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I. INTRODUCTION

The nuclear rocket offers a step increase in specific impulse over
that obtainable from high energy chemical rocket systems. This propulsion
advancement improves our ability to accomplish high energy space missions.
Accordingly, the nuclear rocket will be the principal propulsion system
for manned planetary exploration and will also be useful in extended lunar
exploration and unmanned solar-system missions.

The current effort in the United States is directed at establishing
the technology of nuclear rocket systems and evaluating their real perform-
ance and operating characteristics in advance of the establishment of firm
mission specifications., Such an advanced technology development approach
will assure that the system can be relied upon when future space missions
are identified and established as firm objectives.

The major effort of the nuclear rocket program in the United States
is devoted to propulsion systems which use reactors based upon graphite
technology. However, a small but still significant part of our resources
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iz deveted lto experimental and analytical investigations of the feasibility
«f alternate and more-advanced nuclear rocket propulsion concepts. These

alternate concepts include primarily refractory metal reactors and secondar- K
ily, molten metal reactors, fluidized beds, and gas core reactors. These ‘
various concepts require differing levels of technological development and

dadvancement and offer different potential performance levels. Accordingly, )

ifunding levels for each of these concepts differ markedly but their total
is substantially below the total effort devoted to graphite systems.

50lid cure nuclear rockets, with special emphasis on the grapnite
reactor systems, are undoubtedly in the most advanced state of developnent '
of any of the nuclear propulsion systems. Their performance potential has
already been demonstrated by prototype reactor tests. Longer time lests
4imed at establishing performance limits are planned during the next several
years. Engineering and technology development work is well underway. Solid
core nuclear rockets, therefore, will be the first advanced propulsion sys-
rems developed for mission use and we can assess thelr applicability and
avallability with greater assurance than is the case for any other nuclear
propulsion system.

The earliest potential application of nuclear rocket propulsion wculd
be as a third stage in the Saturn V vehicle. ihen substituted for the
chemical-rocket 5-IVB stage, a nuclear stage would increasze lunar landed
payload by 35 to 65 percent, Such payload increments could greatly enhance
a program of extended lunar exploration, providing the capability of manned
direct lanuings and a lower number of launches to support 4 given level of
lunar activity. The same vehicle, when used for unmanned missions to the
planets and other solar-system destinations, would increase payloads by 45
to 80 percent, depending on the destination., This gain in performance might
be wvaluable in early phases of the planetary program when the cbjective is
‘o obtain engineering data for the subseguent design of manned spacecraft.
in any case, the nuclear stage offers the potential of increasing the per-
formance and, therefore, extending the utility and useful iife cf Saturn V

The primary mission for nuclear-rocket proepulsion in the long-range
space program is manned exploration of the near plancts, principally Mars
Au adequate job ot surface exploration, implying substantial welights for
scientific tasks and crew accommedations, and including growth margin for N
extended exploration, is a very difficuit mission. In such circumstances
the performance advantages of nuclear rockets are particularly beneficial.
Compared to chemical-rockets, the initial weights in Earth orbit of nuclear
manned Mars spacecraft are lower by a factor of 2-3 or more. Furthermore,
since a typical nuclear spacecraft weight is about two million pounds, the
use of nuclear rockets may be essential to keeping the launch and orbital
operations within reason, Costs of the planetary program would be greatly
reduced and, in case requirements should increase iarkedly, the nuclear
systews would have invaluable growth potential and flexibility,




Graphite reactor anc sngine technoulogy is being developed in the
KIWI/NERVA Projects. These efforts are being directed to ground develop-
ment tests of a reactor and an engine system in the 50,000 lb. thrust
class. The reactor will be capable of being used in a flight system and
the engine technology can be the basis for flight engine development,

The nuclear rocket program includes programs of research and tech-
nology which go beyond the needs of our current reactor and engine projects
to assure that basic data and fundamental understanding stay abreast of per-
formance and lead the way to improved performance. These programs, known
as supporting research and technology efforts, assist our present projects
in the areas of engine systems analysis, feed system performance and com-
ponent behavicr by mapping performance under a variety of conditions. Fun-
damental properties cf materials, the behavior of liquids and gases under
extren: environmental conditicns, and the development of new engineering
designs and ccncepts provide an early indication of areas which will require
emphasis in future projects as well as providing the base of technology
from which these projects will be developed,

The long lead time required to provide test facilities and ground test
support equipment and to carry out the work of designing and developing
rocket reactors makes it necessary to select a size, power level, and de-
sign for the next generation of systems several years in advance of planned
test periods. Among the factors which must be considered are the missions
to be accomplished in the future space program, development and design
problems and uncertainties, the state of technoleogy currently available for
these systems, and the sensitivity of reactor and engine psrformance to
mission variations. Clustering nuclear rocket engines affords flexibility
in this selection. The present KIWI/NERVA technology aliows confidence in
reasonable extrapolation to bigger systems.

Work is already underway on the Phoebus reactors, with the first
tests in this project to be carried out in the smaller KIWI-size reactors
so as to obtain early information on some of the technology to be used in
the bigger cores. .

This discussion will be devoted to nuciear rocket propuision based
upon solid core graphite reactor technology. The discussion is divided
into three principal sections which will cover: Vehicle Applications;
NERVA Engine including KIWI reactor work, and Nuclear Rocket Advanced
Research and Technology including the Phoebus reactor work.
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‘ I1. VEBICLE APPLICATIONS

—

INTRCDUCTION

This portion of the lecture will cover the application of nuclear rockets
in future space migsions. We first assume that there will be advanced space
missions beyond Apollo, including extended luner explorationm and manned ex-
peditions to Mars and, possibly, Vemus. The comsequent desire for advanced
propulsion systems requires no lengthy explamation. T will concentrate orn en
elaboration of mission cheracteristics, performamce comparisoms 2nd the manmer
in which the muclear rocket f£its into the overzll space program.

Figure 1% iz a coarse roadmep of epace missions--past, present and future.
The thres regions of space flight are grranged im columms: Earth orbit, lumar
&nd p_enszary. The horizontal divisienmz show & progressiom in each region from
vamenned missions (at the top) tc early menned developmental filights and,
finally, cperationel marned flights. Corrent avichorized programs are merked
bv asteriske.

I do not intend to go through this chart ir detail; the important thing
it infers is the flow, in both time and technology, from the comparatively low-
energy, low-payload missions we are doing now to more-asmbiticus missions in
the lower righthand half of the mestrix. These high-energy, high-payload mis- d
sions are the primary areas of nuclear rocket application. Chief potential
useg are (1) lunar logistics, {2) upmanned plapetary miesiomns with heavy pay-
icads, and {3} menred planetary expeditiorne. The latter comntinues to be the
vrincipal justification for developing puclear rockets.

Before discugsing these applicaticn 2reas in mecre detail, a few other
»zervetions can be made from such 2 chart format, The integrated nature of
the uaminned and manued programs for lucsr and plametary exploratiom shouid
-2 vroted., Unmenned flights come firzt with both specisal scientific purposes
end & vital rcle in preparing for masnned missioms. The availability cf engimeer-
ipg data for design of manned spacecraft will certainly depend upon data ob-
tained from unmenned probes even though manned systems will be designed to te as
independent as possible of detailed lumer or plametary features. Both types
of wehicles will be flown at lesst during the pericd of manned developmental
fiight and probably even after manmned flights are operational. There is zls¢
& horizontal dependency on the chart: both the long-duratior mamnned lunar mis-
gsions and the manned planetary missions will lean heavily on human and systems
experience in Earth orbit.

Lo T B

L]

Aithough dates ace not shown on the chart, the gemeral timing of the
wmigsions is worth some commept., Anythirg worthy of the neme luner station
or tase should probably be placed in the latter half of the 1970's. Similarly,
ir the plametary program, manned flights te Mars or Venus are probably post-
1980, and planetary operations would be correspondingly later. Many factore
coptribute to this estimate of time scele, but the most besic omes relate to

* Figure numbers in this section showld heve the prefix II, i.e. figure Ii-l.
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systems tecbncicgy and the informatior needed on space and planetary en-
vir.uments. Nuclear rocket technology is just cne of wany which must be
estabiished tc make thece future wissicas possible or practical. Many
other aress will be mwore Mmiting then nuclear rockets in determining the
pace ¢f the future space progranm.

MANNED PLANETARY EXPLORATION

Performance Comparison

Many stulies have led to the coutention that the culy reasonsble form
of propulsion for mamnad Mars ilsnding missions is the nuclear rocket.
Figure 2 iz a piost of initial vehicle weight in Esrth orbit vs. lsunch date,
showing both nuclear and chemical rockets and varistions due to several
other factors. I wiil return *o this figurs later for some interesting
ccmpariscrs: at this print I jdust want to give you a preview of the case
that 1s 12 ke made -~ 2 glimpre of the wagnitule of the edvantage of miclear
rockets in nanned planebery flighnt.,

g St

i

L

These curves are for Mare stopover wissions of 420 days duration; in-
cluding 40 days spent at the plene~. Rocket braling into Mars orbit is
assumed. The payload weights are typical ¢f =ze eariv landing mission,
apd the trajectcries are selacved to approximately minimize initial weight
in Barth orbit. Al gowzh launch opportunities are spaced roughly two
years apart, the waigh* ~urves in figure 2 are drawn as contimious varig-
tions for iliustrative purpmzes. They show tie trend in welght variation
through the sevenleszn-year cycle from ome easiest year +o the next.

The lower curves ars for nuclear rocket propulsion during Earth-orbit
departure snd during srrival and departure mansuver:s at Mars. The upper
Tawily of curves shows the corresponding weight veariations for chemical
reckets, Both the chemical-to-muclear weight ratics and the absolute nag-
aituwdez are important. The ratios vary from a winiwmum of sbout two in
the lowest-energy yeoars to over three an ths most-dafficult years for the
resnbry velocities sssumed, the magnitulss ars about 1.5 - 2.5 million
pounds for nuclesr rockets and 3 = 8 willion for chnemical. Such ratios of
initial weights wake the choice of nuclear rocksts appear only logical;
the magnitudes of the chemical-rocket vebicle weights suggest that the
missions may never be dene without nuclear propulsion. The wveight varia-~
tion from year to year is also important. The use of nuclear rockets
greatly cuts down the differeuce between %he peakz and valleys, suggesting
that one basic vehicle could be made to serve all launch opportunities,

We will examine the many aspects of this cowparison in some detail later,
after discussing trajectories and payloads.

Trajectrries

There are two primary typss of Mars roundirip trajectories with which
we shouid be familiar in order tc assess the role of nuclear rockets in
providing Mars-mdssion cgpabiiity:
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(1) Opposition-class (cr shori) trips, genmerally of LOO-500 days
duration and short (10-40 days) stopover time.

(2) Conjunction-class (or long) trips, with total mission times
of 750-1000 dsys including staytimes of wp tc 0-450 days.

In addition, a variaticn wortk specisl mertion is the Mars roundtrip with
Venus swingby, which makes use of a gravity turm a3t Vemus on either the out-
bcund or homebound ieg of an Earth-Mars irajectory.

Figure 3 shows the geometry of a typicai cppesition-cliase trajectory. The
innzr circle is the orbit of tne Earth about the sun; the outer ellipse is the
ecte21ic orvoit of Mars. whch is alsc inciined 12 the piane of Earth's orbit
nearly tvo Gegrees forming this dazhed iine of modes (4L ). A spacecraft on
a 50C-day roundtrip would :vart from Earih et plint 1 and £211sw the heavy
dotta2d path to its rerdezvous with Mars st nmoint 2. This outbound leg is of
S.months® duratiorm, as soem from the pesition of Earth st 2. (The name "op-
pusazion-:zlass” is due tc the fact ihat Mars 1@ pear opposition -- that is,
directly copposite frim the sun 1o an cbservi: on Earth -~ during the capture
period.) After a stay in Mars orbii of a munmth or so, the spacecraft follows
the dash-dot path back to Earth. The howeward leg is of sbout 6.5 months®
duration, errival at Barth Peing &t point 4.

Rcte that the outbound path stays 2imost compietely between the orbits
of Earth and Mars, but tke return fligbt must cut in close to the sun in order
fer the spacecraft to cateh up wah the Zsrih. The mnimum belliocentric radius
2sy be less than half ar asiromomical umit ( <C.5 A.U.). Such a roundtrip
trajectory is inherently e high-energy flight path. In order to keep the
total mission time dowr *to s vear apd e half ¢r less, the velocity increments
of The varicue propulsion perisds must be reletively high., This figure gives
s cualitagtive indicstion of <his woen we nctz that g large z.gle between the
Jiighl palhs and the pianeteary orbiis corresponds to e high velocity increment
{ AV). The 2nzounders at Mars are both shovws to be high-sngle situstions;
Eazrth return would be ancther, alihougb much of thkis pbase may be handled
aerodynamically.

Compare this geometry to that ¢ a g oz conjupction-class trip shown
in figure 4, In this Plight mode all trajectcry sections stay outside the
Eartk's heliocentric orbit. Hote alsc how smail the encounter angles are.
This is obviously a low-energy class ¢f irips.

A conjunction-class roundtrip is so nemed becsuse planetary conjunction

cccurs during the stay at Mars. That is, Mers is on the far side of the sun
com the Earth aud, to an cbserver on Esrtkh. Mars and th: sun sppear to be in
line, The outbound lzg (from Doiu~s 1 tJ 2 is absur 10 months long. The
return leg (3 to 4} 1s sbout il zonsns in durasicn., In vetween, from points
2 to 3 on the Mars crbit. the -pacecraft sperds over an Earth year at the
deszination planet. Such a iong stopover is regquired because the spacecraft
Mgt walit for the pext chance i0 mel » o low-energy jourusy rack to Earth. The
lengths of both the staytime and the taotal mission time are the key charac-
teristics of conjunction-class trips. Toey raise major technology problems

-
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and uncertainties associated with human factors and system reliability,
but they alsc present the opportunity for extensive exploration which
may be desirable later in a planetary exploration program.

The Vemus-swingby veariation of an opposition-class trajectory is
illustrated in figure 5. In this example the spacecraft travels from
Earth to Mars via Veous. There are an equal number of cases in which the
Venus swingby cccurs on the return leg. Ir figure 5 the outbound tra-
jectory includes a 160-day Earth-Verus ssgmwent (1 to 2) which goes inside
the orbit of Venus before rendezvousing with that planet, At the Venus
encounter the spacecraft makes a clise enough approach for the planet's
gravitational field to act upon its trzjectory. The perturbation, which
in this case is an acceleration, permits the spacecraft to catch up with
Mars, thereby making the return flight easier. The Venus-Mars trip time
is about 130 days;, and the staytime at Mars (3 to 4) is short (15 days
in this example), as is characteristic of cpposition-class roundtrips.

The homebound ieg (k tc 5) is of about 230 days duraticn, and the velocities
relative to the planets are lower than they would have been without the

- Vemus swingby. The Earth-atwmospners approach spoed, for example, is

reduced from 66,000 to 42,000 fest per secend. Although the total mission
time has been extended by a few monthz, the energy requirements in 1980,

a high-energy year, have beea raduced nearly t¢ those of the lowest

energy years-

Unfcrtunately, the reguirement that three planets be in correct relative
position may impose some operational restrictions on the use of Venus swingby
trsjectories. Although meny attractive launch cpportunities of this type
exist -~ at least two thirds as many as for opposition-class trips ~- the
launch windows within each Jpportunity are sometimes narrow. That is, in
some years the penally for deviating from the optimum launch date may be
so severe that it is impractical to previde a reascnable spread of launch
dates. Consequently, it is net yet 2lear that the Venus swingby mode will
be widely used; provided nuclear rockets are available to make opposition-
class trips possible. However, if the laurch window restrictions are not
prohibitive, this mede may e useiul for special reasons., For example,
it might offer the only oppcriunity to be at Mars during a particularly
interesting season. More analysis is needed before the usefulness of this
mode will be completely undersioed.

Energy Requirements

Figure 6 summarizes much of the foreguing qualitative comparison c¢f
energy reguirements. The sum of velrcity increments is plotted against
Earth launch date. TFor this illusiration the total propulsive velocity
increment is the sum of those at Esrth departure, Mars arrival and Mars
departure plus the retro st Earth return required to reduce the atmosphere-
entry speed 1t~ 50,000 feet per second. Such a minimization of total
velocity increment does not always give the lowest values of initial
weight, because of the way the individual AVis are distributed, but
the trends are much the sawe-

i
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The sharp curves show the AV variations in each launch opportunity; the
envelope lines connect the minimum points as though the variations were con-
tipuous with time. The trend of the loci of AV minima for 400-500 day round-
trips illustrates the effect of the eccentricity of Mars' orbit. During the
late 1970's, the spacecraft makes its rendezvous with Mars near that planet's
sphelion (furthest distance from the sun). The spacecraft must not only
travel furtbher out in the sun's gravitational field but must do so in roughly
the same time a8 in easy years because it must catch up with the Earth on the
return leg. Thus the total AV is shown to be sbout 60,000 ft/sec for a
1979 launch but under 40,000 f£t/sec in 1986.

The two branches of the cppositior-class trajectory family need not concern
us. Although the total AV's differ during the 1970's, the resultant initial
welghts are very nearly the same. Furthermore, this time period is probsbly
too esrly for manned planetary flight. The next such period is in the late
8's and eariy 90's. During the 1979-86 period the two branches are so nearly
alike in total AV and AV distribution that the shorter trips seem the
cbvious choice.

The lower curve for 950-1050 day (conjunction-class) roundtrips shows
very little variation with launch date. The sum of the velocity increments
remains near 25,000 £t/sec throughout the cycle. The eccentricity of Mars'
orbit has little effect because both legs are relatively-slow, low-energy
trajectories and a wide flexibility exists in selecting staytime.

The individusal velocity increments are also of considerable importance.
As previously mentioned, this plot includes only the AV at Earth return down
to an atmosphere-entry speed of 50,000 ft/sec. If an essentially unlimited
entry speed could be handled aerodynamically, the total velocity increment
in the unfavorsble years would be reduced by 15,000-20,000 ft/sec. As a
result, the sum would be but 1ittle higher than in the easiest year. The
latter value would not change (in 1986 for exsmple) with a higher entry
velceity capability becesuse approach speed is less than 50,000 ft/sec in a
faverable leunch year. On the other hand, if 50,000 ft'sec were too high
and retro AV's became excessive, the entire trajectory selection would
change to even out the individusl velocity increments.

In a similar fashion, the ability to use aerocepture at Mars would alter
the selection of trajectories and further reduce the variation in total AV
from year to year. Such energy-reduction technigues, which are important
possibilities in such a mission, will be discussed agaln after we have considered
the subject of payload reguirements.

Of course, this lengthy examination of trajectories and energy requirements
is leading back to the initial-weight comparison which you have already seen
in preview. Graphs like figure 6 point up some of the difficulties of the
missions; the discussion of payload requirements will bring in others. The
totel picture will add up to a strong mandate for nuclear rocket propulsion.
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Payload Requirements

The third major factor in the determination of overall performance, in
addition to energy requirements and propulsion system performance, is the
paylosd weight. It is customary to think of a manned Mars mission in terms
of a sgccified set of payload weights being transported through particular
energy changes in space. We have described the magnitudes of the energy
changes assuming propulsive accomplishment of all but the Earth reentry
requirements. The principal characteristic of the propulsion systems under
consideration is their specific impulse -- about 800 seconds for nuclear
rockets as opposed to a maximum of sbout 450 seconds for chemical rockets.
Let us now describe the payload components and their weights.

Four elements of the payload for a Mars landing mission are important:

(1) Mission module

(2) Radiation shelter
(3) Earth reentry module
(4) Exploration paylcad

The mission module consists of the living sad working quarters for the cre:-.
It may include the ccntrol center, which is always manned by the crewmen on
duty, although the control center could be the radiation shelter., The latter
is the shielded compartment in which all crew members are sheltered dvring
a dangerous solar flare. The Earth reentry module (ERM) is a spacecraft in
which the crew enters the atmosphere for deceleration and controlled descent
to the landing site. These three payload elements compose the return pay-
load. That is, they are transported to Mars and back (o the vicinity of
Earth. In those cases wherein retro thrust is needzd at Earth return, the
weight of the retro propulsicn system and propellant would be considered
part of the ERM weight. The exploration payload is simply the sum of all
items carried to Mars and left there, including Mars Excursion Modules,
unmanned probes and other data-gathering egquipment. A Mars Excursion Module
(MEM) would carry the landing party to the surface and return them to the
orbiting spacecraft.

Mission Mcdule -~ The main parts of the mission module are the crew
compartment structure, life support system and power supply. These items
are functions of crew size and trip duration, which are related parameters.
Crew size depends upon considerations of task assignments, duty cycles,
skill specialization, and possible incapacitation during the mission. Very
little quantitative information is avail " le in these areas. Speculation
on crew duties has been reperted in several mission studies, and estimates
of the variation of crew reliability with trip duration have been attempted.
The results appear to call for a minimum of 6-8 men for Mars landing
missions of 400-500 days and 1216 men for 800-1000 days, This increase
in crew size for conjunction-class roundtrips counter balasrces much of the
low-energy advantage of the long-trip mission mode. Power supply weight
is also a function of crew size and trip duration because life-support
power requirements tend to be l-2 kwe per man and power supply weights
will rise to provide the redundancy for ->veral years' operation. However,
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if a nuclear reactor power supply is used, the largest part of the weight may
be the radiation shield., Shieid weights could be reduced if the vehicie
configuration would permit a large reactor-crew separation distance.

Typical mission module weights are generally estimated at the 50,000~
100,000 pound range for €-8 man crew amd a 40C-500 day trip. It is usually
assumed that technclogy will permit a partially-closed 1life support system
(water loop ciosed, at least), and many studies include a SNAP-8 reactor
power supply. The need for artificial gravity cannot yet be specified, but
provision for rotation would certalinly add to the mission module weight.

Radigtion Shelter -- The important psrameters in determining radiation
shelter weights are integrated dose and crew size. Of course, this presupposes
the xnowisdge of (1) selsr flare fliuwes tarsughout the pertinert regicns of
the sclar system and (2] crew tolsrazce. ineluding the effect of body recovery
rate. With the envirommen® ard dose criteris kaowrn, the shelier can pe designed
Lo provide protection for o speified wuxber of people from a particular flux-
time iaput.

Solar-flare protons are the most importent radistion in determining shield
thickness; rocket-reactor radiations give a lesser dose increment, and galactic
radiation is a background contributor widch is a probliem only when the shield
is thick enough to produce large amcunts cf secondary radiations. Van Alien
belt radiation is negligible ir high-acceleration flight modes. The integrated
dose from solar flares depernds upen solar cyele (lsunch date), number of major
fiares (trip durstion) and trajectory type ‘minimm heliocentric radius). For
iack of better or more detsilied inforwmsiion, the proton filux is assumed to vary
inversely as the square of the heliocertric radius.

We have previcusly seen the reisiicuship between trip duration and approach
» izrolve spproaches to within the
radias of Vemus! corbit (2.7 AJl.): lowg “mirs stay cubside of Earth’s orbit
{1 A.U.). Time appears tc be She more imporsant parameter, resulting in greater
shield weight per man for conjuncticopn-ciass trips than for opposition-class
trips. In addition, the larger crews needed for long missions increase the
difference in radistiocn shelter weights.

Shelter weights of about 15,000 pounds seem reasonsble for 6-8 men and
400500 day trips. The complicating factor, however, is that the shielding
mgterial is not necessarily sll extra weight. Much of the peripheral equipment
and supplies for the mission module can be arranged so as to provide radiation
protection. This is particularly irue for directional radistion from the rocket
reactors, if such radigtioz is at all signifizant. Another interesting pos-
gibility is the use ¢f chemical rocket propellants for solar flare shielding --
actually pumping a iiquid from the shieid into propellant tanks in the ERM at
the end of the missicn. Depending porn how you lock at it, this is a way
to get free shieilding or free retro propulsion, although it is not sll free.
The chemical rocket propelianbts may not be the best shield material, and the
punps and liguid-handling system will bz a weight peralty. In fact, the
introduction of ancther pumping system with its5 additional reliability concern
may mseke this technique undesirable Tor early missions.
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Earth Reentry Module =-- The weight of the Earth reentry module is a
function of atmosphere-entry speed and crew size. Let us assume that a
vasic ERM shape has been selected. That is, a lift/drag ratio is provided
50 that landing maneuverability is sabisfactory. Assume also that a
minimum corridor depth is specified, consistent with projected guidance
capability, and a meximum g-load for the crew (about 10 g's) is imposed.

A lower limit may also be placed on reaction time for performing asero-
dynamic maneuvers. From such a set of ground rules will come a variation of
ERM weight (for 6-8 men, in this case) with entry speed. This variation
will te due to changes in heat-shield and structure weights. At some high-
speed point the use of all aer~<ymamic braking will have reached its limit;
for higher appreoach velocities :ither a retrc rocket must be added or a
hwigher L/D shape assumed, whichever is lighter.

This variation of ERM weight with entry speed influences the selection
o the trajectory. stimum entry speeds for cpposition-class trips are in
the range of 50,000-75,000 ft/sec without Venus swingby and 40,000-55,000
ft/sec with Venus swingby. The highest veliocities occur in the unfavorable
years, vhaen the spacecraft meets Mars near gphelion of the planet’s orbit.
For 80C-1X0 day trips the optimum entry speeds are in the range of 40,000-
45,000 ft/sec end would, therefore, probably be compatible with direct
agtmospheric entry capabilities.

A basic ERM weight (without retro propellant) for 6-8 man crew and a
50,000 ft/sec entry cepability will be something like 15,000 pounds. For
the launch opportunities in the 1980°s, the approach velocities will be
moderate ( €60,000ft/sec) and technology may be available to handle an
entry speel of at least 50,000 ft/seca Thus some retro thrust may be needed
but not a prohibitive amount. Nevertheless, the retro propellant may
double the weight of the basic ERM.

Exproration Payload =-- The principal component of the exploration payload
will be the Mars Fxcursion Module (MEM). The landing craft will carry several
arewmen o the surface and return them to the orbiting spacecraft. The other
weights of data-gathering equipment sre lesser in magnitude but relatively
undefined. Due ¢ the meager amount of Mars stmosphere data, any landing
craft or probe welghts are subject to large changes. If the Mars atmosphere
density is as low as current speculation suggests, landing systems may require
some propulsion in addition to their aerodynamic devices (i.e. parachutes
plus touchdown rockets). Furthermore, until the nature of the surface
operations and other scientific activities is known, the exploration payload
cannct he well defined.

Several studies have estimated MEM weights at 50,0CC-80,000 pounds. Such
& lander would carry 2-3 men to the —~wfac= “or an explcration time of a
week or two. Approximately a ton o 2zilon gear would be taken to the
surface; only o small weight cf sawnl #»:13 be returned. This is obviously
a small, possibly rven a minimal mission. Ascen® preopulsion would be by
grorable chemical rockets. If the missiorn mode were of the conjunction-
class, so thet about a year was to be spent at Mars, there would have to be

11-8




an entirely differemt gpproack %o surface operations. In fact, depending wpon

the envirommental situstion, there might be a strong desire to land the entire
spacecraft instead of using Mars orbit rendezvous. Certainly, the amount of
exploration equipment to be used in a years®’ staytime should be much greater
than for a 10-40 dey stay. The real problems of the very long staytimes (a
year) appear to be form'dable in terms of man and machine; they are a very
long way off if they will ever be done. Thus, there are several reasons why
a satisfying analysis of the 800-1000 day missions has not been conducted for
comparison with those of 400-500 dey missions.

Relative Importance =f Payloads -- To put the foregoing discussion of pay-
loads in perspective, figure 7 has beer drawn. Its purpose is simply tc illiustrste
the relationship between particular paylosl weights and initial weight in orbit.
Ir the center of the displey are two bliocks, labeled return payload and ex-
ploratior payload. The weights assignzd ere 130,000 pounds for the sum of
mission module, radistion sheliver, Earth reentry module and retro propellisant
weights and 100,000 pcunds fer the paylicad left st Mars.

Each pound of return payload will have more of an effect on initial weight
in Earth orbit than will a pound cf exploration payload because the former has
been propelled through an additional emergy change (at Mars departure). This
is illustrated by means of the diverging areas extending from the payload
blocks to the initial weight bars. Note that the build-up of nmuclear-rocket
Earth-orbit weight is at the left and that for chemical rocket propulsion is
at the right. A 100,000 pound psyload transported to Mars by nuclear rocket
propulsion requires 400,000 pounds iz Earth orbit; in other words, the leverage
factor is 4. A 130,000 pound payicad transported onto an Earth-return tra-
jectory, all by muclear propulsion, contributes ar additional 1,70C,000 to
the initial weight because the leverage factor is 13. Of course, these
leverage factors are funchtions of the propulsion system characteristics, namely
specific impulse and sSaze mass fraction, ard the velocity increments. Figure
T is for a 1979 opposition-class Srajectory.

The corresponding leverage Tachors for chemical rockets, shown on the right
of the figure, are larger because of the iess efficient propulsion system. The
10C,000 pound exploration payload accounts for 800,000 pounds of initial weight
in Earth orbit; the 130,000 pound return payload corresponds to 5,700,000 pounds
of initial weight. Not only are these initial weights larger than in the nuclear
rocket case, but the chemical rocket is shown to be relatively more sensitive
+to return payload thon is the muclear rocket. This is shown by the ratios of
leverage factors: 4l/8 = k.5 in the chemical case; 13/4k = 3.25 in the nmuclear
case,

Figure 7 should illustrase Swo points: {1) that the magnitude of the retura
payload is much more imporitart thar the magnitude of the exploration payicad
and (2) that chemical rockets sre more sensitive to changes in payload weights
thsn are muclear rockets.
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initvial-Weight Requirements

Now, let us return to a consideration of figure 2, the plot of initial
werghts in Earth orbit for Mars landing missions over a long span of launch
years. Keeping in mind that these data are for a single mode, opposition-
class trips with aerobraking only at Earth return, the following are il-
ITastrated:

(1) The comparison of nuclear and chemical rockets

(2) The effect of a variation in allowable Earth-atmosphere-entry
gpeed

(3) The effect of a variation in nuclear-rocket specific impulse

Recalil that the basic payloads have been fixed, although variations with
entry speed and integrated solar-proton dose are included, and that eeach
trajectory has been optimized to give minimum initial weight for a par-
ticular set of energy requirements, payicad weights and performence para-
meters. Alternate mission modes will be discussed later,

Nuclear-Chemical Comparison -- The propulsion-system type, as mentioned
previously, affects both the absolute and the relative magnitudes of initial
vehicle weight over the span of years. An obvidus indication from figure 2
is that the incressed specific impulse of nuclear rockets greatly reduces
the variation between favorable and unfavorable launch years. This is
explained by referring to the mass-ratio eguation, which is an exponential

relationship: ~
We AV
= eXp ——
WE gl sp

where Wg is initlal weight, Wp is empty weight, AV is in f't/ sec when g is
in f5/sec™ and I5, is in sec.” In the unfavorasble launch years of the late
1970's, the values of AV are so high that the exponential gives very large
mass ratios. With a chemical-rocket value of I.,, the propulsion stages
are near the extreme end of their capability. (s)gnsequently, substitution
of a higher value of specific impulse -~ nearly twice as large in the
nmiclear-rocket case -~ has a powerful effect. Whereas a single chemical-
rocket stage would be g marginal situation, a nuclear stage would be ef-
ficient and adequate under the same circumstances. To be specific, the
nuclear-rocket initial weight for 1979 is 50 to 80 percent greater than in
1988, whereas the chemical-rocket weights differ by 110 to 180 percent,
depending on the entry speed. The smsller the difference from one launch
opportunity to another the more reasonebl: is the expectation that a basic
propulsion capability can be set up which will serve the Mars exploration
program for many launch years.
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Figure 2 also shows that muclesr rocket propulsion provides s large
performsnce advantage over chemical rockets. For example, in 1979, when
nuclear propulsion gives an initial weight of ebout 2.5 million pounds, a
chemical-rocket vehicle would weigh 6-8 million. In a low energy year the
camparison is between 1.5 and 3 million pounds in orbit. Such a large
difference In gross weight leads immediately 1o the conclusion that the coet
savings from only a few Mars missions, and possibly omly one, would pay for
the entire muclear rocket development program. Furthermore, initial weights
of 6-8 million pounds are generally considered impractical, even with
rendezvoue capability and post-Saturn lsunch vehicles capable of putiing
about a million pounds imto Earth orbii. If chemical rocket propulsion wers
to be used for Mars landing missions in s kigh-energy year, different mission
modes would be required, perhaps a conjunction-class trip (very long trips
and. Mars steytimes) or one using Mars asrocspture and & Venus swingby. How-
ever, even the adoption of such energy-reduction techniques would still give
the muclear rocket an advantsge of sbouet g factor of two.

Effect of Extry Speed -- Figrre 2 shows two sets of curves for each
propulsion-syctem type, one for full serodynamic braking st Earth return and
the other for chemical retro-thrust dowm to an atmosphere-entry speed of 50,000
feet per second. The effect on initial weight of this difference in eniry
speed varies from 0-204 for muclear vehicles and 0-35% for chemical-rocket
craft. There is no effect in favorable years because the minimm-weight
trajectories do not involve entry velocitles greater than 50,000 f‘l:/ sec.

The effect 1s large in high-esnergy years because optimm trgjectories,
which account for varisbioms in ERM apd retro-propellsnt weights, call for
Earth-approach speeds to ovsr 70,000 f£i/ses.

Even though the ERM being decelersted welghs only sbout 15,000 pounds, the
chemical rocket required to effect s 20,000 fi/sec retro is very expensive in
terms of initial weight ( AV, = 500, "’C‘Q ™ for muclear; 1,800,00C 1b for
chemical), If a sbora?ﬁre»gmﬂ a&i" retrs were used instead of the cryogenic
rocket assumed for this comparison, the peusity would be greater. However,
the change in initial weight would s3211 be smell in the mid-1960's, and
there msy be configurational advaa‘tages %0 use of a non-cryogenic, high-density
propellant. Another possibility 1s thet the retro propellant could also serve
as radiation shielding around the crew compartment. This scheme should be in-
vestigated when the overall mission-moduls and reentry-module configurations
can be defined.

Effect of Specific Impulse -- The widths of the nuclear-rocket performance
bands correspond to & 100-zecond spread in specific impulse. The mean I, is
assumed to be 800 seconds; the upper bourd is for 750 and the lower for S50.
The effect of a + 50 second Igp change is thzm; to be about a + 15% change in
initial weight. This magetude of galn or logs i3 important but does not
alter the basiz and large smperioriiy of nmuczlear rockets over chemical rockets.




Weight-Reduction Techniques -- The fact that figure 2 and much of the
preceding discussion was besed on a gpecific mission mode should not lead
to 8 conclusion that a mode selection has been made. Preference can be
expressed for the one described on the basis of performance and practicality.
However, other modes are certainly possible., As a general rule, the alter-
nate modes involve complexities or techuical achievements which are currently
regarded as uncerteinties. Any decision to adopt one of these slternate modes
must be accompanied by the decision to develop fully the particular flight
technigue and technical competence imvolved. These undertakings will in no
case be inexpensive, even in comparisca to the cost of the whole Mars mission.

Listed below are five welght-reduction techniguez and their corres-
ponding percentage reductions in initial welght in Barth orbit.

Teclnique % W, Reduction
Venus Swingby to b

Mars Aerccapture 20=15

Mars Elliptic Cgpture 2035
Hyperbolic Rendezvous 5«25
Multi-Vehicle Modes <10

All the techniques are spplied to basic opposluon-class landing missions,
a3 previously described, using nuclear rockets for all major pr@pulai@>n
except at Earth return, vhere an entry-speed lindt of 50,000 ftfsec is
assuned .

The advantages and limitations of the Venus-swingby Mars roundtrip were
mentioned in the discussion of figure 5. The performance advantage in un-
favorable years may be impressive (perheps wp to 409}, but launch windows
may be restrictive. The usefulness of the Venus-swingby mode must be left
gpen at this time, subject to further sbudy. '

Mars aerocapture, on the other hend, is & technlqgue very much like high-
speed aserodynemic bralking at Barth. A difference is the maneuver which
carries the spacecraft back out of the astmospbere and into a circular parking
oruit. The velocities, guidance requirements, heating rates, accelerations,
gte. are modest. If they were encourtered near Earth, they would not be con-
sidered formidsble problems. The fact thet the spacecraft must be designed,
developed, and qualified to perform in the Mars atwosphere is the biggest
drawback. Another problem is that of providing a stable structural config-
uration for the entry vehicle, which must include the rebturn and exploration
payloads plus the Mars departure propulsion stage. The weight penalty
assoclated with this structure will strongly degrade the potential geins of
the technique and may, in some instances, nearly eliminate the advantage.

The 3% weight reduction listed is for a relatively small weight penalty.
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On the basis of such comsiderstions, Marz asrccgphture is held to be 3 possibility
for later missions, whern siequste tests can have been made in the Mars atmosphere,
but is a problematical candidate mode for sarly manned flights.

Mars elliptic cepturs, in which the spacecraft enters an eccentric orbit
&t Mars rather than & circuiar orbit, rejuces the AV's for entering and departing
thz capture orbit but compliicebes the laniing phase of the mission. Generally a
Mars ortiting spacecraft wiil have the protvlem of orbit regression. Proper orbit
crientatlon at departure must be assured, ard provision for a launch delay will
il cur & performence pensaity. When the orbit 2s eliiptic, both the crbit inclipatia

and the periapsis poesition must bs r;:z:i::ml‘iﬂc for departure. erefore, =zvpe of
thﬂ petential AV advantage of elliptic capture will be lost. On the cther hand,
o*'hi't hanges are more efficiently maie from an esccentric crbit than from a cir-
z : A ”‘te net effect is not easlily evsiusted. Furthermore, the Mars
snon Module must wndsrgs lsrger veloioity chengss. especially irn effecting
zvous with the elldptic-ortdit spasscraf, Decause the MEM weighes s muach
less than the main spacscrsft, the transf:r =f AV requdrements {(for orbit cir-
cularization) from the Iarge vehicziz *2 the small may result in e net performance
gain. However., the use 2f a lower-Isp sscent propulsion syetem and provisions
for mere-sensitive rendezvous timing will reduce the gain. Over-all performance
and operational suitability is not clear. The 20-35% W, reduction listed is the
ideal to which the various peaaltlies must be applied. The utility of elliptic
capture orbits will be betier known after a more thorough operations analysis
of Mars exploraition, both on the surface and from corbit.
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The sther “wo techniques, hypert-lic rzndezvous end multi-vehicle modes,

are of lesser interest. Irn the former the returning Mars spacecraft is met in
;.Le vicinity ¢f Barth by sn Earth-hased rz-autry vehicie. Thus, the weight of

1 ERM ne=d nct be Inciuded in the payload of the Mars craft. However, the total
exergy aad weighh requirements of the Swe vehiclss mey te higher than that of a
zonversblional Mars spacscrafy; the ouly gans Is that of reducing the weight of the
““"“xa,,.‘ Vel cie deparsisg fur Mar T ths percenvages weignt reduction
ligted, Muiti-vehicle maies ars “vpifisd by ome iz which a cargo (unmanned)
flg,a“‘ =1liows & low-energy *rajectory separste from a manned fiight cn a faster
patk. There is littie to be galued for the cwppliexity. Neither of these tech-
nigues seems worth much considersbicn, st least for eariy missions.
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Operational Coamplicabions -- While we are busily seeking new means of re-
ducing weight, the practical demernds of the mssion sre adding & little here,
a lttle there. Laminch windows magt te providad -- excess cagpability so that
the mission can loave elther Earth or Mars orblt anybime during allotted time
periods. Mid-zcurse velocliy iacremerts must be igparted by auxiliary propul-
sion syshtems to insure extreme scrurscy ~f the trajectory. FNon-optimum sub-
systems and compoments will witimstely have %2 be accepted in some systems to
keep down the cost of many new develsopmerts. Although each such factor makes
only s smali addition to initial weight, the cupalative effect wiil not be neg-
ligible., Mid-course AV's will be ir the hundreds of feet per second; launch

TI-13



delay AV's may be in the thousands becsuse of the regression of imclined
orbits at both Mars and Earth. The over-all effect is likely to be & 10-20%
increase in initial weight from the ideal case usually analyzed.

£ A T e o e
m R s ots

A mlti-stage Mars vehicle will include two or three muclear-rocket
propulsion stages: one to depart Earth orbit and one to depart Mars crtit
plus ancther for braking into Mars orbit when the mission mode reguires it.
Since the payload and gross weight diminishes from one propulsion phase to
the next throughout the flight, the thrust requirement also decreases from
stage to stage.

As a general rule, for the Mars-propulsive-braking mode, stage thrust
requirements differ by factors of two. That is, the Earth-departure thrust
should be twice that of the Mars arrival stage; the latter should be about
twice the Mars-departure thrust. Such large differences in thrust may be
built up from neariy-identical engine and tank modules in cluster form.

Figure 8 shows the relstionship between mumber of engines in the first-
stage cluster and initial weight in Earth orbit. The sxample is one which
resuits in a two-million pound gross weight. The assumptions are made that
Earth-departure thrust is provided by a cluster of nuclear-rocket engines and
that single engines of the same power are used in both Mars arrival and Mars
departure stages. Curves of W, vs total first-stage power are presented for
three values of unit-engine power: 2000, 3500 and 5000 MY. These powers
correspond to roughly 100,000, 175,000 arnd 250,000 pounds of thrust, respec-
tively. The dashed lines are for constant numbers of engines in the ciuster,
ranging from one to four,

The primary indication of figure 8 is that the first-stage total thrust
should be 400,000 - 500,000 pounds (8000-10,000 MW). If each engine has
a power of 5000 MW, only two engines would be needed for Earth departure;
<t the wnit power is 2000 MW, a cluster of four engines would be optimum.
Tha effect of the weight penalty associated with engine clustering is the
difference betwsen 2.1 and 2.4 miilion pounds of gross weight. The differ-
snce correspoading to a change in engine power from 5000 to 3500 MW is much
less -~ about a three percent rise in orbital departure weight.

Figure 8 also shows an insensitivity to total thrust, at least on the
high side of the optimnm. Thus, if other arguments favor the develcpment
of & relatively high-thrust engine to provide growth potential or a perfor-
mance margin, the performance penalty in this spplication would be small.
Another factor not shown is engine operating time,  The lower the vehicle
thrust-weight ratio, the longer the operating time. For example, the two
5000 MW engines would be at power for about 30 minutes, whereas the four
2000 MW engines would operate for about U5 minutes. Furthermore, Mars
arrival with a single 2000 MW engine would entail an operating time of
over 50 minutes.
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Thus, there sre several factors terding < fasor a high unit-engine power,
including the desire Lo keep operating times and. mmbers of engines low and &
general policy of aiming high to provide for growth. Balanced againust these
factors is the increased difficulty and expense of developing high-power engines.
Figure 8 indicates that a cluster of 2-3 engines of 3000-5000 MW will be satis-
factory in the gross weight range ewmected for manned Mars landing missions.
Corresponding operating times couid be held to sbout 0 minutes if necessary.

Thrust requirements for Mars arrival and departure are taken into account
in figure 8, in the sense that thrust for these phases must be provided by single
engines of the specified power ievel. As a resuit, an acceptable operating time
in the second stage means that the third-stage thrust will be higher tharn optimmm
for that phase. A cluster of two engines for Mars arrival could have been assumed
but the additional propulsion-systen development doss not seem warranted by the
performance difference.

Figure 9 shows the effect on initial weight c¢f using & low-thrust engine in
the Mars-departure stage. The base poipt is the S000-MW two-engine calculation
from the previous figure, Figure 9 illustrates what could be gained by lowering
the power of the large reactor and using sppropriate non-nuclesar engine components;
the curve labelled "large core" shows that there is almost nothing to be gained
thereby. Note that the ordinate is a very expanded scale. The shaded area labellied
"small core” shows the initial weights corresponding to use of a completely dif-
ferent third-stage engine including a smeller reactor core similar to the KIWI-NERVA
core. The vertical width of the band accourts for some uncertainty in engine weight.
The resulting initial weight is lower, but the difference of about 100,000 pounds
may not be sufficient justification for a separate engine development if such an
engine is not needed for cther uses. For example, if a suitable small-core engine
were available from a lunar appilcaticn snd had been developed to high relisbility,
it would be selected for the Mars-dspartirs ziage because of its relisbility.

The gross welght commariszon: in figirss 7 and 9 indicate that the propulsion
requirements of the Mars mission permlt 2onsidersble flexibility in engine thrust.
FNeithver the design goal nor the actusl power attained is particularly critical,
provided clustering is feasitlie, as we 30w belisve. Performance calculations are
thus only one element of engine-thrust selection along with many programmatic and
policy considerations.

Feorih Lawnch Veldele Regulrements

The initial weights in Earth orbit of manned Mers spacecraft also fix the
‘requirement for a post-Seturn Earth Laurch Vehicle (EIV). We have seen that
nominal gross weights in orbit are 1.5 - 2.5 million pounds with muclear-rocket
propalsion and a straight forweri rissio mode. We should also be aware that
uncertainties in the mission zasuse ciher exSimstes to vary from under 1.0 to 4.0
million pounds with the same provulisior but other mode and weight assumptions.
Thus, from a lsunch vehicla point of view, Mars explorstion will require gross
weights in Earth crbit (assembled, chezked-cat and topped-off) many times the
Saburn V capability.
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Figure 10 illustrates the members of the Saturn ELV family and their
low=-orbit payloads. Shown also is a hypothetical post-Saturn ELV capable
of boosting 1-2 million pounds into orbit. Only the Saturn V, uprated
versions thereof, and the post-Saturn are of interest in a discussion of
manned planetary missions.

If the Mars craft has an initial weight of one million pounds, it
could probably be assembled in orbit from Saturn V payloads. However,
growth potential would be almost nil, and an unfortunate contingency
could imperil the entire mission for lack of payload margin. On the other
hand, if the gross weight is four million pounds, the larger end of the
post -Saturn payload spectrum would be desirsble. Such a launch vehicle
could be enormous. In between, at an initial weight of about two million
pounds, a strong case for some kind of sadvanced ELV can be put forth.

The number of rendezvous with Saturn V's would be too great; a one-million
pound paylosd would be quite ssatisfactory.

The possibility of using nuclear rockets in Earth launch vehicle
stages has been proposed and studied, Three reasons for lack of prime
interest in this application have been idemtified: (1) reduced performance
advantage of the relatively-heavy propulsion system when the vehicle thrust
weight ratio must be near unity, (2) uncertain compatibility of nuclear
engines with recovery and reuse of booster stages, and (3) very high total
thrust requirements of post-Saturn propulsion systems. The latter is the
most sericus. A second stage of a one-million-pound-to-orbit EIV would
require a total thrust of at least 3-i million pounds. A configuration
of resctors to provide such a large thrust might very well be impractical,
Consequently, boost-phase propulsion is not considered & likely eppli-
cation for nuclear rockets in the time period of manned planetary flight
and post-Saturn launch vehicles.

MANNED IUNAR EXPLORATION

In the Lunsr program, the use of nuclear rocket propulsion must be
viewed in a different light because the performance sdvantage over chemical
rockets is less than in planetary missions and chemical systems capable
of some lunar exploration are under development. However, performance is
not the only criterion; in fact, the benefits to be gained from operational
experience with nuclear propulsion build a strong case for early spplication.
Thus, the use of nuclear rockets in lunar exploration must be considered
in the context of planetary explorstion and future space flight programs.
Many additional elements of the lunar program support menned planetary
flight, including experience in human factors, life support, orbital and
landing operations, and development of systems for long endurance in space.
The early introduction of advanced propulsion would be likewise conszistent
with an over-all policy of providing technical continuity among space
program.
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A possible gpplication ip iunar miszsions woild be & nuclear-rocket third
stage on the Saturrn V launch vehicle. Substitution of high specific impulse
propulsion for the oxygen/bydrogen S-IVE stage would result in a lurar paylosd
gain of 35-65 percent, as will be described later. This gain is large enough
to beinteresting but is not, ir itself, sufficient justification for the
development of a new propulsior sysien and the azssocliabed new stages and
spacecrafi. The programmstic considerstions mentioned previously are equally
as important as the pericrmance comparison.

Operational Mode

The manner in which the zmuclear third stage would be used in Iunsr missions
is illustrated in figure ii. The lawch from Cape Kennedy is by means of the
first two stages of the Safurn V z2nd poesitliy a first "burn” of the nuclear
stage. The Iuner payiosd and the third stage are injected into a parking orbit,
At the ccrrect longitudinsl position The muclser engine starts, and thes third-
stage payleald is injected onte = Immar srasnsfer trgjectory. The lumar vehicle
proceeds along the dash-Iine paSh to the vicinity of the moon where a chemical
retrc puts the paylcad either indo lunar orbit or direcily down on the surface.
Meanwhile, the jettisoned muclear stage, baving been separated from the lunsr
vehicle at the end of nuclear thrust, itravels along the dash-dot path behind
the moon and, with the aid of a Ilunar-gravity kick, out into a heliocentric
orbit. The radioactive nuciear engine 1s thus neatly dispatched without re-

quiring additional thrust.

I referred to the possible use of the muclear engine prior to parking-
orbit injectlion, that is, befors reaching orbital energy. This mode is calied
suborbit start and is the same mode as planned for the S-IVB in the all-chemical
Apolle mission. This mode requiirss the third-stage engine tc restart for orbit
departure. In the nucliear-rocket application, suborbit start entails engine
aftercooling with hydrogen to remove the hest of redicactive decay. The after-
cooling period is only during the sty In parkiung orbit -- hopefully just a
matter of hours -- so the amouant of proupelisnt used for this purpcse is small.
Fuorthermore, the thrust produced Ty the cooling hydrogen need not be wasted
but car be used t¢ raise the emergy of the orbliting vehicle. Suborbit start
involves additionel flight safety requiremente not prevalent with orbit start.
However; the developmeant of a reactor destruct system would prevent a malfunc-
tion from causing any radistion hazard.

The altermative of orbit start would require the first and second stages
to put the entire third stage and payliosd intc & low parking orbit. The nuclear
engine would opersgte for the firsht and only $time during injection into lunar
transfer orbit. Flight safety would be much easier to achieve, perhgps re-
guiring no destruct system, bub peylosd could he reduced.

The use of the nuclesr-rockst propu
orbit is another possibiliity alithough al
relagtively large and cryogenic storage during th

ton systen for braking into lunar
cociing propellant ioss would be
e lvnar transfer wosld add



insulation and boiloff weight penalties. Furthermore; the lunar velocity
increment is small and the third-stage engine relatively heavy for efficient
uge of nuclesr-rocket propulsion. The complication of aftercooling and the
impaired lunar-orbit operations {due to the presence of a radioactive engine)
mist be balanced against the small gain in lunar payload.

Performance Comparison

The extent of the payload adventege resulting from substitution of a
miciear third sbage on the Saturn V is shown in figure 12. Lunar landed
payload is plotted against weight propelled to lunar transfer velocity.

The upper iine is for direct-landed cargo, that is, the payload of an un-
manned lunar logistic wvehicle. Parallel to it and slightly lower is the
line of manned direct-landed payloads. The difference is due to guidance
and shielding differences and may not be & real difference. The horizontal
broken line corresponds to the minipum lsnded paylosd to provide return
cgpability for three astronants. Thus the interaection of the Apollo/Direct
and Return Liftoff lines defines the minimum vehicle weight for direct-
fiight capability. Oxygen/hyarogen propulsion is assumed for all lunar
landing and take off stages.

Along the abscissa are the lunar-transfer paylosds of seversl three-
stage Saturn V configurations. At the far left is the standard, all-
chemical Saturn V. The nearly 95,000-pound injected weight corresponds
to 28,000 pounds of landed carge. This launch vehicle does not provide
manned direct-landing capebility. Several points are shown for Saturn V
upratings, with or without & nuclear-rocket third stage. S-NA refers to an
orbit-start nuclear version; S-NB has a suborbit-start nuclear stage. The
NERVA engine is utilized in both nuclesr steges. In neither case is any
wprating or significant modification of the first two stages assumed. The
point labelled All-Chertcal Uprated is one of & nearly-infinite array of
improved-performance possibilities based on chemical upratings of the first
two stages, this one being sbout a U0 percent uprating. This could be
achieved by increasing the thrust of the first and second stage propulsion
systems, increasing stage propellant capacities, and strengthening the
vehicle structurs. At the far righthand end of the scale is a point cor-
responding to su orbit-start (S-NA) nuclear stage on the same uprated lower
stages.

Any of the improved-performance Saburn V configurations would provide
manned direct-landing capability. This mode is considered to be an important
step in proceeding toward extensive lumar exploration, particularly because
it permits mamnmed operations at any lunar lsbitude. Thus, an wprating of
the Sabturn V will provide a unique capability. Further improvement beyond
the minimum for manned direct landing will increase the payload capability,
thereby adding landed cargc to a manned flight (as noted on figure 12) or
allowing an increase in the size of the crew. The result would be expanded
lunar exploration or fewer launches for a given level of activity.
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The introduction of nuclear-rocket propulsion is viewed ss an excelient
method of uprating Saturn V performance for lunar as well as deep space
. missions and, &t the same time, acquiring valusble operating experience and
establishing flight confidence in & new area of rocket propulsion. Improved
performence of the first two Saturn V stages would, of course, increase Earth-
- orbit payload as well as lunar payload. Therefore, the combination of lower-
stage uprating and a nuclear third stage is of considerable interest., Figure
12 shows a lunar-landed payload cf 60,000 pounds for this conﬁguration, which
uses a single KERVA engine ir an crbit ~lmmech stege.

UIMANNED SOIAR SYSTEM MISSIONS

Anzther important miesions arzz in which puclizar rockets may find eppii-
cgbion iz uomenned solar system exploratior., Emphesis in this area will
increass, oot only dus to sciemTific intersst, but aisc because many of the
missions will provide support for menned pliasnetsry ventures.

The particulsr missions which would henefit from the use ¢f nuclear
rockeis include: Mars and Venus crbiters, Jupiter and Ssturn flyby prcbes,
Solar probes (close approach and extra-ecliptic), and interplanetary probes
(e.g. solar system escape). These spplications are characterized by require-
ments for either large payloads or very hLigh velocity increments. My dis-
cussion will be further limited toc applicetions of the nuclear Saturn V
described in the lunar program section since it is the first system that can
te provided using hardware that is available cr close at hand.

Figure 13 depicts one of the prime destinations, Mars, and lists some
typical payloads. The weights put izto Mars orbit are shown inthe table at
lower right. Three Saturn V third stages are listed: S-NA {orbit-start
nuclesr), S-NB (suborbit-start wucisar) and S-IVB (suborbit-start, chemical).
Three injection stages are coraidered: MMM (an cxygen/hydmgen multi-mission
modulz), SM (the storable-propelisnt Apcllis Service Module) and S-N (the same
waclsar third stage, cooled and resgtsrted), The table shows that use of a
nuclear-rocket third stage increases Mars orbit payloads by 45-80 percent
over all-chemical propulsion. As in ths lunar case, reuse of the muclear
stage at destination offers little advantage and probably does not warrant
development of aftercooling and restart capability. Although the payload
csomposition cannot now be specified, one possibility is that a SNAP-8 system,
probadly to power a television system, comld teke up to 100 percent of the
all-chemical useful payload. After inclusion of an appropriate weight of
instruments and probes and allswing for sbructure and other essentials of the
mi ssion, an orbit paylcad of 40,000-50,000 pcunds may be necessary.

The flyby paylcads are for fiyoy 1o ;::3 *rips, and the listed payleoads
are the weights returned tc the viziaity +f Earth. This mission mode could
be usad in the unmanned program for specisi purposes, such as sample and




data return. Although these payloads are too low for single-launch manned
flyby round trips, it may be possible to cluster stages or put them in
tandem to achieve the required injected payload.

Figure 14 summarizes for a variety of missions the performance gains
due to substitution of a nuclear third stage. A suborbit-start nuclear
stage (S-NB) and a cryogenic fourth stage (MMM) are assumed. In all cases
the gains are sbout TO percent. The Jupiter and Saturn missions are fly-
bys without return to Earth. The solar probes include a close-approsch
mission to 0.2 of an asgronomica.l unit and an out-of-the-ecliptic mission
to an inclination of 25 . A probe to the outer reaches of the solar system
is represented by the bar labelled Solar System Escape. The payload magni-
tude shown may be very desirable in order to provide adequate power and
commnications capability.

SUMMARY

This discussion of nuclear rocket missions has emphasized manned
planetary exploration as the principal application and justification for
miclear rocket development. We have dwelt ab some length on the charac-
teristics and requirements of manned Mars round We have emphasized
+the difficulty of doing an adequate job of planetary exploration with proper
performance margin and growth potential. The wuse of nuclear rocket pro-
pulsion has been shown to permit planetary exploration missions with
reascnakle initial weights in Earth orbit, without reliance on guesticnable
modes or technologies, and with the ability to perform the mizsion at all
planetary opportunities.

RN

Among the many items cousribubing to the feasibility of manned plane-
tary fiight, the development of nuclear rockets is the most important.
At the same time, it is close at hand, as will be indicated in the later
discussions of our development program. Depending on orbit departure
weights, Mars missions may require the development of nuclear rocket
engines in the thrust range of 150,000-250,000 pounds. Eungine clustering
will probably ™2 necessary as may s post-Saturn launch vehicle because
of the magnitude of spacecraft gross weights. Current programs give
assurance that these nuclear rocket propulsion systems and post-Saturn
launch vehicles can be developed.

Extended manned lunar exploration could meke good use of a nuclear-
rocket third stage on Saturn V to permit a direct-flight manned explora-
tion capability. Such a configuration would also provide increased
cgpability for many unmanned solar-system missions. Furthermore, early
experience with nuclear rockets would contribute to the reliability and
operational readiness of propulsicn systems for manned planetary flight.

The Saturn V nuclear stage should have a thrust of spproximately 50,000
pounds, or slightly more, as typified by the NERVA engine currently
undergeing investigation. Operating times would be in the range of 20-30
minutes, and no more than one restart would be required in flight operations.
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Consequently, the spplications picture is composed of (1) early uses of
nuclear rockets in which they comtribute valusble performance gains and op-
erational experience, followed by (2) use in manned planetary missions in
which they affect initial weights by factors cf 2-3, thereby keeping orbital
weights within reason. If lunar and planetary operations expand, there will
be demands for heavier payloads, shorter trip times to the neer planets and,
perhsps, mamnned flight capability to more distant planets. Nuclear rocket
propulsion can serve advantageously in this phase of space flight also,
thereby making a vital contribution to our space goals of exploration and
scientific understanding.

Advanced Propulsion Applications

Iz conclusion, I would like t2 indicate triefly the pctential impact
of ajvanced high-thrust propulsion systems on space flight capsbilities.
Mzny propuleion concepis have been propnsed and research programs are underway
%o determine their feasibility. The prcminent concepts are (1) cavity
reactors, with the nmuclear fuel contained in the form of dust, liquid or
ges and (2) nmuclear pulse propulision, which utilizes the energy release of
explosive charges t0 propel the spacecraft. Electric-thrust concepts and
controlled~-fusion, direct-thrust propulsion are in the low-acceleration
category and, thus, require a somewhat different treatment in a compariszon
with high-thrust schemes. The major parameter with low-acceleration, power-
limited propulsion systems is the ratioc of engine weight to power, and that
could be an entire lecture of its own.

Figure 15 shows the important relstionships which determine the relative
performance of high-thrust propulsion systems. Payload fraction -- that is,
the ratic of payload to initial weight -- is plotted against epgine thrust-
weight ratio. The curves for an Is;, of 850 seconds are indicative of what
w2 can expeet far well-developed sclid-core nuclear rockets. Most 400-500
day Mars roundt trajectoriss invelive individual-stage AV's in the
15,00G-20,000 ft/sec range, resuliing in payload ratios of 0.45-0.35. Highsr

AV's would enter the regionm in which two stages would do better than one.
For exsmple, a 300-day roundirip to¢ Mars would involve propulsive AVis
of 25,000-35,000 ft/ sec per stage, and the low payload ratios would result in
sharply increased gross weights compared to the values quoted for LOC-50C
day trips. A factor of two reduction in psylosd ratic in each of three
propulsion stages would be a factor of eight in initial weight.

The gquestion is, what could be accomplished with a system producing a
specific impulse of 2000 or 5000 seconds? Figure 15 shows that, at 2000
seconds Isp and an engine thrust-weight ratio of unity, a 300-day Mars trip
would have the seame range of individual-stage payload ratics as a 450-day
trip with 850 sec I_,,. At 2000 seconds Igp and an engine thrust-weight ratic
of 10, the entire ~day mission coalld be done with & single stage. The
total AV would be sbout 90,000 fi/sec. In comparison, a specific impulse of
5000 seconds combined with high specific thrust would be revolutionary. Un-
foriwmately, the prospects are very slim for attaining this level of per-
formance in the foreseeable future.
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The importance of engine weight is a significant factor which has
been frequently overlooked in considerations of advanced propulsion concepts.
The pair of curves for 2000-seconds I_. reveal the sensitivity of performance
to engine thrust-weight ratio. A rati® much less than unity would eliminate
a large part of the potential advantage of the high specific impulse. At
an Igp of 1500 seconds, a thrust-weight ratio of 10 is comparable to unity
at 2000 seconds Isp5 a thrust-weight ratio of unity at 1500 is not much
better than two stages at 850 seconds Igp.

Therefore, evaluastion of the usefulness of high-I concepts must
generally await sufficient knowledge of the systems to estimate engine
weight. The solid-core nuclear rocket, being relatively well defined at
this time, serves as a basis for comparison. Accordingly, because of engine-
weight effects, & number of advanced concepts are faced with the job of
proving not only feasibility but satisfactory engine thrust-weight ratio as
well.

Perhaps the best thought on which to end is this: While the demands
of space missions far in the future will ultimately be satisfied by ad-
vanced propulsion systems, the major space missions beyond the first phases
of manned lunar exploration will be the domain of the solid-core nuclear
rocket.
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The NERVA engine represents the 50,000 lb, thrust class nuclear rocket
engine which uses a solid core graphite reactor. This is the size engine
we have chosen to carry out our early nuclear rocket development efforts. It
will be our first nuclear rocket engine and will ultimately be our first
nuclear rocket engine used in space missions. The reactor designs for NERVA
rely on the KIWI reactor technology. The KIWI reactor efforts began in 1955
at the Los Alamos Scientific Laboratory. However, nuclear rocket engine de-
velopment began in 1961 with selection of the industrial contractors, ierojet
and Westinghouse, to develop the ERVA engine. As part of the develcprent ef-
fort, the program planned for flight testing a nuclear rocket engine.

At the end of 1963 the nuclear rocket program was reviewed and redirected
towards a ground engine technology program. This redirected program allows us
to concentrate resources and technical and management attention upon critical
components such as the nozzle, reactor, turbopump assembly, and engine system
operating and control characteristics. Such a program will, therefore, pro-
vide tne information needed to permit flight system development to be under-
taken with confidence when missions beyond Apollo are better defined.

The nuclear rocket program today includes major effort on the reactor,
work on engine technology and on supporting technology. The reactor design,
development and test effort has been conducted by the Los Alamos Scientific
Laboratory and the Westinghouse Astronuclear Laboratory. The LASL part of
the work includes the remaining tests of the KIWI-B4 reactor, and the Phoebus
project, which is an advanced graphite reactor technology effort. Engine
technology work is conducted within the NERVA project by the Aerojet-General
Corporation with the Vestinghouse Astronuclear Laboratory as principal sub-
contractor for the nuclear subsystem. This effort includes adaptation of a
KIWI reactor design for engine operation and investigation of engine system
characteristics,

Engine Reliability vs. Performance

Engine efforts have been based upon a ground rule that reliability is
more important than weight and performance. The first nuclear rocket engine
can provide almost twice the specific impulse of advanced chemical rockets.
Since a big step increase in performance is possible with the first engine,
it does not seem important to squeeze the maximum possible specific impulse
out of the system if reliability may be sacrificed thereby. One example of
this ground rule is that while the highest reactor exhaust temperature is
desirable, the average exhaust temperature is penalized in our early designs
to simplify reactor structure and flow paths., This penalty is caused by
flows, used to cool the reactor structure and the reactor periphery, which
are mixed with the hot fuel element exhaust gas. The attendant specific im-
pulse penalty is preferred to the complications of a design with regenerative
cooling paths at this early stage of the deveslopment work.
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Another example of reliability through simplicity is selection of the:
hot bleed cycle wherein hot exhaust gas is diluted to lower the temperature
to obtain turbine inlet gas compatible with turbine material capability. The
turbine exhaust is subsequently routed overboard again lowering engine spe-
cific impulse. Higher specific impulse is obtalnable through the topping
cycle; however, the reactor design complexity does not warrant attempting to
obtain the higher specific impulse for that cycle.

Some weight penalty was accepted khrough the use of aluminum rather than
titanium in the pressure vessel. We decided that the benefits of greater ex-
perience with aluminum alloys was more important than the lower weight theo-
retically possible with titanium, {

Development Program Philosophy

Nuclear rocket engine development is being conducted as a technology
program, Our efforts are being devoted to development of critical engine com-
ponents which significantly affect engine system characteristics. Engine
system tests are to be conducted with components and configurations that are
not necessarily flyable but contain the essential components that determine
system characteristics, including the dynamic operating characteristics.

The program includes component, subsystem, and system tests. The pro-
gression from component through system testing represents increasing com-
plexity. Our phllosophy in nuclear ropkot development is to predict and
understand component performance and operation before going to more complex
subsystem tests.,

The reactor is the critical engine system component and has paced the
development program. The reactor is tested as a major subsystem at the
Huclear Rocket Development Station in Nevada. The reactor test depends upon
a facility to provide liquid hydrogen coolant under pressure to the test
assembly which consists of the reactor, pressure vessel and nozzle. Prior
to reactor testing, its components are tested in the laboratory simulating
as well as possible the reactor environment to ensure, as far as possible,

that reactor components and the complete reactor design will behave as pre-
dicted.

Non-nuclear engine components are also tested. These components are
tested at various industrial and government labs and do not require remote
test operation., Components under test include the turbopump assembly, noz-
zle and control system components. The next level of test complexity will
be engine system testing. Engine system tests will include the reactor sub-
system closely coupled to the turbopump with the reactor providing the energy
to drive the turbopump. These engine systems tests will include cold flow
and power testing,

Our test facilities were built to satisfy the needs of reactor and en-
gine testing., However, facility characteristics 1limit the test operation
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when compared to conditions during nuclear rocket engine cperation in space,
Tor example, the nczzle, exhausting to the atmosphere in the reactor test

‘cells, results in back pressure which prevents the noczzle from flowing full

at low chamber pressures, The facility limitations must be considered dur-
ing low flow operation of the reactor. The engine test stand provides a
liquid hydrogen run tank above the engine and the engine fires in a downward
direction., The stand provides some altitude simulation capability so that
test conditions are somewhat closer to space operation.

Our ability to maintain equipment remotely affects engine development,
Current test techniques require commitment to finish a test once & reactor
hnas a significant power history. Remdte handling techniques are adeguate to
disassemble a test article, but remoted maintenance and reassembly are not
practical with today's capabilities. For example, the XKIWI-BWD reactcr test
was terminated after a nozzle hydrogen leak. Jdozzle replacement involves
carefully seating seals, fastening about 75 bolts with & torgque wrench, and
hooking up several dozen instrumentation channels. We are unable to lo this
remotely today and there are no prospects to improve our capabl
the very near future. Ilowever, the engine is more complex than
test assembly with more items which will need maintenance before a test s
ies is completed. It appears feasible to conduct remote maintenance on s

h

test systems which is a requirement for reasonable engine development.

N THE NEZRVA ENGfNE DESCRIPTION

The NERVA engine is our first nuclear rocket engine. Its current per-
formance goals are to provide about 50,000 pounds thrust at greater than 700
seconds specific impulse. The engine uses a graphite reactor operating at
1000 megawatts nominal thermal power.

The engine is intended to be a self-contained propulsion package. This
means that it has the ability to start on command without additicnal power
or control, other than the electrical power for the control circuits., The

engine must restart in similar fashion, which means that provisions are needed

for shutdown and subsequent cooling.

Even though NERVA is a ground experimental engine system technology
project, I will discuss the flight engine design which serves as a reference
nuclear rocket engine. This will indicate all components which make the nu-
clear rocket engine a self-contained propulsion package. The experimental
ground engine system, which is being developed to investigate engine system
technology, will also be described and differences from the exact flight
configuration will be apparent.
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Configuration Description

Flight engine configuration development has been underway since 1960,
Major decisions during this period included selection of the reactor design
concept, the cngine cycle to provide the energy source for propellant pres-
surization, turbopump design, and the use of pneumatics for control and valva
actuation, The considerations which influenced these decisions will be dis-
cussed.

A mockup of the HnRVA engine congept on which we have been working is
shown in Figure III-1. The engine stands 22 feet high from the top flange,
which mates to a hydrogen propellant tank in the rocket vehicle, to the ox-
haust exit of the jet nozzle. The reactor is located within the pressurc
vessel in the central portion of the engine,

Twelve pneumatic reactor control drum actuators are attached to the
pressure vessel dome. The thrust structure, which transmits thrust and ac-
celeration loads between the pressure vessel and rocket vehicle, Is composad
of upper and lower subassemblies connected by a gimbal which allows the en-
gine to swivel for thrust vector adjustment. The turbopump is mounted witiin

he lower thrust structure and the upper thrust structure contains the pro-
nellant tank shutoff valve,

The large spheres contain hydrogen gas under pressure to provide for
actuation during engine startup periods.

The nozzle conslists of a convergent-divergent section, cocled by the
main propellant flow, and an additional divergent skirt which increases tl
nozzle expansion ratio to whatever value may be desired.

e

A pump discharge line connects the pump to the nozzle inlet manifold.
A turbine inlet line connects the hot bleed port, where nozzle chamber gas
is tapped, to the turbine inlet, Rocll control thrust, if required, could
be nrovided by roll control nozzles using the turbine exhaust,

Flow Description

Figure [II-2 shows a drawing of a nuclear rocket on which we can fol-
low the propellant flow paths typical of a sclid core nuclear rocket, The
flow paths shown are main propellant flow, turbine drive flow, and pneumatic
gas supply.

dain Propellant Flow -- During steady state operatiocn, main propellant
flow begins with propellant, under tank pressurization, passing through the
tank shutoff valve into the pump suction line. This line, which centalns a
gimbal bearing for thrust vector adjustment, provides propellant to the pum

&

inlet. A centrifugal flow pump pressurizes the propellant. The pressurlized
propellant enters the pump discharge line and flows to the nozzle Inlet

=
Iy
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manifold. The main propellant flow passes through the nozzle cooling pass-
ages, removing heat transferrcd to the nozzle from the main exhaust strean

as well as heat generated in the nozzle pressure vessel by deposition of
nuclear radiation energy. The coolant leaves the nozzle as a low tempera-
ture, low density fluid and is split into parallel flows to cool the pres-
sure vessel, reflector and control drums. DPropellant exits from the reflec-
tor region and is directed along the pressure vessel dome to remove radiation
energy deposited there,

The flow then cools the shield and enters the reactor inlet plenum.
Propellant is distributed from the inlet plenum into several parallel paths,
The bulk of the flow enters the reactor fuel element cooling passages and Is
heated to high temperature. The remaining propellant is distributed to flow
passages whicn yrov1c° coolant tc various reactor structural elements ané to
the peripheral region between the hot reactcr core and the regeneratively-
cooled reflector. These various cocling flows merge in the reactor exit
plenum which is also the nozzle inlet chamber. he propellant is expanded
through the nozzle to exhaust velocities greater than 23,000 feet per second
corresponding to more than 700 second specific impulse, typlcal of a nuclear
rocket. The main fuel element exhaust is at a high temperature and provides
greater than the average engine exhaust temperature.

Turbine Drive Flow -- In the NERVA engine, a hot bleed cycle is used
wherein turbine drive flow will be provided by mixing the hot main drive gas,
tapped from the nozzle inlet chamber, with cold diluent fluid taken from a
suitable part of the main flow path. The diluent flow is mixed with the hot
bleed flow, providing gas cooled to any temperature desired for turbine inlet
conditions,

The mixed gas flows through the turbine inlet line, passing through a
urbine power control valve that regulates turbine flow and turbine inlet
cressure and, therefore, the turbine power and purp speed. The flow is ex-
panded througn the turbine which extracts the power required to maintain the

turbopump speed and operating point required.

The turbine exhaust is expanded through nozzles to add a small contribu-
tion to the engine thrust. This thrust contribution, from gas at relatively
low temperatures, lowers the overall engine specific impulse below the spe-
cific impulse obtained from the man propellant flow. This use of turbine ex-
haust fluid as indicated in Figure III-1 could be a source of vehicle roll
control thrust if that is desired. An alternate use of turbine exhaust would
be to provide cooling for a nozzle skirt extension, if required, and then ex-
hausting it overboard to provide a small thrust contribution.

Pneumatic Gas SUEPli_" The pneumatic system must supply actuation gas
from the engine during operation and from pressurized gas storage bottles
Zuring startup operations. Thls subsystem, while made up of components with-
in our technological capabilities, is complex. The prneumatic subsystem is,
however, essential in providing a self-contained propulsion package.
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The pressurizoed gas supply for the pneumatic system is drawn from a
suitable point in the main propellant flow path. The gas must be filtered
and regulated to supply constant pressure fluid to actuators for reactor
contrel drums, turbopump control valve, thrust vector control, roll control,
and tank shutoff valve, etc. Check valves and additional regulators can be
arranged to use the gas stored in pressurized bottles during startup and to
recharge the storage bottles during engine operating cycles for restarts.

Tank pressurization can be provided from the pneumatic supply by flow-
ing gas at a relatively constant supply pressure to a tank pressure regulator
which admits gas to the propellant tank to maintain its required pressure
level. 3

Cround Lxperimental Engine System Configuration

Although flight engine designs have been studied to define configura-
tions, componeat requirements, and problems, the NERVA project is not yet
undertaking full development of the flight engine configuration described
above, Work on critical engine components and ground experimental engine
testing is planned and procceding so as to establish the technology and
operating understanding of these systems before flight application., £ ground
experimental engine system (XLC) configuration 1ls being selected to investigate
engine startup characteristics and component interactions during startup,
power operation, and shutdown.

The XL engine concept 1s based uﬁon the following considerations:

a) The XL engine will use NERVA engine components where component
characteristics have an Important influence on overall system characteristics,
ilowever, compenent development and reliability requirements will be relaxed
to be consistent with the technology objectives of the program. An example
is the need for continuing development of a flight type turbopump because
component mass and inertia will influence chilldown and acceleration char-
acteristics.

b) Facility-type components will be used to the extent possible where
flight-type designs are not required for component interaction and systen
dynamics tests. An example is replacing the pneumatic gas storage spneres
and pneumatic supply system with a facility gas supply. Other examples in-
clude a facility valve in place of the flight propellant tank shutoff valve
elimination of the adjustable gimbal, and use of a simpler thrust structure
which provides more room for component mounting.

c) An external shield will be added to the configuration to protect
engine components. This will eliminate the need to assure full radiation
hardening of all components before the experimental system tests are con-
ducted. However, the shield design concept will allow reduced attenuation
as components are demonstrated to be capable of withstanding the nuclear
radiation levels.
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CONFIGURATION DESIGN AND DLVELOPMENT

This section discusses the engine cycle selection and the design and
development status of the major components of the engine.

Cycle Selection

The choice of the turbine drive cycle in the nuclear rocket engine is
one of the principal system design selections required. The nuclear rocket
engine in Project NERVA uses a hot bleed cycle wherein hot gas is tapped
from the nozzle chamber, diluted with E cold gas, and passed through the tur-
bine to drive the turbopump. The turbine exhaust is dumped overboard with
some thrust recovery. This cycle was selected from several alternatives.
Alternatives included pressurized gas cycle, chemical gas gemerator system,
topping cycle, and various bleed cycles, hot bleed, cold bleed, and heated
bleed., Figure III-3, which will be discussed shortly, shews the bleed cycles.

The gas pressurization cycle consists of a gas pressure system to expel
liquid hydrogen from a propellant tank through a flow control system to the
reactor. This system, while extremely simple and highly reliable, is dis-
missed easily because the high inlet pressure requirements of a nuclear rock-
et engine and the large volumes associated with storage of lew density liquid
hydrogen propellant would yield extremely high tank structural weights and re-
sult in an impractical system, __L_ _j

The chemical gas generator cycle uses a turbopump to deliver propellant
at design pressure and flow rate. Tank pressurization is needed only to hold
the propellant under sufficient pressure to provide adequate suction head at
the pump inlet. This chemical cycle supplies turbopump driving energy with
a chemical gas generator burning the liquid hydrogen with liquid oxygen. Com-
bustion products are expanded through a turbine to extract power to drive
the turbopump. The main advantage of a chemical cycle is that the turbopump
is driven by an independent power source, thereby eliminating the system
integration problem of extracting energy to drive the turbopump from the
reactor, Reasonable performance can be achieved with such a system. The
main disadvantagesof a chemical system are: a separate propellant, ligquid
oxygen, is carried and complicates stage design; the engine system is com-
plicated by the gas generator and the need for a pressurized feed system to
supply the liquid oxygen to the gas generator; and, engine weight and number
of components are increased, complicating the design. The chemical gas gen-
erator cycle was not selected because these complications appeared to limit
the usefulness and, possibly, the reliability of the engine in operational
applications.

The remaining cycles use reactor heat energy to drive the turbopump.
Such an approach appears obviously reasonable because of the large source
of such energy available. These cycles are the topping, hot bleed, cold
bleed and heated bleed cycles, all using gas heated by the reactor.
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The topping cycle provides the highest specific impulse obtainable from
a turbopump driven nuclear rocket engine cycle. In this cycle, propellant
flows through the pump, nozzle cooling passages, and reactor reflector. Al-
most all propellant is then passed through a low-pressure ratio turbine, Some
propellant would be bypassed around the turbine to provide for speed control.
Turbine exhaust and the bypassed propellant are then passed through the reac-
tor core and expanded in the nozzle, The energy for operating the cycle is
obtained from heat transfer within the reflector or, if that heat addition is
insufficient, a second core region could be obtained by adding uranium fuel
to the reflector material. The main advantage of this cycle is that all pro-
pellant is exhausted at reactor exhaust temperatures so that no specific im-
pulse penalty is imposed by the turbopump cycle. An additional cycle advantage
is that the turbine operates at low temperatures, allowing the use of low
density aluminum alloys for construction. his would tend to minimize radia-
tion energy deposition in the turbine if that becomes a problem., The major
disadvantage to the topping cycle 1s that a sufficient energy source 1s needed
to lieat all propellant to the turbine inlet temperature, This affects the
reactor design, hence reactor and feed system interactions remain which can
only be investigated in system tests. An additional complication is caused
by the turbine pressure drop which occurs between reflector outlet and core
inlet. This pressure drop lncreases the strength and sealing requirements
for the flow separation structure between the core and reflector. The KIWI-34
reactor, selected for nuclear rocket engine development, was not designed to
provide the necessary heat pickup. 3Selection of the topping cycles would
have complicated reactor development efforts; therefore, the cycle was dis-
carded, at least for the first generation nuclear rocket engine.

The bleed cycles, illustrated in Figure III-3, all involve tapping hy-
drogen from various points in the main propellant flow path and expanding
this fraction of total propellant flow through the turbine and then exhaust-
ing it overboard. he differences between the bleed cycles are the different
Lleed locations.

In the cold cycle, hydrogen is bled from the pressure vessel dome. The
energy pickup in the gas up to this point includes only heat transferred in
nozzle ccolant passages and in the nozzle reflector. The main advantage of
this cycle is that the bleed gas is relatively low temperature and compo-
nents are not subjected to different envircnmental conditions, Aluminum
alioys can be used in the turbine, and simple turbine machinery can be em-
ployed. The major disadvantage is that a relatively large fraction of the
main propellant {low is needed to power the cycle and a significant specific
impulse penalty is imposed by this cycle., In addition, it is desirable to
start tie nuclear rocket by bootstrapping, wherein the latent heat of the
reflector provides the energy to accelerate the turbopump. The cold bleed
cycle would not provide as much acceleration margin as would be desired for
a boctstrap start in vacuum. herefore, the cold bleed cycle was discarded
because of tie high performance penalty at steady state conditions and the
lack of startup acceleration margin.
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The heated bleed cycle is a variant of the cold bleed cycle where gas
from the cold bleed port is routed ’ﬂruub the internal shield and a nozzle
skirt extension where adcitional heat iIs transferred. The heated hydrogen

is ducted to the turbine to provide turbopump power and is exhausted over-
board. The heated bleed cycle removes many of the performance penalties and
acceleration margin limitations of the cold bleed cycle. The additional com-
ponent development of the nozzle skirt does not appear difficult. However,
the cycle's disadvantages are:

(1) The heated bleed cycle depends, for operation, on a large area
altitude type nozzle. Therefore, all engine and nozzle develop-
ment testing must be conducted in a high altitude facility, com-
plicating develcopment testing and increasing test facility costs
and design problems;

(2) TFeed system perfcrmance becomes interdependent with reactor per-
formance, shield heating, and nozzle transfer characteristics,
The system interacticns cannot e eztigat with compenen
testing alcne in simpler and less costly programs thah system

tests, and increases the uncertainties which exist during sys-
tem testing.

(3) Additional design criteria are imposed upon the shield and noz-
zle in that not only must heat be removed satisfactorily, but
the coolant must also be raised to a minimum temperature. The
heating in these component st be determined accurately for e
this cycle.

The need for a high area ratio nozzle, shield cooling uncertainties, and the
system test complications led to discarding the heated bleed cycle for the
first engine.

The not Dleed cycle depends upon extracting hydrogen
temperature from the nozzle chamber. The hot gas is mecilately coocled by
diluent flow to a temperature compatible with turbine te”laL capability.
The mixed gas is expanded through the turbine to prov1ae turbopump energy.

An advantage of this cycle is that bleed gas flow rate is determined Ly al-
lowable turbine inlet temperature and pressure rather than by the heating
rates available in components., This cycle can provide a relatively small
specific impulse penalty; however, turbine inlet temperature can be readily
varied to tradeoff turbine reliability against performance. The nozzle and
its bleed port can be developed as a separate component. In addition, tur-
bine fluid characteristics can be experimentally investigated during chemical
firings of the nozzle and also reactor power tests. The disadvantage of this
cycle is that the drive gas is extracted at reactor exhaust temperatures,
This imposes an extremely difficult design and development problem for the
bleed port and the turbine inlet line. These components will be susceptible
tc hot spots and burnout unless a souné design i1s obtained. The hot bleed
cycle was selected for the engine development program Lecause the problem
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of providing turbine inlet fluid can be isolated into a component development
which can be investigated in both nozzle and reactor testing. In addition,
the system does not need a high area-ratio nozzle, eliminating the essential
nead for high quality altitude facilities for early system testing, although
altitude tests of an engine required to operate at altitude are considered
essential., Finally, high turbopump reliability and early system tests can be
conducted at low turbine inlet temperature but with the option of later in-
creasing the turbine inlet temperature to provide a capability for engine
performance growth,

WKIdI/HERVA Reactor

!

The reactcr is the major new subsystem that must be developed in nuclear
rocket systems. As might be expected, therefore, it has been pacing nuclear
rocket engine development.

The reactor design and development progress are discussed in this section,

General Reactor Design and Selection -- The reactor design, selected for
application to the NERVA engine, 1s a version of the KIWI-B4 reactor which was
designed and is being tested by the Los Alamos Scientific Laboratory. The
reactor assembly includes reactor core, reflector, control drums and internal
shield., A schematic illustration of the basic reactor is shown in Figure III-u,
The reactor is composed mainly of graphite using graphite fuel elements im-
pregnated with uranium carbide, The reactor core is made up of clusters of
these fuel elements and is supported both a lateral and an axial support
system. These support systems must accommodate large changes in core dimen-
sions arising from core thermal expansion, while providing support for the
static and dynamic loads imposed on the core. A hot end seal is used in the
KIWI reactor to prevent major amounts of flow bypassing the core. The NLRVA
reactor uses a distributed seal arrangement. The outer reflector is made of
beryllium. Twelve rotary control drums made of beryllium with a boral sheet

subtending 120° of arc are located in the reflector and used to control the
reactor.

Keactor Operating Characteristics ~- Design specific impulse and thrust
are obtained only when the reactor operates at design point. lHowever, the
engine and the reactor must operate stably over a wide range of conditions.
Ceneralized limitations to steady state operation of a nuclear rocket reac-
tor are discussed herein.

Reactor limits are of two types. There are limits which, if exceeded,
cause irreversible changes or reactor damage. These are limits of allowable
temperatures or structural load., Other limitations, imposed by core neu-
tronics, involve operating conditions where behavior is either unknown or
where steady state operation cannot be maintained. In some instances, this
type of limit can probably be exceeded during a transient,
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General trends of typical steady state reactor operating characteristics
are shown as a generalized reactor cperating map in Figure III-5, The gen-
eral trends of reactor exit temperature are plotted against exit pressure.
The operating limitations imposed by varicus reactor conditions are indi-
cated.

The maximum allowable exit gas temperature is obviously limited by
fuel element material temperature limits. Reactor structure, heated pri-
marily by heat conduction and radiation (thermal and nuclear) may limit
the allowable temperature in the low chamber pressure regime where Struc-
tural cooling flow may be insufficient to remove the heat conducted to
the structure.

Core structural lcads vary with core pressure drop. Limitations

due tc maximum core pressure drop affect operation in the high pressure,
high temperature porticn of the cperating map.

eutronics effects cause concern rataer than causing definite limits
for core operaticn. Tor example, @ minimum core inlet temperature limit
is indicated in the figure to avoid possible problems due to liquid hy-
drogen or high density hydrogen entering the core and affecting power
distribution, reactivity, and control. A limit of constant reactivity
increase 1s presented to indicate the operating regime where the hydrogen
in the core increases reactivity to the point that reactor contrcl shut-
down margin approaches zero. Operation beyond the limitation can only be
transient since power, hence exit temperature will increase, forcing pro- —-
pellant out, bringing steady state operation back within the operating map.
The reactor operating conditions are therefore generally bounded as follows:

a) high exhaust temperature - fuel element temperature;

5) low flow, nigh temperature - structural temperature;

c) inigh flow - core structural load limit;

d)} low temperature - neutronic limitations to avoid high density;

e) low temperature, high flow - constant reactivity limit to avoid
elimination of control span shutdown margin.

The magnitude of the effect of these limits on operating range of a par-
ticular reactor will, of course, depend on the particular design considered.
These reactor limits will affect the stable engine operating range but it

is certainly possible that non-reactor components can be more controlling
in parts of the operating regime. These other engine operating limits will
be discussed further in the system characteristics discussion.

Reactor Development 3tatus -- Reactor research and development Is
2
being conducted in the <IWl and the NERVA projects. Tais discussion of

reactor progress will cover both efforts. The XIWI reactor work is aimed

a
E
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at establishing the basic reactor technology and sound design concepts. The
- NERVA work is aimed at establishing flight suitable designs based on the
KIWI concepts and engineering optimization of that design to achieve the
maximum performance of which the system is capable with high reliability.

Substantial progress has been made in the reactor area since the Los
Alamos Scientific Laboratory (LASL) started its research and development
work in 1955, This early work led to testing a series of KIWI-A reactors
which, as indicated in Figure III-6, gave important design, materials, con-
trol, and nuclear characteristic infofmation. These KIWI-A tests were run
in 1859 and 1960,

In the KIWI-B1l series of reactor!tests run in 1961 and 1962, (Figure
II1I-7) LASL showed that these reactors could be effectively controlled by
contrcl drums in the reflector of the reactor. It was also shown that these
reactors could be operated with liquid hydrogen as a coolant and with a lig-
uid hydrogen cooled nozzle, as would be required in flight rocket systems.
During this time, Los Alamos scientists and engineers developed methods of
fabricating the uranium bearing fuel elements, they developed inspection
techniques, they developed an understanding of the effects of the high tem-
perature on the nuclear characteristics of the reactor, they automatically
started reactors with liquid hydrogen as the coolant. Such items marked
the substantial progress and advancement made during the years since the
program started.

. Dur preferred reactor design and-the one intended fer NERVA application,
the KIWI-BUA reactor, was tested in November, 1962 with resulting damage to
the reactor core due to flow-induced vibrations.. A short movie of that test
run shows the flashes in the jet that indicated graphite damage in the core.
During 1963 extensive work was performed to identify, explain, and solve
these vibration problems. The reactor program was oriented toward redesign,
by LASL and Westinghouse, of the reactor core support structure and toward
extensive component subassembly, and full reactor analyses and tests, in-
cluding cold-flow reactor tests (flow tests in which no uranium fuel is con-
tained so no fission energy is generated), to uncover the source of vibration
and damage that had occurred in November 1962 and to avoid it. We now know
that our redesigns do not encounter the core vibrations.

One of the important tests run last year was the cold-flow KIWI-3ULA
reactor test in May 1963 (Figure III-8) to obtain conclusive information
that vibrations had indeed occurred in the KIWI-Bu4A power test of November
1962 and to obtain an understanding of the cause of these vibrations. This
cold flow test was needed because core mechanical vibration instrumentation
cannot be incorporated into a power reactor so that definitive vibration
data were lacking. As had been hypothesized, flow induced vibrations oc-
curred even without any power being generated. This test demonstrated,also,
that burning of the hydrogen leaving the jet nozzle, separated flow in the
nozzle, two-phase flow in the reactor, and other features of the early start-
up portion of the operation were not the cause of vibrations. This test
clearly proved that the vibrations were flow-induced.
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I de »not want to leave the impression that cold-flow, full, reactor
tests were the only type employed in examining reacter design and cpera-
tional problems dur*,u ast year, Tigure III-9 shows a reactor flow test
ig ot Los Alznus, known as the (IWI-Pie Lecause it is a pie-shaped slice

« full neac*or., It serves as a tool for studyiny the flow paths, vibra-
s characteristics, and effects of redesign of reactors and has added to
nfidence in the redesigns. Tests in this (IWI-Pie have also proviced in=-
'mation on the flow-induced vibrations. Similar tests were run on NERVA

ng a small exi-symmetric sectlion of a reactor core.

H
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Another type of component test is shown in Flgure III-10. This is a

photograpn of test equipment being used for vibration testing of a group

fuel elements at Jestinghouse. The shaker is located in the lower por-
tion of the photograph., Fuel elements are contained in the shiny structure,
Another Westinghouse.component test fixture (Figure III-11) has the capa-
bility for flow and thermal shock testing of reactor control drums and
control-drum actuators, Full core vibration tests have also been conducted
at Yestinghouse. The test rig for shaking the core is shown in Figure III-
12, Tests such as this one are used to provide design data and evaluation
of Jdesigns with respect to mechanical vibrations.

Testing, on a sample basis, of fuel element productlon lots includes
hot gas tests to evaluate fuel element flow and corrosion resistance. The
Los Alamos hot gas test rig, used to evaluate fuel elements, is shown in
Figure III-13. The furnace is capable of temperatures up to 3600°C (6500°F)
and pressures up to 1500 psi with flowinp hydrogen, estinghouse conducts
similar tests in thelr facilities in Pennsylvania. These laboratory tests
are oxtremely important in developing and assessing the life.of fuel element
materials and designs and are a major factor in estimating reactor life be-
fore reactor tests,

One of the tests aimed at assuring sultable reactor control capability,
flow distribution, power distribution, and temperature distribution through
the reactcr is shown in Figure III-14, This is a critical experiment test
setup of the WNERVA reactor in which nuclear data were obtained at low neu-
tron flux levels or essentially zero power, It is an important check of the
nuclear characteristics of the reactor which must be determined before a
power test of the reacter is run. Power distribution and shutdown control
spar are a typical parameter measured during the experiment,

Many cther flow, structural, nuclear and mechanical tests have been
conducted and some are still continuing. Tnis enumeration of only a portion
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compromise our test objectives, The causes of the nozzle leak have been nar-
roWwed to one or two possibilities. Ve are modifying the nozzle to eliminate
these possibilities. Although it involves a difficult technclogy, the nozzle
is not an area that affzct: the basic developability or availability of nu-

clear rockets.

In adcition, the KIJI-34E (Figure III-17), was operated successfully as
anotler significant milestone in our development program. The test was con-
ducted at planned pow:'r flow and temperature conditions for a test duration
of over B minutes a' high power, the maximum time possible with the available
propellant supply. The successful operation of the reactor during this test
indicated our reactor design is fundamentally sound and suitable far use in
a nuclear rocketr engzine. The following infrared movie shows the power test
of tne KIali-34%e. U infrared {ilm the exhaust jet 1s clearly defined., This
film gives-a pcod idea of how long an eight minute firing is.

These tests are na s ccuntry's program to develcp
advanced rocket propuls t propulsion in particular, It
will serve as & firm base for tie development work that is to follow. Work
is 5till needec to make these systems operate for even longer times and to
design and develop them to Liigher powers., The reactor tests to be run dur-
ing the rest of thiz year and the reactor tests to be run next year, includ-
ing importunt laboratory tests, will further evaluate the Los Alamos design
and will also test the ‘e>t¢ﬁghousa design. This work is aimed at demon-
strating cperation at longer durations and higher powers and temperatures
than these achieved in the XIWI-BY4 tests. - —

Propellant Peed 5ystem

The propellant feed system includes a turbopump assembly, tank shutoff
ari-ine puwer control valve, and associated lines. The purpose of
stem i: to provide propellant at the desired pressure and flow
nezzle, pressure vessel, reactor assembly.

Jesign and Selection -- The turbopump assenmbly comsists of a single
stage centrifugal pump driven by a multi-stage axial flow turbine. The
pump increases the liguid hydrogen propellant pressure from the tank stor-
age pressure to nocsle inlet pressure at a fiow rate of about 70 1lbs. per
swcond, Fower transmission from the turbine to the pump imposes a signifi-
cant bearing design and development requirement. A turbopump design similar
to the one shown in Figure III-18 is being developed for use in the experi-
mental ground test engine system. Bearings for the turbopump assembly are
coocled and lubricated with hydrogen.

The turbine power control valve regulates the turbine drive fluid flow
rate. Hot gas turbine inlet flow is controlled through the full valve range
from open to closed. The valve i1s actuated pneumatically and is shown with
ar actuator attached in Figure III-19.
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A tank shutoff valve is provided to keep propellant from reaching the -
pump until engine operation is desired. The two-position valve is either
closed with low or no leakage, or open with low pressure drop at full pro-
pellant flow, The valve has provisions for remote connect-disconnect cap-
ability for ground testing. However, the tank shutoff valve requircments
are not closely coupled to the engine dynamic characteristics. Therefore
the experimental ground engine system will use either a low pressure drop
facility type valve or an early development model tank shutoff valve,

The turbopump assembly and turbine power control valve have a major
effect in establishing the dynamic operating characteristics of the engine.
For this reason, development of flight type units is being carried out for
use in ground testing the experimental engine system.

The tentrifugal flow pump for the enpgine system was selected from the

olce between cantrifugal flow and axial -low. #hile it appeared that

her pump type could satisfy the engine regquirements at the steady state
sign point, the cbntrlfu&al flow pump offers a wider operating range.
Since nuclear rocket engine coperating characteristics are difficult to
predict at this time with great certainty Lefore extensive testing, the
centrifugal flow pump was sclected to assure that a single pump design will
provide propellant flow over a wide range of possible operating conditions,
thus avoiding an operating range limitation. GSome further design modifica-
tion of the centrifugal pump is being carried out to provide the widest
possible range of negative characteristic slope. This slope, when zero or
slightly positive, may result in a tatal system Instability which could be
difficult to avoid, CLvery effort is being wade in design to avoid such a
possible condition and to provide broad operating margins.

ch

o
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Operating Characteristics -- A generalized centrifugal flow turbopump
operating map 1s presented in Figure III-20, Limitations caused by pump
stall, net positive suctlon head and a turbine power limit indication at
steady stage are shown, Possible engine reguirements are superimposed on
the operating map. The engine requirement covers only a small portion of
the allowable range of pump operation; however, the wide operating limits
provide assurance that turbopump characteristics will be compatible if com-
ponent characteristics require modification during the development process

Development Stuatus -- The turbopump and turbine power control valve
have been under development since shortly after the NERVA Project began,
Tank shutoff valve development has been conducted as a slower effort since

it does not appear to be a critical item for the experimental engine in-
vestigation,

Tests of the turbopump have been conducted and the turbopump opera-
ting characteristics have been evaluated. Although design point perform-
ance s Sat’“ractor], the range of stable operation and the shape of per-
forpance curve 1s being studied to assure that sufficient operatlng flex-
ibility iIs avallable. A5 mentioned earlier, the turbopump 1s being modified
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The nozzle has proven to be a difficult practical development in our
nuclear rocket work. A nuclear rocket nozzle is fabricated to include a
Pewenpratively-cooled convergent-divergent flow path for reactor exhaust
a3 expansion to high velecity. The nozzle also 3“ov1deg & pressure shell
for the convergent section to withstand the loads impos

;aust pressure., The nozzle is cooled by the main p
maintain nozzie materials at an acceptable temperature
to the high temperature reacter exhaust gas and to
nozzle pressure sihell due to nuclear radiation
nozzle design must consider fully:




a) the high heat transfer rates from the main exhaust stream to the
nozzle coolant tubes due to high heat conductivity of hydrogen;

b) the use of hydrogen as propellant, which requires exclusion of
air from the nozzle and prevention of any hydrogen leakage;

¢) the large contraction ratio in the convergent section to provide
a transition from the reactor outlet diameter to the throat diam-
eter. This high ratio, peculiar to nuclear rockets, results in
large tangential and longitudinal stresses which must be contained
by the nozzle pressure shell,

Our current efforts in nozzle design and development include:

a) efforts to estimate, more accurately, heat transfer characteristics
fromm the hot exhaust to the nozzle coolant leading to determination
of teuperatures and stresses in nozzle coolant tubes;

b) 1investigation of alternative designs and materials to provide added
margins between operating temperatures and materials capabilities;

c) determination of energy deposition rate in pressure shell and as-
surance of adequate cooling provisions to maintain the pressure
shell at an acceptable temperature; and

d) investigation of fabrication and quality assurance techniques which
~ allow fabrication and assurance that nozzles are built as required
to withstand all operating conditions. This practical area repre-
sents our major problem area, As part of this problem, the diffi-
culty of dimulating operating conditions should be pointed out
here, although it is discussed in the Advanced Lngine Section,

Figure III-22 is a photograph of a nozzle fabricated by Aerojet-General
for use in HRX reactor testing. The nozzle is shown with an adaptor and
chemical fuel injector used to conduct chemical simulation firings. Figure
III-23 is a view of an alternate nozzle design fabricated by Rocketdyne for
the KIVWI reactor tests. This nozzle can ‘also be used for WRX reactor tests
if needed. Although this design will present some improvement over the
nozzle used In the KIWI-B4D test, some of the fabrication and inspection
problems remain.

dozzle development for the nuclear rocket is proceeding with a signif-
icant amount of effort devoted to it. However, we cannot yet say we have
obtained a nozzle design with sufficient demonstrated reliability to meet
all of the reactor and engine test requirements including reasonable flight
type operating capabilities,

The remaining components of the thrust chamber assembly are the pres-
sure vessel and thrust structure,
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The pressdre vessel consists of a cylindrical shell and an upper
dome closure welted to it. Ports are provided for pass-thircughs for in-
ol

> 3
strumentatiocn leads and contr drum actuator shafts.

SOk seen fabricated both with titanium and with
aluminum zlloys, The units have been subjected to hydrostatic tests and
closure seal tests. 3oth designs proved acceptable. The aluminum design
was selected because of our greater familiarity with the material. A
photograph of an aluminum pressure vessel is shown in Figure III-24,

The thrust structures, both upper and lower, are designed and fabri-
cated of stainless steel. The structure supports and transmits thrust and
boost loads vetween the engine and stage and contains provisions for mount-

.

ing the turbepump assembly and tank shutoff valve. Tigure [II-25 shows a
view of the thrust structure mounted in a fixture for dynamic testing. A
simpler unit will be used for the ground tests of the experimental engine

system.

Control Gystem

The engine control system must maintain stable engine characteristics
during steady state operation in the power range. In addition, the system
controls the engine during transient operations such as startup, normal
shutdown, and restart, if required for the mission. This system must pro-
vide, where practicable, for operation with component degradation or mal-
function. A nuclear rocket control system contains control loops to main-.
tain reactor exhaust gas temperature and reactor exhaust gas pressure which,
in turn, determine engine specific impulse and thrust,

The [{ERVA engine control system details have not heen fixed yet; how-
ever, typical systems have been investigated. A representative pressure
and temperature control scheme is discussed Lelow.

Pressure control can be achieved by comparing measured reactor ex-
haust, 1.e., nozzle chamber pressure, with the pressure level demanded by
a programmer, The error signal provides a basis for positioning the turbo-
pump control valve with a pneumatic actuator. The valve position changes
flow to the turbine, which thereby changes pump speed, flow, and pressure
output,

Temperature control can be achieved by trimming the output of an in-
ner lonp which controls reactor power, Reactor power can be controlled by
comparing actual neutron flux (proportional to reactor power) with desired
flux. The error signal provides a basis for positioning the twelve reac-
tor control drums with pneumatic actuators. The desired power is modified
by an error signal generated by comparing chamber temperature with desired
temperature. The resulting temperature signal preovides an additional power
demand signal input to the power control loop. The total temperature cor-
rection allowed i the power loop can be limited to a fraction ¢
manded power, to aveid a major power increase in the event of loss of the
temperature signal.
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A block diagram of a typical nuclear rocket engine control system is
presented in Figure I11-26, The pressure feedback contrecl for flow as
well as the reactor tempcrature and power control loops are indicated. The
investigation of various operating modes in the ground engine test program
will define the control ngde to be used in flight systems,

Control system development 1s proceeding. Control circuits are being
packaged for installation in the test facilities, but packaging these cir-
cuits for flight hardware will not be required until flight engine develop-
ment is undertaken. Actuators for reactor control drums and the turbine
power control valve are also being developed.

Pneumatic systems have been selected to provide the actuation capa-
bility. Pneumatics were selected because pressurized hydrogen gas is avail-
able within the engine cycle itself and pneumatic systems tend to be more
radiation-resistant than hydraulic systems. Figure III-27 shows a develop-
ment actuator unit undergoing environmental testing.

Control sensor development is a key problem area. CEfforts are being
directed to obtain sensors which operate reliably in the reactor environ-
ment. Our needs include a wide range neutron flux measurement, a radiation-
resistant pressure sensor, and a quickly responding measurement of the high
temperature reactor exhaust gas.

5YSTEM CHARACTERISTICS

Component characteristics discussed above are combined to obtain sys-
tem characteristics that are discussed in this section. Some transient
characteristics of the engine are included. In addition, facilities in-
volved with system development are described and development status of the
engine system 1s presented, :

Operating Characteristics

Steady State -- Typical trends of steady state operating characteris-
tics of nuclear rocket engine systems are presented on an engine operating
map, in Figure III-28, Trends on the chamber temperature vs, chamber pres-
sure plot are generally similar to the ones describing reactor limits. How=-
ever, representative limits imposed by the turbopump and the nozzle are
added, The map shows a regime for steady state operation where components
are not limiting. The regime runs from approximately 100 percent power at
design point conditions down to approximately 40 percent of design, Flight
performance will be at maximum specific impulse and thrust; however, some
ground test operations can be conducted profitably at lower power conditions.
As you will note in Figure III-28, the limitation to engine operation is
determined mainly by the reactor. Turbopump stall may be less critical than
reactor structural cooling requirements as indicated, however the relation
between these limits may be different for different reactor designs and the
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relation may vary as comp i modified, The nozzle

wall temperature may limit a small region of high temperature-partial flow
conditions and the turbopum flow area may affect a region
of high flow partial temperature op

- .

Transient -- In addition to a need to operate stably within the steady
state map, we must find satisfactory operating lines for the engine to fole
low during all startup and operatlng conditions without exceeding component
limits. The engine must boctstrap, that Is, use the latent heat stored
within the reflector and reactor core to provide the energy sourc: for feed
system acceleration. liominal studies of startup transient cperation in
vacuum indicate the fundamental feasibility of bootstrat start. However,
reazlistic startups are complicated by engine chilldewn characteristics
sreczding pump aceceleration, and possible Intermittent flow choking in the
nozzle cocling passages durin rt. We are also concerned about back

pressure effects during star the ground test facilities.

tngine chilldown is being studied in experimental investigations. Thase
investigations are being conducted to determine desirable arrangement and
sequencing of cryogenic valves., Some of our concerns in this aresa include
the need to avoid turbine overspeed, acceleration margin of the turbopump,
and overchilling of the reflector and core which lowers the energy avail-
able for hootstrap start.

During the early portion of engine start, gaseous hydrogen flow may
be choked in the nozzle coolant passages. The resultant high pressure
drop In the nozzle lowers available turbine inlet pressure and affects
bootstrat acceleration margin. This effect is being evaluated.

Tacility limitations to testing are also cf concern. TFor example, the
altitude simulation system in ITS-1 cannot maintain low pressure during the
early period of start and Test Cell A testing is conducted without altitude
simulation, The effect of these ncn-ideal back pressure conditions on en-
gine exhaust and on turbine exhaust are being investigated. The higher
back pressures reduce bootstrap acceleration marpin and we must be assured
that sufficient margin remains to conduct adequate startup tests,

Studies are continuing and experimental data are being obtained which
will lead to better understanding of the startup transient, particularly
in the initiation of propellant flow, where we lack knowledge of turbopump
acceleration characteristics and where hydrogen boiling and two-phase flow
are significant, 3imilar transient studies are being conducted to deter-
mine engine system characteristics during shutdown to assure that the con-
trol system will avoid conditions which exceed component limitations. Re-
start studies are also significant in that the initial conditions «f reactor
temperatures are different than during normal startups.
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Development Status

Engine system experiments involve fabrication, assembly and testing
three experimental system designs that terminate with an experimental nu-
clear rocket engine system tested in a downward-firing, simulated-altitude-
capability engine stand, '

The first system is a cold flow version of the nuclear rocket engine,
This will include the critical components of the engine in a close~coupled
assembly. The reactor, however, will be assembled with non-fueled compe~
nents, so that no pover will be produced during cold flow tests. This
system, the Cold Flow Development Tast System (CFDTS), will be used to in-
vestigate the early portions of the engine start where turbopump accelera-
tion characteristics and engine chilldown phenomena cannot be predicted
accurately.

The CFDTS testing will be conducted in the H-Area test complex of the
Aerojet-General Corporation. This complex, shown in Figure III-23, has
several test positions for nozzle and turbopump component testing as well
as system test capability. The system test position is underneath the
large liquid hydrogen run tank. Testing underway at the Lewis Research
Center of NASA is also providing information about transient characteris-
‘tics of generalized nuclear rocket engine. This work is described in the
section on our Advanced Research and Technology work,

© 7 After completion of the CEDTS test series, the system will be used at
the Nuclear Rocket Development Station (WRDS) in Nevada, for preparing the
Lngine Test Stand for power engine testing. All engine system power tests
will be conducted at NRDS.,

At RDS we have made substantial progress in providing the necessary
facilities for nuclear testing in the Nuclear Rocket Program. These fa-
cilities represent a national capability that is not duplicated anywhere
else in the United States. The major facility items currently in existence
or now under construction are two reactor test cells, "A", and "C"; an en-
gine test stand, ETS-1; the Reactor Maintenance Assembly and Disassembly
Building, R-MAD; an Engine Maintenance Assembly and Disassembly Building,
E-MAD; and an administration area.

The second engine system is being designed to investigate engine sys-
tem characteristics by modifying the reactor configuration tested in the
reactor test cells., We plan to install a turbopump and hot bleed nozzle
on a test car in conjunction with an NRX reactor test. The assembly is
then an engine system experiment; however, the engine fires upward with
the nozzle exhausting into the atmosphere, The start transients are ob-
tained under high backpressure conditions. This test system will allow us
to study startup characteristics and obtain operating data in parts of the
steady state engine operating map.
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Testing will Le conducted at Test Cell 4, shown in Figure III-30.
The test cell ha storage provisions ror liguid h] oy n anc gaseous pro-
feed system, that pressurizes propellant for

pellants. The pr spellant
reactor testing, is bypassed for the enblne system tests., Control systems
and the data acquisition systems used for reactor testing are considered
applicable for the engine system testing.

The third engine system assembly will be used in downward firing tests
in an altitude engine test stand. This engine (the Xt engine) is modified
only slightly in appearance from the flight version of the JLRVA engin=.
The XZ engine will nect have thrust vector capability or an internally cc.-
tained pneumatic system. Altitude simulation capability of the test stand

is slhown as a trend of test cell pressure vs. engine chamber pressure in

Ficure 1III-31., The altitude capability provides higher ;sressure ratios

across the turbine anc allow faster turbopump accaleration, 3octsirap
mul on stand will more closely simulate startups

start in the altitude s
during flight than i

&
$-
[}

[l V]
=

e in the reactor test celils

The test facility for the XL engine tests will be Engine Test Stand
No. 1 (ET5-1) shown in Pigure I11I-32, This facility provides deownward
firing, and an altitude engine test chamber in which the engine is enclosed
during the firings. A 70,000-gallon, liquid hydrogen, run tank is located
above the engine to provide flow conditions which approximate propellant
flow to a nuclear rocket engine during flight.
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IV. ADVANCED RESEARCH AWD TECHNCLOGY

ERGINE SIZE SELECTION

The long lead time required for the acquisition of test facilities as
well as other techmnological requirements lead to early establishment of size
and performance level goals for the rext generation of nuclear rocket resctors.
Technologleal, programmatic snd mission implications of the selected goals
must be thoroughly comnsidered to assure that nuclear propulsion will be
sveileble where it is needed when it is needed. This means that we must

e propulsion system performerce that will be required to achieve the
rizs?ans planped in the next ten to twenty years and ss far beyond as possible.

Fuclear Engine Clustering

Clustering nuclesr rocket engires extends our ability to provide nuclesar
prcpulsion systems for a variety of missions. Clustering also extends our
atility to accommodate to changes in performance requirements that may occur.
This is extremely important since estimates of the required overall vehicle
weight in orbit to make & manned landing on Mars are based on & number of
nicsion assumptions whose validity will not be established for some time.

Comparatively little is lost furtheremcre from not having an exactly
optimm thrust level in individual engines of clustered nuclear rocket engines.
This was indicated earlier in the discussion of vehicle applications.
czzerslly, we believe, it is desirable to limit the number of engines in &
clyuster to sbout four %o simplify vehicle development. A factor in favor of
larger engines is that some incresse in engine thrust-to-weight is possible
ss reactor dismeter is imcreased. So we must pick an engine which is small
encugh sc that most of whet we have lesrnmed from KIWI and NERVA can be applied
+o 1ts developmernt, large enougk so that we extract as much as possible of
ke performance gain of bigger reasctors, and of a size which will permit the
greatest possible range of mission applicatioa.

Thrust Requirements

Our studies of the most probable mission ¢f interest after lumar explora-
tion have indicated that the power levels required for the three major
propulsive periods in & menned Mars expedition generally are in & fixed
ratio regardless of the assumptions used for the mission. It appears rea-
sorable to provide & sepsrate nuclear powered stage for each of these periods.
Tre ratlo of the thrust levels reeded for Eartk orbit departure, breking into
@ Martian orbit, and Mars orbit depsrture sre approximstely four to Two to
cne. This implies that a single nucleer rocket engine, properly clustered,
could provide the propulsion required for all firing cycles. An iryp~riant
poizt to emphesize is that the experiszuce gaired in the KIWI and NER: -~
development mekes 1t pcesible to predict tne time of evailability of puclear
rocket propulsion systems and the development effort required. This work
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will provide a firm basis for developing future systems to meet the needs of
manned expeditions to Mars und other future space missions.

From the curves of iritial weight in orbit versus power level which you
have seen earlier {Figure I-8 and I-9), it appesars that interplanetary missions
will start in Earth orbit with & spucecraft weighing between 1.5 to 3 million
portads. The optimum first stage vhrust level for this initial weight in orbit
is then in the renge of 450,0CC to 900,000 pcunds thrust capability. Keeping
in mind that the payload required to perfcrm a mission usually grows with
time and that fcllow-on extensive exploraticn should be possible with the
same system, it would not ve surprisiug if scmewhat higher thrust levels will
be desired by the time suck a Mars mission is actually performed. A total
thrust of up tc &8 million pounds is, therefore, probably indicated.

Phoebus Reactor Power Level

Since the mission studies of clustered engines indicate great flexibility
in engine size, i1t was decided to establish our next generation engire as
the highest thrust engine whach can be bullt using essentially the design
concepts, control schemes, and material capabilities demeonstrated in the
KIWI and NERVA engine. This decision thern deliberately gvoids difficult new
and i1aventive technclogy requirements. It is also large enough so that
deubling or tripling the payload reguirement would not present clustering
problems of great difficulty. On the other hsnd, should our mission for
some reason presently uwrforeseen require 4 tobal thrust level much smaller
than trat chosen, we will need to cluster fewer engines. On this basis, our
Phoetus resctor desigu power level has been chosen &t a nominal 5,000
megawatts which woulid give a nominel engine thrusi of 250,000 pounds. Units
c¢f two te four could meet our presest estimates for Earth departure thrust
and either 2 single or pair of these engines would be suitable for braking
into a Mars orbit. This power level is a3 nominel geal. The flexibility
afforded by ciustered nuclear rockets adds a safety margin so that obtaining
a lower thrust does nct sericusly coumpromise mission capability as has been
shown in the missior discussicn.

Phoetus Development

Other performance goals for the Phoehus reactor technology program are
to achieve the longest possible fuel elemont operating life and the highest
pcssible temperature. We are now able tc achieve fuel element lifetime
adequate for many nuclear rocket missions and appear tc have the technology
for improved lifebime close at kand. ILonger operating times permit the
multiple testing needed Lo achleve reliability with few engine builds.
Restart 1s reeded for the same reason. Except for reusable ferry-type
spplicaticns, no missicns we have considered show any sigrificant gain by
mcre than one restart. Eigher gas temperature or high specific impulse is
of such great value to the performasce of wissions that it is always a goal.
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Several factors, including the time needed to design, fabricate, and develop
larger core reactors, and the lead time for test cell facilities and ground
test support equipment prevent us from testing a large Phoebus reactor for
several years. We have therefore layed out a program which will allow us to
learn about our Phoebus reactor goals using only our present facilities and
KIWI-type or size bhardware. This program includes several tests in the present
KIWI size - reactor cores, called Phoebus-I, in vwhich wve will attempt to
evaluate important elements of the Phoebus technology. These tests will be
started next year.

Before proceeding with the description of the efforts now underway on
the Phoebus reactor and the technology for engines based on that reactor
tecknology and describing some of the problems that may have to be solved
in their development, I would like to mention the major factors which
jetermine how far we may extrapolete the KIWI/NERVA size and power level
before encountering severe development difficulties.

Size and Power Limitations

The KIWI/NERVA is a fairly small diameter graphite reactor. This small
size imposes some design difficulties and limitations. From & neutronic
standpoint almost any change in the core is difficult. The introduction of
nev materials, a change in position of materials, increases in void fraction
or power density, all require careful consideration of their effects on
reactivity. In a large core, however, the decreased surface to mass ratio
results in less neutron leakage which in turn results in smaller amounts of
fuel per unit volume required for eriticality. This additional reactivity
available in larger size reactors may be used in several ways. For example,
it may be desirable to introduce series cooled or regeneratively cooled
structure in places vhere KIWI or NERVA have used parallel cooled structures.
Such regenerative coolant helps to increase attainable Isp. The additiomal
structural material needed to provide a regemerative cooling path would be
difficult to introduce in a small core because of the absorptive capture of
the additional materials. It is also possible to replace structural materiels
used in the small core of the KIWI with materials having more favorable
structural properties, but with elightly higher neutron poisoning effects
vhich might rule out their use in the smaller core. Another way in which
this increased reactivity may be used is in providing high void fractions
in large cores. Since void fraction is directly related to power demsity in
these cores, this would produce a lower engine specific welght.

A significant design consideration in determining reactor diameter is
reflector control. An in-core control system would produce large flux
depressions in areas adjecent to the control rods and would require internal
cooling. The development and demonstration of reflector control systems in
the KIWI test series was one of its major accomplishments. Reflector control
is achieved primarily by converting fast neutrons into thermal neutrcns and
metering the fraction which is returned to the core. As the reactor core
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of an entlrely new in-core control Cuhvtpb whicr woeuid e a uaJor develop-
ment job is therefore avoided

Another way to increase system performance which appears attractive at
first glance, is to go tc higher pressure systems  Since power density is
directly propertionsl to pressure, doubling the pressure is equivealent to
doubling the power in a given reactor core. At first glance, this seems to
be an attractive method of extracting greater performance. Careful con-
sideration of the overall engine system regpounsge to pressure increase shows,
hovever, that not only are our performance and technoliogy requirements for
all components including the non-reactcr components mu.y.. suvbstantially more
difficult, but the overall engine weight 15 not reducen by high pressure
operations.

s of turbopump welght versus
kL versus reactor pressure
urves are approximate and
g technolcgy. They are,

Ze in weight as a function
7 the nozzle and pump rise
sex a0 that there is no
prezsure. Therefore, pressure
lz or readily develcopable

Figure IV-2 and IV-3 are generalized curve
reactor pressure and overall engine system wel
focr a given engine. The data used to piet the
represent considerable extrapolations of exist
however, indicative of the general trend of oh
of pressure In genercl, the combined weights
with pressure faster than reactor weight decrea
alvantage by going to higher and higher chamber
levels sheuld be chosen on the basis of availsb
component technology.

T

Proebus Technolicgy Program

The prograw to provide technolicgy for future geunerations of nuclear
rocket reactors, known as the Phoebus program; iuncludes the design, develop-
men®, tabricaiion and test of several reactors in both the KIWI/NERVn size
and in a larger size. The initial work in this program began over a wear
g0 with experimental measurements of neutron physics parameters in o vcomb
criticals such as this one shown here at the Los Alamos Scientific Latwintors.
{Figure IV-4) These simple critical experiments usc «labs of fuel, structu i
material (graphite) and poison materials to get a fir.t estimate of some of
the neutronic design parameters., More sophisticated physics experim-nts knowu
as Zepc's {zero power) which use fuel and stiructure in the exact form in which
it will be used in the reactor, will be carried out as the program progresses
and as more precise estimates are reguired These simple honeycomb experi-
ments. however, are excellent for determining in a gross sense the effect of
introducing additional structure or new materials to Lhe core.
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As the los Alamos Scientific Laberatcry has curpleted thelr work in the KIWI
project, they bave shifted their efforts to this Phoebus techn’*l:*gy progren. As
~of this time, LASL's work is almost entireiy devoted to tnics advanced ef:ort,

ENGINE TECHNOLOGY

We have begun the development of the technology of major non-reacter com-
popents for an engine which would use the Phoebus reactcr tachnology. Certain
of these components, such as, feed systems and nozzles, are required for the
zonduct of reactor tests. There is obviously a close relaticnship between
nozzle and feed system design and performence and the reactor design and per-

" formarnce characteristics. The nozzle problems £or advanced Phoebue reactors
will b2 in many ways similar o the KIWI and NERVA nczzle designs., It should be
p-tel +hat the heat flux from the nozzle is of the same order of msgnitude as
tvad irsile the reactor. We have been carrying out heat transfer and fluld flow
dies ané determining the basic properties of hydrogen over the entire tempera-
wre range of interest for several years. Much of what we have lserned Irom KIWI
-3 KERVA iz availdble to us here and provides an =xcellent baze of informstion.

Mozzle Deveiopment Testing

Upe significant problem is nozzle development testing. Exact simulation of
operation with a reactor is difficult and we have not accomplished such simula-
tion. Figure IV-5 and IV-6 show a facility which should be available about the
middle of next year. It will be the first facility which we have had in the
nuclesr rocket program which will permit testing of reasonable scale nozzles
in hot hydrcgen for any period of time. Obviously, in order to provide exactly
i2antical envirommental conditions for reactor tests we would need a heast source
wspakle of producing the same power as the reactor during the hot run. When ore
--nziders the available heat socurces, electrical power reguirements become ex-
cessive. In fact, one very soon comes t¢ the conczlusion that an ideal heat
srearne for *es*:;ing nozzles is a nuclear reactor--not a very promising or realistic
: s"“:, »r at thie time. We have instead u2ed hydrogern-oxXygen combustion &5 a
zcrmique but the lower film ccefflcient of heat transfer for hydrogen-
 g&s mixtures mean that we must go to much higher pressures in Hp=Op
; st achieve the same heat flux comditicns. This in turr means that we
have either different structural losds or different temperasture comditions
thar would exist during the actual rocket reactor nozzlie cperation. This
facility at the Lewis Research Center will use hot gases to hest graphite balls
to & high temperature. The heat cepacity of these balls is used to heat 30
pounds per second of hydrogen flow, for tests of up to 25 seconds duration.

Feed Systems Develiopment

We are considering several ways of meeting our requirements for increased
tyiroger flow for the Phoebus reactor testing. If it is possible to increase
the pirfirmance of our present pumping system, the NFS-2 being used in TWI/
NERVA res:hor testing, our requirements can te mes by oiipling two or more in
raraiisl. Ways of mcdifying this pump %o permit the higher perfommance level
r“in;red are now under study. Figure IV-T is a phf**..-gra:;h os such 8 tur

renp system. We are also giving some consideration to meeting our faci ity
f .23 svebem reguirements for higher power reactors by modifying pumps under
Asvsicpment for high thrust hydrogen-oxXygen chemical enginzz.
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Radiation Effects

The nuclear rocket engine systews advanced technology work relies
heavily on chemical rocket engine technelogy. CQur nuclear engine technology
activities devote extensive effort only at those specific problems peculiar
to nuclear rocket engines. Our other development needs are common to Hp-Op
zngines and we draw on this reserve ¢f knowledge when necessary. For that
reason, our research in this area is heavily oriented towards the specific
problems posed by radiation: tank heating, pumping btoiling hydrcgen, operating
high speed bearings in a radiation field, the development of pneumatic
eontrol circuit (radiation resistant) and the determinaticn of materials
properties in & combined radiation anrd cryocgenic envirconment.

There are two factors which will enter heavily into Fhoebus which have
not been major factors in the KIWI/NERVA design. The first of these is
structural damage from radiation effects. In the KIW. and NERVA development,
we we.e able to ignore the classical radiaticn effects which must be considered
by ¢ther reactor programs. This is because rocket reactors typically operate
for fairly short times by reactor standards, The total dose is therefore
below the range where substantial transformation is found. The classic
problems of induced crystal structural disorder are therefore not found in
KIWI/NERVA. We have instead a class of unusual and difficult problems re-
sulting from the combination of very high radiation heating rates which when
combined with our liquid hydrogen coolant create tzoutlescme temperature
gradients and temperature asymmetries. While ithis problem remains with us
in the higher power Phoebus reactor, we also reach total doses at the threshold
of the range where changes in engineering properti2s may be anticipated for
many materials. As a consequence, we must now give careful consideration
of the materials which we choose from the radisticn damage standpoint.

Clustered engines are also subject to radiation originating in adjacent
engines., This will result in increased dose to control systems and feed
system components due to neulrons and gamma rays which emanate from the sides
of adjacent enginss. We do not anticipate any unusual effects in clustered
nuclear engires which might irhibit their use in space missions, A number of
critical experiments are being carried out to obtain experimental confirma-
tion of these analyses. Clustered engines may have scme partial shielding
on the sides facing other engines to reduce this radiation to tolerable levels,
(Figure IV-8) In order to keep shield weights to a minimum, we will have to
know the failure limits of all the compcnents and materials affected. Some
of the facilities and equipment needed to make these determinatious are now
available for ccmpenents and materials of interest. For some components
and materials, work is already underway.

The prospect ¢f high doses and high dose rates in single units or in
clusters of high power density nuclear rocket engirnes {.as caused us to make
a substantial investment in test facilities capable of testing materials and
ccmponents of the nuclear rocket in closely simulated znvironments.




Plumbrook Reactor

This is a picture (Figure IV-9) of the NASA Plumbrock Reactor Facility.
The test reactor characteristics of this reactor are shown in this slide.
(Figure }Y-10) Plumbrook Reactor Facility is an MIR type test reactor de-
signed specifically to provide high flux over large test volumes for space
system development testing. As you can see, its major features are its
high neutron and gamma flux, and the large diameter of the experimental
holes. The last feature is particularly important for the kind of testing
needed for components of nuclear rocket engines. In this testing, as I
have mentioned previously , the major prcblem from radiation is the high
heating rates generated ir the relatively massive parts of components, for
example, in the magnetic cores of amplifiers or in actuators. Superimposed
on this high energy depositioxn rate is a high energy removal rate by virtue
of the liguld hydrogen flow through the system and the excellent thermsal
conductivity cf materials used. Mounting a transducer against & S50°R
alimmimne pipe in & 11t ergs/gm C-hr. gamms hesting rate generates unusually
high tempersture gradients. The problem is particulariy severe in rotating
or siiding components such as actuators or drive moctors where changes due
te differential thermal expansion may cause binding of mcving parts, and in
instrumentation. In order to determine what these effects are, it is neces-
sary to exactly simulate the enviromment and reproduce these temperature
gradients.

The most immediste use of our present facilities will be to obtain
experimental informetion on conmtrol system components, turbopump bearing
materials and components, and on the effect of radiation heating on our
ability to store and pump liquid hydrogen in a nuclear rocket. These three
items have been chosen both because of their importance tc the successful
development of the muclear rocket, and because the obvious complexity of
the programs involved in obitaining valid date imply a fairly long lead time.

The first two of the experiments menticned will be carried out at
the Plunbrook Reactor Fecility. Components will not be included in radiation
effects tesiiipg urtil they have successfully operated under a simmlated
enviromment which includes everything except the radistion field. The
relative difficulty and expense connected with radiastion effects testing makes
it imperative to use these other tests as a screening procedure. A control
actuator test, for example, involves one hour of irradiation and 47 hours
of pre-and post-irradiation checkout examinstion. The Plumbrock loops will
include the availability cf two refrigeration systems, one of 20 KW and the
second of 1 KW. They are 1o he capable of operation at temperatures to
30°R and have helium flow of 1/2 pound per second at 100 psi. This slide
(Figure IV-11) shows the experimental test equipment used for control com-
ponents testing. A pneumastlic control actuator is shown. Since the space
vacuum is one of the envircomental factors which may have a detrimenizl effect
¢ the gperation of conbrol sctusters, the iniet end of the test equipwent

contains s vacuum pump and is sealed off from the external environme:t.
As you can see, there are provisions for applying pvoth frictional and . .-
ertial loads. The dose rate to the actustor can be varied by moving the
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capsule towards or away from the centerline of the reactor. The flux
gradient can be varied by remotely rotating the experiment in a sixty
degree increment. This experiment has bteen designed and is awaiting
the installation of some auxiliary equipment.

A second component which is receiving attention is the turbopump
bearing. The only materials which have proven satisfactory as bearing
materials for service in liquid hydrogen are glass laminates of teflon,
which is well known for its rapid deverioration under radiation. For-
tvnately, our tests on these materials when iwmersed in liquid hydrogen
indicate that teflon is sble to withstand much higher doses when oxygen
is excluded and the material is at low tempersture. The exact geometry
and the smount of frictional heat developed are expected to be critical
to cbtaining high performance. Candidate materials and configuration
which have passed bench tests run at Lewis Research Ce...~r in rigs such
as the one shown in Figure IV-12 will be irradiated whi.! heing operated
in a bearing test rig capable of imposing axiel and radia! loads equivalent
to that experienced during turbopump opuration. Bearing speed, tempera-
tures and torque are measured during cperstion.

A knowledge of the thermodynamic state of a liguid is indispensable
to predicting the performance of a turbopump; ¢r the best conditions for
tank storage. In order to obtain some physical insight into the flow
phenomena involved in nuclear heating of a liquid hydrogen tank, an ex-
periment was devised which used infra red rediasticn absorbed in a tank
of triclorcethane and ethyl alchohol to simulate nuclear heating. The
centerline heating profile can be altered by changing the relative amount
of the two fluids; which altered the spectral absorbtion of the liquid.
Schlieren photographs (Figure IV-13) were used to obtain a qualitative
understanding of the induced fluid motion.

As you can see, the fluid motion 1s affected by the relative amount
of energy deposited in the fluid and in the tank walls. The wall heating
produces a stratified layer of warm fiuwid which resists participation in the
convective turbulent flow caused by the attenuation ¢f infra red by the
fluids. These photographs gave enough understanding ¢f the flow regimes
to establish plausible temperature profiles in the tank and to derive the
form cf equations which would satisfy mozentum and energy considerstions.

Eecause of the complex healt transfer mechanisms involved, and the
thermal flow effects induced, we are using experimental simulation techniques
to improve cur ability to predict within limits the effect of radiation of
tank heating and pump performance. Our effort in this area involves four
steps. The first of these is the determination of temperature distribution
and energy deposition in liquid hydrogen filled tanks under irradiation.
This is being carried out at the ASTR reactor at Fort Worth, Texas.
(Figure IV-14) This reactor is an ideal reactor for work with liquid hydrogen,
since it is open to the atmosphere and is easily portable. The reactor
itself can be turned on its side and immersed in water as shown in
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Figure IV-15, s0 thet the experimental tank can be plasced immedistely
next to the core wbere the highest dose rate is gvailshle. This slso
assures against muclear accidents being caused bty a hydrogen spill into
the core. These experiments are carried out in a 125 gallon LHE> tank with
the spproximate tank bottom configuration expected in a vehicle. One of
the more important parameters infiuencing convective flow in these tanks
will be the relative heating from tank wall and bottom and that from gamma
and neutron heating. An electrically hested duplicate of this tank iz af
the lLewis Research Center where wire resistors inside the tank may be
varied tCc change the spstisl distribution of energy. The results of thess
experiments will te useld ©0 creabe ansliytical methods for predicting the
therpal hi ‘“f:‘ry ¢f 2 fluid elsmept in a8 tank heated Tty irrsdiastion, and to
demonstrate the validity of uzsipg electricsal hea"e:.ng as a simalation tech-
nigue for I“J‘Ke‘?‘ Tenk hesting f-:gsmsﬁwc if this is demonsirated, 10,000
gallon tanks will be used iz the =3 “CTK”M hested experiments to determines
the validity of scalinmg laws. The demonstration tha®t anslytical procadures
ars availsbls to predict thermaily induced flows in an electrically hsshted
experiment f'u_wwiug demorstration thet slectrizally heated experiments can
be devised 10 accurstely simulsts radiation hesting will provide us with &
very powerful tool in engine and rocket stage arnaslysis.

The last step will be to determine the operating performance of our
pumps using liquid hydrogen having varying thermal histories. This will be
carried out ueing electricslly heated walls in the inlet to operating turbo-
pumps during dyzemic simalstizn testing in our dynesmic test stands.

Since most of the materials ussd external to ths reactor core are re-
gquired to function st cryogenic temperatures, the effect of radiation on the
englr“eenng ;rf’*pvr’*:i ez of materials mwust be determined. The Y+ temperatures
igvolved couid reduce if;:tf:i.i ilty, for example; by locking in defects produced
by the radie’ ion, producing a- affect from the combination of low temperature
and raﬂia;tigr( ; sq,}ly more severe than a simple addition of two separate
effects. On this slide is shown & cryogenic materials test loop installed
at the Plumbrock Resctor Facility. This loop has the capability of 1,000
watts cooling capacity st PR, I+ is operated on a helium coclant cycle.
The loop is cgpable of maki@ tan sile, creep, or sheer stress tests on
minigture specimens. These ministure specimens shown in the center photo of
Figare IV-16 are correlsted with standsrd size test specimens under the seme
conditions but without the effect of redlation. It is most important these
tests can be condusbed ayzam;alg or while the materials specimen is under
irradiation and without rencving it from the cryogenic enviromment. The
danger thst apy defeots produced in the erystsl structure will be annealed
in transfer ‘"*: 8 test bench is therefore avoided., We believe that this is
necessary. In this 1aop, we vu,,». be gble 1o cbtaln ths material properties
for ""’ftz& ma*n-m,m; of Amy SETEET *Mi@r =.nz;mg&3°:e,:‘:sf gimwaisted ervironmental
eonditione, These used in the design of the Phoe“:m, LisTh, and
vem.cle sys":em:‘o T © to iilustrate the imporbancs of long lead Tize
the pla.nm.ng am? i tial work on thig facility was started in December 1959.
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Dynamic Engine Simulation

Understanding of the dynamic transient characteristics of the engine,
and some of the more important subsystems, such as the propellant feed
system, is important not only to the success of our present NERVA engine, but
to our ability to provide improved engine systems in the future. 1In this
effort, extensive use is made of the two dynamic epngine simulation stands,
shown in Figure IV-17. The one on the right is the B3 stand which will be
completed this year. On the left is the Bl stand which has been in operation
since late in 1963. All the components of the engine and the liquid hydrogen
tank are close coupled in the configuration in which they will be used,

Those experiments use a cold flow model of the KIWI reactor, seen in place
in Figure IV-18.

These tests provide accurate simulation of the start-up transient in
nuclear rockets even though no power source is used. The heat capacity of
the core provides accurate simulation of the critical period of start-up.
Analog simulation studies indicate that start characteristics of the NERVA
engine are accurately simulated over the first 50 seconds from commitment of
prepellant flow. The heat capacity of the core alsc serves to provide the
energy needed for bootstrap start of the turbine.

The use of a cold flow reactor in experiments like this one permits
extensive instrumentation of the core, including the use of motion pictures
and television, which would not be possible in the high radiation fields of
an engine test. Steam ejectors enable this stand to start at about 1 psia.
This is the only facility in the nuclear rocket program which will have that
capability for some time. The effect of vacuum on [1:w and cother conditions
during start can therefore be obtained from this facility.

This stand also permits experimental evaluation of the effect of chang-
ing engine configuration and compcnents on the dynamic characteristics of
the engine. For example, the effect cf a bocst pump or change in inducer
design on NPSP can be determined. A wide range of start-up periods; boot-
strap prograns., and turbine exhaust conditions can also be evalisied.

IvV-10




V. CONCLUDING REMARKS

‘e have in some detail defined the program that is now being pursued
in the United States to provide nuclear rockets for space exploration and
we have described thne mission applications of these rockets. It is clear,
with the accomplishments already achieved, that a new area of rocketry is
being developed and is near at hand. We now understand these systems well
enough that missions depending on their use can be planned with reasonable
assurance that the estimated development programs, time scales, fund reguire-
ments, and, most important, regquired performance levels can be achieved.
The progress that has been made and the achievements demonstrated duriag
this year justify the effort that has been devoted to this important area.
The space exploration capability these nuclear rocket systems will provide

1

should be a source of substantial benefit to all mankind.
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NASA R63-532

 Figure 111-19
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| NASA NPO 64-672

ENGINE COMPONENTS TEST STAND
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