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ABSTRACT 

The ex ten t  t o  which man w i l l  r ea l i ze  h i s  ambition t o  explore space 
r- 
a3 cu may u l t imate ly  be l imi ted  by h i s  a b i l i t y  t o  develop su i t ab le  e l e c t r i c  
M 
I 

d 

generating systems f o r  spacecraf t .  Space power systems a re  required t o  

operate  i n  an extreme and h o s t i l e  environment. Space vacuum, storms 

of pa r t i cu la t e  matter from micrometeorites t o  high-energy protons, 

near-abolute-zero temperature, and d i f f i c u l t i e s  of l o g i s t i c s  and 

maintenance all exer t  t h e i r  influence on the  type of powerplant which 

can be se lec ted  f o r  a given mission. 

The na tura l  tendency i s  t o  think i n  terms of exot ic  new so lu t ions  

t o  meet an exot ic  requirement. The space program, however, i s  based 

on modifying ex i s t ing  technologies and techniques t o  meet t h e  spec ia l  

requirements of space environment. 

of powerplants t h a t  a r e  cur ren t ly  under development incIuding so la r  c e l l s ,  

b a t t e r i e s ,  f u e l  c e l l s ,  thermoelectric generators,  thermionics, and 

This paper reviews t h e  broad spectrum 

nuclear and so la r  mechanical systems. These systems a r e  described i n  

terms of t h e i r  s i m i l a r i t i e s  t o  conventional devices r a the r  than t h e i r  

d i f fe rences .  I n  almost every case, it can be shown that  t h e  concept 

being used, whether new or old,  came i n t o  being because of i t s  com- 

mercial  p o t e n t i a l i t y  r a the r  than space power requirements. However, 

t h e  space program has supplied t h e  impetus f o r  t he  research and 
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development now being conducted t o  improve and understand these  e x i s t i n g  

techniques. 

improvement or upgrading of a l l  power systems. 

undoubtedly w i l l  r e f l e c t  themselves i n  advantages t o  a l l  of us .  

The r e s u l t  w i l l  u l t imately be a general across-the-board 

These improvements 

INTRODUCTION 

The e x t e n t  t o  which man w i l l  r e a l i z e  h i s  ambition t o  explore space 

may ult imately be l imited by h i s  a b i l i t y  t o  develop s u i t a b l e  e l e c t r i c  

generating systems f o r  spacecraf t .  To assure oneself of t h e  t r u t h  of 

t h i s  declaration, one has only t o  r e a l i z e  t h a t  all major components and 

subsystems of  spacecraft  conceived t o  da te  a r e  e i t h e r  powered or control led 

by e l e c t r i c i t y .  Without e l e c t r i c a l  power there  could be no communications, 

data transmission, navigation, l i f e  support, or control ;  i n  short ,  no 

useful  mission could be performed. Since each mission has i t s  own 

pecul iar  requirements, it i s  not, then surpr i s ing  t o  f i n d  a number of 

d i f f e r e n t  powerplant s under development. 

Many f a c t o r s  influence t h e  se lec t ion  of a powerplant. Foremost 

among these a r e  performance c h a r a c t e r i s i t c s  and a v a i l a b i l i t y  of t h e  

system or technique f o r  use at t h e  time required,  but  ot$er considerations 

influence the choice. 

se lec t ion  of a power system f o r  a mission a r e  weight, volume, a rea  

requirements, cost,, r e i i a b i l i t y ,  a v a i l a b i l i t y ,  sa fe ty  (nuc lear ) ,  and 

operational r e s t r i c t i o n s .  

The general  f a c t o r s  t h a t  a r e  considered i n  t h e  

For any aerospace appl icat ion the  n a t u r a l  tendency i s  t o  consider 

weight as the predominant se lec t ion  c r i t e r i o n .  

s ignif icant  c r i t e r i o n ,  se lec t ions  could b e  made by simply r e f e r r i n g  t o  

a chart  of t h e  type shown i n  f igure  1, which i s  based on weight and area 

Were t h i s  t h e  so le  
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considerations alone. However, in any practical situation, other factors 

may prevail. 

volume or area requirements may prevent its use. The choice is often 

made on the basis of availability, safety, cost, or reliability factors, 

o r  because a particular device places fewer design or operational 

restrictions (i. e. , orientation requirements, stowage of complex shapes, 
deployment requirements, nuclear shield design, etc. ) on the spacecraft. 

Thus, powerplant selection is a trade-off procedure involving all of 

these criteria in relation to the specific mission and spacecraft 

requirements. 

While a system may be suitable from a weight standpoint, 

Space power systems are required to operate in an extreme and hostile 

environment. Space vacuum, showers of particulate matter (from micro- 

meteorites to high-energy protons), near-absolute-zero temperature, and 

difficulties of logistics and maintenance all exert their influence on 

selection. To meet this broad spectrum of requirements, NASA 

is currently developing a large inventory of space power systems 

including solar cells, batteries, fuel cells, nuclear thermoelectrics, 

thermionics, and nuclear and solar mechanical systems based on both the 

Rankine and Brayton cycles. From the foregoing, we might conclude that 

space power systems represent a specialized art which is completely 

divorced from the mundane commercial power sources to which we are 

exposed every day. All these 

systems, whether new or old in concept, have come into being because of 

their commercial potentialities. Indeed, if we go through this list we 

find that most of the power conversion techniques mentioned earlier exist 

in everyday applications. 

Nothing could be further from the truth. 

This paper will review the type of power 
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systems being considered f o r  space appl ica t ion  i n  terms of t h e i r  s i m i l a r i t i e s  

t o  everyday earth-bound powerplants, r a the r  than i n  terms of t h e i r  d i f -  

ferences.  

SOLAR CELLS 

Solar  c e l l s  a re  semiconductor devices t h a t  are capable of d i r e c t l y  

converting t h e  energy of incident  sunlight t o  e l e c t r i c i t y .  

Figure 2 shows three  d i f f e r e n t  types of solar c e l l .  The selenium 

c e l l  on the l e f t  has been known fo r  some 80 years .  

(0.3 percent) c e l l  responds t o  l i g h t  i n  t h e  same manner as the  human eye 

or photographic f i l m  and is  therefore  usefu l  i n  photographic l i g h t  mekers. 

The low-conversion e f f ic iency  makes. t h i s  type of c e l l  unsa t i s fac tory  fo r  

space use s ince 3 square f ee f  of c e l l  a r ea  would be required t o  produce 

This low-efficiency 

a s ingle  watt .  

The backbone of t he  space power program at  t h e  present time i s  t h e  

This c e l l  i s  prepared by adding cont ro l led  amounts s i l i c o n  solar  c e l l .  

of spec i f ic  impuri t ies  t o  high-purity s i l i c o n  c r y s t a l s .  Addition of 

phosphorous produces an n-type s i l i c o n  whose po ten t i a l  decreases on 

exposure t o  sunl ight .  

t h e  poten t ia l  t o  r i s e  when incident  sunl ight  s t r i k e s  t h e  c r y s t a l .  

f o r  t he  two types of s i l i con ,  t he  number of e lec t rons  i s  r e l a t e d  t o  t h e  

number required t o  f i l l  t he  valence band, n-type s i l i c o n  has an excess 

of e lectrons and p-type a def ic iency.  

contact one another, surplus e lec t rons  flow from the  n-type ma te r i a l  

t o  t h e  p-type and t h e  r e s u l t  i s  a contact  p o t e n t i a l  between t h e  

mater ia ls  and an e l e c t r i c  f i e l d  a t  t h e i r  junct ion.  This f i e l d  i s  so 

or iented as t o  a id  the  flow of e l ec t rons  from t h e  p t o  the  n s ide  and 

The use of p-type impur i t ies  such as boron causes 

If, 

If such d i s s imi l a r  mater ia l s  
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r e s i s t  it i n  t h e  opposite d i rec t ion .  If s i l i c o n  containing a p-n junct ion 

i s  exposed t o  sunl ight ,  some inciaent  photons w i l l  have s u f f i c i e n t  energy 

t o  t r a n s f e r  an e lec t ron  from t h e  valence band t o  t h e  conduction bandj i f  

t h i s  occurs near t h e  junct ion between the p- and n-types of mater ia ls ,  

t he  e l e c t r i c  f i e l d  created by t h e  junction w i l l  cause the e lec t rons  t o  

move and thereby w i l l  cause a useful  current  t o  flow. The combination 

of p- and n-type l aye r s  within a s ingle  c r y s t a l  produces t h e  m a x i m u m  

vol tage d i f fe rence .  This i s  about 0.5 v o l t .  For space appl ica t ions ,  t h e  

s i l i c o n  c r y s t a l  c e l l  de l ive r s  e f f ic iences  of 9 t o  11 percent i n  outer  

space. T h i s  i s  t h e  most e f f i c i e n t  type of so la r  c e l l  made t o  date ,  and 

accasional  s ing le  samples de l ive r  1 4  percent e f f ic iency .  The s i l i c o n  

c e l l  has two major disadvantages: it i s  expensive ( f i g u r e s  commonly 

used a r e  $250 t o  $300 per W unmounted and $1000 per W assembled i n t o  

an array), and they a r e  s m a l l  ( t yp ica l ly  W2 cm) r i g i d  c r y s t a l s  

requi r ing  both  a r i g i d  supporting s t ruc ture  and many e l e c t r i c a l  con- 

nect ions i n  order t o  de l ive r  a usable quant i ty  of power. 

p i c tu re  i s  improving, however, and f igu res  as low as $400 per w a t t  f o r  

or ien ted  arrays may be achieved. 

The cost  

The th in- f i lm cadmium sulfide c e l l  i s  an attempt t o  overcome these  

problems. 

measuring a f e w  square centimeters.  However, these  t h i n  c e l l s  have 

t h e  advantage of being light-weight and f l e x i b l e  and can po ten t i a l ly  

be made i n  l a r g e  a reas .  The f l e x i b i l i t y  of t h i s  c e l l  i s  i l l u s t r a t e d  

i n  f i g u r e  3. Although t h e  ul t imate  e f f ic iency  of l a rge  areas  of t h e  

material  may be a b o u t 3  pereent, 

as $10 t o  $50 per w a t t  compared with a po ten t i a l  cost  of $100 per w a t t  

Its ef f ic iency  at present i s  4 t o  5 percent for areas  

.1 
the  cos t  per w a t t  may drop as low 
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f o r  s i l i c o n  c e l l s .  

be packaggd i n t o  s m a l l  containers f o r  launching and then be unfurled when 

needed. 

It i s  expected t h a t  l a rge  areas of t h e  mater ia l  may 

Solar c e l l s  a r e  an i d e a l  power source when small quan t i t i e s  of power 

ase needed i n  remote sunny areas where s t r ing ing  power l i n e s  i s  impract ical  

from the  cos t  or l o g i s t i c  standpoints.  The s a t e l l i t e  or space probe i s  

a perfect  example of such a s i tua t ion ,  but  t he re  are others  here on 

E a r t h .  One s t r i k i n g  example i s  the  use of pole-mounted s i l i c o n  solar 

c e l l s  t o  charge t h e  b a t t e r i e s  t h a t  power an emergency radio-telephone 

network on a Los Angeles freeway. Solar  c e l l s  are t h e  most economical 

means of maintaingng these  i n s t a l l a t i o n s .  

CHESIICAL BATTERIES 

The s i l i c o n  so la r  c e l l  i s  an a t t r a c t i v e  energy source from t h e  

standpoints of a v a i l a b i l i t y  and r e l i a b i l i t y ,  bu t  it su f fe r s  from t h e  

ser ious drawback that it requi res  sunl ight  t o  operate .  

avai lable  pa r t  of t h e  time, as i n  a day-night Earth cycle or i n  a 

s a t e l l i t e  passing through the Ea r th ' s  shadow during an o r b i t ,  some 

form of energy storage i s  required i f  t h e  power output i s  t o  be con- 

t inuous.  Ba t t e r i e s  of fe r '  t he  meafls sfor mheeqing t h i s  need. 

If sunl ight  i s  

The commercial b a t t e r y  business  i s  genera l ly  a high-volume, low- 

The designs and manufacturing tech-  margin, cost-conscious industry.  

niques used t o  meet c m e r c i a l  markets could not meet t h e  s t r ingen t  

requirements placed on them by t h e  space program. Because NASA needed 

b a t t e r i e s  t h a t  could withstand t h e  high vacuum of space without l o s ing  

v o l a t i l e  mater ia ls ,  hermetically sealed c e l l s  had t o  be developed. 

The need f o r  a c e l l  f r e e  from i r r e v e r s i b l e  gas formation during 
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operation and ab le  t o  supply thousands of short  (90 min) charge-discharge 

cycles precluded the  use of t h e  lead-acid bat tery.  

b a t t e r i e s  must d e l i v e r  power f o r  both high and low drain rates. 

LeClanche ( f l a s h l i g h t )  c e l l  could meet very low-rate needs only. 

r e s u l t ,  it was necessary f o r  t h e  government t o  support the  development of 

several  b a t t e r y  types which were not new but,  f o r  economic and appl icat ion 

reasons, were not ava i lab le  i n  a form s u i t a b l e  f o r  space use. 

I n  addition, spacecraft  

The 

As a 

As with commercial applications,  t h e  aerospace f i e l d  requires two 

types of b a t t e r i e s ,  primary o r  nonrechargeable and secondary or recharge- 

able. The s i l v e r  oxide - zinc c e l l  i s  used t o  meet almost a l l  the  primary 

b a t t e r y  needs f o r  space. The performance c h a r a c t e r i s t i c s  of t h i s  c e l l  

are shown i n  t a b l e  I. 

b a t t e r y  i n  service today. 

c e l l  weight range from 35 watt-hours per pound a t  t h e  10-minute-discharge 

r a t e  t o  75 watt-hours per  pound a t  the 100-hour rate. 

appl icat ion,  a s i l v e r  b a t t e r y  produced s l i g h t l y  over 100 watt-hours per 

pound during a 3 month discharge. By comparison, t h e  LeClanche c e l l  

used i n  f l a s h l i g h t s  may de l iver  40 watt-hours per pound a t  t h e  100-hour 

dra in  rate and 67 watt-hours per  pound f o r  a 1-month discharge. 

major difference a l s o  e x i s t s  i n  cost ,  with t h e  LeClanche c e l l  del iver ing 

energy a t  $0.03 per  watt-hour compared with $2 per  watt-hour for t h e  

s i l v e r  oxide-zinc system. 

The silver c e l l  i s  t h e  highest  energy-density 

The watt-hours delivered per  pound of t o t a l  

I n  one f l i g h t  

A 

Secondary b a t t e r y  development has r e l i e d  heavily on t h e  nickel  

oxide - cadmium system which was or ig ina l ly  pioneered i n  Europe and 

i s  now finding a l a r g e  commercial market i n  t h e  United S t a t e s  f o r  such 

appl ica t ions  as e l e c t r i c  toothbrushes, household appliances, hand power 
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t o o l s  and ch i ld ren ' s  toys.  

i s  being readied f o r  f l i g h t  use.  

but shorter  cycle l i f k  than a comparable nickel-cadmium c e l l .  

r e l a t ive  performance of these  c e l l s  and t h e  projected fu ture  capabi l i ty  

are  shown i n  t ab le s  I1 and 111. A s  t h e  depth of discharge, or f r a c t i o n  

of rated energy capacity,  increases ,  t h e  cycle l i f e  tends to"decrease.  

Current technology, based on a 25-percent depth of discharge, shows a 

67-percent improvement i n  energy dens i ty  fo r  t h e  s i l v e r  - cadmium b a t t e r y  

over nickel-cadmium, while t h e  l a t t e r  o f f e r s  more than th ree  times the  

cycle l i f e .  

expected t o  have a 60 percent grea te r  t o t a l  watt-hour per pound capacity,  

experts  cu r ren t ly  pred ic t  t h a t  t he  nickel-cadmium c e l l ,  because of i t s  

a b i l i t y  t o  sus t a in  grea te r  discharge depths, will ul t imate ly  de l ive r  

energy dens i t i e s  equivalent t o  t h e  silver-cadmium c e l l  while o f f e r ing  

several  times t h e  cycle l i f e .  

rea l ized  i f  t h e  s i lver -z inc  b a t t e r y  could be  operated i n  a rechargeable 

mode. 

density of t h e  nickel-cadmium c e l l ,  t h e  cycle  l i f e  is l imi ted  t o  a few 

hundred cycles at a maximum. 

l i m i t  the  cycle l i f e  of t he  s i l v e r  oxide-zinc c e l l  i s  cu r ren t ly  underway, 

with much of t h e  e f f o r t  being supported by NASA and other government 

agencies. T h i s  support i s  necess i ta ted  s ince  su i t ab le  markets, which 

would j u s t i f y  indus t ry ' s  bear ing t h e  expense of t h i s  development, are 

lacking. 

support has been needed t o  obtain b a t t e r i e s  f o r  space use, t h e  b a s i c  

technology required w a s  i n  exis tence p r i o r  t o  t h e  incept ion  of t h e  space 

Currently, t he  s i l v e r  oxide - cadmium c e l l  

It o f fe r s  a higher energy density,  

The 

Surpris ingly,  although t h e  silver-cadmium b a t t e r y  is  

A subs t an t i a l  improvement would be  

Though it i s  present ly  ab le  t o  de l ive r  t h ree  times t h e  energy 

Work on so lu t ion  of t h e  problems t h a t  

This i s  another example of t h e  f a c t  that, while government 
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e f f o r t .  The space program provided the incent ive and f inanc ia l  support 

t o  advance t h i s  technology. 

FUEL CELLS 

The main l i m i t a t i o n  of primary b a t t e r i e s  i s  t h a t  they  contain a 

r e l a t i v e l y  high mass-fraction of inact ive components such as an e lec t ro ly te ,  

separators ,  an electrode support s t ruc ture ,  a case, terminals,  and con- 

nec tors .  If  a grea te r  quant i ty  of energy i s  required,  sane improvement 

might be  obtained by bui ld ing  l a r g e r  c e l l s .  

c e l l  s i z e  i s  reached, increased energy demand r e s u l t s  i n  no impkovement i n  

energy densi ty .  The f u e l  c e l l  i s  an electrochemical c e l l  i n t o  which the  

r eac t ive  mater ia l  i s  cont inual ly  fed  and from which the reac t ion  product 

i s  continuously withdrawn, as shown i n  f igu re  4. When t h e  chemical content 

of t h e  b a t t e r y  at t h e  l e f t  i s  expended, it must be replaced. 

c e l l ,  on t h e  other hand, maintains arconstant condition within t h e  c e l l  

due t o  t h e  control led product and reactant  flaws. As a-result, t h e  c e l l  

continues t o  operate as long as flows are  maintained, .$nd t h e  mass 

f r a c t i o n  of inac t ive  material f o r  the system decreases as t h e  required 

operating time increases .  I n  t i m e ,  the  del ivered energy densi ty  approaches 

t h e  value of t h e  r eac t ive  materials alone as a l i m i t .  

Once t h e  p r a c t i c a l  limits of 

The fuel 

Like m a n y  "new" aerospace components, t he  f u e l  c e l l  i s  over a 

century old.  

with t h e  impetus supplied by t h e  prospect of vehic le  or cen t r a l  s t a t i o n  

power through f u e l - c e l l  means. 

burning c e l l ,  it w a s  necessary t o  study electrode processes using pure 

hydrogen as an idea l ized  f u e l .  Pure oxygen w a s  l ikewise used i n  order 

t o  de f ine  t h e  electrochemical processes occurring at air  electrodes.  

During t h e  period following World W a r  11, research increased, 

I n  order t o  achieve the  goal of a hydrocarbon- 
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Happily, t h i s  combination has a theo re t i ca l  energy densi ty  of over.1600 

watt-hours per pound, and p r a c t i c a l  c e l l s  can be b u i l t  which de l iver  

over 1000 watt-hours per pound. Put t ing  it conversely, t h e  f u e l  con- 

sumption of hydrogen-oxygen f u e l  c e l l s  i s  1 pound per kilowatt-hour o r  

l e s s .  

power came along, t h e  hydrogen-oxygen f u e l  c e l l  had undergone su f f i c i en t  

study t o  show tha t  i t s  development w a s  f ea s ib l e .  

* 

Thus, when 2-week missions requi r ing  1 t o  2 ki lowatts  of e l e c t r i c d  

The f'uel c e l l  has. already been chosen fo r  t h e  Gemini, Apollo, and 

B i o s a t e l l i t e  missions by NASA. 

A i r  Force's  Manned Orbiting Laboratory and shows po ten t i a l  fo r  several  

other fu ture  appl icat ions.  

developed f o r  space a re  described i n  more d e t a i l  i n  another paper. 

general, their  fixed weight, exclusive of tankage and reac tan ts ,  v a r i e s  

from 70 t o  150 pounds per ki lowatt .  These values  a re  conservatively 

expected t o  drop t o  about 50 pounds per  ki lowatt  i n  t h e  near f'uture. 

A more s igni f icant  improvement w i l l  be  obtained by lowering t h e  f u e l  

consumption. 

pound of t o t a l  hydrogen and oxygen per kilowatt-hour produced. 

It i s  a l s o  a prime candidate f o r  t he  

The var ious types of f u e l  c e l l s  being 

I n  

This i s  u l t imate ly  expected t o  be lowered t o  0.75 t o  0.80 

THERM0EI;ECTRIC GENERATORS 

The thermoelectric generator performs t h e  d i r e c t  conversion of heat  

t o  e l e c t r i c i t y .  

converts sunl ight  t o  e l e c t r i c i t y .  

Seebeck e f f ec t .  

i s  supplied t o  t h i s  junct ion whi le  t h e  opposite end, t h e  cold junct ion,  

i s  connected through an ex terna l  load  and maintained at some lower 

temperature. 

I n  th i s  respec t  it i s  l i k e  t h e  solar c e l l  which d i r e c t l y  

Thermoelectricity i s  based on t h e  

Two d i s s imi l a r  mater ia l s  a r e  joined on one end, hea t  

A s  heat flows through the  d iss imi la r  l egs ,  a thermoelectr ic  
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poten t i a l  appears across  t h e  cold junction. This  e f f e c t  i s  completely 

revers ib le  -.. An e l e c t r i c  current  forced i n  t h e  reverse  d i r ec t ion  through 

t h i s  device r e s u l t s  i n  a flow of heat from the  cold t o  t h e  hot junction. 

Both e f f e c t s  have wide appl ica t ion  i n  industry and t h e  home, ranging 

from t h e  f a m i l i a r  thermocouple and special  purpose r e f r ige ra to r s  t o  

p i l o t - l i g h t  sensors and automatic shutoff valves  i n  home water hea te rs  

and furnaces.  

The power output of a thermoelectric un i t  w i l l  be  a funct ion of 

t h e  heat flow, temperature difference and t h e  combination of materials 

se lec ted .  The in tens ive  search for increased performance has r e su l t ed  

i n  t h e  discovery of many su i tab le  high-performance mater ia l s  as shown i n  

t a b l e  IV. 

has a range i n  which i t s  performance i s  superior  t o  the  others .  

It i s  i n t e r e s t i n g  t o  note t h a t  each of these  th ree  materials 

The r e l a t i v e l y  s m a l l  s ize ,  long l i f e ,  and wide temperature range 

make thermoelectr ics  a na tura l  choice f o r  s m a l l  space power systems 

using thermal energy. 

e n e r a  sources, t h e i r  use i n  space has so far been with radioisotope 

and r eac to r  power systems. The SNAP 9A (Systems - f o r  Nuclear - Auxiliary - 
Power) - generator which powers a Department of Defense s a t e l l i t e  as shown 

i n  f igu re  5 .  

u t i l i z e  t h e  rad ioac t ive  decay of plutonium 238 i n  conjunction w i t h  

l e a d - t e l l u r d i e  thermoelectric elements t o  produce 25 wa t t s ' o f  e l e c t r i c  

power. The first u n i t  launched has now accumulated nearly 2 years  of 

continuous operation. 

t h a t  a r e  cur ren t ly  i n  use fo r  both space and terrestial  appl icat ions.  

From t a b l e  V, it i s  apparent t h a t  these devices are f inding appl icat ion 

Although they a r e  adaptable t o  many thermal. 

Four of these  systems have been launched t o  da te .  They 

2 

Table V shows several  other  generators  of t h i s  c l a s s  
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where r e l i ab le  long-term unattended operation i s  a primary requirement. 

The f irst  nuclear-reactor power system, designated SNAP 1OA ( f i g .  61, 

was launched i n t o  o r b i t  on Apri l  3, 1965. This system used s i l i con -  

germanium thermoelectr ic  elements. 

m e t a l  (NaK)  which w a s  c i r cu la t ed  through t h e  nuclear r eac to r .  This 

system performed continuously f o r  43 days, and t h e  malfunction that 

prematurely shut down t h e  reac tor  system i s  not a t t r i b u t e d  t o  a f a i l u r e  

i n  t h e  power system. 

The hot junct ion w a s  heated by l i q u i d  

The advanced state of thermoelectric technology, coupled w i t h  i t s  

proven f l i g h t  capabi l i ty ,  may make these  systems a t t r a c t i v e  for  mult i -  

kilowatt  manned appl icat ions where a v a i l a b i l i t y  r a the r  than performance 

i s  a major consideration. 

RANKINE CYcm 
The o ld  standby of t h e  e l e c t r i c  power generating industry has been 

and s t i l l  i s  the Rankine cycle.  

wealth of background, operating experience, and technology ava i lab le ,  

t h e  Rankine cycle would receive s ign i f i can t  i n t e r e s t  f o r  a2pl ica t ion  

t o  high-power space systems. 

fea tures  which make t h e  Rankine cycle p a r t i c u l a r l y  advantageous f o r  

It i s  only na tura l  t h a t ,  with t h e  

I n  addi t ion  t h e r e  are severa l  des i r ab le  

space'.. These fea tures  can be summarized as: 

(1) " O f  t h e  mechanical cycles,  t h e  Rankine cycle  

achieving Carnot e f f ic iency  . 
( 2 )  Heat addi t ion  and heat r e j e c t i o n  a r e  accomp 

constant temperature . 

comes c loses t  t o  

ished at e s s e n t i  

(3) 

choose t o  meet spec i f ic  design objec t ives .  

There i s  a wide range of working f l u i d s  from which one Can 
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( 4 )  Rankine cycle hardware has demonstrated a highly r e l i a b l e  endur- 

ance capabi l i ty  i n  serv ice  on Earth. 

Figure 7 i s  a schematic of a typ ica l  Rankine cycle system t h a t  u t i -  

l i z e s  a reac tor  hea t  source. 

is, a l i q u i d  loop t h a t  uses a l i q u i d  metal as t h e  hea t - t ransfer  f l u i d  be- 

tween t h e  reac tor  and the  bo i l e r ,  and a two-phase loop i n  which a l i q u i d  

metal i s  vaporized, expanded through the  turb ine  producting power, con- 

densed i n  t h e  rad ia tor ,  and pumped back t o  b o i l e r  pressure by t h e  conden- 

sate pump. 

power system. 

The example shown i n  a two-loop system; t h a t  

The temperatures shown are  t y p i c a l  of a high-power Rankine space 

Since heat  r e j ec t ion  i n  space must be accomplished by rad ia t ion ,  t h e  

hea t  r e j ec t ion  rate i s  inversely proportional t o  t h e  four th  power of t h e  

absolute  temperature, thus making it des i rab le  t o  operate t h e  r ad ia to r s  at  

as high a temperature as possible. Liquid metals o f f e r  t h e  advantage of 

high condensing temperatures i n  comparison with water, which i s  used i n  t h e  

conventional ground powerplant. The s ign i f i can t  current  programs u t i l i z e  

mercury and potassium as t h e  working f luids .  Mercury has been used as one 

of working f l u i d s  i n  binary cen t r a l  powerplants f o r  many years. 

The mercury Rankine cycle i s  under development f o r  low- t o  r e l a t i v e l y  

high-power appl icat ions,  up t o  approximately 60 kilowatts.  The turb ine  in-  

l e t  temperature l e v e l  of up t o  1300° F i s  consis tent  with t h e  temperature 

c a p a b i l i t i e s  of current  nuclear reactor and material technologies. 

summarizes t h e  development status of t h i s  c l a s s  of systems. 

exp lo i t  a va r i e ty  of  po ten t i a l  energy sources. 

t h e  rad ioac t ive  decay of t h e  isotope Ce-144 as t h e  energy source. SNAP-2 

and SNAP-8 use r eac to r  hea t  sources. (The SNAP-8 system i s  shown i n  f i g .  8.) 

The Sunflower system was t o  have operated with s o l a r  energy using a s o l a r  

Table $1 

These systems 

SNAP-1 was t o  have u t i l i z e d  
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col lec tor  t o  concentrate t h e  s o l a r  energy t o  a mercury boi le r .  

For e l e c t r i c a l l y  propelled, manned, interplanetary spacecraf t ,  extremely 

high-powered, l ight-weight systems w i l l  be required. 

alkali-metal  Rankine cycle technology, based on potassium as t h e  working 

f l u i d ,  i s  being pursued by NASA. 

s p e c i f i c  weight on mission payload capabi l i ty  f o r  an  e l e c t r i c a l l y  propelled 

spacecraft  i s  graphical ly  i l l u s t r a t e d  i n  f i g u r e  9. This indicates  t h a t ,  

f o r  desirable  missions t o  be performed, powerplant s p e c i f i c  weights i n  t h e  

range of 20  pounds per kilowatt  must be achieved. It should be noted, how- 

ever, tha t  t h i s  f igure  i s  t y p i c a l  of t h e  t rends exhibited of powerplant 

s p e c i f i c  weight on vehicle  mass requirements. The absolute  numbers a r e  

highly dependent on t h e  assumptions used. 

not be used indiscriminately.  Other s tud ies  of t h i s  type have indicated 

usefu l  missions a t  somewhat higher s p e c i f i c  weights. Since r a d i a t o r  weight 

comprises a s igni f icant  proportion of t h e  t o t a l  powerplant s p e c i f i c  weight, 

it i s  i n s t r u c t i v e  t o  look at  t h e  e f f e c t  of tu rb ine  i n l e t  temperature on 

r e l a t i v e  radiator-area requirements. Figure 10 indica tes  t h a t ,  i n  order t o  

achieve the required low s p e c i f i c  weights, t h e  high-temperature, a l k a l i -  

metal system may be required. 

For t h i s  appl icat ion,  

The overwhelming e f f e c t  of powerplant 

Hence, t h i s  type of da ta  should 

The predominant c h a r a c t e r i s t i c s  of t h e  high-temperature Rankine cycle 

would then be: 

(1) Applicabi l i ty  over a wide range of powers up t o  t h e  very high 

(megawatts ) power l e v e l s  required f o r  e l e c t r i c a l  propulsion 

( 2 )  

(3) Moderate thermal e f f i c i e n c i e s  

( 4 )  

( 5 )  

Low r a d i a t o r  a rea  and weight 

Adaptabili ty f o r  use with a d i v e r s i t y  of heat  sources 

Wealth of background r e l a t e d  t o  terrestial technology 
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( 6 )  D i f f i c u l t  technology because of high temperatures, two-phase 

flow problems and corrosive nature  of t h e  working f l u i d s  

B W O N  CYCLE 

The Brayton cycle has received considerable i n t e r e s t  as a space 

powerplant and i s  cur ren t ly  being invest igated by NASA. I n t e r e s t  stems 

pr imari ly  from the  f a c t  t h a t  the  Brayton cycle can u t i l i z e  iner t -gas  

working f l u i d s  such as argon, neon, o r  even mixtures such as helium- 

xenon. 

problems r e l a t i n g  t o  corrosion, turbine erosion, and compatibil i ty,  as 

wel l  as two-phase f l u i d  mechanics problems i n  zero gravi ty .  

cycle o f f e r s  des i rab le  performance po ten t i a l  with conversion e f f i c i e n c i e s  

ranging from 20 t o  30 percent .  

development program can draw heavily from the  wealth of ex i s t ing  gas- 

t u rb ine  technology developed for  the  famil iar  t u rbo je t  engine. 

The use of these  i n e r t  working f l u i d s  should e f f ec t ive ly  el iminate  

The Brayton 

I n  addition, t h e  Brayton-cycle 

Figuke 11 depic ts  shematically a Brayton-cycle space powerplant. 

I n  t h i s  cycle,  the  working f l u i d  remains i n  t h e  gaseous phase throughout. 

Cold gas i s  compressed i n  the  compressor and passes through a recuperator 

where it i s  preheated by the  hot turbine exhaust gas. 

t o  i t s  m a x i m u m  temperature by the  heat source (a  reac tor  i n  t h i s  diagram) 

and i s  then expanded through a turbine,  which d r ives  t h e  compressor, and 

an e I e c t r i c  generator ,  

where it gives  up some of i t s  heat t o  t h e  compressor discharge stream. 

More heat i s  given up i n  t h e  rad ia tor  where it i s  rad ia ted  t o  space. 

The cold gas then r een te r s  t he  compressor, completing the  cycle. 

t h e  sens ib le  heat of t he  gas i s  re jec ted ,  t he  r ad ia to r  i s  not isothermal 

as i n  the  Rankine cycle .  

The gas i s  heated 

Then, t he  gas passes through t h e  recuperator,  

Since 



16 

Operating between t h e  same temperature l i m i t s ,  t h e  Brayton cycle i s  

less e f f i c i e n t  and requi res  a l a r g e r  r ad ia to r  than t h e  Rankine cycle.  

However , higher e f f i c i enc ie s  a re  obtained by operating t h e  Brayton cycle 

across  a wider temperature range than i s  p r a c t i c a l  for t he  Rankine cycle.. 

The r e su l t i ng  r ad ia to r  a rea  i s  s t i l l  much grea te r  than f o r  t h e  Rankine 

cycle .  

considered competitive with t h e  potassium Rankine cycle at very high power 

l e v e l s .  

It i s  f o r  t h i s  reason t h a t  t h e  Brayton cycle i s  not general ly  

The Brayton cycle has been s tudied f o r  a v a s i e t y  of missions and 

energy sources. 

8 k i lowat t -e lec t r ic  Brayton system u t i l i z i n g  argon as t h e  working f l u i d .  

A conceptual drawing of such a system i s  shown i n  f igu re  1 2 .  Thtis,%ech- 

nology program is  d i rec ted  toward t h e  use of a so la r  concentrator.  

NASA i s  cur ren t ly  t e s t i n g  t h e  components of a nominal 

Since a so l a r  Brayton cycle must operate continuously i n  o r b i t  

about the Earth whether i n  sunl ight  or i n  shade, heat  s torage i s  required 

during the  sun pa r t  of t h e  o r b i t  t o  provide heat  fo r  continuous operat ion 

during the shadow por t ion  of t h e  o r b i t .  

t he  sun's energy on a cavi ty  rece iver  cons is t ing  of a gas heat exchanger 

and a heat storage medium. Lithium f luo r ide  is  used as t h e  heat s torage 

medium. 

i n l e t  temperature required f o r  des i rab le  performance of the  Bra;yton 

cycle.  

The solar co l l ec to r  focuses 

I t s  melting temperature of 1560' F permits t h e  higher t u rb ine  

The predominant c h a r a c t e r i s t i c s  of Brayton cycle  f o r  space power 

a re  summarized below r e l a t i v e  t o  the  Rankine cycle:  

(1) High ef f ic iency  

( 2 )  Large r ad ia to r  a rea  and weight 
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( 3 )  Applicabi l i ty  over a wide range of power leve ls ,  but  not 

competitive w i t h  t h e  Rankine cycle a t  very high powers 

( 4 )  

( 5 )  

( 6 )  

Compatibility with t h e  same d i v e r s i t y  of heat sources 

Comparable background of r e l a t e d  t e r r e s t r i a l  technology 

Considerably l e s s  d i f f i c u l t  technology because of i n e r t ,  

single-phase working f l u i d .  

THERMIONICS 

O f  all the  power systems discussed here, t h e  one perhaps most 

deserving the  t i t l e  of an exotic power-conversion device i s  the  

thermionic generator.  

cur ios i ty ,  has received i t s  primary impetus from t h e  space program. The 

concept i t s e l f  i s  not a new one since Thomas Edison w a s  one of t h e  e a r l y  

observers of the  phenomenon of thermionic emission. The e f f e c t  s t i l l  

bears  h i s  name, the 'tedison ef fec t . "  

This device, which w a s  l i t t l e  more than a laboratory 

The pr inc ip le  of operation of t h i s  device i s  r e l a t i v e l y  simple. 

A thermionic converter cons is t s  of a high-temperature electron-emitt ing 

surface and a low-temperature e lectron-col lect ing surface.  

emi t te r  i s  heated t o  extremely high temperatures, t y p i c a l l y  3000' t o  

3500' F, s u f f i c i e n t  energy i s  imparted t o  the  electrons t o  permit l a r g e  

numbers of them t o  escape t h e  surface and t r a v e r s e  the  gap t o  t h e  cooled 

c o l l e c t o r ,  so t h a t  a charge b u i l d s  up on t h e  co l lec tor  surface.  If the 

c o l l e c t o r  and emit ter  a r e  then connected through an external  load, a 

flow of current  i s  sustained by the p o t e n t i a l  difference between t h e  

emi t t ing  and t h e  co l lec t ing  surfaces. 

by coolant at approximately half the temperature of the  emit t ing surface 

I n  t h e  simplest of these devices, a vacuum i s  maintained between t h e  

A s  t h e  

The co l lec tor  surface i s  maintained 
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two surfaces.  However, as t h e  e lec t ron  current  bu i ld s  up, a r epe l l i ng  

space charge develops which i n h i b i t s  further emission from the  cathode 

surface,  compromising the  performance of t he  device. Figure 13 shows 

what i s  termed a “plasma diode,” i n  which an e l e c t r i c a l l y  conducting 

ionized gas i s  introduced i n t o  t h e  in te re lec t rode  space. The purpose 

of t h i s  plasma i s  t o  neut ra l ize  t h e  space charge. 

The plasma most used i n  thermionic diodes present ly  i s  cesium 

vapor. I n  the cesium diode, the vapor a c t u d l y  performs two funct ionst  

it suppresses t h e  space charge e f fec t ,  and it reduces the work funct ion 

of t h e  co l lec tor ,  which i s  the  energy required t o  s top an e lec t ron  from 

t h e  material  surface.  

The range of in te re lec t rode  spacing cur ren t ly  being u t i l i z e d  i n  t h e  

cesium diode i s  of t h e  order of 0.005 t o  0.010 inch. Table V I 1  

summarizes the s t a t u s  of current  thermionic-diode technology. 

T h i s  increases  t h e  po ten t i a l  or vol tage output.  

Several ways e x i s t  i n  which termionic converters can be in tegra ted  

i n t o  a system incorporating solar, chemical, or nuclear (both reac tor  

and isotope)  energy sources. Since thermionic devices are inherent ly  

high-power-density devices , t h e  most promising way of developing 

thermionic power appears t o  be t h e  in t eg ra t ion  of converters i n t o  a 

nuclear r eac to r  core i n t e g r a l  wi th  t h e  fuel elements. 

schematically i l l u s t r a t e s  one concept f o r  accomplishing t h e  in t eg ra t ion .  

I n  t h i s  device, t h e  cy l ind r i ca l  emi t te r  surface i s  t h e  container  f o r  

the  f iss ionable  reactor-core mater ia l .  The core i s  f ab r i ca t ed  of f u e l  

elements w i t h  are, i n  e f f e c t ,  i n t eg ra t ed  thermionic diodes. Surrounding 

these  emitter f u e l  elements would be t h e  co l l ec to r .  

coolant such as l i t h ium would be used t o  t r a n s f e r  t h e  heat t o  t h e  heat- 

r e j ec t ion  system. 

Figure 1 4  

A l i q u i d  metal 

Figure 15 i l l u s t r a t e s  t h e  b a s i c  components required 
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for  in tegra t ing  t h i s  concept i n t o  a reactor-thermionic system. Consider- 

ab le  i n - p i l e  t e s t i n g  of thermionic diodes has been accomplished which 

demonstrates the  f e a s i b i l i t y  of t h i s  approach. However, before  t h i s  

system can become a r e a l i t y ,  numerous engineering problems must be 

resolved. Problems associated w i t h  nuclear f u e l s  operating at these  high 

temperatures, s ea l s ,  i n su la t ing  mater ia ls ,  and f ab r i ca t ion  techniques 

must be invest igated t o  assure  t h a t  converters can operate r e l i a b l y  f o r  

long periods of time. Also, as indicated above, l i t t l e  work has been 

done on systems of converter's. I n  a t y p i c a l  reac tor  system, hundreds or 

thousands of these converteis w i l l  be connected i n  a se r i e s -pa ra l l e l  

network. I n  addi t ion,  thermionic converters are typ ica l ly  low-voltage, 

high-current devices.  Rel iable ,  light-weight, and highly e f f i c i e n t  power- 

conditioning equipment w i l l  b e  needed. All the  areas  mentioned a re  cur- 

r e n t l y  receiving a t t en t ion .  The predminant cha rac t e r i s t i c s  of t h e  

thermionic system can be summarized as: 

(1) Appl icabi l i ty  over a wide range of powers, including the  very high 

power l e v e l s  

Low radiator area and weight ( 2 )  

(3) Moderate thermal e f f i c i enc ie s  

(4) 

( 5 )  

Adaptabi l i ty  t o  a d i v e r s i t y  of heat sources 

Mul t ip l i c i ty  of s m a l l  elements i n  l a rge  systems, thus t h e  p o s s i b i l i t y  

of increased r e l i a b i l i t y  

( 6 )  Low-voltage, high-current devices 

( 7 )  Very d i f f i c u l t  technology w i t h  l i t t l e  es tabl ished background t o  draw 

from; B i z a r r e  mater ia ls ,  elaborate and minute > d e t a i l s  of construction, 

a l l  within a reac tor  core where the  problems cannot be separated as 

i n  the  Rankine and Brayton cycle 
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The po ten t i a l  f o r  inherent ly  r e l i a b l e  diodes of high performance with 

low weight and area  requirements warrants t h e i r  continued development not 

only f o r  space power appl icat ions,  bu t  a l so  fo r  energy conversion f rm 

nuclear power i n  ground appl icat ions,  perhaps i n  the  form of a topping 

u n i t  f o r  a conventional steam powerplant. 

CONCLUSION 

I n  conclusion, it i s  apparent t h a t  space power systems a r e  r e a l l y  

hybrid devices, being ne i ther  new exot ic  systems developed only f o r  space 

use nor fami l ia r  everyday ground-type powerplants. Space power systems 

represent a l o g i c a l  modification or extension of ground-power technology 

t o  meet a spec ia l  s e t  of operation requirements. 

Modification of familiar power systems t o  meet spec ia l  earthbound 

For instance,  t h e  tendency i s  t o  bu i ld  l a rge  appl icat ions i s  not new. 

steam powerplants near a water source which can a c t  as a heat s ink.  There 

a r e  appl icat ions on ea r th ,  however, where water i s  not ava i lab le  as a 

heat sink, and ambient air i s  used through t h e  medium of spec ia l ly  de- 

signed heat exchangers. On t h e  other end of t h i s  spectrum, i n  c e r t a i n  

locat ions i n  New Zedand and I t a l y  undergrand  hot spr ings a r e  used as 

t h e  heat source f o r  Rankine cycle powerplants. It i s  not surpr i s ing ,  

therefore ,  t o  f ind  t h a t  i n  space t h e  se l ec t ion  of heat source f o r  a power 

system i s  made on the  b a s i s  of t h e  environment encountered and t h e  heat 

sources t h a t  a r e  compatible with t h e  p a r t i c u l a r  mission requirements. 

The na tura l  tendency i s  t o  th ink  i n  terms of exot ic  new so lu t ions  

t o  meet an exot ic  requirement. 

i s  based on the modification of e x i s t i n g  techniques and technologies t o  

meet the spec ia l  requirements of t h e  space environment, j u s t  as they a r e  

of ten modified t o  meet spec ia l  requirements on earth. While t h e  e x i s t i n g  

I n  f a c t ,  however, t he  space power program 
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technology in commercial powerplants has served as a jumping-off place 

for the development of space power systems, the space program has sup- 

plied the impetus for conducting research and development to improve 

and to better understand these existing techniques. The result will 

ultimately be a general across-the-board improvement or upgrading of all 

power systems. 

in advantages to all of us. 

These improvements undoubtedly will reflect themselves 



22 

Discharge rate ,  Energy density Usable temperature 
h r  t o  0.9 V range, OF 

W- hr / l b  W-hr/in. Umer Jlower 

116 35 2 . 1  165 80 

1 40 3.5 165 32 

30 60 4.5 165 0 

100 75 6.0 125 -40 
4 

TABLE I. - PRIMARY ZINC-SILVER 
[Anode, zinc; e lec t ro ly te ,  potassium 

OXIDE BATTERY 
hydroxi de; cathode, 
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i Depth of discharge, 
percent t 

TABLE 11. - PRFSENT AND PROJECTED NICKEL OXIDE- 
CADMIUM BATTEFX PERFORMANCE 

I I I I I I 1 1 W-hr/lb I of cycles 1 W-hr/lb I of cycles I W-hr/lb I of cycles 

1965 I 1968 
Effect ive L i f e ,  1 Effect ive Life, 
c apac i t y  tho us ands capacity, thousands 

- 
-97 1 

Effect ive 
capacity, 

W-hr/lb of cycles I W-hr/lb of cycles 

'5 
Life, 

tho us ands 
W-hr/lb 

-- 

I 
25 

50 

'. 75 

100 

3 

-- 
-- 
12 

1 of cycles 

I -- 
I -- 

50 

4 6.5 15 

---- lo 

2 5 I I 11 

-- 13.5 15 

-- 
Depth of discharge, 

percent 
1965 

Effect ive Life, 
capacity, thousands 
W-hr/lb of cycles 

5 0.30 25 

35 

45 

100 

1 
E f f e c t ive 
capacity, 
W-hr/lb 

. -- 

TABU 111. - PRFSENT AND PROJECTED SILVER OXIDE- 
CADMIUM BATTERY PERFORMANCE 

- i8 
Life, 

tho us ands 
of cycles 

0.50 

.25 

I 

E f  f e c t i v e  
capacity, 
W-hr/lb 

1 
I 

100 

'5 B 
Life, 

thousands 
of cycles 

1.00 1 
0.70 

.40 
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efficiency, OF 

500 

1100 

150Ot 

TAB1 

percent 

4 

7 

7 

Material  I 
Bismuth t e l l u r i d e  

Lead t e l l u r i d e  

Silicon-germanium a l l o y  

Unit 

SNAP- 3 

Sentry 

SNAP- 7A 

SNAP- 7B 

SNAP- 7C 

SNAP- 7D 

SNAP- 7E 

SNAP- 7F 

SNAP- 9A 

I 

TABU V. - SNAP ISOTOPE THERMOEUCTRIC SYSTEMS 
[Lead Tel lur ide T/E Elements] 

Power, 
W 

2.5 

4.5 

10 

60 

10 

60 

7 

60 

25 

Isotope 
f u e l  

Plutonium-238 

Strontium-90 

Plutonium-238 

Weight, 
l b  

18 70 

4600 

18 70 

4600 

6000 

27 
-- 

Application 

DOD s a t e l l i t e  

Arct ic  weather 
s a t e l l i t e  

Light buoy 

Lighthouse 

Antarct ic  weather 
s t  a t  ion  

0 ce an we ather 
s t a t i o n  

Deep- sea acoust ic  
beacon 

O i l  platform 
beacon 

DOD s a t e l l i t e  
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Spacing, 
mils 

10 

8 

5 

TABU V I .  - MERCURY RANKINE CYCLE PROGRAM 

- 
Collector  
m a t  e ri a1 

Niobium 

Molybdenum 

Niobium 

Unit  

SNAP-1 

SNAP-2 

Sunflower 

SNAP-8 

He a t  source 

Isotope 

Reactor 

Solar  

Reactor 

-- 
Power, 
kWe 

L 

0.5 

3 

3 

35 

Cycle 
eff ic iency,  

percent 

10 

8 

10 

8 

System, 2500 hr, continuous 

Components, 25,000 hr, 
t o t a l  

Turbomachinery, 4600 hr, 
continuous 

Turbomachinery, 830 hr, 
continuous pumps, > 9500 

TABLE V I I .  - TYPICAL THERMIONIC DIODE 
PERFORMANCE (OUT OF PILE) 

[Emitter temperature, -1800° C; 
demonstrated l i f e ,  > 7000 hr.] 

-~ 
Emit ter  
mater i a1 

Tungsten 

Tungsten 

Tung s t  en 

Test r e s u l t s  

Power 
density,  

W/cm2 --- 
7 t o  20 

7 t o  10 

13 t o  15 

Efficiency, 
percent 

7 t o  15 

N 13 

1 4  t o  2 0  
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10 
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F U E L  
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.1  1 10 100 1000 

F I G U R E  1. - E L E C T R I C  P O W E R  S Y S T E M S  FOR E A R T H  O R B I T .  

D U R A T I O N ,  D A Y S  

:ELL 

F I G U R E  2 .  - T H R E E  S O L A R  C E L L S .  



F I G U R E  3 .  - F L E X I B L E  T H I N - F I L M  C A D M I U M  S U L F I D E  
P H O T O V O L T A I C  C E L L .  

ELECTRODE 

BATTERY FUEL CELL 

F I G U R E  4 .  - C O M P A R I S O N  O F  B A T T E R Y  A N D  F U E L  C E L L S .  
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F I G U R E  5. - S N A P - 9 A .  

P U M P - \  

r T I E  C O N V E R T E R  R A D I A T O R S  
\ 

E X P A N S I O N  \ 

C 0 M P E N  S A T  0 R -l \\ 

S U P P O R T  L E G 7  \ \ 

T R U C T U R E  & R I N G  

- L O W E R  N a K  M A N I F O L D  

‘- INSTRUMENTATION C O M P A R T M E N T  

F I G U R E  6. - S N A P - 1 O A  S Y S T E M  





a3 
h3' 
m 
I w 

ELECTRIC 
POWERPLANT 

NUCLEAR 
ROCKET 

300 400 500 600 
MISSION TIME, DAYS 

F I G U R E  9 .  - S T U D Y  O F  S E V E N - M A N  M I S S I O N  
T O  M A R S ;  C R E W  S H I E L D I N G  F O R  100 R E M ,  
D O S E ;  M E T E O R O I D  S H I E L D I N G  F O R  P o  - 0.999. 

RELATIVE 
RADIATOR 

AREA 

TURBINE-INLET TEMP, O F  cs-25573 
F I G U R E  10. - EFFECT O F  T U R B I N E - I N L E T  T E M P E R A T U R E  

ON R A D I A T O R  A R E A .  



COMPRESSOR TURBINE GENERATOR RADIATOR 
cs-25531 

F I G U R E  11. - S C H E M A T I C  O F  R E C U P E R A T I V E  B R A Y T O N  C Y C L E  S P A C E  
P O W E R  S Y S T E M .  

7 -  31' DIAM.- - 
I r 

5' 
i 

1 - 
F I G U R E  12 .  - S O L A R  B R A Y T O N  C Y C L E  P O W E R  S Y S T E M .  



COLLECTOR-\,,, I ,-INSULATOR 

c s  3 2 6 5  

F I G U R E  13.  - P L A S M A  D I O D E .  

+- COLLECTCIR 

CESIUM EMITTEE 
VAPOR 

rNSULAT@R 
/”__--------- - - / 

i 

I 
/ 

d’ 

I ~ T ~ . M ~ ~ ~ €  LEA 
F I G U R E  14.  - C O N C E P T U A L  T H E R M I O N I C  R E A C T O R  F U E L - E L E M E N T  D E S I G N .  



ELECTRICAL POWER 
CONDITIONING :SHIELD 
EWlPMENT 7 REACTOR _I ~ " I , . ,  U C A T  

TO 
LOAD 

AUXILIARY RADIATORS 
SEGMENTS R E O U l  R E D )  

F I G U R E  1 5 .  - S C H E M A T I C  O F  N U C L E A R  T H E R M I O N I C  P O W E R  S Y S T E M .  

THERMIONIC 

FUEL ELEMENT 

IQUID-METAL COOLANT 

'\, \,'LCOLLECTOR 
'\ LINSULATION 

'LOUTER JACKET 
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