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Abstract .  The flow p r o p e r t i e s  i n  a model f lowf ie ld ,  simulating t h e  

s h u t t l e  v e r t i c a l  f i n ,  have been determined using t h e  Direct Simulation 
Monte Carlo method. 
225 km wi th  t h e  f rees t ream v e l o c i t y  vec to r  orthogonal t o  t h e  f i n  sur face .  
Contour p l o t s  of t h e  f lowf ie ld  d i s t r i b u t i o n s  of dens i ty ,  temperature, 
v e l o c i t y  and flow angle  are presented. The r e s u l t  a l s o  inc lude  mean 
molecular c o l l i s i o n  frequency (which reaches 6P8s -.neaf t h e  su r face ) ,  
c o l l i s i o n  frequency dens i ty  (approaches 7 x 10 m s a t  t h e  sur face)  
and t h e  mean-free-path (19 m a t  t h e  su r face ) .  

The case  analyzed corresponds t o  an o r b i t  he ight  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-s  

In t roduct ion  

The glow t h a t  has  been observed on s h u t t l e  f l i g h t s  has  prompted much 

specula t ion  about poss ib l e  source mechanisms. 
f i e l d  p r o p e r t i e s  i n  t h e  glow space should provide information which may 

assist i n  reso lv ing  t h e  app l i cab le  phys ica l  mechanisms. The s h u t t l e  
v e r t i c a l  f i n  w a s  taken as a r ep resen ta t ive  su r face  and a geometr ical ly  
similar flow model w a s  constructed.  
using t h e  Direct Simulation Monte Carlo method [Bird, 19761. The 

v e r t i c a l  f i n  w a s  modeled as a d i s k  having an 8 m r ad ius ,  o r i en ted  wi th  i ts  
surface-normal a n t i p a r a l l e l  t o  t h e  f rees t ream v e l o c i t y  v e c t o r ,  and embedded 
i n  an axisymmetric f lowf ie ld .  The geometry and t h e  computational cel l  
d i s t r i b u t i o n  of t h e  Monte Carlo f lowf ie ld  are shown i n  Figure 1. The 

forward su r face  of t h e  d i s k  i s  loca ted  a t  x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -0.01 m and t h e  flow i s  i n  
t h e  + x d i r e c t i o n .  The boundary condi t ions  along t h e  forward (x = -20 m) 

and ou te r  f l owf ie ld  boundaries correspond t o  t h e  inc ident  f l u x  dens i ty  of 
an equi l ibr ium gas (atmosphere at  o r b i t  he ight )  d r i f t i n g  at 7.76 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm/s. 
The d i s k  su r face  temperature w a s  set at 150 K and a d i f f u s e  r e f l e c t i o n  l a w  
w a s  used. 
boundary (x = 8 m). 
T = 1090 K ,  and composition w e r e  taken from t h e  p r o p e r t i e s  of t h e  atmosphere 

[Jacchia,  19771 at  an o r b i t  he ight  of 225 km. The gas composition and 
molecular p r o p e r t i e s  used are given i n  Table 1. 

molecular model [Bird, 19811 w a s  used wi th  a v i s c o s i t y  c o e f f i c i e n t  temp- 
e r a t u r e  exponent of 0.75. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A d e f i n i t i o n  of t h e  flow- 

The flow p r o p e r t i e s  were determined 

Vacuum condi t ions  were applied t o  t h e  downstream s i d e  of t h e  a f t  

The f rees t ream dens i ty  n = 0.4915 x mm3, temperature 

The v a r i a b l e  hard sphere 
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Resul t s  and Discussion 

The f lowf ie ld  number dens i ty  (m-3) d i s t r i b u t i o n  i s  given by t h e  contours  
The f lowf ie ld  forward boundary ( x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -20 m ) is  only displayed i n  Figure 1. 

2.5 d i s k  r a d i i  upstream of t h e  d i s k  which y i e l d s  a s u b s t a n t i a l  discont inu-  

i t y  between f lowf ie ld  p r o p e r t i e s  a t  t h e  forward boundary and f r ees t r eam 
p r o p e r t i e s  ( t h e  number d e n s i t y  at  t h e  forward boundary is  1.7 x 1016 m-3 

while  t h e  f rees t ream d e n s i t y  at  t h e  forward boundary i s  0.49 x 10l6  m-3). 

However, previous r e s u l t s  wi th  t h e  Direct Simulat ion Monte Carlo method 
i n d i c a t e  t h a t  t h i s  boundary e f f e c t  is  r a t h e r  l o c a l i z e d  and does not sub- 

s t a n t i a l l y  in f luence  t h e  r e s u l t s  i n  t h e  v i c i n i t y  of t h e  d i s k ,  
nea r  t h e  a x i s  and nea r  t h e  forward s u r f a c e  of t h e  d i s k  ( t h e  cen t ro id  of 
t h e  nea res t  cel l  t o  t h e  s u r f a c e  i s  8 c m  upstream) is  approximately 
2.2 x 1017 m-3, a f a c t o r  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44 above t h e  undis turbed  f r ees t r eam dens i ty .  

The dens i ty  n e a r  t h e  a f t  s u r f a c e  of t h e  d i s k  drops t o  n e a r l y  1 0 l 2  m-3. 

( rad ians)  are a l s o  given i n  Figure 1. These r e s u l t s  imply t h a t  t h e  flow 

i s  n e a r l y  axial f o r  a few meters n e a r  t h e  forward boundary and gradual ly  
approaches r a d i a l  flow near  t h e  forward s u r f a c e  of t h e  d i s k .  There is  a 
s m a l l  region ad jacent  t o  t h e  forward s u r f a c e ,  n e a r  t h e  a x i s ,  i n  which 

both v e l o c i t y  components are s u f f i c i e n t l y  s m a l l  t h a t  t h e  flow angle  cannot 
be resolved unambiguously ( s e e  n o i s e  i n  flow ang le  contours ) .  

v e l o c i t y  component would co inc ide  wi th  t h e  undis turbed  f r ees t r eam speed 
w e l l  forward of t h e  forward boundary of t h e  f l o w f i e l d .  

given by t h e  contours  i n  F igure  2. The e n t i r e  f l o w f i e l d  i s  highly  non- 

equi l ibr ium and t h u s  temperature  should be t r e a t e d  wi th  caut ion .  The 
t r a n s l a t i o n a l  temperature  peak is o u t s i d e  (forward) of t h e  flowf i e l d .  

Both temperatures,  of course,  approach 150 K at t h e  d i s k  sur face .  
The mean c o l l i s i o n  frequency ( s - l )  and c o l l i s i o n  frequency d e n s i t y  

(m-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs-1) d i s t r i b u t i o n s  are a l s o  given i n  F igure  2. Near t h e  d i s k  
forward su r face ,  f o r  r < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 m, t h e  c o l l i s i o n  frequency is approximately 
63 s-1 aT8 t h e  c o l l i s i o n  frequency d e n s i t y  is  s l i g h t l y  l a r g e r  than  

6.7 x 10 

implying t h a t  a molecule may experience s e v e r a l  c o l l i s i o n s  before  d r i f t -  
ing out of t h e  region. 

I n  F igure  3 several. of t h e  flow parameters  are disp layed  as func t ions  

of x only f o r  r = 0.95 m (near  t h e  a x i s )  and i n  F igure  4 f o r  r = 7.6 m 

(near t h e  ou te r  edge of t h e  d i s k ) ,  t h e  d i s k  s u r f a c e  is  at x = -0.01 m i n  

each subframe. 
va lue  before  p l o t t i n g .  The normal iza t ion  c o n s t a n t s  f o r  each curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare 
w r i t t e n  ad jacent  t o  t h e  curve l a b e l  above each subframe. 

d e f i n i t i o n s  are: 

The d e n s i t y  

Contours of a x i a l  v e l o c i t y  (m/s), r a d i a l  v e l o c i t y  (m/s) and flow angle  

The a x i a l  

The mean t r a n s l a t i o n a l  and i n t e r n a l  temperature  (K) d i s t r i b u t i o n s  are 

m-3 s-1 . The flow speed i n  t h i s  reg ion  is less than  5 m/s, 

Each d isp layed  func t ion  is normalized by i ts  maximum 

The l a b e l  
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ND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= number dens i ty  (m-3) 

CO = stream speed, mass average ( m / s )  
TR = t r a n s l a t i o n a l  temperature  (K) 

T I  = i n t e r n a l  temperature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(K) 
TTX = axial v e l o c i t y  component (m/s) 
VY = r a d i a l  v e l o c i t y  component (m/s) 
FA = flow angle  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 0  corresponds t o  -TT and 1 t o  +IT ) 
LB = mean-free-path (m) 
NU = molecular mean c o l l i s i o n  frequency (s-1) 
NC = mean c o l l i s i o n  frequency dens i ty  (m-3 s-1) 

Note t h e  rap id  inc rease  i n  dens i ty  and both c o l l i s i o n  f requencies  
( e s p e c i a l l y  t h e  c o l l i s i o n  frequency dens i ty ,  curve NC) as t h e  flow 

approaches t h e  su r face ,  while  t h e  mean-free-path decreases  r a t h e r  l i n e a r l y .  
The peak of t h e  r a d i a l  v e l o c i t y  inc reases  by about an order  of magnitude 
between t h e  two f i g u r e s  and moves c l o s e r  t o  t h e  su r face  as r increases .  

For t h e  ou te r  r a d i a l  cu t  (7.6 m) t h e  flow angle  approaches  IT/^ (0.75 on 
t h e  o rd ina te )  but along t h e  inne r  r a d i a l  cut  is always less than F/2. 

The su r face  parameters along t h e  d i s k  are p l o t t e d  i n  Figure 5 as a 

func t ion  of r. The forward su r face  of t h e  d i s k  l i es  along t h e  a b s c i s s a  
f o r  t h e  two subframes on t h e  l e f t ,  wi th  t h e  o r i g i n  a t  0.0 m and t h e  ou te r  
edge at  r = 8 m and s i m i l a r l y  f o r  t h e  two subframes on t h e  r i g h t ,  t h e  a f t  
su r f ace  of t h e  d i s k  l ies  along t h e  absc i s sa .  The upper l e f t  subframe 

g ives  f l u x  dens i ty  (m-2 s-1) inc ident  on t h e  forward s u r f a c e  f o r  each 
species (curves F l  , F2, F3) and t h e  t o t a l  (sum over species, curve FD) . 
A l l  fou r  curves are normalized by t h e  peak va lue  of t h e  t o t a l  f l u x  
densi ty;  thus,  t h e  o r d i n a t e  g ives  t h e  r e l a t i v e  f r a c t i o n  of t h e  t o t a l  f l u x  
dens i ty  produced by each spec ie s  ( F l y  F2, & F3 correspond t o  species 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 ,& 3) .  The maximum value  of t h e  inc ident  f l u x  d e n s i t y  f o r  t h e  t o t a l  and 
each spec ie s  is  w r i t t e n  above t h e  subframe adjacent t o  each curve l a b e l .  
The lower l e f t  subframe g ives  normalized p l o t s  of s u r f a c e  pressure  (Pa) 
(curve PR) , su r face  shear  (curve SH) , inc ident  power dens i ty  (W/m2) 
(curve P I )  , and r e f l e c t e d  power dens i ty  (curve PR). The normalizat ion 

cons tan ts  f o r  each curve are w r i t t e n  ad jacent  t o  each curve l a b e l  above 
t h e  subframe. The two subframes on t h e  r i g h t  present  t h e  same parameters 

i n  t h e  same way f o r  t h e  a f t  su r f ace  of t h e  disk.  Note t h a t  only spec ie s  
3 (atomic oxygen) appears. It is  q u i t e  probable t h a t  t h e  lower r e l a t i v e  
abundance spec ie s  would appear i f  t h e  s o l u t i o n  had been c a r r i e d  t o  a 
s u b s t a n t i a l l y  larger flow t i m e .  

su r face  is  4.1 x 1019 m-2 s-1 which is about 8% l a r g e r  than  t h e  c o l l i s i o n -  

less va lue  (3.8 x 1019 m-2 s-1). 
flow time) t h e  peak t o t a l  inc ident  f l u x  dens i ty  i s  2 x 1014 m-2 s-l 

( c o l l i s i o n l e s s  flow would y i e l d  a number orders  of magnitude smaller). 
However, t h e  p r o p e r t i e s  along t h e  a f t  s u r f a c e  must be regarded as approxi- 

mate, prel iminary estimates due t o  t h e  very  small sample s i ze .  

each molecule u n t i l  it c o l l i d e d  with t h e  forward s u r f a c e  t h e  f i r s t  time. 
These d a t a  imply t h a t  i n  t h e  mean t h e  t o t a l  c o l l i s i o n  p r o b a b i l i t y  f o r  a 
molecule reaching t h e  forward su r face  t h e  f i r s t  time is  0.07. 
f lowf ie ld  l eng th  had been s u f f i c i e n t l y  l a r g e  t o  conta in  t h e  t o t a l  d i s -  
turbance produced i n  t h e  f rees t ream by t h e  d i s k ,  t h i s  number would have 
increased, but probably by less than  a f a c t o r  of 2. 

The peak t o t a l  inc ident  f l u x  d e n s i t y  (near r = 0) on t h e  forward 

On t h e  a f t  su r f ace  ( f o r  t h i s  p a r t i c u l a r  

I n  t h e  Monte Carlo model, each molecular encounter w a s  counted f o r  

I f  t h e  
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There is  i n t e r n a l  evidence from t h e  Monte Carlo model implying a high- 

l y  bimodal sample d i s t r i b u t i o n  near  t h e  forward su r face ,  cons i s t ing  of 
high-veloci ty  f rees t ream molecules flowing toward t h e  su r face  and a low- 

v e l o c i t y  r e f l e c t e d  stream flowing away from t h e  sur face .  
of t h e  c e l l s  near  t h e  su r face  w a s  se l ec t ed  t o  y i e l d  adequate spa t ia l  

reso lu t ion .  The t o t a l  sample i n  t h e s e  c e l l s  is l a r g e  but probably c o n s i s t s  
p r i n c i p a l l y  of molecules from t h e  low-velocity stream. 
from t h e  high-veloci ty  stream are under sampled due t o  t h e  s m a l l  ce l l  
width and corresponding shor t  t r a n s i t  time. This would inf luence  t h e  
number of molecular encounters computed i n  t h e  c o l l i s i o n  r o u t i n e  and thus  
inf luence  t h e  c o l l i s i o n  frequency, c o l l i s i o n  frequency dens i ty  and mean- 
free-path.  This s i t u a t i o n  c l e a r l y  r e q u i r e s  a d e t a i l e d  inves t iga t ion ,  
which is  c u r r e n t l y  under way. 

I n  a broader sense,  t h e r e  appears t o  be  no unambiguous phys ica l  i n t e r -  
p r e t a t i o n  of mean va lues  formed from t h e  very d i f f e r e n t  sample d i s t r i b u -  

t i o n s  of t h e  two-stream flow encountered i n  t h e  cu r ren t  problem. Although 
t h e  primary flow p r o p e r t i e s  are i n s e n s i t i v e  t o  t h i s  problem and are there-  
f o r e  regarded as an adequate d e f i n i t i o n  of t h e  flow, t h e  c o l l i s i o n  
f requencies  should be used with caut ion .  

The a x i a l  width 

Thus, molecules 
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