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ABSTRACT 

This report evaluates the proposed United States space programs to 1980 relative 
to the feasibility and necessity of satisfying the auxiliary power requirements of each 
mission by nuclear means, and the missions which have an apparent nuclear requirement 
a re  selected. 
auxiliary power supply best able to  satisfy mission requirements. 

In a preliminary fashion the report determines the nature of the nuclear 

Implications of mission and power supply characteristics on aerospace. nuclear 
safety for each mission are  postulated. 
tations of techniques and solutions for the aerospace nuclear problems found in the mis- 
sion and power supply analyses. 

The report then evaluates the potentia! and limi- 

(U) 

* 
This report was prepared for the Sandia Corporation Aerospace Nuclear 

Safety Department by Hittman Associates, Inc., Baltimore, Maryland, under 
Sandia Contract No. 48-2394. 
Hittman Associates and does not necessarily reflect the opinions or  recom- 
mendations of Sandia Corporation. 

The content of this report is the work of 

The information contained in this report is quite comprehensive and is 
'believed to be of value to other organizations which have development or  
evaluation responsibilities in the SNAP programs. 
tributing the report a s  submitted by Hittman Associates, Inc., to  provide the 
specified distribution with this information on a timely basis. 

Therefore, we a re  dis- 
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LEGAL NOTIC E 

T h s  report was prepared as an account of Government sponsored 
work .  Neither the United States, nor the Commission, nor any person 
acting on behalf of the Commission: 

A.  Makes any warranty o r  representation, expressed o r  implied, 
with respect to the accuracy, completeness, o r  usefulness of the information 
contained in this report, or that the use of any information, apparatus, method, 
o r  process disclosed in this report may not infringe privately owned rights; 
o r  

B. Assumes any liabilities with respect to the use of, o r  for damages 
resulting from the use of any information, apparatus, method o r  process dis- 
closed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee o r  contractor of the Commission, o r  employee of such 
contractor, to the extent that such employee or contractor of the Commission, 
or employee of such contractor prepares, disseminates, o r  provides access 
to, any information pursuant to his employment o r  contract with the Commission, 
o r  his employment with such contractor. 
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I. INTRODUCTION A N D  SUMMARY O F  RESULTS 

A .  Introduction 
- .  

A s  the scope and goals of the National Space P r o g r a m  begin to become 
clearer and more  definitive, the r o l e  that nuclear auxi l iary power wi l l  
play in helping to r each  these  goals a l so  solidifies.  

Many missions Yn the vicinity of ear th  and the moon, to the planets 
in  our  so l a r  sys t ems ,  and beyond, cannot be ser ious ly  co-ntemplated without 
the use of a dependable long lived power supply independent of so la r  o r  
chemical  energy sources .  

As  the need and application of nuclear power to these miss ions  grows 
i so  do the attendent safety and sys t ems  integration problems.  P resen t  

ae rospace  safety philosophies for  both r eac to r  and radioisotope auxiliary 
power supplies have been t ied to  ear th  orbit ing sys t ems  in the low and 
medium power ranges of 10  - 500 watts. 
nuclear  power is rea l ized  in the long duration non-ear th  orbi ta l  miss ions  
and the higher power orbi ta l  miss ions .  

However, the f u l l  potential of 

In these future  miss ions  the velocity requi rements ,  miss ion  staging 
requi rements  and /o r  the quantity of radioisotope o r  r e a c t o r  f iss ion product 
inventory wil l  s u r p a s s  present  usage and may constitute a haza rd  o r  an impediment 
to  sys t ems  rel iabi l i ty  o r  utility i f  present  aerospace  nuclear  safety philo- 
sophies a r e  employed exclusively.  

It is the purpose of T a s k  I of this study to: 

Evaluate the proposed National Space P r o g r a m  miss ions  
over the next 15 year  period, re la t ive  to the feasibil i ty 
and /o r  necessi ty  of satisfying the auxi l iary power r equ i r e -  
ments of the mission by nuclear  means, select  those 
miss ions  which have a definite nuclear requi rement ,  and 
in a p re l imina ry  fashion determine the na ture  of the 
nuclear auxi l iary power supply best  able to sa t i s fy  miss ion  
requi rements .  

( 2 )  Postulate t o  the degree  possible a t  this  t ime  the impli-  
cations of the miss ion  and power supply cha rac t e r i s t i c s  
on aerospace  nuclear  sa fe ty  for each of these  missions.  

( 3 )  Evaluate the potential and l imitations of techniques and 
solutions to  the aerospace  nuclear  safety problems un- 
covered in the mission and power supply ana lys i s .  

The  evaluation of potential aerospace  nuclear safety techniques includes 
r e e n t r y  burnup, intact r e e n t r y  with recovery ,  space  recovery ,  orbi ta l  s torage  
and escape  and the possibil i ty of destruct ion in  orbi t .  
p r imar i ly  concerned with radioisotope nuclear auxi l iary power supplies but 

The  analysis  is 

- . - -. _ -  .____ - 
. .  
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_ I  

the pre l iminary  ae rospace  nuclear sa fe ty  techniques of r e a c t o r s  a r e  considered 
a s  wel l  wherever applicable.  

The  results of th i s  study have uncovered the following pre l iminary  
safety guidelines whEh a r e  considered most  pertinent to the application and 
l imitations of the techniques discussed.  

B. Summary of P re l imina ry  Safety Guidelines and Resul ts  

._ 
1, Atmospheric Burnup 

a ,  Complete Burnup 

(1) 

concentration in the t roposphere to  the MPC for  each isotope 
r e l e a s e  f o r  high altitude burnup, the most  c r i t i ca l  radioisotope 
re la t ive  to eventual fallout t ropospher ic  concentrations is P u - 2  38. 
Based upon analyses  c a r r i e d  out in  this study, a l imit  of 800 Kw(t) 
of Pu-238 may be tolerated as injection into the mesosphere  before  
the resu l t ing  s u r f a c e  t ropospheric  concentrations exceed 10 
percent  of the MPCa fo r  this  isotope a s  defined by NBS Handbook 
6 9  data rev ised  to 1964 values by Reference 10. 

Based on the concept of the NSIa (Nuclear  Safety Index 
fo r  air) which i s  defined as the r a t i o  of maximum fallout 

Because of the var ia t ions in analytical methods now used to 
predict  fallout, a most  pes s imis t i c  value for  allowable burnup 
power was est imated f o r  Pu-238 and is approximately 8 Kw(t). 
The  opt imist ic  values resul.ting in  a n  allowable l imit  of 800 
Kw(t) can be justified by the ana lys i s  presented  herein.  
the pess imis t ic  values were  es t imated  based on the possible  va-  
r ia t ions  in present  MPC’s  and fallout analyses  assumptions evident 
f rom the l i t e r a tu re .  
per formance  of all the isotopes considered.  

However, 

Table  I of t h i s  s u m m a r y  p resen t s  the burnup 

b. Based on the concept of the NSIs  (Nuclear Safety Index for  su r face  
contamination) for  a mesospher ic  r e l e a s e  with minor  r e s t r i c t ions ,  

Pu-238 is s t i l l  the  most  hazardous isotope. Only 20 Kw(t) can be to l e ra -  
ted in the most 3ptimistic c a s e  before 10 percent  of the MPCs,  including 
a resuspension fac tor ,  a r e  exceeded, 

c ,  For a l l  the nuclear  miss ions  and fuels considered in this analysis  
except Po-210, a mesosphere  r e l e a s e  yields m o r e  c r i t i ca l  sur face  

concentrations than the eventual t rospospher ic  concentrations.  Pu-238 
is the fuel which consistently yields the highest  NSI. Po-210 is the only 
fue l  of the group studied which displays a higher fallout NSI for  air than 
f o r  s u r f a c e  concentration. However, for the miss ions  studied, the ap-  
plication of Po-210 consistently yields NSI’s five to seven o r d e r s  of magni- 
tude below the MPC, 
use of Po-210 coupled to high altitude burnup i f  this burnup can be 
achieved. 

Hence, no significant hazard  i s  envisioned with the 

- - _ _ _  - ~ - ,-, --. - 
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Table  I 

I .  

IsotoDe 

L’U ’- 2 3 8 
Cm-244 
S r  - 90 
Pm - 147 
1’0-210 
C e . -  144 

11. 

1 
t i  

I 
I k  Po-210 

c , ’  Isotope 

Pu-238 
S r  - 90 

( / ”  ~ t n - 1 4 7  

Range of Allowable Injection Power Levels of RadioisotoPes of 

Interest  for Atmospheric  Burnup 

Mesospheric Release (Typical Satell i te Decay) ‘ 
- 

A. Ground Level A i r  Hazard B. Surface Hazard (Minor Restr ic t ions)  

Optimistic Pess imis t i c  Optimistic P o w e r  :#: Pes  s i m is  t i c Po we r ::: 
Level (Kw(t ) )  Level (Kw(  t ) )  Kw(t) ‘ Kw(t)  

800 
3000 

15, 000 
300,000 
500: 000 

1, 500,000 

8 
2 0  

200 
3 ,  000 
5 ,000  

2 0 , 0 0 0  

Stratospheric  Release (Typical Ascent Abor t )  

A .  Ground Level A i r  Hazard 

Opt i m i s  tic Po  w e  r Pess imis t i c  P o w e r  
Level (Kw( t ) )  L,evel (Kw( t ) )  

150 
5 ,000  

30,000 
80,000 

2 
30 

150 
300 

R. 

20 
500 

5 
30 

150 
l o 5  

8 x l,O 

. -  

20 
104 

8 x 105 
1 O . l  106 

Surface Hazrd (Minor Restr ic t  ion 

Optimistic Pess imis t i c  
(Kw(t))  (Kw(  t ) )  

20 1 I lo  4 105 5 x 102 -,,lo 
100 

15 ,000  l o J  

5 

:::The explanation of the basis of the opt imist ic  a n d  pess imis t ic  Hazard Indicies a r e  I 

given i n  Section 1 V .  A of the text. 

H 
I 
w 



For the major i ty  of miss ions  where Pm-147 is considered 
applicable as a fuel and where high alt i tude burnup is des i red  NSI's 
of f r o m  four to  seven o r d e r s  of magnitude resu l t .  The re fo re ,  it 
is fel t  that PIX-E47 will be acceptable as a burnup f u e l  if the fuel 
f o r m  can r each  the des i red  s i z e  range during burnup. 

d. 

f o r  an NSIa = 0. 10, the most  optimistic c a s e  for  Pu-238 s y s t e m s ,  which 
a r e  still the most  critical.: Th i s  r e p r e s e n t s  a r e a l  power range of 
f r o m  10 - 40 Kw(e) depending on the power conversion sys t em used 
and the amount of pa r t i a l  burnup experienced in  the s t r a tosphe r i c  r e l e a s e  
and this yields a most  optimistic l imit  of 20 Kw(t) fo r  an  NSIs = 0. 10 
(minor  res t r ic t ions) .  Pu-238 s y s t e m s  a r e  s t i l l  mos t  c r i t i ca l  even consi 
der ing  f u l l  release of high vapor p r e s s u r e  f u e l s  such as Po-210 v e r s u s  
partial  r e l e a s e  of Pu-238. 

S t ra tospher ic  release of the fuel approximating ascent  
abor t s  with par t ia l  burnup yields a l imit  of 100 - 200 Kw(t) 

e .  Low alt i tude and ground r e l e a s e s  are  the most  s e r ious  re la t ive  
to  ea r th  su r face  contamination with Pu-238 again being the most  

c r i t i ca l  isotope fo r  contamination if  vaporization is considered.  How- 
ever,  this  event has a low probabili ty of occurrence with Pu-238 d u e  
to cha rac t e r i s t i c s  of i t s  f u e l  fo rms  and the available energy f rom ground 
abor t s .  The re fo re ,  Po-210 must  be considered the chief danger under 
the s e c ir c urns t anc e s . 

f .  Not enough energy i s  available during sa te l l i t e  decay to  des t royad-  
vanced r e a c t o r  f u e l  e lements  such as UC,  T J 0 2 ,  o r  UN. 

plant operating t empera tu res  a r e  m o r e  c r i t i ca l  
levels  re la t ive to achieving burnup because of the high t empera tu re  
ma te r i a l s  they r equ i r e  in  f u e l  fo rm and f u e l  element design. 

High power 
than high power 

g* 

p r e s s u r e s  and aerodynamic heating of the resul t ing debr i s .  
dynamic a s s e t s  as superhea t  upon r e l e a s e  yielding flashing a r e  added 
benefits which the f u e l  fo rm designer  should t r y  to employ but a r e  
difficult to come by in all f u e l  f o rms  of in te res t  except S r  and 
Po-210 meta ls .  

In general ,  t h e r e  a r e  two main mechanisms fo r  molten debr i s  
reduction during r een t ry ,  mechanical breakup due t o  a e r o  

Such thermo-  

h. 
a p r imary  destruct ion mecahnism a r e  S r  metal ,  S r F 2  and SrSi.  

i .  

e a r th  polonide. 

The  isotope fuel f o r m s  most  suscept ible  to chaotic sp ray  a s  

The f u e l  f o r m s  most  suscept ible  to total  r e e n t r y  vaporization 
a r e  P u  and Sr meta l s  and Po-210 a s  e i ther  a meta l  o r  a r a r e  

j .  In genera l ,  s imple  vaporization coupled with low vapor p r e s s u r e s ,  

of reaching submicron s i z e s  a r e a l  one for  those ma te r i a l s  which can 
demonstrate  the necessa ry  proper t ies  . 

oxidation heating and possible  chaotic sp ray  make  the possibil i ty 
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k.  

t o  burnup to acceptable s i zes  upon r e e n t r y  into the e a r t h ' s  a tmosphere ,  
they would be: 

If the designer  were to define those proper t ies  of g rea t e s t  i m -  
portance which should be incorporated into a f u e l  I o r m  expected 

" .  

(1) low melting point 

( 2 )  a molten r e l e a s e  f rom the fuel capsule 

(3) low 

(4) low 

(5) low 

(6)  l o w  

( 7 )  low 

heat of fusion 

sur face  tension 

heat of vaporization 

vaporization t empera tu re  

emissivi ty  

._ 

(8) high heat of react ion 

(1) 

isotope, which have the capability of being coupled to high temp-  
e r a t u r e ,  i. e . ,  advanced power s y s t e m s ,  wi l l  be by the i r  ve ry  
nature ,  unable to meet  the burnup c r i t e r i a .  Metall ic fuel fo rms  
s e e m  to  show the best  burnup per formance  but t he i r  use in high 
t empera tu re  radioisotopic sys t ems  (T f- 1800OF) r e q u i r e s  them 
e i ther  to operate  in a molten s t a t e  o r  as an oxide fuel fo rm 
(sol id  s ta te ) .  

F r o m  the analysis  c a r r i e d  out in this  study i t  can  be 
s ta ted that those f u e l  f o r m s ,  whether r e a c t o r  o r  radio-  

The  molten s t a t e  may r equ i r e  re f lec tory  l i n e r s  (i. e . ,  
tantalum) in  the capsule to prevent in te rna l  co r ros ion  under 
normal operation and these i n  tu rn  may hamper  the burnup of the 
capsule  during reent ry .  
hold liquid meta l  under high t empera tu re  genera tor  operation 
and s t i l l  be able to be breached during r e e n t r y  to r e l e a s e  the 
molten meta l ,  the burnup ae rospace  safety philosophy might be 
able to be extended to advanced power sys t ems .  T h e  breaching 
mechanisms of internal  p r e s s u r e  and oxidation hold promise  to 
achieve this ,  especially for  t h e d -  e m i t t e r s ,  s ince  the r e f r ac to ry  
l i n e r s  needed would be low in s t rength  a f te r  burnaway of the 
outer  capsule  wall and surface oxidation. 

If a capsule  l iner  could be developed to  

Relative to the radioisotope fuel f o r m s  of most  i n t e re s t ,  
as defined by the miss ion  ana lys i s  in Section I1 (Pu-238 and Po-210) 
high altitude burnup is an  acceptable safety philosophy provided that 
the Nuclear Safety Index as defined in the text is not violated. 
Cm-244 would have to r een te r  intact .  F o r  r e a c t o r s  using uranium- 
zirconium hydride fuel e lements ,  burnup s e e m s  margina l  at best  
and final reduction of the f u e l  droplets mus t  come f rom oxidation 
and explosion phenomena whose effects a r e  a s  yet not completely 

,: . .~ -. -- -- -.?, -, .,*=.: . . ---.---=\ ..' 
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defined. .Based  on the mode of r e l e a s e  of the f u e l  elements;  t he i r  
s i ze  and the r e e n t r y  p rocesses  which a r e  expended upon the fuel 
f o r m  and resul tant  drops ,  r e a c t o r s  s e e m  not to make as optimum 
use of the-available destruct ion potential of the a tmosphere  a s  do 
radioisotope gene ra to r s  

2 .  Pa r t i a l  Burnup with Dispera l  

a .  With the advent of the higher per formance  U 0 2  and UC reac to r  
sys t ems  acceptable-end of life destruct ion on r e e n t r y  will become 

even more  remote .  Therefore ,  SNAP r e a c t o r  fuel e lements  made of 
U 0 2  micropsheres  utilizing a d i spe r sa l  r e e n t r y  safety philos-ophy should 

be actively considered as a solution to  the end of l ife r e e n t r y  problem with 
high t empera tu re  sys t ems .  
is the grea tes t  drawback. 

b ,  
However, 

although burnup is a s su red ,  it may no longer be high altitude burnup. 
Because of the g r e a t e r  speeds of r e e n t r y  and the s t eepe r  angles inherent 
in the t ra jec tory  for  r e e n t r y  in  one ea r th  revolution, burnup can  occur 
a t  much lower al t i tudes.  Th i s  is especial ly  t r u e  i f  the nuclear  device is 
buried within a r een te r ing  probe vehicle. 

Poss ib le  s in te r ing  of the fuel par t ic les  

Reentry f rom c is - lunar  or  planetary miss ions  will inherently 
inc rease  energy available to  burnup the nuclear  device, 

The re fo re ,  e ject  mechanisms or  pl.acing the f u e l  sou rce  on the 
outside of the r e e n t r y  vehicle to a s s u r e  ea r ly  fuel r e l e a s e s  is a p r e -  
requis i te  for  consider ing burnup a s  a nuclear  s a fe ty  philosophy in this 
ca se .  

I c .  

for  adequate d i spe r sa l  of iner t  f u e l  f o r m i s  applicable as an aerospace  
nuclear safety technique to many miss ions  of i n t e re s t ,  Satell i te decay 
c a s e s  a r e  the best  application for  unmanned sys t ems .  
c r i t i ca l  hazard  i s  skin dose on the e a r t h ' s  sur face  s ince  ingestion, water 
contamination and inhalation haza rds  can be minimized by proper. s e -  
lection of f u e l  fo rm.  

The concept of PuOz o r  other type of mic rosphe re  fuels and 

utilizing a fuel capsule  which burns up at  high alt i tudes and allows 

The  most  

It was found that powers of the o r d e r  of 20 Kw(t) can be r e l eased  as 
microspheres  under the conditions assumed before the percent  of back- 
ground su r face  radioactivity r eaches  the natural  level assuming a 500 
squa re  mile  impact a r e a .  Hence, all radioisotope power sys t ems  up 
to at leas t  1 - 5 Kw(e )  look safe with the mic ropshe re  capsule burnup and 
d ispersa l  technique assuming no vaporization of the fuel and an  insoluble 
fuel form.  
take place during reent ry .  In addition, re-sol idif icat ion may  f r ac tu re  
the m icrospheres  into inhalable s i zes .  
establish validity of this  potential hazard.  

Ef fec ts  on solubility may occur  i f  sur face  melting and oxidation 

Experiments  a r e  recommend to 
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3. 

F o r  reent ry  at planetary r e tu rn  speeds , -  50, 000 f t / s e c ,  a signi-  
ficant portion of the mic rosphe res  may vaporize a t  a low altitude, thereby 
injecting inhalable s ized  par t ic les  into the t roposphere.  Hence, p re -  
cautions must  be taken to  expose the fuel capsules to the a i r  flow im-  
mediately upon r een t ry .  

F ragmen ta ry  Burnup 

Burnup reent ry  resul t ing in l a rge  iner t  f r agmen t s  reaching the e a r t h ' s  
su r f ace  was  a l so  evaluated. It was concluded that this approach 

negates the advantages of the mic rosphe re  approach because it severe ly  r e -  
duces the benefits of the d i spe r sa l  philosophy. 

. 

However, i t s  application to rea l  s y s t e m s  is highly dependent on 
the cha rac t e r  of the fuel form.  2 
l a r g e  component f ragmentary  burnup. The reduction in possible  ingestion haza rds  
by keeping the sou rce  in l a r g e  pieces  o r  c lose  to  it and the d ispersa l  of fa i r ly  
l a r g e  pieces  of insoluable re la t ively low radiation ma te r i a l  would s e r v e  the 
purpose of localizing the hazard  and not exposing as many people to the rad io-  
act ive debr i s  as with mic ropshe res .  However, in all c a s e s ,  if exposure 
to the r een t ry  debr i s  does occur ,  it wil l  be m o r e  s e v e r e  than with the mic ro -  
s p h e r e  approach. In the l imit ,  complete intact r een t ry  of the sou rce  is the 
logical extension of this technique, 

Pu-2380 i s  the z o c t  ! tk~l ; :  candidate fo r  

It was concluded that l a rge  f ragmentary  burnup cannot be used in 
a random r e e n t r y  case  unless the probability of hitting a highly populated 
a r e a  (ci t ies)  is very  low. 
must  be made f o r  each miss ion  in o r d e r  to finally a c c e s s  the application of 
this  technique 

-q tradeoff between debr i s  s i z e  and contamination 

4. Intact R e en t ry  and -4 t t en  dan t R e c o v e r y 

a .  U n c ont r 011 e d Rand om In t act  R e en t ry  

(1) The controll ing factor in  application of uncontrolled 
random reentry is the magnitude and na ture  of the 

radioactive inventory being re turned  to  ear th .  
this uncontrolled random r e e n t r y  i s  l imited to  the lower power 
radioisotope s y s t e m s .  
for  population protection due to  the use of Sr -90  for  example 
could make uncontrolled random intact r een t ry  unattractive 
even a low power levels .  

Because of 

The  inc rease  in radiat ion shielding weights 

( 2 )  Pu-238, Cm-244, Po-210, and Pm-147 fuel fo rms  s e e m  to 

int.act r een t ry  sys t em and minimum haza rds  to  the general  public 
if impact in an inhabited a r e a  r e su l t s .  

r ep resen t  the bes t  compromises  of minimum weight random 

(3) 

in a normal  ear th  sa te l l i t e  decay r een t ry .  Hence, designing the 
heat source  f o r  random ear th  r een t ry  r ep resen t s  a good design 
l imit  even for  planetary operations.  

In genera l ,  the total  heat loads expected fo r  a Martian o r  
Venusian planetary entry would be l e s s  than those experienced 
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(4)  

miss ions  e 

The  cr i t ica l  r een t ry  c a s e s  uncovered by this  study are  ea r th  
r e t u r n  at super  sa te l l i t e  speeds  f r o m  c is - lunar  and planetary 

(5)  * .  Uncontrolled random intact r e e n t r y  of s m a l l  sys t ems  can  
be accomplished by intact  r e e n t r y  of the fuel capsules ,  intact  

r e e n t r y  of the total  f u e l  block, o r  intact r een t ry  of the complete 
genera tor  

(6)  The  minimum weight intact  random r e e n t r y  sys t em being 
l imi ted  to  s m a l l  genera tor  (less than 100 watt (e))  s e e m s  

to r e so lve  itself in the fo rm of r een te r ing  the total  generator .  
Two philosophies are possible  to  achieve this r e su l t ,  The  first 
is t o  allow the generator  s t r u c t u r e  t o  a b s o r b  the r e e n t r y  heating 
and be destroyed a t  a low enough alt i tude s o  that the remaining 
r e e n t r y  energy will not des t roy  the fuel capsules .  
to protect the en t i re  genera tor  assembly  with a the rma l  sys t em 
which can re jec t  r e e n t r y  energy  at  a r a t e  fas t  enough to  protect  
the  support  s t ruc tu re  of the genera tor  and keep the fuel capsules  
f r o m  melt ing down during the  r een t ry .  

The second is 

The first approach is s t ra ight forward  in na ture  and does 
not r e q u i r e  any change in p re sen t  genera tor  design other  than r e -  
placing the fins and shell with a high heat capacity material such  
as beryll ium. 
operat ion and sufficient heat  capacity t o  prevent capsule meltdown 
during r een t ry .  

Th i s  will allow good heat t r a n s f e r  during no rma l  

However, t he re  a r e  s e v e r a l  bas ic  flaws with this approach 
f r o m  a safety standpoint which make  i t s  use questionable. F i r s t ,  
beryl l ium which seems to be the only rra t e r i a l  capable of playing 
the d u a l  r o l e  of a good the rma l  conductor and good r e e n t r y  heat 
s ink  is quite weak a t  the average  su r face  t empera tu res  encountered 
during r e e n t r y  ( 
posi te  s t r u c t u r e s  o r  addition of c e r a m i c  f ibe r s  are r equ i r ed  to 
i n c r e a s e  high t empera tu re  s t rength.  T h e s e  are not s t a t e  -of-the- 
a r t  at present .  Therefore ,  the question of whether the gene ra to r  
s t r u c t u r e  will s tay  together long enough to abso rb  the major i ty  of 
the  r e e n t r y  heating a s  anticipated is not c lear .  
c r i t i ca l  in  a bal l is t ic  abort  due t o  the shor t  heating t imes ,  but 
does become important a s  the abor t s  get c lose r  to r een t ry  angles 
reminiscent  of the sa te l l i t e  decay case, 
of the beryll ium has to be accompanied by lower t empera tu res  
i t  w ~ l l  re f lec t  back to  inc reased  weight of the sys t em under the 
s a m e  r e e n t r y  conditions. Hence, i t  is not clear that a minimum 
weight sys t em will r e su l t  f rom this  approach. Secondly, even if  
the r e e n t r y  is successful  and the fuel capsules  a r e  r e l eased  at an 
alt i tude where they can su rv ive  the remaining aerodynamic heating, 
high impact velocit ies and the possibil i ty of ground burial  fur ther  
complicate this  technique. 
t empera tu re  (T 1500'F) PbTe thermoelec t r ic  sys t ems ,  enough 
impact s t rength can be designed into the sys t em to  have reasonable  
a s s u r a n c e  of survival .  
higher t empera tu re  s y s t e m s  envisioned for  future  use,  especial ly  

2000'F) and advanced techniques such as com-  

This  is not too 

If i nc rease  in  s t rength  

Based on past  experience with low 

However, this  is not the c a s e  with the 
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high t empera tu re  (Si-G 3) thermoelec t r ic  and thermionic  sys t ems .  
Some s t ruc tu re  around the fuel capsule must  r e m a i n  to  absorb  
impact energ ies  and probably to avoid oxidation of the requi red  
r e f r a c t o r y  meta ls ,  Finally,  in any c a s e  of f r e e  capsule impact ,  
grsund burial  is a se r ious  problem which could yield meltdown even 
of c e r a m i c  f u e l  f o r m s  and r e l e a s e  of the f u e l  fo rm if it occured.  
Drop t e s t s  conducted by -4tomics International indicate burial  ir. 
typical pas tu re  soi l  of up to 18 inches can occur for  cylindrical  
capsules  of L / D  of 4 .  

There fo re ,  s ince a conservative philosophy re la t ive  to 
eventual hazards  f r o m  random intact r een t ry  must  be adapted, it 
would s e e m  that the technique of maintaining the genera tor  s t ruc tu re  
and using i t  both as a r e e n t r y  body, impact energy abso rbe r  and 
preventative to  ground burial ,  is the most  reasonable  a l te rna te  
for  intact r een t ry  of the smal l  radioisotope s y s t e m s .  

( 7 )  

s y s t e m s  a r e  requi red  as a backup, 
advantages of a gaseous ablator  and r e rad ia to r .  
such  as insul cork have demonstrated these  proper t ies .  

F o r  miss ions  where both satel l i te  decay o r  c i s - lunar  and 
planetary r e t u r n  r e e n t r i e s  could occur spec ia l  heat protection 

The  sys t em could combine the 
Char  ab la tors  

(8) 

i t s  ball ist ic coefficient should be maxiniized. Th i s  can be achieved 
pract ical ly  by maximizing the drag  and hence the profile a r e a  of 
the configuration. The  implications of this fact  might r e su l t  in 
low power genera tor  designs which use Be r e a r  plate r ad ia to r s  
which s e r v e  a dual purpose as d rag  brakes  during r een t ry .  

F r o m  the analysis  presented herein,  i t  can be s e e n  that t o  
r educe  the total  heat load a configuration must  absorb ,  

( 9 )  

cable  to  low weight s y s t e m s  only due to inflation gas  tankage weigh? 
l imitations.  
developed to  a high degree  of reliabil i ty before i t  can  be considered 
s ta te-of- the-ar t .  However, i t  should be studied fu r the r .  

Intact random r e e n t r y  with delayed r ecove ry  achieved via  
a balloon technique as descr ibed in Section IV. B is appli- 

It  is an act ive sys tem and its components m u s t  be 

(10) 

due to evaporation could occur  af ter  high t empera tu re  vacuum 
operation in space  fo r  re la t ively shor t  per iods of t ime.  
study i s  recommended to  uncover ma te r i a l s  o r  fabrication methods 
to  alleviate this problem, 

It has  been determined i n  Appendix H of this study that 
significant loss of impact s t rength of present  f u e l  capsules  

Fur the r  

b. Semi-Controlled Intact Random Reentry 

(1) With the requi rements  for  active r een t ry  s y s t e m s  becoming 
m o r e  prominant i o  achieve safe  intact r een i ry  with l a rge  heat 

sou rces ,  the use of the lifting body as a r een t ry  technique h a s  been 
investigated,  

- -  ~- .* -. - .4 .-.-- ~ 
. .  

- 
~- - - --. - ~... 



Semi-control led random intact  r e e n t r y  was der ived as a 
technique to use the inherent range  and maneuver  capability of a 
lifting body to a s s u r e  disposal of the nuclear  heat sou rce  in deep 
ocean a r e a s  a f t e r  successful ly  completing random intact  r een t ry .  
I ts  applrcation was specifically designed fo r  unmanned s y s t e m s  
using l a rge  heat sou rces  and not having the capability of fully 
controlled intact r een t ry .  In addition, the s y s t e m  is a t t rac t ive  
f r o m  the standpoint of not having to  depend on ground station 
control in c a s e  of a n  abort .  

( 2 )  

necessa ry  to land a nuclear  heat s o u r c e  in  water  f r o m  any given 
r e e n t r y  position. 

It w a s  deter-mined that f rom the standpoint of general  range  
and l a t e ra l  range  the vehicle proposed has  the per formance  

( 3 )  

and s e n s o r s  capable of operat ing a f t e r  long t ime  exposure to 
space  and the t h e r m a l  and nuclear  environment of the heat block. 
However, good shor t  t ime  r een t ry  per formance  can be expected. 
T h e s e  sys t ems  are not yet s ta te -of - the-ar t  but it is felt  that 
they could be developed quickly, 
vehicle is a s imple  one resolving i tself  into a go-no-go decision 
controlled by a l a r g e  water body sens ing  device.  

The  l imiting f ac to r s  affecting feasibil i ty of this  technique 
a l l  appear  t o  be centered  in  development of flight controls  

The control  sequence for  the 

(4)  

mance  consider ing a 20 Kw(t) Pu-238 o r  Po-210 s o u r c e  in  a 
300 n, mi le  orbi t .  
f r o m  space  radiat ion r a t h e r  than f r o m  the heat source .  

Minimal shielding will be sufficient to protect  typical e lec-  
t ronic  c i r cu i t s  f rom even a 10 percent  degradation in pe r fo r -  

The  most  s e v e r e  radiat ion problem might come 

(5) The re fo re ,  semicontrol led intact r e e n t r y  is s e e n  to  r equ i r e  
a v e r y  complicated r e e n t r y  vehicle  whose rel iabi l i ty  would 

be low compared to  c t h e r  poss i j l  e techniques,  However, active 
s y s t e m s  a r e  the only way controlled intact  r een t ry  of l a rge  intact 
s o u r c e s  can  be accomplished and i t  is felt that the components 
r equ i r ed  can be developed and made  r e l i ab le  to  the extent neces-  
s a r y  to achieve semi-control led r een t ry ,  

(6 )  

That  i s ,  is the designer  willing to use a r e e n t r y  vehicle which has  
i t s  main usefulness on shor t  lived o rb i t s  ( abor t s  yielding one 
orb i ta l  pas s  before  random reent ry)  where ground control may not 
be functioning, or will he provide enough backup in the basic  sys t em 
s o  that ground control  can never  be lost .  If the l a t t e r  is the case ,  
then controlled intact r e e n t r y  making use of a bal l is t ic  vehicle 
can  do all the jobs that semi-control led intact  r e e n t r y  can do. 
At present  the expense of providing a worldwide network of control  
s ta t ions along the launch orbi ta l  t r a c k  of any nuclear  sys t em launch 
would be considerable.  However, s ince  th i s  technique would be 
used with l a rge  heat sou rces  and those  in  turn  would be used with 

The  basic  question which affects the applicability of s e m i -  
controlled intact  r e e n t r y  is not feasibil i ty but application, 
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l a r g e  heat sou rces  and those in turn would be used with ma jo r  
missions (manned planetary o r  F M  Broadcast ,  e tc . )  it is felt 
that the tracking net would be available anyway to assure bas ic  
miss ion  success. Hence, semi-cont ro l led  intact  r e e n t r y  does 
no< appear  as a t t rac t ive  as controlled bal l is t ic  f o r  the missions 
which would r equ i r e  i ts  application. 

( 7 )  The lifting body concept, however,  is  s t i l l  a t t rac t ive  fo r  
p rec i se  control of the final s tages  of controlled bal l is t ic  

r een t ry  and should be investigated fur ther .  

c. Controlled Intact Reentry and Recovery 

(1) 

In addition, random intact  r een t ry  of l a r g e  heat s o u r c e s  probably 
cannot be tolerated f r o m  a political standpoint because  of i n t e r -  
national problems which could be r a i s e d  by possible  i r rad ia t ion  
of an alien population o r  the associated del ivery of l a r g e  quantities 
of f issionable ma te r i a l  to a potential enemy. 

Controlled intact  r een t ry  i s  most  sui table  fo r  large heat 
s o u r c e s  f r o m  both the hazards  and economic standpoint. 

( 2 )  Because of the na ture  of the end product of controlled intact 
r een t ry ,  that i s ,  delivery of at l ea s t  the nuc lear  heat s o u r c e  

to a specif ic  spot on the s u r f a c e  of the ear th ,  only s y s t e m s  which 
a r e  active in na ture  can be thought of fo r  successful ly  meeting these 
goals.  
r een t ry  and impact can  only sa t i s fy  the random intact  r een t ry  c r i t e r i a .  
The active s y s t e m  mus t  have the capability to l eave  the space  environ- 
ment  at a par t icu lar  point in i ts  o rb i t  o r  t ra jec tory  on commandof  a 
ground o r  space  s ta t ion,  diss ipate  i ts  inherent kinetic energy without 
compromising the integrity of the heat sou rce  during r een t ry  o r  
impact and s ignal  the i r  e a r t h  impact position to s e a r c h  par t ies  if  
r ecovery  is  requi red .  

Pass ive  s y s t e m s  which only have the capabili ty to withstand 

( 3 )  

i s  manned o r  unmanned. 
the c rew in the miss ion  module r een t ry  vehicle o r  resupply vehicles 
thereby using the normal ly  available miss ion  r e e n t r y  s y s t e m  o r  it 
could be jett isoned by the c rew at a specif ic  point in the orb i t  o r  
t ra jec tory  of the manned vehicle to r een te r  bal l is t ical ly  within its 
own heat protection s y s t e m .  

The complexity of achieving this goal is primarily a fuzcticr? 
of whether the vehicle  systelm using the nuc lear  power sappiy 

The  heat  s o u r c e  could be brought back with 

(4 )  

but with integrating the heat  s o u r c e  into the command and se rv ice  
modules during all the operat ional  phases  anticipated. 

If the heat s o u r c e  r e t u r n s  with a manned r e e n t r y  body the 
bas ic  problems which a r i s e  are  concerned not with the reent ry  
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(5) 

of the c rew by the mechanical sys t ems  and separat ion distances;  
and the“ reductions of t he rma l  load to the ecological s y s t e m  of the 
command module. 

Location of l a r g e  heat sou rces  in the s e r v i c e  module is  
suggested to take advantage of the inherent  nuc lear  shielding 

(6) 

It can be  s t o r e d  in an insulated and shielded compartment  during 
the r e e n t r y  and .Cooled with residual  cryogenics f rom the l ife 
support  sys t em.  
feet  o r  c a r r i e d  on to impact with the r een t ry  body if recovery  i s  
required.  

The heat s o u r c e  can be brought into the command module 
via thermal ly  insulated boom before initiation of reent ry .  

I t  can be dropped at  the end of reentry(& 100,000)  

( 7 )  The implications of the technique probably wi l l  r equ i r e  that 
the heat s o u r c e  be radiatively coupled to the converter .  

( 8 )  

technique which yields the highest probability of separat ion.  

It has  been determined that radiation coupling of the heat 
s o u r c e  to the conver te r  for  all intact r e e n t r y  designs i s  the 

( 9 )  

offers  maximum volume and shielding potential to the crew.  
techniques of cooling during r een t ry  a r e  the same as in the remote  
heat s o u r c e  case .  
v e r t e r  to be integrated direct ly  with the heat sou rce  and coolant 
l ines  to the r ad ia to r  to be explosively sepa ra t ed  to f r e e  the com-  
mand module f r o m  the s e r v i c e  module upon r een t ry .  

For smaller heat sources  which can be incorporated into the 
command module the a r e a  in the vicinity of the heat shield 

The 

Implications of this technique r equ i r e  the con- 

(10) 

m u s t  have its own reent ry  body which will p ro tec t  the s y s t e m  f rom 
reen t ry  heating and f r o m  meltdown by in te rna l  heat generation. 

For manned s y s t e m s  where the heat s o u r c e  is to be r een te red  
without the benefit of a manned r een t ry  vehicle the heat sou rce  

(11) The  basic  operat ional  mode for  the r e e n t r y  body is separa t ion  
f r o m  the manned sys t em,  spin stabil ization in proper  r een t ry  

attitude and f i r ing of r e t r o s  at a point in the t ra jec tory  where  ea r th  
impact is  a s s u r e d  within the landing range desired.  This  technique 
is applicable for  both orb i ta l  and planetary r e t u r n  sys t ems .  
ever ,  s p a c e  disposal is m o r e  at t ract ive when planetary r e tu rn  i s  
considered. 

How- 

( 1 2 )  

manned s y s t e m s  except for the control of the events being s t r i c t ly  
in the hands of the ground station. This ,  of cour se ,  affects the 
rel iabi l i ty  of the operation s ince  on board mechanical and electronic  
s y s t e m s  a r e  the only bridge between activating the nuclear  sou rce  
r een t ry  and the ground. Therefore ,  sufficient redundancy acd 
nuclear  shielding must  be provided to a s s u r e  a high probability of 
success .  --”--*.> <? I;z --a . -7 - -- - 

The operat ional  techniques for  intact controlled r een t ry  of 
the heat s o u r c e  for  unmanned s y s t e m s  are the s a m e  as for  
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(13)  

r een t ry  vehicle weight. However: the effects of mission profile 
on the requi red  r e t r o  energy i s  quite s e v e r e  in t e r m s  of impact 
at a given s u r f a c e  point. a f te r  the command to f i r e  i s  obeyed by 
the vehicle. No m o r e  than a + 10 deviation in vehicle attitude 
can  be allowed by assuming a-+ - 50 mi le  e r r o r  is  acceptable at 
impact.  

It was determined that fo r  orb i ta l  alt i tudes below 500 mi les  
r e t r o  rocke t  weight i s  no l a r g e r  than 10 percent  of the 

0 

(14) 

r een t ry  vehicles which are  not attached to the end s tage boos ter .  
Some active control  will sti.11 be n e c e s s a r y  to control rotation in a 
plane no rma l  to the e a r t h ' s  rad ius .  

A gravi ty  gradient stabil ization s y s t e m  appears  the most  
a t t rac t ive  fo r  init ial  attitude control  of unmanned intact 

(15)  

r een t ry .  Since,  under the c i r cums tances ,  the vehicle contains no 
flight control  s y s t e m  and must only surv ive  a bal l is t ic  reent ry .  
Therefore ,  the main problems are  expected to be the rma l  and 
mechanical  and not involved with complex e lec t ronic  control sys - 
t ems .  On board e lec t ronics  will  consis t  of a command rece ive r ,  
action c i rcu i t ry  and su r face  location beacons and t ransponders .  

The  design of r een t ry  vehicles which a r e  told when to disengage 
f r o m  the spacecraf t  i s  far s i m p l e r  than semi-cont ro l led  random 

( 1 6 )  Any isotopic heat sou rce  designed f o r  intact  reent ry  must 
consider  the unique heat t r a n s f e r  and heat s to rage  problems 

associated with hi.gh internal  heat generat ion r a t e s  during reent ry .  
Specifically, based on present  m a t e r i a l s  technclogy, the f u e l  cap-  
su les  m u s t  be able to dump sufficient heat f r o m  toheir su r f aces  to 
l imi t  the fuel-wall  interface t empera tu re  to 1800 F or less in both 
no rma l  and abnormal  operat ing modes .  During no rma l  operation 
i t  i s  not difficult to s e l ec t  s y s t e m  operat ing p a r a m e t e r s  such  that 
the t empera tu re  1.imit for  ma te r i a l s  compati.bi.lity is not exceeieC. 
The  problem of desi.gning the heat s o u r c e  for  intact  reent ry  be-  
comes d i f f i c u l t  when consideration i s  given to the need to r e j ec t  
heat  by s o m e  a l te rna te  mechanism in the case of f a i l u r e  of the 
p r i m a r y  heat re ject ion mode. The  difficulty a r i s e s  f r o m  the 
need fo r  an a l te rna te  heat  re ject ion path around a heat shield 
which i s  designed to r e j ec t  the aerodynamic heat of reent ry .  

( 1 7 )  

insulation during a ~001ant  l o s s  abort and has  enough heat 
capacity to abso rb  the nuclear  heat  during r een t ry .  
is a device called a ro torne t  which has  the capability to reduce  the 
r e e n t r y  heat protection weights considerably.  However,  no 
change in internal  heat  s to rage  capacity weights is expected. 
It i s  this second technique, however,  which holds promise  of 
making intact  controlled r een t ry  f r o m  abor t s  at  planetary 
r e t u r n  speeds  feasible  for  nuc lear  s y s t e m s .  

Two techniques may  accomplish this.  
r een t ry  bodv which d iss ipa tes  heat kv iettisoning 

The  f i r s t  is a s tandard 

The  second 
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a. Space Recovery. F u e l  recovery  vehicles for  orbit ing nuc lear  

s y s t e m s  a r e  manned. Taking a nuclear  heat sou rce  back to ea r th  in 
a resupply vehicle i s  near ly  s t a t e  of the a r t  and can be accomplished 
with minimal  changes in the design of the r een t ry  vehicle. However, if 
both sys t ems  were  unmanned and the sa te l l i t e  randomly tumbling, 
s ecu r ing  the heat s o u r c e  to the rendezvousing vehicles would be a lmost  
impossible  without men on board. 
nuc lear  heat s o u r c e  r ecove ry  s y s t e m  is envisioned as a manned sa t e l l i t e  
interceptor  type of vehicle.  

s y s t e m s  in space  a r e  beyond present  technology, unless both 

Therefore ,  the mos t  successfu l  

Development of such  a vehicle seems to be reasonable  in the 1 9 7 0 -  
1980 time period. 
course ,  be necessa ry .  

b. 

impact a r e a  should pose no s e v e r e  technical problems and can be c a r r i e d  
out with present  nuc lear  device handling techniques. 

Special radiation protection for  the crew will,  of 

Ground Recovery. 
heat s o u r c e  a f t e r  controlled intact  r een t ry  within a prede termined  

Analyses have shown that recovery  of the nuclear  

6 .  Orbi ta l  Storage and Escape  

a. The  u s e  of orb i ta l  s torage  to minimize o r  eliminate potential  
nuc lear  safety problems due to r een t ry  depends upon the s u c c e s s  

of the or iginal  launch, the choice of orbi t ,  maintaining attitude control  
of the sa te l l i t e ,  and choice of a propulsion sys t em.  

b. T h r e e  techniques a r e  open to t,he designer  all of which r e q u i r e  
propulsion: 

(1) to maintain original o rb i t ;  

(2 )  
( 3 )  to escape.  

to t r ans fe r  to higher longer  lived orbi t ;  

c .  In all cases  of increas ing  orb i ta l  l ifetime through the use of a 
th rus t e r ,  attitude control is cr i t i ca l .  

d. Small  c::emical propulsion s y s t e m s  are light in weight and bes t  
in reliabil i ty.  

e .  The best  t r a n s f e r  technique is Hohmann with a s ingle  impulse.  

f .  Orbi ta l  s to rage  appears  to be an effective method in minimizing 
o r  eliminating potential nuc lear  safety hazards  associated with 

f u t u r e  aerospace  miss ions .  It is, however, l imited to l a r g e r  s y s t e m s  
where  weight penalties induced by the propellant,  tankage, guidance 
and o ther  pertinent considerations do not appreciably affect s y s t e m  
character is t i .cs ,  such  a s  specif ic  power (wat t s / lb ) ,  s i ze ,  o r  spacecraf t  
power s y s t e m  integration considerations.  F o r  missions charac te r ized  
with orb i ta l  altit-udes g rea t e r  than 400 to 600 n. mi. ( c i r c u l a r  o rb i t s ) ,  

-u p, .:,-- : . ~ - - ~ 
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7 .  

depending upon the radioisotope, the s y s t e m  can be abandoned o r  
recovery  of f u e l  can be achieved when techniques f o r  this a r e  applicable 
and available because the orb i ta l  l i fe t ime will  be sufficient to e l iminate  
any r een t ry  hazard  via an orb i t  decay. 

" .  

g. 

bal l is t ic  coefficient i s  between 1 and 1000,  respect ively.  

For  miss ions  below 400 n. mi. and above 100 n. mi .  Po-210, 
because of i t s  sho r t  half-life, may be acceptable if the s y s t e m s  

h. 

s o l a r  orb i t  r e q u i r e s  30 t imes  the payload weight. 
penalty in weight fo r  this technique s e e m s  evident for  any s y s t e m  considered. 

Escape  f r o m  ear th  in all cases  considered requi red  an amount of 
f u e l  in excess  of 3 - 4 t imes the payload weight. Attainment of a 

The re fo re .  a prohibitive 

Potential  of Nuclear  Systems for  Destruction in Space 

a .  Isotope Sys tems 

(1) Inherent Destructive Capability. Two basic  forcing functions 

f o r  radioisotope sys t ems .  .They a r e  the s to red  thermal  energy and 
possibly the p r e s s u r e  buildup for  -emitting radioisotopes which 
generate  hel ium gas. 

appear  to offer some  measu re  of inherent destruct ion capability 

It  appears  f rom our  analysis that both of these  forcing 
functions do not have the capability to reduce  the fuel fo rm to mic ro -  
s i zed  debr i s  because the energy cannot be r e l eased  quickly and 
efficiently t ransmit ted to the fuel.  

However, this may not be n e c e s s a r y  for s o m e  fuels because 
of the potential of space  evaporation as a useable des t ruc t  technique 
for  the complete fuel mass .  
mechanical  potential of the isotope fuel fo rm could be one of b r e z z r -  
ing the fuel f o r m  containment r a t h e r  than trying to des t roy  the fuel. 
After fuel capsule breaching evaporation in  space vacuum can dep le te  
the fuel  fo rm considerably before eventual reent ry .  Therefore  
del iberate  cooling sys t em shutdown is one technique 
available under these c i rcumstances  to b reach  the fuel capsule.  

Hence, the use of the thermal  and 

However, before this technique i s  employed, one must  be 
a s s u r e d  that sufficient t ime exis ts  in the space  environment,  
before r een t ry ,  to evaporate  the f u e l  to an acceptable degree.  

It mus t  be pointed out, however, that the meltdown of the 
capsule in space  and subsequent evaporation of the capsule and 
fuel f o r m  could produce problems upon r een t ry  of the res idue  into 
the e a r t h ' s  a tmosphere.  An alloy of the f u e l  f o r m  and the contain- 
ment m a t e r i a l  could form,  whose thermophysical  p roper t ies  a r e  
much different than the or iginal  consti tuents,  and thereby inhibit 
burnup. 
a function of the fuel fo rm and containment ma te r i a l  used. 

Therefore ,  this technique must be applied with caution as 
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( 2 )  Frapmenta%ton'and Ev-apo-ration. It w a s  determined fo r  

both Pu-238 and S r  me ta l s  that no gain is obtained by 
fragmenting the fuel form re la t ive  to the-amount of mass foss 
which can be obtained by evaporation. 
pressur 'e on tempera ture  proved the most  significant var iable .  
When fragmentation occur red  the equi l ibr ium t empera tu re  of 
the fragments  dropped as a function of the number of f ragments ,  
causing a significant dec rease  in the overa l l  mass los s  in space .  
Po-210 with i ts  high vapor p r e s s u r e  will evaporate very  quickly. 

The dependence of vapor 

Hence, keeping the heat  s o u r c e  intact  with as l a r g e  a bal l is t ic  
coefficient as possible will tend to maximize the abort  l i fe t ime 
and provide maximum t ime  for evaporation. F o r  Po-210 fuel 
f o r m s  and Sr meta l  breakup of the capsule  (v i a  mechanical o r  
t he rma l  means)  during a s h o r t  l ife orb i ta l  abort  is  acceptable and 
r ep resen t s  a disposal technique with definite potential. 
on the other  hand, this technique is margina l  and its usefulness i s  
a function of orb i ta l  l i fe t ime.  If post-abort  o rb i t s  of the length of 
a y e a r  or g r e a t e r  a r e  a s s u r e d  then the evaporative technique i s  a 
valuable one. 

F o r  Pu-2 38 

In any case pure fragmentation in space even without 
significant evaporative mass l o s s  is a valuable safety technique 
s i n c e  it will a s s u r e  excellent d i spe r sa l  of the fuel f o r m  before 
r een t ry  and eventual lower su r face  contamination. However the 
problem h e r e  is in a s su r ing  the degree  of fragmentation which 
will  be significant. This  may be eas i ly  done for  l a r g e  s y s t e m s  
such  a s  the NERVA but it is much m o r e  mechanically difficult and 
costly in t e r m s  of weight on the smaller isotope sys t ems .  T h e r e -  
fore ,  the p re  -fragmented mic rosphe re  approach with s imple  f u e l  
capsule meltdown on reent ry ,  followed by mic rosphe re  d ispersa l ,  
appears  to be the most  logical choice to augment space  d i spe r sa l .  

In general ,  i t  can be s ta ted  that for  ma te r i a l s  with high 
vapor  p r e s s u r e s  i t  is bes t  not to b r e a k  up the fuel f o r m  in space ,  
but just  b reach  the capsule and allow evaporation to deplete the 
inventory as much a s  possible before reent ry .  T h e r e  appears  to 
be a correlat ion between high vapor  p r e s s u r e  and burnup r e e n t r y  
potential. 
burnup for  these ma te r i a l s  is at t ract ive.  However, fo r  low vapor 
p r e s s u r e  ma te r i a l s ,  an explosive s y s t e m  a n d / o r  a preformed f u e l  
f o r m  (mic rosphe res )  coupled with capsule meltdown is a t t rac t ive  
f r o m  the standpoint of reducing eventual hazards  through maxi -  
mizing r een t ry  d ispersa l .  

Therefore ,  space  evaporation coupl.ed with r een t ry  

(3)  Chemical Destruct .  It mag be possible especial ly  in  manned 
svs t ems( such  a s  a space  station) to dispose of a spent 

radioisotope genera tor  fuel charge  by chemical  techniques. 
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The key charac te r i s t ic  affecti-ng application of this tech-  
nique is r a t e  of react ion which in turn is controlled by the m a s s  
and geometry of the fuel capsule.  
t imes  of the o r d e r  of days and weeks,  not hours ,  may be requi red  

orbi ta l  sys t ems  s e e m s  most  reasonable .  

In general ,  i t  is felt that 

" ' to br ing complete dissolution. Hence application to deep space  

(4) Orbital  Destruction by Externa l  Means. It has  been 
determined that using external  means such  as sa te l l i t e  o r  

ground launched mis s i l e s  to destroy the genera tor  in space  could 
not be e'ffective unless a nuclear  warhead were  used. Even a d i rec t  
hit with a chemical  explosive s y s t e m  may not breach  the fuel con- 
tainment s t ruc tu re ,  hence only t empera tures  of the level to produce 
f u l l  vaporization would be effective. 

In addition, based on the l imitations of the present  tes t  ban 
t rea ty  nuc lear  des t ruc t  in orbi t  probably cannot be thought of as a 
prac t ica l  orbi ta l  des t ruc t  technique. 

b. Reac tor  Sys tems 

(1) Inherent Destruct ive Capability. Analyses have shown that 

del iberate  excursions i s  not obtainable. The mechanical forces  
in the co re  generated by the t empera tu re  of the excursion tend to 
expand a n d / o r  breakup the co re  p r io r  to maximum power generation. 

complete destruction of SNAP o r  NERVA type co res  by 

If complete destruction of a space  power r e a c t o r  is a spec i -  
fication fo r  an operating r eac to r  then cer ta in  design innovations can 
be attempted which m y  not affect no rma l  operating charac te r i s t ics .  
These  a r e :  

(a) 

could increase reactivity by seve ra l  percent .  
explosive o r  fuse could be used to e ject  the control element 
a t  t ime of des t ruc t .  

Design the co re  to have a cont,rol e lement  permanently 
installed in the core ;  this e lement ,  when withdrawn, 

A non-nuclear 

(b) Design the co re  to have a very  sho r t  prompt neutron 
generation t ime.  In addition, use f i ss i le  fuel such  

as Pu-239 which h a s  a small delayed neutron fraction and 
possibly a positive Doppler coefficient. 

( c )  

achieve maximum tempera ture  and the themal  gradients 
that produce mechanical  disassembly will be minimi zed. 

Design the co re  to have a very  flat power distribution 
both radially and axially such that the en t i re  c o r e  can 
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( 2 )  One al ternat ive to a complete des t ruc t  of the co re  is to use 
the nuclear  excursion to t r i gge r  a chemical  explosion. The 

c o r e  design would then have to contain ma te r i a l s  that could have 
a violent chemical  react ion at  high t empera tu re  but be chemically 
iner t  at operat ing tempera tures .  

Coolant, shutoff and subsequent c o r e  meltdown in space  was 
also investigated. 
total f ission product inventory could be expected for  a typical 
power r eac to r .  However, this s t i l l  l eaves  a significant inventory 
which may reenter ,  

It was found that a dec rease  of 1 7  percent  of the 

C. Applica.tions of Safety Guidelines to  Ea r ly  Missions 

Table I1 r ep resen t s  a pre l iminary  e s t ima te  of ea r ly  missions which may 
be flown with nuc lear  power in the 1965-70 t ime  per iod and the attendant sa fe ty  
philosophy which i s  bes t  sui ted based on the information available and generated 
in the study. 
to s e r v e  as the final disposal  technique. 
P u - 2 3 8  and Pm-147,  however, Po-210 and Sr-90 may also be used .  

F o r  the low power orbi ta l  s y s t e m s  r een t ry  burnup has  the capacity 
The fue l  forms are  predominantly 

The choice of burnup o r  d ispersa l  of mic rosphe res  as the ult imate d is -  
posal technique fo r  these smaller sys t ems  is dependent on the available sui table  
fuel form.  
intact r een t ry  w e r e  used and the fact  that judicious u s e  of the burnup and m i c r o -  
sphe re  techniques can keep a tmospher ic  and s u r f a c e  contamination w e l l  below 
MPC l imi ts  was also considered. 
launch inventory of 300 Kw(t) in the 1965-1970 t ime  period and a probability of 
launch success  of 0.950. This  yields a possible total  abort  inventory of 1 5  
Kw(t) which may be  added to the atmosphere.  Pu-238 in i ts  var ious f o r m s  was 
considered to r ep resen t  approximately 50 percent  of this inventory ( i .  e. ~ 7 
Kw(t) ) of which 3. 5 Kw(t) was considered to e n t e r  the atmosphere as high 
altitude burnup and 3. 5 Kw(t) a s  microspheres .  Pu-238 was considered the 
most  significant isotope to base  a safety c r i t e r i a  select ion on because of its 
obvious high launch preference  and i ts  mos t  s e r i o u s  final disposal hazards  
position relat ive to the o ther  isotopes of interest .  

The  weight penalties which would be charged to these genera tors  if 

This is based on an average total isotope 

The 3. 5 Kw(t) of Pu-238 burnup yields a maximum fallout hazard  con- 
s ider ing a low alt i tude ( s t ra tospher ic )  release an o r d e r  of magnitude below 
MPC.  If a high altitude r e l ease  is assumed,  a s  would be the m o r e  probable 
event from ascent  aborts  o r  orbi ta l  decay, the haza rd  drops to between 3 and 
4 o r d e r s  of magnitude below MPC. 

The 3. 5 Kw(t) of Pu-238 microspheres  r e p r e s e n t  a maximum hazard  
about equal to the na tura l  background radioactivity assuming a contaminated 
a r e a  of 500 s q u a r e  miles .  
relative to select ion of a safety philosophy is Po-210. 
nature  the Po-210 f u e l  f o r m  yields a g rea t e r  hazard  than all fue l  fo rms  con- 
s ide red  if the capsule  is  breached a t  low altitude o r  in an on the pad abort .  

The most  c r i t i ca l  f u e l  f o r m  in this c lass  of launches 
Because of i t s  volati le 

- 



Table I1 

P r e l i m i n a r y  IZstimatc of E a r l y  Miss ions  Which May b e  Flown With 
Nuc lea r  P o w e r  in the  1965-70 ‘rime P e r i o d  

, 
‘ 

Approx. No.  of 
Approx. T i m e  Type of Approx ima te  P o s s i b l e  Miss ions  in Mos t S 11 i t  ab1 e 

Miss ion  P e r i o d  Miss ion  P o w e r  L e v e l  F u e l  Source T h i s  P e r i o d  I3is pos a1 T e c  hn ique 

1. Syn. Corn. 65-70 o rb i t a l  25-50 w(e)  Pu-238  13u r n u 11 o I- tn i c r os p h c: r es 

C o m s a t  

Re lay  

T r a n s  i t  

Advanced A i r  
l?orce  

N i m b u s  

65-70 

65-70 

6 5 - 6 0  
67 -70 

o rb i t a l  

o rb i t  a1 

orbital 
o rb i t a l  

50 - 80 W( e) 

50 

25  

40 w ( c )  

Pu -238 ,  Sr-90 

131-238, P m - 1 4 7  

P u  -2 38 

PLI-230.  Pin- 147 

13u r n u p o r  rri i c r*  os 1) tic r c c 
13urnup or rtiicrospliercs 

Uur t i  up o r  tnic ros phe res 
13urnup o r  rriicrospticrc:: 

2 .  

3 .  

4 .  

5.  

6 .  

7. 

i ‘ 8. 
1 : ;  

t ’  
I ,  

! .  9 .  

50-250 w ( e )  3 - 4 O r b i t a l  s t o r a g e  
w i t t i  m i c r o s  phc r c 

b a c  ku 1.’ 

OrbLtal s t o r a g e  
bu rnup  backup 

O r b i t a l  s t o r a g e  
or e s c a p e ,  
b u rri u p bac  I t  u 1.’ o r 
m i c r o s p h e r e s  

O r b i t a l  s t o r a g e  
o r  e s c a p e ,  
bu rnup  backup o r  
m i c r o s p h e r c s ,  
in tac t  r e e n t r y  with 
Po-210 

65-70  o r b  tal 

oc; 0 6 5 - 7 0  orbi t  a 1 300 -500 I’m-147 1 - 2  

15-50 w ( e )  1’1.1 - 2 3 8, Prr  i - 1 4 7 I3x plo r er 6 5 - 6 9  planet a r y  

65-70  p l ane ta ry  150 -2  50 Pu - 2 :3 8,  Po - 2 10, 
P m - 1 4 7  

M a r i n e r  

10.  Extended  P i o n e e r  65-70  p l ane ta ry  500 w(c)  Pu-230  1 - 2  Solar o r b i t ,  

11. Advanced P i o n e e r  6 5 -70 p lane tary  1 I<w(e) P u - 2 3 8  1 - 2  Solar o r b i t ,  

b LI r n up hac  ku 11 

in tac t  re  en  t r y  b ac ku p 

, ‘ I  

I d  

H 
I 
c. 
W 
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Table I1 (Cont '  d) b 

i 

, r  Approx.  No .  of 
Approx.  Time T y p e  of Approximate  Po s s ible Miss ions  in Most  Sui tab le  

F u e l  Source  T h i s  P e r i o d  Di sposa l  Techn ique  P e r i o d  Miss ion  Power  L e v e l  ' \  ~ M i s s  ion 

: 12. RAO Pu-238 1 O r b i t a l  s t o r a g e ,  67  -70  o r b i t a l  250 -500 w(e)  
bu rnup  backup 

' j  In tac t  r e e n t r y  
13. MORL 6 8 -70 o r b i t a l  4 - 8 Kw(e) Pu-238 ,  P O - 2 1 0  1 - 2 

14. AOSO 69 -70 o r b i t a l  300-500 w(e)  Po-210,  P u - 2 1 8 ,  1 - 2 O r b i t a l  s t o r a g e ,  
P m - 1 4 7  burnup  backup 

c i s l u n a r  1 . 5  - 6 Kw(e) Po-210 ,  Pu -238  1 - 2 In tac t  r e e n t r y  

in tac t  r e e n t r y  
backup 

15.  Extended Apollo 70 -7 1 
16. F M  B r o a d c a s t  70 -71 o r b i t a l  1 Kw(e) P u - 2 3 8 ,  PO-210  1 O r b i t a l  s t o r a g e ,  
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However, Po-210's proper t ies  make it an ideal fuel fo r  high altitude burnup 
and dispersion. The re fo re ,  the key to application of burnup r e s t s  with 
genera tor  and f u e l  capsule design. 
integrity of the f u e l  capsule can be a s s u r e d  under a l l  ground and ascent 
abort  consequences without great ly  compromising the burnup of the genera tor  
components and r e l ease  of the fuel under r een t ry  conditions, a high altitude 
burnup philosophy i s  justified. 
with al l  i ts  weight penalt ies,  must  be accepted. 

J f  the generator  design i s  such  that the 

If this cannot be done then intact reent ry ,  

F o r  those missions in the 1 9 6 5 - 7 0  t ime period which a r e  manned such  
a s  MORL, Apollo, and Extended Apollo, r e tu rn  of the heat  s o u r c e  with the 
c rew,  controlled intact r een t ry  of the heat sou rce  alone, o r  orbi ta l  s to rage  
a r e  all pract ical  and feas ib le  techniques. 
technique over  any other  is difficult at this s tage  of planning because the 
interaction of the safety technique chosen and the bas ic  vehicle and  mission 
profile cannot yet be  fully defined. All sys t ems  could achieve orbi ta l  s to rage  
All Apollo and MORL s y s t e m s  could r een te r  the heat s o u r c e  with the crew o r  
a resupply vehicle, however, MORL looks most a t t ract ive for  unmanned con- 
trolled intact r e  entry . 

The select ion of one par t icular  

F o r  those missions in the 1965-70  t ime period which are planetary,  
orbi ta l  s torage  and /o r  escape  with aburnup  backup has been selected as  the 
p re fe r r ed  safety philosophy because of the inherent e scape  capability of the 
vehicle. 
will be launched with present  day boos ters .  
available in the payload weights f o r  intact. reen t ry  s y s  tems .  
flight aborts  do occur  the inherent capabi1it.y for  escape  which i s  built into the 
vehicle should be used to place the heat sou rce  in a deep space  non-ear th  
collision t ra jec tory  o r  to increase  the l i fe t ime ( i .  e. ~ altitude) of a shor t  
lived abort. orbit .  If the na ture  of the abort  is  such  that e a r t h  r een t ry  LS 
assu red  then high alt i tude burnup o r  the microsphere  technique should suffice 
safely for the quantity of fuel charac te r i s t ic  of these miss ions .  Both t.he 
p r imary  and backup philosophies should be chosen to minimize the weight 
and reliabil i ty penalties on the launch configuration. 

These missions are  long t e r m  ( 1 y e a r )  f o r  the most  par t  and 
Hence not much latitude will be 

Therefore ,  if 
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TI. DEFZNITION OF FUTURE MISSION TRENDS AND THEIR 
REQUIREMENTS FOR NUCLEAR POWER 

A .  Missions 

In  o r d e r  to fully evaluate the potential and l imi t s  of application of t 
var ious aerospace  nuclear  safety techniques analyzed in this repor t ,  the 
missions and nuclear-power supplies to which they may apply must  be de 
By considering specific mission objectives,  duration, operational charac te r ,  
vehicle configurat.ion and other  pertinent factors  one can isolate  in a p re l im-  
inary  fashion the most  appropriate  power sys t em for  the miss ion .  For those 
missions where nuclear  powered sys t ems  would be most  des i rab le  nuclear  
safety c r i t e r i a  a r e  postulated and s y s t e m  requi rements  investigated to de te r -  
mine the degree  of compliance with these c r i t e r i a  that can be  expected. 

The scope of this effort i s  quite involved and r equ i r e s  both tangible 
technical fac tors  amenable to analysis and intangible fac tors  based on inde- 
pendent judgments wi th  r e spec t  to mission abort  si tuations and s ince  many 
space  missions a r e  not c lear ly  defined and exist  only in a conceptual s tage,  
spec i f ic  consideration of each mission was not possible .  Therefore ,  the 
approach was to identify a s  many missions a s  possible and to delineate their  
charac te r i s t ics  a s  thoroughly a s  could be done, within the l imitations of this 
study. The r e su l t s  a r e  presented in Table  111. The  majori ty  of the infomation 
to complete Table  J.11 was obtained f r o m  References 1, 2 and 3. For purposes 
of analysis  and for  the development of an aerospace  nuclear  safety approach 
for  those missions utilizing nuclear  devices,  all missions were  grouped into 
the four distinct categories  l i s ted  below. 

(1) Ear th  orb i ta l .  

( 2 )  Lunar .  

( 3 )  Plane tary .  
(4) Solar  and deep space  

Within these categories  the missions a r e  chronologically l is ted in 
th ree  sepa ra t e  t ime per iods (1965-70,  1970-75 ,  and 1975-80) ,  and identified 
a s  being e i ther  a manned o r  an unmanned miss ion .  
evaluation of the missions in t e r m s  of pr ior i ty  the feasibil i ty of meet ing 
space  environment, t ime  span,  t ra jec tor ies ,  vehicle configurations and 
power requi rements .  
upon the select ion of a power s y s t e m  and the development of safety guidelines 
can then be determined.  

T h i s  permi ts  a logical 

The implications of the mission vehicle requi rements  

I t  should be  noted that ou r  investigations into the type of missions which 
DOD will run in this t ime  period revealed that survei l lance,  interception, 
communications and general  R and D experimentation for  space  weapons 
sys t ems  were  predominant.  A l l  these missions could be grouped into the 
ear th  orbi ta l  and lunar  ca tegor ies .  Therefore ,  although p r imar i ly  NASA 
missions a r e  presented in TableII1,they a r e  typical of the DOD missi.ons 
which a r e  anticipated ( in  the categories  mentioned above) and f r o m  the 
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P A R T  I .  Ilarth O r b i t a l  Miss ions  
P a r t  1-A. Manned -. 

E.!%?L?!L--. 9h\e_sYes"-. 
Extended A 0110 - a x m o t e P s e n s i n g  of 

e a r t h ' s  s u r f a c e  

b. Biomedica l lbehav-  
i o r a l  and technolog 

c.  Biosc ience lphys ic ;  
s c i e n c e  l a b o r a t o r y  

d. Space o p e r a t i o n s /  
b iosc ience  l a b o r a -  
t o r y  

e .  Remote  s e n s i n g  of 
e a r t h ' s  s u r f a c e  
and a t m o s p h e r e  

f .  As t ronomylb io -  
s c i e n c e  l a b o r a t o r y  

g. Ar t i f ic ia l -grav i ty  
l a b o r a t o r y  

h. Remote  s e n s i n g  of 
e a r t h ' s  s u r f a c e  an1 
a t m o s p h e r e ;  Echo  
observa t ion  

T-i.m e... 

' e r iod ,  
lumber  
!keg'!. 

.ate 
980's, 
:arly 
91 0 ' s  

S a m e  
a s  ab01 

S a m e  
as aboi  

S a m e  
LS abov 

S a m e  
s abov 

S a m e  
.s abov 

S a m e  
.s abov 

S a m e  
1s aboi  

.. . .. .. .. , . -. . . ... . . . . . 

: a r th  o r b i t  
00 n m i . ,  50 d e g  

:arth orb i t  
200 n m i . ,  28. 5 deg 

Sarth orb i t  
200 n m i . ,  28.5 deg 

Sarth o r b i t  
200 n m i . ,  28.5 d e g  

Sarth orb i t  
200 n m i . ,  83 deg 

( r e t r o g r a d e )  

Sarth o r b i t  
19,350 n mi. ,O d e g  

Sar th  o r b i t  
200 n m i . ,  28.5 deg 

3ar th  o r b i t  
200 n m i . ,  83 d e g  

( r e t r o g r a d e :  

Manned 
or 

Jrymannecj 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

T a b l e  I11 

I'lanned Aerospace  Miss ions  

Mission P r o f i l e  . 

Ear th  mapping in v is ib le  
and n e a r - v i s i b l e  s p e c -  
t r u m ;  a r t i f i c i a l - g r a v i t y  
qualification; medica l  

Biomedica l /  behavioral ;  
l u n a r - o r b i t  s u r v e y  s y s -  
t e m  qualification 

Biomedica l lbehaviora l -  
prolonged weight lessness  
e f fec ts ;  z e r o - g r a v i t y  
behavior  of s o l i d s ,  liq- 
uids and g a s e s  

Rendezvous with ( c ) ;  
ex t ravehicu lar  c a r g o  anc 
p e r s o n n e l  t r a n s f e r ,  r e s -  
cue  opera t ions ,  s p a c e -  
su i t  evaluation; s p a c e -  
flight e f fec ts  on biolog- 
i ca l  s y s t e m s  

Sun- synchronous;  mul t i -  
s p e c t r a l  s e n s o r s ;  s o l a r -  
ce l l  a r r a y ,  e r e c t i o n  and  
or ien ta t ion  

Synchronous orb i t ;  X - r a ,  
v i sua l  and IR s p e c t r a l  
and photometr ic  data;  
deployable  sa t e l l i t e s ;  
extendable  rad io-  
a s t r o n o m y  antenna 

Evaluate  human p e r f o r m  
a n c e  in ro ta t ing  envi ron-  
ment ;  cab le-  connected,  
CSM and LEM-Lab  a r e  
ro ta ted  

Sun-synchronous;  mul t i -  
s p e c t r a l  s e n s o r s ;  s o l a r -  
ce l l  a r r a y ,  e r e c t i o n  and 
or ien ta t ion ;  CSM-inspec 
t ion of Echo  sa t e l l i t e  

l e c t r i c a  
'ower 
equi red  

. 5  - 6 
K w ( e )  

ime a s  
ibove 

m e  as 
ibove 

ame  a s  
above 

arne a s  
above  

a m e  a s  
above  

a m e  a s  
above  

i ame  as 
above  

l i s s ion  
luratizn_., 

Ip to  
y e a r  

30 d a y s  

45 d a y s  

45 days  

4 5  days  

45 days  

45 days  

45 days  

- 
r a j e c t o r i e s  
-aunch and 
__c I; i rial).- 

MR - 
arking or-  
it, non- 
scape  lunar  
.bit, 19k to  
n m i . ,  s y n  
r o n o u s  unched 

ie e a s t  

a m e  as 
above 

a m e  a s  
above 

Same a s  
above 

; ame  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

Launch 

Vehicle 
-. . 

i t u r n  1B. 
, SlVB 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above 

S a m e  a s  
above  



T a b l e  111 (Cont 'd)  

Part I - A .  Manned (Cont 'd)  

Miss io ,  
No. 

1 
(contd)  

7 

8 

, ,; 

,I 

Miss ion  - Objec t ives  

i. Space  p h y s i c s  and 
s u b s y s t e m  develop- 
ment  

1. Aetrorromy/bio- 
s c i e n c e  l a b o r a t o r y  
11 

k. Astr.,,rioilly/logiflti( 
and b iosc ience  
l a b o r a t o r y  

I .  n ~ t r o r l l ~ l n y /  
log is t ics  I 1  

MOH I.. 

Space  Stat ion 

(;eniiiii (Opera ional) 

F M  n r o a d c a s t  Stat ion 

'1'V llroadcast Station 

I,OIlI I 

Manned Orbit iug 
T e l e s c o p e  

T i m e  
'eriod. 
Numbe, 
Heq'd 

,ate 
960's. 

Zarly 
970 ' s  

Same a 
above 

S a m e  c 
above 

Same a 
above 

S a m e  i 
above 

Early 
1970's 

1964-  
1967 

1970-7 
2 l / j  

1975-a 

Post '1  

1979-0 

Space  Envi ronment  

2arth orbi t  
I O ,  350 ti m i . ,  0 deg 

Earth o r b i t  
!OO n m i . ,  2 8 . 5  deg  

Earth orb i t  
$00 n m i . ,  28 .5  d e g  

Ear th  o r b i t  
!OO n m l . ,  2 f l .  5 d e g  

Ear th  o r b i t  

Ear th  o r b i t  (polar 
~ n d  equator ia l )  

Ear th  o r b i t  

E a r t h  orb i t  p lus  
synchronous orb i t  

Ea r th  orb i t  plus 
synchronous orb i t  

Ear th  o r b i t  

F:arth o r b i t  (3000 n. 
mi)  

Manned 
o r  

Unm annec 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

Unmanned 

Unman ne  ( 

M anncd 

Manncd 

Miss ion  Prof i le  

Space envi ronment  n e a r  
car t t i .  e. g . ,  a u r o r a ,  mag 
net ic  f ie lds ,  m i c r o m e t e o -  
roid f luxes ;  life s u p p o r t ,  
communica t ions ,  s a t e l l i t e  
launch 

Ast ronomy,  opt ica l  and  
rad io ;  m i c r o m e t e o r i t e s ;  
g a m m a  rays, biomedica l  

Rendezvous with (j); 
c a r g o  arid p e r s o n n e l  t r a n s  
fer; b iomedica l  e f fec ts  of 
flight dura t ion  beyond 45 
days ;  continue a s t r o n o m y  
as on (j) 

Ilendezvous with (k); ex- 
tend m i s s i o n  to total of 
135 days ;  cab in  a tmon-  
p h e r e ,  propel la i i t  tr;iiidlirig 

Conduct ewper iirient, 
z e r o - g r a v i t y ,  geophysical 
re fue l ing ,  resupply  

S i m i l a r  to  MOIIL. cxccpt 
l a r g e r  

S p a c e  e f fec ts  u p o n  miiii 
and  p r e l i m i n a r y  space 
data for Apol lo  m i s s i o n  
( rendezvous  and  docking) 

C om in u n  i c at ions 

Coiniiiuiiicatioiis 

13x t cnd s pace i n  i s s i o w  , 
all  types  o f  e x p e r i m e n t s  

I o  s t u d y  noiso SOIII'CCS 

f r o m  s o l a r  systc:ni and  
s tars  

I ,  

: l ec t r ica l  
P o w e r  

Lequired 

. 5  t o 6  
Kw(e) 

a m c  :is 
ihove 

;rime a s  
above 

,;rme a s  
above 

( - a  
Kw(e) 

7 - I O  
K w ( e )  

. 5  - 2 
Kw(e) 

I 
Kw(e) 

IO - 60 
Kw(e) 

5 - 4 0  
Kw (e) 

- 1.5 
K w ( e )  

n i ss ion  
h r a l i o n  

45  days  

45  d a y s  

45  clays 

45 days  

1 year 
90 day 

resiippl: 

- 5  y r s  
'0 day 
c s  upply 

< 14 tiaj 

5 y e a r s  

5 y e a r s  

- 5  y r s  
<w(e)  

L y e a r  

r a j e c t o r i e s  
.aunch and 
Fina l )  

4MR- 
Barking or- 
lit, non- 
: s c a p e  lunar  
Brbit, 19k t c  
!3  k n m i . ,  
iynchronous 
aunched  
lue e a s t  

Same as 
above  

S a m e  a s  
above  

S a m e  as 
above  

A M I 3  

AMR 
PMR 

A M I {  

AMI1 

AMll 

A M I 3  

A M R  

Launch 

V e h i c 1 e 

Sa tu rn  I R ,  
V, SlVB 

, 
Same a s  

above  

Samc: a s  
above  

Same as 
a l ~ o v e  

S a m e  as  
above  

Saturn v 

rltan II 

Delta ,  Scou 
Sa turn  1 

S a m e  as 
a bove 

Sa turn  V 

A t l a s l c e n t a  
31' o t h e r s  

U 
l-4 

I 
W 

+" 
k. 



Table  111 (Cont'd) 

T i m e  
' e r iod ,  
( u m b e r  
Ieq 'd  

1963 or 
l a t e r  

965-69 

Missior  
No. 

9 

10 

Manned 
or 

Space  Env i ronmen t  Unmannec 

O r b i t a l  (Synchronous)  Unmanned 

( o r b i t a l / l u n a r / i n t e r -  Unmanned 
p lane tary) ,  deep e a r t h  
o r b i t a l  ( 1  50, 000 n m i .  ) 
apogee  e a r t h  o r b i t a l  

11 

2 

3 

4 

15 

1 6  

969 or 
l a t e r  

Part 1-B. Unmanned 

E a r t h  o r b i t  

Mission - Obiec t ives  

965-30 
3 4 / y r  

960-70 
58 

969-70 
1 I y r  

964-69 
2 / y r  

Syncom (operational)  

E a r t h  o rb i t ,  a l s o  
synchronous  o r b i t  

E a r t h  o r b i t  

E a r t h  o r b i t  (low) 

Polar o r b i t  

Explorer  (operational)  
a .  In te rp lane tary  
b. Ionosphere 
c .  Pegasus  
d. Di rec t  Measuremer  
e. Biosa te l l i t es  (Bios)  
f. Luna r  Anchored 

In te rp lane tary  
g. Upper  Atmosphere  

Life Probe  
h. Universi ty  Explore]  

( repea ted  in o ther  
s p a c e  r e g i m e s )  

T e l s t a r  (operational)  

Comsa t  

T i r o s  (opera t iona l )  

Relay (operational)  

T r a n s i t  (operational)  

Advanced Air F o r c e  1981-15 
2 19r 

Unmanned 

Unmanned 

Unmanned 

Unmanned 

Unmanned 

Mission Prof i le  

gh alt i tude communi -  
. t ion sa t e l l i t e  

Study v a r i o u s  s p a c e  
envi ronments ,  r a d i a -  
t ionand magnet ic  
fluxes (wt. 135 Ibs) 
M e a s u r e  e l e c t r o n  d i s -  
tr ibution and dens i ty ;  
a l s o  s tudy c o s m i c  
noise  (wt. 110 lbs) 
M e a s u r e  e f fec ts  of 
meteoro id  impact  
(wt. 3400 Ibs) 
Study ion and e l e c t r o n  
dens i ty  (wt. 151 Ibs)  
Biological  s t u d i e s  

In te rp lane tary  magnet i  
f ie lds  (wt .  181 Ibs) 
De te rmine  t h e  exis tanc 
of l iving o r g a n i s m s  in 
upper  a t m o s p h e r e  
Various objec t ives  

(wt. 200-250 Ibf )  

JW a l t i tude  communica -  
3n sa t e l l i t e  

edium a l t i tude  commun- 
ation sa t e l l i t e  (both 
i l i t a ry  and c o m m e r c i a l )  

rp't meteoro logica l  
i tel l i te 

2 t ive- repea ter - type  
m m u n i c a t i o n  sa t e l l i t e  

rp ' t  navigat ional  
i tel l i te 

Electrical  
Power 

i e q u i r  ed 

25 - 50 
w ( e )  

w (e) 
I S -  50 

60 w(e) 

50 - 80 
w( e) 

25 - 50 
w(e)  

50 w(e) 

25 w(e) 

40 
wie) 

n iss ion  
h r a t i o n  

1-3 y r s  

3-6 m o  

1 y e a r  

5 y e a r s  

3 m o  

1 y e a r  

2 y e a r s  

1 y e a r  

. 

1 
r a j e c t o r i e s  
,aunch and 

Fina l )  

A MR 

i .  AMR 

:. AMR 
I .  AMR 
:. AMR 
. AMR ;. - - -  

I. AMR-PM 

1. - - -  

AMR 

PMR-AMR 

PMR-AMR 

PMR-AMR 

PMR 

PMR 

I I 

D 
Launch 

Vehicle  

rhor -Del ta  

' hor -Del ta  
icout 
At las lAgen 

I 

Delta 

r i t an ,  Atlas  
Agena 

rhor  - Delta 

Same a s  
above 

rho1-l Able I 
; t a r  

L'hor /Able /  
Star or  otht 
s i m i l a r  typc 

- -I.I--- 



M i s s  ion 
N o .  

17 

18 

i m hu s 

adioas t ronomy 0hsi.r. 
i t ions 

tlvanri:tl 0 r l ) i l  ing Sol; 
h s e r v a t o r y  

rlvanced S n v y  M i s s i o  

I ' d )  

urnher 
m 
{eq'd - 
164-71  

171-no  

~7 - n o  

l 6 ' l - H O  
2 2  

170-72 

or ly 
!)70's 

I !I7 0 -  7 

t I1 1.0 I1 g 
1!171 

5 

1971-7 

hrnugl 

hrougl 
75 

Mid 
1970': 

7 n  

' l75-AI  
S 

pace  Environment 

liar E a r t h  O r h i t  

> l a r  E a r t h  O r b i t  

i r t h  O r b i t  (300011. m .  

i r t h  Orhital 

Ear th  Orbi ta l  

Earth O r b i t a l  

Synchronous E a r t h  
Orbit  

E a  r t  Ii 0 rh i t X I  

I a r t  h O r  I) i I a I 

131 r t h O r b  i t  :I I 

I<:irth Orbi ta l  

ulanned 
or 

nmanned 

nmanned 

nmanned 

inn1 i i  11 n ed 

nm;inned 

rim an ned 

nmanncd 

~~rn; inned  

iiinannvil 

Inln;lllncd 

;lllll~inll~!d 

; I1 111 ;I I1 ne d 

. I  I 1  l l i i  1111f!(I 

:nmanned 

T a b l e  I I I  (Cont 'd)  

M i s s  ion Pr of1 I e 

l e teoro logica l  Sa te l l i t e  
Second Genera t ion)  
a m e  as  ahove 

' o  study noise  s n u r c c ~ s  
rom solar s y s t e m  and 
t a r s  

:om hi IIC 11 'I' i I'OS , S i n~ bu s , 
ynchronouu Miss ions  

I'rovide continuous nioni- 
to r ing  of shor t - l ived  
s t o r m s  and cloud i:ovi:r 

i;itelliti: ivluipped to  
ni!asuri* grophysic.:il data 

S o l  :I I' act I V  i t  y I l l I ~ i l S  ,ire I l l f !  

M;inttuvi!i.ahle unit in  
spacr  

Continue the exprrnniei i ts 
v f  ttw O:\O m i s s i o n  (No. i 

50 w ( e ) -  
ita1 
n th  SOw(e: 
iuc lear  

I .  2 5 - 0 .  50 
Kw(e) 

).30-0. S O  
Kw(e) 

5 - 5 0  w(e) 

9 

0. 5 K W ( l . )  

50 - 100 
W(C!) 

I .  5-0. 75 
i w  (I.) 

0. 5 Kw(e 

0 . 3  - 0 . 5  
Kw(e) 

U . 1 5 - 0 . 2 (  
Kw(e) 

1 . 0  Kw(e) 

0.75  - 1 
Kw(c.) 

I i s s i o n  
iurat ivn 

I y e a r s  

? y e a r s  

5 y e a r s  

2 year 

I y e a r  

) yei i r s  

Zy""' 

b rlio - 
I year- 

1 year 

6 1110 - 
I y e a r  

2 yf 'a rs  

5 yvar-'4 

2 yeax s 

r a j e c t o r i e s  
.aunch and 

Fina l )  

P M H  

P M R  

A M H  

I'MH 

.9 M R - PM H 

1 M I t -  I'M11 

1MH-I'Mf< 

!MI{- I'M11 

A ?4 11 

A . W N -  I'MR 

..\MI{- I'M11 

-4 M R - I'M11 

I.aunch 

Vehicle 

h o r / A g e n a  

t lasl  Agena 

h o r -  Delta 
r others 

I 

h o r l  Able1 
S t a r  

Al las /  Ager 
or  ( 8  i m i lar 
type) 

A t  I a x  I .4 #e r 
or s i m i l a r  
type launct  
vchicle 

Atlas /  Age1 
or s i m i l a r  
I auric h 
vehicle 

At Ins1 Ager 

others 

or s i m i l a r  
!I 11 a s  1 3  gel1 

! /  

. .  
. .  * . . . .  , 

I 

w w 
I 

w 



t 1 Miss ion  
I ;  No. 

29 
( S a m e  a s  

No.  10) 

31 

33 

34 

Mission - Objec t ives  

Explorer  
a. In te rp lane tary  
b. Ionosphere  
c .  P e g a s u s  
d. Direct M e a s u r e m e n t  
e .  Biosa te l l i t es  (Bios) 
I. Lunar  Anchored 

In te rp lane tary  
g. Upper A t m o s p h e r e  

Li fe  P r o b e  
ti. Univers i ty  E x p l o r e r  

( r e p e a t e d  in  o t h e r  
s p a c e  r e g i m e s )  

Surveyor  O r b i t e r  and  
Lander  

Apollo - Land two 
a s t r o n a u t s  and s c i e n t i -  
f ie  equipment on  the  
moon ' s  s u r f a c e  

LEM 

Roving Vehic les  

a. L u n a r  Exploration 
Shel te r  (28  days)  

b. Lunar  Exploration 
Shel te r  (90 days)  

c. Lunar  Explora t ion  
Shel te r  (2 y e a r s )  

r i m e  
'eriod 
l u m k r  
Req d 

1965-6 '  

1966-6 
6 3 / y r  

L a t e  
1960 ' s  
E a r l y  
1970 ' s  

E a r l y  
1 9 7 0 ' s  

E a r l y  
1970 ' s  

'hru 19 

Space  E n v i r o n m e L  

(o rb  i t  a I 1 I i inar I i t i  t c r - 
plane tary) .  d e e p  e a r t t  
o rb i ta l  (150.  000 n mi. 
apogee  e a r t h  orbital 

L u n a r  

L u n a r  

L u n a r  

L u n a r  

)Lunar  

2":; 1 L u n a r  

4 - 6  L u n a r  

-I.I 

Manned 
or 

Jnmnnned 

Jninanned 

Unmanned 

Manned 

Manned 

Manned 

Manned 

Manned 

Manned 

__._- 

Table I l l  (Cont'd) 

vlission Prof i le  

a. Study v a r i o u s  s p a c e  
envi ronments ,  r a d i a -  
tion and magnet ic  
f luxes (wt. 135 lbs)  

b. M e a s u r e  e l e c t r o n  d i s -  
t r ibut ion and dens i ty ;  
a l s o  s t u d y  c o s m i c  
noise  ( w t .  110 lbs)  

c. M e a s u r e  effects of 
m e t e o r o i d  i m p a c t  
(wt. 3400 Ibs) 

d. Study ion and e l e c t r o n  
dens i ty  (wt. 157 lbs)  

e .  Biological s t u d i e s  
(wt .  200-250 Ibs)  

I. I n t e r p l a n e t a r y  magnet i  
f ie lds  (wt. 181 Ibs) 

g. D e t e r m i n e  t h e  exis tanc 
of l iving o r g a n i s m s  in  
upper  a t m o s p h e r e  

h. o t h e r s  

Photograph l u n a r  topo- 
graphy for Apollo- LEM 
probe;  L a n d e r  - soft  l and  
on t h e  moon t o  ana lyze  
s u r f a c e  

Land m a n  on  t h e  moon 
and  e x p l o r e  its s u r f a c e  

Land 250 Ib & 1 0  f{, 
R e t u r n  80 lb  & 2 ft 

L u n a r  o p e r a t i o n s  o p e r a t e  
up t o  2 y e a r s  

L u n a r  s u r f a c e  inves t iga t i  

L u n a r  s u r f a c e  inves t iga t i  

L u n a r  s u r f a c e  inves t iga t i  

: l e c t r i c a l  
P o w e r  
k q u i r e d  

1 5  - 50 
w(e) 

0 , 0 2 5  - 
0. 125  Kw 

1 . 5  
Kw(e) 

0.1 - 0.5 
Kw(e) 

Kw(e) 

2 Kw(c) 

4 Kw(e) 

5 Kw(e) 

3 - 15 

. - ~  

Miss ion  
ura t ion  

3-6  m o  

0. 5 - 
1 Y r  

1 mo 

I d a y s  

14 - 730 
d a y s  

28 days  

9 0  d a y s  

2 year.. 

-. . . . . . -, 

r a j e c t o r i e s  
Launrh  and 

Fina l )  

a. AMR 

PMR 
c .  AMR 
d. AMR 
e. AMR 
f .  - - -  
g. - - -  
h. - - -  

b. AMR- 

AMR 

AMR 

Equator ia l  
Launch  

Equator ia l  
Launch 

A M H  

AMR 

AM t7. 

~ ~ - 

Launch 

Vehic le  

Del ta  
scout  
S a t u r n  1 

A t l a s /  
Agena, 
Atlas/  
C e n t a u r  

S a t u r n  1 B  
V, SIVB 

S a t u r n  V 

S a t u r n  V 

S a t u r n  V 

C 



Tab le  I11 (Cont’d) 

Part  111 - Plane ta ry  

Missioi 
No. 

35 

36 
(Same a s  
No. 10) 

I 

38 

39 

blission - Objec t ives  

;cientific p r o b e s  - to 
,e deployed t o  p lane tar ,  
x h i t s  or s u r f a c e s  for 
la ta  acquis i t ion 

Explorer  
I .  I n  t e rpl ;i ne t a r y 
j, l onosphc re  
3 .  I’egasus 
i. I l i rcc t  Measuremen t  
:. 13ios:itellites (Bios)  
.. l.,uiiar Anchored 

In t e rp l ane ta ry  
4 .  L’ppcr Atinuspl iere  

1,ife I’rolx 
1. IJnivers i tp  Exp lo re r  

( r epea ted  in o t h e r  
s p a c e  regimes) 

Jupiter. Flyby 

Mercury Flyhy 

T m F  
Period,  
Jumber 
i e q ‘ d  

L96S-6! 

I !I67 
I h l ‘ l l  

1080’s 

1972 - 
I977 

1973 - 
1978 

Space Environment  

Ii. .erplanetary 

(orb i ta l  /lunar l i n t e r -  
planetary) ,  deep  ear th  
orbi ta l  (I50.000 n m i .  
apogee e a r t h  orb i ta l  

A s t c ro id  - .I upi tc r 
k;nvironniciital Study 

Interplanetary 

Interplanet ;iry 

Manned 
or 

lnmanned 

lnmanned 

lnmanned 

! I l l l l ; l l l l l l . . d  

! n m ;i nn e tl 

111111 a I I  ned 

Mission Profile 

To d e t e r m i n e  gravi ta t iona 
f ie lds ,  high par t ic le  fluxe 
mic ro ine teo ro id  f ie lds  

a. Study va r ious  space 
env i ronmen t s ,  rad ia-  
tion and  magnet ic  
f luxos ( w t .  1:15 IbS) 

t r ibut ion and densi ty;  
a l s o  s tudy c o s m i c  
noise  ( w t .  110 11,s) 

c.  M e a s u r e  effc:cts of 
111 e t  cor ui d i in pact 
( w t .  3400 Ibs) 

d. Study ion and e lec t ron  
dcnsi ty  ( w t .  I57 Ibs) 

c .  13iological s tud ies  
(Wl. 200-250 11,s) 

1. Intcrplanetavy tn:ignet i 
f ie lds  ( w t .  1111 11,s) 

g. I>c te rminc  t t i c  cxis tanc  

uppel‘ atni~l!q~lll:l~c 

I,. M e a s u r e  e1ec:lriin [ l i s -  

of living orfi:inisins i n  

11. o t h e r s  

Study a s t e r o i d  l)i:lt 1x1 wcc 
M:irr; and . Iul) i tc i . .  pt~iilii: 
J u p  i t e r e nv iron 111  c n  t :und 
other planets - M a i ~ i n c r  I I  

Pionee r  type cr;lfts 

’I’V p i c t u r e s ,  riicJiation 
itnvironiiicnt at riii>sptieric 
s tudy 

TV I’iclui.es, rcidiation 
cnvironinent ,  :itmospheric 
s t I1 dy 

Elec t r ic :  
Power  

t e q u i r e d  

K w ( e )  
0.  05-0. 5 

1 5  - SO 
W(C)  

50 w(c) 

I - 1 . 2  
K w ( e )  

0. 4 K w ( c  

Mission 
Jurat ion 

2 y e a r s  

3-6 m o  

2 y e a r s *  

2 yearst 

2 y e a r s *  

-a jec tor ies  
Launch and 

Final)  

A M  H - I’M H 

a.  A M I 1  
b. A M I t -  

PMR 
c. A M I t  
d. A M I t  
e. A M I t  
1. - - -  
g. - - -  
h. - - -  

A M I t  

A M I 1  

A M I t  

Launch 

Vehicle  

t l a s /  Agen 
r s i m i l a r  
{pe laurfch 
chic le  

Delta 
scou t  
Sa tu rn  1 

Sat u r n  
cl:1ss 

Atlas /  
C cn t a ur 
or o t h e r s  

At las /  
Cen tau r  
or others 
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'art Il l  - Plane ta ry  (COI 

Mission - Object ives  

M a r i n e r - M a r s  Flyby 

San Marco  

In t e rp l ane ta ry  Mo, . 
a )  T ra in ing ,  checkout  

b) Lande r  type m i s s i o n  
and  flyby 

Voyager  ( M a r s  or 
Venus Planet  Study) 

ABL (Automated 
Biological  Lab) f o r  
detect ion and c l a s s i -  
f icat ion of Mar t i an  l i fe  

V r n u s / M a r s  Recon. 
Miss ion  (Redefined) 

M a r s  Landing 
( P o s t  Apollo) 

Manned M a r s  Mission 

d) 
"ime 
P e r i o d  
Vumbei 
Req 'd  

La te  
1960's 
hrough 
E a r l y  
1970 s 
I A t P  
1960's 
E a r l y  
1970's 

1970's 
1980 's  

1970 's  
1980,s 

1971- 
1977 

e a r l y  
1970 's  

Late  
1980 's  

Late  
1980's 

Post 
1980 's  

Space  Environment  

In t e rp l ane ta ry  

In te rp lane tary  

In t e rp l ane ta ry  

In t e rp l ane ta ry  

In t e rp l ane ta ry  

M a r s  

In t e rp l ane ta ry  
400 day flyby 

Mar t i an  env i ronmen t  

In te rp lane tary  

Manned 
o r  

Unmanne 

(Jnmanne 

Unmanne 

Manned 

Manned 

3nmanne  

Jnmannej  

Jnmannet 

Jnmannei 

Vlanned 

Tab le  111 (Cont'd) 

Mission Profile 

Re tu rn  ei i route  data  
par t ic les  and f ie lds  
p e r f o r m  M a r s  expe 
including "TV" (100 

M e a s u r e  s o l a r  p r e s  
and o the r  e x p e r i m e ,  

Same  bas i c  des ign  i 
Apollo, conduct intc 
planetary experimei  

Surface and environ 
explorat ion 

Spacecraf t  4000 t o  t 
Dounds 

Mart ian l i fe  - Voya 
type s p a c e c r a f t  - to 
landed on M a r s  for 
ing and c lass i fy ing  

Voyager type s p a c e ,  

Voyager type s p a c e ,  

Manned explorat ion 
Mars  environment  - 
Ixtend s p a c e  s tudie:  

l e c t r i c a l  
Power 
equ i r ed  

0.  15-0. 21 
K w ( 4  

2 5  w(e) 

10 - 2 0  
Kw( e )  

Same a s  
above 

0. 6 Kw(e 

1 Kw(e) * 

1 Kw(e)+  

1 Kw(e)+ 

5 - 30 
Kw(e) 

Mission 
Iurat ion 

6 mo 

1 y r *  

0 - 1 2 0  d, 
50-600 I 

100- 1001 
d a y s  

! y e a r s *  

! y e a r s *  

y e a r s *  

y e a r s *  

1 - 2  
y e a r s  

' ra jec tor i  
Launch a 

F ina l )  

AMH 

..-._. 

j AMR 
I S  

AMR 

AMR 

AMH 

AMR 

AMR 

AMR 

Launch 
Vehicle  

At las /  
Cen tau r  

s cou t  

S a t u r n  V 

I 

S a t u r n  V 

At l a s /  
Cen tau r  
or o t h e r s  

Sa tu rn  
c l a s s  

Sa tu rn  
c l a s s  

Sa tu rn  
c l a s s  

S a t u r n  5 

_ _  - . . 

C 
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rt IV - S o l a r  arid I k e p  

Mission - Obiec t ives  

Extended P i o n e e r  

Advanced P i o n e e r  
( s o l a r  p r o b e ) o r b i t s  
0 .02 - 0. 3 A u  of Sun, 
a lno 0. 05 - 0. I Au 

Out of ?l ipt ic  P r o b e  
(25'-30 out of 
ec l ip t ic  o rb i t )  s tudy 
i n t e r p l a n e t a r y  p a r t i c l e  
c o s m i c  phenomena 

I n t e r s t e l l a r  P r o b e s  

Comet In te rcept  

* Est imated  

lace 

e r i o d ,  
umber  

Tirne 

Leq'd 

Late  
1960 ' s  
Ear ly  
1970's 

Late  
1960's 
Ear ly  
1970's 

Ear ly  
1970 's  

1967 
th ru  
1980's 

1 9 7 0 ' s  

- 

$ace Environment  

In te rp lane tary  

In te rp lane tary  

In te rp lane tary  Space 

Ext ra  Solar  Sys t em 

In terp lane tary  

Manned 
or 

ynmanne  

Unmanne 

Unmanne 

Unmannc 

Unmanne 

Unmanne 

Table. 111 (Cont 'd) 

Mission Prof i le  

Monitor s o l a r  and i n t e r -  
p lane tary  phenorncna 
fo rm o r b i t s  of 
0 . 4  - 0.6 A u  of Sun 
(130 - 1 4 0  lb) 

Orbit  0. 2 - 0. 3 A u  f rom 
the sun  - s o l a r  phenomen 
study (neut ron  f luxes ,  
e tc .  ) poss ib le  to 0. OS - 
0. 1 A u  o r b i t s  

'I'o be launched outs ide  of 
the  ec l ip t ic  phenomena 
(spacecraf t  will be  Ex-  
tended o r  Advanced 
Pioneer  type) 

Investigate n e a r e s t  s t a r s  
e s c a p e  t r a j e c t o r y  

Karth orb i t  ( M a r i n e r  
type c ra f t )  

Clectrical  
r'ower 

l e q u i r e d  

. 5 K d e ) +  

I Kw(e)* 

0. 5 Kw(e  9 

1. 5 Kw(e)* 

0. 03 
Kw(e) 

i se ion  
luration 

y e a r s +  

y e a r s  4 

y e a r s  

y e a r s  4 

0.5 - 1 
y e a r  

r r a j e c t o r i e s  
Launch and 

Fina l )  

A M R  

A M H  

A M R  

AMR 

A M R  
P M  11 

Launch 

Vehicle 

Centaur  Atlas1 

Sa turn  
c l a s s  

Sa turn  V, 
Centaur  
or Centaur  Atlas1 

Sa turn  
c l a s s  

At las /  
Agena. 
Atlas I 
Centaur  
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standpoint of aerospace and nuclear  safety wi l l  r equ i r e  the s a m e  techniques 
and countermeasures  for  launch approval.  

B .  Mission Induced - __ Problems Affecting Aerospace Nuclear  Safety 

Having identified future  aerospace  miss ions  invol different space  
reg imes  ( e a r t h  orbital ,  lunar ,  planetary,  and s o l a r  
summary  of the condit.ions that could be imposed upon 
aborts  should occur  during any phase of the mission 
The abort  conditions s t rongly influence the select ion a 
sys t em in that safet.y mu.st be a s su red  under a l l  abort  
possible mission induced aerospace  safety problems 
in the different space  reg imes  a r e :  

s ign  of a power 
tions .. Ti?erefore,  
mus t  be considered 

1 .  P rob lems  Common - to All  Space Regimes 

a .  Type of spacecraf t  - geometry,  ma te r i a l s ,  s t ruc tu re ,  etc. 

b .  Location of the power system within the spacecraf t .  

c .  Sys tem design to sat isfy both r een t ry  and launch pad abort 
requi rements .  

d .  Radiobiological shielding requirements  to meet  pe rmis s ib l e  
radiation design c r i t e r i a  for manned space  explora.tion. 

e .  Radiation shielding of sensi t ive on board components. 

f .  Exposure of the s y s t e m  to meteor i te  and high vacuum effects 

g Poss ib le  collision between spacecraf t s  during rendezvous and 
doc king op erat  ions 

h.  Tracking, guidance and control operat ions.  

i .  Spacecraft  environmental  control 

2 .  Ear th  Orbi ta l  

a .  Orbital  injection e r r o r s  - decreas ing  orbi ta l  l ifetime, higher 
r een t ry  heat r a t e .  

b .  Pos t  -injection aborts  during space  maneuvers  which might cause 
p rema tu re  reent ry  of the s y s t e m  a n d / o r  poor attitudes for  the 
r een t ry .  

C .  Post- inject ion aborts  yielding a breach  In fuel containment via a 
coolant loss ,  e tc  , combined with ear ly  r een t ry  for l a r g e  fuel 
inventories designed fo r  intact reentry.  



3. L,unar - 

4 

a .  T rans luna r  injection e r r o r  - r een t ry  at supe r  orbi ta l  velocit ies,  
direct  in te rsec t  lunar  t ra jec tory ,  yielding hypervelocity impact .  

b .  T rans luna r  midcourse guidance malfunction. 

c .  
.$- 

L,unar approach guidance malfunction ( r e t r o  f r o m  t rans lunar  
t ra jec tory) .  

Lunar  descent  ( re t ro  f r o m  lunar  orb i t  to lunar  su r face ) .  
.- 

d. 

e .  Lunar  ascent and rendezvous malfunctions 

f .  T r a n s e a r t h  injection, guidance, and subsequent r een t ry  and 
touchdown (impact the ea r th ' s  su r f ace ) .  

g .  Long t e r m  exposure of any nuclear  lunar  su r face  sys t ems  to 
meteor i te  effects,  high vacuum and tempera ture  cycles (+ 250 F, 
day and night conditions). 
ance only when the nuclear  s y s t e m  were  to be re turned  to ea r th .  

0 

This point would have g r e a t e s t  import  - 

Planetary,  Solar  and Deep Space 

a .  Longer flight t ime ( s y s t e m  component fa i lure  yielding planetary 
impact) .  

b .  More suscept ible  to environmental  effects,  i .  e . ,  exposure to both 
high vacuum and tempera tures  (on  missions c loser  to the sun)  and 
me teo r i t e s .  

c .  Increased number of guidance maneuvers  a s  well a s  increased 
communication and t racking difficulties. 

d .  P lane tary  capture and subsequent entry into unknown types of 
a tmospheres .  

e .  Poss ib le  ea r th  r een t ry  a t  superorb i ta l  velocit ies s e v e r a l  t imes 
that of ear th  orbi ta l .  

f .  Poss ib le  collision with interplanetary deb r i s ,  such as  the a s t e ro ids .  
This would not yield a safety problem to ea r th  but is in the s a m e  
c l a s s  of accidents as  planetary impact .  
space  environment before i t  can be studied. 

Contamination of natural  

In summary ,  the problems generated by the mission on aerospace  safety 
all s e e m  to reflect  themselves in the reliabil i ty of bas ic  spacecraf t  components 
and operational techniques.  Two basic  concerns become immediately evident: 

(1) The  interaction of the nuclear  payload wi th  the vehicle must  
never  compromise the basic  component reliabil i ty vehicle.  



( 2 )  I f  an abort  occurs ,  the nuc lear  device must  have the 
inherent capability to surv ive  ( o r  be destroyed by) the 
resul t ing environment induced by the mission profile,  
w1 thout creat ing the hazard to ear th  populations. 

* -  

C .  Missions a n d  Applicable Power -~ System Identification 

In o r d e r  to place the evaluation of basic  aerospace  safety philosophies 
and techniques, which is the major  a i m  of this study, into proper  perspect ive 
relat ive to the overa l l  space  p r o g r a m  shown i.n Table 111, those missions which 
may be flown with nuclear  power plants must  be identified and the cha rac t e r  of 
the possible nuclear  fuels and plants defined. Mission requi rements  a r e  com- 
plex and vary  in power requi rements  f rom 15 watts(e) fo r  an Explorer- type 
mission (1965)  to 60 kilowatts(e) for  a Television Broadcast  System (1975-1980)  
and in duration f r o m  1.4 days fo r  an Apollo mi.ssion to five y e a r s  f o r  a comx-nunl- 
cations sa te l l i t e .  The charac te r i s t ics  of t h ree  p r imary  energy s o u r c e s  - 
nuclear ,  s o l a r ,  and chemical - and numerous methods for  energy conversion 
were  studied. 
e lectr ical  power in space  may be shown to have specific advantages for  u se  in 
cer ta in  space  missions o r  experiments .  F o r  instance, a battery powered 
system f o r  a Jupi te r  Flyby might be desirable  based on the type of experiments  
to be performed,  but would unquestionably be too heavy as the s y s t e m  has  both 
long l i fe  and high power requi rements .  
there  a r e  many p a r a m e t e r s  which must  be carefully considered in the select ion 
or identification of a space  power s y s t e m  fo r  a par t icular  mission.  
of the l a r g e  number of var iables  associated with a given mission involving 
both tangi.ble technical. analysis and intangi.ble value judgments, i t  i s  not 
possible to present  any s implif ied formula  for  establishing the opt imum aux- 
i l iary power s y s t e m  for  a given miss ion .  
depend upon the following types of considera.tions: 

Each of these methods o r  combinations of methods f o r  producing 

This i s  i l lustrat ive of the fac t  that 

Because 

F o r  example, the select ion must  

Mission duration 

Manned o r  unmanned. 

Mission t r a j ec to r i e s .  

Mission environment ( ea r th  orbital ,  lunar ,  planetary,  and 
s o l a r  and deep space ) ,  t empera ture ,  radiation, meteor i tes ,  
e t c .  
Type of experiments  to be per formed.  

Weight and volume l imitat ions.  
Power requi rements .  

Power cycling charac te r i s t ic  (peak to average ra t io)  

Type of heat sou rce .  

Reliability and maintainability requirements  ( conver te r )  

Nuclear safety.  
--.;?---- --- --___ . \, . 

---=\ --p- - 
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In addition, cer ta in  charac te r i s t ics  such  a s  the degree  of s y s t e m  
development at  the planned mission initiation t ime and spacecraf t  power 
s y s t e m  integration must be considered.  

4 .  

In- o r d e r  to define those sys t ems  which can be flown non-nuclear ,  the 
charac te r i s t ics  of non-nuclear power plants a r e  shown in Table  1V, com-  
piled f r o m  Reference 4 and updated. 
able to nuclear  power were  then selected and their  general  cha rac t e r i s t i c s  
a r e  shown in Table  V .  

Those missions which a r e  most  amen-  

The  following s y s t e m  features  were  determined:  
.- 

(1) Nuclear o r  non-nuclear energy s o u r c e .  '$ ( 2 )  Radioisotope o r  r eac to r  s y s t e m .  .$ (3 )  Type of energy conver te rs .  ;;I ( a )  Applicable radioisotopes.  

(4) Heat s o u r c e  cha rac t e r i s t i c s .  

(b)  Quantity requi red .  

Recognizing that mission experiments ,  instrumentation, and schedule  
in the la te  1960!s and beyond a r e  somewhat speculative,  s ince  each space  
mission if possible must be based upon the cumulative knowledge of s p a c e  
gained up to the t ime of mission pre l iminary  design; a p r i m a r y  and a second-  
a r y  type of energy source  was select.ed. 
p r imary  energy source  a s  the method to be developed for  the mission would 
provide the most  flexibility and, in general ,  be consistent with mission r e -  
qu i rements .  If, af ter  thorough consideration of mission and power s y s  t em 
requi rements ,  a c l ea r  decision could be made for  a specif ic  type s y s t e m  
it  w a s  identified as ei ther  nuclear  o r  non-nuclear .  

At present ,  the select ion of the 

F o r  purposes  of this study, radioisotope sys t ems  were  considered 
feasible  up to 1 0  Kw(e) and above this level  r eac to r  s y s t e m s  were  considered 
m o r e  des i rab le .  Of course,  the exact power level at which r eac to r s  become 
m o r e  logical nuclear heat sources  the isotopes may vary f r o m  mission to 
mission,  and such  levels have not been accurately established a s  yet .  

Since nuclear  safety is a direct  function of the quantity of isotope 
launched, the maximum inventory f o r  each mrssion was based upon a the rmo-  
e l ec t r i c  s y s t e m  at an efficiency of 5 - '7 percent  which i s  a projected efficiency 
based on anticipated technology improvements .  
conversion w a s  a l so  calculated where applicable using an efficiency of 15 - 20 
percent .  
p resent  SNAP-8 technology, it i s  anticipated that ma te r i a l s  and design break-  
throughs now in evidence (Reference 5) wil l  justify these  values in the 1970 -80 
t ime  per iod.  
hold t'ime between fueling and launch. 

The  inventory for  dynamic 

Although these efficiencies may be considered optimistic based on 

Also considered in the inventory requi rements  was a 30 day 

Based on mission and sys t em requi rements  the following radioisotopes 
were  considered:  plutonium-2 38, promethium-1 47 ,  polonium-2 10 and 
s t ront ium-90.  Plutonium, promethium and polonium were  se lec ted  on the 
bases  of their  low charac te r i s  tic radiation levels  both neutron and gamma,  

. - .. 
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under developmelit at Westinghouse. 

crrsts may drop I,y a factor. o f  3 ove1; 

. Systeni v r r y  sensitive t o  i n i r r o r  attltud 
1,imits of t 3 in in .  of a r r  must he main 
tained. 20% power drop for 30 min. of 
a r c  aiming e r r o r .  

!. llighest tes t  t i m e s  a re  solar converter5 
to date 100-200 h i -s . ,  with 50-100 
thermal cycles .  

I .  Highest s y s t e m s  ef t .  to date 2-570. 
I .  Advantageous for  operat ions i n  radiatic 

or high tempera ture  environment. 
I .  Orientation req,iirernents only t 3 / 4 O  

no t  s e v e r e  compared to hlar iner  Venus 
probe. 

2 .  Subject to s a m e  development problems 
a s  reac tor  Rankine Cycles. 

3 .  Ideal as  low cost space  test bed for 
reac tor  dynamlc sys tems.  

4 .  Not a s  sensi t ive to m i r r o r  dis tor t ion a 
thermionic s y s t e m s .  

I .  Foture bat tery design ob]ectives 
0 .  20  Kw-hr / lb .  

1. Water recovery  pr ime importance. 
2. Regeneration o f  cell reactants  possihlc 

in future  increas ing  duration. 
3. Remupply concepts being considered fti 

space station use.  
4 .  Fuel consumption decreases  markedly 

on standby power. Fuel cell ba t te r ies  
may be pulsed to high powers for  shor 
t e r m s .  

I ,  High fuel consumption. 
2 .  Most a t t ract ive for  peak power appl i -  

cations when planetary t irhlts  a r e  1 reached 
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Table  V (Cont 'd l  
. .  . 

Miss ion  and Probable  P- 

'ewer S y s  

I e ct io n 

11c I e a r 

luclear 

luc lear  o r  
Ion-Nurle,  

Nuclear lNon-Nuclear )  

Discuss ion  

0th power leve l  aild m i s s i o n  durat ion 
:quire the  use of a r e a c t o r  s y s t e m .  
>wer  r e q u i r e m e n t s  a r e  too high for ISO-  
lpe s y s t e m s ,  even  in  module f o r m  (fuel 
iventory).  

e a c t o r  s y s t e m  ( s a m e  as above) 

T h e  

0th e n e r g y  s o u r c e s  a p p e a r  feas ib le  f r o m  
miss ion  s tandpoint  ( s e l e c t i o n  depends on 

r e a t e r  definit ion of m i s s i o n  c h a r a c t e r ) .  
iel  c e l l s  might he desirahl,e.  if long t e r m  
eliabil i ty can  he achieved ( the  s y s t e m s  
e n e r a t o r  w a t e r  a s  a by-product  d e s i r a b l e  
)r manned appl ica t ions) .  Or ien ta t ion  
lay produce  difficult for  solar s y s t e m s .  
'he c o m p a c t n e s s ,  non-or ien ta t ion  and 
7eedom f r o m  env i ronmen t  indicate that 
u c l e a r  s y s t e m s  offer cons iderable  ad- 
an tages .  
> r  i n - o r b i t  decay  d isposa l .  

T h e  planned o r b i t  a l s o  provides  

F M  and TV l a r g e  s a t e l l i t e s  a r e  
unmanned but a r e  ca l led  out a s  
m i s s i o n s  5 and 6 .  

idioisotope 

or 

Reac tor  

Reac tor  

Leactor; pos 
ible l a r g e  
adioisotope 
y s t e m  

Radioisotop 

Type of 
Conver te r  

Dynamic o r  
T / I  

T I E  I TI1 
or Dynamic 

T I E ,  T / I  o r  
Dynamic 

Heat Source  Characl  

iotope or 

rHx 
C,' l9 
C. 

2 3 8  
'U 

1 y r )  
'm 

y r  

1 y r )  

14 

238 
'U 

-- 

TI1 a t  13% 
e .  

I 1  

I1 

/ E  
/ I  

230 

115-301 

1 6 0 4 3 C  

1 4 - 2 0  
7 .  7 

kwct, 
Dyn. 

~ 1 5 0  

5 -6 .  5 

-- 

'r o jec  t ed 
'eriod for 
A iss ion 
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Post 1975 
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1.7 x 1'1 ore r 
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Cll I l l  s i l  t 

'I' i 1.1 IS  
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T a b l e  V (Cont 'd)  

Miss ion  and P r o b a b l e  Power  Sys tem Ident i f icat ion 

P o w e r  Systei  

; e lec t ion  
P r i m a r y  

s=Md=#- 

No!]- Nuclear 

N u c l e a r  o r  
Non- Nuclear 

Non- Nuclear 

Nori- Nuclear 
nnd Nuclear 

N o n - N m l e a r  

N ~ I I -  Nuclcal 
)r N u c l e a r  

N ~ i c l  ea r 

N u i l c a r  

N < ) n -  N u c l c a ~  
0 1 '  Nuclear  

(Nuclear  / Non- N x l e a r )  

D i s c u s s i o n  

S o l a r  Cells  (Operational)  

Non-nuclear  e n e r g y  s o u r c e s  have been 
used and probahly will continue to use tlii 
type. l lowcver ,  as s m a l l  nuclear systeni  
becomes more adaptable  to th i s  type m i s -  
s i o n  they  m a y  be used  on later exper i -  
m e n t s  par t icu lar ly  those  involving lunar ,  
p lane tary  or deep s p a c e  m i s s i o n  where 
the source would not i n t e r f e r e  with mis-  
vion ohjec t ivcs .  S o l a r  and chemical 
powered  devices  a r e  most  a t t rac t ive  I r o n  
both a power lovcl and m i s s i o n  duration 
s tandpoint .  

Ual te r iev  (Nicke l -Cadmium)  and Solar 
C e l l s  

Solar  c e l l s  a r e  being used  on  t h i s  type 
sa te l l i t e ,  liut long term re l iab i l i ty  i H  
questionable (5 y r s ) .  T h i s  application i s .  
however.  v e r y  su i tab le  for nuclear  powcr 
( I reedom f r o m  envi ronment  and in-orhit 
decay  woultl m i n i m i z e  poHt initision d i s -  
posal  - 6 0 0 0  11. m i .  or syn .  (22 ,  500 n .  m i .  

Solar  and chemica l  ( s o l a r  c e l l s  a r e  heing 
used) .  

Solar  cells atid b a t t e r i e s  

SNAP,-SA (r>u2:") power unit; also solar 
c e I I s and batt e r i es ( n ic  ke I - c a d m  i u i n )  

T h e  c o m p a c t n e s s  and freedom spat:" envi  
ronment  point t o  the  .]so o f  nuclear powcr 
Ilowcver.  solai. cells 01' b a t t c r i c s  niay h i !  

d e s i r a b l e  based upon w i s s i o n  profile. 

Solar  and b a t t e r i e s  are  c u r r e n t l y  1)eing 
used,  h u t  nuc lear  power appc:it's very 
s a t i s f a c t o r y  and i s  compat ib le  with n i i ss i  
require  m e  l i t .  P I  aimed ac t  1 v i t  ies call for 
the use of a nuclear  s y s t e m  (SNAP-19) to  
t es ted  with thii h'irn1)irs c ra f t .  I'ossibly t t i  
total  powcr rcqui re incnts  (250 w ( e )  ) m a y  
h e  sa t i s f ied  w i t l i  a nuc lear  sys t em i f  a s -  
soc ia t cd s 11 f c t y p roh I e 111 s c :I I I be t' cso l  ve  11 

W -  
r 
:vel 
v(e1  

I25 

3 1 5  
LO 

35 
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. 0 5  
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to 
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D5 

325 
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1 .  0: 
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or 

Reac tor  

Heat Source C h n r a r  
T y p e  of 
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0. 335  

, 2 5 0 - 0 . 3 0  

0 . 7 5 7  

0 .  866 

1 . 1 4  

I .  20 

I .  :io 

- - - _ _  

0 . 7 3  

0 . 9 5  

___._ 

0 . 5 7 7  

0 .  761 
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rejected 
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1964-  
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1971 - 1 9 8 0  

H 
U 
I 



P a r t  I - B .  
- 

VZlS 

VO 
;io1 

- 
18 

19 

2 0  

21 

Mission 

11 A 0 
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T a b l e  V (Cont 'd)  

M i s s ~ o n  and P robab le  I'ower Sys t em Ident ificat ion 

Non-Nuclear  

N on - N ur lea  r 

Nucler  o r  
Non-Nuclear  

Nuc lea r  

2 m (Nu c I ea r I Non - N 11 c I e a  L.) 

Ilis r us s i on 

Solar s,ysteni w i l l  p r o b a l ~ l y  l i e  used berausc 
of in tegra t ion .  but long t e r m  re l iab i l i ty  for. 
this  mi s s ion  is def ini te ly  a p r o b l e m  ( 5  y r  
l ife) a l s o  or ien ta t ion  diff icul t ies  may pose 
r e s t r i c t i o n s .  T h e  long life and  non-o r i cn -  
tation c h a r a c t e r i s t i c s  of  nuc lea r  s y s t e m  
make  i t  d e s i r a b l e ,  if cornpatabi l i ty  c a n  be 
achieved between t h e  e x p e r i m e n t s  and the 
nuc lea r  s o u r c e .  

Solar  and chemica l  power I S  probably most  
d e s i r a b l e  for  e a r l y  m i s s i o n  throughout the 
6 0 ' s .  T h e  inherent  or ien ta t ion  toward the 
s u n  f o r  s o l a r  expe r imen t  enhance  the  use 
of s o l a r  power s y s t e m s .  T h e  long l i fe  i s  
a l imi t ing  fac tor  for non-nuc lea r  s y s t e m s ,  
hence nuc lea r  power f o r  e a r l y  70 's  might 
b e  v e r y  d e s i r a b l e .  

Mission prof i le  definition IS  r e q u i r e d  be-  
rore  a power s y s t e m  may be se lec ted .  Thc 
proposed m i s s i o n  du ra t ion  and power level  
may be adquately r e s o l v e d  by e i t h e r  s y s t e n  
Specific da ta  r e q u i r e d  f o r  s e l e c t i o n  in-  
c ludes:  m i s s i o n  env i ronmen t ,  type of 
expe r imen t s ,  sens i t iv i ty  of equipment  and 
3ower demand  prof i le .  

r h e  power leve l ,  m i s s i o n  du ra t ion  and 
:ype of m i s s i o n  a r e  ideal ly  s u i t e d  to nuc le -  
2r power b e c a u s e  of i t s  c o m p a c t n e s s ,  non- 
3r ientat ion.  long l i fe  and cornpatibi1it.y 
with mis s ion  oblec t ives .  
3ower safe ty  p r o b l e m s  o c c u r  do  no keep 
l a c e  with the r e q u i r e m e n t s  for the syS tems  
z r  s y s t e m  may be implemen ted ,  even 
hough they are subjec t  to both rad ia t ion  
and t e m p e r a t u r e  deg rada t ion .  

If  s p a c e  nuc lea r  

Itadioi s ot opc 

Radioisotope 

Radioisotope 

Hadioisot ope 

.. 
I ype 

O f  
C o n v e r t e r  

TIE or T I 1  

2.  5-1. 5 T I f  

1. 9-3.  9 T / I  

7. 10 

9. 41 

0. 723 

0. 95 

7 . 5  

8. 15 

.‘ejected 
Zriod for 
i s s ion  

. I  
967 - 1980 

b 

969-1980 

170-1972 

i r l y  70's 
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l i s s i o n  

T a b l e V  (Cont 'd)  

Mlss lon  and P r o b a b l e  P o w r r  S y s t e m  Ident i f i ra t ion  
~~ 

e l e c t  ions 
P r i m a r y  
Secondary  

quclear 

'Jon- Nuclear' 

'J uc lca  I' 

Non- Nuclear 

N~rc lca  I. 

Discuss ion  

S a m e  a s  above) T h e  n o r m a l  or lentat ion 
t h e  s p a c e c r a f t  toward  the  sun for an 

cxper imenta l  purpose  m a k e s  it des i rab le  
for solar c e l l s .  However,  the potential of 
nuclear s y s t e m s  to e l i m i n a t e  the la rge  
oanel areas m a y  be v e r y  d e s i r a b l e  i n  tha t  
it m a y  extend t h e  f ie ld  of observa t ion  
[ so  that  spec i f ic  or ien ta t ion  may nnt he 
requi red) .  

Solar c e l l s  on f i rs t  s y s t e m s  litter units 
may c o n s i d e r  n u c l e a r  power .  

The power level  and dura t ion  requiremeiit  
lor th i s  rriission a r e  su i ted  to a n u c l e a ~  
s y s t e m ,  also t h e  m i s s i o n  prof i le  at prese 
~ o u l d  a p p e a r  compat ib le  with a nuclear 
Rourcc. Non-Nuclear power ( s o l a r )  m a y  
b e  used  but  long l i fe  and or ien ta t ion  requi i  
m e n t s  m a y  pose  s ianif icant  problem :ireas 

Solnr : ind cheni ical  powered  devices  m.iy 
b e  used to nchieve qunter  m i s s i o n  c o i n -  
pntnbility than  could b e  obtained with ii 
nuclear  s y s t e m .  
nuc lear  s y s t e m s  may b e  incorpora ted  in 
the s y s t e m .  

For the longer  m i s s i o n s  

Since o r i  e i i t i i  t io 11 i Y rcq ti i re d fro 111 a II 
ope rat  ioii:i1 st and point sol ai' pow cr e i l  
device m:iy bi: effective i i i tegrated without 
addi t ional  wt. for or ien ta t ion .  A l s o  the 
power leve l  is well within the  capal i i l i t ies  
of solar devices.  however,  the 2 year 
m i s s i o n  l i fe  m a y  be l imi t ing  and a riuclear 
s o u r c e  could become a t t rac t ive .  

T h i s  se lec t ion  is b a s e d  upoii inissiiin r e -  
qui ren ien ts  (pressure natura l  backgrourid) 
T h e  high power level  aiid long duration 
r e q u i r e m e n t s  may  be m o r e  consis tent  
with the potential of nuc lear  s y s t e m s .  

111 tlic t inic  per iod  dcsii.eil,  ;I r i i i c l c a r  s y s  
tern might l i e  ni i ist  a t t r a c t i v e  based upoii 
power level elid missioi i  t i m e .  
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I 
1s- 

M i s s io n 

Cxplorer 

; , i rv .  Orb 
1n<1 I,an. 

lpoll(l 

.EM 

toving 
J e h i c l e s  

aunar 
Uxploratio 

Power  Syst 

Pr i m a r y 
clcctioris 

V u  c I e a  r 

Nun- Nucleat 

Nun-  Xucleai 

Nuclear  

N t i  r I e a 1' 

(Nu r I e a r I No n - N uc I ea 1 . )  

Discuss ion  

( S a m e  a s  M i s s i o i r  N C I .  10) 

'lie f i r s t  flights will use non-nurlear devic 
ut l . t i t t , r  flights will probably use  nuc lear  
ewer hecause of t h e i r  cornpatabi l i ty  w i t h  
11' I una 1' c nv i r o n  nie nt ( I  e s s d e  p e d e  nt upon 
;trying soloi. condi t ions) .  a l s o ,  the  higher 
pycific power and c o m p a c t n e s s  of design 
uint toward  the s e l r c t i o n  of a nuc lear  
y s t e m .  

'<le1 ce l l s  have h e e n  s e l e c t e d  for the mis-  
iun ,  hut t h e i r  u s e  will d e p e n d  upon the c s -  
, ihIishment of i,eliahility. I f  nuclear  s y s -  
e r n  dtwrlopinents p r o c e e d s  rapidly,  and 
s s o c i a t r d  safe ty  p r o b l e m s  riin he ef fec-  
ively reso lved .  they may he  used o n  l a t e r  
l ights .  

'uel cel ls  have been  s e l e c t e d  f o r  the 
niss ion,  hut the i r  u s e  will depend upon 
he es tab l i shment  nf re l iah i l i ty .  I f  nuclear  
y s t e m  developments  p r o c e e d s  rapidly,  an  
s s o c i a t e d  safe ty  p r o b l e m s  c a n  he  e f lec-  
ivcly reso lved .  they m a y  he  used o n  l a t e r  
l ights .  P o w e r  level  and dura t ion  a r e  w e l l  
uited f o  non-nuclear  devices .  

-he power 1evt.l and dura t ion  var ia t ion  
14 days  to 730 days)  s u g g e s t  the use  of a 
e a c t o r  s y s t e m .  flowever.  f o r  the low 
lower r e q u i r e m e n t s  only rad io iso tope  s y s -  
e m s  m a y  he  used  ( l e s s  than  10 Kw(e). 
Jor i -nuclear  s y s t e m s  m a y  h e  used for shot  
lurat ion m i s s i o n s .  

'he u s e  of nuc lear  powered  s y s t e m s  is 
les i rah le  for  th i s  type m i s s i o n ,  both the 
luration a n d  the power r e q u i r e m e n t s  a r e  
Jell within the capabi l i t i es  of e i t h e r  a n  i s 0  
ope o r  r e a c t o r  s y s t e m s .  
le cons idered  for the  28 and  90 day m i s s i o  

F u e l  c e l l s  m a y  

.adloisotope 

:adloisotope 

ladioisotope 

ladioisotope 
' re fe r red  
'os s i hly 
Reactor 

ladioisotope 
Poss ib le  

Reac tor )  

'l'ypt- 
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vllssion 

Sci(:ntifi(: 
I' r o t> e 

Ex pi (> re  r 

A s t e r . -  - 
I q i t e r  

I 

J up it c r 
171 y by 

Ller(:,lr.y 
I'lyhy 

VI. : 
VIars 

r l l  1 f I t : l '  - 

;'I yby 

P o w e r  S y s  

P r i m a r y  
Secondar)  

Norr-Nuclear 

- 
; e lec t ions  

v ucl car  

vuc:ll::l I' 

Vo 11- N uc I ea I' 

Jon-Nuclear  

n ( N u r l e a r l N o n - N u c l e a r )  

Dlscuss ion  

A se lec t ion  cannot be m a d e  until t h e  type 
e x p e r i m e n t s  to be p e r f o r m e d  have been dc 
fined. Solar c e l l s  or o t h e r  solar devices 
will b e  l imi ted  b a s e d  on  t h e  s p a c e  reg ime 
to b e  explored .  The m i s s i o n  durat ion,  tht 
re l iab i l i ty  a n d  the  low spec i f ic  power of 
chemica l  s y s t e m s  ( b a t t e r i e s )  l i m i t s  their  
usefu lness  to a nar row region.  Also.  the .  
a r e  s e n s i t i v e  to l a r g e  t e m p e r a t u r e  f l u c t u i  
l ions.  
pose  s t r i n g e n t  weight r e q u i r e m e n t s  to 
s a t i s f y  m i s s i o n  rad ia t ion  f ie lds  t h e  nuclea 
s y s t e m s  will be v e r y  a t t rac t ive .  

I f  nuc lear  sh ie ld ing  does  not im- 

(Same a s  Miss ion  No. IO) 

'The m i s s i o n  dura t ion  and  type of space  
envi ronment  are well s u i t e d  to  t h e  use o f '  
o nuclear  device .  Solar  c e l l s  are not a t -  
t rac t ive  b e c a u s e  of the envi ronment  (me-  
teor i te  and  solar flux). T h e  long rnissioll 
duration i s  not cornpatable with chemical 
s y s t e m s .  

rhc: power level ,  durotiori and envi ronmcn 
i r e  well s u i t e d  to the  c h a r a c t e r i s t i c s  of 
i u c l e a r  power .  
~ y s t e m s  would be s e v e r e l y  l imi ted  in th i s  
'nvironment for the  planned m i s s i o n  d u r a -  
. ion t i m e .  

;alar powered d e v i c e s  a r c  ideal ly  swtcd tc 
tie high t h e r m a l  flux envi ronment ,  convcrs 
hc  chemica l  s y s t e m s  are not as  des i rab le  
11 t h i s , r e g i o n .  Nuclear  s y s t e m s  offer 
:onaiderable flexibility in  t h i s  reg ion  due t 
h e i r  g r e a t e r  f reedom f r o m  the  envi ronme 
-elat ively to  o t h e r  type s y s t e m s .  
:ompactness  i s  also v e r y  d e s i r a b l e .  

;alar c e l l s  are c u r r e n t l y  being used. Again 
h e  power leve l ,  durat ion,  and type of 
h e r m a l  envi ronment  a re  well su i ted  to  
ion-i iuclcar  (solar) s y s t e m s .  For later 
light, riucleat s y s t e m s  m a y  be u s e d  to 
ichieve a more  compact  design.  

Both solar and chemical 
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Tab le  V (Cont'd) 

Mission and Probable  Power Sys t em Identification 

Pow e r Systc 

P r i m a r y  
Secondary 

Ion - N uc I e a r  
I' Nuclear  

;e lect ions 

luc l ra r  

N II c 1 e a I' 

N o  n - N uc I ea  r 

Nuclear 

Nuclear  

Nuclear 

( N  u cl  e a I' I No n - Nuclear  ) 

Discuss ion  

his  type of power s y s t e m  mus t  be se lec tec  
%sed  upon the  type of expe r imen t s  to be 
: r f o r m e d  on a given mis s ion .  
i c l e a r  and s o l a r  s y s t e m s  a r e  capable  of  
i t i s fy ing  mis s ion  r e q u i r e m e n t s .  

a s e d  on power level  and du ra t ion  a ~ C R C ~ O I  
< s t e m s  is mos t  a t t rac t ive .  The  feas ib i l i t j  
, n -nuc lea r  s y s t e m  in t h i s  region is ques -  
oned.  

he f r eedom f r o m  the  s p a c e  environment  
nd compac tness  of design f o r  th i s  type 
l iss ion m a k e s  nuclear  power the logical 
io ice .  Both s o l a r  and b a t t e r y  s y s t e m s  
o u l d  be s e v e r e l y  l imi ted  o n  th i s  type of 
l iss ion because  of  t e m p e r a t u r e  f luc tua-  
oils and the p l ane ta ry  env i ronmen t s .  

r l a r  o r  chernic;il s y s t e m s  would he morr 
xnpa t ih l e  with mis s ion  r e q u i r e m e n t s  hut 
le long m i s s i o n  l i fe  may pose signif icant  
ifficulties with the c h e n ~ i c a l  s y s t e m  and 
3ssibly. to  a l e s s e r  extent  with the s o l a r  
ysteni. If p e r m i s s i b l e  radiat ion leve ls  
an he  me t ,  a radioisotope s y s t e m  would 
rovide both a compact  and  high specif ic  
3wer s y s t e m .  

he f r eedom f r o m  env i ronmen ta l  effects  
s well a s ,  su i tab le  power and life r e q u i r e .  
lent m a k e s  the se lec t ion  of a nuclear  devic 
r ' s i rable .  Non-Nuclear  cons ide ra t ions  a r t  
imi la r  to  t h o s e  ident i f ied for mis s ion  4 4 .  

Both 

(Same a s  Miss ion  No .  45) 

k a c t o r  power s y s t e m  is requ i r ed  based  01 

0th power and durat ion.  
nventor ies  would be prohibi t ive i f  the  total 
ower  w e r e  t o  he gene ra t ed  via isotope 
ys t em design might  he used t o  sa t i s fy  the 
3w power r e q u i r e m e n t s .  
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Tab1e.L 'ont 'd)  
Miss ion  and P r o b a b l e  Power  Sys t em Ident i f icat ion 

Ext 
Pi v nc c r 

A d \ .  
I'ioncer 

so I our 
E3 c: 1 I pt I c 
I'l~olle 

P o w e r  S,VStl  

se lec t ions  
P r i m a r y  
Secondary  

\I u r  I e a r or 
\Io ti - h' ri~: lea r 

Vuclear or 
V o II - N U  c I ea I' 

N iicl c.:i I 

N ui: 1 (::I r 

(Nuclear  INon- Nuc lea r )  

D i scuss ion  

:ased o n  a 5 y r  long mis s ion  durat ion and 
power level  of 0 . 5  Kw(e) i i  nuc lea r  y y s -  

?m is mos t  d e s i r a b l e .  The se lec t ion  can 
nly be made a f t e r  thorough considerat ion 
f m i s s ion  prof i le  ( expe r imen t s .  radiation 
Imils, s p a c e  cnvironmenl .  mi s s ion  ch1ra- 
.on and powcr demand prof i le ) .  

(Same a s  Mission No. 48) 

f com[intibility c a n  be achieved between 111 
iuclc:ir s o u r c e  and on boa rd  oxperiments  
he se lec t ion  of il nuc lea r  s y s t e m  would 
bermit the dcuign of  a ve ry  compac t  syn- 
e m  thus  yielding a l o w  c r o s s - s c c t i o n  for 
nc leor i lc  impac t .  Also. the  f reedom 
tfforded by a nuc lea r  device f r o m  the fligh 
,nvironmcnl  is v e r y  desir;it)lc for  this  typc 
nisnion. 

Same as Mission No. 50) I n  t h i s  c a se  the 
n iss ion  environment  and durat ion mny d ic .  
: i tc  the lype of power s o u r c e .  'I'cmpi:riitul 
nrint ions along thc t r a j e c t o r y  ~ : o u l d  plac:c* 
8tr ingcnl  l imi ta t ions  upoii both solar arid 
liemical powered s y s t e m .  

(Same an Mission No. 51) 

~ ~~ 

Radioisotope 

or 

Reac to r  

a dl01 s ot ope 

l lca t  Source  C h a r  

rvoe of 

TIE 7.3 
r i i  5 . 4  

' r / E  7.3 
'1'11 5 . 4  
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Mission 
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1 9 R O ' s  

I !J70's 
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their  decayha1.f-life., and their  specif1.c power (wat t s /gm) .  F o r  missions 
where radiation level was not considered a l imiting factor,  strontium-90 
was selected.  
f o r  space  useage when the mission profile,  instrumentation, and isotope 
availability and cost-have been analyzed for a par t icular  mission.  . Also, 
technological advancements in the development of radioisotope fuel fo rms  
may provide additional flexibility in t e r m s  of nuclear  safety fo r  cer ta in  
isotopes.  
s o m e  of the s a m e  missions as Pu-238. 
i s  required,  l ighter weight sys tems occur  for  the Pu-238. 
ence 6 indicates that because 'cjf the availabiiity problems with Pu-238, 
Cm-244 should s t i l l  be considered to  Fill in the power requirements  gap. 
Therefore ,  this isotope has  a lso been consi.dered in Section of this s tudy.  

This does not imply that other  radioisotopes a r e  not desirable  

This i s  especially t rue  fo r  Cm-244 which may be considered f o r  
However, in all  cases  where shielding 

However, Re fe r -  

A summary  of the expected launch inventories based on Tables  111 and 1 7  

It can be s e e n  that throughout the 196 5-70 t ime period, i s  shown in Table VI.  
Pu-238 and Pm-147 represent  the majori ty  of the inventory launched, in the 
19?c?-'!5 t ime period, Pu-238 and Po-210 s e e m  to show the highest u s e ,  and 
f r o m  1975-8U Pu-238, C m - 2 4 4  and Pm-147 appear most often. 

F r o m  the standpoint of aerospace  safety therefore,  the safety tech- 
niques which have most application to Pu-238 systems should have highest 
developmental potential with Po-210 and Pm-147 sys tems being considered 
fo r  the intermediate and s h o r t  mission t imes respectively.  

The peak possible useage of radioisotopes appears  i n  the 1 9 7 0 - 7 5  t ime 
period which means that i f  the fu l l  potenrial of nuclear  auxiliary power is to 
be real ized in this t ime period decisions to institute development of ae ro -  
space  nuclear safety techniques, which will both keep hazards  to an acceptable 
level and not compromise the T-ziz mission objectives, must  be made in. the 
1965-67 time period. 

D .  Power Plar,t h d u c e d  Problems Affecting 
A e r o s x c e  Nuciear Safetv 

Identification of nuclear power piant indnced problems which affect 
sys t em design and in t u r n  the safety approach to be followed throughout the 
mission, resolve themselves into two bas ic  a reas :  (1) the type of energy 
converter ,  and ( 2 )  the type of nuclear  energy source  (radioisotope o r  r eac to r ) ,  

1 .  Energy Conversion Techniques 

a Dynamic Sys t ems .  Rackine, Brayton and Stirling 

loss  of coolant flow o r  complete lo s s  f r o m  the s y s t e m  - fa i lure  may be 
induced by meteori te  puncture, s e a l  leakage o r  failure (high speed 
shaf t  o r  high p res su re  pumps),  compopent failure (pumps,  valves, 
bearing, e tc  ) ,  zero gravity conditions and corrosion caused by the 
working fluid 
vacuum welding of moveable heat dump shut te rs  and doors  o r  changes 
in  emissivity coating on radiating sur faces  

Overheating and meltdown of the nuclear  source  resul t ing f r o m  

Other causes  of overheating and meltdown include 

- 
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b.  

ments,  such as the high normal  operating tempera tures ,  the com-  
pactness of heat sou rce  design (auxil.iary heat dump required for  
abort  situation to prevent meltodown) and fuel containment difficulties 
under miss i le  abort  conditions because of l imited mater ia l s  which 
have good high tempera ture  oxidation res i s tance ,  s t rength,  and 
impact propert ies  . 

Thermionics  
the design of a nuclear  sou rce  to satisfy bas ic  safety r equ i r e -  

Sever  a1 i n tr ins i c charac te r  i s t i cs  complicate 

C .  Thermoelectr i  c s .  This type converter  imposes l e s s  stringent 
conditions upon the design of a heat sou rce  that will sat isfy the 

basic  nuclear safety requirements  than the previous type conver te rs .  
However, if the p r imary  heat rejection sys t em util izes a circulating 
coolant then the problems associated with the s y s t e m  a r e  in many 
a r e a s  s imi l a r  to the dynamic conversion sys t em.  

2 .  Energy- Source 

a .  Radioisotopes. The selection of a par t icular  radioisotope and its 
fuel capsule for  a given mission to minimize induced safety prob- 

l e m s  is a complex i terat ive process  involving the following considerations:  

Nuclear propert ies  - Half-life, decay scheme (type and energy of 
emitted radiation), and impurity isotopes.  

Chemical propert ies  - Fuel  form,  mater ia l  compatibil i t ies,  and 
impurity effects on stabil i ty.  

Thermal  and Physical Proper t ies  - Power density, thermal  con- 
ductivity, heat capacity, heat of fusion, density, gas gen- 
eration and retention, meiting point, boiling point, specific 
activity, viscosity,  and sur face  tension. 

The fuel and the containment s t ruc tu re  must be  evaluated throughout 
all phases of the mission to insure  compatibility and compliance to the 
selected safety design c r i t e r i a .  In addition, the radiological and radio- 
biological charac te r i s  t ics  of the radioisotope must be considered under 
conditions of containment and/ o r  planned r e l ease .  Specific considera-  
tions must  be given to the effects upon cer ta in  c r i t i ca l  organs ( i .  e . ,  
S r -90  bone seeke r ,  organ burden, r;otal body burden and maximum 
permiss ib le  concentration and sur face  contaminations. In general ,  
the magnitude of induced hazard i s  a function of radioisotope inventory 
except for  those isotopes which a r e  fissionable. 

b .  Reac tors .  The p r imary  induced safety problem i s  one of post-  
mission disposal (should it be orbi ta l  destruct ,  orbital  s torage,  

reent ry  burnup, e tc .  ). The magnitude of induced hazard i s  correlatable  
to the total fission product inventory which i s  a function of power level 
and operating t ime.  As  in the case  of radioisotopes,  the f u e l  element 
mat r ix  is of chief importance in es  tabl I shing the aerothermodynamics 
and aerochemis t ry  reent ry  charac te r i s t ics  of the fuel which dictates 
the feasibility of burnup and high altitude d ispersa l .  To minimize 



11-27 

the magnitude of nuclear  accidents and to reduce  the probability 
of their  occur rence  numerous r eac to r  flight safety c r i t e r i a  have 
been developed to provide a guideline f o r  s y s t e m  evaluation. 
Curren t ly  plausible r eac to r  design c r i t e r i a  includes:  

(1)  Reactor  s y s t e m  shal l  be designed to prevent accidental  
cr i t ical i ty .  

( 2 )  Reactor  sha l l  not be s t a r t e d  up until des i rab le  orbi t  has 
b e en.-ver i f i ed . 

( 3 )  Inherent shutdown mechanisms sha l l  be incorporated such 
a s  moderator  loss on cladding fai lure  o r  coolant flow 
stoppage, and negative t empera tu re  coefficient. 

( 4 )  Terminat ion of reac tor  operation upon mission completion. 

( 5 )  Sys tem and component design to sat isfy reent ry  burnup 
and atmospheric  dispersal .  when desirable  based on mission 
charac te r i s t ics  of low orbi ta l  l i fe t ime,  operating t ime and 
power level. 

( 6 )  The  r eac to r  sys t em sha l l  be designed, experimentally 
ver i f ied,  t ransported and integrated into the spacecraf t  
without endangering the general  public o r  handling personnel 

Only a f te r  thorough consideration of power plant induced safety 
problems,  a s  we13 as mission induced probl.ems, can an acceptable 
safe ty  design approach be established that will permi t  the utilization of 
nuclear  power i.n space .  
tional standpoint, specific data on the par t icu lar  mission and vehicle 
under consideration must be utilized to develop a s y s t e m  which will 
sat isfy miss ion  power requirements  and integrate  into the spacec ra f t .  
Accordingly, the degree to which a nuclear  s y s t e m  complies to 
selected nuc lear  safety c r i t e r i a  can only be determined af ter  a detailed 
analysis  of the final spacecraf t  and its probable modes of fa i lure  
throughout the mission.  Since many of the studied aerospace  missions 
have not been sufficiently detailed (type of spacecraf t ,  location of corn- 
ponents, launch t ra jec tory  and/or  vehicle,  o ther  nominal t r a j ec to r i e s ,  
type of power sys t em,  etc .  ) to permi t  specif ic  safety analysis,  nuc lear  
safety design c r i t e r i a  were  developed that would permi t  general  design 
and development of nuclear  sys t ems  for  the planned missions within 
acceptable safety guidelines. The objectives being to de te rmine  the 
l imi t s  of application of feasibility of the safety technique to a general  
c l a s s  of miss ions  r a the r  than to the i r  specif ic  missions shown in 
Tables  111 and V. This was accomplished by considering both mission 
and power plant induced aerospace  nuc lear  safety problems.  

A s  in the design of a s y s t e m  f rom an ope ra -  
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111. POSTULATION O F  AEROSPACE NUCLEAR SAFETY PHILOSOPHIES 
AND THEIR APPLICATION TO FUTURE MISSION PROFILES 

T h e  .definition of future  nuclear  miss ions  undertaken in Section I1 
of this study can now s e r v e  a s  a bas i s  to which var ious Aerospace Safety 
Philosophies can  be applied. This  LS shown in Table  VI1 which considers  
ten aerospace  safety techniques applicable to end of l ife disposal  of the 
nuclear  heat s o u r c e  a s  applied to the four c l a s ses  of missions - -  ear th  
orbi ta l ,  lunar ,  planetary; ._ and so la r  and deep space .  

These  ten techniques can be categorized into the following general  
c l a s ses  of ult imate disposal techniques: 

Intact Reentry 

( a )  
(b)  Intact controlled r een t ry  (non-recovery)  

( c )  

(d)  

Reentry Burnup 

( a )  
(b)  Pa r t i a l  burnup - microsphe res  

Orbital  Storage 

Escape a n d / o r  Space Disposal 

Space Destruct. 

Space Recovery 

Intact controlled r een t ry  with recovery  

Intact uncontrolled - random reen t ry  

Intact uncontrolled r een t ry  with recovery  

Complete burnup with high altitude dispers ion 

For purposes  of consistency, these  philosophies sha l l  be defined a s  
follows : 

1. Intact Controlled Reentry With Recovery 

The  heat sou rce  can be  re turned  intact  to a predetermined s i t e  
o r  s i t e s  on the s u r f a c e  of the e a r t h  and be recovered  intact a f te r  impact 
without causing undue hazard  to  the e a r t h ' s  population during any phase of 
the miss ion  prof i le .  

2 .  Intact Controlled Reentry (Non-Recovery) 

The  heat sou rce  has  the ability to r een te r  intact and in a s e m i -  
controlled fashion, That i s ,  the heat s o u r c e  can be guided to l a r g e  r emote  
a r e a s  such  as an  ocean for  ult imate disposal but does not have the capacity 
to land within a small predetermined recovery  a r e a .  



Tabla VI1 Aerospace Suclear  Safety Criteria and Thei r  Potential :\pplication to Space Regimes 

~ ~~~~~~ ~~ 

- 'Pr imary  Disposal Philosophy 
... Secondary or Uackup eentry Hurnup with High . \ l t i tude  I l i s p e r s i o n  ( 5 )  

itart Incont ro l l rd  Iterntry with Rccovrry 

itact Lncontrolled Reentry ( 3 )  

( 4 )  

itact (:ontrolled Reentry (Son- Recovery) (2)  

Ullal 

i t )  I ' r ~ ~ ~ ~ i i I s i o n  fa i lurr  (fir,,  and 

h) 1:uplusioii (propellant tank 

r )  Orhititl in,l('rtion er rors  

d)  Orbital t r a n s f e r  collisions 

e )  \Irteoriti. and vacuum 
i m l u i w l  elfpcts 
(1.0 m 1)o lit' nt la1 I u re) 

f )  Spxt'ri.aft environmental 
conti.ul sys tem fa i lure  

g )  Spacerraft  docking arc idents  

ti) I'reniature s ta r tup  or es- 
curs ion  (rt,actor sys tems)  

' ~ ~ p l ~ ~ s i o n ~  

f a i l  urr) 

(guidaiirc. fa i lure )  

a) P I  anslunar. injection errors 
from an  ear th  parking orbit  

h) M i c l i w u r s c  and lunar approacl 
guidance and control mal- 
lunrtio#i 

c )  I.unar orbit and r e t r o  
d) I.unar landing nialfunction 

(Iws of coolant, radiator 
damage.) 

e )  I .unii i .  a s tvn t  and rendezvous 

I )  ' r ranstar th  injection 
(guidance, control. o r  
r om ni 11 nir ;it ion) 

g) Sletrorite and vacuum in- 
duc. t' d dit. c t s ( com pone nt 
failure, 

ti) 1'rul)ulsion system fai lure  

Consequences 

Ballist ic reent ry  or short  orhi t  

Fire. overpressure ,  reent ry  

Ballist ic reent ry  or short  orbit 

Power sys tem damage, reentry 
a l te red  
I.oss of coolant. possible meltdown 
and vacuum welding of components 
( sys tem failure) 
Overheating andlor  meltdown 

Power sys t em damage, reent ry  
a l te red  
High radiation and fission product 
inventorv (short-lived orbit) 

Super orb i t  reen t ry  (earth), lunar 
impact, or heliocentric or sel i -  
nocentric orbit) 
Super orbit reent ry  (ear th) ,  lunar 
impact. or heliocentric or sel i -  
nocentric orbit) 
I.unar orbit  or impact 
Possible overheat with re lease  of 
f u e l  

Spacecraft  collison. overheat and 
meltdown, degrade ablator or 
reent ry  scheme 
Superorbital  reent ry  (earth), 
heliocentric trajectory,  ear th  
orbi t ,  and subsequent ear th  impact 
Superorbital  reentry (earth), 
heliocentric trajectory.  ear th  
orbit, and subsequent ear th  impact 
Bal l i s t r ic  reent ry  or short  orbit 

. .  
( 6 )  Reentry Burnup with Partial  Dispersion (Microapheres) 
(7) Orbital  Storage"(lnlac1 or Burnup Reentry Mode)*+ 1 

Escape Space Disposal'; (Intact or Burnup Reentry Mode)** ! (8) 

(9) 
. I  

Space Destruct" (Nuclear andlor  NonT Nuclear) 
(Intact or Burnup Reent ry  Mode)** 

Space Recovery" (Intact or Burnup Reehtry Mode)** 
' I  

(10) 

i l  

(Applicable) This  class of technique has  the potential i . !  
I .  I '  

Symhol Definition 

of satisfying to varying degrees  the overall  
aerospace  nuclear sa fe ty  philosophy within 
t@ operational and design limitations of th. 
mission and vehicles considered. 

This c l a s s  of technique can be used in only 
very  l imited situations or i s  thought to be 
extremely sensit ive to the quantity and type 
of radioisotope, reliability, point of use  in a 
mission. or the develapment of new technolo 
I n  addition i t s  use may induce complications 
i n  the design of the vehicle or power plant 
which could compromise the mission. 

This c l a s s  of technique would definitely 0 ( ~ ~ ~ ~ i c a b l e )  compromise public safety,  the mission. 
vehicle or powel' plant to such a n  extent as 
lo make its use prohibitive. 

I 
0 (Marginal) 

Remarks 

Space C r i t  er  i o  n 
Regime No. Disrussion 

Earth Orbital 3 Depends on f u e l  quantity and type. ' 

8 Exciassive weight penalty. 

L d n a r  3 Depends on fuel quantity and type. 
Cislunar r e t u r n  velocities may 
dir ta te  heavy reentry vehicles. 

4 I.!mited to  small  sys tems 

' 10 Possihli. for aborts v. hich do not 
pertut h in i t i a l  earth parking 
oi .bl ts or c r e a t e  satel l i te  in- 
s tabi l i t ies  which cannot be damped. 



Table VI1 (Cont'd) 

teen t ry  Burnup with High Altitude Dispersion ( 5 )  
~ 

, I  
~~~ ~ ~~~ 

( 6 )  Reentry Burnup with Partial  D>sDersron (MicrosDheres) 

ntact Uncontrolled Reentry with Recovery (4)  

1 
Escape Space Disposal*(lntact or Burnur, Reentrv Mod$ 

ntact Uncontrolled Reentry (3) ~~~ ~~ 

(9) Space Destruct* (Nuclear a n d l o r  Non-Nuclear) 
ntact Controlled Reentry (Non-Recovery) (2) (Intact or Burnup Reentry Mode)** 

ntact ControlI  
(Manned andla  

.O )  Space Recovery" (Intact or Burnup Reentry Mode)** Reentrv with Recoverv 
UnmanGd Missions) - 

Abort ,pace Reglme Consequences 

Superorbit reentry,  heliocentric orhit  
or planet impact 
Superorbit reentry.  heliocentric orbit  
or planet impact 
Breach of fuel containment via over -  
heat, corrosion or high velocity impact 

I temarks  Space 
Criterion 

Space Rcgime No. ' lanetary a), Transplanetary t ra jec tor  e r r o r s  

b) Guidance and communlcatlon 
fallurea 

c)  Hostile envlronment (planetary) 
chemtcal. ex t r eme  tempera ture  
fluctuatione, compoalte of 
atmospheres (hlgher grnvity) 

d) Meteorite and high vncuum in-  
duced effecte (component fa i lure]  

e )  Power sys tem control (stnrtupl 
shutdown). (power excurslon) 

I) Rendezvous and docking 

U i sc u s s  i 0 n 

Weight penalty too s e v e r e  
for cveri small  iilanetary 
nystems. 

C). K. f u r  park ing  orbit  
abor t s  and ear th  r e t u r n  
missions.  

I..i in i t i:d lo iiear e:i r t ti. 

Not ;tpplicable t u  end uf 
in i s  s ion d i s p u s  a l .  .but 
applicable to aecent abor t  

t:xci!ss reentry velocit ies 
at  e n d  o f  mission. 0. K. 
f u r  I:iunch aborts and 
sm;ill sys tems.  

1'1 aiietary 4 

7 

Breach  of fuel containment via over -  
heat. corrosion or high velocity impact 
lligh radiation and flssion product 
inventory 
Colllelon - degrade thermal  control 
sys tem (overheat or meltdown). a l te r  
sys tem aerodynamic characterist ics.  
Surface burial and meltdown. 
Surface burial and ineltdown. 

Siipi:rortiital reentry (cartli) and helio- 
centric trajectory 
1:nrth reentry or heliocentric 
trii jectory 
IJrencli uf f u e l  c:iiiit;iiiiiiii:nt structuri: 

Drcach of fuel containment s t ruc tu re  

IO 

g) Planetary landing 
h) Propulslon sys tem (f l re  and 

exploeion) 

a) Launch injection 

b) Guidance and communication 
fail ure s 

c )  Hostile environnicntv of space 
(thermal and nuclear 

d) Meteorite and high vacuum 
induced effects (component 
failure) 

explosion) 
e)  Propulsion sys tem ( f i r e  and 

o l a r  and 
Beep Space 

2 

Breach  of fuel containment s t ructure  
Not applirable l o  l a r g e  
systi!ms o r  end of miss ion  
lllsp"sal. 

{Jse fuel only i f  e scape  ca-  

W i t h  e s c a p e  capability. re -  5 

i cuvery not necessary.  mia-  
s ivn frequency l o w .  

I 

pability f a i l s .  

I 
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3 .  Intact Uncontrolled Reentry 

The heat sou rce  has  the capability to surv ive  random r e e n t r y  
but has  no control oyer  i t s  impact point on the ear th!s  o r  a planetary 
s u r f a c e .  

4.  Intact Uncontrolled Reentry With Recovery 

The heat s o u r c e  has  the capability to surv ive  random r e e n t r y  and 
i s  still uncontrolled, however, it is equipped with a balloon s y s t e m  which 
opens below 1 0 0 , 0 0 0  feet  and suspends the heat s o u r c e  at  reasonable  a i r -  
c r a f t  flight alt i tudes until it can be identified and picked up by a i r c ra f t  in 
fl ight.  
Air  F o r c e  in recovery  of the Discoverer  s e r i e s  of s p a c e  capsules .  
difference i s  in the balloon sys t em.  

The technique is much the s a m e  a s  that a l ready  demonstrated by the 
The  only 

Since the s y s t e m  proposed is an active one, t h e r e  is a finite 
If this occu r s ,  the s y s t e m  r e v e r t s  back to the probability of i t s  fa i lure .  

basic  random intact  r een t ry  postulated in 3 above. 

5. Reentry Burnup With Altitude Dispersion 

The heat s o c r c e  I S  designed to be completely destroyed upon 
r e e n t r y  into the ea r th : s  a tmosphere into debris  which will a s s u r e  a high 
res idence  t ime and dispers ion in the e a r t h ' s  a tmosphere ,  The  eventual 
fallout f r o m  such  a r e l e a s e  should be such  a s  to not r ep resen t  a hazard  to 
the ear th '  s population. 

6 .  Reentry Burnup With Par t ia l  Dispersion (Microspheres)  

The heat s o u r c e  i s  composed of mic rosphe res  of an  iner t  bio- 
logical cha rac t e r  and impervious to any chemical o r  t he rma l  changes during 
or a f t e r  r een t ry .  
breached at a high altitude and the mic rosphe res  fa l l  f r ee ly  to the ea r th ! s  
s u r f a c e .  
mized due to: 

The containment of these  mic rosphe res  is designed to be 

The bas ic  safety concept is such  that biological hazards  a r e  mini-  

(1) Iner tness  of fuel fo rm.  

( 2 )  

( 3 )  

(4 )  

Microspheres  a r e  too l a r g e  to be inhaled. 

Normal  fallout dispers ion i s  such  that the final ground 
concentration wi l l  not be a hazard .  

lngestion hazards  a r e  light and the event r e m o t e .  

7 Orbital  Storage 

The heat s o u r c e  i s  l e f t  in orb i t  until complete decay i s  achieved. 
If abor t s  a r e  such  a s  to yield a sho r t  l ived orbi t ,  these  t e c h n ~ q u e s  w i l l  be 
available to add the necessa ry  velocity requirement  to attain and keep the 
requi red  orb i t .  

- -  .- 



8. Escape and Space Disposal 

In orbi ta l  miss ions ,  the heat s o u r c e  and attendent equipment can 
be put intg an escape  t ra jec tory  yielding deep space  a n d / o r  s o l a r  disposal.  
In planetary miss ions ,  the final t ra jec tory  of the heat s o u r c e  can be con- 
t rol led s o  as to avoid ea r th  r een t ry  and lunar  o r  planetary impact .  

9 .  Space Destruct  

The  heat s o u r c e  can be completely o r  par t ia l ly  reduced in activity 
and eventual r een t ry  hazard  by operations made to occur  in space .  
operat ions,  such  as vaporization and f r ac tu re  of the heat source ,  can be 
t r iggered  remotely o r  by an abort  sequence on board the spacecraf t .  

These  

10 .  Space Recovery 

The  heat s o u r c e  can be recovered  f r o m  the original space  vehicle 
while s t i l l  in space  and re turned  to ea r th  via techniques descr ibed in i t em 1 .  

The  pre l iminary  judgments made in 'Table VI1 show that t he re  a r e  applic- 
able disposal techniques for  each operational space  r eg ime  that oc r  fc ture  
mission profiles define. 
s tances ,  and what the i r  technical 1imi.tations and feasibil i ty a r e  r ema ins  to 
be answered.  

The  questions of which to use,  under what c i rcum-.  

In general ,  the determination of a par t icu lar  r een t ry  mode for 
ei ther  a r eac to r  o r  radioisotopic s y s t e m  must  be pri .marily based on the l i f t -  
off to orbi ta l  inser t ion and the probable r een t ry  t ra jec tor ies  (including the 
post-mission t ra jec tory) ,  the magnitude and nature  of the ratioactive ma te r i a l  
involved, and the accountability requi red .  Each r een t ry  mode has  cer ta in  
advantages and disadva.ntages with respec t  to sat.isfying both mission r e -  
quirements  and the safety philosophy. 
mis.si.on t ra jec tory ,  s y s t e m  and fue l  cha rac t e r  revea l  that burnup is m o r e  
des i rab le ,  the power s y s t e m  would become much light,er and m o r e  des i rab le  
from an overa l l  mission viewpoint. However,  independent of the final reentry 
mode se lec ted  for  the mission the radioisotopic fue l  for  RTG s y s t e m s  must  be 
contained throughout a l l  ground and launch operations in  a manner  so  as not 
to c r e a t e  any undue radiologica.1 hazard.  
rendered  radiologically sa fe  under the s a m e  conditions, especially under 
impact o r  environmental  conditions which could yield an excursion.  
the design (geometry)  and mater ia l s  used in RTG s y s t e m s  which involve 
l a r g e  quantities of fissions-ble nuclei must sati.sfy non -criti.cal a r r a y  requi re -  
ments  under abort  conditions. 

F o r  example,  if an evaluation of 

S imi la r ly  r e a c t o r  sys t ems  must  be 

Also, 

The  following technical discussion of these aerospace  safety 
techniques at tempts  to put them into perspect ive relat ive to feasibility 
l imitations and applications.  

-. . . ._ 





IV-1 

IV. TECHNIC4L EV-ALUATION O F  THE TECHNIQUES 
POSTULATED TO SATISFY FUTURE 

-4 ER OS P-4 C E N U  C LEA R S-4 F E T Y 
- .  REQUIREMENTS 

P r e s e n t  aerospace  safety philosophies c a n  be broken into two distinct 
operational categories ,  philosophies for  r e a c t o r  s y s t e m s  and philosophies 
for  isotope sys t ems .  

._ 
F o r  r eac to r  sys tems,  to date, mos t  att.ent,ion has  been given to 

formulat ion of a flight safety philosophy for  the SNAPSHOT experiment  
and t o  a degree  can  be expected to  influence future  safety philosophies 
fo r  advanced s y s t e m s .  The important points i n  th i s  safety plan are: 

(a) No haza rd  to operating personnel  o r  t o  genera l  public 
f r o m  any assembly ,  pre-launch, launch o r  ascent  abor t s .  

(b) No s t a r tup  until a long life orbi t  has  been achieved. 

(c) Inherent d i sassembly  of the r e a c t o r  into a non.-critical 
geometry  in  any pre-orb i ta l  abo r t s  o r  end of life flight 
abor t s ,  e i ther  by impact o r  reent.ry heating. 

(d) Burnup of the r eac to r  fuel  e lements  into sub-micron s ized  
par t ic les  above 100, 000 feet during a random r e e n t r y  a f te r  
f a i lu re  of all r eac to r  shutdown mechanisms.  

The re fo re  because  of t.he key fea tures  of not. s t a r t i n g  the r eac to r  
until a long-lived orb i t  is achieved and spec ia l  design cha rac t e r i s t i c s  which 
a s s u r e  a non-cr i t ical  geometry resul t ing f r o m  impact o r  during reent ry ,  
haza rds  to  the genera l  public can  be minimized.  In general ,  any abor t s  
on the ground o r  during the  ascent  t r a j ec to ry  to  orbi t  w i l l  not consti tute a 
haza rd  to  the genera l  public because 'any r e l eased  radioact ivi ty  w i l l  
be completely contained in  a particular area remote from any populated 
areas.  This  is achieved by vir tue of the control  of the downrange impact  
points through choice of initial t ra jec tory .  

Hence, the only questionable area arises f r o m  the magnitude of the 
haza rds  which would r e su l t  f r o m  end of life random r e e n t r y  af ter  fa i lure  of 
all shutdown sys t ems .  
and the  concentration of radioactivity are  unk.nown because of the random 
en t ry  into the e a r t h ' s  a tmosphere  f r o m  a decaying crb i t  and the indefinite 
amount. of burnup of the r e a c t o r  sys t em.  

H e r e  both the impact  points of the resu l t ing  debr i s  

The  present  ae rospace  safety philosophy f o r  most  isotope s y s t e m s  
flown o r  i n  the conceptual s tage  to  date can  be  given as: 

(a) Complete containment of the radioisotope fuel on all 
pre- launch,  launch and pre-orb i ta l  abo r t s .  

(b) Burnup of the fuel to submicron  s i z e s  a t  alt i tudes above 
100, 000 fee? upon random r e e n t r y  into the e a r t h ' s  

- - - - - - -  - - - . -  - -  
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(&) Intact r e e n t r y  of %he fuel fo rm if  no biological shielding 
is requi red ,  and the fuel fo rm is iner t  enough to  a s s u r e  i t s  
ecological stabil i ty.  
en t ry  with containment or mic rosphe res .  

Th i s  may take the fo rm of intact  re-  

Dependi.nz on the ascent  prof i les .  t h e r e  could be some abor t s  l a t e  
in the p r e  -orbi ta l  flight which would generat ,e enough energy upon r e e n t r y  
of the radioisotope genera tor  to only par t ia l ly  consume the fuel.  However, 
because the impact points can be controlled by proper  choice of the launch 
t ra jec tory ,  rem0t.e ocean disposal of abor t  debris  can  be achjeved to  a high 
probability. .- 

A most  difficult. paradox ex is t s  i f  t h i s  condit,ion occ.urs. Radioisotope 
fuel f o r m s  wit.h high vapor  p r e s s u r e s  a r e  ve ry  dangerous in- the  par t ia l  burn-  
up case .  Once breach  of the capsule  o c c u r s  a t  low altjtude (h -10 f t ) ,  a 
par t ia l  !:r?akup and vaporization cf the  fuel form may release 
all  of the fuel  ‘in the final. descent leg  of the  t ra jec tory .  Even though t h i s  is 
over  water ,  a radioact ive cloud could eas i ly  be formed and quick1.y mig ra t e  
to a land a r e a .  

5 

There fo re ,  one of the most  favorable  proper t ies  which makes  a fuel 
f o r m  des i rab le  f rom a high altitude hurnup standpoint could produce a 
s e v e r e  hazard  in  a l o w  altitude ascent abort w h i c h  yields par t ia l  burfiup. 

Several  solutions to  this problem exist.. First, as mentioned above, 
the probability of partial  burnup occurr ing  is t ied to  the rel iabi l i ty  of the 
launch vehicle, which is continually being increased  a s  is evidenced by the 
success  of the National Space P r o g r a m .  Second: i f  fuel f o r m s  a r e  chosen 
that have a high vapor p r e s s u r e  only at t empera tu res  which can  be reached  
by sustained heating approximating that. of satellite decay, the r e l e a s e  under 
100, OQO feet f r o m  partial  burnup conditzons can be minimized. 

Thereforei ,  t.he only portion of the present  isotope aerospace  nuclear  
safety cr i . ter ia  which is in  doubt, is the probabil?.ty of complete reduct ion 
of the fuel fo rm to acceptable s i z e s  above 100, 000 feet  via complete re -  
en t ry  burnup or the possibil i ty of feasibly achieving intact  r e e n t r y  i n  both the 
normal  and mic rosphe re  definitl ions.  

Since the te rmina l  s t ages  of the flight a r e  obviously the most  c r i t i ca l  
f rom a safety standpoint two choices a r e  open to the designer .  

The f i r s t  is to  accept the eventual r e e n t r y  and design the nuclear  
sys t em to e i ther  be dectroyed to  the degree  requi red  by the aerospace  
safe ty  burnup c r i t e r i a ,  to be destroyed par t ia l ly  and still achieve acceptable 
ground concentrations,  o r  to survive the r een t ry  intact .  
prevent o r  delay the r e e n t r y  f r o m  occurr ing  and to  use  space  a s  the eventual 
disposal sink for  the radjoactive ma te r i a l  to a s  g rea t  a degree a s  possible.  

The second is to  

In special  c a s e s  a combination of both techniques such a s  space  
destruct ion with eventual r een t ry  burnup may be requi red .  
discussion investigates the feasibil i ty of these  t.wo choices and evaluates  
the i r  implications on syst.em design. 

The foll.owing 



A .  Reentry Burnup and Dispers ion  

The h is tory  of using the inherent  and kinetic energy  of a r een te r ing  
device as  a n  ae rospace  safety technique to  des t roy  the device and reduce  
eventual ground haza rds  da tes  back to  S N A P  3 and 9A, the f i r s t  operational 
isotope gene ra to r s  i n  space .  The  implicat ions of the technique a re  ve ry  
a t t rac t ive  f r o m  a genera tor  design standpoint s ince  they a s s u r e  a minimum 
weight sys tem.  However, with the advent of higher t empera tu re  sys t ems ,  
the ma te r i a l  and fuel f o r m s  requi red  to  maintain the i r  integri ty  under 
normal  operat ing conditions are  no longer conducive to  easy  burnup during 
r e  en t ry .  

In o r d e r  to  de te rmine  the l imitat ions of the genera l  burnup philosophy 
and the i r  implications re la t ive  to  the choice of this  philosophy on future  
nuclear  miss ions ,  t w o  bas ic  questions have to  be answered:  

1. What is the level  of hazard  which can  be to le ra ted  in  
t e r m s  of nuclear  power plant inven?ory added to  the 
e a r t h ' s  a tmosphere  ? 

2 .  What is the destruct ion potential of the fuel f o r m  of 
i n t e re s t  and does i t  sa t i s fy  p re sen t  ae rospace  nuclear  
safety c r i t e r i a ?  

1 .  Determinat ion of Consequences of High Altitude Dispers ion  of Radio- 
isotope Fuel  

Because  of the potential radiat ion haza rd  to  m a n  through r e -  
sulting fallout, a n  analysis  w a s  undertaken to  evaluate the safety of the 
present  ae rospace  burnup cr i te r ion ,  assuming that high altitude burnup has  
occur red  and one m i c r o n  par t ic les  a r e  t.he r e su l t .  A convenient way of in-  
dicating re la t ive  haza rd  is through t.he use  of a nuclear  safety index (NSI).  
Severa l  of the radioisotopes considered most  often f o r  space  use  were used 
in th i s  analysis: 

238 (1) Pu 

210 (3) Po  

147 
(5) Pm 

In o r d e r  to  evaluate a nuclear  sa fe ty  index, ce r t a in  hypothetical 
conditions must  be assumed.  
t.his study: 

The  following assumpt ions  were made for  

(1) Complete burnup in  the mesosphe re  to 1 p 

n in  a 20-70 degree  
- -  

1. I 
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lati tude band in  the hemisphe re  of injection. 

(3)  Mean res idence  t i m e s  as foll.ows (Reference 7):  

(a)  Mesosphere (above 160,000 feet)  - 5 y e a r s  

(b) S t ra tosphere  (40, 000 - 160, 000 feet)  - 2 y e a r s  

(c) Troposphere  (below 40, 000 feet) - 2 1  days 

(4) Beginning of life fuel inventory of 80 Kw(t). Th i s  
r e p r e s e n t s  an average  of proposed fuel inventor ies  
re la t ive  to  the single mis s ion  prof i les  discussed in 
Section I1 of th i s  r e p o r t .  
inventory a r e  linear, definition of only one r e l e a s e  
power level  is necessa ry .  
level can  then be proportioned. 

Since the effects of r e l e a s e  

The  var ia t ions wi th  power 

Using the above assumptions,  maximum activity r e l e a s e s  fo r  each 
of the proposed isotopes can be determined.  
of the var ious  radioisotopes investigated the act ivi t ies  associated with a 
fuel inventory of 80 K w ( t )  a r e  l i s ted  in Table  VIII. 

Based  on the power densi t ies  

Table  VI11 

Isotope 

Pu-238 

Sr -90  

Po-210 

Ce-144 

Pm-147 

Cm-244 

Maximum Activity fo r  80 Kw(t) Release 

Activity Release ( cu r i e s )  
6 

7 
2 . 3  x 10 

1. 3 x 10 

6 4. 6 x 10 

7 1 . 7  x 10 

8 

6 

2 . 9  x 10 

2 . 4  x 10 

Appendix A contains a l l  the fallout and deposition equations 
necessa ry  to calculate activity burdens r ea l i zed  in  the t roposphere and on 
the e a r t h ' s  su r f ace .  Equations (9 )  and (12) of Appendix A were  solved and 
a r e  shown graphically i n  F igu res  1 and 2. Maximum activity burdens for  
80 Kw(t) of each isotope under considerat ion and the corresponding t i m e s  
a r e  shown in Table  IX. 
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l o 1  l o 2  l o 3  
T ime  - Days -4fter Release  

l o 4  

F igure  1. Tropospher ic  Burden v s  Time from a Mesospheric  - 
adi.;f: of 1sotc;pic F::c!l. 
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l o 2  l o 3  l o 4  l o 5  
Time- Days A f t e r  Release  

F igure  2 .  E a r t h ' s  Su r face  vs Burden T ime  from a Mesospheric  
1 Release ,of  80 !;w(t). Ifiitial Loading of Isctcpic F u d .  
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Table  IX 

Maximum Activity Burdens  
* .  

Troposphere  Surface  
T i m e  af te r  Time af te r  

Isot  ope Burden ( cu r i e s )  r e l e a s e  (days)  Burden ( cu r i e s )  release (days) 

P u - 2 3 8  1 . 4 ' ~  l o 4  1 6 0 0  1 . 7  x 10  

S r -90  7 . 2  x 10  1400 7 . 2  x 10 

9000 

6300 

6 

- 6  4 

P o - 2 1 0  2 . 7  l o 4  200 1 . 2  l o 4  375 

Ce-144 2 . 1  x 10 350 2 . 1  x l o 5  600 

Pm-147 8. 3 x l o 5  750 2 . 1  l o 7  1700 

5000 Cm-244 1 . 3  x 10  1300 1 . 0 5  x 10  

4 

6 4 

A "fallout ra t io"  can now be de te rmined  fo r  each  of the isotopes by 
1 1  compar ing  the values of Table IX with those of TableVIII. Fal lout  r a t io s ' '  

a re  shown i n  Table  X . 

Table X 

Fallout Rat ios  

( M axi m u m B u r de n) 
(Maximum Releas  e)  

Isotope Tropospher ic  Ratio Surface Ratio 

P u - 2 3 8  6 . 0 8  x 7 .39  x 10-I  

Sr - 90 5 .54  x 5 . 5 4  x 10-1 

P o - 2 1 0  5 . 8 6  x 2 . 6 1  

Ce-144 I. 1 8  1. 24 x 

Pm-147 2 .  86  x 7 . 5  x 

Cm-244 5 . 4  4.37  x 10-1 

I I  These  fallout ra t ios"  a re  convenient in  that they d i rec t ly  r e l a t e  
maximum activity rea l ized  in  the t roposphere  and on the e a r t h ' s  su r f ace  
to  the init ial  high alt i t ide release of each isotope. 



Recent' evaluation of fallout pa t te rns  (Reference 8) shows that, about 
80 percent  of the worldwide t ropospher ic  and su r face  act ivi ty  burdens 
l i e s  f a i r ly  uniformly between 20 
injection. Corresponding e a r t h  a r e a  and t ropospher ic  volume f o r  this  
region are  as  follows (see Appendix B): 

0 and 70' lat i tude in  the hemisphe re  of 

14 2 A r e a  = 1 . 5 4  x 10 m 
Eart,h 

3 Volume = 1. 65 x 1 0 l 8  m 
Troposphere  

Using the above information and that  given in  Tab les  -VvIII, IX, and X, 
contaminat.ion values  for  each  quantity of f u e l  c an  be  found (see Appendix B 
for  sample  calculations). 

Nuclear  safety indices  are defined as follows: 
maximum t ropospher ic  concentrat ion 

MPCa (air) (1) NSI, (air) = 

maximum su r face  contamination 
( 2 )  NSIs ( su r face )  = M P C s  (surface) 

Graphs  of NSI derived i n  th i s  study a r e  shown i n  F igures  3, 4 and 5 .  
F i g u r e s  6 . 6 ~ ~ ;  Gb,and 6c compr i se  a b a r  cha r t  showing NSI va lues  fo r  each  
of the 52 proposed  mis s ions .  The  values  of M P C ' s  for  air and surface were 
obtained f r o m  N B S  Handbook 69, lOCFR, P a r t  20, r e v i s e d  to  1964 leve ls  as 
shown in Reference  10. 
i t s  high radiat ion level  which mani fes t s  i tself  i n  m o r e  shielding than the 
o ther  isotopes of i n t e re s t  with no apparent. per formance  advantage.  
w a s  not considered due to  its high neutron level  requi r ing  high shielding 
weights for  t.hose mis s jons  where  background radiat ion is impor tan t .  
eve r ,  i n  many casPs i t  is a good substi tute fo r  Pu-238 and could be  used.  
Exact  specification of where  both might be  used and why w a s  felt  dependent 
on  miss ion  and power design detai ls  beyond the scope of t h i s  study. 

Ce-144 w a s  not. considered in  F i g u r e  6,  due to  

Cm-244 

How - 

Maximum pe rmis s ib l e  concentrat ions based  on a 168  hour  week were  
used a s  s tandard  f o r  NSI Some question a r i s e s ,  

however, a s  to  the b a s i s  of maximum permiss ib le  su r face  contamination 
va lues .  

calculations (F igu re  3 ) .  a 

Since the re  has  never  been any extensive r e s e a r c h  into s tandardizing 
permiss ib le  su r face  contaminations,  other  than those s tudies  based  on dairy 
fa rming ,  o r  nuclear  excurs ions ,  maximum pe rmis s ib l e  va lues  used in  this  
r e p o r t  (TableXI f r o m  Refe rence  l 0 ) r e q u i r e  some  explanation. 
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F igu re  6 .  Nuclear Safety Indices fo r  Both A i r  and Surface 
Contamination Assuming Burnup in  the Mesosphere.  

e r  level of each n2iSsicii and + , h ~  
analysis* Appendjx A & R) 
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Table X I  

Maximum Permiss ib l e  Surface Contamination Ranges Used i n  Th i s  Study (Reference  10) 

Range 111 Range I1 Range I 
Minor Restr ic t ions:  Moderate Res t r ic t ions  Severe  Restr ic t ions 

Minor decontamination Moderate decontamina. Total  l o s s  of value 

2 ( c u r i e / m  ) 

N o  evacuation Shor t - t e rm evacuation Long-term evacuation 

N o  Restr ic t ions some  crops  destroyed No c rops  for 1 1 y r  N o  c rops  for  2 5 y r  168-hr MPC 
2 

:. ( c u r i e / m  ) 2 ( c u r i e / m  2 ) Minimuma /2 
Isotope ( c l c c )  (yr )  ( c u r i e / m  ) 

1 
! 

Sr-90a 1 0 - l 0  27 .7  (1 1 to 1 1 to 1 . 1  ) I .  1 :! 
Sb-124 7 0 .  167 (7 x 7 x t o  4 .  6 x > 4 . 6  x - i, 

CO- 60 3 x 5 . 2  ~3 3 x to  3. 4 x 3 . 4  x to 6 x ')6 x 

' I  

I 

I-131a 

C ~ - 1 3 7 ~  

Ce-144 

Pm-147 
Tm-170 

Ir-192 

Po-210 

U-233b 

U-235 

PU-238 
PU- 239 

Cm-242 

3 

5 
2 

2 x 
1 x 
9 

7 x 10- l1  

1 . 4  x 1 0 - l '  

7 1 0 - l ~  

4 x 10- l1  

4 x 

6 x 

0 .022  (6 .  5 x lo- ' '  
26. 6 ( 5  x 

0 .  78  ( 2  

2 .  6 t 2  

0 .354  (1. 

0.  203 ( 9  

7 . 7  10 (1.4 
7 l o 8  ( 4  

86.  4 4 7  

0 .  378 (7 x 
4 

2 . 4  x l o 4  ( 6  x lo- '  
0 .444  ( 4  x 

> 6 . 5  x 
5 to 5 
2 to 1 . 4  

2 to 2 . 7  
1 to 7 

9 to 2 . 7  

7 1 0 - ~ t ~  4 . 5  

1 . 4  4 

4 to 4 I O +  

7 x  to 7 x 
6 x lo- '  to  6 x 

4 to I. 9 

I - - 

5 to 5 l o d 4  )5 

1 . 4  to 1 . 2  > 1 . 2  

2 . 7  x to 9 .  6 x l o d 2  }9. 6 x 
> 7  x - 

) 2 . 7  x - 

7 4  x -7 ' Cm-244 3 x 17. 9 ( 3  x 3 to 3 3 x 10 to 4 x 

Contamination leve ls  for  these  isotopes based o n  dairy f a rming .  
resuspension and inhalation. 

L i m i t s  fo r  a l l  other isotopes based  on a 

b B a s e d  on U-233 containing 550 ppm U-232. Specific activity = 2 x c u r i e / g  U-233 -+ U-232 



, -. .. 

Following the Windscale accident of October  LO, 1957, s tud ies  were  
made  on 1-131, Sr-90 and Cs-137 content i n  milk a s  a function of the con- 
tamination of the surrounding area (Reference 10) .  
recommendat ions by the English Medical R e s e a r c h  Council, maximum p e r -  
miss ib le '  contamination leve ls  were  made.  
has  been done in  standardizing the food uptake cycle,  
r e spec t  to  s t ront ium-90.  

Based  on d ie ta ry  

-4 significant-  amount of r e s e a r c h  
par t icu lar ly  with 

The contamination level  bas i s  for  non-dairy isotopes is handled differ-  
In  the  c a s e  of-these isotopes,  resuspens ion  f ac to r s  have been used in  ently. 

combination with the maximum permiss ib le  concentrat ions in  air, MPC,. 

Using TableXI: i t  can  be seen  that the lower contamination leve ls  f o r  Range 

I11 differ with the MPC, values by a factor  of 

is the resuspens ion  factor  and is re la ted  to  the amount of activity inc rease  
in  the air due to wind pickup of surface pa r t i c l e s .  Values fo r  Ranges I and 
I1 a re  determined by the pa t te rn  se t  by Sr -90  and Cs-137.  

Th i s  fac tor  of 

Exper iments  have indicated a resuspens ion  factor  of 4 x units per  
cubic m e t e r  in air pe r  1 unit per  squa re  m e t e r  of su r f ace  activity f o r  a dusty 
operation in  a confined space .  

f ac to r s  i n  the range  of 2 x 
Labora tor ies  have conducted s tudies  that indicate values  ranging f r o m  1. 3 x 
to  1. 7 x 10 

types of ground, resuspension f ac to r s  of 7 x 10 
(14 /L. par t ic les )  can  be predicted in  a 5 m / s e c  wind. 

Other  exper iments  have indicated resuspens ion  

to  4 x 10-5 (Reference 11). Oak RidgeNational - 

-7  (Reference 1 2 ) .  Based  on wind pickup of pa r t i c l e s  on var ious  
- 2  ( 1 . 5  ,,L par t ic les )  to 8 x 

- 4  F o r  the purpose of this  study, a resuspens ion  factor  of 10 
3 2 

( c u r i e s / m  / c u r i e s / m  ) has  been se lec ted  as represent ing  the mean  valze. 
It is a s sumed  that Range I11 (TableXI) r e p r e s e n t s  the act ion that would be 
taken  a t  a contamination level that would r e su l t  i n  the air being above M P C  . 
A s  w a s  mentioned previously, the lower l imi t  chosen fo r  Range 111 is 10 

x MPC, 168, c u r i e s / m  , fo r  all isotopes o ther  than Sr-90, 1-131, and Cs-137.  

In choosing r anges  fo r  longer res t r ic t ion,  radioact ive decay must  be con- 
s ide red  in  addition to  normal  availability d e c r e a s e  due to  washout o r  absorp-  
tion i n  the soi l .  The following equations were  used  to calculate the lower 
l imi t s  f o r  Range I1 and Range I, and are consis tent  with thc r a t io s  used for  
Sr-90,  1-131, and Cs-137: 

4 "  

2 

Range I1 = (1 / t l  j 2 )  
Range I11 



Referr ing back to F igures  3, 4 and 5,  it. c an  be seen  that NSI values  
based on sur face  contamination a r e  m o r e  c r i t i ca l  than those based on air 
contamination. 
such a s  Pu-238 and Sr-90 which exhibit significant sur face  activity buildup. 
This  s e e m s  to indicA€e that more  extensive r e s e a r c h  into the standardization 
of maximum permiss ib le  surface contaminations is advisable. 
be ca r r i ed  beyond the experimental  levels  reached to date and should s t r ive  f o r  
the development of empir ical  relationships uhich  may well prove to be at l eas t  
a s  significant a s  M P C  values.  

This  is par t icular ly  t rue  of the long half-life isotopes 

Studies should 

a 
.- 

The l imi t s  on maximum inventory that can  be tolerated in the a tmosphere  
f r o m  high altitude and s t ra tospher ic  burnup a s  shown in th i s  analysis  was based 
upon the M P C  data and calculational procedures  l is ted in Appendices A and B, 
and Reference 10. However, at the t ime  of publication of th i s  study, new calcu- 
lational techniques f o r  fallout predict ions a r e  being developed and worked 
with ( s e e  AI-65-144, 9 /20/65) .  These  techniques tend to inc rease  the a t m o s -  
pheric activity predicted by the ana lys i s  u s e d  herein.  
new methods has  not been corroborated at this  writing and AI-65-144 gives  no 
details  a s  to the calculative techniques used. However, p re l iminary  compar i -  
sons of the data presented in  t.his repor t  wit,h new techniques indicates a possible 
range of application of 1 t.0 2 o r d e r s  of magnitude lower than acceptable power 
l imi t s  shown i n  F igu res  3 - 5. Therefore ,  conclusions on atmospheric  burnup 
l imi t s  a r e  given as a range of values ,  felt by the authors  to r ep resen t  safe  
r e l e a s e s  within present  s ta te  of uncert.ainty of the analytical  techniques. 

The validity of these 

2 .  Low Altitude Releases  

The occurrence  of par t ia l  burnup, re leas ing  radioactive ma te r i a l  
in a low atmosphere region, i s  a definite possibil i ty in  any launch abort  of a 
nuclear  sys tem that is designed f o r  complete burnup upon reentry.  
of hazard c rea ted  in  a part.ia1. burnup sit.uation is extremely difficult to analyze 
because of its random nature ,  the interaction of the launch vehicle and the 
power sys tem upor! r e l ease  and subsequent burnup, the radionuclide and fuel 
mat r ix  being re leased ,  and the location of the relea.se.  
lyzing the degree of hazard associated with a low altitude injection of radio-  
active ma te r i a l  was to determine the a tmospher ic  concentration and sur face  
contamination resul t ing f rom r e l e a s e s  in  the s t ra tosphere .  The resul t ing 
contamination leve ls  were then compared with maximum permiss ib le  values  
to formulate  both air and surface Nuclear Safety Indices, NSI's, as a function 
of radioactive mater ia l  injected into the s t ra tosphere .  The  r e su l t s  a r e  p r e -  
sented in  F igu res  7 through 9 .  
a r e  presented in  Appendix B, 

The degree 

The approach in  ana- 

, 

Details concerning the method of analysis  

It can be seen that s t ra tospher ic  inlection of the fuel assuming 1 
micron  size and good circumferent ia l  d i spers ion  due to the jet s t r e a m ,  
still yields a l imit  of severa l  hundred Kw(t) (NSI, L. 0. 10) a s  a maximum for  

Pu-238 sys t ems  which a r e  most c r i t i ca l .  
of two o r d e r s  of magnitude fo r  the NSI, based on calculational procedures  used, 

Assuming a range of uncertainty 
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th i s  gives a minimum. limit, of approximately 2 Kw(t) .The  maximum values  represent a 
power range  of f r o m  15-50 Kw(e) depending on conversion svs tem llrpd f o r  the. 
mos t  optimistic case .  Surface contamination is s t i l l  the most s e r ious  considerstion for a 
s t ra tospher ic  re lease  and this  yields a l imit  of 4-16  Kw(e) f o r  an 1 ~ ~ 1  S = 0 .  10 

(no restr ic t ions) .  p u - 2 3 8  sys t ems  a r e  s t i l l  most c r i t i ca l .  Th i s  is 
close to the range of power requi rements  of Extended Apollo, MORL, and 
manned M a r s  niissions.  

" .  

A s  would be expected, ground and ascent  r e l e a s e s  a r e  the most  s e r ious .  
The  data in  F igures  1@ and 11 w e r e  coupled paramet r ica l ly  re la t ive  to  con- 
taminated a r e a .  This  can be re la ted  back to altitude of r e l e a s e  during the 
e a r l y  ascent  phase if an  abort  which b reaches  the capsule should occur .  
t he  charac te r  of the re leased  fuel f o r m  is unknown (i. e .  , metal,  microspheres ,  
e t c . )  a paramet r ic  contamination plot w a s  presented (F igu res  10 and 11) to  
allow as ses smen t  of the ground hazard  under a s e r i e s  of r e l e a s e  accidents.  

Since 

a .  Ascent T ra j ec to ry  Considerations.  The significance of the low 
altitude r e l e a s e s  discussed above has  to  be  evaluated in  the light 

of choosing the original launch t ra jectory,because only through proper  
choice of launch t ra jec tory  can  the haza rds  f r o m  an  ascent  accident be 
minimized. 

F o r  anticipated ascent  t r a j ec to r i e s  f rom AMR or PMR, an e a r l y  
ascent  abort  occurr ing at  re la t ively low velocit ies and alt i tudes w i l l  
r e su l t  in  the sys t em landing intact  i n  the Atlantic o r  Pacif ic  Ocean 
because aerodynamic heating w i l l  be  pract ical ly  non-existent. 
once the spacecraf t  attains orbi ta l  altitude and velocity sys t ems  de-  
signed for  r een t ry  burnup w i l l  be aerodynamically consumed upon r een t ry .  
Between the intact  and the burnup a r e a  there  is a par t ia l  burnup zone, 
a region where r een t ry  can produce a breached fuel containment s t ruc tu re  
and the typical atteridant fallout pa t te rns  shown in  F igu res  10 and 11. 
This  condition is only acceptable i f  it occurs  ove r  a deep ocean area 
away f rom land m a s s e s .  
problems i n  that the sou rce  may impact down range unshielded (AMR- 
Afr ica  o r  PMR-Antarctica) c rea t ing  a radiological hazard  o r  undesirable 
political situation. 

However, 

Also intact  r een t ry  systems pose s imi l a r  

These conditions may be  minimized through the selection of a n  
ascent  t ra jec tory  which achieves orbi ta l  inser t ion ea r ly  i n  the launch 
phase so as to  provide minimum ground range f o r  bal l is t ic  r een t ry  
should aborts  occur  c lose to orbi ta l  insertion. Ascent profiles f r o m  
AMR and PMR were  investigated to  determine the influence of the 
t r a j ec to ry  on nuclear safety.  

The manned Apollo miss ion  w a s  selected as being representat ive 
F igure  1 2  i l lus t ra tes  the t ra jec tory  prof i le  of a typical AMR mission.  

f r o m  lift-off through orbi ta l  inser t ion.  
vehicle r i s e s  a lmost  ver t ical ly  until the planned orbi ta l  altitude i s  
obtained. 
des i red  orbital  veloci tyis  achieved. This  type launch is 
charac te r ized  by a relatively sho r t  ground range  which pe rmi t s  abor t s  
to occur lat_ejn the launch phase and s t i l l  achieve deep ocean burial  o r ,  

The launch is such that the 

It then t i l ts  over and acce le ra t e s  until such a t ime  that the 

. .  ..> .- . , .  
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for  burnup’ sys t ems  it confines the par t ia l  burnup reg ion  to  deep 
ocean. In an abort  si tuation, a s  shown, the l a s t  possible  abor t  
point for  a deep ocean impact  is displaced toward the Afr ican Coast 
Over 1000 nautical m i l e s  f r o m  the planned orbi ta l  injection point, as- 
suming a bail ist ic typeof  en t ry .  F u r t h e r m o r e ,  i f  the ground range can be 
reduced even m o r e  f o r  other  types of miss ions  the probabili ty of deep 
ocean bur ia l  under an abort  situtation inc reases .  

Figure 13 i l l u s t r a t e s  a n  ascent  t r a j ec to ry  f r o m  PMR for  a 
medium altitude communication sa te l l i t e .  
Apollo. launch, this t r a j ec to ry  does not allow a displacement  of the 
orbi ta l  inser t ion point towards the land mass. Th i s  is due to  the r e i a -  
t ivelyshortground r ange  for  th i s  launch which does not allow abor t s  to  
occur  la te  i n  the launch and i n c r e a s e s  the par t ia l  burnup region over  
deep ocean. The fact  that  a n  abort  point,that may cause  land impact,  
ex is t s  in the t r a j ec to ry  before  orbi ta l  inser t ion  i s  exactly what should be 
avoided. F igu re  13 Llierefore shows an undesirable  t r a j ec to ry  while 
Figure 1 2  shows a des i rab le  one f o r  nuclear  safety considerat ions.  

It can be s e e n  that,  unlike the 

In general ,  i t  m a y  be concluded that  the des i r ed  cha rac t e r i s t i c s  
for  a safe launch t r a j ec to ry  a r e :  

(1) Launch o v e r  ocean areas. 

( 2 )  

(3) 

(4) 

Choice of launch cour se  to maximize open wa te r .  

Vert ical  ascent  t o  des i red  alt i tude to  d e c r e a s e  t r a j ec to ry  
ground r ange .  

High ene rgy  upper s tages  t o  yield orbi ta l  inser t ion  e a r l y  
in  the launch and consequent i nc rease  i n  wa te r  impact  
probabili ty i f  an  ascent  abort  occu r s .  

Hence, i t  is c l e a r  that nuclear safety problems emanating f rom the 
ascent  t ra jec tory ,  independent of the design c r i t e r i a  (intact  o r  burnup). 
may be minimized through t r a j ec to ry  select ion.  

b. Other  Considerat ions.  One l a s t  considerat ion i n  evaluating the 
safety of the ae rospace  burnup c r i t e r ion  is the effect of par t ic le  

s i ze .  I t  w a s  mentioned e a r l i e r  that  par t ic les  of 1 m i c r o n  s i z e  and 
s m a l l e r  exhibit m e a n  res idence  t i m e s  i n  the upper a tmosphe re  of the 
o r d e r  of seven  y e a r s .  In the case  of sho r t  half-life isotopes,  th i s  is 
sufficient t ime  to r e n d e r  the activity safely below pe rmis s ib l e  leve ls .  
However, i f  the pa r t i c l e s  w e r e  la rger ,  res idence  t i m e s  would be l e s s  and 
the above s ta tement  may  prove to be e r roneous .  

When considering the displacement of fallout f r o m  the point of 
init ial  re lease ,  s i z e  is a l so  a v e r y  important  f ac to r .  
the effect of par t ic le  s i z e  on the ra t io  of ver t ica l  to  horizontal  displace- 
ment .  
exhibited complete d ispers ion  resul t ing i n  significant lowering of 
activity leve ls  at  the e a r t h ’ s  sur face .  Larger par t ic les ,  of the o r d e r  
of s e v e r a l  hundred mic rons ,  w i l l  not, undergo the same complete d is -  
pers ion  as the indexed 1 mic ron  par t ic les  and subsequently could 

F igu re  14 shows 

Ear l i e r ,  i t  w a s  d i scussed  how the 1 mic ron  s i zed  par t ic les  

. -. . I .  . .  
-1 L. L. - 
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Ref: The Effects of Nuclear 
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a) Brownian Movement 
Below 5 Microns 

b) Longer Suspension 
I 1 I I I 

10 100 1000 
Pa r t i c l e  Size (Microns)  

Figure 14 .  Fallout Displacemen% Rate, Vertical-to-Horizontal  
Ratio for  Various Pa r t i c l e  S izes .  
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deposit  the same amount of activity over  a s m a l l e r  a r e a , t h e r e b y  
increas ing  concentration. 
s a fe ty  philosophy f o r  SXAP-23. Th i s  mic rosphe re  r e l e a s e  technique is 
d iscussed  in  detail i n  Section IV-A- 4.  Although ground concentrat ions 
w i l l  always rise with this  technique, the hazard  may  s t i l l  be  acceptable 
a s  a function of radioisotope, fuel fo rm,  and quantity. F igu re  15 shows 
that, within the most  opt imist ic  and pess imis t ic  l imi t s  a s  defined by 
p resen t  fallout ana lyses  and MPC assumptions,  the consequences of 
burnup a r e  acceptable fo r  Po-210 and Pm-147 and marginal,  depending . 
on fuel fo rm charac te r ,  f o r  Pu-238 and S r -90 .  A11 of the mis s ions  considered 
i n  F igu re  15 a r e  for  the maximum inventorv expected to  be flown. 
opt imist ic  Nuclear  Safety Indices a r e  assumed,  which a re  backed up by 
the calculations in th i s  r e p o r t ,  then no se r ious  problems f r o m  high 
alt i tude burnup should occur .  

T h i s  is exact ly  the case  in  the proposed 

If, the 

3. The  Potential  of Satisfying the Aerospace  Nuclear Safety Burnup 
Cr i t e r ion  for  the Random Reent ry  of Reac tor  and Isotope SNAP Sys tems  

It has  been establ ished that if  r een ter ing  r eac to r  o r  isotope s y s t e m s  
could be  reduced to  par t ic les  of one mic ron  o r  less above 1 0 0 , 0 0 0  feet ,  the 
resul t ing fallout would consti tute a n  acceptable hazard,  re la t ive  to  the MPC, 
in  all but the most  powerful s y s t e m s  contemplated for  the 1980 t i m e  per iod 
and beyond. 

The  problem rema ins ,  how eve r ,  to investigate the possibil i ty of 
actually achieving the des i r ed  par t ic le  s i z e s  during typical r e e n t r i e s  of r eac to r  
and isotopic SNAP s y s t e m s .  
and component meltdown alt i tudes,  is the most  c r i t i ca l  problem affecting the 
satisfact.ion of the genera l  ae rospace  safety burnup c r i t e r ion .  

This ,  r a t h e r  than the prediction of genera l  s y s t e m  

a .  Satell i te Decay. F a i r l y  good e s t ima tes  of g r o s s  r e e n t r y  heating 
effects on the macroscopic  s y s t e m s  components c a n  be generated 

by present  analytical  techniques (References  14, 15 and 1 6 ) .  However, 
very  l i t t le  analysis and data ex i s t s  on  what the spec t rum of par t ic le  
d i ame te r s  and the i r  cha rac t e r  is when they are  released f r o m  the  melted 
fuel form;  what effects release into the main  body wake have, and what 
heat t r a n s f e r  and combustion p r o c e s s e s  take  place to  reduce  them to the 
c r i t i ca l  one m i c r o n  s i ze  necessa ry  to  sa t i s fy  the ae rospace  safe ty  burnup 
c r i t e r ion .  

F igu re  1 6  r e p r e s e n t s  a typical r e a c t o r  s y s t e m  r e e n t r y  energy  
and t empera tu re  profile.  
energy  curve  a r e  those predicted for  the  reenter ing  S N A P  2/10A reac to r  
(Reference 1 7 ) .  Superimposed on the energy  profile a re  the t empera tu re  
prof i les  fo r  spinning and tumbling fuel e lements  after the i r  release f rom 
the  co re .  In  addition, the me l t  t e m p e r a t u r e s  of var ious  fuel e lement  
m a t e r i a l s  which are  being considered fo r  present  and future  r e a c t o r  
s y s t e m s  a r e  shown, as w e l l  as the effects  of varying fuel e lement  dia- 
m e t e r  and em-issivity. 

T h e  sequence of events on the r e e n t r y  input 
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1 

10-1 

Maximum Permiss ib l e  Value ---------- 

Isotope - Pu-238 
Mission Duration - 2 Yr. 

Svstem Charac te r i s t i c s  
Converter  type - T / E  
Power Level  - 1 0  I(w(e) 
Efficiency 

5-670 (1965-70) 
nos t  Optimistic 7-870 (19’70-75) 

(Mean Efficiency 770) 
Typical mi s s ions  included: 
Nos .  3, 42, and 47. 

9-1070 (1-975-80) 

n o s t  PE. ss imis t ic  

Key 

A i r  A - A i r  
S - Surface 

S 

Pm-147- 
1 Y r .  

Surfa e ffl Minor Restr ic t ion 

Surface 
N c  Restr ic t ion 

S 

A 

h I Po-210 
3 Mo. 

Mission Hold T i m e  - 30 days i(t:me p r io r  to  launch) 

F igu re  15. Nuclear Saftey I2dex for Large Radioisotopic 
Sys tems  - 10 Kw(e) fo r  a Mesospheric  l p R e l e a s e  
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F i g u r e  16 .  Typica l  E n e r g y  and  Temp. Profiles of SNAP R e a c t o r s  and 
F u e l  E l e m e n t s  Dur ing  Random Sate l l i t e  R e e n t r y  ( R e f e r e n c e  17) .  
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I t  i s  s een  that,for typical f u e l  e lements  with r a d i i  of approximately 
one inch, the average su r face  t empera tu res  a f te r  r e l e a s e  will exceed 
the meltdown t empera tu res  of UZrHx. The  t empera tu re  peaks  at  ap-  

proximately 200, 000 feet  and will s tay  above the melt  t empera tu re  of 
the Zr H fuel e lement  fo r  approximately 100  seconds,  r ep resen t ing  the 

fall f rom 2 2 0 ,  000 to 180, 000 feet and a sur face  emissivi ty  of € -0. 5. 
This  indicates good p rospec t s  for meltdown of the ZrHx fue l  e lement .  

X 

However, i f  the . reac tor  were designed with UC, U 0 2  or  U N  fuel 
e lements ,  indicative of the advanced high t empera tu re  SNAP r e a c t o r s ,  
meltdown t empera tu res  could not be reached.  
of the fuel e lements  down to  thin wire rod  bundles ~ O P S  not s e e m  to 
yield enough heat flux f o r  meltdown. The re fo re ,  spec ia l  t he rma l  counter-  
measures ,  whichare  integral  with the fuel element 
to add suificient energy f o r  meltdown and vaporization. 
mechanical destruct  devices  (explosives)  a r e  not enough. 

Even varying the s i z e  

a r e  n e c e s s a r v  to 
Simple 

The s a m e  type of analysis  was completed for  typical SNAP 
isot.ope sys t ems  during random r e e n t r y  f rom a decaying sa te l l i t e  orbit .  
Average total heat f lux and capsule su r face  t empera tu re  v e r s u s  alt i tude 
a r e  shown in F igure  17 .  
SrF fueled 25  watt(e1ectl-icjgenerators represent ing  present  and 

possible future  fuel f o r m s  of in te res t ,  
of a tumbling and spinning fuel capsule (minimum heat  flux during 
r een t ry ) ,  both fuel f o r m s  will lose  their containment and be r e l e a s e d  
close to the molten s t a t e  above 230,  000 feet .  Therefore ,  the bes t  
possible conditions fo r  fuel element breakup s e e m  within reasonable  
attainment with isotope sys t ems .  However, this m a y  not guarantee 
attainment of the s ize  levels  of in te res t  as is shown below. 

T h e s e  curves  were compiled for  Pu-238 and  

2 
In the most. conservat ive c a s e  

After  determining the probability of meltdown of typical r e a c t o r  
and isot,ope fuel f o r m s  the next s tep  is to evaluate the final part , icle 
s i z e s  to which these debr i s  could be reduced by the remain ing  r e -  
en t ry  energy. 

It was shown that typical meltdown conditions for  both SNAP 
reac to r  and isot.ope s y s t e m s  would occur  at about 200, 000 feet  and at 
velocit ies of approximately 20, 000 to 23, 000 f t / s e c  based on random 
reen t ry  f rom a decayed sa te l l i t e  orbit .  These  conditions can be then 
assumed a s  those which var ious s ized par t ic les  of r eac to r  f u e l  e lement  
ma te r i a l  or isotope fuel fo rm first s e e  upon r e l e a s e  f rom the melted 
main fuel fo rm.  

A detailed analysis  of the potential of var ious  radioisotope f u e l  
f o r m s  to be reduced to  submicron s i ze  has  been completed by Hittman 
Associates  and i s  r epor t ed  in Reference 18. The discussion that i m -  
mediately follows draws  heavily upon that repor t .  
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G e n e r a t o r  and Sate l l i t e  S y s t e m .  
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The  r e e n t r y  destruct ion potential of any fuel f o r m  ma te r i a l  is 
a function of many complex phenomena acting simultaneously a f t e r  
r e l e a s e  of the fuel f o r m  f r o m  the capsule.  A s  explained in Reference 
18, these a r e  aerodynamic instabi l i t ies ,  thermodynamic instabi l i t ies ,  
boiling instabil i t ips,  s u r f a c e  oxidation and basic  su r face  vaporiza-  
tion due to aerodynamic heating. 

In general ,  t h e r e  a r e  two main  mechanisms for  par t ic le  r educ -  
tion, mechanical breakup due to the aerodynamic p r e s s u r e  and a e r o -  
dynamic heating of the resu l t ing  debr i s .  Such thermodynamic a s s e t s  
a s  superheat  upon re lease-  yielding flashing are added benefits which 
the fuel form designer  should t r y  to employ but a r e  difficult to  come 
by in a l l  the fuel f o r m s  of i n t e r e s t  except Sr and Po. 

F igure  18 shows two different c h a r a c t e r s  of breakup which could 
be expected f rom typical molten f u e l  f o r m  debr i s  upon release f r o m  
the capsule.  
to a fine spray, whose average  drop  s i z e  is 1 - 1 0 ) ~  immediately 
upon r e l e a s e ,  leaving maximum t ime f o r  the aerodynamic heating to  
complete the reduction to l j c o r  below. 
this  breakup is a function of m a t e r i a l  and is shown in Figure 1 9  
for eight materials of interest r ep resen t ing  r eac to r  and isotope fuel 
f o r m s .  
instabil i ty of these ma te r i a l s  and F i g u r e  2 1  shows the burnup potential  
of the c r i t i ca l  s ized  drops of t hese  m a t e r i a l s  when exposed to a e r o -  
dynamic heating and oxidation. 

The  chaotic breakup has  the potential of reducing the melt  

The  possibil i ty of inducing 

F igu re  20 shows the potential  f o r  f lashing o r  thermodynamic 

Table  XI1 at tempts  to c o r r e l a t e  the f u l l  potential of these ma te r i a l s  
to  be destroyed by all the phenomena of in te res t .  

I t  can be seen  that s imple  vaporizat ion based on aerodynamic 

210  
heating is not enough to reduce  any of the f u e l  fo rms ,  r e l e a s e d  
c r i t i ca l  s i z e  drops ,  to  submicron  levels .  
and Sr  n e t a l l i c  fuel fo rms  show the most  promise .  

However, P u ' ~ ~ ,  Po 

This  s imple  vaporization couDled with low vapor p r e s s u r e s .  
oxidation -1eatiTg and possibly chaotic s p r a y  upon r e l e a s e  
(explained in References 11 and 12 and shown in l ' ab lp  XIljmakes the 
possibil i ty of reaching  submicron  s i z e s  a r e a l  one. Hence, the present  
aerospace  safety burnup c r i t e r i a  of 1,kabove 100,000 ft has  a distinct 
possibil i ty of being achieved by the fue l  f o r m s  of g rea t e s t  i n t e re s t ,  
re la t ive  to  satisfying miss ion  r equ i r emen t s  discussed in  Sections 11, 
111 and IV of this repor t .  

If the designer  were to define those proper t ies  of g rea t e s t  i m -  
portance which should be incorpora ted  into a f u e l  f o rm expected to 
burnup to acceptable s i zes  upon r e e n t r y  into the E a r t h ' s  a tmosphere ,  
they would be: 
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F i g u r e  19. Maximum Ini t ia l  Drop  S ize  Above Which L a r g e  Spraying  
Ins tab i l i t i es  w i i i  Occur  a t  200 000 F e e t  and 23, 000 F t / s e c  
for Fuel F o r m s  of I n t e r e s t .  
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F i g u r e  20. Potent ia l  for F la sh ing  and Thermodynamic  B r e a k u p  of 
Typ ica l  Fuel F o r m s  a t  the Instant  of R e l e a s e .  
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h = 200, 000 fee t  
v0 = 23 ,000  f t l s e c  

Matc r i31 A v .  Ct3itical S i ze  Final  Sizc: 
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Pu02 400 )J 3 3 0 )  

SrS1 67p 34,p 

Sr2B205 107)) 4 5) 
S I T 2  65 r 2 4 7  

S r  Meta l  5 5 y  3 .  my . , 
Po-210 Meta l  - 5 6 / u  - r.op 
Z r  Metal-: 6 5 0 p  325 /u 

P u  Meta l  18op 3 6,U 

; :Cri t ical  s i z e  for  Z r  based 
s u r f a c e  t ens ion  of 9. 2 x lo-'  lb/f! f rom 
Ref .  13 .  I 

n a m e a s u r e d  
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V = P a r t i c l e  Velocity,  F t / sec  x 
F i g u r e  2 1 .  C o m p a r i s o n  of the Vapor iza t ion  Po ten t i a l  of Var ious  F u e l  F o r m s  During 

R e e n t r y  Dece le ra t ion .  
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LQW heat of fusion 

Low sur face  tension 

Low heat  of vaporization 

Low vaporization t empera tu re  

Low emiss iv i ty  

High heat of reac t ion  with a i r  

F r o m  this brief discussion and analysis  it bec 
those fuel f o r m s ,  whether r e a c t o r  or  radioisotope, ch have the 
capability of being coupled to  high tempera ture ,  i. e. '8 advanced power 
sys t ems ,  will be,  by the i r  v e r y  na ture ,  unable to m e e  the burnup 

use  in  high t empera ture  radioisotopic systems (T )1800°F) requi res  
them e i ther  in  a molten s t a t e  o r  as an  oxide fuel f o r m  (sol id  s ta te ) .  

c r i t e r i a ,  Metals s e e m  to  show the best  burnup pe r fo r  4l ance but their  

The  molten s t a t e  may r equ i r e  r e f r ac to ry  l i n e r s  (i. e . ,  tantalum) 
in  the capsule  to  prevent  internal  cor ros ion  under no rma l  operation 
and in turn  may hamper  the burnup of the capsule  during reent ry .  
a capsule l iner  could be developed to  hold liquid me ta l  under high t em-  
pe ra tu re  genera tor  operation and s t i l l  be able  to be breached during 
r e e n t r y  to  r e l e a s e  the molten metal ,  the burnup ae rospace  safety 
philosophy might be  able to be extended to  advanced power sys t ems .  
The  breaching mechanisms of in te rna l  p r e s s u r e  and oxidation hold 
promise  to  achieve this ,  especial ly  for  the W e m i t t e r s ,  s ince  the r e -  
f r ac to ry  l i n e r s  needed would be low in s t rength  a f t e r  burnaway of the 
outer  capsule  wall. 

If 

Relative to the radioisotope fuel f o r m s  of most  in te res t ,  as 
defined by the mis s ion  analysis  in  Section I1 (Pu238  and P Z l o ) , h i g h  
altitude burnup is an  acceptable safe ty  philosophy, provided that the 
Nuclear Safety Index as outlined previously is not violated. 
using Z r  fuel e lements ,  burnup to  acceptable s i z e s  s e e m s  margina l  
a t  best ,and final reduction of the fuel droplets  must  come f rom oxidation 
and explosion phenomena which a r e  a s  yet not completely defined. 
Based on the mode of r e l e a s e  of the fuel e lements  and the r een t ry  
p rocesses  which a r e  expended upon the f u e l  fo rm and resul tant  drops ,  
r e a c t o r s  s e e m  not to make as optimum use of the available destruct ion 
potential of the a tmosphere  as radioisotope gene ra to r s  do. 

For r e a c t o r s  

With the advent of the higher performance U 0 2  and UC r e a c t o r  
systems,  acceptable destruct ion on r e e n t r y  will become even m o r e  remote .  

- -  
-.\ , ' ---. . _ _ / _  
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b. Cis  -Lunar  and Plane tary  Return.  The conclusions discussed 
above a r e  based on r een t ry  conditions with potential energ ies  

of the o r d e r  of 13: 500 Btu/lb:  represent ing  typical sa te l l i t e  decay velocit ies.  
However, missions which will be flown in cis-lunar and planetary 
space-would have r e e n t r y  velocit ies of 36 ,  700 f t / s e c  t.o 50: 000 f t / s e c ,  
respect ively compared to 25 ,  000 f t / s e c  f o r  orb i ta l  decay. 

In these cases ,  substantially. g rea t e r  peak heating i s  available,  

The  r e e n t r y  angles a r e  determined by the skip l imi t s  of the 
although the r een t ry  angles a r e  s t eepe r  and hence total  neating t ime 
s h o r t e r .  
reen ter ing  body. 
the vehicle will not r e e n t e r  in one pass  if the r een t ry  angle is less than 

7 - l o o ,  respect ively.  
and eventually r een te r .  
a sa te l l i t e  one in one or two m o r e  passes  

to the 7 - 10' l imit .  

F o r  veloci t ies  typical of lunar  and p lane tary  r e t u r n ,  

The  vehicle wil l  skipout, degrade in velocity 
T h e  r e e n t r y  af ter  skipout will be typically 

if the init ial  angle was close 

I t  i s  expected under the conditions postulated above that r e e n t r y  
s y s t e m s  will  be severe ly  and, in most  ca ses ,  completely destroyed,  
The  radiat ion heating f rom the ionized shock layer  during ea r th  r een t ry  
at  these speeds is v e r y  significant,  The  select ion of burnup, therefore ,  
as an  eventual destruct ion mode will probably be enhanced by the 
higher r e e n t r y  velocit ies.  

However, the one danger that high velocity, s teep  angle r e e n t r i e s  
hold for  the general  safety of the burnup concept is that i f  the nuclear  
sys t em is buried in a r een te r ing  satel l i te  o r  probe vehicle ,  it will 
not s epa ra t e  until ve ry  low- alt i tudes a r e  a t t a i n e d ( q 5 ,  000 f t ) .  Here ,  
although comp1et.e burnup a t  speeds of 230, 000 f t / sec .  is assumed,  the 
burnup is low enough to present  a significant fallout problem. T h e r e -  
fo re ,  e ject  mechanisms or  placing the fuel sou rce  in the high velocity 
flow a s  ea r ly  a s  possible during the r e e n t r y  is still an important  cor.- 
s idera t ion  to a s s u r e  high altitude burnup. 

4. P a r t i a l  and F ragmen ta ry  Burnup - (Microspheres)  

The  constant attempt to inc rease  radioisotope genera tor  efficiency 
has  produced another safety technique which r e l i e s  on pa r t i a l  burnup to operate .  
The  technique was developed to  make  u s e  of high t empera tu re  fuel f o r m s  with 
inherently poor burnup potential, but with the capability to uti l ize higher 
efficiency conversion techniques in  the generator .  

T h e  technique cons is t s  of fabricating the f u e l  f o r m  a s  microspheres  
and r e l eas ing  these upon capsule  burnup high enough in the a tmosphere  so 
that  the ensuing fallout and d i spe r sa l  will produce an  acceptable ground hazard.  
The  key point in  ensuring the mechanics  of the d i spe r sa l  work  i s  non-sintering 
of the mic rosphe res  during no rma l  operation. 
th i s  safety philosophy to the mis s ions  descr ibed in  Section I1 of th i s  repor t  
depends on the type and quantity of isotope released, thc c h a r a c t e r  of the 
ensuing dispersal  pat tern and the fact that no chemical  changes affecting 
the biological iner tness  of the fuel form occur during the r e e n t r y  p rocess .  

Obviously the application of 
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238 
O2 To a s s e s s  the l imitat ions of th i s  par t ia l  burnup technique, a typical P u  

mic rosphe re  par t ic le  s i ze  dis t r ibut ion was assumed as shown in F igu re  2 2 ,  
compiled f rom Reference 20. 
s p h e r e s  f rom a safety point of view must imply minimal  haza rds .  

c a s e  with the- iner t  P u 2 3 8  f u e l  f o rms .  

The acceptance of intact  r e e n t r y  of the m i c r o -  
Th i s  i s  the 

A s  shown in Figure 23, the dissolution 
" .  

of P u 2 3 8 0 2  mic rosphe res  in  seawa te r  would lead to complete  dissolution of 
c 

a typical 150,h par t ic le  in  about 6 .  83 x 10" days.  
the c r i t e r i a  of insolubility is reasonable .  
of the P u 0 2  microspheres-  during r een t ry  via  sur face  melt ing and fu r the r  oxi-  

dation fractioning of the m i c r o s p h e r e s  due to re-solidification can  best  be an-  
s we red  experimental ly  . 

It is fel t ,  t he re fo re ,  that 
The  question of chemical. changes 

In addition, burnup f rom typical satel l i te  r e e n t r y  will not ablate  
much f rom a 150,h- P u 0 2  microsphere .  Since th i s  s i z e  is below the c r i t i ca l  

s i z e ,  only d i rec t  vaporizat ion will remove  m a t e r i a l  and not sur face  s h e a r  
fo rces .  The re fo re ,  t hese  s i z e s  a r e  reasonable  approximations of the final 
su r f ace  impact deb r i s ,  T h e  major i ty  of the fuel f o r m  will be above s i z e s  
where significant inhalation can  take place. Hence, the only haza rds  a r e  
through direct  ingestion and skin doses .  

Ingestion h a z a r d s  f r o m  mic rosphe res  will not affect l a r g e  port ions 
of the population in  any given a r e a  unless the water  supply is contaminated. 
T h i s  probability is low, especial ly  in light of the f i l t e r ing  f r e s h  water  under-  
goes  before  usage. T h e r e f o r e ,  based on the claimed ecological i ne r tnes s  
of th i s  fuel f o r m ,  ex terna l  sk in  dose f rom su r face  contamination s e e m s  the 
most  s eve re  haza rd  f r o m  th i s  f o r m  of ae rospace  safety technique. 

A p a r a m e t r i c  ana lys i s  was undertaken to  t r y  and de termine  the 
maximum allowable PuOz mic rosphe re  inventor ies  which can be to le ra ted  

relat ive to sur face  dose r a t e s ,  Appendix C was der ived to es t imate  the 
su r face  dose rates f rom P u 0 2  mic rosphe re  r e l e a s e s  f r o m  approximately 

200,000 f t .  , represent ing  a capsule b reach  during a typical sa te l l i t e  reent ry .  

F igure  24 shows that powers  of the o r d e r  of 20 Kwt can  be r e -  
leased  instantaneously a s  m i c r o s p h e r e s  under conditions a s sumed  before  the 
percent  of background radioactivity r eaches  the na tura l  level .  Hence, rad io-  
isotope power s y s t e m s  in  the l- lOKw(e) range look safe  with the mic rosphe re  
technique,%ssuming no vaporization and an insoluble fuel fo rm.  

If the r een t ry  veloci t ies  are inc reased  to the 50,000 f t / s e c  range,  
then a significant portion, if not a l l  of the mic rosphe res ,  may vaporize.  Th i s  
is quite s e v e r e  since th i s  vaporizat ion would occur  at a re la t ively low a l -  
titude compared to satel l i te  decay f u e l  capsule burnup and consequent mic ro -  
sphe re  r e l ease .  
should the as t ronauts  fail  to survive beyond the f i r s t  t r a n s - e a r t h  cor rec t ion ,  the 
ea r th  r een t ry  velocity wil l  be  about 50, 000 f t / s e c .  
a tmosphere  p r i o r  to spacecraf t  dis integrat ion has  been es t imated  to be to an  
alt i tude of l e s s  than 150, 000 ft.  

F o r  example,  on r e t u r n  f r o m  a typical manned M a r s  miss ion ,  

The penetration of the 

At  th i s  t ime,  the P u 0 2  fuel block would be -- y - 
I . J i d  --- ... - 



IV- 43 

h - 
I I II I I I 

160 180 200  220  240 

S p h e r i c a l  D i a m e t e r  in  M i c r o n s  I 
I I I I 1 I I I I 

230 200 170 140 120 100 ao 70 60 
U. S. A .  Standard  M e s h  S e r i e s  

F i g u r e  2 2 .  T h e  S p h e r i c a l  P a r t i c l e  S i z e  Dis t r ibu t ion  of 1 6 3  P u  2380 
M i c r o s p h e r e s  Made from C r u s h e d  S i n t e r e d  Oxide of 
100 to 200 M e s h .  
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0 2 4 6 8 10  1 2  14 16  18 20 

Number  of Days  

Der iva t ion  of Di s so lu t ion  Time for a 1 5 0 p  P u 2 3 8 0 2  M i c r o s p h e r e  

Given: 
- 3  d m  1 dt 

Rt = 2 . 1 3  x 10  . C l _ g / m m ' =  4 ~ r r  
day  

d m / d t  = p d r  .. 

GC-2 dt Rt  
- dm 'p477-r  * dt dr  - hence  dt 

dt = 4' -gpr P G  ro = 6.  8 3  x 10 5 days  
t '  

Rt 

F i g u r e  23. Disso lu t ion  of Pu23802  M i c r o s p h e r e s  i n  S e a  Water.  
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*Assumptions 
1) ho = 200, 000 feet 

2 )  500 sq. mi le  

( r e l e a s e  alt i tude) 

contamination a r  e a 

I I I I 
0 .001  0.01 0.1 1.0 10 .0  100 

Percen t  of Natural  Background Radioactivity 

F igu re  24. Surface Dose Rates  as a Function of T h e r m a l  Power 
Released for P u 0 2  Microspheres .  
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- 
t rave l ing  approximately 30, 000 f t / s e c  upon r e l e a s e  f r o m  the destroyed 
r e e n t r y  vehicle.  

could be great ly  reduced in  s i z e  by vaporization in this accident and that 
d i spe r sa l  could occur  in the lower s t r a tosphe re  o r  upper t roposphere ,  thel.eby, 
c rea t ing  a possible.  inhalation hazard .  

Therefore ,  i t  is conceivable that the P u 0 2  mic rosphe res  

Severa l  techniques have been proposed to solve the low alt i tude 
burnup problem (Reference 2 1) of P u 0 2  mic rosphe res  upon aborted planetary 

r e tu rn .  They a r e  the sou rce  extension module, graphi te  coated mic rosphe res  
and the f u e l  capsule intact r een l ry .  

The  source  extension module essent ia l ly  keeps the sou rce  
exposed to the air flow a t  high alt i tudes until a successfu l  r e e n t r y  is a s su red  
then r e t r a c t s  the fuel assembly  into the r een t ry  vehicle heat shield f o r  the 
major i ty  of the heating reg ime.  
kept outside of the r e e n t r y  vehicle s o  i f  an abort  does occur  during reent ry ,  
high alt i tude d i spe r sa l  wi l l  r e su l t  and the r e e n t r y  vehicle will  not shield the 
heat s o u r c e  until the  lower alt i tudes.  

The  advantage h e r e  is that the sou rce  is 

The  second concept is one of putting a prolyt ic  graphi te  coating 
on the mic rosphe res  to prevent  burnup. 
that this technique will not prevent burnup of the mic rosphe res  a t  75, 000 - 
100, 000 ft with a velocity of 30, 000 f t / s e c  due to the oxidation rates of the 
graphi te  u ~ . ~ e r  these  conditions. In addition, the lower t h e r m a l  efficiency 
of this  concept may ult imately manifest  i tself  by increas ing  the fuel inventory 
significantly in  any single design concept using this fuel. 

Analysis (Reference  21)  have shown 

Finally,  intact r e e n t r y  of the P u 0 2  mic rosphe re  fuel in i t s  
or iginal  containment is defeating the purpose of the mic rosphe re  approach. 
Al l  the problems of random impact of a l a rge  inventory of f u e l  and the  attendent 
bur ia l  overheating and possible  vaporization problems appear .  In addition, 
the added weight and complexity of a r e e n t r y  body to surv ive  50, 000 f t / s e c  
may be pr.Ghibitive. Certainly the r e e n t r y  technology existing today would 
be ha rd  p re s sed  to  develop this r een t ry  vehicle. It is not s ta te -of - the-ar t .  

5. La rge  Component F ragmen ta ry  Burnup 

The  s a m e  genera l  sa fe ty  philosophy as presented  by the m i c r o -  
sphe re  approach may be extended to  l a r g e r  debr i s ,  
and genera tor  s t ruc tu re  i r a c t u r e s  and r e l e a s e s  s e v e r a l  f u e l  blocks. 
l imitat ions of this  f ragmentary  burnup approach extend f rom mic rosphe res  
on the low end to complete intact r een t ry  of the sou rce  at  the high end. 
haza rds  involved in  any approach in  between would be a function again of 
the cha rac t e r  and quantity of the radioisotope being reentered .  

The basic  satel l i te  
'The 

The 

I 



IV - 47 

- If the isotope were one of the fuel fo rms  of Sr -90 ,  then signi- 
f icant shielding would have to be provided especially fo r  r e e n t r y  survival  of 
l a r g e  portions of the fuel block. 
fuel  f o r m s  then the re  would be a gain by par t ia l  fragmentation of the source.  
The  reduction in ingestion hazards  by keeping the sou rce  in one piece o r  
c lose to i t  and the d ispersa l  of fa i r ly  l a rge  pieces  of insoluble re la t ively low 
radiat ion ma te r i a l  would se rve  the purpose of localizing the hazard  and not 
exposing as many people to the radioactive debr i s  a s  with mic rosphe res ,  
The  l imit  of this philosophy i s ,  of course ,  completely intact r e e n t r y  of the 
source .  ._ 

If the isotope were one of the Pu-238  

In general  f ragmentary  r e l e a s e  of the fuel block may 

a )  Prevent shielding of la rge  heat sou rces  which could r een te r  
intact. 

b) Minimize contaminated a r e a  and population exposure.  

c)  Enhance recovery  and /o r  cleanup of the fuel fo rm.  

However, in a l l  ca ses ,  if exposure to the r een t ry  debr i s  does occur  i t  will 
be m o r e  s e v e r e  than with the microsphere  approach. A trade-off between 
low level i r radiat ion of a l a rge  m a s s  of people vs .  higher i r rad ia t ion  of a 
s m a l l e r  group is the philosophy of this concept. 'Therefore,  its applicability 
can only be a s ses sed  in the framework of the importance and cha rac t e r i s t i c s  
of a r e a l  mission and power plant. In general ,  l a rge  component f ragmentary 
breakup i s  not recommended based on the increased  difficulty in locating the 
sou rce  and the increase  in contamination a r e a .  

6. Resul ts  and Conclusions: Atmosphere Burnup 

a.  Based on the concept of the NSI, (Nuclear Safety Index - Air) 
for  high altitude burnup, the most  c r i t i ca l  radioisotope for 

burnup is Pu-238. In the most  op t imis t iccase  powers  of the o r d e r  
of s e v e r a l  hundred kwt can be tolerated with high altitude injection. 
In the most  pess imis t ic  appra isa l ,  a p p r o x i m t e l y  10  kwt may cause 
a hazard.  Est imates  of maximum injection powers fo r  o ther  rad io-  
isotopes a r e  given in Table  I in the s u m m a r y  of this repor t .  

b. 

r e s t r i c t ions ,  P u - 2 3 8  is s t i l l  the most  c r i t i ca l  isotope f rom a hazards  
standpoint. 
optimistic case.  
radioisotopes yielding sur face  contamination a r e  given in Table  I 
in  the summary  of this  r epor t .  

Based on the concept of the NSIs (Nuclear Safety Index fo r  
Surface Contamination) and a mesospher ic  r e l e a s e  with minor 

Only 2 0  kilowatts internal  can be tolerated in the most 
Es t imates  of the maximum injection powers  for other 

C. 

concentrations than the eventual t ropospheric  concentrations.  
is the fuel which consistently yields the highest NSI. 

For al l  the nuclear miss ions  and fue1.s considered in  this  analysis 
except Po-210 a mesosphere  r e l e a s e  yields m o r e  c r i t i ca l  sur face  

Pu-238 
Po-210 is the 
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only fuel of the group studied which displays a higher fallout NSI for  
t ropospheric  a i r  than for  sur face  concentration. 
missions studied, the application of Po-210 consistently yields NSI ' s  
five to seven o r d e r s  of magnitude below the MPC. 
cant hazard i s  envisioned with the use of Po-210 coupled to  high al t i -  
tude burnup if this burnup can be achieved. 

However, for the 

Hence, no signifi-  

F o r  the majori ty  of miss ions  where Pm-147 is considered 
applicable a s  a fuel and where high altitude burnup is des i red  NSI's 
of f rom four to  seven o r d e r s  of magnitude below cr i t ica l  r e su l t .  
Therefore ,  i t  i s  felt that Pm-147 wil l  be acceptable a s  a burnup fuel 
if the fuel fo rm can r each  the des i red  s i z e  r ange  during burnup. 

d. 

(100,  200 Kw(t)) for an NSI, = . 10. 
r e su l t s  show l imits  of the o rde r  of 8 Kw(t).  
power range of f rom 10-40  Kw(e) depending on the conversion sys t em 
used and the amount of par t ia l  burnup experienced in  the ascent  abor t .  
Surface contamination is s t i l l  most  c r i t i ca l  fo r  a s t ra tospher ic  r e l e a s e  
and this yields a most  optimistic limit of approximately 20 Kw(t)  for  
an NSI = . 10 (minor res t r ic t ions) .  Pu-238 again being the most 
critica?, even considering f u l l  r e l e a s e  of high vapor p r e s s u r e  f u e l s  
such as Po-210 vs  par t ia l  r e l e a s e  of Pu-238. 

Stratospheric  r e l e a s e  of the fuel approximating ascent  abor t s  
with par t ia l  burnup yields an  optimistic l imit  for  Pu-238 

However, mos t  pesimist ic  case  
This  r e p r e s e n t s  a r e a l  

e. Low altitude and ground r e l e a s e s  a r e  the most  s e r ious  re la t ive  
to ea r th  sur face  contamination with Pu-238 again being the most  

c r i t i ca l  isotope for  contamination if vaporization is considered. How- 
ever ,  this event has  a low probability of occur rence  with Pu-238 due to 
i t s  fuel fo rms  and the available energy f rom ground aborts .  Therefore ,  
Po-210 must  be considered the chief danger under these c i rcumstances .  

f .  Not enough energy is available during satel l i te  decay to des t roy  
advanced r eac to r  f u e l  e lements  such as UC, U02,  o r  UN. High 

power plant operating t empera tu res  a r e  m o r e  c r i t i ca l  than high power 
levels  re la t ive to achieving burnup because of the high t empera tu re  ma-  
t e r i a l s  they requi re  infuel form and fuel element design. 

g. In general  there  a r e  two main mechanisms for  molten debr i s  
reduction during reent ry ;  mechanical breakup due to a e r o  

p re s su res ,  and aerodynamic heating of the resul t ing debris .  
thermodynamic a s s e t s  a s  superheat  upon r e l e a s e  yielding flashing a r e  
added benefits which the fuel fo rm designer should t r y  to employ but 
a r e  difficult to come by in a l l  f u e l  f o rms  of in te res t  except Sr  and Po-210 
metals .  

Such 

h. The isotope fuel fo rms  most  susceptible to chaotic sp ray  as a 
p r i m a r y  destruction mechanism a r e  Sr  metal ,  S r F 2  and SrSi.  
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i .  The fuel f o r m s  most  susceptible to  total r e e n t r y  vaporization 
a r e  P u  and S r  metals  and Po-210. 

j .  

of reaching submicron s i zes  a r e a l  one for those ma te r i a l s  which can 
demonstrate  the necessary  proper t ies .  

In genera l  s imple  vaporization coupled with low vapor p r e s s u r e s ,  
oxidation heating and possible chaotic sp ray  make the possibility 

k.  

to  burnup to  accep-table s i zes  upon r e e n t r y  into the e a r t h ' s  atmosphere, 
they would be: 

If t.he designer were to  define those proper t ies  of grea tes t  i m -  
portance which should be incorporated into a fuel fo rm expected 

Low melting point 
A molten r e l e a s e  f rom the fuel capsule 
Low heat of fusion 
Low sur face  tension 
Low heat of vaporization 
Low vaporization tempera ture  
Low emissivity 
High heat of react ion 

1. F r o m  the analysis ca r r i ed  out in this study, it can be s ta ted 
that those fuel fo rms ,  whether r eac to r  or radioisotope, which 

have the capability of being coupled to high tempera ture ,  i .  e . ,  ad-  
vanced power sys t ems ,  will be by their  v e r y  nature;  unable to  meet  the 
burnup c r i t e r i a .  Metals s e e m  to show the best  burnup performance but 
their  use in high tempera ture  radioisotopic sys t ems  ( T  >1800°F) r equ i r e s  
them ei ther  to  operate  in a molten s t a t e  o r  as an oxide fuel form (sol id  
s ta te ) .  

The  molten s ta te  may r equ i r e  r e f r ac to ry  l i ne r s  (i. e .  , tantalum) 
in the capsule to  prevent internal cor ros ion  under normal  operation 
and in turn  may  hamper the burnup of the capsule during reentry.  
a capsule liner could be developed to  hold l iqu id  meta l  unde r  high 
tempera ture  .generator operation and s t i l l  be able to be breached 
during r een t ry  to  r e l e a s e  the molten metal ,  the burnup aerospace  
safety philosophy might be able to  be extended to advanced power 
sys t ems .  The  breaching mechanisms of internal  p r e s s u r e  and oxi- 
dation hold p romise  to achieve this ,  especially for the d emi t t e r s ,  
s ince  the r e f r ac to ry  l i ne r s  needed would be low in s t rength af ter  
burnaway of the outer  capsule wal l  and sur face  oxidation. 

If 

Relative to  the radioisotope f u e l  fo rms  of most  in te res t ,  as 
defined by the mission analysis i n  Section I1 (Pu-238 and Po-210) 
high altitude burnup i s  an acceptable safety philosophy provided that 
the Nuclear Safety Index as defined in the text is not violated. Cu-244 
would have to r een te r  in tact. F o r  r e a c t o r s  using Z r  fuel e lements ,  
burnup s e e m s  marginal  at  best  and final reduction of the fuel droplets  
must come f rom oxidation and explosion phenomena whose effects 
a r e  as yet not completely defined. Based on themode of r e l ease  of 
the fuel e lements ,  their  s i ze  and the r een t ry  p rocesses  which a r e  
expended upon the fuel f o r m  and resul tant  drops,  r eac to r s  s e e m  not 
to make as optimum use of the available destruction potential of the 
atmosphere as radioisotope genera tors  can. 

- .  



- 
m .  

m o r e  remote .  The re fo re  S N A P  r eac to r  fuel e lements  made  of U 0 2  
microsph-?res  should be actively considered as a solution t.o the end 
of life r een t ry  problem with high t empera tu re  sys t ems .  
can be avoided during operation the technique should work. 

n. 

However, although bdrnup is a s su red ,  i t  may no longer be high al t i -  
tude burnup. 
angles inherent in the t r a j ec to ry  for  r e e n t r y  in  one ear th-  revolution, 
burnup can occur  a t  much lower alt i tudes.  
the nuclear device is buried in  a r een te r ing  probe vehicle.  

With-the advent of the higher per formance  U 0 2  and UC reac to r  

sys t ems  acceptable destruct ion on r e e n t r y  will become even 

If s in te r ing  

Reentry f rom c is lunar  o r  planetary miss ions  will inherently 
inc rease  the energy  available to burnup the nuclear  device. 

Because of the g rea t e r  speeds  of r e e n t r y  and the s t eepe r  

Th i s  is especial ly  t rue  i f  

Therefore ,  e ject  mechanisms or placing the fuel s o u r c e  on the 
is a p r e -  outside of the r een t ry  vehicle  to a s s u r e  ea r ly  f u e l  r e l e a s e  

requis i te  for  considering burnup a s  a nuclear safety philosophy in 
this case .  

0. The concept of PuO microspheres  is applicable as an aerospace 
2 

nuclear  safety technique to many miss ions  of in te res t .  
decay c a s e s  a r e  the bes t  application for  unmanned sys t ems .  
mos t  c r i t i ca l  hazard  is sk in  dose on the e a r t h ' s  su r f ace  s ince  ingestion, 
water  contamination and inhalation haza rds  can be minimized. 

Satell i te 
The  

It was found that powers  of the o r d e r  of 20 Kw(t) can b e r e l e a s e d  
as mic rosphe res  under the conditions assumed before  the percent  of 
background sur face  radioact ivi ty  r eaches  the na tura l  level assuming 
a 500 squa re  mi le  impact  area. 
up to a t  l eas t  1-5  Kw(e) look safe  with the mic rosphe re  technique 
assuming no vaporization and an insoluble f u e l  fo rm,  

Hence all radioisotope power s y s t e m s  

Effects on solubili ty may occur  if  su r f ace  mel t ing  and oxidation 
take place during r een t ry .  In addition, re f reez ing  may c r a c k  mic ro -  
sphe res  into inhalable s i zes .  Experiments  a r e  recommended to 
define this.  

For r e e n t r y  at  planetary r e t u r n  speeds  of 50, 000 f t / s e c ,  a 
significant portion if  not all of the mic rosphe res  may vaporize and 
a t  a low altitude (-105 f t ) .  Hence, precautions mus t  be taken to 
expose the fuel capsules  t o  the flow immediately upon r een t ry .  
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B. Intact Reentry and Attendent Recovery 

A s  was  seen  in Section IV-A, the inc rease  in  nuclear A P U  (Auxill iary 
Power Unit) operating tempera ture  r a t h e r  than f u e l  inventory threatens to  
negate r een t ry  burnup as a workable aerospace  safety philosophy. Fue l  f o r m  
mater ia l s  with the required high t empera tu re  proper t ies  for normal  operation, 
in high the rma l  efficiency nuclear sys t ems ,  may well be able to withstand all 
r een t r i e s  up to  50, 000 f t / s e c .  
potential of minimizing the hazards  attendent with the flight of nuclear sys t ems .  
The ultimate capability of being able to r e t u r n  a nuclear fuel package intact t o  
a preselected point on the ea r th ' s  sur face  and recover  o r  dispose of it at  wil l  
r ep resen t s  a solution which could a s s u r e  the application of nuclear power in 
space.  

In addition, only intact r een t ry  offers the . 

It is the purpose of this discussion to  define the var ious categories  of 
intact reent ry ,  investigate their  applicability to  var ious nuclear missions,  
and evaluate in a pre l iminary  fashion their  technical feasibility and operational 
problems.  

For  the sake  of simplicity,  the discussion has  been presented in th ree  
(3)  general  categories:  

(1) Uncontrolled Random Reentry 
( 2 )  Semi-Controlled Reentry 
(3) F u l l y  Controlled Reentry 

1. Uncontrolled Random 1nt.act Reentry 

Definition: The  r een t ry  of a sys tem into the e a r t h ' s  a tmosphere  
in a n  uncontrolled random manner without any active means to prede termine  
i t s  impact points on the e a r t h ' s  sur face  or modify i ts  t ra jec tory  during the 
r een t ry  . 

The implications of uncontrolled random reen t ry  a r e  such that 
the hazards  f rom this technique must  be acceptable re la t ive to the genera l  
definition of aerospace  nuclear safety. Therefore ,  the controlling factor  
in application of this  technique is the magnitude and nature  of the radio-  
active inventory being re turned  to  ear th .  
r een t ry  (as a safety technique) is l imited to  the lower power radioisotope 
sys t ems  ('L 100-500 W(e)). 
general  population protection due to  use of Sr-90;for example Table  XIII, 
could make  uncontrolled random intact r een t ry  unattractive even at  t.hese 
lower power levels.  Hence, Pu-238, Po-210 and Pm-147 fuel f o r m s  s e e m  
to r ep resen t  the best  compromise of a minimum weight random intact r een t ry  
sys tem and minimum hazards  to  the genera l  public i f  impact in  an inhabited 
a r e a  r e su l t s .  Table  XIIt w a s  compiled for shielded capsules of var ious rad io-  
isotopes f rom a 10 watt(e) and a 100 watt.(e) generator .  The shielding given 
provides a dose r a t e  of 1 r e m / h r  at 1 foot f rom the reentered  fuel capsule 
which r ep resen t s  personnel protection emergency dose r a t e s .  

Because of this  ,uncontrolled random 

The  inc rease  in radiat ion shielding weights for  



IV- 52 

Table  XI11 

Low Power Svstems 

Dase Rate Tota l  Shield Weight Lbs. 
Isotope r - em/h r  a t  1 f t  Shield Mater ia l  - 10 watt( e) 100 watt( e)  

Sr-90 1 

CS-137 1 

U r  ani um 
U r  ani um 

88 45 9 

189 758 

36. 4 

9. 4 

18. 7 

10. 3 

Uranium - - -  

and Uranium 
Uranium - - -  

and Uranium 

Pm-147 1 
Pu-238 1 Lithium Hydride - - .- 

Cm-244 1 

Po-210 1 Lithium Hydride - - -  

The bas ic  question of feasibil i ty and l imi t s  of application of this 
technique revolve around the following: 

1. The cha rac t e r  of the reent ry .  

2. The choice of r een t ry  configuration. 

3. T h e r m a l  protection problems of intact  r e e n t r y  sys t ems .  

4. Genera l  design considerations of a typical intact random 
random r e e n t r y  vehicle.  

5. Intact random r e e n t r y  with delayed r ecove ry .  

a .  

r e e n t r i e s  could exis t :  

The  Charac te r  of the Reentry.  
that these heat sou rces  would-be called upon to fly, the following 

Based on the conceivable miss ions  

1. Bal l is t ic  r e e n t r y  into ea r th  a tmosphere  f r o m  ascent  abor t s .  

2. Decaying sa te l l i t e  r e e n t r y  f rom ea r th  orbi t .  

3 .  Ear th  r e e n t r y  f rom lunar  miss ion  abor t s  or planetary 
r e tu rn  at super  sa te l l i t e  speeds .  

4. Reentry into non-ear th  a tmospheres  
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F igure  25 shows the comparison of maximum heating r a t e  pa rame te r  
fo r  ea r th  satell i te,  lunar  re turn ,  Earth,  M a r s  and Venus ball ist ic,  and 
satel l i te  and lifting body r een t r i e s .  
M a r s  and Vgnus is l e s s  than Ea r th  escape velocities, then r een t ry  
into the e a r t h ' s  a tmosphere upon r e tu rn  f rom these planets, w i l l  not 
exceed maximum hpat fluxes a t  ear th  escape velocit ies.  F o r  manned 
missions,  however, minimum t rans i t  tiArne must be a consideration, 
hence velocit ies of the o r d e r  of 50, 000 f t / s e c  could occur  in an abort  
f r o m  a typical manned M a r s  re turn .  Therefore ,  the whole concept 
of intact r een t ry  under these conditions is marginal .  The  analyses  
presented here in  w a s ,  therefore ,  compiled for satel l i te  and probe 
vehicles whose r een t ry  velocit ies would not exceed ear th-  escape.  

Since the escape  velocity f rom 

The charac te r  of the r een t ry  not only depends on peak heat fluxes 
but on the total heating and impact .  F igure  26 shows e s t ima tes  of 
the total heating for  ea r th  ball ist ic,  satel l i te  and lunar  r e t u r n  r een t r i e s  
to  Earth.  
detailed investigation of the i r  a tmospheres .  However, i t  has  been 
experimentally es t imated that the Martian sur face  densi t ies  a r e  approx- 
imately 1 - 2  percent of ea r th  densit ies (References 22 ,  23. and 2 4 ) .  
The Mart ian atmosphere sca le  height is s imi l a r  to e a r t h ' s  according to  
Mar iner  data, hence the r a t e  a t  which atmospheric  p r e s s u r e  inc reases  
with decreasing height is a l so  s imi l a r  alt.hough i t s  magnitude at the 
sur face  is only 1 - 2  percent  of E a r t h  values.  Because of this,  higher drag  
bodies o r  more  r e t r o  w i l l  be requi red  to give acceptable impact velocit ies 
a t  the Mart ian sur face .  

Total heating of M a r s  and Venus r een t r i e s  depend on m o r e  

In general ,  the total heat loads expected for a Mart ian o r  Venusian 
planetary entry would be l e s s  than those experienced in a normal  ea r th  
satel l i te  decay reent ry .  Consequently, it is expected t.hat designing the 
heat source  r een t ry  sys t em f o r  ear th  r een t ry  r ep resen t s  a good design 
l imit  for  planetary operations.  The c r i t i ca l  c a s e s  are  obviously ear th  
r e tu rn  at super  satel l i te  speeds f rom cis- lunar  and planetary miss ions .  
Of the two, c i s - lunar  r e tu rn  is the most  probable s ince planetary flyby 
t ra jec tor ies  can be designed to  have a solar terminat ion o r  i f  the mission 
is manned and must  re turn ,  deep space  disposal of the nuclear sou rce  is 
feasible.  It is felt that  the technology to  handle c i s - lunar  r e tu rn  below 
the skipout l imit  i s  feasible and s ta te  of the a r t .  

b. Choice of Reentry Configuration. Uncontrolled random intact 

cussion can theoretically be accomplished in  seve ra l  ways a s  shown 
in F igure  27.  

r een t ry  of the sma l l e r  radioisotope sys t ems  under present  dis-  

1. Intact r een t ry  of the fuel capsules  as individual enti t ies.  

2 .  Intact regnt ry  of the total fuel block.. 

3.  Intact r een t ry  of the complete genera tor .  
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A. Single Capsu le  B. Multiple Capsu le s  

Be Heat  
Shield 

Tumble  T a b s  
Pyro ly t i c  G r a p h i t e  

L Abla tor  o r  R e r a d i a t i v e  
Heat  Shield 

c. T o t a l  G e n e r a t o r  R e e n t r y  

@ Typica l  T o t a l  D e s t r u c m  npLsj.g,n 

Fuel C a p s u l e s  

S tanda rd  G e n e r a t o r  With 

B e  S lab  

Be O u t e r  Shell  
v 

Typica l  Su rv iva l  Design 
Be  Rad ia to r  and  
Dece le ra t ion  P l a t e  

0 
T / E  Couples  

Fuel Capsu le  Assembly  

Insulat ion 

Pyro ly t i c  Graph i t e  
Heat Shield 

Figure 2 7 .  Intact  R e e n t r  Techn iques  of Fuel Block A s s e m b l i e s  
f o r  Srnal l .RaJioisotopic  G e n e r a t o r s  
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In addition to  the three  choices mentioned above, the designer  has open 
to  him the selection of an active ve r sus  a passive r e e n t r y  sys tem.  
Active sys t ems  would make use of such devices as lifting bodies, 
parachute-s o r  balloons, d rag  brakes ,  and devices which v a r y  ball ist ic 
coefficient. 
t he rma l  and geometr ic  design to  achieve intact r een t ry .  

Pass ive  sys t ems  would depend only on their  inherent 

Since it has been shown that random intact r e e n t r y  would be 
l imited to the sma l l e r  heat sou rces  or  to r een t ry  of d i sc re t e  modules 
of a l a rge  heat source ,  it would s e e m  most  reasonable  to adapt the 
pass ive  sys tem to achieve the goals outlined. Only when the heat 
s o u r c e s  get la rge  enough to r ep resen t  such a significant hazard  upon 
intact  reent ry ,  that control i s  necessary,  will active s y s t e m s  be j u s t i -  
fied. 
attendant with active sys t ems  a l so  pena l ize  the sma l l e r  sys t ems  ex- 
cessively relat ive to l a r g e r  (kw) power supplies.  

The inherent increase  in  weight and dec rease  in reliabil i ty 

1) Reentry of the Individual Fuel  CaFsule. Maximum de- 
sign flexibility would be obtained i f  i t  were  possible to  

r een te r  individual fuel capsules  safely r ega rd le s s  of the design 
of the subsystem o r  vehicle to which they were attached. A 
typical fuel capsule was  chosen a s  representa t ive  of s eve ra l  
generator  configurations. It is a right c i rcu lar  cylinder 
1. 162  inch in diameter  by 5. 35 inches long, weighing 2 .  5 
pounds and having a ball ist ic coefficient of 0. 70 for random 
tumbling reentry.  The  capsule i s  assumed to r e e n t e r  the 
e a r t h ' s  a tmosphere i n  the l a r g e r  heat sou rce  shel l  and to 
be re leased  at  300, 000 feet  altitude and 23 ,  000 f t / s e c  velocity 
which a r e  typical dynamic pa rame te r s  for this type of reent ry .  
The  heat source  shel l  i s  assumed to be burned 
height. The r een t ry  angle at capsule r e l e a s e  = 1c. 

by : 
The basic  t ra jec tory  f rom this point on can be expressed  

V = V E e  - B h  

The heat flux to a random tubling cylinder can be approximated 
by: 

cold wal l  



- 
where: 

r e e n t r y  velocity 

c i r cu la r  velocity 

bal l is  t ic  pa rame te r  

s e a  level density 

alt i tude density 

cha ra  Ct e r i  s t i c rad ius  

r e e n t r y  angle 

1962 a tmosphere csnstant 

Three  typical heat shields  can be applied to the capsule which 
represent  heat sink, r e - r ad ia t ive  and ablation types of cooling 
sys t ems .  Typical ma te r i a l s  for these shields  a r e  beryll ium, 
pyrolytic graphite,  and phenolic r e s i n s ,  respect ively.  

However, the capsule heat shield for r een t ry  must  not 
severely compromise  the normal  heat flux from the capsule.  
If this is the case ,  lower overal l  thermal  efficiency wil l  resu l t  
and the probability of capsule meltdown or over - tempera ture  
fa i lures  during no rma l  operational t rans ien ts  is increased.  

Since both pyrolytic graphite and the phenolic r e s i n s  a r e  
inherently low the rma l  conductivity ma te r i a l s ,  beryll ium looks 
most a t t ract ive f rom overal l  operational view. 

The requi red  thickness of beryll ium must  be i te ra ted  
upon for survival  of the fuel capsule f rom Equation ( 3 ) :  

(Ref.  4) 
- -  - 0  ( 3 )  + Hf 

Cp (Tm-To)  X 

2 4 r o +  t +ro (ro t 1) t - Z Q a e r o  
) 

2 
+( 

Where 

t = shield thickness 

r = capsule radius  
0 

X Q  = total  a e r o  heating 

C = heat capacity 

T m  = melt .  teniperat .ure 

To = original sys tem tempera ture  

P 

. -  



Hf = heat of fusion 

2 = constant represent ing that portion of the heat of 
... fusion allowed to  en ter  shield 

Assuming the equilibrium tempera ture  of the shield is 1800°F 
for  s t ruc tura l  purposes  and that it i s  allowed to absorb  half i ts  
heat of fusion during reent ry ,  i ts  heat absorption capability 
is expressed  by: ._ 

(4)  

The  i terat ive solution yields a total capsule weight to survive 
satel l i te  r een t ry  of 15. 8 pounds. In real i ty ,  the weight would 
be about 30 percent  l e s s  if re - rad ia t ion  were taken into account. 
In view of the b a r e  capsule weight of 2 .  5 pounds, i t  appears  
that protection of individual fuel capsules through a heat sink 
technique is quite prohibitive f rom a weight standpoint, especially 
i f  the heat sou rce  contains seve ra l  capsules.  
sma l l  genera tors  would pay is clear ly  evident. 

The penalty that 

Other special  techniques fo r  protecting the capsule during 

This  ma te r i a l  was  of interest  because i t  may  be pos- 
r e e n t r y  were investigated, especially those using pyrolytic 
graphite.  
s ible  to  design a heat dump sys tem which could take heat f rom 
the capsule radial ly  and t ransform i t  90° to  r e - r ad ia t e  on a 
converter .  This  proper ty  would also allow minimal  heat input 
into the capsule during r een t ry .  However, the problem of 
nuclear heat absorption during the r een t ry  and heat re ject ion 
a f te r  ground impact on the ends of the radiation lamina, s t i l l  
r e m a i n  a ser ious  meltdown threat .  In addition, even if these 
could be solved, the weight of this sys t em based on pre l iminary  
calculations is g rea t e r  than an equivalent beryll ium sys t em,  due 
to the res t r ic t ions  on the minimum thickness of pyrolytic graphite 
for  a 90' bend. 

In view of the weight penalty of both a beryll ium heat sink 
shield and an undirectional graphite shield interest  r e v e r t s  to use 
of one of the al ternate  types of r een t ry  configurations. 

2)  Reentry of Total  Fue l  Block. The  s a m e  reasoning which 

extended to r e e n t r y  of s eve ra l  capsules as a c lus te r .  The  choice 
of any heat shield for the c lus te r  other than a heat sink type 
would in te r fe re  with optimum heat t r ans fe r  during normal  opera-  
t ions for  the c lus te r  as well as a single capsule. This ,  however, 
fo rces  the designer to choose a ma te r i a l  like beryll ium and the 
weight penalties a r e  much the s a m e  as for single capsule reent ry .  

was applied to  r e e n t r y  of a single f u e l  capsule can be 

T h e r e  a r e  some  modifications in geometry,  however, which 
These  can reduce total  heat input during total fuel block r een t ry .  

a r e  shown in F igure  27. Based on heat sou rce  and converter  
integration, t f o r  heat t r ans fe r  

. . .  . -. . ---.--<--.--.-> - .  ,, - ... 



is des i rab le ,  hence a s l a b  geometry with the f u e l  capsules  
buried .in the s l ab  r e p r e s e n t s  a typical approach. Depending 
on the genera tor ,  the bal l is t ic  pa rame te r  W may be made 

sma l l  enough to ensu re  stabil ization at  a high altitude and hence 
conventional heat s inks  and ablation s y s t e m s  can  be used. 
this is the case ,  minimum s l ab  thickness can be obtained. 
Stablilization in a n  undersirable  o r  metastable  configuration can 
be avoided by s imple  tumble tabs  made  of pyrolyt icgraphi te  
a r ranged  around the per iphery  of the heat block s lab.  
tabs  would yield a pitching moment in  all configurations except 
nose forward.  

CDa 
If 

The 

3)  Reentry of the Total  Generator .  Based on the a rguments  

r een t ry  sys t em s e e m s  to reso lve  itself in  the fo rm of reenter ing  
the total  genera tor .  
this  r e su l t .  The f i r s t  is to allow the genera tor  s t ruc tu re  to 
absorb  the r e e n t r y  heating and be destroyed at a low enough 
altitude s o  that the remaining r e e n t r y  energy will not des t roy  
the fuel capsules .  
assembly with a thermal system which can reject reent ry  energy 
a t  a r a t e  f a s t  enough to protect  the support  s t r u c t u r e  of the ge- 
nera tor  and keep the fuel capsules f rom melt ing down during the 
r een t ry .  

p resented  above, the minimum weight intact random 

Two philosophies a r e  evident to achieve 

The  second is to protect  the en t i re  genera tor  

The f i r s t  approach is s t ra ight  forward  in na ture  and 
does not r equ i r e  any change in  present  genera tor  design 
other  than replacing the rad ia tor  fins and she l l  with a high 
heat capacity ma te r i a l  such a s  beryll ium. Th i s  will allow 
good heat t r a n s f e r  during normal  operation and sufficient 
heat capacity to prevent capsule meltdown during r e e n t r y  
(Reference 2 6 ) .  

However, t he re  a r e  seve ra l  basic  flaws with this 
approach f rom a safe ty  standpoint which make  i t s  u s e  
questionable. F i r s t ,  beryll ium which is the only material 
capable of playing the dual ro l e  of a good t h e r m a l  conductor 
and good heat  sink is quite weak at  the average  sur face  
t empera tu res  encountered during r e e n t r y  ( +2000°F). and 
an inc rease  in present  ma te r i a l  design s t rength  is requi red .  This  
could take the fo rm of composite s t r u c t u r e s  or  the addition 
of ce ramic  f ibe r s  to the bas ic  meta l  to  inc rease  i t s  high 
t empera tu re  s t rength .  At present  no such modifications 
to  bas ic  beryl l ium designs a r e  in  production. Therefore ,  
the questions of whether the genera tor  s t ruc tu re  will s tay  
together long enough to absorb  the major i ty  of the r een t ry  
heating as anticipated is not c l ea r .  This  is not too c r i t i ca l  
in a bal l is t ic  abort  due to the shor t  heating t imes ,  but does 
become important a s  the abor t s  get c loser  to r een t ry  angles 
reminiscent  of the satel l i te  decay case .  If i nc rease  in 
s t rength  of the beryll ium has to be accornplis5ed b, l cwer  
tempera tures ,  i t  w i l l  ref lect  back tc ivcreased  weig-it i n  
the sys t em under the s a m e  r e e n t r y  conditions. Hence, it 
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is not c l ea r  that a minimum weight sys tem will resu l t  f rom this  
approach. 
capsules  a r e  re leased  at  an altitude where they can survive the 
remaining aerodynamic heating, high impact velocit ies and 
the bossibility of ground burial  fu r the r  comp1icate.s th i s  technique. 
Based on past  experience with low tempera ture  ( -1500°F) thermo-  
e l ec t r i c  sys tems,  enough impact s t rength can be designed into the 
sys t em to have reasonable  a s su rance  of survival.  However, th i s  is 
not the case  with the higher tempera ture  sys t ems  envisioned fo r  
future  use,  especially thermionic sys tems.  Some s t ruc tu re  
around the fuel. capsule must  r ema in  to absorb  impact energies .  
Finally,  in  any case  of f r e e  capsule impact,  ground burial i s  a 
se r ious  problem which could yield meltdown and r e l e a s e  of t.he fuel 
fo rm if it occurred.  Drop t e s t s  conducted by Atomics International 
(Reference 27)  indicate burial  in typical pas ture  soi l  of up to 18 
inches can occur  with the fuel capsules of L/D=4.  
degradation of the impact s t rength of the fuel capsules  after abort  
res idence in  space under high tempera tures  and vacuum conditions, 
is a definite possibility. 
credible,  survival of the base capsule at impact may be questionable. 

Secondly, even i f  the reent ry  is successful  and the fuel 

In addition, 

Appendix G shows that i f  th i s  factor  is 

The use of a high melting tempera ture  fuel fo rm,  however, 
may reduce this  problem to acceptable l imits.  Present ly ,  intact 
r een t ry  coupled to PuOz fuel forms:  via  SNAP-27, i s  being con- 

s idered.  
the definition of meltdown of the oxide upon burial .  If this  has  a 
possibil i ty of occilrriilg, then the insolubility of the f u e l  f o rm is 
threatened and i t s  usefulness in question. 

The most se r ious  problem to be resolved in this  c a s e  i s  

Therefore ,  s ince a conservative philosophy relat ive to  
event u a l  hazards  f rom intact reent ry  must be adapted, it would 
s e e m  that the techniques of maintaining the genera tor  s t ruc tu re  and 
using it both as a reent ry  body, impact energy abso rbe r  and p r e -  
ventative to  ground burial ,  i s  the most reasonable a l te rna te  f o r  
intact reent ry  of the s m a l l e r  radioisotope sys tems.  

C. T h e r m a l  Protection P rob lems  of Intact Reentry Systems. An 

sys t em for  any intact r een t ry  sys tem.  
reso lve  th ree  basic  problems:  

integrated approach  must  be used in designing the the rma l  protection 
This  approach must  be able  to 

1. Prevention of meltdown due to  loss of coolant o r  heat 
rejection capability in space.  

2. Meltdown during reent ry  due to  inability of the sys t em to 
ab so rb  nuclear  heat. 

3 .  Protection of the fuel capsules  f rom the reent.ry heating 
proper  . 



1) Loss of Heat Rejection Capability in Space. If the 
s-ystem cannot dump i t s  heat to space, meltdown of 

the fuel capsules  will sure ly  occur and intact r een t ry  of this 
sys tem would c r e a t e  a se r ious  hazard s ince integrity of 
the r een t ry  s t ruc tu re  upon impact cannot be a s su red .  
F o r  the s m a l l  sys t ems  which fall. into the category of.possible 
random intact r een t ry ,  active coolant loops a r e  not ant.i- 
cipated, hence,  the problem of heat re ject ion in space  is 
a simple one depending on basic  radiation to the converter  
and consequent dumpingto space f rom the backside of the 
converter .  Ther'efore; unless the rad ia tor  is covered,  
destroyed, o r  the view fac tor  modified by abor t s  which 
would deform the heat re ject ion sys tem,  sma l l  sys t ems  
should not suffer f rom t.his problem. 

In l a r g e r  sys t ems ,  this would be a problem and is 
discussed in a l a t e r  section of this r epor t .  

2 )  Nuclear Heat Absorption During R e e n t r E  In view of 
the high weight penalties for  individual capsule r een t ry ,  

it is evident that the m o r e  attpactive solutions will involve r een t ry  
of integrated s t ruc tu res .  
a multiplicity of capsules  within a r een t ry  shield,  which 
must  function at leas t  i n  par t  as a thermal  insulator ,  i t  is 
of in te res t  to investigate the ability of the fuel capsules  to 
survive during the period of r een t ry  without any cooling. 
This  i s  computed by calculating the r i s e  in  t empera tu re  
of a capsule during a r een t ry  of 500 seconds duration, typical 
of the t ime f rom 400, 000 to 100, 000 feet  during satel l i te  
reent ry .  Assuming a l l  the decay k a t  goes to  r a i s e  the cap- 
sule  tempera ture  above a chosen maximum operat ing 
tempera ture  of 1800°F, 
100  W(e) thermoelec t r ic  sys tem : 

If a r e e n t r y  design is to consist  of 

The r e su l t s  a r e  a s  follows for  a 

No. of Fue l  Capsules Fuel  F o r m  Aprox. Max. --- Equilibrium Tempera ture  

4 

4 

1 

+ 2200°F N o  ex t ra  heat 

2 3000°F Small  i nc rease  

238 

capacity needcci, 

in support  s t r u c -  
t u r  e weight 
wil l  suffice 

P u  o2 Tmax 

max c ~ ~ ~ ~ o ~  T 

Z 5 8 0 0 ° F  Large  heat cap- 
Tmax acity requi red  

Po2I0Gd 



I t  may  thus be noted that a typical Haynes 2 5  capsule may 
have sufficient heat capacity to survive when fueled with Pu-238 
and Cm-24402 but not with Po-210 Gd suggesting that one 
useful design modification would be to  increase  the heat 
capacity of a Po-2 10 Gd generator  i f  intact reent ry  is required.  

This  is simplv done by increas ing  the capsule weight, ;i;?d!ar 
s t ruc tura l  mass .  The re fo re ,  fc r  sma l l  genera tors  overheatirig f rom decay 
during r een t ry  aoes  not s e e m  a problem. 

3) Reentry Heat Protect ion Sys t ems .  To  minimize the 

for  intact random r e e n t r y  a study was undertaken to define 
the relationship between the r een t ry  p a r a m e t e r s  controlling 
heat protection sys t em selection. 
maximum stagnation heat  flux; total heat. input p e r  unit 
fr.or-:tsl are?., bal l is t ic  coefficient, r een t ry  angle and l i f t /  
d r a g  (L /D)  r a t io  of the configurations. 
can be presented as shown in F igu re  28 which r e l a t e s  maximum 
heating r a t e  to total load as a function of ball ist ic coefficient 
during the reent ry .  
r eg imes  for  both ablatjve and radiat ive heat protection 
techniques. The line fo r  the sublimation of graphite at 
T = 7000°R i s  superimposed on the f igure to indicate an 
absolute mater ia l s  l imit  on heat flux for  the use of radiat ion 
sys t ems .  
the heat sou rces  of int.e:-est i n  this study i s  a l so  shown as 
the shaded zone. 
s y s t e m s  a r e  most sui table  for vehicles w-ith low heating 
r a t e s ,  i .  e . ,  heating r a t e s  low enough s o  that the re rad ia t ion  
t empera tu re  can permi t  use of cu r ren t  ma te r i a l s .  F o r  
normal  satel l i te  and lifting body r e e n t r y  t imes  this yields 
a l imiting sur face  t empera tu re  of c 45000R. Back s ide 
t empera tu res  of the heat protection sys t ems  can thus usually 
be kept below 1800°F and hence s ta te-of- the-ar t  s t ruc tu ra l  
ma te r i a l s  wil l  s t i l l  function. Ablation sys t ems  a r e  not 
l imited by heating r a t e  but r a t h e r  by total  heat load, be-  
cause of the direct  re la t ion  between that and the weight 
requirement ,  they a r e  usually thought of for  use with r e -  
latively rapid decelerat ion s y s t e m s  in the lower a tmosphere  
(bal l is t ic  nose c ones). 

weight of the r e e n t r y  heat protection sys t ems  requi red  

T h e s e  pa rame te r s  a r e  

All these p a r a m e t e r s  

The  f igure shows present  operating 

The a r e a  of operat ion of the r een t ry  vehicles for  

F r o m  F igure  28 it can be seen  that radiation 

Therefore ,  for  the range  of bal l is t ic  coefficient ( l d W / C D A  
4100)  shown on F igure  28 as representa t ive  of the c l a s s  of 

s m a l l  nuclear device r e e n t r y  bodies of in te res t ,  a re rad ia t ion  
sys t em such as pyrolytic graphite s e e m s  most  a t t ract ive 
fo r  satel l i te  decay. However, fo r  c i s - lunar  r e tu rn ,  a n  ablation 
sys t em i s  definitely requi red .  Since abor t s  yielding both 
types of r e e n t r i e s  could occur  on a lunar  mission, heat p ro -  
tection sys t ems  with the advantages of an ablator and r e rad ia to r  
could be used. Such s y s t e m s  as char  ablators ,  i .  e .  insul 
cork  would have these proper t ies .  

. . - --- - .  _.. I :- . 
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Modified f rom Data in Reference25 

... 

.- 

General Region of Operation f o r  
Cis lunar  Return (Single Pass 

Ballist ic Coefficient Ballist ic Reentry 

General  Region of Operation 
of Nuclear Heat Source Intact 
Reentry Bodies 'Satellite Decay) 

Total  Heat Load'Unit Fronta l  Area  
Maximum Heatipg Rate and Total  Heat Load During 
Ent rv  Into Ea r th ' s  AtmosDhere 

F igu re  28. 
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. Figure  28  a l so  allows s o m e  basic  conclusions on the 
concept of using a lifting body as a r e e n t r y  vehicle. F r o m  
the thermal  standpoint the total  heat load for  the s a m e  bal l is t ic  
coefficient vehicle i s  increased  due to the longer reent ry  
t imes  and very  close control over  the r een t ry  t ra jec tory  
may be required in o rde r  not to  exceed peak heat flux levels .  
However, reradiat ion s y s t e m s  a r e  definitely indicated and 
pyrolytic graphite should be capable of handling the thermal  
loads fair ly  easily for  bal l is t ic  coefficients up to 100 and 
L / D ' s  above 075 Figure  2 9  shows the approximate ablation 
cooling sys t em weight requi rements  for a tmospheric  entry 
a t  orbital  velocity. 

d. General  Design Considerations of a Typical Reentry Vehicle 

1) The General Configuration. F igure  30 shows the 

r e e n t r y  heating input pa rame te r  Z'Q \J R , during satel l i te  N 
r een t ry .  
total heat load a configuration must  absorb,  i ts  ball ist ic 
coefficient should be maximized. This  can be achieved 
practically by maximizing the drag  and hence the profile 
a r e a  of the configuration. 
the r een t ry  vehicle will undergo maximum decelerat ions 
at  high alt i tudes,  thereby reducing peak heating through an 
ear ly  velocity reduction and yielding lower velocity profile 
in the higher density lower atmosphere.  

effect of increasing the bal l is t ic  coefficient on the total 

The implications c lear ly  show that to reduce  the 

With the drag  profile maximized, 

T h r e e  general  passive configurations shown in F igure  31 
immediately appear feasible .  They a r e  typical of the present  
Mercury  - Gemini-Apollo type r een t ry  vehicles,  present  
ICBM warheads,  and planetary lander reent ry  vehicle design, 
respect ively . The Mer c u r  y -Gemini type configurations a r e  
inherently unstable a t  high a l t i t udes  because of the close 
proximity of the center  of p r e s s u r e  and center  of gravity of 
the vehicle. They would definitely need an  active attitude 
control sys tem to prevent tumbling o r  they would have to 
be spun stabil ized p r io r  to the r een t ry  and this may be an 
unacceptable design contraint  for  sma l l  heat source  intact 
r een t ry  bodies f rom tke  sta:.,dpc;iiit cf added weight, volume and 
an  inherent dec rease  in reliabil i ty.  

Therefore.. the general  ICBM and/or  planetary lander  
type vehicles a r e  most  a t t rac t ive  for the sma l l e r  r e e n t r y  sys t ems  
because of this inherent d rag  stabil i ty.  
tion, F igure  31(d) is shown for  purposes of discussion in 
this study. 

A re ference  configura- 



IV- 66 

10 

1 . 0  

0. 1 

. O l  

. 001 

\ \ 

V = 26000 f t / s e c  

H = 5000 B tu /#  
Effective Heat Absorption 
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SgeliLte Decay 

Bal l is t ic  Reentry \ 
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1 10 100 1000 10000 
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F igure  29. Ablation Cooling System Weight Requirements  
for  AtmosDheric Ent rv  at  Orbi ta l  Velocity 
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(a) Mercury  - Gemini 

(b) ICBM Nose Cone 

(c )  Planetary Lander s  

(d) Reference Configuration 

F igu re  31. Typical Reentry Configurations Which Minimize 
Total  Heat Input During Satell i te Reentry 
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2 )  The  Expected Tra jec tory .  . - .. .. Before the :?eating and dynamics of 

patii 2rlgle and. zltitude must be !tnciviI. Froiii tkese and tlie ball ist ic 
p a r a m e t e r s  of the configuration a f u l l  t r a j ec to ry  chronology 
cXn be derived. Such a derivation i s  presented  in F igu re  32 
f o r  the re ference  configuration of F igu re  31 with a bal l is t ic  
coefficient of B = 2 .  5 during satel l i te  r een t ry .  
compiled f rom Reference 39 and i s  typical of a 30 watt e lec t r ic  
radioisotope genera tor .  

3) Stability- of the Reference Configuration. Because of the 

to satel l i te  r een t ry  of the heat source ,  a s table  mode of 
r een t ry  (nose  f i r s t )  cannot be considered to be the most  
logical. Indeed, i f  any heat sou rce  r e e n t e r s ,  it most  probably 
will. be with the s t ruc tu re  i t  s e r v i c e s  as a power supply. 
Upon separat ion f r o m  this s t ruc tu re ;  due to zerodynamic 
heating o r  decelerat ion forces ,  a component of rotational 
momentum is bound to  be t r ans fe r r ed  to  the r e e n t r y  body. 
Hence, tumbling must  be considered as the init ial  r e e n t r y  mode. 

ally r e e r t r y  conditizns ca.3 tie defiiied,csnditions 01 velocity, flight 

The data was  

random nature  of the expected abor t s  which would lead 

In o r d e r  to minimize the r een t ry  heat shield weights 
and design the complete thermal  protection sys t em,  the al- 
titude at which tumbling can be damped and the total  heat 
input into the unprotected r e a r  end of the veiiicle must  be 
computed. If  th is  heat load i s  too s e v e r e  for  the thermal  
capacity of the unshielded r e a r  s t r u c t u r e  of the r e e n t r y  body 
to  absorb ,  then redesign of the bas ic  aerodynamic configuration 
and addition of protection sys t ems  must  be initiated. In r e a l  
heat sou rce  designs,  the rear s ide  of the d rag  plate i s  an 
ideal radiation su r face  for  dumping the normal  the rma l  load 
in space.  Hence, insulation wi l l  mos t  likely not be provided 
on this sur face .  
29, and applied to the re ference  configuration, shows 
the effects of initial tumbling r a t e  on damping altitude. 
a ball ist ic coefficient of B = 2.  3 the average  damping potential 
indicates stabil i ty above 300, 000 feet  for  init ial  tumbling 
r a t e s  of 1 r p s  o r  below. 
observed ICBM decoy warhead observat ions.  

F igu re  33 derived f rom analyses  i i i  Reierence 

For  

These  r e su l t s  a r e  compatible with 

Meltdown of the plate during tumbling flight could 
expose the fuel capsules  to  the r e e n t r y  environment.  
the average heat f l u x  on the back of the d rag  plate in the 
re ference  configuration was computed and i s  shown in F igu re  
34. It is seen  that damping of th i s  configuration can be m de 
to  occur a t  alt i tudes above where peak heating takes  place and 
hence the d r a g  plate can  be made to  surv ive  this  phase of 
the r e e n t r y  without a l a r g e  weight penalty. 

Therefore ,  
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4) Typical Heating Rates  in Stable Flight and Choice of 
Reentry Heat Shield Mater ia ls .  

su r f ace  heat flux prof i les  on the reent ry  configurations of 
in te res t  can now be defined and used as inputs to - the  design of 
the required heat protection sys tem.  F igure  35 shows the 
expected heat fluxes for the re ference  configuration con- 
s ide red  ve r sus  r een t ry  flight t ime.  
heat flux at the stagnation point i s  approximately 130 Btu/ft - s ec  
and the integrated heating i s  of the o rde r  of 20 ,  000 Btu/f t2 .  
The W / C  A i-s equal to 2 .  3 putting this r e fe rence  configuration 

square ly  in the satel l i te  intact r een t ry  vehicle operation 
band predicted in F igu re  3 0 -  

After stabiliz.ation, 

The peak cold wal l  

D 

Since reradiat ion has  been determined to be the 
des i r ed  heat dump mechanism during the heat source  reent ry ,  
high emissivi t ies  and low thermal  conductivities a r e  the most 
des i rab le  charac te r i s t ics  of the heat shield.  
graphite with an effective emissivi ty  of unity and a thermal  
conductivity normal  to the sur face  of between 0. 2 and 0. 7 
Btu /hr  

Pyrolytic 

Ft - O F  i s  the most  logical choice. 

Other ma te r i a l s  such as gaseous o r  char ablations also 
show promise  for  heat protection sys t ems .  
which a r e  
which will vaporize upon exposure to  r een t ry  heating and 
r e l e a s e  a gas  must  have coatings for  long t ime and high tempera-  
t u r e  operation in space .  Since the heat shield could beca l led  
upon to  function af ter  a considerable res idence t ime in  space 
much of the impregnated vapor- shield could be a l ready  lost  
before  reent ry .  

However, ma te r i a l s  
impregnated with a high vapor p r e s s u r e  f i l ler  

In  general ,  foamed metal  shields impregnated with 
high vapor p r e s s u r e  f i l l e rs  such as metal  chlorides a r e  s t i l l  
slightly heavier than pyrolytic graphite shields  for  satel l i te  
decay r een t r i e s .  
angles of 7-8' this  technique is bet ter  than typical teflon 
ab la tors  and graphite but is s t i l l  heavier than sys t ems  using 
char  ablators  l ike insul-cork.  

F o r  the c r i t i ca l  ca se  of c is- lunar  r e t u r n  a t  

5) Oxidation Per formance  of Pyrolytic Graphite.  The  only 

of pyrolytic graphite as a heat shield ma te r i a l  i s  the suscept i -  
bility of the graphite to  oxidation in the r een t ry  environment 
and the addition to  the total heat load of that amount of heat 
r e l eased  by the graphite while oxidizing. 

other r een t ry  consideration which might affect the choice 

In an e a r l i e r  study of the subject completed inReference  29 ,  
i t  was  determined that the contribution to  the total heat flux 
due to the oxidation of the pyrolytic graphite shield at  i t s  stagnation 
point i s  only 11 Btu/f t2  - s e c  as a maximum in a r een t ry  of 
the re ference  configuration. This  is l e s s  than 1 0  percent of the 

-- . -. - - . . . -. 
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maximum aerodynamic heat flux. In the s a m e  study, it 
was  determined that the m a s s  loss r a t e  of the pyroiytic 
graphite shield due to  oxidation under r een t ry  conditions of 

t h e r e f e r e n c e  configuration 2 x pounds/ft - s e c  as a 
maximum. Integration over the complete r een t ry  dcwn to 
100, 000 ft yields an average  loss of the o r d e r  of only 0. 01 
inch f rom the stagnation region. 

2 

Therefore ,  it can be concluded that the pyrolytic 
graphite shields  a r e  not oxidation l imited.  
of the shield has  been observed af ter  r een t ry  heating i s  
completed in the termifial s tages  of the flight but effects on 
the integrity of the she l l  a r e  minimal  and impact o r  burial  
performance i s  not affected. 

However burning 

6 )  Required Thickness  of the Pyrolytic Graphite Shields. 
Using the conservat ive assumptions of Reference 39 

the thickness can be determined by reducing the problem to 
one of t ransient  heat conduction with a var iable  t empera tu re  
on one su r face  and a perfectly insulated inner st irface.  
problem can be solved analytically by use of Duhamel 's  
theorem (Reference  30) .  The  basic procedure i s  to  take 
a solution with a constant sur face  tempera ture  and per form 
the par t ia l  differentiations and integrations necessa ry  to 
yield the solution with a var iable  sur face  t empera tu re .  
details  of the technique and the expression reiat ing the 
tempera ture  within the body 2s a function of t ime and location 
can be found in Appendix B of Reference 25.  

This  

The 

The solutior? f o r  the satel l i te  r een t ry  of the r e fe rence  
configuration yield stagnation point thicknesses  of about 1 / 2 
inch which a r e  conservat ive s ince the sur face  t empera tu res  
were  based on emiss iv i t ies  of about 0. 7 .  
weight of the total shield including nose, forebody, ana 
forward portion of the d rag  plate on the re ference  design amounted 
to  between 1 5  and 20 percent  of the total sys tem weight. 

The approximate 

For  larger s y s t e m s  and emissivi t ies  it i s  expected 
that this would drop to  5 to 10  percent  of total sys t em weight 
for  heat sou rce  r e e n t r y  bodies of the o r d e r  of 1000 pounds. 

7)  Dynamic Loading of the Drag Plate.  During the var ious 

will be called upon to  survive considerable aerodynamic loads 
can  be expected on the d rag  plate.  
sou rce  of stabil i ty of the sys t em at high alt i tudes,  it i s  im-  
portant that i t  r e m a i n  intact. 

types of r een t r i e s  which the heat sou rce  r een t ry  body 

Since this plate i s  the main 

F igure  36 shows the magnitude of the dynamic: loads which 
may be expected on the r e fe rence  design for  typical ball ist ic 
and satel l i te  decay abor t s .  
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Clearly s t ruc tu ra l  p roblems may exis t  during ball ist ic 
reent ry  and must be solved in design. 

8) S t ruc tura l  Design Considerations for  Reentry Bodies. A 
.. 

is the rapid growth of the s t ruc tu ra l  weight if the bal l is t ic  
pa rame te r  must  be reduced due to design considerat ions other 
than the r een t ry .  
3) to  determine new vehicle shapes which minimize s t ruc tu ra l  
weight growth while re ta ining the des i red  high aerodynamic 
d r a g  and sta’bility coefficients. 

- .  definite problem with en t ry  vehicles  of the type in question 

-4nalyses have recent ly  been made  (Reference 

A conventional blunt nose conical shel l  under the com- 
bined action of aerodynamic and iner t ia l  loadings during 
deceleration develops c i r  cumfer entia1 compress ive  s t r e s s e s  . 
Structural lv ,  m o r e  efficient. shapes such as i l lus t ra ted  below, in F ig-  
gure  37 by the dashed l ine,  have been der ived which a r e  subject to 
tensile r a the r  than compress ive  s t r e s s e s  in the s ide  walls 
under entry loadings. C.ompressive fo rces  a r e  c a r r i e d  in 
a r ing  at  the aft end: a condition highly favorab1.e to  reducing 
the weight of the overa l l  design. 
basically a tension member  having l e s s  su r face  area than 
the original conical she l l  and a significantly higher d r a g  
coefficient. However, volume does suffer somewhat f rom 
this approach. 

The resul t ing she l l  is 

I I i 

‘ \  \ I ’  / 

Figure  37. Application of Tension Shell Technique 
to  R e f e r e m e  Configuration 
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e.  In ta t t  Random Reentry With Delayed Recovery. An interest ing 
techniaue with awl i ca t ion  to those s m a l l  s y s t e m s  which would .. " 

r equ i r e  l a r g e  amounts of nuclear shielding (i. e . ,  Sr -90  and Cs-137) 
for safe  random intact  r e e n t r y  or  to r ecove r  light weight exper i -  
mental  nuclear  s y s t e m s  a f t e r  significant operation in  space  has  been 
investigated in the cour se  of the p re sen t  study and is shown schema-  
t ically in F igu re  38.  

The bas is  of the technique as descr ibed  i n  Section I11 is to 
deploy a balloon s y s t e m  af te r  the r e e n t r y  body is no longer exposed 
to an appreciable  heat flux. 
eventually float the intact r e e n t r y  s y s t e m  at an alt i tude where ground 
hazards  a r e  minimal  and where a i r c ra f t  recoirery can be employed. 
The  balloon is aluminized and ac t s  a s  a r a d a r  beacon. The  a i r c ra f t  
acqui res  the balloon on r a d a r ,  makes  the pickup v ia  the s a m e  
techniques used in  the Discoverer  s e r i e s  of experiments ,  and 
r e e l s  the sys t em into a shielded compartment  re turn ing  i t  to a faci-  
l i ty  capable of handling the sys tem.  

Th i s  is not a pass ive  technique of the type descr ibed  in  ea r l i e r  
sect ions and hence questions of re l iabi l i ty  of the deployment sys t em 
a r i s e  immediately.  

The balloon ac t s  to  dece lera te  and 

The  question of active v e r s u s  pass ive  s y s t e m s  begins to 
a r i s e ,  whenever semi-control led,  controlled o r  recoverable  sys t ems  
a r e  requi red .  
the degree  of control necessa ry  to make  l a rge  radioisotope intact 
r een t ry  s y s t e m s  safe  o r  to  use  isotopes requi r ing  heavy shielding 
is through the use of an  active sys tem.  

A s  will be s e e n  in this  study, the only way to  achieve 

There fo re ,  a t tempts  a t  evaluation of act ive s y s t e m s  a r e  con- 
s ide red  s t rongly in  the overal l  Aerospace Nuclear Safety analyses  
presented in this  study. 

The  feasibi l i ty  of such a delayed r ecove ry  s y s t e m  is quickly 
defined by fixing the  weight of the floating sys t em.  
equilibrium alt i tude,  the t empera tu re ,  p r e s s u r e ,  and densi ty  co r -  
responding to that  altitude coupled with the floating sys t em weight 
allow the balloon volume, and number of moles  of suspension gas to be 
calculated.  F igu re  39 shows the balloon volume, gas weight, and 
p r e s s u r e  ves se l  s i z e  and weight as a function of floating sys t em 
weight, 
keep the volume consistent with launch vehicle capabili t ies fo r  sma l l  
s y s t e m s .  
based on i t s  light weight a t  t empera tu res  of the o r d e r  of 600°F which 
was chosen a s  maximum design t empera tu re  l imi t  for  ma te r i a l  
t empera tu res  of the r een t ry  body dur ing  a tmosphe re  penetration. 
l iminary  analysis  of this concept has  shown that the p r e s s u r e  ves se l  
weight is the controll ing factor  in the design, Typically for a 15 
pound final floating sys t em weight at l ea s t  30 pounds of jett isonable 
tankage is requi red .  

For  any par t icu lar  

The  p r e s s u r e  ves se l  rad ius  was l imited to  one foot to 

Titanium was chosen as the p r e s s u r e  v e s s e l  ma te r i a l  

Pre- 
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Therefore ,  the application of this technique would not be too 
applicable to sys t ems  which were launch weight l imited.  
r e e n t r y  of the heavier configuration would r equ i r e  m o r e  t h e r m a l  
p r  ot e ct io-n. 

due to the penalties descr ibed  above. 
the effects of s t o r m s  and mountains on the eventual safety of the 
system plus i t s  normal  l i fe t ime at  15, 000 - 20, 000 fee t  fu r the r  
complicate the concept. 
sys t em,  well within the s ta te -of - the-ar t ,  and if i t  can be made  
re l iab le ,  r ep resen t s  a valuable technique to r ecove r  s m a l l  nuclear o r  
non-nuclear sys t ems  which have operated i n  space f o r  long per iods  of t ime 
f .  

In addition, 

Hence, this technique is obviously l imited to sma l l  s y s t e m s  
In addition, such problems a s  

However, i t  does r ep resen t  a developable 

General  Conclusions Uncontrolled Random Intact Reentry.  

1) 

active inventory being re turned  to ear th .  
uncontrolled random r e e n t r y  i s  l imited to t.he lower power 
radioisotope sys t ems .  The inc rease  in radiation shielding 
weights for  genera l  population protection due to u s e  of S r - 9 0  
for  example could make uncontrolled random intact r e e n t r y  

The  controlling factor  in  application of uficontrolled 
random reen t ry  is the magnitude and nature  of the rad io-  

Because of this 

, . iat tractiv? even at these power levels .  

2) Pu-238, Po-210 and Pm-147 fuel f o r m s  seem to re -  

intact r een t ry  sys t em and minimum haza rds  to the gene ra l  
public if impact in an inhabited a r e a  r e su l t s .  

p resent  the best  compromises  of minimum weight random 

3) 

experienced in a normal  ea r th  satel l i te  decay r een t ry .  
designing the heat sou rce  for  ear th  r een t ry  r e p r e s e n t s  a good 
design l imit  even for planetary- operations.  

In general ,  the total heat loads expected for  a Mart ian 
or  Venusian planetary entry would be l e s s  than those 

Hence. 

4)  

and planetary missions.  

The critical r e e n t r y  c a s e s  uncovered by this  study a r e  
ea r th  r e t u r n  at supe r  sa te l l i t e  speeds f rom c is - lunar  

5) Uncontrolled random intact r e e n t r y  of s m a l l  s y s t e m s  can 
be accomplished by intact r e e n t r y  of the f u e l  capsules ,  

intact r een t ry  of the total  fuel block, o r  intact r e e n t r y  of the 
complete generator .  

6)  

generator .  
The  f i r s t  is to  allow the genera tor  s t ruc tu re  to  abso rb  the r een t ry  
heating and be destroyed at a low enough altitude s o  that the 
remaining r een t ry  energy wi l l  not des t roy  the fuel capsules .  
The  second is to protect  the en t i re  genera tor  assembly  with a 
t he rma l  sys t em which can  r e j ec t  r e e n t r y  energy at a r a t e  fas t  
enough to protect the support  s t ruc tu re  of the genera tor  and 

The  minimum weight intact random r e e n t r y  sys t em s e e m s  
to  reso lve  itself in the fo rm of reenter ing  the total  

Two philosophies a r e  evident to achieve th i s  r e su l t .  

the r een t ry .  
. , --.--- =- -, 7 - ,- . 
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The f i r s t  approach is s t ra ightforward in  na ture  and does 

not r equ i r e  any change in  p re sen t  genera tor  design other than 
replacing the f i n s  and she l l  wit,h a high heat capaci ty  ma te r i a l  
such a s  beryll ium. Th i s  will allow good heat t r ans fe r  during 
normal  operation and sufficient heat capacity to prevent  capsule 
meltdown durin.g r een t ry .  

However, t h e r e  are s e v e r a l  basic flaws with th i s  approach 
f r o m  a safe ty  standpoint which make i t s  use questionable. F i r s t ,  
beryll ium which is the only ma te r i a l  capable of playing the dual 
ro1.e of a good the rma l  conductor and good heat  s ink is quite weak 
at the average  su r face  t empera tu res  encountered during r een t ry  
( N  200OOF). Advanced techniques such as composi te  s t ruc tu res  
or addition of c e r a m i c  f ibe r s  a r e  r equ i r ed  to  i n c r e a s e  high 
t empera tu re  s t rength.  
The re fo re ,  the question of whether the genera tor  s t r u c t u r e  
will s tay  together long enough to absorb  the major i ty  of the 
r een t ry  heating as anticipated is not c l ea r .  Th i s  is not too c r i -  
t ical  in a bal l is t ic  abort  due to the sho r t  heating t imes ,  but does 
become important as the abor t s  get c lose r  to r e e n t r y  angles 
reminiscent  of the sa te l l i t e  decay case .  An i n c r e a s e  in  s t rength 
of the beryll ium has to be accompanied by lower t empera tu res  
which re f lec t  back to increased  weight of the sys t em under the 
s a m e  r e e n t r y  conditions. Hence, i t  is not c l ea r  that a minimum 
weight sys t em will resu1.t f rom this approach. Secondly, even if 
the r een t ry  is successfu l  and the f u e l  c.apsules are r e l e a s e d  at an  
altitude where they can surv ive  t,he remain ing  aerodyn.amic heating, 
high impact veloc.ities and the possibil i ty of ground bur ia l  fur ther  
complicate this  technique. 
tempera ture  ( r y  1500'F) thermoel .ectr ic  sys t ems ,  enough 
impact s t rength  can be designed into the sys t em to have reasonable  
a s su rance  of survival..  However, th i s  is not t.he c a s e  with the 
higher t empera tu re  sys t ems  envisioned fo r  fut.ure use,  especially 
thermionic sys t ems .  Some s t r u c t u r e  around the fuel capsule 
must  r e m a i n  to abso rb  impact energies .  Finally,  in  any case  
of f r e e  capsule  impact,  ground bur ia l  is a se r ious  problem 
which could yield meltdown and r e l e a s e  of the f u e l  form if it 
occurred.  
burial  in typical pas tu re  so i l  of up to 18 inches can  occur .  

These  a r e  not s t a t e -o f - the -a r t  at present .  

Based on pas t  experience with low 

Drop t e s t s  conducted by Atomics International indicate 

Therefore ,  s ince  a conservative philosophy re la t ive  to 
eventual haza rds  f rom intact r e e n t r y  must  be  adapted, i t  would 
s e e m  that the technique of maintaining the genera tor  s t ruc tu re  
and using i t  both as a r e e n t r y  body, impact energy  absorber  and 
preventative to  ground burial ,  is the most  reasonable  a l te rna te  
for  intact r e e n t r y  of the s m a l l  radioisotope sys t ems .  



7 )  

protection s y s t e m s  a r e  r equ i r ed  a s  a backup. 
should combine the advantages of an ablator and r e rad ia to r .  
Char 'ablators such a s  insul co rk  have these  proper t ies .  

For miss ions  where both satel l i te  decay or c is - lunar  
and planetary r e t u r n  r e e n t r i e s  could occur spec ia l  heat 

These  sys t ems  

8) F r o m  the analysis  presented  herein,  i t  can be s e e n  that 
to  reduce  the heat load a configuration must  abso rb ,  i t s  

bal l is t ic  coefficent should be maximized. This  can be achieved 
pract ical ly  by maximizing the d r a g  and hence the profile 
a r e a  of the configuration. 
r e s u l t  in generator  designs which use Be r e a r  plate r ad ia to r s  
which s e r v e  a dual purpose as drag  brakes  during r een t ry .  

9) 

weight l imitations.  
mus t  be developed to  a high degree  of re l iabi l i ty  before i t  
can be cons ider  ed s ta t  e - of - the - a r t  . 

The  implications of this fact  

Intact random r e e n t r y  with delayed recovery  is a 
technique applicable to  s m a l l  sys t ems  only due to tankage 

It is an act ive sys tem and its components 

10) It has  been determined in  Appendix G of this  study that 
significant l o s s  of impact  s t rength of present  f u e l  capsules  

could occur  after high t empera tu re  vacuum operation in space  for  
re la t ively shor t  per iods of t ime,  approximating abor t s  that 
would yield random intact  r een t ry .  
to uncover ma te r i a l s  or fabrication methods to alleviate this 
problem. 

Fur the r  study is recommended 
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2 .  Semi-Controlled Intact Reentry 

With the requi rements  f o r  active r een t ry  s y s  tems becoming 
m o r e  prominent to achieve safe  intact  reent ry  with l a r g e  heat s o u r c e s  the 
use of the lifting. body a s  a r een t ry  technique has been investigated. 

The lifting body has  higher payload capabili t ies and range than 
s imple  ball ist ic r een t ry  system-s and also has the capability to maneuver  
which allows a g rea t  leeway in controlling final impact points of the heat 
sou rce .  

.- 
Semi-control led r een t ry  was derived a s  a technique to u s e  the 

inherent range and maneuver  capability of a lifting body to a s s u r e  disposal 
of the heat sou rce  in deep ocean a r e a s  af ter  successful ly  completing random 
intact reent ry .  
l if t ing body modules may be used. 
r een te red  under ful l  cofitrol from e i ther  ground o r  space  s ta t ions.  

Depending on the s i z e  of the heat s o u r c e  s e v e r a l  of these  
In addition, i t  has  the capability to be 

The technique was proposed a s  a method of sat isfying r e m o t e  
disposal of l a r g e  radioisotope heat sou rces  f rom abor t s  of unmanned sys t ems  
yielding random reen t ry ,  
device is much g rea t e r  than the passive sys t ems  d iscussed  previously and 
hence i ts  reliabil i ty i s  decreased;  the potential r ep resen ted  by these sys t ems  
i s  such  that the i r  feasibil i ty should be investigated and the problem a r e a s  
defined. 

Although the complexity of this type of intact  r een t ry  

It i s  immediately evident that the range of applicability of this 
concept is most a t t rac t ive  Ln shallow angle sa te l l i t e  decay r een t r i e s  
( fl E 3 Oo). During ascent  abor t s  which yield bal l is t ic  r een t r i e s  a lifting 

body wouid tend to sk ip  aEd inc rease  i ts  impact range ove r  a typical bal l is t ic  
body. Therefore  the bas ic  safety backup of choosing a launch t ra jec tory  s o  
that low ascent  abor t s  w2l  yield w a t e r  impact could be negated. 
study of this point was made assuming typical launches f r o m  AMR and PMR. 
It was found that f o r  bai l is t ic  r een t r i e s  of a lifting body with L / D  2 0.  5 

= 45' s e v e r a l  t r a j ec to ry  per turbat ions may 

occur  in the ver t ica l  plane and impact range i s  i nc reased  but sp l a sh  points 
within the downrange l imi t s  s t i l l  occur  f a r  enough f rom land not to negate  
the launch t ra jec tory  azimuth choices.  

A s h o r t  

1 6 , 0 0 0  f t / s e c  and vE -1 

Figure 40 snows a pre l iminary  schemat ic  of the s y s t e m  required.  
The heat block would be incorporated directly into the lifting body r een t ry  
vehicle which in t u n  would be fitted into a spec ia l  ejection heat exchanger 
to c l e a r  the R .  V. if over  tempera ture  conditions occur  ( i. e . ,  during r een t ry  
o r  coolant l o s s ) .  

The inherent design of the reent ry  vehicle i s  such  that attitude 
control will be requi red  to a s s u r e  the proper  r een t ry  control.  The most  
convenient way this can be accomplished i s  through a frangible drag  plate 
designed to break  above 350 ,000  feet  before much of the available K. E. is 
dissipated.  Once controlled r een t ry  begins, p re s su r i zed  helium is r e l eased  

._- 
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through the fuel block which s e r v e s  to cool the heat sou rce  and acts  
as a p re -hea te r  for  the s a m e  heliulm which is used as a working fluid 
in a s m a l l  turbo al ternator .  The turbo a l te rna tor  supplies power to 
the instrument package and control sys tem.  The turbine exhaust is 
dumped through the heat shield to provide film cooling during the reent ry .  
Five hundred watts f6r 2000 seconds can be supplied with a coolant supply 
of only three pounds of helium. However, other working fluids such as 
water  may be m o r e  at t ract ive s ince  they can be s to red  under lower p r e s s u r e s .  
For  helium,tankage weights a r e  below 1 0  pounds and volumes a r e  of the o r d e r  
of 500 - 600 cubic inches maximam. 
exhaust for  attitude control during the r p e n t r v  a lso exis ts .  Ifoweye]- a cold gas 
system may be required for preaea t ing  attitude con tml  before  anu d ~ i r i n g  the reentry.  

land and water  a r e a  on the e a r t h ’ s  sur face  ( in  the presence  of clouds) and 
guide the sys tem into a water  impact in the operational sequence is shown 
in Figure 41. 

A possibility of using the working fluid 

The instrumentation must  be able to tell  the difference-between 

The feasibility of the concept r e s t s  on s e v e r a l  points: 

(1) Range and maneuver capability. 

( 2 )  
(3)  

Character  of the cor,trol sys t ems  and senso r s .  
Reliability of components in a high temperature and 
nuclear  environment. 

(a)  - Range and Maneuver Capability. The fundamental purpose of 
this inpestigation is to examine the possibility of using a e r o -  

dynamic lift to effect the intact recovery  of a satel l i te  o r  space  
vehicle f rom an orbit, about the ear th .  The main effort i s  directed 
towards obtaining relatively l a rge  landing a r e a s  on the sur face  of 
the ear th  while remaining n ithin the s t ruc tu ra l  and heating l imitations 
consistent w:th the cur ren t  s ta te  of the a r t  in these areas.  

The p r imary  considerdtiors involved in the non - destruct ive 
re turn  to ea r th  of a spacevehic le  a r e :  

( 1) Maximum deceleration, 

( 2 )  Maximum aerodynamic heating r a t e .  

(3 )  Total  amount of heat absorbed. 
( 4 )  Radiative capability. 

During reent ry ,  the inflilence of ar,y one of these three factors  on 
the design of a part:cular vehicle is generally not independent of the 
o thers ,  and hence all of them must  be considered sLmultaneously. 
Fo r  instance, a vehicle may have a low maximum heating r a t e  and 
absorb  a relatively s m a l l  amount of heat, but if the vehicle is not 
able to t r ans fe r  this heat to the atmosphere,  the tempera ture  of 
the s t ruc tu re  ma)- exceed the l imit  imposed by the g-loading, and 
resul t  in a s t ruc tura l  failure.  
cause fai lure  o r  burnup, even w i t h  a high radiative capability. 

Conversely, a high heating r a t e  may 



Suffic ieni Water Sighted, 
Retrof i re  or Drag Brake 

L / D  = o 
b'= - 2 . 5 O  

Figurc; 4 L .  Typical Reent ry  Operational Sequence for  Water ILanding 
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The- more  recent  investigations conducted by NASA and 

pr ivate  organizations have been directed towards the feasibil i ty 
of employing aerodynamic l i f t  to reduce the s e v e r e  heating r a t e s  
and decelerat ions encountered during a tmospher ic  entry.  
r e su l t s  indicate that lifting t ra jec tor ies  show a marked  improvement 
in maximum heating r a t e  and decelerat ion o v e r  bal l is t ic  (non-lifting) 
en t r i e s ,  although the total amount of heat absorbed is higher. 
i nc rease  in absorbed heat r e su l t s  f r o m  the longer  r een t ry  t imes  
associated with lifting bodies. 

The  

The 

Many s tudies  b-ave shown that for  lifting vehicles ,  decelerat ion 
i s  essent ia l ly  no problem, and Chapman's r e su l t s  (Reference 32) 
a r e  shown in F igure  42. 

Lift ing t ra jec tor ies  may be classif ied into th ree  types: 

(1) 

(2 )  

( 3 )  

Skip t ra jec tor ies ,  charac te r ized  by high L / D ' s  and 
s m a l l  flight path angles.  

Di rec t  en t ry  t r a j ec to r i e s ,  which usually have negative 
lift and negative flight path angles. 

Equilibrium glide, which is the boundary between sk ip  
and d i rec t  entry.  

In the equilibrium glide t ra jec tory ,  the weight of the vehicle 

Thus,  as  aerodynamic d rag  s lows the vehicle down, i t  mus t  
is balanced by the l i f t  and centrifugal fo rce  at  a l l  points along the 
path. 
d rop  to a lower altitude where the higher  density can mainta.in the 
requi red  lift force.  
is sma l l  compared  to the horizontal  velocity, small flight path 
angles a r e  r equ i r ed  to maintain equilibrium. When the flight path 
angle is decreased  to a negative value g r e a t e r  than that requi red  
for  equi l ibr ium, the vehicle penetrates  the a tmosphere  fast  enough 
f o r  the lift fo rce  to inc rease  f a s t e r  than the centrifugal f o r c e  de -  
c r e a s e s ,  resu l t ing  in e i ther  oscil lations or a sk ip  out of the a tmos -  
phere.  

Since the magnitude of the ver t ica l  velocity 

The sensi t ivi ty  of the t r a j ec to ry  to the flight path angle has  
been given extensive consideration by Chapman and it is s e e 8  that 
f o r  L / D ' s  of about 1 . 0 ,  flight path angles on the o r d e r  of -1 to -2  
a r e  sufficient to induce oscil lations and skips .  F o r  decaying orb i t s ,  
however, the flight path angle will be ve ry  close to zero  and Chapman 
shows that in this case ,  the angle does not dec rease  significantly 
until the altitude is so  low that there  is no danger of skipping out of 
the atmosphere.  

The equilibrium glide t r a j ec to ry  has  been chosen for  this 
investigation because aside f r o m  the fact  that it is par t icular ly  well-  
sui ted fo r  sa te l l i t e  decay orb i t s ,  i t  a l so  r e p r e s e n t s  the optimum 
t r a j ec to ry  for  range on a s ingle  pass  entry.  

Appendix D d iscusses  the calculational techniques used to de t e r -  
mine range ,  maneuver  t ime and heating rates during equilibrium 
glide r een t r i e s .  
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b. D i sc i s s ion  of R e s u l t s  

(1) 

reason-for  the dec rease  of 0, r o l l  angle, with an inc rease  in 
L / D  i s  readi ly  observable  in Equation (0-14)  in Appendix D. 
The t e r m  [ - L / D  s i n  Cb I n  (x)] is the instantaneous heading 
angle, and i t s  value must  r ema in  below 
portion of the t ra jec tory  o r  e l se  the vehicle will fly in a s p i r a l  
path and subsequently dec rease  both l a t e r a l  and longitudinal 
range. 

Optimum Roll Angle. F igure  43 shows the effect  of L / D  
on optimum ro l l  angle for  maximum la t e ra l  range. The 

T / 2  along the significant 

.- 

Actually, the heading angle inc reases  beyond6 T / 2  in the 
lower  portions of the t ra jec tory  (approximately 300 fo r  L / D  = 3), 
but this occurs  a t  such  a low alt i tude that the lo s s  in range  i s  sma l l .  
It should be pointed out that an at tempt  to remedy this si tuation by 
reducing the ro l l  angle would r e su l t  in a lo s s  in l a t e r a l  range  at 
the higher alt i tudes that would be g r e a t e r  than that gained at the 
end of the t ra jec tory .  

( 2 )  The effect of L / D  on both l a t e r a l  and longitudinal 
range is i l lustrated in F igu res  44 - 47. 

f igures ,  i t  is evident that appreciable  maneuverabili ty can only 
be gained with L /D!s  on the o r d e r  of 1 . 0  o r  above. Although 
Reference 35 indicates that a hypersonic L / D  of 2 . 0  o r  above 
is possible  with a blunted half-cone, the fineness ra t ios  r equ i r ed  
fo r  low d rag  would present  s o m e  packaging difficulties. Also, 
s ince  a i le rons  o r  control fins seem to be the most  feasible  type 
of ro l l -cont ro l  sys t em,  a winged vehicle would probably be the 
bes t  a r rangement .  

Range. 
F r o m  these  

The  data  presented in Reference  36 shows that L / D ' s  up 
to about 5.0 can be obtained with delta-wing-half cone combina- 
tions. This type of vehicle is apparently ve ry  at t ract ive because 
of its high L / D ' s  and l a rge  amount of s to rage  space  available fo r  
a control s y s t e m  power supply and payload. Also, a i lerons could 
be eas i ly  incorporated fo r  pitch and ro l l  control. The effect of 
volume requi rements  on the hypersonic  aerodynamic cha rac t e r  - 
i s t i c s  of this type of vehicle is shown in Figure 48, taken f r o m  
Reference 36. Although increas ing  the volume is detr imental  to 
the per formance  of the vehicle,  i t  appears  that for  the L / D ' s  
r equ i r ed  h e r e  (2 .0  - 3. O ) ,  a relat ively l a rge  volume can be 
rea l ized .  In addition, this configuration could be easi ly  adapted 
into the overa l l  heat  sou rce  design of a l a rge  radioisotope power 
sys t em.  

The interest ing features  of F igures  44 - 47 a r e  that 
bal l is t ic  coefficient has  no effect on l a t e ra l  range  and that the 
longitudinal range i s  not decreased  appreciably when 0 = 0 

opt. 
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This  r e su l t s  because the momentum of the vehicle c a r r i e s  it 
a grea t  distance before  the kinetic energy is reduced  enough 
to cause  a descent to an altitude where  the s ide  fo rce  becomes 
significant.  Hence, the vehicle has only a relat ively sho r t  
loiigitudinal range-to-go capability over  the portion of the 
t r a j ec to ry  where  maneuvering i s  possible.  .This is  evident 
in the t ea r -d rop  shape  of the footprint cu rves .F igu re  48 shows the 
e f f ec t s  af L /Dmax  and configuration or! range. 
( 3 )  Maneuver Time.  F igure  49 gives an e s t ima te  of the 

the implicafions of which are  that if the control  s y s t e m  is r e -  
quired to be active along the en t i r e  maneuverable  pa r t  of the 
t ra jec tory ,  power supply weights may become prohibit ive.  In 
o the r  words,  if the vehicle is to have the capability- to change i ts  
cour se  at any point along the t ra jec tory ,  the L./D of the vehicle 
may be l imited to keep the weight within reasonable  l imi t s .  

o r d e r  of magnitude of the available maneuver  t ime,  

An answer  to this problem might be to have an active 
control  s y s t e m  to turn the vehicle to the pitch and ro l l  angles 
requi red  for  a des i rab le  L / D  before  r e e n t r y  and r ema in  passive 
thereaf te r  . 
( 4 )  Aerodynamic Heating. Maximum stagnation point heating 

rate and total  heat absorbed during r een t ry  a r e  shown in 
F igu res  30 and 31 as a function of L / D  and bal l is t ic  coefficient. 
Here ,  it  i s  s e e n  that the advantage of using lift to d e c r e a s e  the 
heating r a t e  i s  offset by the inc rease  in the amount of heat 
absorbed by the vehicle.  .This effect i s  due to the fact that 
;1 is proportional to 1 while Q i s  proportional to 4 L / D .  

d - T F  
Figure  52 , taken f r o m  Reference 37, gives a comparison 

of the weights of ablation heat protection s y s t e m s  fo r  lifting and 
bal l is t ic  en t ry  into the ea r th ' s  a tmosphere  f rom a c i r cu la r  orbi t .  
These  r e s u l t s  indicate that because of the l a r g e  amounts of 
ablation ma te r i a l  needed for  surface protection, s o m e  other  
type of s y s t e m  i s  a lmost  cer ta inly requi red  fo r  lifting vehicles .  

Recent developments in heat  protection s y s t e m s  have shown 
that a combination of radiation and ablation type cooling s y s t e m  
offers  an effective means  of removing l a r g e  quantit ies of heat. 
One of the m o r e  promis ing  types of radiation-ablation ma te r i a l s  
is  pyrolytic graphi te ,  which has  been investigated in Reference 
38. 
r e e n t r y  vehicle ( L / D  = 0 .  5, W/CDA = 5 0 0 ,  Vi = 2 6 , 0 0 0  fps) 

show that only about 0 .  3 inch of pyrolytic graphi te  i s  r e  u i red  
to keep the wall  t empera tu re  in the neighborhood of 1200 R 
a f te r  30 minutes of exposure  to r e e n t r y  conditions, and that 
less than 0 .2  inch of ma te r i a l  i s  ablated away during the reentry.  

The  data (presented  in Reference 38) f o r  a typical lifting 

9, 
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Pyrolyt ic  graphi te  heat  protection sys t ems  are  a l so  
des i rab le  f rom a weight standpoint, a s  is i l lus t ra ted  by the 
vehicle descr ibed in Reference 39. In this par t icu lar  
bal l is t ic  en t ry  vehicle (W/CDA &9,  sa te l l i t e  decay orb i t )  

the heat protection s y s t e m  weight is only about 1 3  percent  of 
the total  weight, which is f a r  be t t e r  than the weights predicted 
f o r  ablation sys t ems .  

... 

Based on the preceding r e m a r k s ,  the pyrolytic graphi te  
protection sys t em-seems  to be the bes t  for the type of r een t ry  
vehicle discussed in this study. 

b. Cha rac t e r  of Flight Controls and Senso r s  

(1) Typical Operational Prof i le .  F o r  intact  r e e n t r i e s ,  the 
most  des i rab le  type of landing a r e a  i s  water ,  s ince  in 

most  ca ses  no spec ia l  s y s t e m s  are requi red  to guarantee s u r -  
vival of the impact.  I t  has  been demonstrated that the p rope r  
choice of L / D ,  bal l is t ic  coefficient, and ro l l  angle for a given 
vehicle can r e su l t  in re la t ively l a r g e  landing a r e a s  on the s u r -  
face of the earth. It mus t  be pointed out, however, that this  
i nc rease  in the per formance  and maneuverabili ty over  ballis tic 
vehicles ,  does not i nc rease  the probabili ty that the vehicle  will 
land in water .  For completely r andom r e e n t r i e s ,  a ba l l i s t ic  
vehicle has  the s a m e  probability of hitting a given spot  on the 
e a r t h  as a lifting vehicle no m a t t e r  how great  i t s  r ange  capabili ty 
may be, i f  no active control of the l if t ing vehicle is available.  
Hence, the probability of landing in water  for  both vehicles  is 
s imply  the r a t io  of the water  a r e a  to the total  area of the ear th .  

The main problem encountered in the attempt to use  
aerodynamic l i f t  to i n su re  a wa te r  landing is that the vehicle 
cannot "see" i t s  impact  point until i t  is too l a t e  to do anything 
about it.  
horizon) is only about 770 s ta tu te  mi les  and dec reases  to about 
390 miles at 100,000 feet. Therefore ,  the vehicle does not know 
where  i t  will land until the range-to-go is somewhere  between 7 7 0  
and 390 miles, a t  which t ime mos t  of the maneuvering r ange  has 
a l ready been used up. 
maneuver  capability can be incorporated into an unmanned 
r e e n t r y  vehicle,  something else must  be done to make this 
potential useable. Unfortunately, this means that the complexity 
of the s y s t e m  must  be increased .  

At 400,000 feet  the visibil i ty ( e a r t h  range  to the 

It appears  then, that although a l a r g e  

It appears  that one solution to the problem is to provide 
the vehicle with enough l i f t  such  that i t  can c r u i s e  a t  high aliti- 
tudes until i t  can see a good impact  a r ea .  
that no m o r e  than a global range  is requi red  (F igu res  44-47 
show this is possible), s ince  i t  is not unreasonable to expec t  
that in one c i rcu i t  around the e a r t h  a l a rge  enough body of 
wa te r  will be encountered. 

Obviously, this means 

- - - ~ _  . T 

, - -  - - -  - - - - - - _  - _ _  _- A 
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In o r d e r  to insure  absolutely that the vehicle will -. -- L> .-. '7-1 '<,----- -- - - - -  -. 

l.and in water ,  i t  is necessa ry  that once a landing a r e a  is 
spot ted,  the vehicle i s  capable of hitting this a r e a  r e g a r d -  
less of the alt i tude.  This  immediately implies  that a r e t r o  
s y s t e m  i s  requi red .  This  s y t e m  couJd be a s imple  d r a g  
bpake or m o r e  likely a propulsi.on r e t r o .  Also; the vehicle 
mus t  be able to withstand the heating and decelerati.on en-  
countered a f te r  r e t ro f i r e .  

A workable s y s t e m  would opera te  in the following manner:  

(1) The  vehicle begins r e e n t r y  at  400 ,000  feet  and 
c i r cu la r  velocity in the ( L / D )  max configuration, 
and c ru i se s  in an equi l ibr ium glide until t he re  is 
nothing but water  in sight.  

.- 

(2 )  lmmediately after the vehicle i s  sur rounded by 
wa te r  (in i ts  visibilit;: cone),  the vehicle a s s u m e s  
a zero- l i f t  configuration, f i r e s  the r e t r o  s y s t e m  
( o r  lowers  i ts  d r a g  b rakes ) ,  and follows a ba l l i sgc  
t ra jec tory  to impact .  It could also combine a 90 
ro l l  with t.he r e t r o  and s p i r a l  into this  impact. a r e a  
of i t s  visibil i ty cone. 

Whether or not this type of s y s t e m  is feasible  depends on 
the ability of the vehicle to land the payload(if nothing e l se)  in 
the des i red  impact area. 'The most  difficult condition occur s  
when the vehicle spots  wa te r  immediately.  If this i s  the case ,  
the vehicle i s  a t  400 ,000  feet ,  t ravel ing at c i r cu la r  velocity, 
and must land somewhere  within a 7'70 mile  r a d i u s ,  s ince  
the re  may be land over  the horizon. 
Reference 32 indicate that thik is possible a t  zero  lift with a 
-2 .  5 
decelerat ion occur s .  
a r een t ry  will be l e s s  than that experienced f o r  an equilibrium 
glide, hence, t he re  is no problem in this a r e a .  Although the 
heating r a t e  will be higher  than the gliding heating r a t e ,  the 
heat protection s y s t e m  mentioned previously should be capable 
of coping with it.  If not, however, and s o m e  portion of the 
vehicle i s  burned away, the payload will s t i l l  be insulated by 
the s t ruc tu re  of the vehicle and will  survive.  

The  tabulations in 

0 change in flight path angle, and that no m o r e  than a l o g  
The amount of heat absorbed during such 

The most  probable case is that the vehicle w i l l h a v e  to 
do s o m e  amount of gliding before  coming to a suitable landing 
point. Although the vehicle 's  visibil i ty i s  now something l ike 
500-600 mi l e s  and it mus t  therefore  impact into a s m a l l e r  
area, Chapman's  data  shows that this  is  m o r e  eas i ly  done than 
the ex t r eme  case above. 
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Still bet ter  confidence in the vehicle 's  ability to&it the 
desired impact c m  be gained by roll ing the vehicle 90 
zero  lift instead of t r imming to zero  lift.  
vehicle a s id$ fo rce ,  result ing in a s p i r a l  t ra jec tory  that would 
fall shor t  of the horizon seen  at  re t rof i re .  

to obtain 
This  would give the 

An example of the type of logic diagram requi red  for  this 
vehicle i s  shown in Figure 53. 

( 2 )  Required Sensorx  and Control Systems.  The implications 

incorporated into t.he vehicle: 
of Figure 53 a r e  that the following sys t ems  would have to be 

A water-sensing sys tem.  
inf ra red  emissivi ty  s e n s o r  o r  a microwave device. 
Also, this s y s t e m  would r equ i r e  a control to i n s u r e  
that it does not operate  above 400,000 feet (i. e . ,  before 
reent ry) .  

An attitude control s y s t e m  to provide a desired L / D  
(e i ther  ( L / D )  max o r  L / D  = 0).  
capability is requi red  s ince  the resul t ing t ra jec tory  
would cause unreasonable decelerations and r e t ro f i r e  
would be required anyway, hence there  is no advantage 
to be gained. 

This could probably be an 

No negative lift 

A r e t r o  s y s t e m  to change the flight path angle. 

A logic s y s t e m  to control the other  sys t ems  in the 
vehicle. 

A control t.o turn the logic s y s t e m  off once a decision 
has been made and action has been taken. 

As w a s  mentioned ea r l i e r ,  incorporation of a water  -only 
landing capability into the vehicle i s  done at  the expense of in- 
creasing i ts  complexity and weight. Because of the types of 
sys tems which a r e  involved, however, it i s  reasonable  to 
expect that their  overa l l  effects on the vehicle will not be pro-  
hibitive. Infrared s e n s o r s  and "black box'! logic sys t ems ,  for  
instance, a r e  known to be rel iable  and should cause no l a rge  
weight problem. 
a r e  very  light and should compr ise  only about 10 percent of the 
weight of the vehicle. 
time s to rage  in space  i s  s t i l l  a se r ious  unknown. 

The types of re t rorocket  sys tems in use today 

The basic question of operation af ter  long 

One advantage that this vehicle would have is that the 
guidance sys t em would be relatively s imple.  Fo r  r een t ry  vehicles 
which a r e  e i ther  attempting to hit a specific spot on the ear th  o r  
fly a nominal t ra jectory,  a r a t h e r  complex guidance sys t em is r e -  
quired.  The sys t ems  usually employed have to measu re  a niimber 
of var iables  (alt i tude,  velocity, range-to-go, etc. ); use 

. -.-A 
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these to compute the t ra jectory and cor rec t ions  to it; activate 
a control system; and check the new trajectory.  
calculations a r e  done on the ground r a the r  than using an on 
board computer,  the te lemetry s y s t e m  requi red  to t ransmi t  
and receive data is quite complex. 

Even if the 

The control s cheme  proposed above, however, needs 
much l e s s  in the way of complex e lec t r ica l  o r  mechanical equip- 
ment. The re  is only one "variable" to m e a s u r e  - namely whether 
o r  not there  is water  below. Also, t he re  a r e  no calculations to be 
made, the control sys t em does not have to be capable of performing 
a number of different maneuvers ,  and i t  only has to pe r fo rm once. 
Essentially all that is needed is a r een t ry  initiated off-on switch 
controlled by the water  sensing device. 

Although this sys t em s e e m s  to r e p r e s e n t  a simplification, 
there  a r e  some  inherent problems which must be overcome.  
of these i s  the water  s enso r .  
clouds and even light haze while infrared s e n s o r s ,  which are  
capable of penetrating fog and light clouds, a r e  not able to s e e  
through s t o r m s .  Low frequency microwave sys t ems ,  however, 
a r e  "all-weather",  but they a r e  m o r e  complica.ted s ince  both a 
t ransmi t te r  and rece iver  a r e  required.  
trouble with reflections f rom choppy water  (especially in cloudy 
s t o r m  a r e a s )  which might look l ike land to the rece iver .  
appears ,  then, that there  a r e  two choices available for  the type 
of water  s e n s o r  desired.  
visibility type (photographic or infrared)  and take the chance 
that all  possible landing a r e a s  a r e  not covered by clouds, o r  
e l se  the m o r e  complex total visibility type (microwave) which 
is not dependent on the weather.  

One 
Photographic means a r e  l imited by 

T h e r e  also may be 

It 

One may se lec t  e i ther  the l imited 

The re  is  a lso m o r e  than one way to go with the attitude 
If fins o r  t r i m  tabs control sys tem,  which determines L / D .  

a r e  employed the vehicle can be ei ther  rol led o r  pitched f rom 
the ( L / D )  max configuration to the zero-lif t  configuration. 
rolling maneuver is  the more  at t ract ive of the two s ince  i t  helps 
in keeping the vehicle f rom overshooting the landing a r e a  and 
presents  l e s s  of a stabil i ty problem. The main problem as soc -  
iated with an aerodynamic altitude control s y s t e m  is that it is 
needed most  when it  i s  l eas t  effective - at high altitudes. Also, 
f r o m  the overshoot standpoint, the most  des i rab le  maneuver i s  
t,he quickest, and again the aerodynamic type of sys t em has i ts  
drawbacks at high altitudes. Gas jet  t h rus t e r s  o r  iner t ia  wheels, 
both of which a r e  present ly  being used on ball ist ic miss i les  may 
be the answer to the problem. 
deceleration sys t em which is needed to change the vehicle 's  
flight path angle. 
would have to  have a huge projected a r e a  for  effectiveness at  
the 3 0 0 , 0 0 0  to 400 ,000  foot altitudes. Hence, the r e t r o  rocket 
sys t em s e e m s  to be t,he most  logical choice to deliver the braking 
inipulse required in a reasonable t ime and without huge s t ruc tu ra l  

The 

The same can be sa id  for  the 

Rough calculations indicate that a d rag  brake 

loads and deployment problems. ... . 
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In s u m m a r y ,  this vehicle would have a l l  the problems of 
the design of a l a r g e  manned lifting body r e e n t r y  s y s t e m  at 
lower reliabil i ty levels .  

* .  

Although the concept i s  sound the development of the s y s t e m  
is felt not to be within present  s t a t e  of the a r t  fo r  the application 
to intact  r een t ry  of nuclear  heat sources ,  ilowever, they could be  
developed with a reasonable  l ead  t ime  ( ~3 y e a r s ) .  

An analysis of the sensit ivity of e lectronic  components to 
the n u c k a r  environment on board this type of vehicle w a s  com-  
pleted and i s  presented in Appendix E. It shows that there  a r e  
no s e v e r e  shielding problems for  e lectronic  components using 
t r ans i s to r s  in a typical 2 .  5 K d e )  Po-210 o r  Pu-238 fueled vehicle.  

. 

d. Genera l  Conclusions - Semi-Controlled Intact  Random Reentry 

(1) With the requi rements  fo r  active r een t ry  sys t ems  becoming 
m o r e  prominent to achieve safe  intact r een t ry  with l a rge  heat  

s o u r c e s  the use of the lifting body as a r een t ry  technique has been 
investigated. 

Semi-controlled random intact r een t ry  was derived as a tech-  
nique to use the inherent range and maneuver capability of a lifting 
body to a s s u r e  disposal of the nuc lear  heat s o u r c e  in deep ocean 
a r e a s  a f te r  successful ly  completing random intact reent ry .  
application was specificall>- designed for  unmanned sys  tems using 
l a r g e  heat s o u r c e s  and not having the capability of fully controlled 
intact reent ry .  In addition, the s y s t e m  is at t ract ive f r o m  the 
standpoint of not havlng to depend on ground station control in 
c a s e  of an abort .  

I t s  

( 2 )  

necessa ry  to land a nuclear  hea.t sou rce  in water  f rom any given 
r e e n t r y  position on the surface of the ea r th .  

It was determined that f r o m  the standpoint of general  range  
and l a t e ra l  range  the vehicle proposed has the performance 

( 3 )  

and s e n s o r s  capable of operating af ter  long t ime  exposure to s p a c e  
and the the rma l  and nuclear  environment of the heat block. 
However, good shor t  t ime r e e n t r y  per formance  can be expected. 
These  s y s t e m s  are  not yet  s t a t e  of the a r t  but i t  is  felt that they 
could be developed quickly. 
is a s imple  one resolving itself into a "go-no go" decision con- 
t rol led by a water  sensing device. 

The l imiting fac tors  affecting feasibil i ty of this technique 
al l  appear  to be centered in development of flight controls 

The  control sequence for  the vehicle 

(4 )  Minimal shielding will be sufficient to protect typical e lec-  
t ronic  c i rcu i t s  f r o m  even a 10 percent  degradation in p e r -  

formance  considering a 20 Kw(t) Pu-238 o r  Po-210 source.  The 
most  s e v e r e  radiation problem would come f r o m  space  radiat ion 
r a the r  than f rom the heat s o s r c e .  
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( 5 )  Therefore ,  semi-control led intact  r een t ry  is  s een  to 

l iabil i ty would be low compared tc  bal l is t ic  reei i i ry .  
However, active sys t ems  a r e  the only way random intact 
r e e n t r y  o l ' l a rge  heat sou rces  can be accomplished and it is 
felt that the components requi red  can be developed and made 
re l iab le  to the extent necessa ry  to achieve semi-control led 
reent ry .  

r equ i r e  a ve ry  complicated r e e n t r y  vehicle whose re -  

(6) 

application. 
which has i ts  main usefulness on s h o r t  lived orb i t s  (abor t s  
yielding one pass  before reent ry)  where  ground control may 
not be functioning, o r  will he provide enough backup in the 
bas i c  s y s t e m  s o  that ground control can never  be lost .  
l a t t e r  is the c a s e  then controlled intact  r een t ry  making use of a 
bal l is t ic  vehicle can do all the jobs that semi-control led intact  
r een t ry  can  do. At present  the expense of proving a worldwide 
network of control s ta t ions along the launch orbi ta l  t r ack  of any 
nuc lear  s y s t e m  launch would be considerable .  Hence, it i s  felt 
that there is a legi t imate  need for semi-control led intact reentry. 
F u r t h e r  study on the logistics of intact  r een t ry  techniques f o r  
l a r g e  heat s o u r c e s  is requi red  before  a final judgment is made,  
however. 

The bas ic  question which affects the applicability of 
semi-controf ied intact r e e n t r y  is not feasibil i ty but 

That is, is  the designer  willing to use a vehicle 

If the 
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Controlled Intact Reentry and Recovery 

a. Operational Prof i le .  The  ul t imate  capabili ty in disposing of 
nuc lear  power supplies used in space  i s  to r e t u r n  the f u e l  loading 

to e i r t h  in a manner  which does not compromise  the containment 
s t r u c t u r e  of the f u e l  and allows complete control  over  the impact points 
of the r een te r ing  sys tem.  
the f u e l  in a r emote  area ( i .  e . ,  oceans o r  d e s e r t s )  o r  r ecove ry  of the 
f u e l  by select ing a par t icu lar  landing a r e a  falls within the realm of 
possibil i ty for- the nuc lear  s y s  t em designer .  

As was shown in Section IV-B-1, the impetus  f o r  designing 

If this can  be accomplished then disposal  of 

spec ia l  r e e n t r y  s y s t e m s  to achieve this is not p re s s ing  f o r  t.he low power 
radioisotope sys t ems .  However, when power levels of the o r d e r  of kilo-- 
wat ts  are  requi red ,  then the impetus is l a r g e  f r o m  both the hazards  and 
economic standpoint. In addition, random intact  r e e n t r y  cannot be 
tolerated f r o m  a polit ical  standpoint because of the international problems 
which could be  r a i sed  by i r respons ib le  i r radiat ion of an alien population 
o r  the associated del ivery of l a r g e  quantit ies of f issionable ma te r i a l  to 
a potential enemy. 

Because of the na ture  of the end product of controlled intact r een t ry ,  
that i s ,  del ivery of at l ea s t  the nuclear  heat s o u r c e  to a specif ic  spot  on 
the s u r f a c e  of the ea r th ,  only s y s t e m s  which a re  act ive in na ture  can be 
thought of fo r  successful ly  meeting these  goals. Pas s ive  s y s t e m s  which 
only have the capability to withstand r een t ry  and impact  can only sa t i s fy  
random intact r een t ry  c r i t e r i a .  The  active s y s t e m  mus t  have the capa-  
bility to leave  the space  environment at a par t icu lar  point in i ts  o rb i t  
o r  t r a j ec to ry  on command of a ground o r  space  s ta t ion,  diss ipate  i ts  
inherent kinetic energy without compromising the integri ty  of the heat 
s o u r c e  during r een t ry  or impact and s ignal  the i r  ea r th  impact position 
to s e a r c h  par t ies  if recovery  i s  des i red .  

The  complexity of achieving this goal i s  p r imar i ly  a function of 
whether  the vehicle s y s t e m  using the nuc lear  power  supply is manned 
o r  unmanned. The  na ture  of the bas i c  miss ion  ( i .  e . ,  orbi ta l ,  lunar ,  
planetary,  e tc .  ) a l so  mus t  be considered,  b u t  those manifest  themselves  
in second o r d e r  effects such  as the change in weight of the heat shield 
o r  the amount of r e t ro th rus t  r equ i r ed  and do not have l a r g e  effects on 
the cha rac t e r  of active control  s y s t e m s  and operat ional  event sequences 
in the vehicle.  It i s  the l a t t e r  which a r e  p r i m a r y  in achieving the de-  
s i r e d  goals. 

b. The  Techniques of Intact Controlled Reent ry  

(1) Manned Sys tems.  Achieving controlled intact r een t ry  of 

allows s o m e  lati tude in design and select ion of the operational 
mode of the r e e n t r y  vehicle. F o r  example,  the heat sou rce  
could be brought back with the c rew in the miss ion  module r een t ry  
vehicle o r  resupply vehicles thereby using the normal ly  available 
r e e n t r y  s y s t e m  o r  i t  could be jett isoned by the c r e w  at  a specif ic  

a nuc lear  heat  sou rce  associated with a manned s y s t e m  
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point in the orbi t  o r  t ra jec tory  of the manned vehicle and 
reenter  ball ist ically within i t s  own heat protection s y s  tem. 
Accurate knowledge of the altitude, geometry,  and inclination 
of the space  “vehicles orbit  would allow select ion of the proper  
re t roenerg ies  to allow p rec i se  control ove r  the impact points 
to at leas t  the s a m e  tolerances a s  present  Mercury and Gemini 
flights. 

If the heat sou rce  r e tu rns  with a manned r een t ry  body, the 
basic problems which.ar ise  a r e  concerned not with the r een t ry  
but with integrating the heat sou rce  into the command and s e r v i c e  
modules during al l  the operational phases  anticipated. Figure 5 4  
shows some  typical arrangements  of the heat sou rce  and vehicles 
in various operational modes.  

Fo r  l a r g e  heat sou rces  coupled to dynamic converters  o r  
for  2 - 3 Kw(e) thermoelec t r ic  sys t ems  as shown in F igure  54 
separat ion f rom the command module under normal  operating 
conditions will be required.  
nuclear  shielding weight obtained through separat ion and the 
inherent self-shielding of the s e r v i c e  module, separat ion is 
anticipated because the life support  sys t ems  in the command 
module might not tolerate  the ex t r a  heat load imposed on them 
by a 30 - 50 Kw(t) thermal  sou rce  in c lose proximity to the crew 
even with good insulation, 

In addition to the reduction in 

If this res t r ic t ion  i s  imposed and the heat sou rce  i s  outside 
of the r een t ry  vehicle, then s o m e  mea.ns to r een te r  it,  using the 
basic  vehicle a s  a shield,  must  be devised. 
i s  shown in F igure  54. 
the se rv ice  module hea.t exchanger hence i t  can be easi ly  disengaged 
f r o m  the t.herma1 loop. 
ulator boom. 
sequence, the heat sou rce  i s  rotated approxima.tely 225 - 240’ to 
the sur face  of the command module and there  placed in a pro-  
tective container flush with the vehicle skin. 
designed to be al ternately operated by the c rew part icular ly  for  
emergency use  during a power fai lure  preceding the reent ry .  
The container has  an ablative outer  cover  to  protect the heat 
sou rce  f rom wake tempera tures  encountered during r een t ry  and 
will contain a heat sink, such a s  beryll ium, to absorb  the nuclear  
heat on r een t ry  (nuclear  shielding for  the crew may also be nec-  
e s s a r y  depending on the isotope and exposure t ime).  In addition, 
s ince the protective container is  only activated on reent ry ,  the 
residual  cryogenics f r o m  the l i fe  support  s y s t e m  may be bled 
through the heat s ink during te rmina l  s tages  of the flight. 
Below 100 ,000  feet the heat sou rce  can be separa ted  f r o m  the 
vehicle o r  impact with it if recovery  of the fuel i s  desired.  It 
must  be noted that the heat sou rce  protective container should 
be forward of the main parachute compartment and cannot in te r -  
f e re  in any way with the operation of this subsyst.em. Figures  
55  and 56 show the operational sequences envisioned for  these 
sys t ems  for  re turn  f rom each space  operational mode. 

A pre l iminary  solution 
The heat sou rce  is radiatively coupled to 

I t  is a.ttached to a s imple  insulated ma.nip- 
Upon separat ion of the s e r v i c e  module in the r een t ry  

The boom can be 
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Figure 54  a lso shows a solution f o r  s m a l l e r  sys t ems  

Since the heat sou rce  is already in  the command 
where the heat sou rce  is integrable direct ly  into the command 
module. 
module, i t  would make most  s ense  to integrate  the converter  
package dirgctly a s  well to cut down on thermal  lo s ses  and 
p r e s s u r e  drops.  
radiators  located in the se rv ice  module. 

Turbine exhaust would be dumped to the 

Both the turbine exhaust and compresso r  and pump inlet 
lines would be blown off by explosive fittings at  s e r v i c e  module 
separation. 
shield as shown is forced on the designer  based on maximum 
volume considerations.  However, the bes t  location for  the heat 
sou rce  f rom a thermal  s tandpo~nt  during r een t ry  i s  at the apex 
of the command module. But interference with the parachutes ,  
excursion module e g r e s s  hatch o r  flight instrumentation may make  
this position untenable. Therefore ,  the sta.tion right behind the 
heat shield is  the only one suitable based on the pre l iminary  
inspection. 

The loca-tion of the heat s o u r c e  behind the heat 

The exact implications of this choice on the heat sou rce  
design is not clear without doing a detailed analysis ,  however, 
this station is one of the hottest on the body during r een t ry  due 
to the aspiration of the stagnation air f r o m  the front of the main 
heat shield by the co rne r  expansion. Therefore ,  active cooling 
as  well a s  a heat s ink may be required and could be accomplished 
by "bleeding" the res idua l  cryogenics into the heal sou rce  heat 
sink. 

( a )  Reentry Independent of the Manned Vehicle. In 
manned sys t ems  where the heat sou rce  i s  to be  

reentered  without the benefit of the manned r een t ry  vehicle 
special  techniques must  be developed. As in the case  of 
random intact r een t ry  the heat s o u r c e  must  have i ts  own 
reen t ry  body which wi l l  both protect  the s y s t e m  f r o m  
reen t ry  heating and f rom meltdown by internal  heat gen-  
erat ion.  

F igure  57 shows the operational sequences requi red  
to r e tu rn  a l a rge  heat source  f r o m  a manned space  s ta t ion 
o r  laboratory such  as MORL. 
heat s o u r c e  would be launched in position on the se rv ice  
module of the space  laboratory and opera te  in this position 
through i ts  life cycle. 
station would sepa ra t e  f rom the module. This is accomp- 
l ished by s imply fir ing the explosive attachment bolts 
holding the r een t ry  vehicle to the s e r v i c e  module. 
connections between an isotope heat sou rce  and the s e r v i c e  
module a r e  envisioned because a radiant heat exchanger 
can be used. Those bolts may have to be shielded in the 
presence of the nuclear  sou rce  to provide rel iable  s e p -  
aration af ter  long t ime exposure,  but this i s  not considered 

It is envisioned that the 

When r een t ry  is des i red  the space  

No 
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a se r ious  problem. 
the MORL would change its orbi ta l  plane slightly ( i .  e. 
s e v e r a l  hundred feet) relative to the r e e n t r y  vehicle in 
o r d e r  t o d e a r  i tselfbefore  the r e t r o s  fire. Stability of 
the reent ry  vehicle during this phase of the operation is 
cr i t ical  therefore  a s  soon as the explosive bolts f i r e  
the reent ry  vehicle would be spin s tabi l ized by a co l la r  
around the vehicle to which s m a l l  sol id  propellant rockets  
a r e  attached and f i r e  normal  to the axis of the r een t ry  
vehicle and in opposite directions f r o m  each  other.  

As soon as  separa t ion  has occurred  

When the MORL is c lear  of the r een t ry  vehicle a 
s ignal  is sen t  to the t i m e r  c i rcui t  aboard the r een t ry  vehicle 
which wi l l  activate the r e t r o s  a t  the right point in t ime to 
yield eventual impact in a predetermined a r e a  on the ea r th ' s  
surface.  
t ime should not be activated by the explosive bolt f i r ing 
although this is at t ract ive,  s ince  i t  re l ieves  the requirement  
f o r  electronics aboard the r een t ry  vehicle and hence gives 
g rea t e r  s y s t e m  reliabil i ty.  The MORL must have sufficient 
control over  the r een t ry  vehicle 's  operational sequencing 
s o  that if  anything goes wrong and the MORL cannot change 
orbi ta l  position a collision between the r een t ry  vehicle and 
MORL can be avoided. Reentry can always be instituted on 
the next orbi ta l  pass  s ince the relat ive position of the MORL 
and the r een t ry  vehicle will not change and the r een t ry  vehicle 
will remain  spin stabil ized thereby avoiding tumbling. 

I t  mus t  be s t r e s s e d  at this point that the fir ing 

Therefore ,  at  the proper  moment selected by the 
MORL crew and the ground stations which can t r ack  both 
the MORL and the r een t ry  vehicle, the r e t r o  package is 
f i red and r een t ry  of the heat sou rce  is instituted on a p r e -  
c i se  ballistic t ra jec tory  which will yield any des i red  landing 
point on the orbi ta l  t rack.  
burn off during r een t ry  keeping the requi red  mechanical 
functions to a minimum. This should not induce se r ious  
perturbations to the vehicle durmg the r e e n t r y  if the package 
i s  designed to ablate uniformly o r  i s  held on by fusable 
bands. 

The r e t r o  package is allowed to 

( 2 )  Unmanned Systems.  The operational techniques fo r  intact 

unmanned sys t ems  a r e  the s a m e  a s  for  manned sys t ems  except 
for  the control of the events being s t r ic t ly  in the hands of a 
ground station. This ,  of course ,  affects the reliabil i ty of the 
operation s ince  on board mechanical and electronic  sys t ems  a r e  
the only bridge between activating the nuc lear  sou rce  r een t ry  and 
the ground. Therefore ,  it is expected that sufficient redundancy 
and shielding wi l l  be required to a s s u r e  a high probability of 
success  . 

controlled r een t ry  of the heat sou rce  r e e n t r y  s y s t e m  fo r  
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Severa l  important considerations have to be evaluated 
before  the feasibil i ty of the unmanned s y s t e m  can be established. 
They a r e :  

* .  ( a )  The weight of the r e t r o  rocket sys-tem. 

(b)  

( c )  

Attitude control of the unmanned vehicle. 

The effects of t iming e r r o r s  in r e t r o  rocket  f i r ing 
on impact position. 

(3)  Ret ro  Rockets - Operational Limitations.  F o r  any initial 
c i r cu la r  orbi t ,  there  is a minimum velocity increment  

requirement  opposite to the direction of the vehicle to insure  
e a r t h  impact within one orbi t .  As the altitude of the initial o rb i t  
i nc reases ,  the velocity incrpment  requi rement  i nc reases  (within 
ou r  range of in te res t )  a s  shown in F igure  58. 

These  velocity requi rements  can be represented  by the r a t io  
of propellant weight. to vehicle weight. 
rocket  specif ic  impulses of 200 - 300 seconds,  the r a t io  can be 
shown as  a function of init ial  a l t i tude(Figure 5 9 ) .  
shows that for  a 100 pound payload at an altitude of 100 n. m i . ,  
i t  would take about 2 ... 3 pounds of propellant.  

F o r  typical chemical  

This f igure 

With an unmanned mission,  the r e t r o  rockets  must  be started 
and aimed by ei ther  ground control o r  a very  complicated guidance 
sys t em.  Assuming that the rocke ts  could be s t a r t ed ,  the direction 
of thrust  is the main problem. Iof the vehicle is  tumbling o r  the 
thrus tors  a r e  approximately 180 out of phase,  the rockets  will 
i nc rease  orbi ta l  altitude r a t h e r  than cause impact.  

A study of the effect of angle deviation in the r e t r o  rockets  
(shown in F i g u r e  6 0 )  shows that for altitudes below 500 miles  
r e t r o  rocket weight i s  no l a r g e r  than 10  percent  of the r een t ry  
vehicle weight. 
quite s e v e r e  in t e r m s  of impact  a t  a given su r face  point af ter  
the %ommand to f i r e  i s  obeved by the vehicle. No m o r e  than a 
+ 10 deviation in the att i tude can be allowed assuming a + 50 
mile e r r o r  is acceptable at impact .  
control of an unmanned vehicle f r o m  which a nuc lear  heat s o u r c e  
is to be r een te red  intact is the c r i t i ca l  factor .  

However, the effect of mission on the retros is 

Therefore ,  the a t t i t ide  

Since the use  of the r e e n t r y  technique in this ca se  implies 
that the space  vehicle may outlive its usefulness long before the 
nuc lear  heat s o u r c e  has ,  act ive attitude control,  by gas  je t s ,  
of these vehicles is probably out of the question. 
attitude control s y s  terns which a r e  acceptable therefore  a r e  
gyroscopic or gravity gradient.  Since the gyroscopic sys t ems  
r equ i r e  e l ec t r i c  power to maintain themselves  and this could 
eas i ly  fail; as a mat te r  of fact  i t  could be the p r ime  r eason  to 
r equ i r e  r e tu rn  of the heat s o u r c e  and converter  for  investigation; 
the gravity gradient s y s t e m  i s  the most  a t t ract ive for  fulfilling 
the attitude control re l iabi l i ty  necessa ry  to achieve unmanned 
controlled intact reent ry .  

The  only 

- 
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Figure  58. Retro-Rocket ‘ I  A V” Requirements  as a Function 
of Alt i tude for E a r t h  lmDact Within One Orbit .  
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The techniques of achieving controlled intact r een t ry  
in the unmanned case  a r e  roughly the s a m e  a s  descr ibed  in 
Section IV-B-3-c-(1) af ter  one has achieved a re l iable  and 
s table  platform as described above to which commands can 
be * .  given and obeyed remotely.  

c. The  Design of Intact Controlled Reentry Vehicles. The design 
of r e e n t r y  vehicles which a r e  told when to disengage f r o m  the 

Y - -  
spacecraf t  is far s imple r  than semicontrol led random reent ry .  
the vehicle contains no flight control s y s t e m  and must  only su rv ive  
a bal l is t ic  reent ry .  Therefore ,  the main problems a r e  the rma l  and 
mechanical  and not involved with complex electronic  control sys t ems .  

H e r e  

This  sect ion presents  a number of potential solutions to the many 
problems that have been descr ibed in the preceding sect ions.  
should be considered a s  indicating promising l ines of attack r a t h e r  
than establ ished solutions. 

They 

Any isotopic heat sou rce  designed for  the intact r een t ry  mode 
must  consider  the unique heat t r ans fe r  and heat s to rage  problems 
associated with a ma te r i a l  whose internal  heat generation r a t e  cannot 
be a l te red  by any way other  than t ime. Specifically, the fuel capsules  
must  be able to re jec t  sufficient heat f r o 3  their  su r f aces  to limit the 
s t r u c t u r e  interface tempera tures  to 1800 F or l e s s  in both no rma l  
and abnormal  operating modes.  
va r i e s  f r o m  isotope to isotope and claddir,g to cladding. However, 
1800' appears ,  at  this t ime, to be an upper l imi t  to the allowable 
interface tempera ture ,  based on using a Rene'  41 support  s t ruc tu re .  

'This ma te r i a l s  compatibility problem 

During normal  operation i t  is  not difficult to s e l ec t  s y s t e m  o p e r -  
ating p a r a m e t e r s  such  that the t empera tu re  l imi t  for  compatibility 
is not exceeded. The problem of designing a heat s o u r c e  fo r  intact  
r e e n t r y  becomes difficult when consideration is given to the need to 
r e j ec t  heat by s o m e  al ternate  mechanism,  such  a s  the c a s e  of fa i lure  
of the p r i m a r y  heat rejection mode, i. e . ,  working fluid l o s s ,  pump 
loss ,  o r  t u r b i n e  s e i z u r e .  
a l te rna te  heat rejection path around a heat shield which i s  designed to 
r e j ec t  the aerodynamic heat of reentry.  The  designs descr ibed  in the 
following paragraphs offer s e v e r a l  approaches to the solution of these  
problems.  

The d i f f i c u l t y  arises from the need for  an 

(1) A Solution f o r  L-ow Power Density F u e l .  F igure  6 1  

P u 2 3 8 0 2 .  The drawing details  a r e  l imited to the containment of the 

fuel capsules  within a r een t ry  body. Additional components such  as 
the heat t r ans fe r  s y s t e m  a r e  omitted. The  principal of the design i s  
that the heat i s  extracted internally during normal  operation but i s  
radiated f r o m  the outer  cylindrical  su r f ace  during all abort  si tuations.  
It is n e c e s s a r y  that the body s tabi l ize  a t  a high altitude during r e e n t r y  
s o  that r een t ry  heating will be confined la rge ly  to the nose  cone and 
the flare f r o m  which i t  will be reradiated.  
by spinning in space  but a backup technique is necessa ry  and r e su l t s  
in the high d r a g  design as shown in Figure 6 1 .  

p resents  a design concept fo r  a heat s o u r c e  employing 

This  can be accomplished 



Ftiel 
, Capsule Assembly 

F i g u r e  61 .  

Reent ry  F l a r e  k - i  

N W  Coolant Abor t s  

’/ (See text)  

Design Concept for a L o w  Power Density Heat Source.  
- -, 



I V - 1 2 3  

This  concept has  been s i zed  fo r  a f u e l  loading of 100 
Kw( t)  utilizing P u  -238 a n d  enca.psulated in containers typical 
of present  day designs.  
diamet.er and 4 feet tong, it i s  found to have slightly g rea t e r  
sg r f ace  a r e a  than that needed to r e j ec t  the heat in abort  s i t -  
uations provided the the rma l  insulation can be -jettisoned. 
Alternate means by which this can be accomplished a r e  descr ibed  
l a t e r  in this section. 
walled beryl l ium tube bored out to contain the f u e l  capsules and 
the heat extract ion s y s t e m  for  norma.1 operation. 
i s  pyrolytic graphite and the f l a r e  i s  beryll ium faced with pyro- 
lytic graphite.  

With a cylindrical  section 2 feet  in 

The cylindrical  sect ion consis ts  of a thick 

The nose cone 

Any attempt to increase  the power density of the r een t ry  body 

These  capsules  would have to t r ans fe r  their  heat past  
will run  into problems caused by the need for a second inner  l a y e r  
of capsules .  
the outer  l aye r  of capsules during aborts .  
higher tempera ture  for  the inner  capsule l aye r  than the outer  cap-  
su les .  Such an ar rangement  would r equ i r e  that the heat rejection 
su r face  tempera ture  be lowered to avoid a mater ia l s  compatibility 
problem in the inner  capsules ,  thus l imiting i ts  ability to dump 
the f u l l  heat load. 

This would lead to a 

The body shape shown in F igu re  6 1  is a compromise  between 
the ideal high drag  configurations descr ibed  in Section ZV-B-1 and 
the requi rement  f o r  providing sufficient uninsu!ated heat rejection 
a rea .  Design of i ts  aerodynamic charac te r i s t ics  will be ve ry  
important to insure the backup that the tumbling could be damped 
at a high altitude in o r d e r  to l imi t  aerodynamic heating of the 
heat re ject ion su r face  and the back of the body. 
stabil i ty will be improved by reducing L / D  (length to d iameter  
ra t io) ,  increasing f l a r e  a rea ,  and moving the center  of gravity 
toward the nose.  
are  in conflict and that achievement of an optimum design w i l l  
be difficult. 

In general ,  

It is apparent that many of these requi rements  

The weight es t imates  for  this configuration show that a 43 
pound pyrolyticgraphite heat shield is requi red  at t.he nose to 
meet  the necessa ry  beryl l ium s t r u c t u r a l  s t rength  requi rements  
at  the attachment points of the nose cone. The  pyrolytic graphi te  
shield i s  a lso extended to the bas i c  f l a r e  and weights of the o r d e r  
of 10 - 20 pounds a r e  es t imated.  
beryl l ium a r e  needed f o r  the block i tself .  
multiple functions. 
generated by the isotopes if the body is undergoing tumbling 
r een t ry  and i t  mus t  absorb  whatever heat input comes into the 
beryl l ium during the s a m e  per iod.  
mine the amount of beryl l ium which is necessa ry  in the b a r r e l  
par t  of the assembly .  
the total heat s o u r c e  weight will be approxi.mately 1280 pounds 
including an assumed weight of 40 pounds for  the heat exchanger.  

Approximately 350 pounds of 
This  block s e r v e s  

It mus t  absorb  that heat which i s  being 

These  two constraints  d e t e r -  

P re l imina ry  calculations indicate that 

.~ ... . 
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Flare 

Heat Rejection 
Surface for L O S S Y  
os Coolant Aborts  

F i n s  for  Heat 
Rejection During 
Loss of Coolant 
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Pyrolytic Graphi te  
Reentry Heat Shield 

! 
. 

T h e r m a l  In- 
sulation fo r  
Normal  Opera-  
tion (Jet t isoned 
for  Loss of 
Coolant Aborts 
in Space) 

F i g u r e  6 2 .  Design Concept f o r A  High Power Density 
Heat Source 
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* ( 2 )  A Solution for  High Power  Density Fuel. Figure 6 2  
presents  a design concept for  a heat s o u r c e  employing 

Po-210 fuel.  
that in this ca se  it i s  l imited by the heat re ject ion su r face  

... a r e a  and it is necessa ry  to add fins to the basi.c cylindrical  
su r f ace  to provide sufficient a r e a  to protect the fuel capsules 
during lo s s  of normal  cooling. This  configuration has been 
s ized  for  100 Kw(t) at  t ime of loading and contains 2 1  capsules 
with a 2 5  percent  void volume. Calculations indicate that the 
weight of this heat sou rce  would be  approximately 475 pounds. 

The design is s i .milar  to the previous one except 

.- 
The s a m e  problems of aerodynamic design a r e  present  with 

the additional problem of predicting the behavior of the fins during 
r een t ry .  It i s  felt that the fins wi l l  rece ive  the leas t  amount of 
heat if protected individually on the i r  leading edges a s  indicated.  
However, the presence  of fins obviously p re sen t s  an additional 
path by which aerodynamic heat can be fed back into the fuel 
capsules .  This  problem would have to be analyzed in detail .  
It is a l so  apparent that this design presents  m o r e  opportunity 
to improve stabil i ty by decreas ing  L./D (length to d iameter  r a t io ) ,  
than the previous one but the interaction of fin heating presents  
a l imi t  to increasing the frontal  a r e a .  Also, the possibil i ty of 
par t ia l  burnoff of the fins and i t s  effect on stabil i ty and attitude 
must  be considered.  

A ma jo r  point that would have to be established ear ly  in 
a design p rogram would be whether o r  not there  i s  a. l imi t  to the 
s i z e  of a single heat sou rce  module of this type. Many fac tors  
point to the possibility that the optimum solution may be to l imi t  
the s i z e  of a single sou rce  to s o m e  value lower than 100  Kw(t), 
achieving f u l l  power by use of s e v e r a l  modules .  
tend to l imit  s i z e  a r e  ground handling, i .  e . ,  shipping and loading 
operat ions,  nuc lear  cr i t ical i ty  problems (if P u -  2 38 and /o r  
Cm-244 were  used instead of P0--210) difficulties in handling 
internal  heat during no cooling per iods,  and problems in inte-  
gration with the space  vehicle, i .  e . ,  i t  may be much eas i e r  
to fit s e v e r a l  modules than one l a r g e  s o u r c e  into a vehicle 
configuration. 
ibility and, in s o m e  applications, reliabil i ty.  The compensating 
advantages of a s ingle  s o u r c e  a r e  l ighter  weight and g r e a t e r  
s implici ty  of attachment and heat t r ans fe r  to the power conver-  
s ion s y s t e m .  

Fac to r s  which 

Modulari zation would  a l so  provide g r e a t e r  flex- 

( 3 )  The  Rotornet Dece lera tor .  An a l te rna te  r een t ry  vehicle 
design of great  promise  in i t s  application to intact con- 

t rol led r een t ry  nuclear  s y s t e m s  is the ro torne t  shown in 
F igures  6 3  - 6 5 .  Basically,  it i s  an active s y s t e m  requir ing 
spin stabil i ty to be effective, but it holds the promise  of s ig -  
nificantly reducing the weight of the heat s o u r c e  thermal  p ro -  
tection s y s t e m  during ear th  r een t ry .  
important if the reentr>- i s  at  planetary r e tu rn  speeds .  
sys t ems  discussed previously would be exorbitantly heavy at  

This  is  par t icular ly  
The  
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Rotornet Dece lera tor  

Tip  Weights Capsule 

Rotary  
Nose Cap 

General  Arrangement  

F igure  63. The  Rotornet Dece lera tor  Genera l  Arrangement  

7 
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Typical Operationai S ~ ~ C F  nce E a r t h  Orbi ta l  Sys tems 

C i r  c ular 
F i b e r  Paths 

Trunica ted  Net 

R e f e r  e nc e Radius 

Rotor Radius Hub 

I 
I 

-Adaptation of Isotensoid Disk to Rotornet 

F igu re  64.  Orbital  Return Operational Sequence and Typical - -  Struc ture  of Rotornet.  
-e 
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Nosecap 

Rotor. net 

Typical Deployment of Rotornet 

c tor  e r r o r  angie 

F igu re  65.  E a r t h  Flyby Reent ry  f rom Plane tary  
Mission and Typical  Deployment. 
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/' 
/ Rotornet 8 

\ / Packaged 
/ 

/- 
\ 

Pay1 o a d 290 lbs  
Dece lera tor  10 lb s  

50 l b s  Rotornet 
Tota l  350 lb s  

\ 

\ 

b- 3 3 . 2 '  -d 
Rotor net Deployed 

Rotornet Design f o r  Ent ry  on M a r s  a t  90' and 25, 000 f t / s e c .  

Hub Tilt 
Mechanism 

Bear ing  

Rotornet Stowed 
in  Annular Compartmer?: 
Rotornet Stowed 
in  Annular Compartmer?: 

N o s  ecap  

Rotating H u b  Struc ture  

F igu re  66. Typical of Ea r th  En t ry  Vehicle Application of 
Rotor net . 
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Orbi ta l  Reentry 
Cislunar  Reeiltry 
Plane t a r  y Ret u rn  

800 1600 1200 1400 1600 1800 2000 
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F 0 

Strength vs. Tempera tu re  for  S t ruc tura l  F i b e r s  

F igu re  67. Rotornet Load Density and Strength vs. 
Tempera t .ure  
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5 0 , 0 0 0  f t / s e c  which is typical of an emergency r e t u r n  f r o m  
M a r s .  
Reference 43,  NASA-CR - 2 4 7 .  

The rotornet  principle and analysis was developed in 

* -  

The  possibility of using low -wing-loading dece lera tors  
f o r  entry f rom orbi t  into planetary atmospheres  has been of 
continuing in te res t  s ince  the beginning of s e r ious  work in 
r een t ry  mechanics .  
dec reases  with ._ dec reases  in W/CDA; thus, if W/CDA can be 

made compatible with the ability of s t ruc tu ra l  ma te r i a l s  to 
r e j ec t  heat by radiat ion,  pract ical ly  no l imi t  on r een t ry  velocit ies 
and angles would exis t .  A c u r s o r y  examifiation of the problem has 
shown that, for  typical payload m a s s e s ,  the dece lera tor  su r face  
a r e a  is no g rea t e r  than that requi red  in the way of a parachute  
fo r  te rmina l  descent .  Application to  the r een t ry  of l a r g e  heat s o u r c e s  
is felt t o  be a s imple design problem with high probability of success .  

loading approach is that for  a wide range  of mission p a r a m e t e r s  
it offers  a potentially l a r g e  d e c r e a s e  in the dece lera tor  m a s s  
f ract ion (decel .  mass /payload  mass) over  use  of s y s t e m s  with 
conventionally high W /  CDA. 

a r e  a l a r g e  number of important  secondary advantages,  such a s  
operat ion at low t empera tu res ,  improved communication through- 
out the descent and potential fo r  gliding and maneuvering without 
l a r g e  inc rease  in s t r u c t u r a l  weight. 

The heating r a t e  for  a given s i z e  vehicle 

The  principal advantage to be gainec! f r o m  the low-wing- 

Attendant to this fea ture ,  however, 

F igure  6 6 ,  taken f r o m  Reference 43,  shows two typical 
packaging concepts which a r e  both applicable to planetary and 
ea r th  r een t ry  vehicles capable of nuclear heat sou rce  r e t u r n s .  

F igure  6 7  presents  the maximum tern-perature ve r sus  load 
density curves  for  typical o rb i ta l ,  c is lunar  and planetary r e tu rns ;  
and s t r e n g t h  v e r s u s  t e m p e r a t u r e  for v a r i o u s  s t r u c t u r a l  fibers 
of in t e re s t .  

F igures  6 8  2nd 6 9 ,  f r o m  the s a m e  reference ,  shows the 
rad ius  and ro torne t  weights f o r  s i l icon f iber  and Rene' 41 
ro torne t  weaves with safety f ac to r s  of 4 and 2 .  5,  respec t ive ly .  

d .  Space and Ground Recovery 

(1) Space Recovery.  Controlled intact r een t ry  has  been 
evaluated and is applicable to recovery  of the heat s o u r c e  

However, other  techniques of recovery  of the heat s o u r c e  in 
s p a c e  should be investigated.  
in two ways: 

Recovery can SP accomplished 

(a)  Reenter ing the heat sou rce  a s  a unit f r o m  an 
orbit ing vehicle.  

. 

.& . .. . . . . - 
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(b) Using a scavenging vehicle to pick up the heat 
s o u r c e  f rom the space  vehicle and r e t u r n  it to 
ea r th .  

" .  

- T h e  implications of the first technique have been discussed 
under controlled intact  r een t ry .  The second technique, however, 
has s o m e  interest ing implications on vehicle design i f  an attempt 
were  made to put it into prac t ice .  

A manned OF unmanned scavange vehicle with the ability 
to pick up and r e tu rn  nuc lear  power supplies to e a r t h  must have 
the following charac te r i s t ics :  

( a )  The  ability to intercept  and rendezvous with orbit ing 
vehicles .  

(b)  The  ability to capture  the en t i re  vehicle  and adjust  
properly s o  that the nuclear  heat s o u r c e  can be r e -  
moved. 

( c )  The ability to s t o r e  var ious s i zed  heat s o u r c e s  and 
r e t u r n  them to ear th .  

The intercept  and rendezvous capability implies  a vehicle 

In addition, the vehicle may have to 
which has a l a r g e  propellant capacity especial ly  i f  m o r e  than 
one pick up is to be made .  
be manned to a s s u r e  the reliabil i ty necessa ry  to rendezvous 
with and d isassemble  a nuclear  heat sou rce  f r o m  its mother  
vehicle in s p a c e .  
even with T V  monitors ,  e t c . ,  is very  questionable at this t ime.  
The c loses t  p rac t ica l  system which i s  being planned and has  at 
l ea s t  s o m e  of the capability requi red  is the sa te l l i t e  inspector .  
However, the s y s t e m  requi red  fo r  heat s o u r c e  removal  is at 
l ea s t  two o r d e r s  m o r e  complicated than the sa te l l i t e  inspector ,  
because i t  has  to c lose  exactly with the ta rge t ,  s top  the ta rge t  
motion and control i t s  re la t ive  alignment and r emove  the heat 
sou rce .  

The task  is quite difficult and to do i t  remotely,  

One of the most  difficult problems to overcome is that 
i f  the heat s o u r c e  to be captured i s  on board a spent  sa te l l i t e ,  
that is, a sa te l l i t e  whose attitude control s y s t e m  has  been de-  
pleted due  to long s p a c e  operation o r  an abort ,  then the capture  
vehicle must  be able to s tabi l ize  the sa te l l i t e  before  i t  can c lose  
with i t  and rendezvous.  This, of course ,  is of the g rea t e s t  diffi- 
culty and may be  impossible  without as t ronauts  actually leaving 
the captur2 v2hicle and physically a l te r ing  the dynamics of the 
sa te l l i t e  with such things a s  gravity gradient co l l a r s ,  etc. All 
this being done in the presence  of a nuc lear  s o u r c e  which may 
only have a shadow shield i s  very  dangerous.  



Based on this sho r t  discussion it can be  s e e n  that 
scavenging nuclear  s o u r c e s  f r o m  manned vehicles where  good 
control can be maintained is reasonable ,  and depends only on 
development of present  rendezvous techniques. 
trying to capture unmanned sources  is not s t a t e  of the a r t  and 
significant technology has  to be developed to make it possible .  

However, 

Even i f  such a s y s t e m  were  developed, it would undoubtedly 
be  m o r e  complex than adding a controlled intact r e e n t r y  s y s t e m  
direct ly  to the device.  
scavenging would have to be  a s y s t e m  capable of picking up a 
number of s y s t e m s  o n a s i n g l e  mission to show any advantage 
over  controlled intact r een t ry .  
for  this purpose show the highest level of s u c c e s s .  

Accordingly, any prac t ica l  application of 

Fur the rmore  manned s y s t e m s  

Table  XIV shows the combination of sys t ems  which can 
present ly  be envisioned as feasible  for  space  scavenging. 

Table  XIV 

Feasibil i ty of Space Scavenging 

Caoture Vehicle 

S at  ell i  t e 
Manned 

Unmanned 

h4 ann e d 
-77- 

Unmanned 
--7- 

d X 
(depending on s a t -  (most  difficult) 
e l l i te  abort  mode) 

( 2 )  Cost  of Recovery Sys tems.  Manned s y s t e m s  have the 
inherent capability of recovery  and only modifications 

r a the r  than complete redesign are r e q u i r e d  to produce  a r een t ry  
vehicle which can br ing back both men and heat s o u r c e .  
modifications to the bas ic  command module as shown in Section IV 
B-3-c would be relat ively minor  and the R and D cos ts  would be 
the major  consideration. 

6 $1 - $2 x 10 for  the complete design and s y s t e m s  modification 
of an existing r een t ry  vehicle thru the hardware  s tage.  

The 

Very rough es t imates  indicate 

However, unmanned s y s t e m s  have to s t a r t  f r o m  s c r a t c h  

Definition of 
and these costs  depend on what type of operations the r e e n t r y  
and scavenge vehicles a r e  called on to per form.  
this point i s  important because  it has a d i rec t  input into the 
decision to r ecove r  and r e p r o c e s s  the heat s o u r c e  f u e l  as 
discussed in Reference 4 4 .  If costs  of the recovery  s y s t e m  
a r e  prohibitive, recovery  may not be financially a t t rac t ive .  
Of course ,  recovery  f r o m  a safety standpoint is not affected 
by the reprocess ing  a rgument .  Hence, intact r e e n t r y  of l a r g e  
heat sou rces  for safety r easons  will automatically - - -  profit the 

_. : reprocess ing  argument .  .. 
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Since the basic  design of scavenge sys t ems  a r e  a spin-off 
f rom the advanced p rograms  now under consideration (satel l i te  
interceptor,  etc.  1 much of the basic  technology may be chargeable 
to NASA and DOD programs making the A E C ' s  application less 
costly than s tarr ing f rom sc ra t ch ,  

( 3 )  Ground Recove=. Different techniques have been presented 
and discussed for  achieving controlled and semi-control led 

intact reent ry .  The feasibil i ty of this terminal  phase activity is, 
naturally,  totally dependent upon the ability to r e t u r n  the manned 
o r  unmanned reent ry  vehicle to a designated land a r e a .  The 
actual recovery of the nuc lear  fuel f r o m  the r een t ry  vehicle, the 
handling operations (land and water)  and, the subsequent t rans  - 
porting of the sou rce  back to a fuel reprocess ing  facility a r e  not 
controlling considerations in evaluating the feasibility of this 
approach for  post-mission disposal.  The problems a r e  s i m i l a r  
to those associated with the handling and t ransport ing of any 
l a r g e  radioactive sou rce .  This  does not necessar i ly  imply that 
the problems a r e  easy o r  should not be thoroughly examined. 
Since the sou rce  can be adequately shielded to prevent excessive 
radiation doses to personnel direct ly  involved in handling opera-  
tions, the major  task  then for a given mission becomes the 
definition of recovery  procedures ,  the type of equipment required,  
shielding l imitations,  and pertinent data re la ted to the establ ish-  
ment of backup procedures .  Other  pa rame te r s  to b e  considered 
should include the perturbation induced by different geographic 
locations and the effects of varying fuel inventory upon the method 
of recovery .  

In any event, detailed recovery  procedures  and techniques 
for implementing the procedures  must be develcped to support not only 
the p r imary  post mission disposal but any recovery  operation 
that i s  required as a r e su l t  of an aborted mission.  Recovery 
f r o m  aborted situations can impose additional complexities due 
to the fact  that landing may occur  in unplanned a r e a s  or i n  un- 
desirable  landing modes,  such  as source  ejection f r o m  the 
manned vehicle and direct  impact .  Hence, the recovery  oper -  
ation must  be designed to meet  a wide var ie ty  of conditions, 
it can take many forms depending upon the type and quantity of 
radionuclide involved, the type power converter ,  the vehicle 
design and the mode and type of sur face  impacted. It can be 
seen  f rom these considerations that recovery  teams must  be 
equipped to handle all s i ze s  of wreakage and varying degrees  of 
s t ruc tu ra l  complexity as well as thermal ,  chemical and nuclear  
effects.  

In formulating control1 ed recovery plans consideration 

It i s  impossible to 
must  be given to a l l  modes of conceivable impact si tuations 
under which recovery must  be achieved. 
maintain a Pecovery force  sufficient to initiate immediate  action, 
however, it would appear  that the most logical approach would 
be to maintain the level of recovery  support  consistent with the 
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probability of the abort  si tuation occurr ing .  
land and water  impact i s  possible,  the recovery task  should establ ish 
a balance between them to achieve the most  flexible recovery  

recovery .  

Since both 

‘ task force  in support  of both abort  and regular  post-mission 

e .  Genera l  Conclusions 

(1) Controlled Intact Reentry and Recovery 

(a )  Controlled intact r e e n t r y  i s  tied to l a r g e  heat sou rces  
f r o m  both the hazards  and economic standpoint 

addition, random intact  r e e n t r y  of l a r g e  heat sou rces  prob-  
ably cannot be tolerated f r o m  a political standpoint because of 
international problems which could be r a i sed  by i r respons ib le  
i r radiat ion of an alien population o r  the associated delivery 
of l a r g e  quantities of f issionable ma te r i a l  to a potential 
enemy. 

In 

(b)  

heat s o u r c e  to a specific spot on the su r face  of the ear th ,  only 
sys t ems  which a r e  active in na ture  can be thought of fo r  
successfully meeting these goa ls .  
only have the capabllity to withstand r een t ry  and impact can 
only sat isfy the random i.ntact r een t ry  c r i t e r i a .  The active 
s y s t e m  must  have the capability to leave  the space  environ- 
ment a t  a par t icular  point in i t s  orbi t  o r  t ra jec tory  on com- 
mand of a ground o r  space  s ta t ion,  diss ipate  its ink:ei-e;lt 
kinetic energy without compromising the integrity of the 
heat s o u r c e  during r een t ry  c r  impact  ana s ignal  their  
ea r th  i.mpact position to s e a r c h  ps r t i e s  if recovery  is r e -  
quired.  

( c )  

nuclear  power supply i s  manned o r  unmanned. 
s o u r c e  could be  brought back with the c rew in the I.nission 
module r een t ry  vehicle o r  rescipply vehicles  thereby using 
the normally available r een t ry  s y s t e m  o r  it could b e  je t t i -  
soned by the c rew at a specif ic  point in the orb i t  or t ra jectory 
of the manned vehicle o r  r e e n t e r  ball ist ically within its own 
heat protection s y s t e m .  

Because of the na ture  of the end product of controlled 
intact reent ry ,  that i s ,  delivery of at  l e a s t  the nuc iear  

Pass ive  s y s t e m s  which 

The complexity of achieviRg this goal is pr imar i ly  2 
function of whether the vehicle s y s t e m  using the 

.The heat 

(d)  

with the r een t ry  but with integrating the heat sou rce  into 
the command and s e r v i c e  modules dur ing  all  the operational 
phases  anticipated. 

If the heat s o u r c e  r e t u r n s  with a manned r een t ry  body 
the basic  problerns which a r i s e  a r e  concerned not 
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( e )  Location of l a r g e  heat sou rces  in the s e r v i c e  
module is suggested to take advantage of the inherent 

nuclear  shielding of the c rew by the mechanical sys t ems  
and sepacation distance and the reductions of thermal  load 
to the ecological s y s t e m  of the command module. 

( f )  

of r een t ry .  It can be s to red  in an insulated and shielded 
compartment  during the r een t ry  and cooled with residual  
cryogenics f rom the l i fe  support  sys t em.  It can be dropped 
at the end of r een t ry (& 1 0 0 , 0 0 0  feet) o r  ca r r i ed  on to impact 
with the r een t ry  body if recovery  is required.  The implica- 
tions of the technique r equ i r e  that the heat sou rce  be radiatively 
coupled to the conver te r .  

The heat sou rce  can be brought into the command 
module via a thermally insulated boom before initiation 

(g) F o r  s m a l l e r  heat s o u r c e s  which can be incorporated 
into the command module the a r e a  in the vicinity of 

the heat shield o f f e r s  maximum volume and shielding potential 
to the c rew.  
the same as in the remote heat sou rce  case. Implications of 
this technique r equ i r e  the converter  to be integrated direct ly  
with the heat sou rce  and coolant l ines  to be explosively s e p -  
a ra t ed  to f r e e  the command module f r o m  the se rv ice  module 
upon r een t ry .  

The  techniques of cooling during reent ry  a r e  

(h)  

the heat sou rce  must  have i t s  own reen t ry  body which will 
protect  the s y s t e m  f r o m  reen t ry  heating and f rom meltdown 
by internal  heat generation. 

For  manned sys t ems  where the heat sou rce  is to be r e -  
entered without the benefit of a manned r een t ry  vehicle 

( i )  

in proper  r een t ry  attitude, f i r e  r e t r o s  at the point in t r a j ec -  
tory where  ea r th  impact is a s su red  within the landing range 
des i red .  
planetary r e tu rn  s y s t e m s .  However, space  disposal is 
m o r e  at t ract ive when planetary r e t u r n  is considered. 

The basic  operational mode fo r  the r een t ry  body i s  
separat ion f r o m  the manned sys t em,  spin s tabi l ize  

This  technique is applicable for  both orbi ta l  and 

( j )  

a s  for  manned sys t ems  except for  the control of the events 
being s t r i c t ly  in the hands of the ground station. This ,  of 
course ,  affects the reliabil i ty of the operation s ince  on board 
mechanical and electronic  sys t ems  a r e  the only bridge 
between activating the nuclear  s o u r c e  r een t ry  and the ground. 
Therefore ,  sufficient redundancy and shielding must be pro-  
vided to a s s u r e  a high probability of s u c c e s s .  

The operational techniques for  intact controlled r een t ry  
of the heat sou rce  f o r  unmanned s y s t e m s  a r e  the s a m e  
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( k )  

the r een t ry  vehicle weight. However, the effects of mission 
on the r e t r o s  i s  quite s e v e r e  in t e r m s  of impact at a given 
su r face  point a f te r  the commazd to f i r e  is obeyed by the 
vehicle.  No m o r e  than a + 10 deviation in-at t i tude can be 
allowed assuming a + - SO mi le  e r r o r  is acceptable at  impact .  

It was determined that fo r  alt i tudes below 500 mi les  
r e t r o  rocket weight is no l a r g e r  than 10 percent  of 

... 

(1) 

sa te l l i t es  which will launch intact r een t ry  vehicles Some 
active control will s t i l l  be necessa ry  to control rotation in 
a plane normal  to the e a r t h ' s  r ad ius .  

A gravity gradient stabil ization s y s t e m  appears  the 
most  a t t ract ive for init ial  attitude control of unmanned 

( m )  

semi-control led random reen t ry .  Hence, the vehicle con- 
tains no flight control s y s t e m  and must  only surv ive  a 
bal l is t ic  r een t ry .  Therefore ,  the main problems a r e  
expected to be thermal  and mechanical and not involved with 
complex electronic control s y s t e m s .  
will consist  of a command rece ive r ,  action c i rcu i t ry  and 
su r face  location beacons and t ransponder .  

The  design of r een t ry  vehicles which a re  told when to 
disengage f r o m  the spacecraf t  i s  far s i m p l e r  than 

On board electronics  

(n )  

problems associated with high internal  heat generation r a t e s  
during r een t ry .  Specifically, the fue l  capsules  must  be able 
to  dump sufficient heat f r o m  the i r  su r f aces  to l imit  the 
fuel-wall interface t empera tu re  to 1800°F o r  l e s s  in both 
no rma l  and abnormal  operating modes.  During no rma l  
operation it LS not difficult to s e l ec t  s y s t e m  operat ing p a r a -  
m e t e r s  such  that the t empera tu re  l imit  for  compatibility is 
not exceeded. The problem of designing the heat s o u r c e  for  
intact r een t ry  becomes difficult when consideration is given 
to  the need to r e j ec t  heat by s o m e  a l te rna te  mechanism in 
the c a s e  of failure of the p r i m a r y  heat re ject ion mode. The  
difficulty a r i s e s  f r o m  the need for  an a l te rna te  heat re ject ion 
path around a heat shield which i s  designed to  r e j ec t  the 
aerodynamic heat of r een t ry .  

An isotopic heat s o u r c e  designed for  intact r een t ry  
must  consider  the unique heat t r ans fe r  and heat s to rage  

( 0 )  Two techniques can accomplish this .  The  f i r s t  i s  

jet t isoning insulatior. during a coolant abort  and has  
enough heat capacity to abso rb  the nuclear  heat during 
r een t ry .  The second is a device called a ro torne t  which 
has  the capability to reduce  the r een t ry  heating to  any 
des i r ed  value thereby reducing the r een t ry  heat protection 
weights considerably.  However, no change in internal  heat 
s to rage  capacity weights i s  expected. 
nique, however, which holds promise  of making intact con- 
t rol led reent ry  f rom aborts  at  planetary r e tu rn  speeds  
feasible  for  nuclear  s y s t e m s .  

s tandard  r een t ry  body which dissiDates heat through 

It is this second tech-  
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f .  General  Conclusions 

Recovery 

( a )  " .  Space Recovery. Scavengmg vehicles for  nuc lear  

unless both sys t ems  a r e  manned. Taking a nuclear  heat 
s o u r c e  back to ea r th  in a resupply vehicle is near ly  s t a t e  
of the a r t  and can be accomplished with minimal changes 
in the design of the r een t ry  vehicle.  However, if both 
s y s  tems w e r e  unmanned and the  sa te l l i t e  randomly tumbling, 
secur ing  the heat s o u r c e  to the rendezvousing vehicles would 
be almost  impossible  without men on board.  Therefore ,  the 
most successful  nuc lear  heat s o u r c e  scavenger  is envisioned 
as  a manned satel l i te  interceptor  type of vehicle.  

s y s t e m s  in  space  a r e  beyond present  technology, 

Development of such a vehicle s e e m s  to be reasonable  
in  the 1970-1  980 t ime period. 
f o r  the crew wil l ,  of course ,  be necessa ry .  

Special radiation protection 

Costs  fo r  a p rogram to design and modify existing 
manned r een t ry  vehicles to r e tu rn  nuclear  heat sources is 

approximately $1-$2 x 10  . 
based on the safety argument mainly, however, this will  
auu t omat i c ally benefit r e p r o  ces s  ing . 

6 Reentry of the fuel will be 

(b)  Ground Recovery. Analyses have shown that recovery  
of the nuclear  heat sou rce  a f te r  controlled intact  

r een t ry  within a predetermined impact a r e a  should pose 
no s e v e r e  technical problems and can be c a r r i e d  out with 
present  nuclear  device handling techniques.  

C .  Orbital  Storage and Escape 

Pos t -miss ion  disposal of a space  nuclear  sys t em (radioisotope o r  
r eac to r )  can be achieved by abandonment of the nuclear  fuel in orbit ,  t r a n s -  
f e r r i n g  the s o u r c e  to a higher orbi t  for  g rea t e r  l i fe t ime,  o r  by propelling i t  
into an ea r th  escape t r a j ec to ry .  
these approaches is the elimination of l a r g e  radioact ive r e l e a s e  in the t ropo-  
sphe re  o r  biosphere,  or impacting nuclear  ma te r i a l  in populated a r e a s .  

The p r imary  advantages associated with 

1 .  Orbi ta l  Storage 

The effectiveness of orbi ta l  s to rage  i s  dependent upon the orb i ta l  
l i fe t ime and the radioisotope (half- l i fe  and type of emitted radiation) being 
s to red .  In the following discussion, the applicability of orb i ta l  s torage  will 
be a s s e s s e d .  As a basic  guideline, a nominal decay of ten half-l ives ( this  
reduces the or iginal  inventory by a fac tor  of 1024)  will  be used to es tabl ish 
the isotope fuels and to a s s e s s  the usefulness of other  orb i t s  fo r  disposal .  
These guidelines a r e  considered reasonable  s ince  a backup sa.fety philosophy 



of burnup will undoubtedly l imit  the launch inventory s o  that any orbi ta l  
s to rage  t ime wi l l  reduce the hazard  fu r the r .  
useable power generating isotopes va r i e s  f r o m  a fraction of a y e a r  
(Po-210 - 138. 5 days) to many y e a r s  (Pu-238 - 89 .6  y e a r s ) ,  therefore ,  
the orbital. l i fe t ime requi rements  range f r o m  approximately 3 to 900 
y e a r s  depending on thf half-life of radioisotope being used. 

t ive to i t s  altitude, bal l is t ic  coefficient and type of orbi t  (eccent r ic i ty) .  
orbi ta l  l i fe t ime as a function of these  var iables  i s  presented in F igures  70 
and 7 1 .  
decay of Po-210, Pm-147,  Cm-244, Sr-90, and Pu-238 a r e  shown fo r  ball ist ic 

coefficients f r o m  1 to 1 0 , 0 0 0  lb / f t  . 
fuel  blocks may vary  f r o m  approximately 5 to 100 lb / f t  
dependence upon shielding and basic  design considerations f o r  different type 
energy conve r t e r s .  

with a ball ist ic coefficient in excess  of 100  lb / f t  . 
s ince  a s  the ball ist ic coefficient i s  increased  the required altitude for  ten 
half-life decay i s  decreased ,  as shown in F igures  7 0  and 7 1 .  
an altitude of 333 nautical mi les  ( n .  m i . )  is needed to a s s u r e  at  l ea s t  ten 
half-life decay p r i o r  to ea r th  r een t ry  for  Po-210 within a configuration 

having a bal l is t ic  coefficient of 10 lb / f t  . If an elliptical orbi t  i s  the final 
o rb i t  achieved during a t r ans fe r ,  i t s  l i fe t ime is significantly l e s s  than the 
c i r cu la r  orb i t  a s  i l lustrated in Figure 7 1 .  F o r  example, a 300 n .  m i .  

per igee and a 700 n. m i .  apogee with a bal l is t ic  coefficient of 1 lb / f t  is 
charac te r ized  with an orbi ta l  l i fe t ime of approximately two y e a r s ,  whereas  
for  a c i r cu la r  orb i t  of 700 n .  m i .  the l i fe t ime i s  approximately 400 y e a r s .  
However, for  s y s t e m s  with higher bal l is t ic  coefficients in the range  of 100 

to 1 0 , 0 0 0  lb/ft '  the orbi ta l  l i fe t ime for  a 400 n .  m i .  orbi t  ranges  f r o m  160 
y e a r s  to g rea t e r  than 1 0 , 0 0 0  y e a r s .  
minimize o r  eliminate potential nuclear  safety problems through isotope 
decay i n  space  is ve ry  at t ract ive.  

The  decay half-life of 

The  orbi ta l  l i fe t ime of a vehicle o r  f u e l  co re  is ex t remely  s e n s i -  
The 

The  required-orbi ta l  altitude for  s to rage  to permit, ten half-life 

2 The  bal l is t ic  coefficient of different type 
2 because of the 

It may be possible to design the fuel containment s t r u c t u r e  
2 This  would be des i rab le  

F o r  example,  

2 

2 .  

3 

Hence, the use of orbi ta l  s to rage  to 

2 .  Orbital  T rans fe r  

The re  a r e  s e v e r a l  different techniques for  achieving orbi ta l  
t r ans fe r .  
a Hohmann Trans fe r ,  a rad ia l  thrust  t r a n s f e r  and a spiral-out  t ra jectory 
via  tangential thrusting. 

The following techniques a r e  d iscussed  in this section: 

By definition, the Hohmann T r a n s f e r  i s  the l ea s t  energy orbi ta l  
t r ans fe r  technique. 
o r  volume requi rements  associated with orb i ta l  t ransfer ,  as disposal tech-  
nique. 
nuclear  s o u r c e  is injected f r o m  a c i r cu la r  o r  elliptical orbi t  into an elliptical 
t ra jec tory  which is charac te r ized  with an  apogee which when c i rcu lar ized  
at the apogee will yie.ld an orbi t  that posses ses  the necessa ry  l i fe t ime to 
permi t  f u e l  decay. 
of s y s t e m  malfunction, the sou rce  will r ema in  in the elliptical orbi t  with a 
l i fe t ime much l e s s  than the l i fe t ime of the c i r cu la r  orbi t .  

The  u s e  of this approach naturally minimizes  any weight 

The A schemat ic  i l lustrat ing the t r ans fe r  is presented in F igure  7 2 .  

If the radioactive sou rce  is not c i rcular ized,  as a r e su l t  

The change in 
. .. . . 
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F igure  70.  Orbital  Lifetime fo r  Ci rcu lar  Orbi ts  
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F igu re  7 1. Orbi ta l  LAfetime for  Elliptical  Orbi t s  
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orbi ta l  liyetime may be determined f o r  any sys t em utilizing the data 
presented i n  F igu res  70  and 71.  By knowing the orbi ta l  l ifetime, the 
quantity of radioactive mater ia l  which will r e e n t e r  the e a r t h ' s  a tmos -  
phere  f rom the undesirable orbit  can be determined.  

The radial  th rus t  t r ans fe r ,  i l lust rated in Fig-ure 73, offers  no 
significant advantages relative to the Hohmann t r a n s f e r  technique. 
volves the s a m e  number of rocket f i r ings and r equ i r e s  m o r e  propulsive 
power to  accomplish than the s a m e  t r ans fe r  via a Hohmann t r ans fe r  
approach. However, the positioning of the rocket  for  the f i r s t  f i r ing is 
probably l e s s  c r i t i ca l  in the rad ia l  thrust  technique than the positioning of 
the rocket f o r  a pure  tangetial f i r ing from the init ial  orbi t .  A l s o ,  the required 
t ime fo r  completing the radial  t r ans fe r  i s  much l e s s  than f o r  the completion of 
a Hohmann t r ans fe r .  
c reas ing  the reliabil i ty and usefulness in t e r m s  of a l ighter  sys tem.  

It in-  

These  considerations become very  important in in- 

The  s p i r s l .  out t ra jec tory ,  a condition which yields a selenocentr ic  
(ear th-moon orbi t )  o r  heliocentric ( ea r th - sun  orbi t )  orbi t  can be implemented 
by e i ther  a continuous o r  periodic thrus tor .  
r equ i r e s  m o r e  propulsion power thar! a Hohmann t r a n s f e r ,  but does not involve 
a ma jo r  rocket f i r ing to c i rcu lar ize  the orbit a f te r  the apogee of the new orbi t  
has  been achieved. The  
elimination of the second f i r ing and the associated guidance and control equip- 
ment i s  the p r i m a r y  advantage of th i s  approach. However, the lack of avail-. 
able long life (continuous o r  periodic) t h rus to r s ,  l imi t s  the usefulness of this  
techrique. 
sys t ems .  Small  e lec t r ica l  propulsion devices have been developed, but the i r  
applicability to  orbi ta l  maintenance and a spiral-out  t ra jec tory  have not been 
demonstrated.  Pot.entially, this type of th rus tor  may be ve ry  at t ract ive fo r  
both applications, but sys tem duration and re1 iability a r e  severe ly  l imiting 
f ac to r s  at  the present  s ta te  of developmefit. 
r equ i r e  high power ( 

This  approach to disposal again 

A schematic  of the technique is shown in F igure  73. 

The  feasibil i ty of orbi ta l  maintenance i s  a l so  r emote  fo r  unmanned 

P resen t  sys t ems  a r e  heavy and 
1 / 2  Kw(e) ) for  t h rus t s  of 0 .  01 . 0. 1 poufids. 

It is evident that a Hohmann t r ans fe r  offers  the optimum mode 
of orbi ta l  s torage  fo r  decreasing the fuel inventory p r i o r  to reent ry .  
the cha rac t e r i s t i c s  of th i s  method, however,  a significant amount  of guidance 
and control a r e  needed to  a s s u r e  co r rec t  orientation of the rocket while 
fir ing.  
as a s imple,  re l iable  and tes ted (used on sa te l l i t es  now in  space  ) means  fo r  
achieving the degree  of control required.  

Due to 

F o r  this  reason ,  a gravity gradient sys t em (GGS) w a s  considered 

The sys tem cons is t s  of a long b a r  attached to the sys tem with a 
sma l l  weight a t  the o ther  end, as  shown in F igu re  74.  
such that the bottom i s  always aimed toward the center  of the ear th ,  hence, the 
GGS provides  two degrees  of control (pitch and ro l l ) .  
control must  be provided through some  other  guidance sys tem to prevent 
misalignment of the rocket during the f i r s t  and second burns.  To  dec rease  
the effect of d rag  on the sys tem,  the gravity gradient ba r  and the small  end 
weight may be ejected a f te r  the second f i r ing to  inc rease  the orbi ta l  l ife- 
t ime  of the s t ruc tu re  containing the radioactive mater ia l .  

It o r ien ts  the s t ruc tu re  

However, yaw 
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A comparison of the propulsive and guidance requi rements  
f o r  the different orbi ta l  t r ans fe r  techniques and their  re la t ive  feasibil i ty 
i s  presented in Table XV.  

" .  

Table  XV 

Evaluation of Orbi ta l  T r a n s f e r  Techniques 

Power  Guidance 
Modes of Orbi ta l  Transfek' Requirements  Requirements  Feasibil i ty 

Hohmann Trans fe r  

Radial T r a n s f e r  

Spi ra l  T r a n s f e r  

Leas t  M e d iu  mcc Good 

Medium Low-Medium:? Fair  
Medium M e d i u m :? Good 

Maintaining Original Orbi t  
1 .  Continuous Thrus t  Low 
2 .  Per iodic  Thrus t  High 

Low::: Poor  
M e d i u m::< F a i r  

Ear th  Escape High Low -,Medium':: Poor  

:: Using gravity gradient s y s t e m  

3. Required Propuls ion Systems 

f o r  orbi ta l  s to rage  a r e  chemical ,  nuclear ,  and e lec t r ica l  s y s t e m s .  The  
t r ans fe r  f r o m  one orbi t  to another r e q u i r e s  a specific velocity inc rease  that 
is dependent upon the mode of t r ans fe r  and the altitude change 
inc rease  i s  independent of the propulsion sys tem,  however,  the weight r e -  
quirements  to achieve a given velocity increment  va r i e s  with the type of 
propulsion s y s t e m .  
i l lustrated in F igure  75. Both the c i r c u l a r  velocity (V,) and the apogee 

velocity (V,) a s  a function of altitude a r e  presented.  VII and A VIII 
values correspond to the velocity increments  required to leave  the or iginal  
orbi t  and c i r cu la r i ze  at the des i red  al t i tude,respect ively.  F r o m  these  
velocity requi rements ,  the fuel and propulsion s y s t e m  weights necessa ry  to 
complete a given orbi ta l  t r ans fe r  may be determined.  

The three  types of propulsion s y s t e m s  that will be considered 

The  velocity 

The velocity increments  for  t r ans fe r  between orb i t s  is 

Total  fuel requi rements  for  a par t icu lar  type propulsion s y s t e m  
depends upon the specif ic  impulse of the sys tem,  a s  shown by Equation 1, 
the higher the specific impulse the lower the fuel inventory.  
payload weight ra t io  for  a fixed velocity increment  is obtained f r o m  the 
following equation: 

The  fuel to 

-. 
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Wfuel +-Wpayload = exp 

wp aylo ad 
... 

where:  V = velocity increments  

I = specif ic  impulse 
SP 

g = gravity 

The specif ic  impulse of the different type of propulsion sys t ems  
considered a re :  

Propulsion Sys tem Specific Impulse (Sec.  ) 

Chemical 200 - 450 
Nuclear Isotope 700 - 900 
Reactor  700 - 1 , 1 0 0  
El e c t r i c a1 800 - 10,000 

Since the fuel weight requi rements  dec rease  with increas ing  
specif ic  impulse,  i t  is apparent  that the electrical s y s t e m  u s e s  the least 
amount of fuel. 
s y s t e m  s ince  the total  propulsion s y s t e m  weight is not included. 
the e lec t r ica l  s y s t e m  requ i r e s  a heavy power generating s y s t e m  to provide 
the l a r g e  amount of e lec t r ica l  power,  The nuclear  s y s t e m  r e q u i r e s  con- 
tainment vesse ls ,  controls ,  coolant and shielding which i n c r e a s e  its total  
weight appreciably.  Whereas,  the chemical s y s t e m  has  only minor  weight 
penalt ies associated with tankage, approximately 10 p'ercent of the fuel 
weight (Reference  50) .  

The values of specif ic  impulse do not r ep resen t  the complete 
F o r  example,  

The r a t io  of propulsion s y s t e m  weight to payload weight fo r  the 
th ree  different s y s t e m s  considering a Hohmann Trans fe r  f r o m  an 80 n .  mi .  
or iginal  orbit  to alt i tudes up to 700 n.  mi. is presented in F igu re  7 6 .  
comparison of the per formance  of each propulsion s y s t e m  f o r  this type 
t r a n s f e r  may be made.  

A 

The dec rease  in propellant weight requi red  for  isotopic, r e a c t o r  
and e lec t r ica l  s y s t e m s  re la t ive  to the chemical s y s t e m  is c l ea r ly  shown in 
the f igure .  As  previously mentioned, however, the total propellant s y s t e m  
weight is much g rea t e r  than the fuel weight for  the th ree  higher  spec i f ic  im- 
pulse s y s t e m s .  

For the calculation, the following typical values of 300, 800, 
and 5000 seconds for  specif ic  impulses  were  used for  the chemical ,  nuclear  
and e lec t r ica l  s y s t e m s ,  respect ively.  

The method of sp i ra l ing  out to a new orbi t  lends itself to the 
low thrus t  (continuous o r  periodic) e lec t r ica l  propulsion s y s t e m .  This  
s y s t e m  may offer considerable advantages in the future;  however,  the present  
e lec t r ica l  propulsion sys t ems  r equ i r e  s o  much e lec t r ica l  power that they a r e  
heavier  than the conventional s y s t e m s  (Reference 46) .  
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Hence, the chemical propulsion s y s t e m  is  the most  appropriate  
method. 
t ems  analyzed and therefore  the most  re l iab le  to date.  
s y s t e m  is not unreasonable .  
r a t io  to go to . a  400 n .  mi. orbi t  f r o m  an 80 n.  m i .  orbi t  is 0 .  1 9 .  
means that fo r  a 100 pound payload the weight of the propellant would be 
about 1 9  pounds. 

The components of the s y s t e m  a r e  the most  tested of all the s y s -  

It can be  s e e n  f r o m  F igure  76 that the weight 
The weight of the 

This 

4.  Ea r th  Escape 

The l a s t  method for  achieving post-mission disposal  to  be analyzed 
will be ea r th  escape .  
orbi ta l  t r ans fe r  within the e a r t h ' s  gravitational f ield.  
out and rad ia l  th rus t  r equ i r e  m o r e  energy than a Hohmann Transfer.  F igu re  
7 7  shows the propellant s y s t e m  weights requi red  fo r  var ious escape  missions 
as a function of propulsion sys t em.  
problem connected with ea r th  r een t ry ,  but the energy requi rements  a r e  too 
s e v e r e  to make this technique m o r e  at t ract ive than station keeping o r  sl ight 
change in orb i t .  

The  modes of escape  cor respond to those mentioned for  
And a s  before,  sp i ra l l ing  

The  method of escape  el iminates  any 

An evaluation of the possible abort  modes in  an orb i ta l  t r ans fe r  
f o r  a spec i f ic  mission has  been completed.  The MORL miss ion  was selected 
as a typical e a r t h  orbi ta l  mission which could ut i l ize  orbi ta l  s to rage  for  sa fe  
disposal  of on board radioactive f u e l .  The or iginal  c i r cu la r  orb i t  was con- 
s ide red  to be  200 n.  mi .  and  the bal l is t ic  coefficient of the container was 

assumed to be 10 l b / f t  . A low value was used in o r d e r  to de te rmine  the 
sho r t e s t  orbi ta l  l ifetime because the design wi l l  probably be charac te r ized  
with a higher ball ist ic coefficient which will i nc rease  the orb i ta l  l i fe t ime o r  
d e c r e a s e  the requi red  s torage  orbi ta l  altitude. 
fo r  this analysis  was Pu-238; other  radioisotopes such  as  Po-210 and Pm-147 
could be used a t  much lower  altitudes due to the i r  s h o r t e r  half-l ife.  The 
analysis  considered the total  sequence of events f r o m  mission orbi t  depar ture  
through the establishment of the des i red  c i r cu la r  s to rage  orb i t .  The t r ans fe r  
sequences,  possible abort  modes and the effect upon orbi ta l  s t o r a g e  a r e  
represented in Table XVI and Figure 78. 

2 

The  isotope considered 

If both s tages  of the rocket  f i r e  properly,  the f u e l  block will be 
c i rcu lar ized  at  600 n .  mi .  above the ea r th .  This  would allow 10 half-l ives 
of P u - 2 3 8  decay before r een t ry .  It should be noted that the wors t  c a s e  is a 
f i r ing  of a s t age  in the opposite direction; if the f i r s t  s t age  fires 180 out of 
phase,  the vehicle will impact the e a r t h  on i t s  f i r s t  o rb i t .  F r o m  an altitude 
of 200 n .  m i . ,  a A V" dec rease  of 400 f t / s e c  wi l l  cause  impact within the 
next orb i t  (Reference  53) .  The A V" necessa rv  to inc rease  to a 6 0 0  n. mi .  
orbi t  is approximately 500 f t / s e c  (see Figure  7 5 ) .  Hence, if this rocket 
f i r ed  as a r e t r o ,  it would cause r een t ry  and ea r th  impact within the f i r s t  
o rb i t .  

0 

' I  

I I  

If the f i r s t  s tage  f i red  proper ly  but the second s t age  f i red  in the 
opposite direction, the resul t ing orb i t  would be ell iptical  with a low perigee 
The  low per igee  and highly elliptical orbi t  would cause the f u e l  block to 
r e e n t e r  before  the inventory could be  significantly reduced through decay. 
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Table XVI 

Evaluation of Orbi ta l  T rans fe r  Missions for  MORL 
(Isotope: Pu-238 at 200 n-miles  or iginal  orb i t )  

H c 
F 
cn 
rp 

(Bal l i s t ic  Coefficient = 10 psf) 
Final Orbi t  ( n .  mi .  1 

C a s e  :t Per igee  Apogee Orbit  a1 Lifetime 

1 .  First s t age  f i r e s  properly,  
Second s tage  f i r e s  properly 

2 .  F i r s t  s tage  f i r e s  proper ly ,  
Second s t age  f i r e s  par t ia l ly  

.: 3 .  F i r s t  s t age  fires proper ly ,  
, w q  
$ 7  
I .  c 

Second s t age  fails  to f i r e  

4 .  

5.  

6 .  

7 .  

First s tage  f i r e s  properly,  
Second s t a g e  f i r e s  in opposite direction 

F i r s t  s t age  f i r e s  properly,  second s t age  
fires partially in opposite direct ion o r  
other  than 180° angle 

First s tage  fires par t ia l ly ,  second 
s t age  fails  to f i r e  

F i r s t  s t age  fails  to fire, 
Second s tage  fai ls  to f i r e  

8 .  First s tage  f i r e s  in opposite direct ion 

600 

200 -600 

200 

50 

50 -200 

600 

600 

600 

6 0 0  

600 

200 200 -600 

200 200 

0 200 

900 y e a r s  , ‘ I  

b 

2 y e a r s  .- 900 y e a r s  

2 y e a r s  

1 hour 

2 y e a r s  

70 days - 2 y e a r s  

70 days 

30 minutes 

::: The abort  conditions a r e  shown on Figure  78.  
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Figure 78. Typical Orbital Transfer Sequences and Pcssible 
_ribort Modes. 

. . .. . . . - - : 

. .. - . -- ._ .. _ -  - 
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If th.e f i r s t  s t age  f i red  properly but the second s t age  onlypart ia l ly  
burned 
elliptichl orbi t  between the des i red  c i r cu la r  orbi t  and the resu l t ing  ell ipse 
if the second s tage  had failed to f i r e .  
s t age  would r e sc l t  in an el l ipse between the original c i r c u l a r  .orbit and 
des i red  t r ans fe r  ell ipse and being charac te r ized  with an orbi ta l  l i fe t ime 
c lose  to the original c i r cu la r  orb i t .  

o r  deviated in angle, the fuel block would be placed into an 

Also, the par t ia l  f ir ing of the f i r s t  

It may be concluded that malfunction of e i ther  s t age  rocket  
would significantly reduce- the orbi ta l  l i fe t ime and effectiveness of this 
approach for post -mis s  ion-dispos al .  

5 .  M i s s  ion Applicability 

Of the planned space  missions identified in TableXI s e v e r a l  a r e  
applicable to orbi ta l  s to rage .  The applicability is controlled uy the nature  
of the orbi t  (low geocentric orbi t )  and the quantity of radioact ive fuel.  In 
general ,  i f  the orbi t  i s  g r e a t e r  than 400 to 600 n.  m i . ,  depending on the type 
of isotope involved, orbi ta l  s to rage  i s  not required because higher orb i t s  
will permi t  sufficient orbi ta l  l i fe t ime for  10 half-life decay of the fuel.  Also, 
interplanetary missions returning to ear th  may inject the fuel s o u r c e  into a 
heliocentric o r  geocentric orb i t  for  subsequent decay. However ,  these 
missi.ons do not need propulsion to achieve orbi ta l  s torage  alt i tudes.  

miss ions ,  a Hohmann Trans fe r ,  with a chemical sys t em,  was considered 
i n  all ca ses  and an abort into an 80 n .  mi .  orbi t  w a s  a s sumed .  
a consistent basis  for the generation of data correspondimg to the r equ i r e -  
ments  of the different miss ions ,  typical e lectr ical  power to weight conversion 
factors  were  assumed fo r  both thermoelec t r icm0.  5 lb /wat t (e )  
s y s t e m s p 0 .  216 /wat t (e)  . 

To determine the requi rements  of orbi.ta1 s to rage  fo r  parti.cular 

To provide 

and dynamic 

Missions that were  considered applicable to orbi ta l  s to rage  based 
on these considerations a r e  l is ted in Table XVH . 

In summary ,  orbi ta l  s to rage  would appear  to be an effective 
method in minimizing or eliminating potential nuclear  safety hazards  a s soc -  
iated with fu ture  aerospace  miss ions .  It i s ,  however, l imited to l a r g e r  
s y s t e m s  where weight penalt ies induced by the propellant, tankage, guidance 
and o ther  pertinent considerations do not appreciably affect s y s t e m  cha rac -  
t e r i s t i c s ,  such  as specific power (wat ts / lb) ,  s i z e  o r  spacecraf t -power 
s y s t e m  integration considerat ions.  
orbi ta l  altitudes g rea t e r  than 400 to 600 E .  mi .  ( c i r c u l a r  o rb i t s ) ,  depending 
upon the radioisotope, the s y s t e m  can be abandoned because  the orbi ta l  
l i fe t ime wi l l  be sufficient to e l iminate  any reent ry  hazard  via  an orb i t  decay. 

For missions charac te r ized  with 

F o r  missions below 400 n. mi .  and above 100 n.  m i .  Po-210 
because of i t s  sho r t  half-life may be  acceptable if the s y s t e m s  ball ist ic 
coefficient is between 1 and 1, 000,  respect ively.  
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‘. I 

I 

M i s s i o n s  App l i cab le  t o  O r b i t a l  S t o r a g e  With A s s o c i a t e d  A l t i t u d e  a n d  Weight 
R e q u i r e m e n t s  

A l t i t u d e  N e c .  O r b i t a l  S t o r a g e  I , P o w e r  
P o w e r  G e n e r a t i n g  for 10 Hal f -  S y s t e m  ‘Weight ’ 

T e c h n i q u e  Weight ( l b s )  I s o t o p e  ( n i .  m i .  ) T a n k a g e  (I= 
M i s s i o n  L e v e l  C on v e  rs ion S y s t e m  l i f e  D e c a y  ( 2 )  P r o p e l l a n t  & 

__- - - - - Uw(e)  - - N o .  M i s s  ion 

1 Ex t e n d e d A po 11 o 6 . 0  D y n a m i c  1200 P o - 2 1 0  3 30 180 
( m a n n e d )  D y n a m i c  1200 Pu-238 600 36 0 

T / I!: 3000 Po-210 330 4 50 
T /  E 3000 PU - 2 3 8 6 00 900 

2 MORI- ( m a n n e d )  8 .  0 I lynami  c: 1600 Po - 2 1 0 :< 30 2 40 

T I  I!: 4000 1’0-210 3 30 600 
7: / I!: 4000 I’ u - 2 :3 8 600 1200 

- 

D y n a m i c  1600 P u  - 2 3 8 600 4 80 

3 S p a c e  S t a t i o n  1 0 . 0  Ilynrimic 2000 P o - 2 1 0  330 
( m a n n e d )  I.),ynamic 2000 I’ll - 2 3 8 600 

‘r / 1i: 5000 1’0-210 3 30 
’ I * /  I!: 5000 l’u - 2 3 8 600 

300 
G O O  
7 50 

1500 

1 7  N i m b u s  0 . 2 5  TI12 1 2 5  P u  - 2 3 8  600 :3 8 

1 !I Adv.  Ort?. Solar Otis. 0 .  50 ‘1’1 I!: 2 50 P m - 1 4 7  4:io 5 0 
2 50 P u  - 2 :3 8 600 7 5  

21 O p e r a t i o n a l  W e a t h e r  0 .  50 T /  IL, 
S a t e l l i t e  

2 50 Sr- -00 5 50 
2 50 P u - 2 3 8  600 7 5  

- 
2 3 O A O  0 7 5 ‘1’1 12: :<I7 5 PLI-238 6 00 110 

25 OGO 0 50 TI12 2 50 Pm-147 4 30 50 

26 SG M 0 20 ‘ I , /  1 4 :  100 1’0 - 2  10 330 1 5  

27  S a t e l l i t e  In spec to r .  1 . 0  rr / 12 500 P u - 2 3 8  600 150 

2 8  AOAO 1 . 0  13ynami c 2 0 0 Pu - 2 3 8  600 60  

2 ( 1 )  13allist ic C o e f f i c i e n t  = 10 l I ) / f t  . ( 2 )  F r o m  o r i g i n a l  o r b i t  80 t i .  m i .  ( t h e r e f o r e ,  i f  fuel  block i s  above 
80 n .  ini. o r i g i n a l l y ,  o r b i t a l  s t o r a g e  s y s t c m  we igh t  w i l l  b e  less. ) 
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Escape f r o m  earth,  in all ca ses  considered, requi red  an amount 
of f u e l  in excess  of 3 - 4 t imes  the payload weight. 
orbi t  r equ i r e s  30 t imes  the payload weight. Therefore ,  a prohibitive 
penalty in weight f o r  this technique s e e m s  evident. 

Attainment of a s o l a r  

6 .  General  Conclusions 

(a)  The use of orbi ta l  s torage  to minimize o r  e l iminate  potential 
nuclear  safety problems due to r een t ry  depends upon the success  

of the original launch, the choice of orbit ,  maintaining attitude control 
of the satel l i te ,  and choice of a propulsion sys t em.  

(b)  T h r e e  techniques a r e  open to the designer  all of which requi re  
propulsion to: 

( 1) Maintain original orbi t  

(2) Trans fe r  to higher longer lived orb i t .  

( 3 )  Escape.  

( c )  In all ca ses  of increas ing  orbi ta l  l i fe t ime through the use of a 
th rus t e r  attitude control is c r i t i ca l .  

(d)  Small  chemical propulsion sys t ems  a r e  light in weight and best  
in r eli ability . 

( e )  The best  t r ans fe r  technique is Hohmann with a s ingle  impulse.  

( f )  Orbital  s to rage  appears  to be an effective method in minimizing 
o r  eliminating potential nuclear  safety hazards  associated with 

fiiture aerospace  missi.ons in eleven out of fifty-two miss ions  analyzed. 
It is, however, l imited to l a r g e r  sys t ems  where weight penalt ies i n -  
duced by the propellant, tankage, guidance and o ther  perti.nent con-. 
s iderat ions do not appreciably affect s y s t e m  character is t i .cs ,  such as 
specific power (wa t t s / l b ) ,  s i z e  o r  spacecraf t -power s y s t e m  integration 
considerat ions.  F o r  missions character ized with orbi.ta1 altitudes 
g rea t e r  than 400 to 600 n.  m i .  ( c i r cu la r  orbi ts) ,  depending upon the 
radioisotope, the s y s t e m  can be abandoned because the orbital  l i fe-  
t ime will be sufficient to eliminate any r een t ry  hazard  v ia  an orbi t  
decay. 

( 8 )  F o r  missions below 400 n. mi. and above 100 n .  m i .  Po-210, 

bal l is t ic  coefficient i s  between 1 and 1 , 0 0 0 ,  respect ively.  
because of i ts  s h o r t  half-life, may be acceptable i f  the sys t ems  

(h) 

of a s o l a r  orbi t  requi res  30 t imes the payload weight. 
prohibitive penalty in weight fo r  this technique s e e m s  evident for  any 
s y s t e m  considered. 

Escape f r o m  ea r th  in all cases  considered requi red  an amount 
of fuel in excess  of 3 - 4 t imes  the payload weight. 

Therefore ,  a 
Attaninment 
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D. - The Potential of Nuclear Sys tems fo r  Destruction in Orbit  

An a l te rna te  safety philosophy often quoted by nuclear  power s y s t e m s  
des igners ,  which may have the potential to alleviate o r  cer ta inly reduce  the 
eventual r een t ry  hazards  associated with the use  of these s y s t e m s ,  i s  
destruct ion of the sys t ems  in space .  

Two questions immediately a r i s e  when this philosophy is considered;  
f i r s t ,  what is the aeceptable level  of destruct ion requi red  to sat isfy safety 
consideration ? ; and seco,id wiiat kciiiiiques Can be real is t ical ly  employed to 
achieve this level  of destruction ? 

1 .  Acceptable L.evels of Destruction 

T o  define the cha rac t e r  and extent of the destruct ion necessa ry  
to  significantly lower the eventual r een t ry  hazards  f r o m  nuclear  s y s t e m  space  
debr i s  one must  first postulate the possible  destruct ion modes and these  con- 
sequences.  

The  destruction modes possible  in space  could range  f r o m  breaking 
up any s y s t e m  into d iscre te  f ragments  to complete vaporization. 
ca ses  chemical  dissolution of the fuel capsule may be a possible  and pract ical  
technique. 

In s o m e  

If one considers  the advantages to space  destruction f r o m  a safety 
viewpoint, s e v e r a l  basic facts s tand out above al l  o thers ,  namely,  the eventual 
objectives a r e  to: 

(1)  Increase  the orbi ta l  l i fe t ime of the nuclear  device and 
hence the t ime available for  decay before  r een t ry .  

Increase  the exposed su r face  a r e a  of the nuclear  deb r i s  to 
maximize l o s s  of f iss ion products o r  radioisotope fuel to  
space  via evaporation before  eventual r een t ry .  

( 2 )  

( 3 )  Increase  the final d i spe r sa l  pat tern upon the e a r t h ' s  
su r f ace  via  initial space  diffusion. 

In the l imit ,  of course ,  complete vaporization is mos t  des i r ab le .  
However, as will be discussed l a t e r  in this sect ion,  it i s  not l ikely to  be 
achieved by utilizing the internal  energy  of the nuclear sou rce .  

s e v e r a l  points of interest  appear .  
If one consideres  f r ac tu re  of the device into s m a l l e r  e lements  

The  only way this can be  achieved i s  through explosive o r  
chemical  means .  Therefore ,  i t  can be expected that the A V  induced to the 
resul t ing debris  wi l l  both degrade and acce le ra t e  some of m e  pa r t i c l e s ,  
However, in all ca ses  the orbital  l ifetime of any given device tends to be  
reduced by fractur ing due to  the dec rease  i n  effective ball ist ic coefficient. 
occurs  because the loss  of m a s s  predominates  over  _ _  loss  . . . . . of . c r o s s  sectional 
a r e a .  

This  

. .  - -. . - - - =  ' .  
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Therefore ,  a tradeoff between the dec rease  in orbital  l ifetime 
versus  the increase  in su r face  a r e a  exposed to space  must  be made on the 
basis  of the evaporation potential of each fue l  form of interest  before a 
judgment can be made-on the degree to which a given device can be f rac tured  
to enhance aerospace safety.  

Another point of in te res t  must be made relative to the fact that 
s ince evaporation m a s s  lo s s  i s  a function of both tempera ture  and s u r f a c e  
a rea ,  once f rac ture  of device i s  induced the average tempera ture  of the 
debris is less than the equilibrium temperature  of the whole, because of 
the increase  in effective reradiat ion a r e a  pe r  unit of power generaling m a s s ,  
thereby fur ther  reducing the expected effects of evaporation. 

The relative effects of the l a t t e r  points can be approximated as 
shown in Figure 79 based on the analyses of Appendix F - 2 .  
shows that f r ac tu re  of a given f u e l  block does indeed inc rease  the effective 
exposed surface a r e a  much f a s t e r  than the equilibrium tempera ture  drops .  
However, the r ea l  mass lo s s  is a function of the vapor p r e s s u r e  of the 
mater ia l  and this must be factored into the analysis via  the discussion in 
Appendix F-2. 

metal ,  w e r e  selected for analysis .  Of the three  i t  was  found that the Po-210 
had such a high vapor p r e s s u r e  that no destruction other  than breakup of the 
fuel capsule was necessary  to achieve complete vaporization in ve ry  shor t  
t imes .  

Figure 79 

Three  fuel forms  of interest ,  S r  metal  Po-210 metal ,  and P u - 2 3 8  

Figures  80 to 83  show that for  both Pu-238 and Sr metals no 
gain is obtained by fragmenting the fuel f o r m  relat ive to the amount of mass 
loss which can be obtained by evaporation. 
a s  a disposal technique for Sr metal just  breakup of the fuel capsule f r o m  
overheating would be enough to vaporize 90 percent of the charge before 
reent ry  heating and atmospheric  effects were  effective. 
the high vapor p r e s s u r e  of the Sr metal,  the t imes for  this m a s s  lo s s  to 
occur  a r e  quite short ,  approximately 1 / 2  hour, which indicates that even 
on ascent aborts  yielding shor t  lived orbi ts  this disposal technique would 
be a valuable one. 

If evaporation were  to be used 

In addition, due to 

Pu-238 metal  forms ,  on the other  hand, show m o r e  sluggish 
(evaporation) behavior as  would be expected due to i ts  lower vapor p r e s -  
s u r e .  Again, no advantage is s e e n  in f ractur ing the fue l  fo rm into s m a l l e r  
particles re la t ive to mass  lo s s  by evaooration. Although the su r face  a r e a  
i s  increased as  was shown in F igurc  7 9 ,  the vapor p r e s s u r e  is ve ry  sens i -  
tive to tempera ture  and sma l l  cha2ges in tempera ture  mean l a rge  changes 
in vapor p re s su re .  Hence, a 100 F tempera ture  drop due to fragmentation 
of the sou rce  could lower the vapor p r e s s u r e  by a factor of at l eas t  2 - 3 .  
Therefore ,  temperature ,  not sur face  a r e a ,  is the controlling factor  in 
mass  loss  by evaporation in space .  

Figure 83 indicates that t imes of the o r d e r  of l o 7  seconds 
would be required to reduce the mass of the index Pu  sys t em by 90 percent .  

. . . . . . -- 

- ___,. d. .--e 
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N Number of Par t ic les  

- 

I 
Surface Temperature Ratio 

(7) Ts2 = 1 
-1 I- sl  NM1: 

- 

I I I 1 1 I I 
10 102 1 os 3.64 l o 3  106 

Figure 79.  The Variation in Surface Area and Debris Surface Temperature 
as a Function of Number of Debris After Frac ture  
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In-general ,  therefore ,  keeping the sou rce  intact with as  l a rge  
a ballistic coefficient as possible will tend to maximize the abort orbital  
l ifetime and provide maximum time for  evaporation. 
S r  breakup andJ.or meltdown of the capsule (v ia  mechanical o r  thermal  
means) during a sho r t  l i fe  orbi ta l  abort is  acceptable and represents  a 
disposal technique with definite potential. 
this technique i s  marginal  and is a function of orbi ta l  l ifetime. If abort 
orbits of the length of a yea r  o r  grea te r  are assured ,  then the technique 
is  a valuable one. 

For Po-210 and 

For  Pu-238 on the other hand, 

<- 

Fur the r  study on the mechanics of how a typical fuel capsule 
will melt under these conditions is advised. 
a s su re  proper  exposure of the fue l  f o r  optimum evaporation to take place 
is a necessity before qualifying the technique. 

Derivation of design data, to 

The choice of f rac ture  of the fuel fo rm.  based on the dispersion 
one may obtain in orbi t  before reentry, is  still a valid approach, however, 
to minimize ground hazard .  However, two points ,-nuat be considered. 

F i r s t ,  to what degree can f rac ture  be obtained? Second, to what 
degree can dispersion in space  be obtained before reent ry .  

A qualitative analysis has been ca r r i ed  out on the effects of 
chemical explosive on f r ac tu re  of reac tor  cores  in the NERVA program 
and the techniques would be roughly s imi l a r  for  l a r g e  isotope sys t ems .  
However, the resu l t s  would be different s ince  isotope sys t ems  would tend 
to have many sma l l  heat sources  r a the r  than one l a r g e  one. 
sulation would have to be impact and explosion qualified due to launch 
safety requirements  and this would tend to increase  the amount of explosive 
required to achieve the s a m e  f rac ture  as  in NERVA cores .  

The encap- 

In addition, the work with NERVA has shown that maximum 
f rac tu re  efficiency r e su l t s  f rom explosive sys t ems  of the shaped charge 
type which can produce shock fronts in the core  of 2 n .  000 - 30,000 f t / s e c .  
Therefore ,  optimum f rac ture  would not give l a r g e  A VIS to the fragments 
In fact ,  the NERVA p r e s s u r e  vesse l  is not greatly dis tor ted o r  f ractured 
by the internal b l a s t s .  
f ractured,  it may s t i l l  be  contained. 

Therefore ,  even though the fuel core  is well 

Since l a r g e  A V ' s  a r e  not expected, the cloud of fragments,  

However, they would d isperse  and yield an eventual advantage on 
i f  one is produced af te r  the explosion, would tend to d isperse  slowly at 
bes t .  
reen t ry  of increased sur face  a r e a ,  longer exposure to the flow, and 
l a r g e r  ground dispersion a r e a .  

In general ,  the explosion technique needs to be investigated in 
great detail and on a par t icular  sys t em before a final conclusion as to i ts  
effectiveness can be made. 

- --.-.. -- 
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2 .  Chemical  Destruct  

It may be possible especially in manned s y s t e m s  ( such  a s  a 
s p a c e  s ta t ion)  to passively dispose of a spent radioisotope genera tor  fuel 
charge  by .chemical techniques.  
chemical  solvents which could be used to dissolve var ious  fuel forms  of 
i n t e re s t .  

Table  XVIII shows s o m e  possible 

The technique is  a s imple  one.  
container  into which the spent f u e l  c o r e  can be  placed. The  container i s  
then sea led ,  press-ur ized,  and the solvent i s  injected.  A p r e s s u r e  valve 
prevents  rupture  of the container due to gaseous react ion products .  
the reac t ion  i s  complete,  the contaiper i.s ejected f r o m  the orbit ing vehicle 
and vents i tself  to s p a c e  boi.ling off the dissol.ved fuel c o r e .  

It r equ i r e s  providing a react ion 

After 

The key cha rac t e r i s t i c  affecting application of this technique is 
r a t e  of reac t ion  which in turn is controlled by the mass and geometry of the 
fuel capsule .  
not hours ,  would be requi red  to br ing  about complete dissolution. 
application to deep space  or orb]  tal  s y s t e m s  s e e m s  most  reasonable .  

In general ,  i t  is felt that t imes  of the o r d e r  of days and weeks,  
Hence, 

3 .  Inherent Destruction Potential  of Nuclear  Sys tems in  Space 

a .  Isotope Sys t ems .  The  moti.vaiion for  d i sassembly  of a rad io-  

nuc lear  debr i s  less hazardous to the general  public. 
great ly  in their  radiation s p e c t r u m  and bi.ologica1 activity,  therefore ,  
the hazards  which they present  a r e  widely divergent in na ture ,  What 
might be an acceptable method of disposal for  one isotope would be 

completely unacceptable for  another .  F o r  example,  P u 2 3 8 0  i s  an 

isotope fueled genera tor  in orbi t  is the d e s i r e  to r ende r  i t s  
Isotopes va ry  

2 
q emi t t e r  with som-e spontaneous fission and an appreciable  neutron 

contribution f r o m  t h e w  -n react ion with 0lri and Oi8. The external  

radiation dose f r o m  a P u 2 3 8 0 2  s o u r c e  of one thousand thermal  watts 
d i spersed  over  5 O G  s q u a r e  miles  r ep resen t s  an addition to the back- 
ground radiation of approximately 5 percent .  

P u 2 3 8 0 2  has  been shown to be biologically iner t ,  i .  e . ,  not 

subject  to body concentration mechanisms.  However, inhalation and 

retention of P u * ~ ' O  in the lungs i s  ve ry  hazards ,  a s ingle  5 micron  

par t ic le  being body burden. 
2 

Strontium-90 is a $-Emitter and has a considerable  hazard  
f r o m  Bremss t rah lung  emiss ion .  
conditions a s  outlined in the preceding paragraph  would r a i s e  the 
background radiation by a fac tor  of t h r e e .  
s e e k e r ,  i .  e . ,  i t  tends to be concentrated by biological a.ction. In i ts  
p re sen t  space  fuel f o r m  S r - 9 0  is highly soluble and could en te r  the 
ecological cycle quickly. 

A dispersion of Sr - -90  under the s a m e  

In addition, Sr-90 i s  a bone 

... . 

.. .... .- .. 
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Radioisotop; 

Sr-90 

CS-1 37 

Evaluation of Poss ib le  Chemical Solvents for  Radio- 
isotope Fuel  F o r m s  

Pm-147 

Po-210 

Pu-238 

Cm-242 

Cm-244 

Table  XVIII 

Capsule Mater ia l  
Haynes - 2  5 
Rene' 41 

TZM 
Tantalum 

F u e l  F o r m  

SrO 
S r T i 0 3  

CSCl 
s- metal  

Chem-ical Solvent 

Hot water  
Fused  N a 2 0  

perchlor ic  acid 
Hot water  (alcohol) 

C s F  Cold water  
Cs Polyglass H F  acid 

Pm203 
metal  
GdPo 

metal  
PUO2 

Cm203 

Cm203 

Chemical Solvent 
HC1 
HC1 

H2S04 
H F  acid 

HC 1 

HN03 

HN03 

HN03, H2S04 

HC1 a n d / o r  HN03 

HC1 and /o r  HN03 

Rate  @ Boiling 
1000 m i l s / y r  

1000 m i l s / y r  
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--From the foregoing i t  may be concluded that different definitions 
-4 mechanism which of destruction may be used for  different isotopes.  

allowe-d for  breaching the fuel capsules and re leas ing  l a r g e  fuel par t ic les  
which fall out rapidlj- over  a re la t ively small a r e a  but cannot be inhaled, 

would appear  desirable  in the case  of P u  02. However, such  a 

mechanism would be completely unacceptable in the case  of S r -90 .  

238 

A destruction method which produced very  small par t ic les  d i s -  
pe r sed  over  a l a rge  a r e a  might be technically pe rmis s ib l e  for  Sr-90,  

but may not be acceptable for  Pu238G because of this ma te r i a l s  l a r g e  
inhalation hazard .  2 

The only acceptable method of orbi ta l  destruct ion which would 
apply to a l l  isotopes appears  to be vaporization with the subsequent 
re tent ion of the isotope vapor above the biosphere until appreciable  
radiological decay and /o r  dispers ion had occur red .  
in te rna l  mechanism in is3topp svsterns  which would provide the energy  
requi red  f o r  vaporization while s t i l l  i n  o rb i t ,  
theoretically exist. for nuclear  r eac to r  sys t ems  and this will be discussed 
in  a l a t e r  sect ion.  

T h e r e  is no inherent 

Such a mechanism does 

(1)  F o r  the purposes  of this d i s -  

of the fuel into a par t ic le  s i z e  o r  s t a t e  such that on i t s  ult imate 
r e e n t r y  into the biosDhere i t  wi l l  not constitute a hazard  to the 

Definition of Destruct ion.  - 
cussion, destruction in orbi t  sha l l  be defined as the rending 

" 
general public As shown ir! Section IV-D-1 ,  this could encor 
pass  the whole spec t rum of debris  s i zes  to ult imate vaporizat  
depending on the na ture  of the orbi t  and change in  orb i ta l  lifet 
of the debris  after formatior! 

( 2 )  Inherent Destruct ive Capability. Two basic  forcing 

s t ruc t ion  capability for  radioisotope s y s t e m s .  They a r e  the 
s to red  thermal  energy and possibly the p r e s s u r e  buildup for  
o(- emitting radioisotopes which generate  helium gas .  

functions appear to offer s o m e  measu re  of inherent d e -  

L -  

on 
m e  

It is immediately apparent that both of these forcing 
functions do not have the capability to reduce the fuel f o r m  to 
micros ized  debris  because the energy cannot be r e l e a s e  quickly 
and efficientl? t ransmit ted to the fuel.  

However, this may not be necessa ry  for  s o m e  fuels a s  
shown in Section 1x7-D-1 because of the potential of space  evap- 
orat ion as  a useable destruct ion technique fo r  the complete fuel 
m a s s .  
of the isotope fuel f o r m  should be one of breaking the fuel f o r m  
containment r a the r  than trying to destroy the fuel, so that normal  
evaporation in vacuum can deplete the fuel fo rm as  much as  
possible before eventual r een t ry .  

Hence the use  of the thermal  and mechanical potential 
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- Figure  84 shows the typical p r e s s u r e  potential versus  
t ime fo r  a low void volume Pu02 fueled radioisotope T / E  

generator .  Since most  aborts would lead to fa i r ly  quick rcerkr ies  
( 4 1 yea r ) ,  the p r e s s u r e  buildup in this c a s e  would not be avail- 
able to break  the capsule before reent ry .  Therefore ,  deliberate 
coorant l o s s  would be the only inherent technique available under 
these circumstances to break the fuel capsule.  

However, before this technique is employed, one must be 
a s su red  that sufficient t ime exists in the space  environment 
before r een t ry  to evaporate the fuel to an acceptable degree.  

I t  must  be pointed out, however, that the meltdown of the 
capsule in space  and subsequent evaporation of the capsule and 
fuel f o r m  could produce problems upon r een t ry  of the residue into 
the ear th ' s  a tmosphere.  An alloy of the fuel fo rm and the contain- 
ment mater ia l  could form,  whose thermophysical propert ies  a r e  
much different than the original constituents, and inhibit burnup. 
Therefore ,  this technique must be applied with caution as a function 
of the fuel fo rm and containment mater ia l  used. 

In general ,  i t  can be stated that for  mater ia l s  with high 
vapor  p r e s s u r e s  i t  is best  not to break up the fuel f o r m  in space,  
but just  b reak  the capsule and allow evaporation to deplete the 
inventory as much as possible before r een t ry .  The re  appears 
to be a correlation between high vapor p r e s s u r e  and burnup 
r een t ry  potential as shown in Section I V - A  - 3. 
evaporation coupled with reent ry  burnup fo r  these mater ia l s  is 
at t ract ive.  However, fo r  low vapor p r e s s u r e  mater ia l s ,  an 
explosive sys t em and /o r  a preformed fuel f o r m  (microspheres)  
coupled with capsule meltdown is at t ract ive f rom the standpoint 
of reducing eventual hazards  through maximizing reent ry  dis  - 
per s  al . 

Therefore ,  space  

A change in generator design which would allow the fuel 
capsules to breach  and simultaneously open one s ide  of the gen- 
e r a t o r  to space  might provide a means of allowing the fuel to 
subl ime.  This would be attractive for  high vapor p r e s s u r e  fuels 
in long lived orbi ts  (depending on the fuel form,  s e e  Section 
IV-D-1) .  This mechanism is not fully responsive to the destruc-  
tion definition, however, s ince i t  may r equ i r e  a long lived orbi t  
to uti l ize i ts  full potential and s ince with decreasing tempera ture  
the r a t e  of sublimation decreases markedly.  These effects may 
resul t  in incomplete vaporization of the fuel. 
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Figure 84. Variation in Capsule P r e s s u r e  and Tempera ture  
with T i m e  for a Typical Low Void Volume P u 0 2  
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Therefore ,  no generator  design modification appears 
capable of offering a solution to complete destruction in orbit  
although changes may be made which could enhance sublimation 
and the probability of destruction on reenter ing the ea r th ' s  
at mos pher e .  

(3)  Orbital Destruction by External Means. The destruction 

of approximately 1 2 1  8 Btu to vaporize a pound of P u 0 2  f rom its 

normal  operating tempera ture .  
the addition of approximately 2032 Btu per  pound. 

of the f u e l  by external means would r equ i r e  the addition 

Strontium fluoride would requi re  

Normal chemical explosives do not function in a manner 
which would lead  to fuel vaporization. 
at which energy can be re leased  f rom a chemical reaction is 
controlled by chemical equilibrium. This leads to limits on 
effective flame front temperatures  which in turn l imit  the avail-  
ability of energy re leased  f r o m  the explosive. 
explosives would tend to break the fue l  capsules and fuel into 
shrapnel  and expel them f rom the reaction field before they can 
r each  equilibrium with the flame front tempera ture .  

It is felt  that conventional explosives do not r e l ease  their  
energy at a r a t e  o r  availability sufficient to allow them to be 
useful in destroying radioisotope fuel capsules within the prev-  
iously defined definition of destruction. 

This is because the r a t e  

Fur ther ;  chemical 

The use of satel l i te  o r  ground launched intercept missiles 
f o r  orbi ta l  destruction would requi re  nuclear  warheads s ince 
conventional explosives wi l l  not provide the thermal  effects for  
destruction. Nuclear warheads would probably be necessary  in 
any event, to provide for  some  guidance sys t em inaccuracies .  
Destruction by external nuclear means would requi re  detonation 
of warheads at orbi ta l  altitudes. This probably unacceptable at  
any reasonable future date because of the l imited tes t  ban t rea ty  
and because of the effects on satel l i te  communications that the 
injection of additional electrons into the Van Allen belts would 
have. 
resu l t s  of the Johnston Island 'Starfish shot.  

This  l a t t e r  effect was 5raphical;y demonstrated by the 

b .  

that can be re leased  to the core  in a shor t  t ime. 
for  a very l a rge  energy r e l ease  capable of vaporizing an ent i re  core  
can only be  achieved with great  ingenuity and effort. 
s ta t ions,  the chemical reaction, o r  gas explosion, that may be t r ig -  
gered due to the nuclear excursion warrant  much m o r e  concern be- 
cause,  depending on the core  mater ia l s ,  the chemical energy r e l ease  
can be o r d e r s  of magnitude g rea t e r  than the direct  nuclear heat gen- 
e r  at ion. 

Reactor Systems.  The normal  design of a nuclear power r eac to r  
incorporates many safety precautions which limit the total energy 

Thus, the possibility 

F o r  l a r g e  power 
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Nuclear  r e a c t o r s  for  space  application, because they do not 
pose  a d i r ec t  danger  to populated areas during no rma l  operat ion,  
may be permi t ted  emergency operational cha rac t e r i s t i c s  which 
could include a se l f -des t ruc t  capability. A study of r e a c t o r  self- 
des t ruchon  depends on the par t icu lar  reactor  type; it i s  n e c e s s a r y  
to  specify the co re  s i ze ,  configurations, and control s y s t e m  to 
at ta in  accura te  quantitative results. However, cer ta in  genera l  con- 
clusions a r e  possibie without such  a detailed analysis .  

(1) Safety Considerations Involved in the Design of a 
Nuclear  Reac tor .  
T h e r e  are cer ta in  bas ic  ground rules whi.ch apply to the 

design of a nuclear  r e a c t o r  that have to be followed in o r d e r  for  
the  r eac to r  to be l icensed by the Atomic Energy Commiss ion  
regula tory  group. 
below together with a discussion of how they affect the self- 
des t ruc t  potential of the r e a c t o r .  

( 2 )  Reac to r  Shutdown With One Control Element Inoperable .  
The  bas ic  control philosophy used in r eac to r  design i s  that  

the control s y s t e m  shuts  the r e a c t o r  down at  the most  reac t ive  
t ime  in life with the control element that controls  the most  r e a c -  
tivity in i ts  mos t  reac t ive  position. As  examples:  for  a r e a c t o r  
using poison control rods ,  this condition cor responds  to the 
s t ronges t  control rod  s tuck out of the r e a c t o r ;  fo r  a r e a c t o r  
using fue l  control rods  this condition cor responds  to the s t ronges t  
control  rod  s tuck  in the r eac to r ;  for  a r e a c t o r  using control  d r u m s ,  
the condition corresponds to the s t ronges t  d r u m  s tuck  in a position 
in which modera tor  o r  f u e l  i s  adjacent to the s ta t ionary  f u e l  and 
the neutron poison, o r  neutron leakage path, is  minimized.  

Some of these  ground ru l e s  a re  di.scussed 

If a pre l iminary  design does not meet  the one s tuck  rod  
condition, the number of control  e lements  can be inc reased  to 
d e c r e a s e  the worth of individual element o r  auxi l iary control  
such  as burnable poison ma; be used to dec rease  the excess  
react ivi ty .  In any event, the p r i c e  of meeting the one s t u c k  
e lement  condition i s  to reduce  the total  excess  react ivi ty  that 
the r eac to r  can gain by the movement of the en t i re  control  s y s t e m  
f r o m  the l e a s t  to the most  reac t ive  condition. Since the magnitude 
of the nuc lear  energy generated during an excursion i s  an exponen- 
t ia l  function of the magnitude of the react ivi ty  input, this design 
l imitat ion is very  s e v e r e  fo r  possible se l f -des t ruc t ion .  

( 3 )  Tempera tu re  Coefficient. The t empera tu re  coefficient 

of r e a c t o r  operation. Tempera tu re  changes in f u e l ,  modera tor ,  
coolant and s t r u c t u r e  produce s e p a r a t e  react ivi ty  changes which 
a re  spatially and t ime  dependent. It is inherent in r e a c t o r  design 
that the t empera tu re  coefficient be negative and that under normal  
operat ing conditions, the r e a c t o r  output be s tab le  and any change 
in tempera ture  does not produce an autocatalytic excurs ion .  

depends on the r e a c t o r  design and is a complicated function 
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The effect of the negative tempera ture  coefficient i s  to 
negate the effect of a reactivity insertion; any increase  in 
power and tempera ture  causes  a negative reactivity change 
which compensates for  initial reactivity insertion and will 
terminate  the excursion. Thus the magnitude and t ime depend- 
ence of the negative tempera ture  coefficient is very significant 
in space  r eac to r s  in o r d e r  to determine the ability to generator 
sufficient heat to destroy a reac tor .  

(4 )  Rate of Reactivity Insertion, For normal  power operation, 
Reactivity i s  

inser ted at a slow r a t e  by slow movement of individual control 
elements to make cer ta in  that operating power and tempera ture  
l imits  a r e  not exceeded. On the other  hand, for a nuclear rocket 
propulsion reac tor ,  the success  of the mission is dependent on 
very  rapid r a t e  of reactivity insertion to achieve specified thrust  
over  a specified t ime interval.  

i t  is desirable  to s t a r t  up a r eac to r  slowly. 

F o r  self-destruction, it is necessary  to in se r t  the reactivity 
very  rapidly. 
space  power supplies would requi re  significant design changes to 
achieve the capability. 

Propulsion r eac to r s  may have this capzbility while 

( 5 )  Non-Nuclear Disassembling of Space Reac tors .  Space 
r eac to r s  a r e  designed on the basis  of minimum weight, 

and high power density, therefore  the fissionable fuel inventory 
is l a r g e r  than thermal  r eac to r s .  
reen t ry  with subsequent immers ion  in wa te r  could produce a 
self-sustaining nuclear  reaction. Therefore ,  the mechanical 
design must consider mechanisms to break  the r eac to r  into pieces 
such that each piece will be subcri t ical  in water.  
obtaining subcrit icali ty is to use  non -nuc lear  explosives to destroy 
the core  o r  to design core  support  s t ruc tu re  such that the core  
can be disassembled under specified conditions. 

A launch abort  o r  reac tor  

The method of 

The use  of non-nuclear explosive only provides sufficient 
energy to break the co re  into l a r g e  pieces and cannot be used 
for  complete co re  destruction such a s  required to vaporize the 
ent i re  core .  

(6) Character is t ics  of Supercr i t ical  Excursions in a Nuclear 
Reactor .  
If the amount of reactivity that is inser ted into a reac tor  

is grea te r  than the reactivity associated with the delayed neutron 
fraction, simplifications can be made in the transient equations 
and relatively s imple  expressions can be derived to determine 
the temperature ,  power and total energy generation of the core  
as  a function of t ime.  
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The  equations that govern the t ime  behavior of a 
r e a c t o r  descr ibed by t ime  independent lumped p a r a m e t e r s  
and neglecting delayed neutrons effects a re  based on the Fuch 
Nordheim model (Reference  5 4 ) .  

e rence  55 ) .  

Scole t ta r  has  extended the 
*model to include var iab le  heat capacity within the c o r e  (Ref-  

These  equations a r e :  

C d T  = p 
dt 

c = c o +  o(T 
= amount of react ivi ty  in  sect ion 6 kP 

P(T) = r eac to r  power at t ime  t 

T = c o r e  t empera tu re  

1 
P 
o( 
C 

= prompt neutron generation t ime  

= t empera ture  coefficient of react ivi ty  

= heat capacity varying l inear ly  with t empera tu re  

Division of Equation (1)  by ( 2 )  and integrating yields the 
following expression fo r  the power, P; 

C k T +  k-&C 0 ) T2 - i ( d 1 T 3 ) ]  ( 4 )  
P P P 

The final t empera tu re  Tmax i s  : 

ril + 2 
- 

1 1 
The latent energy release a s  a function of co re  t empera tu re  i s :  
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P The assumption of ins F antaneous reactivity in se r  ion 
- These solutions represent  up e r  l imits  of the total .ener 

generation. 
and-the neglect of the temperature  coefficient all tend to yield a 
higher energy output than if these effects were  described more  
accurately Fur thermore ,  mechanical expansion, o r  chemical 
reaction within the core  p r io r  to maximum power generation wi l l  
terminate  nuclear excursions at an ea r l i e r  t ime.  

Calculations by Moss  and Wilson (Reference 56) in which 
the mechanical expansion of a SNAP reac tor  c o r e  was considered, 
show that fue l  disintegration occurs  over a s m a l l  region at the 
center  of the Gore 
s u r e  to expand the core  and terminate  the excursion pr ior  to 
maximum power generation. 
was car r ied  out for  a 2 %  
85. 
a r e s u l t  of the nuclear excursion. 

This disintegration produces sufficient pres  - 

The resu l t  of this analysis xhich 
k excess reactivity is shown In Figure 

Only 46 Mw seconds of nuclear energy has  been generated as 

( 7 )  KIWI Transient  Nuclear Tes t .  The KIWI Transient  Nuclear 
Test ,  o r  KIWT-TNT, was designed to investigate the 

behavior of a KIWI reac tor  under conditions of rapid insertion 
of abnormal excess  reactivity (Reference 57) .  However, this 
tes t  was not ca r r i ed  out with a s tandard c o r e  which w a s  designed 
to meet safety considerations previously discussed.  
down margin of the reac tor  was decreased by removal  of internal 
reac tor  poisons and the drum actuators were  modified to increase 
their  speed by a factor of approximately 100 .  These  two modi- 
fications resul t  in a reactivity insertion of $300 pe r  second with 
a total super -prompt  excess reactivity of $ 7 .  50.  

The s h u t -  

The prel iminary r e s u l t s  of this test  indicate that complete 
vaporization of the core  did not occur .  
percent of the co re  was vaporized. 

In fact, only about 5 

(8 )  Possibil i ty of Achieving Complete Core  Destruction. 
The resu l t s  of the KIWI-TNT test  indicate that even under 

the best of conditions i t  may not be possible to completely 
vaporize the co re  solely by a nuclear excursion. 
is  a graphite moderated core  with a relatively long prompt 
generation time these resu l t s  may not necessar i ly  apply to all 
reac tor  types.  Nevertheless,  the resu l t s  appear  to indicate 
that short  of designing a r eac to r  that can function a s  a bomb at 
the t ime of destruction it may not be possible to vaporize a 
reac tor  core  solely by a nuclear excursion. 

Since KIWI 

If complete destruction of a space power r eac to r  is a 
specification for  an operating r eac to r  then cer ta in  design 
innovations can be attempted which may not affect normal  
operating charac te r i s t ics .  These a r e :  
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(a )  

withdrawn increases  reactivity by severa l  percent. 
A non-nuclear explosive o r  f u s e  ejects 

the cGntrol element at t ime of destruct giving shor tes t  
possible reactivity insertion. 

Design the core  to have a control element 
permanently installed in the core;  the element 

(b)  

Pu-239 which h_as small delayed neutron fraction and 
possibly a positive Doppler coefficient. 

Design the co re  to have a very short  prompt gen- 
eration t ime.  In addition, use f iss i le  fuel such a s  

( c )  Design the co re  to have a very flat power distribution 
both radially and axially such that the ent i re  co re  

can achieve maximum temperature  and the thermal  gradients 
that produce mechanical disassembly will be minimized. 

One alternative to a complete destruct of the co re  is to use  
the nuclear  excursion to t r igger  a chemical explosion. The co re  
design would then have to contain mater ia l s  that could have a 
violent chemical reaction at  high temperatures  but be chemically 
iner t  at operating tempera tures .  

( 9 )  Necessity for Destruction in Orbit .  The major  danger 

high power is that i t  will represent  a radiation hazard.  
if the gaseous fission products were  to be eliminated then the 
hazard i s  lessened s ince  the solid fission products can be m o r e  
easily located and contained. 

caused by the reent ry  of a reac tor  that has operated at  
However, 

A possible operational procedure for  the power r eac to r  at  
the end of i ts  space  mission is to permit  core  meltdown by 
shutting off coolant flow. Al l  the gaseous fission products, 50 
percent of the halogens, and 1 percent of the solid fission products 
would be  released in orbit, which represents  a decrease  of 1 7  
percent of the total f ission product activity and the core  would 
resolidify.  This reduction would lessen  the potential dan e r  of 
the reac tor  core .  However, a tradeoff between the reent ry  isassembly 
of the core  as postulated in SNAP-1OA designs ve r sus  pre- reent ry  melt  - 

P. inal decision. 

% 
own relative to final hazards  to the population, has  to  b'-e made fo r  a 

4 .  Results and Conclusions 

a .  Isotope Systems 

(1) Inherent Destructive Capability. Two basic forcing 

struction capability for  radioisotope sys t ems .  They a r e  the 
s tored  thermal  energy and possibly the p re s su re  buildup fo r  

functions appear to offer some measure  of inherent de- 

o(- emitting radioisotopes which generate helium gas.  

-., 
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It w a s  apparent f r o m  this analysis that both of these 
-forcing functions do not have the capability to reduce the fuel 
fo rm to microsized debr i s  because the energy cannot be 
re leased  quickly and efficiently t ransmit ted to the fuel.  
... 

However, this may not be necessa ry  for  s o m e  fuels 
because of the potential of space  evaporation as a useable 
destruction technique for  the complete fuel m a s s .  
use of the thermal  and mechanical potential of the isotope fuel 
f o r m  should be one of breaching the fuel f o r m  containment r a the r  
than t rying to destroy the fuel, s o  that no rma l  evaporation in 
vacuum can deplete the fuel f o r m  as much a s  possible  before 
eventual r een t ry .  Therefore ,  del iberate  coolant l o s s  would be 
the only inherent technique available under these c i rcumstances  
to breach  the fuel capsule.  

Hence the 

However, before this technique is employed, one must  be 
a s su red  that sufficient t ime exis ts  in the s p a c e  environment be- 
fo re  r een t ry  to evaporate the fuel to an acceptable degree .  

It m u s t  be pointed out however, that the meltdown of the 
capsule in space  and subsequent evaporation of the capsule and 
fuel f o r m  could produce problems upon r een t ry  of the r e s idue  
into the e a r t h ' s  a tmosphere .  -An alloy of the fuel f o r m  and the 
containment mater ia l  could f o r m ,  whose thermophysical  prop-  
e r t i e s  a r e  much different than the original consti tuents,  and 
inhibit burnup. Therefore ,  this technique must be applied 
with caution a s  a function of the fuel f o r m  and containment 
mater ia l  used. 

( 2 )  Fragmentat ion and Evaporation. It w a s  determined 
for  both Pu--238 and S r  meta1.s no gain i s  obtained bv 

fragmenting the fuel f o r m  re la t ive  to t h g  amount of mass "loss 
which can be obtained by evaporation. 
vapor p re s su re  on temperature  proved the most significant 
var iab le .  
t empera ture  of the fragments  dropped as a function of the 
number of f ragments ,  causing a significant dec rease  i n  the 
overa l l  m a s s  loss  in space .  
p r e s s u r e  will evaporate ve ry  quickly. 

The dependence of 

When fragmentation occurred  the equilibrium 

Po-210 with i ts  high vapor 

Hence, keeping the s o u r c e  intact  with as l a r g e  a 
ball ist ic coefficient as possible  will tend to maximize the 
abort  l i fe t ime and provide maximum t ime for evaporation. 
F o r  Po-210 and S r  metal  breakup of the capsule  (v ia  mechan-  
ical  o r  thermal  means)  during a shor t  l ife orbi ta l  abort  i s  
acceptable and r ep resen t s  a disposal technique with definite 
potential. F o r  Pu-238 on the other  hand, this technique i s  
marginal  and is a function of orbi ta l  l i fe t ime.  
of the length of a yea r  o r  g rea t e r  a r e  a s su red  then the evap- 
ora t ive  technique i s  a valuable one. 

If abort  o rb i t s  

. _ _  -..--\ -. 
.. . _ _ _ .  - e',..' 

,. - . .  . - -  . . . -  
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case  pure  fragmentation in space  even without 
significant -evaporative mass los s  is a valuable safety technique 
s ince it will a s s u r e  excellent dispersal  of the fuel fo rm before 
reent ry  and eventual lower sur face  contamination. However, 
the e roblem here  is in assur ing  the degree of fragmentation 
which will be significant. This may be easily done for  l a rge  
sys t ems  such as  the NERVA but is much m o r e  mechanically 
difficult and costly in terms of weight on the s m a l l e r  isotope 
sys tems.  Therefore ,  the pre-fragmented microsphere  
approach with-just s imple  fuel capsule meltdown appears  to 
be the most  logical choice to augment space  d ispersa l .  

In general ,  i t  can be s ta ted that for  mater ia l s  with high 
vapor p re s su res  i t  is best  not to break up the fuel f o r m  in space,  
but just  b reach  the capsule and allow evaporation to deplete the 
inventory as much as possible before reent ry .  The re  appears  
to be  a correlation between high vapor p r e s s u r e  and burnup 
reent ry  potential. Therefore ,  space  evaporation coupled with 
reent ry  burnup for  these mater ia l s  is attractive.  However, f o r  
low vapor p r e s s u r e  mater ia l s ,  an explosive sys t em a n d / o r  a 
preformed fuel f o r m  (microspheres)  coupled with capsule mel t -  
down is at t ract ive f r o m  the standpoint of reducing eventual 
hazards  through maximizing reent ry  dispersal .  

(3)  Chemical Destruct .  It may be possible especially in 

dispose of a spent radioisotope generator fuel charge by chem- 
ical  techniques. 

manned sys t ems  (such as  a space station) to passively 

The key charac te r i s t ic  affecting application of this tech- 
nique is the r a t e  of reaction which in turn is controlled by the 
m a s s  and geometry of the fuel capsule. 
that t imes of the o r d e r  of days and weeks, not hours ,  would be 
required to br ing about complete dissolution. 
to deep space  o r  orbi ta l  sys tems seems most  reasonable .  

In general ,  i t  is felt 

Hence application 

( 4 )  Orbital  Destruction by External Means. It has been de- 

ground launched missiles to destroy the generator  in space  
could not be effective unless a nuclear warhead were  used. 
Even a direct  hit with a chemical explosive sys t em may not 
breach the fue l  containment s t ruc ture ,  hence only tempera-  
tu res  of the level to produce f u l l  vaporization would be effective 

termined that using external means such  a s  satel l i te  o r  

Based on the l imitations of the present tes t  ban t reaty 
nuclear  destruct in orbi t  probably can not be though of a s  a 
practical  orbital  destruct  technique. 
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b.  Reac tor  Sys tems - Inherent Destruct ive Capabili ty.  
Analvses have shown that c o m d e t e  destruct ion of SNAP o r  

NERVA ty;e co res  by del iberate  exc*ursions i s  not obtainable.  
The  mechanical fo rces  in the co re  generated by the t empera tu re  of 
the excursion tend to expand a n d / o r  break  up the c o r e  p r io r  to 
maximum power generat ion.  

If complete destruct ion of a s p a c e  power r e a c t o r  i s  a spec i -  
fication fo r  an operat ing r eac to r  then cer ta in  design innovations can 
be attempted which may not affect no rma l  operat ing cha rac t e r i s  t i c s .  
These  a r e :  '- 

(1)  Design the  c o r e  to have a control e lement  permanently 
installed in the core ;  the element  withdrawn inc reases  

reactivity by s e v e r a l  percent .  A i ~ o n - n u c l e a r  e x p l c -  
s ive  o r  f u s e  e jects  the control e lement  at the t ime  of des t ruc t  
giving shor t e s t  possible  react ivi ty  inser t ion.  

( 2 )  

have small delayed neutron fract ions and possibly a posit ive 
Doppler coefficient. 

Design the c o r e  to have a v e r y  sho r t  prompt  generation 
t ime .  In addition,use f i s s i l e  fuel such  as Pu-239 which 

(3)  

achieve maximum tempera tu re  and the the rma l  gradients 
that produce mechanical h s a s s e m b l y  will be minimized.  

Design the c o r e  to have a ve ry  flat power distribution 
both radial ly  and axially such  that the en t i r e  co re  can 

One al ternat ive to a complete des t ruc t  of the c o r e  i s  to u s e  the 
nuc lear  excursion to t r igger  a chemical  explosion. The  c o r e  design 
would then have to contain ma te r i a l s  that could have a violent chem-  
ica l  react ion at high t empera tu re  but be chemically ine r t  at operating 
t empera tu res .  

Coolant shutoff and subsequent core  meltdown in space w a s  
a l so  investigated.  
total  f ission product inventory could be expected f o r  a typical power 
r e a c t o r .  However, this  s t i l l  l eaves  a significant inventory which 
may r een te r .  

It  was found that a d e c r e a s e  of 1 7  percent  of the 
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V. APPLICATION O F  GENERATED SAFETY GUIDELINES .TO THE 
FUTURE MISSION PROFILES IN T H E  1965-1980 TIME PERIOD 

F r o m  the analyses  of planned aerospace  miss ions ,  power s y s t e m s ,  
and ae rospace  safe ty  c r i t e r i a ,  in which the problems and requi rements  of 
each  w e r e  defined, the most  appropr ia te  power s y s t e m  and supporting a e r o -  
s p a c e  safety c r i t e r i a  were  es t imated  for  each space  miss ion ,  as i l lustrated 
in  Table  XIX. 

The  se lec t ions  in Table  XIX r ep resen t  best  e s t ima tes  at  this  point 
in t i m e  as to the p r i m a r y  and backup safety philosophies which could be used 
to sa t i s fy  the requi rements  of the missions as postulated.  

The  r e s u l t s  of this table show that intact  r een t ry  i s  t ied v e r y  closely 
with manned s y s t e m s  and l a r g e  fue l  inventor ies .  
sphe res  a re  the predominant backup safety philosophies for most  of the 
miss ions  analyzed and definitely are  feasible for  fu ture  miss ion  work.  

Reent ry  burnup o r  mic ro -  

Orbi ta l  s t o r a g e  i s  surpr i s ing ly  at t ract ive a s  a p r i m a r y  disposal  tech- 
nique because  i t  is tied to  many miss ions  which have the capability even after 
an abort  to achieve orb i ta l  s t o r a g e .  

Deep s p a c e  disposal i s  only at t ract ive fo r  those miss ions  which have 
inherent  escape  potential o r  fo r  manned interplanetary mis s ions .  
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Nucleai 

Non- 
Nuclear  

Noli- 
Nuclear  

Nuclear  

c ted 
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_ _ _ _  

Non- 
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Aerospace Nuclear Safety C r i t e r i a  

1%- i m a r  Y - 

Same as miss ion  No. 10 S a m e  a s  miss ion  N o .  10 

Same a s  miss ion  No. 10 Same a s  miss ion  No. 10 

I 

Same a s  miss ion  No. 10 S a m e  a s  miss ion  No. 10 

Same a s  mission No. 10 Same a s  miss ion  No. 10 
I 
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Intact reent ry  (control led by shielding 
lunar  impact consideration) 

Intact controlled reent ry  with recovery  
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S a m e  a s  Mission No. 2 
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Intart controlled reent ry  ( t rans lunar  phase)  
sys tem will be left on the lunar  surface - 
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checkout, c o r e  f ragmentat ion and subsequc 
ocean burial  must  be achieved. ;'r p: 8 8 rY "\ - 9 - r  ; I  
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.&/- - :APPENDIX A 

MESOSPHERIC FUEL RELE-4SE FALLOUT ANALYSIS * 

1. Derivation and Solution of Fallout and Deposition Equations 

The basic activity removal  relationship is: 

E .__-,- .y 

where: - dA (t) = activity depletion r a t e  dt 
A (t) 

k 

l / k  

- - regional activity burden at t ime t 
proportionality constant = removal  r a t e  - 

- - mean residence t ime  

0 .693 /k  = half res idence t ime 

The solution to Equation ( ~ A - 1 1  is: 

The activity equations for  the three  regions and the e a r t h ' s  
surface a r e  a s  follows: 

a .  Mesosphere 

r a t e  of change r a t e  of l o s s  r a t e  of l o s s  of 
of activity in = of activity to + activity due to 
mesosphere s t ra tosphere  radioactive decay 

dAl(t)  
- -  - -klA1(t) - h A l ( t )  

dt 

where: A= radioactive decay constant 

The solution of Equation ( A -  3) is: 

Al( t )  = A ( 0 )  exp -(kl  + t 

b. Stratosphere 

r a t e  of r a t e  of r a t e  of r a t e  of loss 
change of - gain of loss  of of activity 
activity in activity f r o m  activity to due to radio- 
s t ra tosphere mesosphere t roposphere active decay 

(,4 - 3) 

(A -4 )  

* Typical of Reference 1 techniques. .- _-.- . . 

. 
4 --..-- - .  - - - --  



dA 2 (t) - 
dt = klAl-(t) - k2A2( t )  - AA2(t) (A-5)  

The solution of. Equation (A - t) is: 

Troposphere .- 

r a t e  of r a t e  of gain r a t e  of loss  rate of loss 
change of - of activity - of activity of activity 
activity in f rom to the e a r t h ' s  due to  radio- 
troposphere s t ra tosphere  surface active decay 

(A-7)  

l e t  [klk2A(0)/k2 - kl] = C1 

Then: A3(t) = 
c 

expL- (k2 
kg - k2 

exp [- (kl + 2 )  t] - c1 

k3 - kl  

C ,  1 J. - - B2; I1 = B3 
le t  = B1; kg  - k2 k g  - kl 

Then: A3(t) = B1 exp E- (kl  + A )  t] - B2 exp [-(k2 + A )  t] 

(A - 9) + B~ exp [- (k3 + '1) t-j 

Ea r th ' s  Surface 

r a t e  of change of r a t e  of gain r a t e  of loss  of 
act.ivity deposited = of activity f rom - activity due to 
on ea:.th's surface t roposphere radioactive decay 



The solution of Equation (-4-10) i s :  

k3B2 
exp [- ( k 2  f 'x) t] Aq(t)  = - exp E- (k l  + A )  t + - k 3 B l  

k2  

- B3 exp 1- (k2 i- t ]  + I2  exp ( -  1 t )  

where:  I = integration constant 2 

= k3Bl  k3B2 
+ B3 

- - -  
kl k2 

A - 3  

(A-10)  

(A-11) 

then: -q4(t) = - D1 e>;p [ - ( k l  + 1) t i  f D2 exp [ -  (k2 + A )  

- D3 exp 1- (k3 + A )  I ]  + D4 exp ( -  A t )  (-4 - 12) 

2 .  CaAculationo of Tropospher ic  Volume and Ea r th  Surface -4rea Between 
20 and 70 Latitude 

A r e a  of curved su r face  of spher ica l  segment  is 

' = 2 T T r h  

where  r = ea r th  radius = 3 x l d d  mi l e s  

h = height between la t i tudes 
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a .  E a r t h  Surface A r e a  

.A = 2 T  r h  

r = (4 'x 10 3 mi) (1 .6  x 10  3 m ) =  6 . 4  x 10 6 m 
mi 

h = r S i n  70° - r Sin 20' 

A = 2l7- r  2 (Sin s- 70' - Sin 20') 

= (6. 28)(0. 41 x 1014 m2) (0. 940 - 0. 342) 

= (6.  28)(0. 41 x 1014 m2) (0. 598) 

A = 1 .54  x 1014 m 2  (Ea r th  su r face  area betwen 20' and 70' 
lat i tude) 

b. Tropospher ic  Volume 

Assuming the thickness  of the t roposphere  too be 10, 7000 

4 3  V = (A) ( 1 . 0 7  x l o 4 )  m3 = (1 .54 x 1014 m2) (1.07 x 10  ) m 

V = 1. 65 x 1 0 l 8  m3 (VoLume of t roposphere  between ZOO and 

m e t e r s ,  the volume of the  t roposphere  between 20 and 70 is 

70 lati tude) 

Sample Calculation of Maximum Tropospher ic  and Surface Contamination 

cT 
a. Tropospher ic  Contamination, 

~ 

(total  release) (fallout constant-trop)(% between 20' and 70'1at) 
a t )  ( t ropospheric  volume between 20" and 70" 1 CT 7z 

e . g . ,  1 Kw(th) of Pu-238 

Total  Release  = 10 3 watts(th) x 30 cur ies /wat t ( th)  

= 3 x 10  4 curies 

= 8. 83 x 10 - 7  u c / c c  ( t ropospheric  concentration) 
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b. S u r f a c e  Contaminat, lon,  C, 
0 

s 
(total r e l e a s e )  ( fa l lout  c o n s t a n t - s u r f a c e )  (70 between 20' and 70 

( e a r t h  s u r f a c e  a r e a  be tween 200 and  700 lat) 
l a t )  

% = 

e .  g., 1 Kw(t.h) of Pu-238  * .  

2 ( 3  x L O  c u r i e s ) ( 7 .  39 x 1 0  ) ( O .  80) = l l .  45 lo - l l  curies/m 
4 -1 

Cs= 
(1 .54  x m2)  

2 
= 1..-143 x 1 0 - l '  c u r l e s / m  ( s u r f a c e  contaminat ion)  

I I  R e f e r e n c e  1. SNAP-9-4 F i n a l  Safe ty  Repor t" ,  MND-P-2775-2 ,  T. J .  Dobry,  
M a r c h  1963,  SRD. 

.. - - -  
. .  

... 
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1 

STRATOSPHERIC FUEL RELEASE F-4LLOUT ANALYSIS 

1. Derivation and Solution of Fallout and Deposition Equations 

The  degree  of haza rd  associated with a low alt i tude ( s t ra tosphere)  

Calculations similar to those  shown in  the f i r s t  
injection of radioact ive ma te r i a l  is obviously g r e a t e r  than that assoc ia ted  
with a mesospher ic  felease. 
par t  of Appendix A w e r e  condlicted with the following assumptions:  

(1) One mic ron  s ized  par t ic les  
( 2 )  Complete worldwide dispers ion 

(3) Mean res idence  time of two y e a r s  i n  the  s t r a tosphe re  (40 ,000  - 
160, 000 feet) 

It should be poin%ed out that  the assumption of worldwide d ispers ion  
is not necessa r i ly  c o r r e c t  because  it is conceivable that an  activity r e l e a s e  in  
the lower region of the s t r a tosphe re  (around the 40, 000 feet l imi t )  may  r e su l t  
i n  a par t ia l  d i spers ion  over  a l imi ted  sur face  area. 

The  necessa ry  equations and the i r  solutions are  as  follows: 

a .  StratosDhere (1) 

rate of change of 
activity in  the = loss to t ropo-  + due t o  decay 
s t r a tosphe re  sphe re  

r a t e  of activity rate of activity loss 

where: 

dA1 (t) 

kl 

= depletion rate of activity i n  s t r a tosphe re  

= proportionali ty constant 

= m e a n  res idence  time fo r  s t r a tosphe re  
= activity burden  a t . t i m e  t 
= decay constant of ma te r i a l  

dt 

l / k l  

Al(t)  
h 

Solution of Equation (B-1) is of the form:  

A l ( t )  = A ( 0 )  exp [- !kl + (B-2) ~ 

I 
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b. Troposphere ( 2 )  

r a t e  of activity r a t e  of activity r a t e  of activity r a t e  of activity 
change in the - gain f rom the + loss to  the + loss  due to 
troposphere " .  s t ra tosphere  e a r t h ' s  sur face  decay 

dA2it) 
- dt = klAl(t .)  - k2A2(t) - I A a ( t )  (B-3) 

r -  

Solution of Equation (B-3) is of the form: 

c. Ea r th ' s  Surface ( 3 )  

r a t e  of activity r a t e  of activity r a t e  of activity 
change on the = gain f rom the + loss  due to  
ear th  I s surface t roposphere decay 

03-51 

Solution of Equation (B-5) is of t.he form: 

Using the sameovalues fo r  ear th  sur face  area and tropospheric 
latitude as given i n  Appendix A,  Nuclear Safety 

The procedure for c a r r y -  
volume between 20' and 70 
Indices can be found for  s t ra tospher ic  re leases .  
ing out these calculations is comparable to that u se  for  a mesospheric  
re lease .  

A s  expected, resu l t s  shown in the text indicate a substantially 
higher degree of hazard associated with s t ra tospheric  r e l ease  than with 
a mesospheric re lease .  
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DISPERSAL AND DOSE R-ATE O F  REENTERED MICROSPHERES 

1, Fallou! P a t t e r n s  of Di.sDersed Ml.crosDheres 

On the bas i s  of information on par t ic le  s ize  given in  Reference 1 

2 

proposal,  a typical 75  \vie) genera tor  fuel loading will consis t  of about 245 
mill ion PuO mi.crospheres  ranging in  d iameter  f r o m  about 100 t,o 220 mic rons .  

Upon r e l e a s e  at some  specified altit.ude the par t ic les  wi1.l f i r s t  be dece lera ted  
and then wil l  descend through the at.mosphere a t  r a t e s  which a r e  dependent on the 
par t ic le  densj.ty, s ize ,  and re la t ive  ver t ica l  movement of the porti.ons of the a t -  
mosphere  through which they a r e  falling. The part.icles w i l l  be displaced ho r i -  
zontally by prevail.ing winds as t.hey fall, The  sma l l e s t  par t ic les ,  which take 
the longest. t ime  to  r each  the ground, will be displaced a maximum distance 
f r o m  the init ial  point. of deceler-ation: i.he l a r g e s t  par t ic1.e~:  which fall  a% the 
maximum ra t e ,  a r e  deposi.ted a minimum dis+.ance f r o m  the s ta r t ing  point,. 
Thus,  the par t ic les  w i l l  be dis t r ibuted on the ground over  a considerable  d i s -  
tance in  the prevail ing wind direct ion sol.ely ks; v i r tue of the i r  var ia t ion in 
d iameter .  

Dispersion normal t.0 the prevai.l.ing wind direcf.j.on will resu l t  
f rom at,mospheric turbulence and convection, but the extent of d i spers ion  f r o m  
this  sou rce  is difficul?. t.o predict .  Howvver ,  observed fallout pa t te rns  of rad io-  
activit.y following a n  atomic bomb detonatior! provide a guide to  the extent of 
l a t e r a l  d i spers ion  (Reference 2 ) .  

In es t imat ing the fallout pai’ern of PuO mic rosphe res ,  t.he s i ze  2 
distribution w a s  assumed to be s imi l a r  t.o that. given in  F i g u r e  14 f r o m  Refer-  
ence 1. A l l  the  parti.cles a r e  a s sumed  to fall f ree :  with negligible s i ze  atten- 
uation due to  subsequent aerodynamic heating. The l a t t e r  assumption is con- 
s ide red  reasonable  in  light, of s tudies  of P u 0 2  par t ic le  burnup which have been 
pe r fo rmed  fo r  Union Carbide Corporat ion (Oak Ridge National Laboratory)  by 
Hit tman -4ssociates (Subcontract No.  2433!. 

In the p rocess  of decelerat ion p r io r  t o  fallout the sma l l e s t  par t ic les  
w i l l  slow down f i r s t  and the heaviest. par t ic les  las t .  
fallout the sma l l e s t  par t ic les  a re  displaced behind the largest .  par+.icles by a 
distance of perhaps seve ra l  miles o r  more. As fallout o c c u r s  in  the direcTion 
of the prevail ing wind, the sma l l e s t  par t ic les ,  which have the  lowest  fallout 
r a t e s ,  wi l l .  t.end to catch up wit.h and move ahead of t.he l a r g e r  par t ic les  which 
have a l ready  reached  the ground. The pet displacement of the  sma l l e s t  pa r t -  
i c l e s  in  f ront  of the l a r g e s t  i n  the d i rec t ion  of the prevail ing wind is then less 
than would be the case i f  all the par t ic les  s t a r t ed  to fallout a t  the s a m e  t ime.  

Hence, at the s t a r t  of 

Fallout was  a s sumed  to  s t a r t  f r o m  a n  altitude of 200, 000 feet .  
Since wir.ds may  va ry  widely jn direct ion and magnitude at  different alt i tudes,  
accura te  prediction of downmind fallout I S  no% possible.  -3 reasonable  indica- 
tion of the fallout pat tern to be expected follotr,ing an  at.omic bomb detonation 
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can be obtained by assuming a mean velocity of 15 mph (Reference 2) .  
f igure was also used to study PuO 2 microsphere  fallout.. 

Th i s  

The ver t ical  par t ic le  velocity during fallout can be  expressed  by: 

V = 0 . 3 5 0  d p  ((2-1) 

where: V = the  fallout velocity in  f t  / h r  

d =  
p = the par%icle  density in g m / c c  
e =  4 1 is a cor rec t ion  factor  fo r  non-Stokesian flow. 

the  par t ic le  d iameter  in mic rons  

Using a P u 0 2  density of 9 . 7  g m / c c ,  Equation (C-1) becomes 

V = 3 . 4 8 d 2  ((2-2) 

The cor rec t ion  factor  €3 is a function of the par t jc le  Reynolds number Re, de- 
fined as 

the fallout velocity for  €3 = 1 

the kinematic viscosi ty  of air - 
vs = where: 
v -  

Since v is a function of altitude, the cor rec t ion  fac tor  v a r i e s  with both s i ze  and 
altitude. 
Handbook", P e r r y ,  J .  H., (ed), 3rd edition, McGraw-Hill, N. Y . ,  1950. In 
Table C-1 0 was given a s  a function of altitude fo r  t h r e e  representa t ive  par t ic le  
s izes ,  and the mean value of (3 for  an  altitude of 200, 000 feet. is shown. 

Values of 0 were obtained f r o m  p. 1020 of "Chemical Engineering 

The cor rec t ion  fac tor  is seen  to  be  grea tes t  fo r  the l a rges t  par t ic le .  
The average fallout velocity is obtained by using e in Equation (C-2) f o r  the 
appropriate diameter  par t ic le .  The fallout t ime  is then obtained f r o m  

- h (f t )  - - 200,000 

t (hr )  .V ( f t / h r )  3 . 4 8 d 2  
(C-4) 

and the horizontal displacement S in  a 15 mph downwind is 

S (mi) = 15 t (C - 5) 

. .  . . _-, 



CORRECTION FACTOR e NON-STOKESIAN FLOW DURING FALLOUT 

Par t i c l e  Diameter  - microns  

-4 1 ti t  u d e 1 0 0  160  220 
200 1 1 1 

180 1 1 1 

160 .- 1 1 1 

140 1 1 0. 97 

120 1 0 . 9 8  0 . 9 0  

100 1 0 .90  0.78 
80 0. 9 2  0 .  78 0.  66 

60 0. 8 2  0.  6 6  0 . 5 4  

40 0 .  7 2  0 . 5 4  0. 4 2  

20 0 .  63 0 . 4 6  0 . 3 4  

0 0 .  37 0. 4 0  0. 30 

e 0 .92  0 .83  0. 7 5  
- 

The fallout velocity, fallout t ime,  and horizontal  displacement are  
shown i n  Table C-2 for  t h r e e  par t ic le  s i zes .  

Table  C-2 1 
DISPERSION CHARACTERISTICS O F  PuO, 

MICROSPHERES IN 15 M P H  WIND 

Diamete r  Mean Fallout Velocity Fallout Time Horizontal  Displacement 
( m i c r o n s )  (ft  / h r )  (hours)  (miles) 

100 3.11 l o 4  

160 7.20 l o 4  
4 220 1 2 .  32 x 10 

6 .  44 

2 . 7 8  

1. 62 

96 .  6 

4 1 . 7  

24 .  3 

T h e  100 and 2 2 0  mic ron  pa r t i c l e s  are sepa ra t ed  after deposition by 
96. 6 - 24. 3 = 72 .  3 mi les .  Since these  f igures  are  representa t ive  of t he  mini-  
m u m  and maximum par t ic le  d i ame te r s ,  d i spers ion  of the  pa r t i c l e s  over  a dis-  
t ance  of about 70 miles in the direct ion of the wind is indicated.  
dis tance v a r i e s  direct ly  as the init ial  altitude and the m e a n  wind velocity. The  
extent of l a t e ra l  dispers ion is es t imated  to  be about 1 /10  that i n  the prevail ing 
wind direct ion on the b a s i s  of a tomic bomb fallout, data,  o r  about 7 miles. The  

The  d ispers ion  
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a r e a  over which the m c r o s p h e r e s  a r e  deposited is then about 500 square  
miles ,  with an average spacing of about 7 . 5  feet. 
means uniform, and can be estimated f rom the fract ion of total  par t ic les  in 
each s i ze  range. 
is proportional t.0 the rTlative volume of fuel at each location. 

The dispers ion is by no 

More important. is the concentration of radioactivity, which 

Table C - 3  shows the ra t io  of maximum to average particle con- 
centration and maximum to average radioactivity concentration and their  r e l a -  
t ive downwind locations. 

'- 

Table C-3 

R E L A T I V E  PARTlCLE AND RADIOACTIVITY CONCENTRATIONS 

Item - Downwind Locations 
Maximum Par t ic le  Concentration 52 miles 
Average Part ic le  Concentration 38 miles, 69 miles  

Maximum Radioactlvity Concentration 42  miles 
-4 v e r a g e R a dio act, iv it y C o nc e nt I- at j on 38 miles, 67 miles 

The maximum concentration of par t ic les  o r  radioactivity is seen  to  
be  about 2.  8 t imes  t,he average value. 
average value over a distance of 69 - 38 = 31 mi l e s  in the downwind direction. 

2 .  

The concentration is in  excess  of the 

Dose Rate F r o m  Dispersed Microspheres  

The dose ra te  can be est imated on the assumption that the deposited 
par t ic les  represent, an infinite plane source.. 
f r o m  such a source is approximately equal t o  the source  strength.  P u 0 2  emi ts  
both neutron and gamma r a y s .  The est imated average neutron source  strength 
is 1 .175  x n / c m  - sec ,  of - 1 Mev neutrons; the est imated average gamma 

2 source strength is 1 .34  x 
5 . 9 7  x 
vers ion factor of 10 n / c m  - s e c  = 1 m r / h r  and a gamma conversion factor  of 
580 Mev/cm -sec  = 1 m r / h r  (Reference 4), the est imated average neutron and 
gamma doses a re :  

The radiation flux at  3 to 6 feet 

2 

Mev/cm -sec of 0.15 Mev gammas  and 
2 Mev/cm - sec  of 1 Mev gammas  (Reference 3 ) .  Using a neutron con- 

2 

2 

Average Neutron Dose 1 .18  x m r / h r  
Average Gamma Dose 2. 33 x m r / h r  
Total Average Radialion Dose 3 .5  x m r / h r  
Total Maximum Radiatjon Dose m r / h r  
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* The significance of t hese  numbers  becomes  apparent  in  compar i -  
son  with the minimum dose rat.e produced from natural  s o u r c e s  of radioactivity,  

which is on the o r d e r  of 10 m r / h r  (Reference  2 ) .  Thus,  the maximum dose 
rate f r o m  dispersed  m i c r o s p h e r e s  is calculated t.o be 1000 t i m e s  less than that 
f r o m  natural  background radiat ion.  Even allowing for  unfavorable meteorolog-  
ical conditions, var ia t ions in the r e l e a s e  altitude: and local ized hot spots;, the 
ex terna l  radiat ion f rom deposit.ed PuO 
r e s e n t  a significant hazard .  

- 2  

mic rosphe res  does not appear  to  r e p -  2 

The situation would, of course ,  be quite different i f  a substantial  
f rac t ion  of the mic rosphe res  were bonded together  a s  the result of self-s inter ing.  
Then  a significant external  radiat ion shield would exist. within about 50 feet  of 

the deposited P u 0 2 .  m r / h r ;  where  f 

is the fract ion of the origi.na1 f u e l  loading which lands intact  a s  a unit and D is 
the  separa t ion  distance in feet .  F o r  example; i f  a single spher ica l  fuel capsule 
(out of a total of 19 )  were to r een te r  ifitact, ?.he dose r a t e  a t  3 feet, would be 
about 11 m r / h r .  

2 Dose r a t e s  would be roughly 200 f ( 3 / D )  
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APPENDIX D 

COMPUTATION O F  RANGE, MANEUVER T I M E  AND STAGNATION 
POINT HEATING R A T E  FOR LIFTING BODY - S E M I - C O N T R O L L E D  R E E N T R Y  

Nomenclature 

Symbol 

a 
A 

cD 

cL 

D 

g 
h 
H 

L 

L / D  
m 

4 
Q 
25 

R E  

R 

t 
V 

w 
X 

Y 
x 
P 
0 
Y 

Description 

pa rame te r  = 1 / 2  L / D  s in  0 
re ference  a r e a  

.- 

n u 
drag  coefficient = 

1 / 2  p AV2 
L lift coefficient = 

drag  force  

a c c e le r at  ion of g r  avi t y 

a1 t i t ude 

effective heat absorption 

lift force  

lift to drag  ra t io  

m a s s  

heating r a t e  

to ta l  convective heat aSs o r  be d 

dimensionless heat absorbed 

radius of curvature or range 

radius  of the ea r th  

t ime 

vel0 city 

weight 

dimensionless velocity = V /  V .  1 
coordinate 

l a t e r  a1 coordinate 

flight path angle 

density 

rol l  angle 

heading angle 

1 / 2  p - U T 2  

o r  longitudinal 

Units 

- -  

f t 2  

l b  
f t  / s e c  2 

ft 

Btu/ lb  

l b  
- -  

s lugs  
2 Btu/f t  - s e c  

Btu 
- -  

f t ,  s t a t .  mi l e s  
ft  

s ec  

f t / s e c  

l b  

f t  

ft 

rad ians  o r  degrees  
3 s lugs  / f t  

r ad ians  o r  degrees  

rad ians  o r  degrees  

- . - . . . 
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Nomenclature ( Cont' d) 

Subscr ipts  
..- 

C c i r cu la r  o r  cooling s y s t e m  
i initial 
S stagnation 

longitudinal d i r e  c t ion 
'- 

X 

Y l a t e r a l  direct ion 
m ax maximum 
opt opt imum 

A. Range 

The  equations of motion for  a banked, equi l ibr ium glide a r e :  

m+ = --D -mg  s i n b  

L s i n  m V Y  =.T cos (D-3)  

# 

For s m a l l  flight path angles,  bS0 ,  x =  0 ,  cos f = 1, s i n  = 0, 
hence, 

2 
(D-5) m V  L cos @ = m g  -- 

RE 

m v +  = L s i n  

The heading angle can be determined by integrat ing (D-3) 

v = r $  dt = f  +-- d V  
v vi t. 

V. 
1 

(D-7)  



F o r  constant L / D  and @,(D-8) can be integrated to give 

._ T7 
L V = D  sin  @ 1 n T  

The  longitudinal range  I s  given by 

v T i  

( D - 9 )  

(D-10)  

2 -  

(D-9 )  and (D-.lO) produces 

Substitution of Vc - g R-. t: into (C-.-5) and combining ( D - 4 ) ,  (D-S) ,  
I 

v . 
1 

(D-12)  

0 

Similar ly ,  the express ion  f D r  l a t e rz l  range  i s  

V 
R 

- =  r L C O S 8  D RE 
d 

0 
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This equation is integrated by transforming var iables .  Let 

7 
y = -hxd  

Thus, 
00 

0 

Interchanging t,he o r d e r  of integration, 

M 2 a 
= cot 0 

n =  1 

n - o  

in ( a  y) d_ 

( 0 - 1 4 )  

(D-15)  

In Reference ( 3 ) ,  the s e r i e s  is zpproximated for  0 < a < 2 to 
give the resul t  

(D-16)  

(D-17)  



with 

and the ro l l  angle for  maximum la t e ra l  range  i s  given by 

(D-18) 

(D-19)  

Since (D-11)  cannot be integrated when Vi = vC'  the init ial  condition i s  

The initial velocity is  then de termined  taken as an altitude of 4 0 0 , 0 0 0  feet. 
from 

Substituting ( D - 2 0 )  into (D--5)  gives 

(D-20) 

(D-21) 

Equations ( D  - 1 2 ) ,  ( D - l ' i ) >  (D-181, and (D-21)  were used d i rec t ly  to 
obtain the maximum longitudinal and l a t e r a l  ranges and opt imum ro l l  angle 
f o r  L / D ' s  ranging f r o m  0 .  5 to 3 . 0  and bal l is t ic  coefficients of 10 ,  100 ,  and 
500. 

In o r d e r  to obtain the longitudinal range  at opt imum ro l l  angle,  it  w a s  
n e c e s s a r y  to integrate  Equation (D-11) numerical ly .  
integrat ionl i t  was  found that in o r d e r  to maintain sufficient accu racy  for 
X > 0 . 9 ,  the s t e p  s i zes  requi red  w e r e  so  small that hand integrat ion was 
near ly  impossible .  
had to be made.  

In the p r o c e s s  of the 

To al leviate  this problem, s o m e  simplifying assumptions 

It w a s  assumed that because the dens i ty- i s  s o  low at the init ial  altitude, 
the vehicle  cannot develop a significant s ide  fo rce  until it  has  descended 
lower  into the atmosphere,  hence the effect of s ide  fo rce  on longitudinal 
r ange  i s  small. F o r  convenience in the calculations,  this assumption was 
used for X > 0 . 9 ,  and the longitudinal range  covered in this portion of the 
t r a j ec to ry  was  computed f r o m  Equation (D-12) af ter  replacing L / D  with 
L / D  cos @ and integrating f r o m  X =  0 . 9  to X =  Xi.  

a s sumed  that f o r  X 7 0 . 9 ,  the longitudinal range covered w a s  the s a m e  as  

In o the r  words ,  it  was 

. .- . ,.. -; 
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i f  the vehicle  had a n  L / D  equal to L / D  cos  @ and no s i d e  f o r c e .  T h e  
longitudinal range  covered  in the r e m a i n d e r  of the t r a j e c t o r y ,  0 < x < 0.9 ,  was computed f r o m  Equation ( D - l l ) *  

In o r d e r  to che'ck the assumption involved, Equation (D-16) w a s  
integrated f r o m x  =X toX = 0 . 9  and the l a t e r a l  r a n g e  w a s  computed 
and compared  to the total  l a t e r a l  r a n g e  and the longitudinal r a n g e  for 
x > 0.9.  T h e  r e s u l t s  f o r  L / D ' s  of 0 . 5  and 3.0 are  shown in  Table  I, 
and give an indication of the amount of e r r o r  involved. 

1 

<- 

Table I 

L a t e r a l  Range f o r  Various Ballis  t i c  Coefficients 

Per cent Tot a1 L a t  e r  a1 Ratio of L a t e r a l  Range to 
Range Covered Longitudinal Range f o r  

L / D  f o r  X > 0 . 9  W/CDA = 10 W/CDA = 100 W/CDA = 500 

0 . 5  
3.0 

8 .9 
14 .  9 

0.0039 0 . 0 0 2 8  0.0024 
0 .0357  0.021 8 0.0186 

B. Maneuver T i m e  

T h e  r e s u l t s  in Table  T indicate  that the l a t e r a l  maneuver ing  capabili ty 
of the vehicle  is l imi ted  above X > 0 . 9 ,  hence,  the maneuver ing  t i m e  h a s  
been defined as the t i m e  r e q u i r e d  f o r  descent  f r o m X  = 0 . 9  to  impact .  
T h e s e  t i m e s  are avai lable  d i rec t ly  f r o m  Chapman 's  machine  calculat ions 
( R e f e r e n c e  1) which give t i m e  to impact  as a function of L / D .  
Chapman's  r e s u l t s  have been computed f o r  p lanar  t r a j e c t o r i e s  only (no  
l a t e r a l  maneuvering) the L / D ' s  in R e f e r e n c e  1 c o r r e s p o n d  t o  L / D  c o s  @ 
in  this  analysis .  

Since 

C. Stagnation Point  He a t  in g R a t  e 

An express ion  f o r  the m a x i m u m  stagnation point heating r a t e  h a s  
been der ived  in Reference  3 as 

) 
vv 

= 8 . 0 2 5  ( c, AR (9s 'max (D-22) 
L 

which can be r e a r r a n g e d  to provide an express ion  involving both L / D  
and W /  CDA. -- --- - /-=..- - Gzy ccy--=--- _ _  - 

. 1' 
- - ,  ._ _ _  I .- -5 



This r-elstion is valid f o r  laminar  flow and also a s sumes  that the enthalpy 
at the su r face  stagnation point is  much l e s s  than the enthalpy at  the outer  
edge of the boundar>- layer .  

D. .- Total Heat. Absorbed During Reentry 

Integrated heating r a t e s  are also available as a function of dimensionless  
total l amina r  heat absorbed, B ,  up to X = 0 .999.  Chapman suggests  using 

where  K2 = 1 5 , 9 0 0  has been chosen such that the r e su l t s  ag ree  with previous 

investigations. 
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APPENDIX E 

RELIABILITY O F  ELECTRONIC COMPONENTS 

IN A NUCLEAR ENVIRONMENT .. 

T o  approximate the sensitivity of the typical sensory  and control 
system c i rcu i t ry  which would be inherent in the lifting body concept, a 
study was undertaken ._ to evaluate the degradation of the most  cr i t ical  corn- 
ponent s. 

Isotopic power sou rces  f o r  use in spacecraf t  require  shielding o r  
a degree of isolation to  prevent radiation damage to instrument sys tems 
associated with the mission.  
spacecraf t ,  one must a l so  consider the contribution of the space radiation 
e nvi r o nm e nt . 

F o r  the total  dosage received by an instrumented 

Allowable radiation doses  va ry  widely with the type of radiation. 
7 4 Maximum allowable doses  of 10 r ads  of gamma radiation, 10 r ads  of fast 

neutrons (approximately 10l2 neutron) and 10 

have been chosen on the bas i s  that these doses  probably would not cause 
significant radiation damage in  typical t ransi tor ized instrument sys tems,  
(Reference 40). Recent investigation by G.  E .  Spacecraft Department 
has  revealed that surface effects  on t r ans i s to r s  can be induced by gamma 
exposure doses  on the o r d e r  of l o 4  roentgens (F igure  E ,  taken f rom 
Reft.rence 41). The  2 N 7 0 8  t r ans i s to r  used in the graph is commonly used 
in digital processing sys t ems  found in te lemet ry  circui t ry .  

4 r ads  of so l a r  protons 
2 cm 

The  power supply that must be shielded was chosen typically as 
a 2 .  5 k w ( e ) ( l 6 .  7 kwt) isotopic dynamic system. 
system were Po2'' and Fu238.  
units of mil l i roentgens/hr  ve r sus  shield thickness  fo r  lead and uranium 

were obtained f o r  20 kw sources  of P o 2 l 0  and Pu238 (F igures  E-1 and 
E-2). 
ver sus  t ime fo r  the two sources  was constructed(Figure E - 3 ) .  

Isotopes considered fo r  this  
Graphs of gamma exposure dose ra te  in  

F r o m  these graphs,  the graph of degradation of current  gain 

For a 10 percent degradation in  cur ren t  gain and a mission lifetime 
of 10,000 hours,  it can be seen f rom Figure  E - 3  that no shielding is required 
fo r  the 20,000 watt Pu238 source,  and approximately 1 cm.  of depleted 
uranium is required f o r  the P o 2 l 0  fo r  the s a m e  power output. 
the P u  
Assuming a disc  source  without shielding, the flux at a distance of 100 cm.  

However, with 
, one must  a l so  consider  the neutrons emitted by spontaneous fission. 2 38 

was calculated to be 1. 07 x 10 neutrons . F o r  a mission lifetime 
cm - sec  

.. . 

- -  
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of 10,000 hours,  the integrated flux is 3. 85 x l o l o  neutrons.  

is approximately two o rde r s  of magnitude l e s s  than the maximum integrated 
flux given by Reference 40 and thus may be assumed to result  i n  
negligible degradation. Neutrons may also be emitted f rom both Po2l0  and 
Pu238 sources  if  they are mixed in  a matr ix  or contain low atomic number 
impurit ies such as oxygen or beryllium that undergo an  

because of the variation in radiation exposure with various orbits.  
uncertainties exist in the residual electrons injected into the radiation belt 
by the July 9, 1962 high altitude nuclear tes t ,  "Starfish". 
of the radiation dose that the Nimbus B satell i te would receive in  a 600 
N. mile polar orbit are  in  the range of l o 4  to 10 r a d s / y e a r  for an  effective 
spacecraft  shielding of 1 to 2 - cm2 of aluminum. For a 750 N.  mile orbit, 
the doses would be 2 to 3 gm t imes  higher. 

This  value 
2 cm 

( M ,  n) reaction, 

The determination of'the space radiation environment is difficult 
A l so .  

Present  es t imates  

5 

Thus ,  i t  can be seen that the space radiation is significant when 
compared to the radiation f rom the isotopic power source and its effect 
must be considered in  the design of the lifting body control and sensory 
equipment. 

and Pu238 sources  in a reent rybody which can r e tu rn  the heat block of a 
2 .  5 kwe nuclear power plant. 

In general  Figure E-3 shows no severe  shielding problem fo r  
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APPENDIX F 

E F F E C T  OF BALLISTIC COEFFICIENT ON ORBITAL LIFETIME 

Considering any given ball ist ic coefficient as 

= CB w- 

The weight i s  a function of the cube of the average  rad ius  of the 
deb r i s  

while the drag  a r e a  i s  a function of squa re  of the average rad ius  of deb r i s  

(3) 
,-2 

A X l T t r )  

Therefore  in t e r m s  of the average rad ius  

Since the density of the mater ia l  and i t s  d r a g  coefficient in 
molecule flow as encountered under orbi ta l  conditions will r e m a i n  
constant as the s i ze  of the object is reduced; debr i s  l i fe t ime can be 
expres sed  approximately as a function of rad ius  reduction in the fol- 
lowing manner :  

o rb  it a1 1 if et  i m‘e 

where h2 = initial al t i tude 

h l  = 400, 000 ft r een t ry  alt. 

g o  = 32.2 f t / s e c  

R = Alt. of Sat.  f rom center of Ear th  

2 

f l  = Density at  h l  

= Density a t  h2 P2 

.~... ... . 

.L 
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Therefore ,  for the same  decay conditions, i. e . ,  average orbital  altitude and 
reentry altitude; 

which is the rat io  of the radius  of the debris  to  the radius  of the original 
orbiting body . 

Therefore,  Figure 79 can be simply modified viz the radius 
ra t io  of original to final debris  s izes .  
duce a given device to one thousand pieces of d e b r i s :  

Hence, i f  an explosion could re -  

- = -  tL1 '1 = ( n )  1 / 3  ( 7 )  
tL2 '2 

Therefore ,  the orbital lifetime is reduced by a factor equivalent to  

the cube root of the number of particles.  Hence in our  example 
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APPENDIX F. 2 

EFFECTS O F  FRACTURE ON INCREASE O F  SURFACE AREA .. 
Consider a s imple  s p h e r e  

2 As = 4TTr 

w = f & ~ r  3 

if the sphe re  i s  broken into n s m a l l e r  units of average  r ad ius  r then 2 

1 113 r 3 

1 hence - = n ml  - r l  - -  
m 2  -yT= n r 2  

Taking the r a t io  of surface areas 

2 
.-=(-) AS 1 '1 = n 213 

s2 r 2  

Effects of f r ac tu re  on Equilibrium T e m p e r a t u r e  

Again consider ing a s imple  radiat ion cooled sphe re  

P m = c k  r s 4 A s  

- - - _ _ _  - 

D 

Where 

q =  

PD = 

m =  
r =  
€ =  

Ts = 

As = 

hence, f r o m  ( 1 2 )  

heat flux generated by fuel 

power densi ty  wat t s /#  

m a s s  8 
Stephan Boltzmann Constant 
emiss iv i ty  

surface temp.  

surface area 

1 / A  
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Since m 2  = nrn and G2 = E ,  1 

[.1/3] 1'4 
..- 

Tsl  "t 
Ts2- 

Equations (11) and (14) representing the change in surface a r e a  
and temperature  are plotted in Figure 79 .  
of evaporation ra tes  f rom the 'Langmuir equation 

Considering a n  approximation 

W: pv (15) 
cm2 - sec  

4 
for any given spherical  par t ic le  

m = 4 r r 3 /  
3 

hence 
P- (17) dr - dm ( 4  TT r2T1= W from Langmuir equation. dt 

Then the t ime for any given spherical  par t ic le  to evaporate completely 
in vacuum can be given as 

where ym = density of f u e l  t = r o  ,pm 

w 

where ro is the particle radius  and can be expressed as 
- 

where r = Av initial device radius  
N = # of debris 

Hence, 

.~ .. , . .- 

... - & .  



_ _  
F. 2-3  

- A /  1 Consideking a n  init ial  isotope f u e l  block a s s e m b l y  of r = ft = 15. 3 cm 

meta ls .  T a b l e  F. 2 - 1  can  be compiled.  f o r  Pu238, SrgO,and  Po 210 

Table  F. 2 - 1 

M a t e r  i a1 

PU-238 

S r - 9 0  

Po-210 

m - 
._ 

20 

- w T2'T1 - N T'K 

1 

:"o 2 

10% 
10 

2 .  6 2  1 
10  

1 o2 
l o 3  

l o 4  

1 
10 

9. 3 

2 4 0 ~ 1 0 - ~  -1 
-. 83 
-. 70 
-. 58 

-. 47 
-. 38 

913 

1040 1. 4 5 ~ 1 0 - ~  

980 2 .  2 4 ~ 1 0 - ~  
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APPENDIX G 

F U E L  FORM EVAPORATION IN S P A C E  ENVIRONMENTS 

C) 
then a l so  

e)  

hence,  

whose solution yields, 

Heat Generation 
4 q = P,, m = E F T  As 

M a s s :  c )  Surface a r e a :  
3 P r  m = 4 7  

3 
A = 4 ~ ~ r ~  
S 

Given a sphere  of fuel of diameter  I'd", as shown below, then: 

Therefore ,  combining equation d) and e ) .  

4 r = S E C T  

p D p  

Evaporation r a t e  f r o m  b) 
~ i m / d t / - 4 ~  = & = f$  

Evaporation r a t e  f rom Langmuir Equation - 
'Mi = p v  ' 

where Pv = f (T) 

but 
3 

g )  dr - 1 2 ~ 6 T  dT f r o m  equation c )  F-- at 
pD P 

dT = 'D G t  
i, I r Tf P V  12eof2~TNak)'~ 

J 
T i 



G- 2 

Where: 

ci 
P 

m 

E 

r 

T 

*S 

r 

Na 

k 

M 

W 
a 

,P 

Heat flux generated by nuclear decay in particle (watt) 

Pdwer density (watts) 

mass  (gm) 

Emissivity .- 

(+ ) 
Stephan Boltzmann Const. 

cm K sec 

Temperature (OK) 

2 Surface a rea  (cm ) 

Radius (cm) 

vapor p re s su re  (mm Hg) 

Avogadro's No (mole ) 

Boltzmann Const. (fi 
-1 

erg 
K 

Molecular wt (gm/mole) 

(+) 
Evaporation rate  

cm -sec 

Density 

Solution of the temperaturetime equation for  any given particle number 
representing portions oi some original mass  will yield enough data to 
compute mass loss as  a function of time. 

Solutions for strontium-90, plutonium-238 and polonium-210 were 
carried out as  follows: 

J 
Ti 

Step (1) 
the particular material. 

Determine temperature range of interest fo r  a given mass size of 



4 (a) F r o m  a)  PD m = €..I' A we may 
S' and obtain 

" 

solve for  T .  
I 

(b) Thisva lue  of T .  va r i e s  as a function of rad ius ,  when the 
1 

init ial  m a s s  is broken into a number 
the rad ius  va r i e s  according to: 

of sma l l e r  par t ic les ,  

r = r  
0 - 1 r 

0 

'1 
n 

init ial  rad ius  

new rad ius  

number of par t ic les  

Step ( 2 )  
in te res t .  
genera l  f o r m  loglo P =A+ 

Determine vapor p r e s s u r e s  in  t empera tu re  r ange  of 
Vapor p r e s s u r e  equations va ry  with each ma te r i a l  but a r e  of the 

T 
where A and B a r e  constants 

Tf T '7 /2  is not readi ly  
- dT 
Pv(T) 

Step (3)  Since 

Ti  
solution was  conducted by placing the integral  equal 

integrable,  a numerical  

to a s e r i e s  

T "  f 

i 

T. 
1 

T7 I2 
where -E+ - Pv 

Step (4 )  

is a constant for  the par t icular  mater ia l .  
number into the value of the integral  over  a par t icu lar  t empera tu re  range.  
Th i s  data is then plotted on a t empera tu re  v e r s u s  t i m e  curve  for  the var ious  
numbers  of par t ic les .  

On the right hand s ide  of the differential  equation 'D fi 
1 2  Ea42T'C N a k  

T i m e  is found by dividing this 

L n = l  

n = 10 
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mf 4 
Step (5 )  
f o r  m as a function of r and T. 

The m a s s  loss rat io ,  / m o t  is found by solving P D m  = € S T  As 
The ra t io  becomes: 

The value of r is found by 
4 r = 3E6 .T  

T 
Step (6)  
using the above equations and the tempera ture  t ime plot for  various num- 
b e r s  of part ic les .  

M a s s  loss r a t io  may now be plotted as a function of t ime by 

I .  
1 

A. 

B. 

C. 

f 
m 

m 
0 

Evaporation Charac te r i s t ics  of Sr, Pu, and Po  

I. Sr-90 

Proper  t i  e s 

I )  

2)  1657'K boiling point 
3) p = 2.63 g m / c m  

P,, = . 95 watts /gm 

3 

Vapor p r e s s u r e  given by log 10 P = -7300 
+ 7. 3o 

T ( OK) 

Selecting 15. 24  c m  a s  initial mater ia l  radius ,  T i  l imits  a r e :  

.--. . . -. - ... 

. .-. - -- -- 
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. 1) @n = 1 Ti  = 1220°K P(T) 5 1 7  m m  

2 )  @n = 10 ri = IOOOOK P(T)"-l m m  

T. = 828'K 3) @n = 100 

4) @n = 1000 Ti  = 688'K 
1 .. 

D. Remarks  

1) In this temperature  range,  the Sr i s  molten. 

2 )  
._ 

Time/ tempera ture  curve shows the grea tes t  r a t e  of 
tempera ture  loss for  the mater ia l  left in one piece, 
decreasing to practicaEy z e r o  for  the mater ia l  broken 
into 100 and 1000 pieces.  

3)  The same  general  r e m a r k s  a s  above a r e  t rue  for  the 
m a s s  lo s s / t ime  curve.  m f / m o  decreases  at a much 

g rea t e r  r a t e  for  mater ia l  left whole than for  the mater ia l  
broken into 10 or 100 pieces.  

4) If the m a s s  loss  CUrvp is ca r r i ed  out for a sufficiently 
long t ime,  each of the cases ,  n = 1, n = 10, n zz 100,  would 
eventually reach  the s a m e  point of m / m  

f i r s t ;  n = 10,  second; etc.  
with n = 1  being f o  

1 t ime 

5) Depending on length of t ime considered, it appears  that, 
in o rde r  to des t roy  an  amount of molten S r ,  it  is m o r e  
advantageous to leave the mater ia l  in one piece to take 
advantage of the higher m a s s  lo s s  r a t e .  
long t ime period, s eve ra l  thousand seconds, is considered 
any of the modes would be acceptable. 

If a very  

11. Pu-238 

A. Proper t ies  

1) pD = .35 watts/gm 

2)  2400°K boiling point 

3) = 19.  86 g m / c m  3 
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B. 

C .  

D. 

Vapor pressure given by log 10 P (mmHg) = -17,587 + 

895 
T(OK) 

Selecting 15.. 24.cm as  initial material radius T i limits are:  

@n = 1 

@n = 10 

Ti = 1770°K 

Ti = 1470'K 

Pv(T) 5 3 . 5 ~ 1 0 - ~ m r n  

Pv(T) %2.2x10 mm -5  

@n = 100 <- Ti = 1210'K 

Plutonium is in a molten state in this temperature range. 

Vapor pressures  of plutonium a r e  considerably - lower 
3 than those of strontium (by a factor of l o 4  - 10 ) thus 

P V I 9  
affecting the magnitude of the integral T ' ' J U T  d T .  

Because of the greater size of the integral, the time 
interval between temperature changes is longer by an 

order of l o 4  - l o 5 *  
curve in that the rate  of temperature change is negligible 
for at least 10 seconds for a unit mass.  

This affects the time-temperature 

4 

Since mass loss ra te  is directly related to temperature 
change, there is no appreciable mass loss until 
1 0  seconds. 4 

Temperature loss ra te  is even lower for the mass broken 
into a number of particles thereby affecting the mass  loss 
ratio in the same way. 

Vapor pressure seems to have the greatest effect on 
evaporation mass loss ra te  for plutonium. 

seconds) the same characteristics a s  those observed with 
strontium with regard to effect of particle number wil l  
be observed, i.  e . ,  each n-case wil l  eventually reach the 
same mf/mo. 

10 If carried out over a long enough time interval (10 - 10 
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8)  A s  was the case  with the s t ront ium, it appears  that 
leaving the m a s s  in one piece is m o r c  advantageous than 
breaking it into many par t ic les  because ot the higher 

* .  m a s s  l o s s  ra te .  However, the ex t remely  long t ime  interval  
necessa ry  to achieve appreciable t empera tu re  and m a s s  loss ,  
r ega rd le s s  of par t ic le  number , i s  a significant consideration. 

.- 

111. Po-210 

A. P rope r t i e s  

- 144  wat t s /gm 

2 )  1235'K boiling point 
1) pD 

3) p = 9 . 2 9  g m / c m  3 

B. Vapor p r e s s u r e  given by log lop  (mmHg) - 3 3 7 7  + 7. 2345 

C.  Selecting 15. 2 4  c m  as init ial  mater ia l  radius ,  Ti l imi t s  a r e :  

rTW 

1) @ n = l  T i  = 6000°K 

2)  @ n  = 10 T i  = 4930°K 

3) @ n = 100 r, = 4 1 0 0 ~ ~  

D. Remarks  

1) Each of the above t empera tu res  is well over  the boiling 
point of polonium which means  that the ma te r i a l  is 
gaseous upon r e l ease ,  therefore ;  t h e r e  is no need to c a r r y  
out a m a s s  loss  due to  evaporation calculation. 

2) Even if the t empera tu res  were  below the boiling point, 
the vapor p r e s s u r e  equation indicates - ext remely  high 

vapor p r e s s u r e s  (of the o r d e r  of l o 3  - 10 
High vapor p r e s s u r e  causes  a high t empera tu re  and m a s s  
loss r a t e .  

7 mmHg). 

.. . -  

3) The  above r e m a r k s  indicate the easy  destruct ion of 
polonium f u e l .  
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APPENDIX H 

SPACE VACUUM EFFECTS O N  FUEL CAPSULE DESIGN 

Fuel  containment s t ruc tures  o r  other sys tem components that a r e  
exposed to  high vacuums in space must  re ta in  their  strength and integrityif  eventual 
impact af ter  reent ry  is expected. F o r  example, i f  intact r een t ry  and fuel 
containment upon impact a r e  to be achieved, excessive lo s ses  of mater ia l  
f rom the s t ruc ture  must  be prevented, or the s t ruc tu re  must be overdesigned 
to account for the inherent losses .  .Therefore, i t  i s  evident that when metals  
or alloys a r e  used i n  space,  their  evaporation charac te r i s t ics  must be thor-  
oughly examined in o rde r  to eliminate premature fai lure .  
r a t e  is sensit ive to temperature ,  the vapor p r e s s u r e  01 the metal ,  and 
naturally, the vacuum to which it is exposed. 
the mater ia l  may be exposed to widely varying vacuum conditions, a s  shown 
by Table H- 1. 

The evaporation 

Depending upon the mission, 

Table H-1 

Altitude 

Charac te r i s t ics  of Space Environment (Reference H- 1) 

P r e s s u r e  
( m m  Hg) 

Concentration 
molecules 

a toms or  ions 
3 cm 

Compos i t  ion 

Sea level 

1 9  miles 

1 2 5  miles 

500 miles 

9 
1 7  4 x  1 0  

1 o 1 O  

1 o6 0, He, 0'; €3 

4000 mi l e s  1 0 - l ~  l o 3  H', H, He' 

Above 14000 < l o 1  - 10  2 850/oH', 1570He" 
I miles  
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Vacuum effects have long been studied and evaluated on metals ,  the 
basis  of which has been the work of Langmuir. It is difficult, if not impos- 
sible, to determine vacuum effects upon an alloy by the Langmuir approach 
because it is based-upon the properties of a single element not the propert ies  
of the alloy. 
react  in space,  some experimental data was obtained. The work ofBourgette 
a t  Oak Ridge National Laboraty (Reference 2 )  was of particular interest  
in that severa l  Iron, Nickel, and Cobalt-base alloys i n  the 760 to 900°C range 

- 7  and i n  a vacuum range of 5 x 10 
the temperature and the vacclnm tes t  ranges are  typical of the operating con- 
ditions of a S N A P  device encountered in ear th  orbital  applications. 
to i l lustrate space vacuum effects and to establish the behavior of typical 
fuel capsule mater ia ls ,  par t s  of Bourgette's work will be presented below. 

Therefore ,  to determine how a typical f u e l  capsule-material  might 

to 5 x lo-'  m m  Hg were studied. Both 

Therefore,  

Evaporation losses  from Haynes-25, 316 and 416 stainless s teel ,  
INOR-8 and Inconel a r e  i l lustrated in Figure H-1. 
the evaporation r a t e s  become practically constant after approximately 50 hours.  
Their analysis showed that grain boundaries beneath the surface exhibited 
severe  mater ia l  losses ,  subsurface voids, grain boundary grooving and grain 
growth. 
loying components and interstitial impurit ies,  the grain boundaries became 
enriched in these elements and impurit ies,  thus producing a degree of disorder  
at the grain boundary and promoting grea te r  evaporation r a t e s  when compared 
to the grain themselves. The process  involved in m a s s  losses  i s  clearly 
i l lustrated in  Figure H-2, the resultant effect upon the mater ia l  being the 
loss of i ts  usefulness in the design. 

The curves show that 

Also, in multicomponent alloys containing high vapor p re s su re  al- 

The effects of high vacuum may be reduced by preoxidizing the 
material ,  if desirable f o r  the particular.  use. For example, the experimental 
data presented in Table H-2 shows that preoxidizing in air slows down the 
evaporation process  appreciably. 
effect  of evaporation w a s  made by preoxidizing in wet hydrogen. 
proved to resul t  in evaporation r a t e s  between those fo r  no preoxidation and 
those for  a i r  preoxidation. 

Another attempt at minimizing the 
This 

Even with preoxidizing in a i r ,  the evaporation r a t e s  a r e  not negligible 
fo r  long duration missions,  particularly for those missions which would subject 
the mater ia l  to higher vacuum, e. g. I lunar,  so la r ,  and deep space.  

T o  i l lustrate what these evaporation r a t e s  mean in  t e rms  of f u e l  con- 
tainment s t ructure  design, an analysis of a typical f u e l  capsule was  performed. 

Haynes -25  Fuel  Capsule Evaporation 

Cylindrical Capsule : diameter = 1 in. (mean) 
length = 8 in. 
wall thickness = 0. 1 in. 

- 3  Evaporation r a t e  = 6. 65  x 10  mg/cm2-hr  @ 982OC 
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Disordered Grain Grain Boundar 
Grooves 

‘ I  

(a) A s  Polished Surface (b) Beginning of Grain (c) Beginning of Surface 
Boundary Evaporation Roughing and Formation 
and Boid Formation of Grain Boundary Grooves 

(d) Continued Widening of Grooves, Void 
Formation, and Grain Boundary 
Evaporation 

! 

(e) A f t e r  Long Times, Production of 
Smooth Surfaces and Nearly Total 
Grain Boundary Evaporation with 
Void Coalescence Accompanied by 
Specimen Thinning 

Figure H--2. Evaporation Sequence of an Alloy Exposed to High Vacuum. 
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Table H - 2  

Evaporation Rates  of Common Space Applicable 
Mater ia l s  a t  5 x t o  5 x T o r r  .. 

No Preoxidation Oxidized in A i r  
872OC 982OC 982°C 

Allov Initial Final  Initial Final  Initial F i n a l .  

INOR - 8 .- 1 . 5 4  1 . 5 4  30. 8 30. 8 8. 5 25. 0 

Inconel 7 .  57 2 .  89 59.  7 3 3 . 5  36. 3 3 0 . 5  

30. 0 6.  59 Type 316 
Stainless  Steel  

Haynes Alloy 58. 5 5.  66 
No. 25 

1 1 4 . 0  66. 4 

1 4 0 . 0  69.  2 

Notes: 

1) 

2)  

Initial: Maximum r a t e  during f i r s t  50 hours  of t e s t .  
Final:  Rate during l a s t  50 hours  of t e s t .  

1 . 9 4  6 .  65 

66 .  5 3 . 3 4  
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Time for complete Evaporation = amount of mater ia l  (gm) 
2 

) 
a r e a  exposed(cm ) x r a t e  of loss gm ( 

cm2-hr  

<- 

= 1 4 7 . 8  em 
2 - 6  6. 38 c m  x 6 . 6 5  x 10 gm 

X h r  

or 5 = 3. 47 x 10 h r s  

= 39.6 y e a r s  

Obviously, the capsule would fai l  before the elapse of 39. 6 y e a r s ,  since 
The question this t ime period r ep resen t s  the t ime for  complete loss of mater ia l .  

that a r i s e s  i s :  
ment and sti l l  sa t isfy safety requirements  such as containment upon ea r th  
impact ? "  This is of vital  importance for any sys tem designed for intact r e -  
entry and containment which is u s e d  in short  lived ear th  orbi ts ,  the effect 
being of grea te r  concern to missions utilizing long-lived isotopes, such as 
P u - 2 3 8  (half-life = 89.  6 yea r s ) .  
completely consumed via evaporation for missions with orbital  altitude above 
those shown below: 

I I  How long can a fuel capsule be subjected to a space environ- 

For  example, the fuel capsule would be 

Fuel Capsule 
Ballis  tic Coefficient 

( lb / f t2)  

10 

20 

50 

Orbital Orbital 
Lifetime ( y r s )  Altitude (n.  mi .  ) 

40 

40 

40 

450 

420 

3 80 

This i l lustrates  that  i f  containment for severa l  half-lives (consider Pu-238) 
is to be achieved, considerable overdesign of the capsule is required.  The 
significance of this study is that the effects of high vacuum must  be thoroughly 
evaluated in designing a fuel containment s t ruc ture  o r  other system components 
that might fail, negating nuclear safety. Specifically, i t ems  include: 

(1) Rate of evaporation - operating temperature ,  vapor p re s su re  
of elements in the alloy o r  mission environment 

(2) Surface and subsurface effects - particular grain boundary 
and internal voids. 

(3) Effect on strength - tensile and impact strength. 

(4) Exposure t ime - consider at  a minimum mission duration 
t ime.  
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