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I. INTRODUCTION 

lear rocket offers a step increase in specifi 
that obtainable from high energy chemical rocket systems. 

impulse over 
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 fbture space missions 
are identified and established ds firm objectives. 

The major effort of the nuclear rocket program in the United States 
is devoted to propulsion systems which use reactors biased upon graphite 
technology. However, a small but still significant part of our resources 
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is devoted to experimental and analytical investigations of the feasibility 
of alternate and more-advanced nuclear rocket propulsion concepts. These 
alternate concepts include primarily refractory metal reactors and secondar- 
ily, molten metal reactors, fluidized beds, and gas core reactors. These 
various concepts require differing levels of technological development and 
advancement and offer different potential performance levels. 
funding levels for each of these concepts differ markedly but their total 
is substantially below the total effort devoted to graphite systems. 

Accordingly, 

Solid core nuclear rockets, with special emphasis on the graphite 
reactor systems, are undoubtedly in the most advanced state of development 
of any of the nuclear propulsion systems. Their performance potential has 
already been demonstrated by prototype reactor tests. 
aimed 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- 
tems developed for mission use and we can assess their applicability and 
availability with greater assurance than is the case for any other nuclear 
propulsion system. 

Longer time tests 

The earliest potential application of nuclear rocket propulsion would 
be as a third stage in the Saturn V vehicle. When substituted for the 
chemical-rocket S-IVB stage, a nuclear stage would increase 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 landings and a lower number of launches to support a 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. 
be valuable in early phases of the planetary program when the objective is 
to obtain engineering data for the subsequent 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 life of Saturn V. 

This gain in performance might 

The primary mission for nuclear-rocket propulsion in the long-range 
space program is manned exploration of the near planets, principally Mars. 
An adequate job of surface exploration, implying substantial weights for 
scientific tasks and crew accommodations, and including growth margin for 
extended exploration, is a very difficult mission. In such circumstances 
the performance advantages of nuclear rockets are particularly beneficial. 
Compared t o  chemical-rockets, the initial weights in Earth orbit of nuclear 
manned Mars spacecraft are lower by a factor of 2-3 o r  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 markedly, the nuclear 
systems would have invaluable growth potential and flexibility. 
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Graphite r e a c t o r  and engine technology i s  being developed i n  t h e  
KIWI/NERVA Pro jec ts .  
ment tests of a r e a c t o r  and an engine system i n  the  50,000 lb. t h r u s t  
class. 
t h e  engine technology can be the  basis f o r  f l i g h t  engine development. 

These efforts are being d i r ec t ed  t o  ground develop- 

The r e a c t o r  w i l l  be capable of being used i n  a f l i g h t  system and 

The nuclear  rocket  program includes programs o f  rasearch and tech- 
nology which go beyond t h e  needs of our  cur ren t  r e a c t o r  and engine p r o j e c t s  
t o  assure t h a t  basic da ta  and fundamental understanding s t a y  abreas t  of per- 
formance and l ead  t h e  way t o  improved performance. These programs, known 
as support ing research and technology efforts, assist our present  p ro jec t s  
i n  t h e  areas of engine systems ana lys i s ,  feed system performance and coup 
ponent behavior by mapping performance under a va r i e ty  of conditions.  
damental p rope r t i e s  of  materials, t h e  behavior o f  l i q u i d s  and gases under 
extreme environmental condi t ions,  and t h e  development of new engineeping 
designs and concepts provide an ea r ly  ind ica t ion  of areas which w i l l  r equi re  
emphasis i n  f u t u r e  p r o j e c t s  as w e l l  as providing t h e  base of technology 
f r o m  which these  p r o j e c t s  w i l l  be developed. 

Fun- 

The long lead time required t o  provide test facil i t ies and ground test 
support  equipment and t o  car ry  out  t he  work of designing and developiflg 
rocket r eac to r s  makes it necessary t o  select a s i z e ,  power l e v e l ,  and de- 
s i g n  fo r  t h e  next generat ion of  systems s e v e r a l  years  i n  advance of  planned 
test periods.  
t o  be accomplished i n  t he  f u t u r e  space program, development and design 
problems and u n c e r t a i n t i e s  , t h e  s ta te  of technology cur ren t ly  a v a l a b l e  €of 
t hese  systems, and t h e  s e n s i t i v i t y  of r eac to r  and engine performance t o  
mission var ia t ions .  
i n  t h i s  s e l ec t ion .  
reasonable ex t r apo la t ion  t o  bigger  systems. 

Among the  factors which must be considered are the  missions 

Clus te r ing  nuc lear  rocket  engines affords f l e lk ib i l i t y  
The present  KIWI/NERVA technology allows confidence i n  

Work is already underway on t h e  Phoebus reactors, wi th  t h e  f f r s t  
tests i n  t h i s  p r o j e c t  t o  be c a r r i e d  out i n  t h e  smaller KIWI-size r eac to r s  
so as t o  obtain e a r l y  information on some of t h e  technology t o  be used i r i  
the  b igger  cores. 

This discussion w i l l  be devoted t o  nuc lear  rockeC propulsion based 
The discussion is  dfviqpjd upon s o l i d  core graphi te  r e a c t o r  technology. 

in to  th ree  p r i n c i p a l  s ec t ions  which w i l l  cover: Vehicle Applicatians;  
NERVA Engine including K I W I  r e a c t o r  work, and Nuclear Rocket Advanced 
Research and Technology including the  Phoebus r e a c t o r  work. 
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11. VEHICLE APPLICATIO#S I 

INTRODUCTION 

This por t ion  of the l e c t u r e  w i l l  cover the app l i ca t ion  of nuclear  rocket8 
i n  f u t u r e  space missions. 
missions beyond Apollo, including extended lunar  explora t ion  and manned ex- 
ped i t ions  t o  Mars and, poss ib ly ,  Venur. The consequent d e s i r e  f o r  advanced 
propulsion systems r equ i r e s  no lengthy explanation. 
e labora t ion  of mission c h a r a c t e r i r t i c r ,  performance coqarr i rons and the manner 
i n  which the nuc lear  rocket f i t s  i n t o  the  o v e r a l l  space ptogram. 

W e  f i r s t  assume that the re  w i l l  be advanced apace 

I w i l l  concentrate  on an 

Figure 1* i r  a coarse roadmap of space mirrions--para, p resent  and fu tu re .  
Earth o r b i t ,  lunar  

The hor izonta l  d i v i s i o n s  show a progresr idn i n  each region from 
The three  region8 of space f l i g h t  are arranged i n  co luamr~ 
and p lane tary .  
unmanned mirsions (at the  top) t o  e a r l y  manned developmnta l  f l i g h t s  and, 
f i n a l l y ,  opera t iona l  manned f l i g h t r .  
by as ter i8k8.  

Current authorized p r o g r a w  are marked 

I do not  intend t o  go through t h i s  c h a r t  i n  d e t a i l ;  the  important thing 
it i n f e r s  i m  the  f l a s ,  i n  both t i m e  and technology, from qhe comparatively low- 
energy, low-payload missions we are doing PQV t o  Ipare-amb$tious missions i n  
the lower righthand half  of the matrix.  These high-energff, high-payload m i r -  
s i ons  a r e  the primary areas of nuc lear  rocket  appl icat ion. ,  Chief p o t e n t i a l  
uses are (1) lunar  l o g i s t i c s ,  (2) unmanned p lane tary  mis8ions wi th  heavy pay- 
loads,  and (3) manned p lane tary  expedi t ions.  The lat ter uontinues t o  be the 
p r i n c i p a l  j u s t i f i c a t ' i o n  f o r  developing nuclear  rockets .  

Before d i rcuss ing  these app l i ca t ion  areas i n  -re deQail, a few o the r  
observat ions can be made from ruch a c h a r t  format. The id t eg ra t ed  na ture  of 
the unmanned and manned p rogram f o r  lunar  and p lane tary  qxplorat ion rhould 
be noted. Unmanned f l i g h t s  colso f i r s t  v i t h  both s p e c i a l  q c i e n t i f l c  purporer 
and a v i t a l  r o l e  i n  preparing f o r  manned missions. 
ing da ta  f o r  design of manned spacecraf t  w i l l  c e r t a i n l y  dqpend upon da ta  ob- 
ta ined from unmanned probes even though manned syr tenu w i l l  be designed t o  be a8 
independent as poss ib le  of d e t a i l e d  lunar  o r  p lane tary  f ea tu res .  Both types 
of vehic les  w i l l  be flown a t  l e a s t  during the period of wnned developmental 
f l i g h t  and probably even a f t e r  manned f l i g h t s  are opera t iqna l .  There is  a l s o  
a hor izonta l  dependency on t he  char t :  
s ions  and the  manned p lane tary  misrions w i l l  lean heavi ly  on human and systems 
expe r imce  i n  Earth o r b i t .  

The a y a i l a b i l i t y  of engineer- 

both the  long-durauion manned lunar  mis- 

Although da te s  a r e  no t  s h a m  on the c h a r t ,  the  genera l  timing of the 
missions is worth so- commnt. 
o r  bare  should probably be placed i n  the  lat ter half  of tqe 1970'8. 
i n  the p lane tary  program, manned f l i g h t s  t o  Xarr o r  Venur lare probably port-  
1980, and p lane tary  operat ions would be correrpondingly l j t e r .  Many f ac to r8  
cont r ibu te  t o  t h i s  es t imate  of time s c a l e ,  bu t  the most bas i c  ones r e l a t e  t o  

Anything worthy of the name lunar  r t a t i o n  
S imi la r ly ,  

* Figure numberr in t h i s  s ec t ion  should have the p r e f i x  11, i . e .  f i g u r e  11-1. 
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systeprs tecbmlogs and the infonustton mdied on mace and planetary en- 
virwwrts. Nuclear roekct technology is just one of marpr wMch must be 
established t o  make these Frrture missions possible or practical. Marpy 
uther areas Vill be more -tin& than nuclear rockets in determining the 
pwe of the Arhrre space program, 

Many studies hsre led to the contention that  the only reasonable fona 
of progulsion for  mamned Mars lrnrtrng missiolrs is the nuclesr rocket. 
Pyeure 2 is a plot of initial vehicle might in Ear th  orbit VIS. W c h  date, 

both nuclerrr and c h e n d C a L  rocket8 and vari&ions due to  several 
other factors. I will return t o  t h i s  figure later for some interesting 
carqparisolpe; at tbis point I Jwt want t o  g%ve you a prcview of the case 
that is t o  be made 0- a p’l.larnse of the ma@tude of the advantage of nuclear 
rockets in mazxled planetary flight. 

These curve6 are for Hars StapOmr adssions of 420 days durSrtion, in- 
cluding 40 dsqs meat & the planet. Rocket braking into Mars mblt is 
assumed. The peyload weights am typical of an early landing mlssion, 
an8 the trajectories are selected t o  qppmdmately ndnimize initial weight 
in Earth &it. Althcmgb laatnch -ties are spaced roughly two 
years qyat, the weight w e 8  in figure 2 are dram 88 continuous varia- 
t ions for illu-ive PUrpOSeS. They show the trend in weight varirrtion 
through the menteen-year cycle frarn OLU) easiest year t o  the next. 

The lower curves tme for  nuclear rocket propulsion durlng EaJcth-orbit 
depclrhuv and d-ng d v a 3  and depewlxre maneuvers at Mars. The mer 
fatui4 of curves shcm the corresgonding weight variations for chemdcal 
rockef80 Both the cbedcd-to-nuclear weight ratios a d  the absolute mag- 
nit&es JSEW irqp0rl;ant. The rcrtios vary fropa a minimum of about two in 
the Irrwbst-energy years t o  over three in the Ppost-difflcult years for the 
reexbry velaelties assumed; the magnitudes are about 1.5 - 2.5 ndllion 
parPoas far nuclea~  rocket^ and 3 - 8 mil l ion for chemical. 
i n i t i a l  weights make the choice o f  nuclear rockets war only logical; 
the magnitudes of the chendcal-racket vebicle weights suggest that the 
xtssims mcr;y never be dona! withaut nuclear propulsion. The weight varla- 
t im fropp year t o  year is also inportant. The use of nuclear rockets 
grestly &s down the difference between the peaks a valleys, suggesting 
that am basic vebicls could be made t o  serve dl launch opportunities. 
We w U l  examhe the many arrrpects of this camparison in some defat1 Later, 
af‘ter discussing trajectories a& payloads, 

Such ratios of 

There twe two  primary types of Mars rwndtrLp trajectories with whlch 
we abould be faadliar In order t o  assess the role of nuclear rockets i n  
prod- Mars-laiseiml capability: 
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(1) mosit ion-class  (ar short) trips, generally 400-500 dqys 

(2) 

d u r a o n  and short (l0-40 days) stqpover tippq. 

Coaunction-class (or long) trips, with tuba& mission times 
Of 750-llxx> days including StaJrtimes Of ~p t a  300-450 dwS. 

In addition, a variation worth special mention i s  the  
Venus swfngby, which makes use of a grmity turn at Venus on either the out- 
bound or hamebound leg of an Earth-Mars trajectory. 

roundtrip with 

I 

Figupe 3 shows the geometry of a typical oppositiqn-clase trajectory. The 
inner circle is the orbit of t he  Earth about the 6uq; gbe outer e U p e e  is the  
eccen+ric orbit of Mars, which i s  also inclined t o  the lplane of Earth's orbit 
nearly tOJ0 degrees forming this dashed l ine  of nodes ( &, ) . A spacecraft on 
a 500-day roundtrip wauld s t a r t  f?om Earth at point 1 @d follow the hemy 
dotted path t o  i ts  rendezvous with Mars at point 2. T W s  outbound leg i s  of 
9-monthst duration, as seen from t h e  position of E a r t h  at 2. (The name "ap- 
position-cla6s" is due t o  the fact that Mars is near ugposition 0- that is, 
directly opposite from the  sun t o  an obsemez on Ear th  -- during the capture 
period.) 
the dashdot path back t o  Earth. The bosneward leg is  qf about 6.5 months' 
duration, arrival at Earth being at point 4, 

o f  E a r t h  and Mars, but the return flight must cut i n  close t o  the 
for  the spacecraft t o  cgtch up with the Earth. The m i  
 ma^ be less than half an astr0namLcal unit (40.5 AU. a raUaatrLp 
trajectory i s  inherently a high-energy flight path. 
tutal mission time dam t o  c year aad a half or less, fhe velocity inczrments 
of the various propulsion periods must be relatively ugh. This figure gives 
a qualitative indication of this when we note thgt a 
flight paths and the  planet- orbit8 corresponds t o  a T high velocity increment 
( AV)+ The encounters at Mars are both shown t o  be 4gh-angle situations; 
E a r t h  return would be another, although much of this p k s e  may be handled 

Af'ter a stay i n  Mass o r b i t  of a month or so, lthe spacecraft follows 

I 

N o t e  that  the outbound path stays almost coaqpleteu between the orbits 
i n  order 

heliocentrLc radius 

Ip order t o  keep the 

ge angle between the 

a R r o d y l l 8 m i C a l l y .  I 

Caapare this geometry t o  tha t  of a big or conjunption-clase t r i p  shown 
i n  figure 4. 
Earth's  heliocentric orbit. 
This i s  obvicmsly a low-energy class of trips. 

occurs durlrrg the s t q  st Mars. That is, Mass i s  on 

Une. The outbound leg (Prom points 1 to 2) i s  about $0 &ha lcmg. The 
retum leg (3 t o  4) is about 11 morrths i n  duration. I+ bet-, fropz points 
2 t o  3 on the Mars orbit, the spacecraft spends over Earth gear at the 
destixwtion planet. Such a long stopover is required becase tbe sgacecrrrft 
must wait for the next chance t o  mrQre a lmr-energy j- back t o  Earth. The 
lengths of both the aad the total mission time sre the key charac- 
t e r i s t i c s  of conjrmcction-class trips, They raise major teChoQbg'y pmb- 

In this fliet mode alJ. trajectory sectidms s t q  autside the 
Note also how small the encounter angles are. 

A coq)unction-class mundtxip i s  so ILLIppBd because1 planetary ConJunCk.on 
e far side of the 8ull 

from %he Earth and, t o  an observer on Earth, Mars and 2 he sun egpear t o  be in 
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and uncertdnties associated with burnan factors and system reliabiUtS, 
but they also present the opportunity for extensive exploration which 
may be desirable later in a planetary exploration program. 

The Venus-swingby variation of an opposition-class traJectory is 
i l lustrated i n  figure 5.  In this exaalple the  spacecraf% travels from 
Ear th  t o  Mars via Venus. There are an equal number of cases i n  which the  
Venus swingby occurs on the return leg. 
jectory includes a l6O-day Earth-Venus segment ( 1  t o  2) which goes inside 
the  orbit  of Venus before rendezvousing with that  planet. A t  the Venus 
encounter the spacecraf't makes a close en- approach for the planet's 
gravitational field t o  act upon i t s  trajectory. The perturbation, which 
i n  this case is an acceleration, perndts t h e  spacecraft t o  catch up with 
Mars, thereby m a k i n g  the return fUght easier. The Venus-Mars t r i p  time 
i s  about 13 days, and the staytime at Mars (3 t o  4) is  short (15 days 
i n  this exsmple), as i s  characteristic of opposition-chms roundtrips. 
The homebound leg (4 t o  5) is of about 230 days duration, and the  velocities 
relative t o  the  planets are later than they would hsme been without the 
V e n u s  swingby. The Earth-atmosphere approach speed, for exaPnple, i s  
reduced from 66,OOO t o  42,000 feet per second. Although the t o t a l  mission 
time has been extended by a few months, t he  energy requirements i n  l g b ,  
a high-energy year, have been reduced nearly t o  those of the lowest 
energy years. 

In figure 5 the  outbound tra- 

Unfortunately, the requirement tha t  three planets be i n  correct relative 
position may impose some aperational restrictions on the use of Venus swingby 
trajectories. Although magy attractive launch opportunities of this type 
ex is t  -- at least two thirds as many as for opposition-class t r i p s  -- t he  
launch windows within each opportunity are sometimes narrow. T h e  is, in 
same years the  penalty for dMat ing  Fram the uptimum Launch d&e msy be 
so severe t h a t  it is impractical t o  provide a reasonable spread of launch 
dates. Consequently, it i s  not yet clear t h a t  the V e n u s  swingby mode will 
be wide* used, provided nuclear rockets are mailable t o  m a k e  opposition- 
class t r i p s  possible. However, if the launch window restrictions are not 
prohibitive, this mode may be useful for special reasons. For exsmple, 
it might offer the only opportunity t o  be at W s  during a particularly 
interesting season. 
mode w i l l  be completely understood. 

More analysis i s  needed before the useFulnees of t h i s  

Energy Requirements 

Mgure 6 swnarizes much of the foregoing quslltative comparison cf 
energy requirements. The sum of velocity increments i s  plotted a&nst 
Ea r th  bunch date. For t M s  il lustration the to ta l  propulsive velocity 
increment is the  sum of those at Ear th  departure, W s  arr ival  and Mars 
departure plus the retro at Ear th  return required t o  reduce the atmosphere- 
entry speed t o  50,OOO feet per second. Such a minimization of t o t a l  
velocity increment does not -s give the  lowest values of in i t ia l  
weight, because of the way the individual 
the trends axe mch the same. 

AV's are distributed, but 
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The sharp curves show the AV variations i n  each launch qpportunity; the 
envelope lines connect the minimum points as though the variations were con- 
tinuous with time. The trend of the loci of 
t r i p s  i l lus t ra tes  the effect of the eccentricity of Mar$' orbit. During the 
la te  1970's, the  spacecrm makes i ts  rendezvous with Mkrs near t h a t  planet s 
aphelion (f'urthest distance from the sun) . 
travel f'urther out in the sunf s gravitational f le ld  but I MU& do so i n  roughly 
the same time as in easy years because it must catch up with the Earth on the 
return leg. Thus the total  
1979 launch but under 40,000 ft/sec i n  1986. 

US. Although the total. 
weights are very nearly the same. 
too early for manned planetwy flight. 

alike in t o t a l  
obvious choice. 

bV minim+ for 400-500 day round- 

The spacecrsft must not only 

AV i s  shown t o  be ab& 60,000 ft/sec for a 

I 

The two branches of the opposition-class trajectory family need not concern 
AVrs differ  during the 1 9 7 0 ' ~ ~  the resultant i n i t i a l  

, 80's and early 90's.  During the 1979-86 period the twabranches are 80 nearly 

Furthermore, this ti* period is  probably 
The next such period is in the la te  

AV and AV distribution that the shorter t r i p s  seem the 

The lower curye for 950-lD50 day (conjunction-class) roundtrips shows 
very little variation with launch date. The sum of the1 velocity increments 
r d n s  near 25,000 ft/sec throughout the cycle. The epcentricity of Marsr 
orbit has l i t t l e  effect because both legs are relatively-slow, lar-energy 
trajectories and a wide flexLbility extsts i n  selecting, staytime. 

The individual velocity increments are also of cowderable importance. 

If an elssentially un3lmited 
As previously mentioned, this plot includes only the 
t o  an atmosphere-entry speed of 50,000 ft/sec. 
entry speed could be handled aerodynamically, the t o t a l  velocity increment 
i n  the unfavorable years wauld be reduced by l5,OOO-x),9OO f%/sec. 
result, the sum would be btrt little higher than in t he  easiest ypar. The 
latter value mld not change (in 1986 for example) wltb a Mgher entry 
velocity cqabilitg because =roach speed is less than 50,000 f%/sec i n  a 
favor&le launch year. On the other hand, i f  5O,OOO f!t/sec were too high 
and retro 
c w e  t o  even out the individual velocity increments. 

In a similar fashion, the abi l i ty  t o  use aer0c-t e at Mars mld a l te r  
the selection of trajectories Qnd further reduce the v ation i n  t o t a l  AV 
f'rain year t o  year. Such energy-reduction techniques, 5 ch are inport& 
poss ib iu t ies  in such a mission, will be discussed, agd,n af'ter we have considered 
the subJect of p@.oad requiremerrts. 

A V  at Earth return dam 

As a 

A V s  became excessive, the entire trajectory selection would 

Of course, this lengthy examfnation of trajectoriejs and energy requirements 
is leading back t o  the initial-weight coqparison which you have already seen 
in prdew. 
missions; the discussion of pqload requirements wiU ring in others. The 

Grephs like figure 6 point up some of the ~dif'ficulties of the 

t o t a l  picture will add up t o  a strong mandate for  IWC l2 ar rocket propulsion. 
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Payload Requirements 

addition t o  energy requirements and propulsion system performance, is the 
payloed w e i g h t .  
of a specifled 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 a l l  but the Earth reentry 
requirements. The principal charwterist lc of the  propulsion systems under 
consideration i s  their  specific impulse -- about 800 seconds for nuclear 
rockets as apposed t o  a maximum of about 450 seconds for  chemical rockets. 
Let us now describe the payload components and their weights. 

The third mor factor in t he  determination of overall performance, in 

It is customary t o  th ink  of a manned Mars mission in terms 

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

1) Mssion module t 2) Radiation shelter 
(3) E a r t h  zeenh-y module 
(4) Exploration paybad 

The mission module consists of the l lvlng and working quarters for  the crew. 
It may include t h e  control center, which is a l m s  manned by the  crewmen on 
duty, although the control center could be the radiation shelter. The latter 
i s  the shielded conpartment in which a l l  crew members are sheltered dvsing 
a dangerous SOW flare. The E a r t h  reentry module (ERM) i s  a spacecraft i n  
which the crew enters the atmosphere for deceleration and controlled descent 
t o  the  ming site. These three payload elements compose the return pay- 
load. That is, they are transported t o  Mars and back t o  the vicinity of 
Earth. In those cases wherein retro thrust is needed at E a r t h  return, t he  
weight of the retro propulsion system and propellant would be considered 
part  of the ERM weight. The eqlorat ion payload is simply the sum of all 
items csrrled t o  Mars and left there, includirq Mars Excursion Modules, 
unmanned probes and other data-gathering equipment. A Mars Excursion Module 
(MEM) would carry the landing party t o  the surface and return them t o  the 
orbiting spacecraft; . 

Mission Module 0- The main par ts  of the  mission module are the crew 
compa,rtment structure, fife support system and power These item 
are functions of crew size and t r i p  duration, which are related parameters. 
Crew size depends upon considerations of task assignrments, duty cycles, 
s k i l l  specialization, and possible incapacitation during the ndssion. Very 
little quantitative information is amsilable i n  these area8. Speculation 
on crew duties has been reported in several mission studies, and estimates 
of t h e  varia;tion of crew reliability with t r i p  duratlon have been attqpted. 
The results wear t o  caU. for  a minimum of 6-8 men for  w s  landing 
missions of 400-500 days and l24.6 men for 8OO-lOOO days. This increase 
in crew size for  conjunction-class roundtrips counter balances much of t h e  
low-energy advantage of the long-trip e e s i o n  mode. Power surppu weight 
is also a function of crew size and t r i p  duration because life-support 
p m r  requirements tend t o  be 1-2 kwe per man and power supply weights 
will rise t o  provide the redundancy for  several yearst uperation. H m e r ,  
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i f  a nuclear reactor power rnxpply i s  used, the largest p 
be the radiation shield. Shield weights could be red= 3 i f  the vehicle 
configuration would permit a large reactor-crew separatidn distance. 

of the weight may 

Typical mission module weights are generally e s tmed  at the 50,OOO- 
~ , O O O  paund range for 6-8 man crew and a 400-500 day t s p .  It is  usually 
assumed that technology will permit a partially-closed l ife sup-port system 
(water b o p  closed, at least), and many studies include s SW-8 reactor 
power supply. The need for a r t i f i c i a l  gravity cannot ye$ be specified, but 
provision for rotation would certainly add t o  the mission module weight. 

Radirstion Shelter -- The important parameters i n  del$ermining radiation 
shelter weights me integrated dose and crew size. 
the knowledge of' (1) solar flare fluxes throughout the  pertinent regions of 
the solar system and (2) crew tolerance, including the effect of body recovery 
rate. 
t o  provide protection for a specified n-er of people from a particular flux- 

Of ccjurse, this presupposes 

a t h  the environment and dose criteria known, the shelter can be designed 

time input. I 

Solar-flare protons are the most important radiation i n  determining shield 
thickness; rocket-reactor radiations give a lesser dose $ncrement, and galactic 
radiation is a background contributor which is a problem only when the shield 
i s  thick enough t o  produce large amounts of secondary radiations. Van U n  
be l t  radistion is negligible i n  high-acceleration flight modes. The integrated 
dose from solar flares depends won solar cycle (laxurch Cate), d e r  of -or 
flares ( t r ip  duration) end traJectory type (minimum heUocentric radius). For 
lack of better or  more detsrtled information, the proton flux i s  assumed t o  vary 
inversely as the square of t he  heliocentric radius. 

We have previously seen the relationship between t q p  duration and approach 
distance t o  the sun. 
radius of Venus' orbit  (0.7 A.U.); long t r i p s  stay outsige of Earth's orbit 
( 1  A.U.). Time ampears t o  be the more iqporbant parmetpr, resulting in greater 
shield weight per man for  conjunction-class t r ips  than f D r  apposition-class 
trips. In addition, the larger crews needed for long missions increase the  
difference i n  radiation shelter weights. 

Shelter weights of about 15,000 pounds seem reaso*le for 6-8 men and 
400-500 day trips.  The campllcating factor, however, i q  th8t the shielding 
material is  not necessarily all extra weight. 
and stapplies for t h e  mission module can be arranged so qs to provide radiation 
protection. This is  partricularly true for  directional radiation frm the rocket 
reactors, if such radiation is  at as1 Significant. 
s ib i l i t y  i s  the use of chemical rocket prapellants for i y o l s r  flare shielding -- 
actually pumping a liquid fram the shield in to  propellaq't tanks in t he  ERM at 
the end of the aission. 
t o  get free shielding or free retro propulsion, althaugb it is not all free. 
The chemical rocket prapellants may not be the best shiqld material, and the 
p-6 and Uq~d-handling system will be a weight penalqy. 
introduction of another ptllqpirg system with i t s  additioqal re l iab i l i ty  concern 
may make this technigue undesirable for  early missions. 
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Short t r i p s  generally involve agproaches t o  within t he  

I 

Much of tbe peripheral equipment 

Another interesting pos- 

Dqpending upon haw you look at lit, this i s  a way 

In fact, the  



Ear th  Reentry paodule -0 The weight of the Earth reentry aaDdule is a 
function of atmosphere-eatry speed and crew size. Let us assume that  a 
basic ERM shape has been selected. 
so that landing maneuverability i s  satisfactory. 
minimum corridor depth i s  specified, consistent with projected guidance 
capability, and a maxlrmrm g-load for  the crew (&out 10 g's) i s  imposed. 
A lower l i m i t  ma;y also be placed on reaction time for  performing aero- 
dynamic maneuvers. 
ERM weight (for 6-8 men, in this case) with entry speed. This variation 
w i l l  be due t o  changes i n  heat-shield and structure weights. A t  some high- 
speed point the use of all aerdynamic braking will have reached i ts  l l m i t ;  
for higher approach velocities sither a retro rocket must be added or a 
higher L/D sh-e assumed, whichever i s  lighter. 

That is, a Uf%/drag rat io  is pravided 
Assume also t ha t  a 

From such a set of ground rules w i l l  came a variation of 

This variation of ERMweight with entry speed influences the selection 
of the  trqjectory. Optimum entry speeds for  opposition-class tr ips are i n  
the  range of 50,000-75,000 ft;/sec without Venus swingby and 40,000-55,000 
ft/sec with Venus swingby. The highest velocities occur i n  the  unfavorable 
years, vhen the spacecr- meets Mar8 near aghelion of the planet's orbit. 
For 8oo-lOOO day t r i p s  the optimum entry speeds are i n  the range of 40,OOO- 
45,000 Ft/sec and WDUld, therefore, probably be campatible with direct 
atmospheric entry capabilities. 

A basic ERM weight (without retro propellant) for  6-8 man crew and a 
For 50,OOO f't/sec entry cqpability will be something like l5,OOO pounds. 

the launch opportunities I n  the 198O8s, t h e  approach velocities will be 
moderate ( <60,000ft/sec) and technology ma;y be available t o  handle an 
entry speed of at least 50,000 f't/sec. 
but not a prohibitive amount. Nevertheless, the retro propellant may 
double the weight of the basic ERM. 

Thus same retro thrust may be needed 

Exploration Payload -- The principal component of the exploration pwload 
The landing craf t  w i l l  carry several w i l l  be the Mars Excursion Module (MEM), 

crewmen t o  the surface and return them t o  the orbiting spacecraf't. 
weights of data-gathering equipment are lesser i n  auagnitude but relatively 
undefined. Due t o  the meager 8mouIlt of Mars atmosphere data, any lauding 
craf t  or probe weights are s a j e c t  t o  large changes. If the Mars atmosphere 
density i s  as l o w  as current speculation suggests, lauding systems may require 
some propulsion i n  addition t o  t h e i r  aerodynamic devices (i.e. parachutes 
plus touchdown rockets). 
operations and other scientific activities i s  known, t he  exploration payload 
cannot he well defined. 

The other 

Furthermore, un t i l  the nature of the surface 

Several studies have estimated MEM weights at 5O,OOO-8O,OOO pounds. 
a lander would carry 2-3 men t o  the surface tor  an exploration time of a 
week or two. Approximately a ton 02. acplorstlon gear would be taken t o  the  
surface; on* ;3. smal l  weight of smles wild be returned. 
a mall, possibly cven a-xlnisnal mission. Ascent propulsion would be by 
s t o r a l e  chedcal rockeW. If the Illlssion mode were of the conjunction- 
class, so that ab& a year was t o  be spent at W s ,  there would have t o  be 

Such 

This i s  obviously 
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an entirely different approach t o  surface operations. In ifact, depending qmn 
the  environmental SitUattion, there mLght be a strong desi+ t o  land the entire 
spacecraft; instead of using Mars orbit rendezvous. Certainly, the amuunt of 
exploration equlgment t o  be used i n  a years' staytime sh- be much greater 
than for a l0-b day stay. 
year) mar to be formidable i n  terms of man and machine; they are a very 
long wa,y off i f  they will ever be done. Thus, there are several reasons why 
a satisfying a n a l y s i s  of the 8OO-lOOO day missions has not been conducted for 
ccqafclson with those of 400-500 dqr missions. 

m e  real problems of the very long Steimes (a 

Relative Iqportance of P loads -- To put the forego$ng discussion of pay- 
loads i n  perspective, figure --+i--T 7 as een drawrr. Its purpoee i s  ~dmpw t o  i l lustrate  
the relationship between p a r t i a h ?  payload weights and initial weight i n  orbit. 
In the center of the dim- are two blocks, Labeled ret- payload and ex- 
pbrat ion paybad. The Weights assigned are 130,OOO parads for the sum of 
mission module, radi&ion shelter, E a r t h  reentry module @ retro propellant 
weights and ux),OOO pounds for the payload left; at Mars. 

Each pound of return payload will have more of an efeect on initial weight 
i n  Earth o f i i t  than w i l l  a pound of exploration p a @ x d  because! the former has 
been propelled through BII additional energy chsnge (at Ma$s dcp8rture). 
i s  ilhstra;ted by means of the diverging areas extending from the payload 
blocks to the ini t ia l  weight bars. Note that the build-w of nuclear-rocket 
Earth-orbit weight i s  rrt the left and that  for chemical rocket propulsion i s  
at the right. A ux) 000 pound payload transported t o  Mar$ by nuclear rocket 
propulsion requlres h , O 0 0  pounds in E&h orbit; i n  other words, the leverage 
factor i s  4. A 130,OOO pound payload transported onto an Earth-return tra- 
jectory* all by nuclear propulsion, contribubes an additional 1 , ~ , 0 0 0  to  
the i n i t i d .  weight becaxzse the leverage factor i s  13. Of course, these 
leverage factors are functions of the propulsion system characteristics, namely 
specific i n g n i b  and stage mass fraction, ard the velocity increments. 
7 i s  for  a 1979 qpposition-class trqjectory. 

This 

Figure 

The corresgonding leverwe factors for c h d c a l  rockqts, shown on the right 
of the flgare, are larger because of the less efficient g m i o n  system. The 
1IX),Ooo pound urploration paybad accounts for 800,0oO ptnands of i n i t i d .  weight 
i n  Earth orbit; the 130,OOO pound return pqrload correspoads t o  5,700,000 pounds 
of initial weight. Nut only are these i n i t i a l  weights lasger than i n  the nulclear 
rocket case, but the chendcal rocket i s  shown t o  be re-ively mort sensitive 
to  return p q W  than is the nuclear rocket. This is shdrwn by the ratios of 
leverage factors: U / 8  = 4.5 i n  the chendcal case; 13/4 r 3.25 i n  the mlear 
C a s e .  

7 &odd illustrate twr, points: (1) that the -tude of the return 
payload is much more inportant than the magnitude of the +!loration pe~rloaa 
and (2) that chendcal rockets are more sensitive t o  ch-8 i n  paybad weights 
than are xuclear rockets. 
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Initial-Weight Requirements 

Now, let us return t o  a consideration of figure 2, the plot of i n i t i a l  
weimts in Earth orbit for Mars landing missions over a long span of launch 
years, Keeping in mind tha t  these data are for  a sihgle mode, apposition- 
class t r i p s  with aerobraklng only at Ear th  return, the following are il- 
lustrated: 

(1) The comparison of nuclear and chemical rockets 
(2) The effect of a variation in allowable Earth-atmosphere-entry 

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

Recall t h a t  the basic payloads have been fixed,although variations with 
entry speed aud integrat-ed solar-proton dose are included, a d  that each 
t r aec to ry  has been aptindzed to give minimum i n i t i a l  weight for a par- 
ticular set of energy requiremests, paybad weights and performance para- 
meters. Alternate mission modes will be discussed later. 

Nuclear-Chemical Camparison -- The propulsion-system type, as mentioned 
previously, affects both the absolute slad the relative magnitudes of initial 
vebicle weight mer  the span of years. 
i s  th& the increased specific impulse of mzclear rockets greatly reduces 
the variation between favorable and unfavorable launch years. 
explaiaed by referring t o  the mass-ratio equation, wHch is an exponential 
reh t i  onship: 

An obvibus indication from flgure 2 

This is 

where Wo 8s initial weight, WE is ezlprty weight, AV is in ft/sec when g is 
in Pt/sec and.1- is in sec. I n  the unfavorable leunch years of the la te  
1970'~~ the vahes  of AV are so high that  the eapnential  gives very large 
mass rd ios .  
are near the  extreme end of their  cwability. 
of a higher value of specific impulse -- nearly twice as large in the 
nuclear-rocket case -- has a powerFul effect. 
rocket &age would be a marginal situation, a nuclear stage would be ef- 
ficient and adequate under the same circumstances, To be specific, the 
nuclear-rocket ini t ia l  weight for 199 is 50 t o  80 percent greater than in 
1988, whereas the chendcal-rockeb weights differ  by 111) t o  L80 percent, 
dqending on the entry sgeed. T b  e d l l e ~  the difference from one hunch 
opportunity t o  another the more reasonable is the eqectation that  a basic 
propulsion cagability can be set up which will serve the  Mars eqploration 
program for many lsunch years, 

With a chemical-rocket value of I the prapulslon stages 
%seqyentIy, substitution 

mereas a single chemical- 



E3gtu-e 2 also shows that  =lea rocket 
performance a&mntage mer chemical rockets. 
nuclear propulsion gives an i n i t i a l  weight 
cherdcal-rocket vehicle wouuf weigh 6-8 milllono In a 
ccqparlsan is between 1.5 and 3 miulon 
difference i n  gross weight leads 
savings frorrn only a few Mars 

of 6-8 million pounds are 
rendezvous capability and 
about a mlulon paunds 
t o  be used for Mars 
modes wwuld be 
and ~ a r s  
ever, even the aduption of such energy-reductIan t ech ips  would still give 
the nuclear rocket an advantage of about 8 factor of two, 

the entire nuclear rocket 

Effect of Entry Sp eed - Mgure 2 share two sets of curves for each 
pmpulsion-system type, one for  f'ull aerodymadc b-4 st Earth return a& 
the other for  chendcal retro-thrust down t o  an &moaphe??p-entry speed of !jO,OOO 
feet per second. The effect on initial weight of t M s  dkfference in entry 
speed varies fnmn 0- for nucleaz vekkles  and 0 - 3 s  fbr  chendcal-rocket 
craft ,  There i s  no effect i n  favorable year 
trGectories do not i m l v e  eatry velocities 
The effect is me in high-enerm years because 
which account for va;rlertiohs in ERM and retro-prupellaut Wghts, c a l l  for 
Earbh-amproach speeds t o  mer 7 O , W  ft/sec. 

men tha\lgh the ERM being decelerated w e i  s ~ n l y  & u t  15,000 pautlds, the 
chemical rocket +red t o  effect a 20,OOO retro i s  very e2@eneive in 
terms of initial welght ( &Warn 500,000 Ib for  nuclear; l,&O,OOO lb for 
chemtcd), rIf a atorableqmpem &ro were used in ead of the cryogenic 

the  change in initial wleight would still be m u a l l  in the mid-lg&Ys, and 
there may be conFigur&ional advantages t o  use of a non-prgogenic, Mgh-density 
prapellarrt. Another possibility is that the retro prape&hmk cofuld also serve 
as radiation sbleldiv around the crew ~srkpen t ,  This scheme should be in- 
vestigated when the averall m i s s i o n d u l e  and reelltry3npdule configurations 
can be defined. 

roclret assup#a for  tMs  c-eson, the penalty would be et greafer. However, 

Effect of Gpecific IqpuUe -- The widths of the m r c b a r - m  perfonmnce 

=ie Eez&I#jo? 
bands correspond t o  a 11x)-second spread i n  specific 
assumed to be 800 seconds; the mew baurd i s  for  750 
The effect of a + - 50 second 1- change is shown to  be abbtrt a + 15s change in 
initial ~ g h t ,  TMS e t u d e  of g a n  or loss 16 morltcurt 6 t  does not 
alter the basic and large superiority of nuclear rockets WMP chemdcal I p C k c t S o  
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Weight-Reduction Techniques -- The fact that figure 2 and much of the 
preceding disrmsaion was based on B specific ndssion mode should not lead 
t o  a cmcluaion tht a mode selection has been male. Preference can be 
expessed for  tbe one described on the basis of performaace and practicality. 
However, other modes are certainly possible. As a general male, the al ter-  
&e m e a  involve ccmplmdties or technical achievements which are currently 
regarded ae uncertdxties. Any decision t o  adopt one of these alternate modes 
must be acccnpanied by the decision t o  develop fully the particular flight 
technique and tech+al conpetence involved. These undertakings will i n  no 
case be inexpensive, even i n  caqpsrlson t o  the cost of the whole Mars mission. 

LMxd below are five reight-reduction techniques and their corres- 
ponding percentage reductions i n  initial weight i n  Earth orbit. 

T e c b D i w  

Venus  Swiqfby 
Mass Aerocqptme 
Mars Elllptic C e g d x r e  
Bjrgerbolic Rendezvous 
Multi-Velrtcle Modes 

4 W, Reduction 

to40 
20 -35 
m-35 

5 -25 
<lo 

All the techniqyes are egrpUed t o  basic OpPositLon-class Isading missions, 
as previously described, using nuchar rockets for all major propulsion 
except at Fmth return, where an entry-speed l i n d t  of 50,OOO ft/sec is  
assumed. 

The advantages and llndtations of the Venus-swlrrgby Mars roundtrip were 
mestioned i n  the discussion of figure 5.  The perfaflaascs advantage i n  un- 
favorable years q be iqpressive (p-8 up t o  q), but launch windows 
q be restrictive. The usefulness of the Venus-swingby laode must be left 
upen at t h i s  time, subJect t o  -her study. 

Mars aerocecpture, qn the other hand, i s  a technique very nxuch like high- 
speed aemdymdc braldng & Earth. 
c&es the qpcu?ecrapt back uut of the atmosphere arrd into a circular parking 
orbit. The velocities, guidance requirements, %eating rates, accelerations, 
etc. are modest. If they were encarurtered near Earth, they would not be con- 
sidered formidable problems. The fact that the spacecraft mst be designed, 
devebped, and qualified t o  perform i n  the Mars atmaphere i s  the biggest 
dradmck. Another probhn i s  that of prapiding a stable structural config- 
ur&%on for the entry vehicle, which must inchde the return and explorstion 
payloads plus the Mars departure propulsion stage. The weight penalty 
associated with thds structure will strongly degrade the potential gains of 
the techniqpe and m, in stme instances, nearly elindnate the advantage. 
The weight reduction listed i s  for a relatively smiU. weight penalty. 

A difference is  the maneuver which 
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On the basis of such considerations, W s  aerocqpture i s  *Id t o  be a possibility 
for  later missions, when adequate tests can have been mad$ i n  the Mars atmosphere, 
but i s  a problematical candidate mode for early manned flilghts. 

Mars e l l ip t ic  capture, i n  which the spacecraft entersl an eccentric orbit 
at Mars rather than a circular orbit, reduces the AV1s for entering and departing 
the cq?ture orbit but caapllcates the landing phase of the mission. Generslly a 
Mars orbiting spacecraft w i l l  have the problem of orbit mgression. Boper orbit 
orientation at departure mus t  be assured, ard pruvidon fdr a bunch delay w i l l  
incur a perfonname penalty. 

. and the perl-sis position must be controlled for d e p a r t ~ e .  Therefore, 8une of 
the potential AV advantage of e l l ip t ic  capture w i l l  be Wst. On the other hand, 
orbit changes are more efficiently made f r o m  an eccentric orbit than from a cir-  
cular orbit. The net effect i s  not easily evaluated. Furthermore, the Msrs 
Excursion Module must undergo larger velocity changes, especially i n  effecting 
rendezvous with the elliptic-orbit spacecraft. Because the MEM weighs so much 
less than the main spacecraft, the transfer ofAV reguiresdelrts (for oPbi't c i r -  
cularization) from the large vehicle t o  the smal l  ma;y result i n  a net performance 
gain. However, the use of a lower-Isp ascent propulsion system and provisions 
for more-sensitive rendezvous tindng will reduce the gain, Over-all performance 
and operational suitabil i ty i s  not clear. The 20-35$ Wo lteduction listed is the 
ideal t o  which the various penalties must be &@plied. The u t i l i t y  of eUlpt ic  
capture orbits w i l l  be better known m e r  a more thorough operations analysis 
of Mars exploration, both on the surface and from orbit. 

. 

When the orbit  i s  ell iptic,  both the orbit inclinatfm 

The other two techniques, hyperbolic rendezvous and @ti-vehicle modes, 
are of lesser interest. In  the former the returning Mars ispacecraft i s  lget i n  
the vicinity of E a r t h  by an Earth-based re-entry veMcle. Thus, the  weight of 
an ERM need not be included i n  the payhad of the Mars crsft. However, the t o t a l  
energy and weight requirements of  the two vehicles mqf be ihigher than that of a 
conventioaal Mars spacecraft; the only gain i s  tha t  of reducing the weight of the 
i n i t i a l  vehicle depazting for Mars. This is the percentae weight reduction 
listed. Multi-vehicle modes are typified by one i n  wbichla cargo (unmanned) 
flight follars a low-energy trajectory separate from a mazlned flight on a faster 
path. 
niques seems worth much consideration, at least for  emly ladssions. 

ducing weiat, the practical d d s  of the mission are adding a little here, 
a l i t t l e  there. Launch windows must be provided -- excess capability so that 
the mission can leare either Earth or Mars orbit mime quring allotted time 
peflods. 
sion systems t o  insure extreme ~ccuracy of the trajectory. 
systems and c-onents w i l l  ultimately have t o  be accept4 i n  sume systems t o  
keep down the cost of many new develapments. Although eadh such factor makes 
only a s m a l l  addition t o  initial weight, the cumulative egfect w i l l  not be neg- 
ligible, Mid-course AV1s w i l l  be i n  the hundreds of fee% per second; launch 

There i s  l i t t l e  t o  be gained for  the complexity. rfeither of these tech- 

Operational Coaplicartions -- While we are busily see&ing new means of re- 

Md-course velocity increments PNst be iqarted by awdUaq propul- 
Non-uptirmrm sub- 
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delay  AV's may be i n  t h e  thousands because of t h e  regress ion  of inc l ined  
o r b i t s  a t  both Mars and Earth. 
increase  i n  i n i t i a l  weight from t h e  i d e a l  case usual ly  analyzed. 

The ove r -a l l  e f f e c t  i s  l i k e l y  t o  be a 10-20% 

Thrust Requirements 

A mult i -s tage Mars vehic le  w i l l  include two or t h r e e  nuclear-rocket 
propulsion stages:  one t o  depar t  Earth o r b i t  and one t o  depar t  Mars o r b i t  
p l u s  another f o r  braking i n t o  Mars o r b i t  when the  mission mode r e q u i r e s  it. 
Since  t h e  payload and g ross  weight diminishes from one propulsion phase t o  
t h e  next throughout t h e  f l i g h t ,  t h e  t h r u s t  requirement a l s o  decreases from 
s t a g e  t o  stage.  

As a general  r u l e ,  f o r  t h e  Mars-propulsive-braking mode, s t a g e  t h r u s t  
requirements d i f f e r  by f a c t o r s  of two. 
should be twice t h a t  of t h e  Mars a r r i v a l  s t age ;  t h e  l a t t e r  should be about 
twice t h e  Mars-departure th rus t .  
b u i l t  up from near ly- ident ica l  engine and tank modules i n  c l u s t e r  form. 

That i s ,  t h e  Earth-departure t h r u s t  

Such l a r g e  d i f f e r e n c e s  i n  t h r u s t  may be 

Figure 8 shows t h e  r e l a t i o n s h i p  between number of engines i n  t h e  f i r s t -  
s t a g e  c l u s t e r  and i n i t i a l  weight i n  Earth o r b i t .  
r e s u l t s  i n  a two-million pound gross  weight. The assumptions a r e  made t h a t  
Earth-departure t h r u s t  i s  provided by a c l u s t e r  of nuclear-rocket engines and 
t h a t  s i n g l e  engines of t h e  same power a r e  used i n  both Mars a r r i v a l  and Mars 
departure  stages.  Curves of Wo vs t o t a l  f i r s t - s t a g e  power a r e  presented f o r  
t h r e e  values of unit-engine power: 2000, 3500 and 5000 W .  These powers 
correspond t o  roughly 100,000, 175,000 and 250,000 pounds of t h r u s t ,  respec- 
t i v e l y .  The dashed l i n e s  a r e  f o r  constant  numbers of engines i n  t h e  c l u s t e r ,  
ranging from one t o  four. 

The example i s  one which 

The primary i n d i c a t i o n  of f i g u r e  8 is t h a t  t h e  f i r s t - s t a g e  t o t a l  t h r u s t  
should be 400,000 - 500,000 pounds (8000-10,000 ENV). 
a power of 5000 IIMI, only two engines would be needed f o r  Earth departure;  
i f  t h e  u n i t  power i s  2000 M, a c l u s t e r  of fou r  engines would be optimum. 
The e f f e c t  of t h e  weight penal ty  assoc ia ted  wi th  engine c l u s t e r i n g  i s  t h e  
d i f f e r e n c e  between 2.1 and 2.4 mil l ion  pounds of gross  weight. The d i f f e r -  
ence corresponding t o  a change i n  engine power from 5000 t o  3500 MN i s  much 
less--about a t h r e e  percent  r i se  i n  o r b i t a l  departure  weight. 

I f  each engine has 

Figure 8 a l s o  shows an i n s e n s i t i v i t y  t o  t o t a l  t h r u s t ,  a t  l e a s t  on t h e  
high s i d e  of t h e  optimum. Thus, i f  o the r  arguments favor t h e  development 
of a r e l a t i v e l y  h igh- thrus t  engine t o  provide growth p o t e n t i a l  or a perfor-  
mance margin, t h e  performance penal ty  i n  t h i s  appl ica t ion  would be small. 
Another f a c t o r  no t  shown i s  engine operat ing time. The lower t h e  vehicle  
thrust-weight r a t i o ,  t h e  longer t h e  operat ing time. For example, t h e  two 
5000 MN engines would be a power f o r  about 30 minutes, whereas t h e  four  
2000 MN engines would operate  f o r  about 45 minutes. Furthermore, Mars 
a r r i v a l  wi th  a s i n g l e  2000 MN engine would e n t a i l  an operat ing time of 
over 50 minutes. 

11-14 



Thus, there are several factors tending to favor a hi h unit-engine power, 
including the desire to keep operating times and numbers o i engines low and a 
general policy of aiming high to provide for growth. 
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 MN will be satis- 
factory in the gross weight range expected for manned Mars landing missions. 
Corresponding operating times could be held to about 30 minutes if necessary. 

Balaqced against these 

Thrust requirements for Mars arrival and departure are taken into account 
in figure 8 ,  in the sense that thrust for these phases mus be provided by single 
engines of the specified power level. As a result, an acc i ptable operating time 
in the second stage means that the third-stage thrust will be higher than optimum 
for that phase. 
but the additional propulsion-system development does not seem warranted by the 
performance difference. 

A cluster of two engines for Mars arrival could have been assumed, 

Figure 9 shows the effect on initial weight of using b low-thrust engine in 
The base point is the 5000-hW t#o-engine calculation 
Figure 9 illustrates what could be gained by lowering 

the Mars-departure stage. 
from the previous figure. 
the power of the large reactor and using appropriate non-nwclear engine components; 
the curve labelled "large core" shows that there is almostinothing to be gained 
thereby. Note that the ordinate is a very expanded scale.1 The shaded area labelled 
"small core" shows the initial weights corresponding to use of a completely dif- 
ferent third-stage engine including a smaller reactor core similar to the KIWI-NERVA 
core. The vertical width of the band accounts 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 other uses. 
were available from a lunar application and had been developed to high reliability, 
it would be selected for the Mars-departure stage because of its reliability. 

For Gxample, if a suitable small-core engine 

The gross weight comparisons in figures 8 and 9 indichte that the propulsion 
requirements of the Mars mission permit considerable flexibility in engine thrust. 
Neither the design goal nor the actual power attained is pgrticularly critical, 
provided clustering is feasible, as we now believe. Performance calculations are 
thus only one element of engine-thrust selection along with many programmatic and 
policy considerations. 

Earth Launch Vehicle Requirements 
I 

The initial weights in Earth orbit of manned Mars spa4ecraft also fix the 
requirement for a post-Saturn Earth Launch Vehicle (ELV). 
nominal gross weights in orbit are 1.5 - 2.5 million pound6 with nuclear-rocket 
propulsion and a straight forward mission mode. We should also be aware that 
uncertainties in the mission cause other estimates to vary from under 1.0 to 4.0 
million pounds yith the same propulsion but other mode and weight assumptions. 
Thus, from a launch vehicle point of view, Mars exploration will require gross 
weights in Earth orbit (assembled, checked-out and topped-off) many times the 
Saturn V capability. 

We have seen that 
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Figure i l luthratea members of the Saturn ELV family and their  
Shawn also is a hypothetical post-Saturn ELV capable low-orbit ~1mcTs. 

of boosting 1-2 million pounds in to  orbit. 
versions thereof, and the postSaturn are of interest  i n  a discussion of 
manned planetary missions. 

O n l y  the Saturn V, uprated 

If the Msrs craf t  has an initial weight of one million pounds, it 
Hawever, 

On the other 

could probably be assembled in orbit frwn Saturn V payloads. 
growth potential would be almost nil, and an unfortunate contingency 
could inperil the entire mission for  lack of payload margin. 
hand, i f  the gross weight is four million pounds, the larger end of the 
postSaturn payload spectrum would be desirsble. Such a launch vehicle 
could be enormous. 
paunds, a strong case for sow kind of advanced ELV can be gut forth. 
The Mlopber of rendezvous with Saturn V's would be too great; Q one-million 
puund pwload mld be quite satisfactory. 

In between, at an i n i t i a l  weight of about two d l l i o n  

Tbe possibility of using nuclear rocket8 in Earth launch vehicle 
stages has been proposed and stdied. Three r e a ~ l n i  for lack of prime 
interest  in tbis application hsrve been identified: (1) reduced performance 
advantage of t h e  relatively-heavy pmpulsion system when the vehicle thrus t  
weight ra t io  must be near unity, (2) uncertain compatibility of nuclear 
engines with recovery and reuse of booster stages, ard (3) very high t o t a l  
thrust requirements of postSaturn propulsion systems. The latter is the 
most serious. A second stage of a one-ndllion-pound-to-orbit ELV would 
require a total thrust of st least 3-4 million pounds. A configuyrtion 
of reactors t o  provlde k h  a large thrust  miat very well be impractical. 
Conseqyently, boost-phase ppropulsion i a  not considered a likely wli- 
cation for  nuclear rockets i n  the time period of manned planetary f l i g h t  
and postSaturn hunch vehicles. 

I n  the lunar program, the use of nuclear rocket propuleion must be 
viewed in a different light because the performance advantage mer chemical 
rockets i s  lese than in planetcuy Bdt56ions and chemical arystems capable 
of same lunar exploration are under ddelasplent. 
not the only criterion; in fact, the benefits t o  be gdned fKnn aperational 
experience with nuclear propulsion build a strong caae for  early w l i c a t i o n .  
Thus, the use of nuclesr rockets in lunar exploration must be considered 
i n  the context of pla,netrucg exploration and future space flight programs. 
Many additional elements of the lunar program support manned pMeta ry  
flight, i nc ld ing  merience i n  humun factors, life support, orbi ta l  and 
landing operations, am3 develcrpment of system for  long edurarace in space. 
!Phe early introduction of advanced propulsion. would be Wreorise coaslstent 
with an mer-all policy of plPviding technical continuity among spme 
Program. 

Emmer, p e r f o m c e  i t 5  
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A possible qplication i n  lrvrnr ndssions waald be 
stage on the Saturn V launch vehicle. Substitrrtion of 
propulsion fbr the wgen/hydrogen S-IVB stage would 
gain of 35-65 percent, as w i l l  be described later. 

develrrpment of a new propulsion system and t he  asaociat 
spacecraft. The prognamnatic considerations mentioned eviously are equally 

tMrd 

t o  belnteresting but is  not, i n  itself, suf'f'icient just ikcat ion for the 

as inportant as the performance camparison. 

new stages md 

- 

The manner i n  whlch the mhar third stage would b$ used i n  lrlnnr missions 

a parking orbit. 

is  illustrated i n  figure U. 
first two stages of the Saturn V and possibly a first 
stage. The lunar payload and the th i rd  stage are 
A t  the correct longitudinal. position the nuclear engine &arts, and the third- 
stage paybad i s  injected onto a lunar transfer trcqjectoiy.  he lunar vehicle 
proceeds along the dash-line path t o  the vicinity of the moon where a chemical 
retro puts  the  paybad either into lunar orbit or directly dawn on the surface. 
Meanwhile, the jettisoned nuclew stage, having been sepmted  fitxu the lunar 
vehicle at the end of nuclear thrust, travels along the qash-dot path behind 
the moon and, with the aid of a hnar-grenrity kick, arxt into a heliocentric 
orbit. !l?he radioactive nuclear engine is thus neaKly dimatched without re- 

The Launch fram Cwe Kermqy i s  by means of the 
It of the nuclear 

@ring additional thrust. 

I referred t o  the possible use of the nuclear engine prior to  parking- 
orbit iaect ion,  tm is, before reaching orbi ta l  energy? This mode i s  celled 
suborbit st& and i s  the stme mode as planned for the ShNB i n  the all-chemical 
40Uo mission. 
departure. In the nuclear-rocket ml ica t ion ,  &orbit b& entails  engine 
af'tercooling with hydrogen t o  remove the heat of radioacTive decay. 
cooling period i s  only during the stay in parking orbit -- hopefully just  a 
meter  of hours -- so the 8mouIl[t of propellant used for  jbis purpose i s  small. 
Furthermore, the thrus t  produced by the cooling hydrogenlneed not be wasbed 
but cau be used t o  rase the energy of the ofil t ing vehibh.  
involves additional flight saf'ety requirements not prevabrt  with orbit s t a r t .  
However, the development of a reactor destruct system wdrld prevent a mslpunc- 
tion from causing any radiation hazard. 

This mode requires the third-stage engt e t o  restart  for orbit 

The after- 

Suborbit start 

The alternative of orbit start  would reqpire the mst and second sfages 
t o  put the entire third stage snd payload into a lrrw 
engine mld operate for the first and only time 
transfer o h i t .  Flight safety would be much 
quiring no destruct system, but paybad could be reduced. 

The use of the nuclear-rocket propulsion system for 'brddng into lunsr 
&btt i s  enother possibility although aftercooling prape- loss would be 
relatively large and cryogenic storage durlng the lunar transfer would add 

in to  lnxnar 
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insulation aad boiloff weight penalties. Ikthermore, the lunar velocity 
increment is small  and the tMrd-stage e@ne relatively hemy for  efficient 
use of nuclear-rocket prapulsion. 
inpaired l . - o P b i t  operations (due t o  the presence of a radioactive engine) 
must be balanced against t he  s m a l l  gain i n  lunar payload. 

The complication of aftercooling and the 

Performance Coqpasison 

The extent of the payload advantage resulting frm substitution of a 
nuclear third stage on the Saturn V is shown in Flgure 12. 
payload is plotted against weight propelled t o  lunar transfer velocity. 
The upper I lne  is for  direct-landed cargo, that is, the payload of an uu- 
manned lunar logistic vehicle. 
l i n e  of manned direct-larided payloads. The difference is due t o  guidance 
and shielding differences and may not be a real difference. 
broken I lne  corresponds t o  the  minimum landed payload t o  provide return 
capability for  three astronauts. 
and Return Liftoff Unes deflnes the nrtnimum vehicle weight for direct- 
flight capability. Oxygen/Wrogen propulsion i s  assumed for  a~ lunar 
landing ani take off stages. 

Lamar landed 

Parallel  t o  it and slightly lower i s  the  

The horizontal 

Thus the intersection of the Apollo/Mrect 

Along the abscissa are the lunar-transfer payloads of several three- 
stage Saturn V canfigurations. 
chemical Saturn V. 
t o  28,000 pounds of landed cargo. 
manned direct-landing cspability. 
upratings, with or  without a nuclear-rocket third stage. 
orbit-start nuclear version; S-BB has a &orbit-start nuclear stage. The 
NERVA engine is utilized in both nuclear stages. In neither case is any 
uprating or significant modification of the first two stages assumed. The 
point labelled All-Chemical Uprated is one of a nearly-infinite array of 
improved-performance possibil i t ies based on cherdcal upratings of the first 
two stages, this one being about a 40 percent qprating. This could be 
achieved by increasing the thrust of the first and second stage prupulsion 
systems, increasing stage propellant capacities, and strengthening the  
vehicle structure. 
responding t o  an orbit-start (S-NA) nuclear stage on t he  same uprated lower 
stages. 

At the far left is tb standard, all- 
The nearly ~,ooO-pound injected weight corresponds 

This launch vehicle does not provide 
Several points are s h m  for Saturn V 

S-NA refers t o  an 

A t  the faz righthand end of the scale is a point cor- 

Any of the  imlproved-perfoxmance Saturn V configurations would provide 
msnned d i r e c t - W i n g  capeibility. 
step in proceeding toward extensive lunar eqplorstion, particularly because 
it permits manned operations at any lunar latitude. Thus, an tqrating of 
the Saturn V will p m d e  a unique cqpabi3ity. Further improvement beyond 
the minimum for manned direct landing will increase t h e  payload capability, 
thereby adding landed cargo t o  a manned fl ight (as nut& on f'igure 12) or 
allowing an increase in the size of the crew. The result would be eaFpauded 
lunar exploration or fewer launches for a given level of activity. 

This mode is considered t o  be an iqportant 

. *  
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The introduction of nuclear-rocket propulsion is  ewed aa an excellent 
1 as deep space method of wmting Saturn V performance fo r  lunsr as 

missions and, at the same time, acquiring valuable up s sting ezprlence and 
establishing flight conFidence i n  a new area of rocket propulsion. 
performance of the flrst two SestUrn V stages would, of course, increase Earth- 
orbit payload as w e l l  as lunar payload. Therefore, the cambination of lower- 
stage uprating and a wclear tMrd stage i s  of conside able interest. Figure 
12 shows a lunar-landed payload of 60,OOO pounds for  t L s configuration, which 
uses a single NEKVA engine i n  an orbit-launch stage, 

Inproved 

, 

~NMMWED SOLAR SHTEM &SIONS 

Another important missions area i n  which nuclear wts may find app l l -  
cation i s  unnamed solar system exploration. 
increase, not only due t o  scientific interest, but also because many of the 
missions wlll provide support for  manned planetary ventures, 

Eqphaais i n  this area will 

The par t icuhr  aLssions which would benefit from he use of nuclear 
rockets include: Mars and Venus orbiters, Jupiter and Saturn flyBy probes, 
Solar probes (close =roach and extra-ecuptic), and nterplanetary probes 
(e.g. solar system escape). These Espplications are ch L acterlzed by reqyire- 
ments for  either large payloads or very high velocity increments. 
cussion will be further llmited t o  applications of t h e  nuclear Saturn V 
described i n  the lunar program section eince it i s  the first system that can 
be provided using hardware that  i s  available or  close 

Figure 13  depicts one of the prime destinations, 

Three Saturn V t h i rd  stages are Usted: 

My dis-  

t hand. P 
and lists some 

typical payloads. The weights put into Mars o f i i t  are shown i n  t he table at 
lower right. S-NA (orbit-start 
nuclear), S-NE4 (&orbit-start nuclear) and S-TVB (sub rbit-start, chemical) . 
Three injection stages are considered: MMM (an oxygen/ mgen multi-mission 
module), SM (the storable-propellant Apollo Service ule) and S-N (the same 

nuclear-rocket third stage increases Mars orbit paylo 
over all-chemical prupulsion. As i n  the lunar case, 
stage at destination offers little advantage and prob 
dwelapment of aftercooling and restart cagability. 
composition cannot now be specified, one possibility 
probably t o  power a television system, could take up 
all-chemical useful payload. mer inclusion of an ropriate weight of 
instruments and probes and aliasing for  structure and ther essentials of the 
mission, an orbit  payload of kO,OOO-5O,OOO pounds may 7 e necessary. 

are t h e  weights returned t o  the vlcinity of' Earth. Thbs mission mode could 
be used i n  the unmanned program for special purposes, @ch as ample and 

e of the nuclear 

nuclear third stage, cooled and restarted). The table k shows that  use of a 

s not warrant 

The flyby pe;yloads are for  flyby round trips, a d  the listed paybads 



data return. Although these paylaads are too low for  siogle-hmch manned 
flyby round trips, it may be possible t o  cluster stages or put them i n  
tandem t o  achieve the required injected payload, 

Figure 14 sumarizes for a variety of missions the performance gains 
due to  sribstitution of a nuclear third stage. 
stage (S-blB) and 8 cryogenic fourth stage (MMM) are assumed, 
the gains are about 70 percent. The Jupiter and Saturn missions are fly- 
bys without return t o  Earth, The solar prdbes include a close-sqrproach 
mission t o  0.2 of an a s p n w & c a l  unit and an &-of-the-ecliptic mission 
t o  aa inclination of 25 . A prdbe t o  the outer reaches of the solar system 
is represented by the bar labelled Solar System Escegpe, The p ~ l o a d  m a g n i -  
tude sham may be very desirable i n  order t o  provide adequate power and 
canmunications c & b i U t y .  

A &orbit-st& nuclear 
In all cases 

This discussion of nuclear rocket missions has emphasized manned 
planetary exploration as t h e  prLncipal applicatdon and Justification for 
nuclear rocbt development. We have dwelt at some length on the charac- 
t e r i s t i c s  and re@rements of manned Mars roundtrips. 
the difficulty of doing an adequate job of planetary eqlorat lon with proper 
performance margin and growth potential. The use of nuclear rocket pro- 
pulsion has been shown t o  p e a t  planetary eqploration missions with 
reasonable i n i t i a l  weights in Ear th  orbit, without reliance on questionable 
modes or  technologies, am3 with the abil i ty t o  perform the mission at all 
planetary opportunities, 

W e  have emphasized 

Among the n w q r  items contributing t o  the feasibility of lBanned plane- 
tary flight, the devebpment of nuclear rockets i s  the most inportant. 
A t  the same time, it is  close at hand, as will be indicated i n  the later 
discusslons of our develrrpment program, 
weights, Mars missions require the development of nuclear rocket 
engines in the thrust range of 1fi0,000-250,000 pounds. 
will probably be necessary as may a posk-saturn launch vehicle because 
of the magnitude of spacecraft grass weights. Current programs give 
assurance that these nucbar rocket prqpulsion syatems ard postSaturn 
launch vehicles can be developed. 

Depending on orbit dqar ture  

Engine clustering 

Extended manned lunar eqploration could make good use of a nuclear- 
rocket third stage on Saturn V t o  peradt a direct-flight manned eqplora- 
t ion capsbility. 
c q a b i l i t y  for  many unmanned solsr-system missions. Furthennore, early 
eqperience with nuclear rockets would contribute t o  the re l iab i l i ty  and 
aperatiand readiness of propulsion systems fo r  meum& planetary flight, 
The Saturn V nuclear &age should have a thrust of sppraximately 50,OOO 
pounds, or slightly more, as typified by the BTERVA engine currently 
undergoing investigation. 
ndmrtes, and no more than one restart wauld be required i n  f l ight  operations, 

Such a configuration would also provide increased 

Operating tirses would be i n  the range of 20-9 
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Consequently, the qpplicstians picture is c m o  of (1) early uses of 
nuclear rockets i n  whdch they contdbute valuable perf mance gains and ap- 
erational mefieace,  followed by (2) use in lnaarred p 3 at- missions i n  
which they affect initial weieclrt;s by factors of 2-3, tqereby keeping orbital  
weights within reason. If Iuuw and planet- operatiqns exgaud, there will 
be demands for hemier p@mds, shorter t r i p  times t o  the near planets srd, 
p e r m s ,  manned flight cagability t o  mom distant PIIU+S. b l e a r  rocket 
propulsion can serve advantageously i n  this phase of sqace flight also, 
thereby making a vital contribution t o  our apace goals of eq?loration and 
scientific understanding. 

Advanced propuls ion Pgplicstions 

of advanced lligh-thrust propulsion systems on space fWght cqabi l t t l es .  
Many propulsion concepts heme been proposed ~ n d  researah 
t o  determine their  feasibility. The prcopiaant ?,oncept$ 
reactors, wlth the nuclear fuel  contained in the fonn of dust, liquid or  
gas and (2) nuclear pulse propulsion, which u t i l i zes  tlp energy release of 
explosive charges t o  propel the spacecraft. 
controlled-fusion, direct -thrust prapulsion are in the law-acceleration 
category and, thus, require a soaaewhat different treat&& in a can!p&son 
with high-thrust schemes. 
Umited prqpulsion systems i s  the ratio of engine weight t o  power, and that 
could be an entire lecture of i ts  own. 

In conclusion, I would Ilke t o  indicate briefly tl)e potential iqpact 

are underway 

Electfic-l/hmst concepts and 

The major parameter with lour-acceleration, power- 

Mgure 15 shows the i q o r t a n t  relationships wbich determine the relative 
performance of high-thzllst propulsion syetems. Payload fractrton -- that is, 
the ra t io  of payload t o  i n i t i a l  weight -= i s  p h t t e d  a@inst* -ne Uuwt- 
weight ratio. The curves for  an 1 of 8 0  seconds are indicative of what 
we can e4& for  well-devebped m%d-core nuclear rockets. Most 400-500 
day Mars roundtri trajectories involve indtvidual-stagre AVrs i n  the 
l5,OOO-X),OOO ft P sec range, resulting in payload ratios of 0.454.35. Higher 
&V's would enter the region i n  wbich two stages waul4 do better than one. 

For -le, a 300 -dq  roundtrip t o  Mars would involve prqpulsive 
of 25,000-35,000 ft/sec per stage, fud the low psyload ratios would result in 
ehargly increased gross weights c u ~ a r e d  to the values quoted for  400-500 
day trips.  
prupulsion stages wmld be a factor of eight i n  i n i t i a l  weight. 

AVg s 

A factor of two reduction in paybad r&io in each of three 

The queation is, what could be accolqplished with g system producing a 
specific imFpulse of 2ooo or 5000 seconds? ~ ~ g u r e  15 shows thst, at 2OOo 
seconds IBp and an engine thxwt-weight ra t io  of unity, a m-dag Mars t r i p  
would have the same range of individual-stege payhad patios as a 45O-dq 
t r i p  with 6 0  sec I 
of u), the entire 3fZB-d~ mission could be done vlth a Single stage. The 
t o t a l  AV would be about gOrO0O ft/eec. In CoqparLplon, a sgecific irqpulse of 
5000 seconds capjbineti w i t h  high specific thrust wo~ld be revolutionary. Un- 
tortuPrstely, the prospects are very sllrn for  attaining this level of per- 
fonnance in the fareseeable future. 

. A t  2OOO seconds 1- and an e-ne thrust-weight ra t io  
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The importance of engine weight i s  a s i g n i f i c a n t  f a c t o r  which has 
been f requent ly  overlooked i n  considerat ions of advanced propulsion concepts, 
The p a i r  o f  curves f o r  2000-seconds I r evea l  t h e  s e n s i t i v i t y  of performance SP t o  engine thrust-weight  r a t i o .  A r a t i o  much less  than uni ty  would e l imina te  
a l a r g e  p a r t  of t h e  p o t e n t i a l  advantage of t h e  high s p e c i f i c  impulse. 
an Is of 1500 seconds, a thrust-weight r a t i o  of 10 i s  comparable t o  un i ty  
a t  2050 seconds Isp; a thrust-weight r a t i o  of u n i t y  a t  1500 i s  not much 
bet ter  than two s t a g e s  a t  850 seconds Isp. 

Therefore,  evaluat ion of t h e  usefulness  of high-I concepts must  
genera l ly  await  s u f f i c i e n t  knowledge of t h e  systems t o  es t imate  engine 
weight. The sol id-core nuclear  rocke t ,  being r e l a t i v e l y  well def ined a t  
t h i s  time, se rves  a s  a b a s i s  f o r  comparison. Accordingly, because o f  engine- 
weight e f f e c t s ,  a number o f  advanced concepts a r e  faced wi th  t h e  j o b  of 
proving not  only f e a s i b i l i t y  bu t  s a t i s f a c t o r y  engine thrust-weight r a t i o  a s  
well. 

A t  

SP 

Perhaps t h e  best thought on which t o  end i s  t h i s :  
of space missions f a r  i n  t h e  f u t u r e  w i l l  u l t imate ly  be s a t i s f i e d  by ad- 
vanced propuls ion systems, t h e  major space missions beyond t h e  f i r s t  phases 
of manned lunar  explorat ion w i l l  be t h e  domain of t h e  sol id-core nuclear 
rocket .  

While t h e  demands 
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111. THE NERVA ENGINE 

The NERVA engine represents  t he  50,000 lb .  t h r u s t  class nuclear  rocket  
engine which uses a s o l i d  core graphi te  reac tor .  This 4s t he  s i z e  engine 
we have chosen t o  ca r ry  out our e a r l y  nuc lear  rocket  development e f fo r t s .  I t  
w i l l  be our first nuclear  rocket  engine and w i l l  u l t imate ly  be our  first 
nuclear  rocket  engine used i n  space missions. The r e a c t o r  designs for  NERVA 
r e l y  on t h e  K I W I  reactor technology. The K I W I  r e a c t o r  g f f o r t s  began i n  1955 
a t  t h e  Los Alamos S c i e n t i f i c  Laboratory. However, nuc l  ar  rocket  engine de- 
velopment began i n  1961 with s e l e c t i o n  of t h e  i n d u s t r i a  (i con t rac to r s ,  Aerojet 
and Westinghouse, t o  develop t h e  NERVA engine. 
fo r t ,  t h e  program planned for  f l i g h t  t e s t i n g  a nuc lear  rocket  engine. 

A s  p a r t  of the  development ef- 

A t  t h e  end of 1963 t h e  nuc lear  rocket  program was reviewed and r ed i r ec t ed  
This r ed i rdc t ed  program allows us towards a ground engine technology program. 

t o  concentrate  resources  and t echn ica l  and management a t t e n t i o n  upon cr i t ical  
components such as t h e  nozzle,  r eac to r ,  turbopump assembly, and engine system 
operat ing and con t ro l  c h a r a c t e r i s t i c s .  Such a program w i l l ,  therefore ,  pro- 
vide the  information needed t o  permit f l i g h t  system development t o  be under- 
taken with confidence when missions beyond Apollo are b e t t e r  defined. 

The nuclear  rocket program today includes major e f f o r t  on t h e  r eac to r ,  
work on engine technology and on support ing technology. 
development and tes t  e f f o r t  has been conducted by t h e  L+s Alamos S c i e n t i f i c  
Laboratory and t h e  Westinghouse Astronuclear Laboratoqf, 
t h e  work includes the  remaining t e s t s  of t he  KIWI-B4 r eac to r ,  and t h e  Phoebus 
p ro jec t ,  which is an advanced graphi te  r e a c t o r  technology e f f o r t .  
technology work i s  conducted wi th in  t h e  NERVA p r o j e c t  by t h e  Aerojet-General 
Corporation with t h e  Yestinghouse Astronuclear Laboratory as p r i n c i p a l  sub- 
cont rac tor  for  t h e  nuc lear  subsystem. T h i s  e f f o r t  includes adaptat ion of a 
K I W I  reactor design f o r  engine operat ion and inves t iga t ion  of engine system 
c h a r a c t e r i s t i c s .  

The r e a c t o r  design, 

The LASL p a r t  of 

Engine 

Engine R e l i a b i l i t y  VS. Performance 

Engine efforts have been based upon a ground r u l e  t h a t  r e l i a b i J i t y  is 
more important than weight and performance. 
can provide almost twice t h e  s p e c i f i c  impulse of advancbd chemical rockets. 
Since a b i g  s t e p  increase  i n  performance i s  poss ib l e  with t h e  f i r s t  engine,  
it does not  seem important t o  squeeze the  maximum poss ib l e  s p e c i f i c  impulse 
out  of t h e  system i f  r e l i a b i l i t y  may be s a c r i f i c e d  thereby. One example of 
t h i s  ground r u l e  is t h a t  while t h e  h ighes t  r e a c t o r  exhabst temperature is  
des i r ab le ,  t h e  average exhaust temperature i s  penal ized i n  our  e a r l y  designs 
t o  s impl i fy  r e a c t o r  s t r u c t u r e  and flow paths.  
flows, used t o  cool  t he  r e a c t o r  s t r u c t u r e  and t h e  reactpr per iphery,  which 
are mixed with t h e  hot f u e l  element exhaust gas. The a t tendant  s p e c i f i c  i m -  
pulse  penal ty  is  p re fe r r ed  t o  t h e  complications of a dehign with regenerat ive 
cool ing pa ths  a t  t h i s  e a r l y  s t age  of t h e  development work. 

The f i r s t  nuclear  rocket engine 

This penal ty  i s  caused by 
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Another example of r e l i a b i l i t y  through s impl i c i ty  i s  s e l e c t i o n  of t h e  
hot bleed cycle  wherein hot exhaust gas i s  d i l u t e d  t o  lower the  temperature 
t o  obta in  tu rb ine  i n l e t  gas compatible with tu rb ine  material capabi l i ty .  The 
turb ine  exhaust  is subsequently routed overboard, again lowering engine spe- 
c i f ic  impulse. 
cycle;  however, t h e  reactor design complexity does not warrant attempting t o  
obta in  t h e  h igher  s p e c i f i c  impulse f o r  t h a t  cycle. 

Higher s p e c i f i c  impulse is obtainable  through the  topping 

Some weight penal ty  was accepted through t h e  use of  aluminum r a t h e r  than 
We decided t h a t  t h e  b e n e f i t s  of g r e a t e r  ex- t i t a n i u m  i n  t h e  pressure  vessel .  

per ience with aluminum a l l o y s  was more important than t h e  lower weight theo- 
r e t i c a l l y  poss ib l e  with t i tanium. 

Development Program Philosophy 

Nuclear rocket  engine development is being conducted as a technology 

Engine 
program. Our e f f o r t s  are being devoted t o  development of c r i t i ca l  engine com- 
ponents which s i g n i f i c a n t l y  affect engine system c h a r a c t e r i s t i c s .  
system tests are t o  be conducted with components and configurat ions t h a t  are 
no t  necessa r i ly  f lyab le  bu t  conta in  the  e s s e n t i a l  components t h a t  determine 
system c h a r a c t e r i s t i c s ,  including t h e  dynamic operat ing c h a r a c t e r i s t i c s .  

The program includes component, subsystem, and system tests. The pro- 
sss ion from component through system t e s t i n g  represents  increas ing  com- 

p lex i ty .  
understand component performance and operat ion before  going t o  more complex 
subsystem tests. 

Our philosophy i n  nuc lear  rocket development is t o  p r e d i c t  and 

The reactor is  the  c r i t i ca l  engine system component and has paced the  
development program. 
Nuclear Rocket Development S t a t i o n  i n  Nevada. 
a f a c i l i t y  t o  provide l i q u i d  hydrogen coolant under pressure  t o  the  test  
assembly which cons i s t s  of  t he  r e a c t o r ,  p ressure  ves se l  and nozzle. P r i o r  
t o  reactor t e s t i n g ,  its components are t e s t e d  i n  t h e  labora tory  s imulat ing 
as well as poss ib le  the  r e a c t o r  environment t o  ensure,  as far as poss ib l e ,  
t h a t  r e a c t o r  components and t h e  complete r e a c t o r  design w i l l  behave as pre- 
d i  cted. 

The r e a c t o r  i s  t e s t e d  as a major subsystem at t h e  
The r e a c t o r  t e s t  depends upon 

Non-nuclear engine Components are also t es ted .  These components are 
t e s t e d  a t  var ious i n d u s t r i a l  and government labs and do not  r equ i r e  remote 
tes t  operation. 
zle and con t ro l  system components. The next l e v e l  of t es t  complexity w i l l  
be engine system tes t ing .  
system c lose ly  coupled t o  t h e  turbopump with t h e  r e a c t o r  providing the  energy 
t o  dr ive  the  turbopump. 
and power t e s t ing .  

Components under test include t h e  turbopump assembly, noz- 

Engine system tests w i l l  include t h e  reactor sub- 

These engine systems tests w i l l  include co ld  flow 

Our test facil i t ies were b u i l t  t o  s a t i s f y  t h e  needs of reactor and en- 
gine t e s t i n g .  However, f a c i l i t y  c h a r a c t e r i s t i c s  limit t h e  tes t  operat ion 
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when compared t o  condi t ions during nuc lear  rocket  eng ine~opera t ion  i n  space. 
For example, t he  nozzle,  exhausting t o  t h e  atmosphere i n  t h e  reactor test  
c e l l s ,  r e s u l t s  i n  back pressure  which prevents  t he  nozzlf from flowing f u l l  
a t  low chamber pressures .  The f a c i l i t y  l i m i t q t i o n s  m u s t  be considered dur- 
ing low flow operat ion of the  reac tor .  
l i q u i d  hydrogen run tank above t h e  engine and t h e  engine f i r e s  i n  a downward 
d i rec t ion .  
test  condi t ions are somewhat c l o s e r  t o  space operation. 

The enkine test  $tand provides a 

The s tand  provides some a l t i t u d e  s imulat ion capab i l i t y  so  t h a t  

Our a b i l i t y  t o  maintain equipment remotely affects engine development. 
Current test  techniques r equ i r e  commitment t o  f i n i s h  a tpst once a reactor 
has a s i g n i f i c a n t  power h i s to ry .  Remote handling techniques are adequate to  
disassemble a t e s t  a r t i c l e ,  bu t  remote maintenance and reassembly are not  
p r a c t i c a l  with today's c a g a b i l i t i e s .  For example, t h e  KJWI-84D reac to r  test  
w a s  terminated af ter  a nozzle hydrogen leak. i?ozzle replacement involves 
ca re fu l ly  s e a t i n g  seals, f a s t en ing  about 75 b o l t s  with a torque wrench, and 
hooking up s e v e r a l  dozen instrumentat ion channels. 
remotely today and the re  a re  no prospects  t o  improve ourl  capab i l i t y  here i n  
t h e  very near  fu ture .  However, t h e  engine i s  more complpx than t h e  r eac to r  
tes t  assembly with more i tems which w i l l  need maintenance before  a t e s t  ser- 
ies i s  completed. I t  appears f e a s i b l e  t o  conduct remote, maintenance on some 
of t h e  l i n e s ,  valves ,  and feed system i n  t h e  experimental  t e s t  system. This 
w i l l  provide l imi t ed  remote maintenance c a p a b i l i t y  f o r  experimental  engine 
t e s t  systems which i s  a requirement fo r  reasonable engine development. 

We are unable t o  do t h i s  

THE NERVA ENGINE DESCRIPTION 

The NERVA engine is our  first nuclear  rocket  engine. Its cur ren t  per- 
formance goals  are t o  provide about 50,000 pounds t h r u s t  a t  g r e a t e r  than 700 
seconds s p e c i f i c  impulse. 
1000 megawatts nominal thermal power. 

The engine uses a graphi te  r e a c t o r  operat ing a t  

The engine i s  intended t o  be a self-contained propvlsion package. This 
means t h a t  it has t h e  a b i l i t y  t o  s t a r t  on command without add i t iona l  power 
o r  con t ro l ,  o the r  than the  e l e c t r i c a l  power f o r  t he  con t ro l  c i r c u i t s .  The 
engine must r e s t a r t  i n  similar fash ion ,  which means t h a t  provis ions a r e  needed 
f o r  shutdown and subsequent cooling. I 

Even though NERVA i s  a ground experimental  engine gystem technology 
p r o j e c t ,  I w i l l  d i scuss  t h e  f l i g h t  engine design which Serves as a reference 
nuclear  rocket  engine. This w i l l  i n d i c a t e  a l l  componentp which make t h e  nu- 
clear rocket  engine a self-contained propuls ion packaged 
ground engine system, which i s  being developed t o  inves t iga t e  engine system 
technology, w i l l  a l s o  be descr ibed and d i f f e rences  from t h e  exact  f l i g h t  
configurat ion w i l l  be apparent . 

The experimental 
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Configuration Description 

F l i g h t  engine conf igura t ion  development has been underway s i n c e  1960. 
Major dec is ions  during t h i s  pe r iod  included s e l e c t i o n  of t h e  r e a c t o r  design 
concept, t h e  engine cycle t o  provide t h e  energy source f o r  p rope l l an t  pres- 
s u r i z a t i o n ,  turbopump design, and t h e  use o f  pneumatics f o r  con t ro l  and valve 
ac tua t ion .  The cons idera t ions  which inf luenced  these  dec is ions  w i l l  be dis-  
cussed. 

A mockup of t h e  NERVA engine concept on which we have been working is 
shown i n  Figure 111-1. The engine s t ands  22 feet  high from t h e  t op  f lange ,  
which mates t o  a hydrogen p rope l l an t  tank i n  t h e  rocket veh ic l e ,  t o  t h e  ex- 
haus t  e x i t  of t h e  j e t  nozzle. 
ves se l  i n  t h e  c e n t r a l  po r t ion  of t h e  engine. 

The r e a c t o r  i s  loca ted  within t h e  pressure  

Twelve pneumatic r e a c t o r  c o n t r o l  drum ac tua to r s  are a t tached  t o  t h e  
pressure  ves se l  dome, The t h r u s t  s t r u c t u r e ,  which t ransmi ts  t h r u s t  and ac- 
c e l e r a t i o n  loads between t h e  pressure  ves se l  and rocket vehic le ,  i s  composed 
of upper and lower subassemblies connected by a gimbal which allows the  en- 
g ine  t o  swivel f o r  t h r u s t  vec to r  adjustment. 
t h e  lower t h r u s t  s t r u c t u r e  and t h e  upper t h r u s t  s t r u c t u r e  conta ins  t h e  pro- 
p e l l a n t  t a n k  shu to f f  valve. 

The turbopump is mounted within 

The l a r g e  spheres contain !iydrogen gas under pressure  t o  provide f o r  
ac tua t ion  during engine s t a r t u p  periods.  

The nozzle c o n s i s t s  of a convergent-divergent s e c t i o n ,  cooled by t h e  
main p rope l l an t  flow, and an a d d i t i o n a l  d ivergent  s k i r t  which increases  t h e  
nozzle expansion r a t i o  t o  whatever value may be des i red .  

A pump discharge l i n e  connects t h e  pump t o  t h e  nozzle i n l e t  manifold. 
A t u rb ine  i n l e t  l i n e  connects t h e  hot  bleed p o r t ,  where nozzle chamber gas 
is tapped, t o  t h e  tu rb ine  i n l e t .  R o l l  con t ro l  t h r u s t ,  i f  requi red ,  could 
be provided by r o l l  c o n t r o l  nozzles using t h e  tu rb ine  exhaust. 

Flow Description 

Figure 111-2 shows a drawing of a nuc lea r  rocke t  on which w e  can fo l -  
low t h e  p rope l l an t  flow pa ths  t y p i c a l  of a s o l i d  core  nuc lear  rocket. The 
flow pa ths  shown are main p rope l l an t  flow, tu rb ine  d r ive  flow, and pneumatic 
gas supply. 

Main Propel lan t  Flow -- During s teady  s t a t e  opera t ion ,  main propel lan t  
flow begins  with p rope l l an t ,  under tank p res su r i za t ion ,  passing through t h e  
tank shu to f f  valve i n t o  t h e  pump suc t ion  l i ne .  This l i n e ,  which contains a 
gimbal bear ing  f o r  t h r u s t  vec tor  adjustment, provides p rope l l an t  t o  t h e  pump 
i n l e t .  A c e n t r i f u g a l  flow pump p res su r i zes  t h e  propel lan t .  The pressur ized  
p rope l l an t  e n t e r s  t h e  pump discharge l i n e  and flows t o  t h e  nozzle i n l e t  
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manifold. 
ages,  removing heat  t r a n s f e r r e d  t o  the  nozzle f r o m  t he  imain exhaust stream 
as wel l  as h e a t  generated i n  t h e  nozzle pressure  vesse4 by deposi t ion of 
nuclear  r ad ia t ion  energy. The coolan t ’ leaves  the  nozzle as a low tempera- 
t u r e ,  low densi ty  f l u i d  and is s p l i t  i n t o  p a r a l l e l  flows t o  cool  t h e  pres- 
sure vesse l ,  r e f l e c t o r  and con t ro l  drums, 
t o r  region and is  d i r ec t ed  along the  pressure  ves se l  ddme t o  remove r ad ia t ion  
energy deposi ted there  . 

The main propel lan t  flow passes  through t h e  nozzle cooling pass- 

Propel lan t  g x i t s  from t h e  reflec- 

The flow then cools  t h e  s h i e l d  and e n t e r s  t h e  reaqtor i n l e t  plenum. 
Propel lant  i s  d i s t r i b u t e d  from the  i n l e t  plenum i n t o  s e v e r a l  p a r a l l e l  paths.  
The bulk o f  t h e  flow e n t e r s  t h e  r eac to r  f u e l  element cooling passages and is 
heated t o  h i g h  temperature. The remaining p rope l l an t  is d i s t r i b u t e d  t o  flow 
passages which provide coolant  t o  various reactor s t r u c t u r a l  elements and t o  
t h e  pe r iphe ra l  region between t h e  hot  r e a c t o r  core and the  regenerat ively-  
cooled r e f l e c t o r .  
plenum which i s  a l s o  t h e  nozzle i n l e t  chamber. The p w p e l l a n t  is expanded 
through t h e  nozzle t o  exhaust v e l o c i t i e s  g r e a t e r  than 23,000 feet p e r  second 
corresponding t o  more than 700 second s p e c i f i c  impulse, t y p i c a l  of a nuc lear  
rocket.  The main f u e l  element exhaust is  a t  a high temperature and provides 
g rea t e r  than the  average engine exhaust temperature. 

These various cooling flows merge i n  t h e  r e a c t o r  e x i t  

Turbine Drive Flow -- I n  t h e  NERVA engine,  a hot bleed cycle is used 
wherein turb ine  dr ive  flow w i l l  be provided by mixing t h e  hot  main d r ive  gas, 
tapped from the  nozzle i n l e t  chamber, with cold d i luen t  f l u i d  taken from a 
s u i t a b l e  p a r t  of the  main flow path. 
bleed flow, providing gas cooled t o  any remperature des i red  f o r  tu rb ine  i n l e t  
condi t ions 

The d i luen t  flowiis mixed with t h e  hot  

The mixed gas flows through t h e  tu rb ine  i n l e t  l i n e ,  passing through a 
turb ine  power con t ro l  valve t h a t  r egu la t e s  t u rb ine  flow and tu rb ine  i n l e t  
p ressure  and, t he re fo re ,  t h e  tu rb ine  power and pump speed. 
panded through t h e  tu rb ine  which e x t r a c t s  t he  power rehui red  t o  maintain the  
turbopump speed and opera t ing  po in t  required.  

The flow is  ex- 

The t u rb ine  exhaust is expanded through nozzles to add a small contribu- 
t i o n  t o  t h e  engine t h r u s t .  
low temperatures,  lowers t h e  o v e r a l l  engine s p e c i f i c  ihnpulse below t h e  spe- 
c i f i c  impulse obtained from the  mah p rope l l an t  flow. This use of turb ine  ex- 
haust  f l u i d  as ind ica t ed  i n  Figure 111-1 could be a saurce of vehic le  r o l l  
con t ro l  t h r u s t  i f  t h a t  i s  desired.  An a l t e r n a t e  use qf t u rb ine  exhaust would 
be t o  provide cool ing f o r  a nozzle s k i r t  extension,  i f  requi red ,  and then ex- 
haust ing i t  overboard t o  provide a small t h r u s t  cont r ibu t ion .  

This t h r u s t  cont r ibu t ion ,  ,from gas a t  r e l a t i v e l y  

I 
Pneumatic Gas Supply -- The pneumatic system must1 supply ac tua t ion  gas 

from the  engiqe during operat ion and f r o m  p ressur ized  igas s to rage  b o t t l e s  
during s t a r t u p  operations.  
i n  our  technologica l  c a p a b i l i t i e s ,  is  complex. The pneumatic subsystem is ,  
however, e s s e n t i a l  i n  providing a self-contained propulsion package. 

This subsystem, while mada up of components with- 
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The pressur ized  gas supply f o r  t h e  pneumatic system is drawn from a 
s u i t a b l e  poin t  i n  the  main propel lan t  flow path. 
and regulated t o  supply constant  pressure  f l u i d  t o  ac tua tors  f o r  r eac to r  
con t ro l  drums, turbopump con t ro l  valve,  t h r u s t  vec to r  con t ro l ,  r o l l  cont ro l ,  
and tank shutof f  valve,  etc. Check valves and add i t iona l  regula tors  can be 
arranged t o  use t h e  gas s t o r e d  i n  pressur ized  b o t t l e s  during s t a r t u p  and t o  
recharge t h e  s torage  b o t t l e s  during engine operat ing cycles  f o r  restarts. 

The gas must be f i l t e r e d  

Tank p re s su r i za t ion  can be provided from t h e  pneumatic supply by flow- 
i n g  gas a t  a r e l a t i v e l y  constant  supply pressure  t o  a tank pressure r egu la to r  
which admits gas t o  t h e  propel lan t  tank t o  maintain its required pressure 
l eve l .  

Ground Experimental Engine System Configuration 

Although f l i g h t  engine designs have been s tud ied  to  def ine configura- 
t i o n s ,  component requirements, and problems, t h e  NERVA pro jec t  is not y e t  
undertaking f u l l  development of  t h e  f l i g h t  engine configurat ion described 
above. 'rlork on cr j t ical  engine components and ground experimental  engine 
t e s t i n g  is  planned and proceeding so  as t o  e s t a b l i s h  t h e  technology and 
operat ing understanding of t hese  systems before  f l i g h t  appl ica t ion .  
experimental  engine system (XE) configurat ion is being s e l e c t e d  t o  inves t iga t e  
engine s t a r t u p  c h a r a c t e r i s t i c s  and component i n t e r a c t i o n s  during s t a r t u p ,  
power operat ion,  and shutdown. 

A ground 

The XE engine concept i s  based upon t h e  fol lowing considerat ions:  

a) The =.engine w i l l  use NERVA engine components where component 
c h a r a c t e r i s t i c s  have an important inf luence on o v e r a l l  system c h a r a c t e r i s t i c s .  
However, component development and r e l i a b i l i t y  requirements w i l l  be re laxed 
t o  be cons i s t en t  with the  technology o6jec t ives  of t h e  program. An example 
is t h e  need f o r  continuing development of a f l i g h t  type turbopump because 
component mass and i n e r t i a  w i l l  in f luence  chilldown and acce lera t ion  char- 
acteris tics. 

b )  Fac i l i ty - type  components w i l l  be used t o  t h e  ex ten t  poss ib le  where 
f l i gh t - type  designs are not requi red  f o r  component i n t e r a c t i o n  and system 
dynamics tests. 
and pneumatic supply system w i t h  a f a c i l i t y  gas supply. Other examples in-  
clude a f a c i l i t y  valve i n  p lace  of t he  f l i g h t  propel lan t  tank shutoff  valve,  
e l imina t ion  of the  ad jus t ab le  gimbal, and use of a s impler  t h r u s t  s t r u c t u r e  
which provides more room f o r  component mounting. 

An example is  rep lac ing  t h e  pneumatic gas s to rage  spheres 

c) An ex te rna l  s h i e l d  w i l l  be added t o  t h e  configurat ion t o  p ro tec t  
engine components. This w i l l  e l imina te  the  need t o  assure  f u l l  r ad ia t ion  
hardening of a l l  components before  t h e  experimental  system t e s t s  are con- 
ducted. However, t he  s h i e l d  design concept w i l l  allow reduced a t tenuat ion  
as components are demonstrated to  be capable of withstanding the  nuclear  
r ad ia t ion  levels. 
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CONFIGURATION DESIGN AND DEVELOPMENT 

This s e c t i o n  d iscusses  t h e  engine cycle  s e l e c t i o n  and t h e  design and 
development s t a t u s  of t h e  major components of t h e  engiqe. 

Cycle Se lec t ion  

The choice of t h e  tu rb ine  d r ive  cycle  i n  t h e  nuc lear  rocke t  engine is 
one of t h e  p r i n c i p a l  system design s e l e c t i o n s  required4 
engine i n  P ro jec t  NERVA uses  a hot  b leed  cyc le  wherein lhot gas is tapped 
from t h e  nozzle chamber, d i l u t e d  with a co ld  gas ,  and gassed through t h e  t u r -  
b ine  t o  dr ive  t h e  turbopump. 
some t h r u s t  recovery. 
Al te rna t ives  included pressur ized  gas cyc le ,  chemical gas genera tor  system, 
topping cycle ,  and var ious b leed  cyc les ,  h o t  b leed,  co ld  bleed,  and heated 
bleed. 

The nuc lear  rocket  

The tu rb ine  exhaust is dumped overboard with 
This cyc le  was s e l e c t e d  f r o m  several a l t e r n a t i v e s .  

Figure 111-3, which w i l l  be discussed s h o r t l y ,  shows t h e  bleed cycles.  

The gas p re s su r i za t ion  cycle  c o n s i s t s  of  a gas pressure  system t o  expel  
l i q u i d  hydrogen from a propel lan t  tank through a flow con t ro l  system t o  t h e  
reac tor .  
missed e a s i l y  because t h e  high i n l e t  p ressure  requirements of a nuc lear  rock- 
e t  engine and t h e  l a rge  volumes a s soc ia t ed  with s to rage  o f  low dens i ty  l i q u i d  
hydrogen p rope l l an t  would y i e l d  extremely high tank s t r u c t u r a l  weights and re- 
s u l t  i n  an imprac t i ca l  system. 

This system, while extremely simple and high$y r e l i a b l e ,  is  d is -  

The chemical gas genera tor  cycle  uses a turbopump t o  d e l i v e r  propel lan t  
a t  design pressure  and flow rate. 
t h e  propel lan t  under s u f f i c i e n t  pressure  t o  provide adequate suc t ion  head a t  
the  pump i n l e t .  
a chemical gas genera tor  burning t h e  l i q u i d  hydrogen with l i q u i d  oxygen. Com- 
bust ion products are expanded through a tu rb ine  t o  e x t r a c t  power t o  dr ive  
t h e  turbopump. 
i s  dr iven by an independent power source,  thereby el i rqinat ing t h e  system 
i n t e g r a t i o n  problem of e x t r a c t i n g  energy t o  d r ive  t h e  lturbopump from t h e  
reactor. Reasonable performance can be achieved with puch a system. The 
main disadvantages of a chemical system are : a sepa ra t e  p rope l l an t ,  l i q u i d  
oxygen, i s  c a r r i e d  and complicates s t a g e  design; t h e  elngine system i s  com- 
p l i c a t e d  by t h e  gas generator  and t h e  need f o r  a presslurized feed  system t o  
supply t h e  l i q u i d  oxygen t o  t h e  gas generator ;  and, eqgine weight and number 
of components are increased ,  complicating the  design. The chemical gas gen- 
e r a t o r  cyc le  w a s  not s e l ec t ed  because these  complicataons appeared t o  l i m i t  
t h e  usefulness  and, poss ib ly ,  t h e  r e l i a b i l i t y  of t h e  engine i n  opera t iona l  
app l i ca t ions  . 

Tank p res su r i za t ion  i s  needed only t o  hold 

This chemical cycle  supp l i e s  turbopump d r iv ing  energy with 

The main advantage of a chemical cycle  is  t h a t  t he  turbopump 

The remaining cyc les  use r e a c t o r  hea t  energy t o  q r ive  the  turbopump. 
Such an approach appears obviously reasonable  because ,of t h e  l a r g e  source 
of such energy ava i lab le .  These cyc les  are t h e  toppirig, hot  bleed,  co ld  
b leed  and heated bleed cycles ,  a l l  us ing  gas heated by t h e  reac tor .  
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The topping cycle provides t h e  highest  s p e c i f i c  impulse obtainable  from 
a turbopump driven nuc lear  rocket  engine cycle. I n  t h i s  cyc le ,  p rope l lan t  
flows through the  pump, nozzle cool ing passages,  and r e a c t o r  r e f l e c t o r .  A l -  
most a l l  propel lan t  is  then passed through a low-pressure r a t i o  turbine.  Some 
propel lan t  would be bypassed around t h e  tu rb ine  t o  provide f o r  speed control .  
Turbine exhaust and the  bypassed p rope l l an t  a r e  then passed through the  reac- 
t o r  core and expanded i n  t h e  nozzle. The energy f o r  operat ing the  cycle is 
obtained from heat  t r a n s f e r  within t h e  r e f l e c t o r  or ,  i f  t h a t  heat  addi t ion is 
i n s u f f i c i e n t ,  a second core region could be obtained by adding uranium f u e l  
to  the  r e f l e c t o r  mater ia l .  The main advantage of t h i s  cycle i s  t h a t  a l l  pro- 
p e l l a n t  is exhausted at r e a c t o r  exhaust temperatures so  t h a t  no s p e c i f i c  i m -  
pulse  penal ty  is imposed by t h e  turbopump cycle.  
is t h a t  t h e  turb ine  operates  a t  low temperatures,  al lowing the  use of  low 
dens i ty  aluminum a l l o y s  f o r  construct ion.  
t i o n  energy deposi t ion i n  the  turb ine  i f  t h a t  becomes a problem. 
disadvantage t o  t h e  topping cycle  is t h a t  a s u f f i c i e n t  energy source is  needed 
t o  hea t  a l l  propel lan t  t o  the  tu rb ine  i n l e t  temperature. 
reactor design,  hence r e a c t o r  and feed  system i n t e r a c t i o n s  remain which can 
only be inves t iga t ed  i n  system t e s t s ,  An add i t iona l  complication is caused 
by t h e  tu rb ine  pressure  drop which occurs between r e f l e c t o r  o u t l e t  and core 
i n l e t .  This pressure  drop increases  the  s t r eng th  and s e a l i n g  requirements 
f o r  t h e  flow separa t ion  s t r u c t u r e  between t h e  core and r e f l e c t o r .  
reactor, s e l e c t e d  f o r  nuc lear  rocket engine development, was not  designed t o  
provide the  necessary heat.pickup. 
have complicated r e a c t o r  development e f f o r t s ;  t he re fo re ,  t he  cycle  was d is -  
carded, a t  l e a s t  f o r  t h e  first generat ion nuclear  rocket engine. 

An add i t iona l  cycle advantage 

This would tend t o  minimize radia-  
The major 

T h i s  a f f e c t s  t h e  

The KIWI-B4 

Se lec t ion  of t h e  topping cycles  would 

The bleed cyc les ,  i l l u s t r a t e d  i n  Figure 111-3, a l l  involve tapping hy- 
drogen from various po in t s  i n  t h e  main propel lan t  flow path and expanding 
t h i s  f r a c t i o n  of  t o t a l  p rope l lan t  flow through t h e  tu rb ine  and then exhaust- 
i ng  it overboard, 
bleed loca t ions .  

The d i f fe rences  between t h e  bleed cycles  are the  d i f f e r e n t  

In  the  co ld  cyc le ,  hydrogen is b led  from t h e  pressure  ves se l  dome. The 
energy pickup i n  t h e  gas up t o  t h i s  po in t  includes only hea t  t r ans fe r r ed  i n  
nozzle coolant passages and i n  the  nozzle r e f l e c t o r .  The main advantage of 
t h i s  cycle  is t h a t  t h e  bleed gas is r e l a t i v e l y  low temperature and compo- 
nents  are no t  subjec ted  t o  d i f f e r e n t  environmental condi t ions.  Aluminum 
a l l o y s  can be used i n  the  tu rb ine ,  and simple tu rb ine  machinery can be em-  
ployed. The major disadvantage is t h a t  a r e l a t i v e l y  la rge  f r a c t i o n  of t h e  
main p rope l l an t  flow is needed t o  power the  cycle and a s i g n i f i c a n t  s p e c i f i c  
impulse penal ty  is imposed by t h i s  cycle. I n  addi t ion ,  it is  des i r ab le  t o  
s tar t  t h e  nuc lear  rocke t  by boots t rapping,  wherein t h e  l a t e n t  hea t  of t he  
reflector provides t h e  energy t o  accelerate t h e  turbopump. The co ld  bleed 
cycle  would not  provide as much acce le ra t ion  margin as would be des i red  f o r  
a boots t rap  s ta r t  i n  vacuum. Therefore,  t h e  co ld  bleed cycle was discarded 
because of t h e  high performance penal ty  at steady state condi t ions and the  
l a c k  of s t a r t u p  acce lera t ion  margin. 
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The heated bleed cycle  is a va r i an t  of t he  cold bleed cycle where gas 
from the  cold bleed po r t  is  routed through t h e  i n t e r n p l  s h i e l d  and a nozzle 
s k i r t  extension where add i t iona l  hea t  is  t ransfer red .  1 The heated hydrogen 
i s  ducted t o  t h e  turb ine  t o  provide turbopump power apd is exhausted over- 
board. 
acce le ra t ion  margin l imi t a t ions  of the  cold bleed cyqle. 
ponent development of t h e  nozzle s k i r t  does not  appeqr d i f f i c u l t .  
the  cyc le ' s  disadvantages are : 

The heated bleed cycle removes many of the  pepformance pena l t i e s  and 
The add i t iona l  cow 

However, 

The heated bleed cycle  depends, f o r  operat ion,  on a l a rge  area 
a l t i t u d e  type nozzle. Therefore, a l l  engine and nozzle develop- 
ment t e s t i n g  must be conducted i n  a high a l t i t u d e  f a c i l i t y ,  com- 
p l i c a t i n g  development t e s t i n g  and increas iqg  t e s t  f a c i l i t y  cos ts  
and design problems; I 

Feed system performance becomes interdependent w i t h  r eac to r  per- 
formance, s h i e l d  hea t ing ,  and nozzle transfer characteristics. 
The system in t e rac t ions  cannot be inves t igd ted  w i t h  component 
t e s t i n g  alone i n  simpler and less cos t ly  pqograms than system 
t e s t s ,  and increases t h e  unce r t a in t i e s  whidh e x i s t  during sys- 
t e m  t e s t i n g ,  I 

Additional design c r i t e r i a  are imposed upoq the  s h i e l d  and noz- 
z l e  i n  t h a t  not only must hea t  be removed S a t i s f a c t o r i l y ,  but  
t h e  coolant must also be r a i s e d  t o  a minimum temperature. The 
hea t ing  i n  these  components must be d e t e r d n e d  accura te ly  f o r  
t h i s  cycle.  

The need f o r  a high area r a t i o  nozzle ,  s h i e l d  cooling unce r t a in t i e s ,  and t h e  
system t e s t  complications l ed  t o  d iscard ing  t h e  heated bleed cycle f o r  t he  
f i r s t  engine . 

The hot bleed cycle depends upon ex t r ac t ing  hydrogen a t  r eac to r  exhaust 
temperature from the  nozzle chamber. The hot gas i s  immediately cooled by 
d i luen t  flow t o  a temperature compatible with turb ine  ma te r i a l  capabi l i ty .  
The mixed gas i s  expanded through the  tu rb ine  t o  provide turbopump energy. 
An advantage o f  t h i s  cycle i s  t h a t  bleed gas flow rake is determined by al- 
lowable turb ine  i n l e t  temperature and pressure  r a t h e r  than by the  heat ing 
r a t e s  ava i l ab le  i n  components. T h i s  cycle can provifle a r e l a t i v e l y  small 
s p e c i f i c  impulse penal ty;  however, tu rb ine  i n l e t  temperature can be readi ly  
var ied  t o  t r adeof f  tu rb ine  r e l i a b i l i t y  aga ins t  performance. The nozzle and 
its bleed p o r t  can be developed as a separa te  compongnt. In  addi t ion ,  t u r -  
bine f l u i d  c h a r a c t e r i s t i c s  can be experimentally inves t iga t ed  during chemical 
f i r i n g s  of t he  nozzle and a l s o  r eac to r  power t e s t s .  The disadvantage of t h i s  
cycle is t h a t  t h e  d r ive  gas is ex t r ac t ed  a t  r e a c t o r  pxhaust temperatures. 
This imposes an extremely d i f f i c u l t  design and develppment problem f o r  t h e  
bleed po r t  and t h e  tu rb ine  i n l e t  l i ne .  
t o  hot spo t s  and burnout unless  a sound design i s  obtained. The hot bleed 
cycle  was se l ec t ed  f o r  the  engine development program because t h e  problem 

These compon/ents w i l l  be suscept ib le  
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of providing tu rb ine  i n l e t  f l u i d  can b e i s o l a t e d  i n t o  a component development 
which can be inves t iga t ed  i n  both nozzle and reactor t e s t ing .  
t h e  system does not  need a high a rea - r a t io  nozzle,  e l imina t ing  t h e  e s s e n t i a l  
need f o r  high q u a l i t y  a l t i t u d e  f a c i l i t i e s  f o r  eaply system t e s t i n g ,  although 
a l t i t u d e  tests of an engine required t o  operate  a t  a l t i t u d e  are considered 
e s s e n t i a l .  
conducted a t  low tu rb ine  i n l e t  temperature but  with t h e  opt ion  of l a t e r  in-  
creasing the  turb ine  i n l e t  temperature t o  provide a capab i l i t y  for engine 
performance growth. 

In  addi t ion ,  

F ina l ly ,  high turbopump r e l i a b i l i t y  ahd e a r l y  system tests can be 

K I V  I /NERVA React o r  

The r eac to r  is the  major new subsystem t h a t  must be developed i n  nuclear  
rocket systems. 
rocket engine development. 

A s  might be expected, t he re fo re ,  i t  has been pacing nuc lear  

The reactor design and development progress  are discussed i n  t h i s  sec t ion .  

General Reactor Design and Se lec t ion  -- The reactor design, s e l e c t e d  f o r  
appl ica t ion  t o  t h e  NERVA engine,  is  a version of t h e  KIWI-B4 r e a c t o r  which was 
designed and i s  being t e s t e d  by t h e  Los Alamos S c i e n t i f i c  Laboratory. 
r e a c t o r  assembly includes r e a c t o r  core, r e f l e c t o r ,  con t ro l  drums and i n t e r n a l  
sh i e ld .  
The r e a c t o r  is composed mainly of graphi te  using graphi te  f u e l  elements i m -  
pregnated with uranium carbide.  The r e a c t o r  core is made up of c l u s t e r s  of  
these  f u e l  elements and is supported by both a la teral  and an a x i a l  support  
system. These support  systems must accommodate l a rge  changes i n  core dimen- 
s ions  a r i s i n g  from core t h e r m a l  expansion, while providing support  for  t h e  
s ta t ic  and dynamic loads imposed on t h e  core. A hot end seal  is  used i n  the  
K I W I  r e a c t o r  t o  prevent major amounts of flow bypassing t h e  core. The NERVA 
reactor uses a d i s t r i b u t e d  s e a l  arrangement. The ou te r  r e f l e c t o r  is made of  
beryllium. Twelve ro t a ry  con t ro l  drums made of beryl l ium with a bora1 sheet 
subtending 120° of  arc are loca ted  i n  t h e  r e f l e c t o r  and used t o  con t ro l  t h e  
reac tor .  

The 

A schematic i l l u s t r a t i o n  of t h e  bas i c  r e a c t o r  i s  shown i n  Figure 111-4. 

Reactor Operating Charac t e r i s t i c s  -- Design s p e c i f i c  impulse and t h r u s t  
are obtained only when the  r e a c t o r  opera tes  a t  design point .  However, t h e  
engine and t h e  r e a c t o r  m u s t  operate s t a b l y  over a wide range of conditions.  
Generalized l imi t a t ions  t o  
t o r  are discussed herein,  

Reactor l i m i t s  a r e  of 
cause i r r e v e r s i b l e  changes 
temperatures o r  s t r u c t u r a l  
t r o n i c s  , involve opera t ing  

s teady state operat ion of a nuc iear  rocket reac- 

two types. 
or r e a c t o r  damage. 
load. Other l i m i t a t i o n s ,  imposed by core neu- 
condi t ions where behavior is  e i t h e r  unknown or 

There are l i m i t s  which, if exceeded, 
These are limits of allowable 

where s teady s ta te  operat ion cannot be maintained. 
type of l i m i t  can probably be exceeded during a t r ans i en t .  

In  some ins tances ,  t h i s  
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General t rends  of t y p i c a l  s teady s t a t e  reactor oRerating c h a r a c t e r i s t i c s  
are shown as a general ized r e a c t o r  opera t ing  map i n  Figure 111-5. 
eral  t rends  of r e a c t o r  e x i t  temperature are p l o t t e d  ada ins t  e x i t  pressure.  
The opera t ing  l imi t a t ions  imposed by various reactor aonditions are ind i -  
cated. 

The gen- 

The maximum allowable e x i t  gas temperature i s  obviously l imi ted  by 
f u e l  element ma te r i a l  temperature l i m i t s .  Reactor stlnucture, heated p r i -  
marily by hea t  conduction and r ad ia t ion  ( thermal  and nuclear)  may l i m i t  
t h e  allowable temperature i n  the  low chamber pressure regime where s t ruc-  
t u r a l  cooling flow may be i n s u f f i c i e n t  t o  remove the  heat  conducted t o  
the  s t ruc tu re .  

Core s t r u c t u r a l  loads vary with core pressure  drop. Limitations 
due t o  maximum core pressure  drop affect operat ion i n  the  high pressure ,  
high temperature por t ion  of t h e  operat ing map. 

Neutronics e f f e c t s  cause concern ra ther  than cau$ing d e f i n i t e  l i m i t s  
f o r  core  operation. 
is indica ted  i n  t h e  f i gu re  t o  avoid poss ib l e  problems due t o  l i q u i d  hy- 
drogen o r  high densi ty  hydrogen en te r ing  the  core a n d , a f f e c t i n g  power 
d i s t r i b u t i o n ,  r e a c t i v i t y ,  and cont ro l ,  
increase  i s  presented t o  i n d i c a t e  t h e  operat ing regimq where the  hydrogen 
i n  t h e  core increases  r e a c t i v i t y  t o  the  po in t  t h a t  r egc to r  con t ro l  shut- 
down margin approaches zero. Operation beyond the  l imi t a t ion  can only be 
t r a n s i e n t  s ince  power, hence e x i t  temperature w i l l  i nc t ease ,  forc ing  pro- 
p e l l a n t  ou t ,  br inging s teady s t a t e  operat ion back within the  opera t ing  map. 
The r e a c t o r  operat ing condi t ions are therefore general ly  bounded as follows : 

For example, a minimum core i n l e t  temperature l i m i t  

A limit of constant r e a c t i v i t y  

a) 

b)  

high exhaust temperature - f u e l  element temperature; 

low flow, high temperature - s t r u c t u r a l  temperature;  

c) h i g h  f l o w  - core s t r u c t u r a l  load l i m i t ;  

d) 

e)  

l o w  temperature - neut ronic  l i m i t a t i o n s  t o  avoid high dens i ty ;  

low temperature,  high flow - constant  r e a c t i v i t y  l i m i t  t o  avoid 
el iminat ion of con t ro l  span shutdown margin.; 

The magnitude of t h e  e f f e c t  of these  l i m i t s  on operaqing range of a par- 
t i c u l a r  r e a c t o r  w i l l ,  of course,  depend on the  p a r t i d u l a r  design considered. 
These r e a c t o r  l i m i t s  w i l l  affect the  s t a b l e  engine operat ing range but  it 
is  c e r t a i n l y  poss ib l e  t h a t  non-reactor components cad be more con t ro l l i ng  
i n  p a r t s  of the  operat ing regime. 
be discussed f u r t h e r  i n  t h e  system c h a r a c t e r i s t i c s  dqscussion. 

These o the r  engine opera t ing  l i m i t s  w i l l  

Reactor Development S ta tus  -- Reactor research qnd development is  
being conducted i n  the  K I W I  and the  NERVA projec ts .  
r e a c t o r  progress w i l l  cover both efforts. 

ll'his discussion of 
The K I W I  &ac to r  work is aimed 
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at  e s t a b l i s h i n g  the  b a s i c  r e a c t o r  technology and sound design concepts. The 
NERVA work is  aimed at  e s t a b l i s h i n g  f l i g h t  sui- table  designs based on t h e  
K I W I  concepts and engineer ing opt imizat ion of t h a t  design t o  achieve t h e  
maximum performance of which t h e  system is  capable with high r e l i a b i l i t y .  

S u b s t a n t i a l  progress  has been made i n  t h e  r e a c t o r  area s i n c e  the  Los 

This e a r l y  work l e d  t o  t e s t i n g  a series of K I W I - A  reactors 
Alamos S c i e n t i f i c  Laboratory (LASL) s t a r t e d  its research and development 
work i n  1955. 
which, as ind ica t ed  i n  Figure 111-6, gave important design, materials, con- 
t rol ,  and nuc lear  characterist ic information. 
i n  1959 and 1960. 

These K I W I - A  tests w e r e  run 

I n  the KIWI-B1  series o f  r e a c t o r  tests run i n  1961 and 1962, (Figure 
111-7) LASL showed t h a t  t hese  r eac to r s  could be e f f e c t i v e l y  con t ro l l ed  by 
con t ro l  drums i n  t h e  reflector of t h e  reactor. I t  was also shown t h a t  these  
r eac to r s  could be operated with l i q u i d  hydrogen as a coolant  and with a l i q -  
u i d  hydrogen cooled nozzle ,  as would be requi red  i n  f l i g h t  rocke t  systems. 
During t h i s  time, Los Alamos s c i e n t i s t s  and engineers  developed methods of  
f a b r i c a t i n g  t h e  uranium bear ing  f u e l  elements,  they developed inspec t ion  
techniques,  they developed an understanding of  t h e  effects of the  high tem- 
pera ture  on t h e  nuc lear  c h a r a c t e r i s t i c s  of t h e  reactor, they  automatical ly  
s t a r t e d  r e a c t o r s  with l i q u i d  hydrogen as t h e  coolant.  Such items marked 
t h e  s u b s t a n t i a l  progress  and advancement made during t h e  years  s ince  t h e  
program s t a r t e d .  

Our p re fe r r ed  r e a c t o r  design and t h e  one intended for NERVA app l i ca t ion ,  
t h e  KIWI-B4A r e a c t o r ,  was t e s t e d  i n  November, 1962 with r e s u l t i n g  damage t o  
t h e  r e a c t o r  core due t o  flow-induced v ibra t ions .  A s h o r t  movie of t h a t  t e s t  
run shows t h e  f l a shes  i n  the  j e t  t h a t  i nd ica t ed  graphi te  damage i n  t h e  core. 
During 1963 extensive work w a s  performed t o  i d e n t i f y ,  expla in ,  and so lve  
these  v ib ra t ion  problems. The r e a c t o r  program w a s  o r i en ted  toward redesign,  
by LASL and Westinghouse, of  t he  r e a c t o r  core  support  s t r u c t u r e  and toward 
extensive component subassembly, and f u l l  r e a c t o r  analyses and tes ts ,  in-  
c luding cold-flow r e a c t o r  tes ts  (flow tests i n  which no uranium f u e l  is con- 
t a ined  so  no  f i s s i o n  energy i s  generated) ,  t o  uncover t h e  source of v ibra t ion  
and damage t h a t  had occurred i n  November 1962 and t o  avoid it. 
t h a t  our redesigns do not encounter t h e  core v ibra t ions .  

We now know 

One of  t h e  important tests run las t  yea r  was t h e  cold-flow KIWI-54A 
r e a c t o r  test  i n  May 1963 (Figure 111-8) t o  obta in  conclusive information 
t h a t  v ib ra t ions  had indeed occurred i n  t h e  KIWI-B4A power test of November 
1962 and t o  obta in  an understanding of t h e  cause of  these  v ibra t ions .  This 
cold flow test w a s  needed because core mechanical v ib ra t ion  instrumentat ion 
cannot be incorporated i n t o  a power r e a c t o r  so  t h a t  d e f i n i t i v e  v ib ra t ion  
d a t a  w e r e  lacking. 
curred even without any power being generated.  
t h a t  burning of t h e  hydrogen leaving t h e  j e t  nozzle,  separa ted  flow i n  t h e  
nozzle,  two-phase flow i n  the  r eac to r ,  and o ther  f ea tu res  of  t h e  ea r ly  start- 
up por t ion  o f  t h e  operat ion were not  t h e  cause o f  v ibra t ions .  
c l e a r l y  proved t h a t  t h e  v ibra t ions  were flow-induced. 

As had been hypothesized, flow induced v ib ra t ions  oc- 
This t e s t  demonstrated,also, 

T h k  test  
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This test  was followed by a second cold-flow, KIWF-B4 experiment (KIUI- 
B4B-CF) i n  August 1963, which included simple f i x e s  s i  u l a t i n g  t h e  redesign 
features t h a t  were being incorporated i n t o  t h e  K I N 1  an k NERVA reactors t o  
prevent t h e  v ibra t ions .  I t  was found t h a t  with these  redesign f e a t u r e s ,  no 
v ibra t ions  occurred under t h e  cold-flow condi t ions of t h e  tests. 

I do not want t o  leave t h e  impression t h a t  cold-fJ.ow, f u l l ,  r e a c t o r  
tests were t h e  only type employed i n  examining r e a c t o r  design and opera- 
t i o n a l  problems during las t  year. Figure 111-9 shows ia r e a c t o r  flow t e s t  
r i g  a t  Los Alamos, known as t h e  KIiJI-Pie because it is a pie-shaped sl ice 
of a f u l l  reactor. 
t i o n  c h a r a c t e r i s t i c s ,  and effects of redesign of r eac tb r s  and has added t o  
confidence i n  t h e  redesigns.  
formation on t h e  flow-induced v ibra t ions .  S imi la r  tests were run on NERVA 
using a small axi-symmetric s ec t ion  of  a r e a c t o r  core.l 

I t  serves  as a tool f o r  s tudying tbe flow pa ths ,  vibra- 

Tests i n  t h i s  KIWI-Pie have a l s o  provided in- 

Another type of component test i s  shown i n  Figure1 111-10, This i s  a 
photograph of test equipment being used f o r  v ib ra t ion  t e s t i n g  of a group 
of f u e l  elements a t  Westinghouse. 
t i o n  of  the  photograph. Fuel elements are contained i n  t h e  shiny s t ruc tu re .  
Another Westinghouse component t e s t  f i x t u r e  (Figure 111-11) has t h e  capa- 
b i l i t y  f o r  f l o w  and thermal shock t e s t i n g  o f  r e a c t o r  con t ro l  drums and 
control-drum ac tua to r s  . 
a t  Xestinghouse. 
12. 
of designs with r e spec t  t o  mechanical v ibra t ions .  

The shaker  is loca tpd  i n  the  lower por- 

F u l l  core v ib ra t ion  tests h a y  also been conducted 
The tes t  r i g  f o r  shaking t h e  core is shown i n  Figure 111- 

Tests such as t h i s  one are used t o  provide design da ta  and evaluat ion 
I 

Test ing,  on a sample b a s i s ,  of f u e l  element production l o t s  includes 
hot  gas tests t o  eva lua te  f u e l  element flow and corros,ion res i s tance .  The 
Los Alamos hot  gas test  r i g ,  used t o  eva lua te  f u e l  elements,  is shown i n  
Figure 111-13. 

similar tes ts  i n  t h e i r  faci l i t ies  i n  Pennsylvania. 
are extremely important i n  developing and a s ses s ing  t h e  l i f e  of f u e l  element 
materials and designs and are a major factor i n  es t imdt ing  reactor l i f e  be- 
f o r e  r e a c t o r  tests. 

The furnace is capable of temperatures up t o  360OOC (65OOOF) 
and pressures  up t o  1500 p s i  with flowing hydrogen. w est inghouse conducts 

q e s e  labora tory  tests 

One of t h e  tests aimed 
flow d i s t r i b u t i o n ,  power d i s t r i b u t i o n ,  and 
t h e  r e a c t o r  is shown i n  Figure 111-14. 
s e tup  of t h e  NERVA reactor i n  which 
t r o n  f l u x  l e v e l s  o r  e s s e n t i a l l y  zero power. I t  is  an check of t h e  
nuc lear  c h a r a c t e r i s t i c s  of 
power t es t  o f  t h e  r e a c t o r  
span are a t y p i c a l  parameter measured during t h e  expe 

Many o the r  f l o w ,  s t r u c t u r a l ,  nuc lear  and mechanidal tes ts  have been 
conducted and some are s t i l l  continuing. This enumergtion of  only a por t ion  
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of our r e a c t o r  developm&t work i s  intended t o  i l l u s t r a t e  t h e  thorough ap- 
proach t h a t  has been taken t o  assure i n t e g r i t y  of our  r e a c t o r  design and t o  
seek out a l l  problem areas before power t e s t i n g  the  reac tors .  These t e s t s  
a l s o  provide a means f o r  reactor developnent t h a t  is  not completely depend- 
en t  on f u l l  system power t e s t s .  

The Los Alamos redesigned version of the  K I W I - 3 4 A  r e a c t o r  w a s  t e s t e d  
f irst  i n  t h e  K I W I - 3 4 D  cold-flow reactor t e s t s  completed by Los Alamos on 
February 1 3  of t h i s  year.  No core v ib ra t ions  were de tec ted  i n  these t e s t s  
of t h e  Los A l a m o s  redesign. Analysis of test d a t a  and v i s u a l  examination 
of t h a t  reactor ind ica t ed  some minor mechanical problems t h a t  r e su l t ed  i n  
minor modification t o  the reactor design, but  t h e  o v e r a l l  design and oper- 
a t i o n  w e r e  exce l len t .  

During March and Apri l  of t h i s  year ,  t h e  NERVA r e a c t o r  design, I?RX-Al 
(Figure 111-15) w a s  a l s o  cold-flow t e s t e d  by t h e  IJERVA con t r ac to r s ,  West- 
inghouse and Aemjet-General. The Westinghouse reactor a l s o  ran wel l ,  en- 
countered no v ib ra t ions ,  and looked exce l l en t  on disassembly. 
mechanical problems noted i n  these  t e s t s  were corrected i n  the  power reac- 
t o r s  

Again, minor 

These KIW1-BII.D and N U - A 1  cold-flow t e s t s  w e r e  extremely important 
accomplishments. Hhen combined with t h e  o t h e r  component and subsystem tests, 
they supported our confidence t h a t  t h e  r e a c t o r  redesign and f ab r i ca t ion  work 
being conducted by both Los Alamos and Westinghouse would r e s u l t  i n  a r eac to r  
t h a t  d id  not encounter v ib ra t ions  as w e r e  encountered i n  November 1962 power 
test  of t h e  KIWI-B4A, 

Although w e  had conducted extensive analyses  and tests of a l l  p a r t s  of  
ou r  r e a c t o r s ,  inc luding  some tests t h a t  c lose ly  simulated a c t u a l  operat ing 
condi t ions f o r  t hese  r e a c t o r  p a r t s ,  a l l  p a r t s  of t h e  system are simultaneously 
subjec ted  t o  a l l  of the  opera t ing  stress, temperature,  and flow condi t ions 
only i n  t h e  power tests. In s p i t e  of our painstaking work ,  it would, there- 
fo re ,  not  have been unusual i f  some unexpected engineer ing problems were un- 
covered. 
b a s i c  nature .  

We were confident t h a t ,  i f  any occurred, they would not  be of a 

However, it w a s  most encouraging when t h e  Los Alamos KIWI-B4D r eac to r  
(Figure 111-16) w a s  t e s t e d  on May 13,  1963 at  power and temperature values  
t h a t  exceeded t h e  planned condi t ions  and were close t o  design values with- 
out encountering any s i g n i f i c a n t  r e a c t o r  problems. 
reactor w a s  completely successfu l .  No f u e l  elements w e r e  cracked and t h e  
r e a c t o r  s t r u c t u r e  operated as it w a s  designed. The fol lowing s h o r t  movie 
taken during t h e  power operat ion of the  KIWI-B4D reactor shows how clean 
t h e  exhaust j e t  is  compared t o  t h e  earlier KIWI-B4A t e s t  run. This ind i -  
cates the  success fu l  operat ion of t h e  core and t h e  lack of core damage. 

The operat ion of t h e  

The tes t  time was s h o r t e r  than p lmned  because of a hydrogen leak t h a t  
occurred i n  t h e  j e t  nozzle. Fortunately,  t h i s  nozzle  f a i l u r e  did not  
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compromise our  test  objec t ives .  
rowed t o  one o r  two p o s s i b i l i t i e s .  We are modifying t t e nozzle t o  e l imina te  
these  p o s s i b i l i t i e s .  
is not an area t h a t  affects t h e  b a s i c  deve lopabi l i ty  of a v a i l a b i l i t y  of nu- 
clear rockets.  

In  addi t ion ,  t h e  K'IWI-B4E (Figure 111-171, w a s  op r a t e d  successfu l ly  as 
another  s i g n i f i c a n t  milestone i n  our  development progr  k m. The test  was con- 
ducted a t  planned power flow and temperature condi t ions f o r  a t e s t  durat ion 
of over 8 minutes a t  high power, the  maximum time possfb le  wi th  the  ava i l ab le  
propel lan t  supply. 
i nd ica t ed  our  reactor design i s  fundamentally sound anb s u i t a b l e  for use i n  
a nuc lear  rocket  engine. The following i n f r a r e d  movie shows the  power test  
of t h e  KIWI-B4E, 
f i l m  g ives  a good idea  of how long an e igh t  minute f i r i n g  is. 

The causes of the  noz l e  l e a k  have been nar- 

Although it involves  a d i f f i c u l t  technology , t h e  nozzle 

The success fu l  operat ion of the  r e p c t o r  during t h i s  test  

On i n f r a r e d  f i l m  t h e  exhaust j e t  i s  c l e a r l y  defined. This 

These tests a r e  major milestones i n  t h i s  country',s program t b  develop 
advanced r o c k e t  propuls ion and nuc lear  rocket  propuls ion i n  p a r t i c u l a r .  I t  
w i l l  se rve  as a f i r m  base f o r  t h e  development work t h q t  is  t o  follow. Work 
is s t i l l  needed t o  make these  systems operate  for  eveq longer  times and t o  
design and develop them t o  h igher  powers. The reac ton  t e s t s  t o  be run dur- 
i ng  the  rest of t h i s  yea r  and t h e  reactor tests t o  be lrun next  year ,  includ- 
ing  important laboratory tests, w i l l  f u r t h e r  eva lua te  t h e  Los Alamos design 
and w i l l  also t e s t  t h e  Westinghouse design. This world i s  aimed at demon- 
s t r a t i n g  operat ion a t  longer  dura t ions  and h igher  powers and temperatures 
than those achieved i n  t h e  KIWI-B4 tests. 

Propel lan t  Feed System 

The propel lan t  feed  system inc ludes  a turbopump ssembly, tank shutof f  
valve,  t u rb ine  power con t ro l  valve,  and assoc ia ted  li 1 es. The purpose of 
t h i s  t o t a l  system is  t o  provide p rope l l an t  a t  t h e  des4red pressure  and flow 
rates t o  t h e  nozzle ,  p ressure  ves se l ,  reactor assembly. 

Desi@ and Se lec t ion  -- The turbopump assembly c + n s i s t s  of a s i n g l e  
s t age  c e n t r i f u g a l  pump driven by a multi-stage axial  flow turb ine .  The 
pump increases  t h e  l i q u i d  hydrogen propel lan t  pressure  from t h e  tank s t o r -  
age pressure  t o  nozzle i n l e t  p ressure  a t  a flow rate bf about 70 lbs. p e r  
second. Power t ransmission from t h e  turb ine  t o  t h e  pymp imposes a s i g n i f i -  
cant  bear ing design and development requirement. 
t o  t h e  one shown i n  Figure 111-18 is being developed 4 o r  use i n  t h e  experi-  
mental ground tes t  engine system. 
cooled and lub r i ca t ed  with hydrogen. 

A t rbopump design similar 

Bearings for  t h e  tgrbopump assembly are 

The tu rb ine  power con t ro l  valve d r ive  f l u i d  flow 
t h e  f u l l  valve range 

and is shown with 
rate. 

an a c t u a t o r  a t tached  i n  Figure 111-19. 

Hot gas t u rb ine  i n l e t  f l o w  is con t ro l l ed  t h r o  
from open t o  closed. The Qalve is  ac tua ted  

I 
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A tank shu to f f  valve is provided t o  keep propel lan t  from reaching the  
pump u n t i l  engine operat ion is desired.  
c losed with low o r  no leakage, o r  open w i t h  low pressure  drop a t  f u l l  pro- 
p e l l a n t  flow. The valve has provis ions  f o r  remote connect-disconnect cap- 
a b i l i t y  f o r  ground t e s t i n g .  However, t he  tank shu to f f  valve requirements 
a r e  not c lose ly  coupled t o  t h e  engine dynamic c h a r a c t e r i s t i c s .  Therefore 
the  experimental  ground engine system w i l l  use e i t h e r  a low pressure drop 
f a c i l i t y  type valve o r  an e a r l y  development model tank shutof f  valve. 

The two-position valve is e i t h e r  

The turbopump assembly and tu rb ine  power con t ro l  valve have a major 
effect i n  e s t a b l i s h i n g  t h e  dynamic opera t ing  c h a r a c t e r i s t i c s  of the  engine. 
For t h i s  reason, development of f l i g h t  type u n i t s  i s  being c a r r i e d  out f o r  
use i n  ground t e s t i n g  t h e  experimental  engine system. 

The c e n t r i f u g a l  flow pump for  t h e  engine system was s e l e c t e d  f r o m  t h e  
choice between cen t r i fuga l  flow and a x i a l  flow. While it appeared t h a t  
e i t h e r  pump type could s a t i s f y  the  engine requirements at t h e  s teady s t a t e  
design po in t ,  t h e  c e n t r i f u g a l  flow pump of fers  a wider operat ing range. 
Since nuc lear  rocket  engine operat ing c h a r a c t e r i s t i c s  are d i f f i c u l t  t o  
p r e d i c t  a t  t h i s  time with g r e a t  c e r t a i n t y  before  extensive t e s t i n g ,  t he  
c e n t r i f u g a l  flow pump was s e l e c t e d  t o  assure  t h a t  a s i n g l e  pump design w i l l  
provide p rope l l an t  flow over a wide range of poss ib l e  opera t ing  condi t ions,  
thus avoiding an opera t ing  range l imi t a t ion .  Some f u r t h e r  design modifica- 
t i o n  of the cen t r i fuga l  pump i s  being c a r r i e d  out  t o  provide t h e  widest  
poss ib l e  range of negat ive c h a r a c t e r i s t i c  s lope.  This s lope ,  when zero o r  
s l i g h t l y  p o s i t i v e ,  may r e s u l t  i n  a t o t a l  system i n s t a b i l i t y  which could be 
d i f f i c u l t  t o  avoid. 
poss ib l e  condi t ion and t o  provide broad operat ing margins. 

Every e f f o r t  i s  being made i n  design t o  avoid such a 

Operating Charac t e r i s t i c s  -- A general ized c e n t r i f u g a l  f l o w  turbopump 
operat ing map is  presented i n  Figure 111-20. Limitat ions caused by pump 
s t a l l ,  ne t  p o s i t i v e  suc t ion  head and a tu rb ine  power l i m i t  i nd ica t ion  a t  
s teady s t age  a r e  shown. Possible  engine requirements are superimposed on 
t h e  opera t ing  map. The engine requirement covers only a small por t ion  of 
t h e  allowable range of pump operat ion;  however, t h e  wide opera t ing  l i m i t s  
provide assurance t h a t  turbopump c h a r a c t e r i s t i c s  w i l l  be compatible i f  com- 
ponent c h a r a c t e r i s t i c s  requi re  modification during the  development process. 

Development S ta tus  -- The turbopump and turb ine  power con t ro l  valve 
have been under development s ince  s h o r t l y  after t h e  NERVA Pro jec t  began. 
Tank shutof f  valve development has been conducted as a slower e f f o r t  s ince  
it does not appear t o  be a cr i t ical  item f o r  the  experimental  engine in-  
ves t iga t ion .  

Tests of  t h e  turbopump have been conducted and t h e  turbopump opera- 
t i n g  c h a r a c t e r i s t i c s  have been evaluated. Although design poin t  perform- 
ance is s a t i s f a c t o r y ,  t h e  range o f  s t a b l e  operat ion and t h e  shape of per- 
formance curve is being s tudied  t o  assure  t h a t  s u f f i c i e n t  operat ing f lex-  
i b i l i t y  is ava i lab le .  As mentioned earlier, t h e  turbopump is being modified 
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t o  expand the  s t a b l e  operat ing range and t o  improve the1  shape of  t h e  per- 
formance curve. 
a simulated pump suc t ion  l ine .  

Tests have been run with t h e  turbopump with and without 

Ambient pressur ized  gaseous hydrogen has been t h e  dr ive  f l u i d  f o r  

' h e  test  f d c i l i t y  i s  being 
turbopump t e s t i n g .  
using hydrogen-oxygen combustion products. 
modified t o  provide hot  hydrogen as the  tu rb ine  dr ive  f l u i d .  

appl ica t ions  is  development of bear ings t h a t  w i l l  operdte  s a t i s f a c t o r i l y  
with hydrogen cooling under r ad ia t ion  environment . The work accomplished 
t o  date  i n  t h i s  area represents  a s i g n i f i c a n t  advance i h  h i g h  speed bear- 
ing  technology. 

loads expected t o  be imposed i n  an a c t u a l  turbopump ins i ta l la t ion .  
d i t i o n  t o  running these  bear ings i n  t h e  tes t  f i x t u r e ,  s i g n i f i c a n t  bear ing 
time has been logged i n  a c t u a l  turbopump tests. These same bearing con- 
f igu ra t ions  have a l s o  been t e s t e d  i n  a nuc lear  r ad ia t idn  f i e l d  a t  t h e  Nu- 
clear Aerospace Reactor F a c i l i t y  (IJARF) , which General 'Dynamics operates 
f o r  t h e  A i r  Force. 
ing  i n  t h i s  r ad ia t ion  f i e l d .  

Hot gas tests with t h e  turbopump have been conducted 

, 
An important p a r t  of turbomachinery development folr nuc lear  r m k e t  

Figure 1 1 1 - 2 1  shows a bear ing tes t  f i  t u r e  i n  which bear- 

In  ad- 
ing  configurat ions used i n  t h e  turbopump w e r e  run f o r  7 s e v e r a l  hours at the  

Preliminary t e s t s  of 15-20 minutes have been encourag- 
Longer time t e s t i n g  is pianned i n  our  program. 

The turb ine  power con t ro l  valve is being t e s t e d  t d  prove s a t i s f a c t o r y  
operat ion when subjec ted  t o  h o t  gas flows. The valve is a l s o  t e s t e d  i n  
conjunction with i t s  pneumatic ac tua to r  t o  assure  sa t i  f ac to ry  ac tua to r  

grad ien ts  do not  d i s t o r t  t he  valve o r  impair operation. 

Thrust Chamber Assembly 

cool ing w h i l e  t h e  valve is handling hot gas ,  and t o  p r  sd ve t h a t  temperature 

The t h r u s t  chamber assembly includes t h e  nozzle aqsembly which con- 
sists of  a nozzle and nozzle s k i r t  extension,  t he  presaure ves se l ,  and 
the  t h r u s t  s t r u c t u r e .  The t h r u s t  chamber assembly i s  d impl i f ied  f o r  ground 
tests of t h e  experimental  engine system by e l i m i n a t i n g ' t h e  nozzle s k i r t  ex- 
tens ion  and rep lac ing  t h e  t h r u s t  s t r u c t u r e  igith a s i n g l e  semi-monocoque 
s t ruc tu re .  
conica l  sk in  sec t ion  which is s t i f f e n e d  by r i b s .  

The modified t h r u s t  s t r u c t u r e  cons i s t s  of dn inver ted ,  t runcated,  

I 

The nozzle has proven t o  be a d i f f i c u l t  p r a c t i c a l  development i n  our  
nuc lear  rocket work. A nuc lear  r o c k e t  nozzle is fabr iqa ted  t o  include a 
regeneratively-cooled convergent-divergent flow path f r reactor exhaust 
gas expansion t o  high veloci ty .  
f o r  t h e  convergent s ec t ion  t o  withstand the  loads imp0 ed by r e a c t o r  ex- 
haust pressure.  The nozzle is cooled by the  main prop H l l a n t  flow path t o  
maintain nozzle mater ia l s  a t  an acceptable temperature 'even though exposed 
t o  t h e  high temperature r e a c t o r  exhaust gas and t o  remqve heat  from t h e  
nozzle pressure  s h e l l  due t o  nuc lear  r ad ia t ion  energy deposit ion.  

i, nozzle design must consider  f u l l y :  

The nozzle also provi  es a pressure  s h e l l  

The 
I 
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a? t h e  high hea t  t r a n s f e r  rates from the  main exhaust stream t o  the  
nozzle coolant tubes due t o  high hea t  conduct ivi ty  of hydrogen; 

b)  t h e  use of hydrogen as prope l l an t ,  which requi res  exclusion of 
a i r  from t h e  nozzle and prevention of any hydrogen leakage; 

c )  t h e  l a r g e  contract ion ra t io  i n  the  convergent s ec t ion  t o  provide 
a t r a n s i t i o n  f r o m  t h e  reactor o u t l e t  diameter t o  t h e  t h r o a t  diam- 
eter. 
la rge  t a n g e n t i a l  and long i tud ina l  stresses which must be contained 
by t h e  nozzle pressure s h e l l .  

This high r a t i o ,  pecu l i a r  t o  nuc lear  rocke ts ,  r e s u l t s  i n  

Our current  efforts i n  nozzle design and development include: 

a )  e f f o r t s  t o  es t imate ,  more accura te ly ,  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  
from t h e  hot exhaust t o  t h e  nozzle coolant leading t o  determination 
of tempe%atures and stresses i n  nozzle coolant tubes ; 

b) i nves t iga t ion  of  a l t e r n a t i v e  desi,gns and mater ia l s  t o  provide added 
margins between opera t ing  temperatures and materials c a p a b i l i t i e s  ; 

c) determination of  energy deposi t ion r a t e  i n  pressure  s h e l l  and as- 
surance of adequate cooling provis ions t o  maintain t h e  pressure 
s h e l l  a t  an acceptable  temperature;  and 

d) i nves t iga t ion  of  f a b r i c a t i o n  and q u a l i t y  assurance techniques which 
allow fab r i ca t ion  and assurance t h a t  nozzles a r e  b u i l t  as required 
t o  withstand a l l  opera t ing  conditions.  This p r a c t i c a l  area repre- 
s e n t s  our  major problem area. A s  p a r t  of t h i s  problem, t h e  d i f f i -  
cu l ty  o f  dimulating opera t ing  condi t ions should be pointed out 
here ,  although it is  discussed i n  the  Advanced Engine Section. 

Figure 111-22 is a photograph of a nozzle f ab r i ca t ed  by Aerojet-General 
for use i n  NRX r e a c t o r  t e s t ing .  
chemical f u e l  i n j e c t o r  used to  conduct chemical s imulat ion f i r i n g s .  Figure 
111-23 is a view of an, a l t e r n a t e  nozzle design f ab r i ca t ed  by Rocketdyne f o r  
t h e  KIWI r e a c t o r  tests. This nozzle can a l s o  be used f o r  NRX r eac to r  tests 
i f  needed. 
nozzle used i n  t h e  KIWI-B4D test, some of the  f ab r i ca t ion  and inspec t ion  
problems remain. 

The nozzle is shown with an adaptor  and 

Although t h i s  design w i l l  p resent  some improvement over t h e  

Nozzle development for  t h e  nuc lear  rocket is proceeding with a s i g n i f -  
i c a n t  amount of effort devoted t o  it. However, w e  cannot y e t  say we have 
obtained a nozzle design with s u f f i c i e n t  demonstrated r e l i a b i l i t y  t o  meet 
a l l  of t h e  reactor and engine test requirements inc luding  reasonable f l i g h t  
type operat ing c a p a b i l i t i e s .  

The remaining components of t h e  t h r u s t  chamber assembly are the  pres- 
sure vesse l  and t h r u s t  s t ruc tu re .  
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The p res su re  ves se l  c o n s i s t s  of a c y l i n d r i c a l  she lk  and an upper 
dome c losu re  b o l t e d  t o  it. 
s t rumenta t ion  l eads  and c o n t r o l  drum a c t u a t o r  s h a f t s .  

Po r t s  are provided f o r  passkthroughs f o r  i n -  

Pressure  ves se l s  have been f a b r i c a t e d  both with t i t an ium and with 
aluminum a l loys .  
c losu re  seal tests. Both designs proved acceptable.  Tpe aluminum design 
was s e l e c t e d  because of our  g r e a t e r  f a m i l i a r i t y  with t h e  matekial. 
photograph of an aluminum pres su re  v e s s e l  i s  shown i n  fiigure 111-24. 

The u n i t s  have been sub jec t ed  t o  h y d r o s t a t i c  tests and 

A 

The t h r u s t  s t r u c t u r e s ,  bo th  upper and lower, are designed and fabri- 
cated of s t a i n l e s s  s tee l .  The s t r u c t u r e  suppor ts  and t r ansmi t s  t h r u s t  and 
boos t  loads between t h e  engine and s t a g e  and conta ins  provis ions  f o r  mount- 
i n g  t h e  turbopump assembly and tank s h u t o f f  valve. Fiaure 111-25 shows a 
view of t h e  t h r u s t  s t r u c t u r e  mounted i n  a f i x t u r e  f o r  dynamic t e s t i n g .  A 
simpler u n i t  w i l l  b e  used f o r  t h e  ground tests of t h e  experimental engine 
system. 

Control System I 

I 

The engine c o n t r o l  system must maintain s t a b l e  enaine c h a r a c t e r i s t i c s  
during s teady  s ta te  opera t ion  i n  the  power range. In  add i t ion ,  t h e  system 
con t ro l s  t h e  engine dur ing  t r a n s i e n t  opera t ions  such a$ s t a r t u p ,  normal 
shutdown, and res tar t ,  i f  requi red  for t h e  mission. This system must pro- 
v ide ,  where p r a c t i c a b l e ,  f o r  opera t ion  with component degradation o r  m a l -  
function. A nuc lea r  rocket c o n t r o l  system conta ins  c o q t r o l  loops t o  main- 
t a i n  r e a c t o r  exhaust gas temperature and r e a c t o r  exhau$t gas pressure  which, 
i n  tu rn ,  determine engine s p e c i f i c  impulse and t h r u s t .  1 

The NERVA engine c o n t r o l  system d e t a i l s  have not  been f i x e d  y e t ;  how- 
ever ,  t y p i c a l  systems have been inves t iga t ed .  
and temperature c o n t r o l  scheme is d iscussed  below. I 

A r ep re$en ta t ive  pressure  

Pressure  c o n t r o l  can be achieved by comparing mea ured r e a c t o r  ex- 
haus t ,  i .e.,  nozzle chamber p re s su re ,  with t h e  p r e s s u r  !! l e v e l  demanded by 
a programmer. 
pump c o n t r o l  valve with a pneumatic ac tua tor .  The valve p o s i t i o n  changes 
flow t o  t h e  tu rb ine ,  which thereby changes p m p  speed, flow, and pressure  

The e r r o r  s i g n a l  provides a b a s i s  f o r  pps i t i on ing  t h e  turbo- 

output ,  

Temperature c o n t r o l  can be achieved by trimming the output  of an in- 
n e r  loop which c o n t r o l s  r e a c t o r  power. Reactor power can be con t ro l l ed  by 
comparing a c t u a l  neutron f l u x  (p ropor t iona l  t o  reactor1 power) with des i r ed  
f lux.  The e r r o r  s i g n a l  provides a b a s i s  for  pos i t i on ipg  t h e  twelve reac- 
t o r  c o n t r o l  drums with pneumati-c ac tua tors .  The des i r ed  power is nlodified 
by an error  s i g n a l  generated by comparing chamber templerature with des i r ed  
temperature. 
demand s i g n a l  input  t o  t h e  power c o n t r o l  loop. The to/tal temperature cor- 
rection allowed i n  t h e  power loop can be l i m i t e d  t o  a lfraction of t h e  de- 
manded power, t o  avoid a major power increase i n  t h e  event of  l o s s  of t h e  
temperature s igna l .  

The r e s u l t i n g  temperature s i g n a l  providels an a d d i t i o n a l  power 
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A block diagram of a t y p i c a l  nuc lea r  rocket  engine con t ro l  system is  
presented i n  Figure 111-26. The pressure  feedback con t ro l  f o r  flow as 
w e l l  as t h e  r e a c t o r  temperature and power con t ro l  loops are indicated.  The 
inves t iga t ion  of var ious opera t ing  modes i n  t h e  ground engine t e s t  program 
w i l l  de f ine  t h e  con t ro l  eode t o  be used i n  f l i g h t  systems. 

Control system development is proceeding. Control c i r c u i t s  are being 
packaged f o r  i n s t a l l a t i o n  i n  t h e  test fac i l i t i es ,  but  packaging these  cir- 
c u i t s  f o r  f l i g h t  hardware w i l l  not  be requi red  u n t i l  f l i g h t  engine develop- 
ment is undertaken. Actuators f o r  reactor c o n t r o l  drums and t h e  tu rb ine  
power con t ro l  valve are also being developed. 

Pneumatic systems have been s e l e c t e d  to  provide t h e  ac tua t ion  eapa- 
b i l i t y .  
able within t h e  engine cyc le  i t se l f  and pneumatic systems tend  t o  b e  more 
rad ia t ion- res i sPant  .than hydraul ic  systems. 
ment a c t u a t o r  u n i t  undergoing environmental t e s t i n g .  

Pneumatics were s e l e c t e d  because pressur ized  hydrogen gas is ava i l -  

Figure 111-27 shows a develop- 

Control sensor  development is  a key problem area. E f f o r t s  are being 
d i r ec t ed  t o  obta in  sensors  which operate  r e l i a b l y  i n  t h e  r e a c t o r  environ- 
ment. 
r e s i s t a n t  pressure  sensor ,  and a quickly responding measurement o f  t he  high 
temperature r e a c t o r  exhaust gas. 

Our needs include a wide range neutron f l u x  measurement, a rad ia t ion-  

SYSTEM CHARACTERISTICS 

Component c h a r a c t e r i s t i c s  d i scussed  above are combined t o  obta in  sys- 
tem c h a r a c t e r i s t i c s  t h a t  are discussed i n  t h i s  sec t ion .  Some t r a n s i e n t  
c h a r a c t e r i s t i c s  of  t h e  engine are included. 
volved with system development are descr ibed and development s t a t u s  of t h e  
engine system is  presented. 

I n  addi t ion ,  fac i l i t i es  in-  

b e r a t i n g  Charac te r i s  t ics  

Steady S t a t e  -- Typical t r ends  o f  s teady  s ta te  opera t ing  charac te r i s -  
t i c s  of nuc lear  r o c k e t  engine systems are presented on an engine opera t ing  
map, i n  Figure 111-28. Trends on t h e  chamber temperature VS. chamber pres- 
su re  p l o t  are genera l ly  similar t o  t h e  ones descr ib ing  r e a c t o r  l i m i t s .  How- 
ever ,  r ep resen ta t ive  l i m i t s  imposed by t h e  turbopump and t h e  nozzle are 
added. 
are n o t  l imi t ing .  
design po in t  condi t ions down t o  approximately 40 percent  of design. 
performance w i l l  be a t  maximum s p e c i f i c  impulse and t h r u s t ;  however, some 
ground tes t  opera t ions  can be conducted p r o f i t a b l y  at lower power conditions.  
As$you wilL note  i n  Figure 111-28, t h e  l i m i t a t i o n  t o  engine opera t ion  is 
determined mainly by t h e  reactor. 
reactor s t r u c t u r a l  cool ing requirements as indica ted ,  however t h e  r e l a t i o n  
between these  l i m i t s  may be d i f f e r e n t  f o r  d i f f e r e n t  r e a c t o r  designs and the  

The nap shows a regime f o r  s teady state operat ion where components 
The regime runs from approximately 100 percent  power a t  

F l igh t  

Turbopump s t a l l  may be less c r i t i ca l  than 
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r e l a t i o n  may vary as component c h a r a c t e r i s t i c s  are modified. The nozzle 
wall temperature may limit a small region of high tempera ture-par t ia l  flow 
condi t ions and t h e  turbopump con t ro l  valve f l o w  area aay affect a region 
of  high flow p a r t i a l  temperature operation. 

Transient -- In  addi t ion  t o  a need t o  operate  st l y  wi th in  the  s teady 

low during a l l  s t a r t u p  and opera t ing  condi t ions withoqt  exceeding component 
l i m i t s .  
wi thin the  r e f l e c t o r  and r e a c t o r  core t o  provide t h e  qnergy source f o r  feed 
system acce lera t ion .  
vacuum ind ica t e  the fundamental f e a s i b i l i t y  of boo t s t  %. a t  start.  However, 
real is t ic  s t a r t u p s  are complicated by engine chilldowq c h a r a c t e r i s t i c s  
preceding pump acce le ra t ion ,  and poss ib l e  in te rmi t ten$  flow choking i n  t h e  
nozzle cooling passages during start.  
pressure  e f f e c t s  during s tar ts  i n  t h e  ground t e s t  facilities. 

state map, we m u s t  f i nd  s a t i s f a c t o r y  opera t ing  l i n e s  r or t h e  engine t o  fol- 

The engine m u s t  boots t rap ,  t h a t  is ,  use t h e  l a t e n t  hea t  s t o r e d  

Nominal s t u d i e s  of s t a r t u p  t r a n  i e n t  operat ion i n  

We are also corpcerned about back 

Engine chilldown is  being s tud ied  i n  experimenta4 inves t iga t ions .  These 
inves t iga t ions  are being conducted t o  determine des i rgb le  arrangement and 
sequencing of  cryogenic valves.  Some of our concerns i n  t h i s  area include 
t h e  need t o  avoid tu rb ine  overspeed, acce le ra t ion  margin of t h e  turbopump, 
and ove rch i l l i ng  of t h e  r e f l e c t o r  and core which lowers t h e  energy ava i l -  
ab le  fo r  boots t rap  start.  I 

During t h e  e a r l y  po r t ion  of engine s ta r t ,  gaseou$ hydrogen f l o w  may 
be %hoked i n  t h e  nozzle coolant passages. The r e s u l t a n t  high pressure  
drop i n  t h e  nozzle lowers ava i l ab le  tu rb ine  i n l e t  p r e w u r e  and affects 
b o o t s t r a t  acce le ra t ion  margin. This effect is being evaluated. 

For  example, t h e  
a l t i t u d e  s imulat ion system i n  ETS-1 cannot maintain 1 t w pressure  during the  
e a r l y  per iod  of s tar t  and Test C e l l  A t e s t i n g  i s  condpcted without a l t i t u d e  
simulation. The effect of these  non-ideal back p res s  re condi t ions  on en- 
gine exhaust and on tu rb ine  exhaust are being i n v e s t i  ated.  
back pressures  reduce boots t rap  acce le ra t ion  margin 4 d w e  must be assured 
t h a t  s u f f i c i e n t  margin remains t o  conduct adequate s t b r t u p  tests . 

F a c i l i t y  l i m i t a t i o n s  t o  t e s t i n g  are also of  conc rn. 

The h igher  

S tudies  are continuing and experimental  da t a  are1 being obtained which 
w i l l  l e ad  t o  b e t t e r  understanding of t h e  s t a r t u p  t r a n $ i e n t ,  p a r t i c u l a r l y  
i n  the  i n i t i a t i o n  of propel lan t  flow, where w e  lack kpowledge of turbopump 
acce lera t ion  c h a r a c t e r i s t i c s  and where hydrogen bo i l i#g  and two-phase flow 
are s i g n i f i c a n t .  
mine engine system c h a r a c t e r i s t i c s  during shutdown to1 assure  t h a t  t h e  con- 
t r o l  system w i l l  avoid condi t ions which exceed compon+nt l imi t a t ions .  Re- 
s tar t  s t u d i e s  are also s i g n i f i c a n t  i n  t h a t  t h e  i n i t i a b  condi t ions of reactor 
temperatures are d i f f e r e n t  than during normal s tar tupb.  

S imi l a r  t r a n s i e n t  s t u d i e s  are being1 conducted t o  deter-  
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Development S t  at us 

Engine system experiments involve f a b r i c a t i o n ,  assembly and t e s t i n g  
th ree  experimental  system designs t h a t  terminate with an experimental  nu- 
c l e a r  rocket  engine system t e s t e d  i n  a downward-firing, s imulated-al t i tude-  
capab i l i t y  engine s tand.  

The first system is a cold  flow version of the  nuc lear  rocket  engine. 
This w i l l  include t h e  cr i t ical  components of t h e  engine i n  a close-coupled 
assembly. 
nents ,  so t h a t  no pm'er w i l l  be produced during co ld  flow t e s t s .  
system, t h e  Cold Flow Development Test System (CFDTS), w i l l  be used t o  in- 
ves t iga t e  the  e a r l y  po r t ions  of t h e  engine s tar t  where turbopump accelera- 
t i o n  c h a r a c t e r i s t i c s  and engine chilldown phenomena cannot be pred ic ted  
accura te ly  . 

The r eac to r ,  however, w i l l  be assembled with non-fueled compo- 
This 

The CFDTS t e s t i n g  w i l l  be conducted i n  t h e  H - A r e a  test  complex of the  
Aerojet-General Corporation. 
s e v e r a l  t e s t  pos i t i ons  f o r  nozzle and turbopump component t e s t i n g  as well 
as system tes t  capabi l i ty .  
l a rge  l i q u i d  hydrogen run tank. 
Center of NASA i s  a l s o  providing information about t r a n s i e n t  charac te r i s -  
t ics  of  general ized nuc lear  rocket engine. This work is descr ibed i n  t h e  
sec t ion  on our Advanced Research and Technology work. 

This complex, shown i n  Figure 111-29, has 

The system\ tes t  pos i t i on  is underneath t h e  
Test ing underway a t  t h e  L e w i s  Research 

Af ter  completion of t h e  CFDTS test series, t h e  system w i l l  be used a t  
the  Nuclear Rocket Development S t a t i o n  (NRDS) i n  Nevada, fo r  preparing t h e  
Engine Test Stand f o r  power engine t e s t i n g .  A l l  engine system power t e s t s  
w i l l  be conducted a t  NRDS. 

A t  NRDS w e  have made s u b s t a n t i a l  progress  i n  providing t h e  necessary 
faci l i t ies  f o r  nuc lea r  t e s t i n g  i n  t h e  Nuclear Rocket Program. These fa- 
c i l i t i es  represent  a n a t i o n a l  c a p a b i l i t y  t h a t  i s  not  dupl ica ted  anywhere 
else i n  t h e  United States. 
o r  now under cons t ruc t ion  are two reactor test cells, rrAr' , and lrCrr ;  an en- 
gine tes t  s t and ,  ETS-1; t h e  Reactor Maintenance Assembly and Disassembly 
Building, R-MAD; an Engine Maintenance Assembly and Dhassembly Building, 
E-MAD; and an adminis t ra t ion  area. 

The major f a c i l i t y  items cu r ren t ly  i n  ex is tence  

The second engine system is  being designed to i n v e s t i g a t e  engine sys- 
tem c h a r a c t e r i s t i c s  by modifying t h e  reactor configurat ion t e s t e d  i n  t h e  
r eac to r  t es t  cells. We plan t o  i n s t a l l  a turbopump and hot bleed nozzle 
on a test  car i n  conjunction with an NRX reactor test. The assembly i s  
then an engine system experiment; however, t h e  engine f ires upward with 
t h e  nozzle exhausting i n t o  t h e  atmosphere. The s tar t  t r a n s i e n t s  are ob- 
t a ined  under high backpressure condi t ions.  This tes t  system w i l l  allow us 
t o  s tudy s t a r t u p  c h a r a c t e r i s t i c s  and obta in  opera t ing  da ta  i n  p a r t s  of the  
s teady s ta te  engine opera t ing  map. 
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Test ing w i l l  be conducted a t  Test C e l l  A ,  shown Sn Figure 111-30. 

The p rope l l an t  feed system, t h a t  p ressur izks  p rope l l an t  f o r  
The t e s t  c e l l  has s to rage  provis ions f o r  l i q u i d  hydrogen and gaseous pro- 
p e l l a n t s .  
r e a c t o r  t e s t i n g ,  is bypassed f o r  t h e  engine system tests. 
and t h e  d a t a  acqu i s i t i on  systems used f o r  r e a c t o r  t e s t i n g  are considered 
appl icable  f o r  t h e  engine system t e s t ing .  

Control  systems 

The t h i r d  engine system assembly w i l l  be used i n  downward f i r i n g  tes ts  
i n  an a l t i t u d e  engine t e s t  s tand.  This engine ( t h e  XE engine) is modified 
only s l i g h t l y  i n  appearance from t h e  f l i g h t  vers ion of t h e  NERVA engine. 
The XE engine w i l l  not  have t h r u s t  vec to r  capab i l i t y  or an i n t e r n a l l y  con- 
t a ined  pneumatic system. Al t i tude  s imulat ion capab i l i t y  of  t h e  test s t and  
is  shown as a t r end  of t e s t  cell  pressure  VS. engine chamber pressure  i n  
Figure 111-31. The a l t i t u d e  c a p a b i l t t y  provides h igher  pressure  ratios 
across  the  tu rb ine  and allows faster turbopump acce lera t ion .  Bootstrap 
start  i n  t h e  a l t i t u d e  s imula t ion  s t and  w i l l  more closlely s imula te  s t a r t u p s  
during f l i g h t  than is  poss ib l e  i n  t h e  r e a c t o r  t e s t  cells .  

The test  f a c i l i t y  f o r  t he  XE engine tests w i l l  be  Engine Test Stand 
No. 1 (ETS-1) shown i n  Figure 111-32. 
f i r i n g ,  and an a l t i t u d e  engine tes t  chamber i n  which t h e  engine is enclosed 
during t h e  f i r i n g s .  A 70,000-gallon, l i q u i d  hydrogen, run tank is loca ted  
above t h e  engine t o  provide flow condi t ions which approximate p rope l l an t  
f l o w  t o  a nuclear  rocke t  engine during f l i g h t .  

This f a c i l i t y  provides downward 
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IV. ADVANCED RESEARCH ARD TECHNOLOGY ' 

The long lead time required for  the acquisition of t st fac i l i t i es  as 
well as other technological requirements lead t o  early es t' ablishment of size 
and performance level gosls f o r t h e  next generation of nu lear  rocket reactors. 
Technological, programmatic and mission implications of t t e selected goals 
must be thoroughly considered t o  assure that nuclear proptlzlslon W i l l  be 
available where it is needed when it is needed. This means that we must 
know the propulsion system perfonuance that wi l l  be required t o  achieve the 
missions planned in the next ten t o  twenty years and as far beyond as possible. 

Nuclear Engine Clusterlag 

- 

I 

Clustering nuclear rocket engines extends our abillt$ t o  provide nuclear 

n t s  that mey occur. 
propulsion systems for a variety of missions. 
abi l i ty  t o  accolaaodate t o  changes in performance requlr 
This is extremely important since estimates of the requlr d overall vehicle 

mission assumptions whose validity will not be establisheB for some time. 

Clustering~ also extends our 

weight in orbit t o  make a manned landing on M8rs are base d on a number of 

Comparatively l i t t l e  is lost  furtheremore froa not h&ng an exactly 
optlmumthrust level i n  Individual-engines of clustered n clear rocket engines. 
This was indicated ear l ier  in the discussion of vehicle a llcatlons. 
Generally, we believe, it is desirable t o  l i m i t  the numbe k of engines in a 
clueter t o  about four t o  simplify vehicle development. A factor in favor of 
larger engines is that some increase in engine thFuet-to-weight is possible 
as reactor diameter is Increased. So we must pick an eng ne which is d l  
enough so that most of w h a t  we have learned from KIWI and NEWA can be applied 
t o  i t s  development, large enough so that we extract as much as possible of 
the performance gain of bigger reactors, and of a size which w l l l  penult the 
greatest possible range of mission application. 

P 

Thrust Requirements 

tion have indicated that the power levels required for t three nrrjor 
propulsive periods in a manned M ~ r s  expedition generally %e in a fixed 
ra t io  regardless of the assumptions used for  the mission. It appear6 rea- 
sonable t o  provide a separate nuclear powered 8-e for eicrch of these periods. 
The rat io  of the thrust levels needed-for Earth orbit depBrture, braking In to  
a Martian orbit, and Mars orbit departure are approxim8tdy four t o  two t o  
one. This Implies that a single nuclear rocket w i n e ,  p;roperly clustered, 
could provide the propulsion required for  a l l  firlng cycles. An Important 
point t o  emphasize is that the experience gained In the XkWI and REFWA 
development makes it poesible t o  predict the time of ava%lability of nuclear 
rocket propulsion systems and the development effort r e a r e d .  This work 

Our studles of the most probable mlssion of  interest^ after lunar explora- 
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will provide a firm basis for developing future systems to meet the needs of 
manned expeditions to Mars and other future space missions. 

From the curves of initial weight in orbit versus power level which you 
have seen earlier (Figure 1-8 and 1-9), it appears that interplanetary missions 
will start in Earth orbit with a spacecraft weighing between 1.5 to 3 million 
pounds. 
is then in the range of 450,000 to 900,000 pounds thrust capability. Keeping 
in mind that the payload required to perform a mission usually grows with 
time and that follow-on extensive exploration should be possible with the 
same system, it would not be surprising if somewhat higher thrust levels will 
be desired by the time such a Mars mission is actually performed. A total 
thrust of up to a million pounds is, therefore, probably indicated. 

The optimum first stage thrust level for this initial weight in orbit 

Phoebus Reactor Power Level 

Since the mission studies of clustered engines indicate great flexibility 
in engine size, it was decided to establish our next generation engine as 
the highest thrust engine which can be built using essentially the design 
concepts, control schemes, and material capabilities demonstrated in the 
KIWI and NERVA engine. 
and inventive technology requirements. It is also large enough so that 
doubling or tripling the payload requirement would not present clustering 
problems of great difficulty. On the other hand, should our mission for 
some reason presently unforeseen require a total thrust level much smaller 
than that chosen, we will need to cluster fewer engines. On this basis, o u r  
Phoebus reactor design power level has been chosen at a nodinal 5,000 
megawatts which would give a nominal engine thrust of 250,000 pounds. Units 
of two to four could meet our present "estimates for Earth departure thrust 
and either a single o r  pair of these engines would be suitable for braking 
into a Mars orbit. This power level is a nominal goal. The flexibility 
afforded by clustered nuclear rockets adds a safety margin so that obtaining 
a lower thrust does not seriously compromise mission capability as has been 
shown in the mission discussion. 

This decision then deliberately avoids difficult new 

Phoebus Development 

Other performance goals for the Phoebus reactor technology program are 
to achieve the longest possible fuel element operating life and the highest 
possible temperature. We are now able t o  achieve fuel element lifetime 
adequate for many nuclear rocket missions and appear to have the technology 
for improved lifetime close at hand. Longer operating times permit the 
multiple testing needed to achieve reliability with few engine builds. 
Restart is needed for the same reason. Except for reusable ferry-type 
applications, no missions we have considered, show any significant gain by 
more than one restart. 
of such great value to the performance of missions thatbit is always a goal. 

Higher gas temperature or high specific impulse is 
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Several. factors, including the time needed t o  design, fab cate, and develop 
larger core reactors, and the lead time for  test  cell  fac l i t i e s  end ground 
test support equipment prevent us from testing a large Ph 6 ebus resctor for  
several years. We have therefore layed out a program whibh will allow UB t o  
learn about our phoebus reactor goals using only our present fac i l i t i es  and 
=-type o r  size hardware. 
KIWI size - reactor cores, called Phoebus-I, i n  which we tdll attempt t o  
evalwste important elements of the Phoebue technology. These tests will be 
started next year. 

This program includes sever4  tes te  In the present 

Before proceeding with the description of the effortle n o w  underway on 
the Phoebus reactor and the technology for engines based pn that reactor 
technology and describing some of the problems that msy $ve t o  be solved 
in their  development, I would l ike t o  mention the major fiactors which 
determine how far we  may extrapolate the KIWI/14EFNA size and power level 
before encountering severe development difficult ies.  

Size and Power Limitations 

The KIWI/NERVA is a fa i r ly  small diameter graphite Jlteactor. Thle d l  
size imposes stme design difficulties and limitations. 
standpoint ahnost any change in the core is difficult .  
new materials, a change in position of materials, increarlee in void fraction 
or  power density, aUl require careful consideration of the i r  effects on 
reactivity. 
results in less neutron leakage which in turn results in lsrpraller amounts of 
fuel per unit  volume required for  cr i t ical i ty .  
available in larger size reactors may be used in severallways. 
it nray be desirable t o  introduce series coded or  regenei-atively cooled 
structure in  places where KIWI or  NERVA have used parallel cooled structures. 
Such regenerative coolant helps t o  increase attainable It@. The additional 
structural material needed t o  provide a regenerative cooling path would be 
diff icul t  t o  introduce in a small core because of the ab$orptive capture of 
the additional materials. 
used in the s m a l l  core of the KIWI with materials having more favorable 
structurall properties, but with elightly higher neutron pisoning effects 
which might rule out their  use in the smaller core. Ano+her way in which 
this increased reactivity play be used is in providing hl$h void fractions 
in large coree. 
these cores, this would produce a lower engine specific Ifeight. 

gram a neutronic 
rlfhe introduction of 

In 8 large core, however, the decreased sudace t o  -8s ra t io  

This addfltional reactivity 
For example, 

It is also possible t o  replac+ structuralnraterials 

Since void fraction is directly related t o  power density in 

A significant design consideration in determining rwctor  diameter is 
reflector control. A n  in-core control system would prodbce large flux 
depressiona i n  areas adjacent t o  the control r&s and w d  require internal 
cooling. The development and denronstration of reflector1 control systems in 
the K I W I  test series was one of i t s  major accomplishmentp. 
is achieved primarily by converting fast neutrons into tperaal neutrons and 
metering the fraction which is returned t o  the core. As the reactor core 

Reflector control 



diameter is increased and fuel is removed, the neutron spectrum becomes 
substantially softer o r  less energetic. (Figure IV-1) The decrease in 
neutron energy results in a relatively less effective reflector control 
system. 
tends to thermalize the core spectrum and decrease reflector effectiveness, 
as does an increase in void fraction because of the associated increase 
in core hydrogen. 
establishment of the Phoebus reactor nominal power goal. 
of an entirely new in-core control concept, which would be a major develop- 
ment job is therefore avoided. 

Increases in system pressure increase hydrogen density which also 

It was primarily these factors which resulted in 
The development 

Another way to increase system performance which appears attractive at 
first glance, is to go to higher pressure systems. 
directly proportional to pressure, doubling the pressure is equivalent to 
doubling the power in a given reactor core. 
be an attractive method of extracting greater performance. Careful con- 
sideration of the overall engine system response to pressure increase shows, 
however, that not only are our performance and technology requirements for 
all components including the non-reactor components made substantially more 
difficult, but the overall engine weight is not reduced by high pressure 
operations. 

Since power density is 

At first glance, this seems to 

Figure IV-2 and IV-3 are generalized curves of turbopump weight versus 

The data used to plot these curves are approximate and 
reactor pressure and overall engine system weight versus reactor pressure 
for a given engine. 
represent considerable extrapolations of existing technology. 
however, indicative of the general trend of change in weight as a function 
of pressure. In general, the combined weights of the nozzle and pump rise 
with pressure faster than reactor weight decreases so that there is no 
advantage by going to higher and higher chamber pressure. 
levels should be chosen on the basis of available o r  readily developable 
component technology. 

They are, 

Therefore, pressure 

Phoebus Technoloqy Program 

The program to provide technology for future generations of nuclear 
rocket reactors, known as the Phoebus program, includes the design, develop- 
ment, fabrication and test of several reactors in both the KIWI/NERVA size 
and in a larger size. The initial work in this program began over a year 
ago with experimental measurements of neutron physics parameters in honeycomb 
criticals such as this one shown here at the Los Alamos Scientific Laboratory. 
(Figure IV-4) These simple critical experiments use slabs of fuel, structural 
material (graphite) and poison materials to get a first estimate of some of 
the neutronic design parameters. More sophisticated physics experiments known 
as Zepo's (Zero power) which use fuel and structure 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 required. 
ments, however, are excellent for determining in a gross sense the effect of 
introducing additional structure or new materials to the core. 

These simple honeycomb experi- 
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As the U s  ALamos Scientific Laboratory has coqpleted their  work i n  the KIWI 
project, they have shifted the i r  efforts t o  this Phoebuc technology program. 
o f  this time, LASL's work is almost entirely devoted to this advanced effort. 

As 

ENGINE TECHNOIBGY I 

W e  have begun the develapment of the technology of imjor  non-reactor can- 
Certain ponents for an engine which would use the  Phoebus react& technology, 

of these coqponents, such as, feed systems and nozzles, I ~ s e  required for  the 
conduct of reactor tests. There i s  dmiowly a close r+lationship between 
nozzle feed system design aad performance and the reactor design asd per- 
formance characterlstics. The nozzle problems for  advejlced Phoebus reactors 
will be i n  many ways s imi la r  t o  the KIWI and NERVA nozzle designs. It should be 
noted t ha t  t h e  heat flwt from the nozzle i s  of the sameiorder of magzlitude as 
that inside the reactor, We have been carrying aut he& transfer and fluld flaw 
studies and determining the basic properties of hydrog@ Over the entire tcarpera- 
ture range of i n t e r e s t  for several years. Much of w h a t i w e  have learned fram K I W I  
and NERVA i s  mailable t o  us here and provldes an excelbnt base of information. 

Nozzle Developme nt  T e s t i q  I 

One significant problem i s  nozzle develrrpntent testing. Exact simulation of 
operation with a reactor i s  d i f ' f i d t  and we have not caqplished such simuls- 
tion, Flgure Iv-5 and IV-6 show a fac i l i t y  which s h a $  be available about the 
middle of next year. It will be the first facility wbihh we have had i n  the 
nuclear rocket program which will permit testing of rea$one;ble scale nozzles 
i n  hot hydrogen for any period of t i m e .  arwiausly, i n  +der t o  provide exactly 
identical envinmmental conditions for reactor tests we iwauld need a heat source 
cr~pable of producing the same parer as the reactor d u r i k  the hot run. When one 
considers the gvdlable heat sources, e lectr ical  parer requirmts become ex- 
cessive. In fact, one very soon comes to the concluaioa t h s t  811 ideal heat 
suurce for testing nozdes is a nuclear mactor-nat a *cry proedaing or rea l i s t ic  
situstion at this time. 
test technique b\rt the laKer film coefficient of heat tkaasfer for  hydrogen- 
oxygen g a ~  mtxtures mean that we mLlst go t o  math higher ~press\~.ea in ++ 
flrings t o  achieve the 8- heat flux co3ditione. 
h m  either different structurpil. lroeds or different tqkreUtUre conditions 
than would &st dtulng the actua,l rocket reactor aozeq aperation. TMs 
f ac i l i t y  at the Lewis Research Center w i l l  use hot gaseg to  hest m h i t e  balls 

we have instesd u m ~  hYdrogerr+gen cciiibustion as a 

Tbis iin turn means that  we 

t o  a high tesperature. The he& c q a c i t y  of these 
pounds per second of hydmgen flow, for tes ts  of 

i s  used to heat 30 
seconds duration, 

Feed Systems Development 

rements for increased 

ling two or  more in 
r perfomance level 

W e  axe conrsiderbg several wqs of meet- QUT 
bydrogen flow for the phoebus reactor testing. If 

pzmlp system, We are also giving s m e  conaideration t o  mleeting our fac i l i ty  
feed system requireme&s for  higher podr reactors by moaifgl~g puqs under 
development, for  high thrust hydmgen-oxygen chemical. en@nes. 



Radiation Effects 
The nuclear rocket engine systems advanced technology work relles 

heavily on chemical rocket engine technology. 
act ivi t ies  devote extensive effort  only at those specific problems peculiar 
t o  nuclear rocket engines. Our other development needs are comon t o  H2-@ 
engines and we d r 8 W  on this reserve of knowledge when necessary. For t h a t  
reason, our research i n  this area i s  heavily oriented towards the specific 
problems posed by radiation: tank heding, pumping boiling hydrogen, operating 
high speed bearings i n  a radiation fleld, t h e  development of pneumatic 
control circuit  (radiation resistant) and the determination of materials 
properties in a combined radiation and cryogenic environment. 

Our nuclear engine technology 

There are two factors which will enter heavily into phoebus which hwe 
not been major factor8 i n  the KIWI/NEEWA design. 
structural damage fKw radiation effects. 
we we.x able t o  ignore the classical  radiation effects which must be considered 
by other reactor programs. 
for fa i r ly  short times by reactor standards. 
below the range where substantial transformation i s  found. 
problems of induced crystal  structural disorder are therefore not found i n  
KIWI/NERVA. We have instead a class of unusual and diff icul t  problems re- 
sulting from 'the coaibinafion of very high radiation heating rates which when 
combined with our liquid hydrogen coolant create tmxiblesame temperature 
gradients and temperature asynmetries. 
i n  the higher power Phoebus reactor, we also reach t o t a l  doses at the threshold 
of the range where changes i n  engineering properties may be anticipated for 
many materia;Ls. 
of the materials which we choose f r o m  the radiation damage standpoint. 

The first c 8  these i s  
In t he  KIWI and NERVA development, 

This i s  because rocket reactors typically operate 
The t o t a l  dose is therefore 

The classic 

while this problem remains Kith us 

As a conseguence, we must now give care- consideration 

Clustered engines are also d j e c t  t o  radiation originating in adjacent 
This will result i n  increased dose to-control systems and feed engines. 

system components due t o  neutrons and ganmta rays which emanate fram the sides 
of adjacent engines. We do not anticipate any unusual effects i n  clustered 
nuclear engines-which might inhibit their use i n  space missions. A nuPiber of 
c r f t ica l  experiments are being carrled aut t o  obtain experimental conf'irma- 
t ion of these analyses. 
on the sides facing other engines t o  reduce this redistion t o  tolersble levels. 
(Figure W-8) In order t o  keep shield weights t o  a minimum, we will have t o  
know the fatlure limits of all the  camponents and materials affected. Sme 
of the feeillties and equipment needed t o  make these determinations are now 
mallable for components and materials of interest. 
and materials, work is  already underway. 

Clustered engines may hfnre some part ia l  shielding 

For some caanponents 

The prospect of high doses and high dose rates i n  single W . t s  or  i n  
clusters of high power density nuclear rocket engines has caused us t o  make 
a substantial investment i n  test facilities cspble of testing materials and 
comnents  of the nuclear rocket i n  closely simulated environments. 



Plmibrook Reactor 

This i s  a picture (FXgure N-9) of the NASA Plumbkook Reactor Facility. 
The test reactor characteristics of this reactor are shown i n  t h i s  slide. 
(Figure IV-U) Plumibrook Reactor FaciUty i s  an MllR t h e  test reactor de- 
signed specifically t o  provide high flux Over large test volumes for  space 
system development testins. As ywu can see, i t s  m o r  features are i ts  
high neutron a,ud gamna flux, and the large dimeter of the elrperimental 
holes. The last feature i s  particularly important for  the kind of testing 
needed for  camponents of nuclear rocket engines. I n  tvs testing, as I 
have mentioned previously , the major problem from r a a t i o n  is  the high 
heating rates generated i n  the  relatively massive parte of camponents, for  
example, i n  the magnetic cores of amplifiers or  i n  Superlmposed 
on this high energy deposition rate i s  a high 
of the l i e d  hydrogen f l o w  through the 
conductivity of mate 

high tenperature gradients. The problem i s  severe i n  rotating 
or sllding camponents such as actuators or drive mator# where c h q e s  due 
t o  differential  thermal expansion may cause binding of 1 w w l n g  psrts, and i n  
instnrmentation. 
s a r y  t o  exactly simulate the environment and reproduce these temperature 
gradients . 

s used. Mounting a transducer against  a 50% 
aluminnn pipe i n  a aFergs/gm C-hr, gamma heating generatea unusually 

In order t o  determine what these effects are, it i s  neces- 

The most immediate use of our present facilities ll be t o  obtain 

materials and coqponents, and on t h e  effect of radiation heating on our 
ab i l i ty  t o  store and p q  liquid hydrogen i n  a nuclear rocket. 
items hare been chosen both because of their t o  the successful 
development of the  nuclear rocket, and caaplexity of 
the  programs involved i n  obtaining 

experimental informtion on contml system components, d turbopun@ bearlng 

These three 

long lead t i m e .  

The first two of the eqeriments mentioned will bb carried out at 

The 

the Pluuibrook Reactor Facil i ty.  
effects te- u n t i l  they have 8uccessfkd.Q operated 
environment w h i c h  includes everything except the radia ion field. 
relative difficulty and expense connected with radiati r n effects testing makes 
it iqperative t o  use these other tests as a screening rocedure. A control 
actuator test ,  for example, involves one hour of imad t ation and 47 hours 
of pre-and post-irradiation checkout examination. The Plurbrook loaps will 
include the availability of two refrigeration systems, one of 20 KW and the 
second of 1 KW. They are t o  be capable of operation a temperatures t o  
30% and have helium flow of 1/2 pound per-second at psi, This slide 
(Figure N-U) shows the eqperimntal test  ecruipment u ed for  control com- 
ponents testing. A pneumatic control actuator i s  sho Since the space 
vamm i s  one of the enviroamental factors which m a ~ r  1 h ve a detrimental effect 
on the operation of control actuators, the in l e t  end ok the test equipment 
contaLns a vacuum praqp and is  sealed off from the extehal environment. 
As you can see, there axe pruvisions for  applying both f r ic t ional  am¶ in- 
ertial loads. 

Cqponents will not bg included i n  radiation 
er a simulated 

The dose rate t o  the actuator can be vasled by moving the 



cqpsule towards or away fran t h e  centerline of the  reactor. The flux 
gradient can be varied by remotely rotating the experiment i n  a sixty 
degree increment. 
the  installation of some auxiliary equipment. 

This  eqerimelrt has been designed and i s  a w a i t i n g  

A second component which i s  receiving attention is  the  turbopuqp 
bearing. The only materials which have proven satisfactory as bearing 
materials for  service i n  liquid hydrogen are glass laminates of teflon, 
which i s  w e l l  known for  i t s  rapid deterioration under radiation. For- 
tvnately, OUT tests on these materials when immersed i n  l iquid hydrogen 
indicate t h a t  teflon i s  able t o  withstand much higher doses when oxygen 
i s  exclurled and t h e  material i s  at low temperature. The exact geometry 
and t h e  amount of frictional heat developed are eqected t o  be c r i t i ca l  
t o  obtaining high performance, 
which have passed bench tests run at Lewis Research Cea:w i n  rigs such 
as the one shown i n  Figure N-12 will be irradiated WhiJ.: being operated 
i n  a bearing tes t  r i g  capable of imposing axial and radial loads equivalent 
t o  t h a t  experienced during turbopuqp operation. Bearing sped, tempera- 
tures and torque are measured during operation. 

Candidate materials and conFiguration 

A knowledge of the  thermodynamic state of a liquid i s  indispensable 
t o  predicting the  performance of a turbopump, or the best conditions for  
tank storage, 
phenomena involved in’nuclear heating of a liquid hydrogen tank, an ex- 
periment w a s  devised which used infra red radiation absorbed i n  a tank 
of tricloroethane and ethyl alchohol t o  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 photograhs (Figure N-13) were used t o  obtain a qualitative 
understanding of the induced f luid motion. 

In order t o  obtain some physical insight into the flow 

As you can see, the  fluid motion i s  affected by t he  relative amount 
of energy deposited i n  the fluid and i n  the tank w a l l s .  
produces a stratified layer of wa.rm f lu id  which resists participation i n  the 
convective turbulent flow caused by the  attenuation of infra  red by the  
fluids. 
t o  establish plausible temperature profiles i n  t he  tank and t o  derive the 
form of equations wbich would satisfy mon;entum and energy considerations. 

thermal flow effects induced, we are using experimental simulation techniques 
t o  improve our abiUty t o  predict within limits the  effect of radiation of 
tank heating snd pump performance. 
steps. 
and energy deposition i n  Uqdd hydrogen filled tanks under irradiation. 
Th i s  i s  being carried out at the ASTR reactor at Fort Worth, Texas. 
(Figure N-14) 
since it i s  open t o  the  atmosphere and i s  easily port&le. The reactor 
itself can be turned on i ts  side and imersed i n  water as shown i n  

The w a l l  heating 

These photographs gave enough understanding of the flow regimes 

Because of the complex heat transfer mechanisms involved, and the  

Our effort  i n  this area involves four 
The first of these i s  the determination of temperature distribution 

This reactor i s  an ideal reactor for  work with l iquid hydrogen, 
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Figure IV-15, 80 that the qer lmental  tank can be placta ~ imediately 
n e  to the core where the highest dose rate ita (LYCLI 
assures against nuclear accidents being caused by a 
the core. These experiments are csfiied olrt in a 
the qpplodmate tank bottom configuration expected i C l e o  one of 
the mre inportant parameters influencing convective fluw in tbese tanks 
u l l l  be the relative hecrting f ' m n  tank wall end bottom 4 that Avrsl gama 
aad neutron he&ing. An electrically heated dq l i ca t e  of tlds tank is  at 
the Lewis Research Center where w i r e  resistors inside the tank nrs~r be 
varied t o  change the spatial distribution of energy. Thelresults of these 
experhents wi l l  be used t o  create analytical &hods for,predicting the 
thermal history of' a f luid element i n  a tank heated by imadiation, and t o  
deaonstrde the validity of using electrical heating as a simulation tech- 
nique for  rocket tank heating eweriments. 
gallon tanka will be used i n  the electrically heated eqpeyiments t o  detendne 

are amailable to predict thermally induced flows in an Teal e ctrically heated 
the vsUdity of scaling laus. 

eqperi& following demonstration tbat electrically heat 
be devised t o  accurately simulate radiation hesting w i l l  r Mwide us a t h  a 
very powerArl tool  i n  engine ard rocket stage a n a l y s i s .  

- 

If this i s  deqonstratd, l0,OOO 

The demonstration tha t  

experiments can 

The larat step w i l l  be t o  determine the operating perf'ormance of our 
p u ~ s  using liqyid hydrogen haplng varging thermal histo4es.  This w i l l  be 
carried out wing electrically heated walls i n  the i n l e t  fo aperating turbo- 
puqps during dynasnic simulation testing i n  our dynamic te$t stands. 

Since most of the materials used external to the rea4tor core are re- 
qyired t o  function at cryogenic teqperatures, the effect +f radiation on the 
engineerlw prcrperties of materials must be determined. The lmr tmeratures 
involved could reduce ductility, for exaaple, by locking $n defects produced 
by the radiation, producing an effect from the coplbinatio of luw teqperature 
and radiertion possibly more severe than a sinple additionTof two separate 
effects. 
at the Phatibroolr Reactor Facility. %s loap has the c a p e i l i t y  of 1,OOO 
watts cooling cwacity at 3%. 
The loqp i s  carpable of making t m s i l e ,  creep, or sheer stress t e s t s  on 
miniature specimens. These miniature specimens shown i n  the center photo of 
Figure I V - 1 6  are correlated with standard size t e s t  specimens under the same 
conditions but withotrt the effect of radiation.,It is mD$t important these 
tests can be conducted dynamically or while the specimen i s  under 
irradiation and witlzaut removing it froon the cryogenic en9frmmemt. -The 
danger that any defects produced i n  the crystal structure w i l l  be annealed 
i n  transfer t o  a t e s t  bench i s  therefore avoided. We beueve that this i s  
necessary. 
for the materials of in te res t  under ccmpletely simulated chxvironmental 
conditions. 
vehicle systems. I n  order t o  i l lus t ra te  the inportance of long lead time, 
the planning and i n i t i a l  work on this facil i ty was started i n  Deceniber 1959. 
It required almost 3-l/2 years t o  design, develop, fabricate, i n s t a l l  a& 
check aut this caaplex facil i ty,  

On this sUde is s h m  a cryogenic materials tegrt loop i n s t a l l ed  

It is  aperated on a hell* coolant cycle. 

In t h i s  loag, we w i l l  be able t o  obtain the m t e r i a l  prqperties 

These data w i l l  then 'be used i n  the design of the Phoebus, NBWA, and 

0 

N -9 



Dynamic Engi ne Simulation 

an8 stme of the more iqportant subsyeCem8, mch as the propellant feed 
system, is lqporkant nbt only t o  the guccess of our present HERVA engine, but 
t o  our abi l t ty  te provfde iqproved e w n e  s~.&ems in t h e  Arture. 
effort, extensive use is made of the two dynamic eosine simulation stcuds, 
shown In Figure IV-17. !Che one on the right is the B3 stand which will be 
ccw@.eted this year. On the left i s  the B 1  stard which has been in operation 
since Late in 1963. All the coqponents of the engine and the l iquld  hydrogen 
tau& w e  close caupld i n  the conflguration in which they will be used. 
n e s e  experiments use a cold f law model of the KIWI reactor, 6-n in place 
i n  mgure IV-M. 

Understarding of the dynaanic transient characteristics of the engine, 

I n  tMe 

These t e s t e  prapide accurate simulation of the start-up transient in 
rmclsar rockets even though no power source is wed. The heat cqpacity of 
the core provides accurate daulation of the cri t ical  ped.& of start-up. 

simulation studies indicate tht &art chswacteristics of the NERVA 
engine are accurably eimulatGa over the first 50 seconds iKlm c d t a s n t  of 
propellant f h .  Tbe heart c-acity of the  core also serves t o  provide the 
mer= needed for bootstrap start of the  tuFbine. 

Thc 2188 of a cold f l o w  reactor i n  expariaerSts Uke this one pendte  
extensive inetrunrentation of the core, including the we of motion picture6 
and television, wkLch would not be possible i n  the high radiation field8 of 
an en&- test. Stem eJ-B enable tbis stand t o  &art at .bout 1 psis. 
Th$q &a the  only f ac i l i t y  in the nuclear rocket program wbich will hsve that 
cqpibillty for  some time. The effect of vacuua on flow and ather conditions 
duriw start can therefore be obtained from this facil i ty.  

This stand ala0 p e r d t s  exgerimcxtal erahation of the  effect of chang- 
ing e w n e  conflgur&ion and caqpaneats on the dJILgdc characteristics of 
the engine. For exaaple, the &e& of a boost p u q  or change in inducer 
design on XlPEiP caa be determlne8. A wlde range of etart-w periods, boot- 
streg programs, and turbine exhamet conditions can also be evaluated. 



V. COiJCLUDING REMARKS 

Ye have i n  some de ta i l  def ined  t h e  program t h a t  is  now being pursued 
i n  t h e  United S t a t e s  t o  provide nuc lea r  rocke ts  f o r  space explora t ion  and 
w e  have descr ibed  t h e  mission app l i ca t ions  of these  rockets. I t  i s  clear, 
with t h e  accomplishments a l ready  achieved, t h a t  a new area o f  rocketry i s  
being devsloped and is nea r  a t  hand. V e  now understand These systems w e l l  
enough t h a t  missions depending on t h e i r  use can be planned with reasonable  
assurance t h a t  t h e  est imated development programs, t i m e  scales, fund requi re  
ments, and, most important, requi red  performance l e v e l s  can be achieved. 
The progress  t h a t  has been made and t h e  achievements demonstrated during 
t h i s  y e a r  j u s t i f y  t h e  e f f o r t  t h a t  has been devoted t o  t h i s  important area. 
The space explora t ion  c a p a b i l i t y  these  nuc lea r  rocke t  systems w i l l  2rovide 
should be a source of s u b s t a n t i a l  b e n e f i t  t o  a l l  mankind. 

* 
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