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This i s  the f i n a l  r e p o r t  on the extension of Contract 

NASw-1461 from February 21, 1968 through A p r i l  21, 1969. Research 

performed under t h i s  contract  and under the  Contractor s inde- 

pendent research and development program i s  summarized herein,  and 

s c i e n t i f i c  r e p o r t s  containing f u l l  d e t a i l s  are referenced. Recom- 

mendations fo r  the  appl icat ions of t h i s  type of work, and fo r  

fu tu re  research i n  t h i s  area a r e  made i n  an Appendix e n t i t l e d  "On 

the  Future of Gas-Surface Interact ion i n  Space." This work, l ike 

previous research i n  t h i s  area,  has been p a r t i a l l y  supported by 

the NASA Fluid Dynamics Branch, W T .  We a r e  g ra t e fu l  t o  M r .  Al- 

f red  GessowI D r .  James Danberg, and M r .  Ira Schwartz fo r  t h e i r  

help and encouragement over the pas t  s i x  years. 
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e s u l t s  of research in to  several problems of gas-surface 
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in ter 'act ion a r e  summarized. Numerical calculat ions using a large 

computer program have been compared with laboratory experiments 

using a shock tube driven molecular beam apparatus, and remarkable 

quant i ta t ive agreement i s  evident fo r  Ar/Ag(lll) f i lms a t  about 

1 e V .  Certain fea tures  of both the  calculat ions and the experi-  

ments can a l s o  be compared with r e s u l t s  from other laborator ies ;  

these comparisons are a l s o  very encouraging. Some differences 

between theory and experiment f o r  Ne/Ag(111) and i n  amplitude 

trends i n  A r  are indicated,  and these differences of fe r  the 

opportunity t o  remove some of t he  shortcomings of the interatomic 

poten t ia l  models we are using. Theoretical  r e s u l t s  on the e f f e c t s  

of surface roughness and r e l a t ed  e f f o r t s  providing simple ana ly t i -  

c a l  correlat ions fo r  normal and tangent ia l  momentum exchanges are 

a l so  described b r i e f ly .  

described i n  separate reports .  A descr ipt ion of the current  s t a tus  

of theore t ica l  work on associat ive desorption is  given,. and the  

Appendix states the poten t ia l  uses of and the need for  more re- 

search on gas-surface interact ion.  

Complete d e t a i l s  of these programs are 
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XmODUCTI ON 

' ' i  

1 -___". 

Our research over the past seven years has resulted in several 

different lines of work in gas-surface interaction. Currently ac- 

t ive are: 1) experimental work on scattering from laboratory-grade 

surfaces in a shock tube driven molecular beam facility; 2) cal- 

culation of several properties of interactions using a large com- 

plex computer theory; 3) correlation of interaction (accommodation) 

coefficients in simple analytic form for application to engineering 

problems; 4 )  investigation of roughness effects; and 5) theoreti- 

cal investigation of associative reactions at a surface. We dis- 

cuss each of these efforts in turn, referring the reader to more 

detailed reports in each instance except the last. 
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EXPERIMENTL& RES EARCU 

. i  

We presented a ve 

mental r e s u l t s  i n  Ref, 1. T 

from a.more detai led report  

now i n  the f i n a l  s tages  of prepa 

We have measured the  absolu e magnitude of t h e  de 

resu l t ing  from the sca t te r ing  of m oenergetic argon beams from 

f resh ly  deposited, e p i t a x i a l  s ver  f i lms,  The e e rg ies  employed 

a r e  nominally 1 and 2 eV, and w e  have data  near 1 eV fo r  

40", SO", and 60" incidence. The data  are reproducible t o  within 

a few percent when measured w i t h  d i f f e ren t  detectors ,  and the rrcat- 

t e r ing  patterns appear t o  be s t ab le  fo r  times ranging from a few 

milliseconds t o  many hours under vacuum (- x I O e 7  t o r r ) .  Evi= 

dence of sudden degradation occasionally appears ( i . ee9  one run 

may be r ad ica l ly  d i f f e ren t  f e immediately before it). 

We a re  able  t o  operate i n  s p i t e  of these sudden changes because 

they are readi ly  detectab r u n t i l  6 t o  

8 runs have been made on a new target .  Seve ossible  causes 

of t h i s  behavior w ture .  W e  believe 

the most likely cause t o  be a small amount of contaminant gas (e.g., 

H20) i n  t h e  source, t h e  s y of which increases  

y once some of the s rong 
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p o s s i b i l i t y  i s  occasional i n f i l t r a  ion of t he  beam by debris  from 

the shock tube,  The t i m e  sca e f o r  contamina 

gas i n  the system has been shown t o  be muc 

t o  the observed sudden degradation of s ignal .  

he background 

too  long t o  eo 

Figure 1 shows the coordinate system used; Figs. 2,3 show our 

data near 

1.1 f .1 e V ,  where the s c a t t e r  represents  the var ia t ion  between 

runs.  The noteworthy fea ures of these measurements a r e  the re- 

markable agreement, both i n  and out of plane, with the theo re t i ca l  

calculat ions performed by Oman (Ref. 3) and the agreement i n  peak 

angle d i rec t ion  with the measurements of Romney (Ref. 4)  fo r  the 

same system (see Fig. 5 of t h i s  repor t ) .  

near the peak, leaving l i t t l e  gas t o  be sca t te red  f a r  from the peak. 

The theore t ica l  curves of Fig. 2 w e r e  calculated recent ly ,  but 

those of Fig. 3 are from the t r a j e c t o r i e s  calculated fo r  curve 

i n  Fig. 9 of Ref. 3 .  In  t h i s  case we have shown the normalized 

density, p/pi ,  ins tead of the normalized f lux,  pv/pivi, per 

s teradian.  

density magnitudes a t  2 eV,  

repeatedly, a s  shown i n  Fig. 4 ,  Damage (and/or contamination) 

seems t o  occur more r ead i ly  f o r  t h i s  case, and we do not always 

get  the same i n i t i a l  sca t te r ing  pat tern.  

1.0 e V .  We estimate the  ac tua l  beam energy t o  be 

The f luxes are very high 

a)  

We have had more d i f f i c u l t y  es tabl ishing reproducible 

but the peak angle has been measured 

3 
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We a l s o  have so e/Ag(l l l )  f i lms a t  several  ener- 

g ies  from abou 02 t o  about 1. 

f o r  us t o  detect  N e  i n  our system; 

data i s  not y e t  as good as 

(Ref. '3) predicts  t h a t  N e  s ca t t e r ing  should be 

.25 - m5 e V  and much broader than A r  sca t te r ing  a t  corresponding 

h a t  of the argon data. 

energies above t h i s  range, Bur data indicate  t h a t  e sca t te r ing  

does broaden with increasing energy above about .25 eV,  but 

it has about the same r e l a t i v e  width (and therefore  amplitude on a 

scale  of p/pi) as the Ar sca t te r ing .  Unfortunately, these data 

have.not yet  been rep l ica ted  and therefore  cannot be r e l i e d  upon. 

They nevertheless indicate  how similarities and differences between 

complex computer theory and experiment, applied t o  several  d i f f e ren t  

cases, can point t o  needed improvements i n  interatomic poten t ia l s  

and eventual ly  lead t o  a r e a l i s t i c  model fo r  the surface poten t ia l  

f i e l d  e 

The molecular beam used t o  generate the data discussed above 

is the  product of several  years of work, Of which 

i n  the scope of t h i s  contract .  Although we  ave been ugable t o  in- 

ves t iga te  many eres t ing  beam p oblems s ince w 

f u l l  a t t en t ion  t o  the sca t te r ing  ~ x ~ e r i ~ n t s ~  cer ta in  important 

features  of the beam had t o  be invest igated oroughly t o  ensure 

in t eg r i ty  of the r e s u l t s .  e beam ve los i  asured i n  several  

4 
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ways, the most accurate  involving t of f l i g h t  betwee 

detectors  (density gauges) e 

ons t o  ensure that 

test surface w a s  the only s 

pingengnt and t h a t  the r e f l ec t ed  densi ty  measur 

clude any molecules sca t te red  out of the incide beam instead of 

from the  surface.  We discovered tha t  skimming a t  very high inc i -  

dent i n t ens i ty  resu l ted  i n  extremely large a t  enuations 

appreciable 

n t s  did no 

LO 1 
across the s k i m q ,  and t h a t  the f i n a l  beam appeared t o  have a 

higher ve loc i ty  (as high as 1,4 vi) 

the skimmer and predicted by ad iaba t ic  steady-flow expansion l a w s ,  

We had t o  understand t h i s  e f f e c t  a t  least thoroughly enough t~ dis-  

t inguish it from the unsteady expansion i n  the  nozzle, which a l s o  

produces s ign i f i can t  increases i n  veloci ty  a t  the beginning of a 

run. It is, apparently, a phenomenon associated with extremely 

large c o l l i s i o n  e f f ec t s ,  so he anomalous veloci ty  increment 

vanishes as in t ens i ty  i s  decreased and i s  no 

(even “lossy”) skimmer operation. W e  discussed the beam cal ibra-  

t i o n  problems b r i e f l y  i n  ef .  2, and we  ’hope t o  cover our work i n  

t h i s  area more f u l l y  i n  a fu ture  r e p o r t ,  

khan t h a t  measured ahead of 

ed under normal 
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ERRATUM: Numerical Experiments on Sca t te r ing  of Noble Gases 
from Single-Crystal Silver [J. Chem. Phys., - 48,  3919 (1968) I 

Richard A. Oman 

Research Department, Grumman Aerospace Corporation 
Bethpage, New York 11714 

The expression f o r  the constant A ,  given severa l  l i n e s  below 

It should Eq. (2) , was incor rec t ly  t ranscr ibed t o  the manuscript. 

read: 

2 1  1 2 

31B 
A r~ 1. - 

The cor rec t  form was used i n  a l l  of the computer programs 

u t i l i z e d  i n  applying the  method, so  no fu r the r  correct ions are 

necessary i n  the o r i g i n a l  paper or  i n  Ref. 1, which employs the  

same method. I reg re t  any possible inconvenience t o  users of the 

method, and I am g ra t e fu l  t o  Yue Kwong Chiu f o r  c a l l i n g  the e r r o r  

t o  my a t t en t ion .  

R. A. Oman, i n  Rarefied Gas Dynamics, Proceedings of the 6 t h  1 

Symposium, ed i ted  by L. T r i l l i n g  and H. Y ,  Wachman; Vol. 11, p. 1331, 
Academic Press (1969), 
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bulk of ou 

new cases 2) have s ince 

been computed i n  support of ou aboratory data  and f o r  

c ompar i son w t h  p a K ~ i c ~ l a r  meas 

and Ref. 4). T h e r e  has  been very o revise  t h i s  theory 

i n  the pas t  year or so* Its  bas i  s regards the near 

fu ture  i s  nei ther  i n  computational technique nor i n  computer time 

ey (cf. Fig. 4 

requirements, but ra ther  i n  owledge of interatamic poten t ia l s  

t h a t  it requires  e Improveme ts  are  always possible,  but it h a s  be- 

come incre  s ingly obvi 

t e n t i a l s  ( i n  e f f ec t ,  t h e  l a r  incident 

energy level)  are large e e r  of t h e  re- 

s u l t s  completely. W e  b e l i  be necessary 

e r t a i n t i e s  i n  t h e  po- 

r e l a t ed  sys 

over a broad range of ~ n ~ r g i e s .  Wor very complex three 

d~mensional 
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A t  t h i s  wri t ing,  t h e  r e s u l  

using t h e  same parameters) se 

served experimen 

sca t t e r ing  t o  s t ruc tu re  sca t t e r ing  a t  about 1 e V  f o r  Ar/Ag(lll) 

appears t o  be displayed i n  t h e  d i r ec t ion  of t h e  peak angle (cf.  

Fig. 4 )  and a l s o  i n  t h e  width of t h e  lobe (cf. R e f .  4) .  

crease i n  peak amplitude w i t h  energy t k a  had been predicted above 

1 e V  does not  appear i n  t h e  experiments so f a r  examined, but  since 

t h e  f luc tua t ions  i n  both laboratory and numerical data  seem t o  a f -  

f e c t  t h i s  measurement most severely, more study i s  required here .  

I n  t h e  case of Ne/Ag(111), t h e  an t ic ipa ted  broad sca t t e r ing  above 

0.5 e V  h a s  not  appeared i n  our very l imited r e s u l t s ,  although, as 

predicted, t h e  width does increase w i t h  increasing energy i n  t h i s  

range. 

sharp r e f l e c t i o n  and predicted broad sca t t e r ing  f o r  room tempera- 

t u r e  He, w e  t en t a t ive ly  conclude t h a t  t h e  repuls ive portion of 

t h e  po ten t i a l s  does not "soften" as t h e  at tractive p a r t  becomes 

weaker. The Lennard-Jones 6-12 po ten t i a l  imposes such behavior 

somewhat a r b i t r a r i l y ,  and it appears t o  be t i m e  t o  ad jus t  it t o  

produce more realist ic energy dependence. 

The de- 

In t h e  l i g h t  of t h e  long-standing anomaly between observed 

One fu r the r  comment on t h e  energy dependence i n  t h e  argon/ 

si lver system i s  i n  order. Fig most of t h e  change 

i n  peak angle t h a t  occurs a t  high incident  energy (Fig. 4) i s  Ei 

I 
i 7 



7 due t o  an increase I 
nei ther  the normal 
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i n  tangent ia l  momentum exchange, ut, although 

nor the  tangent ia l  momentum h a s  the value 

1 predicted by hard cube theory a t  high energy. T e s i l v e r  (111) 

I face i s  very t i g h t l y  packed, so at is qui te  low a t  low Ei; 
1 

but a steady r i s e  w i t h  increasing Ei i s  apparent. We bel ieve 

t h i s  i s  due t o  increasing resolut ion of the atomic configuration 
i 
i 

a 'I ( i . e .  the atomic radius  decreases) e 

I 



CORRELATIONS FOR MOMENTUM EXCHANG E 

It has been demonstrated repeatedly t h a t  f a i r l y  simp e models of 

t he  in te rac t ion  can predic t  energy exchange qu i t e  w e l l .  In  our pre- 

vious wprk w e  developed a formula based on a s imple  phenorenological 

model that cor re la ted  our fu l l - s ca l e  numerical calcuXations over a 

wide range of input conditions (Ref. 5). Goodman (Ref. 6 )  has a l s o  

cor re la ted  momentum and energy exchanges i n  hard sphere in te rac t ions ,  

using a reduced form of the  same formula f o r  the  energy. 

Recently, w e  have discovered formulas t h a t  predict  normal (a,) 

and tangent ia l  (a,) momentum exchange i n  simple algebraic  form. This 

has been accomplished by cor re la t ing  the s i m p l e s t  model (Goodman's 

hard spheres), using the energy exchange l a w  and Goodman's asymptotic 

r u l e s  (Ref. 6 )  as s t a r t i n g  points, and adding geometric e f f e c t s  de- 

duced by physical reasoning. Appropriate corrections were added t o  

account fo r  s o f t  po ten t ia l s ,  l a t t i c e  thermal motion, and latt ice re- 

s to r ing  forces .  The r e su l t i ng  simple algebraic  formulas co r re l a t e  

normal and tangent ia l  momenta t o  a root-mean-square e r r o r  of 11 and 

10.2 percent, respect ively,  f o r  the 64 cases w e  have long used as a 

standard set of r e s u l t s  (Ref. 5). 

Our cor re la t ions  of Goodman's hard sphere r e s u l t s  are 

E ,  -4ep cos 8, 

where ass are Goodman's notation, and we  use EQ and E t o  denote 

energy l e f t  i n  the la t t i ce  and gas atom, respect ively.  
g 

9 
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1 R + 1 . q )  cos e 
*t t cos E a + eil 1 (1*)(% 4cL + 1) 

3 a  = -  

where p = m /m ei i s  t h e  incident  angle ( ~ / 2  < ei TT)’ 
k? g’ 

R i s  t h e  atomic radius  appropriate t o  t h e  energy =i’ a is  t h e  

l a t t i ce  g r i d  spacing ( i n  our usual notation),  P i s  

( t h e  scalar momentum of t h e  e x i t  gas divided by t h e  e 

incident  momentum), and 5 i s  a geometric parameter defined as 

The above re la t ionships  w i l l  be described more f u l l y  i n  Ref. 7, 

where addi t iona l  procedures are a l s o  given f o r  t r ea t ing  cor re la -  

t i ons  a t  lower energies. Figure 5 shows t h e  degree t o  which t h e  

low-energy fonns of the above formulas f i t  t h e  calculated r e s u l t s  

f o r  Ar/Ag(lll) a t  50. (ei = 130’) incidence. Figures 6 and 7 

show the scatter i n  t h e  cor re la t ion  of 64 t e s t  cases from Ref. 5. 

We think t h a t  these simple formulas w i l l  be usefu l  i n  a t  

least t h r e e  ways. 

t h e  ways i n  which each var iab le  affects t h e  resu l t s .  

can see how such dependencies are associated w i t h  a physical 

process. 

F i r s t ,  they enable us t o  see i n  ana ly t ic  form 

Often w e  

Second, there i s  now a q u i t e  simple way t o  ge t  an 

10 
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answer to  engineering problems i f  one can guess t h e  input vari- 

ables well. enough (e .g . ,  t h e  a 

temperatures, etc.), Third, we now have a platform from whic 

, the surface Debye 

I 

1 

1 to  attack new problems such as parametric modeling (cf. Hurlbut 

and Sherman, Ref. 8) and surface roughness effects  (see t h e  
1 

i I following section) e 

. 3  



SURFACE ROUGHNESS 
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Since no real  surface i s  per fec t1  smooth, surface 

lar i t ies  have long been invoked as a ra t iona  

of d i f fuse  w a l l  r e f l e c t i o n  models i n  r a re f i ed  gas prablems. Some 

s tudies  of roughness e f f e c t s  have been made previously, but we 

have always considered it  e s s e n t i a l  t o  incorporate i n  the study 

of roughness a realist ic model of t h e  l o c a l  in te rac t ion  on a f l a t  

face t .  The momentum exchange model described above supplies the 

ana ly t ic  dependence of t h e  momenta on t h e  l o c a l  incidence angles. 

T h i s  makes possible a s ta t i s t ica l  weighting process t o  treat  d i f -  

f e r en t  surface models. 

f o r  t h e  use 

One can describe a surface by i t s  "angle d i s t r ibu t ion  function" 

and i t s  "height d i s t r i b u t i o n  function." These are, respectively,  

t h e  relative probabi l i ty  of encountering t h e  surface element a t  a 

pa r t i cu la r  i nc l ina t ion  o r  height r e l a t i v e  t o  t h e  reference plane 

of the surface.  

element a t  a r b i t r a r y  inc l ina t ion ,  we can fo ld  t h e  funct ional  de- 

pendence of t h e  i n t e rac t ion  w i t h  t h e  d i s t r i b u t i o n  of inc l ina t ion  

t o  determine mean in t e rac t ion  e f f e c t s  f o r  f i r s t  co l l i s ions .  Shadow- 

ing, t h e  p re fe ren t i a l  weighting of higher surface elements r e l a t i v e  

t o  those i n  val leys ,  can be done rigorously only i f  t h e  height d i s -  

t r i bu t ion  i s  specif ied;  but  it can be modeled by r e l a t i v e l y  simple 

I f  we know t h e  i n t e rac t ion  l a w s  f o r  a loca l ly  f l a t  

1 2  



functions. The modeling of second and higher-order c o l l i s i o n s  

becomes very d i f f i c u l t  if one attempts t o  go beyond a very simple 
1 
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model (e.g. , a l l  molecules emitted ~ ~ d o w ~ w a r ~ ~ q  are randomized or,  

a l t e rna t ive ly ,  focused i n  a pa r t i cu la r  d i rec t ion ,  as i n  t h e  work 

of Jackson, Ref. 9).  

Several d i f f e r e n t  ways of specifying surface angle d i s t r ibu -  

t i ons  have been employed i n  our f i r s t  look a t  roughness e f f e c t s .  

These a r e  

1) An Iso t ropic  Surface. The probabi l i ty  of en- 
?--- 1 

countering t h e  surface a t  6 i s  constant f o r  

a l l  Bs  between 0 and ~ / 2 .  

S 

2) A Gaussian Surface: 

I 
I 

< I  

where eo and e" are disposable parameters, 

and A i s  t h e  appropriate normalizing constant.  

3)  A Saw-Tooth Surface: 

". I = 0 gives a f l a t  surface) e 

4 )  Each of t h e  above w i t h  simple shadowing functions.  

We have employed the cor re la t ions  of Goodman's data t h a t  are 

given i n  t h e  previous sec t ion  for  t h e  " f l a t  surface" laws, and have 



computed severa l  cases. One set of these r e s  ts i s  shown i n  

Fig.  8. It bs important t o  real  ze t h a t  t h e  comp 

d i s t r i b u t i o n s  are hree dimensional i n  

* 

over a.uniform d i s t r i b u t i o n  of azimuth angles. A s  yet  no rough- 

ness ca lcu la t ions  have been done w i t h  momentum r u l e s  ' f o r  lower 

energies e 

The r e s u l t s  shown i n  Fig.  8 are f a i r l y  typical of t h e  others  

w e  have examined. The smooth surface r e s u l t s  show t h a t  t h e  cal-  

cu la t ions  recover reasonably accurately Goodman's r e s u l t s  f o r  

force coe f f i c i en t s .  The tangent ia l  momentum is ,  of course, a f -  

fected by roughness more s t rongly than i s  t h e  normal momentum, 

which  seems remarkably insens i t ive  t o  r a d i c a l  differences i n  

roughness. 

A complete development of the theory of t h e  roughness in-  

ves t iga t ion  and addi t iona l  r e s u l t s  f o r  d i f f e r e n t  cases w i l l  be given 

i n  Ref .  10. 

j 
e ,  

* 
The abscissas  i n  Figs. $a and b show 

the ei de f in i t i on  employed previously. Bi = 0 i s  impact from 

t h e  surface normal d i rec t ion .  

ei as t h e  supplement of 

14 
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It has been demonstrated repeatedly t h a t  adsorbed contaminants 

can have a very s ign i f i can t  e f f e c t  on gas-surface interact ion.  We 

f ind  t h a t  the l a rges t  unknown i n  the  predict ion of aerodynamic drags 

and torques, pa r t i cu la r ly  under o r b i t a l  conditions, i s  the surface 

condition. Roughness, the other major fac tor  i n  the condition of 

real surfaces,  can be t r ea t ed  s t a t i s t i c a l l y ,  but the state of con- 

tamination poses some very spec ia l  problems. 

I f  the surface i s  clean, we  can expect an in te rac t ion  under 

o r b i t a l  conditions t h a t  w i l l  give moderately broad, generally spec- 

u l a r l y  directed,  sca t te r ing  i n  which the capture (i .e. , adsorption) 

of incident p a r t i c l e s  i s  l imited t o  atoms of oxygen with about a 

0.30 s t ick ing  probabi l i ty .  The energy exchange of the remaining 

components would be reasonably approximated by the famil iar  hard 

sphere l a w ,  with perhaps some small correct ions t o  account f o r  non- 

normal incidence and l a t t i c e  res tor ing  forces .  A consequence of 

t h i s l i n e  of reasoning i s  t h a t  t o  reduce drag, heavy atomic weights 

i n  the  surface (and high Debye temperature i n  some cases) would be 

helpful  f o r  surfaces a t  l o w  inc l ina t ion  t o  the f r e e  stream or facing 

a f t .  For surfaces facing forward, lowest drag r e s u l t s  from having 

l i g h t  atoms a t  the surface,  

But f o r  most cases we  do not e pect the  surface t o  be clean. 

It may be launched d i r ty ,  i n  which case t i m e  and the space environ- 

ment can be expected o produce a continuous change i n  gas-surface 

15 



i n t e rac t ion  as t h e  surface loses  species i n  the order of increasing 

.. j 

binding energy, 

case of space exposure, i n  which t h e  crucial  question appears t o  be 

A problem of spec ia l  i n t e r e s t  i s  t h e  steady s t a t e  

the relative rates of adsorption and desorption of atomic oxygen. 

It i s  very probable t h a t  a f t e r  some time 

a l l  of the other adsorbed contaminants. 

0 atoms would replace 

Of a l l  the species present i n  high concentration i n  the 

region (where aerodynamic e f f e c t s  a r e  most impor- 50 - 1000 km 

t a n t ) ,  the  one w i t h  the highest  probabi l i ty  of s t ick ing  t o  a sur-  

face i s  0. Since one 0 atom w i l l  combine w i t h  another w i t h  a 

high binding energy (5 eV) and form a roughly equivalent bond 

w i t h  many possible surface atoms, the p o s s i b i l i t y  of an important 

desorption mechanism l i e s  i n  the 0 - 0 recombination. 

released by the formation of 

t o  desorb t h e  product molecule, which  would have a much lower 

(e.g. ,-0.1 eV) binding energy w i t h  most surfaces.  I f  such a 

process i s  not l i ke ly ,  the surface w i l l  become covered w i t h  0 i n  

a very shor t  t i m e .  

encounters ind ica tes  t h a t  i f  t h e  reac t ion  c ross  sect ion ( for  as- 

soc ia t ive  desorption) i s  of the order of t h e  s i z e  of an adsorption 

s i te ,  the equilibrium coverage w i l l  be a strong function of t h e  

angle of incidence. For grazing incidence, t h e  equilibrium 0 atom 

coverage might be a small f r ac t ion  of a monolayer. With a f r ac t ion  

The energy 

O2 may o r  may not become ava i lab le  

A crude ana lys i s  of t h e  k ine t i c s  of surface 

16 



0 of a monolayer covered, a react ion cross  sect ion C, N ad- 

sorpt ion s i t e s  per u n i t  a rea ,  a s t ick ing  probabi l i ty  of on 

a bare s i t e  and zero on an occupied one, and an incidence angle 

qs 

8 (measured from the normal), w e  can wri te ,  f o r  equilibrium: 

0NC tan  0 N 0 8 q s [ l  - 03 - - 
77- 

The second term i n  t h e  above equation includes an estimate 

s i  

5 

of the probabi l i ty  of passing near enough t o  an adsorbed atom t o  

r eac t  and desorb both atoms as one molecule. Solving for  0 ,  we 

showing t h a t  a r b i t r a r i l y  low coverages a r e  possiale  

i s m  alone. 

Because we believe t h i s  assoc ia t ive  desorption 

by t h i s  mechan- 

might become 

one of the most important questions i n  gas-surface in te rac t ion ,  

and s ince i t  i s  r e l a t ed  t o  possible fu ture  extensions i n t o  the 

area of surface c a t a l y s i s ,  w e  have begun t o  study t h i s  process 

w i t h  our computer models. The pr inc ipa l  d i f f i c u l t y  i s  the p r imi -  

t i v e  s t a t e  of our knowledge of interatomic poten t ia l s .  I f  we can 

construct a consis tent  model f o r  t h e  po ten t i a l  surfaces of three 

mutually in t e r f e r ing  atoms, t h e  computation of representat ive 

17 



i n t e rac t ions  a t  t h e  s a t e l l i t e  e ergy l eve l  w i l l  not present any 

.. _J 

I \. .i 

new problems. For the r e s u l t s  not t o  be misleading, however, we 

must be ab le  t o  t r e a t  severa l  r a the r  d i f f e ren t  po ten t i a l  models 

and display t h e  expected react ion mechanics f o r  each. Confidence 

i n  the f i n a l  outcome w i l l  depend g rea t ly  on haw sens i t i ve  t h e  r e -  

s u l t s  a r e  t o  d e t a i l s  of t h e  po ten t i a l  surfaces.  T h i s  i s  qu i t e  

d i f f e ren t  from the problems w e  have t r ea t ed  thus f a r ,  i n  w h i c h  

only the gross fea tures  of t h e  po ten t i a l s  have had important e f -  

f e c t s  on t h e  r e s u l t s .  

The  method of ana lys i s  i s  based on a modification of our 

basic  gas-surface program f o r  diatomic in te rac t ions  (described 

i n  the proceedings of t h e  F i f t h  Symposium on Rarefied Gas Dynamics, 

1966). 

one atom i s  i n i t i a l l y  incident  on the surface w h i l e  the other i s  

i n i t i a l l y  adsorbed near the impact s i t e .  In  addition, a three- 

body po ten t i a l  h a s  been constructed i n  a general form t h a t  satis-  

f i e s  a l l  of the necessary l i m i t  cons t ra in ts .  For example, one 

gas atom i s  influenced by t h e  other atom through a strong chemical 

bond t h a t  i s  continuously diminished as e i t h e r  gas atom approaches 

the la t t ice .  The bond of e i t h e r  atom t o  the b l k  i s  s imi la r ly  d i -  

minished as the dis tance between gas atoms decreases. I n  the l i m i t  

of interatomic dis tances  corresponding t o  t h e  molecular ground s t a t e ,  

the  gas-surface bond f o r  each atom i s  half  t h a t  of a molecule, 

The  i n i t i a l  conditions i n  the program a r e  modified so t h a t  

We 
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can then vary the shape of the transition curves between the 

above limits to test the effects of changes in the details of 

the interatomic potentials on the cross section for the associa- 

tive reaction. 

We have performed the necessary changes in the main program, 

and have employed to date only the following form for the inter- 

atomic potential: 

where 

is the total potential of a gas atom 

is a contribution from the n type 
of interaction 

aA 
th 

n @ 

is the distance between the atom and the 
j lattice 
r 

is the distance between gas atoms i r 

r is the distance between the mass center 
of the two atoms and the lattice 

- 1  
1 
I 

* I  
.. i 

J 

un(rn) is a weighting function used to attenuate 
the interaction that competes with the 
nth bond 

- 

and the subscripts are 

A atom 

m molecule 

L lattice e 

Equation (1) is not a completely general form for the poten- 

tial, but it allows for a considerable range of behavior by 
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assuming d i f f e r e n t  forms f o r  the weighting functions. Boundary 

conditions on the cu's are :  

w.(m) = mi("") = 1 
J 

ui(Rm) = 0 ( a t  molecular separation) 

mj(RAL) = 0 (when one atom i s  adsorbed) . 
We have employed f o r  our f i r s t  t r i a l  cases t h e  functions: 

-c<R, - ri)  2 

cui(ri) = 1 - b e 

where t h e  new constants b, B, c, and C a r e  parameters. 

W e  have run a few tes t  t r a j e c t o r i e s  with the program described 

above. Results showed a few minor flaws t h a t  need a t ten t ion ,  but 
i 

they w e r e  general ly  qu i t e  s a t i s f ac to ry .  We have been forced t o  sus- 

* i  

i -. , 

pend a c t i v i t y  i n  t h i s  area because of the  demands of other work on 

t h i s  pro jec t .  We bel ieve t h a t  the issues  involved are s u f f i c i e n t l y  

important t o  j u s t i f y  continued e f f o r t  along these l ines ,  i n  s p i t e  

of the f a c t  t h a t  the approach may ult imately prove t o  be f r u i t l e s s .  

The necessary condition t h a t  r e s u l t s  be proved t o  be insens i t ive  
I 

t o  the shapes of the  weighting functions o f f e r s  the hope but not 

the promise of ult imate v a l i d i t y .  

20 
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i 

ON TI-IE FUTURE OF GAS-SURFACE 

INTERACTION I N  SPACE FLIGHT 

Richard A .  Oman 

Research Department 
Grumman Aircraft Engineering Corporation 

Bethpage, New York 11714 

(516) 575-2229 

I n  making a plea t h a t  applied research on gas-surface i n t e r -  

ac t ion  be given a higher p r i o r i t y  I assume two obl igat ions:  

t o  show an underrated requirement, and second, t o  show promisiiig 

l i n e s  of development. 

t a i l s  and documentation f o r  t h e  b r i e f  t h a t  follows. 

f i r s t ,  

I would welcome an opportunity t o  give de- 

I. The Need 

There  i s  a l o t  more t o  t h e  need f o r  gas-surface in te rac t ion  

research than t h e  determination of drag coef f ic ien ts  on blunt  

sa te l l i t es .  From where  I s i t ,  aerodynamic torques on large sat-  

e l l i t e s  a re  the  primary concern. Also very important are impinge- 

ment forces  on s t ruc ture  (par t icu lar ly  so la r  paddles) from control  

rockets,  and t h e  contamination of sens i t ive  surfaces  (windows, 

so l a r  cel ls ,  t h e r m a l  coatings,  etc.) by e f f luents  and by rocket 

plumes e 
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It appears t o  m e  inevi tab le  t h a t  t h e  nat ion w i l l  continue t o  

conduct manned o r b i t a l  experiments, t h a t  t h e  vehicles w i l l  g e t  

l a rger ,  and t h a t  the  missions w i l l  ge t  longer. For la rger  s a t e l -  

l i t e s ,  aerodynamic forces become increasingly important through 

torques, and decreasingly important through o r b i t a l  decay (drag). 

Large so la r  paddles (as  large as 5,000 f t  ) and/or rad ia tors  

appear t o  dominate space s t a t i o n  designs now being considered. 

The aerodynamic torques on such designs are very large,  often ex- 

ceeding those of grav i ty  gradients f o r  200 n m i  a l t i t u d e s ,  even 

i f  t h e  addi t iona l  unbalance of forces due t o  shadowing i s  not con- 

sidered. Shadowing, w h i c h  tends t o  be important a t  glancing in-  

cidence, can increase peak torques another order of magnitude. 

Because s a t e l l i t e  missions usually require  control led or ien ta t ion ,  

ac t ive  s t a b i l i z a t i o n  must be employed. The react ion cont ro l  sys- 

tern f u e l  expenditures f o r  one such design in tegra te  t o  

employing i n e r t i a  wheels t o  s t o r e  the a l t e rna t ing  components of 

angular momentum. T h e  d iurna l  "bulge" of the atmosphere i s  the 

primary cause of t h e  high l eve l  of b ias  torque i n  a complete o rb i t .  

2 

4 10 lbs /yr ,  

The momentum exchanges a t  surfaces (and therefore the aerotorques) 

can d i f f e r  by large amounts (var ia t ions of an order of magnitude 

a re  qui te  possible) f o r  d i f f e ren t  types of gas-surface in te rac t ions  

when the loca l  incidence i s  near grazing, even fo r  engineering 

( i .e .> rough) surfaces.  The s takes  i n  many mission analyses a r e  

A-2 



I 
! 

J 

-- f 

- 1  
i 

< I  

i ', 
! 

' i  

i 
. 1  

high enough t o  consider varying t h e  geometry or surface mater ia l  

of the paddles t o  a i d  i n  a t t i t u d e  s t a b i l i z a t i o n  as confrontation 

angles change. T o  do t h i s ,  we must have r e l i a b l e  p r io r  knowledge 

of the gas-surface in t e rac t ion  a t  appropriate energies. 

I n  addi t ion t o  atmospheric in te rac t ions  on space s t a t ions ,  

we must recognize other problems. Impingement of propulsion plumes 

on vehicle surfaces can cause major problems (OAO-2 h a s  measured 

r o l l - j e t  torque degradation t h a t  varies between 26 and 42 per- 

cent ,  which  can be'explained by plume impingement and a grea te r -  

than-specular normal force on the adjacent s o l a r  paddle). 

might w i s h  t o  design de l ibera te  plume impingement t o  achieve s ig-  

n i f i c a n t  torque mult ipl icat ion.  Long-term e f f e c t s  of contaminants 

deposited on windows and so la r  paddles can be serious,  and t h e i r  

predict ion requires  knowledge of s t ick ing  probabi l i t i es .  We have 

not yet  r e a l l y  begun t o  look a t  using l i f t  and drag modulation i n  

r a re f i ed  atmospheres f o r  o r b i t a l  plane changes, booster recovery, 

One 

and/or low-altitude sa te l l i t e  operations. 

feas ib le ,  they w i l l  demand a grea t  deal  b e t t e r  GSI technology than 

we now possess. 

I f  such a c t i v i t i e s  a r e  

11. A Plan of Action 

Although an a r ray  of e f f ec t ive  theo re t i ca l  methods i s  now 

avai lable ,  there  are two key b a r r i e r s  t o  r e l i a b l e  predictions f o r  
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space f l i g h t  conditions,  F i r s t ,  t h e  interatomic poten t ia l s  be- 

tween gas and so l id  atoms are not  known well  enough i n  the strongly 

repulsive regions t h a t  a r e  important above 1 eV; and second, we 

do not know wha t  long-term exposure t o  atomic oxygen w i l l  do t o  the 

s t a t e  of contamination of t yp ica l  surfaces.  There are ,  of course, 

many other questions, but these two a r e  i n  my opinion the sources 

of the grea tes t  uncertainty i n  aerodynamic problems. 

methods of grea t  complexity and simpler physically-based theories  

t h a t  explain t h e  r e s u l t s  of the numerical computations i n  various 

loca l  regions seem adequate t o  most needs. Surface roughness e f -  

f e c t s  can be modeled w i t h  s ta t i s t ica l  methods, and contaminmts 

can be modeled i f  we know them. 

of knowledge of the surface s i t ua t ion .  

Numerical 

But no theory can overcome lack 

We know t h a t  the  interatomic poten t ia l s  w i l l  look very much 

l i k e  hard spheres a t  high energy, but w e  do not  know the s i zes  of 

the spheres fo r  given species a t  a pa r t i cu la r  energy! 

c i t i n g  recent agreement of experiments from our own laboratory and 

from Princeton (Romney) w i t h  our t heo re t i ca l ly  predicted density 

f i e l d s  fo r  argon on e p i t a x i a l  s i l v e r  fi lms h a s  indicated t h a t  our 

guesses f o r  the Ar/Ag po ten t i a l  a r e  p r e t t y  c lose;  but N e / &  

experiments indicate  t h a t  some features  of t h a t  po ten t i a l  a r e  not 

as w e  predicted. Some of the trends predicted fo r  Ne/& a r e  

observed, but  the sca t t e r ing  i s  narrower than predicted. It 

The  ex- 
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appears t h a t  r e su l t s ,  a t  least i n  t h e  e V  energy range, are qui te  

sens i t ive  t o  small changes i n  the s i z e  of t h e  atoms. W i t h  carefu l  

calculat ions f o r  d i f f e ren t  po ten t ia l s  and ca re fu l  experiments, w e  

can discover t h e  important fea tures  of t h e  real  poten t ia l s .  

We must a l s o  learn what  long-term exposure t o  atomic oxygen 

incident  a t  several  e V  i n  hard vacuum ( i . ee ,  i n  the space en- 

vironment) does t o  the surface condition. After a su i tab le  ex- 

posure i n  space, i s  a f u l l  monolayer of t i g h t l y  bound 0 formed 

on t h e  surface,  o r  does t h e  energet ical ly  favored associat ion of 

two 0 atoms form a weakly bound molecule and "scrub" t h e  surface? 

I f  t h e  surface i s  scrubbed, i t s  r e f l ec t ion  laws w i l l  be very d i f -  

fe ren t  from one covered w i t h  atomic oxygen, which h a s  lower surface 

mass and a much s t i f f e r  bond (high Debye temperature) than a typ ica l  

m e t a l .  The re  i s  some hope t h a t  informative calculat ions can be done 

on t h i s  question, but the  f i n a l  answer must await r e s u l t s  from space 

experiments. 

More and more w e  f ind  t h a t  glassy surfaces  are used on vehicles:  

so la r  ce l l s ,  windows, and surfaces  f o r  long-term thermal control  

( O p t i c a l  Surface Reflector) .  No one knows a way t o  character ize  

the surface s t ruc ture  of g lass ,  nor i s  there even a way t o  determine 

t h e  surface composition of a given glass .  By d i rec t ing  our experi-  

ments t o  glassy surfaces ,  w e  can learn how so lar  c e l l  surfaces  w i l l  

"look" t o  incident  atmospheric species  e 
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111. Using the Results in Gas Calculations 

It is particularly frustrating to.,i,note that only a minor 

fraction of reports on rarefied gas-dyriamics make an attempt to 

employ modern knowledge of the wall boundary condition. Para- 

metric modeling (e.g., Schamberg, Nocilla, Epstein) supplies a 

vehicle through which this can be done, by reflecting the re- 

sults of detailed GSI investigations in the intelligent deter- 

mination of parameters. There are excellent indications that 

matching the major moments (energy, two in-plane momenta, and 

a momentum spread) can provide sufficient restriction to repre- 

sent parametrically the distribution function of wall molecules 

in a form compatible with a typical gas-dynamics analysis and 

that at the same time reflects the realities of gas-surface be- 

havior. 

I, 
.L> {.A 

In su&ry, I feel we must not ignore the need for knowledge 

of gas-surface interactions in future space operations, and we 

must ensure that provision is made today to provide some of the 

pivotal answers. The funding required is relatively small, bu t  

continuity of effort is essential. 
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