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ABSTRACT 

23433 
A limited study was performed to evaluate heat- 

steri l izable power sources for the Mariner Mars landing 
capsule for missions in 1969 and 1971. I t  was found that a 

radioisotope thermoelectric or thermionic generator (HTG) 
in conjunction with a small steri l izable battery-or a dy- 
namic s y s t e m  s u c h  as a hydrazine-turboalternator s y s t e m  - 
would meet t h e  mission requirements. For a power level of  

700 w and a demand time of 60 min, these s y s t e m s  may be 
built at  a weight of about 20-25 lb. 

Present ly ,  steri l izable bat ter ies  with specific 
energies of 15 whr/lb are too heavy for the  mission. Un- 
certainties i n  the development of steri l izable batteries 
with specific energies of 50 whr/lb are s u c h  that additional 
s y s t e m s  should also be considered. 

A more detailed study i s  planned for both the  HTG 
and hydrazine-turboalternator s y s t e m s ,  and will include 
the problems of integrating these s y s t e m s  into the landing 

capsule. P JJ&+y)m/ 

i v  
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I .  INTRODUCTION 

The miss ions  a s sumed  for t h i s  s tudy  are  the advanced  Mariner Mars m i s s i o n s  in 1969 and 1971. The 

miss ions  a re  p lane tary  f lybys with a b u s  carrying a landing capsule .  The flight time before  landing  c a p s u l e  

separat ion is a b o u t  200 days .  At c a p s u l e  separa t ion  i t  i s  a s sumed  that there  i s  a requirement  for 700 w of 

raw power for d i rec t  communication to Earth for about  10 min. S ince  the landing  c a p s u l e  e n t e r s  the  Mars' 

a tmosphere 10 to 15 hr  a f te r  separa t ion  from the b u s ,  i t  i s  a s sumed  tha t  another  power demand of  700 w for 

10 min i s  required for communication. After the capsule  has  landed ,  co l lec ted  data would be t ransmit ted to  Ear th  

a t  10-to 1 5 h r  in te rva ls  or  a s  long  as power i s  avai lable  (or at least  up to 60 hr  a f te r  landing). This, therefore, 

requi res  a t  l e a s t  s i x  t ransmiss ions  back to Earth or a to ta l  energy of at least 700 whr. 

The miss ion  power requirement i s  based  on the following rough est imate:  

Transmi t te r  power output  ( R F  power) 

Transmi t te r  p o ~ e r  input  ( regulated power) 

100 w 

450 w 

Regulat ion eff ic iency -65% 

Requi red  raw power 700  w 

Voltage (transmitter) 1800-2200 v (dc) 

1 ol tage  (power supply)  25-50 v (dc) 

Duration 10-250 min 

In order  to avoid  a biological  contamination of Mars, i t  i s  current pol icy tha t  all equipment on the 

landing c a p s u i e  be s t e r i i i z e d  ac 3OO"F fur aboiit 35 !x. !.nether severe reyuirement i s  the r e s i s t a n c e  to high 

shock  l o a d s  upon landing (poss ib ly  as  high as 2000 to 5000 9). T h i s  requirement, however ,  may be re laxed  

i f  high s p e e d  drogues  and  low speed  parachutes  are u s e d  for terminal descent .  A summary of sys tem we igh t s  

vs number of power c y c l e s  for var ious power s y s t e m s  is shown i n  Fig. 1. 
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1 1 .  POWER SOURCES FOR LANDING CAPSULE 

The following power s o u r c e s  were eva lua ted  for u s e  with a landing  c a p s u l e  for a Mars mission:  

1. B a t t e r i e s  

2 %!ar p a n e l  array-  (photovol ta ic  cel ls)  

3. F u e l  cells 

4. Radio iso tope  thermoelectr ic  or thermionic genera tors  

5 .  Solar  thermoelectr ic  or thermionic genera tors  

6. Dynamic power s y s t e m s  

Some of the mos t  important requirements  for the landing  c a p s u l e  power-source are: 

1. It mus t  b e  s te r i l i zab le  and  light i te ight  

2 .  I t  mus t  withstand a high shock  load a t  landing 

3. I t  mus t  opera te  re l iably af ter  s torage for 200 d a y s  (fl ight time) 

4. I t  mus t  opera te  in the environment of Mars 

5 .  I t  mus t  opera te  in  shadow and sunl ight  

6. I t  mus t  n o t  interfere  with the s c i e n c e  exper iments  and t h e  o ther  subsys t ems  onboard the 

landing  c a p s u l e  

T h e  above requirements  rule out  the u s e  of solar-powered s y s t e m s .  The length of s torage  tirne and  the 

requirement  of s te r i l i z ing  also el iminate  

power s y s t e m  must  be s t o r e d  for long  per iods  of time, chemical  s y s t e m s  requiring s torage  t a n k s  ( such  a s  fuel  

c e l l s )  a r e  n o t  des i rab le .  With the b e s t  of ava i lab le  insulat ion and  cryogenic  s torage ,  the  weight  of s u c h  

fuel c e l l s  and probably ba t te r ies  a s  sole power sources .  S ince  the  

s y s t e m s  i s  very great. No RTG uni t  with a power output of 700 w has  y e t  been built .  If such  a uni t  were  bui l t  

fo r  a 1969 m i s s i o n ,  i t s  weight  would probably be at l e a s t  140 lb.  However,  in combination with a rechargeable  

bat tery,  an RTG of 1O-to 15-w power output  may meet the requirement of low weight  if the period between 

power  demands  i s  about  10 to 15 hr. Such a sys tem would have  a long  s e r v i c e  l i fe  and be l imited only by the 

number of charge-discharge c y c l e s  o f  t h e  battery. Of the dynamic s y s t e m s ,  the hydrazine- turboal ternator  

power  s y s t e m  a p p e a r s  to  be b e s t  s u i t e d  for the mission.  The hydraz ine  fuel can be s tored  for a 300-day 

per iod  a n d  the uni t  can b e  s t a r t e d  and  s topped  by remote control or by a timer. 

3 
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A. Batteries 

Bat t e r i e s  have been u s e d  ex tens ive ly  on the ear ly  s a t e l l i t e s .  For short-t ime low power, they 

represent  a ready  solution to the problem of  providing e lec t r ica l  energy in s p a c e .  For s p a c e  app l i ca t ions ,  

only sealed ba t te r ies  such  as the  nickel-cadmium (Ni-Cd), the  s i l ve r  ox ide  cadmium (Ag-Cd), and  the  s i l ve r  

oxide-zinc (Ag-Zn) ba t t e r i e s  a re  used .  The outs tanding  charac te r i s t ic  of  t he  Ni-Cd and  Ag-Cd ba t t e r i e s  i s  

their  capabili ty of withstanding la rge  numbers of  charge-discharge cyc le s ,  whi le  the Ag-Zn battery h a s  the 

abi l i ty  to s to re  a large amount of  energy in  a re la t ive ly  smal l  volume and  weight.  T h e  Ag-Zn battery i s  

l imited to  about  50 charge-discharge c y c l e s  a t  5O0C and 65% discharge  (Ref.  1). Lab exper iments  have  

shown seve ra l  hundred c y c l e s  a t  lower temperatures.  

The main problem with ba t t e r i e s  i s  the miss ion  requirement for s t e r i l i za t ion .  Preliminary d a t a  

ind ica t e  that a hea t -s te r i l i zab le  Ag-Zn battery may have  a s p e c i f i c  energy of only 10-15 whr/lb. T h i s  has 

already been achieved  with s t e r i l i zed  ba t t e r i e s  in an  informed condition. Recen t  information from Genera l  

E lec t r i c ,  however, i nd ica t e s  tha t  discharged Ni-Cd ba t t e r i e s  have  been hea t -s te r i l i zed  without any  apparent  

degradation in spec i f i c  energy. Another problem for ba t t e r i e s  i s  t he  miss ion  duration of about  200 days. 

TO avoid  se l f -d ischarge  during s torage ,  the battery may be s to red  in a dry condition and ac t iva t ed  by a 

mechanism when power i s  required ( subsequent  charging would be necessa ry ) .  However,  t he  addition of  an  

ac t iva t ing  mechanism i n c r e a s e s  the  weight s ign i f icant ly .  JP[, i s  sponsor ing  work which is expec ted  to yie ld  

approximately 50 whr/lb. 

Information w a s  rece ived  during a r ecen t  meet ing  a t  the NASA-Lewis Resea rch  Cen te r  about  a 

“thermal battery” which is under development. In t h i s  concept ,  the e l ec t ro ly t e  i s  s epa ra t ed  from the  e l ec t rodes  

by a thermal barrier with a built-in hea t ing  element.  When power i s  demanded,  the  hea t ing  e lement  m e l t s  the  

barrier and the  chemical reaction can take  p l ace .  Such a ba t te ry  can  be s to red  for a long  period and  may be 

hea t -s te r i l i zab le  without high degradation. The barrier can  be ,made  of a mater ia l  t ha t  m e l t s  above  the  

s te r i l i za t ion  temperature. 

4 
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B. Sol ar-Powered Systems 

SolaIcpowered s y s t e m s  may be in the  forms of s o l a r  photovol ta ic  ce l l s ,  s o l a r  thermoelectric or 

thermionic generators,  and  so la r  dynamic sys t ems .  A solar-powered sys t em deployable a f t e r  c a p s u l e  landing  

i s  very cumbersome, and  i t s  expec ted  reliabil i ty and performance a r e  unpredic tab le  due to the  unce r t a in t i e s  

about  the Martian environment ( such  as s o l a r  constant,  d u s t  stoms and terrain). A s  s o l a r  mirrors or s o l a r  

c e l l s  mus t  b e  loca t ed  ou t s ide  the capsule ,  they will  burn up or be damaged by entry hea t ing .  A h ,  fhe 

requirement of the  power sys t em to wi ths tand  high shock l o a d s  ru l e s  ou t  the u s e  of solar-powered s y s t e m s  

for the landing  capsule .  

C. Fuel Cells 

F u e l  ce l l  technology h a s  advanced  rapidly in r ecen t  yea r s .  T h i s  i s  mainly due to t h e  se l ec t ion  by 

NASA of the  hydrogen-oxygen fuel c e l l s  as power supp l i e s  for the Apollo and  Gemini spacecraf t .  F u e l  c e l l  

operation is dependent  on the chemica l  k ine t i c s  of the conversion of molecular  hydrogen and oxygen into ions.  

This ion ic  conversion t a k e s  p l ace  within the  cel l  a t  the  in te r face  between the g a s  and  t h e  e lec t ro ly te .  T h e  

amount of current ava i l ab le  from the  ce l l  i s  a d i rec t  function of the  to t a l  su r f ace  a r e a  ava i l ab le  for t he  

ionization r eac t ions  to  proceed. T h e  e f f ic iency  of a fue l  cel l  may be as high as 65%. Curren t  fuel c e l l s  with 

la rge  e l ec t rodes  weigh about  48 lb/kw-hr and  occupy 1.1 ft3/kw-hr. From a weight  and  volume s tandpoin t ,  i t  

appea r s  t h a t  the  c ros sove r  poin t  between fuel cells and  ba t t e r i e s  i s  about  10 h r  or l e s s ;  for dynamic sys t ems ,  

the c rossove r  point may b e  abou t  50 h r  (Ref. 2). 

The Bacon type fuel  ce l l  mus t  opera te  at about 475'F to suppor t  a u s a b l e  current dens i ty .  However, 

t h i s  r equ i r e s  t ha t  the  ce l l  is main ta ined  a t  about  600 p s i  in order to  keep  the e iec t ro iy te  from boiling. The 

Apollo fue l  c e l l  i s  a modified version of the  Bacon ce l l  and  i s  des igned  t o  opera te  a t  about  60 p s i  and  500'F. 

I t  t a k e s  .about a n  hour to bring the fuel ce l l  up to operating temperature. 

The requirements of hea t -s te r i l i za t ion  and fuel s torab i l i ty  for 200 d a y s  make the  u s e  of fuel c e l l s  

una t t r ac t ive  for the Mars miss ion .  

D. Radioisotope Thermoelectric or Thermionic Generators (RTG) 

Auxiliary s p a c e  power s y s t e m s  us ing  rad io iso topes  as power sou rces  have  become an  operational 

rea l i ty  wi th  the  l aunch ings  of t he  transmit s a t e l l i t e s  which have  on board SNAP radio iso tope  power uni t s .  

R a d i o i s o t o p e s  provide se l f -conta ined  sources  of energy in re la t ive ly  high power dens i t i e s .  Thei r  na tura l  

5 
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decay  r a t e s  determine, in major part ,  the l ifetime des igned  into the  power unit .  T h e s e  power s y s t e m s  l end  

themse lves  espec ia l ly  to remotely loca ted  e lec t r ica l  d e v i c e s  such  as unmanned s a t e l l i t e s  or m i s s i o n s  to 

o ther  p l ane t s  (Ref. 3). 

T h e  pr inc ip les  of rad io iso topic  power a r e  s imple .  Hea t  i s  generated when radiation i s  absorbed  in 

the fuel and  in  the surrounding containment material .  The  h e a t  i s  then par t ia l ly  converted into electr ic i ty ,  

u s ing  a su i t ab le  energy conversion device ,  with the remainder of the h e a t  be ing  d i s s ipa t ed  to the ex terna l  

environment. The radioisotopic power unit ,  therefore,  c o n s i s t s  of th ree  main components:  a rad io iso topic  

fuel,  an  energy conversion device ,  and a h e a t  s ink .  

1. Radioisotopic Fuel 

For s p a c e  appl ica t ions ,  i t  i s  advantageous  to u s e  i s o t o p e s  and fuel  forms with low externa l  radiation 

to minimize sh i e ld  weight. Alpha emi t te rs  such  as  Pu-238, Cm-244, Cm-242, and  Po-210 are  therefore b e s t  

su i t ed  to s p a c e  miss ions .  In se l ec t ing  a fuel for a s p e c i f i c  miss ion ,  a ba lance  must  be made between sys t em 

weight,  half-life, power dens i ty ,  fuel ava i lab i l i ty ,  c o s t  and  radiation to le rance .  Some of the more use fu l  fuels 

a r e  l i s t ed  in Table 1. For  the 200-day Mars Mariner miss ion ,  Pu-238 or Cm-242 a r e  the  power s o u r c e s  

considered. Cm-242 h a s  a very high spec i f i c  power. However; b e c a u s e  of i t s  sho r t  half-life, e x c e s s  thermal 

energy a t  the s t a r t  of the  miss ion  must be provided in order to meet  end  of miss ion  power demand. 

6 
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2 .  Energy Conversion D e v i c e s  

The h e a t  generated by a rad io iso tope  can be converted into e l ec t r i ca l  energy by thermoelectric,  

thermionic,  or turboelectric Rankine cyc le .  Thermoelec t r ic  and  thermionic conversion a re  s imi la r  in  principle.  

In thermoelectricity,  a n  electr ic  current i s  produced when a su i t ab le  material  i s  sub jec t ed  to a temperature 

gradient.  In thermionics,  a current f lows between two e l ec t rodes  when they a re  held a t  different temperatures.  

No radioisotope-turboelectric sys tem has ye t  been built ;  however, many s t u d i e s  have  been performed on 

s y s t e m s  from 1 kw(c) to 40 kw(e). T h e s e  s t u d i e s  have  ind ica ted  that  t he  turboelec t r ic  sys t em i s  best  appl ied  

to short-l ived, relatively high-power appl ica t ions .  At the p re sen t  time, a t t a inab le  conversion e f f i c i enc ie s  for 

thermoelectric and  thermionic s y s t e m s  a re  of the  order of 5 to  10%. I t  i s  r easonab le  to a s sume ,  however,  tha t  

within the  nex t  few y e a r s  the  conversion efficiency can be a t  l e a s t  doubled. 

T h e  electr ical  cha rac t e r i s t i c s  of RTG must  be matched with the  e l ec t r i ca l  requirements of the  space -  

craft. The power output, of course,  i s  one  of the  des ign  fea tures  of the  genera tor  i t s e l f ,  but the  vol tage  ou t  

of the  power supply  generally has to be a l t e r ed  with a converter s o  tha t  i t  ma tches  the sys t em payload  

requirements of the spacecraf t .  T h e  converter can  be a completely s t a t i c  so l id  s t a t e  sys t em us ing  a so l id  

s t a t e  swi t ch ings  circuit, a transformer, and  a rect i f ier  (if required). Conver te r  e f f i c i enc ie s  of 85% have  been 

ach ieved  a t  vo l tages  between 3 and  30 v. A high vol tage  converter ( 3  to  35v) may weight  about  3 lb and a 

low-voltage converter (0.5 to 3v) with charge regulator may weigh about  4 lb. 

3. Thermionic R T G  S y s t e m  

SNAP-13 i s  a thermionic demonstration dev ice  of  about  12.5 w power output  under development by the 

Martin Company for the AEC. I t  r ep resen t s  the  f i r s t  marriage of a rad io iso tope  h e a t  s o u r c e  to a thermionic 

conversion unit. Cm-242 i s  u sed  as a h e a t  sou rce  coupled with a ces ium f i l led thermionic diode. The diode 

i s  des igned  to operate in the ionization mode and  has  been t e s t e d  for more than 4000 hr u s ing  e l ec t r i ca l  

hea t e r s  to s imula t e  isotope thermal conditions.  The weight  of the  unit ,  fue led  for 120 d a y s  o f  opera t ion ,  i s  

4.5 l b  without a re-entry h e a t  sh ie ld .  

SNAP-13 appears well su i t ed  as a power sou rce  for the  Mars Mariner l and ing  capsu le .  To  mee t  the  

miss ion  requirements,  extra fuel and  a re-entry h e a t  sh i e ld  mus t  be added (bringing i t s  weight to 8-10 lb). In 

order to supply the  short 700-w power peaks ,  a combination of a SNAP-13 type  RTG and a 125-whr battery i s  

proposed (Fig. 2). The RTG would recharge  the  ba t te ry  through a charge  regula tor  a n d  converter.  A s e c o n d  

converter be tween the battery and  capsu le  load  would provide the c o n s t a n t  s m a l l  l oad  and  the  7O@w peak  loads .  

8 
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Components 

SNAP-13 (including ex t ra  fuel and  h e a t  sh i e ld )  

uiarge i ~ g i i k t ~ ;  nzd CeElrertw (low voltage) -1 

Weight, Ib Volume, in. 3 

8 225 

4 60 

Bat te ry  (125  whr) 

Conver te r  (high voltage) * 
System To ta l  

3-8 

4-8 

19-28 

214 

36 

535 
~ 

The c o s t  of SNAP-13 will  depend upon the  extent of AEC funding for development and  fuel c o s t s .  

T h e  Martin Company e s t ima tes  a c o s t  of $50,000 to $70,000 p e r  uni t  af ter  a n  AEC sa fe ty  and  development 

program. T h i s  program could be  completed for a 1969 Mars Mariner fl ight.  

4.  Thermoelectric R TG Sys t em 

A light-weight thermoelectric RTG dev ice  of abou t  10 w power output  i s  under development a t  

Genera l  Atomic for the  AEC. In th i s  dev ice ,  the hea t  from a Pu-238 source  i s  transferred to  the  T / E  p a n e l s  

by radiation. T h e  uni t  is expec ted  to  produce about  500 w/lb of T / E  e lemen t s  for a ho t  junction temperature 

of only 400-450°C and a co ld  junction or rad ia tor  temperature of about  100OC. T h e  des ign  goal i s  about  

5 w/lb of genera tor  weight  exc luding  h e a t  sh i e ld  and power f la t ten ing  device .  No radiator f in s  a r e  required,  

as the  a rea  of the T / E  cold  side i s  suf f ic ien t  to  d iss ipa te  the  hea t .  

3 . e  TI!? pznels r o n s i s t  o f  n- an? p-type thermoelectric e l emen t s  sandwiched  between aluminum 

sheets which s e r v e  as energy co l lec tor  and  radiator sur faces .  For s t ruc tura l  s t rength ,  the radiator s h e e t  i s  

bonded to a n  aluminum honeycomb through which penetrations a re  made for t he  T / E  e lements .  Pb-Sn-Te 

mater ia l  i s  u s e d  for t he  T / E  e lemen t s  which a re  very smal l  ( 1  x 1 x 2 mm). By u s i n g  a metallurgical bond 

with a very low con tac t  r e s i s t ance ,  t h e  power output i s  maintained independent  of element s i ze ,  and  the  s i z e  

and  we igh t  of t he  T / E  p a n e l s  can  be dras t ica l ly  reduced. 

When t h i s  dev ice  i s  fully deve loped  (1965-1966), i t s  performance may compare favorably with tha t  of 

the SNAP-13 thermionic generator.  

* 
Converter may b e  eliminated if 30-v battery is used. 

9 
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F i g .  2. RTG - Battery System 

240 w (THERMAL) 

CHARGE R TG 
REGULATOR 12 w, 3 v 

I- CONVERTER 
REGULATOR 

BATTERY 
125 whr 

5. Waste Heat and Thermal Control 

T h e  thermal hea t  genera ted  by the  RTG device  mus t  be d i sposed  of b y  thermal radiation to s p a c e .  

I t  i s  therefore advantageous  to loca t e  the  RTG dev ice  c l o s e  to the outer  su r f ace  of the  capsu le  SO tha t  h e a t  

can be rad ia ted  without a f fec t ing  o ther  capsu le  components.  I t  is, however,  expec ted  that  the  landing  capsu le  

will be loca ted  in the s h a d e  during most of f l ight time and may need  a h e a t  sou rce  for thermal control during 

that  period. All or part of the  RTC, w a s t e  h e a t  may therefore be u s e d  to keep  the capsu le  hea ted ,  and  the  

generated e l ec t r i c  power can be u s e d  by the  bus  during the 200-day fl ight.  

6.  Isotope Availabili ty and Cost 

I so topes  which are currently be ing  produced a s  power s o u r c e s  for  s p a c e  rad io iso tope  thermoelectric 

genera tors  a re  Pu-238 for SNAP-9A and Cm-242 for SNAP-11 and 13. Sr-90 i s  u s e d  as a power s o u r c e  in the  

SNAP-7 s e r i e s  terrestrial  generators.  

T h e  AEC has  exper ience  in  producing Pu-238 and p l a n s  to  make 30 to 35 kg ava i l ab le  prior to 1968, 

which a t  a 5% over-all R'L'C, e f f ic iency ,  would provide about  900 eW of power. Thereaf te r ,  e s t ima ted  annual  

ava i lab i l i ty  i s  equivalent to about 550 eW by t h e  end of  1968, inc reas ing  to  about  800 eW by the end of 1972. 

For planning purposes,  t hese  ava i lab i l i ty  f igures  roughly r ep resen t  a lower l imit  to t h e  amount of Pu-238 tha t  

could be produced by t h e  AEC a t  a c o s t  of about  $450 per gram ($16,000 per  eW). T h e  upper l imit  on ava i la -  

bil i ty a t  t h i s  c o s t  i s  not l ike ly  to exceed  twice the  amounts s t a t e d  above .  A l t e rna t ives  for subs t an t i a l ly  

inc reas ing  Pu-238 availabil i ty a re  concomitant with uni t  c o s t s  of  s e v e r a l  thousand do l l a r s  per gram. Hence ,  

expanding AEC production of Pu-238 with i t s  concomitantly h igher  uni t  c o s t  may be undes i rab le ,  u n l e s s  the  

u s e r  a g e n c i e s  spec i f ica l ly  reques t  addi t iona l  amounts  o f  t h i s  i s o t o p e  in  s p i t e  of i t s  c o s t .  

10 
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1 to 3.5 Jlc 

0.3 Mc 

150 g 

Radio iso topes  which have  poss ib l e  u s e  as hea t  s o u r c e s  and which would be  ava i l ab le  during the 

next  severa l  yea r s ,  in  addition to Pu-238, a r e  Sr-90, Cs-137, Pm-147, and Cm-242. T h e  an t i c ipa t ed  annual  

ava i l ab i l i t i e s  and  un i t  c o s t s  during the  1964-66 period are: 

$0.80,’~ 

$0.75,’~ 

$12,70O/g 

I sotope 

I sotope 

Annual Uni t  
capacity 1 cost 

Annual capacity Uni t  cost 

Scroniiwi-% 

Cesium-137 

Prom e th ium-147 

Curium-242 

Stron tium-90 

Cesium-137 

Prom e th ium-147 

Curium-242 

~ ~~ 

1 ,000  to 1,600 eW/yr $3,000-4,500/eW. 

250 to 850 eW/yr 

6 eW/yr $40,00O/eW 

900 eW/yr $2,0OO/eW 

$3,500/e W 

Again, a s suming  a 5% over-all RTG efficiency in converting i so topic  hea t  output to  usab le  e l ec t r i c  

power, the  thermal output from the above i so topes  at the time of separa t ion  and  purification might provide 

the  following amounts  of e lec t r ic  power: 

T h e  following assumpt ions  were made in  the des ign  of a n  RTG dev ice  as  a power sou rce  for the 

landing  capsule :  

A s  sump tion s 

Bat te ry  capac i ty  

Charg ing  time 

Ef f i c i ency  of charge regulator and  converter 

E f f i c i ency  of RTG dev ice  

Radio iso tope  fuel  

1 2 5  whr 

13 h r  

80% 

5% 

Pu- 238 

11 
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For P u -  238 

= 12 w 
125 

13 x 0.8 
Elec t r ic  power out  of RTG = 

12 

0.05 
Tota l  h e a t  in (end of miss ion)  = - = 240 w 

Thermal Analysis 

Heat  u s e d  by T/E e lemen t s  (90%) 

Heat l o s s  through insu la t ion  (7%) 

Heat  l o s s  through s t ruc ture  (3%) 

Useful power dens i ty  (Pu  C )  

240 Wth 

6.9 w/cc  
Fuel volume: 

Fuel  weight: 34.8 c c  x 11.46 g /cc  = 

34.5 w/Kilocurie ( P u ~ ~ * )  

- 
240 w 

34.5 w/’lOOO curie 

Source Strength: ~ _ _ _  - 

Disintegrations/sec-g: 6.4 x 10” Alpha/sec-g  

Alpha/sec: 6.4 x lo1’ x 400 = 

- - 400 g x 1.32 x 10l6 f i s s  x 2.5 n / f i s s  
Neutron/sec: 

238A x 4.9 x 10” s e c  T/2 

Gamma energy 

YIELD, % 

Dis in tegra t ions /sec /g  

Gamma/sec: 6.45 x 10” x 400 x 7 x 
= 

216 wth  

l7 Wth 

Wth 

6.9 w / c c  

34.8 c c  

400 g 

7000 cur ie  

2.56 1014 

1.15 x lo6 

0.8 Mev 

7 10’~ 

6.45 x 10” 

1.81 x lo8 

12 
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Size  of Fuel Element  

Des ign  for helium containment ( V a i r  = Vfuel) 

Assume length = 6 in. = 15 cm 

7r/4 x (Di - Df)  x 15 = 34.8, 0:: = D i  - 0:: 

Do = 2.45 ciii, E = 1.74 cm 1 

Radia t ion  Dose from Fuel 

T h e  neutron flux reduction is given by 

e -Cx 
n/cm2 - s e c  = n / s e c  ___ 

where C = neutron removal c r o s s  section, cm-' 

X = s h i e l d  th i ckness ,  cm 

r = d i s t a n c e  from fuel,  cm 

The gamma flux reduction is  given by 

where 

B = buildup factor 

,U = l i nea r  absorptioii coefficient, crn -1 

X = sh ie ld  th ickness ,  cm 

r = d i s t a n c e  from sh ie ld ,  cm 

The fuel  is as sumed  to b e  surrounded by a h e a t  s h i e l d  (3/4-in. Beryllium) with t h e  following phys ica l  

c o n s t a n t s  (Ref. 4): 

3 p = 1.84 g/cm 

2 = 0.131 cm-' 

-1 ,U = 0.115 cm 

B = l  
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The neutron flux a t  I m  from fuel i s  

,-0.131 x 1.9 
n/cm2 - s e c  = 1.15 x lo6 x = 7.15  

4?T x 1002 

For  1-Mev neutron energy, 

1 mrem/hr = 9 n/cm 2 - sec  

The re  fore, 

dose  rate  = 0.8  mrem/hr 

T h e  gamma flux a t  l rn  from fuel i s  

,-0.115 x 1.9 

47rx loo2 
= 1.14  103 2 . y /cm -sec = 1.81 x lo8 

For O.&Mev gamma energy, 

1 mr/hr = 6 x l o2  y l c n i 2 - s e c  

Therefore ,  

dose  rate  = 1.9 nir/hr 

8. Summary of Thermoelectric R T C  Sys tem 

TJsing the light weight T / E  p a n e l s  deve loped  by General Atomic,  a preliminary des ign  of  a thermo- 

e lec t r ic  RTG sys t em gave the  following resu l t s :  

Power output,  total  

Number of pane l s  

Voltage per panel 

S i ze  of panel 

Number of T / E  coup les  

T / E  material 

I1 o t j un  c ti on temperature 

Cold junction temperature 

To ta l  efficiency 

12  w 

0 .84  v 

7 in .  x 7 in. 

200 

Pb - Sn - 7’e 

40Ooc 

1 5O0C 

4.7% 

14 
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Tota l  weight (excluding h e a t  sh i e ld )  

Weight of h e a t  sh i e ld  (estimated) 

P h y s i c a l  s i z e  

Volume 

3 l b  

2 l b  

?-in. w x "-in. h x 7-in. 1 

341 in.3 

Pre l iminary  weight and  volume of the total  thermoelectric RTG dev ice  in  combination with a 125  whr 

battery a r e  as follows: 

I I Volume, in .  
3 Com pon ent s Weight, Ib 

T / E  RTG dev ice  (including h e a t  sh ie ld)  

Charge  regulator and  converter (low voltage) 

Bat te ry  (125  whr) 

Conver te r  (high voltage) * 
System To ta l  

5 

4 

3-8 

4-8 

16-25 

341 

60 

214 

36 

651 

E.  Hydrazine - Turboalternator Power System 

A hydrazine-turboalternator power sys t em with a raw power outputof  700 w for a duration of one  hour 

can be deve loped  at a total  weight of about  15 to 20 lb. T h e  power sys t em shown schemat i ca l ly  i n  F ig .  3 

c o n s i s t s  of an alternator directly driven by a s ingle-s tage ,  impulse turbine. T h e  fuel for the  turbine i s  pre- 

packaged  l iqu id  hydraz ine .  T h e  fuel i s  p ressur ized  and expel led  from a b ladder  in  t h e  s to rage  tank by 

nitrogen which i s  regula ted  to maintain a cons tan t  fuel pressure .  T h e  fuel is ca ta ly t i ca l ly  decomposed i n  a 

gas genera tor  and en te r s  the turbine a t  1650'F and 150 ps i .  1 0  coiltic! tkc p w e r  sys t em,  the  output voltage 

which is proportional to s p e e d  i s  s e n s e d  to  provide a s igna l  for a so lenoid  fuel control value.  

m 

Sys tems  s imi la r  in principle to t h e  one descr ibed  above  have  been built  by seve ra l  companies.  Turbo- 

machinery i s  now opera t ing  a t  s p e e d s  up to 250,000 rpm and turbine tip s p e e d s  a t  2000 f t / s ec .  The  maximum 

e f f i c i ency  o f  a smal l  s ing le-s tage  turbine i s  about 35%. By des ign ing  for s e v e r a l  s t a g e s ,  an  efficiency of 

abou t  50% may he  obtained. The resu l t  is a lower fuel consumption and therefore lower fuel weight; however, 

t he  turbine weight  will i nc rease .  I t  i s  therefore necessary  to optimize the turbine with regard to e f f ic iency  

and  weight.  

* Converter may be eliminated if 30-v battery is used. 
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(PRESSURIZER) 

PRESSURE 
REGULATOR 

GENERATOR I 

Fig .  3. Hydrazine-turboalternator sys t em 

I .  Hydrazine Propellant 

Hydrazine h a s  both a re la t ive ly  high ava i l ab le  energy a n d  a low decomposition temperature.  The 

avai lab le  energy of 682 Btu/lb from a part ia l  decomposition p r o c e s s  makes  i t  an a t t r ac t ive  propellant for 

smal l ,  high-speed turbines (Ref. 5). S ince  i t  i s  a monopropellant with exce l l en t  long-term s to rage  proper t ies ,  

the liquid s to rage  and g a s  generator des igns  a re  greatly s impl i f ied .  

Hydrazine i s  a clear ,  oily,  water-white l iqu id  with an  odor  of  ammonia. I t  has a dens i ty  very c l o s e  to 

that of water and  a low vapor p re s su re  of  only 2.5 p s i a  a t  150°F. T h i s  minimizes  toxicity and f i re  haza rds .  

Hydrazine f r eezes  a t  about 35OF; however,  i t  con t r ac t s  upon f r eez ing  so that  there  i s  no  damage to  the  

containing vesse l .  In  addition, hydrazine is s t a b l e  to shocks. . I t  is recommended tha t  s t a i n l e s s  s t e e l  (304 

and 347), pure aluminum, and cer ta in  aluminum a l loys  be u s e d  in  conjunction with hydraz ine .  

16 



The fuel  consumption of a hydrazine-turboalternator sys t em can be found from the  following equation: 

Mfue ,  = 0.09 + 0.00085 t + 0.0001 e,  lb  

where 

t = running time, s e c  

e = e lec t r ica l  energy, wmin 

2.  Hydrazine Gas Generator 

Hydrazine is admi t ted  under pressure  to a reaction chamber where i t  is decomposed  e i the r  ca ta ly t -  

! i ca l ly  or by exposure  to a h e a t  source  which r a i s e s  i t  to t he  decomposition temperature. With properly 

prepared ca t a lys t s ,  decomposition can be in i t ia ted  a t  t empera tures  on the  order of 40'F. As the  hydrazine 

decomposes ,  energy i s  l ibera ted  which a c t s  to h e a t  the chamber rapidly to a temperature above  1500'F. The 

ca ta lys t  can e i ther  be a true co ld  ca t a lys t  (shel l  ca ta lys t )  or a so l id  oxidant  type of material .  

T h e  e x a c t  temperature of the  g a s e s  discharged from the g a s  generator can be controlled by the  des ign  

of the  uni t  because  hydraz ine  decomposition proceeds  in two s t a g e s .  The f i r s t  s t a g e  i s  a decomposition of 

hydrazine into ammonia and  nitrogen. T h e  second  s t age  i s  a breakdown of t h e  ammonia into nitrogen and 

hydrogen. The ini t ia l  reaction l i be ra t e s  hea t  which r e su l t s  in  a theore t ica l  temperature of 2500OF for the 

ammonia and  nitrogen decomposition products a t  100% decomposition. The re la t ive  quantity of decomposed  

ammonia can  be controlled by the des ign  of t he  ca t a lys t  chamber and the  d ischarge  gas temperatures may be 

between 1200OF and  2000OF. 

t 

3. Turbine Design 

A preliminary des ign  of a s ingle-s tage ,  impulse-type turbine gave the  following resu l t s :  

Turb ine  power 

T ip  d iameter  

Ma teri  a1 

Blade ve loc i ty  

Turb ine  ve loc i ty  

In l e t  p re s su re  

In l e t  temperature 

820  w 

3.50 in. 

Titanium 

2000 f t / s e c  

130,000 rpm 

150 p s i a  

1650OF 
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Adiabatic efficiency 

Hydrazine flow rate  

Weight of turbine (estimated) 

34% 

0.002 Ib / sec  

2 Ib 

4. Alternator 

The alternator proposed for t h i s  power uni t  is a unique des ign  recently deve loped  by  the Garrett  

Corporation. The  des ign  pr inc ip les  of t h i s  a l te rna tor  a r e  as  follows: The re  a r e  two f la t  cy l indr ica l  rotors,  

each  of which contains e igh t  pennatient magnets.  T h e  two rotors a re  fixed in relation to each  o ther  SO tha t  

oppos i te  p o l e s  face each  o ther  a c r o s s  the control a i r  gap. T h e  s t a to r  windings a r e  loca t ed  in th i s  a i r  gap. 

Contrary to normal prac t ice ,  the  s t a to r  windings a r e  not wound upon a laminated iron core ,  s i n c e  the  magnets  

a r e  suf f ic ien t ly  powerful to  provide an adequate  magnet ic  flux a c r o s s  the  a i r  gap. T h e  a b s e n c e  of t he  iron 

core e l imina tes  the usua l  iron l o s s e s  and r e su l t s  in a low-weight machine.  

T h e  above  des ign  has been used  in an 8-pole,  th ree-phase ,  8 -kcps ,  2-kw machine  which ro t a t e s  a t  

120,000 rpm. 

5.  Estimated Weight and Volume 

The es t imated  weight of the 70O-w, 700-whr hydrazine-turboalternator power uni t  i s  about  20 Ib,  and 

the uni t  occup ies  a volume of  about  226 in.3 A breakdown of the e s t ima ted  weights  of the  pr inc ipa l  components 

a r e  as  follows: 

Turboalternator and hous ing  

Fue l  (hydrazine) 

Nitrogen 

Tankage  (fuel and  nitrogen) 

Valving 

Gas  generator and nozz le  a s sembly  

Elec t ronics  

Insulation 

Tubing, connec tors  and misce l l aneous  

6.50 Ib 

7.34 

0 .20  

4.50 

0.30 

0.23 

0.60 

0.03 

0.30 

To ta l  20.00 Ib 
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6. I - kw  Turboalternator Power-System 

T h e  following i s  a rough es t imate  of a 1-kw turboalternator power sys tem.  T h e  e s t ima te  w a s  made by 

R. R. Breshea r s  and A. D. Harper.  

Estimate of Propellant Requirements 

a. Assumptions 

1. N,H, g a s  generator driven turbine 

2. Over-all  efficiency = 40% [e lec t r i ca l  ou tput  (raw)] / ava i l ab le  mechanica l  energy 

3. Impulse turbine 

4. Effec t ive  vacuum I of g a s  generator products  = 200 lb  s e c / l b  
S P  

b. Calculated Propellant Consumption Rate Est imate 

c = Exhaus t  velocity = (I 

Assume equiva len t  flow rate for 1 lb-thrust  rocke t  motor ( F  = 1.0 lb)  

Optimum blade velocity = c / 2  = 3000 f t / s e c  

Force  on blade (180’ turn) = 1 l b  

Power  (100% eff) = 1 l b  x 3000 f t / sec  = 6000 lb- f t / sec  2 4 kw 

Output  power (40% eff) = (0.40) 4.0 = 1.6 kw 

) (g) = 200 x 32.2 2 6000 f t / s ec  
S P  

F 1.O ,. fin- 1L /-,.- Prope l l an t  flow rate  = - - - - = u.uus  I U /  ZlLL 

Is P 
200 

0.005 ( lb /sec)  l b  
Spec i f ic  propellant consumption = x 3600 sec /h r  = 10 ___ 

1.6 kw kw-hr 

c .  Alternate Propellant Consumption Rate  Est imate from the Literature 

Reference :  “Design of Space  Power  P lan t s , ”  by D. B. Mackay, Prent ice-Hal l ,  page  282, 

1963. 

Spec i f i c  propel lan t  consumption for N,H, from Reference  = 5 lb/bhp-hr (turbine output) 

Assume  a l te rna tor  efficiency = 80% 
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I tern 

5 (lb/bhp-hr) Ib 
Over-all  spec i f i c  propellant consumption = = 8.5 ___ 

0.746 (kw/bhp) 0.80 kw-hr 

Mass 

8.  Es t imates  of Sys tem Masses  

Prope l l an t  @ 8.5 Ib/kw-hr 

Propel lan t  supply sys t em 

Gas  generator 

Turboalternator* 

Energy-to-weigh t ratio 

1.0-hr duration 

8.5 

8.5 

0.1 

10.0 

27.1 l b  

37 whr/lb 

I 
* Aeronutronics e s t i m a t e s  the  turboal ternator  m a s s  a t  about  5.0 l b .  

6.0-hr duration 

51 

20 

0.1 

10.0 

81.1 l b  

7 4  whr/lb 

T h e  e s t ima tes  of the  chemically driven turboalternator given here  a re  fe l t  to be  qui te  conserva t ive .  

The spec i f i c  propellant consumption rate  i s  for an over-all  efficiency of about  47%. 

B e c a u s e  of the trade-off between turboalternaLor m a s s  and propel lan t  m a s s ,  a des ign  with th i s  

efficiency i s  probably about  optimum for guided mis s i l e  power s y s t e m s  which a r e  required to opera te  for only 

a few minutes.  When opera t ing  t imes  on the  order of hours  a r e  required,  the optimum d e s i p  will probably be 

a t t a ined  by increas ing  the  efficiency of  the  turboalternator with addi t iona l  turbine s t a g e s  (with some i n c r e a s e  

in mass) .  T h i s  would subs t an t i a l ly  reduce  the  propel lan t  m a s s  required.  If the efficiency were inc reased  to 

75%, the  power-to-weight ra t ios  would be inc reased  to about  4 5  whr/lb a t  1 kw for  1 hr and  100 whr/lb a t  1 kw 

for 6 hr. A l l  of these  performance f igures  appea r  to  be very a t t r ac t ive  in comparison with power-to-weight 

r a t io s  of 10-15 whr/lb for hea t -s te r i l i zab le  ba t t e r i e s  es t imated  as state-of-the-art  by 1967. 

B a s e d  upon these  da ta ,  i t  appea r s  t ha t  a turboalternator shou ld  def in i te ly  be cons idered  as  a power 

sou rce  for advanced  Mariner capsu le s .  
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111.  CONCLUSIONS 

I t  a p p e a r s  t h a t  the RTG p l u s  bat tery sys t em or the hydrazine turboal ternator  s y s t e m  wil l  be capable  

of mee t ing  Mariner miss ion  requirements. The f inal  se lec t ion  between these two types  of power s o u r c e s  and  

o thers  wil l  depend mainly on whether  t h e  communication sys t em will opera te  cont inuous ly  or be cycled and  

on the required l i fe t ime of the sys t em after landing. Communicaiiulls and zxperimpnts  a f te r  landing  will 

determine the  f inal  power leve l  requirement of the system. The required l i fe t ime of the  sys t em will be 

determined by the duration of the experiments .  
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