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It 1s my intent teday to review some ospects of the NERVA nuclear rocket develop-
ment program and, by this means, point out the readiness of the reactor technology for
flight engine development NERVA 15 a part of the ROVER nuclear rocket engine program

which wos snitiated at the Los Alamos Scientific Laboratory 1n 1955

Significant accomplishments have been made in nuclear rocket development during
the last few years  The imitial progress achieved by Los Alamos on the conceptual reactor
design and fuel element development wos rapid and, by 1960, the KIWI series of reactor
tests had demonstrated the sigmificant performance and potential of the nuclear rocket en~
gine  The NERVA {Nucleor Engine for Rocket Vehicle Applications) Program was initiated
1n 1961 This effort, under the direction of the Space Nuclear Propulsion Office of NASA
ond the AEC, 15 being performed by the Aerojet-General Corporation os the prime con-
tractor and the Westinghouse Electric Corporation os the principal subcontractor for the
nuclear subsystem develepment The NERVA Program 1s intended to extend the heat trans-
fer reactor principles to practical applisation in the development of a system that will
withstand the loads, environment, and operating requirements of flight  The KIW} and
NERVA reactor programs have been closely coordinated to provide a continuing, logical
development, and the progress clearly highlights the noteworthy advance that has been
achreved in our basic technological understanding of the operating potentials and character-
ishics of the nuclear rocket engine

In the way of background, | will breefly review the basic operation of a nuclear

rocket system Frgure 1 shows o simplified sketch of a nuclear rocket engine attached to

o flight tank We have recently estoblished o new size for the NERVA system The engine
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delvers approximately 75,000 Ib of thrust ot & specific impulse of 825 Ibg-sec/Tb,  The
reactor produces 1575 Mw of power and the core consists of clusters of graphite fuel
elements surrounded by a beryllium reflector  The pump, which is driven by a turbine,
increeses the pressure of the liquid hydrogen to 1000 psia and provides approximately

91 Ib/sec through the pump discharge Ime to the nozzle inlet plenum  The liquid hydrogen
then flows through the regeneratively cooled nozzle tubes into the reflector of the reactor
After possing through the reflector and remaving the radiahon-deposited energy, the
hydrogen enters the shield region af the forward end of the dome The purpose of the
shield 15 to decresse the tadiation tevels on the engine ports and to reduce the heching

of the hydrogen propellant stored 1n the tank  The hydrogen passes through the reactor-
fueled sechion ond 18 heoted o above 4000°R when 1t enrers the thrust chamber formed by
the convergent sechen of the nozzle The hot hydrogen from the thrust chamber 15 expanded
and accelerated by the noxzle, thereby producing the required thrust A small portion of
the core exst hot gas 13 extracted af the hot bleed port located in the nozzle to supply the
ges needed to drve the turhine  The temperatura of this gas 15 reduced to a sutable level

by mixing with cold diluent extracted from the shield end of the pressure vessel

The nuclear rocket engine derives rts primary advantage over chemical rocket
engines from its use of the hydrogen as a prapellant which results in very high specific
impulse  Specific impulse (lsp),wh:ch s the rotio of thrust produced to propeliant flow
rate, 15 o prime measure of a rocket engme's performance since 1t relates directly to the
cmount of propellant which must be carmed Yo perform a mission Since specific impulse
s a function of the inverse of the square root of the molecular weight of the propellant,
hydrogen with o molecular weight of fwo 15 an ideal propeliont  All chemical rockes
engines combine Fuel and oxidize with resulting higher malecular weights  Thus, the
aucheor rocket engine develops o specific impulse opproximately double thet of the best

chemical rocket engine

At this point 1f 1s appropriate to show o short movie on how the reactor tests are

performed
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With this background we can proceed with an assessment of the status of the develap-
ment program  For the purpose of comparisen, a period of early 1964 has been chosen o5 @
base point At that time, three besic feasibility questions existad as shown on shde 1-0
The doubts raised by these problems were the key ones addressed during these most recent
years of the program At this point, it 1s my purpese ta present the techn:cel accomplishments
which have been achieved to resolve these doubts and to highlight some plans for proceeding

on future tests

The first question, that of suitable structural vategrity and proven parformance, 15
amply covered by Figure 2, which lists the key tests that have been conducted since 1964,
the cumulative test time ot nominal full power 15 shown s the crdinate, The KIW( end
Phoshus reactor tests were conducted by Los Alames, while the NRX tests are part of the
MNERVA program By eorly 1944, the structurel integrity of the reactor had not been deman=
strated  The core vibration questions introduced by the KIWI B4A test wera not completely
resolved Cold flow tests on KIWI and NRX-AT were designed and performed to demonstrate
that the prablem was understood and corrected At that time, no power test had been con-

ducted on the reactor design principle selected for the NERVA development

Hewever, by late 1964, the power tests conducted on KIW] B4D, NRX-A2 and
KIW| B4E showed that the structural problem with the reactor had been corrected and
operation was achievable at high chamber temperatures for sigmficant periods of time
It then became necessory to demanstrate that the system would operate for useful missien .

times !

Early estimates of required engine cperating times for useful missiens varied up to
20 min  Loter mssion studies incicate times up to 40 min for the more ambitious missions,
however, the nominal eperahing tima for o favorable Mars mission 15 Tn the 20 = 30 min
range and the operating time for a very useful lunar mission 15 10 min for the large size
{200-250K thrust) NERVA engine ond 20 min for 6 55,000 1k thrust engine

These opercting times should bo compared with the endurance test times actually
achieved in the NRX=A3, NRX/EST, NRX=A5 and NRX-A6 tests. The NRX-A3 reactor
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was operated in s first run for 3 5 min ond was inadvertently shut down from full power
by a scram caused by a facility circurtry malfunction It was restarted ond aperated for

a total opercting hme of 16 3 min at or near full power and temperature

At this point in the program, 1t was determned that an early engine system test
was feasible Therefore, the planned NRX~A4 reactor test was changed to the NRX/EST
Engine System Test and the planned reactor objechives were combined with a series of key
engine system objechives This breadboard engine system wes started ten himes to power
ond the total operating hime at power conditions was 116 min  The time af full power was
approximately 28 min  The NRX-AS reactor was operated for two periods for g total of
30 min at full power operation

The Phoebus 1A test by Los Alamos Scienhific Laboratory was conducted on 25 June
1965 for a period of 10.53 min  This test was the first of the Phoebus series of tests directed
toward a higher thrust and performance reacter Phoebus 1B test was conducted in February,

1267, and achieved 30 min of operatfing at a nominal 1500 Mw

The most recent reactor test was the NRX-A6 which was successfully completed
on December 15, 1967 by operating at rated conditions for 60 mun 1n one run  The test
wos ended as plonned when the endurance objective was achieved, not because of any
reactor difficulhies  In fact, operation could have conhinued for a significant time but 1t
had been planned to shut down ot the end of the desired 60 min to preserve post-operative
examinagtion daota  In cne run the NRX<Aé aperated for twice the endurance of any previous
reactor  Total operating time ot power conditions was over 70 min, of which 40 min were

within design tolerances of rated temperature and power of 4090°R and 1120 Mw

Adding this operating experience to that which has been previously attained, we
now have about 195 mn of cumulative hime ot full power This experience 15 graphically
shown in the attached figure  Thus test again points out the high performance capabilities
of the NERVA system, ond the achievement of the longer run time without taxing the design
indicates that further performance improvements cun oe anticipated in nuclear rocket

systems
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RESTART CAPABILITY

In addition ta the endurance tests which were conducted, the table «n Figure 2
shows the starts to power conditions thot have been accomplished The first restart was
made on KIWI B4E and experience has been ganed on 25 starts = 1 an KIWI B4D, 2 on
KIWI B4E, 2 on NRX~A2, 3 on NRX~AZ3, 1 on Phoebus 1A, 10 on NRX/EST, 2 on NRX-A5,
2 an Phoebus 18 and 2 on NRX-AS

A number of these restarts were made under conditions worthy of porticular note
The shutdown an INRX-A3 was very severe, because flow to the reactor was tnadvertently
1ost while the reactor was at full power  The reactor was scrammed and the test arhicle wos
subjected to a very large femperature fransient A thorough analysis indicated that the
reactor sntegrity, while somewhat impaired, was capable of a restart and that no imparrment

Yo the nozzle or other system components wos detected  Restart was demonstrated on
20 May 1965

Another restart of interest occurred on NRX/EST During previous restarts, the
angine component material temperatures were ambient and the hydregen was heated by
the stored energy in these components prior to entering the core The question arese, could
the engine system be started from conditions similar to those which might be expected
immediately after a shutdown in space? To mvestigate this pont, the cuter reflector wos
cooled to 60°R prior to the restart  No severe system fransient occurred and the system

started up sahsfactorily by usimg nuclear, rather than stored energy, to heat the hydrogen

REACTOR CONTROL
The third sigmficant unknown which existed in 1964 wos on asessment of the ability

of the system to reliably achieve the necessary control requirements for rocket propulsion
A racket engine requires fast startups and achicvement of full power in a relahively few
saconds This type of translent performance is canirary to the expanence in normal power
veactor technology It was necessary to mate the recctor control and operating technology
with the requirements of rocket propulsion, The achieving of a suitable control system

nvolved the assessment of the reactor kineties during yapid temperature incraases, plus the
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sign ficant reactivity chunges caused by the prapeltant density veriahons At full power
operction, the hydrogen 15 liquid ot the inlet to the nozzle and 15 goseous at temperatures
of about 100°R at the nlef to the reflector During startup, however, liquid hydrogen
enters the reflector and two-phase flow exisis until the pressure nises above 187 psia, af
these pressures, a supererstical fluid exists in addihon, for space apphication, the inttial
temperatures of the reactor vary considerably  For example, the reflector temperature
could be as low s 200°R, at which point miner temperature variations can influence the
hydrogen density strongly and change the flow condiions It was these complex problems
which were of concemn during the eorly ports of the development Teday, we have much

expenence 10 these oreas and are able to cope confidently with these problems

Relscble computahon techmques hove been developed which predict the respanses
under fhese verous fiansient conditions Both analyticel and digrtal models have been
developed {and are now avatlable) which precisely represent the nuclear, thermal and flow
parameters throughout the NERVA system These analyhecal simulations and digital codes
are used extensively in the design of the variaus steady-state ond fransient aspacts of the
system  One of the principul tools used 1n system design and cantrol analyss 15 @ NERVA
systems model, nomed the Common Analog Model, which can be used on either an analog |
or digifal computer  This model was developed jomtly with the Aerojet-General Corpora=
fion  Weshinghouse provided the nuclear subsystem portion of the model, while Aerojet
developed the engine system and nozzle wpects, This comman madel s the maun tool for
system development and 15 reasanably complex, involving the solution of some 145 to 190
sumultoneous equations, and the use of 500 to 650 amplifier analag computations The
adequacy of this model was smproved with each of the various fests 1t 15 the normal
practice to precisely predict the transient magnitudes of the mony varigbles duting each
of the test operations  Subsequent to each test series, the data 15 carefully analyzed and
computer model deficiencies are cotrected so that a more relicble predichion 1s assured
This phelosophy of prediching the test variables, determininy the couss of diffsrences, and

then improving the onalyheal models has proven extromely succassful in the NERVA

program
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To illustrate the technigues used to 1mprove our understanding of the system dynam-~
168, @ number of aspects of the control system will be described and, where appropricte,
the system transient performance will be compared with the anclyhical results  Figure 3
shows a typical operating cycle for the NRX/EST test series, The porameters shown are
the thrust chomber temperature and pressure  The abscissa shows the control room time in
seconds A startup from source leve! to approximately O 1% power 1s made with essentially
no hydrogen Flow through the system From 0 1% to full power, the reactor temperature,
reactor power and flow are increased simultaneously It will be noted that the hme of
startup fram @ 1% power to full power for this partrcular run s approximately 140 sec
The steady-state portron conttnued far some B0O sec, when the shutdown sequence was

mitiated  The steady-state operating condhitions were mawntamed relatwely constant
throughout the yun

We will now exomine each of the phoses of the startup, first focusing attention on
the source level to the 0 1% power level transient  This phase 15 accomplished by an
avtomathic systam which we call nuclear autostart  As shown in Figure 4, the contrel drums
are programmed repidly from their subcritical shutdown condition to a preset drum position

near the critical value, and then rotated on the slow cutward ramp until @ predetermined
power level 1s reached

Figure 5 shows a typical krantient from 0 1% power to full power At zero hme
the turbopump How and temperature demand 15 iihated  The dashed curve indicates the
v1s8 1n conirol temperature demand, while the solid curve gives the actual volues of
measured control temperature  For this parhicular starlup it ¢an be seen that the demond
setpoint for the power Limeter cuwcust wos set below denign power  This resuited in thes
circuit himiting further increcse in power or temperature ance the setpoint wos reached
Similar comparisans were made of all the importont core porameters |t will be noted that

this rise from 1 Mw of power to 1100 Mw would require opproximately 55 sec

Prior to achieving startups of this type, there were many items of concern that had
to be eliminated Initial uncertaintres included the magmitudas of the temperature coeffi=

cient of reachivity and the recctivity effects of the gaseous and hiquid hydrogen  Analytical

10
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studies indreated that the temperature coefficient of reachvity was negative, that 13, o
temperature ncrease results in o negative reachivity msertion Sinnlarly, the hydrogen
effect on the reactivity 1s proportional to its density, that 1s, a decrease 1n density reduces
the mederating effect of the hydragen and the reactor power decreases Concern existed
with the possibrlity that the intreduction of liquid or high density hydregen into the core
could cause instablities or would introduce contral complexihies While computer stuches
indicated the inherent stability of the reactor system, 1t was necessary to demonstrate

this feature by a series of experiments The first startup of o nuelear reactor to design
conditions with liqnd hydrogen as a coolant was successfully achieved on KIWI B4D  To
éxplore the inherent stable and self-controlleble properties of the reactor system, a series
of experiments were conducted on NRX~-A2 which included aperation over a range of 20
ta 60 Mw with the control drums fixed This iatial attempt at a fixed drum operation 15
shown in Figure & The control drum position was held fixed and the flow was increased
from 10 Ib/sec to 13 lb/sec It cen be seen that the reactor power increased accordingly
from 35 to 5% When the flow was reduced, the reoctor power decreased as shewn  With
this test os background, more ambitious tests were conducted On NRX-A3, a fixed drum
startup was made from 1 Mw to 35 Mw  This startup, shown in Figure 7, was inthated by
moving the control drums a predetermined amount and then mantaming them in a fixed
posthion  The liquid hydregen flow to the system was increcsed at @ linear rate  The
hydrogen density effect s it passed through the core eqused the power to increose A
steady=state condition was attained where the hydrogen density and temperature coefficient
of reactivity effect balanced the reactivity mserted by the drums  OF particular signifi=

cance was the stabilily and ease of contral of the system during these tests

The encouraging results of these experiments shmulated more ambrtious tests on
NRX/EST and NRX=A5 NRX/EST was the first time full chamber pressure conirol was
used The chember pressure demand was slaved to measured chamber temperature and con-
trolled the flow of drive gas to the turbine by properly positiantng the turbine power
control valve During the NRX/EST tests, the entire operating range of the engine was
mapped and transfer functions were made at numerous eperating points to develop an under-

standing of system dynamies  One of the MRX/EST experiments was o fixed drum startup

14



9l

cl

NRX-A2 EP V LOW POWER MAPPING POWER, FLOW VS TIME

FOR FIXED DRUM POSTION
100 -

&

z
g l
= vy "
]
Ow DRUM POSITION
& (0
z g i, %
2 %0
[=] .
POWER {LINEAR NO 2}
/ [ —_—
® _/ \
15 \

s

3 _/

3 0 [——FLOW (AVG VENTUR) N\

9 ¥

-

5
0

0

19400 19500 19600 19700
¥ TEST TIME - SECONDS 6115

FIGURE &

19800
15-7B

FIXED CONTROL DRUM STARTUPS

POWER-MW

1200

1000

400 j

Al _ NRX/EST BOOTSTRAP
FROM | MW POWER

200

0
0 100 200 300

TIME FROM INITIATION OF FLOW PROGRAM-.SECONDS
EIGURE 7 611596-28

POWER - PERCENT OF 1120 MW



Astronuciear

Laboratory

,to a power level of 250 Mw, as indicated by the second curve in Figure 7 During the
MRX-A5 test series, a reacter power level of 87C Mw wos reached with the drums fixed,

und the power level wos then trimmed to full power

SUMMARY

In this paper, | posed three questions of feasivihty that existed in the period of
early 1964 The question of structural integrity and reacter endurance copability for useful
mission himes has been answered affirmativels by over three hours of full~power, high
temperature operating experience  The question of restartability has been answered affirma-
tively by the many restarts accomplished duning the test series At this time, 24 sterts to
power conditions have been performed successfully  The third question of predictability
and controllability of the system has been answered affirmatively by the many systems ond
control tests that have heen perfarmed  Indications are that the nuclear rocket engine
system will be a highly reliable, predictable, and stable means of rocket prepulsion  Each

of 1he questions has been very adequately answered

While we were achieving our technical objechives we, ot the some time, have gained
much confidence n the operahion of the system  In fact, e confinue 1o be wmpressed by
the natural stability and excellent dynamic behavior of this system which,will lead us
vitimately to basically simple and reliable centrol concepts--many of which we have in

IN SOmE REEPeilS

development af this me  We also believe the nuclear system fo be o simple one compared
to o chemical system One handles only one fluid fer the propellant, thus simplifying the
plumbing  We have olso found that such early worries as reactivity accidents from mal-

functions and instabilihies have not materialized and that we can operate a nuclear system

with utmost confidence in 1fs safely

The future ROVER program mcludes engine system testing of the XE=1 and XE-2
engine systems in the ETS-1 test stand, under downfiring conditions, and further tests of
NRX reoctor endurance  The Los Alamos Scientific Leboratory, in thesr Phoebus program,

will be exploring operation of an advanced 3000~Mw system  Mission studies have indicated

that a single size sngine of 200,000 |b thrust would be close to optimum for plenoferr/}mﬂ,,;/

STATUS OF FEASIBILITY QUESTIONS
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missions being considered for the 1980's  In the meantime, the NERVA program 15 pressing
forward wath the development and testing of reactors and engines of the 75,000 [b thrust
system which I have described and which has application to many of the earlier missions i

our space pragram

It 1s appropriate at this time to also point out the futire development potential for
nuclear power systems  All of the performance demonstrations which | have described to
you in this paper were af specific impulses when corrected for vacuur condihions of about
800sec The NRX~A& test wos terminated os o planned experiment to examine the reactor
condition after an extended operating period  The condihion of the core has shown that
erther significantly longer time or higher performance would have been possible  We are
at o very early stage in our knowledge of the potential of nuclear propulsion systems and
we must anticipate vast improvements  We should expect future increases tn temperature
of operation, ncreased thrust, and mcreased power per unit volume of our present reactors
Any of these achievements which will come with normal development progress will improve
even further the present payload advantages or the nuclear system over conventional systems
We also foresee the possibility of future improvements i concept which can result in reduc-
tions i size and weight  As we proceed in this program we find that each technical advance
opens new possibilities for improvement so that we feel that the ultimate performance potenhial

of NERVA cannot be fully envisioned at this time

In closing, 1 would like to say a word about the ultimate future of NERVA  As you
have heard, we believe we have the most difficult questions of techmical feasibihity well
11 hand ond can look forward confidently to the suecessful ottainment of our technical goals
We have mentioned that NERVA has apphication fo lunar and orbital type missions in that
it can perform many of these with significantly improved performance over the present chemcal
systems, and NERVA wil} more than pay for itself mﬂgggfeus of application alone  But the
ultsmate application of NERVA 15 fo the deeper planetary mussions where 1ts poyload copa-
bilities are many himes that achievable from chemical systems  For long-range space missians
there 15 no doubt that the nuclecr racket has an inherent superiarity over any chemical

rocket For deep space missions nuclear powered vehicles appear to be the only practical

19
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approach in the forseeable future The potential is there, m NERVA, to meet these goals——
indeed the technology 15 in hand | am sure that you share with me an interest in the future

of nuclear rocket propolsion and the possibility of these future advanced missions

20
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