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ABSTRACT 

Three nuclear r eac to r space e lec t r i c power units a re under development by 

the U. S. Atomic Energy Commiss ion office for Aircraf t Reac to r s for the U. S. 

Air F o r c e and the National Aeronaut ics and Space Adminis t ra t ion . The e l ec t r i c 

power output of these three sys t ems extends over three decades of power, f rom 

300 watts to 60 kilowatts . The major operat ional , instal lat ion, and handling 

c h a r a c t e r i s t i c s of these nuclear power units a re descr ibed in this paper . In 

pa r t i cu la r , some l imita t ions and r e s t r i c t i ons with r e g a r d s to payload, shielding, 

and radiat ion environment a re desc r ibed with r e spec t to the power p lants , thei r 

mode of instal lat ion, and sys tem v^^eight. The ground handling and safety as well 

as the overa l l safety aspec t s of space r e a c t o r util ization a re descr ibed in this 

r epor t . 

The th ree sys t ems include the SNAP 10 power unit which is a demons t ra t ion 

sys tem that ut i l izes t he rmoe lec t r i c power convers ion. The sys tem covers the 

sub-kilowatt region of power and has no moving p a r t s . The ex t reme simplici ty 

provides a s s u r a n c e of obtaining remote orbi ta l s ta r tup , high rel iabi l i ty , and long 

endurance . The r eac to r is control led by the strong inherent negative t e m p e r a ­

ture and pow^er coefficient of reac t iv i ty . 

The next power sys tem is SNAP Z which ut i l izes a s imi l a r compact nuclear 

r eac to r , weighing about ZOO pounds which is cooled with liquid sod ium-potass ium 

alloy, and coupled to a smal l m e r c u r y vapor turbine genera tor power convers ion 

sys tem. This sys tem has a 3000 watt output with one turbine sys tem; future 

extension would pe rmi t the use of two power conversion s y s t e m s with one r eac to r 

for a total power output of up to 6000 wat t s . This sys tem will be provided with 

a t he rmo-mechan ica l r eac to r control sys tem for inc reased endurance and r e l i ­

abili ty. The power convers ion sys t em ut i l izes only one moving par t , a combined 

rotat ing shaft suspended on liquid m e r c u r y bear ings and rota t ing at 40,000 rpm. 

The SNAP Z sys tem at 3000 wat ts will weigh about 600 pounds; at 6000 wat ts out­

put it will weigh about 900 pounds. 

The thi rd sys tem, designated SNAP 8, is a d i rec t outgrowth of the SNAP Z 

power plant development and will del iver 30,000 watts with one m e r c u r y vapor 

turbine genera tor sys tem. It will del iver 60,000 watts with two power convers ion 
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systemis coupled with the same SNAP 8 reac to r . This sys tem will weigh about 

1400 pounds at 30,000 watts and about Z500 pounds at 60,000 wat ts . 

Dependent upon the type of payload and the vehicle configuration the radiat ion 

shielding may weigh less than 100 pounds for some electronic payloads to over 

ZOOO pounds for some manned payloads. 

During this decade (I960 to 1970) these SNAP sys tems current ly under 

development, with demonstra ted feasibility, will become fully qualified and will 

be the predominant and most re l iable source of high power that will be available 

for application in space sa te l l i t es . 

In addition to e lec t r ic propulsion demonst ra t ions and planetary probe auxil­

iary power, the SNAP family of nuclear power plants can, within this decade, 

extend our cur ren t "exploration of space" activity to one of "utilization of space . " 

I. INTRODUCTION 

Space flight with its t remendous extension of attainable d is tances , observable 

a r e a s and communication capabil i t ies within compressed t ime per iods , holds 

promise for important changes to our civilization. For instance, the value of 

worldwide, long range weather predict ions made possible by weather obse rva ­

tion sa te l l i tes will be of inest imable value to world agr icu l ture , t ravel , com­

merce and our daily living. 

As indicated in Figure 1, the unmanned exploration of c i s - lunar space has 

been initiated with the successful launching of Sputnik I and the ZO some sa te l l i tes 

which followed during and since the International Geophysical Year. We a r e 

approaching the threshold of manned c i s - lunar space exploration with the p r o ­

jected United States X-15 and project Mercury manned orbi ta l flights. The Sun 

shots and the Venus and Mars probes which a re soon to be launched, m a r k the 

initiation of t r ans - luna r unmanned exploration. 

In the mid-1960 's we will see the initiation of the utilization of space. The 

discussion to follow will focus p r i m a r i l y on this a rea of space activity. This 

aspect of space activity would include the use of ear th sa te l l i tes for navigational 
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aids, mapping, weather observat ion, reconnaissance , ea r ly warning sys t ems , 

cominunications, a i r traffic control, global a l l -wea ther radio and television 

broadcast ing, and possibly commerc ia l radio- te lephonic communication 

In o rde r to become sufficiently prac t ica l and economic these various sys tems 

and networks must achieve a high degree of rel iabil i ty, and expected l i fe - t imes 

that m e a s u r e m y e a r s . In every case , sorae e lec t r i c power is r equ i red aboard 

the satell i te to accomplish the intended task or combination of tasks The amount 

of power required by the satel l i te will vary from a few watts for navigational aid 

beacons to tens of kilowatts for civil or commerc ia l broadcas t ing and combined 

function sate l l i tes 

Cur ren t costs for ra is ing a pound of m a t e r i a l into a 300 mile ear th orbit ai e 

es t imated to be about $15,000 This cost should reduce to l e s s than $1000 per 

pound with the more proven sys tems m the next few y e a r s . The cost of payload 

on orbi t is g rea te r Dy a factor of six for the ZZ,000 mile , 24 hour orbit Con­

sequently, due to the low energy content per pound, chemical energy sources 

become prohibit ively heavy and expensive for durat ions g rea t e r than a few days 

or •weeks. 

F igure Z p re sen t s cur ren t e s t ima tes as to where various e lec t r ica l energy 

sources a re appropr ia te . The only p rac t i ca l energy sources for long lived 

vehicles depend upon solar radiation, nuclear fission, or radio-nucl ide decay 

Radioisotopes and solar cel ls a re a t t rac t ive for small power r equ i remen t s of a 

few watts to several hundred watts At higher powers these sys tems become 

excessively heavy, expensive, and difficult to handle and integrate into the space 

vehicle. 

F r o m a weight and cost standpoint the solar m i r r o r col lector coxipled with 

dynanaic heat engines or the nuclear fission r eac to r coupled with the rmoe lec t r i c , 

tu rboe lec t r i c , o r thermionic conversion sys t ems a re a t t rac t ive as power sources 

The solar m i r r o r has yet to be proven feasible and prac t ica l as a power source 

because of the effect of m i c r o - m e t e o r i t e s on reflecting optical sur faces , ' and 

because of the requi rement for continuous accura te or ienta t ion toward the sun. 

For the generat ion of powers g rea t e r than 10 to 30 kilowatts , the solar m i r r o r 

^"Insti tute of Environmental Sciences I960 Proceed ings , April 6̂  I960, Los 
Angeles, Cal i fornia ," R. E. Henderson, Paul Stanley 
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collector becomes more imprac t ica l because of the difficulty in packaging such 

large col lec tors within the vehicles cur ren t ly under development. 

The high energy content of nuclear power sys tems (10 e lec t r i ca l wa t t -hours 

pe r pound) makes nuclear fission r e a c t o r s the mos t a t t rac t ive source of space 

vehicle power in the kilowatt, tens of kilowatts and higher ranges of e lec t r i ca l 

power output. When one cons iders that the nuclear power sys tem will s u c c e s s ­

fully operate r ega rd l e s s of sun, shade, or ientat ion or tumbling, and the fact that 

its radia tor a r e a requ i rement is only 1 to 10 percent of the solar cell col lector 

a rea requ i rement (Figure 3), it becomes evident that the nuclear reac tor will a lso 

find application where only a few hundred watts of e l ec t r i c power a r e requ i red . 

The feasibil i ty of construct ing and operat ing smal l nuclear r e a c t o r s that 

would be suitable as energy sources for space vehicle power sys t ems has been 

demonst ra ted in the Systems for Nuclear Auxiliary Power (SNAP) p r o g r a m , by 

Atomics International for the U. S. Atomic Energy Commiss ion Office for Aircraf t 

Reac to r s . The SNAP Exper imental Reactor (SER) completed a 1000 hour uninter­

rupted operational tes t in April of this year at 50 kilowatts the rmal power and 

650 centigrade degrees (1Z00°F), The smal l 100 k i logram nuclear r eac to r which 

contains 2.9 k i lograms of fissionable uranium-235 produced 110,000 kilowatt hours 

of the rmal power between the initiation of the test ing p r o g r a m in November 1959 

and April I960. 

The ext remely stable, predic table , and ent i re ly sat isfactory operat ion of the 

SER lends considerable confidence to the concept of nuclear auxi l iary power for 

space sys t ems . 

\\. CONVERSION SYSTEM REQUIREMENTS 

A nuclear power supply for space vehicle application is conaposed of th ree 

major subsys tems: a nuclear reac tor heat source , a power conversion sys tem, 

and a heat re ject ion sys tem. In selecting p romis ing types of power convers ion 

sys tems , one must consider r e s t r i c t ions imposed upon the power conversion by 

both the nuclear r eac to r heat source and the the rmal radiat ion heat sink. 
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Since waste heat can be re jec ted from the cycle only by the rmal radiat ion, 

the conversion system, must operate with a high hea t - re jec t ion t empera tu re Due 

to r eac to r heat source t empera tu re l imitat ions the power conversion sys tem must 

recover a large fraction of the Carnot cycle efficiency at high power outputs The 

radia tor t empera tu re which yields the minimum radia tor a r e a is a constant f r ac ­

tion of the heat source t e m p e r a t u r e . For sa tura ted Rankme cycles this optimum 

tempera tu re is 75 percent of the boiling t empera tu re , or the optimum Carnot 

efficiency is 25 percent . This optimum Carnot efficiency comes about because 

the total heat re jec ted is dec reased l inear ly by lowering the radia tor t empera tu re , 

however, the a r e a required to radiate the heat is inc reased by the fourth power of 

the lowering radiator t e m p e r a t u r e . 

At low power levels , the r eac to r size is de termined by cr i t ica l i ty and is 

independent of the the rmal power, so the conversion efficiency effects only the 

size of the rad ia tor and conversion equipment. Since the r eac to r and shield 

weight a re the dominant weights at low powers (about 1 kilowatt), the conversion 

efficiency is not as important at low power levels as at high power leve ls . 

At high power (hundreds of kilowatts), the rad ia tor is the dominant weight 

m the sys tem and a high equipment conversion efficiency is ex t remely impor tant . 

High power provides another incentive for high cycle t e m p e r a t u r e s because 

the radia tor weight not only i n c r e a s e s from a small fract ion to a large fraction 

of the sys tem weight, but the l a rge r radia tor becomes m o r e vulnerable to pene­

t ra t ion by m e t e o r i t e s . Therefore , m o rde r to maintain a given re l iabi l i ty for 

higher power sys t ems , ei ther higher radia tor t e m p e r a t u r e s or thicker rad ia tor 

tube walls would be requi red . Thus, as the power level is increased , the cycle 

t e m p e r a t u r e s must be increased to maintain a constant specific weight (pounds 

per kilowatt). Because of these and other design fac tors the minimum weight 

space nuclear power plants will be m the 300 to 3000 kilowatt e l ec t r i ca l size 

range (Figure 4). 

Current ly the most a t t rac t ive forms of power conversion and the expected 

specific weights (pounds per kilowatt e lec t r ica l ) for nuclear space power sys t ems , 

a re indicated m Figure 5, At low power outputs the t he rmoe lec t r i c sys tems a r e 

a t t rac t ive because of the ease of orbi ta l s tar tup with s tat ic convers ion sys t ems , 

even though thei r efficiency is low (about 10 to ZO percent of Carnot or Z.5 percent 

overal l ) . 
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The higher efficiencies of the Rankine vapor cycle sys t ems , (about 50 percent 

of Carnot) 1Z.5 percent overa l l , make these sys tems a t t rac t ive for higher power 

outputs. Ult imately if the myr i ad of high t empera tu re m a t e r i a l s p rob lems can 

be solved the thermionic nuclear power sys tems show p romise of giving low 

weight and size as well as stat ic operat ion. 

The achievement of high t empera tu re operat ion of any equipment for an 

extended period of t ime poses many m a t e r i a l s , corros ion, diffusion, m a s s 

t rans fe r , creep^ and embr i t t l ement problems which lead to sys tem fa i lures . 

It can be noted from Figure 6 that experience with nuclear r e a c t o r s has not yet 

achieved the cu r ren t development goals of our high t empera tu re nuclear s y s t e m s . 

For a space power unit the highest t empera tu re that is compatible with m a t e r i a l s 

technology mus t be establ ished as the sys tem development goal in o rder to mini ­

mize sys tem weight. In o rde r to ensure success and to minimize the develop­

ment t ime and r i sk at the p r o g r a m s inception in 1956, the SNAP Z sys tem design 

t empe ra tu r e was es tabl ished at 650*C or (1Z00*F), 

As noted in F igure 7 it can be seen the heat engine cycle that would pe rmi t 

the highest heat re ject ion t e m p e r a t u r e at reasonable efficiency and at a 1000 to 

1200*F boiling t e m p e r a t u r e was the m e r c u r y vapor Rankine cycle. 

III. SYSTEMS FOR NUCLEAR AUXILIARY POWER PROGRAM 

Let us now turn our attention to the power plants specifically under develop­

ment . 

A. PROGRAM OBJECTIVES 

The bas ic objective of the SNAP p rog ram is to develop the technology and 

sys tems n e c e s s a r y to provide long lived nuclear power for use in scientific, 

mi l i taryj and civil ian sa te l l i tes and for space explorat ion and uti l ization. The 

specific cu r ren t ha rdware objectives of the SNAP 10, 2, and 8 p r o g r a m s a re to 

develop, tes t , and qualify 0.3, 3, and 30 kilowatts e lec t r ica l nuclear auxi l iary 

power units respec t ive ly for space util ization. The overa l l SNAP development 

effort is d i rec ted toward the following general objectives and requirenaents . 
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Figure 6 was not available when this report was 
submitted for printing. 
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1. Objectives 

a) Unattended, automat ic , maintenance free operat ion 

b) Maximum re l iabi l i ty 

c) Maximum ruggedness 

d) Maximum lifetime 

e) Minimum size and weight 

f) Maximum poss ible safety 

g) Maximum ease of production, handling, and instal lat ion 

h) MaxiiTium economy. 

2. Space Power Systems Requirennents 

a) Operat ion 

b) Operat ion at high t e m p e r a t u r e to provide for efficiency radiat ive 

heat re jec t ion 

c) Operat ion in 0-gravi ty 

d) Operat ion in p re sence of space radia t ions and ra in of m i c r o -

me teo r i t e pa r t i c l e s 

e) Remote s ta r tup in orbi t 

f) R e - e n t r y burnup of low power sys t ems which may operate in low 

alti tude r e - e n t e r i n g orbi ts 

g) Capabili ty of withstanding the seve re shocks, v ibrat ions , gravity, 

p r e s s u r e , and t e m p e r a t u r e t r ans i en t s during vehicle launch 

h) Capabili ty of operat ing without subjecting the vehicle to excess ive 

dis turbing torques 

i) Design and instal la t ion to p e r m i t efficient low weight shadow 

shielding of payloads 

j) Packaging and instal lat ion to pe rmi t prelaunch s tar tup and checkout 

with max imum personnel safety and minimum vehicle and facility 

r i s k 

k) Packaging and instal la t ion to provide for vehicle s t ruc tu ra l and flight 

stabil i ty 

1) Development of c r i t e r i a for radia t ion r e s i s t an t payloads design. 
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B. DEVELOPMENT APPROACH 

In the i n t e r e s t s of safety, re l iabi l i ty , and economy, the U, S, Atomic Energy 

Comra i s s ions ' s Space Power Development P r o g r a m cons is t s of a well coord i ­

nated s e r i e s of power s y s t e m s , supported by an advanced technology r e s e a r c h 

and study p r o g r a m . The initial power plant is as s imple , safe^ re l i ab le , low 

power, and low cost as poss ib le . Each success ive power plant will be at a 

higher power, higher t e m p e r a t u r e , higher pe r fo rmance , and g r e a t e r sophis t i ­

cation. 

The 0,3 kilowatt e l ec t r i ca l s ta t ic t h e r m o e l e c t r i c sys t em and the 3.0 kilowatt 

e l ec t r i ca l tu rboe lec t r i c sys t ems cu r ren t ly under development at Atomics In te r ­

national for the AEC Aircraf t Reac to r s Office, will p ioneer mos t of the complex 

p rob lems involved in ground tes t ing, launching, and in successful ly operat ing 

a r eac to r power sys t em in space . The low powers of these sys t ems reduce the 

development and tes t ing cos ts and substant ia l ly reduce initial h a z a r d s . Yet, they 

encounter and probe all of the perplexing technical p rob lems of vehicle in tegra ­

tion, r emote s tar tup , automat ic control , ex t r eme re l iabi l i ty , long endurance , 

m i c r o - m e t e o r i t e protec t ion , r e - e n t r y burnup, 0-gravi ty effects^ high t e m p e r a ­

ture opera t ion, ground s imulat ion tes t ing, ground support, launching techniques , 

space r e a c t o r shielding, and genera l space r e a c t o r safety. The development 

of the Atomic Energy Commiss ion-Nat iona l Aeronaut ics and Space Adminis t ra t ion 

30 kilo'watt e l ec t r i ca l SNAP 8 sys tem and future higher power sys t ems will be 

d i rec t ly dependent upon the successful conclusion of these low power sys tem 

developments . 

C. SYSTEM REQUIREMENTS 

In addition to meet ing the object ives outlined above, the specific sys t ems 

under development mus t meet the r e q u i r e m e n t s l is ted in Table I. 

D. SNAP Z 

The SNAP 2 cons i s t s of two major subsys t ems , the r e a c t o r heat source 

and the power convers ion unit. A possible vehicle ins ta l la t ion is shown in 

F igure 8 and a sys tem schemat ic in F igure 9. Energy is produced in the nuc lea r 

r e a c t o r by the fissioning of uranium-Z35. A liquid meta l (NaK-78) is c i rcu la ted 
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T A B L E I 

SYSTEM R E Q U I R E M E N T S 

SNAP 10 SNAP 2 SNAP 8 
30,000 watts 

1,500 lbs 

1 year 

400 ft^ 

1965 

Deep Space 

Near Ear th Orbit 

Net E l e c t r i c a l P o w e r 

S y s t e m Weight U n s h i e l d e d 

M i n i m u m S y s t e m Life 

Cyc l e Heat R e j e c t i o n A r e a 

Ava i l ab i l i t y 

O p e r a t i o n 

L a u n c h 

a) Shock (all a x e s ) 

b) V i b r a t i o n 

c) A c c e l e r a t i o n 

d) T e m p e r a t u r e 
( p r e l a u n c h ) 

300 w a t t s 

300 l b s 

1 — 3 y e a r s 

10 ft^ 

1963 

3,000 wa t t s 

600 lbs 

1 y e a r 

110 ft^ 

1964 

ENVIRONMENTAL REQUIREMENTS 

Deep Space 

N e a r E a r t h Orb i t 

Deep Space 

N e a r E a r t h Orb i t 

60g, 8 m - s e c 60g, 8 m - s e c 

15g sinuscridkl 15g s inuso ida l 

15g r m s r a n d o m 15g r m s r a n d o m 

F r e q u e n c y 5 to 3^000 c p s 5g to 3,000 c p s 

lOg long i tud ina l 

1 - l / 2 g r a d i a l 

32° to I S O T 

lOg long i tud ina l 

1 - l / 2 g r a d i a l 

32° to 1 5 0 ° F 

lOOg, 3 m - s e c 

5 to 10 c p s - 0 . 0 8 inch 

1 0 t o 2 0 c p s - . 0 . 0 5 inch 

2 0 t o 2 0 0 c p s - 1 5 g 
2 

White no i s e O.OSg / c p s 

lOg ( r m s ) r a n d o m 

lOg longi tud ina l 

1 - l / 2 g r a d i a l 

32° to 150°F 
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through the r eac to r core and the m e r c u r y boiler superhea ter by a rotating pe rma 

nent magnet pump. In the boiler superheater the r eac to r heat is t r ans fe r r ed 

f rom the p r i m a r y reac to r coolant to the m e r c u r y working fluid of the Rankine 

power conversion cycle. The reac to r heat converts liquid m e r c u r y into super ­

heated vapor which is expanded through a turbine. The resul t ing mechanical 

power output of the turbine is converted to e lec t r ica l power by the a l t e rna tor . 

The m e r c u r y vapor exhaust from the turbine is condensed in the r ad ia to r -

condenser which is pa r t of the outer skin of the space vehicle. The m e r c u r y 

condensate is r e tu rned to the boiler by a boiler feed pump. The SNAP 2 incor­

pora tes the major components of a conventional nuclear e lec t r i c plant with the 

following exceptions: 1) the cycle working fluid is m e r c u r y instead of water , 

and 2) the cycle heat reject ion is by radiat ion to space instead of to a conven­

tional heat sink such as a r ive r or ocean. 

The SNAP 2 r eac to r is shown schentiatically in Figure 10. The reac to r con­

cept employs a homogeneous fuel modera tor of zirconiuin hydride containing 

uran ium-235, For min imum weight, the r eac to r is ref lected by beryl l ium and 

controlled by var ia t ion of the effective ref lector thickness by means of angular 

rotation of two semicyl indr ica l bery l l ium d r u m s . The core is composed of a 

bundle of cylindrical fuel modera to r e lements . Beryl l ium slugs, located at both 

ends of the fuel e lements form the r eac to r end re f lec to rs . Each fuel element is 

clad in a thin wall steel tube for liquid meta l exclusion. The steel cladding tubes 

a r e internal ly coated to prevent hydrogen loss from the fuel modera to r m a t e r i a l . 

The core is contained in an approximate 9 inch d iameter core vesse l , with the 

beryl l ium radia l ref lector outside the vesse l . The ref lector is completely 

separable from the core for safe r eac to r shutdown and handling. The 50 kilowatt 

the rmal output is removed by the flow of NaK-78 axially through the core within 

the in te rs t ic ia l passages between the fuel e lements . The coolant en te rs the core 

at 1000*F and exits at IZOO^F. 

All of the power conversion sys tem rotat ing components a r e mounted on a 

single common shaft component which is called the combined rotat ing unit. Thus, 

the ent i re SNAP 2 power convers ion sys tem has only one moving par t which is 

supported on bear ing pads by liquid m e r c u r y . The combined rotat ing unit is 

shown schemat ica l ly in Figure 11. The individual components of the rotat ing 

shaft include: 
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1) The rota t ing pe rmanen t magnet induction NaK pump whose operat ion 

is s imi la r to that of a conventional e lec t ro -magne t ic pump with the 

exception that the moving magnet ic field is provided by a rotat ing 

magnet . 

2) The m e r c u r y turbine which is a two-s tage axial flow impulse machine . 

3) The a l t e rna to r which is a pe rmanen t magnet machine with a sealed 

s ta tor . The a l t e rna to r de l ivers about 3.5 kilowatts at 110 volts and 

2000 cps . 

4) The m e r c u r y pump which is a conventional but min ia ture centrifugal 

pump supplies p r e s s u r i z e d m e r c u r y to the boi ler and to the bea r ings . 

The shaft ro ta tes at 40,000 rpm and is supported by liquid m e r c u r y lubr icated 

journal and th rus t bea r ings . The en t i re a s s e m b l y of rotat ing machinery is en­

closed within a h e r m e t i c housing which p reven t s the loss of the m e r c u r y working 

fluid during the sys t em life. 

The m e r c u r y b o i l e r - s u p e r h e a t e r is a concent r ic tube^ counterflow, once 

through boi ler with NaK in the outer annulus and naercury in the cen t ra l tube. 

The boi ler is in a hel ical configuration in o r d e r to provide an ar t i f ic ial gravi ty 

environment by centrifugal acce le ra t ion . 

The cycle re ject ion heat is rad ia ted to space by a combined r ad i a to r -

condenser which fo rms pa r t of the outer s t r u c t u r a l skin of the space vehicle. 

Mercury condensation takes place at 600®F and 6 psia within a number of smal l 

d i amete r pa ra l l e l tubes which a r e a t tached to a high t he rma l conductivity (alum­

inum) skin which in turn rad ia tes the heat of condensation to space . The total 

a r e a n e c e s s a r y to radia te 40 kilowatts at 600°F is about 100 square feet. 

The sys tem will have the following approximate weight breakdown: 

Reactor - 200 pounds Radiator with liquid 
o ., ,r,n J inventory - 150 pounds 
Boi ler - 100 pounds •' ^ 
^ u• ^ 4. i- •* -ii. Controls - 20 pounds 
Combined rotat ing unit with "^ 

insulat ion and mounting Structure - 50 pounds 
b racke t s - 50 pounds T .̂ . ,n , 

Piping - 30 pounds 
TOTAL 600 pounds 
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A d e t a i l e d l i s t of SNAP 2 o p e r a t i n g c h a r a c t e r i s t i c s and p e r f o r m a n c e s p e c i f i ­

c a t i o n s i s g i v e n in T a b l e II . 

T A B L E II 

S N A P 2 S Y S T E M S P E C I F I C A T I O N 

Net e l e c t r i c a l ou tpu t p o w e r 3 kwe 

R e a c t o r t h e r m a l p o w e r 50 kwt 

E l e c t r i c a l f r e q u e n c y 2000 c p s 

V o l t a g e 110 vo l t s 

R a d i a t o r a r e a 110 ft 

A u x i l i a r y P o w e r Unit w e i g h t 600 lb 

L i f e t i m e o b j e c t i v e 1 y e a r 

C y c l e c o n d i t i o n s 

R e a c t o r o u t l e t t e m p e r a t u r e 1 2 0 0 ' F 

R e a c t o r i n l e t t e m p e r a t u r e 1 0 0 0 * F 

M e r c u r y s u p e r h e a t t e m p e r a t u r e 1 1 5 0 ° F 

M e r c u r y b o i l i n g p r e s s u r e 110 p s i a 

M e r c u r y b o i l i n g t e m p e r a t u r e 9 2 4 * F 

M e r c u r y t u r b i n e e x h a u s t t e m p e r a t u r e 6 0 0 * F 

M e r c u r y t u r b i n e e x h a u s t p r e s s u r e 6. 8 p s i a 

R a d i a t i o n t e m p e r a t u r e (fin c e n t e r l i n e ) 5 8 0 * F 

N a K - 7 8 flow r a t e 6 1 . 3 I b / m i n 

M e r c u r y flow r a t e 1 7 . 4 I b / m i n 

R e a c t o r h e a t l o s s 5 kwt 

P a r a s i t i c l o a d 0. 300 kwe 

C o n t r o l p o w e r r e q u i r e m e n t s 0. 100 kwe 

R a n k i n e c y c l e e f f i c i ency 0, 22 

Subcoo l ing 2 0 0 * F 

P r e h e a t p o w e r ( c o m p o n e n t i n e f f i c i e n c i e s ) 2. 00 kwt 

B o i l e r a n d p i p e l o s s e s 2. 00 kwt 

O v e r a l l s y s t e m e f f i c i ency 6% 

C o m p o n e n t p e r f o r m a n c e 

N a K p u m p d e v e l o p e d p r e s s u r e 2 p s i 

N a K p u m p e f f i c i ency 2% 
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TABLE II (Continued) 

NaK pump power 0. 44 kw 

Mercury pump developed p r e s s u r e 214 ps i 

Mercury pump efficiency 10% 

Mercury pump power 0. 150 kw 

Bear ings power 0. 600 kw 

Al ternator efficiency 80% 

Turbine output power 5.44 kw 

Turbine efficiency 55% 

Turbine p r e s s u r e ratio 16. 1 

Radiation levels 

Dose ra te at 1000 ft 1 r e m / h r 
4 2 

Dose ra te at 10 ft (behind shield) 3 x 10 n e u t r o n s / c m - s e c 
3 1 x 10 r / h r 

Operational objectives 

Ground s tar tup (electr ical heat for checkout) 

Complete orbi ta l s tar tup 
Non-nuclear launch operat ion - nuclear orbi tal 

s ta r tup 

Angular momentum 

Combined Rotating Unit momentum 1. 67 Ib-f t -sec 

NaK and Hg flow (balanced) (1 axis) 0. 30 Ib-f t -sec 

(2 axis) 0. 02 Ib- f t -sec 

E. SNAP 10 

The development of the rmoe lec t r i c conversion m a t e r i a l s with inc reased 

conversion efficiency has given r i se to their recent use in low power devices 

such as the SNAP 3, 5 watt isotope device that was announced last yea r . In 

par t icu la r the doped n and p lead te l lur ides a re capable of 10 to 15 percent of 

Carnot conversion efficiencies at tenaperatures below 1200®F. Even though such 

ma te r i a l s lead to only 2 to 4 percent overa l l conversion efficiency in space 

systemSj the a t t r ac t iveness of thei r overal l inherent s tat ic operat ion can offset 

this low efficiency at low power outputs. The a t t r ac t iveness of a completely 
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stat ic nuc lea r -powered Auxiliary Power Unit lead to the es tabl ishment of the 

SNAP 10 p r o g r a m . The SNAP 10 sys tem em.ploys a SNAP Z reac tor with a com­

bined the rmoe lec t r i c conve r t e r - r ad i a to r coupled to the r eac to r by means of a 

puraped liquid meta l {NaK-78) coolant loop. 

Fo r 300 watts e lec t r ica l output the r eac to r power requi red is about 12 kilo­

watts at an average t empera tu re of 950°F. The reac tor inlet is 900°F and the 

outlet is lOOOT. At these t e m p e r a t u r e s and this power, the react ivi ty change 

due to hydrogen loss , fuel burnup, and fission product poisons during the life­

t ime of the sys tem is insignificant. The resu l t is that the r eac to r can mainta in 

a near ly constant average tenaperature without the need for an active control 

sys tem. Minor t empe ra tu r e changes (5 to lO 'F) coupled with the negative t em­

pe ra tu re coefficient of react iv i ty (-0.5<i^/®F) will compensate for any drifts in 

sys tem react ivi ty throughout i ts life of 1 to 10 y e a r s . 

The the rmoe lec t r i c conver ter is divided into thir ty 10 watt devices . The 

thermocouple hot junction is maintained by means of contact with the liquid meta l 

piping of the r eac to r coolant loop. The thermocouple cold junction is main­

tained by contact with a radia tor fin which at 85 percent effectiveness re jec t s 

sufficient heat to mainta in the n e c e s s a r y t empera tu re gradient and heat flow 

through the conver te r . The cold junction t empera tu re s at the radia tor fin a re 

designed to operate at 710°F on the hot end and 650°F on the cold end of each 

coolant passage . Each 10 watt conver ter unit contains ZO thermocouple pa i r s 

of doped p and n lead te l lur ide . 

The liquid meta l coolant is pumped at 4 gpm by means of a d-c conduction 

e lec t ro -magne t ic pump which der ives the n e c e s s a r y cu r ren t from a thermocouple 

operat ing between the reac to r inlet and outlet coolant p ipes . This cu r r en t coupled 

with the magnetic field of a permanent magnet provides a few tenths of a psi for 

c irculat ing the NaK-78 coolant. 

The SNAP 10 concept employing a SNAP Z reac tor and a the rmoe lec t r i c 

conver ter produces 300 watts at an unshielded sys tem weight of 3Z5 pounds 

(Table III) 
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TABLE III 

SNAP 10 WEIGHT SUMMARY AT 300 WATTS ELECTRICAL 

Reactor 

Startup 

Reactor supports 

Piping 

Pounds 

ZOO 

ZO 

25 

10 

Z55 pounds 

Conver te rs 

Radiator 

Conve r t e r - r ad i a to r supports 

d-c pump 

TOTAL - 3Z5 Pounds 

Pounds 

30 

15 

15 

10 

70 pounds 

After s tar tup the sys tem opera tes without the aid of active control sys tems 

and has no moving p a r t s . The coolant flow can easi ly be a r r anged to essent ia l ly 

el iminate any angular momentuin. System s tar tup is grea t ly simplified over that 

of a dynamic conversion sys tem as a resu l t of the single phase heat t r ans fe r 

sys tem. 

The SNAP 10 concept is such that its power output can be extended into the 

kilowatt range before the r eac to r becomes heat t ransfer l imited. The conver te r 

a r r angemen t is such that the output power can be inc reased by the simple addi­

tion of conver ter modules . For example, a 600 watt sys tem will weigh about 

400 pounds. 

F . SNAP 8 

The SNAP 8 nuclear power plant is quite s imi la r to SNAP 2, however, it 

produces 30 to 60 kilowatts e lec t r ica l or 10 to 20 t imes the power of SNAP 2. 

The sys tem produces 30 kilowatts with one power conversion unit and 60 kilowatts 

with two power conversion units coupled to the same r e a c t o r . The r eac to r 

ut i l izes the same fuel m a t e r i a l as SNAP 2 but in sma l l e r rods (0.6 inch d iameter ) 

to provide for the higher power. The outlet NaK coolant t e m p e r a t u r e from the 

reac to r is 1350°F. To provide for the g rea t e r control r equ i r emen t s four con­

t ro l d rums a re needed and BeO axial re f lec tors a re used instead of beryl l ium 

meta l because of the higher t e m p e r a t u r e s . 
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The power conversion sys tem specifications a re not f i rm at this t ime but the 

sys tem will utilize a m e r c u r y Rankine cycle as in SNAP 2, General ly higher 

operat ing t e m p e r a t u r e s and p r e s s u r e s will be needed. The combined rotat ing 

unit philosophy will be m.aintained except that the NaK pump will be separa te ly 

motor driven for higher efficiency, and to obtain the higher NaK p r e s s u r e s 

requ i red at the tenfold inc rease in coolant circulat ion r a t e . The SNAP 8 r eac to r 

is shown in F igure 12; the sys tem operat ional and design cha rac t e r i s t i c s a re 

given in Table IV. 

TABLE IV 

SNAP 8 SYSTEM OPERATIONAL AND DESIGN CHARACTERISTICS 

Power 

Power e lec t r i c net to payload 30 kw 

Power e lec t r i c g ros s 33 kw 

Power turbine shaft 40 kw 

Bearing and sea ls losses 3 kw 

Pumping lo s ses (Hg and NaK pumps) Z kw 

Reactor t he rma l power Z50 kw 

Radiator heat dissipat ion 230 kw 

Heat losses 10 kw 

Heat Trans fe r Areas 

Reactor core 25. 8 ft 

Boiler tubes 150 ft 

Radiator surface 360 ft 

T e m p e r a t u r e s 

Maximum reac to r fuel 1450°F (at 500 kwt) 

Average r eac to r fuel 1280''F (at 500 kwt) 

Average fuel surface 1250°F (at 500 kwt) 

Coolant inlet 1150°F 

Coolant outlet 1350»F 

Working fluid boi ler outlet 1200''F 

Working fluid sa tura t ion liOO°F 

Working fluid boiler inlet 700°F 

Subcooler outlet 500°F 
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TABLE IV (Continued) 

Turbine-Al te rna tor 

3 stage axial impulse flow turbine 

Frequency 

Voltage 

R_e actor 

Cr i t ica l m a s s 

Core radius (with p r e s s u r e vessel) 

Core length (active) 

Radial ref lector th ickness , Be 

Axial ref lec tor th ickness 

Number of control e lements 

Number of safety e lements 

Peak flux 

Tempera tu re coefficient 

Power coefficient 

Reactivity pe r control d rum 

Reactivity per safety element 

Number of fuel rods 

Fuel rod d iamete r 

Fuel rod pitch 

Weight Summary 

Reactor core and vesse l 

Reflector and control e lements 

Control activation 

Supports 

Boiler 

Combined Rotating Unit (CRU) (turbine-
a l t e rna to r -bea r ings and pumps) 

Condenser tubes and bonding and manifold 

Micrometeor i te protect ion 

Vehicle radia tor skin 

Radia tor -condenser - Total 

24,000 

400 cps 

208 

5.2 kg 

4. 6 in. 

11.5 in. 

2, 5 in, 

1. 5 in. BeO 

4 

2 

3 X 10 12 

-4 x 10" 

-0,2«5/kw 

3% 

4 .2% 

163 

0 .63 in. 

1.011 

205 lb 

85 

8 

20 lb 

300 lb (wet) 

100 lb plus 50 lb for 
separa te NaK pump 

400 lb 
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IV. SNAP VEHICLE INTEGRATION 

Struc tura l s ca t t e r of nuclear radia t ion emit t ing f rom the r eac to r can cause 

a high payload dose if shielding for the s ca t t e r ed radiat ion is not used. Thus, 

if the r e a c t o r is located in the vehicle nose and the nose cone skin is je t t i soned 

as shown in F igure 8, and if the payload is extended back below the rad ia to r , 

an opt imum shield r e s u l t s . The r e a c t o r and shield a re on the vehicle th rus t line 

and no s t ruc tu ra l sca t t e r occur s since the ent i re vehicle-payload complex is with­

in the shadow of the shield. With a conventional t r a n s i s t o r i z e d payload of any 

p rac t i ca l volume, the shield weight will be reduced to 250 to 300 pounds. 

This layout does introduce d isadvantages , however . The SNAP 2 is about 

13 feet long instead of 7 feet as in a modular cyl indrical design. Of course the 

poss ibi l i ty of nest l ing the payload within the rad ia to r cone during ascent ex is t s 

in this layout w h e r e a s a modular layout p rec ludes th is . The SNAP a c c e s s on the 

launch pad is be t t e r with the nose cone locat ion but payload visual a c c e s s in orb i t 

can be difficult unless the propuls ion sys t em is je t t i soned. Placing the r e a c t o r -

shield combination at the tip of the vehicle i n c r e a s e s gravi tat ional r e s to r ing 

to rques for satel l i te applicat ions but can p e r t u r b the vehicle flight s tabil i ty. 

R e - e n t r y burnup of the r e a c t o r i s m o r e eas i ly obtained with the exposed nose 

location. 

In Table V it is shown that the payload to lerance affects.the shield weight a 

grea t deal . It a p p e a r s that a conventional payload utilizing t r a n s i s t o r s can be 
7 12 

subjected to 10 r of gammas and 10 nvt of fast neu t rons . A payload especia l ly 

designed for SNAP would ut i l ize vacuum tubes or radia t ion r e s i s t an t t r a n s i s t o r s 

in espec ia l ly designed c i rcu i t s which a r e to le ran t of component dr i f ts . Such a 
14 9 

payload could be expected to withstand g r e a t e r than 10 nvt and 10 r . 

Ex t r eme ly radia t ion sens i t ive payloads , i . e . , photographic film, should be 

equipped with individual shields so a s to r a i s e the i r to l e rances to the payload 

design value. 

Van Allen and cosmic radia t ion sou rces a r e usually no prob lem for unmanned 

s y s t e m s . Except ions occur in the case of photographic fi lm and a few other very 

sensi t ive components . The yea r ly dose in the inner Van Allen belt (at about 

2000 mi les ) taking in to account var ious geomet r i c fac tors , fraction of t ime 
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TABLE V 

MINIMUM SHIELD WEIGHTS - pounds 

(Nose Cone Configuration - 1 Year Dose) 

SNAP 10 

SNAP 2 

SNAP 8 

C o r e to P a y l o a d 
Sepa ra t i on 

(feet) 

6 

30 

13 

30 

20 

30 

H a r d E l e c t r o n T u b e s 

(10^^ nvt 10^^ r) 

0 

0 

0 

0 

35 

0 

Specia l T r a n s i s t o r s 
and Diodes 

(10^^ nvt 10^ r) 

170 

70 

170 

130 

220 

190 

P r e s e n t Germianium 
T r a n s i s t o r 

(10^^ nvt 10^ r) 

250 

100 

250 

190 

320 

270 

Man 

(7. 6 X lo'^ nvt 2 , 6 r ) 

-

2140 

1640 

2300 

1900 

• • 



spent in the maximum dose ra te region, e t c , is about 10 r . That in the outer 

belt (about 13,000 mi les) is somewhat higher but also more eas i ly shielded. In 

ei ther case , a great deal of attenuation can be obtained by use of the vehicle skin 

and other s t ruc ture naembers as shielding since the p r i m a r y source of radiat ion 

consis ts of relat ively easi ly at tenuated e lec t rons . 

The requ i rements for manned applications depend heavily upon miss ion and 

upon the vehicle a r r angemen t . K the miss ion is to spend mos t of i ts t ime in the 

Van Allen be l t s , the crew compar tment will have to be well shielded and as a 

resu l t the r eac to r shielding need not be significantly different than for e lec t ronic 

mi s s ions . If Van Allen radiat ion is to be avoided, the c rew compar tment shield 

will be quite light and other s teps mus t be taken to reduce r eac to r shielding. 

Normally, a configuration such as F igure 13 would be used with the crew com­

par tment extended well to the r e a r of the SNAP. This not only provides the 

geometr ic r reduction in dose r a t e s but, more important , reduces the cone 

angle that the shadow shield mus t cover . The design is opt imized when the 

incrementa l reduction in shield weight is offset by the incrementa l i nc rease in 

telescope extension m e m b e r s and power conductor weights . 

The SNAP 2 rad ia tor will opera te at 600*F; therefore , it may be undesi rable 

to have any payload components near by. In a configuration such as shown in 

Figure 13, a payload package may be c a r r i e d to orbit nes t led within the rad ia tor 

and then extended to the r e a r p r io r to SNAP s ta r tup . This e l iminates t e m p e r a ­

ture in teract ions and significantly reduces shield weight. 

Since a more re l iable SNAP can be developed if it ope ra tes at constant e l ec ­

t r i ca l load and since induced torques a r e minimized under this condition, it is 

usually des i rab le to provide a dummy load control which in su res a constant load 

to SNAP. It is n e c e s s a r y that payload t rans ien t s be in tegrated into the design of 

the dumnny load control although ser ious interact ions a re not l ikely. 

In the case of an ear th sate l l i te , the axis of the combined rotat ing unit will 

normal ly es tabl ish the pitch axis of the vehicle. It he re fo re , miay be n e c e s s a r y 

to have a very accura te alignment between the combined rotat ing unit and the 

vehicle. Allowable deviations in vehicle attitude will be ref lected as rpm to le r ­

ances on the combined rotating unit and as allowable torques resul t ing from other 

33 



4>. 

Figure 13. SN4-F - Comnaunication or Manned Satellite Configuration 



angular momenta in the vehicle. At low al t i tudes, it may be feasible to obtain 

attitude control f rom natura l r e s to r ing torques and an osci l la t ion damper . At 

very high orbi tal a l t i tudes, a dynamic attitude control will probably be n e c e s s a r y 

or possibly a tumbling vehicle could be used. 

The SNAP 2 with the combined rotating unit aligned to the vehicle pitch axis 

sys tem has the following cha rac t e r i s t i c s influencing attitude stabili ty. 

Moment of iner t ia of combined rotating unit 0. 00072 f t - lb -sec 

Roll axis angular momentum < 0. 01 f t - lb -sec 

Pi tch axis angular momentum 3, 00 f t - lb - sec 

Yaw axis angular mLomentuna < 0. 20 f t - lb - sec 

A frequency drift of 1 percent per year cor responds to a torque of 9.7 x 10 ft-Ib. 
2 -4 

A shaft acce lera t ion of 1 r a d i a n / s e c cor responds to 7.Z x 10 ft- lb. 

V. GROUND HANDLING AND SAFETY 

The SNAP units a re being designed for complete factory assembly, ca l ib ra ­

tion, and test ing. All operat ional acceptance tes t ing except very short t ime t e s t s 

will be accomplished with e lec t r ica l heating in place of nuclear heat. Actual 

nuclear test ing would be l imited to 5 to 10 minutes ei ther at the factory or after 

it has been instal led on the launch vehicle. F r o m Figure 14 it can be seen that 

such a tes t can be conducted in the vehicle for SNAP Z with normal launch exclu­

sion dis tances (3500 feet). F igure 15 shows the launch vehicle and the sur round­

ing dosages after 30 minutes of t e s t operat ion and one hour of decay. F igure 16 

presen ts the dose ra te from the reac to r after 30 minutes of tes t operat ion. 

Figure 17 p re sen t s the ra te of activity buildup and decay for severa l operat ing 

t imes . Fo r SNAP Z the wors t plausible accidental excurs ion would be l imited to 

about ZO megawat t -seconds of energy re lease due to the strong prompt negative 

t empera tu re coefficient of react ivi ty and hydrogen loss . The wors t conceivable 

burs t would be l imited to about 50 megawat t -seconds for e i ther of the SNAP units . 

F igures 18 and 19 present the fission product inventories and dose r a t e s that a r i s e 

from this implausible situation. The examination of these possible dosages 

in te rms of normal industr ia l to le rances and r a the r normal launch pad and count­

down procedures indicates that an inplace vehicle nuclear operat ional tes t that 
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Figure 14. Total Dose Rate as a Function of Distance in Air from 
SNAP 2 APU During 50 kw Reactor Operation 
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Figure 15, Tentative SNAP 2 APU Launch Configuration 
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F igu re 17. F i s s ion Product Inventory for SNAP 2 vs Time of Operation at 50 kw 



DECAY TIME (sec) 

Figure 18. F i s s ion Product Inventory for SNAP Z vs_ Decay Time for 
Reac tor Conditions Noted 
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Figure 19. Dose Rate vs Decay Time at 100 F e e t from SNAP 2 APU 
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is l imited to a few minutes of r eac to r operat ion a few days before launch can be 

reasonable and safe. 

It appears that all questions regarding public safety during the launch phase 

can be sat isfactor i ly answered by not s tar t ing the nuclear r eac to r up until it has 

achieved a safe and stable orbit , and the flight path and orbi ta l life have been 

establ ished. Thus all SNAP sys tems a re being designed for orbi tal s ta r tup . 

Vi. REENTRY SAFETY 

If the SNAP units were operated in low orbi ts such that they would r e - e n t e r 

after some t ime, and if the reac tor did not burn up and d i spe r se on r e - en t ry , 

the pe rmiss ib l e t ime that miay be allowed to evacuate to a safe distance is p r e ­

sented on Figure 20. F r o m Figure 20 it can be seen that, if SNAP 2 were operated 

in a 400 mile altitude c i rcu la r orbit for a year , evacuation would not be requi red 

beyond 100 m e t e r s according to U. S. Atomic Energy Commiss ion industr ia l 

t o l e r ances . Curios i ty s eeke r s would have severa l hours to l inger; a week is 

available to evacuate a 10 me te r radius a r ea around a r e - e n t e r e d reac to r . If 

the SNAP 2's were opera ted in orb i t s above 500 to 600 mi le s in altitude no evacua­

tion would be requi red from an intact r e - en te r ing r eac to r . 

However the SNAP units a re being designed to burn up and d i sperse on r e ­

ent ry above 100^000 feet in o rder not to r e s t r i c t their usefulness and operat ing 

a l t i tudes . Analysis and a r c - p l a s m a je t s imulated r e - e n t r y heating indicate that 

burnup should occur above 200,000 feet. Future t es t s will include actual r e - e n t r y 

of non-act ivated specimens to confirm these s tudies . 

F r o m Figure 21 it can be seen that if a SNAP 2 r e - e n t e r e d from a very low 

orbi t ( less than 100 miles) every year it would take 60 y e a r s to build up the 

s t ront ium-90 background (a pa r t i cu la r ly bothersome isotope) to a fraction of 

1 percent of the background level that will exist if all bomb test ing is halted. Of 

course due to the decay that would occur in high altitude cases the background 

buildup would not be measu rab l e . 
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Vli . TYPICAL APPLICATIONS OF SNAP SYSTEMS 

At the p re sen t t ime a sys tem engineer concerned with the design of a space 

sys tem is cons t ra ined to think p r i m a r i l y in t e r m s of technical feasibil i ty. Many 

of the key components of his sys tem have technical l imitat ions which tend to 

es tabl ish or at leas t severe ly l imit the design cons idera t ions concerning other 

pa r t s of the sys tem. This situation r e su l t s for the most pa r t in the re legat ion 

of many economic considerat ions to a position of secondary importance in over ­

all sys tem design. 

As man p r o g r e s s e s in the field of space technology as he has in other tech­

nological fields^ he will undoubtedly find that the sys t ems he designs must enter 

into economic competit ion. The economic opt imizat ion of a sys tem at this stage 

is further complicated by the fact that the range of technical choice has been 

great ly enhanced by technical p r o g r e s s . That par t of the technical p r o g r e s s that 

is of pa r t i cu la r concern at this t ime is the advent of SNAP units for application 

to space sys t ems . The pa r t i cu la r advantage of SNAP units that is of in te res t to 

the sys tem engineer concerned with space sys tems is the potential they offer for 

a long lived, re l iable and continuous high power source . With the advent of 

SNAP units, space sys tem engineers will find the i r hor izons considerably 

broadened from what they a r e now. The technical disadvantages of p re sen t APU 

sys tems a re well known and need not be pa r t i cu la r ly d i scussed . In many cases 

these disadvantages have been overcome by enhancing the capabili ty of other 

sys tem components to achieve sat isfactory sys t em pe r fo rmance . Sometimes 

at modera te cost but more often at very high costs indeed. However, the sys tem 

designer did not have to be great ly concerned by this fact since in general , he 

had no a l te rna t ive . However, des igners of future sys t ems will find themse lves 

m o r e constra ined to optimize the i r systena from an economic standpoint and in 

many cases the higher power available from SNAP units can be used to advantage 

in reducing sys tem cos t s . 

In o rde r to i l lus t ra te this point, it is probably bes t to show by specific 

example how sys tem design considera t ions from an economic standpoint can be 

affected by the advent of SNAP uni ts . The example that we have chosen for this 

demonstra t ion is a possible "single th read" design of a communicat ion satel l i te 
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network. This example is by no means offered as a communication satel l i te 

sys tem design. The design of a communication satell i te sys tem will be a very 

complex undertaking and many fac tors must be taken into account which have not 

been taken into account in our example but we do believe that the considerat ions 

we have a r r i v e d at a r e valid and do se rve to i l lus t ra te the econonnic advantages 

of a SNAP unit in ce r ta in space s y s t e m s . 

We also feel that this pa r t i cu l a r application, i . e . , a communication satel l i te 

sys tem, is one of the most important applications of satel l i tes to human p r o g r e s s , 

A commerc ia l communicat ion satel l i te network has the potential for not only p ro ­

viding intercont inental wideband communication links which a r e now technical ly 

feasible, but a commerc i a l communication satel l i te sys tem also seems to have 

the potential for competing economical ly with p resen t intercontinental l inks such 

as submarine cables . 

In F igure 22 we have a p ic tor ia l r ep resen ta t ion of a satel l i te vehicle having 

a 24-hour orbi ta l per iod stat ioned over the Atlantic. Five ground stations located 

in major population a r e a s use the active r epea te r aboard the satel l i te vehicle to 

link themse lves together . These s tat ions, in turn, a r e assoc ia ted with a con­

ventional ground dis t r ibut ion sys tem to provide cus tomer se rv ice throughout the 

geographical a r e a served . 

Our f i r s t bas ic assumpt ion is the use of the 24-hour orbi t . Systems based 

on the use of lower orbi t a l t i tudes have been and must continue to be examined. 

However, a sys t em based on the 24-hour orbi t is general ly considered to be a 

promis ing possibi l i ty . 

Our second assumpt ion concerns the selection of a frequency. It is general ly 

agreed that nea r opt imum frequencies for ear th to space communicat ions lay 

between 300 to 3000 m c . At lower f requencies , ionospheric effects a re t rouble­

some; at higher f requencies , r ece ive r noise f i rs t becomes a problem and at still 

h igher frequencies^ a tmospher ic absorpi ton is a l imiting quantity. We have, 

the re fore , se lec ted 1700 mc a s a probably frequency as it is cu r ren t ly r e s e r v e d 

for such pu rposes . 

Given these bas ic assumpt ions we may examine the effect of satel l i te t r a n s ­

mi t t e r power on ground station cost . 
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Figure 22. Visualization of a Single Thread Design of Atlantic Leg of 
a Comimercial Communicat ions Satellite System 
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Figu re 23 i l l u s t r a t e s the re la t ion of radia ted power, at 4 m c bandwidth, of 

the satel l i te t r a n s m i t t e r to the ground station antenna cost, which in the ex t r eme 

case of very la rge antennas is the major factor in the station cost . The th ree 

different antenna gains have been se lected on the bas i s of the complexity of the 

sa te l l i te att i tude s tabi l izat ion r equ i r emen t , in that this r equ i r emen t is a major 

factor in de te rmining vehicle cost^ re l iabi l i ty and expected useful life. 

At 0 db gain the re is no r equ i r emen t for att i tude s tabi l izat ion and with a 

SNAP unit could tumble at a r easonab le r a t e . At 3 db gain, we i l lus t ra te the 

r equ i r emen t for only the type of at t i tude s tabi l izat ion to keep the vehicle pointed 

only genera l ly in the d i rec t ion of the ea r th . At 16 db gain and g r e a t e r , the 

vehicle mus t be s tabi l ized within a few degrees at all t i m e s . 

F r o m this char t we can see that the use of very low power int roduces a high 

cost fac tor for ground stat ion ins ta l la t ions . Moderate ground station cos ts do 

appear to be achievable with the use of modera t e power for a s tabi l ized vehicle. 

With unstabi l ized vehicles the power r e q u i r e m e n t s a r e of the o r d e r of those 

available with SNAP 2, The rad ia ted power shown he re mus t , of cou r se , be 

mult ipl ied by about a factor of 5 to a r r i v e at an approximat ion of the total APU 

r e q u i r e m e n t s . Then for ground antenna cos ts of $50,000 each, we have a 3000 

watt APU requirenaent for an unstabi l ized vehicle, and a 50 watt plus s tabi l izat ion 

power r equ i r emen t for a s tabi l ized vehicle . 

The foregoing cons idera t ions a s s u m e a vehicle capabil i ty for 330 voice chan­

nels and 1 video channel (Bandwidth 4 m c ) . However, if pas t h i s to ry is any indi­

cation, this sys tem will open new m a r k e t s for communicat ion se rv ices with an 

attendant i n c r e a s e in bandwidth r e q u i r e m e n t s which mus t be compensated for by 

e i ther enlarging the ground stat ion antennas , increas ing vehicle s tabi l izat ion and 

achieving g rea t e r t r ansmi t t ing antenna gain^ o r by an i n c r e a s e in the vehicle 

power . With the advent of space nuc lea r power the i n c r e a s e in vehicle power 

would mos t probably be the leas t cost ly of the a l t e rna t ives , 

A. ELECTRIC PROPULSION 

By coupling the SNAP 8 s y s t e m at 60 kilowatts e l ec t r i ca l to an e l ec t r i c p r o ­

pulsion device the Atlas boosted Centaur vehicle (9000 pounds) could be c a r r i e d 
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Figure 23. Trainable Antenna Cost for Ground Installation vs 
Radiated Power 
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f rom a 200 mi le orbi t to a 22,000 mi le (24 hour) orbi t . Due to the low th rus t 
- 5 (4.5 X 10 g) that would be available the t r i p would r equ i r e about 2 months r a t h e r 

than the 5.4 hours of an all chemical vehicle . However, where timie is l e s s 

impor tan t (unmamned flights) the same payload is placed on 24 hour orbi t with 

the 5 mil l ion dol lar At l a s -Cen taur and a 1 mil l ion dollar SNAP 8 as would o ther ­

wise r equ i r e a 20 mil l ion dol lar all chemica l Saturn vehicle . 

In conclusion, the new degrees of f reedom that a r e provided the space 

sys tem des igner by the advent of Systems for Nuclear Auxil iary Power can lead 

to many new and useful applicat ions of space vehicles and technology. 
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