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INTROWCPION 

Mr. Chairman, Members of the Committee - I appreciate very much the 

opportunity t o  present t o  you the work being done and planned by the 

National Aeronautics and Space Administration and the Atomic Energy 

Commission t o  provide nuclear energy systems fo r  space applications. 

Attached is a very complete statement describing t h i s  work; I would l i k e  

first t o  br ief ly  summarize the highlights of this work and, i n  particular, 

t o  describe the accomplishments of the past year. 

It is, as you know, generally agreed that nuclear propulsion w i l l  be 

required for  propelling large and heavy sp&ecraft t o  the high velocities 

that  are required t o  reach distant space objectives. I n  addition, it is 

generally agreed that nuclear reactors w i l l  be used t o  provide the source 

of e lectr ical  energy i n  high powered, long life space applications. 

isotope energy sources, i n  which heat is  generated from the radiation 

emitted by these isotopes has already been used i n  space; four sa t e l l i t e s  

launched by the Department of Defense since June, 1961, have used 

e lec t r ic i ty  generated from the heat provided by radioisotopes. 

now a growing interest  and a growing list of requirements fo r  these radio- 

isotope e lec t r ic  generating system8 in NASA as w e l l  as i n  the DOD. 

Assuming a continuing, active, space exploration program, nuclear reactor 

systems w i l l  a lso eventually be needed t o  supply larger amounts of 

e lec t r ica l  power t o  the spacecraft than i e  possible with isotopes. 

reactors w i l l  also provide the source of energy needed t o  propel heavy 

spacecraft, including manned spacecraft, t o  high velocities. 

Radio- 

There is 

Nuclear 

It is, 

therefore, important t o  

In t h i s  area t o  provide 

malntsin a 

options i n  

strong technology development program 

undertaking advanced missions and i n  

1 



c 

deciding how best t o  accomplish future missions. 

The past year has seen continuing progress i n  these nuclear system 

developments. 

The first reactor powered e lec t r ic  generating system - the 500 watt 

SNAP-1OA system - was launched on Apr i l  3, 1965, by the  U. S A i r  Force 

f o r  the AEC and operated perfectly i n  space f o r  43 days. 

shutdown of the system i n  space, a f te r  552 orbi ts ,  has been duplicated on 

the ground and can be explained as a sequential f a i lu re  of e lec t r ica l  

components i n  the  spacecraft; the  reactor e lec t r ic  power system appears t o  

have. operated w e l l .  I n  fact ,  a SNAP-1OA system, exactly l i k e  the one tha t  

was flown has been operating on the ground i n  a vacuum tank fo r  over a 

year continuously. 

10,000 hours of continuous operation so it can be disassembled and 

examined. These tests - on the ground and i n  space - have clear ly  proven 

that nuclear systems can be successfully developed i n  space environmental 

simulation f a c i l i t i e s  i n  a manner similar t o  that used i n  developing a l l  

other space systems; they have shown that  the system can be safely 

transported, checked aut pr ior  t o  launch, and flown. Most important, 

the  tests have shown that the ground and space operation of these nuclear 

systems is the same. 

use of nuclear reactors. 

The sudden 

It is planned t o  shut t ha t  system down i n  March after 

No new, unexpected, basic phenomena arise i n  space 

Athigher power levels,  an experimental version of the ~ M p - 8  reactor 

operated on the ground f o r  a t o t a l  of 8300 hours a t  or  above S8AP-8 power 

levels. 

being thoroughly evaluated and corrective action is being planned. 

Fuel material cracking that was encountered during the test is 
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Components of the SNAP-8 turboalternator oy8tem t o  convert the heat bf the 

reactor t o  35 kilowatts and, eventually, as high a8 50 kilowatt6 of 

electr ic  energy have operated for hundreds and some for thouoands of houro. 

The e - 8  power conversion system has been assembled and i o  now being 

prepared f o r  extended tests. Funds are being requested by the Awl and 

NASA t o  continue the development of the reactor and the parer conversion 

systems. 

Significant advances have also been made i n  the use of radioisotope6 

f o r  generation of electric mer. 

development by the AEC a t  NASA's  request for application t o  the 

satellite and f o r  powering experiments that w i l l  be placed on the moon 

i n  the Apollo Lunar  Surface Experiment Package (ALSEP) by the early 

Apollo astronauts. 

t o  extend the capability of iootope syatems fram the ten0 of watt6 required 

f o r  NIMXJS and Apollo t o  several hundred watte f o r  possible application 

i n  DOD missions and on in to  the kilowatts of power that we believe will 

eventually be required i n  the apace program f o r  a wide variety of misriono. 

Work on Isotope fuel  and thcrmalectr lc  conversion as well as some 

thermionfc and dynamlc conversion concept8 is being carried out by the AEC. 

Xn addition, work on very eff ic ient  gas turbine systems t o  convert the 

heat given off by the isotope t o  electrical energy is being conducted by 

I?ASA. 

extend the use of isotopes t o  as high as 10 kilowatts of electrical power. 

Indeed, a moat significant development in Isotope power eystems ha6 been the 

general recognition that these systems w i l l  have important space misLion 

Radioi8otope~system1~ are now under 

I n  addition, technological development is under way 

The combination of a l l  t h i o  work should provide a capability t o  
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applications a t  power levels up t o  about 10 kilowatts if  the technology 

of the isotope fuel  and the conversion equipment can be suitably advanced. 

The work during the  past year on nuclear rocket propulsion continued 

the successful'accumulation of experimental data that has proven the high 

performance capabili t ies of these systems. Specific impulse of over 750 

seconds has been experimentally achieved; t h i s  compares t o  the 425 t o  450 

6econd specific impulse of hydrogen-oxygen chemical propulsion. A single 

reactor has operated at  power f o r  over 60 minutes with f u l l  power operation 

f o r  over 16 minutee. Examination of reactor parts snd promising laboratory 

result6 point toward still higher specific impulse and substantially longer 

operating t i m e r r .  Reactors have been started, stopped, and restarted 

without diff icul ty .  The wide, stable operating range of these systems 

has been demonetrated. 

The reactor testing during the past years, combined w i t h  development 

of non-nuclear components, such a6 turbopumps, nozzles, and controls has 

culminated i n  a series of tests that is now under way on a f u l l  

"breadboerd" engine system that canbines a l l  of the  major components tha t  

will be needed in a fl ight engine, although they are not arranged i n  a 

f l ight  arrangement. It has now been experimentally proven that such a 

6elf-contBined engine w i l l  s t a r t  on its own energy and w i l l  go stably t o  

power operation w i t h o u t  supplying external energy t o  the system. 

opening the valve t o  the pressurized hydrogen supply and properly con- 

troll ing the power of the  reactor i n  a wide variety of possible control 

modes, the  turbopump speed can be increased t o  pump hydrogen into the 

reactor producing engine thrust .  

By 



Our development approach, emphasizing component and subsystem develop- 

ment combined with thorough system analysis work has been verified by the 

success of our test operations. 

We have proven nuclear rockets t o  be feasible; we have proven their 

high performance capabili t ies;  we hnve established a technology that did 

not exist before; we have provided a technological underrtanding of these 

highly e f f ic ien t  propulsion systems so that w e  can confidently proceed 

with the development of a large mRVA (Nuclear Engine f o r  Rocket Vehicle 

Application) engine having a thrust of 200,000 t o  250,000 pounds that our 

mission analyses indicate could perform all of the future space missions 

f o r  which nuclear rockets would offer  significant performance advantages. 

krnds t o  i n i t i a t e  the  development of such a large engine are included i n  

both the NASA and the AEC Fiscal Year 1967 budget requests. 

the IUSA budget request includes funding for design of test stands that 

will be required t o  develop this  engine and any nuclear rocket stage 

or propulsion module in to  which this engine would eventually f i t .  

I n  addition, 
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lWCLEAR ROCKETS 
The nuclear rocket program is managed by the jo in t  AEC-NASA Space 

Nuclear Propulsion Office. This Office wae established by NASA and the 

AEC in August, 1960, t o  carry out buth agencies' responsibilities fo r  

nuclear rocket propulsion development. The progrsm is, therefore, pl4nned 

and conducted as a single ef for t .  The following discussion describes this 

total  technical program; it does not attempt t o  different ia te  between 

the HASA and AEC portions althowh the agreements botwaen the agencies 

do define the responeibilitiea of each. 

IffpROINCPION 
\ 

The past year can be demrlbed as a year of t rans i t ion  in the nuclear 

rocket program, a year in which emphaais transferred from the eatablisbment 

of the technology of graphite nuclear rocket reactors and demonstration of 

their hlgh perfonaance capability and operating re l iab i l i ty ,  t o  emphasis 
on engine syptcm technology and engine operating and performance charm- 

terlrrt ics.  

of this transi t ion.  

portions of the  system t o  achieve extremely low l i fe  and hieh temperature 

and high power capability. 

program in which we are develaping as detailed end thorough an understand- 

ing of the operation of the entire w i n e  system aa w e  now have of t he  

reactor. 

The breadboard englne syrtemtests now under way 8re indicative 

Continued work is atill required on the nuclear rocket 

Elowever, we a m  wm in  a new phase o f t h e  

Therefore, this is a good t h e  t o  take rtock of w h a t  ha8 been produced 

in the nuclear rocket prograpl to date before we go on t o  dirscuaa the  

porsible appliaations of nuclear rockets, the more slgecffic accampliabmenta 

of the  past year and the plans for t he  future. 
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We have operated reactors for  significant periods of time a t  powers of 
over a thousand million watts (1000 megawatts) and at temperatures over 
40W3F -- w i t h  w h i t e - h D t  temperature i n  the react3r and temperatures of 4003 

below zero only inches away. 
ing 3f graphite far beyond w h a t  had been generally available i n  t h a t  black 
art .  M e t b d s  had t o  be developed t o  protect graphite frcm chemical corro- 
sion and erosion by t h e  hydrogen pr3pellant. I n  the last three years w e  

have progressed f r m  a t i m e  when we could tes t  graphite fuel  elements i n  

e lec t r ica l ly  heated furnaces w i t h  hydrogen flowing through them fo r  only f ive 

minutes at  ex i t  gas temperatures of over 40003F u n t i l  today when we have had 

fue l  elements run fo r  over an hour and up t o  almost two hmrs at  the same 

This  accmplishment has required an understand- 

condition. The methds of designing nuclear rscket reactors have been 

defined; analytical  methds have been developed t3 predict t he i r  operating 

characterist ics under a l l  conditions. In short, we have advanced a techni- 

c a l  f ie ld  f r m  scratch t3  thorough understanding and braught almost all of 

the required basic reactor technology along i n  that time. 

I n  addition, during t h i s  period we have established fo r  the country 

a test site with substantial  f a c i l i t i e s  i n  which nuclear rocket systems 

can be tested under required power c w d i t i m s .  

facilities and one engine test stand are now available. 

shielded facilities are available f o r  remote assembly and disassembly 

operatiDns. In  t h i s  year's NASA budget submission, we are requesting 

additional funds f o r  design of a f a c i l i t y  consisting of two additional 

stands that w d d  be used f o r  engine and, eventually, stage tes t ing of 

nuclear rocket systems. 

the  unique test capabi l i t ies  t h a t  we have established a t  t h i s  Nuclear 

Two reactor test 

Iarge radiation 

It is  important i n  t h i s  regard to recognize 
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Rocket Development S t a t i m  located i n  Nevada. 

i n s t a l l a t i m  i s  the m l y  such capabili ty i n  the United States and, as 

far  as w e  know, anywhere i n  the world. 

generally distributed throughout the  cmntry a t  a l l  of t he  cDntractors' 

sites involved i n  that  work. However, those f a c i l i t i e s  are adequate 

only for  non-nuclear t e s t  work. 

t ions that do nDt involve the generation of nuclear power such as i n  

c9mponent development and ccdd flow engine tests. But the country's 

capability f3 r  power tes t ing  of nuclear rocket systems is  provided only 

a t  the Nevada Nuclear Rocket Develment S ta t im .  

program started, therefore, a significant f a c i l i t y  capabili ty has been 

established, and our current budget request provides fo r  growth of the 

camtry 's  f a c i l i t i e s  i n  t h i s  area. 

This nuclear rocket test 

Chemical rocket f a c i l i t i e s  a r e  

They are used i n  our program f o r  gpera- 

Since the nuclear r x k e t  

In addition, w e  have established a manpower capabili ty - a 

resource of scient is ts ,  engineers, and technicians - w e l l  versed i n  the 

disciplines invdved i n  nuclear rxke t ry .  The experience of aercdynam- 

i c i s t s ,  metallurgists, mechanical, c iv i l ,  e lectr ical ,  and chemical 

engineers has been brwdened so that their  scope and competence now 

includes nuclear physics, nuclear materials, radiatim effects,  and, 

generally, nuclear phenmena. 

braader evaluation of the i r  equipnent i n  extreme environments, including 

nuclear radiation fields and hot and cold temperature. 

of manpDwer i s  available i n  more than 37 government, industry, and 

They are a l l  now deeply involved i n  the 

This resource 
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university organizations that are direct ly  participating i n  t h e  nuclear 

rocket program, I n  addition, there are many other engineers, scient is ts ,  

technicians, and production people i n  the many vendor and lower t i e r  

subcontract levels involved i n  the program. The capability that  has 

been established also includes the equipment and facil i t ies a t  various 

contractor and government locations that provide for  the country an 

ab i l i t y  t o  work i n  th i s  area that was not previously available. 

W e  have also, during t h i s  time, begun t o  define specific process 

and product improvements that were required by our program and that have 

imposed high demands on the ingenuity and in i t i a t ive  of industry. These 

improvements may a l so  offer u t i l i t y  i n  other areas not direct ly  

associated with the nuclear rocket program or, f o r  that matter, w i t h  

either the space o r  atomic energy programs. These it&s vary from a 

portable instrument t o  indicate cracks i n  tubing of less than 1/8 inch 

diameter t o  a high-temperature l i n e r  i n  a smoking pipe. 

W e  have indeed cane a long way since 1955 t o  bring nuclear rockets 

from the idea stage t o  real i ty ,  from the  paper promises of high specific 

impulse with reasonable weights t o  an experimental verification that 

now permits the already achieved perfonnance t o  serve as a basis for  

future mission planning. 

the systems that w i l l  eventually be needed i n  the  space program. 

But much s t i l l  remains t o  be done t o  provide 

The goal of the nuclear rocket program is t o  provide an advance i n  

space propulsion performance fo r  missions following Apollo. Since the 

exact course of the space program a decade or  two from now cannot be 
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firmly specified, one of the objectives in our techqology development pro- 

grams must be versatility in mission application. An advanced propulsion 

system shauld be applicable t:, a wide spectrum of missions; a space propul- 

sion stage should be useful in vehicles canfigured for a variety of missions. 

The nuclear rocket, used in an appropriate propulsion m o d u l e ,  can offer such 

mission versaCility. It is as a result of our application studies, which I 

will discuss first, that we have established the versatile mission applica- 

bi1,ity of nuclear rockets, and defined the nuclear rocket engine that will 

be needed for future space missions. The AEC and NASA budget requests that 

are naw before the Cmgress contain an increment of funding to initiate 

development of that engine. 

MISSION APPLICATIONS 

Whatever route the space pmgram follows beyond ApollD, there will be 

high-energy, high-paybad missions. 

advantages in all such missions, as has been described in previms years' 

Nuclear rockets offer substantial 

testimony. 

nuclear rocket prDpulsion module which is shown in figure 1 ("0 65-1933). 

It consists of a 200,000 to 250,OOO pound thrust engine with necessary 

We have, during this past year, made further studies of the 

propellant tankage and stage subsystems. As I mentioned in the hearings 

conducted by this Camittee last August 3n possible future space missions, 

this mcdule may serve as both an orbital-assembly building block and as a 

Saturn V third stage. 
Figure 2 (NPO 65-1874) illustrates the versatility of such a mcdule. 

These various applications use the same basic pnpulsion module and would 
require development Qf only one basic set of subsystems: one engine 

10 



model, one set of stage systems, one basic tank configuration. Our studies 

indicate that even though we would use the same hardware for all of these 

various missions, significant performance advantages would be provided by 

nuclear rockets; the payload would be increased significantly for manned 

planetary landings or flybys, manned lunar missions, and unmanned deep- 

space probes. 

number of the alternate routes which the future space program may take. 

Thus, nuclear rockets can play an important role in a 

Manned Planetary Missions 

The manned Mars landing mission bas received major emphasis in 

studying mission applications of nuclear rockets because of the high 

energy and payload requirements of that mission and its importance as 

a possible future space objective. 

mission are based on mission calculations such as illustrated in figure 3 

(NPO 65-2197). 

established in Earth orbit is plotted against launch year for two mission 

modes: 

rocket propulsion is used for Esrth-orbit departure, Mars-orbit establish- 

ment and %re-orbit departure, and (2) the Mars aerocapture mode, in 

which atmospheric braking at Mars is used to decelerate the spacecraft 

into the Mars orbit. 

utilize special techniques or trajectories to reduce the energy require- 

ments of the mission and, thereby, the total space vehicle weight. 

such mission mode is the Venus-swingby mode of Mars round-trips. 

Propulsion requirements for this 

Initial weight of the spacecraft for such a mission 

(1) the straightforward, all-propulsive mode in which nuclear 

The latter is representative of mission modes which 

Another 

The 
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figure shows that variations from one mode  t o  another and over the f u l l  

cycle of launch opportunities result i n  a range of i n i t i a l  space vehicle 

weights required i n  Fhrth orb i t  of 1 t o  5 million pounds w i t h  nuclear 

rocket propulsion. Chemically propelled spacecraft would weigh two t o  

four times as much, so millions of pounds of additional weight would have 

t o  be carried t o  %rth orbi t  i f  the less e f f ic ien t  space propulsion 

systems were used. 

In  addition t o  these gross mission calculations, detailed analysis has 

been conducted 3n the  effect of nuclear rocket engine size or thrust  311 

the spacecraft weights required i n  Earth orbi t .  

(NPO 65-15885, Rev. 2/1/66, and 15886, Rev. 2/1/66) i l l u s t r a t e  some of the 

resul ts  of t h i s  analysis fo r  the manned Mars missions. Data are presented 

fo r  1978, the hardest year f o r  accomplishment of the  manned planetary 

mission, and fo r  1986, an easy year. 

all-propulsive mode of mission accomplishment. 

Figures 4 and 5 

These data were computed fo r  the 

I n  figure 4, which is  f o r  the 1978 planetary opportunity, is 

shown the effect  of engine thrus t  on the weight that would be required i n  

Earth orb i t  t o  perform the mission and on the  operating t i m e  of the  nuclear 

engines that would propel the vehicle out of Earth orbit. 

i n  these calculations that the  propulsion out of Earth orb i t  would be 

provided by a c lus te r  of propulsion modules. 

f o r  c lusters  of two, three, and four engines. 

engines of the same s ize  would be used i n  the  second stage t o  enter the 

orb i t  a t  Mars and i n  the th i rd  stage t o  leave the Mars orbi t .  It can be seen 

It was assumed 

Therefore, data are presented 

It is assumed that single 
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from th i s  figure that i f  the thrust  of t he  individual engine i s  too low, 

below approximately 150,OOO pounds, the weight required i n  Earth orbi t  t o  

perform the mission would rise rapidly. 

the weight required i n  Earth orb i t  i s  almost constant Over a wide range of 

thrust .  

i n  the f'uture and that involves many assumptions and uncertainties con- 

cerning the payload required, the number of men that w i l l  make up the  

crew, the radiation shielding required, etc., it is  necessary t o  allow for  

a performance margin. 

levels significantly greater than the minimum thrust  value. Further, 

only minor weight increases resul t  from doing so. 

As the engine thrust  increases, 

Therefore, i n  looking toward such a mission that is a long way off 

This is done by working on engines having thrust  

The ver t ica l  band i n  figure 4 shows that an engine i n  the thrust  

range of 200,000 t o  250,000 pounds, which is  a good compramise value from 

many considerations, would adequately perform th i s  mission. 

important t o  note that as the  power increases, f o r  a fixed number of 

engines i n  a cluster,  the operating time required fo r  the engine decreases. 

Such a reduction i n  operating time on the engine may permit an increase i n  

the specific impulse, which would f'urther reduce the wei@ required i n  

Earth orb i t  t o  perfom the mission below the values shown here. 

It is also 

Figure 5 shows similar resul ts  fo r  1986. Here again, the important 

point i s  that a t  the higher power levels the weight required i n  Earth 

orbi t  t o  perform the mission is approximately constant so that the  same 

engines as those indicated on the previous chart, shown again by the 

ver t ica l  band, could a l so  perform the mission i n  t h i s  easy year. 



It is, therefore, apparent that a single propulsion system could 

provide the thrust  that wcruld be needed t o  perform a manned brs mission 

a t  a l l  planetary opportunities - i n  the easy or  hard years. 

with an engine thrust  level  of approximately 200,000 t o  250,000 pounds, 

margin would be provided t o  compensate f D r  and tolerate  any uncertainties 

that  might arise i n  the  performance of the mission. 

Yhrthermore, 

A stage module of about 200,000 t o  250,000 pounds liquid hydrogen 

capacity, shown i n  figure 1, could serve as the space-vehicle building 

block. 

propellant stage fo r  the Mars departure phase i n  a favorable year t o  a 

three or  four-module cluster  f o r  Earth departure i n  an unfavorable year. 

For example, i n  1986 the Mars-departure vehicle gmss weight could be as 

l i t t l e  as 350,000 pounds. Although 200,000 t o  250,OOO pounds of thrust  

would be higher than the optimum value, only a small performance penalty 

would result .  

weight may be 5 million pwnd6, the campramise thrust  level  is  high en- 

t o  keep the number of modules i n  the Earth-departure c luster  d m  t o  a 

reasmable number (3 or  4). 

Uses of the m o d u l e  would range from a single-module, minlmum- 

A t  the other extreme cited, when the  Earth departure g r m s  

In spite of the emphasis on Mars, the versa t i l i ty  of the pmposed 

nuclear-rocket systems should be recognized. A vehicle configured, as 

shown i n  figure 6 (NPO 65-1875) t o  perfDrm Mars landing missions in a l l  

or  most launch opportunities would be adequate fo r  Venus stopovers 

and, perhaps, manned missions t o  other destinations such as same of 

the asteroids. This mission f l ex ib i l i t y  would be particularly important 
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if interest in Mars should broaden into a general interest in manned solar 

system exploration. 

Another manned planetary mission which may find a place in the fiture 

space program is a flyby of Mars or Venus. 

manned landings on these planets. 

module, as illustrated in figure 7 (NPO 65-1876), could perform this 

mission wlth rendezvous in Earth orbit of one or two Saturn V payloads. 

The initial Earth orbital weight would be 400,000 to 600,000 pounds. 

Flyby missions may precede 

A single nuclear-rocket propulsion 

Saturn V Third-Stage Applications 

As illustrated in figure 2, the same basic propulsion module (engine/ 

stage combination) can serve as a third stage on Saturn V for direct 

flights to the moon or other solar system destinations. 

in lunar missions, including manned direct-landing capability or a 655 

Potential gains 

increase in landed cargo per launch, have been described in the past. 

Another important point is that this third stage could be in many respects 

the same as the orbital-assembly module which would evolve for manned 

planetary mlssions. 

basically the same; the 200,000 to 250,OOO pound thrust engine would be 

identical. 

The tank sections and stage subsystems would be 

changes in insulation and some design features would be 

permitted by the less severe hydrogen storage requirements of the third 

stage Saturn V application. 

The same third stage would be useful in heavy-payload or very-high- 

energy unmanned space missions, such as Mars or Venus orbiters, planetary 

probes, and close-in solar probes, as illustrated in figure 8 (FUV 64-2076, 



Rev. 8/18/65). In comparison to  all-chemical Saturn V vehicler, payload8 

would be increared by 70-100 per cent by ure of the nuclear third rtage. 

Thus, a nuclear third stage would extend the operational capability 

and useful l i f e  of the Saturn V for  a large spectrum of unmanned rolar  

rystem mirsiona and the lame nuclear propulsion module would give the 

country a capability for  e f f ic ien t ly  performing manned planetary mirrionr. 

PROGRAM DESCRIPTION AllD OVERALL STATUS 

The objective of the nuclear rocket technology program i r  to  provide 

the country with the ab i l i t y  to  sa t i s fy  there variour mirrrion requirement8 

with a high specific impulse, re l iable ,  multi-purpose nuclear propulrion 

Sy8 tam. 

The introduction of a new propulsion sy8tern into rpace mi8rionr re- 

quires a solid foundation of technology and advanced development pr ior  t o  

the decision to  uee i t  i n  a vehicle or mi88lon. The nuclear rocket engine 

and vehicle program are being guided eo that 8uch decision8 can be made with 

maximm confidence. 

t o  establish the basic technology for  ruch syr tcw through the 8everal ele- 

ments of the nuclear rocket program, l i s t ed  in figure 9 (IQPO 65-1913). 

To achieve t h i r  advance i n  propulrion, work i r  underway 

Major eaiphasi8 has been and continues to  be on the re lat ively near- 

at-hand graphite reactors and engine8 (KIWI-NERVA Graphite Reactor and 

Engine Technology) including longer term ef for t s  (Phoebur) which w i l l  

provide the bosi8 for  improving the performance of 8uch system8 beyond the 

near tenn gOal8. 

new f i e ld  of propulsion holding promise of long term urefulnerr, we have 

In addition, since nuclear rockets are a relat ively 
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been exploring other concepts (solid fue l  element tungsten reactors and 

cavity reactors ) which hold the theoretical  promise of higher perfomnce.  

I n  examining t h i s  spectrum of reactor poss ib i l i t i es  it i s  important t o  

keep i n  mind that the performance of graphite systems is w e l l  substantiated 

by experimental results,  but the performance of advanced concepts such as 

cavity reactor systems is based largely on theory or  assumptions with 

l i t t l e  o r  no experimental basis. 

While the success of any nuclear rocket system depends heavily on 

nuclear reactor technology, advancement must be made i n  other areas also. 

The technologies of non-reactor engine components are covered i n  the 

ac t iv i t i e s  of Item I11 l i s t e d  on t h i s  figure. 

The application studies, such as those discussed above, are used 

t o  guide the several elements of the technology program toward their  most 

profitable goals. Based on these application studies, the thrust  level  

of the nuclear rocket engine we w i l l  need t o  perform future missions 

has been determined t o  be 200,000 t o  250,OOO pounds, corresponding t o  

about 4000 t o  5000 megawatts of reactor thermal power. 

reactor and engine system technology, which is  being carried out on 

1100 megawat t  systems, giving a thrust  of about 55,000 pounds, has pro- 

gressed t o  the point a t  which it i s  possible t o  proceed w i t h  i n i t i a t ion  

The graphite 

of development of t h i s  large (200,000 t o  250,000 pound thrus t )  NERVA 

engine i n  FY 1967. 

from the technology development work that has been performed and the 

capability achieved i n  the program t o  date. 

This represents a logical technical progression 

The following discussion 



dercriber the overall s ta tus  of our technology work and how It contribute8 

to  the NERVA engine development. 

Last year, when we reviewed tb r ta tur  of the nuclear rocket program, 

I described the successful reactor tes t s ,  l i r t ed  in figure 10 (lop0 65-2079a), 

that w e  had conducted in 1964 and early in 196s. 

ruccerrful operation of there three reactor8 (KIWI and NERVA lqax reactors) 

having a de8ign parer of about 

minutes a t  high power and a t  temperature8 equivalent to rpecific iirpulre 

of about 750 seconds. This succerrful reactor power operation continued 

during the past year wi th  the testing of the RERVA NBIl(-A3 reactor and the 

Phoebus U reactor (a180 lirted fa figure 10). 

I was able to  point to the 

megawatts for  a t o t a l  of almort 15 

The growth of operating time a t  about de8ign power i r  rhawn in the 

next figure 11 (mr0 65-1927). 

rocket reactor t e s t s  were run in 1959 a t  low power. 

of the data prerented in t h i s  figure i o  the growth ia f u l l  power tert ing 

since we resumed ter t ing in 1964, a f t e r  a 1-4 year surpenrioa of power 

testing during which we conducted extenrive derign analyrir and reactor 

component, subsystem, and f u l l  reactor ryrtem development work. The blRx-A3 

and Phoebus LA testing in 1965 increared our f u l l  pcwer operating time by 

27 minuter. These operating times do not reprerent an experimental l i p p i t  

of f u l l  power endurance for the reactor8 a f t e r  terted, there Is evidence 

that both were capable of longer operating t h e e .  

You w i l l  r eca l l  that  the f i r s t  nuclear 

The important feature 

With reactor performance firmly ertablirhed and dmwnrtrated, we 

are  able to  devote increared attention and cca~pharlr to tho development of 

non-reactor components and m~bsyrteaar and to  the i r  lmcorporatfan into 
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an experimental nuclear engine system. 

I s  using the 1100 me@watt  I4ERvA NRX reactor i n  55,000 pound thrust  experi- 

mental engine systems, t o  deternine the allowable range of startup charac- 

teristics, t o  explore performance characteristics, engine operating limits 

and component Interactions throughout the operating mnge, t o  evaluate 

various control concepts, and generally t o  develop dersign methods. 

The engine system technology program 

A significant step In t h i s  direction is the series of test operations 

on the NEF4VA breadboard engine systems (NRX/EST) shown i n  figure 12 

(NPO 65-1915), which was started i n  December. 

of th i s  system on February 3 w e r e  a major milestone i n  advanced propulsion. 

The first pomr startups 

This test  series is  being carried out using a breadboard arrangement of 

a "A reactor, a lJERVA turbopump and a Jet nozzle containing a hot bleed 

port t o  provide hot gas drawn from the reactor exhaust t o  drive the turbine. 

For the first time we are accumulating data on the behavior of a complete 

system where f iss ion energy is  produced and the power t o  drive the  turbine 

is provided by the system itself rather than from the test fac i l i ty .  

Beyond the NRX/EST tests, several tests t h a t  are l is ted i n  figure 13 

(NPO 65-2079) are now planned. 

us t o  verify and improve our analytical  predictions of nuclear engine 

behavior and are providing an improved basis fcn= proceeding toward the  XE 

engine, the ground test of an experimental nuclear engine system. The XE 

engine tests noted on the schedule chart are the  f ina l  ground system tests 

i n  the  1,OOO m e g a w a t t  technology portion of our engine program, incorporat- 

ing the features essent ia l  t o  the investigation of ccmponent interaction 

The NFiX/EST test operations are enabling 



and system operation i n  a test f a c i l i t y  such as would be used i n  f l i gh t  

system developments. 

Our technology development work on the behavior of these small site 

reactors and experimhntal engines provides direct ly  applicable design and 

operati- information for  the higher power NERVA engine which w i l l  a l so  

be based on graphite reactors but of nominal 5000 megawatts power level. 

This technology is  very similar to that  of the small reactors and w i l l  

be proven i n  tho Phoebus reactor program. 

feed system8 and nozzleo adequate for  ground testing of the higher power 

reactor (called Phoebus 2) i s  well underway based on our technology devel- 

opment work. These components w i l l  be used in  the Phoebus 2 tests l i s ted  

i n  figure 13. 

The development of hydrogen 

As I pointed out ea r l i e r ,  we propose t o  i n i t i a t e  development of the 

nuclear engine of t h i s  4000 to 5000 megawatt power which w i l l  have a thrust  

of 200,000 t o  250,000 pounds in  FY 1967. In addition, we w i l l  continue our 

studies on the fundamental aspects of the behavior of the materials and 

components t o  add to  the catalog of data gathered in  previous years which 

now serves us w e l l  in  the design and development of the high powered nuclear 

engine. Design studies of engine test stands capable of testing th i s  high 

powered engine under a simulated a l t i tude  environment are underway. These 

test stands w i l l  a l so  be used for  eventual development testing of the f u l l  

propulsion module. 

module 8 tudies . 
Our vehicle technology work has emphaeized propulsion 

I w i l l  now discuss i n  amre de ta i l  these elemcmts of the nuclear 

rocket program t o  describe the specific accomplishments of t h i s  past  
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year, the work that  is  s t i l l  required, our plans fo r  the next year, and 

our longer range view of t h i s  nuclear rocket program ef for t .  

in'more d e t a i l  how our technology work contributes t o  the  NERVA engine 

development. 

W e  w i l l  show 

GRAPHITE REACTOR TECHNOLOGY 

As indicated earlier, continued progress was made i n  1965 i n  extending 

the demonstrated capability of the reactor and i n  improving our under- 

standing of i t s  behavior. 

power was increased from about 14 minutes t o  more than 40 minutes i n  two 

reactor tests, the NRX-A3 and Phoebus IA. 

The t o t a l  operating t i m e  a t  o r  near design 

NRX-A3 T e s t  Series 

The f i r s t  of these tests, the NRX-A3, had the objectives of achieving 

long operating time, approximately 20 minutes, at design power i n  two 

cycles and performing a series of reduced power mapping and control 

experiments. 

testing. 

Figure 1 4  (NPO 65-1961) shows the overall  resul ts  of t h i s  

During the first cycle of power operation the reactor was shut down 

after about three minutes a t  full power because of a spurious signal 

which indicated a turbine overspeed. The second run went smoothly, adding 

13 minutes more of operation a t  design power f o r  a t o t a l  of 16-1/2 minutes 

a t  design power, the longest duration which has been achieved on a single 

reactor i n  the nuclear rocket program t o  the present time. 

reactor was operated through a ser ies  of operating paths and power holds 

The NRX-A3 
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t o  determine i t s  behavior as it approached the various design or  operating 

constraints we have placed on the  system. During these runs the  reactor 

was operated i n  a variety of control. modes including one i n  which the 

reactor was operated with the  reactor control drwns i n  a fixed position, 

using controlled variation of the hydrogen coolant f l o w  t o  vary the reactor 

power. 

perature, parer, or flow a t  a given value while varying the other reactor 

parameters. Throughout the 45 minutes of continuous operation required 

f o r  these reduced power mapping and control tests, the reactor operated 

i n  a stable fashion adjusting rapidly t o  variations i n  the.demand fo r  power, 

temperature, or flow. 

The reactor was a lso  operated while alternately controlling t e m -  

In  t h i s  reactor test, as i n  a l l  of our other reactor t e s t s ,  the MRX-A3 

propellant feed system, turbine drive system, and reactor power were 

independently controlled and not close-coupled as they would be i n  a 

nuclear engine where the  effect  of a change i n  reactor flow rate, fo r  

example, i s  f e l t  i n  the pressure and temperature of gas  available t o  

drive the turbine. 

Phoebus Reactors 

This past year also marked the first reactor t e s t s  (phoebus lA) i n  

The relation- the Phoebus advanced graphite reactor technology ef for t .  

ship between the Phoebus 1, Phoebus 2, and KIWI or  NERVA reactors can be 

seen i n  figure 15 (MPO 66-367). The differences i n  design between the 

small size KIWI/m and Phoebus 1 reactors and the  larger Phoebus 2 are 

a l l  i n  the direction of performance improvements. The larger diameter 

22 



, 

reactor core gives the designer a little more flexibility in achieving 

both improved performance and increased reliability. 

You will note that the design objectives of the Phoebus 2 reactor 

are more than simply to scale up the KIWI/NFN reactors; they include 

higher exit gas temperatures (higher specific impulse) and greater power 

density (lower reactor and engine weight ). These improvements translate 

directly into increased mission capability. The increase in temperature 

from 43LOOOR to 4800O~,  for example, combined with some design changes 

corresponds to an increase of approximately 75 seconds of specific impulse. 

This specific impulse increase applied to a spacecraft leaving Earth for 

Msrs would allow a reduction of about 375,000 pounds in the weight of 

the spacecraft below the weight required for the equivalent specific 

impulse of 760 seconds obtained from the KIWI/NRX reactors. This 75 

second specific impulse increase, we believe, is well within the values 

that can be achieved in the Phoebus reactor development. 

The three Phoebus 1 tests that are scheduled put us in a much better 

position to assure successful design of the Phoebus 2 reactors. The 

smaller size Phoebus 1 is an economical test device to verify design 

or process improvements which appear promising for incorporation into the 

Phoebus 2 reactors. As indicated in figure 15, fuel element modifications 

which promise much higher temperatures and longer operating durations are 

a primary test obJective in the Phoebus 1 reactors. These modifications, 

if proven successfLI1, can be used directly in the Phoebus 2 reactors. 

Higher local power density operation will also be tested in Phoebus 1 
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s ize  reactors, and w i l l  give us an ear ly  experimental indication of w h a t  

power density could be attained i n  Phoebus 2 reactors. 

The Phoebus lA reactor, tested last June, i s  shown i n  figure 16 

("PO 65-2143). It had the objective of tes t ing several experimental 

reactor core design features. 

of the three ten-minute runs a t  design power originally intended fo r  it 

because a f a c i l i t y  hydrogen tank: ran dry near the end of the first run 

and the reactor overheated. 

supply of l iquid hydrogen i n  the propellant tanks when, i n  fact ,  there 

was none. This  erroneous l iquid leve l  indication has been determined t o  

be the resul t  of an i r radiat ion effect  on the gauge used t o  determine 

l iquid level  i n  the tank. 

has successfully passed a series of environmental tests, including 

radiation i n  excess of that which it w i l l  undergo i n  the t e s t  ce l l .  We 

have, i n  addition, made a thorough review of present test practices and 

of our f ac i l i t i e s .  

indicated and have been made both t o  the tes t  f a c i l i t y  and t o  the operat- 

ing procedures t o  minimize the possibi l i ty  of such anincident occurring 

again. 

This reactor was able t o  cmplete only one 

A l iquid leve l  gauge indicated an ample 

This gauge has been replaced by one which 

Fram t h i s  review a number of changes have been 

When the core overheated it suffered damage which obscured many of 

We were able t o  make the effects of the ten-minute operation a t  power. 

quali tative determinations of the value of several of the experimental 

design features, however. 

period was excellent, and reactor operating temperatures for  the 

Operation during the ten-minute design power 
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ten-minute steady-state run were the highest yet achieved. 

Test f ac i l i t y  modifications are being made t o  allow test ing of the 

higher power Phoebus 2 reactors. These modifications w i l l  be available 

i n  t i m e  f o r  the next Phoebus 1 reactor t e s t  i n  Test Cell C t h i s  summer. 

These improvements include additional l iquid hydrogen storage capacity 

(1,000, OOO gallons ) and an emergency pressurized l iquid hydrogen storage 

dewar which can supply propellant i n  the event any mishap should occur 

t o  the turbopwnp feed system that i s  normally used. 

Cell C showing the increased l iquid hydrogen storage is  shown i n  figure 

A photograph of T e s t  

17 (NPO 66-612). 

The increased capabili ty and operational f lex ib i l i ty  of the Test 

Cell C w i l l  be f'ully ut i l ized by consolidating a l l  our future reactor test 

ac t iv i t i e s  i n  that T e s t  Cell. 

t o  be conducted next spring, we w i l l  close Tes t  C e l l  A and conduct a l l  of 

After t e s t s  of the  NERVA reactor (NRX-AS) 

our reactor operations i n  Test C e l l  C. 

scheduling; however, we believe that we w i l l  be able t o  cope with that 

problem, and the reduction i n  costs that would be achievable ju s t i f i e s  

the added complication of conducting operations i n  a single ce l l .  

This w i l l  indeed complicate our 

. 

Reactor Fuel Element Development 

Reactor performance i s  related i n  a major way, t o  the performance 

of the fue l  elements within which nuclear f iss ion energy i s  generated. 

The best measure of the marked progress which has been made i n  extending 

fue l  element duration and simultaneously raising operating temperatures 

i n  the last f e w  years i s  the increasingly ambitious goals we have 
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established in the reactor test series now underway. 

inevitable lag between laboratory accomplishments in development and the 

incorporation of that development into the design of a reactor, however, 

many of the reactor test goals have already been exceeded by laboratory 

results. 

few years may be seen in figure 18 (NFQ 66-368 ), which relates reactor 

and laboratory test performance of fuel elements to mission and develop- 

ment requirements. 

Because of the 

The improved performance which has been achieved in the past 

Successful sixty-minute test runs in our electrically heated, hydrogen 

corrosion test furnaces are now as common as ten-minute runs were only two 

to three years ago. Furthermore, the results of recent test runs in these 

furnaces indicate a potential for higher temperature operation than the 

4800'~ noted earlier. 

Westinghouse, and the Y-12 Plant of Oak Ridge deserve much credit for 

these accomplishments. 

Future Reactor Tests 

Our fuel element development people at Los Alamos, 

As shown in the schedule figure 13 (NPO 65-2079), the reactor test 

program in the coming twelve to fifteen months includes four more reactor 

tests, the Phoebus 1B and 1C by LASL and the NRX-A5 and A-6 by W L .  The 

NRX-A5 and A-6 objectives include the demonstratton of increased operating 

duration and the evaluation of mechanical design improvements. 

Phoebus 1B objective w i l l  be to demonstrate an average increase in power 

density of 40 per cent, but certain sections of the reactor core are 

designed so that they will be operating at thermal stresses comparable 

The 
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t o  those expected i n  the larger, higher power Phoebus 2 reactors; t h i s  

information should give us a better understanding of the design of the 

Phoebus 2 reactor t o  obtain i t s  best performance and re l iab i l i ty .  

Components for  Higher Power Reactor Ground T e s t s  

The step-up i n  power and temperature represented by the Phoebus 2 

reactor designs requires that we develop turbopumps and nozzles t o  meet 

these advanced test conditions. 

ground tes t ing the large Phoebus reactors has been underway fo r  the past 

three years. Figure 19 (NPO 66-327) is  a photo of t h i s  feed system, 

known as the NFS-3a. 

system originally developed and used for  the KIWI and NRX reactor tests 

a t  NRDS. 

The development of a feed system fo r  

It i s  based on a modification of the turbopump 

In the  NFS-3a two of these turbopump feed systems are operated 

i n  para l le l  t o  provide the higher flow rates required f o r  the Phoebus 2 

power level.  

pressure capability than was required i n  the KIWI and NFlX tests. 

turbopump similar t o  t h i s  is installed at Tes t  Cell C and using only one 

of the parallel pumps w i l l  be used f o r  the Phoebus 1B test .  

system has been successfilly tested at  up t o  30,000 rpm, although we are 

at  present having bearing problems at the higher speedswe w i l l  have t o  

achieve. 

I n  addition, the  pumps are being developed t o  a higher 

A single 

Th i s  feed 

Since our hearings last year, we have selected AeroJet-General 

Corporation through a competitive proposal evaluation t o  design, develop 

and fabricate a nozzle fo r  the Phoebus 2 tests. The nozzle design chosen 

fo r  Phoebus 2 reactor tes t ing  is  similar i n  design approach t o  the U-tube 
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nozzle which has been successfully used for all of the mRVA IRX reactor 

tests. 

instead of stainless steel to withstand the higher heat flux and tempera- 

tures of the Phoebus tests. 

is its large size. 

nozzle used on the NHX-A3 reactor is shown in figure 20 ( Npo 65-2107). 

The forgings for the nozzle pressure vessel, figure 21 ("0 66-346), 

are the largest Hastelloy-X forgings ever made. 

photo weigh over six tons each. 

t0.a bleed port flight nozzle for higher power engines ih the same way 

that the NRX-A nozzle led to the EST and XE nozzles. Here is one of 

The phoebus 2 nozzle, however, w i l l  be fabricated from Hastelloy-X 

The biggest problem in developing this nozzle 

A comparison of the Phoebus 2 nozzle size with the 

The ones shown i n  the 

The work we do on this nozzle w i l l  lead 

many examples of the forward push of our program on this country's pro- 

duction process technology. 

NBRVA ENGm TIECHIt0U)GY 

During this past year we have increased our emphasis on the behavior 

of nuclear rocket engines systems. A number of related test events have 

demonstrated the nuclear rocket's ability to start smoothly, operate as 

commanded and perform stably over a wide operating range. These test 

events include the Engine System Test (NRX/EST) series, tests on cold- 

flow engines, and the IVl3X-U mapping experiments. 

I would like to review quickly the essential features of the nuclear 

is a schematic drawing of rocket engine system. Figure 22 ( R-63-1294) 

the nuclear rocket engine. 

propellant tank through the nozzle wall and the reflector to cool those 

After the propellant is pumped frcan the stage 
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components, it i s  turned around and flows through the hot fuel elements of 

the reactor core and out the jet nozzle. 

a small amount of hot hydrogen is bled from the  reacaor exhaust through a 

hot bleed port i n  the nozzle w a l l  and i s  mixed with cold hydrogen t o  a 

desired temperature. 

which drives the hydrogen feed pump. The turbine drive gas is expelled 

through the auxiliary nozzles shown. In  such an engine system, a change 

i n  any of the controlling parameters may cause a corresponding change i n  

another operating parameter. 

will cause reactor power t o  drop because of the negative neutronic effect  

of the lower pressure o r  smaller amount of hydrogen i n  the reactor. This 

i n  turn causes a drop i n  temperature of the ex i t  hydrogen gas so that the 

hydrogen t o  drive the turbine i s  lower i n  temperature. 

An important point t o  note is  t h a t  

This hydrogen is  then used t o  drive the turbine 

For example, a reduction i n  the flow rate 

Because there are many such complex interactions, the engine system 

work is  of great importance i n  establishing nuclear rocket technology. 

The goal of t h i s  work is not only t o  assemble the necessary components and 

find a way t o  make the resulting engine operate t o  produce thrust .  

t o  thoroughly understand the way each component i n  the  engine w i l l  operate 

under any given conditions, t o  have a clear  outline of the limits under 

which engine operation is ent i re ly  satisfactory, and t o  know the margin 

which exis ts  between noma1 and abnormal operation. 

It i s  

Although we have been working towards an understanding of engine 

behavior fo r  sane time, the Engine Systems Tes t  (NRX/EST) series being 

carried out i s  the first operation of a powered engine assembly as a 



self contained, self sustaining controlled system wltrh no external energy 

assist. 

pumps hydrogen frm a storage tank into the reactor. A photograph of the 

RRX/ESl! is shown i n  figure 12 (NPO 65-1915). A comparison of the NHx/EST 

configuration with earlier reactor test configurations is ehown i n  figure 

23 (NPO 65-2U7s) and 24 (NPO 65-211~). 

basically a modified NRX reactor test car having a NpjRVA turbwump and a 

NERVA jet nozzle containing a hot bleed port t o  provide gas t o  drive the 

turbine. 

engine system are that the pump i s  not in its flight engine location ( i t  

is located i n  the closed corplpartment a t  the left  end of the  test car), the 

engine fires upward rather than downward, and the exhaust gases discharge 

into the atmosphere rather than into an altitude simulation (vacuum) duct. 

It uses the  hot bleed hydrogen t o  drive its own turbapump which 

This breadboard engine is 

The main differences between th i s  systea and that of the actual 

The engine operating information obtained during these tests is, however, 

indicative of and directly applicable t o  that of the actual engine system. 

We have cnmpleted the first series of the NERVA Reactor Experiment/ 

Engine System T e s t  (IWtX/EST) power tests. 

was t o  demonstrate feasibility of engine system bootstrap s t a r t  up, that 

is, s t a r t  up and acceleration of the turbogrrmp using a8 energy sources; 

reactor power, heat stored within the reactor, and the pressure of the 

stored liquid hydrogen. 

1/3 full power. In  addition t o  start up investigations, controls experi- 

ments were conducted at partial powsr t o  investigate dynamic reeponse and 

alternate cDntrol system. 

The purpose of th i s  test series 

These e t a r t  up tests were limited t o  rpproxlmately 



The ~/~ s t a r t  up experiments t o  intewediate  power were conducted 

on two separste days, February 3, 1966, which was the first t ime a nuclear 

r x k e s  engine operated and ei&t days later on February 11, 1966. 

of tes t ing were needed because the l iquid hydrogen storage capacity at the 

t e a t  cel l  was insufficient t o  conUuct a l l  the tests oa one day. 

Two days 

On February 3, two s t a r t  ups were conducted. The f i r a t  s t a r t  demon- 

strated bootstrap capebility with n o m 1  i n i t i a l  conditions. 

t h e  temperature control system was tested at partial pawer. 

a t ing ccmdition during th i s  run waa 440 megawatts a t  an exi t  gas temperature 

of 2550°R. 

starting the engine system after reactor components had been cooled w i t h  

I n  addition, 

The peak oper- 

The second run was conducted t o  demonstrate feas ib i l i ty  of 

cold hydrogen. This test proved tbat the engine system could be s t a r t e d  

w i t h m t  using heat stored within the reactor; therefore, there is u wide 

of i n i t i e l  tenpererture conditione (including thwe that might arise 

fram space storage) under which satisfactory engine start up can be obtained. 

E i g h t  days Later, after replenishing the l iquid hydrogen supply, the 

HRX/$sT was restarted three additional times. 

a bootstrsp without aoving the reactor control drums. 

potential  control simplification by using the engine pressure control system 

t o  contra1 r a c t o r  power during the start up. 

ducted w i t h  u lower l iquid hydrogen supply pressure, more nearly appmxi- 

mating the pressure i n  a f l igh t  t y p e  tank. The start was terminated before 

steady state Dperation was reached because a test parameter l i m i t  was being 

appmached in th i s  breadboard system configuration. 

The first start demonstrated 

This a t a r t  showed a 

The second s t a r t  up was con- 

This type of s t a r t  up 



w i l l  be re-attempted. 

was conducted t o  perfonu additional dynamic tests of the control system 

and t o  test an alternate reactor c m t r o l  system. 

The thi rd s t a r t  up using nominal i n i t i a l  conditions 

The NRX/EST operated at power range from 200 t o  440 megawatts and 

a t  ex i t  temperatures ranging frm 2W0R t o  2500'R during a l l  of these 

intennsdiate pmer  tests. The operating t h e  at these power levels on 

February 3 was a b m t  24 minutes and on February ll, 30 minutes fo r  a 

t o t a l  operating time of 54 minutes. During t h i s  ope-tion, the engine 

was providing thrust  at an equivalent space specific Impulse of 520 t o  

590 seconds as ccanptsred t o  advanced chemicel rocket engine specific 

impulse of 420 seconds. 

which are planned for  t h i s  breedbard nuclear engine and which have 

already been run i n  reactor tests, specific impulse values of over 750 

seconds are achievable. 

A t  fill power and f u l l  temperrrture conditions 

Figure 25 (NPO 64-669) show the  hydrogen feed system developed 

by Aerojet for  the EST tests. 

designed t o  operate at 27,000 rpm, although the f u l l  power EST conditions 

require only 22,000 rpm. 

second of l iquid hydrogen a t  over 900 pounds pressure. 

This feed system uses a centrifugal pump 

At 22,000 rpm t he  pump delivers 75 pmnds per 

The nozzle used on the EST engine is the basic Aerojet designed 

U-tube nozzle similar t o  the ones which have been used i n  the earlier 

NRX-A2 and A-3 reactor tests. Th i s  EST nozzle, however, is  the 
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first  t o  have a hot bleed port (figure 26, 

drawal of hot gas from the nozzle chamber t o  drive the turbine. 

IWO 66-328) t o  allow w i t h -  

The Engine System T e s t  is  the most dramatic and important of the steps 

taken t o  date i n  achieving a thorough understanding of engine operation. 

It was, however, preceded by mapping tests on a l l  key ccmponents, by a 

great deal of analytical  work, and by more than forty cold flow tests on 

cold flow engines a t  the Lewis Research Center and at  Aemjet-General's 

plant i n  Sacramento. 

have no fissionable uranium i n  the reactor so that no power can be generated. 

The only energy available is, therefore, the heat picked up by the cold 

hydrogen as it flows through the ambient or atmospheric temperature 

materials of the engine. Tests using cold f l a w  engines, however, can 

simulate the behavior of a real nuclear engine through the first several 

seconds of startup. 

hydrodynamic oscil lations is greatest, and when the energy available i n  

the engine t o  bootstrap (self  s t a r t )  the pump is  at  i ts  lowest. 

cold flow engines are long lived and do not became radioactive, we are 

able t o  operate these tests fairly frequently and use the same basic 

equipment repeatedly. 

Cold flow engines are nuclear rocket engines which 

This is a c r i t i c a l  stage, when the possibi l i ty  of 

Because 

More than 26 runs were made a t  the kwis Plumbraok Faci l i ty  i n  the 

test configuration shown i n  figure 27 ("0 65-2128). 

were made at Aerojet i n  the Cold Flow Development Tea t  System (CFIES) 

shown i n  figure 28 (XPO 65-1924). 

been complementary with the  Lewis program concentrating on engSne 

More than 20 runs 

The work a t  the two facilities has 
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behavior using an axial flow pump, and Aerojet on engdne behavior using 

the lqERVA centrifugal pump. 

The overall  findings of the cold flow engine tests are that the nuclear 

engine is stable over wide operating limits during s tar tup and can boot- 

s t r ap  (self  s;tart) under a wide range of conditions. They have provided 

important data on the behavior :,f t h e  two systems using the different 

pumps which w i l l  a id  i n  the eventual selection and design of a pump f o r  

the  200,000 t o  250,oOO pound thrust  NERVA engine. 

describe the behavior of the engine with no power added have been developed. 

Methods of introducing l iquid hydrogen t o  the pump have been developed 

which allow the engine piping t 3  be chil led down t o  near the eventual 

operating temperature without causing oscil lations.  

Analytical models which 

Data f m m  the  Aerojet CFIJTS were used d i rec t ly  t o  determine the use- 

f u l  range of test parameters f o r  the EST test. 

data  w e r e  used i s  shown i n  figure 29 (NPO 65-2048) where the effect  of 

tank pressure on the a b i l i t y  of the cold flow engine t o  bootstrap start 

is indicated. From data l i k e  these we were able t:, conclude that it was 

feasible ta bootstrap the EST reactor against the atmospheric turbine 

backpressure which was present during the EST aperations i n  our reactor 

T e s t  C e l l  A. The EST cold f l D w  tests have matched w e l l  wi th  the results 

predicted using the CFIJTS data and the EST power tests of February 3 

indicated sat isfactory bootstrap starts f o r  these engines. 

A n  example of how these 

The series of mapping experiments carried out i n  NRX-A3 were 

described earlier i n  the Graphite Reactor Technology section. These 
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tests were iaaportsnt In that  they treated the reactor as an engine can- 

ponent which might find itself eubdect t o  any of a variety of conditions; 

low flw and high power, high flow and low parer, and many intermediate 

conditions. Tbese data assured us that the tests planned fo r  FST wmld 

not bring the reactor in to  an area which m i a t  cause it t o  malftanction in 

aw way- 

While the combination of analysis, cold flow engine, and EST engine 

systen tes t ing has provided a g a d  understanding of the hot bleed nuclear 

rocket engine, the clround Experimental Engine (the XE engine) which w i l l  

be tested s ta r t ing  early in 1967 will provide further systems data and w i l l  

evaluate the test f ac i l i t y  technology as w e l l  a8 of cmponent and system 

operation. Figure 30 (IWO 65-1926) is a drawing of the engine installed 

i n  our Engine T e s t  Stand #1 (FTS-1) i n  which our first dmnfiring tests 

w i l l  be conducted. 

The XE engine w i l l  use flight type ccmponents wherever the  component 

characterist ics w o u l d  affect the system operation. Where they w i l l  not, 

such as i n  the pneumatic &as system of the engine, we Will use f ac i l i t y  

type components. The f l igh t  type components which wil l  be used i n  t h i s  

engine include the nozzle, turbopump, and controls. 

backlog of component test data on these and are confident of their per- 

formance on the  XE engine. 

a l l  engine components, an external shield w i l l  be added at the top of 

the XE engine t o  lower the radiation dose received t o  a level  which can 

be tolerated. 

We have a large 

In order t o  avoid having t o  radiation harden 

The XE engine wil l  be tested in FTS-1, as shown in th i s  
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drawing. 

in 1966 and power testing early in calendar year 1967. 

Cold flow testing of this XE engine is scheduled to begin late 

. 
It has been our experience that the development and construction of 

facilities to test components I s  sometimes as difficult as the developuent 

of the component itself. NPO 65-1922 ) 

illustrates the size of the exhaust duct that is required for CTS-1 

operation. 

difficult technology item in itself, 

gases f r o m  the engine are directed away frcm the test stand by this duct 

so that these gases will not be a safety hazard. 

to below atmospheric pressure before the engine is started produces 

stable flow in the Jet nozzle at an early stage in the start sequence. 

This photograph (figure 31, 

The fabrication of this duct has turned out to be an extremely 

The high temperature hydrogen exhaust 

Pumping the duct down 

Another area of concern in the development of the NEFNA engine has 

been the need fo r  remote assembly and disassembly. 

that a modular approach which would allow us to remotely connect and dis- 

connect major subassemblies is more practical than trying to develop a 

capability for remote reassembly of each component in the system. 

continue to consider remote operations in our component and assembly 

designs. 

We have concluded 

We 

Such remote assembly and disassembly operations will take place in 

the E-MAD (Ehgine Maintenance, Assembly and Msassembly Building) as 

will other assembly, disassembly, and post-mortem activities. Construction 

of the E-MAD facility has been completed for severalmonths, and its 

activation is now in progress. The large disassembLy area is shown in 
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figure 32 (NPO 65-1930). 

f a c i l i t y  a re  the  wall-mounted handling system and the overhead position- 

ing system shown here i n  the disassembly bay. The wall-mounted handling 

system i s  used t o  do the major tasks of disassembly remotely so that 

cmponents which are radioactive can be examined. 

ing system is used t o  place the various engine subsystems and components 

i n  position t o  be operated on by the handling systero. 

is scheduled t o  receive the first reactor f o r  disassembly early i n  1967. 

Component Development 

The two major remote handling systems i n  the 

The overhead position- 

The E-MAD f a c i l i t y  

Other engine components which have received at tent ion (besides the 

reactor, feed system, and nozzle), include control systems and instru- 

mentation. 

provide systems that a re  simple and that w i l l  be reliable i n  the environ- 

ments i n  which they must perform. 

The objective of our control systems work i s  primarily t o  

The work we have carried out over the past f e w  years has resulted 

i n  the establishment of the technology of pneumatic actuators fo r  engine 

and reactor control. 

the radiation and thermal environment of the engine than hydraulic 

actuators now i n  hand. The photograph i n  figure 33 @PO 65-1914 ) shows 

two pneumatic actuators under development f o r  the WFWA engine technology 

part  of our program. The first actuator powers the turbine power control 

valve and uses a pneumatic gear motor drive. 

rotates the reactor control drums, uses a piston dr€ving a rack and pinion 

assembly t o  provide rotary motion. 

This type of actuator appears more reliable i n  

The second actuator, which 

These actuators have undergone 

37 



radiation testing either as a cmplete assembly or  8s c r i t i c a l  camponents 

and have been tested over a wide range of expected aperating conditions. 

The turbine power control valve actuator i s  being used during the  EST 

tes t  series. 

during the  ground experimental (XE) engine testing. 

The pneumatic reactor control drum actuators will be used 

We have a l so  been active i n  applying the principles of a new f i e ld  t o  

the problems of nuclear rockets. Fluid interaction devices, similar i n  

principle t o  e lec t r ica l  and electronic devices can be combined t o  perfozm 

the functions of computation and fo r  motor drive fo r  which e lec t r ica l  and 

electronic devices are now generally used. While the use of f luid Inter- 

action devices t o  replace electronic parts is expanding rapidly i n  'every 

industr ia l  usage, these devices are particularly valuable t o  meet nuclear 

rocket requirements since they are relatively insensitive t o  extremes 

of temperature, and t o  radiation. 

devices t o  use with the actuators discussed above, t o  replace the few 

electrmechanical components of the pneurnatic actuator selected fo r  use in 

the NEWA engine. In addition, a completely pneumatic control actuator 

using 

use as a reactor control drum actuator, 3r an engine turbine power control 

valve actuator has been designed and fabricated. 

the control logic elements with the actuator elements i n  a small package, 

eliminating transmission l ines  and increasing reliabblity.  

undergoing breadboard tests at the bwis Research Center. 

W e  have developed fluid interaction 

working f luid which appears t o  meet a l l  our requirements fo r  

Thls actuator cmbines 

It is  ncJw 

The pmblems of instnunentation i n  the l4EXWAtechnology program are 



not much different than the mrmally d i f f i cu l t  problw of  msasuring tem- 

peratures from -423%' t o  4O0O0F, except that the interne radiation f i e l d  

is an added environmental burden which m u s t  be considered. For exaagle, 

many of the inst rments  used t o  make high temperature measurements need 

t o  be well insulated electr ical ly .  

however, generates very high temperatures i n  the internal parts of the 

instrument which would cause it t o  m e l t  unless good peas ase provided 

to conduo% the heat away. The requirements are basically i n  conflict; 

good e lec t r ica l  insulators are generally good at preventing heat from 

being transferred out a8 well. 

instrument manufacturers, testing the i r  instruments fo r  our requirements 

and m o d i f y i n g  them t o  meet our needs. 

which have been screened f o r  j u s t  a few measurements is shown i n  figures 

The intense level  of gamma radiation, 

Our approach has been t o  work w i t h  the 

A sampling of %he instruments 

34 - o w  36 (mo G-345, 347, 348). 
Radiation Effects on Materials 

The programs which have been carried out over the past few years t o  

determine the properties of engineering materials which are subject 

simu2taneoualy t o  both cryogenic temrperatures and hi& radiation doses 

have provided a catalog of useful information which  is llow available fo r  

the designers use. GeneraUy, the combined effect  of both radiation and 

cryogenic temgerature has not been much different than the effect  of 

cryogenic tePlperature alone fo r  metals which  w i l l  not be used in the 

highest radiation fields of the nuclear ewine. The threshold f o r  many 

of these matals t o  begin showing effects,  however, appears t o  be between 

the low and high dose levels found at various locations of the nuclear 
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engine. 

which data are available t o  the highest doses expected t o  be reached i n  

the 5000 m e g a w a t t  NERVA engine. 

Applicability of 1000 MW NERVA Technology t o  5000 MW NERVA Engine Development 

W e  are now engaged i n  extending the  range of radiation doses fo r  

It i s  important t o  summarize br ie f ly  the direct  appl icabi l i ty  of a l l  

of the work being performed i n  developing the  technology of nuclear rocket 

engines i n  the 1000 megawatt, 55,000 pound thrust  engine s ize  t o  the large, 

5000 m e g a w a t t ,  200,000 t o  250,000 pound thrust  NERVA engine development, 

particularly since our 1967 budget request provides funds fo r  i n i t i a t ing  

development of such an engine. 

The KIWI and NERVA NRX reactor t e s t s  have proven the a b i l i t y  of 

nuclear rocket reactors t o  achieve the high performance that was predicted 

f o r  them. The materials, fue l  element configurations, and general design 

features and design methods developed i n  t h i s  par t  of the  nuclear rocket 

program are  those t r l a t  a re  being d i rec t ly  used, almost identically, i n  

the design of the large NERVA engine. 

t h a t  w l l l  be required are being evaluated first i n  the Phoebus 1 reactor 

tests before pro,. I - ,  t h e m  conclusively i n  the Phoebus 2 reactor tests. 

In  addition, laboratory tes t ing  i s  continuing t o  provZde the methods fo r  

achieving the highest possible fue l  element l i f e  and temperature. 

Advances i n  reactor technology 

The engine system technology work i s  providing analytical  methods 

f o r  predicting nuclear rocket engine performance and operating charac- 

t e r i s t i c s  under a l l  design and off-design conditions, including both 

steady state and ,ransient operation. These analyt ical  methods a re  being 
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evaluated i n  the cold flow test  system and in the braadboard Engine System 

T e s t  (EST) and w i l l  be further evaluated in the Ground Experimental Engine 

(XE). 

250,000 pound thrur t  NERVA engine is much larger than the Ground Experi- 

mental Engine, introducing primarily fabrication technology items that are  

not fu l ly  proven, the engine system design and analysis methods thet are  now 

being evaluated i n  the ramller s ize  systems w i l l  be used directly i n  the 

larger system design and development. In addition, the component design 

methods that have been establirhed are also direct ly  applicable to the large 

engine components. 

nough, as indicated in figure 37 (NPO 65-2010), the 200,000 t o  

Mostimportant, the development approaches that w d l l  be needed for  a 

f l i gh t  engine development are being developed as par t  of our engine tech- 

nology program. 

engine test f a c i l i t i e r  i r  providing a firm basis for  the construction of the 

test rtands that  w i l l  be needed t o  develop the large NERVA engine and the 

propulsion modules o r  vehicle stages that w i l l  use that  engine. 

foundation of technology for  the development of &he large NERVA engine is 

being firmly b u i l t  by the smaller hardware of the 1000 megawatt systems 

which are lees expensive than the large system8 w i l l  be, but the technology 

of which is nevertheless, completely applicable to  the large system. 

The experience that is being and w i l l  be obtained with the 

The required 

ADVANCED RESEARCB AND TECHNOMMY 

In addition to  the work underway to  establish the graphite reactor 

and NERVA engine technology, the advanced research and technology portion 

of the nuclear rocket program conducts research and development on 
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tungsten reactors, analytical and experimental work tcb develop analytical 

models for operation of nuclear rocket systems, studies of the effect of 

radiation on the properties of materials and the behavior of ccmponents, 

the development of advanced, radiation resistant control components and 

instrumentation and basic studies to extend our fundamental knowledge 

of such diverse phenomena as heat transfer, fluid flow stability, and 

optimal control of systems behavior through the application of the mathe- 

matics of non-linear systems. 

reactor nuclear propulsion concepts such as dust bed, liquid, and gaseous 

fuel reactors is also carr-ied out in this part of the program. This work 

emphasizes the fundamental problems involved in a vartety of concepts so 

as to be broadly applicable to whichever concepts appear promising. 

Finally, we have been active in work on radioisotope propulsion in which 

the isotopes are used to heat hydrogen which produces thrust. 

Research work on the very advanced cavity 

Tungs ten React 318 

Because of the importance of nuclear rockets in space exploration, 

we have conducted a relatively small effort on the technology of reactors 

using tungsten-uranium dioxide f'uelelementswhich offer promise for 

extremely long operating time. 

the good structural properties of tungsten at high temperature, and the 

freedom of this material frm corrosion by hydrogen indicated the possi- 

bility that this material system might provide extremely long operating 

duration at high temperature. 

investigated in this effort on tungsten based nuclear reactors were the 

The high melting points of both materials, 

The major problems anticipated and 
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fabricability of suitable tungsten-uranium-dioxide fuel elements and the 

compatibility of tungsten-uranium-dioxide fuel matertal in a hydrogen 

environment when subjected to various steady state temperatures and cyclic 

temperature variations. In addition, there were the usual problems of 

analyzing the design, neutronics, and control characteristics of a reactor 

based on materials with which there bad been little previous experience. 

The first thermal cycling test, carried out in 1963, resulted in a 

rapid disintegration of the fuel materials after only a few temperature 

cycles. 

cycle on the structure of the tungsten-U02 matrix'early in our investi- 

gation. 

grain boundaries. 

boundaries has caused loss of all structural integrity of the sample. 

One of the major thrusts of the research effort on tungsten-based 

reactors since that time has been understanding and &eveloping solutions 

to this problem. 

tion by a factor of 10, and in 1965 increased understanding of the phenomena 

has resulted in further extension of the thermal cycling ability of this 

fuel so that there appears to be little problem in meeting any cyclic 

capability desired for a mission use or for development at temperatures 

equivalent to specific impulses in the range of 750 to 800 seconds. 

1965 specimen shown in figure 39 (WO 65-1999) has undergone more than 

100 temperature cycles of the same kind that caused breakup of the 1963 

specimen in figure 38 ("0 The new speciaen does not appear 

Figure 38 (NPO 65-2011) indicates the effect of the thermal 

Uranium has been released from the UO2 and has penetrated the 

Further reaction of the U02 uranium in the grain 

By 1964 we were able to extend the useful cyclic opera- 

The 

65-2011). 
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t o  have reached i ts  l imit  of operation. 

Rerearch and development ou fabrication methods carried out i n  the 

past  three years have developed several methods of fqbricating structurally 

and metallurgically acceptable fuel  elements. The extent of our ab i l i t y  t o  

fabricate tungsten i n  1963 is shown i n  figure 40 (NPO 65-1990). 

simple shape had few of the characterist ics required for  successful opera- 

tion as a reactor fue l  element. 

tungsten fabrication methods carried out i n  1964 and 1965 considered every 

conceivable method of fabrication. Some of the fabrication techniques and 

fuel  element geometries considered during 1964 and 1965 are  shown i n  figure 

41 (NPO 65-2000). As a resu l t  of t h i s  broad survey, i t  was possible early 

th i r  year t o  define satisfactory fabrication methods for  producing sat- 

isfactory fuel  element subsections. Sound fuel  spec4mens are  now being 

supplied for  simulated environmental tests t o  caaplece the f i n a l  step in 

our tungsten reactor evaluation, the determination of the performance 

capabili t ies of reactors based on thirr fue l  form. 

This 

Our evaluation and developmmt ef for t  on 

While our mission studies have revealed some interesting benefits 

from the use of law thrust ,  l i gh t  weight, long duration nuclear rockets, 

both i n  maned and unmanned applications, such m i s s i O n s  are not well 

defined a t  t h i r  time. As a resu l t  of the uncertainty of i ts  uses and 

the need to  r e s t r i c t  our budget, our tungsten work w i l l  be phased out 

i n  f i s c a l  year 1966. The work which ha8 been performed, however, w i l l  

have provided a round basis for  evaluating an operational system based 
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on these materials should a mission need arise. In addition, it w i l l  have 

provided valuable technology fo r  the advanced space power systems which 

w i l l  be based on the use of refractory metals such as tungsten. 

Advanced Concepts 

In  the  last year's discussion of work on very advanced cavity reactor 

concepts such as dust bed, l iquid core, and gaseous core reactors, I 

mentioned that the very high performance potential  of these advanced 

propulsion concepts i s  balanced by the immensely d i f f i cu l t  technological 

problems which must be overcame before t h e i r  performance potential  can 

be realized. 

various orders of increased performance potential, and closely related 

increasing development difficulty.  Figure 42 (NPO 65-1996) l i s t s  three 

of these advanced concepts: the dust bed i n  which the fue l  i s  i n  the 

form of f ine dust particles containing a mixture of one of the carbides 

of uranium and other metals, and the l iquid core reactor i n  which fue l  

i s  allowed t o  become molten, and the gaseous core i n  which the fue l  i s  i n  

the form of gaseous uranium atoms. 

65-1991, 65-2092) a re  art ist  sketches i l lus t ra t ing  the essent ia l  features 

of such concepts. 

Our work on advanced concepts includes work on concepts w i t h  

Figures 43 through 45 ("0 65-2081, 

These advanced concepts have several characterist ics.  Because the 

fue l  form i s  operating a t  temperatures beyond the maximum operating 

temperatures of the pressure vessel container, the container walls must 

be cooled. I n  order t o  obtain the maximum performance from the system, 

heat t ransfer  t o  the propellant gas must be maximized, while the proportion 
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of energy reaching the walls i s  reduced. Reasonable thrust  t o  weight 

performance requires f a i r l y  high flow rates of propellant through or  

around the fuel. Fuel econrsmy and other reasons, however, dictate  that 

the fraction of fuel  entrained or  carried off w i t h  the propellant be kept 

t o  a minimum. 

One can readily see why, as the performance potential  of these con- 

cepts increases, so does the development diff icul ty .  

fue l  concept, materials behavior and heat t ransfer  regimes which must be 

studied a re  limited t o  something below about 6700'3' since t h i s  i s  the 

highest melting point of any solid material known. 

are d i f f icu l t ,  they a re  comparatively l i m i t e d  extensions of our work on 

solid core graphite reactors. 

of new and d i f f i cu l t  problems. 

t o  study the behavior of material i n  the molten s t a t e  up t o  10,000~ 

is  a d i f f i cu l t  sc ien t i f ic  and engineering achievement. 

ments of the vapor pressure, stoichiometric ra t io ,  and other thermodynamic 

property data, are  tasks that i n  other ages would b v e  been a l i f e ' s  work, 

and probably unsuccessful, fo r  a dedicated sc ien t i s t  but can, at least, 

be considered now. 

performance potential  of a l l  envisages'fuel i n  the plasma state. 

I n  the dust bed 

While such studies 

The l iquid nuclear fue l  introduces a host 

Simply devising an experimental apparatus 

Precise measure- 

The gaseous reactor concept which has the highest 

Studies 

of t h i s  concept indicate that it m i g h t  be necessary t o  obtain temperatures 

as high as 140,000? i n  the center of the gas core €n order t o  achieve the 

high specific impulse potent ia l  (2500 seconds ) desiLied. 

goes up, the pressure needed t o  keep the uranium Fuel density w i t h i n  the 

As the temperature 



l i m i t s  of c r i t i c a l i t y  a l so  goes up. 

required would be abmt 15,000 psi.  

many of t h e i r  electrons and have properties which cannot be accurately 

predicted. Before we can design and develop t h i s  kied of reactor, we 

will have t o  find ways of attaining these temperatures under the con- 

t rol led conditions of a laboratory where measurements can be made of the 

praperties of mixtures of hydrogen and uranium as they w i l l  be i n  a 

gaseous csre reactor. 

A t  140,00O3F the  system pressure 

A t  these conditions atms lose 

In spite of these d i f f icu l t ies ,  the performance potential  of such 

concepts i s  so great that a reasonably-sized research e f for t  i n  their  

direction is just i f ied.  

measured in  greater understanding of problems rather than solutions t o  

them. 

that the investigators be chosen for  their  demmstrated outstanding 

cmpetence. 

sc ien t i s t s  and engineers frm the Nation's best resectrch laboratories 

and universities hard at  work 3n these d i f f i cu l t  problems. A partial 

l i s t  of those engaged i n  t h i s  work i s  shown i n  figure 46 (NPO 65-1993 

and 65-2001). 

Progress fo r  a l m g  time, however, w i l l  be 

Wsrking i n  such very advanced areas, it is of' paramount importance 

I n  t h i s  regard, I believe we have an excellent mixture of 

Radioisotope Propulsion 

Recent mission studies have indicated a number of pstent ia l  uses for  

l igh t  weight, very low thrust  systems w i t h  reasmably high specific impulse 

such as might be achieved by the use of radioisotope propulsim systems. 

The radioisotope heat s3urce is encapsulated i n  a refractory metal as 
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shown i n  figure 47 (NPO 66-607)- When no propellant is flowing, enough 

heat energy is transferred away from the capsule by mdiation t o  maintain 

the capsule a t  a reasonable temperature so that it does not melt. When 

i n  operation, a valve i s  opened t o  allow hydrogen flow t o  pass from the 

propellant tank in to  the f ine  passages around the capsule where it is  

heated t o  a f a i r l y  high temperature and exhausted out the nozzle. 

systems could be useful f o r  a t t i tude  control and s ta t ion  keeping fo r  

satellites, and f o r  propelling deep space probes. 

Such 

The work t o  date has been largely l imited t o  studies of the problems 

of providing high temperature isotope fue l  forms and capsules and studies 

of heat transfer,  supported by the AEC. 

devices appear t o  warrant further development, a system development e f for t  

would be ini t ia ted.  

Should the usefulness of these 

TECHNOfxxzy UTILIZATION 

It has been possible i n  the past year t o  increase our emphasis upon 

identifying and reporting inventions, innovations, processes, etc., which 

have evolved frm the nuclear rocket effor t ,  but which also may have 

some potential  application i n  the Nation's commercial markets. 

and documentation program functions under policies and procedures t h a t  

have been established by NASA i n  the  frequently enunciated belief that 

the  c iv i l ian  economy should reap maximum benefit froh our space effor ts .  

This search 

The resul ts  of t h i s  u t i l i za t ion  e f for t  have beelb successful i n  a t  

least t w o  respects. 

ing organizations i n  important segments of our contr@ctors -- Aerojet 

Firs t ,  we  have created fonnal new technology report- 
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General and Westinghouse. 

patentabil i ty i s  no longer the guiding cr i ter ion by which ideas should be 

These organizations have come t o  recognize that 

judged fo r  their  possible in te res t  t o  the Cbvernment. This  realization, 

coupled with t h e i r  top level management enthusiasm fo r  our objectives, has 

l e d  t o  a second resul t  -- namely, a marked increase i n  t h e i r  reporting 

ac t iv i t i e s  as indicated i n  figure 48 (Npo 65-2188). The quantity D f  

Reportable Items received frm each cmpany during the past year has 

exceeded the b t a l  of submissions f o r  the  four previous years. 

Cmpled with the quantity improvement is a noticeable increase i n  

quality. 

mstrate t h i s  fact ,  as w e l l  as t o  indicate the variety of subject matter. 

The portable Eddy Current probe can detect v i r tua l ly  invisible cracks i n  

In figure 49 (NPO 65-2083) are shown three typical items t o  dem- 

extremely small tubing. 

air  conditioning and refrigeration equipment requires, mly,  logical exten- 

I ts  adaptation t:, the inspection D f  heat exchangers, 

sims 3f the basic design. 

significant value t o  the steel industry. 

The High Temperature Thermocouple may be of 

The smoking pipe is  already being 

marketed on the West C x s t .  

l i n e r  -- t h e  technology of which being a d i rec t  offshoot of development 

It features the use of a pyrolytic graphite 

work i n  the nuclear rocket KIWI reactor. 

We are pleased w i t h  the  pr3gress attained so far i n  t h i s  important 

e f fwt .  

inventiveness which our contractors have brought t o  bear i n  the solution 

of d i f f i cu l t  problems within the program. 

Such progress has been realized through the creat ivi ty  and 

Many of these solutions may 

impact, e i ther  d i rec t ly  o r  indirectly, upon technoldgical requirements of 

the non-aerospace community. Our purpose i s  t 3  shape th i s  knowledge with 
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the widest possible spectrum of users, i n  the anticapation that  these 

solutions w i l l  eventually bear f r u i t  i n  new productg and processes of 

benefit to  a l l .  

NUCIEAR ROCRET SlwMARY 

It is a pleasure th i s  year to  be able t o  repor$ continued progress 

i n  our reactor ac t iv i t i e s ,  and to  outline for  you the steps w e  are  taking 

towards a thorough understanding of the system bewvior of nuclear rocket 

engines. 

reactor tests and being demonstrated in  the f i r s t  eqgine systems test 

early th i s  year i s  a major step in  providing an assttred technological base 

for  the high powered engines which w i l l  one day take men to  Mars. 

The wide stable operating range that  has been demonstrated in  

Each reactor test has been successful i n  substantially extending the 

proven performance domain i n  t ime  o r  temperature. 

resul ts  on fuel  elements which have not yet reached reactor test indicate 

good prospects for  further improvements. 

(EST), i n  addition to  making a major contribution to systems understanding, 

is  a test bed for  a number of components whose performance is v i t a l  t o  the 

succe~)s of the nuclear rocket. 

t a r t  operations In Nevada, is a carefully bu i l t  up etructure of understanding, 

beginning with analysis of component behavior and extending through 

environmental terts such a s  the cold flow engine teqts which are almost 

Our component test 

The breadboard engine system tests 

Underlying these suecessful reactor and EST 

as complex a8 the terts of the nuclear engine i tself .  

make it  very clear  that i t  is th i s  thorough, careful structure of 

I would l ike  to  



understanding which is the technological basis f o r  the next s tep forward 

i n  space propulsion systems; the individual success 3f tests of reactms 

and engine systems are gratifying i n  that they verify that th i s  structure 

i s  sound. It is a8 a resu l t  of t h i s  sound technd3gical base that we 

are confident of our a b i l i t y  t o  proceed into the devebpment of the large 

NERVA engine that w i l l  be needed f o r  future space missions. 

Our tungsten reactor program has determined the  performance potential  

and development d i f f i cu l t i e s  of tungsten based reactors fo r  space appli- 

cations and has provided an excellent techmlogy base should a m i s s i m  need 

f o r  such systems develop. 

components, m m e  advanced versions appear. FDr exampze, the field af 

f luid interaction devices promises t o  allow the designer freedrm from 

harmful effects  of temperature and radiation. 

cavity reactor concepts has continued. 

Even as we prove the a b i l i t y  of many of our 

Our research pr3,gress 3n 

Another important year l ies ahead -- f inal  preparations fo r  the first 

XE Ground Eqerimental Engine test, the t ransi t ion of mr work i n  NERVA 

technohgy t o  components fo r  the high power engine, plreparatims f9r the 

first 5000 m e g a w a t t  Phoebus reactor power test, and the  conduct of the 

first Phoebus 2 cold flow test. A l l  of t h i s  work i s  planned t o  assure 

that t h i s  country has the  a b i l i t y  t o  exercise mission options that w i l l  

keep it preeminent i n  space explorat im f w  the indefinite future. 



ELECTRIC POWER IN SPACE 

Electric power is essent ia l  i n  all space vehicles. Because there 

is no one power system that can meet all of the current or  anticipated 

mission requirements, we are developing o r  improving the technology of 

a variety of solar, chemical, and nuclear power system, i.e., solar 

ce l l s ,  solar col lector  systems, batteries,  fue l  cells and radio- 

isotope and nuclear reactor systems. 

substantially lmpmved solar and chemical system perf'wmfmce and the  

successful development of pract ical  nuclear systems. 

required wi l l  range from watts for small unmanned space science vehicles 

t o  megawatts f o r  large manned interplanetary spacecre;f"t ut i l iz ing  

e lec t r ic  propulsion 

Future missions w i l l  require 

The power levels 

In discussing our work on power generating systems f o r  space 

applications, we have generally grouped the various system concepts i n  

accordance with the source of energythat  was used in the power system. 

However, the work that we are describing is advanced technological 

development work aimed at providing mission planners and developers with 

the information and hardware experience that is required t o  permit them 

t o  choose the power system that will best f i t  t he i r  mission requirements 

and provide them with confidence that the system t h e  select  w i l l  operate 

reliably under a l l  required conditions. 
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As is indicated i n  Figure 50 (RN64-350 Rev.) each of the power 

sources that are available tend t o  f a l l  i n to  cer ta in  regions of power 

and l i f e  applicability. I n  t h i s  figure, we have preslented the region 

of power and operating duration i n  which each energy source appears t o  

provide low w e i g h t  systems. These are important system variables i n  

making a selection of a power system f o r  a par t icular  mission appli- 

cation. Although the  boundaries between the systems cannot be 

accurately defined and we are working t o  extend the  boundaries of each 

energy source, the data indicate that the chemical battery systems 

that have been used i n  every space mission are  short duration systems. 

The solar c e l l  systems are long duration energy souraes suitable f o r  

those missions that are i n  sunlight f o r  a significantr past of their  

mission trajectory.  

ba t te r ies  has provided power for all of our earth o rb i t a l  unmanned 

missions. In these applications, the batteries provide the power when 

the s a t e l l i t e  i s  i n  the dark o r  night part of its flsght and the solar 

ce l l s  provide power during the day o r  sunlit parts of the f l i gh t  in-  

cluding the  power needed t o  recharge the chemical bailteries after their  

power is depleted by dark time operation. Figure 50 (RN64-350 Rev.) 

indicates that i f  sufficient sunlight i s  not available f o r  the space 

mission, o r  if other mission o r  system consideration@ make solar systems 

unsuitable, then radioisotope systems can provide the source of e lec t r i -  

c a l  energy up t o  perhaps as high as 10 electrical kilowatts and nuclear 

T 

The conibination of solar ce l l s  and chemical 
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reactors can provide the source of energy f o r  higher powers 

Our advanced technology development work covers 

various sources of energy f o r  e lectr ic  power generatim. We are trylng 

t o  increase t h e  l i f e  of the chemical batteries including the fuel ce l l s  

and we are t ry ing  t o  provide more power per pound of weight f o r  these 

systems. 

trying t o  reduce the weight of the Large solar panels so as t o  in- 

crease the power level  capability of solar energy devices. 

we are t rying t o  find ways of extending the use of solar energy t o  

further distances fromthe sun than now appear efficient and also t o  

distances closer t o  the sun than our current, relatively l o w  temperature 

solar c e l l s  will permit. 

of these 

In the solar c e l l  and solar collector syst-, we are  

In  addition, 

In the nuclear area9 NASA and the AFC are working; closely together 

t o  assure that all of the required technology is  available t o  permit 

radioisotope and nuclear reactor energy sources t o  be used i n  our 

space missions. 

In  connection with the nuclear development act ivi t ies ,  it is  

important t o  point out that close,effective and consi$tent collaboration 

exists between NASA and the AEC. In  addition t o  my duties as Director 

of Nuclear Systems and space Power i n  NASA, where I am res-ponsible fo r  

NASA's technology development work on electr ic  system, I am also 

Director of Space Nuclear Systems i n  the AEC and have responsibility 

for  the AEC's development work on nuclear e lectr ic  pawer systems. 

the AEC program also supports the DOD nuclear power r$quirem?nts, there 

Since 
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is a close relationship among the nuclear plans and programs of the 

three agencies. 

as the Interagency Group on Power and the AACB, fur ther  help t o  assure 

coordination of DOD and NASA programs. 

In  addition, the n o m 1  coordinatiom amangements, such 

Up t o  t h i s  point, 1 have summarized t h e  energy soumes that are 

Howmer, with each available t o  generate e l ec t r i ca l  power i n  space. 

energy source, there are several different means for converting the 

source energy (for example, the heat generated by a nuclear reactor) t o  

e l ec t r i ca l  energy. Figure $1 (~~65-1942) shows some of the various 

energy comrersion systems that are being investigated as part of the 

NASA a d m c e d  research and technology program. Operational systems 

that we are trying t o  improve are l is ted with an asterrtsk. 

maining systems listed are advanced concepts that a,re under investiga- 

t ion  and development. It should be pointed out that tbese are not the 

only conversion systems that are possible nor are they the only ones 

that are being investigated by the various agencies of government. 

example, i n  the AEC, we a,re investigating a mercury Rankine system 

that may be used with isotope power sources and we are also i n i t i a t ing  

some exploratory work on an organic Rankine system f o r  dsotope sources. 

In addition, we are investigating thermoelectric device6 for  conversion 

of reactor heat t o  e lec t r ic i ty .  

by the AEC i n  cooperation with the Air Force last year, was a nuclear 

rektor-thermoelectric power sqpply. 

The re- 

For 

In fact, the SNAP-lOA *ich was flown 
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3 It is important also to emphasize that mst of dur work i n  t h i s  

area is not done on fu l l  power systems. Rather, worlo i s  done on the 

components of the energy sources and of the power conmrsion systems 

u n t i l  such a time that the conibination of these companents into energy 

source subsystems or into pcrwer conversion subsystems is required t o  

provide understanding of and experience with the opemtion of these 

separate subsystems. With new types of system concepts for which the 

available experience is limited or non-existent or fo r  

t o  be used i n  planned space mLssions, we would combifie 

13ource and the power conversion subsystems into a f'ulJ. 

systems that are 

the energy 

system so that 

i ts  performance could be rUVy evaluated, understood, and operational 

experience proVrded. 

i n  which the AEC is now developingthe reactor heat source and NASA is 

developing the mercury Rankine power conversion system. Because these 

subsystems have never been investigated i n  a full, combined system and 

because there are technical questions that remain unanswered abaut such 

full system operation, we would expect t o  put these kubsystems to- 

gether when they have each reached a point that they are understood, 

This is essentially our plan on the   SNAP-^ system 

well developed, and can operate reliably. 

point; this will became clearer l a t e r  i n  t h i s  discussion. Therefore, 

although we have a tendency t o  describe our work i n  terms of t h e  va.rious 

systems t o  which our work is applicable, it should be understood that 

we are conducting a technology program on the mrious cong?onerrts and 

We are not yet at that 
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subsystems of the various types of e lec t r ic  power systems that can be 

used i n  space. 

Although solar and chemical systems w i l l  continue t o  play an 

important role i n  space f o r  the indefinite future, aqd we are actively 

t ry ing  t o  extend their 'operating regimes, I w i l l  resdrict  the following 

discussion t o  work on e lec t r ic  systems using nuclear energy sources, 

the m a  i n  which both NASA and thel AEC are participating. 

The work underway i n  the AEC and i n  NASA on nuclear e lec t r ic  

power system technology i s  aimed at providing a broad range of nuclear 

e lec t r ic  power systems from watts t o  megawatts f o r  currently planned 

and advanced mission use. 

cooperation and collaboration, which I mentioned earlier, between NASA 

and the  AFX. 

It is important t o  re-emphasize here the 

Figure 52 indicates t he  various kinds of nuclew heat sources 

that are m w  under investigation by the AEC. 

Large (or low and high powered) isotope heat sources, the S" zirconium- 

hydride reactors, and advanced reactor concepts aimed at providing 

hundreds of kilowatts of e l ec t r i ca l  power up in to  the thousands of Mlo- 

watts of e lec t r i ca l  power. 

the figure, there are  many different types of systen@ for converting 

the heat developed i n  these nuclear heat sources t o  e l ec t r i ca l  energy. 

Some of them, such as t h e  t h e m e l e c t r i c  and the thermionic devices, 

convert the heat energy d i r e c t l y t o  e l ec t r i ca l  e n e r e  without requiring 

These are t he  srnazl and 

As I indicated ea r l i e r  ahd as is shown i n  

1 
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moving parts i n  the system. 

turbine-alternator systems an3 the Rrayton gas turbine system, are called 

aynamic systems because they require moving or rotating parts. 

shown i n  t h i s  figure that some of these conversion s$rstems can apply 

t o  several different heat sources. 

certain areas t h a t  require that we give them a fair technical evaluation 

i n  order t o  provide enough information t o  permit informed selections t o  

be made of those systems that w i l l  f ina l ly  be developed f o r  space flight 

mission use. 

Others, such as the mer@ury and potassium 

It is 

Each of them has advantages i n  

58 



RADIOISOPQPE H;IECrnIC poww SrsTWsl 

The AM: develops a l l  thermoelectric, radioisotqpe e lec t r ic  

generators f o r  NASA we. 

fo r  space radioisotupe generators. 

budget for  the advanced develupment of the low power radioisotope- 

thermoelectric systems aLthough NASA is evaluating conversion systems 

that will be m l i c a b l e  t o  high power radioisotope systems and funds 

are provided in the NASA request f o r  such work. 

The AM: also provides all of' the DOD needs 

-re is no fundling in the mAsA 

The widespread and growing NASA interest  in rad$oisotope appli- 

cations is indicated in Figure 53 (&5-2055) by the many Centers that 

have been tes t ing AEC-develuped radioisotmpe power generators. I n  

addition, som~ of the NASA Centers, particularly Amec and Langley, 

assist the AM: safety programs by conducting analytical and experi- 

mental investigations in areas such as re-entry burnup and trajectory 

analysis where PPASA has special competence. 

by NASA Centers has led t o  two missions that a ~ e  fir4il.y committed t o  

us* radioisotope power. 

30-watt SmAp-19 generators, mounted as shown in Figure 54 (RN65-2192), 

t o  provide supplementary power in an experimental application of 

isotope power. 

Since this is the first lqAsA spacecraft which w i l l  have a nuclear 

generator aboard, mAsA and the AMI axe preparing an 4nteragency agree- 

ment which will give the ISASA NIX6US contractors the necessary insurance 

This inferest  and act ivi ty  

llhe first, NIMERJS B, will u t i l i ze  two 

NIMBUS B is presently scheduled f o r  a l a t e  1967 flight. 
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protection against mlear hazards afforded by the Wce-Anderson Act. 

A major new program initiated by the AEC at NASA's request during 

1965 is the development of the SNAP-2'7 thermoelectric generator fo r  the 

&llo - Inrnar - Surface - Experiment - Package (ALSEP) which will be placed on 

the moon by the A p o l l o  astronauts, Figure 55 (~~65-1987).  

system is being developed by the  AEC f o r  the NASA Maimed Spacecraf't 

Center. 

moon fo r  at least a par and w i l l  weigh a b u t  40 pounds. 

design will v t i l i z e  a single plutonium Atel capsule orhich will be 

inserted i n  the generator on the lunar surf'ace by the Apollo astronauts. 

The SNAP-27 

It will prov3de 50 watts t o  power experimen-ts left on the 

The current 

The above two systems axe representative of a fwly of low power 

thermoelectric d&ces which have been developed over a period of years 

by the AEC. Four such isotope parer systems have already been used i n  

space. 

4 1/2 years i n  space. All of these units were fuele4 with Plutonium-238 

and operated satisfactorl5y in kvy navigational satellites. Some 

perfornoance decrease ww encountered during the operating period of 

these systems; however, the performance decrease is qnderstood and 

corrections have been made i n  follox-on designs that should eliminate 

the possibi l i ty  of such decrease, The electr ic  power' achievable i n  

these Tadioisotope-thermoelectric devices is now l w t e d  by radioisotope 

avai labi l i ty  and cost considerations t o  values of abolut a kilowatt .  For 

One of these units launched i n  1961 is still operating mer 



radioisotope systems developing powers higher than albout a kilowatt, 

there is a need for better power conversion efficieacy than can be 

obtained from t h e m e l e c t r i c  power conversion. 

conversion systems are, therefore, being investigatad f o r t h e  higher 

power isotope units. 

Sevqa l  dynamic 

The mercury working f lu id  turboalternator system that has been 

under investigation by the AEC f o r  several years has been operating 

f o r  sipif ' icant periods of time. 

requiring extreme attention t o  temperature gradient&, thermal 

distortion, bearing design and clearance, avoidance of corrosion, etc. 

Efficiencies of 7 or  8 percent have been achieved compared t o  the 5 

percent that may be possible with thermoelectric elements. 

efficiency of t h i s  equipment could be increased if  the maximum 

operating temperature could be increased and some efficiency gain 

could also be achieved i f  the temperature i n  the r&lator were de- 

creased. An efficiency of a W  10 percent appears to be as much as 

could be reasonably expected f o r  th i s  equipment. 

delivexdng twice as much e lec t r ic  power with a given isotope loading 

as is possible with thermoelectrics. 

This is a d i f f i cu l t  development 

The 

W s  would permit 

In our efforts t o  achieve still higher efficiegcy, we are now 

ini t ia t ing,  under AM: contract, prelim?nary investfeations t o  determine 

the f eas ib i l i t y  of using organic fluids,  which are $ssentially oi l s ,  

i n  low teqperature, turboalternator systems. Such $ystems may 
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operate with efficiencies up to 15 percent even tho* they operate at 

mEucimum teqeratures of' only 600-700%. These low Wqperatures should 

ease the problems associated w i t h  development of the isotope power 

system and may permit increased reliability. No canmitments are 

being made to carry these organic conversion systemsi further into 

hardwa.re evaluation until the operation of the fluidls at operating 

conditions is evaluated and appeass satisfactory. 

Beyond these two dynamic systems, the Brt&on 4as turbine type of 

system offers the possibility of efficiencies of 20-25 percent---4 to 5 

times as high as could be achieved w i t h  themoelectzics--if high 

camponent efficiencies and low losses can be achieved. 

the basis of test work done by mAsA corrtractors and by the Lewis 

Research Center, that such component performance can indeed be achieved. 

It appears on 

The Brayton gas turbine cycle is schematically illustrated in 

Figure 56 (&5-2170). With this gas turbine power conversion system, 

it may be possible to obtain as much as 10 kilowatt$ of radioisotope 

electric power, which is probably an upper limit, Wnsidering radio- 

isotupe cost and availability. The radioisotape BrQton system is, 

therefore, of particular interest i n  future manned Wssions such as 

orbital laboratories in which these higher powers are likely to be 

needed. Such a radioisotope-Brqyton cycle power sy$fem installation 

in a representative orbital laboratory concept is sbown in Figure 57 

(&5-1950). It should be noted that the m n  q c l e  is also of 
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interest  i n  solar power systems where its high effici4ncy will reduce 

the s ize  of the collector needed. 

The AEC is conducting research and development or). heat sources 

havfng the capability of operating at the higher temperatures and 

higher powers that  will be required and the NASA Lewis Research 

Center is studying both axial and radial flow Brayton cycle power con- 

version turbomachinery such as shown i n  Figure 58 (~~66-285). 

test resul ts  and efficiencies were obtained f r o m  cold flow tests of the 

radial f l o w  turbine and compressor under investigation at hwis. 

development and experimental hot gas tes t ing of a gas bearing supported, 

rad ia3 flow, turbocompressor and gas-to-gas recuperator or  heat 

exchanger is continuing as part of a broad technology program on 

wayton cycle component development, with particular emphasis on high 

efficiency and re l iab i l i ty .  

c r i t i c a l  p r o b l d  areas, such as the high temperature gas bearings, 

component efficiencies at low Reynolds numbers, recuperator effective- 

ness and flow distribution, and component off-design performance, i s  

providing an excellent foundation f o r  f'uture systems development at 

any required lwel of power. 

with the obJective of obtaining perfonaance charactedst ics  of a 

breadboard system using the radial and axial fluw turbomachinery 

equipment. 

Bce l len t  

The 

This work which is conduated on the 

The program will continqe i n  FY 1967 
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SNAP-1OA 

An import& demonstration of the abi l i ty  of rmczear reactor 

e lec t r ic  power supplies t o  operate i n  space i n  a manner similar t o  

operation in  ground test facilities was accomplished 4uring the  past 

year. 

SNAP zirconium-uranium-hydride f'uel reactor and thermoelectric con- 

version elements was launched on A p r i l  3, 1965. 

automatically on command from the ground. 

duplicated almost exactly the operating characteristics that had been 

measured i n  ground test f ac i l i t i e s .  Although both the space and 

ground test operations indicated some minor deviations from the 

design values, the system operated i n  a rUlly satisfactory lllanner and 

gave important information that will help i n  future designs. 

The 500-mtt SNAP-lOA system (Shown i n  Figure 59) made up. of a 

It w@s star ted up 

Its operatSon for 43 days 

On the 43rd day after the unlt had made 552 urbits of the 

It was apparent that the earth, the  system stopped operating. 

cessation of operation was abrupt since no indication of impending 

failure h8d been indicated i n  data that were tele&%ared t o  the 

ground i n  the 552nd or earlier orbi ts .  

made before shutdown, observations made immediately mer the shut- 

down, and data that were transmitted by the spacecrafct later, several 

failure mde explanatiorrs were formulated. Each of these was experi- 

mentally evaluated by simulated testing of the compoqents and subsystems 

on the ground. Although no absolutely cer ta in  explawtion can be made 

Based on the telemetered data 
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by such simulation, the ground test data strongly support the conclusion 

that the shut-down was the resul t  of a sequential fa i lure  of e lec t r ica l  

components i n  the spacecraf't resulting f r o m  8 fa i lure  of a voltage 

regulator. All of the operating characterlst ics encountered i n  space 

can be duplicated on the ground through t h i s  piece-part fa i lure  mde 

analysis 

It should be emphasizedthat the W - l O A  nuclear reactor 

power system i t s e l f  operated w e l l .  

that was flown has been operating continuously in a ground t e s t  

In  fact, a duplicrate of the system 

f a c i l i t y  f o r  over a year. 

temperature on that system and it has continued t o  ogerate w e l l  since 

On February l&h, we increased the operating 

that t i m e ,  It i s  planned t o  continue the operation of that system 

through a t o t a l  of 10,OOO hours which will be reached i n  Mrtrch; at 

that time we will shut the system down t o  disassemble and ammine. 

Perhaps the most import& results achieved i n  Ohis flight t e s t  

program of SNAP-LOA were associated with proving that reactor m e r  

systems can be developed, transported, installed,  checked out, launched, 

and operated i n  space in a safe and predictable manner. The data 

obtained during the t e s t s  c lear ly  indicate tha t  reactor systems can be 

developed i n  groUna f a c i l i t i e s  that simulate the space environment i n  

a mmner very similar t o  the development techniques used f o r  all other 

space systems. The operation In space can be simruLated on the ground 

and no unexpected space phenomena a r i se  t o  affect  the operation of 



reactors. 

indicate how reactor systems can be shipped through c i t i e s ,  how they 

The next three figures (Figures 60, 61, 62) are intended t o  

can be checked out i n  advance of launch by personnel having direct  

contact with the  reactor system, and how l i t t l e  additional instrumenta- 

t i on  is required i n  the launch control room during launch and space 

operation of the system. This SNAP-LOA f l igh t  should serve t o  dis- 

pel any concern th&t m y  exist among those mission planners who are 

Urrpamiliar with nuclear systems about the problems that might be intro- 

duced by using such systems i n  space. 

encountered . 
No unusual pmblems were 
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sW-8  

The SNAP-8 ground development project i s  aimed at developing a 

35 t o  50 kilowatt power system using a mercury Fbnkine power conversion 

subsystem being developed under NASA contract and a nuclear reactor 

that is  being developed under an PXC contract as the heat source. 

schematic diagram of the 5rn-8 system is shown i n  Figure 63 (~65-561). 

It is  designed t o  be suitable f o r  a wide variety of potential mission 

A 

applications such as a lunar base pawer plant, direct  broadcast Tv 

satellite, large orbi ta l  laboratories, and manned planetary missions. 

To provide nission f l ex ib i l i t y  and because we wish t o  make as much 

use of state-of-the-art technology as possible, the components are  

separated wherever possible and a low temperature lubricant/coolant 

is provided. 

conversion system, working under the direction of the Lewis Research 

Aerojet-General is the NASA contractor f o r  the power 

Center, and Atomics International i s  the AElC contractor f o r  the 

reactor. 

The AEC has completed its test on the SNAP-8 experimental 

reactor (MER) shown i n  F 'gure 64 (~~66-290) .  

less than tu0 feet in diameter, was started up i n  May 1963, and was 

shutdown i n  April 1965, a f t e r  completing a year's operation under 

SNAP-8 power conditions. 

the fuel rods has shown that a majority of them have cracks i n  the 

m e t a l  cladding. 

not yet been ful ly  deuermined. 

The reactor, which is 

Since the shutdown, detailed examination of 

The cause of the cracks and t h e i r  significance have 

It appeass that the c m k s  resulted 



from irradiat ion embrittlemerrt; of the m e t a l .  cladding al loy combined 

with fuel swelling; detailed examination of the fuel rods will be 

completed i n  the next few months. 

already being taken, but fabrication of the development reactor fuel 

is awaiting complete evaluation of the data obtained from examination 

of the experimental reactor. 

Some corrective action is 

Since January, Aerojet has completed performance testing of the 

major prototype power conversion com_oonents and has i n i t i a t ed  

component endurance testing. Figure 65 (R66-344) mtmarizes the 

mxiWmt single unit  operating time obtained f o r  the  components 

listed as of the end of last par. 

(RN65-1946) has run for  750 hours and appears i n  good shape. 

pump, Figure 67 (RN66-286) has just  satisfactorily completed a 

planned 3000-hour endurance test. 

(~~65-194.4) has been operated f o r  over 3500 hours without any 

indications of diff icul ty .  Similarly, the  condenser, Figure 69 

(RN65-1945) has operated well during its 1400 hours of testing. 

Finally, the alternator,  Figure 70 (~~65-1947)  which 1s coupled t o  

and driven by the turbine has demonstrated acceptable e l ec t r i ca l  

performance i n  a 830 hour test. 

about 13,000 component test hours during 1965. 

components are satisfactory f o r  continued development and w i l l  be 

used i n  power conversion s y s t e m  tests. 

components l isted i n  Figure 65 (RN65-2153), the turbine and the boi ler  

A single mercury pump, Figure 66 

A NaK 

A lube/coolant pump, Figure 68 

In all, we have achieved a t o t a l  of 

The above-mentioned 

However, the &st two 
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cannot yet be considered as filly satisfactory, although they can be 

used i n  the  ground test progrm. 

Endurance testing of the turbine as a part of the complete 

mercury test loop terminated at 830 hours due t o  mechanical interference 

of an internal  retaining ring wtth the first stage turbine wheel as 

indicated i n  Figure 71 (~~65-2068).  

shown mated on the t h i r d  state diaphragm. 

sign fault and several other potential  failure modes found during the 

post -test inspection involved straightforward mechaniual modifications 

which have been completed. 

turboalternator package have been started . 

One of the retaining rings is 

Correction of t h i s  de- 

Tests of the  redesigned turbine i n  a 

The boiler, Figure 72 (~~65-1939)  has also been redesigned. As 

noted on Figure 65 (RN65-2153) the first design ran f o r  1400 hours; 

however, it did not give satisfactory s tar tup performance. The second 

generation design has now been tested f o r  over 450 hours as indicated 

by the  dashed l i ne  i n  Figure 65. 

improvement over the first design, but further methods of improvement 

are Seing investigated. The problem is one of obtaining satisfactory 

heat t ransfer  t o  the mercwy immediately upon startup i n  a controlled 

and reproducible manner and is  apparently greatly af'fcected by the 

cleanliness of the system, the boi le r  tube surface condition, and the 

materials used i n  the boi ler  tubes. This problem, in varying degrees 

of severity, has been a long standing one i n  a l l  boiling mercury 

systems. 

The above tests have shown significant 

Currently the Lewis Research Center is conducting a joint  



investigation with the AEC t o  seek a complete and practical solution. 

During FY 1967, ve plan t o  continue with power comrersion system 

development leading t o  the eventual development of a 10,000-hour 

endurance capability. 

mer conversion development testing, supported by work on heat 

transfer, materials, and other technical areas. It is  planned t o  

assemble the development reactor and install it i n  the Ground Prototype 

Test Facility, shown i n  the Figure 73, that has been bu i l t  by the AEE. 

The reactor w i l l ,  be tested i n  a performance checkout test of up t o  

25001haurs duration. 

after specific technical res t ra ln ts  o r  goals have been achieved i n  

the power conversion s y s t e m  development phase. 

consist eventually of a test of the combined SNAP-8 reactor and power 

conversion system. 

version system endurance win be required before we w i l l  begin 

fabrication of conibined system test support equipment and abaut 2500 

hours of endurance will be required before delivery and instal la t ion 

work of the power conversion system are in i t ia ted .  

Our p r o m  p h  ca l l s  f o r  30,000 hours of 

A second phase of the program is  then planned 

This second phase w i l l  

A t  least 1000 hours of component and power con- 

It should also be pointed out that the reactor being developed 

for  the  SN@-8 Mercury Rankine S y s t e m  cuuld also be used t o  provide 

the source of heat for  a t h e m e l e c t r i c  conversion system. 

are now under study as part of the AEC program t o  evaluate the  

capabilities and development pblems associated with providing t h e m -  

e lec t r ic  elements that could operate at the  1300% ou%put temperature 

Concepts 



of the SNAP-8 reactor. 

power system could give up t o  about 20 kilowatts of e l ec t r i ca l  power 

with an overall efficiency of up t o  about 5$. 

concept wuuld be an extrapolation of the system experience obtained 

i n  SNAP-1OA. 

the technology being developed i n  our e lec t r ic  power program. 

Various kinds of power conversion equipment can be used wl th the  

various heat sources under investigation. 

therefore, put us i n  a be t te r  position t o  select the best possible 

power source f o r  any particular family of applicationB. 

Such a conibined SNAP-8 reactor--themoelectric 

In  effect, such a 

It also indicates the versatile applicabili ty of mch of 

This work should, 

Advanced Reactor Electric Power Syst ems 

SNAP-8 is an earlyturbogenerator system that could be available 

f o r  use by the middle 70's. A comprehensive technology program aimed 

at providing the information required i n  the selection and design of 

higher powered systems that may be needed i n  the future f o r  both 

auxiliary power and e lec t r ic  propulsion applications is  also being 

conducted. 

program are l i gh t  we igh t ,  especially f o r  e lec t r ic  propulsion, and 

long life--over a par. 

be bullt with infonnation available today. 

The goals of the  admeed nuclear electric power technology 

Such lightweight, high p m r  systems cannot 

I n  meeting these goals of high pmer (hundreds t o  thousands of 

kilowatts) and lightweight (10 t o  30 pounds per e lec t r ica l  k i lomt t ) ,  

and long life (years), we are  inevitably forced toward higher and 

higher temperature. High temperature is  not generally campatible with 



extremely long l i f e ;  however, the importance of going t o  high 

temperature i n  order t o  achieve the extremely l o w  weights that are 

required t o  make deep space, high payload electr ic  propulsion 

advarrtageous causes us t o  a i m  at such an objective. From OUT 

analysis, it appears that the lowest weight, high =red systems 

could be achieved with ei ther  liquid-metal-cooled-reactors with 

turbine-alternators driven by vaporized metals, or  with liquid- 

metal-cooled-therrmtonlc-reactors i n  which the nuclear fbe l  element 

is the hot side of a t h e w o n i c  diode that converts nuclear heat 

directly t o  electr ic i ty .  

However, because h5gh temperature l iquid m e t a l  systems are 

beyond our current technological capability, we are also pursuing 

work on a gas cooled reactor that could provide high temperature 

gas t o  a Rrayton gas turbine power conversion cycle similar i n  

concept t o  the gas turbine cycle being investigated f o r  the 

isotope and solar collector heat sources. 

probably not be as low in weight as ei ther  of the l iquid m e t a l  

systems; however, should those systems encounter mador d i f f icu l t ies  

because of t h e i r  high temperature f'uel element and liquid metal 

envimnment, the gas system could serve as an appropriate 

alternate t o  provide large -ts of on-board electr ic  pawer. 

could probably not, however, sa t i s fy  the requirements of large 

electrically-propelled specraft, because it would not be low 

Such a gas system will 

It 



enough i n  weight. 

advantages including the avoidance of zero-gradty condens- and 

boiling effects and elimination of the need t o  provide heat during 

long term storage i n  space t o  keep the metal working f lu ids  i n  the 

molten state as would be required of liquid m e t a l  systems. 

In  addition, such a gas system may have other 

The work being conducted by NASA and the AM: i n  t h i s  ad- 

vanced power area i s  a l l  aimed at establishment of the tech- 

nologies involved. 

major subsystems together or with developing f h l l  system hardware. 

This technology development work is, however, being done with an 

understanding of system operating problems and performance require- 

ments developed over the years through studies conducted by many 

industr ia l  and government groups throughout the cownrtry. 

None of it is as yet associated with putting 

I n  the reactor area, work is being in i t ia ted  at the AEC's 

Uwrence Radiation hboratory,  t o  investigate the technologythat 

would permit building a liqyid metal cooled reactor operating a t  the 

highest possible temperature. 

developent area that aims at the best possible performance by 

starting with a f'undamerrtal investigation of containment materials, 

nucleas me1  forms, and mrldng fluids.  It s t a r t s  with the technology 

that was provided i n  the SNA3P-50 reactor power system program and aims 

at improving on that technology. 

This is a broadly based technology 
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Although, as the folluwing discussion will indicate, very 

encouraging progress and accomplishments have been made i n  the 

themtonic conversion of heat directly t o  e l ec t r i ca l  energy, studies 

of thermionic reactor concepts are still required t o  define system 

operating characterist ics and problems. 

taken and should pelp t o  serve as a basis f o r  eventual reactor 

development. 

Such studies w i l l  be under- 

The high temperature gas cooled reactor (710 reactor) work is being 

continued under AEC contract and is now di rec t ly  oriented toward the 

space power systems applications. 

and on the flow of iner t  gases through sample fuel elements is now 

Work on fue l  element materials 

underway as is  evaluation of the radiation behavlor of these materials. 

Such work is  required before colrrmitments are made t o  development of a 

fast reactor f o r  t h i s  application. 

It is im,pO&ant t o  point out that all of these reactor types 

are being investigated i n  a phased technical program approach. A 

declsion t o  build a reactor of any of these types wiU have t o  wait 

f o r  the  establishment of the fuel materials, physics, f l o w  system, etc. 

technology which will provide a basis f o r  evaluating the f eas ib i l i t y  

and performance capabi l i t ies  of these concepts before decisions are 

&e t o  embark on f’u3l reactor experiments. The AFZ program provides 

for  continuing work i n  all of these areas. 
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In the NASA program, the  technology of the advanced power 

conversion systems l i s t e d  i n  Figure 74 (~~65-1948)  is under investi- 

gation. The major portion of the NASA e f for t  is on the liquid metal 

Rankine turbogenerator power conversion system and the  thermionic 

direct conversion system. 

the magnetohydmdynamic converter concept and the  Brayton gas 

turbine work being carried out f o r  isotope and solar  collector appli- 

cations w i l l  provide applicable technology f o r  high power, but not 

i n  extremely l i g h t w e i g h t  systems. 

advanced power system area is t o  obtain basic design and component 

information, test breadboard systems, and t o  ultimately demonstrate 

f'ull system performance as required. 

turbogenerators and thermionic converters as w e l l  as those commnn 

t o  both are shown i n  Figure 75 (RN65-2181). 

Rankine cycle are problem areas typical  of those thaC are involved 

i n  try-tng t o  extend the operating limits of long-lived turbomachinery 

t o  higher temperatures than they have ever been operated at  before. 

We will continue t o  work on these problems i n  FY 1967. 

A small continuing effort is underway on 

Generally our approach i n  t h i s  

The c r i t i c a l  problems of 

Indicated under the 

The lightweight Rankine cycle system program discussed i n  prior 

years is continuing. As you W i l l  recall, the achievement of light- 

weight Rankine systems is dependent upon achieving high system 

temperatures, Figure 76 (~~65-2171).  

basic high temperature information, such as heat transfer, materials 

We have been obtaining the 
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strength and corrosion properties, etc . , that is  required f o r  the 

design of components. 

f o r  the design of high temperature (-2oOO@i?) boiler and high 

temperature (-1500?F) condensers. 

it was first necessaxyto design and construct f a c i l i t i e s  of a t y p e  

never before attempted. 

during FY 1963 and i n  the ensuing period, over 6000 hours of useful. 

t es t ing  have been obtained. A major phase of the boiler-condenser 

pmgram-the acctxmlation of single tube boiling-condenshg heat 

transfer data--will be completed by the end of FY 1966. 

t ransfer  pressure drop data have indicated that from a heat-transfer 

standpoint, once-through lightweight boilers and lightweight 

cmdensers are feasible. 

for the next step, obtaining rmiltitube boiler-condemer t e s t  data. 

This testing will begin during FY 1967. 

!Py-pical. of this Wormation was the data needed 

In  order t o  obtain these data, 

These f a c i l i t i e s  were placed i n  operation 

The heat 

The test f a c i l i t i e s  are now being modified 

With rega.rd t o  our high temperature turbine pro-, we have 

sat isfactor i ly  completed 2000 hours of tes t ing on a two stage 

potassium turbine assembly at 1600%, Mgure '7'7 (RN66-605). 

excellent condition of this turbine af'ter the test i s  shown on 

Figure 78 (RN66-604). 

FY 1967 towards an endurance goal of 5000 hours. 

stage turbine assembly w i l l  be built and tested i n  order t o  obtain a 

more r ea l i s t i c  sirmxLation of the turbine blade erosion conditions 

The 

It is  planned t o  continue this program into 

In addition, a three 



that m y  occur i n  a f'ull scale f ive  stage potassium tmbine.  

important t o  recognize that t h i s  test unit is essent- an 

w r i m e n t a l  unit, mounted on o i l  bearings and not suitable f o r  use in 

an actual power conversion system. 

characteristics, such as blade height, blade t i p  speed, aero-aynamic de- 

sign and working f lu id  are accurately represented. 

It is 

However, the iqart8n-t turbine 

A continuing ef for t  is planned on radiators. Program on ndcro- 

meteorite penetration mechanism and pmtective devices (bumpers) as 

well as investigations of newer concepts, such as segmented radiators 

u t i l i z ing  vapor chamber or  heat pipe devices, are underway. Preliminary 

estimates of radiators designed t o  u t i l i z e  the heat pipe or  vapor 

chamber concept indicate that weight reductions of 40$ at the desired 

high reliability and confidence factors are possible. 

information has been obtained fromthe Pegasus sa t e l l i t e s  as w e l l  as 

f r o m  high velocity impact damage w r i m e n t s .  

has recently con~le ted  an investigation of a condensing radiator operating 

between lkOO0F and 1600% and has correlated the results with predicted 

perPormance. Finally, significant progress is being made on the d m l o p -  

ment of high emissivity coatings f o r  radiators. Such coatings are needed 

t o  promote high rates of heat radiation f'romthe radiator surfaces i n  

Dp0rtan-t 

The Lewis Research Center 

order t o  minimize the size of the radiator. 

gave exceptionally good results at temperatures near 1700?F when operated 

f o r  a year under simulated space condtitlons. 

One material, irontttanate, 



The major problems associated with thenaclonic c m r t e r s  concern 

the very high texrrperntures that are required t o  obtain UgmWeight 

systems. W s  is i l lus t ra ted  on Figure 79 (~~65-1937) . m e  AEC! and 

NASA are conducting and supporting coordlr~ated nuclear fuel research 

p r o m  aimed at investigating two broad classes of matex5al.s: the 

uranium oxides and the uranium carbiiies. 

upon the fabrication and m a t e r i m  problems associated with operating 

We have been concentrating 

these devices i n  an intense radiation emrlroment at fue l  temperatures 

exceeding 3O0O0F, Mgure 80 (RN66-606). During FY 1967, fuels w i l l  be 

irradiated t o  determine the su i tab i l i ty  of the fuel under conditions 

expected t o  be encountered at high power densities. 

management and fue l  emporntion and condensation will also be studied. 

Fission product 

The results have continued t o  be encOuraginjJ . Diode operating life i n  

electrically-heated non-nuclear t e s t s  has increased from a few hundred 

hours i n  1961 t o  nearly 10,OOO hours, as shown in Figure 81 (RlV65-1934). 

Single converter tests of diodes i n  test reactors have a,lso shcrwn good 

progress. However, reproducibility from c e l l  t o  c e l l  is not yet satis- 

factmy and additional test  data and developlnrtnt are needed. 

One of the problems peculiar t o  nuclear Axel& diodes i r s  that f'uel 

matefials and f iss ion products can tXffuse through the fuel el-rxt 

cladding, as indicated i n  Figure 82 (RI65-2152), into the diode and 

collect  on the anode. Because the presence of such iqpurities i n  the 

diode might affect  the perfontrance of the diode, it %m considered t o  be 



important t o  masure the ra te  of this transport of the fuel and fission 

products through the cW. 

r a t e  detemined t o  be @te low. 

!Phis was done during the past year and the 

Durlng the past year, a high capacity electromagnetic pump was 

operated at 2000% f o r  several thousands of hours, Figure 83 

(~~65-2127) .  

version m c h  will not be any heavier than the usual mechanical 

will offer  the potential reliabil i ty inherent i n  a component which has no 

moving parts. Also, during FY 1966, considerable progress was made i n  

determining the su i tab i l i ty  f o r  high temperature operation of various 

e lec t r ica l  insulators, magnetic materials, e lec t r ica l  conductors and 

bore seal materials. During FY 1967, tests of promising materials w i l l  

be extended t o  long times and higher temperatures. 

importance since considerable asmMts of heat, perwps 15OKW, will have 

t o  be rejected from a typical  one megawatt alternatgr. 

known, the rejection of heat t o  space occurs most eff ic ient ly  at high 

temperatures and it is, therefore, important t o  t r y  t o  determine the 

highest temperatures at which promising new electriOal materials and 

This achievement has encouraged us t o  design a lightweight 

and 

8 

This is of particular 

As is  well 

components can operate. 

The l iquid m e t a l  MAD conversion system may be likened t o  a no- 

mov3.ng part turbo-alternator f o r  possible use e t h  Brayton o r  Rankine 

cycle power conversion systems. Because it has no oloving parts,  the 

MAD system has potential  r e l i a b i l i t y  advantages. However, there are 
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several basic problems such as liquid meta l  separation and high losses 

that require solution and are under study as part of an in-house program. 

Gaseous MHD systems are also under study i n  811 in-house program as very 

high temperature dertces which, in  theory, could be very lightweight 

systems. 

nm+petic fields is a prerequisite t o  obtaining high ef'ficiemy systems. 

Consequently, we are conducting an in-house evaluation of super conductive 

magnet materials. 

In  these systems the efficient production of high strength, 

In sumnary, we are finding grcming interest  i n  and application of 

the radioisotope systems for the  generation of power i n  space. The NASA 

Centers are becoming increasingly famlliar with these power supplies and 

are considering these systems f o r  many missions that are being studied. 

In addition, isatope systems are being investigated for possible 

Department of Defense mtssfons. A major developnent during the past year 

has been the recognition of the potential  applicabiWty of these isotope 

systems up t o  power levels as high as 10 e lec t r ica l  kilowatts. 

The space fl ight experience with the SNU?=lOA system has proven 

thst nuclear reactor operation i n  space can be simul@%d i n  ground test 

f ac i l i t i e s ;  no new phenomena i n  space were encountered during the S l W - l O A  

flight . 
Test experience has continuedto accumulate on the components of the 

SN@-8 reactor-mercq'  Rankine electr ic  power system. Problems that have 

been encounterdl during this component test phase e being investigated 



t o  develop fully satisfactory solutions. 

be conducted on the reactor and the pcrwer conversion subsystems before 

they are put together i n  a Tull system test. 

W h e r  en&urance tes t ing will 

Work on the technology of s t i l l  higher parer sy$tems is under 

imstig;ation. Thls.work should provide a basis for a factual assessment 

of the feasibility of developing the systems that are potentially able 

t o  p&de high powers i n  l i gh t  packages; this  technology will also pm- 

vide a basis for evaluating the real performeme that can be expected 

from the mrious candidate systems. 

sound basis f o r  werr t~al  deve1opmn-t of high power (huneds t o  thousands 

of kilowatts) systems. 

Such information will p M d e  a 

The overall program on nuclear e lectr ic  pwer tt3chnoldgy is providing 

the information that will permit building power supplies of any rewired 
power level and that w i l l  permit selectian of the best possible system 

f o r  a partic- family of applications. 

space exploration missions requires the  flexibility provided by such a 

bmad technological development approach. 

The growiqg need f o r  power i n  
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