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UPPER ATMOSPHERE INTERACTIONS WITH SPACECRAFT 

by 

K. M. Foreman and R. A. Oman 

Research Department 
Grunmnn Ai rc ra f t  Engineering Corporation 

Bethpage, New York 11714 

JNTRODUCT 108 
I 

Successive generations of l a r g e r  and more complex Earth satel l i tes  w i l l  r equ i r e  
g r e a t e r  precis ion i n  o r b i t a l  posi t ion,  a t t i t u d e  and l i f e t i m e  predict ion,  e spec ia l ly  
during t h e  p re - f l i gh t  planning phase of t h e  program. 
l imi t ed  by gross unce r t a in t i e s  about the aerodynamic forces  and torques, and upper atmo- 
sphe r i c  s t r u c t u r e  involved i n  o r b i t i n g  abdve 160 km a l t i t u d e .  In t h i s  port ion of t he  
atmosphere, Earth satell i tes may be considered as always i n  the  f r e e  molecular flow 
regime. 

Current p red ic t ive  c a p a b i l i t y  i s  

P r e - f l i g h t  ca l cu la t ions  of aerodynamic forces ,  F = C F ~ A V ~ ,  a c t i n g  on any satel- 
l i t e  configurat ion may have an uncertainty as l a rge  as 2 65 percent t o  80 percent,  
x i t h  cu r ren t  technology. 
* 50 percent uncertainty i n  the l o c a l  atmospheric density,  p, a t  any given o r b i t a l  
pos i t i on  and time. The e f f e c t i v e  aerodynamic drag c o e f f i c i e n t  of t he  s a t e l l i t e ,  CD, 
passing through the  r a r e f i e d  gas a t  o r b i t a l  speeds can be estimated t o  roughly * 15 
percent ,  and the  magnitude of ve loc i ty ,  V, and e f f e c t i v e  s a t e l l i t e  surface area,  A ,  
contr ibute ,  f o r  simple shapes, about ?: 1 percent and * 5 percent uncertainty,  re- 
spec t ive ly .  A s  more data  become avai lable ,  from the  t racking of t he  decay of simply- 
shaped satel l i tes  or  d i r e c t  probing by research rockets,  our s ta t is t ics ,  and hence our 
knowledge, of t he  upper atmosphere's aerothermochemical p rope r t i e s  improves. Likewise, 
f o r  any given satel l i te  configuration, once i n  o r b i t ,  w e  can ex t r apo la t e  a p o s t e r i o r i  
i t s  long t e r m  pos i t i ona l  and a t t i t u d e  c h a r a c t e r i s t i c s  with,  perhaps, a "hard core" un- 
c e r t a i n t y  of t 20 percent.  Current determinations of atmospheric dens i ty  above 160 km 
usua l ly  r e s u l t  from many c a r e f u l  measurements of o r b i t a l  decay (dependent on p C d ) .  I f  
a cons i s t en t  value f o r  C+ i s  assumed, t he  computed values of r e l a t i v e  atmospheric 
d e n s i t y  w i l l  be cons i s t en t .  
(pCd)  
t h e  same percentage as CD. 

A major p a r t  of t h i s  lack of confidence arises from roughly a 

But u n t i l  an independent determination of a l l  elements of 
i s  made, t h e  absolute  atmospheric dens i ty  computed w i l l  be uncertain by a t  l e a s t  

The influence of uncertainty i n  gas-surface in t e rac t ion  parameters on s a t e l l i t e  
drag c o e f f i c i e n t s  has been widely discussed (e.g., Ref. 1). It i s  general ly  accepted 
t h a t  e r r o r s  of t he  order of 20 percent may be present,  but more probable uncertain- 
t i es  f o r  spheres are t 10 percent.  A much more ser ious problem a r i s e s ,  however, when 
one examines t h e  question of torques on a s t a b i l i z e d  veh ic l e  i n  a low o r b i t ,  or t he  
fo rces  on i r r e g u l a r  shapes such as experienced with satel l i tes  mounting l a rge  so l a r -  
c e l l  paddles. Differences i n  the  nature of the gas-surface i n t e r a c t i o n  can a l te r  the 
r e l a t i v e  magnitudes of normal and tangent ia l  forces  on surfaces  a t  small l o c a l  angle of 
a t t a c k  by dramatic amounts. Predictions by extensive numerical experiments (2-6) under 
condi t ions r ep resen ta t ive  of s a t e l l i t e  environments rou t ine ly  show cases which vary i n  
normal fo rce  by more than 100 percent of the free-stream normal momentum and stream- 
w i s e  fo rces  which vary by as much as 25 percent of t he  streanwise momentum. In few 
cases are t h e  "c l a s s i ca l "  s i t u a t i o n s  of completely accommodated, d i f f u s e  r e f l e c t i o n  or  
completely unaccommodated specular r e f l e c t i o n  relevant  t o  the r e s u l t s ,  even f o r  simu- 
l a t e d  engineering surfaces .  Experimental. data on forces  o r  the f ea tu res  which deter-  
mine t h e m  are not  y e t  ava i l ab le  f o r  s a t e l l i t e  conditions although t h e r e  are many ex- 
t ens ive  programs under way t o  conduct such experiments. (7,8) 

In  add i t ion  t o  the  e f f e c t s  on forces (energy t r a n s f e r  does not appear t o  pose an 
important design problem), we must a l s o  f ace  the  question of sampling of upper atmo- 
sphere cons t i t uen t s .  Ignorance of t he  e f f e c t s  of i n t e rac t ions  with surfaces  i n  t h e  
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sampling process g r e a t l y  l i m i t s  our a b i l i t y  t o  determine, f o r  example, t h e  l o c a l  r a t i o  
of 0 t o  02. O t h ' e r  e f f e c t s  associated w i t h  s e l e c t i v e  adsorption, desorption, or  re- 
combination a t  surfaces  i n t e r a c t i n g  w i t h  high energy incident  p a r t i c l e s  may a l s o  be 
important. 

The l o g i c a l  action t o  diminish the u n c e r t a i n t i e s  of the GSI problem l i e s  i n :  

1. improving our understanding of t h e  process and obtaining good general  
empirical data ,  such as momentum and energy accommodation c o e f f i c i e n t s  
and r e f l e c t e d  molecule density d i s t r i b u t i o n ,  appropriate  t o  s a t e l l i t e  
operat ional  condi t ions;  and 

using t h e  acquired information t o  compute more p rec i se  and meaningful 
p red ic t ions  of t he  aerodynamic behavior of s p e c i f i c  s a t e l l i t e  configura- 
t i o n s  i n  t h e  upper atmosphere. 

2 .  

In  t h i s  r epor t  we discuss  the relevant basic  i s sues  of gas-surface in t e rac t ions .  
From t h i s  point  of departure  w e  describe t h e  b a s i s  f o r  s e l e c t i n g  GSI experiments f o r  a 
s a t e l l i t e  including considerat ions of the mission plan and upper atmospheric p rope r t i e s  
p r o f i l e ,  which lead t o  a conceptual s a t e l l i t e -bo rne  GSI experiment package f o r  deploy- 
ment i n  E a r t h  o r b i t .  

GSI CONSIDERATIONS 

There a r e  seve ra l  c r u c i a l  po in t s  t h a t  must be emphasized i n  considering the modern 
view of gas-surface i n t e r a c t i o n  on a s a t e l l i t e ' s  surface,  and experiments t o  determine 
t h e  na tu re  of these in t e rac t ions .  

F i r s t ,  the  type of i n t e r a c t i o n  that  can be encountered may range from almost com- 
p l e t e  adsorption, w i t h  accompanying lack of r e c o i l  momentum, t o  a r e f l e c t i o n  w i t h  very 
nea r ly  t h e  i n i t i a l  k i n e t i c  energy, and a normal d i r e c t i o n a l  component of momentum as 
much as 20 percent greater than t h e  i n i t i a l  normal momentum. The  point here i s  t h a t  
r a d i c a l l y  d i f f e r e n t  types of behavior are possible  f o r  d i f f e r e n t  surface and gas spe- 
cies,  even f o r  an i n i t i a l  gas  ve loc i ty  of t h e  order of 10 kmlsec (i .e. ,  o r b i t a l ) .  

- Second, t he  diagnost ic  t o o l s  avai lable  t o  us  a r e  very crude when compared t o  the 
need f o r  determining mean momentum coe f f i c i en t s ,  l e t  alone t h e  s t a t e s  of molecular d i s -  
t r i b u t i o n s .  Because of t h i s ,  w e  m u s t  seek t o  use as many d i f f e r e n t  simultaneous mea- 
surements as possible  i n  order t o  have a real  understanding of t h e  r e s u l t s  of any one 
test .  
t h e  gas  densi ty  f i e l d  r e f l e c t e d  from a surface.  Another concept( lO) shows promise of 
being ab le  t o  measure v e l o c i t i e s  of r e f l ec t ed  gas p a r t i c l e s ,  but  would be use fu l  only 
f o r  c e r t a i n  species  of t he  atmosphere mixture. There i s  no a p r i o r i  r e l a t ionsh ip  be- 
tween measurements of dens i ty  and veloci ty  which would enable one t o  compute momentum 
exchanges o r  other  q u a n t i t i e s  of engineering i n t e r e s t  without measurement of both o r  r e -  
l a t e d  q u a n t i t i e s .  The bas i c  decis ion as t o  t h e  f e a s i b i l i t y  of a s c a t t e r i n g  experiment 
i n  an o r b i t i n g  vehicle  c u r r e n t l y  depends on t h e  successful  demonstration, on t h e  ?round, 
of enough workable methods f o r  measuring s u f f i c i e n t  r e l a t e d  q u a n t i t i e s  which, when ex- 
amined together,  can be expected t o  describe t h e  gas-surface in t e rac t ion .  These methods 
mst be mutually compatible, and must possess the necessary s e n s i t i v i t y ,  s igna l lno i se  
r a t i o ,  and r e l i a b i l i t y  t o  be acceptable f o r  an o r b i t a l  mission. 

For example, one instrument present ly  avai lable(9)  appears capable of measuring 

The t h i r d  major point  t o  be emphasized i s  the requirement t h a t  the t e s t  surface 
e i t h e r  be completely known (a highly Fmprobable s i t u a t i o n ) ,  or d i r e c t l y  r e l a t e d  t o  the 
kinds of surfaces  f o r  w h i c h  GSI data  would be use fu l .  We tend t o  favor the l a t t e r  ap- 
proach i n  t h e  be l i e f  t h a t  the former requirement exceeds present  technological capa- 
b i l i t y  even i n  ground-based laborator ies .  Above a l l ,  w e  f e e l  t h a t  no s ing le  space ex- 
periment should be viewed as a panacea for  a l l  GSI problems. 
i s  t o  ob ta in  a sampling of how a few typical  surfaces  (e.g., tungsten s ing le  c r y s t a l s ,  
n i cke l ,  aluminum, s o l a r  ce l l  surfaces ,  thermal  con t ro l  coat ings,  gold plated s t r u c t u r a l  
metals) behave under environmental conditions which  previously have been t o t a l l y  in -  
access ib l e .  I f  the work i s  c a r r i e d  out  w i t h  s k i l l ,  t h i s  information from a s ing le  

A more r e a l i s t i c  object ive 
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experimental progGam could be use fu l  for  c o r r e l a t i n g ,  extending, and general iz ing the 
l imi t ed  understanding gradually taking shape from the painstaking e f f o r t s  of many 
ground-based research cen te r s .  
of excessive compromise which would yield information t h a t  i s  devoid of r e l a t i v e l y  
wide-spread a p p l i c a b i l i t y .  

What should be avoided, however, i s  a ready acceptance 

EXPERIMENT SELECTION 

I n  view of t h e  obvious c o s t l i n e s s  of mounting a sa te l l i t e  launch, the inadequacy of 
ground-based inves t iga t ions  within comparable economic bounds c l e a r l y  must be shown be- 
f o r e  an o r b i t a l  experiment can be j u s t i f i e d .  I n  addi t ion,  a strong engineering o r  s c i -  
e n t i f i c  demand must e x i s t  f o r  the type of s p e c i a l  information an t i c ipa t ed  from an o r b i t -  
a l  experiment. 

Cursory examination of t he  many a l t e rna t ive  GSI experiments possible  reveals  t h a t  
an experiment on surface sca t t e r ing  i s  highly des i r ab le  from an engineering viewpoint, 
while an experiment on environmental a l t e r a t i o n  of surfaces  i s  indisputably j u s t i f i a b l e  
from the standpoint of inadequate ground-based tes t  c a p a b i l i t i e s .  There remains, how- 
ever ,  a c e r t a i n  element of doubt as t o  whether enough test  condi t ions i n  an o r b i t a l  ex- 
periment can be defined so t h a t  data  of permanent s c i e n t i f i c  value ( a s  d i f f e r e n t i a t e d  
from enpineering value) can be obtained. 

The one type of G S I  experiment t ha t  c l e a r l y  cannot be done adequately on the ground 
i s  an inves t iga t ion  of the changes t h a t  a r e  produced i n  t h e  re levant  p rope r t i e s  of t y p i -  
ca l  su r faces  by protracted exposure t o  an o r b i t a l  environment. 
t h e o r e t i c a l  treatments of t h i s  problem f a l l  very sho r t  of r e a l i s t i c  simulation of t h e  
f e a t u r e s  e s s e n t i a l  f o r  reproducing t h e  h i s to ry  of a surface i n  o r b i t .  
t h e  outermost l aye r s  of t h e  surface i s  kn wn t o  be a major f a c t o r  i n  determining the  
na tu re  of the  gas-surface interaction.@-77 Atomic oxygen (a major component of t h e  
atmosphere i n  the  200 t o  1000 km region) i s  the  most important p o t e n t i a l  surface 
contaminant because i t  h a s  very strong chemical a t t r a c t i o n  t o  most of t h e  materials 
l i k e l y  t o  be used, and t o  i t s e l f  as w e l l .  
o f t en  the  recombination of two oxygen atoms a t  a surface w i l l  r e l ease  enough energy i n t o  
the  t r a n s l a t i o n a l  motion of the molecule t o  allow desorption. I f  t h i s  were t o  be a fa-  
vored process,  the surfaces  exposed t o  a space environment would be q u i t e  c lean.  I f  i t  
were no t ,  the surfaces  would be covered w i t h  one or  more l aye r s  of adsorbed gas,  w h i c h  
would r e s u l t  i n  very high energy accommodation, and a low e x i t  momentum f o r  r e f l e c t e d  
atoms and molecules. Coupled w i t h  t h i s  type of unce r t a in ty  a r e  o the r  unknown contribu- 
t i o n s  of t h e  r e a l  o r b i t a l  environment such as s o l a r  r ad ia t ion ,  bombardment by high 
energy p a r t i c l e s ,  etc. 

The bes t  laboratory and 

The  condi t ion of 

T h e r e  i s  present ly  no way t o  determine how 

A second type of GSI experiment t ha t  should prove t o  be very valuable i s  a molecu- 
l a r  beam s c a t t e r i n g  experiment, 
bound experiment l ies  i n  t h e  opportunity t o  achieve r e a l  condi t ions i n  t h e  beam source; 
i t s  species  concentration, energy d i s t r ibu t ion ,  and over-al l  dens i ty  l eve l .  The  ob- 
vious d i f f i c u l t i e s  of a remote-controlled tes t  operation and t h e  data  ex t r ac t ion  r e -  
quirements i n  o r b i t  make t h i s  over-al l  concept ewha t  harder t o  j u s t i f y  i n  t h e  face of 

a t ion .  

The main advantage of an o r b i t a l  tes t  over an ear th-  

increasing progress i n  ground-based techniques,( fnY but nevertheless  it deserves consider- 

MISSION PROFILE 

The object ive of e s t ab l i sh ing  a mission p r o f i l e  i s  t o  prescr ibe an atmospheric en- 
vironment which  i s  bes t  s u i t e d  f o r  gas-surface i n t e r a c t i o n  experiments i n  o r b i t .  
considerat ions t h a t  influence s u i t a b i l i t y  include: 

The 

a) 
b) s p a t i a l  and temporal var ia t ions of t h e  atmospheric environment 
c ) 

knowledge of t h e  mean atmospheric p rope r t i e s  

instrumentation- c harac teris t Lc s 
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d) 
e )  
f )  
g)  t racking and telemetry a b i l i t y  
h) launch vehicle  c a p a b i l i t y  
i )  relevance of test conditions t o  u l t ima te  usefulness  of information 

t i m e  ava i l ab le  f o r  individual  measurements 
t i m e  ava i l ab le  f o r  e n t i r e  program 
s p e c i a l  o r i en ta t ion  requirements of experiments 

The Atmosphere 

For most considerat ions,  t h e  atmosphere above about 120 km e x h i b i t s  c y c l i c  a s  
we l l  i r r e  u l a r  va r i a t ions  i n  dens i ty  p r o f i l e ,  temperature, p re s su re ,  and composi- 
t i on .  782,13,94) 
observed dens i ty  va r i a t ions :  

It i s  s u f f i c i e n t  t o  categorize f o r  t h i s  study t h e  following types of 

I -  A t  a f ixed g loba l  l oca t ion  

a 1 t i  tude 
d iu rna l  
monthly (27-day cycle) 
seasonal 
semiannual 
s o l a r  decimeter r ad ia t ion  (11 year cycle)  
s o l a r  extreme UV 
magnetic storm ( i r r e g u l a r )  

I1 - Lati tude pos i t i on  

I11 - Auroral a c t i v i t y  (high l a t i t u d e s )  

The changing r e l a t i o n  of the e a r t h ' s  o r b i t a l  pos i t i on  and the sun's a c t i v i t y  make 

Therefore, model atmosphere p r o f i l e s  a r e  use fu l  primarily as convenient 
i t  impossible t o  p red ic t  p rec i se  atmospheric p rope r t i e s  a t  a l l  times and a t  any par t icu-  
l a r  a l t i t u d e .  
t y p i c a l  values f o r  preliminary guidance r a t h e r  than a ser ious attempt t o  def ine the ac- 
t u a l  tes t  s i t u a t i o n  environment. The d i s t i n c t i o n  i s  emphasized here because i n  a r a re -  
f i e d  gas-surface i n t e r a c t i o n  t h e  precise  p rope r t i e s  of the gas (e.g., v e l o c i t y  d i s t r i -  
bution, composition, number density,  e t c . ) ,  and the concurrent condition of the surface,  
have an enormous e f f e c t  on the outcome of the i n t e r a c t i o n  process i n  progress a t  t h a t  
time. It might be added t h a t  the surface condi t ion,  i n so fa r  a s  i t  presumably represents  
t h e  r e s u l t  of the in t eg ra t ion  of previous G S I  processes s ince i n i t i a l  exposure, a l s o  i s  
influenced by shor t  term va r i a t ions  of t h e  atmospheric and r ad ia t ion  environment t h a t  
a r e  no t  n o m a l l y  accountable i n  standardized atmosphere p r o f i l e s .  

It becomes evident once these f a c t s  a r e  appreciated t h a t  t h e  d e t a i l e d  design of a 
mission p r o f i l e  must be l inked w i t h ,  a t  least ,  the expected s o l a r  a c t i v i t y  period t h a t  
the o r b i t a l  f l i g h t  i s  l i k e l y  t o  take place. 
d i t i o n s  of an o r b i t a l  test a r e  reasonably wel l  known, i t  appears almost e s s e n t i a l  t o  
prescr ibe s u i t a b l e  aeronomy instrumentation i n  any s a t e l l i t e  payload containing primar- 
i l y  GSI experiments. From p a s t  experience w e  know t h i s  instrumentation i s  f e a s i b l e .  ( l5 )  

To assure fu r the r  t h a t  t h e  environment con- 

The atmospheric model used i n  t h i s  study f o r  o r b i t a l  dynamics ca l cu la t ions  h a s  
been based pr imari ly  on r e  e n t  updated determinations derived from over 
o r b i t  decay studies.(13,18y 

50 s a t e l l i t e  

Another atmospheric property important t o  GSI experiments i s  the  composition of the 

Unfortunately,  it i s  p rec i se ly  i n  t h i s  a r ea  t h a t  
n e u t r a l  gas .* 
than a molecular nitrogen environment. 
a g r e a t  d e a l  of controversy p e r s i s t s ;  t h e  probable reason f o r  the many contradictory 

Certainly a predominantly atomic oxygen atmosphere w i l l  be more r eac t ive  

Jr 
Although ion ic  species and e l ec t rons  a l s o  e x i s t  i n  t h e  upper atmosphere, and produce 
important electrodynamic e f f e c t s ,  they are smaller i n  concentration by a t  l e a s t  a 
f a c t o r  of lo4 compared t o  the neu t r a l s .  A s  such, they may be neglected from aero- 
dynamic considerat ions.  
f i e l d ,  from the molecular beam created f o r  GSI experiments i n  o r b i t .  

Ions can be removed f a i r l y  e a s i l y ,  e .g. , by an e l e c t r o s t a t i c  
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0 b s e r v a t i o n s ( ~ 5 , ~ ~ , ~ ~ )  of' atomic oxygen concentrations a t  a l t i t u d e s  between 120 and 
about 200 km may l i e  with GSI processes i n  t h e  instrumentation, e.g., surface recom- 
binat ion.  
determining t h e  l o c a l  o r b i t a l  gas composition concurrent with t h e  GSI experiment. Not 
only would such measures increase t h e  confidence of knowing the environmental conditions 
under which GSI da ta  would be obtained, but they could be designed t o  y i e l d  c o r r e l a t i n g  
da ta  w i t h  t he  primary GSI experimental equipment. 

r a t i o  16,1gy and t o t a l  l o c a l  number density may y i e l d  d i f f e r e n t  GSI r e s u l t s  as the or- 
b i t a l  per igee precesses from the  daylight t o  n igh t  regions.  However, f o r  guiding GSI 
instrumentation measurement threshold and dynamic range, t h e  adopted atmospheric densi ty  
and composition model p r o f i l e s  should encompass the  maximum and minimum extremes l i k e l y  
t o  be encountered during t h e  l i f e t i m e  of t he  program. T h i s  object ive i s  achieved by 
using the highest  dens i ty  atmosphere model (i.e.,  1400 hours, a c t i v e  sun) a t  the lowest 
a l t i t u d e  f o r  which  t he  mission could be conducted, and t h e  lowest densi ty  atmosphere 
model ( i .e. ,  400 hours, qu ie t  sun) a t  t h e  highest  l i k e l y  a l t i t u d e  of t e s t i n g  (see 
Table 1). from these assumed models during an a c t u a l  o r b i t a l  mission 
would represent  enhanced instrumentation c a p a b i l i t y  t h a t  might be used f o r  g r e a t e r  mea- 
surement accuracy and/or g rea t e r  t r a j e c t o r y  v a r i a b i l i t y .  

Thus, i t  becomes add i t iona l ly  s i g n i f i c a n t  t o  have redundant techniques of 

The a a ren t  d i u r n a l  v a r i a t i o n  of atomic oxygen t o  molecular ni t rogen concentration 

Any departure  

A l t .  

- 
140 
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3 50 - 

TABLE 1 

ASSUMED ATMOSPHERIC CHARACTERISTICS FOR GSI INSTRUMENTATION 

PERFORMAXE REQUIREMENTS (AFTER REF. 12)  

Maximum D e n s i t y  A t m o s p h e r e  
~ 

P 

gm/cm3 
~~ 

3 . 5  x 10- l2  

9 . 0  1 0 - l ~  

5 . 8  1 0 - l ~  

3 . 8  1 0 - l ~  

2 . 6  

- 12 1 . 5  x 10 

"TOTAL 
-3 c m  

x 10 
7 . 9  

3 . 6  

2 . 2  

1 . 4  

10 

.95 

.67 

n(N2) 
-3 c m  

x 10 
5 . 6  

2 . 4  

1 .4  

10 

.88 

.S7 

.38 

n(0) 
-3 c m  

x 10 
1 .4  

10 

.77 

.54 

.40  

. 31  

.24  

- 
n ( 0 2 )  

x lo1' 

-3 cm - 
.88 

.35 

.19 

.11 

.07 

.04 

Minimum D e n s i t y  A t m o s p h e r e  

P 
3 

g m / c m  

4 . 6  1 0 - l ~  

2 . 3  

1.3 1 0 - l ~  

7 . 0  1 0 - l ~  

4 . 0  1 0 - l ~  

1 . 1  1 0 - l ~  

TOTAL 
-3 c m  

x 10 

n 

9 

1 . 4  

.74 

.42 

.24 

.14 

.041 

n(N2) 
-3 c m  

lo9 

.40  

.16 

.07 

.03  

. O l  

.001 

n(0) 
- 3  

9 

c m  

: 10 
- 

.97 

.51  

.35 

.21  

.13  

.04 - 

- 
W,> 

-3 

9 

c m  

x 10 
- 

.03 

.01 

< 10- 
< 10- 
< 10- 
< 10- 
_cI 

A point might be made about the control  of s a t e l l i t e  outgassing w h i c h  i s  a source 
of l o c a l  atmospheric composition anomaly and randomly occurring surface contamination. 
T h e  outgassing burden should, preferably,  be minimized p r i o r  t o  launch by a t t e n t i o n  t o  
t h e  design se l ec t ion  of primary and secondary s t r u c t u r a l  mater ia ls ,  by ca re  i n  the manu- 
f ac tu r ing  and assembly of t h e  s a t e l l i t e  systems, and by prelaunch conditioning i n  a 
proper thermal-vacuum f a c i l i t y .  
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An add i t iona l  point  should be Introduced concerning manned spacecraf t .  An obvious 
app l i ca t ion  of b e t t e r  GSI data  would be  to  improve o r b i t a l  pos i t i on  and l i f e t i m e  pre- 
d i c t i o n  of manned satel l i tes .  
never achieving a f u l l y  outgassed vehicle.  I n  add i t ion ,  t he re  i s  t h e  l i k e l y  s i t u a t i o n  
t h a t  c e r t a i n  gaseous contaminants such as H20,  C02,  H2S, NH , and hydrocarbon-halogen 
compounds may be emitted a t  random in t e rva l s  during t h e  f l i g t t .  Under such contamina- 
t i o n  condi t ions,  t h e  spacecraf t  surfaces  are l i k e l y  t o  behave d i f f e r e n t l y  than f o r  iden- 
t i c a l  unmanned vehicles .  It thus becomes of i n t e r e s t  t o  conduct a t  least sane GSI ex- 
periments i n  conjunction w i t h  scheduled manned f l i g h t s  of t he  Apollo and MOL programs. 
These s p e c i a l  tests could be of value despi te  t he  u l t ima te  need f o r  comparative GSI da t a  
employing a s p e c i a l l y  designed unmanned s a t e l l i t e .  

Such appl icat ions inhe ren t ly  introduce the r e a l i t y  of 

Orb i t a l  Parameters 

One of t h e  prime concerns f o r  o r b i t  selection i s  t h e  assurance t h a t  t he  GSI experi-  
ment w i l l  be exposed t o  a free-molecular gas flow regime. 
of about 160 km as t h e  lower l i m i t  €or any p r a c t i c a l  GSI experiment. However, f o r  a l l  
but  a highly eccen t r i c  o r b i t ,  t h e  sa te l l i te  l i f e t i m e  i s  very sho r t  (i.e.,  on the order 
of a day) a t  t h i s  a l t i t u d e  and y i e lds  a mission w i t h  low c o s t  e f f ec t iveness .  

This  e s t ab l i shes  an a l t i t u d e  

A s  t h e  design per igee a l t i t u d e  i s  increased, two important t rends s t a r t  competing. 
The  o r b i t a l  l i f e t i m e  increases  with perigee increase but  t h e  measurement c a p a b i l i t y  
r ap id ly  approaches a s e n s i t i v i t y  threshold because of decreasing atmospheric densi ty .  
The determination of maximum per igee f o r  a GSI experiment, then, represents  a compromise 
of t h e s e  considerat ions biased t o  the best estimate of instrumentation performance. 
Some f l e x i b i l i t y  i n  obtaining a desired l i f e t ime  may s t i l l  be exercised by s u i t a b l e  de- 
s ign of the s a t e l l i t e  b a l l i s t i c  coe f f i c i en t ,  (M/CDA), where M is  the s a t e l l i t e  mass, 
CD i s  t h e  average drag c o e f f i c i e n t  a t  near-perigee condi t ions,  and A i s  t h e  e f f e c t i v e  
c ros s - sec t iona l  a r ea  of t h e  s a t e l l i t e .  

The  instrumentation cu r ren t ly  i n  use i n  t h e  Grumman molecular beam apparatus(9) i s  
capable (with some modification) of measuring sca t t e red  dens i ty  d i s t r i b u t i o n s  formed 
from a source corresponding t o  an a l t i t u d e  s l i g h t l y  i n  excess of 230 km f o r  a minimum 
dens i ty  a mo phere a t  n igh t .  The day-to-night dens i ty  r a t i o  i s  approximately 1.5 f o r  
q u i e t  sun t I 3 7  so t h a t  an i n i t i a l  operational a l t i t u d e  of 240 km may be associated,  
during day l igh t ,  w i t h  a minimum dens i ty  atmosphere. 
240 km i s  j u s t  compatible w i t h  e x i s t i n g  densi ty  measurement technology f o r  incident  
mass flow, under minimum, quiet-sun atmospheric condi t ions.  Development of more sensi-  
t i v e  instrumentation than cu r ren t  S t a t e  of t h e  a r t  s i m i l a r l y  would permit higher perigee 
o r  an increased s i g n a l  l e v e l  t o  be employed. Lifetimes of 30 Qr 300 days would ne- 
c e s s i t a t e  b a l l i s t i c  c o e f f i c i e n t s  of 1.63 s l u g s / f t 2  and 16.3 s l u g s / f t 2 ,  respect ively.  
The o r b i t a l  period would be approximately 

Therefore, an i n i t i a l  perigee of 

90 minutes. 

Longer l i f e t i m e s  can be achieved also by e s t ab l i sh ing  low e c c e n t r i c i t y  o r b i t s  t o  
Additional b e n e f i t  reduce t h e  t i m e  of atmospheredinduced o r b i t a l  decay near  perigee.  

can be derived from gas venting opportunities possible  i n  the  g r e a t l y  reduced atmosphere 
surrounding t h e  apogee pos i t i on .  

One c o n s t r a i n t  on t h e  apogee consideration i s  t h e  Van Allen r ad ia t ion  b e l t  located 
beyond about 1000 km a l t i t u d e .  The large concentrat ion of energet ic  particles i n  t h i s  
b e l t  p re sen t s  p o t e n t i a l  environmental hazards t o  GSI electronic instruments t h a t  may re-  
s u l t  i n  d i s t o r t i o n  o r  even complete f r u s t r a t i o n  of  any measurements. 

A reasonable c r i t e r i o n  f o r  minimum apogee s e l e c t i o n  i s  t h a t  a monolayer of atmo- 
spheric  species  would take about 1000 seconds t o  form on a c l ean  surface.  T h i s  rule 
l i n k s  t h e  apogee (through t h e  atmospheric densi ty)  t o  t h e  prevai l ing atmosphere p r o f i l e  
a t  t h e  t i m e  of the mission. For conditions similar t o  a l o w  densi ty  atmosphere model, 
t he  apogee should be a t  least a t  400 km; f o r  a medium dens i ty  model the apogee should 
be a t  least  a t  
l e a s t  a t  700 lan. 

550 km, and f o r  a high densi ty  model atmosphere the apogee should be a t  

Table 2 shows some t y p i c a l  o r b i t  c h a r a c t e r i s t i c s  and requirements r e su l t i ng  from 
the  three apogee p o s s i b i l i t i e s  discussed above, and an i n i t i a l  perigee of 240 km. 
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TABLE 2 

SOME TYPICAL ORBITAL CHARACTERISTICS FOR A GSI EXPERIMENT SATELLITE 

I n i t i a l  I n i t l  a 1 Eccen- S a t e l l i t e  M/CDA Required 
Condition Perigee, Apogee, t r i c i t y ,  Lifetime, days f o r  Lifetime of 

1 240 400 1.20 .% 20 1.5 15 

km km % f o r  M / C D A = l . O  30 days 300 days 

2 240 550 2.29 .% 45 .75 7.5 
3 240 700 3.37 - 75 .40 4.0 

I f  i t  i s  assumed t h a t  the  launch s i te  w i l l  be a t  Cape Kennedy (28.5' north l a t i t u d e ) ,  
w i t h  a maximum i n c l i n a t i o n  angle of 
obtained f o r  equa to r i a l  atmospheric conditions (assuming no complex i n - f l i g h t  t r a j e c -  
t o ry  changes by on-board propulsion).  

30', t h e  bulk of the experimental data  w i l l  be 

Thus, major o r b i t a l  per turbat ions caused by ea r th  oblateness,  seasonal v a r i a t i o n s  
of the atmosphere, and high l a t i t u d e  auroral  o r  magnetic storms phenomena a r e  v i r t u a l l y  
eliminated as a reas  of concern. 
perigee atmosphere is  more l i k e l y  t o  be repeatable i n  t h e  equa to r i a l  zone than a t  high 
l ac i tudes .  T h i s  i s  a highly des i r ab le  s i t u a t i o n  f o r  t h e  basic  GSI experiments. 
ever,  many an t i c ipa t ed  app l i ca t ions  of ear th  satell i tes are l i k e l y  t o  have i n i t i a l l y  
high i n c l i n a t i o n  o r b i t s .  Eventually, o r b i t a l  precession should expose these fu tu re  
s a t e l l i t e s  t o  t h e  same l a t i t u d e  environments projected f o r  t h e  GSI experiments. T h e r e -  
fo re ,  the mission p r o f i l e  test conditions have relevance, although not complete, t o  the 
u l t ima te  app l i ca t ion  of the GSI data  t o  be obtained. 

The molecular beam produced by t r a n s i t  through the 

How- 

EXPERIMENT PACKAGE CONCEPT 

A consequence of t h e  establishment of sever GSI experiment requirements and the 

Although c e r t a i n  elements of t h e  
design f ea tu res  f o r  two p r i n c i p a l  experiments, (la$ i s  t h e  formulation of a conceptual 
experimental package f o r  a s a t e l l i t e  (see Fig. 1). 

Detectors Mounted Thermal Shield 

Mechanical 

__ __ 

Shield GSI Test Sample 

Fig. 1 Two-View Schematic of Gas-Surface In t e rac t ion  (GSI) 
Experiment Package Concept f o r  Orb i t a l  F l i g h t  
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experiments must s t i l l  be developed, t h i s  package concept becomes a f i r s t  s t ep  i n  pro- 
viding d i r e c t i o n  t o  a fu tu re  satell i te s y s t e m  involving seve ra l  complimentary experi-  
ments. It i s  assumed (with reasonable substance) t h a t  eventual technological develop- 
ment, ' t o  provide c e r t a i n  c u r r e n t l y  un f i l l ed  measurement c a p a b i l i t y ,  w i l l  be accommodated 
within the  geometric c o n s t r a i n t s  of t h i s  package concept. A desc r ip t ion  of the f ea tu res  
of t h i s  package concept is  given i n  Appendix A. 

At t i tude  Control System 

A sa te l l i t e  containing GSI experiments must be ab le  t o  a l i g n  t h e  beam-forming o r i -  
f i c e  within i 2  degrees 
(i.e. , near  perigee).  
t r o l  i s  inappropriate  i n  t h i s  ins tance because t h e  exhaust gas products would very 
l i k e l y  contaminate t h e  test surfaces  and compromise t h e  i nves t iga t ion  of n a t u r a l  GSI 
processes.  
exercised and they could provide s u f f i c i e n t  t o t a l  impulse f o r  the mission. To meet 
t h e s e  alignment and contamination-free requirements, t h e  a c t i v e  con t ro l  moment gyro sys- 
tem and t h e  passive g r a v i t y  gradient  w i t h  aerodynamic damping hybrid system both hold 
promise. However, more ana lys i s  of acqu i s i t i on  o pture  dynamics i s  needed before a 

of t he  o r b i t a l  ve loc i ty  vector  during t h e  data-taking period 
The conventionally used technique of r eac t ion  j e t  a t t i t u d e  con- 

Helium je t s  might be acceptable i f  extraordinary contamination con t ro l  were 

judgment based s o l e l y  on performance i s  possible .  t18 

COW LUS I ONS 

Design engineering requirements of fu tu re  Earth sa te l l i t e  systems e s t ab l i shes  a de- 
mand f o r  b e t t e r  than c u r r e n t l y  ava i l ab le  gas-surface i n t e r a c t i o n  data ,  under s a t e l l i t e  
operat ional  conditions.  
r e q u i r e  o r b i t a l  confirmation, e spec ia l ly  i n  the  environmental e f f e c t s  on surface condi- 
t ions.  
f r u s t r a t i n g  t h e  r e so lu t ion  of t h i s  problem. 

Laboratory and a n a l y t i c a l  treatments of t h e  GSI  problem w i l l  

An o r b i t i n g  GSI research f a c i l i t y  would overcome many of t h e  current  obstacles  
We conclude t h a t :  

1. 

2. 

3 .  

4 .  

T h e  condi t ion of t h e  s o l i d  surface i s  a v i t a l  f a c t o r  i n  the in t e rac t ion  
process.  It i s  important, and present ly  appears t o  be f e a s i b l e  t o  conduct 
experiments i n  o r b i t  t o  examine t h e  changes of surface c h a r a c t e r i s t i c s  
brought about by exposure t o  t h e  o r b i t a l  environment. 

A molecular beam s c a t t e r i n g  experiment i n  o r b i t  i s  highly des i r ab le  but we 
do n o t  f e e l  it i s  cu r ren t ly  f eas ib l e .  The p r i n c i p a l  de t e r r en t  i s  t h e  lack 
of a demonstrated t ime-of-fl ight ve loc i ty  measurement technique f o r  t h e  
r e f l e c t e d  molecules, under o r b i t a l  condi t ions.  
l a r  dens i ty  d i s t r i b u t i o n  under these conditions appears f e a s i b l e  w i t h  no 
major add i t iona l  technological advances. 

It i s  des i r ab le  and f eas ib l e  t o  have aeronomy instrumentation accompany any 
o r b i t a l  GSI experiment i n  order t o  obtain a concurrent i n  s i t u  d e f i n i t i o n  of 
t he  atmospheric propert ies  under which the  i n t e r a c t i o n  experiment i s  conducted. 

A nominal i n i t i a l  perigee of 240 km and o r b i t  i n i t i a l  e c c e n t r i c i t y  of be- 
tween 1.5 and 3 . 5  percent i s  indicated f o r  proposed GSI experiments. The 
exact mission plan w i l l  depend l a r g e l y  on t h e  launch da te  r e l a t i o n  t o  s o l a r  
a c t i v i t y  s ince t h e  l a t t e r  profoundly inf luences the densi ty  p r o f i l e  of the 
upper atmosphere. 

A method of measuring molecu- 

A gas-surface i n t e r a c t i o n  experiments package concept has been devised a s  a f i r s t  
s t e p  toward defining a f u t u r e  s a t e l l i t e  system configuration. 
p re sen t ly  premature t o  implement the e n t i r e  package, it i s  reasonably c e r t a i n  t h a t  
add i t iona l  work t o  develop instrumentation and techniques can soon change t h i s  s t a t u s .  
When th i s  occurs, w e  can look forward t o  some enlightening s a t e l l i t e  experiments t h a t  
could have a far-reaching influence on our f u t u r e  aerospace programs. 

Although we bel ieve i t  i s  
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APPENDIX A 

DESIGN FEATURES OF THE GAS-SURFACE INTERACTION EXPERIMENT PACKAGE CONCEPT 

The r e f l e c t e d  beam experiment of t h e  package (see F ig .  1) f e a t u r e s  a beam-forming 
s k i m e r ,  w i t h  a u x i l i a r y  sh i e ld ,  t h a t  permits t h e  upper atmospheric molecules, t r ave l ing  
a t  an o r b i t a l  speed of about t o  e n t e r  through t h e  o r i f i c e  and i n t e r m i t t e n t l y  
impinge upon t h e  t a r g e t  surfaces  a f t e r  passing through a chopper. The conical  sh i e ld  
acts t o  d e f l e c t  misaligned molecules away from t h e  experimental equipment, a s  we l l  as 
t o  p r o t e c t  aga ins t  r a d i a t i o n  and micrometeoroid penetrat ion.  The  measurements a r e  made 
during near-perigee conditions.  A moderate-to-low speed (i.e., hr 100 Hz) chopper be- 
hind the skimmer provides s u i t a b l e  f iduciary s igna l s  t o  allow dens i ty  measurements of 
r e f l e c t e d  gas molecule d i s t r i b u t i o n s .  
occurs through the open sec t ion  immediately following t h e  f r o n t  con ica l  sh i e ld .  
r o t a r y  t es t  sample holder i s  t o  be indexed a f t e r  a predetermined period of exposure, o r  
number of o r b i t s .  The  de t ec to r s ,  on the o the r  hand, are mounted on two movable yokes 
t h a t  can be  ro t a t ed  t o  d i f f e r e n t  angular p o i i t i o n s  f o r  r e f l e c t e d  beam measurements. 
coun te r ro t a t ing  yokes a l s o  can serve t o  support other  diagnost ic  devices such as mass 
spectrometers. 

8 km/sec 

Venting of t he  i n i t i a l l y  de f l ec t ed  molecules 
The  

The 

The 16-inch diameter, c y l i n d r i c a l  inner  passage provides an e x i t  f o r  t h e  continu- 
ous outflow of unref lected beam molecules as w e l l  as randomly d i r ec t ed  background gas.  
Surrounding t h e  passage are four  subsystem equipment bays and two add i t iona l  bays con- 
t a i n i n g  o the r  surface contamination experiments. 
rear of t he  package and ac t iva t ed  by a rearward facing sun sensor w i l l  be used t o  sh i e ld  
the GSI experiment from s o l a r  rays  when t h e  rear of t h e  sa te l l i t e  f aces  t h e  sun. 
design would funct ion e i t h e r  w i t h  o r  without internal  cryogenic pumping. 
weight of cryogenic equipment would r e s u l t ,  however, i n  a reduction of background noise  
f o r  instrumentation. 

Three movable panels hinged a t  t he  

T h i s  
T h e  added 

The second, or  surface contamination, experiment c o n s i s t s  of two a r r ays  of spec ia l ly  
prepared tes t  surfaces  mounted on diametr ical ly  opposed indexing mechanisms which r o t a t e  
on axes p a r a l l e l  t o  t h e  package cen te r l ine .  A sec to r  of each a r r a y  i s  exposed t o  the 
t o t a l  o r b i t a l  environment ( i . e . ,  not  j u s t  perigee conditions) f o r  a predetermined time 
i n t e r v a l  before being ro t a t ed  i n t o  a n  ana ly t i ca l  chamber f o r  examination of t h e i r  sur- 
f ace  p rope r t i e s .  In  one chamber, a portion of each exposed surface may be desorbed by 
one of s eve ra l  techniques. The  eff luxwould be monitored by a scanning mass spectrom- 
e t e r  as a means of assessing relative surface abso rp t iv i ty  c h a r a c t e r i s t i c s  during t h e  
s a t e l l i t e  l i f e t ime .  The second ana ly t i ca l  chamber provides the opportunity f o r  inde- 
pendent measurements of surface po ten t i a l  andlor surface r e f l e c t i o n  c h a r a c t e r i s t i c s  f o r  
a thermal energy helium gas beam a f t e r  increasingly longer periods of surface exposure 
t o  t h e  o r b i t a l  environment. A s  a new t e s t  surface moves i n t o  the a n a l y t i c a l  chamber, 
another i s  ro t a t ed  outs ide t h e  experiment bay t o  j o i n  those exposed t o  the n a t u r a l  
environment. 

S t r u c t u r a l  support of t he  experiment package i s  provided by s i x  longi tudinal  tubu- 
l a r  members and cross-members t o  t h e  i n t e rna l  c y l i n d r i c a l  passage. 
f o r  each of the equipment bays a r e  removable f o r  ease i n  subsystem p r e f l i g h t  checkout 
and servicing.  The 36-inch maximum cross  sec t ion  dimension provides a reasonably 
small projected area i n  comparison t o  any of t h e  Saturn c l a s s  launch vehicles  and should 
be a minor disturbance t o  t h e  rocke t ' s  flow f i e l d .  

The  outs ide panels 
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