to two years. In case
where solar flux is very high, gre:
care must be taken to control therm
heating. This resuits in continuu
rotation of the spacecrart to spiea
the thermal load and affect orient
tion of solar panels and radiators.

Surface activities needing pow-
include habitats, laboratories, ba-
power and vehicles. Habitats mu
have their own highly reliable pow
source for safety. Base power includ
power for mining, in situ operatior
fabrication, emergency power f
habitats and power for regeneratic
of fuel cells. Habitat power must i
hlsllly ieliable, greater than 20O.RC
while base power can be about 9=
reliable. Power urdts should be mac
opcrah'onal with a minimum of s
port activitles, have lifetimes compa
ble with the base, be serviceable ar
if nuclear, be refuelable and dispc
able. Evolutionary system designs a
preferable to specific point desig
without growth potential.
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DOMENICI ANNOUNCES EVOLUTION OF EXCITING
NEW SPACE PROPULSION TECHNOLOGY

PHILLIPS LAB TO LEAD DEVELOPMENT OF SPACE ROCKET

ALBUQUERQUE -- New Mexico Senator Pete Domenici today
announced the development of a newly declassified nuclear
propulsion technology that could revolutionize the space industry.

Domenici, R-N.M., announced that the Phillips Laboratecry at
Albuguergue is managing the development of Space Nuclear Thermal
Propulsion (SNTP) technology. This program could lead to the
building of a safe nuclear rocket engine that could more than
double payloads and greatly reduce the cost of space launches.

"This giant leap in technology can be equated to the progress
made when man went from riding horses to driving automobiles,”
Domenici said.

"The Space Nuclear Thermal Propulsion technelogy, at its
present pace, could eventually snable us to launch more powerful
rockets carrying bigger paylcads for less money. It is an exciting
technoleogy that can take man to worlds in outer space that have
been closed to us," Domenici said.

The Senator said the SNTP program -- technology which has just
been declassified -- is being managed by the Air Force’s Phillips
Laboratory with the participation of Sandia National Laboratories
and a number of private companies. Both NASA and the Department of
Energy are also interested in the technoclogy.

It will take approximately eight years for the Air Force to
complete construction and ground testing of a SNTP engine before it
could actually be used to launch payloads into space. Although the
SNTP engine would be about the same size as a conventional upper
stage rocket engine, it will have at least twice the performance
levels of a conventional engine. Scientists bslieva paylocads could
be increased as much as tenfold, compared with tha conventional

engine.

~-MORE--
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"Employing a safe SNTP rocket could save the United States as
much as two-thirds the cost now incurred in rocket launches,”
Domenici said. "If the SNTP proves to be feasible, the Department
of Defense alone could save $1 billion annually."

For example, launching a 40,000 pound payload now requires a
Titan IV, costing about $250 million per launch. The same payload
could be carried with the SNTP rocket engine in a much smaller
Atlas II, which cost about $80 million.

Domenici said that the SNTP program through ground tests will
cost $800 million if development efforts meet all technical and
unprecedented safety requirements. Annuval funding is projected to
be about $40 million per year through 1997, followed by up to $80
million a year into the next century. About $130 million has been
spent in previous years on this technology in other programs.

During a news conference to announce the SNTP program,
Domenici also announced that work is progressing on efforts to
expedite the purchase of an unfueled Russian TOPAZ II Space Nuclear
Reactor.

Domenici is working with the Defense Department to remove
other agency objections to this bargain purchase of the Soviet
nuclear-powered satellite. The satellite contains Soviet
technology not available in the Free World.

~=30~-
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Nuclear rockets returning

SMPUY TLSTLIDa O L N

Program may be
located at NTS

By Mary Manning
LAS VEGAS SUN

rocket program will be revived
in the Southwest, 20 years
after Nevada Test Site scientists
placed the giant engines om
the shelf, Air Force officials
announced today:

No experimental site was
announced, but the Test Site, 65
miles northwest of Las
has boen explored a8 = location
far testing tha nuclear engines.

“It is qur understanding that
f.haNavada.TeetSitexaoneofthe
fmm:-runnmﬂ:tthat

program,”
o o A 5 X o

datehaabeennttbtadmmn,
ke zaid.

The program will cost
batween 310 million and $15

dcnnfgum.
an
Construction muldbegm thm
year and last from 12 to 18
months.

NASA inspected tha Nevada
Teet Site in March as part of
a review to revive the rocket

engine testing.
The Atomic En Commis-
sion, now the sxperi-

mented with nuclear engines
at the Test Site in the 1960s
and 19702 in the Bover pro-
gram. President Richard Nixon
?raundedrocketaxpuunsntxm
972 aver environmental con-

Gov. Bob Miller said today ke
received a limited briefingon the
project a few months ago.

“T have boex and am encour-

Nevada Test Site in cam of cat-
backs in nuclear testing,” Miller
said. *“This may be a way to
involve Nevada in spaco axplo-
ration.

“From the limited informa-
tion they gave ms, it seamed to
motobeamudxmmadvmd

and sophigticated with
muchbeteermfet‘ymbudt
Thn secrat project’s revival

;{urﬁc%d ;kn 'i\‘pru when The
ew Jor imes reparted
oodo-named

that the program,
Timberwind, was part of SDL

The nuciear engine program
has now been moved to the
Bush administration’s Space
Exploration Initiative, the Air
Force gaid. Sciantisty are trying
to develop a nuclear rocket
reactar that will double the
thmtot'the best current rocket

The Air Force Systems
Command at Phillips Laboratory
on Kirtland Air Force Base
in Albuquerque anoounced the

t at a Univerzity of
New gexx spaco propulsion
mtmuwa attended by Air

Force, Department of Energy
and National Aeronautics and
Spaca Administration officials.
Su'l‘ho Fodaration of Amsrican

enhsts, a ivate
based in Washn;’;nn 81'011?
oppoaed the Star Wm nntx-
and some uctes

missile program
of space reactors, first disclosed
the project to The New York
Times.

The Defense Department had
lsunched plans for the secret
nuclear rocket project and

planned testing the emngines
nz Saddle Mountain in the
southwest section at the Test
Site.

Ancther flight test is being
considered over water around
Antarctica.

The SDI, or Star Wars
program, has longed to launch

bundreds of large mpons '
and sensors toc heavy for
conventional rockets, inciuding
mamsive lasers, particle beams
and homing rocksts.

Rather than the current

NASAsdeegspampmhes,the
n would be a real

reamr that splits atoms rather
than a battery-like devica that
simply uses natural radioactive

Opera.nng some of the future
lagers would roquire tons of
axotic fuelsal fw

goa o e ng!‘m
is l:o build a special type
nudaanaactorfhatwouldpower
engines far more energetic than
any rocket ongines now in
usa, large and heavy
payloads to be lofted high above
the earth.

Nuclesr rockaets appeal to
scientists on the theory they
can take the long bhaul
aver conventional ones, whose
engines are powered by chemical
teactions often involving the
explesive burxung of cxygen and
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NTS may test nuclear rockets

£6They were very encouraging about the
design being such that it had virtually no
risk whatsoever. .. If Nevada is selecled,
we would want to make sure it was

[OJidaho and Nevada are
being considered for the
testing of nuclear-powered
rockets for use in space.

By Kalth Rogers safe. J¥

Raviaw-Joumnal . \ Bob Mifler
ALBUQUERQUE, N.M. — Nevada Governor

and I[dgho are being considered for

testing of a nuclear-pawered rocket for cost one third as pnich ag today’s we're looking for, the kind of

military uses aqd space exploration, U.S. rocket launches, saving the wark we . I'm pulling for Ne-

government officials said Monday. Pentagon $1 billion a year in lift- vada and I hope we get it”
Selection of the Nevada Test Site ing military hardware into orbit, Reid said he was satisfled the

for the $800 million rocket develop- Domeniei said. ing would not pose any eavi-

ment program would help guarantee
the future of the test site, Gov. Bab
Miller said in a telephone interview.

Energy Secretary James Watkins
will decide where the rocket will be
SRR S it

&€ This program will be
unprecedented in
safety while it is
unprecedenied in
opportunity. 59

Sen. Pete Domenici

tested, according to Energy Depart-
ment spokeswoman Joanne Jo

That decision is expected within a few
months.

The once-secret Space Nuclear
Thermal Propulsion projest was un-
veiied by Sen. Pete Domenici, B-N.M.,
during a scientific gathering.

Domenici likened the prospects for
the first nuclear-powered booster
tocket to the era of history when auto-
mobiles replaced horse-drawn car-
riages.

“This program will be unprecedent-
ed in safety while it is ted
in opportunity. We have been stalled
in space for a rumber of reasoxgs,” not
the least of which are economics and
an affordable, powerful booster, said
Domenici, a member of the Senate
Aqgmpriaﬁons Committee. .

e said the project, secret since
funding began in 1988, was declassi-
fied because recent breakthroughs
convinced scientists “it clearly has a
great deal of civilian applications.”

If studies continue to show promise
as they have during the praject’s
infancy at Phillips La at
Kirtland Air Force Base in New-
Mexico, the new rocket would

engine as 10 to 30 times more:

efficiemt in space than comven-
tionsl rockets, It also would be

to build end could daliver
payloads faster and farther. Es-

the spacecraft forward.

Domenici's comments came

during a press briefing at the
Nintk Symposinm on Space Nu-

er Systema,
by the University of New Mexico.
Some 600 acientists and engi-
ueers from goveroment, industry
and universities, including a
team of Soviet space experts, at-
tended the conference.

While Air Force Lt. Col. Roger
Lenard, a project official, would
not say which two Energy De-
partment sites were being consid-
ered for testing, Gov, Miller con-
firmed that the Nevada Test Site
waa one. The other, the Idaho Na-
tional Engineering Laborutory,
was confirmed by Sen. Harry
Reid, D-Nev.

Reid said he received a number
of classified bri about the
project and met with contrectors

at the test site, which be said

would be ideally suited for the
rockst testing program.

“We've done it there before,” he
said. ~This is the kind of wark

Andrus has not been briefed

about the
ButMiﬁg’ﬁfdhehadbeen

briefed by Lenard on the safety
and environmental aspects of the

“They were very encouraging
about the design being such that
it had virtually no risk whatoo-
'ﬂg‘” Mmerned though, “If N

e cautio . e-
vada is selected, we would want
to make sure it was safe.”

Lenard s=id, "Our design goal
is to make these (tockets) release
no fisgion products at all ... If we
can’t make it safe and reliable,
we aren't going to do it.”

Before tests could be conducted,
the Enpergy Department would
bave to prepare sn envirvnmen-
tal impact statement for public
review to comply with federal
o cron ot Ftinss aca part.

ent are
ners in the venture with Phillips
Laboratory managing develop-
ment. Two netional labs ~ 3an-
dia Albuguerque and Brookha-
ven in New York — zlso have
contributed to the project.

Energy Department figures
show the rocket engine testing
program will cost between $10
million and §15 million for pre-
liminary design and construction
startup costs.

Since 1088, $132 million has
been spent on the project, not

10f3 &
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counting between $63 million
and $120 tilglm that will be
spent on it year, Lenard said.

Miller ssid the project “would
provide the economic alternative”
to reducing or eliminating test
gite programs, su%chummclm
weapons testing, w expect-
ed to dwindle in light of arms
reductions in the United States

and the formerly Soviet repub-.

lics.

ﬁmandtechnwianswhnare eI -
Eleoyedatthemtsitethatcould

relocated. This type of pro-
gram will keep some of this ex-
a $1 billion annual budget for its
N::adg’so&smmns and employs
a m Bdmm‘ ' en@m- 3.
technicians and person-

1973, a nuclear-powered rocket
was developed at the test site un-
der a project dubbed, NERVA —
Nuclear Engine for Rocket Vehi-
cleé ﬁgpliv%ation. £ D
is West, an Energy Depart-
ment spokesman in Las Vegas,
said the engine was successfully
developed and tested in the
southwest portion of the Nevada
Test Site, but 1t was never used
for lack of a mission.
Domenici said the new nuelear-
powered rocket project will take
ﬁ'ﬁht years to construct and test

ore it could be used to launch.

payloads.

He said the United States is
also trying to purchase from the
Ruszians TOPAZ T1 — a space
nuclear reactor,

In addition, be said ke is work-
ing with the Pentagon to buy the
Soviet nuciearu%;“mered satel}l(i,;:
which emplo iet techno
that haa not been

~free world.

Domenici said, however, there
is no current effort to include So-
viet scientists in » joint venture,

Nikolai N. Pommarev-Smgxg':
firat deputy directar of the
gian Atomic Energy Academy in
Moseow, said, though, x are
ready to participate in this pro-
F;ml— This ia t1p to our American
0

“All in ail we worked some 30
years in this di 3 and we
have achieved high resulis, in
some cases exceeding the Ameri-
cans,” he said through a transla-
tar during a break in the confer-
ence.

Donrgy ‘Washington Hureau writer
Shaun NicKinnon contributed to this
repart,

“Weo have a great many scien-

available in the '

UFF of EXT RFFAIRS—DUEZNV  TU
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Nuclear rockets would
shorten Mars trip

Scientists befieve that rockets
powered by nuclear reactors
coukd be twice as efficient as
today's chemical-buming rockets.
The extra power could cut
dramatically the time noededto  Mars
reach Mars. .

Conventional rocket

In chemical rockets ke thoee on the
£pace shutle, fuel s mixad with exygen
and bumed 1o produce hruet. The rocket
must earry 8 own o a thore Is
none In tha vaccuun of spacs,

OXYGEN

Saurce; The Kusrated Encycopedia of Space Technobgy, Synthasis Group

report on Amenca’s Spaco Explomiion nitafve

TURBOPULIP

NUCLEAR
REACTOR

APNari Tate
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Agzociated Press
Col. Peter J. Marchiando, commander of the Phillips nuclear thermal propulsion engine Monday in Albuquer-
Laboratory at Kirkland AFB, N.M., looks at a model of a que. Plans for such an engine were discussed.
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Astronauts

May Rocket
To Mars

Trips Will Be Powered
With Nuclear Energy

By Rex Graham

JOURNAL STAFF WRITER

Within the next few months, Phillips
Laboratory in Albuquerque will begm test-
ing components of a powerful experimental
nuclear rocket intended to take astronauts
to Mars in the next century.

The rocket technology grew out of secret
Star Wars research already under way at
Phillips, the U.S. Air Force’s space-
research superlab.

Part of the technology was declassified
and described Monday by Sen. Pete Domen-
ici, R-N.M,, and laboratory officials during
the opening minutes of the Ninth Sympo-
sium on Space Nuclear Power Systems.

“This is an enormously significant event
as it pertains to man and space,” sympo-
sium chairman Domenici told 300 journal-
ists, Air Force officers and aerospace
company representatives crowded into an
Albuquerque Convention Center meeting
room.

The University of New Mexico is the
pnmary sponsor of the symposmm whlch
is held in Albuquerque. :

The engine is considered crucxal for a
Mars mission because a conventional
chemical rocket would take 230 days to
travel the 35 million miles to Mars at its
closest point to Earth. The nuclear rocket
could do the job in one-third the time,
according to a federal feasibility report.

Air Force Lt. Col. Roger X. Lenard,
project manager of the Space Nuclear
Thermal Propulsion technology at Phillips,
said $132 million has been spent on the
engine since 1987 and $51 million will be
spent ‘this fiscal year on research and
construction. He said $65 million to $125

MORE: See ASTRONAUTS on PAGE A3

»

Astronauts

May Rocket
To Mars

CONTINUED FROM PAGE 1

million a year needs to be spent on the
effort to have the engine ready in eight
years. )

The eight-year target date is needed to
get an astronaut to Mars by about 2016, the
date recommended by a federal panel on
the feasibility of sending an astronaut to .
Mars.

Officials said the project will create new
jobs for Albuquerque, but no one could say
how many.

While Phillips will manage the work,
Sandia and Brookhaven
national laboratories as
well as aerospace com-
panies Grumman Corp.
and United Nuclear
Corp. will be involved in
the research and de-
velopment effort.

The heart of the rock- B
et engine will be 100
pounds of radioactive :
uranium-235 made into Lenard
black BBs. The tiny pellets, about one-half -
millimeter in diameter, will be encapsu-
lated in ceramic. When the pellet bed is
allowed to get hot during a launch, it will
heat the hydrogen propellant to 5,000
degrees Fahrenheit, which will then roar
out the back of the rocket and provide
thrust.

Phillips officials said an environmental
impact statement has been completed, but:
not yet cleared for release to the public.

Domenici said all environmental and -
safety standards will be met or exceeded. -
“It will be unprecedented in safety,” he
said.

Domenici said every part of the engine
will undergo a rigorous “proof of concept”.
procedure before it ever makes its way toa’
launch pad. )

Chemical rockets are envisioned to lift."
astronauts into Earth’s orbit before the-
nuclear engine would be turned on to send
the spacecraft zipping toward Mars.

Gary L. Bennett, deputy director of -
NASA'’s Transportation and Platforms Divi-
sion, said at the symposium that his agency.
is looking at “two or three” nuclear thermal-
propulsion systems.
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Rocket plan a ‘sham’

Scientistgroup: It's
a cover for military

By Mary Manning
LAS YEGAS SUN

Plang to revive a nuclear-
powered rocket program to
explore the cosmos are merely
2 smokescresn for a top-secret
military leap into space, a
scientifie think tank says.

“It's an exclusively military
program aund they are using
fpace &3 a fig leaf to cover
it,” gaid Steven Aftergood of
the Federation of American
%dc;anﬂsm, based in Washington,

New research into a nuclear
rocket engine for deep space
exploration was announced
Monday at tho ninth annual
Symposium on Space Nuclear
IP;&;@: Systems in Albuquerque,

The program, now character-
ized as a potential joint venture
with Russian scientists in an ef-
fort to sand a man to Mara, hed
its roots at the Nevada Test Site
in the 1960s. It was chelved by
President Nixan in 1972

But tho Federation of Amer-
lcan Scientista eaid Monday
that the supposedly new nuclear
racket program - code-named
Timberwind - actually has been
retired beeause of security leaks.

In itz place, the scientists
said the Air Forco has launched
8 naw secret progran known as
LT, an abbreviation of the new

R ST et
ng oo

at the Ngvada Tost Site or the
Idaho National Lah , Air
Force officials said. But the Air
Force has not chosen a testing
Iocation.

University of California-
Santa Cruz physicist Joel

i called the rocket tests
rigky.

“The danger ig the nuclear
reactor will melt or evan explods
during the tests, Primack said.

Best estimates say it will
take about eight years and 3800
million o build and fest the
nuclear engine.
ch(hx'x'mnt rocket gngines use

emical propulsion, burning a
fuel such as liquid hydrogen and
an coxidizer o provide thrust,
said Gaorg ﬂl;:‘:nnett, deputy
director Transpartation
and Platforms Division at the
National Aeronautics and Space
Administration,

In a zmclam-h thermal
propulsion engine, hydrogm is
s Bt . T, oot

eats § ] ia
then led gut am a
high velodty.

“Thg::)ntgre you make it (ths
m dzn ? mm a ?
Bennett gaid. | o &

It is thought that nuclear
reactors could cut travel time by
40 percent —a round-trip to Maxs
in about 300 days, inciuding a
14—day_ 5taY%, as opposed to 500
days via chemical rocket.

N Although z:nmnboaas‘ale of the
avada congressional delegation

have been briefed on the project,

detalls remain unavailabje,

“(The Air Foree) seems
determined to proceed further
along the path of excessive
sacrecy,” Aftergood said, “Pyblic
confidence is egsential for
a succegeful space nuclear

program. Unfortunately, this
program reeks of deception.”

The Federation of Amarican
Scientiats an envirot-
mental assessment of the Saddle
Mountain eﬁ:imental site at
the Nevada Site, but aever
got it, Aftergood raid.

“We were unable to reapand to
the request based on national se-
curity considerations,” said De-
mt of Energy spokesman

iz West.

West, meantime, axpressed
enthusisam about the revival
of the nuclear racket program,
which ultimately could send a
man to Mags,

“I'm pretty excited about
civilian aspects of it,” West gaid.
“Thavas why NASA's in it.” .
that a joint program with
Russian scientists may be part of
the nuclear rocket project. The
Russians arebelieved tobe ahead
of the Uni::;lk States gxxdear-

pelled et pese. ..
mehe Strategic Defonse Initia-
tive Organization, a government
body, is proposing to launch 2
nuclear reactor-powered space-
craft to explore the solar system
Ey buying several Soviet Topaz

space reactors.

But the Soviet rockets don't
conform to US. safely standards
and could never receive launch
approval, according to the Fed-
eration. of American Scientists
bulletin. Under certain cirenm-
stances, the Soviet engines could
accelerate cut of control, a mir-
ror incident to the 1986 Cher-
nobyl nuclear reactor accident,
the bulletin said.
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Nuclear propuision project announced
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Kirtland base unlikely
to be rocket test site

The construction of a nuclear rocket test
facility could cost as much as $1 billion,
placing it in the big science competition for
tax dollars, a Sandia National Laboratory
analyst said today.

The test site likely will be at the remote
Nevada nuclear bomb test facility near Las
Vegas, where Los Alamos National Labora-
tory led a now-defunct nuclear rocket
development and testing program in the
1960s.

Kirtland Air Force Base, where two of the
rocket development pringiples — Sandia the
Phillips Laboratories — are located, “could
not be absolutely ruled out™ for test facility,
but the base is not likely to be selected, Air
Force officials said.

Such a facility would be used to conduct a
myriad of tests of rockets being designed to
power spaceships to the moon and Mars and
for military missions in Earth orbit.

George Allen, a Sandia scientist who
helped analyze existing test facilities as a
member of Department of Energy, Pentagon
and NASA panel, said today that the cost
could range from several hundred million
dollars to $1 billion.

Speaking at the Symposium of ninth annual
Space Nuclear Systems in Albuquerque, Allen
said the test facilities would have strict
environmental and safety safeguards and
would acccount for as much as 30 percent of
the entire rocket development program, he
said.

Lawrence Spohn
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Governors of Nevada, Idaho
wary of nuke-powered rocket

(O Bob Miller and Cecil
Andrus, who are battling
the nuclear storage issue,
are cautiously optimistic.

Byl(elth:-ggm

l

The go'vernoxs of Nevada and Idaho,

whose states are candidates for a De-
partment of Energy nuclear-powered
rocket project, welcomed the plan with
some reservations Tuesday even
though both are warring with the
agency about nuclear waste.

Idaho Gov. Cecil Andrus said, “Yes.
It sounds like thut's the type of re-
search and development we'd be inter-
ested in, but I'd have to know more
about it.” )

Andrus said he first learned from a
reporter Monday the Energy Depart-
ment’s Jdaho National Engineering
Laboratory near ldaho Falls was,
aleng with the Nevada Test Site, be-
ing considered for testing a nuclear-
powered rocket engine.

" *I¢'s good business. It's good eco-

nomics, We've got an existing science
research laboratory and qualified per-
sannel to do the work,” he said.

Andrus said he will meet next week

with Energy Department officials .

about the future

the Idaho Nationial -

Engineering Laboratory. <

He has been: quarreling with the
about his reluctance to allow
storage in Idaho of medium-level tran.
uranic waates from the nuclear weap-
ons complex and abroad. -
*We're not in the business of storing
nuclear waste from around the worild,
Andrus said during a telephone inter-
"We have always said we will
handle wastee we have gencrut-
ed, but not the waste generated
in Rocky Flats and Fort 8t. Vrain
{both in Colgrade), New York, the
'I‘nrwafz(ll&ublic gervice utility, or
those Tuds that are currently
stacked up in Australia,” Andrus

Nevada Gov. Bob Miller, who
adamantly is opposed to Depart-
ment of s plans for locat--
ing a high-level nuclear waste
duip at Yucca in, 100
miles northwest of Las Vegasa,
said a proposal by the same agen-
cy to test nuclear-powered rock-

ets nearby has economic advan-
— if it ix safa,
don’t think there ig any com-
ison in the risks. It's kind of
comparing apples and or- |
aﬁﬁF% er .
e said he has been told by-'
officials proposing the rocket :
ﬂ}xﬁh&a“ﬂmﬁmntm&-é

pomiy” 71000 to of Wb
posn - ? -
level nuclem'wnstemnsﬂyﬁmn'
civilian power reactors — is

about the sama as remnants from

2 million nuclear testa.

“And it will be transported on
the roads on a daily basis,” Miller

noted.
- But, he said he is enco i
the federal govermment to Ioog
for alternatives to the test site, 65
miles northwest of Las Vegas,
where all U.S. and British nucle-
ar weapons test devices are deto-
nated below ground. _
The nueclear-gowered rocket
projéct atands to bring bundreds
of millions of dollars to the state
to test the rocket engine, which

85058464328 P.82-83
(1A)
federal officials say would be used

million would be spent on it this
year, with the figure probably
eloser to $65 million.

quired Tuesday
%ility olt:a.:%' University of
e
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“Obvioualy in an $800 million
program the university communi-
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Andrus would welcome
rociet igsting nrogrem
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VEGAS — governoss of
Nevada and Idaho bave expremed
etuticus optimism about @ federal
nuclgar-powered

the troject would have “significnt

has adgmantly oppoeed &
ﬁ'&dullwvmm:;w‘hn}g
Mountzin, 100 miles northwest of

2id  Lag Vegas.

“I don't think there is any com-
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Opinion
The art of misdirection

The posgibility of the Nevada Test Site being used to
develop a nuclear powered rocket is good news to the
8,500 empioyeos there. It represents the first cancrete
pruposal to secure the future of the test site in the post-
Cold War world, an important goal for the Southern Ne-
vada economy.

The test sile, though, is only a finalist for the pro-
gram, which would develop & more efficient rocket engine
to power manned space flights or launch military pay-
loads. Idaho is aiso in the running.

But, irony of ironies, how do state officials, given their
rabid opposition to a potential nuclear waste dump at Yue-
ca Mountain, justify their tentative support for
testing in the Nevada desert of a nuclear rocket engine?

“Apples and oranges,” said Gov. Bob Miller.

That's debatable. Nevertheless, the issue highlights the
precarious high-wire act state officials must perform to ra-
tionalize their various positions on things nuclear. The
test site, where they detonate nuclear bombs, is good. Nel-
lis Air Force Base, where they stockpile nuclear weapons
within a few miles of thousands of people, is good. A pro-
gram to test nuclear engines, which entails enough risk
that test flights of a prutotype rocket will occur near Ant-
arctica, is good.

But storing nuclear waste at Yucca Mountain is so evil
that the state’s full weight must be unleashed ta stop it.

Miller, for instance, said Tuesday that officials propos-
ing the rocket program — at least in part under the aus-
pices of the Department of Energy — assure him it has
“significant safe s.” Yet it is precigely such assurances
from the DOE about a high-level waste dump at Yucea
Mountain that elicit howls of derision from state officials.

The governor also praised the economic benefits of the
(yet-unstudied) rocket program, while a state commission
on economic development refuses to study the potential
ramifications of Yucea Mountain, '

It's true that Yucca Mountain and the rocket program
are only tangentially related. It’s also true that Congress
singled out Yucea Mountain as the lone potential waste
site. And it's legitimate to ask whether one state should
have to house ail the nation’s high-level anuclear waste.

Trouble is, the site selection process and the nation’s
nuke waste policy represent only minor components of the
state’s argument against Yucca Mountain. Rather, state
politicians have, in large part, preyed upon an irrational
fear-of things nuclear and an inherent distrust of the
DOE to whip up the masses against the nuke dump.

In doing so, they create a logical vacuum for their own
embrace of other nuclear-related or DOE projects.




SPACE NUCLEAR ADVANCES

New Thermal Propulsion Gains
To Speed Rocket Production

BRECK W. HENDERSON/ALBUQUERQUE. N. M.

thermal propulsion, which the U.S.
Air Force has claimed, could accel-

' Technical breakthroughs in nuclear

erate initial production of a practical.
~ high-performance nuclear rocket.
¢ Officials from the Air Force Phillips
. Laboratory here revealed many previous-

Power Systems last week.

U.S. Sen. Pete V. Domenicit (R.-N. M),
chairman or the symposium. endorsed the
program. saying “SNTP will do for man

in space what the automobile has done for .

man on Earth.” He pointed out the poren-
nal for reducing the cost for orbiting pay-

loads for all purposes and the value of '

i technology spinoffs from the program.
. The SNTP program draws compo-

" nents of several research efforts into one

* project directed by Phillips, officials said.

i but at least part of the program was !
" code-named Timberwind and directed by :
the Strategic Defense Initiative Organiza- |

tion (AW&ST Apr. 8, 1991, p. 18). Sandia
¢ National Laboratories here, Brookhaven
{N. Y.) National Laboratory, NASA and

Model of a potential space nuclear thermai

have 75.000-ib. thrust and 1,000-sec. ISP.

[

ly classified details of its Space Nuclear -
Thermal Propulsion (SNTP) program at |
" the 9th Symposium on Space Nuclear -

|
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the Energy Dept. also will participate.
The SNTP programs i1s developing a

rocket with a particle bed reactor that |
efficient heat transfer.

would produce about 75,000 Ib. of thrust

with hydrogen propellant heated to aboutr |
! nel surrounded by a special coaung to
i withstand the high temperature. prevent

3.000K (5.000F). This would give it a spe-

¢ cific impulse (ISP) of 1,000 sec. and a
rocket was dispiayed at the 9th Space Nuclear
Power Symposium. The system is designed to :

30:1 thrust-to-weight ratio.

Lt. Col. Roger X. Lenard. SNTP pro- |

gram manager at Phillips, said these am-
bitious operating
parameters are
made possible by a
cal “break-
throughs™

® Power Density.
Tests on hardware
developed so far in-
dicate an extremely
high power density
of 40 megawarts/
liter is possible. Le-
nard said. The re-
actor portion of
the rocket must be
light and compact
to realize the full
advantages of the
propulsion system.
B Fuel kernels. In
a particle bed reac-
tor, the enriched
Uranium 235 fuel

number of techni- |

\
|
|
|
|
i
f
(
1
|

is formed into beads of about the size of a

grain of sand (0.5 mm.) in order 1o in- ;

crease the surface area-10-volume ratio for
Each particle is composed of a fuel ker-
fission products from muxing with the

propellant and minimize erosion from the
flow of hvdrogen gas. Engineers have fab-

i ricated new forms tor the kernels that are

stable at temperatures in excess of

i 3.000K. Lenard said.

B Particle coatings. Lenard said his team
is developing coatings to allow the kernels
to work at high temperatures.

® Cold frit. The hydrogen propellant is |
heated from 100K to 3.000K in a few cen- |

timeters of travel over the fuel particles.
They are placed in fuel elements, which
are cylindrical containers with a hollow
flow channel in the center. The hydrogen
is admitted radially to the annular region
containing the fuel particles via a cold frit
or filter that has been engineered using
platelet technology pioneered by Aerojet.
® High-temperature turbine. Program
scientists also are fabricating parts for a
turbine that can withstand 2,750K, Le-
nard said.

About $130 million has been spent
since work began tn 1987 with the goal of
building and ground-testing a working
propuision system in about eight years.

20
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The rocket also could be an
important element of the
Space Exploration Initiative
that would be used to take
astronauts from low-Earth
orbit ro the Moon or Mars

Officials estimate the complete program
will cost about $800 million. The Air
Force's Fiscal 1992 budget for SNTP
called for $4+ million, but Domenici said
Congress has appropriated more than $635
muillion.

Lenard would not discuss the missions
for which the Air Force is planning to use
a nuclear thermal propulsion system. but
he said employing the nuclear rocket to
launch payloads directly from Earth has
been ruled out, contrary to earlier descrip-
tions of Timberwind.

Safety and environmental protection
are top priorities in the SNTP program in
response to public concerns, according to
officials. “The technical breakthroughs
are nice, but the real issue is safety. It’s
been a huge part of the development pro-
gram,” Lenard said.

A nuclear rocket used as an upper
stage on a conventional booster could re-
duce launch costs significantly. “The pay-
load of an Atlas could be muitiplied by
three or four using a nuclear upper
stage,” Lenard said.

The rocket also could be an imporiant
element of the Space Exploration Initia-
tive that would be used to take astronauts
from low-Earth orbit to the Moon or
Mars. None of these applications would
require tiring the rocket inside the Earth's
atmosphere.

The SNTP program has come as some-
what of a surprise to nuclear propulsion
specialists at NASA and the Energy
Dept., although the particle bed technol-
ogy is not new and is an option being
considered by NASA's office for space
nuclear propulsion at Lewis Research
Center in Cleveland.

Stan Borowski, a NASA nuclear pro-
pulsion scientist, said, “If they can get
the operating parameters as stated, then
it’s an exciting development.”

However, NASA needs a propulsion
system that would operate differently
than a military system. To send astro-
nauts to Mars, a nuclear rocket would
have to burn continuously for about 30
min., whereas an Air Force rocket would
burn for only a few seconds at a time
(AW&ST Dec. 2, 1991, p. 38). “We need
long lifetime, robustness and a minimum
of radioactive release,” Borowski said.

He would like to see three concepts de-
veloped far enough for a technology run-

off among an advanced NERVA design, a
design using solid ceramic-metallic fuel
called CERMET and the particle bed de-
sign.

Steven D. Howe, program coordinator
for nuclear propulsion at Los Alamos
{(N. M.) National Laboratory, said there
are still technical questions about control-
ling the flow of propellant around the fuel
particies. The most advanced test of
SNTP fuel elements 1o date, the Pulsed
Irradiation of a Particle Bed Reactor Fuel
Element (PIPE) test, was shut down pre-
maturely when hydrogen flow was
blocked and the element overheated.

Lenard said there was some melting

and damage to the fuel element because
carbon particles from the electrical
brushes of support equipment blocked hy-
drogen flow. “There was no problem
with the fuel particles, and we learned a
lot from the tests,” he said.

NASA and the Energy Dept. have not
had the opportunity to evaluate the Air
Force technology, but are forming teams
and looking for money to begin the effort.

Prime contractor for the Air Force on
SNTP is Grumman Space Systems Div.
Subcontractors inciude Babcock and Wil-
cox, Aerojet, Garrett Fluid Systems Div..
Hercules, General Dynamics, United Nu-
clear and L-Systems. O

Russians to Offer Their Nuclear
Thermal Propulsion Technology to U. S.

ALBUQUERQUE. N. M.

ussian scientists attending the Sth

Symposium on Space Nuclear Power
Systems here say they, too, have much of
the technology needed to construct a nu-
clear thermal propuision system.

The Russian system is designed to de-
velop about 5,000 Ib. of thrust with a spe-
cific impulse (ISP) of 950 sec. It operates
at about 3,000K (5,000F) aod can burn
continuously for up to 1 hr. The device is
4 meters (13 ft.) high and 2 meters (6.5
ft.) in diameter and weighs 2 metric tons
(4,400 Ib.).

Last year, the Russians chose the sym-
posium as the occasion for announcing
they had agreed to sell the U. S. scientfic
establishment a working copy of their To-
paz 2 space nuclear power supply (AW&sT
Jan. 14, 1991, p. 54). Consummation of
the $10-million contract has been delayed
by the U.S. State Dept.,, but U.S. Sen.
Pete V. Domenici ' (R.-N. M.) said he

thmksobjecuonshavefadedanddehva'y,

will occur soon. - .

The University of New Mexico here,
where the Topaz 2 will be studied, al-
ready has. constructed some of the facili-
ties, according to Nikolai N. Ponomarev-
Stepnoi, deputy director of the Kurchatov
Institute of Atomic Energy in Moscow.

The Russian nuclear propulsion system
uses solid fuel rods, not the particle bed

_system i the JJ. S, Air-Force'’s space nu-
clear thermal: propulsion. program:- Pone- -

-World,” be said: [} v - -

marev-Stepnoi said a complete propulsion
system has not been ground-tested, but
noted that much testing has been con-
ducted in special nuclear reactors that
have made it possible to develop the im-
portant components. Engine components
also have been researched and mockups
constructed.

Russian scientsts see some U.S. pro-
grams, such as the space exploration ini-
tiative, that could benefit from their
technology and are anxious to find roles.
“Our technology supersedes American
technology in some areas, and it would
reduce costs if it were used,” Ponomarev-
Stepnol said.

The Russian effort has developed fuel
elements that are more advanced than
American designs as well as advanced
high-temperature, carbide-based ceramic
composite materials for use in the reactor,
‘he said. .

. Thetenmofscnmustswhoworkndon
the technology is still together, but in the
crisis-plagned former Soviet. Union, “the
government does not pay much attention
to this kind of work,” Ponomarev-Stepnoi
said_, oy THEER T ed MG L
. "Solongas~wc bchcvc we will cooper-
ate with the West, the team will stay to-
gether. But if the West doesn’t show some
activity, it will be very difficult to keep
them _from-taking , jobs in the Third

;oL .
R NPT A
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ASsTRO NEWS

Phillips Lab develops program;
decreases space launch costs

The Phillips Laboratory at Kirtland
AFB, N.M,, along with other laborato-
ries and agencies, is managing devel-
opment of a technology program ex-

B!

Pictured is amodel of the Space Nuclear Thermal
Propulsion Engine which the Air Force's Philltps
Laboratoryis developing. The cone-ltke structure
at the bottom (s the rocket nozzle. The nuclear
particle bed reactor ts the cylinder (n the middle
portion, and the engine subsystems are the
circular assembly at the top. The actual engine
would be 12 feet high. (Offictal U.S. Air Force
Photoj

pected to decrease space launch costs
while increasing launch capability.

Designed to advance the state-of-
the-art in space propulsion, the space
nuclear thermal propulsion program
will use a particle-bed reactor that
should more than double the specific
impulse of the best current rocket
engines, laboratory officials said.

The goal is to develop a 75,000-
pound thrust engine with a specific
impulse goal of 1,000 seconds at a 30-
to-1 thrust-to-weight ratio for exo-
atmospheric applications.

Officials announced plans for the
program at the ninth symposium on
space nuclear power systems Jan. 13.

While propulsion technology was
chosen for its potential for a wide range
of military and civilian space missions,
the Air Force has no plans to use the
engine in the atmosphere, officials said.
It may be used once a vehicle is in
space, for example, as an advanced
upper stage for space launch or an
orbit transfer vehicle,

Phillips Lab is managing the pro-
gram. The Air Force, Department of
Energy and NASA are also
participating. (AFNEWS)
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Nuke rocket
put on the .
front burner

] Scientists aim to refine

the idea for a trip to Mars,_

and Nevada or Idaho ma
provide the testing ground.

Kaith Rogers
Fviteelourma T

A statue of a warror with out-
stretched arms and hands gripping the
legs of an eagle in flight greets travel-
ers arriving at Albuquerque Interna-
tional Airport.

The 13-foot-tall bronze work, titled
“Dream of Flight,” is a metaphor for
scientists who envision a nuclear
powered rocket that would thrust bu.
mans al record speeds on journeys to
Lf_gxs, or lift “Star Wars” payloads into
orbit.

The idea of using fission reactions to
heat propellants to power rockets is not
new, havin% been explored by Soviet
researchers 30 years ago. But scientific
breakthronghs at Phillips Laboratory
on Kirtland Air Force Base, which
overlaps the Albuquerque, N.M., air-
port, could land a major, $800 million
project at the Nevada Test Site, 65
miles northwest of Las Vegas, accord-
ing to Gov. Bob Miller snd Deputy
Energy Secretary W. Henson Moore.

The Idaho National Engineerin
Laboratory is angther site &t coul
host ground tests of the rocket, a ven-
ture eapected Lo last eight years,
Moore said during an interview last
weelk,

But he said “there may be a third or
fourth” site involved in the selection
procoss because an environmental im-
pact statement, or EIS, which could
take 18 months to complete, is sup-
posed to consider all possible sites.

Interviews with project officials show
great promise for {ta success. Miller
and I;dgho Gov. Cecil Andna have ex-
pressed interest in hosting the experi-
ments, although they said they have
some reservations about potential safe-
ty and environmental problems.

Given the uncertainties with rocket
experiments, heightened by the explo-
sion of the 1086 Challenger space shut-
tle that lilled six astronauts and a
New Hampshire schoolteacher, the

A test facility for nuclear powsered rockets depicts t

Alr Force dmwing
he engine in an
upright positian. with exhausts channeled to a filter mom and bumed
off exiting a stack. '

Lawrence Livermore Nationat Labo

ratory drawing

A Mars base mads .of inflatable modules covered with Martian soil
for radiation protection is likely cargo for a nuclear powered rocket

in somea National Space Council plans.

thought of a nuclear powered rocket
makes anti-nuclear activists shudder,
“We definitely want an EIS so the
public can be informed.” said Chris
Brown, Southern Nevada coordinator
Please see ROCKET/4B
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From 1B
of Citizen Alert, a statewide envi-
ronmental watchdog group.

“The other thing that eoncerns
us i3 this overall design. You put
deource like hydrogen next to a
Fuclear reactor and you can have
a ‘big mess,” Brown said.

7 Steven Aftergeood, senior re-
saarch analyst for tho Federation
of. American Scientists, a private
research and advocacy group in
Washington, D.C., that examines

ce policy issues, said he won-
ﬁa about the side effects of the
tpcket’s ground testa.
+"In some ways, ground testing
of'a nuclear engine may be the
fost environmentally sensitive
tssue of the whole program be-
vanse were not talking about
what happens in space but what

ns in Nevada,” he said.
: t are the plausible acd-
dent scenarfos at a ground test
facility? asked Aftergood. “As

far as actually using & nuclear”

rgcket, there is another set of
questxona

-.Launching a nuclear powered
rocket *should not be extraordi-
farily dangerous,” said After-
good, an elecirical engineer. “A
wranium reactor is not highly ra-
dioactive at launch. It's only after
it has been used.”

-‘Aftergood, whose group in
Apn] was the first to reveal the
government’s secret, nuclear
rocket work, code-named Timber-
;wind, said he is “offended by the
*secrecy that has surrounded and
_umhnyes to swrround this pro-

~The Air Farce coatinueg to
keep secret an EIS it prepared on
tﬁa nuclear rocket project, mest of
“which was declasaified this
".I'nonth he said.

Aftergood said the so-called de-
‘classified project is actually a de-
acendant of Timberwind, along
with another classified program
known only as “LT.”

»“'He charged the Air Foree is
mng the rocket’s possible role in
‘expeditions to the moon and Mars
'8 a guise to cover ita future mili-
tary missions,

:- Sen. Harry Reid, D-Nev., aaid
‘Be has “been following this (pro-
ject) awhile. through classified

”

*We have been tvld there have
been a number of studies to make
sure the enviroumantal problsms
are not a concern,” he gaid. “I
don't see any problems with it at
all at the test site,”

But a Bush administration offi-
cial suid nuclear powered rockets
‘would play a major role in carry-

;uﬂttheNuﬁmaISpaeeCmm

moon-Mars initiative Presi-
dentanhmuu:m:adm 1989.

“The preponderance of opinion
is that a space nuclear propulsion
gystem is really vital to making a
Mars mission affordable, and
brm§ it to an acceptable level of
risk,” the officiz] said.

The space councll has estimat-

ed a huclear powered rocket conld .

carry astronants to Mars in one-
quarter the time as conventional,
chemical propulsion systems. The

s also would be safer because
astronauts would endure less
time in zero gravity conditions,
mnd receive less exposure to
harmful, cogmic rays.

Air Force Lt. Col. Roger Le-
nard, manager of the Space Nu-
clear Thermal Propulmion Pro-
gram at the Phillips Labaratory,

explained the differences he-
tween a nuclear rockst engine
and a conventional engine, and
why scientists believe nuclear
powered rocketa are safer.

Pirat, Lenard said, rockets
powered by solid fuels have mo-
toz's while liquid fueled rockets

by engines.

Moat rocketz also have more
thun ane en| gme,heamd.Forex—
ample, the Saturn V rocket used
in U.S. moon expeditions had five
engines. The space shuttles, how-
ever, have three liquid oxygen/
hydrogen engines and two very
large rocket motors.

In the case of a nuclear
powered rocket, energy from a
controlled, flssion reaction — the
splitting of wranium atoms -

would be used to heat a pro
lant, Lenard said. The p ant
would be hydrogen stored in ita
iquid state in a tank above & bed
_uranium-236 “kernels,”

These ke;neﬁla satx:veudthe sgxmle
purpose as ets of nuclear fue
which make up fuel rodo in nucle-
ar power yeactors. Instead of rods,
Lenard said, radioactive kernels

containing carbide and coated

ToriaL sre arranged in a bed that
are ina

would heat propellants, in this

case hydrogen gas. .
Agoaloftherockettestmgpm-
gram is to make sure wremum
does not react chemically with
hydrogen gas when the gas
passes over the bed of kernels and

is heated to 5,000 degrees Fahr-
enheit.

This hot hydrogen would ex-
pand in a thrust chamber, and, in
turn, be forced out of a nozzle,
dnvmg the spacecraft forward,
acwnhngtoA:rFomdrawmg&

‘Itmessenhaﬂyavmypowcr—
ful heater,” Lenard gaid

Mastafﬁhemundtestswuld
focus on the ability of the ceramic
ahells surrounding the karnels to
mthstandgreattemparaturea he

Current designs eall for the nn-
clear engme only to be used
above Earth's atmosphere, more
than 60 miles “We would
always use some {orm of conven-
tional rocket to get it above
Earth’s atmosphere,” Lenard

said.

Theorsticaily, thia would pre-.
vent any chance of fire ar explo-
sion Because pure hydrogen gas
cannot burn without oxygen in
the vacuum of space, even with a
hydrogen leak.

The Challanger explogion was
caused hyaleak majoint of the.
solid rocket booster, which has
been redemgned exteuamly

A nuclear engine, capable of
producing 78,000 pounds of
thrust, would contain tens of
thousanda of uranium-235 parti-
cles in each fuel element. And a-
tocket of that fower capacity
would contain 61 firel elements,
Lenard said. :

What would happm to the nu--
clear waste produced by the fis-
sion reactions?

It would stay in a high orbit for
thousands of years and, by that
time, would have deeayad to a
safe, stable level many times
over, according to Ar Force esti-
mates.

The waste would be cold bath
radioactively and in temperature,
Lenard said. “All of the radioac-
tivity would have decayed down
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to the level of what it was on the
pad,” he said. .

“For each engine, we burn two
grams of uranium for every 100
seconds it operates. We'll carry
about 40 ki {of uranium-
235) just to get the reactor to
vperate,” Lenard said. “We have
no intention of using an engine
for more than one mission.”

A sotveiﬁitb: uclaarwd f Inngcm-
mos sa; aperated for
riods in relatively low orbits al:i
became radioactive before crash-
ing to Earth. It vi disinte-
grated as it fell in Canada’s
Northwest Territary in 1978.

In contrast, a U.S. nuclear
rocket would run for very short
periods at higher orbits.

“You wounld use very little fuel,
creating little waste with very
ghort half-lives — half-lives that
could be measured in weeks or
hours,” said Lenard.

The waste would be fiasion by-
products such as xenon, krypton
and strontium. A “slight” amount
of plutonium-238 would be pro-
duced “and would burn off almost
immediately,” said project
spokesman Rich Garcia. “Easen-
tially you’re not going to have
plutonium as & byproduct.”

Lenard said the nuclear rocket
engine is inlly appealing for
missions to Mare, bacause such a
mission would require much ma-
neugvering. “You may have multi-
ple starts and stops. You need
thrust to get out of Earth's orbit,
then thrust to get into Mars arbit,
then thrust again to get out of it.”

Work on the Mars misgion, ac-
cording to the National Space
Counct], has amounted to refine-
ment of some four proposals from
various institutions, including as-
pects of one made i 1889 by
physicist Lowell Wood and two of
his associates at the Lawrence
Livermore National Labaratory

o L
B same
hind the “Brilliant Pebbles” anti-

missile plan, an orbiting shield of
many yard-long, conventional
rockets equippeci with special

wide-angle lenses and commuters
that guide them toward enemy

isgiles in space and destroy
them by colliding with them.

Although a Livermore lab
spokesman said Wood “doesn’t
hava the time or, frankly, the in. .
t.'linatioﬁx:a to do (ﬂn% m;ernew’
about exploration
joct, which!ﬁ bean abandauedm
by the lab, a Bush administration
official =aid Wood's idea for in-
flatable space modules to hounse
astronauts is still alive.

These tough, Kevlar bladders,
which Wood has called “commu-

nity-size suitz” might be
some of gear that nuclear
powered rockets would shuttle to

Mars, the official said.

Since 1989, the space council
has spent a relatively modest
amount on Mars expedition
plans, “barely tens of millions of
dellars,” the official said. Those
plans explore @ number of scenar-
joa, including using the moon, or,
‘a space station as a i

.40 reach Mars, which could oceur

from 2011 to 2016, according to
previous NASA calenlations.
The price tag.for all of this,
including nuclear powered rocket
development and production,
would range in the tens of hil-
lions, perhaps hundreds of bil-
lions, of dollars, according to
space council estimates. That is
considerably more than the $10
billion that Wood ealeculated his
“Great Exploration” would cost,
partially beecause the current pro-
Ject, diverts from his idea of using
off-the-shelf technology for slow-
er, chemical rockets instead of
faster, nuclear powered ones.
Ground tests, which could be
completed at the end of eight
years, would be essentially en-

gine stand tests, Lenard asaid.-

During the tests, an engine
would be mounted upright and
hydrogen exhausts from the noz-
zle would be channeled through a
high-efficiency filter system to
scrutt; I';.:‘l-x:]neml; m contami-
nants. the gen would
be burned off.

Evaluations are still being

made to determine if the waste
from testing in the engine wounld
be classified as low-Jevel or high-
level defense waste, he said.

The amount of waste would be
relatively small because only
grams of nuclear fuel would be
used up in the reaction, resulting
in tens of grams of waste, Lenard
said.

“We may do two or four tests a
year. We may then do 10 or 20
kilograms of fuel in the subscale
testing, so 1 think the total
amount of uranium involved
would be less than 200 pounds
per year,” he said. .

Besides testing the durability
of the kernel coatings, Lenard

said another technical challenge
of the test program would be to
ensure the reactor can operate
safely and reliably through its
life span.

As for space missions involving
humans, Lenard said he doubts
shislds to minimire radicactive

to the astronauts would
be as much of a problem as pro-
viding protection from naturally
existing radiation in space.

“The radiation encountered in
space far exceeds that which
would be encountered in a nucle-
ar rocket engine. Even with mini-
mum shielding, it does not ap-
pear to be an intractable problem
at all,” he zaid.
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Nevada Test Site could play
mayjor role in rocket experiments

Ke
By Keith Rogera

The Department of Energy’s
No. 2 official does not foresee any
surprises ahead for the Nevada
Test Site other than the possible
addition of a nutlear powered
rocket project that could lift the
nation into a new erm of space
exploration.

oore said z
project would not replace any o
the test site's national defense
programs such as testing nuclear
warheads, but it wonld continue
a&n unusual research pro-
gram that has been secretly un-
der study by the Air Force.

“It’s mot a huge program,”
Moore said last week, following a
private meeting with Nevada Op-
erations Manager Nick Aquilina
at the agency's Las Vegas office.

Construction of a8 facility to
conduct ground based engine
tests would cost about $40 mil-
lion, with an additiopal $200 mil-
lion to operate the project
through its life span, he said.

The nuclear rocket ’ﬁ:‘oject.
alias the Space Nuclear Thermal
Propulsion Program, is "a little
bit unusual,” Moore said.

-*We're trying to put it in the
mode of usualness. Vghen it cames
to anything nuclear, DOE is sup-
posed to have the lead. The mili-
tary often hasn't tried to run a
nuclear project on its own.

“They say, “You guys design it,
build it, test it and deliver it to
me.' But this one started off dif-

W. HENSON MOQRE
Qutlines program

ferent,” he said.

For all practical purposas, the
nuclear rocket will become the
flagship of & new office the agen-
cy has set up to coordinate space
Prujects with gther agencies.

Moore said the Energy
ment's Space Initiative Office
f:e.ly hasg three or four people in
it.

“It's an effort to coordinate first
within the department. But the
need is coming from the presi-
dent’s space council and NASA”
he said.

Another Energy Department
project is to develop small nuclear

reactors to power dee ace
probes, such as those for &;&Lh-
leo mission, ho said. ]

Despite a new emphasis on
space work and the world’s politi-
cal climate changing toward dis-
armament, Moore said the main
rmission of the test site, 656 miles
northwest of Laa Vegas, will re.
main testing nuclear weapons.

*In our mind, as long as we're
moing to have nuclear weapons,
we're going to have fo keep test-
ing” to ensure that the U.S.
weapona are safe and reliable,
Moore said.

Warheads slated for disman-
tling will not likely wind up at
the test site. “We do all our dis-
mantling at the Pantex plant” in
Texas, he said.

A question mark in the disar-
mament picture is what the new
Commonweaith of Independent
States will do, even with help
from U.8. weapons designers. In
a historic gpecch last yesr, Presi-
dent Bush prumised help to the
Soviet Union when he challenged
the superpower to disarm some of
its nuclear weapons.

“I think they need help,” Moore
said of the Russians, “T heard at
one point they never built their
nuclear weapops with the idea of
dismantling them,

“It takee monsy to take a weap-
on apart, and resources are very
scarce. It's much cheaper for the
Russians to leave these weapons
asgembled. You've got to pay
their technicians and their scien-
tists to work on them,” he said.



Moore said there is a *very re-
alistic fear” among U.S. officials
that the thousands of Kuseian
bomb builders and designers will
be recruited by other nations that
don’t have peace in mind.

“So far nobody knows, We're
worried about it,” he said.

In 1992, Moore said thes agen-
cy's biggest challenge will be to
show the American public pro-
greas that has been made since
Energy Secretary James Watkins
set out to change the agency’s
mind-get.

One of the goals is to establish
credibility .that had been lost
through 40 years of environmsn-
tal neglect in the effort to make
nuclear weapons.

This yeur “ought to be the year
we show acruss-the-hoard

the re-

sults of three years of lan.m%
and change of cfira:tion.’rho Bai

“This will be the year the K

reactor will start up, This wiil be
the year of progresa at Yucea
Mountain. This will be the year
we see the laboratories at Rocky
Flggs (Colo.) open up again,” he
said.

“So this 15 the year of fiition,
to show we knew what we were
dring, the proof in the pudding,

“It's been a long tough road.
The toughest part has been that
the department was run a certain
way throughout its history. ...
The reason was ot work was se-
crot and we didn't” have to com-
ply with environmental laws, he:
said,

“We see it changing. The rules
and regulations are in place. The
money is being spent. People are
being hired. But it will be ancth-
er three or four years when you
can safely say the place has been
institutionalized,” Moore said.
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Taking
care of
‘business?

How ADiiervica may be
Dlowing an important
deal with Moscowe

G avos Yo Rty o
oo andlear cnemcor ar the
Contial Dresien Barcau tor Mg

chiee Buddie o 1 St
Porcrbme) roquestiad permission (o
cinierate to Iseael Keavimes ks had been
o ol the pony desiencrs ofiomeke
e powered Soviet sunedbnce satethie
colled Topay T The progect was classi-
hied top secret Ths KGR mimders teared
that Kravinsky's intimate knowledge of
Topaz would be utilized by their cold-
war adversaries: they denied his request.

Now a free man, Kraviosky sat in his
New York apartment ayear ago and lis-
tened in amazement to news that his
ald bosses not only had tifted the veil of
secreey surrounding Topaz but had of-
fered to sell the technology to the Unit-
ed States. The Air Foree and the Stra-
tegic Delense Initiative Office jumped
at the opportanity.

Today, despite the fact that Kravin-
sky's enthusiasm s shared by maay on
both sides of the Atlantic, the prospect
of such a historic joint venture is just
that. The State Department has thrown

e rnd fnow

LITANEMENT I THE “SS\\

aroadblock in the way of the sale. An
interageney panel is studying the mat-
ter-- to death. critics suggest,

Brain drain. s the United States miss-
ing a bet? Very possibly. Not only is the
Topaz technology considered vital to fu-
tare ULS. defense needs, but the project
would be a powerful signal of American
willingness to invest in the cconomic af-
fairs of the former Soviet Union. Per-
haps most important, this and other

Sales job. {1 a science svmposivun in New Mexica lust week, a Russian makes his pitch.

joint ventures would be the best way
Washington could stem the brain drain
of Soviet nuclear scicntists to nations
with competitive space industries in Eu-
rope and Asia, or to Third World na-
tions intent on developing their own nu-
clear-weapons programs,

Two major arcas of potential coopera-
tion are spice-based nuclear-power and
nuclear-propulsion systems, Investment
in both arcas is being “considerably cul

T ot e,

Y

TR X

down o Ruassia saves
Vi Nasilhosoky,
deputy cluet of the De
partient of Nucloae Re
actors at the My of
Atonue Poswer and Todas

by Moseow  Hiat s
why we hope cooperatiom
with the Uhnted Stanes
with help us i

oul brato power tomuotu
ab beneht”

Phe Topas <ade s
\llmm\\'(' Lo e e
completed b tyear when

ateam ot UES e
tved i SEPetersboe o
Inspect the caaipnnont o
hinad tne. Pontagon oth
cials had already spent 34
million tomodidy oo

crally deseloped Fopas
tost faciliyend the A
Foree bad reucd detated
lestimg cnteene NMonths
later. the Topas cqup

DL remdits oo wate
howse s St Petersbug.
pathenng dust, winke the
Stute Dopartinent pon-
ders what policy it should
adopt toward imports of
Russian technotogy. De-
partment officials say
sensitive projects should
be f{ully considercd be-
fore they are approved.
Some belicve there is still hope to sal-
vage the sale. “Topaz could serve as a
model for joint ventures,” says Frank
Thome, an American scientist deeply in-
volved in the Topaz purchase, *“if the
government chose to do that.™ If the gov-
crnnient so chooses, it will have to work
hard 1o resurrcct the Topaz sale and turn
things around quickly. ]

BY DOUGLAS PASTERNAK IN Ni:w MEXICO

AT SIXES AND SEVENS

The case of the
phony reactor

o ne day after New Year's, on Jan. 2,
1992, a group of U.S. Customs
agents found themselves in an echoing
freight-storage facility at Los Angeles In-
ternational Airport peering at a mysteri-
oussteel contraption. Puzzled, the feder-
al agents pulled out a copy of a reference
book, Jane’s Space Directory. Soon they

had an answer: The thing scemed to be a
functioning nuclear reactor. “the cus-
toms agents were suddenly taken aback,™

said Edward J. Britt, vice president of

International Scientific Products, which
represents a consortium of four Soviet
nuclear-research institutes. “It looked
like a real nuclear rocket.”

In luct, the object was no more than a
harmless mock-up of a Russian experi-
mental nuclear thermal propulsion ex-
hibit. It was to be showcased last week in
Albuquerque, N.M., at a symposium on
space-based nuclear-power systems. The
technology could benefit a U.S. Defensc

Department program unde
velop a similar system.

The tale of the phony Russian reactor
does not bode well for the kinds of excit-
ing joint ventures Washington and Mos-
cow tout in such glowing terms, The re-
actor model is bung up in red tape; it
never made it to Albuquerque.

Mixed signals. [( is not the first time
Moscow scicntists have been frustrated
trying to do business with America. A
year ago, the Nuclear Regulatory Com-
mission refused to allow the Soviets to
take their own satellite home after dis-
playing it at Albuquerque. It took a full

rway to de-

six months to get the satellite liberated. :
‘The case of the reactor model may '
prove mote troublesome. The Customs’
Service finally kicked the matter over to
the State Department. State Depart-
ment officials say they were not properly’
notified about the importation of the re-
actor madel. The issue is now under re-
view. “'The Russians are incensed,” says
an cqually incensed Britt. He worries
that the Russians may now offer their

advanced nuclear-power and propulsion
systems to Europe or Japan. Complains a

bewildered Russian scientist: “We just
wanted to pursue a joint venture.”
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Air Force may
issue statement
on nuke rocket

A Utah lawmaker wanis
information on the impact
testing a rocket in Nevada
could have on his state.
Associated Press

SALT LAKE CITY — The Air Force
expects to release a classified environ-
ments! impact statement on proposed
studies into a nuclear rocket engine, a

kesman said.
spo’rhe informsation has been requested
by Rep. Wayne Owens, D-Utab, who
expressed concern thlaft Utahgs t:;yal;:
exposed to radiation if groun
conducted on the rocket in Nevada and
an accident occurred. )

“We are working to declassify a
aumber of documents related to the
program. When we get everything re-
solved, the environmental impact
statement will be reieased, fairly near
term,” Maj. Dave Thurston, spokesman
for the secretary of the Air Force, said
Thursday.

But, Thurston said Friday, “We can-
not give you 8 time frame.” )

Meanwhile, an aide to Sen. Orrin
Hatch, R-Utah, called the Air Force
program a “lousy idea” unlikely to at-
tract much waogressional support.

“Orrin has always it, even
when it was classified,” Bob Lockwood,
Hatch's staff counsel for trade and de-
fense, said.

Since 1987, the Air Force has spent
$130 millien on the system — code-
named Timberwind and known offi-
cally as the Space Nuclear Thermal
Propulsion program — to develop a
nuclear-powered engine that couid be
used for military purposes as part of
the Strategic Defense Imitiative or in-
terplanetary space flights and explora-
tions to the solar system’s outer
reaches.

A prototype engine is being devel-
oped at the Air Force's Phillips Labora-
tory in Kirland, N.M., and ground
tests are acheduled to begin in 1994.

Phillips Lab man Kari
Paseur said a ground-test site has
not been selected, but Owens and
others believe the Nevada Tost
Slite, 65 miles northwest of Las
v df:ilnbavtaham’ exposure
i of
to fafllout from open-air atomic
testing in the 1930s and early
19808, Owens has demanded the
Air Force disclose documents sup-
porting contentions the engine
tests can be conducted safely.

The Air Force will, Thurston
said, “but there are elements that
need to be studied carefully to
make sure classified information
is not revealed. We're being espe-
cally careful about that. We're
talking new technology.”

Lockwood said, “It's as lousy an

idea to test nuclear rockets in the
atmosphere as it was a lousy idea
for the Army to put a (high-level
biological-warfare laboratory) at
Dugway Proving Ground.
.There are times when even the
strongest friends of the Defense
Department will draw the line.”
_ He said Hatch favors research
into improving technology for
chemical-propuision engines, like
these developed in Utah by Her-
cules and Thiokol.

HoE58464328
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INDUSTRY OBSERVER

RADIOACTIVE WASTE DISPOSAL

NUCLEAR SPECIALISTS have identified a possible spinoff
from the space nuclear thermal propulsion (SNTP) system that
the U. 8. Air Force is developing at the Gen. Samuel C. Phillips
Laboratory at Kirtland AFB, N. M. (AW&ST Jan. 20, p. 20). The
extremely high power density developed inside a ground-based
version of the SNTP particle bed reactor would make it suitable
for “burning” high-level nuclear waste from weapons and
commercial reactors. The waste would transmute into easier-to-
store, low-level radioactive byproducts. A group of scientists
from Brookhaven (N.Y.) National Laboratory conducted the
initial study, but details of how such a process would be
harnessed remain to be worked out. *
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Opinion

Public information

oth Idaho and Nevada have expressed interest in
hosting ground tests for a nuclear-powered engine de-
signed for space flights or military purposges. The tests
for the previously top-secret project are set to begin in
1994, but the Air Force and Department of Energy have
vet to select the site,

Critics of the plan include members of the Utah con-
gressional delegation, who worry that residents of their
gtate may face harmful exposure to radiation if the en-
gine i3 tested in Nevada and an accident. accurs. Testing of
things nuclear in Nevada understandably worries some
Utahns, who were exposed to the fallout of above-ground
nuclear blasts in the 508 and '60s.

The DOE and Air Force insist the dangers are mini-
mal, and that was apparently enough to convince Nevada
Gov. Bob Miller and his Idaho counterpart of the pro-
ject’s potential economic benefits. But the Utah delegation
still frets.

“It’s 2 lousy idea to test nuclear rockets in the atmo-
sphere. ... ” said a spokesman for Utah’s Republican Sen.
Orrin Hatch. Utah Rep. Wayne Owens has also ex-
pressed concern.

The worries have validity. The potential for danger
does exist — witness that the more extensive testing of the
rocket itself would occur near Antarctica.

But the Air Force could go a long way toward alleviat-
ing fears if it would release an environmental impact state-
ment it conducted or the rocket engine studies. The doc-
ument was previously classified for defense purposes, but
that'’s no longer necessary.

Air Force officials vow that the study “will be released,
fairly short term,” a spokesman said. He refused, though,
to outline a time frame. Such vague promises only exac-
erbate the political posturing, Owens haa threatened to
hold up the project until safety studies are public. Neva-
da Sen. Harry Reid has accused him of demagoguery.

If Nevadans and Utahns are to make sensible, in-
formed decisions involving the safety of this proposal, the
Air Force mustn’t wait for declassification proceedings to
slog through the military bureaucracy. Those potentially af-
fected by the propossl deserve immediate answers.



INSIDE THE AIR FORCE - Febrmary 21, 1992

UBAF NUCLEAR PROPULSION PROGRAM FACES ENVIRONMENTAL, TECHNICAL OBSTACLES
Although the Alr Force's highly classified nucisar propultion program is slowly emerging from the™ -

warld of secret military projects, the Air Force has yst to release an environmental impact statement on .

engine tests achedulsd to be carriod out in the Nevada descrt. Ons of the engine’s components recently
failed during & non-nuclear tes, fllustrating the technical challenges fnherent in the program, sources ssid.
Oih%mmwmmwmmmuammamwm
made the program public in urder to win further congressional funding.

&mmmmmgmnmupnmwm amﬁmmu
with the program charged. "They don't really have this race car that they clalm.” This sourcs smid & firm
mhkedbymmmmtywwam;rummmm‘ylmmblywblenn.'muupm

, ,eﬂﬁdnddnnuclmmﬂne'a design, it was immediately classifled “top socret,” this source said. .-, - - |,
' An Alr Force source said the reason for the secrecy surrounding the program is the noed 1o keep '
mwmmammmammmmwamwswm
to a0 Adminigtration sourve, has & very advanced puclear propulsion program of jus own,

The Alr Force last month publicly unvelied the Space Nuclear Thermal Propulsion (SNTP) m -
formexiy called Timberwind — which would ground test a poclear propuition engine in preparstion fora - .
decision on whether to pursoe a nuclear propeled rocket. Rep. Wayne Owens (D-UT) sent a lenier Jan. 24
to Alr Forve Secretary Donald Rice eriticizing the Afr Moree for not releasing its environmental impact
mmmmdm;wtwmdmmmmmmmmmm
sald the service will respond w0 Owsns® letter, and ks “working 10 declassify those documents.” The =+ .
covircementa! information has to be scre=ned for classified data, according 10 the spokesmsn. -

NMmdmofAmmmSclandmhumwdmmammmmlwmdmdm
mmmponmummmmd\ﬂ.'AmemSNTPNudmmmemTenuiEr-O)ﬁund.han‘niﬂm
secback 1o the program, when graphite particles came Joose-and blocked propellant flow,” lcoudbzwda
Febroary issus of the erganization’s newalener. The Air Force, w&ngwnmumemd
American Scientists, argues thar the experiment’s beat source cavsed the failure rather than an “inherent -
flav” is the eogine concept. Even o, this source sald, the et muesuthnmelymuhiﬂﬂy Y
valnenable.” The Alr Force conld ot bs reached for comment on the report. ‘

hbm«mmmmmwmmmmmupwwaumumu
and envivoamental damage from other pucleer programs casried out in the Nevada desert. During the 1960s,
the Air Force, together with several othar U.S. ageocies, aggressively tested a ouclear propuision design in
the Nevads deaert under » program called Nuclear Engine for Rocket Vehicle Applicstons (NERVA). The
mimmuvﬂmmﬂmdhhduudn&mdvemmw&gmMVAm
in 1965, the engine ran out of bydrogen coolant, causing the fuel elements to molt and “spew oat.®

Although none of the incidents should be coasidered s muciear disaster, aemdh;h.numofﬂn
NERVA program, "we were not at environmentally consciops back then as ws are 10day.® The design of the -
SNTP's "particle bed,” where the ouclear reaction would occur, is “more susceptibls to radioactive release
lhnuoldiA'dedgn.thumnmmdm‘mmcahlhatwdaymmhamhm
radioactive gay that might be released and cleansing it, according to this source. :

, mmmmmuuwmwmmmoﬁmmmmmmﬂ
spyropriators mads this & condition for releaxing $100-million o buitd a test mand for SNTP, The Air
mmuwmammummmmumwwmmmm
D ooe sOwrce, 15 also pushing the Alr Force 0 work together with NASA on the program.

Eavironmentalists and propuision scientista also have ralsed concerns about boosting lauclwm
 through the atmosphere, althoogh the Atr Force emphasizes that the rocket would be propelisd by -
conventional means undl it Is beycnd the aimosphere, wssuming the program progresses beyond ground
texting. Oos scientist eaid tht {f the seactor {s used 1o power the second stage of the rocket, 83 it would
in most military missions, the reactor wonld have to rztum to sarth, raising environmental concems. -

Obstrvos 2130 &re concernad about the quality of the “peer review” i the SNTP program. Two of the
mbmdmebofmsmbdmwdbytbnAhNuiodohchnlulwottmﬂtmu
m-nmum.mwum mmuchupd. Bmlm e
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icket to Mars

Exploration Initiative. At 48 million
miles, Mars is 200 imes farther
than the distance manned

If mankind's next giant step is to
Mars, then Air Force nuclear
propulsion technology mayv

well be the ticket for gemting spacecraft traveled to

there. reach the moon.
Closer to Earth, Nuclear

nuclear propulsion propulsion’s

performance gains
will be needed for
people to make the
longer Mars trip,
according to a

could decrease
routine space
launch costs while
increasing payvload
capability. It

would be used only report by the Space
outside the Earth’s Exploration
atmosphere and Inidative's -

could propel Synthesis Group.

One concemn is the
background radiation
present everywhere in
space, as well as radiation
bursts from solar flares. Even in
shielded spacecraft, astronauts are
exposed to some health hazards.
Current chemical rockets could take
astronauts to Mars, but the faster
nuclear propulsion would minimize the
time they would be exposed to space
radiation.

Defense Deparrment officials are
working with Congress, the
administration and various regulatory
agencies to ensure an environmentally
sound, safe, successful proof-of-
concept, research and technology
effort, Phillips Laboratory officials
said.

vehicles farther and
faster.

Early this year, the Air
Force revealed the
technology development
program at the 9th Symposium
on Space Nuclear Power Systems.
Phillips Laboratory at Kirtland AFB,
N.M., manages the program, with
participation by the Department of
Energy, NASA and other government
labs and agencies.

The program. called Space Nuclear
Thermal Propulsion, will use a particle-
bed reactor that is expected to more
than double the performance of the best
current rocket engines. The goal is to
develop a 75,000-pound thrust engine
that could fire for 1,000 seconds at a
30-to-1 thrust-to-weight ratio.

Put simply, nuclear reactions in the
engine would produce hot gas. This
expanding gas would be directed
through a nozzle to provide thrust.
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Nuclear propulsion was chosen Dlagram
. . n shows fuel
because it offers the potential for a slements in
wide range of military and civilian nuclear
space missions, according to Lt. Col. reactor,
Roger X. Lenard, the program manager enclosed by
at Phillips Laboratory. pressure
The Air Force has no plans to use the vessel
engine in the atmosphere. It may be ;ozmgg
used once a vehicle is otherwise of model of
launched into space. For example, it nuclear
could be used as an upper stage engine propuision
device

to propel satellites into higher Earth
orbits.

And it might take astronauts to Mars.
Last year, President Bush included
manned missions as a goal of his Space
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Space Nuclear Thermal Propulsion (SNTP) Program
Technology Summary

What is it?

The SNTP nuclear rocket is a safe, reliable and
high performance propulsion system which is in the
proof of concept phase. The key to a rocket's
performance is hot gas. Conventional chemical rockets
burn a fuel and oxidizer mixture called propellant. This
burning, or combustion, creates the hot, high pressure
gas which is expanded through a rocket nozzle to
produce a propulsive force on the rocket. Scientists use
a measure of efficiency called Isp, or specific impulse,
to compare rocket performance. Isp is found by
measuring the overall thrust produced by the rocket and
dividing by the propellant weight flow rate. The final
number is expressed in units of "seconds", an unusual
but very effective way to measure the rockets efficiency
and performance, akin to an automobile's fuel mileage
rating. The space shuttle boasts the highest Isp to be
produced by chemical rockets, 450 sec. Scientists think
rockets must achieve double this to make travel into

deep space a reality.

Thrust ___ H2 Feed Line From
Structure \ Propeliant Tank

Thrust Vector
Control Actuators

Turbopump
Assembly

Reactor

Pressure

» Design Goals:
Vessel/Plenum Joint

cC
— 75,000 Lbf Thrust Plenum C-C Nozzle
— 1000 Sec Isp
— 35:1 Thrust-to-Weight
(15:1 shielded)

The SNTP nuclear rocket uses hot gas but there is
no combustion. Instead liquid hydrogen is pumped
through a compact nuclear reactor where it is heated,
vaporized and expanded through a nozzle. Because no
conventional combustion is taking place the nuclear
rocket does not have to carry a supply of oxidizer,



typically liquid oxygen, which increases the propellant
mass flow rate and causes the Isp to plummet. Using
pure hydrogen as a propellant enables the nuclear rocket
to achieve Isp of 1000 seconds and beyond.

Thrust to weight ratio, or T/W, and payload
capacity are some other parameters that are used to
evaluate propulsion systems. T/W is a measure of how
powerful a rocket is in comparison to its own weight. A
very powerful rocket is useless if it is so heavy that it
cannot lift a reasonable payload. Nuclear propulsion
schemes in the past have been daunted by very
unfavorable T/W and/or payload capacity. The SNTP
concept uses a very compact reactor design called the
Particle Bed Reactor, or PBR. Because of this size
advantage the PBR-based nuclear rocket can develop a
T/W of 35:1 ( 15:1 shielded) and 75000 pounds of thrust
which rivals current chemical propulsion systems.

How does it work?

The PBR reactor is a nuclear heater. Instead of
burning fuel and oxidizer, the hydrogen propellant is
heated from -400°F to nearly 5000°F by flowing
through a nuclear reactor. Let's take an inside-out look
at the whole enging.

Fuel Particle Fuel Reactor
Element Pl

Features Features Features

= 400 p diameter - Low Gas/Particle At - Very Compact

« Operating Temperature .. Low Thermal Shock * Low Pressure Drop
=3000 K + Gas Heated Directly « Fast Start (<10 Sec)

» Retains Fission Products - High Power Density

At the heart of the system is the nuclear fuel
particle. The radioactive material, uranium carbide, is
molded into tiny particles about the size of large grains
of sand and then coated with an extremely resilient, high
temperature resistant material. This ensures that
virtually no fission products are present in the rocket



exhaust. The fuel is packaged into cylindrical fuel
elements. The fuel particles within each element are
sandwiched between two porous filters called frits. The
cold hydrogen enters the element through the cold frit
and exits the element through the hot frit. The element
produces heat by nuclear fission within the particles.

Nuclear fission takes place when a radioactive
element like U235 is bombarded by neutrons and splits
into two fission products. The reaction also releases 2
neutrons and energy. The neutron flux necessary to
maintain this reaction can be externally applied or can
be supplied by the reaction itself. ~When elements are
combined in close proximity to each other they form a
critical assembly, the geometry and mass of which
enables a self-sustaining nuclear reaction. The SNTP
reactor consists of 61 elements arranged in a cylindrical
geometry. Like a commercial nuclear reactor, control
rods are used to start and stop the fission by absorbing
neutrons. The hydrogen propellant flowing through the
reactor acts as a coolant.

&

How can it be used? SNTP is a technology demonstration effort and
does not specifically target one application or mission.
The technology being developed may open doors in the
areas of space travel, power generation and disposal of
nuclear waste.
The high Isp of the PBR-based rocket enables
increased payload capacity and/or faster transit times.
The PBR would enable more payload to orbit than a
similarly sized all-chemical rocket. Once a payload is in
orbit a PBR-based nuclear rocket may be used to
transfer payloads from one orbit to another. The PBR
will enable 2 to 4 or more times the payload transfer
capability of current systems. In the area of space
exploration the PBR will enable manned missions to
Mars and the outer planets. The PBR enables a faster
and safer mission because the crew will spend less time
in transit. Some believe that without the PBR a Mars
mission is not possible.
...spin-off applications The PBR is also the heart of the Closed Brayton
Cycle (CBC) Continuous Electric Power System. The



CBC reactor can be used as both a ground based and
space based continuous electric power generator. The
power output is scalable from 10's kWe to 10's MWe.
Unlike the PBR-based nuclear rocket, the CBC reactor
is designed to operate at relatively low temperatures.
This means that for continuous commercial use there is
a considerable temperature safety margin.

Another promising concept that has been
investigated is the PBR-based Nuclear Waste Converter.
This application provides the capability to convert long
half-life high energy nuclear waste into low energy
nuclear waste by bombarding the waste with high
energy neutrons within the PBR core.

Is it safe?

Safety to man and the environment is the SNTP
program's top priority. If the SNTP program-cannot
meet-stringent safety -and environmental standards we
will not do it. Most of the technology used in the PBR
reactor is conventional. For example many of the exotic
materials used to house the high temperature gases
within the rocket are borrowed from current aircraft
turbine engine technology.

Perfection in every aspect of the program is the key
to success. Extensive analysis is followed by a
comprehensive program of testing. Once the component
technologies such as fuel particles, hot and cold frits,
moderator, design algorithms and control laws have
been tested then subsystem integration will commence.
This phase will include fuel elements, pressure vessels,
nozzles, turbo pumps etc. Finally a working reactor
will be ground tested.

The program is both internally regulated and also
subject to external review. The program has continually
maintained a high level of effort in responding to all
safety requirement at both the state and federal levels.

In Conclusion...

SNTP is developing technology to determine the
feasibility of nuclear thermal propulsion. Based on the
current test results and analysis the program has a high
probability of success. Safety to both man and the



environment are the top priorities. The PBR will enable
higher payload missions at far lower costs than
conventional technology and open a broad envelope of
previously impossible missions, in addition to new
power schemes and nuclear waste disposal systems.

Hearing Notes...

The scoping hearings you will be attending will
discuss the proposed test sites at either the Idaho
National Engineering Laboratery (INEL) or the
Department of Energy (DOE) National Test Site (NTS).

A previously classified Environmental Impact
Statement (EIS) was prepared under the direction of the
Department of Defence (DoD) and the Defence Science
Board (DSB) with congressional concurrance. The
SNTP EIS process has been declassified.

Also included in this package is additional program
briefing material and copies of some relevant scientific
papers. We look forward to your input and comments.



Program Goal

« To Safely Demonstrate the Practicality and
High Performance Capabilities of Space
Nuclear Thermal Propulsion Systems via

Rigorous Ground Tésting



Program Description

« Technology Program to Develop Advanced Nuclear Rocket Engine
— Twice the Isp of H2/O2
— Thrust-to-Weight Comparable to H2/O2

- Wide Variety of Potential Applications
— Interceptors, OTV's, Upper Stages, Planetary Missions
— Complements NLS, NASP, and SSTO Programs

« Program Priorities
— Safety
— Reliability
— Operability
— Performance

« DoD/Industry/National Laboratory Team
— NASA & DOE to Join Program in FY '92

« Program is Hardware/Test Oriented
— Progress is Exceeding Expectations
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Typical Second Stage Applications

- PBR Second Stage Typically Offers
2X - 4x Payload Improvement
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Enabling Technology - The Particle Bed Reactor

Fuel Particle Fuel Element Reactor

o
Hexagonal
—UC, Kernel ™~ Moderator
— Low Density Gr Block
L—— High Density Gr Cold~—_|
— ZrC Coating Frit
-~ Fuel / \\
...... Particles
Hot Frit—"
Hot
Gas
Features Features Features
« 400 p diameter » Low Gas/Particle At « Very Compact
. : 3 .. Low Thermal Shock « Low Pressure Drop
Operating Temperature =3000 K . Gas Heated Directly + Fast Start (<40 Sec)

» Retains Fission Products . High Power Density



PBR Engine Description
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Thrust
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« Design Goals:

— 75,000 Lbf Thrust
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— 35:1 Thrust-to-Weight
(15:1 shielded)
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Engine Thrust/Weight Ratio

Technology Comparison
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Closed Brayton Cycle Power System Schematic
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Nuclear Waste Burner

- Transmute Long-Life Radioactive Isotopes Into Short-Life Isotopes

— Decay to Negligible Radiation Levels in ~300 Years
— May Be Safely Stored Using Current Technology

- PBR Offers Advantages Over Other Candidate Systems (Commercial
Light Water Reactors)

— Very Low Radioactive Inventory (1/100 That of LWR)

— Rapid Destruction of Actinides/Reduction in Total Inventory
— Compact and Remotely Locatable

— Many Attractive Safety Features

— Potentially Lowest Cost Candidate
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% — Long Life | R;ict’or
Isotopes |-
Nuclear ' , ©
Waste L» Depleted Uranium Long
Short Life Isotopes | Term
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FAST MISSIONS TO MARS WITH A PARTICLE BED REACTOR PROPULSION SYSTEM

P. Venetoklis®, R. Pallmer, E. Gustafson
Grumman Space & Electronics Division
Bethpage, New York

Abstract

The paper discusses the advantages offered
by a nuclear thermal rocket based on the Particle
Bed Reactor for the manned exploration of Mars.
Since the advantages of high specific impulse are
recognized, the paper focuses on the benefits of
high engine thrust-to-weight (T/W) and high specific
impulse (Isp) when applied to high energy manned
Mars transits. Specifically, the projected engine T/W
{10:1 with crew shielding) enables short opposition
class mission durations, with round-trip transit times
on the order of 240 days, at initial masses of under
1000 tonnes for a mission centered about the 2016
Earth-Mars opposition. This represents a 60 day
improvement over a mission with a low T/W nuclear
therma! rocket. Conjunction class missions also
benefit substantially, with one-way transit times as
short as 60 days feasible. These short transits offer
enormous benefits to the crew, including less
exposure to cosmic radiation and zero-gravity.

Other advantages include engine-out
capability,- elimination of the need to develop
aerobrake and Earth reentry capsule technologies,
increased robustness of the propulsion system, and
habitat/vehicle reusability. In addition, tast transits
are possible even in difficult opportunities.

The analysis, directed at determining the
benelits of high engine thrust-to-weight to high
energy missions, was based on ground rules
derived trom the NASA 90 day study and other
sources. The recently released Stafford Synthesis
Group report establishes a set of ground rules that
do not necessarily agree with those employed in
this paper.

Nomenclature
AB Aerobrake
BNL Brookhaven Nationa! Laboratory
c3 = Vo2
ECCV Earth Crew Capture Vehicle
EOC Earth Orbital Capture
ETO Earth-to-Orbit
ETV Earth Transfer Vehicle
HLLV Heavy-Lift Launch Vehicle
* Member AIAA

IMLEO Initial Mass in Low Earth Orbit

Isp Specitic Impulse

LEO Low Earth Orbit

MCV Mars Cargo Vehicle

MLI Multi-Layer Insulation

MOC Mars Orbital Capture

MTV Mars Transfer Vehicle

MULIMP  Mutltiple Impulse Trajectory Code

NASP National Aero-Space Plane

NERVA  Nuclear Engine for Rocket Vehicle

Applications

NTP Nuclear Thermal Propulsion

NTR Nuclear Thermal Rocket

PBR Particle Bed Reactor

SEl Space Exploration Initiative

SSF Space Station Freedom

™I Trans-Mars Injection

TEI Trans-Earth Injection

TW Thrust-to-Weight Ratio

Veo Excess Hyperbolic Velocity

AV Change in Vehicle Velocity 5
. L Introduction

President Bush and the National Space
Council have identified the manned exploration of
Mars as a major milestone in Man's conquest of
space. Such an undertaking poses many unique
challenges and risks. Significant among these is the
enormous distance that has to be traversed - a
distance analogous in trip time to that traversed by
Columbus in his journey to the new world.
Traversing such a distance would require many
months if current technology was applied,
increasing risk to both the crew and to the mission
as a whole. Technology that would noticeably
reduce the time required for a round-trip mission
would greatly reduce the hazards to the crew
associated with prolonged exposure to radiation,
weightlessness, and confinement, would improve
the reliability of the vehicles, and would improve the
prospects for mission success.

The NASA astronauts recognize the need for
rapid transits. Nuclear Thermal Propulsion (NTP) is
the most promising near-term candidate technology
for achieving these rapid transits. Recent work
performed by various contractors for NASA has
acknowledged NTP as the propulsion system of

Copyright © 1991 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.



choice, since it can be developed in the near term
and offers large improvements in transit time over
current chemical propulsion systems, due to its
much higher specific impulse. The recent Statford
Synthesis group has identitied NTP as the
propulsion system of choice for all manned Mars
missions and for Lunar exploration.

NTP technology was demonstrated in the
1960's by the NERVA/ROVER program to a specific
impulse (Isp) greater than 800 seconds, and
modern materials technology will permit even higher
performance. However, the NERVA was very
heavy, with a thrust-to-weight ratio (T/W) <4:1. In
contrast, the best chemical engines can generate
isp's of about 480 sec, at a T/W of 50 or more.

One of the most promising candidates for
NTP is a propulsion system based on the Parlicle
Bed Reactor developed by Brookhaven National
Laboratory (BNL). A propulsion system based on
the PBR ofters the high Isp of NTP, but approaches
the T/W of chemical engines. Recent studies at
Grumman and BNL have indicated that Isp's of 1000
sec and engine T/W ratio’s of 20-40:1 are
achievable.

The goal of achieving short transit times must
be moderated by other considerations. These
include minimizing cost and risk. Cost can be
controlled by keeping initial mass in low earth orbit
(IMLEO), an accepted yardstick for Earth-to-orbit
(ETO) costs, to an acceptable level. Other cost/risk
reducing measures include minimizing the number
of new development programs and minimizing
complexity.

The advantages of high Isp are known and
accepted, so the focus of the paper will be to
demonstrate the additional advantages oftered by a
combination of high Isp and high engine T/W,
especially when applied to fast, high energy
missions.

issi finiti

Transits to Mars can be loosely categorized as
low or high energy, the energy in this case being
the propulsive impulses required to get the vehicle
from one planet to the other. Two impulses are
required for a one-way transit. The first is required to
escape the gravity well of the Earth and embark on a
trajectory to Mars. This impulse is most effective
when applied at orbital periapsis i.e. the point

AlAA-81-3404

closest to the planet. This impulse {AV) adds to the
vehicle's orbital velocity at that point (Vp), and the
sum is identified as Vijnal- If Viinal is greater than
escape velocily (Vesc), then the vehicle will
hyperbolically depart the planet's gravity well and
enter the sun's gravitational sphere of influence.

As the vehicle departs the planet's gravity
well, it decelerates with respect to the planet. The
vehicle's velocity reaches a minimum value once it is
at the effective edge of the planet's gravitational
tield. This value is known as the excess hyperbolic
velocity, or V., and determines what heliocentric
trajectory the vehicle will assume. Ve is defined by
the relationship:

Vee? = Viinal? - Vesc? = C3

C3 is the squére of Ve, and is a measure of
the vehicle's energy. 1 C3 is 0, the vehicle has just
barely reached escape velocity, and will travel
around the sunin the same orbit as the Earth, but at
a position very far from it. A positive C3 will put the
vehicle on an elliptical heliocentric orbit.

A Hohmann transfer represents the most
energy efficient orbit transfer method. The orbit
osculates the planetary orbits at both the initial point
and the destination. This feature minimizes out-of-
plane maneuvering at the destination. A Hohmann
transfer is initiated by applying the desired impulse
so the AV is in the same direction as the planet's
orbit around the Sun for outbound legs, and
antiparallel for inbound legs {outbound indicates
away from the sun). The minimum Earth departure
AV is 3.2-3.8 kmvsec, and varies due to the

. eccentricity of Mars’ orbit {on less favorable years,

Mars is farther from the Sun, so the energy and
consequently the velocity to reach a higher
potential energy point is greater). Hohmann
transfers to Mars typically have transit times of ~250
days.

A second impulse is required to enter a
circular or elliptical orbit at Mars. A Hohmann transfer
is energetically desirable because the transfer and
planetary orbits are realigned and the orbital -
velocities match. Without this second impulse, the
vehicle would continue in a ~550 day orbit back
toward the Sun with a periapsis near the Earth's
orbital trajectory and an apoapsis near Mars' orbit.
The orbit insertion AV is determined in the reverse
fashion of the departure AV, since the objective is to
remove energy from the vehicle's transfer orbit in
order to enter Martian orbit. The orbit insertion AV
for a Hohmann transfer is ~1.0 kmmv/sec.



“High energy"” transits use considerably more
AV at planetary depariure. The greater AV can be
used to put the vehicle on a non-Hot}mann transfer,
producing a shorter transit time. Figure 1 depicts
the ditterence between low and high energy
transfers. The high energy nature of these
trajectories is evident in the C3 values. The
minimum energy transit described above has a C3 of
6 - 9 km2/sec2. Doubling the mihimum AV
increases C3 to ~100 km2/sec2, and can reduce
transit times to as litlle as 60 days. However, this
increase in AV at planetary depariure results in a
substantial increase in the AV required for capture at
the target planet, compounding the penality for
increasing the departure AV. .

QO

Minimum Energy Hgh Energy

Fig. 1 - Low Energy vs High Energy Transits

An actual trajectory to Mars requires selecting
trajectories that intersect the Mars orbit where the
planet is at that time. Furthermore, the return
trajectory must arrive at the Earth. This makes Mars-
Earth positioning critical, and permits missions only
when this positioning is nearly perfect. These
mission "opportunities” fall into two categories,
described below.

. ition & Coni ion Missi

Potential missions to Mars fall into two
categories, based on planetary positioning.
Opposition class missions center about a Sun-
Earth-Mars opposition, where the Sun and Mars
appear on opposite sides of the Earth. Conjunction
class missions center about a Sun-Earth-Mars
conjunction, where the Sun and Mars appear on the
same side of the earth.

Both classes of missions involve Mars arrival
and departure at or near the opposition date, as
illustrated in Figure 2. Opposition-class missions,
since they are centered about the opposition, arrive
and depant Mars during the same opposition. This
limits the stay time at Mars to a few days or weeks,
since longer stays move arrival and departure further
from the opposition date, and end up requiring
more energy. Conjunction-class missions perform
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Earth-Mars transit about one opposition, and
perform Mars-Earth transit about the subsequent
opposition. Since the synodic cycle, or time
between oppositions, is about 26 months,
conjunction-class missions have long stay times, on
the order of 2 years.

Opposition Class Mission Conjuncuion Class Mission
Fig. 2 - Opposition & Conjunction Class Missions

The NASA 90 day study and other studies
have identified opposition-class missions as the
most likely candidates for initial exploration of Mars,
and conjunction class missions as likely candidates
for permanent colonization/base support. This
philosophy is adhered to in this report, and the
benefits offered by high T/W to all mission
opportunities are demonstrated. 5

vs “Diffi niti

- The Martian orbit is fairly elliptical with an
eccentricity of 9.3%, while the Earth's orbit is nearly
perfectly circular. This results in substantial energy
differences required for transfer orbits, since the
Martian aphelion is 1.2 times its perihelion.
Transfers occurring near Mars aphelion require
significantly greater energy.

Fig. 3 - Mars-Earth Oppositions 2001 - 2031

It is apparent from Figure 3 that some years
are more favorable for missions than others. The
NASA 980 Day Study acknowledges this, anc plans



its architecture for the easier 2016 - 2022
opportunities. This does not address the issue of
the difficut opportunities, and indicates the
limitations of chemical propulsion.

Study Ground nules

The ground rules for our analysis are based
on the 90 Day Study, modified by subsequent
published work and the results of previous in-house
work. As noted, a “split/sprint” mission was utilized.
The split/sprint mission seeks to minimize both crew
transit time and IMLEO by delivering cargoes not
needed before Mars orbit fo Mars on an unmanned
vehicle along a minimum energy trajectory. Since
this cargo vehicle is unmanned, the concemns about
crew welfare do not apply. Cargoes delivered on
this Mars Cargo Vehicle (MCV) include the lander
and ascent stage, all surface equipment, satellites
for Mars orbit, and the Earth return stage. The crew
travels to Mars on a Mars Transfer Vehicle (MTV)
along a high energy trajectory, and docks with the
MCV in Mars orbit. The habitat is then attached to
the Earth retum stage, and the mission proceeds.

The 90 Day study identified the year 2016 for
the first manned exploration mission. It further
identified this mission as opposition class with a 30
day stay. This mission does not require an overly
ambitious schedule, has a suitable stay time for a
first trip, and occurs during a moderately easy
opportunity which is followed by several easier
opportunities, making a multi-mission effort simpler.
Our analysis kept these ground ruies for its
“reference mission.”

A conjunction-class mission was also
considered. The mission opporiunity about the
years 2018-2020 were selected for the conjunction
mission, so that the opposition mission could
precede a long stay on Mars.

Initial studies found that fast all-propulsive
missions were possible, so aerocapiure and Apolio-
type crew return were not considered. Elimination
of these two design features not only eliminates two
very costly and risky development programs (and
single-point failure modes), but also lifts maximum-
speed restrictions at Mars and Earth capture
imposed by physical and technology limits. This
enables faster transits. Table 1 summarizes the
ground rules used in the analysis.

The PBR propulsion system is projected to
yield 1000 seconds of Isp at a thrust-to-weight ratio
of 20-40. Athrust value of 75,000 Ibf was chosen 1o
be compatible with other NTP work, and is
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reasonable for a PBR-based system. However, a
T/W of 20-40 does not include man-rating
requirements, which include a radiation shield to
protect the crew. The mass of this shield is
dependent on a number of factors, so a neutronic
analysis was performed on the reference
configuration to determine what shielded T/W was
realistic. Shielding to attenuate the radiation dose
to the crew to 10 rem/mission, coupled with other
man-rating improvements, reduced the engine T/W
to 12-14. A value of 10 was chosen for added
margin.

Orbits:
Earth Departure: 407 Km Circular
Mars: 250 x 33840 Km (1 Sol)
Earth Capture: 407 Km x 34500 Km

Payloads:
Habitat 251
Truss (Per Vehicle) 2t

Lander & Cargo (Opposition) 75t
Lander & Cargo (Conjunction) 2501

Crew Size 6
Reserves/Other:

AV Reserve 2%

Performance Reserve (Isp) 2% |

Trapped Propellant 1% |

Cooldown Propellant Calculated
50% impulse credit taken.

Gravity Losses Calculated
3 Burn Earth Departures

RCS:
Isp = 320 Sec
20 M/Sec for each transit leg.
50 M/Sec on-orbit.

Consumables in transit: 4 Kg/Mar/Day
Table 1 - Mission Ground Rules and Parameters

Figure 4 illustrates the crew vehicle
configuration developed for this study. Two of
these vehicles are required per mission. One
delivers the crew to Mars orbit (the MTV). The other
is brought to Mars orbit (without the habitat) by the
cargo vehicle, and is used to return the crew to
Earth (the ETV). The ETV utilizes more heavily
insulated propellant tanks than the MTV, since the
tanks must sit idle for a longer period of time. The
MCV is essentially similar, although the long truss is
not required, since the vehicle is unmanned.

Rather than using one or two large tanks, the
advantages of staging are realized by using 7 tanks



per vehicle. 4 tanks are emptied two at a time for
planetary departure, and 3 tanks are used for
planetary capture. The tanks are filled with slush
hydrogen to alleviate the boiloff problem, and tank
insulation is used in sufficient quantity to preciude
boiloff throughout the missions, with the exception
of the ETV in the conjunction mission, which loses
some propeliant to boiloff.
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The tank construction consists of a filament-
wound graphite-epoxy (or similar composite
material) shell, insulated with foam and mutti-layer
insulation (ML!), with an aluminum-lithium
micrometeoroid shield. The planetary capture tanks
are 15 ft in diameter, and the planetary departure
tanks are 20 ft in diameter. Tank length is optimized
for each vehicle, and allowances are made for
plumbing and support structure. Tank placement
was made with consideration for both center-of-
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gravity and engine radiation, and the engine
shadow shields were designed to protect all the
propellant tanks. The planetary capture tank
mounted on the centerline provides a significant
amount of radiation attenuation, and is emptied last.

An important assumption used throughout
the analysis is an allowance for mission success with
one engine out on each vehicle. The PBR's
compact size makes this possible with a reasonable
IMLEO penalty, which will be discussed later.
“Mission success with one engine out™ means that
loss of an engine on any stage will not impact the
completion of all mission objectives, nor will it cause
any changes to the mission schedule. This
assumptlion was incorporated by carrying the dead
weight of a "spare” engine in all analyses.

11 Results ot Analysis .
Trai 2 Vehicle Analysi

The ground rules and assumptions detailed
above are the result of an on-going analysis effort
that grew out of simple rocket-equation calculations
to the much greater level of detail employed in this
study. The initial goal of the study was to determine
IMLEO reductions offered by the PBR when applied
to the NASA 90 Day Study reference mission. The
realization of the hazards of prolonged crew
exposure to deep space shifted the focus away
from IMLEO to short transit times. However, "short"
is a relative term, and some guideline was needed to
avoid developing an absurd design. Cost was the
most obvious choice, and a simple measure of cost
in this case is IMLEO. An upper limit to IMLEO
would serve as a good fence for limiting the efforts
to shorten the trip. An upper limit of 1000 t was
chosen for the total IMLEO (MTV+MCV4+cargoes,
etc.) for the opposition class mission, since this
value appears in many studies and articles. A 1000t
IMLEO would require 4-7 launches of a typical
heavy-lift launch vehicle planned for the Space
Exploration Initiative. The much higher cargo
requirements of the conjunction-class mission
overrides this cap, so the IMLEO cap was set to
1200 t.

With this upper limit established, a minimum
transit time could be determined. The MULIMP
interplanetary trajectory optimization program
utilized by NASA {Ref. 5) was used in conjunction
with an in-house vehicle sizing code to develop
opposition and conjunction-class missions that
minimized transit time while meeting IMLEO criteria.
A 270 day opposition-class mission was developed



for the 2016 opportunity that met the criteria and
ground rules established herein. This mission had
crew transit times of 80 days Earth-to-Mars and 160
days Mars-to-Earth, with an IMLEO of 986 1. In
addition to the various ground rules, the mission
incorporated a 10 day launch window at Earth, and
flexibility on the Mars departure date. The MCV
departs 870 days prior to the MTV launch window
opening, during the previous opposition, permitting
check-out of the lander and return stage prior to
crew departure. :

A conjunction-class mission was developed
for the 2018-2020 opportunity. The mission
developed has crew transit times of 60 days Earth-
Mars and 80 days Mars-Earth, with a 710 day stay
time at Mars. IMLEO for this missionis 11781. Table
2 summarizes the opposition and conjunction-class
mission analysis results.

2016 2018-2020
Opposition Conjunction
AV's (km/sec):
Cargo ™M 3.6 3.5
Cargo MOC* 2.7 3.0
Crew TMI 7.7 8.0
Crew MOC 7.4 7.5
Crew TEI 7.3 5.7
Crev EOC 69 39
- 35.6 31.6
Durations (days):
Cargo E-M 294 275
Crew E-M 80 60
Crew Stay 30 710
Crew M-E 160 _B0
Total Crew
Transit Time 240 140
Masses (lonnes):
MTV 281 300
MCv** 453 741
ETV 252 137
IMLEO 986 1178
* Includes 1.5 kmvsec for rendezvous.
** Value excludes mass of ETV, which is
part of its payload.

Table 2 - Results of Mission Analysis

The opposition-class mission schedules crew
departure for 21 April 2016, with a 10 day launch
window. The conjunction-class mission schedules
crew departure for 30 June 2018, also with a 10 day
launch window. The cargo vehicles arrive in Mars
orbit well before crew departure.
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These two missions are subsequently
referred to as the “reference” missions.

ngi r .

Developing preliminary mission profiles for
Mars or other missions only requires identifying
engine thrust, weight, and specific impulse.
However, several other parameters must be
considered when planning actual architectures and
development programs. These parameters,
including engine operating time, number of restarts,
throttling requirements, and the like, can become
design drivers if the desired values for best
performance (or minimum IMLEQ) exceed what is
reasonably achievable.

Table 3 identifies the operating parameters for
the PBR propulsion system in the reference
mission.

Unit Thrust 75,000 Lbt
Unit T/W (Shielded) 10
Specific impulse 1000 Sec

Operating Temperature 3200 K
Nozzle Expansion Ratio 150:1

Max Required Life* 6800 Sec .

Max Number of Starts 6 )

Jotal Number of Engines/Mission:
Opposition 8
Conjunction 8

Max Vehicle Acceleration®* 1.7 G
* One Engine Out ** No Engine Qut
Table 3 - PBR Engine Operating Requirements

The values in Table 3 represent first-order
design parameters, and optimizations and trade
studies may dictate that other values are more
appropriate. For example, sensitivity studies
indicate that a lower unit engine thrust helps reduce
IMLEOQ, but increases operating time and number of
engines per mission. It may be found that the
indicated thrust-to-weight can be achieved with a
nozzle larger than 150:1, permitting an increase in
Isp or reduction of the estimated 3200 K operating
temperature . The reference missions were sized at
full throttle, but maximum acceleration can be
reduced if lower loads will reduce weight. This, of
course, increases engine operating time.

Only a full development program can confirm
or deny the validity of the engine operating



parameters, but the values identilied are not
unreasonable, especially given the time available to
develop a PBR engine and the substantial rewards it
offers.

V. Senstivit Desian Par

Sensitivity analyses provide invaluable insight
into the relative risks and rewards of technologies
that lead to the desigh parameters selected for a
mission. The impact of variations in values for Isp,
engine T/W, engine size, engine life, habitat mass,
consumables, tank design, and other design
parameters on IMLEO or mission duration is
assessed for the opposition reference mission.
Since this mission has a higher impulse requirement
in a more difficull opportunity, it is more taxing, and
its results can be applied to the conjunction mission.

Since the NERVA program represents the
most mature design currently available for SEI, it is
used as a point of comparison. NERVA parameters
of 75,000 Ibf thrust, 925 sec Isp, and 2.3:1 shielded
T/W are used (Ref. 6).

issi rali
The IMLEO cap of 1000 t determined the
opposition mission duration of 270 days. As SEI

progresses- and HLLV designs evolve, a betier -

eslimate of what IMLEO is feasible will develop.
Figure 5 depicts a trade between IMLEO and
mission duration for the opposition reference
mission.
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The reference mission is on a relatively steep
portion of the curve, indicating that adding a few
days to the mission duration can offer a significant
reduction in IMLEO. This feature of the reference
mission makes achieving a lower IMLEO relatively
painless i.e. extending mission duration 10 days
reduces IMLEQ 100 1.
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Figure 6 illustrates the sensitivity of the
opposition reference mission. IMLEO to Isp and
engine T/W (shielded). Figure 7 depicts the
sensitivity of mission duration to these parameters.
The IMLEO curves indicate a strong sensitivity to
Isp, as would be expected, but also indicate the
effect of low T/W. T/W's below 6 start driving IMLEO
upward quickly, and offer little design robustness
and higher technical risk, in that small changes in
engine T/W result in large changes in IMLEO.
Lower Isp coupled with lower T/W only compounds
the problem. The gains for higher Isp are significant,
but those for T/W's greater than 10 become smaller
and smaller, as the engine's mass starts to become
less significant.
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An alternative to increasing IMLEO is
extending the mission's duration. Figure 7
illustrates information similar to that in Figure 6,
notably that low T/W lengthens the mission and
increases the duration sensitivity. T/W's above 10
do not noticeably shorten the mission, and were



omitted from the figure for clarity. Any gain in isp will
provide significant benefits.

Engine Size & O ling Life Sensitivt

The 75,000 Ibf thrust level selected for the
reference mission engine was rather arbitrary. The
one engine out requirement makes smaller engines
advantageous, but decreasing engine size
increases the number of engines per mission and
the maximum operating time. The vehicle sizing
code optimizes the number of engines per vehicle
for minimum IMLEO, subject to a maximum engine
life and maximum number of engines per vehicle.
The latter is held to 7 by geometrical considerations.
Figure 8 illustrates the sensitivity of IMLEO to
engine size and maximum life.
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Figure 8 indicates that more small engines are
desirable, as would be expected, given the engine
out condition. However, the data, generated with a
fixed engine T/W, does not reflect the mass penalty
for multiple small engines. A greater number of
small engines would also increase manufacturing
cost and vehicle compiexity, and may negate the
IMLEO reduction.

Habitat Mass Sensitivi

One of the potential advantages of a short
mission is a reduction in the size of the crew habitat.
The 25t habitat mass used in the reference mission
was derived in part from the 30.5 t value quoted in
the NASA 90 day study. The 90 day study habitat
has design features not needed in the reference
missions, and was downsized accordingly. These
features included: attachment provisions for an
ECCV and an aerobrake, the requirement to
withstand aerobraking structural and thermal loads,
and storage requirements for up to 2 years worth of
consumables.
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Figure 9 depicts the sensitivity of IMLEO to
habitat mass for a PBR-based system and for an
equivalent NERVA-based architecture. One tonne
of habitat mass is equivalent to 22 t of IMLEO for the
reference opposition mission, and is equivalent to
37 t for the NERVA-based mission. This disparity
further indicates the robustness of the PBR system
in comparison to lower T/W NTR's.

One of the key technologies targeted by the
Stafford Synthesis Group for SEI is closed cycle
crew life supporl. A closed cycle system can reduce
the crew consumabies requirement an order of
magnitude. The value of 4 kg/man-day used in the
reference missions represents a good degree of
recycling, but values down to 2 kg/man-day or less
may be possible for.a fully closed system. IMLEO
shows a linear sensitivity to rate of consumables,
with a 1 kg/man-day change in consumables
corresponding to a 7.5 t change in IMLEO for the
reference opposition mission. Small changes in
consumables appear negligible for this first-order
sizing assessment, but an open system with a
longer transit time will show a significant IMLEO
penally for consumables.
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Tank Design Sensitivity

The reference mission assumes graphite-
epoxy tanks with ML! and an aluminum-lithium
micrometeoroid shield. The 15 ft diameter tanks: -
have a tank wall thickness of 0.10 in, and the 20 ft
diameter tanks have a wall thickness of 0.12in. A
lower technology alternative is using aluminum-
lithium for the tank pressure vessel. A 0.157 in
thickness has been quoted for this design. Using
this tank design would add 150 t of IMLEO, or would
add 10-15 days to the mission for the same IMLEO.
Current and near-term efforts, including the National
Aerospace Plane (NASP), are working towards



lightweight tank designs. There is a performance
payoff to lightweight tanks, and it is expected that
such technology will be available in the Mars
exploration time frame. In addition, lightweight tank
technology would be beneficial to virtually all space
and earth-to-orbit vehicles, making it a high payoft
technology.

nQi = r

The one engine out design feature offers
large benefits in terms of mission safety and
reliability, but imposes penalties on IMLEO and
engine life. Eliminating the requirement can reduce
the opposition reference mission IMLEO by 91 t,
and reduce the number of engines per mission to 5
from 8. Alternatively, the maximum required engine
life can be halved to under 1 hour. However, one
engine out enables a large number of abort options,
and the penalty for its incorporation must be judged
with respect to mission safety and reliability.

licabili ) iti

The performance offered by the PBR
propulsion system expands the architecture options
available for SEI. The reference mission is designed
around the 2016 mission opporiunity. Since some
other opportunities are more difficuft and some are
easier in terms of AV requirements, the impact of
other opporiunities on mission duration was
assessed. Figure 10 illustrates opposition mission
durations in a range of near term opportunities , and
Figure 11 illustrates conjunction mission transit
times. Stay times are excluded from the conjunction
mission figure for clarity. IMLEO is limited to the
same caps used for the reference missions (1000 t
opposition-class and 1200 t conjunction-class).
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The impact of Mars' elliptical orbit is evident,
but tast missions are still feasible, and an
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architecture incorporating a mission every
opporiunity would benefit from the PBR propulsion
system. Faster missions in_the most difficult
opporiunities can be accomplished by adding
IMLEO
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The compact design of the PBR propulsion
system offers major advantages over other nuclear
thermal rocket designs, especially when
incorporated into a high energy mission
architecture. The PBR's small size not only reduces
its weight, but permits a smaller and lighter radiation
shadow shield. This leads to a significantly higher
engine thrust-to-weight than other NTR's, and
makes high energy missions much easier 1o
develop and implement.

The opposition-ciass mission described in this
study benelits enormousily from the PBR. The
same mission equipped with a lower T/W engine
with the same Isp would either have twice the
IMLEO or would be 60 days longer. Conjunction
missions benefit similarly.

The PBR also offers more design practicality
to fast, high energy missions. ' Ilts required operating
time per mission is half that of low T/W systems, its
thermal mass is lower, reducing the quantity of
cooldown propellant required, and the impact of a
shortfall in achieving a 10:1 thrust-to-weight value is
minor.

The ability to generate large AV changes with
a PBR-equipped Mars vehicle makes performing
“difficult” missions and non-optimum architecture
requirements much simpler, adding flexibility to the
exploration program. The PBR system also allows
simplification of the mission architecture through



elimination of the need for other new technologies.
Spin-off uses of the PBR include a broad range of
high energy space exploration missions. The
advantages offered by the PBR are numerous and
significant, and a PBR propulsion system will be a
powerful tool in Man's continued exploration of
space.
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Abstract

A mission to Mars will be characterized
primarily by relatively long run times and the
requirement to achieve a-high specific fmpulse
and a high thrust/weight ratio. The particle
bed reactor (PBR) concept is inherently
flexible, in that with minor changes, it can be
designed to satisfy many missions. This
flexibility results from the fact that most of
the reactor operates at modest temperatures and
only a very small volume of the core operates at
the outlet temperature. In view of the two
requirements two types of PBR will be considered
in this paper. The first will attempt to
maximize the specific impulse, while the second
will attempt to maximize the thrust/weight
ratio.

It can be concluded from this study that
the inherent flexibility implicit in the P8R
design makes it a logical choice to achieve an
optimized compromise between specific impulse
and thrust/weight ratio.

# [NTRODUCT [ON

The Space Exploration Initiative (SEI)
with its Lunar and Mars missions has emphasized
the need for nuclear power. This need covers
both the generation of long-term power to
support a base but also to supply power to
propel spacecraft to either the Moon or Mars.
The propulsion based reactors fall into two
categories. Ffirst, those which operate for long
times and are used to generate electric power
which is used to power ion thrusters. Second,
those which act as a heat.source to heat a
propellant (generally hydrogen) which s
expanded in a nozzle to generate thrust. The
latter propulsion devices generate a high thrust
and thus the reactors need only operate for a
comparatively short time. The latter class of
reactors can be based either on solid (such as
NERVA/Rover), liquid or gaseous core concepts.
In this paper a concept based on a solid core
will be described. These concepts are generally
considered technologically more mature, and thus

*Research carried out under the auspices of the
U.S. Department of Energy under Contract
No. DE-AC02Z-76CH00016.

This paper s ceciared 2 work of the U.S. Government and
1S NOL sUDjeS L0 JOPYIIETL protection in the United States.
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would probably be among the first to be used in
the initial stages of an SEI starting in the
beginning of the next century.

Specifically, the concept to be considered
here is based on the Particle Bed Reactor (PBR).
Briefly, this concept consists of fuel elements
made up of particulate fuel, on the order of 500
microns in diameter contained between coaxial
frits (porous tubes) which in turn are placed in
a hexagonal pattern and surrounded by moderating
material. This concept {s illustrated
schematically on figure 1 which shows the fuel
particle, a single element and the resulting
rocket engine based on the PBR. The design of
this PBR will be based on the requirements of a
mission to Mars. This mission will be
characterized by several relatively long runs
(total time approximately 100 min.}) and a
specific impulse (I ) of ~1000 s. This implies
that the materialsq%e radiation resistant and
compatible with each other in the presence of
the propellant. These goals can potentially be
met by using a beryllium moderator, graphite
uranium carbide/zirconium carbide fuel particles
and a carbon-carbon/zirconium carbide hot frit.

In the following sections a design
philosophy will be outlined, results of the
analysis will be detailed and conclusions of the
study will be drawn.
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AMO0ER4AT0] BLACK

EUELPABTICLE




Design Philosophy

In designing a nuclear thermal rocket
{NTR) one would like to simultaneously maximize
the specific impulse and the thrust/weight
ratio. A high specific impulse implies
efficient utilization of propellant. A high
thrust/weight ratio implies a light weight
engine and this attribute could enable the use
of a cluster of engines to enhance reliability,
or could be used to maximize the payload. It
was found that no practical design can currently
be configured to simultaneously maximize both
specific impulse and thrust to weight ratio. A
high specific impulse fmplies maximizing the
mixed mean outlet temperature and minimizing the
molecular weight of the exhaust gas. A high
thrust/weight ratio implies maximizing the power
density, which requires a high operating
pressure and high propellant flow rate.

AN

In view of the above divergent
requirements two reactor designs were developed:
The first, which maximizes the thrust/weight
ratio will operate at a high average bed power
density, high propellant pressure and result in
a small low mass reactor and nozzle. The second
design will maximize the specific impulse, will
operate at ultra high temperatures (close to the
material maximum), low pressures (partially
dissociated exhaust gas), low power density and
will result in a large high mass reactor and
nozzle. The parameters for these two designs
are shown on Table 1.

Table 1 Range of engine parameters examined

High High
Thrust Specific
Weight Impulse
Power (MW) 1000-10,000 500-1000
Average Bed Power 20-80 2.5-5
Density (MW/1)
Chamber 2500-3200 3200-3500
Temperature (K)
Chamber 7-14 0.5
Pressure {MPa)
Nozzle Expansion S0-100 50-100
Ratio
Specific Impulse 800-1100 1100-1200
(s)
Thrust (N) 1.8(5)- 7.0(4)-
1.8(6) 1.4(5)

Results of Analysis

The two PBR reactor concepts outlined on
Table 1 have been studied. Physics, fluid
dynamics heat transfer and shielding analyses
were carried out for selected sizes. Table 2
shows results for two reactor concepts based on
the two design philosophies outlined above.
Both reactors generate 1000 MW, however, their
respective thrust/weight ratios are gquite
different. In addition to the unshielded
reactor a shield mass was estimated for a shield
which only covers the reactor i.e. shield
diameter pressure vessel [0D. Several shield
types were considered and the results will be
discussed below. The shield assumed in Table 2
is a lithium hydride/tungsten combination with
an overall thickness of 40 cm. A reduction of
approximately 25% in the thrust/weight ratio
results from this addition. The physics
analysis of these reactors was carried out using
the MCNP Monte Carlo code. This code makes it
possible to explicitly represent all geometric
details necessary to make an accurate
determination of the multiplication factor. In
these analyses the heterogeneous nature of the
PBR, as illustrated in Figure 1 is preserved and
all the leakage paths are explicitly
represented. Neutron spectral shifts which
occurs between the moderator and fuel bed are
accurately accounted for, since the MCNP code
use a point cross section library.

Uncertainties associated with group average
cross section libraries are avoided in this
analysis. From these analyses it is seen that
both reactors have a sufficiently large margin
in multiplication factor (k) to allow for any
reduction implicit in an in-depth mechanical
design. Furthermore, it is seen that both
Feactors are high leakage devices, particularly
regarding photons. Finally, the coolant worth
is higher by an order of magnitude for the high
thrust/weight ratio case. This is due to the
comparatively hard spectrum in this case.

Table 2 Calculated parameters

High High
Thrust/ Specific
Weight Impulse
Power {evel, MW 1000.0 1000.0
Total Engine 968 3565.0
Mass (w/o0 shield
(k9))
Shield Mass (kg)* | 336 1190
Thrust/Weight 13.9 3.0
{w/shield)
Multiplication 1.154 1.199
Factor (k)
Neutron Leakage 0.34 0.30
Photon Leakage 0.75 0.62
Total Coolant 0.047 0.0045
Worth (AK)

“Shield diameter = Pressure vessel [.0.



In addition to carry out detailed analyses
of various systems an overal¥ estimate of engine
thrust/weight ratio was made for a variety of
engine thrusts. This study confined itself to
the high thrust/weight designs. In carrying out
the engine weight estimate the following
components were included:

a) Reactor

b) Pressure vessel,

¢) Nozzle (expansion ratio 100:1),

d) Two turbo pump assemblies,

e) Two propellant management systems,

f) Instrumentation and controls, and

g) In the cases were shielding is
included the shield diameter =
pressure vessel [D.

Results of this study are shown in Figure 2.
These results were determined for three reactor
concepts i.e. nominal, conservative and
aggressive. In addition the results are shown
for shielded and unshielded reactors. [t is
seen that average thrust/weight values for the
three reactor concepts are approximately 26, 19,
and 15 for the aggressive, nominal and
conservative respectively. Addition of
shielding reduces the value of thrust/weight by
approximately 25%. It is seen that all the
systems have thrust/weight ratio above 10.
Since, for a mission to Mars the sensitivity of

IMLED (Initial mass in low earth orbit) as a
function of T/W (Thrust/weight) is very low
above values of T/W of approximately 5 any of
these systems would be acceptable. For values
of T/W below S the value of IMLED rises sharply
and ce§t1y less optimal systems result.

A 75000 1b, thrust engine has been deemed
optimal for a Mars mission. In view of this the
2000 MW (80,000 1b,) reactor was considered in

more detail. Figures 3-6 summarizes these
results. Figure 3 shows the variation of
multiplication factor(k,) with fuel element

pitch/diameter (P/D). It is seen that fer two
moderator volume fraction {.8 and .98) the value
of kq increases with P/D, peaking at
approximately 1.8. Figure 4 shows the variation
of k, with moderator volume fraction for
P/0=1.7. This is a monotonically increasing
function. Moderator porosity is required to
allow for moderator coolant channels and
secondarily to reduce the moderator mass. The
variation of T/W with P/D for the 80,000 1b
engine is shown on Figure S for unshieldeé
reactors. This variation decreases
monotonically with increasing P/T. Finally, for
a P/D=1.7 the variation of T/W with moderataor
volume fraction is shown on Figure 6. [t is
seen that this variation is not a very strong
function. Although it would seem that in order
to maximize T/W the value of P/D should be
minimized. However, the variation of k, with
P/0 (Figure 3) shows that for sufficient margin
in k, requires that 1.7 < P/D < 2.0. Finally,
the efrfect of P/D variation on feedback
coefficients needs to be investigated before the
finai choice of P/D is made.

(%]

A preliminary analysis of reactor shield
performance was carried out. Three shield
designs were considered, all with a thickness of
40 cm. and with a diameter equal to that of the
pressure vessel. It is seen that the two
shields containing hydrogen are the most
efficient at stopping neutrons. The high Z
(number of electrons/unit volume) shield is mast
efficient at stopping gamma rays. However, to
optimize the shield design details of the
components being shielding need to be
determined. An additional requirement of the
shield is to prevent propellant bail off during

operation. It is clear that a lithium
hydride/tungsten shield warrants - further
optimization.

nclysion

The following conclusions can be drawn
from this study.

. The R2BR has several wunique
attributes which make it attractive
as a propulsion reactor.

- High heat transfer area
enables reactor to
operate at high bed
power densities.

- For a given total
power, the high power
density results in a
small and thus low mass

reactor - useful if
redundant engines are
desired.

- Direct coaling of
particles results in

the highest possible
gas temperature for any
particle design -
desirable for
maximizing specific im-
pulse.
- Coolant flow path
ensures that the
moderator controls
(internal or external)
and most structural
components operate at
coolant inlet
temperatures - assures
a wide selection of
moderatars, easures
reliable operation of
control rods and
structural components.

¢ These attributes will result in a
reactor design which should approach
the practically achievable limits of
specific impulse and thrust/weight
ratio for a solid core reactor
design.
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PARTICLE BED REACTOR ENGINE TECHNOLOGY

S. Sandler, R. Feddersen®
Grumman Space & Electronics Division
Bethpage, New York

Abstract

This paper discusses the Particle Bed
Reactor (PBR) based propulsion system being
developed under the Space Nuclear Thermal
Propulsion (SNTP) program. A PBR engine is a
light weight, compact propulsion system which
ofters significant improvement over current
technology systems. Current performance goals
are a system thrust of 75,000 pounds at an isp of
1000 sec. A target thrust to weight ratio (T/W) of
30 has been established for an unshielded
engine.

The functionality of the PBR, its pertinent
technology issues and the systems required to
make up a propulsion system are described
herein. Accomplishments to date which include
hardware development and tests for the PBR
engine are also discussed. This paper is intended
to provide information on and describe the current
state-of-the-art of PBR technology.

Intr i

Particle Bed Reactor engine technology
offers gignificant improvement over existing
propulsion systems in both performance and
mission capability. One propulsion system figure
of merit is Specific Impulse (Isp) which is about 480
sec for the best chemical engine with a thrust to
weight ratio (T/W) of 50 or more. In contrast, a PBR
engine could be capable of an Isp on the order of
1000 sec at a T/W comparabile to that of a chemical
system. The established performance goals woulid
offer enhanced capabilities for missions such as
planetary exploration, manned missions and orbital
transfer vehicle applications. Manned missions
would benefit since transit time can be significantly
reduced, minimizing the adverse affects of zero-
gravity and cosmic radiation.

The PBR concept originally conceived by
Brookhaven National Laboratory is a nuclear
thermal device which makes use of nuclear heating
to directly heat a cryogenic propelient and expel it
through a nozzie to produce thrust. The engine
nozzle can be gimbaled to provide thrust vectoring
and thereby vehicle control. Hydrogen is the
propellent (coolant) of choice due to its high heat
capacity and low molecular weight. Other
cryogenic propellents such as ammonia or carbon
dioxide would be suitable but would be
signiticantly less efticient.

* Member AIAA

L R Descrioti

The core of a PBR for use in a propulsion
reactor is comprised of a hexagonal array of fuel
elements. Each element is surrounded by a

. moderator which slows down neutrons produced

by fissions. Neutrons which are slowed down are
reduced in energy and have a greater likelihood of
producing another fission. The entire core can be
encased in a retlector which improves the
efticiency of the reactor by reflecting neutrons
back into the core. Each element within the core
assembly is made up of two concentric porous
cylinders or (frits) and the fuel bed. Cold H2 gas
enters the outer (cold frit) via an inlet plenum which
is tormed by the cold frit and moderator.The H2
gas then flows radially through the fuel bed where
it is heated to about 3000 Kelvin. This is illustrated
in Figure-1. A

Fuel Element

Fuel Particle

, Hot
% Gas
Reactor Core

Ratlactor

Figure - 1 PBR Build-Up

The heated gas is then channeled through the
inner (hot frit) and collected in a chamber to be

Copyright © 19391 by the American Institute of Aeronautics and Astronautics, inc. All rights reserved



exhausted through a nozzie to produce thrust.
Propellent must flow through the reactor during
and after operation. The cold frit is used as a flow
control device in order to match the flowrate to the
local power profile within the bed. Flow control is
achieved by tailoring the pressure drop of the cold
frit.”

What makes the PBR an attractive heat
source is its high surface area to volume ratio
produced by the particle bed geometry, this
results in a lightweight compact reactor. The fuel
itself is a 500 micron sphere containing a fue!
kernel of UC2, layers of pyrolytic graphite for
containment of fission products and a zirconium
carbide outer layer for erosion protection.

Although power decays exponentiallyafter
shutdown, the core still produces energy which
must be removed. If a flow to power match is
maintained the temperature ot the outlet gas can
remain constant and some performance can be
recovered. Post operational flow (cooldown flow)
must continue until the decay power generated by
the core is in equilibrium with the heat radiated to
the environment.

Reactor Control System

Control of the reaction is accomplished by
using neutron absorbent material such as cadmium
or gadolinium which act as poisons. Mechanisms
for control vary the exposure or view factors of the
poisons.

Control mechanisms must operate in a
severe radiation environment. Drive motors or
actuators of mechanical control elements must be
cooled or remotely located to avoid problems
associated with nuclear heating.

T | !

The power generated within the particles
of each element vanes axially as well as radially. [n
addition, the total power generated in each
element within the core is not constant. Due to
this variable power distribution, a propellent
flowrate which is matched to local power is required
to avoid excessive temperatures in the particle
bed. Power to flow matching is of particular
importance during startup.

Since the flow passages within the
element are small, local high particle temperatures
could occur from a blockage in the cold frit, hot frit
or bed itself. A blockage can be caused by the
break-up of particles producing debris which can
plug the hot frit or bed. The cold frit is of lesser
concern since any debris from the particles would

9
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be carried toward the hot trit since this is an open
system. In addition the flow passages of the hot frit
are relatively large compared to the bed, therfore it
is not likely to plug.

Depending upon the application, a fast
start requirement (rapid rise to full power) resuits in
significant thermal stresses. Both the bed and hot
frit will undergo a thermal transient from cryogenic
temperature (=25 K) to operating temperature
(=3000 K) in the desired time frame. Expansion of
the bed must be considered in the design of the
fuel element.

A key technology issue is the protection of
materials from high temperature and erosion. High
temperature coatings are required to protect the
particles and hot frit. Particle coatings are
designed to be erasion resistant and neutronically
benign as well as resistant to cracking and spalling .

Due to the nature of cryogenic propellents
bi-phase flow within the reactor and or the
propulsion system is a concern. Liquid Hp, for
example, can contribute to the reaction within the
core and thus is not desirable. In addition bi-phase
flow within the ducting of the propellent feed
system can cause flow oscillations and choking.

H

lopm T

Development hardware efforts to date
include the fabrication of fuel particles, hot and
cold frits as well as test apparatus and test
specimens. Fuel particle coatings to minimize
erosion of the particles in hot hydrogen, and a
high-temperature turbine development program to
fabricate a turbine capable of 2750K are also in
development. The following photographs depict a
sample of the constructed test hardware.
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The most advanced test to date of a
complete fuel element occurred in the Pulsed
Irradiation of a Particle Bed Reactor Fuel Element
(PIPE) test which was conducted in an existing

reactor. Hydrogen gas was heated to
temperatures near 2500 K in this test. This test
was very useful for the development process. The
next major test of a complete fuel element will be
run in a test called NET (Nuclear Element Test)
which will be run toward the end of FY-92.

V. Pr i ri

Figure-2 schematically illustrates how the
reactor core is integrated into a pressure vessel
and nozzle assembly to produce an engine. The
nozzle as depicted in Figure-2 is not
regeneratively cooled and is assumed here to
made of Carbon-Carbon.

Buildup to a propulsion system from the
basic engine shown in Figure-2 requires the
integration of several additional systems. These
systems provide for: startup, propellent feed,
engine control and engine cooldown.

AIAA-92-1483
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Figure - 2 Engine Schematic

Start System

System startup can be achieved through
the use of a pressurized or hot gas which is fed to
the turbopump to begin a bootstrap start if fast
stagts are required. An alternative is to bootstrap
using the thermal mass of the system to gasify the
H2 and tank head to produce turbine rotation.
However this alternative is slow and bi-phase flow
becomes a significant problem. In addition a large
tank head requirement will result in a heavy
propellent tank.

Propellent Feed System

Propellent is delivered to the reactor from
a turbopump which is powered by heated
Propellent. Depending on the type of cycle used,
the energy to drive the turbine is supplied as
follows:

In a bleed cycle a small portion of hot gas is
tapped from the thrust chamber and depending on
the temperature limits of the turbine may be mixed
with cold flow to achieve the desired temperature.
A turbine rotor and housing made of Carbon-
Carbon with a suitable high temperature coating
would not require mixing. Exhaust from the
turbine can be passed through a nozzle to recover
some performance (Figure - 3).
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Figure - 3 Cycle Schematics

In the case of a full flow cycle, the full
propellent flow passes through a regeneratively
cooled nozzle as well as the reactor pressure
vessel and then enters the turbine where work is
extracted. The turbine exhaust then feeds the
reactor core. Since the full massflow passes
through the turbine the required temperature rise
is low cempared to the bleed cycle. The core
receives full flow which drives up overall system
performance but the weight penalty associated
with a full flow turbine and ducting must be traded.
Weight penalties can be minimized with a split flow
cycle which delivers only a portion of the full flow to
the turbine after being heated by the regen and
reactor vessel. The turbine exhaust in this case is
introduced into the remaining flow into the reactor.
In Man Rated applications the reactor shielding
must be cooled and would also be a source of heat
for the turbine. The cycles in figure-3 are shown
without shielding and in both cases would require
some flow for cooling equipment.

Engine Control System

Control of the engine involves matching
the power and flow along with monitoring engine
parameters. Flowrate is controlled by varying the
speed of the turbine. A control valve located on
the inlet line to the turbine regulates the flow into
the turbine and thereby its speed. In addition a
control valve as shown in Figure-3 (bleed cycle)
regulates the cold flow to the mixer in order to
maintain a desired turbine inlet temperature.
Power and flowrate can be measured to achieve a
power-flow match. Reactivity control involves the
use of neutron poisons such as cadmium. In the
even! of a safety shutdown or SCRAM a
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mechanism capable of delivering a sufficient
amount of neutron absorber or poison must be
available.

To maintain a constant desired outlet
temperature, changes in power must result in
changes in flowrate. The question of fiow
response should be addressed to determine the
time required for the flow out of the pump to reach
the core. Depending on the thermal inertia of the
system a sufficient lag in flow response time can
result in an unacceptable temperature rise within
the core in the event of a power anomaly.

Shutdown System (Decay Heat Removal)

Reaclor power decay is a function of
power level and engine run time. Decay is
exponential but the energy generated over a
period of time is considerable. The volume of
propellent which must be carried for decay heat
removal is mission dependent, a long period of
coast would require a significant volume of
propellant to be carried. Depending on the
specified exit gas temperature the total volume of
propelient required can be as high as 10% of the
tank capacity. A high exit temperature is desired to
maximize efficiency and minimize propelient
volume. However, erosion due to high
temperature exposure of components over a long
period of time is a problem. Thrust produced
during cooldown can resutt in usable impulse.

Delivery of propellent to the core during
the decay heat removal period can be
accomplished by using a dedicated system or use
of the main propellent tank. Figure - 4 is a
conceptual design of a PBR engine system which
uses the main tank for cooldown flow. Tank head
is maintained using a gaseous helium source to
provide sufficient pressure for hydrogen
blowdown. Maximizing cooldown performance
requires matching flowrate to decay power but a
minimum flowrate may exist to ensure proper flow
distribution through the core.
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Figure - 4 Conceptual PBR Engine Schematic

The conceptual design in figure - 4 uses a
solid propellent gas generator (SPGG) or starler
cartridge. The SPGG provides power to the
turbine during starlup. Reactor power must come
on line before the cartridge is exhausted, and at
this point bleed gas from the chamber can be
phased in to begin bootstrap. Note this design
provides reactor shielding. Shield cooling in this
case is provided by the full pump flow. Operational
tank pressurization is provided using the turbine
exhaust to heat a predetermined flow which is
tapped from the main propelient feed line

Mass estimates for the conceptual engine
shown above for a 75,000 Ibf thrust fevel are
shown on Figure - 5. Masses are approximate and
represent an engine system without shielding.
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Core Assembly.......ccoccevennnnn 1390
Reactor controls.........cooueeeeenes 170
Pressure Vessel/

Nozzle Assembly................... { 540
Propellent Feed Sys.

(inc. TPA Lines,Valves).......... 330
Instrumentation...................... 100
Total Mass Estimate (Ibm) 2530

Figure - 5 Estimated Mass Breakdown

Y. Pedormance Benefits

The benefits of high Isp include the
capability to put more payload into orbit and allow
for high AV missions. High AV missions enable a
vehicle to reduce transit time by achieving a
greater velocity or to enable a vehicle to travel
further in space. Figure - 6 illustrates the
improvement in payload capability of a PBR at
1000 sec of Isp compared to the best chemical
engine at an Isp of 480 sec. A dramatic increase in
payload at a given AV and useful payload capability
at higher AV are realized with increasing Isp. For
interplanetary missions high Isp provides a larger
payload capability.
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AV Knvs
Figure - 6 Benefit of High Isp
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The high thrust-to-weight ratio of the PBR
engine offers it a significant advaniage over other,
low thrust-to-weight nuclear thermal rockets. A
PBR engine generating 75,000 Ibf thrust would
weigh approximately 2500 Ibs, whereas a NTR with
an engine T/W ot 4 would weigh 18750 Ibs at the
same thrust level. The PBR would permit an
additional 16,250 Ibs of payload for the same



mission, and enables missions with much smaller
initial masses in Low Earth Orbit (LEO). For
example, the Tilan IV launch vehicle can deliver
approximately 50,000 tbs to LEO. If a high velocily
mission to one of the outer planets was desired, a
vehicle equipped with the PBR engine could be
delivered to LEO with only one Titan launch,
whereas a vehicle equipped with a low engine T/W
system would require two or more launches. With
the cost of delivering payload to orbit al several
thousand dollars per pound, the PBR enables
enormous reductions in launch costs, and ailso
eliminates the risks associated wilh on-orbit
assembly and multiple launches.

Y1 _Conclusions

PBR engine technology will provide a
propulsion system offering major advantages over
current technology as well as other nuclear thermal
designs. Its compact size and weight yield a very
high engine T/W providing greater application
capabilities.

Manned missions would benefit from
reduced transit time and reduced exposure 1o
cosmic radiation. As an upper stage, a PBR
engine will significantly reduce launch costs. The
system is an important element in the Space
Exploration Initiative (SEI) and will serve our nation
in becoming leaders in space.
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THE PARTICLE BED REACTOR
NUCLEAR WASTE CONVERSION OPTION

Radioactivity is a naturally occurring phenomenon that, even though most of us may not
realize it, is a part of our every-day life

There are many examples of natural and artificial radioactivity that we live with and depend

upon on a daily basis. Examples of naturally occurring radiation are the cosmic rays that

penetrate our earth's atmosphere from outer space, radioactivity from elements in the earth's
crust, and yes, even from small amounts of radioactive elements in each and every one of us.

We depend upon radioactivity to help us stay healthy. Radioactivity is nature’'s phenomenon

that allows doctors and dentists to use X-rays to determine if you have a broken bone or a

cavity in your teeth. Radioactivity is used to power heart pacemakers, as well as NASA's

interplanetary satellites such as Voyager and Galileo.

Thus, we see that radioactivity can enhance our lives when it is handled with knowledge and
treated with respect. As with most of nature's benefits, if radioactivity is handled in an
indiscriminate manner it will become a detriment to mankind. We have all benefited from
electricity generated from environmentally-clean nuclear power stations. Our country's
nuclear weapons program preserved the world's peace during the tensions of the cold war,
until its recent end. However, both the commercial nuclear power industry and our country's
nuclear weapons program have produced, as a byproduct, a large amount of radioactive
nuclear waste. The United States has now put a high priority on the safe disposal of the
nuclear waste it has stockpiled over the past forty years.

Nuclear waste is classified as either "low-level” or "high-level." Low-level nuclear waste is
material that remains radioactive for a limited amount of time; that is, seconds to a few hundred
years. Low-level waste can be effectively stored and maintained in burial sites until it is no
longer a threat to the environment. High-level nuclear waste, on the other hand, can remain
radioactive and a threat to the environment for thousands of years. Many experts believe that
we can safely bury the high-level waste in geologically stable storage caverns, but many
believe that we do not have the right to burden our future generations with our high-level
waste.

As an alternative to storing the high-level nuclear waste, we can convert it to low-level waste in
an intense field of low-energy neutrons. One very promising concept for producing this intense
field of low-energy neutrons necessary for a nuclear waste conversion system is the Particle
Bed Reactor (PBR). The PBR is a nuclear reactor concept that was first introduced by
scientists at Brookhaven National Laboratory. It is now being developed for military
applications and space exploration by an industrial team lead by Grumman, working in
coordination with National Laboratories. Due to the intense neutron field it produces, the PBR
Nuclear Waste Converter System converts the high-level waste to low-level waste in a short
amount of time and with a small in-reactor inventory of radioactive material.

As with much of the technology that we benefit from today, the PBR's origin was for military
application. The Grumman industrial team and National Leboratories are investigating the use
of this technology to solve an environmental concern for the benefit of all mankind.



PARTICLE BED REACTOR
NUCLEAR ROCKET CONCEPT

Hans Ludewig
Brookhaven National Laboratory

It is gratifying to see that we are not the only ones talking about the particle bed reactor
anymore (Refer to concept just presented by J. Ramsthaler).

The concept (see Figure 1) consists of fuel particles, in this case (U,Zr)C with an outer
_coat of zirconium carbide. These particles are packed in an annular bed surrounded by
two frits (porous tubes) forming a fuel element; the outer one being a cold frit, the inner
one being a hot frit. The fuel elements are cooled by hydrogen passing in through the
moderator. These elements are assemblied in a reactor assembly in a hexagonal pattern.
The reactor can be either reflected or not, depending on the design, and either 19 or 37
elements, are used. Propellant enters in the top, passes through the moderator fuel
element and out through the nozzle.

Beryllium is used for the moderator in this particular design to withstand the high
radiation exposure implied by the long run times.

As far as design philosophy is concerned, T would like to introduce another parameter
(Figure 2). Stan.Gunn talked about the importance of specific impulse. 1 would like to
talk about the added importance of thrust-to-weight ratio as well. Mission analyses
indicate that the thrust-to-weight ration should be above 4.0.

We looked at two reactor designs; one that tried to maximize the thrust-to-weight and
one tried to maximize the specific impulse (Figure 3). To maximize the thrust-to-weight
requires a high power density, high pressure, and high temperature. These requirements
result in a small, high thrust reactor. :

The high specific impulse design operates at reduced pressure to introduce some
dissociation of the hydrogen and thus increase the specific impulse. A low power density
is implied by operating at a low pressure. Because of the lower density of the gas, the
engine becomes bigger, heavier, and the thrust is lower.

These are the parameters which were considered (See Figure 3). The engines range
from 1,000 megawatts to 5,000 megawatts, in the high thrust-to-weight cases and 500 to
2,000 megawatts in the specific impulse case.

Power densities in the bed were also varied. This is not average power density of the
core, but in the bed. The chamber temperatures range over 2,500K to 3,500 K and in
the low pressure case we increased the temperature beyond from 3,000 K to 3,750 K.



The pressures range considered was 7 MPa - 14 MPa, depending on power density. At
the higher bed power density, higher pressures are required. The low pressure case
operated at a much lower pressure; 0.5 MPA.

We did full up analyses of these cores. These reactors were all found to be critical and
coolable. We took into account pressure drops and heat transfer in the fluid dynamics
analyses.

An important point 1 want to make here is that thrust to weight ratio drops (Figure 4)
when comparing the two reactor design philosophies. These are unshielded and still
within the limits of the baseline. However, as soon as one adds on a shield, and again
this shield is a fairly cavalier design, one notices that the low pressure design drops way
down and is below the baseline requirement. '
Technology status (see Figure 5) is divided into analysis, proof of principle experiments
and prototype experiments. As far as analysis is concerned, we use the Monte Carlo
code (MCNP) that is standard in the industry.

In the case of fluid dynamics, we did have to generate our own codes. One cannot use
an off-the-shelf fluid dynamics code and modify it. We made a 1-D survey code and
transient code to study start-up. These were reported on at the Albuquerque meetings in
1987.

We iise the standard Ergun correlation for pressure drop in the bed. There has been
additional work by Achenbach that essentially confirms this work and lf}ul was reported
in 1982 in Munich. .

As far as the materials work 1s concerned, we have done various tests and the most
significant had to do with the compatibility of zirconium carbides and hydrogen. Again,
this was reported in 1985 in Albuquerque.

As far as the electrically heated tests are concerned, we built full diameter, half length
fuel elements, and demonstrated that we can extract ten megawatts per liter from the

bed.

In the cuse of fuel development, muny people have looked at zirconium carbide coated
fuel particles. I just refered 1o an ORNL report here, but work has gone on in this
country. The Germans have looked at it, and so have the Soviets and Japanese. As for
the UC/ZrC kernel, there is a reference that goes back 10 1963 that reported
manufacturing these. So I would put the technology readiness of this concept at around
four.

The other item we were asked to address was the potential for new technology and
safety requirements (see Figure 6). I think that for our concept, coatings are important.
The mixed carbide coatings which have a4 melung point of about 4,000 K would really



help.

Finally, enhanced light weight structures are important. Particularly if one can make
them out of low Z materials in an effort to reduce the radiation heating, particularly if
high power densities are required to maximize the thrust-to-weight. The platelet
technology which Aerojet worked on for some time for reentry vehicles would be very
useful in our moderators.

Safety issues are generic for most concepts (see Figure 7). Fuel element test reactor
safety is uppermost in our work. The ETR (Element Test Reactor) will be used to
develop the fuel element for the full scale reactor.

Ground test facilities are required to test several engines, to develop a reliable system. I
would like to see a space craft with at least three engines on it, and that’s where the high
thrust-to-weight ratio requirements comes in. If one can design an engine that has a high
thrust-to-weight ratio, one can afford to put several of them on the vehicle and still meet
the thrust-to-weight goal.

Launch criticality and Earth reentry; these are standard accident scenarios that we all
have to analyze.

Several energy gelease scenarios exist. Those associated with hydrogen
deflagrations/detonations will probably be more important than those from nuclear
evenfs. I think we all know what is required there.

We think that we can propose multiple engings with our concept (see Figure 8). If we
select a high thrust-to-weight ratio, small shields are implied. These would be smaller
since they don't have to be shadow shields and they would also be easier to decouple,
assuming that's a requirement.

The fuel particles are small and most particles in the bed are relatively cool. The only
ones that are hot are the ones that are closest to the hot frit. Three-quarters of them
will be cooler and thus failure and fission product release is expected to be low.

We have tried to make our designs using light weight materials with low Z to reduce the
radiation heating effects. The thermal gradients are fairly moderate across most
components, implying low thermal stress.

As far as key technology issues are concerned for high temperature particles, the erosion
resistance is certainly important (see Figure 9). [ would like to point out at this stage
that the velocity of the coolant through the bed is of the order of 50 to 100 meters per
second. Tests should be done on particles in hydrogen at about 7 MPa, at operating
temperatures of about 3,000 K at that velocity.



Again, the same comments hold for the frit. The velocities are again the same since the
coolant flows radially through the frit. The cold frit has to be manufactured, as was
pointed out earlier, to have variable porosity to shape the flow.

We have a large selection of moderators at our disposal. In the current design, we use
beryllium. However, various materials can be used, since the moderator operates at inlet
temperature. Thus, we.can use it to maximize whatever parameter we want to maximize.

It is important to cariy out an integrated element test (see Figure 10). This should be
done in a test reactor. We would test for cyclability, and also demonstrate that we don’t
have any auto catalytic failure modes.

As far as the rest of the engine is concerned, I think a radiatively cooled carbon/carbon -
nozzle should be developed. It has to be nuclear-radiation resistant, erosion resistant,
and joined with the pressure vessel.

The key technology for the turbo pump, would be development of carbon/carbon rotors
in order to reduce the heating and operate at reactor outlet temperature.

The schedule and costs have been divided into four major tasks before the year 2006:
design analysis, technology development, engine test reactor system, and then the GTE,
which would be the ground test system (see Figure 11).

o

A

The first task is a design .mdlysns which continues through the CDR (Critical Design
Review) for the flight test engine. Technology development would inclide tests,
primarily on fuel, coating, and frit materials. The element test reactor would be used to
carry out the integrated test on the fuel element.

We estimate that the entire program would cost one and a half billion dollars.
Approximately a billion dollars would be required for the program to advance through to
the ground test.

In the first year we will develop an engine design compatible with the mission (sce
Figures 12 and 13). In cuarrying out this task, we need 1o follow these philosophies:
maximizing the thrust-to-weight or the specilic impulse, depending on the system
analysts; developing a plan to carry out the proof of principle test; and then of course
starting the experimental work.

In phase one, the engine work will be continued. We will demonstrate high temperature
particles to meet the mission, demonstrate that we can build hot and cold frits that
would meet the mnission cyclability, and operate full-scale elements in the test reactor.
We would have to carry out a critical experiment. Nobody mentioned a critical
experiment yet, but that’s a physics test to nuke sure the physics methods are validated.
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In order to develop the fuel element design, one would first carry out electrically heated
tests and then eventually nuclear heated tests. Design of the ETR, which is the element
test reactor, would be a major effort. There would have to be some work on the
carbon/carbon nozzle. Finally the demonstration of carbon-carbon turbine rotors and
mixer will be required.

For phase two, we have to select the site for the element test reactor and satisfy all
safety requirements (Figure 14). We would prepare the site and then construct and carry
out the test. T am sure-that there are many other tasks in there, but that’s approximately
five years away.

As far as major facilities are concerned, critical experiments could be carried out at the
available facilities; Los Alamos, or ANL (see Figure 15).

We would have to have a fluid dynamics test facility to check the two phase flow
problems involved in start up. A large amount of hydrogen will be required and
probably some of the NASA labs would be good candidates for these tests.

An ETR site would have to be selected. It is not clear where one would construct it. 5T
Aight-beconceptspecific. | am sure that the test cavity in the middle of the reactor to

test concepts would be different depending on the concept. Again, the site for the GTE
would have to be selected. Of course, the GTE would be concept-specific, as well.

Finally the GTE might have to have an altitude chamber to simulate start up,

particularly if one is going to have a regeneratively cooled nozzle, since the pressure

drop must be simulated, implying a sufﬁcientlx large nozzle.

In conclusion, we feel that the PBR has several advantages for this mission (Figure 16).
High heat transfer allows it to operate at very high power densities for a given total
power. Thus we can design a very high-thrust, light-weight reactor. This would be useful
if one wants to use redundant engines. Direct cooling of the particles enables one to
operate as close as possible to the material limits of the coating. The coolant flow path
ensures that all internal components of the reactor, moderator, control rods and so forth
operate at inlet temperatures. This ensures reliable operations. And finally we feel that
for solid core rockets, this concept would get the closest to the achievable limits, whether
one wants to maximize thrust-to-weight or specific impulse.
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SCHEMATIC REPRESENTATION OF
A PARTICLE BED REACTOR BASED ROCKET CONCEPT

BASELINE FUEL ELEMENY
MODERA BLOCX
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DESIGN PHILOSOPHY

MAXIMIZE THRUSTAVEIGHT

HIGH POVWER DENSITY
HIGH PRESSURE
HIGH TEMPERATURE
SMALL SIZE

HIGH THRUST

MAXIMIZE SPECIFIC IMPULSE

LOW POWER DENSITY

LOVW PRESSURE

ULTRA HIGH TEMPERATURE
LARGE SIZE

LOW THRUST

[

Figure 1

Figure 2



ENGINE PARAMETERS

HIGH THRUST/WEIGHT HIGH SPECIFIC IMPULSE
POWER (MW) 1000 - 5000 500 - 2000
AVERAGE BED POWER DENSITY (MW/L) 20 - 80 5
CHAMBER TEMPERATURE (K) 2500 - 3500 3000 - 3750
CHAMBER PRESSURE (MPA) 7.0-14.0 0.5
SPECIFIC IMPULSE (S) 850 - 1060 1000 - 1300
THRUST (N) 2.0 (5) - 1.0 (6) 6.0 (3) - 2.0 (5)

Figure 3

CALCULATED PARAMETERS

HIGH THRUST/WEIGHT  HIGH SPECIFIC IMPULSE

TOTAL ENGINE MASS (W/O SHIELD (kg) 650 - 5500 2800 - 6000
THRUST/WEIGHT (W/O SHIELD) 20- 35 40-75
SHIELD MASS (kg) 1300 - 6300 3700 - 7900
THRUST/WEIGHT (W/SHIELD) 8.6 - 14 20-32
MAXIMUM FUEL TEMPERATURE (K°) 2500 - 3650 3200 - 3900

Figure 4
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STATUS OF TECHNOLOGY DEVELOPMENT

(BASED ON WORK CARRIED OUT FOR OTY AND KMW PROGRAMS)

PHYSICS

FLUID DYMANICS HEAT TRARSFER MATERIALS

AMALYSIS  EXPLICIT MONTE CARLO
ANALYSIS - MCNP
(LA-7396-n) (1986)

1-D SURYEY COOE --
1-D TRANSIENT COOE

(4TH SYR. ON S.K.P.,

ALB., NM) (1987)

PROOF OF PRESSURE DROP MEAT TRANSFER  COMPATISILITY of
. PRINCIPLE - CORRELATION CORRELATION Irc VITH W, (2™ ST,

EXPERIMENTS ERGUM (CHEM. ENG. ACHENSACH ' ON S.N.P., ALB., KN)

PROG. 48:89-97) (INT. WEAT (198%)

(1952) TRANS. CONF.

MUMICH) (1982)

PROTOTYPE -- ELECTRICALLY HEATED 8LOVDOWN Irc COATED FUEL PARTICLES
EXPERIMENTS EXPERIMENTS (6™ SYM. ONH S.K.P., (HOMAN AND KANIA,

ALB., NM) (1989) ORNL/TR-90B5, JAN. 1985),

(UZr)-C FUEL PARTICLES
(SYN. OH CARBIDES IN NUCL.
ENG., HARWELL) (1963)

"

Figure 5

-

POTENTIAL NEW TECHNOLOGY AND SAFETY REGUIATQRY IMPACT

. HIGH TEMPERATURE COATING TECHNOLOGY FOR FRITS AND FUEL

. FIBER ENHANCED LIGHT WEIGHT STRUCTURAL MATERIALS

. LOW Z TO MINTMIZE RADIATION HEATING

. PLATELET CONSTRUCTION OF COMPONENTS TO FACILITATE FLOW CONTROL AND

COOLING.
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FUEL ELEMENT TEST REACTOR SAFETY

GROUND TEST FACILITY SAFETY FOR AN OPEN CYCLE REACTOR
RELIABILITY/REDUNDANCY FOR SYSTEM MAN-RATING

LAUNCH (_:R.ITICALITY ACCIDENTS

EARTH RE-ENTRY ACCIDENTS

ENERGY RELEASE OF POSSIBLE FAILURE SCENARIOS

EXTENSIVE SAFETY REVIEW AND DOCUMENTATION EFFORT REQUIRED

COMPACT SIZE AND WEIGHT
- MULTIPLE ENGINE REDUNDANCY POSSIBLE
- EASIER TO SHIELD

- EASIER TO NEUTRONICALLY DECOUPLE MULTIPLE ENGINES

CONTAINMENT/CONFINEMENT CAPABILITY OF FUEL PARTICLES
- REDUNDANCY

- MOST PARTICLES ARE RELATIVELY COOL

MOST CORE MATERIALS ARE COOL

USE OF LIGHT-WEIGHT STRUCTURAL MATERIALS MINIMIZES
RADIATION HEATING

THERMAL GRADIENTS ACROSS MOST INDIVIDUAL COMPONENTS ARE
SMALL
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Figure 8
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KEY TECHNOLOGY | E

HIGH TEMPERATURE PARTICLE/COATING
- EROSION RESISTANT

- NEUTRONICALLY BENIGN
- COMPATIBLE WITH HOT FRIT

HOT FRIT/COATING
. EROSION RESISTANT

- COMPATIBLE WITH PARTICLES
- ACCEPTABLE MECHANICAL PROPERTIES

COLD FRIT
- MANUFACTURABLE WITH VARIABLE POROSITY

- NEUTRONICALLY BENIGN

MODERATOR

- LARGE SELECTION OF MODERATOR POSSIBLE WITH P8R
SELECT MODERATOR WHICH WILL BE COMPATIBLE WITII MISSION PROFILE

KEY TECHNOLQGY ISSUES (cont'd)

INTEGRATED FUEL ELEMENT TEST

- DEMONSTRATE ABILITY OF FUEL ELEMENT AND THUS REACTOR TO
REPEATEDLY CYCLE IN POWER FROM ZERO TO FULL POWER

- DEMONSTRATE MAXIMUM LIMIT IN ACHIEVARLE BED POWER DENSITY

AND HOT CHANNEL FACTORS

- DEMONSTRATE STABLE OPERATION OF ELEMENT, NO AUTOCATALYTIC
TEMPERATURE OR FUEL FAILURE MECHANISMS

CARBON/CARBON NOZZLE - RADIATIVELY COOLED OP'TION

- EROSION RESISTANT
- JOINT WITH PRESSURE VESSEL

TURBO PUMP ASSEMBLY

- CARBON/CARBON ROTORS FOR TURBINE
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Figure 9

Figure 10



CH AND _COST

PHASE 1 1 m
: i
! FY
ACTIVITY %0 92 34 96 98 00 02 O¢ 06 08 10 12 14 16 18 20 COST (3n)
1ST YEAR
1. DESIGN AND COR (ETR) COR (FTE)
ANALYSIS B ... 30
COMPLETED
2. TECHNOLOGY TESTS 0
oeveLoPmENT L ¥ _
SITE TESTS
3. ELEMENT TEST COR PREP. COMPLETED 320
REACTOR v ¥ ¥ .
STE
SITE GTE TEST 500 .
4. EHGINE COR PROPOSED MANUFACTURE CONPLETED
DEVELOPMENT v 1 ¥ 3y
AND GTE
CONPLETE
SPACE
5. SPACE QUALIFICATION
QUALIFICATION | SR | 600
1500
&
-
R . TE A TIE

. FIRST YEAR

DEVELOP ENGINE DESIGN COMPATIBLE WITH MISS{ON ANALYSIS

DEVELOP A PLAN FOR COMPONENT PROOF OF PRINCIP'LE AND
PROTOTYPIC EXPERIMENTS BASED ON ABOVE DESIGN

START EXPERIMENTAL WORK

Figure 11

A » [
Figure 12



. CRITICAL TEST - PHASE 1
- CONTINUE ENGINE DESIGN AND DEVELOPMENT
- DEMONSTRATE A HIGI TEMPERATURE PARTICLE TO MEET MISSION NEEDS
- DEMONSTRATE BOTH HOT AND COLD FRITS TO MEET DESIGN GOALS
- OPERATE A FULL SIZE FUEL ELEMENT IN A TEST REACTOR (TREAT, ACRR)
- CARRY OUT A CRITICAL EXPERIMENT
- CARRY OUT PROTOTYPIC ELECTRICALLY HEATED FUEL ELEMENT
FLOW EXPERIMENT TO DEMONSTRATE REPEATABLE, STABLE
OPERATION AT MAXIMUM POWER DENSITY
- DESIGN ELEMENT TEST REACTOR (ETR)
| - DEMONSTRATE CARBON/CARBON NOZZLE

- DEMONSTRATE CARBON/CARBON TURBINE ROTORS

- DEMONSTRATE MIXER FOR TURBINE FEED

g,

CRITICAL TESTS/ACTIVITIES (cont'd)

. CRITICAL TESTS - PHASE {1 AND 111

- SELECT SITE FOR ELEMENT TEST REACTOR AND SATISFY ALL
NECESSARY REGULATORY AND SAFETY AGENCY AND REQUIREMENTS

- PREPARE TEST SITE FOR ETR AND GROUND TEST ENGINE (GTE)
- CONSTRUCT AND CARRY OUT FUEL ELEMENT TESTS
- DESIGN GROUND TEST ENGINE (GTE) -

- CONSTRUCT AND CARRY OUT GTE TEST PROGRAM

Figure 13

Figure 14



MAIOR FACILITIES REQUIREMENTS

CRITICAL EXPERIMENTS (LANL, ANL (WEST AND EAST))
FLUID DYNAMICS FLOW FACILITY TO VERIFY TWO-PHASE FLOW AND FLOW
INDUCED VIBRATIONS EFFECTS DURING START-UP AND RUNNING

- MUST HANDLE LARGE QUANTITIES OF HYDROGEN (NASA LABS)
SITE FOR ETR - NEW

ETR - NEW MAY BE CONCEPT SPECIFIC

SITE FOR GTE (SAME AS FOR ETR (?))

GTE - CONCEPT SPECIFIC

GTE - ALTITUDE CHAMBER TO TEST START UP

Figure 15

CONCLUSION '

THE PBR HAS SEVERAL UNIQUE ATTRIBUTES WHICH MAKE IT ATTRACTIVE AS A
PROPULSION REACTOR

- HIGH HEAT TRANSFER AREA ENABLES REACTOR TO OPERATE AT HIGH
BED POWER DENSITIES

- FOR A GIVEN TOTAL POWER, THE 11HGHI POWER DENSITY RESULTS IN A
SMALL AND THUS LOW MASS REACTOR - USEFUL IF REDUNDANT
ENGINES ARE DESIRED

- DIRECT COOLING OF PARTICLES RESULTS IN THE HIGHEST POSSIBLE
GAS TEMPERATURE FOR ANY PARTICLE DESIGN - DESIRABLE FOR
MAXIMIZING SPECIFIC IMPULSE

- COQLANT FLOW PATIl ENSURES THAT THE MODERATOR CONTROLS
(INTERNAL OR EXTERNAL) AND MOST STRUCTURAL COMPONENTS
OPERATE AT COOLANT INLET TEMIPPERATURES - ASSURES A WIDE
SELECTION OF MODERATORS, ENSURES RELIABLE QPERATION OF
CONTROL RODS AND STRUCTURAL COMPONENTS

THESE ATTRIBUTES WILL RESULT IN A REACYOR DESIGN WHICIH SHIOULD
APPROACII THE PRACTICALLY ACHIEVABLE LIMITS OF SPECIFIC IMPULSE AND
THRUST/WEIGHT RATIO FOR A SOLID CORLE REACIOR DESIGN
164 Figure 16



