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E XPERIENCE GAINED FROM THE SPACE NUCLEAR ROCKET PROGRAM ( ROVER )  

by 

Daniel  R .  Koenig 

ABSTRACT 

In 1955 the United States i ni ti ated Proj ect Rover to develop  a nucl ear rocket 
e ngi ne for use i n  defense systems and space expl oration.  As part of that proj ect, 
Los Al amos devel oped a seri es of reactor des i gns and hi gh-temperature fuel s .  Three 
h i gh-power reactor seri es culmi nated in Phoebus ,  the most powerful reactor ever bui l t , 
wi th a peak power l evel o f  4080 MW . Two l ow-power reactors served as test  beds for 
eval uation of hi gh- temperature fuel s and other components for ful l - s i ze nucl ear rocket 
reactor s .  Los Al amos devel oped and tested several fuel s ,  i ncl udi ng a fuel consi sti ng 
of highly enriched uc2 particles, coated wi th pyrolyti c graphi te ,  and i mbedded in a 
graphi te matri x and a compos i te fuel that formed a conti nuous web of urani um zi rconi um 
carbi de throughout  the graphi te matri x .  The program produced the desi gn of the Smal l 
Engi ne , wi th a possi bl e l i fetime of several hours i n  space . 

The Astronucl ear Laboratory of the Westi nghouse E l ectric Corporati on ,  havi ng re­
spons i b i l i ty for devel opi ng a prototype reactor based on the Los Al amos des i gn, con­
ducted an extens i ve and succes sful test seri e s  that culmi nated wi th the NRX-6 reactor 
test that ran conti nuously for 60 mi nutes at des i gn power. 

Aeroj et-General Corporati on , prime contractor for devel opment of a compl ete 
rocket engine , developed two engi ne test series ,  the NRX/EST and the XE ' , to eval uate 
startu p ,  fu l l -power, and shutdown conditions  i n  a vari ety of a l t i tude and space simu­
l ati ons .  

The Un i ted States termi nated Proj ect Rover i n  January 1973  at  the poi nt of fl i ght 
engi ne devel opment, but testi ng had i ndi cated no technol ogi cal barriers to a succes s­
ful fl i ght system. Conceptual studies  al so i ndicated that nucl ear rocket eng i ne tech­
nol ogy coul d be appl i ed to the generati on of el ectri c power i n  space .  

I.  OVERVIEW 

In 1955 the Un i ted States embarked on a pro­

gram to devel op a nucl ear rocket engine .  The 

program , known as Proj ect Rover, was i ni ti ated a t  

Lo s Al amos Nati onal Laboratory ,  then cal l ed 

Lo s Al amos Sci enti fic Laboratory .  The concept to 

be pursued was a sol i d-c ore , hydrogen-cool ed 

reactor i n  which the exi ti ng gas expanded through 

a rocket nozzl e and di scharged in space . The 

moti vati on for the devel opment of such a rocket 

engi ne was that it coul d provide about twice the 

speci fic impul se ( l )  of the best chemical 

rockets and , correspondi ngly , a reducti on by a 

factor of 5 i n  the rati o of take-off mas s  to 

fi nal mass  at earth-e scape veloci ty ,  as  exempli ­

fied i n  Fi g .  1 .  In January 197 3 ,  after a total 

expendi ture of approximately one and a hal f bi l ­

l ion  dol l ar s ,  the program ( al though j udged a 

technical success )  was termi nated because of 

changi ng national pri ori ti e s .  

The expected appl icati on for nucl ear rocket 

eng i ne s  changed several times duri ng the course 

of the program. At first,  nucl ear rockets were 

consi dered a potenti al back-up for i nterconti nen­

tal bal l i sti c m i s si l e  ( ICBM) propul s ion .  Later 

they were menti oned as  a second stage for l unar 

fl i ght . A more durabl e possi bi l i ty was thei r  use 

in manned Mars fli ghts .  After pl ans for manned 



Mars  fl i ghts were abandoned as too ambiti ou s ,  the 

fi nal poss ibi l i ty advocated for nuc l ear eng i ne s  

was ea rth orbi t-to-orbi t  transfer. 

When analysi s showed chemical rockets to be 

more economical for orbi t-to-orb i t  mi ss ions ,  the 

need for a nucl ear engi ne for rocket vehi c l e  ap­

p l i cation ( NERVA ) evaporated,  and the program was 

cancel ed before achi evement of a fl i ght demon­

strati on.  The des i gn and the objecti ves of the 

NERVA are shown i n  Fi g .  2. Most of the des i gn 

objecti ves were met or exceeded duri ng the course 

of the program . 

The NERVA i n  Fi g .  2 i s  attached to a 

s l i ghtly pressurized, l i qu i d  hydrogen tank .  

Duri ng operation, the hydrogen i s  fed to the 

engi ne by a turbopump . The hi gh-pressure fl ui d 

fi rst regenerati vely cool s the nozzl e and the 

reactor refl ector as shown i n  Fi g .  3, then passes 

through the reactor core . Not shown in Fi g .  3 i s  

a paral l el cool ant c i rcu it  to cool the core-sup­

port tie  rods ;  i n  the c i rc u i t  the cool ant i s  

heated suffi ci entl y to dri ve the turbopump befo re 

the cool ant rej oins  the mai n  fl ow at the reactor 

i nl et .  The core conta i ns sol id hexagonal fuel 

e l ements banded together by 1 ateral support 

spri ngs.  Long i tudinal hol es i n  the fuel el ements 

provi de cool ant channel s for the hy drogen propel ­

l an t ,  whi ch i s  heated to 2400-2700 K and fi nal l y  

expanded through a thrust nozzl e .  Rotati ng drums 

i n  the refl ector contai n i ng neutron absorber 

materi al provi de reacti v ity control of the 

reactor, whi ch has an epi thermal neutron energy 

spectrum. 

The aim of the Rover program , besides 

des i gn i ng and demonstrati ng a practi cal rocket 

engi ne , was to achi eve the hi ghest-poss ibl e pro­

pel l ant temperature ( speci fic impul se i s  propor­

tional to the square root of the temperatu re) for 

the durati on of potenti a 1 mi ss ion s  ( severa 1 
hour s ) .  Thi s goal impl i ed a strong technol ogy 

devel opment program i n  reactor fuel s .  

Los Al amos Nati onal Laboratory was gi ven the 

rol e of e stabl i shi ng a basic  reactor design  and 

of l eadi ng the fuel s devel opment effort . Other 

k ey pl ayers were the Aerojet-General Corporati on, 

the prime contractor to devel op the compl ete 

rocket eng i ne system, and the Astronucl ear 
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Laboratory of the Westi nghouse E l ectri c Corpora­

tion ( WANL ) , the pri nci pal subcontractor to 

devel op the NERVA nucl ear reactor. 

A seri es of reactors and engi nes was tested 

at the Nucl ear Rocket Devel opment Stati on ( NRDS ) 

i n  the test si te at J ackas s  Fl ats i n  Nevada where 

maj or testi ng faci l i ti es were bui l t  for the Rover 

program ( Fi g .  4 ) . These i ncl uded an assembl y  and 

di sassembly faci l i ty and two testi ng faci l i ties  

for the resea rch and  engi ne reactors .  The tes t­

; ng program for the nuc 1 ear rocket reactors i s  

summari zed i n  Fi g .  5 .  It was i ni ti ated wi th a 

fami ly of research reactors named K i wi ( for the 

fl i ghtl ess  b i rd of New Zeal and) . The program 

obj ecti ves were fi rst to demonstrate the proof of 

pri nc ipl e ,  then to establ i sh the basic  reactor 

technol ogy and devel op sound desi gn concepts .  

These reactors were the fi rst to demonstrate the 

u se of h i gh-temperature fuel s and to operate wi th 

l i qu i d  hydrogen .  The Kiwi testi ng seri e s  cul m i ­

nated wi th the K i wi -B4E reactor, which operated 

for 1 1 . 3  mi n at a cool ant exi t temperature above 

1 890 K and for 95 s at 2005 K and a power l evel 

of 940 MW . These tests l ed to the Nuc l ea r  

Reactor Experi ment ( NRX) seri es o f  devel opmental 

reactors .  The i r  goal was to demonstrate a spe­

c i fic impul se of 760 s ( 7450 m/s )  for 60 mi n at a 

thrust l evel of 245 kN (55 000 l b ) i n  a 1 100-MW 

reactor. These objecti ves were exceeded i n  the 

l ast test  of that seri e s ,  the NRX-6 reactor,  

whi ch operated for  62 m i n  at 1 100 MW and  a tem­

perature o f  2200 K ,  wi th only an $0 . 1 1  reacti v i ty 

1 oss .  

Another series  of research reactors,  cal l ed 

Phoebus ,  was devel oped wi th objecti ves to i n­

crease the spec i f i c  i mpul se to 825 s ,  i ncrease 

the power density by 50%, and i ncrease the power 

l evel to the range of 4000-5000 MW . These capa­

b i l i ties  were demonstrated i n  the Phoebus-lB and 

Phoebus-2A reactors .  The l atter,  the most power­

ful reactor ever bui l t , ran for 12 m i n  at 4000 MW 

and reached a peak power of 4080 MW . The 1 as t 

two fami l i es of research  reactors , Pewee and the 

Nucl ear  Furnace ( NF ) ,  were tested only once each . 

They were l ower-power reactors, 500 and 44 MW 

respecti vel y ,  desi gned primari ly as  test beds to 

demonstrate the capabi l i ties  of hi gher-temperature 



fuel el ements .  Pewee-1 ran for 40 mi n at 2555 K ,  

and N F - 1  operated for 109 mi n a t  an average 

cool ant exi t temperature of 2450 K .  

A n  eng i ne devel opment test program was part 

of the technol ogy demonstratio n .  I ts objecti ves 

were to test  nonnucl ear system components ,  deter­

m i ne system characteri stics duri ng startup ,  ful l ­

power ,  and shutdown condi ti on s ,  eval uate control 

concepts,  and qual i fy the engi ne test- stand oper­

ati ons  i n  a downwa rd-f i ri ng confi guration wi th 

s imul ated al ti tu de and space conditi on s .  These 

obj ecti ves were met or exceeded in the Nucl ear 

Reactor Experiment/Engi ne System Test (N RX/EST )  

and Experi mental Eng i ne ( XE )  programs. A proto­

type fl i ght e ngi ne system, X E ,  consi sti ng of a 

f l i ght- type reactor wi th nonnucl ear fl i ght compo­

nents ,  was tested i n  a space-simul ated envi ron­

ment , performi ng some 28 starts and  restart s .  

A chronol ogy of the major tests conducted 

duri ng the Rover program i s  shown i n  F i g .  6 .  

The major  emphas i s  of the reactor devel op­

ment program was to i ncrease the reactor cool ant 

exi t temperature because the spec i f i c  impul se i s  

proporti onal to the square root of that tempera­

ture and to i ncrease the operati ng time of the 

reactor. The success of thi s  part of the program 

i s  i l l us trated i n  F i g .  7 .  Cool ant exi t tempera­

tures above 2500  K and operati ng time over 2 h 

were demonstrated . The cumul ati ve time-a t-power 

for the e nti re Rover program i s  shown i n  Fi g .  8 .  

The major performance s  ach ieved duri ng the pro­

gram are summari zed i n  F i g .  9 .  

The Rover program was termi nated before a l  1 

of the NERVA objecti ves coul d be demonstrated , i n  

parti cul a r ,  before showi ng that an  engi ne coul d 

be operated for 10 h wi th up to 60 start i ng 

cyc l e s  wi th a rel i abi l i ty of 0 . 99 5 .  

Toward the end of the program, emphasi s was 

bei ng pl aced on smal l er engi nes for the orbi ta l 

transfer mi ssi on. A comprehensi ve design study 

wa s done on a 367-MW , 72-kN ( 1 6  000-1 b) engi ne , 

the so-cal l ed Smal l Engi n e .  ( 2 • 3 )  The total 

mas s  of thi s  e ng i ne was 2550 kg , and i ts overal l 

l ength was 3 . 1  m wi th the nozzl e ski rt i n  a 

fol ded pos i ti o n .  The engi ne , together wi th a 

hydrogen tank contai n i ng nearly 13 000 kg of pro­

pel l ant,  coul d be carri ed on the space shuttl e .  

For compari son, the mass of several Rover 

reactors i s  pl otted versus power i n  l evel i n  

F i g .  10 . 

I t  was al so recogn i zed that the design of a 

nucl ear rocket eng i ne coul d be al tered so as to 

provi de conti nuous station-keepi ng power for the 

mi ssions .  Design studies  for such dual -mode 

rocket systems were i ni ti ated i n  1971-72 where 

one mode was the normal propul s i on and the 

second , a c l osed-l oop , l ow-power el ectrical 

mode.  ( 4 • 5 l 

The Rover program was termi nated i n  January 

1973 at the poi nt of fl i ght engi ne devel opment . 

For a fl i ght system , i t  woul d be necessary to 

veri fy the fl i ght reactor and eng i ne des i gn and 

to perform l i fe and reproduc i bi l i ty testi ng . But 

there are no apparent barri ers to a succes sful 

n ucl ear rocket. 

The technol ogy devel oped duri ng the Rover 

program i s  di rectly appl i cabl e to the generati on 

of el ectrical power i n  space , espec i al ly l a rge 

(mul timegawatt) bursts of el ectrical  power. For 

an open-l oop converter system , one wou l d  s impl y 

repl ace the rocket nozzl e wi th a power conversion 

system . Some redes i gn of the core parameters 

wou l d  be i nvo 1 ved because the power converter, 

unl ess  it were a magnetohydrodynami c ( MHD ) sys­

tem , coul d not operate at the h i gh temperature of 

the Rover reactors .  The startup time for such a 

power pl ant woul d be l i mi ted i n  part by the 

al l owabl e rate of reactor temperature change , 

about 83 K/s .  However, a more severe 1 imitati on 

i s  in the propel l ant feed system , which requi re s  

approxi mately 60 s t o  overcome pump cavi tati on 

before chi 1 1 - down and to chi l l  vari ous  pa rts of 

the eng i ne .  In addi tion,  there woul d be time 

1 imi tati ons  i mposed by the power conversion  sys­

tem. 

A cl osed- 1 oop system woul d  re qui re further 

redesign to i ncorporate the gas c i rcul ators, and 

the core des i gn woul d have to be adj usted for the 

h i gher i nl et temperatures .  

As concerns dual el ectri cal -power modes ( a  

conti nuous,  l ow-power mode and a short-tenn, 

hi gh-power mode)  much of the technol ogy and many 

studies devel oped under the Rover program are 

appl icabl e i f  the h i gh-power converter i s  to be a 

gas system. 
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I I . H I STORICAL PERSPECTI VES 

Thi s chapter summari zes the major events i n  

the h i  story o f  the Rover program. I nformati on 

for the test  summari es was obtai ned primari l y  

from Refs .  6-8 . 

1945-1954 

In 1945 ,  at the suggesti on of Theodore von 

Karma n,  the U SAF Sci enti fic  Advi sory Board 

studied the u se of nucl ear propul s i on for rocket 

systems .  However, because of a l ack of a c l ea r  

need for such systems, the shortage of fi s s i on­

abl e materi al s ,  and the techni cal di ffi cul ties  o f  

devel oping  such a propul s i on system, no acti o n  

was recommended.  Neverthel ess ,  paper studies  of 

nucl ear rocket systems were performed duri ng thi s  

period . ( 9 , 10 l 

1954 

Von Karman aga i n  suggests that,  i n  v iew of 

the need for I CBMs and the good supply of fi s­

s ionabl e materi al , the Scienti fic Advi sory Board 

recons i der nucl ear propul s i o n .  

1955 

October 1 8 .  In a fi nal report, an ad hoc 

convni ttee of the Sci enti fic Advi sory Board recom­

mends that because of the potenti al l y  h i gh spe­

c i fi c  i mpulses wi th i n  the realm  of i mmedi ate 

achi evement from the nuclear rocket , substanti al  

devel opment work shoul d be  started on the  nucl ear 

rocket system. 

November 2 .  The nucl ear rocket propul sion  

program is 

Los Al amos 

established as Project 

and Lawrence Li vermore 

Rover at  

Sci enti fic 

Laboratori e s .  Several conceptual nucl ear rocket 

desi gns al ready had been under study . (ll) But 

the concept chosen to be pursued was a sol i d­

core ,  hydrogen-cool ed reactor that woul d expand 

gas through a rocket nozzl e .  

1957 

March 18. The Atomic Energy Commi s s i o n  

( AEC) dec i des t o  phase Li vermore o u t  of the pro­

gram as a resul t of budget restri ctions  and a 

Department of Defense reconvnendati on for a more 

moderate l evel of support .  The l atter stenvned 

from the earl ier-than-anti ci pated avai l abi l i ty of 

chemical I CBMs,  whi ch reduced the u rgency for 

devel opment of nucl ear propul sion.  

4 

�-
conducted 

S't (7 , 8 )  
i e .  

1959 

The fi rst reactor test, K iwi-A ,  i s  

successfu l l y  at the Nevada Test 

The reactor operated for 5 min at 

70 MW and provi ded important design and materi al s 

i nformati on.  The fuel was hot enough ( 2683 K )  to 

mel t carbi de fuel particl es .  Vi brati ons i n  the 

core produced structural damage i n  the graph i te 

e l ements. The reactor empl oyed uncoated , uo2-

l oaded , pl ate-type fuel el ements and was cool ed 

w i th gaseous hydrogen .  The reactor core con­

tai ned a central i sl and of D2o to reduce the 

amount of fi ss i onabl e material  requi red for 

cri tical i ty .  Control rods were l ocated i n  thi s  

i sl and . 

1 960 

�- Ki wi-A '  i s  tested for nearly 6 m i n  

at  8 5  M W  to demonstrate an  improved fuel -el ement 

desi gn .  The reactor u sed short ,  cyl i n dri cal , 

uo2- l oaded fuel e l ements contai ned i n  graph i te 

modul es .  The fuel el ement had four axi al cool ant 

channel s coated w i th NbC by a chemi cal vapor 

deposition (CVD )  process .  

August 29 .  A Memorandum of Understand i ng 

defi ni ng NASA and AEC respon s i bi l i ti e s  and estab-

1 i shi ng a j o i nt nucl ear program offi ce , the Space 

Nucl ear Propul sion  Office, is s i gned . 

Oc tober 10.  Kiwi- A3 reactor i s  operated i n  

excess o f  5 m i n  at 100 MW . The fuel was s imi l ar 

to that u sed i n  the previ ous test.  As wi th the 

earli er tests, core structural damage occurred , 

i ndicati ng that tensi l e  l oads on graphi te 

structures shoul d be avoi ded . Thi s  experiment 

was the thi rd and l ast i n  the K iwi-A seri es of 

proof-of-pri nc ip l e tests conducted by Los Al amo s .  

The test seri es demonstrated that thi s type o f  

hi gh-power-dens i ty reactor cou l d  b e  control l ed 

and coul d heat hydrogen gas to high temperatures .  

1961 

J u ne-July .  I n dustri al contractors ,  Aerojet­

General for the rocket engi ne and Westi nghouse 

E l ectri c Corp orati on for the reactor, are se­

l ected to perform the nucl ear rocket devel op­

ment phase. The reactor i n-fl i ght tests ( RI FT )  

program was i niti ated  at the Lockheed Corporati o n .  



December 7 .  Kiwi -BlA reactor,  fi rst o f  a 

new seri e s ,  i s  tested by Los Al amo s .  Kiw i -B 

reactors were desi gned for 1 100 MW and used 

refl ector control and a regenerati vely cool ed 

nozzl e .  Thi s test was the l ast to be run wi th 

gaseous hydrogen cool ant.  After 30 s of opera­

tion,  a hydrogen l eak i n  the nozzl e and the pre s­

sure vessel i nterface forced termi nati on of the 

run. The pl anned maximum power of 300 MW was 

ach i eved , as  l i mi ted by the capabi l i ty of the 

nozzl e wi th gaseous hydrogen cool ant.  

The core consi sted of cyl i ndri cal uo2-

l oaded fuel el ement s ,  about 66 cm l ong , havi ng 

seven axial cool ant channel s NbC coated by a 

tube-cl addi ng process .  The fuel el ements were 

conta i ned  i n  graphi te modul e s .  

1962 

September l .  Kiwi -BlB reactor test  i s  the 

fi rst to operate wi th l i qui d hydrogen. The test 

met i ts primary objecti ve of demonstrati ng the 

abi l i ty of the system to start up and run u s i ng 

l i qui d  hydrogen .  Fol l ow i ng a smooth , stabl e 

start , the run was termi nated after a few seconds 

at 900 MW when porti ons of several fuel el ements 

were ejected from the reactor. The core empl oyed 

the same type of fuel as Kiwi -BlA.  

November 30 . Ki wi-B4A ,  the fi rst desi gn 

i ntended as a prototype fl i ght reactor, i s  

tested .  The power run was termi nated at about 

the 50% l evel when bri ght fl ashes in the exhaust 

( caused by ejection of core materi al ) occurred 

wi th i ncreasi ng frequency . Subsequentl y ,  i nten­

s i ve analyses and component testi ng were con­

ducted to determi ne the cause of the core dam­

age . The core consi sted for the fi rst time of 

ful l -l ength , extruded , 1 9-hol e ,  hexagonal fuel 

el ements,  l oaded sti l l  wi th uo2 • The cool ant 

channel s were NbC coated by the tube-cl addi ng 

process .  

1963 

December. The RIFT program is cancel l ed .  

I t  was deci ded to revi se the nucl ear rocket pro­

gram to pl ace emphas i s  on the devel opment of 

ground-based systems and defer the devel opment of 

fl i ght systems .  

1963-1964 

Several col d-fl ow tests of Kiw i - B-type 

reactors are carried out to determi ne the cause 

and fi nd sol utions for the severe structural dam­

age that was observed i n  the previ ous reactor 

tests . The col d-fl ow desi gnati on referred to 

reactor tests that contai ned fuel el ements i den­

tical to the power reactors except that they had 

no fi s s i onabl e materi al and,  therefore , produced 

no power. These tests were performed wi th gas­

eous n i trogen ,  hel i um,  and hydrogen ,  and they 

demonstrated that the structural core damage was 

due to fl ow-i nduced vi brati ons .  Based on resul ts  

of these tests and  analyses, design  changes that 

were compl etely successful i n  el imi nati ng core 

vi brations were made. 

�· Ki wi-B4D , the fi rst test at ful l 

desi gn power, i s  carri ed out wi th no i ndi cati on 

of core vi brati o n .  Thi s was al so the fi rst time 

a comp l etely automati c start was accompl rshed for 

a nucl ear rocket reactor.  The tes t  was term i ­

nated after 60 s a t  ful l power when several 

nozzl e tubes ruptured . The core consi sted of 

ful l - l ength, uo2-l oaded,  19-hol e ,  hexagonal 

fuel el ements wi th bores NbC coated by the tube­

c l addi ng process .  

August 28.  K iwi -B4E , the ei ghth and fi nal 

K i wi reactor, i s  tested by Los Al amos .  The 

reactor was operated for more than 12 mi n ,  of 

which 8 mi n were at nearly ful l power. The 

reactor operati on was smooth and stabl e .  Its  

duration was l imi ted by the avai l ab l e  l i qu i d  

hydrogen storage capac i ty .  O n  September 10 , the 

reactor was restarted and ran at nearly ful l 

power for 2 . 5  mi n .  Thi s was the first demon stra­

tion of the reactor' s abi l i ty to restart . 

The core consi sted of ful l -l ength , 1 9-hol e ,  

hexagonal fuel el ements, l oaded for the fi rst 

time wi th uc2 particl e s .  The bores were NbC 

coated by the tube-cl addi ng process.  

September. Measurements , at zero power, of 

the neutroni c i nteracti on of two Kiwi reactors 

positi oned adj acent to each other veri fy that 

there i s  l i ttl e i nteraction and that,  from a 

nucl ear standpoi nt,  nuc l ear rocket engi nes may be 

operated i n  c l u sters s imi l ar to chemi cal engi ne s .  

September 24. NRX-A2 i s  the fi rst NERVA 

reactor tested at ful l power by Westi nghouse 

E l ectri c .  ( 7 )  The reactor operated in  the range 

of hal f to ful l power ( 1 100 MW) for about 5 m in ,  

a time l imi ted by the avai l abl e hydrogen gas  
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supp l y .  The test  was successful and demonstrated 

an equi val ent vacuum speci fic  impul se of 760 s. 

The reactor was successful l y  restarted on 

October 15 to i nvestigate the margin of control 

i n  the l ow-fl ow, l ow-power regime . 

1 965 

January 1 2 .  Kiwi -TNT ( Transi ent Nuc l ear  

Test)  i s  succes sful l y  compl eted by Los Al amo s .  

I n  thi s  fl i ght  safety test,  a Kiwi -B- type reactor 

was del iberately destroyed by pl aci ng it on a 

fast excursion to confi rm the analytical model s 

of the reactor behav i or duri ng a power excur­

s i o n .  ( 1 2 , 13 )  

Apri l 2 3 .  N RX-A3 reactor i s  operated for 

about 8 m i n  w i th about 3 . 5  m i n  at ful l power. 

The test  was termi nated by a spurious  tri p from 

the turb i ne overspeed c i rc u i t. The reactor was 

resta rted on May 20 and operated at fu l l  power 

for over 13 m i n. It was restarted aga i n  on 

May 28 and operated for 45 mi n i n  the l ow- to 

medi um-power range to expl ore the l i mi ts of the 

reactor operati ng map . The total operati ng time 

of the reactor was 66 mi n wi th over 16 . 5  m i n  at 

ful l power .  

J une 25 .  The  aims of Phoebus-lA , the fi rst 

tes t  of a new c l ass of reactors,  were to i ncreas e  

the speci fic i mpul se , the power dens ity i n  the 

core , and the power l evel . The test  i s  run suc­

cessful l y  at ful l power ( 1090 MW ) and core exit 

temperature ( 2370 K)  for 10 . 5  mi n .  The reactor 

was subsequentl y damaged when the fac i l i ty's 

l i quid  hydrogen supply was exhausted . Thi s 

course of events was i n  no way rel ated to any 

defect i n  the reactor .  The core consi sted of 

ful l - l ength , 19- hol e ,  hexagonal fuel el ements 

l oaded wi th coated uc2 particl e s .  The bores 

were NbC c l ad by the chemi cal vapor deposition 

(CVD)  proces s .  

1966 

February 3 to March 2 5 .  The N RX/EST , the 

first NERVA breadboard power pl ant, i s  operated 

duri ng 5 di fferent days for a total of 1 h and 

50 m i n ,  of which 28 mi n were at ful l power 

( 1 100-1 200 MW ) .  These time s  were by far the 

greatest achi eved by a s i ngl e nucl ear rocket 

reactor as of that date . 

J u ne 8 .  NRX -A5 i s  operated successfu l l y  at 

ful l power for 1 5 . 5  mi n .  I t  was restarted and 
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operated agai n at ful l power (-1100 MW ) on 

J u ne 2 3  for 1 4 . 5  mi n to bri ng the total operati ng 

time at ful l power to hal f an hour. The l i qu id  

hydrogen capac i ty of the test faci l i ty was  not 

suffic i ent to permi t 30 m i n  of conti nuous opera­

tion at design  power .  

1967 

February 2 3 .  Phoebus-lB i s  operated for 

45 mi n of which 30 mi n ,  the maximum time pl anned , 

were at desi gn power of 1 500 MW . The prima ry 

purpose of the test was to detenni ne how the 

h i gher-power operati on affected the reactor .  The 

fuel was the same as that used i n  Phoebus-lA . 

December 1 5 .  N RX-A6 test  exceeds the NERVA 

des i gn goal of 60 mi n at 1 100 MW i n  a si ng l e  run. 

1968 

J u ne 26.  Phoebus-2A , the most powerful 

nucl ear rocket reactor ever bui l t , runs for 

1 2 . 5  m i n  above 4000 MW . The durati on of the test  

was  determi ned by  the avai l abl e cool ant supply . 

Desi gned for 5000 MW , the test was l i mi ted to 80% 

of ful l power because the al umi num segments of 

the pre ssure vessel c l  amp band overheated pre­

maturely .  The reactor was resta rted on Ju ly  18  

and operated at i ntermedi ate power l evel s .  

December 4 .  Pewee reactor testi ng i s  suc­

cessful ly compl eted.  Pewee, desi gned to be a 

smal l test-bed reactor,  set records i n  power den­

s i ty and temperature by operati ng at 503 MW for 

40 mi n at a cool ant exi t  temperature of 2550 K 

and a core average power densi ty of 2340 MW/m3 • 

Thi s power densi ty was 50 % greater than that re­

qui red for the 1 500-MW NERVA reactor . The peak 

power dens i ty i n  the fuel was 5200 MW/m3 . The 

cool ant exi t temperature corresponds to a vacuum 

spec i f i c  i mpul se of 845 s. The core contai ned 

the same type of fuel el ements as  Phoebus-lA . 

Ma rc h .  XE ' , the fi rst down-fi ri ng prototype 

nucl ear rocket eng i ne , i s  successful l y  operated 

at 1 100 MW . The reactor was operated at vari ous  

power 1 evel s on di fferent days for a total of  

1 1 5  mi n of  power operati on that i ncl uded 28 re­

starts .  Indi vi dual test times were 1 i mi ted by 

the faci l i ty ' s  water storage system, whi ch coul d 

not support operations l o nger than about 10 m i n  

a t  ful l  reactor power . Thi s test seri e s  was a 

s i gni ficant mi 1 es tone i n  the nucl ear rocket 



program and demonstrated the feas i bi l i ty of the 

NERVA concept . 

In thi s  year,  the producti on of the chemi cal 

rocket Saturn V was suspended .  It woul d have 

been the pri me l au nch vehi c l e  for NERVA . 

1972 

June 1.  NF - 1  test  i s  succes sful l y  accom­

pl i shed . The reactor was operated for 109 mi n at 

the ful l desi gn power of 44 MW, demonstrati ng 

fuel performance at a cool ant exi t  temperatu re to 

2500  K and a near- record peak power density i n  

the foe l o f  4500-5000 MW/m3 . N F  -1  was desi gned 

wi th a remotel y  repl aceabl e core i n  a reusabl e 

test bed , i ntended as an i nexpens ive approach to 

mul ti pl e  testi ng of advanced fuel materi al s and 

structures. Another speci al feature of th i s  test 

seri es was eval uati on of a reactor effl uent 

c l eanup system. The system performed as  expected 

i n  removi ng radi oacti ve contami nants from the 

e ffl uent reactor gas.  

Two types of fuel el ement s ,  ( UC-ZrC )C "com­

pos i te" fuel and the pure ( U , Zr )C  carbi de fuel , 

were tested i n  NF - 1 .  

1973 

January .  The Rover nuc l ear rocket program 

i s  termi nated . It was j udged a technical 

succe s s ,  but changi ng nati onal prio ri ti e s  

resul ted i n  the deci sion  t o  cancel the program . 

I I I .  REACTOR DEVE LOPMENT 

The concept of a nucl ear rocket engi ne i s  

s impl e .  As shown schematical l y  i n  Fi g .  1 1 ,  i t  

consi sts of a cryogenic pro pel l ant tank ,  a 

turbopump to feed the propel l ant through the 

system, a nuclear reactor to heat the pro pel l ant 

to the h i ghest temperature poss i bl e ,  and a thrust  

nozzl e through wh i ch the hot  gas  is  expanded . 

The propel l ant i s  hydrogen because a gas wi th the 

l owest-possibl e mol ecul ar wei ght i s  most 

desi rabl e .  

T h e  reactor des i gn goal s presented a real 

chal l enge in reactor desi gn and materi al s 

devel opment.  The core exi t temperatu re of the 

cool ant had to be maximi zed to achi eve the 

h i ghest- possi bl e spec i fi c  impul se. The core 

power density al so had to be maxi mi zed to 

m i nimize reactor mass .  To ach i eve a practical 

engi ne l ongevi ty ( i n i ti al ly 1 h, then 10 h ) , i t  

was necessary to mi nimi ze hydrogen corros ion of 

the fuel and breakage of the core from vi bra­

t i ona l and thermal stress .  Only a few materi al s ,  

i ncl udi ng the refractory metal s ( l l )  and  graph­

i te ,  are su itabl e for u se in reactors desi gned to 

run at h i gh temperatures ( up to 2700-2800 K ) . 

Graphite was sel ected because i n  contrast to the 

metal s ,  it i s  not a strong neutron absorber,  and 

it does moderate neutrons l eadi ng to a reactor 

w i th a smal l er cri ti cal mass of enri ched ura­

n i um .  Graph i te has excel l ent  h i gh-temperature 

strength , but i ts great di sadvantage i s  that i t  

reacts wi th hot hydrogen to form gaseous hydro­

carbons  and ,  unl ess  i t  i s  protected,  i t  rapi dl y  

erodes.  Consequentl y ,  one o f  the greatest chal -

1 enges of the nucl ear rocket program was to 

devel op fuel el ements of adequate l i fetime i n  

hi gh-pressure hot hydrogen .  

The desi gners of the nucl ear rocket eng i ne 

had to consi der many factors such a s  neutronic  

and heat-removal requi rements ; h i gh mechani cal 

l oadi ngs ; and the comp l ex probl ems of sta rtup , 

control , shutdown, and safety .  To perm i t  prel i m­

i na ry eval uati on of the neutronic cal cul ati ons ,  a 

mockup or cri tical assembly of each reactor type, 

known as  Honeycomb,  was bui l t  as  shown i n  

F i g .  1 2 . ( l 4 , l 5 l I t  consi sted o f  graphi te 

s l abs,  enriched urani um foi l s , pl astic to s imu­

l ate the propel l ant,  and beryl l i um-refl ector 

b l ocks.  Later, during constructi on of each new 

type of reactor, a more exact mockup of the f i nal  

reactor, known as  Zepo ( Zero Power) , was  bui l t  

( Fi g .  1 3 )  usi ng actual fuel el ements to dete rmi ne 

the system ' s  neutroni cs .  Such testi ng faci l i ti es 

were bui l t  at Los Al amos and WAN L .  The actual 

reactor and engi ne tests were carried out at the 

NRDS . 

A .  Ki wi-A  

The fi rst reactor tested under the Rover 

program was named Kiwi-A.  It was desi gned and 

bui l t  by Los Al amos as were al l of the Kiwi 

seri es of reactors .  The reactor des i gn ,  ( l6 l a s  

s hown i n  F i g .  1 4 ,  was i ntended to produce about 

100 MW of power .  It wa s ,  i n  fact,  tested for 

5 m i n  at 70 MW . The Kiwi-A core consi sted of an 
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annul ar  stack of four axi al l ayers of fl at-pl ate , 

graphi te fuel el ements l oaded wi th h i ghly en­

ri ched uo2 parti c l e s .  The fuel el ements were 

reta i ned and supported i n  graphi te structures 

cal l ed whims .  The whims ,  shown in Fig . 1 5 ,  were 

wheel l i ke structures wi th 12 wedge-shaped boxes 

of fuel pl ates fi tted between thei r  spokes,  each 

box conta i n i ng 20 fuel pl ate s .  A fi fth whim  con­

tai ned unl oaded fuel pl ates and served as an end 

refl ector for the outlet end of the core . The 

i nl et and radi al refl ectors consi sted of several 

conti nuous graphi te cyli nder s .  Power flatteni ng 

was achi eved by vary i ng the fuel l oading .  The 

core was separated from the radi al refl ector by a 

carbon wool region .  The hole i n  the center of 

the core contained a "o2o i sl and , "  the functi o n  

of whi ch was t o  moderate neutron s ,  thereby 

reduc i ng the critical mass  of 235u, and al so to 

provide a l ow-temperature , low-pressure contai ner 

for the reactor control rods that were cooled by 

ci rcul ating o2o .  The enti re reactor was en­

cased in  an  alumi num pressure shell to  which  a 

li ght-water-cool ed n i ckel nozzl e was attached . 

The nozzl e was desi gned for choked- fl ow outl et 

condi tions for the core cool ant ( that i s ,  son i c  

fl ow at the th roat of the nozzle). 

The hydrogen cool ant fl ow through the 

reactor i s  a s  follows . Coolant is deli vered to 

the plenum near the top of the pressure ves sel . 

The gas then fl ows axial l y  downward through holes  

in  the refl ector segments and i nto the pl enum at  

the bottom of the pressure vessel where the fl ow 

reverse s ,  passi ng upward through hol es i n  the 

i nl et refl ector. The gas now conti nues upward 

between the fuel pl ates of each whi m ,  through the 

unl oaded pl ates of the top whim ,  and out through 

the nozzle . 

The Kiwi-A experiment was a fi rst step 

toward demonstrati ng the feasibi l i ty of a h i gh­

temperature , gas-cooled reactor for nuc l ear pro­

pul sion ,  and as such i t  provi ded important 

reactor des i gn and materi als i nformati on .  1 8•1 7 )  

Much h i gher fuel temperatures ( up t o  2 900 K )  

than anti c i pated were reached duri ng the test 

because early in the run the graph i te cl osu re 

plate , l ocated j ust above the o2o i sl and,  
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shattered and was ej ected out of the nozzle a l ong 

with the graphi te wool between the center i sl and 

and the core .  The functions of thi s  pl ate were 

to conta i n  the carbon wool i nsulation and to 

serve as a gas seal that prevented gas from by­

passi ng the annular core i nto the central 

region .  F a i l ure of the c l osure pl ate all owed a 

l ot of gas to fl ow radi al ly i nward through sl ots 

i n  the i nside wal l of the whims ( F i g .  1 5 )  and 

i nto the central part of the core , thereby by­

passi ng the power-produc i ng regi on of the core . 

Thi s  bypassed gas was not heated to ful l tempera­

ture .  Because the test condi tions demanded a 

prescri bed average gas outl et temperature , i t  

fol l ows that the gas that d i d  pass through the 

acti ve core had to be heated to a h i gher tempera­

ture . The h i gh fuel temperatures that resulted 

l ed to mel ti ng of the uc2 fuel and h i gh erosion 

of the graphi te fuel pl ate s .  

F o r  the next two reactors, the K i wi -A core 

des i gn was modi fied to replace the whims and fuel 

pl ates wi th graphi te modu les  contai ni ng cyli ndri ­

cal fuel elements 1 18 )  a s  shown i n  F i gs.  1 6  and 

1 7 .  Thi s modi ficati on entai l ed a compl ete change 

i n  the fuel fabri cati on process from pressi ng and 

mol di ng to a new graphi te extru s i on process .  The 

fuel cyl i nders were segmented in short l ength s 

and s i x  of them were stacked on top of each other 

in each hol e of the graphi te modu l e s  to make up a 

compl ete fuel modul e .  The fuel cyl i nders con­

tai ned four axia l  cool ant channel hol e s  that  were 

coated by a CVO process wi th NbC to reduce hydro­

gen corrosion of the graphi te .  Thi s  modi fied 

core confi guration was tested twi ce for 5 to 

6 mi n i n  the power range 85-100 MW i n  the 

Kiwi - A ' ( lg) and Kiwi-A3 ( 20 l tests . Fracture 

of fuel modules was experi enced i n  both of these 

test s ,  but the general appearance of the fuel 

elements after each test was qui te good even 

though several elements showed bl i steri ng and 

severe corrosion .  

The  K iwi -A seri es of  tests
1 2 1 l demon­

strated that hydrogen gas could be heated i n  a 

nucl ear reactor to the temperatures requi red for 

space propul sion  and that such a reactor coul d 

i ndeed be control l ed .  



B .  K iwi-B  and NRX 

Bui l t  on the experi ence gai ned wi th the 

Kiwi-A reactors ,  a new reactor des i gn evol ved 

that more nearl y  resembl ed what wou l d  be needed 

for a fl i ght eng i n e .  The Kiwi -B test series was 

i n i ti ated wi th the Kiwi -BlA (22 } 
test i n  

December 1961 and culmi nated 2 years and 8 months 

l ater with the successful Ki wi-B4E test accom­

p l i shed i n  August 1964.  Duri ng thi s  test series , 

i mprovements were made w i th the extruded fuel 

desi gn and the protecti ve NbC-coati ng technol ogy . 

Severe structural damage to the core was experi ­

enced wi th the second test i n  the seri es  

( Kiwi-B1B }( 2 3> 
when the hot  ends of  seven fuel 

modul e s  were ejected from the core duri ng the 

transient ri se to ful 1 power. 

subsequent ful l -power tests,  

K iwi-B4A, Kiwi -B4D , ( 24•25} 
and 

It  took several 

i n  pa rti cul a r  

several col dfl ow 

tests to di scover and confi rm that core damage 

was caused by fl ow- i nduced v ibrati ons and to 

demonstrate , after desi gn modi ficati ons were 

appl ied ,  that a stabl e desi gn had been achi eved.  

Thi s  successful reactor confi gurati on 

( Kiw i -B4E ) ( 2 6-30 l l ed to the N RX seri es ( 6 } o f  

NERVA devel opmental reactors from whi ch emerged 

the fi nal N RX -6 des i gn (3 1•32} 
shown earl ier  i n  

F ig . 3 .  The reactor was desi gned for a nomi nal 

power of 1 100 MW . I t  was al l graphi te moderated , 

and i t  had an epi thermal neutron spectrum. The 

extruded graph i te fuel el ements were hexagonal 

and contai ned 19 cool i ng channel s .  The channel 

wal l s  and the exterior surfaces of the fuel el e­

ment were coated wi th NbC to reduce hydrogen cor­

ros i on .  The fuel was assembl ed i n  c l usters of 

six el ements supported by a tie rod in the cen­

tral l ocati on as shown in Fi g .  18 .  The tie  rod 

was attached to an al umi num support pl ate at the 

col d end of the reactor. I rregul arly shaped 

c l usters were fi tted on the core peri phery to 

obta i n  a cyl i ndri cal core confi gurati on.  The 

core dimensions were 1 .32 m i n  l ength and approx­

i mately 0 .89 m in di ameter. Lateral support for 

the core wa s obtai ned wi th a spri ng and a ri ng­

seal arrangement as descri bed i n  Fi g .  1 9 .  Power 

fl atteni ng was achi eved by varyi ng the fuel 

l oadi ng , and the cool ant fl ow di stri buti on was 

colltrol l ed by orifices i n  the i nl et end of each 

cool ant channel , si zed to provi de approxi mately 

the same exi t gas temperature for al l channel s .  

The core , whi ch contai ned 182 k g  of uran i um 

( enri chment 0 . 9315 ) , was surrounded by a graph i te 

cyl i nder about 46 mm thi ck and a beryl l i um 

refl ector 114  mm thick .  Twel ve rotati ng drums 

1 ocated in the refl ector contai ned segments of 

boron carbide neutron absorber that coul d be 

swung toward or away from the core to provi de 

reacti v i ty control of the reactor. The enti re 

reactor was encased i n  an al umi num pressure 

vessel to which the exhaust nozzl e was attached.  

The pressu re vessel  was approximately 2 1  nm 

thi ck ,  1 . 9  m i n  l ength, and 1 . 3  m i n  outer di am­

eter .  

The  fl ow of  hydrogen cool ant through the 

reactor was as fol l ows ( F i g . 3 ) : l i qu i d  hydrogen 

entered the aft end of the nozzl e to cool the 

nozzl e wal l befo re enteri ng the refl ector pl enum . 

From thi s  pl enum the hydrogen travel ed forward 

through the refl ector and control drum s ,  al so 

cool i ng the pre ssure vessel . It  entered a pl enum 

agai n before fl owi ng forward through the outer 

region of the simul ated shi el d .  The fl ow di s­

cha rged from the shiel d and entered the pl enum 

region between the sh iel d and the dome of the 

pressu re vessel . Here the fl ow reversed ,  and the 

gas fl owed aft through the i nner region of the 

shi el d ,  then through a fi ne mesh screen and the 

core support pl ate .  Most of the cool ant then 

fl owed through the channel s in  the fuel  el ements 

where it was heated to a h i gh temperature . A 

smal l part of the fl ow cool ed the peri phery 

region between the core and the bery l l i um 

refl ector, and some cool ant al so fl owed past the 

t ie  rods i n  the core .  These cool ant fl ows were 

mixed in the nozzl e chani>er at the reactor exi t 

before expul s i on th rough the nozzl e .  

One aim o f  the devel opmental seri es  o f  tests 

c onducted by Westi nghouse El ectri c was to reduce 

the fraction of cool ant fl ow that d i d  not pass  

through the fuel in  order to  obta i n  the h i ghest­

possi b le  gas temperature i n  the nozz l e  chamber .  

Thi s a i m  was achi eved by applyi ng design  modifi-

cati ons descri bed bel ow for  the Phoebus 

reactors . The duration of ful l -power runs was 

gradual l y  i ncreased wi th each N RX reactor unti 1 
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the tes t  i n  December 1967 i n  wh i ch the N RX-A6 ran 

conti nuously for 60 mi n at 1125  MW w i th an exit 

cool ant temperature at o r  above 2280 K,  corre­

spondi n9 to a vacuum spec i fi c  impul se of 

730 s. ( 33-3 5 l  The tes t  durati on and power 

l evel exceeded the N ERVA des i gn goal s at that 

time .  

C .  Phoebus  

Fo 1 1  owi ng the successful performance of the 

Kiwi -B4E reactor ,  the Los Al amos Sci enti fic Labo­

ratory devoted i ts attenti on to a new c l ass of 

reactors s imi l ar in desi gn to Kiw i -B but havi ng 

greater cool ant exi t temperature s ,  power dens i ­

ti e s, and  power l evel s .  Power den s i ty was  to be 

i ncreased mai nl y  by enl arg i ng the di ameter of the 

coo 1 ant fl ow channe 1 s i n  the fue 1 e 1 ements from 

2 . 54 mm to 2 . 79 mm to reduce thermal stress  and 

core pressure drop . The temperature i ncrease was 

to be obtai ned by some mi nor desi gn modi fications 

in the fuel el ements but mostly by reduci ng the 

amount of cool ant f l ow that bypassed the core .  

The cool ant fl ow a l o ng the core peri phery wa s 

reduced , and the s i ngl e-pass cool i ng of the metal 

tie  rods i n  the core was reduced and eventua 11 y 

changed to two-pass regenerati ve cool i ng by 

rep l ac i ng the tie  rods wi th t ie  tubes .  These 

tubes were cool ed by di verti ng 10% of the fl ow to 

the core support and returni ng thi s fl ow to the 

mai n  core cool ant fl ow at the i nl et of the fuel 

el ements.  These cool ant fl ow modi fi cati ons 

greatly reduced the mi x i ng of col d cool ant wi th 

the core exi t gas i n  the nozzl e chamber. The 

p ower l evel was i ncreased s imply by i ncreas i ng 

the number of fuel el ements i n  the core . 

Three tests ,  Phoebus - lA ,  ( 36l -lB , ( 37-39l 

and -2A ,  were carri ed out i n  thi s  seri e s . The 

fi rst two tests were essenti al ly vehicl es for 

experiments l eadi ng to the Phoebus-2A des i g n .  

Phoebus-2A ( F i g .  20 ) desi gned for 5000 MW was the 

most  powerful nucl ear rocket reactor ever bui l t .  

I t  was i ntended o ri gi nal ly to be a prototype 

optimum-thrust nucl ear propul s i on engi ne for 

amb i ti ou s  pl anetary mi s s i ons .  The reactor had a 

nomi nal thrust of 1 1 10 kN (2 50 000 l bf )  and a 

spec i fi c  i mpul se of 840 s ,  correspondi ng to a 

nozzl e chamber temperature of 2500 K .  

10 

The Phoebus-2A reactor( 4o-42 l i ncorporated 

al l of the features mentioned above . The core , 

which contai ned about 300 kg of u ranium ,  con­

s i sted of 4068 fuel ed el ements pl us  721  regenera­

ti vely cool ed support el ements. The active core 

dimensi ons were 1 . 39 m i n  di ameter and 1 . 32 m i n  

l ength . The 19-hol e fuel el ements were s i mi l ar 

i n  geometry and had the same external dimen s i on s  

as  those of earl ier  reactors ( K i wi -B4E to 

NRX -A6 ) , but the cool ant channel di ameter was 

i ncreased from 2 . 54 mm to 2 . 7 9  nm. The channel s 

were coated wi th NbC of tapered th i ckness and 

were overcoated wi th a 1 ayer of Mo to reduce 

hydrogen corrosion of the graphi te .  As before , 

the fuel was assembl ed i n  c l usters of seven el e­

ments where the central el ement was unl oaded 

graphi te conta i ni ng the ti e-tube axi a l  support 

a ssembly . Detai l s  of construction and cool ant 

fl ow paths for the regenerati vely cool ed ti e 

tubes are shown i n  F i g .  2 1 .  The core- refl ector 

i nterface had an al umi num i nterface cyl i nder 

a s sembly that separated the h i gh-pressure 

refl ector system region  from the 1 ower-pressure 

core peri phery ,  transmi tted the axial pressure­

drop 1 oad to the nozzl e ,  and contai ned the sea 1 
ri ngs .  

bypass 

Thi s  assembly was cool ed by refl ector 

cool ant. The 203-mm-thi ck beryl l i um-

refl ector assembly contai ned 18 control drums 

rather than 12 as used for the earl ier  smal l er 

reactors. The reactor was contai ned in an a l umi­

num pressure vessel  2 . 54 nm thi ck w i th an out­

s i de di ameter of 2 . 07 m and an approximate l ength 

( excl udi ng the nozzl e)  of 2 . 5  m. Reactor mass  

i ncl udi ng the pre ssure vessel was  9300 kg . A 

two-dimensi onal model of the reactor that was 

used in neutron i c  cal cul ati ons is shown i n  

Fi g .  22 . Reactor control was obtai ned by 

adj usti ng two basic parameters,  namely , the coo l­

ant  fl ow rate and the control -drum posi ti o n .  

The successful ful l -power test o f  Phoebus-2A 

took pl ace i n  J ul y  1968 and l asted for 1 2 . 5  mi n ,  

a time 1 i mi ted by the avai l abl e hydrogen cool ant 

supply ( cool ant,  dri ven by two Rocketdyne Mark-25 

turbopumps operati ng in paral l el ,  fl owed through 

the reactor at a rate of 1 20 kg/s l . The maximum 

power l evel reached duri ng the test was 4080 MW . 

The reactor coul d not be operated up to the 

design  power l evel of 5000 MW because part of the 



al umi num pressu re vessel assembly was overheati ng 

prematurely as a resul t  of unexpected poor ther­

mal contact wi th an LH2-cool ed cl amp ri ng . The 

maximum fuel -el ement exi t-gas temperature at­

tai ned  was 2310 K ,  and the maximum nozzl e chamber 

temperature , nearly as h i g h ,  was 2260 K .  Thi s 

smal l temperature di fference i s  an i ndi cation of 

the effecti veness of the measures taken to reduce 

m i x i ng of col d cool ant wi th the core exit gas.  

At des i gn power,  the core power dens i ty woul d 

have been nearly twi ce that of the Ki wi -B 

reactor s .  

The Phoebus-2A test reveal ed some neutronic 

di screpancies  when compared wi th pretest cal cul a-

tions and zero-power cri tical i ty experi -

ments. (43 ,44> 
Spec i fi cal l y ,  the ful l -scal e 

reactor test resul ted i n  l a rger col d-to-hot 

changes i n  reacti v ity than had been predicted . 

The anomal i e s  were eventual l y  resol ved and a t­

tri buted mai nl y  to the combi ned effect of l ow 

beryl l i um-refl ector temperatures and the presence 

of col d h i gh-density hydrogen i n  the al umi num 

i nterface cyl i nder and i n  the refl ector .  The 

re sul t was to produce a l arge negati ve change i n  

reacti v ity and a substanti al reducti on i n  con ­

trol - drum wo rth .  Nei ther o f  these effects had 

been correctly accounted for i n  pretest analysi s . 

The successful concl usion  of the Phoebus-2A 

tests was a m i l  es tone i n  nucl ear rocket tech­

nol ogy because of the h i gh-power capabi l i ty that  

the  test demonstrated.  Some probl ems rema i ned,  

parti cul arly in  the area of fuel  l ongev i ty and 

temperature capabi l i ty ,  but the feasi bi l i ty of 

practical nuc l ear  space propu l s i on had been con­

vi nci ngly demonstrated by thi s  stage of the Rover 

program . Phoebus-2A was the l ast reactor des i gn 

i n  d i rect support of the NERVA devel opment that 

was tested by Los Al amo s .  Two smal l er reactor 

designs were subsequently tested by Lo s Al amos ,  

but they were prima ri l y  test beds for  improvi ng 

the fuel technol ogy .  

D .  Pewee 

Pewee( 45 l 
was a smal l reactor desi gned to 

serve as a tes t  bed for the eval uati on of ful l ­

s ize  Phoebus and NRX fuel el ements and other 

components. The general des i gn was di rected 

toward provi di ng a real i stic nucl ear , thermal , 

and structural envi ronment for the fuel el ements 

i n  a core contai ni ng one- fourth the number of 

el ements in these reactors, and one-tenth the 

number of el ements i n  Phoebus-2A . 

Most of the basi c  des i gn features of Pewee 

were s i mi l ar to those of the precedi ng reactors. 

The fuel el ements were simi l ar ,  and they were 

hel d i n  pl ace by support el ements ; the control 

drums were i ncorporated i n  the beryl l i um radial  

refl ector; and  l i qu i d  hydrogen was  used  as the 

worki ng fl ui d .  There were , however , s i gni ficant 

di fferences that di sti ngui shed Pewee from earl ier  

reactors.  The core di ameter was  reduced from 

1400 mm i n  Phoebus-2A to 533 mm to reduce the 

number of fuel el ements. Suffi ci ent reacti vi ty 

wi th the smal l er core was obtai ned by i n serti ng 

sl eeves of zi rconi um hydri de around the tie  rods 

in the support el ements as shown i n  Fi g .  23 .  The 

hy drogenous materi al moderated the core neutrons 

and reduced the cri tical mass of urani um i n  the 

core to 36 . 4  kg . The ratio of support el ements 

to fuel el ements was i ncreased from 1 : 6  to 1 : 3 ,  

a s  i l l ustrated i n  F i g .  24,  to i ncrease the amount 

of Z rHx moderator to the desi red l evel . Thi s 

el imi nated the tradi ti onal cl usters-of- seven con­

c ept; each fuel el ement was supported redundantly 

by two pedestal s .  The core contai ned 402 fuel 

el ements and 132 support el ements. Because Pewee 

was desi gned as a test bed for fuel el ements,  no 

attempt was made to maximi ze the spec i fi c  impul se 

by mai ntai ni ng a h i gh temperature i n  the nozzl e 

chamber;  the support-el ement cool ant was di s­

cha rged di rectly i nto the chamber . Thi s  di s­

charge reduced the nozzl e temperature si gni f­

i cantly because the hydri de moderator requi red a 

l arger amount of cool ant than a graphi te support 

el ement wi thout moderator and because a con­

servati vely l ow cool ant di scharge temperature was 

chosen .  

The smal l s i ze of Pewee requi red a thick  

( 205-mm) beryl l i um refl ector that was  bui l t  i n  

two concentri c parts a s  shown i n  F i g .  25 .  The 

i nner part consi sted of beryl l i um ri ngs that re­

pl aced the i nterface cyl i nder of prev i ou s  

designs. The outer part was made from Phoebus-1-

type sectors and contai ned ni ne control drums .  
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The mass of the Pewee reactor ,  i ncl udi ng the 

alumi num pressure vessel, was 2570 kg . 

The Pewee test seri es conducted i n  

November-December 1 968 was successful ,  and i t  set 

several records for nucl ear rocket reactors .  The 

prima ry objecti ve was to demonstrate the capabi l ­

i ty of thi s  new reactor as a fuel -el ement test 

bed . Pewee ran for a total of 192 min at power 

level s above 1 MW on two separate days .  The 

ful l -power test consi sted of two 20-m i n  hol ds  at 

desi gn power ( 503 MW) and an average fuel -element 

exi t-gas temperature of 2550 K. Thi s  temperatu re 

was the h i ghest ach i eved i n  the Rover program. 

It corresponds to a vacuum spec i f i c  impul se of 

845 s,  a l evel in  excess of the des ign goal  set 

for the NERVA. The peak fuel  temperature al so 

reached a record level of 2750 K. The average 

power densi ty i n  the core was 2340 MW/m3 , al so 

a record h i gh and greater than that requi red for 

the NERVA . The peak power densi ty i n  the fuel 

was 5200 MW/m3 . The fuel el ements were simi l ar 

to those of Phoebus-lA except for a few elements 

CVD-coated w i th ZrC i nstead of NbC . The ZrC­

coated fuel el ements performed si gni fi cantl y 

better. 

The reactor performed cl ose to desi gn cond i ­

tions except for a n  unexpected ,  l arge ,  radial  

vari ati on of 220-310 K in  the fuel -element exi t­

gas temperature and a heat p ickup i n  the 

refl ector 14% greater than predi cted at ful l 

power .  But the successful performance of the 

Pewee reactor des i gn was important because i t  

demonstrated that smal l reactors, wi th 

l ow-temperature moderati ng materi al s i ns i de the 

core , coul d be operated i n  the configurati on and 

in the extreme temperature envi ronment of a 

rocket eng i n e .  A second test of the Pewee 

reactor had been pl anned , but Pewee-2 was never 

bui l t .  

E .  Nucl ear  Furnac e ,  NF-1  

The l ast reactor test of the enti re Rover 
(46 4 7 )  program was that of the N F  -1 , ' a reactor 

ten times  les s  i n  desi gn power than Pewee .  The 

NF-1 was devi sed to provi de an i nexpens ive means 

of testi ng ful l -si ze nucl ear rocket reactor fuel 

el ements and other core components i n  a reactor 
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havi ng a l ow fuel i nventory .  I t  was never meant 

to be a candi date concept for a rocket engi ne . 

The reactor, descri bed i n  F i  gs.  26 and 2 7 ,  con­

s i sted of two parts : a permanent,  reusabl e por­

tion that i ncl uded the refl ector and external 

s tructure ; and a temporary ,  removable portion 

that consi sted of the core assembly and asso­

ci ated components .  

A maj or objecti ve o f  th i s  desi gn was  to  have 

a reusable test devi ce that woul d reduce both the 

time between reactor tests and the cost of test­

i ng .  After compl eti on of a test seri e s ,  the core 

assembly woul d be removed and di sassembl ed for 

exami nati o n ,  whereas the permanent s tructure 

woul d be retai ned for use wi th a new core .  

Actual l y ,  the N F  -1  was tested only once before 

termi nation of the program, but the removabl e 

feature of the design was demonstrated . 

The NF -1 core was a 34-cm-di ameter by 

146-cm-l ong al umi num can that contai ned 49 fuel 

el ements as compared to 402 in Pewee. Th i s  core 

was surrounded by a 2 7-cm-thi ck beryl l i um radi al  

refl ector that accommodated s i x  rotati ng control 

drums .  The fuel i nventory was about 5 kg of 

urani um ( 9 3 %  enri ched) . Suffi c ient reacti v i ty 

for critical confi gurati on wi th such a small fuel 

i nventory was obtai ned by des ign ing the core a s  a 

heterogeneous water-moderated thermal reactor .  

Each fuel cel l contai ned a standard 19- hol e ,  

hexagonal fuel el ement encased i n  a n  al umi num 

tube as descri bed in F i g .  28. The cell tubes 

were i nserted i nsi de al umi num sl eeve s ,  and water 

fl owed through the core i n  two passes, fi rst be­

tween the sl eeves and the eel l tubes to the aft 

end of the core , where the fl ow turned around and 

went back between the el ements. The hydrogen 

c ool ant,  after mak i ng several passes i n  the 

reflector assembly ,  made a s i ng l e  pass through 

the core wi thi n the fuel cool ant channels. 

The hydrogen exhaust gas was handl ed di f­

ferently than in previou s  reactors. I nstead of 

bei ng exhausted through a convergent-di vergent 

nozzl e di rectly to the atmosphere , the hot hydro­

gen was first  cool ed by i njecti ng water di rectl y 

i nto the exhaust gas stream as shown i n  F i g .  29 .  

The resul ti ng mi xture of steam and hydrogen gas  

was then ducted to an effl uent cl eanup sys tern to 



remove fi ssion products before rel ease of the 

cl eaned gas to the atmosphere . 

The prima ry obj ecti ves of the NF - 1  test 

seri es were to veri fy the operati ng characteri s­

ti cs of the NF-1  and associ ated faci l i ti es and to 

operate at ful l power w i th a fuel -el ement exi t­

gas temperature of 2440 K for at l east 90 mi n .  

Al l p rimary objecti ves were attai ned duri ng the 

test seri es.  A weal th of data was obtai ned on 

the dynami c and stati c characteri sti c s  of the 

NF-1 and the faci l i ty ,  and no maj or NF-1 design  

defici enc ies  were found . 

The reactor was operated at the des i gn power 

of 44 MW and a fue1 -el ement exi t-gas temperature 

of approximately 2440 K for a record time of 

109 mi n and at or above 2220 K for 1 2 1  mi n .  The 

maximum exi t temperature reached was about 

2550 K .  Two new types of fuel el ements were 

tested i n  NF-1 . They were the ( U , Zr )C  graph i te 

( composi te) el ements that compri sed 47 of the 49 

fuel cel l s  in the core and two cel l s  conta i ni ng 

( U , Zr)C  ( carbi de)  el ements. The carbi de el ements 

wi thstood peak power densities  of 4500 MW/m3 

but experi enced severe cracki ng .  These el ements 

were smal l ( 5 . 5  mm across the fl ats) , hexagonal 

el ements wi th a s i ng l e  3-mm-di ameter cool ant 

hol e .  Redesign,  by reduci ng the web thi ckness by 

25%,  woul d substanti al l y  decrease the temperatu re 

gradi ents and reduce the cracki ng .  The composi te 

el ements wi thstood peak power densities  i n  the 

fuel of 4500-5000 MW/m3 and achi eved better 

corrosion performance than was observed pre­

viously i n  the standard , graphi te-matrix ,  

Phoebus-type fuel el ement. 

F. Fuel Devel opment( 8)  

The major technol ogy effort of the Rover 

program was expended on devel opi ng fuel s.  Al l of 

the K iwi reactors except the l a st one, Kiw i-B4E , 

u sed h i ghly enriched uo2 fuel i n  a graphi te 

matri x .  The uo2 particl e  s ize was 4 µm and the 

parti cl e densi ty was about 10 . 9  g/cm3 . At h i gh 

temperatures ( 1873-2273 K )  duri ng processi ng , the 

uo2 reacted wi th the carbon surroundi ng i t  and 

was converted to uc2 wi th evol uti on of CO and 

consequent l oss of carbon from the el ement. The 

fuel mel ti ng temperature was 2683 K,  the mel ti ng 

temperature of the uc2- c  eutecti c .  

The fuel pl ates for the ori gi nal K iwi-A 

reactor were mol ded and pressed at room tempera­

ture , then cured to 2723 K .  The pl ates had no 

coati ng to protect the carbon agai nst hydrogen 

corrosi on. Al l subsequent reactors u sed fuel 

el ements that were extruded and coated ,  i ni tia l l y  

with NbC , t o  reduce hydrogen corrosion .  The  fuel 

el ement for the early reactors through K iwi-BlB 

were extruded cyl i nders wi th fi rst four, then 

seven cool ant channel s .  The cyl i nders were con­

tai ned in graphi te modul es. Kiwi- B4A was the 

fi rst Kiwi-B des i gn i ntended as a prototype  

fl i ght reactor; and i t  u sed 1 9-hol e ,  one- p i ece , 

hexagonal fuel el ements , 19 mm acros s  the fl ats. 

Thi s fuel el ement shape became the adopted stan­

da rd for al l the rema i ni ng reactor desi gns . 

The Kiwi-B4E test was the fi rst use of 

coated uc2 parti c l e s  i n  pl ace of uo2 
parti c l e s  i n  the fue l . The maj or probl em wi th 

oxi de-l oaded fuel el ements was the so-cal l ed 

back-reaction. Micrometer-s i ze uc2 particl es 

are extremel y  reacti ve and revert to oxi de in the 

presence of ai r,  parti cul arly humi d a i r .  Thus ,  

oxi de-carbi de-oxi de reactions occurred duri ng 

each heati ng and storage cycl e ,  i ncl udi ng graphi­

tizi ng , coati ng , a nd reactor operati o n ;  and each 

cycl e caused l oss of carbon by CO gas evol ution 

and degraded the el ement. Dimensi onal changes 

al so were noted i n  stored e l ements. Oxi dation of 

the uc2 l oadi ng materi al caused the el ement to 

swel l a s  much a s  4% so that the fi nal dimensi ons 

coul d not be control l ed .  

The sol uti on to thi s  probl em was the i ntro­

ducti on of uc2 parti cl es that were consi derably 

l arger, 50- 1 50 µm di ameter,  and coated with 

-25 µm of pyrolyti c graph i te .  The fi rst coated 

pa rti cl es had a l ow-den s i ty pyrocarbon coat that 

coul d not wi thstand hi gh temperatures.  At 

2273 K ,  the uc2 core woul d mi grate through the 

coati ng , thus destroy i ng the protecti on agai nst 

the back-reacti on .  Consequently ,  the graphi ­

ti z ing temperature h a d  t o  be hel d l ower at 

2 173 K .  Thi s temperature gradual ly i ncreased 

w i th improved coated part i c l es to 2573 K .  Coated 
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parti c l e s  were eventual l y  devel oped that cou l d  

wi thstand 2873 K for 0 . 5  h .  Thi s work subse­

quently l ed to the devel opment of TRISO fuel 

beads u sed i n  co11111ercial  h i gh-temperature gas­

cool ed reactors .  The coated parti c l e s  in the 

nucl ear rocket engi ne were not i ntended as  a con­

tai nment for f i s s i on products,  the pri nci pal re­

qui rement i n  conunercia l  reactors ,  but to provi de 

stabi l i ty duri ng fuel -el ement processi ng and 

storage and to el imi nate reacti on wi th hum i d  a i r  

and coati ng gases. 

Coati ng technol ogy evol ved greatly duri ng 

the Rover program. As menti oned earl i er, the 

fuel el ements of al l the reactors tested i n  the 

program, except for K iwi-A, were coated with NbC 

( or ZrC l ate i n  the program) to reduce hydrogen 

corrosion .  It had been real i zed early that 

hydrogen and graph i te ,  at the anti c i pated h i gh 

temperatures of a rocket eng i n e ,  woul d react to 

form methane , acetyl ene , and other hydrocarbon s .  

Further, the graphi te l os s  from hydrogen corro­

s ion  duri ng reactor operati on wou l d  seri ously 

affect the reactor neutronics .  So a fuel -el ement 

coati ng effort was undertaken i n  1959 for the 

K i wi -A '  reactor to devel op thi n  ( 0 . 025- to 

0 . 05-mm-th i c k )  NbC or ZrC coati ngs to act as a 

barri er to hydrogen attack for the l ength of ti me 

the reactors were to operate . Ni obi um carbide 

was sel ected i ni ti al l y  because it has a hi gher 

eutecti c  temperature (3523 K )  wi th carbon than 

does ZrC ( 3 123 K ) .  Much l ater, attention was 

shi fted to ZrC because i t  adhered better to 

graphi te and was more desi rabl e neutroni cal ly . 

The coati ngs were appl i ed i ni tia l l y  wi th CVD 

techni ques for the fuel el ements in Ki wi -A '  and 

-A3 . These fuel el ements were short :  21 6-mm 

cyl i nders conta i n i ng four axi al cool ant chan­

nel s .  The cyl i nders were desi gned to nest i nto 

one another end to end to bui l d  up the total el e­

ment l ength. The Kiwi-B  el ements were much 

l onger, and CVD deposition of NbC on fuel -el ement 

bores had not devel oped to the poi nt where they 

coul d be coated s uccessful l y  and reproduc i b l y .  

Consequentl y ,  a di fferent cl addi ng techni que wa s 

u sed for these reactors. Simply stated,  thi s  

techni que was to i nsert n iob i um tubes i nto the 

fuel -el ement bores and heat the l i ned el ements to 
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the temperature ( 2623 K )  at which the n i obi um i n  

contact wi th carbon was converted to NbC . 

Meanwhi l e ,  duri ng the K iwi - B  testi ng seri es ,  

the CVD technol ogy was i mprovi ng and  becomi ng a 

sophi sticated process i n  which 1 9  ful l - l ength , 

1321-mm-l ong , 2 . 4-mm-di ameter bores coul d be 

coated wi th NbC tai l ored i n  th ick ness  over the 

ful l l ength of the el ement s .  And so al l the fuel 

el ements for the reactors from Phoebus-lA through 

the l ast one , and i nc l udi ng the N RX seri es of 

reactors, were CVD coated . The early CVD 

coati ngs had a useful 1 i fe of about 10 mi n ,  but 

by the end of the program, NbC and ZrC coati ng s 

had been tested for as l ong as 5 h .  Pewee was 

the fi rst nucl ear test to empl oy some fuel el e­

ments coated w i th ZrC . They performed s i gni f­

i cantl y better than e 1 ements w i th NbC . The pro­

gress i ve improvements achi eved i n  fuel perform­

a nce duri ng the NRX and Pewee seri es of tests are 

shown i n  Fi g .  30 , where corrosi on measured i n  

terms of mass l os s  has been normal i zed to one for 

the NRX-A2 and -A3 tests .  No maj or change i n  

fuel-el ement design ,  fabri cati on method, or 

characteri stics  occurred i n  the NRX seri e s .  The 

el ements were al l made from coated uc2 beads 

di spersed i n  a graphi te matri x ,  extruded wi th 1 9  

cool ant channel s i n  a hexagonal pri sm, and coated 

wi th NbC .  The mai n contri bu ti ng factors for the 

improvements were the use i n  NRX-A6 of a Mo metal 

overcoat over the NbC bore coat i n  the fi rst 1-m 

l ength of the el ements ( thi s overcoat reduced the 

mi dband corrosi o n ,  whi ch wi l l  be di scussed bel ow,  

by a factor of 10 ) ;  the use of thi nner NbC 

coati ngs ,  whi ch reduced thei r  tendency to crac k ;  

t i ghter control o f  processi ng a n d  ti ghter control 

of the fuel -el ement  external dimensions  to reduce 

i ntersti ti al gaps between el ements ; adjustments 

i n  fl ow ori fici ng and fuel l oadi ng to improve the 

radi al power and temperature profi l e  acros s  the 

core .  The corrosi on at the end of the N RX seri e s  

was reduced to 30% o f  that a t  the begi nni ng of 

the NRX seri e s ,  and improvements pl anned for 

Pewee-2 ,  whi ch was never bui 1 t, wou l d  have 

reduced thi s  to 10% . 

Much of the fuel testi ng was done i n  a hot 

gas test furnace , whi ch s imul ated the operati ng 

condi tions,  wi thout radi ati on, of the nucl ear 



reactors.  The hi gh-pressure furnace , whi ch i s  

shown i n  F ig . 3 1 ,  provi ded a reasonabl e simul a­

tion of reactor power densi ty ,  temperature and 

thermal stress ,  and the effects of fl owi ng hydro­

gen .  These tests provi ded ,  of course , no i nfor­

mation about radi ati on damage , but i t  was fel t 

that the h i gh temperatures and the smal l burnup 

in actual reactor operati ons woul d mi nimi ze 

radiation effects.  The fuel el ement under tes t  

was resi sti vely heated wi th d e  current .  The 

vol ume heat generati on produced by ohmic  heati ng 

was not an accurate simul ati on of nucl ear 

heati ng , and changes i n  fuel -el ement composi tion 

duri ng the test affected the el ectri cal conduc­

ti v i ty of the el ement potenti al l y  cau s i ng prob­

l ems.  But in general , furnace testi ng was 

val uabl e i n  the devel opment of new fuel -el ement 

technol ogies and a 1 so i n  qua 1 i ty-contro l sampl i ng 

dur i ng manufacture of fuel el ements for a spe­

c i fic  reactor. 

A maj or probl em al l uded to earl ier  through­

out the fuel devel opment program was the mi drange 

corros i o n ,  as exempl i fied  i n  Fi g .  32. It was the 

region about one-th i rd the l ength from the col d 

end of the core where corrosion was greatest . 

The i nl et end of the core had l ow corrosi on rates 

becau se the temperatures were l ow. The fuel 

operated at much h i gher temperatur�s toward the 

nozzl e chamber end of the core , but the fuel wa s 

processed duri ng fabri cati on to accept the h i gh­

end temperatures .  Al so the neutron fl ux ,  and 

hence the power densi ty ,  was l ow,  resul ti ng i n  

l ow thermal stresses and consequently mi nimal  

cracking .  There , mass l oss was mostly due  to 

carbon di ffusion  through the carbi de coati ng . 

However,  i n  the mi drange , the power densi ty was 

h i gh and the temperature was now apprec i abl e ,  yet 

sti l l  much l ower than that at whi ch the fuel was 

processed;  the carbi de coati ngs woul d crack 

because of mi smatched expansion  coeffic i ents, and 

hi gh mass  l osses woul d occur through the crack s .  

T h e  i mproved performance of the ZrC coati ng i s  

cl early shown i n  Fi g .  3 2 ,  a s  i s  that of a new 

type of fuel cal l ed composi te fuel . 

The composi te fuel was devel oped near the 

e nd of the Rover program and tested i n  the 

Nucl ear Furnace al ong wi th pure carbide fuel as 

an attempt to reduce mi dband corrosion.  (4a, 49l 

The structure of the composite fuel is compared 

to that of the standard gr a phi te-matri x fuel i n  

F i g .  33.  The composite fuel i s  made from un­

coated { U , Zr )C  particl es i n  such a way as to form 

a conti nuous phase of carbide , as a web through­

out the graphi te matri x .  The s tructure of the 

standard fuel shows coated uc2 parti c l e s  

embedded i n  a conti nuous graphi te matri x .  When 

the carbide coati ng l i ni ng the cool ant channel s 

cracks i n  thi s  fuel , carbon i s  l ost i ndefi n i tely 

through the cracks because the graph i te matri x i s  

conti nuou s .  Wi th the compos i te fuel , carbon i s  

l ost through coati ng cracks unti l the carbide 

di spersi on phase i s  exposed to the crack s ,  and 

then carbon stops escap i ng except for a smal l 

amount di ffus i ng through the carbide .  As i s  

evi dent i n  F i g .  32 ,  the composite fuel d i d  i ndeed 

perform better than the graphi te fuel . However ,  

for reasons that have not  been ful ly determi ned , 

the mi drange corrosi on was sti l l  greater tha n  

expected . Thi s  unexpected corrosion was attri b­

uted i n  part to cracki ng from excessi ve thermal 

stress that resul ted from a decrease in thermal 

conducti v i ty duri ng the power run.  Thi s  

decrease , which was measured, i s  thought to have 

been caused by fi ssion fragments .  Presumably 

s uch an effect woul d not occur in the standard , 

coate d-parti cl e ,  matrix fuel because the fi ssion 

fragments do not penetrate through the particl e 

coati ngs to damage the matri x .  

Pure ( U , Zr )C  carbide fuel s were al so tested 

i n  NF -1 as another approach to reduci ng corro­

s i on .  The fuel el ements were fabri cated as smal l 

hexagonal rods wi th one cool ant channel at thei r  

center. The fuel experienced mi nimal corrosion , 

but it cracked extens ively as a resul t of i ts l ow 

fracture resi stance and 1 ow thermal conduc­

ti v ity .  However, by i ncreasi ng the strai n-to­

fracture characteri sti cs of the el ements and 

redesigni ng thei r  shape to reduce thei r cross­

secti on and web thi ckness, the performance of the 

carbide el ements coul d be substanti al l y  improved.  

Yet another advanced fuel was bei ng devel oped 

near the end of the program. Thi s  fuel wa s 

s imi l ar to the standard uc2-coated particl es i n  

graphi te-matri x fuel , but the graphi te matri x wa s 
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made wi th POCO carbon-fi l l er fl our to y i el d a 

matri x hav i ng a h i gher coeffici ent o f  thermal 

expansion (CTE ) that cl osely matched that of the 

NbC or ZrC channel coati ngs.  Thi s fuel , referred 

to as the hi gh-CTE graphi te-matri x fuel , was 

fabricated i nto fuel el ements,  and i t  exh i b i ted 

better strai n-to- fai l ure characteri sti cs than the 

standard fuel . It was i ntended for the NF-2 test 

that,  unfortunately,  d id  not take pl ace . But the 

promi s i ng resul ts obtai ned before cancel l ati on o f  

the program shoul d be seri ously consi dered i n  any 

future graphi te fuel -el ement devel opment.  

The demonstrated operati ng performance of 

the standard graphi te-matri x fuel was 1 h at a 

cool ant exi t  temperature i n  the range of 

2400-2600 K .  Thi s performance was obtai ned 

mai nl y  from the NRX -A6 and Pewee tests . The 

demonstrated performances of the advanced com­

pos i te and pure carbide fuel s were nearly 2 h 

( 109 mi n )  at 2450 K and at a peak power densi ty 

i n  the fuel of 4500-5000 MW/m3 , as obtai ned i n  

the NF-1  test.  Based on the extensi ve fuel s work 

ach ieved duri ng the Rover program, projections of 

endurance l imi ts were estimated as shown i n  

F i g .  34.  These projections i ndicate that the 

composite fuel shoul d be good for 2-6 h i n  the 

temperature range of 2500-2800 K .  Simi l ar per­

formance can be expected at 3000-3200 K for the 

carbide fuel s ,  assumi ng that the crack i ng probl em 

can be reduced through improved desi gn.  For 10 h 

of operation,  the graphi te-matri x fuel woul d be 

l imi ted to a cool ant exi t temperature of 

2200-2300 K ,  the composi te fuel  coul d go to 

nearly 2400 K ,  and the pure carbide to about 

3000 K .  

And so the program was termi nated wi th three 

promi s i ng fuel forms at hand , the carbi de-carbon 

composi te ,  the pure carbide ,  and the hi gh-CTE 

graphi te matri x .  As di scussed above, much 

testi ng was performed on these fuel s ,  but thei r  

corrosion behavior was not compl etely under­

stood . Most of the work was done i n  the tempera­

ture range of 2000-2800 K .  Thi s  range woul d  have 

to be extended to l ower temperatures ( bel ow 

1 500 K )  and testi ng done wi th gases other than 

hydrogen to eval uate the performance of these 
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fuel s for el ectri cal -power production appl i ca­

tions.  

Fuel structures were al so a maj or probl em i n  

the reactor devel opment. Reactor cores i n  the 

early K iwi seri es essenti al ly fel l apart from 

vi brati on s ;  these were i nduced thermal - hydraul i c  

i nteractions.  By the end o f  the K i wi serie s ,  a n  

adequate structural support system had been 

demonstrated.  Improvements i n  the structural 

system conti nued to be made , wi th the resu l ts 

su111nari zed i n  Tabl e I .  It shoul d be emphasi zed 

that what structural anomal i e s  exi sted were 

determi ned after the tests and d i d  not cau se a 

termi nati on of power. At the end of the N RX-A6 

test, some crack i ng i n  the beryl l i um-refl ector 

ri ng,  support bl ock s ,  peri pheral composi te cups ,  

a nd one  tungsten cup was found . These cracks 

were bel i eved to be the resul t of excess i ve 

thermal gradi ents . 

I V .  ENGINE DEVELOPMENT 

A. Engi ne Tests 

An engi ne devel opment program wa s carri ed 

out as part of the nucl ear reactor researc h  and 

devel opment test seri es  of Phoebus and NRX.  

Pri me responsi b i l i ty for thi s  effort rested wi th 

the Aeroj et-General Corporati on .  The pri ma ry 

objecti ve of thi s test seri es  was to further 

extend nuc l ear rocket technol ogy i n  preparati on 

for a fl i ght system. Thi s i nvol ved i ncorporati ng 

the advances made i n  reactor devel opment i n to a n  

engi ne that compri sed the nonnuc l ear components 

of a compl ete fl i ght system. Of pa rti cul a r  

i nterest were the i nvesti gati on o f  eng i ne 

startup , shutdown,  and restart characteri sti c s  

for di fferent i n i tia l  condi ti ons;  the eval uati ng 

of vari ous control concepts;  and testi ng the 

performance of nonnucl ear engi ne components i n  

the nucl ear envi ronment. Two ful 1-power nuc l ea r  

test seri es c a n  b e  categori zed i n  thi s  program. 

These are NRX/EST , ( 50 l  which was carri ed out i n  

February-March 196 6 ,  and X E ' , ( 5 1 • 52 )  whi ch took 

pl ace i n  March through August 1 969.  Both of 

these tests empl oyed 1 100-MW N RX-type reactors .  

I n  addi tion,  a col d-fl ow test seri es Experimental 



Engi ne Col d Fl ow (XECF ) was conducted i n  

February-Apri l 1968 . 

The NRX/EST di spl ayed i n  Fi g .  35 was the 

fi rst operati on of a NERVA breadboard power pl ant 

wi th eng i ne components connected in a fl i ght­

functi onal rel ati onshi p .  The test demonstrated 

the stab i l i ty of the power pl ant under a number 

of di fferent control modes whi l e  the engi ne oper­

ated over a broad area of i ts performance map . 

The endurance capabi l i ty of the reactor and other 

engi ne components was demonstrated by operati ng 

the power pl ant at s i gni ficant power duri ng 5 

di fferent days for a total of 1 h and 50 mi n ,  of 

whi ch 28 mi n were at ful l power .  These tests 

served to demonstrate the mul ti pl e restart capa­

bi l i ties  of the engi ne , i nc l udi ng the feasi bi l i ty 

o f  restart i ng the eng i ne wi thout an external 

power source.  

Operati on of the XE ' Eng i ne ( Fi gs.  36 and 

3 7 )  was the fi rst test of a down-fi ri ng nucl ear 

rocket engi ne wi th components in a fl i ght- type , 

cl ose-coupl ed arrangement. The test stand pro­

vi ded a reduced atmospheri c pre ssure ( about 

1 psi a ,  or 60 000 ft al ti tude) around the engine  

to  parti a l l y  s imul ate space condi tions.  The 

eng i ne was successful l y  operated at ful l power .  

I t  ran  at vari ous power l evel s on di fferent days 

for a total of 1 1 5  m i n  of power operation that 

i ncl uded 28 resta rt s .  The bootstrap startups 

(wi thout external power) were accompl i shed over a 

range of pump i n l et sucti on pressures and wi th 

reactor conditions spanni ng the range that woul d 

be encountered i n  fl i ght operations .  Compl etel y 

a utomatic startup was demonstrated.  The capa­

b i l i ty of the engi ne to fol l ow demanded tempera­

ture ramp rates up to 56 K/ s was demonstrated , 

and based on thi s i nformati on , assurance wa s 

gai ned that rates up to 83 K/s coul d be achi eved 

wi thout exposi ng any of the e ngi ne components to 

a transi ent condi tion that woul d exceed i ts 

des i gn l i mi tations .  

F i gure 38  shows some of the characteri stics 

of sta rti ng an eng i ne of th i s  sort .  ( 52-54 l 
The 

eng i ne components must be condi ti oned before hi gh 

power can be reached . The turbopump , nozzl e ,  

refl ector ,  and core i nl et are al l desi gned to 

ope.rate at l ow temperatures.  When the pump 

shutoff val ve i s  fi rst opened,  the pump tends to 

vapori ze the fl u i d  unti l suffi ci ent fl u id  passes 

th rough it to chi l l  down the pump to cryogenic 

condi tions.  The nozzl e al so tends to be a choke 

poi nt, as are the core and refl ector i nl ets . 

Therefore , a certai n  amount of fl u i d  must  be 

passed through the system to remove the stored 

heat i n  the l i ne s ,  val ves ,  and refl ector .  Once 

th i s  i s  accompl i shed , the pump can be started and 

wi l l  operate normal l y .  Approximately 1 mi n of 

fl u i d  fl ow is  necessary to accompl i sh thi s  func­

ti on .  Duri ng thi s time peri od,  the reactor can 

be brought up to a l ow-power l evel . Reactor 

drums are prograR111ed out rapi dl y ,  a lmost to the 

col d cri tical poi nt, and then put on a sl ow tran-

si ent . Once apprec i abl e 

sensed i n  the chamber,  

swi tched to c l o sed-l oop 

temperature ri se i s  

the reactor can be 

temperature contro 1 .  
Thi s scheme does not requi re any neutroni  c 

i nstrumentati on .  When apprec i abl e power has  been 

achi eved and the turbopump i s  runn ing ,  the eng i ne 

can be accel erated at the rate of 83 K/s .  

Experi ence on the NRX/EST and  XE ' engi ne programs 

showed that the engi ne system can be control l ed 

i n  a predictabl e and safe manner. 

B. E ngi ne Design Improvements
( S S )  

Other goal s of the engi ne devel opment pro­

gram, bes ides demonstrati ng engi ne feasibi l i ty 

and control , were fi rst of al l to maximi ze spe­

c i fi c  impul se , whi ch i s  proporti onal to the 

square root of the nozzl e chamber temperature; to 

meet vari ous  des i gn thrust l evel s that are pro­

porti onal to fl ow rate and that demonstrate the 

capabi l i ty to throttl e the engi ne down and 

operate at a reduced thrust; to mi nimi ze eng i ne 

s i ze and wei ght; and to i ncrease l ongev i ty from 

an i n i ti al 1 h to 10 h .  In fact ,  system oper­

ati ng l i fe i s  real l y  determi ned by the amount o f  

propel l ant that can be transported t o  space i n  a 

reasonabl e payl oad to perform the mi s s i o n .  

I nc reases i n  the chamber temperature were 

made fi rst of a 1 1  by improvi ng the reactor fuel 

performance to permi t rai si ng the operati ng tem­

perature , as di scussed i n  the precedi ng chapter. 

A number of des i gn changes al so were made to 

i mprove reactor performance .  The cores of the 
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early reactors were supported axi al l y  wi th ti e 

rods attached to the col d-end support pl ate . The 

rods were cool ed by hydrogen that di scharged i nto 

the nozzl e chamber,  and thi s  cool i ng 1 owe red the 

rocket speci fic impul se because the ti e-rod cool ­

ant exi t temperature was much 1 ower than that o f  

the cool ant exi ting the mai n  fuel el ements. In 

l ater reactors and i n  engi ne systems desi gned for 

fl i gh t ,  ti e tubes were substi tuted for tie rods .  

The  tubes were regenerati vely cool ed wi th the 

cool ant di scharg i ng i nto the core i n l et rather 

than the core exi t .  Al so ,  in the early reactors ,  

a l arge core peri pheral fl ow rate was used to 

protect the core-refl ector i nterfac e ,  and thi s 

cool er f l ow was di scharged i nto the nozzl e 

chamber. Thi s fl ow was steadi l y  decreased to 

a lmost noth i ng to i ncrease the nozzl e chamber 

temperature . A fi nal opti mi zati on woul d be to 

empl oy a regenerati vely cool ed heat exchanger for 

the peri phery assembly .  

The  engi ne fl ow  cycl e was  al so changed to  

i ncrease spec i fi c  impul se .  The XE eng i ne em­

pl oyed the "hot-bl eed" cycl e to dri ve the cool ant 

turbopump.  In  th i s  cycl e ,  some cool ant is ex­

tracted from the chamber and mi xed wi th cool ant 

from the refl ector outl et , and tne combi ned cool ­

ant i s  used to dri ve the turbine .  Because the 

turbi ne exhaust pre ssure i s  l ow, thi s  cool ant 

coul d not be rei ntroduced i nto the mai n fl ow 

stream; i t  was di scharged i nto space at a 1 ow 

temperature rel ati ve to the nozz le  chamber cond i ­

tions ,  thereby reduci ng the overal l spec i fic  

impul se of the engine .  

Fi nal eng i ne desi gns evol ved to  empl oy a 

ful l -fl ow or toppi ng cycl e i n  whi c h  the turbi ne 

recei ves fl u id  from the tie- tube outl et and di s­

charges i t  i nto the core i nl et. Thi s cyc l e ,  

never tested experi mental l y ,  s ignificantly rai ses 

the specific  impul se of the engi ne.  The turbine  

i nl et temperature i n  the ful l -fl ow cycl e i s  much 

l ower than i n  the hot-bl eed cycl e.  Consequentl y 

much greater turb i ne f l ow rates and di scharg e  

pressures are requi red than i n  the former cycl e .  

C .  NERVA a n d  Smal l Engi ne Designs 

Des ign  characteristi c s  for several e ngi nes 

are l i sted i n  Tabl e I I .  Only the experimental XE ' 
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engi ne ( 56 • 57 )  and Phoebus-2A were tested . Ma ss  

estimate s  are detai l ed i n  Tabl e I I I .  A compari ­

son of j u st the reactor masses was shown earl ier  

i n  Fi g .  1 0 .  Both the NERVA and Smal l Eng i ne 

desi gns took advantage of the ful l - fl ow cycl e  

i dea. The NERVA 1 58-6 1 )  was desi gned for the 

337-kN ( 7 5  000- l b ) thrust l evel u s i ng a 1 570-MW 

reactor, and the Smal l E ngi ne was desi gned for a 

7 2-kN thrust l evel wi th a 367-MW reactor. The 

equi val ent vacuum speci fi c  impul se of the XE ' 

engi ne was 7 10 s .  Thi s was improved to 825 s for 

the NERVA fl i ght eng i ne and 875 s for the Smal l 

E ng i ne .  The i ncreas i ng specif ic  impul se l evel s 

are refl ecti ons of the chamber temperatures that 

went from 2270 K as demonstrated i n  the XE ' test  

to a des i gn val ue of 2695  K for the Sma l l  Eng i n e .  

The Smal l Engine ( 2 • 3 l  depicted sche-

mati cal l y  in Fi g .  39 real l y  represents an  accumu-

1 ati on of al l of the knowl edge gai ned i n  the 

nucl ear rocket program . It used hydrogen as the 

propel l ant,  the ful l -fl ow engi ne toppi ng cycl e ,  

and a s i ngl e- stage centri fugal pump wi th a 

si ngl e-stage turbine .  I t  had a regenerati vely 

cool ed nozzl e and ti e-tube support el ements . A 

radi ation shiel d of borated z i rconi um hydri de was 

i ncorporated above the reactor. Thi s was mai nly  

to  reduce heati ng to the propel l ant tank above 

the engi ne ,  al though it al so provi ded s h i el di ng 

for the payl oad and crew. Reactor control wa s 

done wi th s i x  actuators for the 1 2  control drums 

i n  the beryl l i um refl ector. The e ngi ne empl oyed 

only fi ve val ves and the i r  actuators,  i ncl udi ng a 

propel l ant tank shutoff val ve ( PSOV ) 1 ocated at  

the bottom of the propel l ant tank to  provi de a 

ti ght seal agai nst propel l ant l eakage when the 

eng i ne i s  not i n  use;  a nozzl e control val ve 

( NCV )  to adjust  the fl ow spl i t  between the nozzl e 

cool ant tubes and the tie  tubes ;  a turb i ne seri e s  

control val ve ( TSCV )  that coul d be used to 

i sol ate the turbi ne duri ng preconditioni ng and 

cool down to remove after-heat and to extend the 

control range; a turb i ne bypass control val ve 

( TBCV)  to regul ate the amount of fl ow to the 

turbi ne and thu s  the turbopump speed and f l ow 

rate ; and a cool down control val ve (CCV )  to 

regul ate hydrogen fl ow for decay heat removal 

fol l owi ng engi ne operati on and together wi th a 



smal l pump , to provi de prepressuri zati on for the 

tan k .  

A regenerati vely cool ed nozzl e was u sed out 

to the area ratio  of 25 : 1 . I t  was fol l owed by an 

uncool ed ski rt secti on.  Thi s secti on extended 

the nozzl e out to an area rati o of 100 : 1 .  The 

uncool ed nozzl e sk irt was h i nged to faci l i tate 

packagi ng i n  the 1 aunch veh i cl e.  Thi s  arrange­

ment. provi ded room for a 1 arger propel 1 ant tank 

i n  the 1 aunch vehicl e .  The overal l engi ne 1 ength 

was 3 . 1  m wi th the s k i rt fol ded, or 4 . 4  m with 

the ski rt i n  p l ace .  The total mas s  of the system 

was 2550 kg . 

The reactor core , pictured i n  Fi g .  40 , was 

desi gned to produce about 370 MWt . There were 

�64 hexagonal ly shaped , ( UC -ZrC )C composi te fuel 

el ements contai ni ng a total of 52 . 4  kg of urani um 

( 0 . 9315  enri chment) . Each fuel el ement had 1 9  

cool ant channel s .  There were 241 support el e­

ments , conta i n i ng z i rconium hydri de , ZrH2 , as  a 

neutron moderator .  The core peri phery i ncl uded 

an outer i nsul ator l ayer, a coo l ed i nboa rd s lat  

secti on,  a metal wrapper, a cool ed outboard sl at 

secti o n ,  and an  expansion  gap . The co re was sup­

po rted on the col d end by an al uminum al l oy pl ate 

with the support pl ate resti ng on the refl ector 

system. The reactor was contai ned i n  an al umi num 

pressure vessel . A beryl l i um bar.rel wi th 12 

reacti v i ty control drums surrounded the core . 

The reactor was desi gned for 83 K/ s temperature 

transients .  

Fi gure 41  provi des more detai l s  o n  the fuel 

modul e s .  The fuel provi ded the heat transfer 

surface and the energy for heati ng the hydrogen.  

It consi sted of a composi te matrix of UC -ZrC 

sol i d  sol uti on and carbon.  The channel s were 

coated wi th z i rconi um carbide to protect agai nst 

ti;' drogen reacti ons .  The ti e tubes transmi tted 

the core axi al pressure l oad from the hot end of 

the fuel  el ements to the core support pl ate . 

They al so provi ded an energy sou rce for the turbo­

pump and contai ned and cool ed the z i rcon i um 

carbide moderator sl eeves .  They consi sted of a 

counterfl ow heat exchanger of Inconel 7 18  and a 

z i rconi um hydri de moderator wi th z i rconi um 

carbide i nsul ation sl eeves .  The el ements were 

0 .89 m l ong and measured 1 9 . 1 mm from fl at to 

fl at. The effective core di ameter was 570 mm and 

the overa l l  reactor di ameter was 950 mm. 

A s  shown in Tab l e  I I I ,  the overal l Smal l 

Engi ne weight was 2550 kg , w i th the reactor 

(mi nus the shi el d) a l most 1 600 kg of thi s .  

Figure 4 2  su11111ari zes the Smal l Engi ne state 

poi nts at des i gn conditi ons.  The chamber tem­

pera tu re was nearly 2700 K .  

A study was made to see how the Smal l Engi ne 

woul d mate wi th the propel l ant tank so as  to fit  

w i th i n  the space shuttl e .  The  resul ts are sum­

mari zed i n  F i g .  43 . The nucl ear stage w i th the 

Smal l Eng i ne woul d wei gh c l ose to 18 000 kg , of 

whi ch a lmost 13 000 kg woul d be propel l ant .  I f  

a ddi tional propel l ant modul es were sent up sepa­

rately ,  the stage woul d then wei gh 23 000 kg , 

wi th over 2 1  000 kg of hydrogen avai l abl e for 

propul s ion .  At a fl ow rate of 8 . 5  kg/ s ,  a s i ngl e 

nuc l ear  stage wou l d  operate for approximately 

1 500 s i n  space . An addi ti onal propel l ant modul e 

woul d add 2500 s to the operati ng time . Thu s ,  a 

pos s i b l e  l i fetime of several hours woul d al l ow 

performi ng many s igni ficant mi ssions .  

D .  Component Devel opment( 60 l 

A vi gorous program for the devel opment of 

nonnucl ear eng i ne components accompani ed the 

reactor and engi ne test programs. The pri nci pal 

components were the mai n cool ant turbopump , the 

val ves and actuators,  the nozzl e a s sembly , the 

reactor pressure vessel , radi ati on shiel di ng,  and 

the control s and i nstrumentation.  

F igu re 44 i s  a pictu re of the turbopump 

devel oped for the XE ' eng i ne ,  i nc l udi ng a l i sti ng 

of some key parameters rel ated to the turbopump . 

The pump performs the functi on of pressuri z i ng 

the propel l ant for the engi ne feed system. The 

1 ow f l ow rates requi red by the Smal l Eng i ne made 

it possib l e to run the shaft speed at a much 

h i gher rate than for the XE ' eng i ne or NERVA . 

The X E '  turbopump was a s i ngl e-stage , radial exi t 

fl ow, centri fugal pump wi th an al umi num pro­

pel l er,  a power transmi s s i on that coupl ed the 

pump to the turbi ne ,  and a two- stage turb i ne wi th 

stai nl ess  steel rotors .  On N RX/EST , thi s  pump 

perf ormed ei ght starts  and operated 54 . 4  mi n at 

h i gh power. In the XE ' eng ine ,  it performed 
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28 sta rts and restarts,  i ncl udi ng runs to rated 

power. Potential probl em areas were wi th the 

shaft system bi ndi ng at the beari ng cool ant,  a 

di ffi cul ty that was experi enced i n  the XE tests.  

The sol uti on was to i ncrease clearance and to 

improve al i gnment. Beari ngs are probably one of 

the few l i fe- l imi ti ng components i n  the non-

nucl ear subsystem. 

l i sted i n  Tabl e I V .  

Resul ts o f  l i fe tests are 

The sol uti on to the beari ng 

probl em seemed to depend on mai ntai ni ng adequate 

cool i ng to reduce wear. 

Vari ous val ves were requi red in the system 

to control the hydrogen fl ow. ( 52 • 60-62)  These 

val ves were b i nary val ve s ,  except for the i n-out 

control val ves and check val ves ,  such as  shown i n  

F i g .  4 5 .  Val ve operati ng experience wi th a 

reactor was obtai ned i n  both the NRX/EST and X E '  

eng i ne tests.  Tabl e V l i sts the val ve and 

actuator characteri sti cs .  The major potenti al 

probl ems appeared to be from seal damage by con­

tami nants, erroneous posi ti on i ndicators,  and 

l eakage from poor l i p-seal tol erances .  

The  number of val ves i n  the Smal l Engi ne was 

fi ve .  However, there was some des i re i n  the 

NERVA fl i ght engi ne to i ncrease system rel i abi l ­

i ty by havi ng two turbopumps ,  e ither of whi ch 

coul d provi de ful l f l ow and pressure to the 

eng i ne systems, and redundant val ve confi gura­

ti on s .  In  order to provi de swi tchi ng between the 

turbopumps and to provide h i gh rel i abi l i ty by 

backi ng up each val ve i n  case of a fai l ure , some 

26 val ves woul d be needed , as seen i n  

F i g .  46 .  ( 6 l )  I ndeed i t  becomes questi onabl e 

whether the redundancy gai ned i s  worth the added 

system compl exi ty .  

The nozzl e assembly i s  u sed to expand the 

heated gas from the reactor i n  order to pro vi de 

maximum thrust.  A nozzl e i s  pi ctured i n  

F i g .  47 .  ( 63 )  The des i gn conditi ons for the 

NERVA fl i ght e ngi ne were a thrust l evel of 

337 kN , an area rati o of 100 : 1 ,  a servi ce l i fe of 

10 h, rel i abi l i ty of fewer than four fai l ures i n  

104 fl i ghts, chamber pre ssure of 3 . 1  MPa ,  

chamber temperature o f  2360 K ,  f low rate o f  

4 1 . 6  kg/ s ,  and cool ant channel temperature 

between 28 and 33 K .  The regenerati vely coo 1 ed  

nozzl e part used an al umi num al l oy j acket and 
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stai nl ess  steel for the cool ant channel s .  The 

graphi te nozzl e extens ion was u ncool ed out to an 

a rea ratio of 100 : 1 .  The cool ed section u sed 

U- tube constructi ons and a di vergent section.  

The major unresol ved probl ems in ach i evi ng a 10-h 

l i fe were a ssoc i ated wi th some remai ni ng s tress 

probl ems in the al umi num al l oy .  Fabrication 

probl ems appear to have been resol ved . 

F i gure 48 depi cts the pre s sure vessel and 

encl osure .  (64) I t s  functions were to support 

the components of the reactor assembly ,  to form a 

pressure shel l for the hydrogen propel l ant ,  and 

to transmit thrust to the thrust structure . The 

desi gn conditi o n s ,  as  speci fied for the N ERVA , 

were a maximum fl ow rate of 37.  6 kg/ s ,  maximum 

pressure of 8 .66  MPa ,  temperature ra nge from 20 

to 180 K ,  rel i abi l i ty of fewer than three 

fai l ures i n  106 fl i ghts,  and a service l i fe of 

10 h. Simi l ar desi gns were demonstrated i n  the 

fi ve NRX tests and the XE ' eng i n e .  The pressure 

vessel was constructed of a cyl i nder that had a 

top cl osure wi th bol ts and seal s .  A one-p iece 

extruded forg i ng of al umi num al l oy 707 5-773 was 

used , wi th a su rface coati ng of Al 2o3 • The 

maj or i terns sti l l  bei ng desi gned were the best 

ways of assuri ng bul k prel oad and of fi nal i zi ng 

the su rface coati ngs .  

A radi ati on shi el d was l ocated between the 

reactor co re and the propel l ant tank .  The shi el d 

was i ntended to prevent neutron heati ng of the 

propel l ant,  and i t  al so provi ded biol ogical 

s h i e l d i ng for the crew as the tank empti ed of i ts 

propel l ant. I t  d i d  not present any di ffi cul t 

desi gn prob l ems .  ( 6 5 )  

Control s a n d  i nstruments were another major 

area of devel opment duri ng the Rover pro­

gram. ! 3 5 l For control -drum actuators,  pneu­

mati c- type actuators were devel oped . These were 

demonstrated on the XE ' eng i ne wi thout apparent 

degradati on or anomal i e s .  

I n strumentation  was al so a maj or devel op­

ment .  Thermocoup 1 es demonstrated performance at 

2667 K for 1 h wi thout degradati on. Thermocoupl e 

di spl acement,  pressure ,  and vi bration sensors 

were devel oped for several hours of operati on.  A 

1% measurement accuracy wi l l  requi re some further 

devel opment.  



Control l ogic reached a h i gh degree of auto­

mati on wi th demonstrati on of automati c control 

systems i n  X E '  for al l operati onal phase s .  Feed­

back control l oops and drum posi ti on ,  power,  tem­

perature , turbi ne control val ve pos i tion ,  and 

p ressure were devel oped . 

E .  Testi ng Faci l i ties  

Testing fac i l i ties  were another maj or devel ­

opment i tem . Duri ng the nucl ear rocket program , 

maj or test faci l i ties were devel oped at the NRDS 

at Jackass  Fl ats i n  Nevada ( Ref .  2 ,  Vo l . I I I ) . 

These i nc l uded reactor test faci l i ties ,  engi ne 

test fac i l i ti e s ,  and assembly and di sassembly 

fac i l i ti es ( shown earl i er i n  Fi g .  4 ) . The 

reactor test faci l i ti e s  were designed to test the 

reactor i n  an upward- fi ri ng posi tion. These used 

faci l i ty-type feed systems for providi ng the 

hydrogen to cool the reactor and to support the 

reactor tests.  The fi rst downwa rd-fi ri ng faci l ­

i ty ,  which al so i nc l uded some atmosphere s imul a­

ti o n ,  was the eng i ne test  faci l i ty .  Thi s was 

u sed i n  the XE col d- fl ow tests and al so the XE ' 

ful l -power test .  

For mai ntenance , assembl i ng ,  and di sassem­

bl i ng of the reactor and eng i ne systems ,  there 

were bui l di ngs  cal l ed Mai ntenance As sembly and 

Di sassembly ( Ml\D ) , whi ch  provi ded the necessary 

fac i l i ties ,  hot cel l s , and other equi pment for 

putti ng together and taki ng apart the reactors .  

The  MAD bu i l dings  were l i nked ( Fi g .  49)  to their  

respecti ve test faci l i ti es by rai l roads that were 

u sed to transport the reactors by remote control 

i f  necessa ry .  

V .  FUTURE DEVELOPMENTS 

A. Fl ight Engi ne 

The basic research and technol ogy devel op­

ment requi red for a nucl ear rocket fl i ght engi ne 

were essenti al l y  compl eted duri ng the Rover pro­

gram. Power l evel s i n  the range of 500-4100 MW 

were demonstrated i n  the NRX , Phoebus,  and Pewee 

test seri e s .  A thru st l evel of 930 kN ( 200 000 

1 bl was reached i n  Phoebus-2A with a hydrogen 

fl ow rate of 1 20 kg/s .  A speci fic impul se of 

7 10 s ( 6060 m/s )  was obtai ned in the XE 

experi mental eng i ne , but the h i ghest equ i val ent 

spec i f i c  impul se achi eved was 845 s in Pewee,  

which operated at a peak cool ant exi t temperature 

of 2550 K and a peak fuel temperature of 2750 K .  

A core average power densi ty a s  h i gh as 

2340 MW/m3 and peak maxi mum fuel power dens ity 

of 5200 MW/m3 were obtai ned as wel l  i n  Pewee.  

The NF - 1 ,  which experi enced nearly as h f  gh peak 

power dens i ties ,  ran at ful l power and an  average 

cool ant exi t  temperature of 2445 K for an accumu-

1 ated time of 109 mi n. The experi ence gai ned 

from these tests i ndi cates that the compos i te 

fuel woul d 1 ast for 6 h under these condf ti ons 

before appreci abl e fuel l oss  occur s .  t49 l 

The nonnucl ear components of the eng i ne 

proved to be capabl e of achi evi ng the endurance 

requi red for testi ng . Ful l y  automatic control 

and bootstrap startup were demonstrated for a 

w ide range of operati ng condi tions i n  NRX/EST a nd 

XE ' ,  the l atter experi enci ng 28 eng i ne starts and 

restarts  wi th temperature ramp rates up to 

56 K/ s ,  which coul d  be rai sed with confidence to 

83 Kl s .  

Thi s sec ti  on  descri bes the Rover technol ogy 

base.  The program was termi nated at the poi nt of 

fl i ght eng i ne devel opment. For a fl i ght system , 

i t  wou l d  be necessary to veri fy the fl i ght 

reactor and 

testi ng , and 

appear to be 

engi ne desi gn ,  perform durati o n  

veri fy reproduci bi l i ty .  There 

no technol ogical barri ers to the 

c onstructi on of a successful nucl ear rocket.  

B .  Space Power Generation 

The nucl ear rocket engi ne technol ogy base i s  

d i rectly appl i cabl e to the generation of el ectric 

power in  space ,  parti cul arly for hi gh-power ( so­

c al l ed mul timegawatt, 10- 100 MW ) , open-cycl e 

systems. ( 66 )  A schemati c drawi�g of such a 

power pl ant i s  shown i n  F i g .  50 . The pl ant i s  

simi l ar to a rocket eng i ne i n  whi ch the eng i ne 

nozzl e has been repl aced by a turbi ne to generate 

el ectri c i ty .  The cool ant gas i s  then exhausted 

i n  such a way as not to produce any thrust. The 

core exi t temperature of the hydrogen cool ant 

wou l d  have to be much l ower than that of the 

rocket engi ne because of materi al l imitations on 

the turboal ternator. Thi s means that for a gi ven 
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cool ant fl ow rate the power wou l d  be reduced ,  or 

for a gi ven power l evel , the fl ow rate woul d have 

to be i ncreased as  compared to that in the rocket 

eng i ne .  A mul timegawatt, open-cycl e  power pl ant 

woul d necessari l y  have a durati on at power mea s­

ured i n  hours ,  bei ng l imi ted by the amount of 

c ool ant that can be reasonably transported to 

space .  Because of the l ow operati ng temperatures 

of such a power pl ant,  hydrogen corrosion i n  the 

reactor wou l d  be greatly reduced and woul d not be 

a l i fe-l imi ti ng factor. 

The Rover reactor desi gns are al so appl i c­

abl e to cl osed-l oop mul timegawatt space power 

systems. The reactor i nl et and outl et conditi ons 

woul d be di fferent from those of the nuc l ear  

rocket engi nes ,  and  the cool ant woul d be hel i um 

or a mi xture of hel i um and xenon i nstead of 

hy drogen. The three reactor fuel s devel oped 

pri or to tenni nati on of the Rover program woul d 

certai nl y  be promi si ng candi dates for such power 

pl ants al though much work woul d need to be don e  

t o  map o u t  thei r  corros ion and erosion behavi or 

as a functi on of ti me and temperatu re wi th these 

gases. The l ower operati ng temperature woul d 

penni t use of the TRISO-design fuel beads i n  fuel 

fabri cati on.  The TRI SO beads, devel oped and used 

i n  commercial  gas-cool ed reactors ,  woul d provi de 

the advantage of reduc i ng possi bl e fi ss ion prod­

uct contami nati on of the work i ng fl u i d  to l ow 

l evel s .  

The s impl est power pl ant woul d b e  a di rect 

l i ( 67-6 9 )  . Brayton eye e power convers on system 1 n 

whi ch hi gh-pressure gas enters the reactor where 

i t  i s  heated , expands through a turb i ne gener­

ati ng el ectri c power,  and passes through a re­

c uperator and heat- s i nk heat exchanger where i t  

i s  cool ed . The gas i s  then repressuri zed i n  the 

compressor and part i al l y  heated i n  the recuper­

ator before re-enteri ng the reactor. 

Cl o sed-cycl e  power pl ants are attracti ve 

because thei r  mi ss ion  l i fe at ful l power i s  not 

l imi ted by the cool ant supp ly .  They are l imi ted , 

however, by burnup of fuel i n  the core . Several 

smal l reactor desi gns were studi ed duri ng the 

Rover program i ncl udi ng Pewee,  Nuc l ear Furnace , 

the Smal l Eng i ne ,  and others. The fuel u sed i n  

these studi es was always some fonn o f  urani um 
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carbide embedded in a graphi te matri x ,  except for 

NF-1 where pure UC fuel was tested al so .  The 

pure UC fuel was promi s i ng but not ful ly deve l­

oped , as extensi ve crack i ng of the fuel occurred 

i n  NF-1 . For a vari ety of materi al s consi dera­

tion s ,  the densi ty of UC i n  the compos i te fuel s 

i s  l i mi ted to 700-800 mg/cc so that smal l reactor 

s i ze can be achi eved only by i ncorporati ng 

moderati ng materi al such as z i rconium hydri de i n  

the core as  was done i n  Pewee and the Smal l 

Eng i ne ,  or water as was done i n  NF-1 . The cri ti­

cal mass  for the Pewee and Smal l Engi ne reactors 
235 was in the range of 35-60 kg of U .  The 

fracti onal burnup that can be tol erated i n  these 

reactors is not l i mi ted by the capabi l i ti e s  of 

the fuel but rather by the reacti v i ty marg i n  

avai l abl e from the refl ector control system. A 

practi cal burnup l i mi t based on reacti v i ty con­

trol margi n i s  probably i n  the nei ghborhood o f  

1 0 % .  Thus ,  assumi ng a n  energy equ i val ent of 1 g 

of 235u per megawatt day or O .  36 kg/MW yr,  the 

i ntegrated power capabi l i ty of thi s  cl ass of 

reactors i s  in the range of 10-20 MW yr.  Pos­

s i bly thi s  capabi l i ty coul d be i ncreased through 

the use of burnabl e poi sons or breedi ng of l ess­

e nri ched fuel . 

C .  Dual -Mode Reactors 

Near the end of the Rover program, i t  was 

real i zed that i t  woul d be conveni ent to u se the 

nuc lear  rocket engi ne to provi de l o ng-durati on ,  

auxi l i ary el ectri cal power for stati on keep i ng .  

Studi e s  were carried out to modi fy the Smal l 

E ng i ne design  to perfonn two modes of operati on 

as s hown i n  F i g .  5 1 .  ! 4 • 5 • 7o . 7ll 
The nonnal , rocket propul s ion mode of the 

Smal l E ngi ne was unchanged.  But a separate mode 

was i ncorp orated i nto the des i gn,  where the 

hydrogen cool ant, whi ch nonnal ly fl owed through 

the ti e- tube core support structure and subse­

quently through the turbopump , coul d be di verted 

and i sol ated to fl ow conti nuously i n  a c l osed­

l oop system as shown in F i g .  5 2 .  In thi s  mode , 

10 to 25 kW of el ectri c power coul d be generated 

conti nuously . 

Thi s dual -mode des i gn empl oys an organic 

Rank i ne cycl e usi ng thi ophene as the worki ng 



fl u i d .  For a 10-kWe system , the pa rti cu l ar 

des i gn case shown i n  Fi g .  5 2 ,  the radiator woul d 

be i ncorporated i n to the su rface of the propu l ­

sion  modul e cool ant tan k .  For h i gher power s ,  

addi ti onal radi ator area wou l d  b e  needed.  The 

maj or engi ne modi ficati ons  requi red for the aux­

i l i ary power p l ant were the add i tion  of i sol ation 

val ves for the fl ow through the ti e-tubes support 

s tructure ;  a change of materi al from al umi num to 

stai n l e s s  s teel for the reactor dome , core sup­

port p l a te ,  and ti e-tube supply  l i nes ; and a 

materi.al change i n  the control -ac tuator wt ndi ngs 

from polyimi de to cerami c .  The material  changes 

were needed to accommodate the wi der temperatu re 

range of dual -mode operati on.  The reactor i nl et 

and the ref lec tor are uncool ed duri ng el ec tri c­

power generation,  and the ti e tubes run hotter 

than duri ng the propul s i on engi ne operati on mode .  

The  i ncremental mass  penal ty of a 10- kWe 
power pl ant was cal cul ated to be about 

50 kg/kWe , i ncl udi ng the mai n engi ne modifica­

tions.  Thi s penal ty coul d be reduced to 

3 5  kg/kWe for an  optimi zed 2 5- kWe system. 

The l i fetime of thi s  dual -mode power pl ant i s  

l im ited by the radi ati on degradation l imi t of the 

thi ophene worki ng fl u i d .  The study i ndi cated that 

in  2 yr of operati on at 10 kWe , the radi ati on 

dose to the thi ophene woul d be approximately a 

factor of 10 bel ow that l imi t.  In  the same time, 

the burnup of fuel i n  the core woul d be i ns i gni f­

i cant . A feature of a dual -mode engi ne not yet 

menti oned i s  the possibi l i ty for reduci ng the 

amount of propel l ant u sed to remove the reactor 

after-heat fol l owi ng an eng i ne shutdown by run­

n i ng the auxi l iary power pl ant to cool the 

reactor. For the 10-kWe system ,  a maximum 

therma 1 power of 140 kW coul d be removed i n  thi s  

manner, 1 imi ted simply by the radi ator confi gura­

t i on .  

The dua 1 -mode rocket e ng i ne desert bed here 

c an be al tered to become a b imodal power pl ant, 

as  shown in F i g .  53, i n  whi c h  the nozzl e has been 

repl aced by an open-cycl e turboal ternator. Thi s 

confi guration prov i de s  a h i gh el ectri c-power 

generation mode for a durati on l i mi ted by the 

amount of stored cool ant,  pl us  a conti nuou s ,  l ow 

el ectri c-power mode for stati on keep i ng .  The 

open-cycl e  el ectri c-power system coul d be i ncor­

porated wi thout el imi nati ng the rocket eng i ne 

th rusti ng potenti al by u s i ng a poppet val ve , as  

shown i n  Fi g .  54.  (
?2 )  The  val ve ,  normal ly  

retracted i nto the  convergent section of  the 

nozzl e ,  i s  moved to cl ose off the rocket nozzl e 

and open a bl eed l i ne to di vert the heated 

hy drogen to the turboal ternator i n  the power­

generati ng mode . 

I n  sunvnary ,  the Rover nucl ear rocket tech­

nol ogy i s  rel evant to the generati on of e l ectri c 

power i n  space,  parti cul arly for mul timegawatt, 

open-cyc l e ,  si ngl e- or dual -mode systems . Con­

ceptual studi e s  performed duri ng the program show 

that a stati on-keepi ng auxi l i ary power pl ant i n  

the range o f  10-25  kWe can be i ncorporated i nto 

the nucl ear rocket engine ,  wi th only mi nor modi­

fications to the engi ne al ready devel oped , to 

produce a dual -mode system. But extens i ve re­

design woul d be requi red to provi de greater, con­

ti nuous power. L i kewi se , rel ati vely mi nor modi ­

fi cations wou l d  b e  re qui red t o  convert the 

nucl ear rocket engi ne to the power source  for an 

open-cycl e Brayton power pl ant. Other than con­

ceptual studi e s ,  however, l i ttl e work was done i n  

the program to devel op the el ectri c conversion  

systems themsel ve s .  

V I .  SUMMARY 

I n  th i s  report we pre sented fi rst a summary 

of mi l estone ach i evements obtai ned duri ng the 

Rover nucl ear rocket propul sion  program . Thi s  

summary was fol l owed by a bri ef chronol ogical 

hi story of the program, a general l y  chronol ogical 

descri ption of the reactor technol ogy devel opment 

wi th emphas i s  on the fuel s program, and a des­

cri pti on of the engi ne testi ng program, engi ne 

des ign ,  evol uti o n ,  and component technol ogy 

status as of the end of the Rover program. We 

ended by d i scuss i ng a few of the i deas and 

s tudies  that were generated near the end of the 

program in recogn i tion  of the need to apply the 

demonstrated nucl ear rocket tech nol ogy to the 

generati on of el ec tri c power i n  spac e .  A val u­

abl e part of th i s  report i s  the s i gni ficant but 

unavoi dabl y  i ncompl ete ( over 100 000 vol umes of 

data were generated duri ng the program) 
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bibl iography that we have comp i l ed .  We have made 

an attempt to l i st  only the most perti nent refer­

ences that we cou l d  f i nd .  

Today , a dozen years after termi nati on of 

the Rover program , as  we ponder future requi re­

ments for nucl ear power i n  space , we can pl ace 

the rel evancy of the Rover technol ogy to our cur­

rent needs i n  the fol l ow i ng perspecti ve. The 

NERVA nucl ear rocket reactor, as exempl i fi ed by 

the N RX-A6 reactor ,  was not the fru i t  of a paper 

study .  It  was the resul t of a l ong seri es of 

experimental tests and was demonstrated to work 

and to operate under conditi ons of temperature 

and power densi ti e s  more severe than are l i kel y 

to be encountered i n  space reactors desi gned 

speci fical l y  for power producti on.  The NERVA 

reactor design  was demonstrated to be sound 

structural l y ,  thermohydraul ical l y ,  and neu­

troni cal ly. Al though it was optimi zed for thrust 

production rather than power generati on ,  it can 

serve a s  a real reference poi nt agai nst whi ch 

l arge ,  future space reactor des i gns  of any sort 

can be j udged and eval uated,  i f  the di fferi ng 

operati ng condi tions are properly extrapol ated.  

The c l ass of Rover reactors was tested over 

an enormous power range from 0 to 4000 MW , there­

by pro vi di ng val uabl e seal i ng rel ati onsh i p s  for 

s ize , mass ,  and other parameters, based on real 

data.  

The hardware technol ogy acqui red through the 

Rover program a n d  the b a s i c  reactor des i gn i tsel f 

a re d irectly appl icabl e to future space power­

p l ant des i gns  based on e i ther cl osed- or open-

1 oop gas cycl es.  Probably the outstandi ng ques­

tion here i s  how to extrapol ate the erosi on and 

corrosion behavior of the best Rover reactor 

fuel s ,  obtai ned at hy drogen gas exi t  temperatures 

of 2500 K, to gas temperatures l ikely to be bel ow 

1 500 K ,  and for gases other than hydrogen such as  

He  o r  He-Xe mi xture s .  

F i nal l y ,  many o f  the des i gn and testi ng 

methodol ogies ,  as wel l as tool s ,  computer codes,  

and faci l i ti e s ,  devel oped duri ng the Rover pro­

gram can be adapted for use i n  the devel opment of 

future nucl ear power pl ants i n  space .  
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SUr+1ARY OF NRX - REACTOR STRUCTURAL ANOMA L I ES 

Source Sign i f i cant Structural Anomal i e s  

NRX -Al 1 )  Control-drum b i nd i n g .  

Phenomenon Causi ng/ 
Al l owi ng Occurrence 

1) Defl ec ti on of control drum 
and outer reflector due to 
thermal gradi ents . 

Resul ti ng Techn i que , Cri teri a of 
Geometry Change ( C orrecti ve Ac tion) 

1) Compl ete defl ecti o n  analys i s  of a l l  
i nterac ti ng components for a l l reactor 
cond i ti ons i nd i cated . Increase bore 
di ameter i n  outer refl ecto r .  

2 )  Pressure vessel -outer reflector 2 )  Defl ec ti on d u e  t o  thermal 2) Def l ecti on analysi s for startu p ,  
steady state, a n d  shutdown re qui red . support ri ng i nterf erence. gradients. 

3 )  Refl ector crack s .  

N RX - A2 1 )  Al uminum barrel tab ben t .  

NRX -A3 1 )  Support bl ock crack s ,  a f t  c '  
bore fi l l et to i nner flow 
hol es mi ssed o n  A2 , same cond . 

2) Contro l - drum rubb i ng .  

N RX -A4 1 )  Crack i ng o f  support-bl ock 
fi l l et s ,  al so peri pheral and 
axial crack s .  

2 )  Fl ari ng and spl i tti ng o f  
l i ner tube ends. 

3)  Li ght rubbi ng of control drum. 

NRX-A5 1) Peri pheral and 
axial  support- b l ock crack s .  

2 )  L i ner tube fl ari ng . 

3 )  1/3 of fuel el ements broken. 

4) Hot buffer fi l l er stri p 
extensi ve breakage. 

NRX -A6 1) Be ry l l i um-refl ector ri ng 
cracked . 
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2 )  Support-bl ock crack s .  

3 )  Crack i ng of peri pheral 
compo s i te c ups and one 
tungsten cup . 

3 )  Contracti o n  due to thermal 
gra di ents on nozzl e end ri n g .  

3 )  F i n i te el eme nt analysi s techni que wa s 
f i nal tech n i que before A6 . 

1 )  Combi nati o n  of barrel pretest 1 )  None i ndi cate d ,  not consi dered seri o u s .  
axial  movement, shri nkage , and 
i n ner refl ector axial  contracti o n .  

1 )  Stresses due t o  thermal 
gradients and mechani cal l oads 
a t  termi nation of startup ramp . 

2) Defl ecti on of sector and drum 
due to thermal gradi ents duri ng 
cool down after fl ow i n i ti a ti o n .  

1 )  Stresses due t o  thermal 
gradi ents . 

2 )  Excessi ve growth due to over­
heati ng . 

3) Defl ec tion due to thermal 
gradi ent s .  

1 )  I n i tiated fi rst f i n i te-el ement computer 
anal y s i s  study . ( Th i s techni que was 
developed extensi vely . )  

1 )  Tran s i ent analy si s requ i red , drum 
materi al removed. 

1) Reduction of start-ramp on A5 , a l so 
pl anned test hol d s ,  al so pa rti a l  l obe s 
removed ,  c '  bore rad i u s  was i ncreased . 

2) Reduce l i ner tube l eng th . 

3) Analysi s techni ques i mproved , drum 
l ong i tudi nal sl ots added . 

1 )  Stresses due to thermal gradient 1 )  Seri ous probl em at end of report i ng 
and mecha n i cal l oadi ng . peri o d .  

2 )  Cl uster components' overheati ng 
caused l i ner tube expan s i o n  that 
coup l ed wi th tapered sl eeve 
restra i n t  to cause fl ari ng . 

3) Reduced strength due to 
excessi ve corro s i on pl u s  i nf l ow 
gradients and end of l i fe .  

4 )  Stresses due to thermal 
gradi ents . 

1 )  Stresses due to thermal 
gradients.  

2 )  Stresses due to thermal 
gradient s .  

3 )  Stresses d u e  t o  hi gh non­
symmetri c transverse temperature 
gradi ent.  

2 )  Reduced l i ne tube l ength . 

3) Increase emph a s i s on coati ng 
technol ogy . 

4) E l i m i nate hot buffer. 

1) Components tests veri fyi ng 3-D f i n i te 
el ement analy s i s tech n i q u e .  

2 )  A predi ctab l e  probl em re qu i ri ng 
extended efforts for simi l a r components 
in the fl i ght eng i ne era of NERVA . 

3) Nonexpected,  protecti on cup 
performance not i mpa i re d .  
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TABLE I I 

ENGINE DESI GN CHARACTERIST I CS 

Smal l 
Dimensions  Engi ne XE ' NERVA Phoebu s-2A 

Thrust ( kN ) 72 245 337 1123  
Spec i f i c  Impul se ( s )  87 5 7 10 82 5 840 
Thermal Power ( MW) 367 1 140 1 570 5320 
Turbopump Power (MW ) 0 . 93 5 . 1  6 . 9  1 9 . 4  
Tu rbopump Speed ( rpm) 46 950 22 270 23 920 34 000 
Pump Di scharge Pres sure ( MP a) 6 . 03 6 . 80 9 . 36 8 . 54 
Eng i ne Fl ow Rate ( kg/ s )  8 . 5  35 . 9  4 1 . 9  129  
Chamber Temperature ( K )  2695 2270 2360 2500 
Chamber Pre ssure ( MPa)  3 . 10 3 . 86 3 . 10 4 . 3  
Core Di ameter (m) 0 . 8 9  0 .84 0 . 57 1 . 39  
Core Length (m) 1 . 32 1 . 32 0 . 89 1 . 32 
Be Refl ector, o . d .  (m) 1 . 25  1 . 1 2  0 . 95 1 . 99 
Be Re fl ector Thi ckness  (mm) 1 17 1 14 1 34 203 
Pressure Vessel o . d .  (m) 1 . 3  1 . 3 0 . 98 2 . 07 
Pressure Vessel Length Im) 1 . 9  1 . 9  1 .  7 2 . 8  
Pressure Vessel Thi cknes s  (mm) 2 1  2 5 . 4  2 5 . 4  2 5 . 4  

TABLE I I I  

ENGINE MASS EST I Wl.TES ( kg) 

Smal l 
Dimensi on s  Engi ne XE ' NERVA Phoebu s-2A 

Reactor Core and Hardware 868 1 270 3 367 551 1  
Refl ector and Ha rdware 569 1467 1 660 2676 
I n ternal Shi el d 239 1 316 1 583 
Pressure Vessel 1 50 422 863 1075 
Turbo pump 41 182 243 
Nozzl� and Sk i rt Assembly 224 558 1 051 
Propel l ant L i nes 1 5  450 500 2008 
Thrust  Structure and Gimbal 28 480 663 
Va l ves and Actuators 207 930 1 262 
I nstrumentati on and El ectronics  159  400 508 
Conti ngency 50 225  600 

TOTAL 25"50 7700 IT"J'O"'O" 

TABL E IV 

BEAR I NGS 

• One of the few l i fe- l imi ti ng components i n  nonnucl ear subsy stem 

• Specia l  beari ng tests showed wi th Polyhenzemedazol -graph i te fabri c 
compos i te (PBI /graph i te) : 

- 23 h and 1 3 . 8  h for two tests i n  noni rradiated envi ronment 

- 6 h of svccessful operati on in three tests i rradiated to 
4 . 8  x 10 10 and 6 x 1010 ergs/gm 

• More radiati on tol e rant than armal on ( tefl on-gl ass fabri c )  

• Adequate cool i ng e ssenti al to reduce wear 
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TABLE V 

VALVE AND ACTUATOR CHARACT ERI STICS 

TURBINE TURBINE 
COOLDOlfl NOZZLE PROPELLANT BYPASS SHUTOFF TURBINE 
CONTROL CONTROL SHUTOFF CONTROL CONTROL VALVE 
VALVE VALVE VALVE VALVE VALVE ACTUATOR 
(CCV)  � ( PSOV ) ( TBCV) ( TSCV ) ( TVA ) 

Actuator size smal l smal l l arge l arge 1 arge 1 arge 

Seat di ameter, cm 2 . 54 2 . 54 1 5 . 24 3. 175 1 1 . 43 

Seat area, cm2 5 . 06  5 . 06  1 82 7 _ g3 103 

S troke 1. 52 cm 1 . 52 cm 5 . 08 cm 1 . 52 cm 3 . 18 cm •o .44 rad 

Load max. vel oci ty O . 1 5  cm/s 0 . 1 5 cm/s 0 . 5  cm/s 2 . 5  cm/s 0 . 2  cm/s 0 . 007 

Seati ng forc e ,  N 3550 3558 13 340 2800 10 000 

Pl us max . % at 7 60 275 20 . 7  103 103 
rated speed , N cm-2 

Lead screw di ameter, cm 1 . 27 1 . 27 1 .  9 1 .  9 1 . 9  

Lead screw advance , 0 . 0809 0 . 0809 0 . 0809 0 . 0809 0 . 0809 
cm rad-

Max . sterpi ng rate , 62 62 200 210 7 5  
steps s -

Motor gear ratio 50 50 50 10 50 

Torque at speed N-m 

CCV and NCV are i dentical . 

PSOV and TBCV have same actuator.  

ENERGY 
SOURCE 

CHEM ICAL 
REACTION 

HYDROGEN 
HEATED BY 
F ISSION 
REACTOR 

PHYSICAL 
SYSTEM 

THEORETICAL 
SPECI FIC 

IMPULSE (s) 

LIQUID HYDROGEN ----i� > LIQUID OXYGEN 

440 

OR FLUOR INE 

LIQUID 

H2 SOLID COR E 

2750 K 

H MOL TEN CORE 

5250 K 
H+ +e-

GASEOUS CORE 

21000 K 

980 

2600 

6700 

143 

380 

3250 

MASS RATIO* 
EARTH 
ESCAPE 

15 

3.2 

1.5 

1 .2 

THERMONUCLEAR FUSION - ENERGY -- 1 .3 - 3 x 1 07 
DIR ECT F ISSION � 

� 1  

ANNIHILATION OF MATTER 

•RATIO OF TAKE-OFF TO FINAL MASS 

rad/ s 

Fi g .  1 .  Compari son of v ari ous energy sou rces for rocket propu l s i on .  Hydrogen heatea oy a 
s o l i d-core fi s s i o n  reactor offers the potenti al  for more than doubl i ng the spec i f i c  
impu l se and for reduci ng by nearly a factor of 5 the ratio  o f  take-off to f i n a l  mass 
for earth escape , rel ative to the performance of chemi cal rocket en�i nes . Speci f ic  
impu l s e ,  I ,  i s  a l s o  expressed i n  meters per second . [ I (m/s ) = 9 . 8  I ( s ) ] .  
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CONTROL 
DRUM 
ACTUATOR 
( CDA) 

smal l 

3 . 14 

0 . 2  rad/s 

122 

917 
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CORE 
SUPPORT 

PLATE 

SEAL 
SEGMENT 

ACTUATOR 
DRIVE 
SHAFT 

AFT END 
SUPPORT -r-""""'�L 

RING �---' 

I N T E R N A L  SPECI F I CATI ONS 
S H IELD 

THR UST (N)  R E A C T O R  
SPECI F I C  I MPULSE (s) 

POWER (MW) 

CHAMBER PR ESS (MPa) 

CHAMBE R  TEMP ( K )  

EXPANSION RATIO 

WEIGHT (kg) 
(W/O EXT SH I E LD) 

N OZZLE A S S Y  
TOTA L OPE RATING TIME 

(min) 
NO. O F  CYCLES 

R E LIAB I L ITY 

Fi g .  2 .  The NERVA and i ts design  specif icati ons . 

SHIELD 
FORWARD 
END 
SUPPORT 
RING 
CONTROL 
DRUM 

REFLECTOR 
BERYLLIUM 
RING 

a 

REFLECTOR 
OUTLET 
PLENUM 

REFLECTOR 

334,000 

825 

� 1 500 

3. 1 0  

2360 

1 00 : 1  

1 1 ,250 

600 

60 

(TO 2360 K )  

0.995 

PRESSURE 
VESSEL 

CORE INLET 
PLENUM 

LATERAL 
SUPPORT SYSTEM 

Fi g .  3 .  Cut-away and schematic fl ow descri pti on o f  the NERVA reactor. 

b 
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E N G I N E  TEST FACI LITY REACTOR TESTI N G  FACILITY 

Fi g .  4 .  Photograph s o f  some o f  the maj or testi ng faci l i ties bui l t  a t  NRDS 
at Jackass Fl ats,  Nevada, for the Rover program. 

1955 

T E CHNO LOGY 

D E MONSTRAT ION 

R ES E A R C H  

K IW I  B 

1 960 1 965 1 970 1975 

Fi g .  5 .  SuITTTiary o f  the testi ng program for the nuclear rocket reactors . The two top 
arrows poi nt to what wou l d  have been the devel opment of a f l i ght engi ne had the 
program proceeded through a l og i cal  conti nuati on . 



� Ql .... :i 
c: 
.E 
w 
:E 
i== 
<!l 
z 
j::: 
< a: w 11. 0 

� 
<( 
a: 
(!) 
0 
a: a.. 
<( 
> 
a: 
w 
z 

:i:: 
u 
a: 
<( 
w Cl.I w 
a: 

1 60 

1 40 

1 20 

1 00 

80 

60 

40 

1 959 1 960 1 961 

N R X  

1 962 1 963 

I I 
1 964 

N R X - A 1 . 

1 965 1 966 
I 

N R X - A3 

1 967 1 968 1 969 1970 1 9 7 1  1972 
I 

41 N R X - A6 
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N R X - A5 

I. 
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I 
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• X E '  
• 

XECF 

PHOEBUS 1 A  PHOEBUS 1 8  

I • • 
. PHOE BUS 2A 

I 

I 
• PEWEE 

F i g .  6 .  Ch ronol ogy o f  maj or nucl ear rocket reactor tests . 

N F - 1  • 

I 

m TF E  > 2500 K 

NUCL EAR 

F U R N ACE- 1 

� T F E  2 200 K TO 2500 K 

D TF E  < 2200 K 

N R X-A4/EST 
PHO E B US-

2A 

PHOEBUS­

l A  
NR X-A6 

PHOEBUS- 1 B 
N R X-A3 

NR X-A5 

2450 K 

X E  P R I ME 

o .._� ....... __..__...__.__._ ........... _.__._ _____ ._._ ___ ......... _.__._ _____ ---.,�_._....._ _T 
1 964  1 965 1 966 1 967 1 968 1 969 N F - 1  

1 972 
CA L E N DAR T I M E  (years) 

Fi g .  7 .  Operating  time versus cool ant exi t temperature for the fu l l - power reactor tests 
conducted after devel ollllent of a succes s fu l  core des i gn ( Kiwi -B4D ) .  Note the 
general trend toward an i ncrease i n  both runni ng time and temperatu re . 
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Fi g .  8. Cumul ative testing time for a l l  Rover reactor and engi ne system tests . 

R E C O R D  P E R F O R M A N C E S  

POWER ( P H O E B US-2A) 

THRUST ( PH O E BUS-2A) 

H Y D R O G E N  F L O W  RATE ( P H O E BUS-2A) 

EQUIVALENT SPECIFIC I M P U L S E  ( PEWEE) 

MINIMUM REACTOR SPECIFIC MASS 

(PHOEB US-2A) 

AVERAGE C O O L A N T  E X IT TEMPERATURE 

(PEWEE) 

PEAK FUEL TEMPERATURE (PEWEE) 

CORE AVERAGE POWER D E NSITY (PEWEE) 

PEAK FUEL POWER DENSITY (PEWEE) 

ACCUMULATED TIME AT FULL POWER ( N F- 1 )  

G REATEST NUMBER O F  RESTARTS (XE)  

4 1 00 MW 

9 3 0  kN 

1 20 k g/s 

8 4 5  s 

2.3 kg/MW 

2550 K 

2750 K 

2340 MW/m3 

5200 MW/m3 

1 0 9  MIN 
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Fi g .  9. Summary of maj or performances achi eved in actual tests duri ng the Rover program. 
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PROPELLANT 
TANK 
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NUCLEAR REACTOR 
HEAT EXCHANGER 

F i g .  1 1 .  Schematic descri pti on of a nucl ear 
rocket propul sion  engi ne.  

F i g .  10 . Reactor mass  versus design  power for 
several Rover reactors .  The Smal l 
Eng i ne was not bui l t  but was the resul t 
of a desi gn study done near the end of 
the program . 

- FUEL 
- REFLECTOR 

ALUMINUM 

F i g .  1 2 .  Honeycomb assembly mach ine used to 
�odel the reactors for neutroni c  
cri tica l i ty experi ments . 
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Fi g .  13 .  The co re bei ng assembl ed i n  the zero-power mockup of 
the Phoebus -2A reactor .  Fi gure 12 shows the much 
cruder s i mul ation of the same reactor in the Honey­
comb machine .  

Fi g .  14 .  Cut-away descri pti on of  Kiwi -A , the fi rst 
Rover reactor des i gn tested . 

1 .  Nozzl e  
2 .  Core support l i ner 
3 .  Center i s l and 
4.  Graphi te refl ector 
5 .  Fuel  pl ates 
6. P ress u re s hel l 
7 .  Control rod 
8. Li ft band 
9. Test s tand support ri ng 
10 .  Lock ring 
1 1 .  Mai n  cool ant i n l et man i fold  



Plate Support 
Shoulder 

Outer 
Wall 

Plate 

Slot for 

Plates) 

F i g .  1 5 .  Fi fth whim o f  K iwi -A duri ng assembl y .  The Kiwi-A design was 
the only one that empl oyed fuel el ements i n  the form of pl ate s .  

I 

( (l 
I 

F i g .  16 .  Cy l i ndri cal fuel el ements i n  a graphi te modul e empl oyed i n  
Kiwi -A ' and Kiwi -A3 .  Si x cyl i nders were stacked end to end 
i n  each hol e of the graphi te modul e to form a compl ete fuel 
modul e .  

0-= 
'b. D 

.c -

rb'. � 
11..::. 
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REFLECTOR 
1:;;=1��1/ CYLINDER 

INNER REFLECTOR 
SEGMENT 

i�l��\OR 
CORE 

INLET REFLECTOR 

Fi g .  1 7 .  Detai l s  of K i wi-A'  core desi gn.  The central i sl and has been removed . 

F ig .  18 .  

CLUSTER 
PLATE 

FUEL 
E LE M EN T  

SUPPORT 
BLOCK 

Fuel -element c l uster empl oyed in most of the later Rover reactor desi gns . l.t 
cons i sts of s i x ,  ful l - l ength , hexagonal fuel e l ements supported by a central ly 
l ocated tie rod . Each extruded graphi te fuel  e l ement had 19  coo l i ng channel s .  



ltEFUCTOI llNG 

LATERAL SUPPORT SPltlNG 
OUTER SEAL SEGMENT 

Fi g .  1 9 .  Detai l o f  core peri phery and l ateral support for the NRX-A6 reactor. 

F i g .  20 . P hoebus-2A bei ng  towed on rai l s  to i ts testi ng stati on at NRDS.  Des i gned for 
5000 MW and tested at 4000 MW , i t  was the most powerful nucl ear rocket reactor 
ever bui l t .  
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F i g .  2 1 .  Deta i l  o f  the regenerati vely cool ed tie tube empl oyed 
to support the Phoebu s- 2A fuel cl uster s .  
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F i g .  2 3 .  Detai l of the hot end of the Pewee fuel 
s upport system. Sl eeves of z i rc o n i um 
hY dri de a round the tie  rods moderated 
the core neutrons  and greatly reduced 
the cri tical mass of urani um i n  the 
core. 

F i g .  22.  Two-d imensi onal model of Phoebus-2A reactor. 
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UNCOOLED FILLER [LEMENT 

E CENTER 

F i g .  24.  A 60° sector of the Pewee core showi ng 
the three-to-one rati o of fuel and 
support el ements. 

MODERATOR INLET 
MANIFOLD 

MODERATOR 
OUTLET MANFOLD 

fi;r--i!lr-1:1----- CORE TUBE ASSEMBLY 
BERYLLIUM 
INNER SECTOR 
BERYLLIUM 
OUTER SECTOR 

PRESSURE 
VESSEL BARREL 

WATER INJECTOR 

REACTOR STOOL 

DRIVE SHAFT 

Fi g .  26.  Ax i al vi ew of the NF-1 reactor. 
Desi gned stri ctl y  as a nucl ear test bed 
for fuel el ements, i t  was the l ast 
reactor tested i n  the Rover program . 

INNER BERYLLIUM 
CYLINDER 

/ 
POISON PLATE 

CONTROL 
ORUM 

CYLINDER 

Fig . 2 5 .  Detai l cross  section of the 
beryl l i um-refl ector assembly 

Pewee 
that 

contai ned ni ne control drums .  

Fi g .  27 . Cross-secti onal v i ew  of NF- 1 .  The 
core assembly was water moderated 
to reduce the urani um cri ti cal mass 
to about 5 kg. The beryl l i um-reflector 
assembly was des i gned to be reusabl e .  
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INSTRUMENT4TION 
TUBE 

Fi g .  2 8 .  Detai l s  of the NF -1  fuel -cel l assembly . 

NR X-A2-A3 

b 

a 

Fig . 29 .  Deta i l  of the NF -1 water i nj ecti on sys­
tem ( al so v i s ib l e at the bottom of F i g .  
26 )  empl oyed as  part of the effl uent 
c l eanup system u sed to remove fi ssion 
products from the exhaust hYdrogen ga s .  

1.0 - ---------------------------------

UJ 0. 8 -

I-<t a: 
z 0 

0. 6 Ci) -

0 N R X- A 4-A5 a: a: 0 u 
UJ 0.4 - --

> 
I- N R X-A6- X E  
<t -I UJ a: 0.2 - -- -- -

P EW E E - I  
P EW E E- I I  

I I D E V  

I I 0 

1 965 1 966 1 967 1 968 1 969 

Fi g .  30. Progress achi eved i n  reducing hydrogen corros i on of fuel el ements norma l i zed 
to the corro s i on rate observed i n  the NRX-A2 and -A3 tests . The corros ion  rate 
s hown for Pewee-2 i s  a projection because that reactor was never bui l t .  
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F i g .  3 1 .  The hot gas test furnace used for tiYdrogen corros i on tests of fuel 
el ements in a nonnucl ear envi ronment .  
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F i g .  32. Ma ss  l oss from Pewee and NF-1 fuel el ements versus axial posi ti on and 
reactor envi ronment. The peak in the mas s  l os s  curve i s  the s o-cal l e d  
mi drange corrosi on. The best performance was obtai ned wi th the com­
posi te fuel coated wi th ZrC . 
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COAT E D - PA R T I C L E  
MAT R I X  

N bC O R  ZrC 
COAT 

G R APH I T E  
S U BSTRAT E  

U C - ZrC 
D I S P E R S I O N  

PYR OCAR BON 
COAT I NG 

u c2 PA R T I C L E  
COMPOS ITE MAT R I X  

F i g .  33 . Compari s on of the fuel s tructu re i n  the standard , coated-part i c l e  graph i te matri x 
wi th the composi te matri x fuel . The conti nuous , webbed UC-ZrC d i s persi on prevents 
hydrogen , entering  through cracks in the top coati n g ,  from eati ng  deeply i n to 
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the graphi te matri x .  

1 0  \ 
\ 

8 \ \COMPOSI T E  F U E L  

6 

4 
G R AP H IT E  

MAT R I X  
F U E L  

2 

2200 2400 

\ 
\ ' 

� ' 
' 

' 

2600 2800 
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Fi g .  34.  Compari son of projected endurance of several fue l s  versus cool an t  exi t temperatu re . 



--

Fi g .  35 . V i ew of NRX/EST test assembly on the test pad . Th i s  was the fi rst test of a 
NERVA breadboard power pl ant with al l the major fl i ght engi ne components 
functi ona l ly connected . 
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F i g .  36.  XE ' engi ne i nstal l ed i n  i ts test stand . The eng i ne i s  posi ti oned 
i n  a downward-f i ri ng atti tude . The test stand provided a parti al 
s imul ati on of outer space condi tions.  



• 

TEST STAND ADAPT E R  ---

UPPER THRUST STRUCTURE-- TURBOPUMP ASSEMBLY 

,.,_ __ TURBINE BLOCK VALVE 

COOL DOWN L I N E -----�--'dili IF'-----l---- TURBINE POWER CONTROL VALVE 

PR E S SURE VC:SSE L -----tt-iin_ 

TUR B l  N E  I N  L E T  L I N E -----,.--n;r--it, 

TUR B I N E  EXHAUST L I N E ----i 

P U M P  DISCHARGE L I N E ------1 

. 
, _. 

Fi g .  3 7 .  XE 
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engi ne desi gn concept.  
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F i g .  38. Typical characteri sti c s  of the nucl ear rocket eng i ne startup . Note 
that chi l l -down of the vari ous  engi ne components takes about 60 s .  
Then the eng i ne can b e  turned o n  to ful l power a t  a rate l imi ted by 
thermal stresses i n  the core resu l ti ng from the temperature tran­
si ent ( not to exceed about 83 k/s ) . 
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T A N K  

TAN K 
P R ESSU R E  

T I E  T U B E S  

C O R E  

R E F L E CT O R  

N O Z Z L E  

V A L V E  

V A L V E  

V A L V E  

e H Y D R O G E N  P R OP E L LA N T  

e F U L L  F L OW TOPPI N G  C Y C L E  

e S I N G L E -S T A G E  C E N T R I F U G A L  P U M P  A N D  S I N G L E -STAG E 

T U R B I N E  

e R E G E N E R AT I V E L Y  C OO L E D  M E TA L -C O R E S U PPO R T  

E L E M E NTS I T I E  T U B E S )  

e RA D I A T I ON SH I E L D O F  BORATE D Z I RCON I U M H Y D R I D E  

e 6  C O N T R O L-D R U M  A C T U A T O R S  

e 5  V A L V E S A N D  V A L V E  ACTU ATO RS 

e R E G E N E R AT I V E L Y  COO L E D  N O Z Z L E ,  A R E A  R A T I O = 2 5 : 1  

e U NCOO L E O  N O Z Z L E  S K I R T ,  E X I T A R E A  R A T I O = 1 00 : 1  

e U NCOO L E D  N O Z Z L E  S K I R T  H I N G E D  A N O  R OTATA B L E  

e O V E R A L L  E N G I N E  L E N G T H = 

3. 1 m 1 1 23 i n . )  W I TH S K I R T  F O L D E D  

4.4 m 1 1 74 i n . )  W I T H  S K I R T  I N  PLACE 

e TOTAL MASS = 2550 kg 15620 lb)  

Fi g .  39. Schemati c fl ow descri pti o n  of the Smal l E ng i ne conceptual des i g n .  The 
engine,  which requi red only five control val ves ,  was desi gned to produce 
72 kN of thru st from a 370-MW reactor .  

e PRODUCES 365 MW 

e564 HEXAGONALLY SHAPED IUC-ZrCI C 

COMPOSITE FUEL ELEMENTS 

e 241 SUPPORT ELEMENTS CONTAINING 

ZrH NE UTRON MODERATOR 

e 1 9  COOLANT CHANNELS PER E LEMENT 

ecORE PE R IPHE R Y  CONTAINS AN OUTE R INSULATION 
LAYER, A COOLED INBOARD SLAT SECTION, A METAL 

WRAPPER, A COOLED OUTBOARD SLAT SECTION, AND 

AN EXPANSION GAP 

e REFLECTOR IS BERYLLIUM BARREL WITH 12 REACTI· 

VITY CONTROL DRUMS 

e CORE SUPPORT ON COLD END BY AN ALUMINUM-ALLOY 

PLATE. SUPPORT PLATE RESTS ON REF LECTOR SYSTEM 

e REACTOR ENCLOSED IN ALUMINUM PRESSURE VESSEL 

e CAPABLE OF 83 K/s TEMPERATURE TRANSIENTS 

Fi g .  40 . Cro ss-sectional descri pti on of the Smal l E ng i ne concept. The overal l 
reactor d i ameter was 950 mm. The design  used ZrH-moderated support 
el ements , as was done i n  Pewee , to reduce the uran i um cri tical mas s .  
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F U E L  
E LEMENT 

SUPPORT 
E LEMENT 
I N N E R  
T I E  TUBE 
ZrH 
MODERATOR 
OUTER 

F U E L  

e F UNCTION 
- PROVIDED E N E R G Y  FOR H EATING HYDROGEN 

PROPELLANT 
- PROVIDED H EAT TRANSFER SUR FACE 

e DESC R I PT ION 
- 235u I N  A COMPOSITE MATR I X  O F  UC-ZrC SOLID 

SO LUTION AND C 
T I E  TUBE 
I N SULATOR 

- CHAN N E LS COATED WITH ZrG TO PROTECT AGAINST 
H2 R E ACT IONS 

T I E  TUBES 

e FUNCTION 

TI E TUBE 
SUPPORT 
COLLAR 
AND CAP 

- TRANSMIT CORE A X I A L  P R ESSURE LOAD F ROM THE 
HOT END O F  THE FUEL E L EMENTS TO THE CORE 
SUPPORT PLATE 

- E N E RGY SO U RCE FOR T U R BOPUMP 
- CONTAIN AND COOL ZrC MOD E R ATOR S LEE VES 

MIN IARCH 
e DESC R IPTION 

- COUNTE R F LOW H EAT EXCHANGER O F  I NCON E L  718 
- ZrH MODE RATOR 
- ZrC INSU LATION S LE EVES 

F i g .  4 1 .  Descri pti on of the Smal l Eng i ne fuel modul e des i gn showi ng the ZrH 
s l eeve i n  the regenerati vely cool ed ti e-tube support el ement . 

"SMALL ENG I N E "  STATE POI NTS AT DESIGN CONDITION 

CHAMBER PRESSURE 310 N/cm2 

CHAMBER F LOW RATE 8.51 kg/s 

CHAMBER TEMPERATURE 2696 K 

REACTOR POWER 367 MW 

SPECI FIC IMPULSE 8580 m/s 

THRUST 7297 N 

NOZZLE FLOW F R ACTION 44.9% 

TURBINE BYPASS F LOW FRACTION 1 1 .8% 

TURBOPUMP SPEED 4917 rad/s 

TU RBOPUMP SHAFT WORK 0.93 MW 

PUMP EFFICIENCY 65% 

TURBINE E F F ICIENCY 80% 

NOZZLE VALVE AREA 2.63 cm2 
TURBINE CONTR OL VALVE AREA 3.02 cm2 

STATE POINT DESCRIPTION 

FLOW RATE PRESSURE 

(kg/sl (MPal 

TEMPERATURE 

( K l  

PUMP I N LET 

PUMP EXIT 

TIE TUBE MANIFOLD INLET 

TIE TUBE FIRST PASS EXIT 

TIE TUBE EXIT 

SLAT MANIFOLD INLET 

SLAT F I RST PASS EXIT 

SLAT EXIT 

TURBINE I N LET 

TURBINE EXIT MIXED 

TURBINE BYPASS I N LET 

NOZZLE IN LET 

NOZZLE EXIT 

R E F LECTOR EXIT 

S H I E LD I N LET 

CORE I N LET 

F U E L  E LEMENT EXIT 

CORE BYPASS EXIT 

CHAMBER 

8.51 

8.51 

4.05 

4.05 

4.05 

0.64 

0.64 

0.64 

4.13 

4.69 

0.55 

3.83 

3.83 

3.83 

8.51 

8.51 

8.33 

0.18 

8.51 

0.12 17.0 

6.03 19.8 

5.72 20.3 

5.38 56.9 

5.02 428.9 

5.72 20.3 

5.24 167.1 

5.02 431.5 

4.86 428.6 

4.13 415.6 

4.86 428.6 

4.63 21.4 

4.21 240.4 

4.21 294.9 

4.06 361.0 

3.96 370.1 

3.10 2728.0 

3.10 370.1 

3.10 2695.A 

CONTROL 
DRUM 
ACTUATOR 

PSOV 

UNCOOLED SKIRT 
! LATCHED POSITION) 

Fi g .  4 2 .  De scri ption of Smal l E ng i ne operati ng parameters a t  des i gn 
condi tions.  

R E F LECTOR 

PRESSURE 
VESSEL 

COOLED 
NOZZLE 
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NUCLEAR STAGE 

( INCLUDING SMAL L ENGIN E )  

P.ROPELL A N T  M O DULE ( 1 8 .3  m )  

STAGE MASS,  

kg ( lb)  

1 7783 (39205) 

23181 (51 105) 

P ROPE L LANT T A N K  

4 . 5  

USABLE PROPELLA N T  

M A S S ,  kg ( l b )  

1 2814 (28250) 

21 265 (46880) 

I ·- - - : 

-1�
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o.9 f-���
-
�

-
�' 'i _ _ _  :J,,J 

I 18.3 
ALL D I M ENSIONS IN M ET E RS 

Fi g .  43 .  De scri pti on of a nucl ear rocket stage empl oyi ng the Smal l E ng i ne and 
compati bl e wi th the space and mas s  constrai nts of the space shuttl e .  

• F U NCTION 
- P R ESSU R I Z E  TH E P R OP E L LANT FOR T H E  E N G I N E  F E E D  SYSTEM 

• DESIGN CONDIT IONS 

PUMP D I SCHARGE 
PR ESS U R E  (MPa) 
PUMP F L OW RATE (kg/s) 
TU R B I N E  TEMP ( K )  
TU R B I N E  F LOW RATE ( k g/s) 
SHAF T  SP E E D  (rpm ) 

• CONSTR UCTION ( X E )  

X E '  

6.69 

35. 8 
648 

3.32 
21 989 

N E  RV A 

9.36 
20.9 - 4 1 . 7 

1 54 
1 9  

23920 

- S I N G L E-STAGE, RADIAL- E X I T-F LOW-CE N TR I F UGAL 
PUMP WITH AN ALUM I N UM I M P E L L E R ,  A POWER 
TRANSM ISSION THAT COUPLES THE PUMP TO THE 
T U R B I N E ,  AND A TWO-STAGE T U R B I N E  WITH 
STA I N L ESS STE E L  ROTORS 

• R E ACTOR TESTS EXPE R I E NCE 
- N R X/EST 8 STARTS INCLUDING 54.4 M I N UTES AT 

H I GH POW E R  
- X E - 2 8  STARTS/RESTARTS I N C L U D I N G  R U NS TO 

RATED POW E R  

• POTE NTIAL P R O B L E M S  
- S H A F T  SYSTEM B I N DI N G  AT BEAR I NG COOLANT 

LABY R I NTH I N  X E  TESTS ( I N C R EASE CLEARANCE 
A N D  I M P R OV E  A L I GNMENT) 

- BEA R I N G  L I F E  

SMA L L  E N G I N E  

6.03 
8.5 

429 
4.1 

46952 

Fi g .  44. Tu rbopump experi ence and des i gn conditions  for the nucl ear rocket eng i ne 
propel l ant feed system. 

-



__.---- ACTUATOR MOUNTI NG 
e F U NCTION 

CONTROL HYDROGEN F LOW IN T H E  
E N G I N E  SYSTEM 

e CONSTRUCTION 
B I NARY VALVES EXCEPT FOR ANALOG 
CONTROL VALVES AND CHECK VALVES 

e R EACTOR TEST EXPER IENCE 
N R X/EST AND XE-PR IME E N G I N E  SYSTEMS 

S P L I N E  COUPLING 

ROLLER BEAR ING 
(2 PLACES) 

FLANGE 

BUTTE R F LY SUPPORT 
SHAFT 

e POTENTIAL PROBLEMS 
SEAL DAMAGE BY CONTAM I NANTS 
E R RONEOUS POSITION I N DICATIONS 
LEAKAGE F ROM L I PSEAL TOLERANCES 

:JllliiP----- THRUST BEARING 

FOUR-INCH BUTTERFLY VALVE (TPCV/TBV) 

F i g .  45 .  Typical cool ant val ve empl oyed in  the nucl ear rocket eng i n e .  

STAGE PRESSURIZATION LINE 

TURBOPUMP 

TANK NOZZLE 

l><l VALVE 

N CHECK VALVE 
TURBOPUMP 

F i g .  46 .  Schematic engi ne cool ant fl ow di agram showi ng the consequence of 
avoi d i ng s i ngl e-point fai l ures in  the cool ant c i rc u i t  descri bed 
i n  Fi g .  39 by addi ng redundant val ves and turbopumps .  Some 26  
val ves woul d be requi red . 
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• F UNCTION 
- EXPAND GAS TO PROVIDE MAXIMUM T H R UST 

• DESIGN CONDITIONS (NE RVA E N G I N E )  
- THR UST 334 k N  
- AREA R A T I O  100 : 1  
- SERVICE L I F E  1 0 h 
- R E LIABI LITY 0.9998 
- CHAMBER PR ESSUR E  3.1 MPa 
- CHAMBER TEMPERATURE 2360 K 
- F LOW RATE 4 1 .6 kg/s 
- COOLANT CHANNE L 28-33 K 

• CONSTRUCTION 
- LH2 COO L E D  SECTION TO 24:1 O F  A R MCO 

22-13-5 JACKET AND C R ES 347 COOLANT 
CHANNELS 

- GRAPHITE NOZZLE EXTENSION UNCOOLED 
TO 100:1 

- LI-TUBE CONSTRUCTION I N  DIVERG ENT 
SECTION 

• UN R ESOLVED PROBLEMS 
- USE OF AR MCO 22-13-S APPEARS TO HAVE 

R ESOLVED STRESS PROBLEMS. FABR I CATION 
PROBLEMS A LSO APPEAR R ESOLVED 

NOZZLE EXTENSION 

INLET TORUS 

POL INTERFACE 

Fig .  47 .  Experi ence and N ERVA des i gn conditions for the nozzl e assembly .  

• FUNCTION 
- SUPPORTS COMPONENTS OF R EACTOR ASSEMBLY 

TO FORM A PR ESSUR E  SHELL FOR THE HYDROGEN 
PROPELLANT 

- TRANSMITS THR UST TO THE THRUST STR UCTURE 

• DESIGN CONDITIONS (NE RVA ENGINE)  
- MAXIMUM F LOW RATE 37.6 kg/s 
- MAXIMUM PRESSURE 8.66 MPa 
- TEMPERATUR E  RANGE 20 - 180 K 
- R E LIABI LITY 0.999997 
- SERVICE L I F E  10 h 

• R EACTOR TESTS 
- N RX-5 TESTS, XE' 

• CONSTR UCTION 
- CYLINDER, TOP C LOSURE,  BOLTS AND SEALS 
- ONE-PIECE EXTRUDED FORGING OF ALUMINUM 

ALLOY 7075-773 
- SUR FACE COATING M203 

• UNR ESOLVED DESIGN ITEMS ON N E RVA ENGINE 
- METHOD TO ASSURE BULK PRELOAD 

- FINALIZE SUR FACE COATINGS 

F i g .  48. Expe ri ence and NERVA des i gn condit ions for the reactor pres sure vessel . 
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TEST CELL •c• 
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�

ION 

\ MILE 

Fig . 49 .  Arra ngement of faci l i ties  at the 
Nucl ear Rocket Devel opment Station.  

P R O P E L L A N T  
VA L V E S  

TUR BINES 
E X TE R N A L  
S HIELD  

CONTR O L  
VA L V ES 

C O NTR O L  
D R U M  
D R I V E  R E A CTOR 

L TURBO-ALTERNATOR 

�� 
PROPE L L A NT 
TA N K  

CONTROL 
DRUM 

Fi g .  50 . Schematic cool ant fl ow di agram of an open-cycl e ,  
gas-cool ed, nuc l ear space power pl ant . 

R EFLECTOR 

55 



56 

MODES 
e H I G H-POWER ROCKET MOD E  OF 365 MN, 1 0  h L I F E ,  2600-2660 K 

PROPE L LANT TEMPERATUR E, N E G LI G I B LE F U E L B U R N U P  

e LOW-POWE R  E LE CT R I CA L  M O D E  OF 1 0-25 kW le),  I Ml'l l t), 

ORGANIC RANK I N E  CYCLE DRIVEN B Y  T H E R MA L  E N E R G Y  

F RO M  STR UCTURA L SUPPORT SYSTEM, USES PROPULSION 

MO D U LE S U R FACE TO SUPPORT RADIATOR U P  TO 10 kW(e) 

E NG I N E  MO D I F I CATIONS 

e STRUCT U R A L  S U PPORT SYSTEM ISOLATION VALVES FOR 

LOW-POWER 

• CHANGE R EACTOR DOME AND T I E  TUBE CO R E  SUPPORT P LATE 

L I N E S  FOR WIDER TEMPERATURE RANGE OPERATION TO 

STAIN LESS ST E E L  FROM Al,  A N D  ACTUATOR W I N D I NGS TO 

CERAMIC FROM PO LYI M I D E  

L I F ET I M E  

e STUDY S HOW.E D  TWO Y E A R S  L I F E  W I L L  NOT S I G N I F I CANTLY 

A F F E CT R EA CT I V ITY CO NTR O L  MA R G I N  

•
STUD I E D  I N  E A R LY 1 970's B Y  J. A LTSE I M E R ,  L. A. BOOTH, " T H E  

N U C LEAR R O C K ET E N E R G Y  CENTER CONCEPT" LA·DC·72·1 262, 
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Fi g .  5 1 .  Schemati c cool ant f low di agram for a dual -mode nucl ear rocket engi ne based 
on the Smal l Engine des i gn pa rameters . The engine p rovi des the normal hi gh-power 
rocket propu l s i on mode,  p l u s  a l ow-power ,  conti n uous el ectric-power generati on 
capabi l i ty u s i ng an organ i c  Ran kine cycl e  dri ven by a cl osed l oop  that cool s 
the support e l ements i n  the core .  

REACTOR ���-4<1 
TIE-TUBE 
CIRCUIT �,......-'----' 

0 • 47.0 kW \ 
PRIMARY 

LOOP 
BLOWER 

q .  0.8 

BOILER· 
SUPERHEATER 

00 • 0.255 kW 
.iP • 0.62 N/cm2 

FLOW, TEMP., 
COMPONENT INLET (kg/s) (K) 

PRIMARY LOOP - GH2 

1 BOILER 0.0622 555.6 

2 REACTOR 0.0622 504.0 

POWER CONVERSION SYSTEM - THIOPHENE 

3 TURBINE 0.0891 550.0 

4 REGEN-VAPOR 0.0891 438.9 

5 CONOENSER 0.0891 354.8 

6 JET PUMP 0.0891 333. 1 

7 PUMP 0. 1 78 334. 5 

8 AL TERNA TOR 0.0891 342. 1 

9 REGEN-LIOUIO 0.0891 346.2 

10 BOILER 0.0891 4 1 1 .6 

HEAT REJECTION LOOP - GH2 

11 RAOIATOR 0.0798 355.2 

12 CONOENSER 0.0798 304.6 

4 

CONDENSER 

7 

1 1  I RADIATOR 

I 0 • 35.7 kW 

5 RADIATOR 
LOOP 

BLOWERS 
q .  0.8 

REGENERATOR 
Q •  8.69 kW 

01 • 0.359 kW 
.iP = 1.08 N/cm2 

PRESS., 
(N/cm2 ) POWER BREAKOOWN (kW) 

REACTOR THERMAL POWER 47.0 

419.7 RAOIATOR THERMAL POWER 35.7 

420.0 ALTERNATOR OUTPUT 1 1.0 

CONTROL SYSTEM 0.39 

PRIMARY BLOWER 0.26 

140.0 RAOIATOR BLOWERS 0.36 

5.02 NET ELECTRIC OUTPUT 10.0 

4.85 

4.52 

14.90 TOTAL SYSTEM SPECIFIC 

155.6 MASS 48.6 kg/kW le) 

154.8 

150.0 

419.5 

420.0 

F i g .  52.  Des i gn operati ng parameters for a 10- kWe organi c Ranki ne 
power-generati ng pl ant  to be used wi th the Smal l E ng i ne .  
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Fi g .  53 . Schemati c di agram of a bimodal power- generati ng  plant based on the Rover reactor 
desi gn .  It wou l d  have an open-cyc l e ,  hi gh-power generati on mode p lus  a con­
ti nuous , c l os ed-cycl e ,  l ow- power generation capabi l i ty .  
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F i g .  54 .  Poppet val ve des i gn u sed to swi tch from a rocket 
propul sion  mode to a power generati on mode.  
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