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Theoretical  Analysis of  the  Density Within an Orbiting 

lb l ecu la r  Shield* 

J.E. H u e s e r  

and 

P.J. Brock 

Department of Physics and Geophysical Sciences 

O l d  Dominion University 

Norfolk, Virginia 23508 

An ana ly t i ca l  model, based on the k i n e t i c  theory of a d r i f t i n g  Maxwellian gas 

is used to  determine the  non-equilibrium molecular densi ty  d i s t r ibu t ion  within a 

hemispherical s h e l l  open a f t  with its axis parallel to i ts  velocity.  

numerical r e s u l t s  are presented f o r  the primary and secondary densi ty  d i s t r ibu t ion  

components due t o  the  d r i f t i n g  Maxwellian gas,  f o r  speed ratios between 2.5 a d  10. 

A n  analysis  is also made of the densi ty  component due to gas desorbed from the  

w a l l  of the  hemisphere and numerical r e s u l t s  are presented f o r  t he  densi ty  

d is t r ibu t ion .  

'Itre r e s u l t s  a r e  applicable to o r b i t a l  trajectories i n  any planet-atmosphere system 

and interplanetary t r ans fe r  t r a j ec toz i e s .  

is mentioned b r i e f ly .  

Separate 

I t  i F  shown t h a t  t he  adsorption process may be completely ignored. 

Application t o  the  e a r t h ' s  atmosphere 
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Experiments are planned for the Space Shut t le  -biter which require very 

law gas density. 

very much l a r g e r  than the molecular mean thennal 'speed i n  the atmosphere, 

fore, from t h e  k i n e t i c  theory of a d r i f t i n g  Maxwellian gas,  it is plaus ib le  to 

expect a very l o w  dens i ty  within a properly or ien ted  and deployed molecular 

For the applicable orbit he ight  range, t h e  orbit  ve loc i ty  is 

mere- 

shield, although t h e  atmospheric dens i ty  i n  orbit may be unacceptably high. 

"lhe purpose of t h i s  paper is to  analyze the molecular dens i ty  d i s t r i b u t i o n  

within a hemispherical molecular sh i e ld  or ien ted  such t h a t  it opens af t  wi th  

its axis p a r a l l e l  to  the  orbit ve loc i ty  vector.. %e r e s u l t s  developed here are 

applicable to  o rb i t i ng  i n  any planet-atmosphere system and to  high ve loc i ty  

t r a n s f e r  trajectories between planets. 

been applied to  the  Shu t t l e  Orbiter i n  t h e  earth's atmosphere. 

I n  a separate paper,") t h e  r e s u l t s  have 

It is  convenient to replace the system consis t ing of a moving orbiter and a 

s ta t ionary  atmosphere with the  equivalent system consis t ing of a s t a t iona ry  orbiter 

and a d r i f t i n g  atmosphere. Since the  atmosphere is i n  local equilibrium it is 

then a d r i f t i n g  Maxwellian gas. In  orbi t  the  local mean free path A ,  is la rge  

compared t o  the  radius  R, of the  hemisphere (X/R > 100); thus the disturbance 

produced by the  hemisphere is completely negl igible .  

analyzed i n  terms of an undisturbed d r i f t i n g  Maxwellian gas. 

The problem may then be 

For each molecular species k, the  molecular number densi ty  within the  

hemisphere has three  components: 

1. The primary densi ty  <, is associated with the  primary flux enter ing 

the  hemisphere, d i r e c t l y  from the atmosphere. 

2. 

' randomly 

s f ie  secondary densi ty  n is associated with the secondary f lux  sca t te red  

about the hemisphere (after having made an i n i t i a l  surface c o l l i s i o n ) .  

k' 
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d 3. The desorp t ion  dens i ty  n,, is assoc ia t ed  with t h e  molecular f l u x  desorbed 

from t h e  inne r  s u r f a c e  of t h e  hemisphere ( f o r  example, outgass ing) .  

species k with in  t h e  hemisphere is then  

me dens i ty  of 

and t h e  total dens i ty  f o r  a l l  species is given by t h e  sum over k. 

that fol lows,  d a t a  are presented f o r  each of t h e  d e z s i t y  components i n  4. (1). 

I n  t h e  a n a l y s i s  

!rhese d a t a  are presented  i n  normalized form such that they  are app l i cab le  to any 

molecular species. The spec ie s  s u b s c r i p t  is t h e r e f o r e  dropped i n  t h e  following 

analysis ,  Computational methods w e r e  developed f o r  t h e  numerical c a l c u l a t i o n s  

which re turned  numerical r e s u l t s  v a l i d  to  a t  least s i x  s i g n i f i c a n t  d i g i t s .  

DRIFTING MAXWELLIAN GAS 

!rhe d i s t r i b u t i o n  func t ion  of a d r i f t i n g  Maxwellian gas may be obtained from 
I 

t h e  d i s t r i b u t i o n  func t ion  of a s t a t i o n a r y  equi l ibr ium gas,  

(2) by t h e  ve loc i ty  t ransformation 

+ + +  w = v - u ,  ( 3 )  

4 
where V is  the  molecular thermal v e l o c i t y  i n  t he  s t a t i o n a r y  e q u i l i b r i m  gas ,  
+ + 
U is  the  o r b i t e r  v e l o c i t y  ( -U is  t h e  gas d r i f t  v e l o c i t y  r e l a t i v e  to  t h e  o r b i t e r ) ,  

+ 
and W i s  t h e  molecular ve loc i ty  i n  t he  re ference  system f ixed  i n  the  o r b i t e r .  

Since the gas is i n  equi l ibr ium, t h e  i n i t i a l  choice of t he  o r i e n t a t i o n  of the  

v e l o c i t y  space coordinate  system r e l a t i v e  t o  the  geometr ical  coordinate  system 

is a r b i t r a r y .  I n  t h i s  paper ,  the  following o r i e n t a t i o n s  a r e  used uniformly: 

+z is chosen t o  co inc ide  with t h e  o r b i t  ve loc i ty  U ( the  atmospheric d r i f t  
-c 

v e l o c i t y  co inc ides  w i t h  -2) and twz is chosen p a r a l l e l  to +z. For no ta t iona l  



convenience, the ve loc i ty  components are wr i t t en  i n  dimensionless form by normalizing 

with respect to  t h e  most probable thermal speed 

. (4) 
1/2 

v = (2kT/m) 
1 

*e ve loc i ty  components are then wri t t en  

w. = Wi/Vm, i = x. Y ?  2 
1 

’ and the speed ratio is 

s = u/vm - (6 1 

From ms. (2) through (5) , for the or ien ta t ion  convention described above, the 

d i s t r ibu t ion  function for a d r i f t i n g  Maxwellian gas  becomes 

where n is the atmospheric molecular number dens i ty  for the  k-th species. 

D R I F T I N G  MAXWELLIAN GAS FLUX DENSITY 

me molecular f l u x  dens i ty  U, inc ident  on a scrfazo element (molecular 

co l l i s ion  frequency per u n i t  area) i n  a d r i f t i n g  Maxwellian gas may be obtained 

from the  d i s t r ibu t ion  function and the geometry of Fig. 1(2). 

molecules i n  the cyl inder  which have ve loc i t i e s  within dw of is given by 

The number of  
-+ 

d3ydsdt = f ( S , w )  dw dw dwzdV , ( 8 )  
X Y  

where the  cy l ind r i ca l  volume element i s  

dV = 1; vmdsdt , 
-b 

and the surface normal q, l ies  i I t he  (x,z)-plane. In Eq. (9), t he  absolute value 

of the  do t  product is taken to  y i e ld  a pos i t i ve  value f o r  t he  f lux  densi ty  inc ident  

on the pos i t i ve  s i d e  of the  surface element (side from which r) is drawn). From 

Fig. I., it may be seen t h a t  

-b 

4 
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1;; = w cosy , 

and 

cosy = s i n e  s in6  cos+ - case cos6 . 
m. ( 8 )  may then be w r i t t e n  

d3V = Vm f (S,W) W COSY dw dW dwz 8 X Y  

w h e r e  y 

reach t h e  sur face .  

ranges over a l l  va lues  f o r  which molecules from t h e  volume element can 

= ~ / 2 .  Thus8 i n t e g r a t i o n  extends over  a 

complete half-space i n  the w coord ina te  system. I n  this case, t h e  i n t e g r a t i o n s  

may be f a c i l i t a t e d  by r o t a t i n g  the w-coordinate system such t h a t  is  pazallel 

to  0. 

from t h e  d r i f t i n g  Maxwellian gas  may be expressed i n  closed form 

ymax For a f l a t  or convex su r face ,  

w z 
-+ 

All  i n t e g r a t i o n s  may then  be ~ o m p l e t e d ( ~ ) ' a n d  t h e  i n c i d e n t  f l u x  dens i ty  

nv m 
V(S,B) = - 

2 ? 6  

where t h e  error 

2 e r f ( x )  = - - 

func t ion  is  given by 

(14) 
0 

Eq. (13) is needed later i n  the c a l c u l a t i o n  of the dens i ty  d i s t r i b u t i o n  wi th in  t h e  

'molecular sh ie ld .  

HEMISPHERE PRIMARY FLUX DENSITY 

The f l u x  dens i ty  i n c i d e n t  on t h e  concavt su r face  of a hemisphere, o r i en ted  with 

its axis  p a r a l l e l  with t h e  ve loc i ty  vec tor  and open a f t ,  o r i g i n a t e s  i n  t h a t  p a r t  of 

the. bdimens iona l  space ( the  combined veloci ty  space and geometr ical  space) from 

5 



which molecules can reach the surface. Thus the  w-space in tegra t ion  range is con- 

s t ra ined  by the  hemisphere to  something less than a complete half-space as shown 

i n  Pig. 2. 

a surface element dsit 

Fig. 2. Transforming 4. (12) to spher ica l  coordinatw i n  w-space, t he  primary 

In this case, the incremental primary f l u x  densi ty  d\pI inc ident  on 

is given by 4. (12) applied to the geometry shown i n  

flux densi ty  inc ident  on the  inner  surface of the  hemisphere may be w r i t t e n  

. .  

and from Fig. 2 it follows t h a t  

cosy = s ing  s i n e  cos$ +  COS^ cos8 I 

0 = a tan  [(I - sinl ; ) /cosc]  , 

and 

After performing the  w and 8 i n t e g r a t i ~ n s ' ~ ) ,  Eq. (15) s impl i f i e s  t o  

where 

(16) 
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r 

and 

erfc(x) = 1 - erf (x) (24) 

Eq. (19) is needed later i n  the  calculat ion of t he  densi ty  d i s t r ibu t ion  within the  

molecular sh ie ld .  

The primary f lux  densi ty  i l k d e n t  on the inner  surface of the  hemisphere was 

0 < 5 < n/2 machine evaluated u.ing 4. (19) f o r  and f o r ( 4 )  S = 2.5(2.5)10. - -  
The numerical r - su l t s  are presented (normalized) i n  Fig. 3. The normalization 

r e l a t ion  applied t o  the  numerical da ta  is 

-1 

The data  f o r  each value of  the  speed ratio are subsequently renormalized with respect  

to the  value a t  5 = lr/2 before p lo t t i ng  i n  Fig. 3. 

HEMISPHERE SECONDARY DENSITY 

The atmospheric f lux  which en te r s  the hemisphere is  sca t te red  about randomly 

and eventually passes o u t  of the  hemisphere; a f t e r  the  f i r s t  surface co l l i s ion  f o r  

some molecules but  a f t e r  severa l  co l l i s ions  f o r  others .  

is .discussed l a t e r . )  h any surface element dsi (see Fig. 41, there  i s  an 

(The process of adsorption 
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inc ident  primary (d i r ec t  from the atmosphere) f l u x  dens i ty  9, i 

secondary f lux  dens i ty  Vi, 

surface elements of the  hemisphere i n  a d i r ec t ion  such t h a t  they can reach ds,. 

and an inc ident  

S cons is t ing  of molecules scattered o f f  a l l  o ther  

P a r t i c l e  conservation a t  ds requi res  that 

dens i t i e s  be equal  to the  molecular emission 

i 

{ + v i - v e  5 -  . 

.L 

the sum of these two inc ident  f l w  

f l u x  densi ty  V thus  e' 

Makirig the usual assumptions that the  emission f l u x  densi ty  is  thermally accommo- 

dated") and has an angular d i s t r i b u t i o n  given by a cosine function with respect to  

the  surface nor'nal, t h e  emission f lux  densi ty  must s a t i s f y  

is the  Ye 

Q1/2 

where I cosy is t h e  emission f l u x  densi ty  per unit  s o l i d  angle,  

angle between the  surface normal and the  d i r ec t ion  of emission, and is t he  

half-space solid angle i n t o  which a l l  molecules from ds are emitted. From the 

above assumptions, 1 is independent of o and therefore ,  may be factored ou t  

of t h e  i n t e g r a l  with t h e  r e s u l t  t h a t  

e e 

i 

e e 

. e ve = TI 

i From Fig. 4 and particle conservation, the secondary f lux  inc ident  on ds  

emitted from dse is given by 

8 

e 

Also from Fig. 

dVidsi = I 

i d W  = cosy e 

cosye due dse . 
4, t he  d i f f e r e n t i a l  s o l i d  angle may be wri t ten 

dSi/P2 I 

8 



where 

on t h e  

PO2 

p is t h e  d i s t ance  between dse and d s  . Since both dse and dsi l i e  
i 

su r face ,  it fol lows t h a t  

cosye cosy = (4R2) 
-1 

i b 

Subs t i t u t ing  4 s .  (30) and (31) i n t o  (29) g ives  the  secondary f l u x  dens i ty  inc iden t  

on any surface element dsi 

h L 

where 

hemisphere . Ch i n d i c a t e s  t h a t  the i n t e g r a t i o n  extends over  t h e  inner surface of t h e  

s u b s t i t u t i n g  Eqs. (191, (271, and (321 i n t o  4. ' 2 6 )  y i e l d s  t h e  following 

(where the s u b s c r i p t s  have been dropped s i n c e  they  are 'e i n t e g r a l  equat ion  f o r  

no longer  needed f o r  c l a r i t y )  

IT1 = $(S,G) + (2R)'2 

The so lu t ion  t o  t h i s  equat ion is 

(33) 

as may be v e r i f i e d  by subs t i t u t ion .  The i n t e g r a l  i n  Eq. (34) i s  t h e  i n t e g r a l  of 

the primary f l u x  dens i ty  over  t he  e n t i r e  i nne r  su r face  of  t h e  hs.,lisphere, Particle 

conservat ion r equ i r e s  t h a t  t h i s  i n t e g r a l  be equal  to :he t o t a l  primary f l u x  incident.  

on t h e  p l a w  z = 0. The primary f l u x  dens i ty  i n c i d e n t  on the  plane z = 0 i s  

given by Eq.  (13) ,  a f t e r  s u b s t i t u t i n g  f? = 7, and t h i s  f l u x  dens i ty  is uniform 

over  the  hemisphere en t rance  plane.  Therefore,  the i n t e g r a l  i n  Eq. (34 )  may be 

evaluated as fol lows 

9 



where 

f ( S )  E ?(S,&-a). 

Eo i n d i c a t e s  i n t e g r a t i o n  over t h e  hemisphere en t rance  p lane  (z = 01, and 

it follows t h a t  Thus from Eq. (13) f o r  8 = IT, 

( 6 )  Fina l ly ,  t h e  i n t e g r a l  equat ion  s o l u t i o n  may be w r i t t e n  

(37) 

where $(S) i.. given by Eq. (36) and $(S,S) is given by Q. (19).  Th,: val - ty  

of Eq. (37) is discussed  i n  Appendix A. 

0 

The func t ion  I(S,c) may now be used t o  determine t h e  d e n s i t y  of secondary 

molecules a t  any p o i n t  w i th in  the hemisphere volume. 

emission is i n  equi l ibr ium wi th  t h e  su r face ,  the incremental  molecular d e n s i t y  

Assuming t h a t  the  molecular 

a t  a p o i n t  p from a s u r f a c e  ' .icrement (see Fig. 5 )  is given by 

where 

and T' i s  t h e  su r face  temperature. For the c o l l i s i o n l e s s ,  expanding f l u x  leaving  

dse, con t inu i tv  of f l u x  r e q u i r e s  t h a t  the  f l u x  d e n s i t y  at a d i s t a n c e  p from t h e  

su r face  s a t i s f y  t k e  r e l a t i o n  

10 



ds -P2dwe  e (41 1 

.nd me may be obtained f r a  Q. (27 )  by d i f f e r e n t i a t i o n .  

Subs t i t u t ing  the derivative of Bq. (27 )  and gqs. (40) and (41) i n t o  Eq. (38) 

y i e l d s  

uhere the funct ion 1(s85) is given by ~ q .  (3718 Eh i n d i c a t e s  i n t e g r a t i o n  over 

the inner surface of the hemisphere, and from the g m t r y  of Fig. 6 it fol lows that 

1 - k(cosp cost + s inv  s i n c  cosc)] s i n ?  d(d5 

- ~ ( c o s p  cost + sinp s in?  cost) + 421''-~ 
cosy ds/p2 = I 

(3) %%e 

which simplifies m. (43) t o  

i n t e g r a t i o n  may be executed i n  terms of coinplete e l l i p t i c  i n t e g r a l s  

0 

(44) 

11 



the colplete elliptic integral of the 1st kind is 

- l/2 
Ktk) = f (1 - k2 sin2x) k 8  

JO 

the canplete elliptic 

v 2  = /  (1 - t2 
0 

integral of the 2nd kind is 

aodulus k, is given by 

(47) 

(48) 

The secondary density distribution within the hemisphere w a s  calculated 

numerically from 4. (45) for S = 2.5(2.5)10, It = O(O.l)l, p = 0°(100)900# 

and for a number of irregular values of these parameters. me numerical results 

are presented (normalized) in Fig. 7 ,  ~k normalized secondary density distribution 

The data for each value of the speed ratio are subsequently renormalized with 

respect to the value at the hemisphere origin (It = 0) before plotting in Fig. 7. 

HEMISPHERE PRIMARY DENSITY 

P The density distribution of primary molecules n , within the hemisphere may 

be calculated directly from the distribution function of the drifting Maxwellian 

gas, since the hemisphere produces a negligible disturbance in the gas. 

molecular density at any point in the drifting Maxwellian gas is given by the 

integral 0; the distribution function, Eq. ( 7 ) ,  over the appropriate limits. Thus, 

The 

12 



at any p o i n t  (/t#p) within the hemisphere (see Fig. 81, the densi ty  of primary 

aolecules  is given by ( a f t e r  transforming to  spher ica l  coordinates i n  w-space) 

II e(+) 9 

f ( s 8 w )  w2 ttw s ine  d&l+ . .2/ 0 8  s [ 
por the aft  opening hemisphere w i t h  its axis parallel to 88 the in tegra t ion  

l i m i t s  i n  4. (51) m y  be abtained from Fig. 8 and are given by 

8 

and 

(52)  

(53) 

After campleting the w and 8  integration^'^), ~ q .  (51) s impl i f ies  to 

f 

where 

and 

13 



The primary dens i ty  d i s t r i b u t i o n  within the hemisphere w a s  evaluated numerically 

Psi- -0 (54) f o r  s = 205(205)10, k = 0(0.1)18 p = 0"(10")90", and f o r  a 

n w r  of i r r e g u l a r  values of these  parameters, 

sented (normaliztd) i n  Fig. 9, In this figure, the normalized primary dens i ty  

d i s t r i b u t i o n  is given by 

%e numerical r e s u l t s  are pre- 

(57) P iiP(sfk,p) = n (s,kfp)/n 

'Ihe data for each value of speed ratio are subsequently renormalized with respect 

to the value a t  the hemisphere o r ig in  before p l o t t i n g  in Fig, 9. 

HEMISPHERE DESORPTION DENSITY 

A molecular desorption f lux  (outgassing) from m e t d l  sur faces  is comnronly 

observed, even for very clean surfaces. Associated w i t h  the desorption f l u x  

d dens i ty  V , from t h e  inner  sur face  of the hedsphere ,  there is a molecular 

d dens i ty  n within the  volume of the  hemisphere, It is reasonable t o  assume 

that vd is uniform over the surface. I n  this case, p a r t i c l e  conservat -n a t  

ds, (see Fig, 4)  requires t h a t  
A 

d s  v + v i -  - 'e 
where vs and v i e 
the  desorption gas 

have the  same meaning as .in Eq. (26) except t h a t  they r e f e r  to  

source ra the r  than the  atmospheric source, Fram an argument 

.similar to t h a t  leading to Eqs, (28) and (321, it follows t h a t  

d ve = a1 

and 

(59) 

vi  = &J Id as . 
P 

(60) 

14 



s d s t i t u t i n y  ms. (59) and (60) i n t o  Eq. (58) gives  t h e  i n t e g r a l  equation 

Since -dd is constant, the so lu t ion  to  m. (61) is 

using t h i s  r e s u l t  i n  EQ. (42) and again applying t h a t  equation to  t h e  hemisphere, 

it follows -ht t h e  molecular dens i ty  d i s t r i b u t i o n  within t h e  hemisphere due to  

desorption froer the surface is 

where h(L,v,C) is given by Eq. (46). 

The molecular dens i ty  d i s t r i b u t i o n  within t h e  hemisphere due to surface desorp- 

t i o n  w a s  machine evaluated usinu EQ. (63) f o r  L = O ( O . l ) l ,  and v = Oo(100)900. 

The r e s u l t s  are prese-.;ed (normalized) i n  Fig. 10. The nornralized desorption 

density d i s t r i b u t i o n  is given by 

DISCUSSION 

For the or ien ted  hemisphere-drifting Maxwellian gas system analyzed here,  it is 

Shown b e l o w  t h a t  the adsorption-desorption process has a vanishingly s m a l l  e f f e c t  on 

the  den. 

primary (atmospheric) f l u x  dens i ty  inc ident  on the  inner surface of t h e  hemisphere, 

given by Eq. ,;91 , is m a x i m u m  f o r  5 = lr/2 as shown i n  Fig. 3. For t h i s  value 

of t ,  Ec. (19) can be integrated,  y ie ld ing  

:y within t h e  hemisphere, provided the speed r a t i o  is not small. The 

15 



Thus, $ is a nbaximm for the  smallest appl icable  value of S. The atmospheric 

species which has t he  smallest S is atomic hydrogen. For a mean model atmosphere , 

the maximum atomic ilydrogen densi ty  is 

ture is 

(7) 

n ss 2.74 10' aa13 and the local tempera- H 
T = lo3 If. A t  this height,  the orbit ve loc i ty  is U = 7.64 km sec'l 

. (for a circular orbit) and, thus  S = 1.87. It therefore  follows from 4. (65) 

that the atomic hydrogen flux dens i ty  inc ident  on the inner  surface of the  

hemisphere fran the atmosphere is Ve(1.87, m/2) = 1.31 lo7 cC2sec". I f  the 

surface capture probabi l i ty  (s t icking coe f f i c i en t )  for a t d c  hydrogen were 1.0, 

the adsorption of a monolayer muld require approximately lo8 sec. 

adsorbable atmospheric species, although the dens i ty  may be much higher, the speed 

ratio is much larger and the monolayer adsorption time is much la rger ,  as may be 

ver i f i ed  by inspect ing the form of 4. (65). 

For a l l  other 

The total molecular number dens i ty  d i s t r i b u t i o n  within the hemisphere is given 

by 4. (1) stmmred over k, where (for each species) np is taken from 4. (541, 

n is abtained from Eq. (45), and nd is given by Eq. (63). It is obvious that 

t h e  gas  r e su l t i ng  from the  double sumat ion  is not  an equilibrium gas. 

r igorous sense, the  molecular species of np arid n should be the same species 

as the  d r i f t i n g  Maxwellian gas. However, i n  a practical sense, within the  volume 

of the  hemisphere, the  densi ty  of  the atmospheric species with high molecular 

mass ( large speed ratio) are completely negl ig ib le  i n  comparison with the  l o w  

mass (small S) species. 

S 

In  a 
S 

d d Since n is generated by an i n t e r n a l  gas source, it is a function of v 

only. Thus, nd cons i s t s  of molecular species not r e l a t ed  to  the  atmosphere. 

The desorption f lux  densi ty  is i n  general  a function of the  surface temperature 

T', 

from the  bulk t o  the  surface is frequently the  p r inc ipa l  gas source. 

the  h i s to ry  of the surface,  and also the  h i s to ry  of the  bulk s ince  d i f fus ion  

Eq. (63), 

16 



which gives. the dens i ty  due to desorption, remains valid i f  the surface temperature 

is a slowly varying function of t i m e  but  uniform over the surface. 

t i o n  f lux  densi ty  is not  uniform, 

If the desorp- 

Vd m u s t  remain under the i n t e g r a l  i n  Eq. (63) , 

and i f  the  surface temperature is not  uniform, 

A typical value of V 8 for a thoroughly degassed metc.1 surface,  is v ry 3 10' 

cm-'sec'l (molecular hydrogen). From Fig, 10 and Eq. (641, for a surface tenyer- 

ature T' = 300K, it follows that n ( 0 , O )  675 ~ m - ~ .  

v' m m u s t  remain under the in tegra l .  

d d 

d 

The atmospheric component of the densi ty  d i s t r ibu t ion  within t h e  hemisphere 

is the  sum of  the primary dens i ty  given by 4. (54) and the secondary densi ty  a 
n , 

given by Eq, (45) 

f o r  each molecular species i n  the d r i f t i n g  Maxwellian gas. Since the geometry is 

prescribed, np depends only on the  atmospheric densi ty  n, and the  speed ratio 

s, b u t  ns depends on these parameters as w e l l  as the  surface temperature T' 

(assuming complete accommodation). Since only n can be factored out  of the  

a ( 8 )  r i g h t  s i d e  c f  m. (66)  , both S and (T/T') must be prescribed t o  obtain n . 
I f  the  surface temperature is uniform but  va r i e s  slowly with t h e ,  R. (45) 

remains valid.  However, i f  the  surface temperature is not uniform, v '  must m 

remain under the  i n t e g r a l  i n  EQ. (45). 

Tfie atmospheric component of t he  densi ty  d i s t r ibu t ion  within the  hemis- 

' phere is presented i n  Fig. 11 f o r  (T/T') = 3.333 (a typica l  value) and f o r  

S = 2.5(2.5)10. The normalization relation applied t o  these da t a  is given by 

The data  fo r  each value of speed ra t io  are subsequently renormalized with respect  

t o  the  value a t  the  hemisphere o r ig in  before p l o t t i n g  i n  Fig. 11. 

1.7 



Eq. (66) may be applied to  a hemisphere i n  any planetary atmosphere provided 

(1) the structure of t h e  atmosphere is known. In  a separate paper , t h e  s t ruc tu re  

of the earth’s atmosphere and Eq. (66) were used to  ca l cu la t e  the dens i ty  of each 

m l e c u l a r  species within a hemispherical molecular sh i e ld  deployed from the  Shu t t l e  

Orbiter, f o r  a range of orbits within the operat ing envelope of the Shut t le .  

ever,  it may !.x seen from Fig. U(c) and 4. ( 6 7 )  t h a t  the a t k c  oxygen dens i ty  

within the hemisphere is less than 2.5 ano3, d n c e  the densi ty  of a t d c  

oxygen in t h e  atmosphere a t  the minbttm orbit height  is about 1O1O anm3 and t h e  

speed ratio is s l i g h t l y  greater than 7.5 ( fo r  a mean atmosphere). 

atomic hydrogen, on the other hand, has the smallest speed r h o .  

atmosphere, its speed ratio is S ~ 1 . 8 7  where its densi ty  is maximum i t  P 3 

lo4 

300 

it makes a completely negl ig ib le  contr ibut ion to the dens i ty  canpared to atomic 

hydrogen, a minor const i tuent  of  the atmosphere. 

How- 

Atmospheric 

For a mean 

El 

Thus the hydrogen dens i ty  i n  the  molecular sh i e ld  is of the order 02 

Therefore, even though a t d c  oxygen is the most abundant species, 

ACKN-TS 

The authors are g ra t e fu l  to t he  personnel of the  Langley Research Center’s 

‘.?alysis and Computation Division for the i r  support i n  the  execution of t h i s  work. 

A special thanks go t o  Steven K. Park and Athena Markos for t h e i r  imagination and 

c r e a t i v i t y  i n  the d i f f i c u l t  t ask  of producing these precis ion numerical r e su l t s .  

18 



APPENDIX A 

The v a l i d i t y  of t h e  function I(s,?) may be tested by using I(s,C) t o  calculate 

the secondary molecular f l u x  dead t y  us (st&) 8 passing through t h e  plane z = o i n  

the negative d i r ec t ion  for an a r b i t r a r y  poin t  i n  t he  plane. 

(in t h e  absence of adsorption) requi res  t h a t  t h e  i n t e g r a l  of this secondary f l u x  

dens i ty  over t h e  plane z = 0 be equal to  the inc ident  primary flux. 

f l ux  density inc ident  on t h e  plane z = 0 (see Fig. Al) is 

Particle conservation 

The secondary 

P a r t i c l e  conservation a t  z = 0 requires 

from which it follows t h a t  

1 

1 n/2 

(A4 1 
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Interchanging the order of integration and performing the integrati~n'~), this 

Substituting for I(S,c) from Bq. (37) and performing the integration over the 

constant part of I(S,c) gives the result 

This equation is identical with the boundary condition given in Eq. (35), 

after completing the azimuthal integration in that equation, thus demonstrating 

the validity of the function I(S,c). The precision of the numerical methods 

used in the calculations may be estimated by using them to evaluate the 

integral in Eq. (A6) with $(S,c) taken from Eq. (19). The machine results 

differed from an exact equality by no more than a few parts in lo7 for all 

values of S. 
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In  the  reference system f ixed  with respect to the molecular sh ie ld ,  t he  mean 

value of t h e  z-component of t he  molecular ve loc i ty  for molecules which en te r  

t he  hemisphere is  

For S >> 1, it 

(.I.$ /Vm 

follows t h a t  

-1 

Thus, t he  molecular ve loc i ty  of approach is small and a c c o m d a t i o n  t o  the  

surface temperature requi res  a r e l a t i v e l y  small change i n  molecular k i n e t i c  

energy. 

I f  adsorption on t h e  surface of the  hemisphere is not negl ig ib le ,  Eq. (37) must 

be modified. If a is the  adsorption probabi l i ty  i n  each molecular c o l l i s i o n  

with t h e  surface, the r i g h t  s ide  of Eq. (26) must be mult ipl ied by (1 - a)  and 

the  so lu t ion  t o  the  r e su l t i ng  i n t e g r a l  equation is 
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where @'(SI and Q(s#c) are given by ~ q .  (36) and (191, respectively.  

7. CQSPAR In te rna t iona l  Mference Atmosphere 1972, Akademie-Verlag, Berlin,  1972. 

8. One test of the  v a l i d i t y  of the  ana ly t i ca l  expression f o r  n is to examine 

0 

a 

a its behavior as S approaches zero. For t h i s  l i m i t ,  n should approach n. 

Under t h i s  condition, the  d r i f t i n g  Maxwellian gas becomes s ta t ionary  and the  

densi ty  i n  the  hemisphere should be the  same as the  atmospheric density.  

A machine experiment w a s  conducted on Eq. (66) to determine the limit of 

n as s approaches zero. For T' - T, it w a s  found that na(s,/t,p) = n. 

The v a l i d i t y  of na may also be tested by examining its behavior as S 

a 

S* 

approaches i n f i n i t y .  From the  ana ly t i ca l  form of Eqs. (191, (361, and (541, 

which are the  equations that determine the  behavior of n 

it is  clear that ~ i m  na(s8/t8p) = 0. 

a i n  the l i m i t ,  

S- 
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Fig. 1. Drifting.Maxwellian gas incident f l u  density coo’.-!.nate system. 
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Fig.  2. Coordinate system for the calculat ion of the incident flux density 

en a hemisphere i n  a dr i f t iqg  Maxwellian gas. 
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Fig. 4.  Geometry of internal scattering i n  a hemisphere; hemisphere radius = R. 

26 



. 

Fig.  5. ISdssion flux geometry.  

27 



5 

"/ -c- 
A 

Fig. 6.. Geometry for the calculation of the secondary density i n  a hemisphere; 

hemisphere radius = R, normalized radirrs = It = r,'R. 
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Fig. 7 .  Secondary density distribution within a hemisphere in a drifting 

naxWelliJn gas: (a) S = 2.5, (b) S = 5.0, (c )  S = 7.5,  (d) S = 10.0; 

29 
-̂ --.._ . . - -....&.--.L -__ ~ _ _  I _ _  P * U U  .=<;?--A XL y-./v:r _- -, _.-__ " 

~ ____ 



.. 

i 

! 

Fig. 8.  Coordinate system for the calculation of the primary density distri- 

bution within a hemisphere in a drifting Maxwellian gas; hemisphere 

radius = R, normalized radius = & = r/R. 
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gas: (a) S - 2.5, (b) S = 5 . 0 ,  (c )  S - 7.5,  (d) S = 10.0; 
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Fig. Al. Geometry for the calculation of the secondary f l u  density inc idmt on 

the e x i t  plane; hemisphere radius = R, normalized radius = lL = r/R.  
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ABSTRACT 

The concept of a molecular shield in terrestrial orbit above 200 km is 

analyzed using the kinetic theory of a drifting Maxwellian gas. Data are 

presented for the components of the gas density vithin the shield due to the 

free stream atmosphere, outgassing from the shield and enclosed experiments, 

and atmospheric gas scattered off a shield-orbiter system. The disturbance 

caused by the orbiter for a 100 m boom separation produces a negligible effect on 

the density within the shield. The application of the.system concept to the Space 

Shuttle Orbiter is conceptually outlined. From the analysis presented, the 

atmospheric component of the gas density within the shield is less than 

lo3 

considered is expected to be less than 10 

of approximately 3 x 

(principally atomic hydrogen) and the density from all gas sources 

4 corresponding to a pressure 

Torr for an equilibrium gas at 300 K. 
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INTRODUCTION 

There are experiments in the fields of materials research and 

process development which require the simultaneous conditions of near 

zero gravity and very low gas density. The first of these conditions 

occurs naturally in orbit siice there is an approximate balance between 

inertial forces and gravitational forces for circular orbits. The very 

lov gas density condition may be realized in orbit by conducting the 

experiments fn a molecular shield. In this paper, kinetic theory is 

applied to a hemispherical shell geometry containing internal gas sources 

and imbedded in a drifting Mamrellian gas (terrestrial atmosphere). The 

analysis demonstrates that the gas density within a molecular shield is 

less than 10 ~rn'~ at orbit heights greater than 200 km, although the 

atmospheric density") may be orders of magnitude higher 8s shown in 

4 

Fig. 1. 

the molecular shield since it minimizes the internal surface-to-volume ratio. 

It also provides structural stability and is analytically amenable. 

The hemispherical shell geometry is the optimum configuration for 

First, the molecular shield concept is discussed and the gas sources which 

contribute to the density within the molecular shield are identified. 

the effects of eech gas source are disLdssed separately. 

scattering and interaction effects associated with the shield-orbiter system 

are investigated. 

Then, 

Next, atmospheric 

Finally, the concept is applied to the Space Shuttle Orbiter. 
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WUCULAR SHIELD CONCEPT 

* 
! 
i 
i 

The molecular s h i e l d  i s  shown schematically i n  Fig. 2, In a 

low density gas such that t h e  mean free path i s  l a r g e  compared t o  

t h e  apparatus dimensions, subs t an t i a l ly  all t h e  molecules incident 

on t h e  apparatus :xperienced t h e i r  last molecular encounter i n  a region 

of space w e l l  removed from t h e  apparatus. 

molecules ‘lave t h e i r  next molecular encounter e t  a subs t an t i a l  dis- 

tance from t h e  apparatus (on t h e  average). 

atmosphere su countered i n  o r b i t ,  where t h e  mean free path is of the 

order of 0.4 km o r  g r e a t e r ,  the  l o c a l  disturbance produced by the 

o r b i t e r  and molecular s h i e l d  is small. Therefore t h e  atmosphere remains 

i n  near equilibrium and may be considered a ifexwellian gas. Numerical 

da ta  w i l l  be presented l a t e r  which demonstrate t h a t  t h e  disturbance is 

small. 

Further,  t h e  r e f l ec t ed  

In  t h e  low density 

I n  a d r i f t i n g  Maxvellian gas, only a s m a l l  f r a c t i o n  of t h e  mole- 

cules have t h e  proper combication of s p a t i a l  locat ion,  k i n e t i c  energy, 

and momentum components such t h a t  they can reach (overtake) a sur- 

face element with i ts  normal p a r a l l e l  t o  t h e  atmosphere d r i f t  ve loc i ty  

(-u), provided t h a t  S >> 1, where S E u/v i s  t h e  speed r a t i o  and m 
v = (PkT/m)li2 i s  t h e  molecular mean thernel  speed. Thus, only a very m 
s m a l l  f r ac t ion  of t h e  d r i f t i n g  Maxwellian gas from t h e  aft half-space 

can enter t h e  hemispherical molecular shield,  implying t h a t  t h e  a+,mcspheric gas 

density i n  t h e  hemisphere i s  necessar i ly  very low. 
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To facil i tate t h e o r e t i c a l  ana lys i s ,  t h e  t o t a l  dens i ty  wi th in  t h e  

molecular s h i e l d  may be Cecomposed i n t o  components, each of  vn ich  is 

r e l a t e d  t o  a s p e c i f i c  gas r 'urce.  

which m a y  c o n t r i b u t e  t o  t h e  dens i ty  wi th in  t h e  s h i e l d  i n  t h e  deployed 

conf igura t ion :  

the inner surface of t h e  s h i e l d ,  (3) gas r e l eased  by t h e  experiments,  

(4) atmospheric gas s c a t t e r e d  o f f  t h e  o r b i t e r ,  and ( 5 )  gas re l eased  by 

t h e  orbiter (outgass ing ,  l e a k s ,  dumps, e t c . ) .  

sources are not yet adequately def ined ,  t hey  w i l l  ,lot be discussed here  

( p o t e n t i a l l y  they could be t h e  p r i n c i p a l  gas sources) .  

first fou r  sources  are i l l u s t r a t e d  by molecular t r a j e c t o r i e s  i n  Fig.  2. 

There are f i v e  p r i n c i p a l  gas  sources  

(1 )  t h e  free stream atmosphere, (2) outgass ing  f r o n  

Since  t h e  o r b i t e r  gas  

The 

EFFECTS OF GAS SOURCES 

Density Due t o  Atmosphere 

The component of t h e  dens i ty  d i s t r i b u t i o n  wi th in  t h e  bemisphere 

associated wi th  t h e  free stream atmosphere w s s  c a l c u l a t e d ( 2 )  using t h e  

k i n e t i c  t heo ry  of a d r i f t i n g  Maxwellian gas  f o r  nonequilibrium, steaciy 

state, free moleculw flow. It was assumed t h a t  molecules ir icident 

on t h e  inner surface o f  t h e  hmlsphe re  were thermal ly  accommodated i n  

t h e i r  first c o l l i s i o n  wi th  t h e  su r face ,  t h e  reemi t ted  f l u x  dens i ty  was 

Maxwellian, no molecules were adsorbed, ana t h e  r e f l e c t e d  f l u x  dens i ty  

@ar dependence was given by a cos ine  func t ion .  Fig.  3 shows 

t b e  results of c a l c u l a t i o n s  for t h e  dens i ty  at t h e  o r i g i n  of t h e  

hemisphere as a func t ion  of o r b i t  height  ( f o r  c i r c u l a r  o r b i t s )  
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based on a model atmosphere‘’) having an exospheric temperature 

Tc = lo00 K. 

point within the  hemisphere is a function of thc  coordinates 

of t h a t  point. However, this dependence is r e l c t i v e l y  veak; 

The atmospheric component of t h e  densfty at any 

t h e  densi ty  is not lnore.than 1.5 times greater than t h a t  shown i n  Fig. 3 

throughout the  hemisphere. 

atmosphere appear s ince t h e  contribution by all higher mass species  

combined are cegl ig ib le  by comparison. 

is t h e  pr incipal  atmospheric species  over a vide range of o r b i t  heights,  

i ts speed r a t i o  is  su f f i c i en t ly  la rge  ( S a 8  t yp ica l ly )  t h a t  it i s  un- 

detectable  within t h e  hemisphere. 

Only the  l o w  mass molecular species  of the 

Thus, although atonic  oxygen 

The atmcspheric component of t h e  densi ty  v l t h i n  t h e  hemisphere is 

a strong function of speed r a t i o .  

of o r b i t  height,  but t h e  molecular mean thermal speed is  a strong function 

of o r b i t  height and exospheric temperature, which va r i e s  subs t an t i a l ly  with 

sun angle and so la r  a c t i v i t y .  

at  t h e  o r ig in  of t h e  hemisphere is given i n  Fig. 4 as a function of 

exospheric temperature f o r  t he  maximum temperature excursion expected 

during a so lar  cycle. 

The o r b i t  ve loc i ty  i s  a weak function 

The atmospheric component of t h e  densi ty  

Density Due t o  Shield Outgassing 

A nonequilibrium, steady s t a t e ,  free molecular flow ana lys is  WAS made 

of t he  emission flux densi ty  from t h e  sh ie ld  surface generated by out- 

gassing. It was assumed t h a t  t he  emission f lux  densi ty  had a Maxwellian 
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d i s t r ibu t ion ,  that it vas uniformly d i s t r ibu ted  over t h e  surface,  and 

that i ts  angular d i s t r i b u t i o n  vas given by a cosine function. 

analysis ,  t h e  densi ty  d i s t r ibu t ion  throughout t h e  hemisphere associated 

with outgassing w a s  calculated(2) .  

hemisphere is given i n  Fig. 5 as a function of the  outgassing emission 

flux density.  

7 -2 3x10 c m  

systems. 

the shield due t o  outgassing is  expected t o  be approximaLely 700 

f o r  a sh ie ld  temperature of 300 K. 

hemisphere i s  a function of the  coordinates of tha t  point ;  however, nowhere 

inside the hemisphere is the densi ty  due t o  outgassing greater than 2 times 

that shovn i n  Fig. 5 .  Figs. 3, 4 ,  and 5 apply t o  any s i z e  hemisphere 

s ince these densi ty  components are not a function of the hemisphere 

radius.  

barn t h i s  

The densi ty  at the o r i g i n  of the 

Outgassing emission f lux  dens i t i e s  of t h e  order of  

sec-’ are comnonly achieved i n  high performance laboratory 

Taking t h i s  value as t yp ica l ,  t h e  densi ty  at the o r i g i n  of 

The densi ty  at any point within t h e  

Density h e  t o  Experiment Outgassing 

A similar densi ty  ana lys i s  which considered t h e  e f f e c t  of i n s t a l l e d  

experiments was 

prescribed gas source and a prescribed reduction i n  escape probabi l i ty ,  

both associated with t h e  i n s t a l l e d  experiments. I n  t h i s  configuration, 

by introdui5ng ( i n  addi t ion t o  normal outgassing) a 

t h e  densi ty  d i s t r ibu t ion  within the hemisphere, i n  addi t ion t o  being a 

function of the  coordinates,  is a function of t h e  radius  of t h e  hemisphere, 

t h e  size and loca t ion  of the i n s t a l l e d  experiment, and t h e  magnitude of t he  

experiment gas source. However, f o r  experiments having a moderate gas load, 
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a hemisphere rad ius  may be chosen ( l a rge  compared t o  t h e  experiment s i z e )  

such t h a t  t h e  densi ty  within t h e  hemisphere is not subs t an t i a l ly  l a r g e r  

than that shown i n  Fig. 5. 

DENSITY DUE TO INTERACTION WITH ORBITER 

Up t o  this point ,  an i s o l a t e d  molecular sh i e ld  has been considered; 

however, t h e  sh i e ld  w i l l  normally be deployed i n  a prescribed confi- 

gurat ion from an orbiter. 

as amal l  as 1 0  o r b i t e r  lengths, it is necessary t o  estimate the magnitude 

of possible  orbiter-molecular sh ie ld  in t e rac t ion  effects. For t h i s  

purpose, t h e  o r b i t e r  w a s  replaced by an a n d y t i c a l l y  anenable model 

consis t ing of a cone-cylinder combination having t h e  approximate dimen- 

s ions  of t h e  o r b i t e r  with i t s  a x i s  p a r a l l e l  t o  t h e  o r b i t  ve loc i ty  vector  

(cy l indr ica l  symmetry). See Fig. 6. 

Since t h e  atmosphkic  mean f r e e  path may be 

There is a subs t an t i a l  molecular f l u x  densi ty  incident  on t h e  

surface of t h e  o r b i t e r  from t h e  atmosphere, espec ia l ly  at t h e  lower o r b i t  

heights.  

phere and may ' L O  considered a gas source d i s t r ibu ted  over t h e  surface of 

t h e  o r b i t e r  such t h a t ,  f o r  any surface element, t h e  l o c a l  emission f lux  

densi ty  is equal t o  t h e  l o c a l  incident i*:JX density.  

s i t y  d i s t r ibu t ion  i n  t h e  neighborhood of t h e  o r b i t e r ,  associated with t h e  

r e f l ec t ed  gas only, was  calculated(') from a steady s t a t e ,  c o l l i s i o n l e s s  

This incident  f lux  densi ty  is r e f l ec t ed  back i n t o  the atmos- 

The molecular den- 

flow analys is  by representing t h e  atmosphere as a d r i f t i n g  Maxvelliar. 

gas. It was assumed t h a t  incident  molecules were accommodated t o  t h e  



o r b i t e r  s u r f a c e  temperature, t h e  emission flux dens i ty  vas hxuellian,  

and t h e  local angular d i s t r i b u t i o n  vas given by a cos ine  fcnct ion.  

Tne r e f l e c t e d  gas d e n s i t y  d i s t r i b u t i o n  i n  t h e  neighborhood of the  or-  

biter model is g iven  by t h e  set o f  curves i n  Fig. 7 f o r  an o r b i t  

height  of 200 103 (corresponding t o  a high atmos2heric dens i ty) .  

maximum d e n s i t y  i n  t h e  reflected gas occurs i n  the immediate v i c i n i t y  

The 

of the sur face ,  and is given by t h e  s o l i d  curve i n  Fig. 7. 

The magnitude o f  the l o c a l  d i s turbance  produced i n  t he  atmospheric 

gas by i n t e r a c t i o n  v i t h  t h e  r e f l e c t e d  gas  may be est imated by a first 

c o l l i s i o n  analysis i n  v ..he atmospheric molec _ -  . e n t e r  t h e  r e f l e c t e d  

gas  from a l l  d i r e c t i o n =  -. a probab i l i t y  given by the d i s t r i b u t i o n  

Function of t h e  d r i f t i n g  EFgx - 9 l l i a n  gas. 

c o l l i s i o n  p r o b a b i l i t y  d i s t r i b u t i o n ,  i t  is s u f f i c i e n t  f o r  present  purposes 

Ins teed  o f  c a l c u l e t i n g  +,ke 

t o  c a l c u l a t e  the  t o t a l  c o i l i s i o n  p robab i l i t y  along a s p e c i f i e d  t w e c t o r y .  

The upper l i m i t  o f  the t o t a l  c o l l i s i o n  p robab i l i t y  for an atmospheric 

molecule passing through the r e f l e c t e d  gas occurs along a molecular tra- 

j e c t o r y  which passes by t h e  o r b i t e r  m o d e l  immediately ou t s ide  the su r face  

and parallel t o  t h e  symmetry ax i s .  (This is  t h e  longes t  t r a j e c t o r y  i n  t h e  

h ighes t  dens i ty  r eg ion  of  t h e  r e f l e c t e d  gas . )  

t h e  molecules e i t h e r  c o l l i d e  with the sur face  (which have already been counted 

For all o t h e r  t r a e c t o r i e s ,  

i n  genera t ing  t h e  r e f l e c t e d  gas) or pass  through the r e f l e c t e d  gas i n  a 

region of  lower dens i ty  wi th  a s h o r t e r  t r a j e c t o r y .  The 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  for t h e  above t r a j e c t o r y  i s  given by curve 1 i n  Fig.  8 as a 
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func t ion  of orbit height ,  based on Te = lo00 K and a hard sphere elastic 

collision cross sec t ion  for atomic oxygen") of 22 A . 
c o l l i s i o n  p robab i l i t y  for a r e f l ec t ed  molecule emitted p a r a l l e l  t o  t h e  

surface normal, and passing t o  i n f i n i t y  through the  rsarinnlm densi ty  region 

of the reflected gas only is given by curve 2 of Fig. 8. 

t o t a l  c o l l i s i o n  p robab i l i t y  of a r e f l ec t ed  molecule leaving along t h e  surface 

normal and passillg through t h e  atmospheric gas out to a dis tance  of  100 m 

(large canpared to t h e  o r b i t e r  dimensions) is given by curve 3 o f  Fig. 8. 

-these data, it is obvious t h a t  s ca t t e r ing  off t h e  o r b i t e r  surface 

and subsequent gas-gas i n t e rac t ions  produce only a weak disturbance i n  t h e  

atmsphere f o r  orbit he ights  above 200 h. 

may then be 2ocd.fy represerited by an trndisturbed, &icing  Maxwellfan gas  

is  va l id .  

shield o r i g i n  due t o  a l l  atmospheric e f f e c t s  is  ju s t  that given by Fig. 3. 

The total  dens i ty  at t h e  o r i g i n  is  then t h e  sum of t h e  dens i t i e s  i n  Fig. 3 

f o r  a given o r b i t  height  and i n  Fig. 5 f o r  a given emission flux density.  

O 2  Similar ly ,  the t o t a l  

Final ly ,  t h e  

The as se r t ion  that the atnosphere 

It may also be concluded t h e t  the component of  t h e  densi ty  at t h e  

APPLICATION M SPACE SHUTTLE 

Based on t h e  preceding results, it is concluded t h a t  appl ica t ion  

of t h e  molecular s h i e l d  technique t o  t h e  Space Shu t t l e  for conducting 

experiments i n  o r b i t  is pract icable .  The Space Shu t t l e  Orbi ter  has sub- 

s t a n t i a l  c a p a b i l i t i e s  with respect  t o  experiment weight, s ize ,  and power 
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req!aby!menks; onboard data processing; manual monitoring of t h e  experiments; 

and experiment r e t u r n  for f u r t h e r  study i n  terrestrial labora tor ies .  

conceptually i n  Fig. 9 are t h e  four mor components of t h e  orb i te r -sh ie ld  

system; an a t t i tude-cont ro l led  orbiter, a Frotec t ive  ultra high vacuum (UIY) 

enclosure v i t h i n  which t h e  s h i e l d  and experiments are stowed from launch 

through orbit trim, an extendablehetractable boom (shown deployed) which 

Shown 

supports the s h i e l d  and is at tached to  the  o r b i t e r  structure by gimbels, 

and the a e c u l a r  shield which contains  t h e  experinents. 

I n  orbit, the vacuum enclosure is opened, t he  'soom is  attached t o  the  

shield, and the shield is deployed several o r b i t e r  lengths away from and af% 

of the orbiter under servo control .  

p robab i l i t y  of atmospheric gas sca t t e r ing  off the  orbiter d i r e c t l y  i n t o  

t h e  shield and also minimizes the r i s k  of experiment contamination from 

sources aboard t h e  orbiter. For this  class of experiments, t h e  o r b i t e r  

a t t i t u d e  i s  controlled by a cold  gas jet-gyro system t o  maintain the 

o r b i t e r  axis parallel t o  t h e  o r b i t  ve loc i ty  vector.  

This configuration minimizes t h e  

The orbiter payload bay has the capaci ty  t o  accommodate a 3 m 

diameter sh i e ld  (stowed). The s h i e l d  mater ia l  may be se lec ted  from 

several l o w  outgassing materials, compatible with degassing at high 

temperature p r i o r  to i n s t a l l a t i o n  of the experiments. 

of the shield and experiments is executed i n  the  vacuum enclosure where they 

are stowed under u l t r ah igh  vacuum u n t i l  deployment. 

is delayed u n t i l  t h e  i n i t i a l  t r a n s i e n t s  of t h e  high f lux  contamination sources 

Final  degassing 

I n  o r b i t ,  deployment 



aboard the orbiter have 5issipated. 

contamination during deployment, the shield is provided with a closure 

plate which seals the hemisphere through a l o w  conductance seal, and which 

is jettisoned m e r  deployment. 

To minimize the risk of experiment 

For Shuttle applicaticns. the density within the molecular shield 

due to outgassing of the shield material and the experiments will probably 

exceed the component of the density due to the atmosphere, including 

atmosphere-orbiter scattering- From the previous analyses, it is expected 

that the atmospheric component will be less than 10 

atomic hydrogen). 

than this value by a severe degass'ing pretreatment, selection of a shield 

size vhich is compatible with the experiment, selection of an appropriate 

shield material, and yoper location of the experiment within the shield. 

In practice, the severe pretreatment may be impractical, at least for some 

experiments. Under practical conditions, it is expected that the density 

components due to outgassing from the shield and experiments can be main- 

tained less than 10 without substantial difficulty. 

3 (principally 

The outgassing component can actually be made smaller 

4 

. 
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The analysis was made for a model consisting of a hemisphere having a 

gas source distributed over the inner surface and a disc, located in 

the entrance-exit plane of the hemisph&e, having an independent gas 

gas source distributed over its inner surface. In the model, the two 

independent gas sources may be adjusted to approximate the anticipated 

outgassing associated with a particular experiment installed in the 

molecular shield. The disc radius is also an independent parameter 

such that tbe mean escape probability in the model may be adjusted to 

approximate the escape probability for molecules given off by a 

particular shield-experiment system. This analysis is the subject of 

a paper in preparation. 

All atmospheric data used in this paper are taken from 

An exospheric temperature of 1000 K is considered a 
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Fig. 1. Total number density as a function of orbit height for a terrestrial 
atmosphere model with an exospheric temperature, Te = 1000 K (ref .  1 ) .  
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Fig. 4 .  Number density at the origin of the hemisphere due to the free stream 

atmosphere BS a function of exospheric temperature for orbit heights of 200 and 

500 km. 
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Fig. 5 .  Number density at the origin of the hemisphere due to outgassing f t h e  

shield as a function of emission flux density. 

be H2 and the surface temperature equals 330 K. (1 sec'l = 3.11 x 

Torr liters cm'* oec'l. ) 

The emission flu is assumed to 
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ORBIT HEIGHT ( km) 

Fig. 8. Total c o l l i s i o n  p robab i l i t y  as a funct ion  of  o r b i t  he i eh t :  (1) an 
atmospheric molecule passing through the  r e f l e c t e d  gas along an a x i a l  t r a j e c t o r y  

Just ou t s ide  t h e  c y l i n d r i c a l  sur face ;  (2) a r e f l e c t e d  molecule leav ing  normal 

t o  the  c y l i n d r i c a l  sur face  and passing r a d i a l l y  t o  i n f i n i t y  through t h e  maximum 

dens i ty  region of t h e  r e f l e c t e d  gas;  and ( 3 )  a r e f l e c t e d  molecule leav ing  t h e  

model and passing through t h e  atmospheric gas  t o  a d i s t ance  of 100 m. 
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A MMTE CARLO DIRECT SIMULATION PROGRA# 

FOR THE SPACE SHUrrLE FLOWFIELD 

WIDER ORBITAL CONDITIONS 

G.A. B i rd*  

Old Dominion Universityt 

Norfolk, Virginia 

S M R Y  

A descr ip t ion  of a R3RTRAV program for t he  amputa t ion  o f  t h e  
three-dimensional t r a n s i t i o n  regime flow past the  Space Shu t t l e  O r b i t a l  
V e h i c l e .  This e,-rploys the  d i r e c t  simulation Monte Carlo method which models 
the real flow by some thousands o f  simulated molecules. 
through representat ive co l l i s ions  and boundary in t e rac t ions  i n  simulated 
phys ica l  spae. 
by a number of quadric surface elements. 
ecu la r  flux to t h e  surface cons t i t u t e  the primary output quant i t ies .  
jet e f f l u x  and surface outgassing e f f e c t s  are included i n  the  model and the  
resul ts  d is t inguish  between the  various classes of molecules. 

These are followed 

The geometry of the  O r b i t a l  Vehicle has 'been approximated 
The f lowfield densi ty  and t he  mol- 

Control 

~ 
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INTRODUCTION 

Typical number d e n s i t i e s  i n  the undisturbed ambient atws here a t  t - YP ical orbital a l t i t u d e s  of the Space Shu t t l e  range from 2 x 10’‘ to 4 x 10 ‘III-~. 

I f  t h e  atmosphere is ass\raed to consist of  atomic oxygen with an e f f e c t i v e  
c o l l i s i o n  cross-section of 2.2 x 10-”m* , the equilibrium mean f r e e  path ranges 
froa 16,000 m to 80 m. The lower value is of  the  same order  as the overall d i m -  
ensions of the vehicle.  This means t h a t  t he  free-molecule theory which ignores 
intermolecular collisiaas cannot be relied upon to provide an adequate descr ipt-  
ion of the r a r e f i e d  f lawf ie ld  of  the O r b i t a l  Vehicle. A f lowfield t h a t  involves 
intermolecalar  collisions is qua l i t a t ive ly  as w e l l  as quan t i t a t ive ly  d i f f e r e n t  
f roa  a f r e e  molecule or c o l l i s i o n l e s s  flowfield. The major po in t s  of d i f fe rence  
are that mole-ales do n o t  have to s t r i k e  the surface of  t he  vehicle  i n  order to  
be af fec ted  t;! its presence, and the molecules t h a t  are re f l ec t ed  or emitted 
f run  the  sur face  o f  t h e  vehicle may be deflected back to it by the intermolec- 
u l a r  collisions. 

The Knudsen number Kn of the overa l l  f lowfield may be defined as t h e  
ratio of  t h e  undisturbed atmospheric mean f r e e  path to the  length of  t he  
vehicle. 
number range of 440 down to 2.2. 
uires the .tnudsen number to  be very large compared with uni ty  and the  con- 
tinuum approach, through t h e  Navier-Stokes equations, requires  that it should 
be very small compared with * a i t y .  The proSlem under consideration therefor2 
extends from t h e  c o l l i s i o n l e s s  r e g i m e  i n t o  the  t r a n s i t i o n  regime between the  
c o l l i s i o n l e s s  and continuum regimes. Furthermore, it is a three-dimensional 
problem involving large disturbances.  
(ref.  1) has been extensively applied t o  la rge  disturbance t r a n s i t i o n  regime 
flows with one or t w o  spatial dimensions. This method is es sen t i a l ly  a tech- 
nique f o r  t he  computer modelling of a real gas flow by some thousands of s i m -  
u la ted  molecules. 
simulated molecules are s tored  i n  the  computer and are progressively modified 
as c o l l i s i o n s  and boundary in te rac t ions  are calculated among the  molecules. 
The t i m e  parameter i n  the simulation may be r e l a t ed  d i r e c t l y  to  real time and 
the flow follows a phys ica l ly  va l id  time-dependent process. However, t h e  
boundary condi t ions may be such that a steady flow is obtained as the  large- 
t iate state of the  unsteady process. I n  the present  case, the  i n i t i a l  state is 
a vacuum and the  ambient gas starts crossing the  boundaries of the  simulated 
region a t  zero t i m e .  
a network of cells with dimensions such t h a t  the  change i n  flow proper t ies  
across each cell is small. 

The above values of the  e f f ec t ive  mean f r e e  path lead to a Knudsen 
free molecule or c o l l i s i o n l e s s  theory req- 

The d i r e c t  simulation ?lonte Carlo method 

The ve loc i ty  components and pos i t ion  coordinates of the  

This simulated region of physical  space is divicied i n t o  

The major d i f f i c u l t y  i n  the  appl icat ion of the  method to three-dimension- 
a l  problems is assoc ia ted  with t h e  required number of cells. 
inversely proport ional  to the  cube of the  c e l l  s ize  so t h a t  a n  ove ra l l  halving 
of t he  l i n e a r  dimensions of the  cells leads t o  an e ight fo ld  increase i n  t h e i r  
number. I n  t h e  present  case, the  cos t ing  formula employed by the  LRC Computer 
C e n t e r  made the extensive use of d i s c  s torage prohib i t ive ly  expensive. 
meant t h a t  t h e  program had to run within l l l K  words of core storage and it 
was t h i s  cons t r a in t  t h a t  d i c t a t ed  the  approach through which the  vehicle  geom- 
e t r y  is defined. Bird ( r e f .  1) has described a scheme for a universal  three- 

This number is  

This 
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dimensional program in which t h e  vehicle  and cell system is defined by a net-  
work of points.  
O r b i t a l  Vehicle, th i s  leads to  an excessive number of  cells. The alternat- 
ive is t o  have a set of  regular cells unrelated to the  vehicle  geometry which 
mast then be defined a n a l y t r L d l y .  
being defined as a set of th i r t een  quadric surfaces .  
of e l l i p so ids ,  el l iptic cones, e l l i p t i c  cy l inders  and planes. This  numbcr is 
increased i f  the payload bay doors are chosen i n  the  open, r a the r  than the  
closed, posi t ion.  For Knudsen numbers i n  t h e  required range, s u f f i c i e n t  res- 
o lu t ion  is obtained i f  the region of i n t e r e s t  i n  t h e  f lowfield is  divided i n t o  
approximately 700 cells. 
in a run f i t t i n g  within t h e  1 l l K  words. 

However, for a body shape as complex as the  Space Shu t t l e  

This approach w a s  adopted with t h e  vehic le  
These include elements 

Some 8300 simulated molecules may then be employed 

A f u r t h e r  d i f f i c u l t y  with t h i s  p a r t i c u l a r  appl icat ion is t h a t  t h e  region 
of i n t e r e s t  extends to approximately 100 metres from the  vehicle.  A t  t h i s  
dis tance,  t h e  molecules that have been af fec ted  by or  emitted f ron  the vehic le  
form a very s m a l l  percentage of the total. 
forward appl ica t ion  of the method, an excessively long run would be required 
to  bui ld  up t h e  necessary sample size. h is  problem has been overcome by t h e  
application of weighting fsctors to  the  undisturbed freestream molecules. 
Each simulated freestream molecule i n  the o u t e r  region of t he  flaw represents  
pore real molecules than does an af fec ted  molecule. The n e t  e f f e c t  is t h a t  
t h e  sample of affected molecules typ ica l ly  corresponds t o  t h a t  which m u l d  
be obtained from a s t ra ightforward simulation involving 40000,rather than 8000 
molecules. 

This  means t h a t ,  i n  a s t r a igh t -  

GENERAL FORINLATI @I 

The a n a l y t i c a l  represenation of the  Space Shu t t l e  Orbital  Vehicle is 
i l l u s t r a t e d  i n  f ig .  1. 
e l l i p so ids .  
t he  OFIS pods by add i t iona l  ellipsoidal elements. 
t he  leading edges of t h e  wings are elements of e l l i p t i c  cones. 
and lower rear su r faces  of the  wings are planes t h a t  are tangent ia l  t o  t h e  
e l l ipt ic  cones. The wingtips, base and f i n  are plane surfaces .  The geometr; 
is var iab le  to t h e  ex ten t  t h a t  the payload bay doors may be selected i n  the  
closed or open posi t ion.  
by a plane which also forms the  floor of the payload bay. 
bulkheads of t h e  payload bay are also plane. 
t h e  apex of t h e  nose w i t h  t he  x a x i s  along t h e  fuselage. The y and z 
axes are normal to and parallel to the plane of t he  wings, respect ively.  
t he  surfaces  conform to t h e  general  equation of a quadric surface 

The nose and windshield cons is t  of elements of t h ree  
The fuselage i s  formed by halves o f  t w o  e l l i p t i c  cy l inders  and 

The glove f a i r i n g s  and 
The upper 

I n  the  latter case the  open door is  approximated 
The f ron t  and rear 

The o r ig in  has been chosen a t  

A l l  

2ar tzx + 2ar2xy + 2a1rx + 2a21,y + 2ar1,z + asc. 

The de ta i l ed  d e f i n i t i o n  of the surface elements is given i n  Appendix h and 
t h e i r  geometrical configurat ion is shown i n  f ig .  2 .  
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The flowfield is divided into seven blocks, as shown in fig. 3. The 
central block 1 m u s t  be sufficiently large to completely enclose the vehicle. 
It is rectangular and extends from x = X1 to X2, y = Y1 to Y2, and z = 0 to 
22. 
defined by the minimum x plane x = XF, the maximum x plane x = XR, the 
maximum z plane I = ZH, the minimum y plane y = YB, the intermediate y 
plane between blocks 6 and 7 y = YM, and the maximum y plane y = YT. Each 
block is divided into cells of equal size., the number of divisions in the x,y 
and z directions being set in the data. The block sizes and divisions will 
generally be such that the smallest cells are in block 1, with the cell size 
increasing with distance from the vehicle. 

The other blocks are also rectangular and the remainder of the geometry is 

The plane z = 0 is assumed to be a plane of symmetry so that the program 
is restricted to zero yaw cases. 
in any direction in the Other major items in the specification 
of the flow conditions are the magnitude of the freestream velocity, the most 
probable molecular speed in the freestream; and the mean free path in this gas. 
The surface temperature of the vehicle is assumed to be uniform and is specif- 
ied by its ratio to the freestream temperature. 
molecules may be specified and provision is also made for the inclusion of an 
arbitrary number of jets. 

The free stream velocity may be specified 
x - y plane. 

A uniform flux of outgassed 

The primary output quantities are the flowfield density and the molecular 
flux to the surface. 
freestream molecules, molecules that have struck the surface, molecules that 
have been indirectly affected by the presence of . l e  rehicle, outgassed mol- 
ecules and jet molecules. 
readily appreciated manner, the densities at a number of points in four planes 
of constant z 
representation of the vehicle. A further quantity of interest is the density 
of the molecules that have a velocity component directed upstream. This, to- 
gether with the mean value of this velocity component, is also printed out in 
a graphical fashion. Finally, the densities, velocity components and temper- 
atures are listed for all the cells into which the seven blocks are divided. 
The output from a typical application is reproduced in Appendix D. 

This Infomation is prcvider! separately for undisturbed 

In order to provide the dtnsity information in a 

are printed out to the correct scale relative to a pictorial 

The molecular weight of the gas is chosen to correspond with that of 
The program offers a atomic oxygen and the gas is, therefore, monatomic. 

choice between the hard sphere and the inverse ninth power law of repulsion 
molecular models. 
preting the balance between the unaffected and indirectly affected molecular 
types in the output. 
have a fixed cross-section and an arbitrary cut-off must be used. 
the number of simulated collisions, but not the overall flow since the collis- 
ions that are omitted are grazing collisions which hardly affect the velocit- 
ies and which are, in any case, ill-defined in a quantum mechanical sense. The 
comparison between corresponding flows for the two models should be based prim- 
arily on quantities such as the flowfield density and the return flux of reflect- 
ed molecules, the density of upstream moving molecules, and the macroscopic flow 
properties. 

The choice of the latter involves some difficulty in inter- 

This is because the inverse power law model does not 
This affects 
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DESCRIPTIai OF PROGRIVS 

The program is listed as Appendix B. while it is impractical to produce 
a completely detailed flow char t ,  t h e  major s t eps  are shown i n  f ig .  4 which is 
similar to the f low c h a r t  that appears i n  the  general  descr ip t ion  of the  method 
i n  ref. 1 (p, 119). The s tar t  of  each i t e m  on t h i s  flow cha r t  is indica ted  i n  
the prograa by comaent cards. The block geometry, t h e  data cards and the  mean- 
i ngs  of t h e  subscripted variables are explained i n  a series o f  t he  comment cards  
a t  t h e  beginning of the  program. 
f rees t ream molecules t h a t  have s t ruck  the  surface of  the  vehicle ,  freestream 
Polecules  t h a t  have been ind i r ec t ly  affected by the  presence o f  the  vehicle ,  
outgassed molecules and jet moleculzs are re fer red  to as molecules of type 1 to 
5 r e spec t ive ly  . 

N o t e  t h a t  the undisturbed freestream molecules, 

The first i t e m  on t h e  flowchart is the  reading of the da t a  cards. These 
have a l ready  been described i n  the comment cards and fu r the r  information on t h e  
normalisat ion of t h e  variables is given when the  data is  pr in ted  out  a t  t he  
start of the  output.  
va lues  in t h e  undisturbed freestream gas. Distances, including the  mean free 
path i n  t he  undisturbed stream, are quoted i n  metres and v e l o c i t i e s  are input  
i n  metres pe= second. However, i n  the  output,  the  f lowfield v e l o c i t i e s  are 
normalised to the  most probable m l e c u l a r  speed i n  t h e  undisturbed freestream 
gas. 
gas a t  t h e  freestream dens i ty  and temperature. 

The dens i t i e s  and temperatures are n o m l i s e d  to the  

The outgassing rate is normalised to the e f fus ion  rate i n  a s t a t iona ry  

The most important t i m e  parameter i n  the  sirnulation i s  the  t i m e  i n t e r v a l  
over which t h e  molecular motion and co l l i s ion  processes are uncoupled. 
denoted by DTM and is i n  seconds. This  t i m e  snould be small compared with t h e  
mean c o l l i s i o n  t i m e ,  and t h i s  consideration w i l l  general ly  decide i t s  value i n  
a l o w  Knudsen number flow. However, DTM could be inde f in i t e ly  large i n  a free-  
molecule flow and, a t  high Knudsen numbers, DTN is e f f e c t i v e l y  set by t h e  f a c t  
that it can be no l a r g e r  than the  i n t e r v a l  a t  which the  flow is  sampled. The 
magnitude of D T M  has  a major influence on the computing time and, i f  the  unsteady 
phase of t he  flow is  of  no i n t e r e s t ,  computing t i m e  can be saved by s e t t i n g  a 
l a r g e  value of M'M during the  unsteady phase and a small value f o r  t i m e  aver- 
aging after t h e  establishment of a steady flow. The steady flow value is  den- 
o t e d  i n  t h e  program by D r G .  
and should be s u f f i c i e n t l y  la rge  f o r  t he  successive samples to be independent. 
The t i m e  i n t e r v a l  f o r  the  pr in t ing  of r e s u l t s  is s e t  as a convenient i n t e r v a l  
of t h e  sampling times. The t i n e  a t  which steady flow is assumed and the  t i m e  
a t  which the ca l cu la t ion  s tops  are, i n  turn ,  s e t  as convenient mult iples  of  t he  
p r i n t i n g  t i m e  in te rva l .  

This is 

The sampling in t e rva l  is se t  as a mult iple  of DTM 

The cel l  sizes w i l l  normally be set such t h a t  t h e  ce l l  s i z e  increases  with 
d i s t ance  from the vehicle.  As noted i n  the  Introduct ion,  weighting factors a r e  
used to reduce the sample of undisturbed freestream molecules i n  the  regions 
f u r t h e r  from t h e  vehicle.  These weighting f ac to r s  are such t h a t  there  would be 
an equal  number of  molecules i n  each cell  i n  an undisturbed flow. T h i s  number 
is set in the  data as NMC. The maximum t o t a l  number of  molccules is set as ?MM 
and t h i s  number should correspond t o  the  dimension of the  second subscr ip t  of 
the P and IP ar rays ,  
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The number of jets is set by NCJ and the 12th data card is followed by 
one additional card for each jet. This sets the coordinates of the jet, the 
direction cosines of the centreline of the jet efflux, the jet speed and the 
flux normalised to the freestream flux across one square metre normal to the 
stream direction if the thermal velocities were neglected. The individual jet 
molecules are generated with the fixed speed, but their direction is at an angle 
8 to the jet centreline such that the probability of a particular value of 0 
is proportional to exp(-l00/a). This distribution has been chosen arbitrarily, 
but is intended to simulate the angular distribution in a jet plume after it has 
expanded to a collisionless state. The jet coordinates should correspond to the 
effective center of the jet plume rather than to the actual position of the jet 
nozzle. 

The next item is to set the constants and, while the basis of most state- 
ments is obvious, some require further explanation. The description of the 
subscripted variables that appears in the comment cards makes the setting of the 
block boundaries, cell sizes and cell numbers quite straightforward. It is ass- 
umed that there will be no cells smaller than those in block 1, so that the 
molecules in this block may be assumed tq have unit weighting factor, and the 
freestream number density FDN based on the weighted number of molecules is given 
by the quotient of NMC and the volume of a cell in block 1. 
A in an equilibrium gas is given by 

The mean free path 

where n is the number density and ad2 is the total collision cross-section 
for hard sphere molecules. The statement that sets CXS for hard sphere mol- 
ecules follows directly from the application of eq(2) to the undisturbed free- 
stream gas. 
culates the cell time interval 
This is (ref. 1, p. 121, eq(7.411, 

The collision cross-section is used only in the statement that cal- 
Atc appropriate to an individual collision. 

(3) 
-1 Atc = (2hJm) Wd2n cy) , 

where Kn 15 t h  nmber of molecules in the cell and cr is the relative 
speed in th.2 ,o?l!.sitln. The corresponding equation for the more general invcr- 
se power 22w mo3,:c;zlc is (ref. 1, p. 121, eq(7.211, 

where W, In is the cut-off value of the dimensionless impact parameter, m 
is the reAuced mass, and K and are, respectively, the constant of 
proportionality a d  the exponent of the model. 
power law model, the FORTRAN variable CXS is most conveniently applied to the 

product nW, 2 ,m(~/mr) ”(‘-’) 

r 

For the optional inverse ninth 

through the relationship ( rc f .  1, p. 140, eq 
(8 17) 1 

where the subscript 1 denotes the reference state. This assumes a value of 
1.5 for Wo,,,. 
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The number of molecules c ross ing  a s u r f a c e  per u n i t  area per u n i t  time 
is (ref. 1, p 62,  eq(4.10)) 

where 
s u r f a c e  and B is t h e  i n v e r s e  o f  t h e  most probable molecular speed (equal  to  
u n i t y  i n  t h e  freestream for t h e  normalisat ion t h a t  has been adopted he re ) .  
expression i n  square b r a c k e t s  on t h e  r i g h t  hand side of eq(6) is  eva lua ted  i n  
subrout ine  SENT and t h e  a c t u a l  number of  molecules e n t e r i n g  across t h e  var ious  
boundaries per D T M  is stored i n  t h e  subscr ip ted  v a r i a b l e  EYT. Note t h a t  t h e  
subrout ine  SEX" e v a l u a t e s  t h e  error func t ion  by a r a t i o n a l  approximation. The 
s e l e c t i o n  of a t y p i c a l  normal v e l o c i t y  component f o r  t h e  e n t r y  g a s  r e q u i r e s  t h e  
eva lua t ion  of t h e  expression ( r e f .  I, p 158, eq(9.2)) 

sn is t h e  speed ratio based on t h e  component o f  v e l o c i t y  normal to t h e  

The 

Since  t h i s  w i l l  be evaluated many thousands of t i n e s  during a t y p i c a l  run, it 
is  desirable to store t h e  Fonstant  func t ions  o f  
FS1 stores 

FSNA, while FS2 stores - 2 FSNB . 

sn. The subscripted v a r i a b l e  
+ 215 which i s  eva lua ted  through t h e  func t ion  subrout ine  

which is  eva lua ted  through 
% + ( s i  

sn 4 + - isn - (sn2 + 2) 2 

Since t h e  weighting f a c t o r s  are appl ied  to  t h e  undis turbed f rees t ream 
molecules only,  t h e  c o l l i s i o n s  are c a l c u l a t e d  through t h e  procedures f o r  a 
b inary  gas  mixture wi th  t h e  undisturbed and d i s t u r b e d  molecules being regarded 
as t h e  t w o  species 1 and 2, respec t ive ly .  The maximum magnitude o f  t h e  rel- 
a t i v e  v e l o c i t y  is  requi red  f o r  t h e  1-1, 1-2, 2-1, and 2-2 c o l l i s i o n s ,  res- 
pec t ive ly .  
V.W. 
i n  t h i s  a r r a y  are reset accordingly.  

Conservative va lues  are set i n i t i a l l y  i n  t h e  t w o  dimensional a r r a y  
Should higher  va lues  occur  dur ing  t h e  running of t h e  program, t h e  v a l u e s  

The f l o w f i e l d  is  i n i t i a l l y  a vacuum, so t h a t  t h e  number of molecules W-I 
and t h e  factored numher o f  molecules are i n i t i a l l y  s e t  t o  zero.  I n  a d d i t i o n  
to t h e  weighting f a c t o r s  appl ied  t o  undis turbed molecules on t h e  b a s i s  of t h e  
cell  volume, t h e r e  is an o v e r a l l  weighting f a c t o r  OWF which comes i n t o  oper- 
a t i o n  only if NbK: i s  set too l a r g e  and t h e  number of  molecules tends  to  b u i l d  
up wi th  time to a value above EM. 
random from t h e  c a l c u l a t i o n  and t h e  overall weighting f a c t o r  i n c r e a s e s  acc- 
ordingly.  The ce l l  volumes CVL(N),  cell coordinates ,  and weighting f a c t o r s  
WF(N) are set wi th  t h e  loop over  label 2 4 .  The e x a c t  meaning of  t h e  wcight- 
i n g  WF(N) of ce l l  N is  t h a t  an undisturbed (type 1) molecule i n  cell  F1 rep- 
r e s e n t s  t lF(N) times a s  many r e a l  molecules as does a s i m i l a r  moleculc i n  a 
cell i n  block 1 ( f o r  which WF(N1 would be 1). 

I n  t h a t  case, molecules a r e  removed a t  

The cell  volumes i n  block 1 must bc corrected f o r  t h e  voltme occupied 
by t h e  vehicle .  
r o u t i n e  t h a t  is p r i m a r i l y  used to  d e t e m i n e  whether a p a r t i c u l ? r  molecular 

This  is mos'c conveniently done by an a p p l i c a t i o n  of t h e  sub- 
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t r a j e c t o r y  c o l l i d e s  wi th  t h e  v e h i c l e  su r face .  This  subrout ine  h a s  22 arguments 
and some of t h e s e  are var ious ly  known, unknown or dummy q u a n t i t i e s  i n  d i f f e r e n t  
a p p l i c a t i o n s  o f  t h e  subrout ine.  Referr ing t o  t h e  argument n o t a t i o n  i n  t h e  list- 
ing of VIM; X I ,  YI, and 21 are the coordinates  of t h e  i n i t i a l  p o i n t  on t h e  
t r a j e c t o r y ;  DX, DY and DZ are t h e  p r o j e c t i o n s  on t h e  X, Y ,  and Z axes of t h e  
t r a j e c t o r y  element;  XC, Y C ,  and ZC are t h e  coord ina tes  o f  t h c  i n t e r s e c t i o n  of 
t h e  t r a j e c t o r y  wi th  t h e  body ( i f  any);  U, V I  and W a r e  t h e  v e l o c i t y  components 
of a typical r e f l e c t e d  molecule from t h e  c o l l i s i o n  poin t :  AL, AM, and A 3  a r e  
the d i r e c t i o n  c o s i n e s  of t h e  normal t o  t h e  surface a t  t h e  c o l l i s i o n  point;  
VMR is t h e  most probable  molecular speed of t h e  r e f l e c t e d  molecules; 9 i s  t h e  
normalised d i s t a n c e  t o  t h e  c o l l i s i o n  p o i n t  on one of  t h e  s u r f a c e  elements;  M 
is the code number of t h e  s u r f a c e  element (see comment cards on Q) or  -1 i f  
there is no c o l l i s i o n ;  X, Y and Z are t h e  coordinates  o f  t h e  end p o i n t  of t h e  
trajectory element,  and D I N  i n d i c a t e s  whether t h e  payload bay doors  are open 
or s h u t .  

Within t h e  subrout ine  VIM, t h e  possible c o l l i s i o n  wi th  each of t h e  
surface elements is examined i n  turn.  This  is done through subrout ine  QUADD 
which is based on t h e  theorem t h a t  t h e  p o i n t s  of i n t e r s e c t i o n  o f  t h e  l i n e  

x = xi + !ts 

Y = Y i  t ms 

z = zi + ns 

w i t h  the q u a d r i c  s u r f a c e  F ( x , y , z )  = 0 of eqn(1) are given by t h e  roots of 

A i s 2  t 2A2s + A 3  0 ,  ( 8 )  

where 
AI = all!t2 + a22m 2 + a33n' + 2a23mn t 2asln!t + 2a1211m , 

A2 - t ( a l l x i  + a12yi + a i t z i  + a:4) + m(a21xi + a22yi + an3zi + a 2 4 1  

+ n(a31xi + as2yi + a33zi +, a 3 4 1  

and A3 = F(xi, yi, zi) .  I n  t h e  p r e s e n t  case, t h e  d i r e c t i o n  cos ines  t ,  m, 

and n are replaced by DX, DY, and DZ, r e s p e c t i v e l y ,  and t h e  s o l u t i o n  is then 
for the d i s t a n c e  to  t h e  i n t e r s e c t i o n  p o i n t  divided by t h e  d i s t a n c e  moved 
d u r i n g  t h e  t i m e  step. T h i s  s o l u t i o n  is re turned  a s  t h e  parameter sl. A 
c o l l i s i o n  w i t h  t h e  s u r f a c e  element during the time s tep  r e q u i r e s  a value of 
S1 between 0 and 1. X i  t h e r e  a r e  two valued s o l u t i o n s  t h e  lesser is  chosen. 
A l t e r n a t i v e l y ,  i f  t h e r e  are no r e a l  s o l u t i o n s  or  t h e  real s o l u t i o n s  l i e  out- 
side t h e  range 0 to  1, S1 is returned a s  1.1. The subrout ine  QUADD is 
called o n l y  when t h e  i n i t i a l  and f i n a l  l o c a t i o n s  of t h e  t r a j e c t o r y  are such 
t h a t  a s o l u t i o n  cannot be ru led  ou t  by elementary geometr ical  reasoning. 
When a l l  elements  have been i n v e s t i g a t e d  with t h e  var ious  va lues  of Sl beinq 
set  in t h e  a r r a y  Q, t h e  smallest value of Q is chosen. I f  t h i s  value is less  
than one and less than Q ( 3 )  (which i n  some ca l l s  o f  VIM is set  as t h e  d i s t a n c e  



to t h e  n e a r e s t  i n t e r s e c t i o n  wi th  a block boundary), t h e  coord ina tes  (XC, Y C ,  
ZC) o f  t h e  collision p o i n t  are ca lcu la ted .  The assigned GO TO s ta tement  then  
t r a n s f e r s  to  t h e  a p p r o p r i a t e  element where t h e  subrout ine SRM is  used to  c a l -  
culate t h e  code number M ( n o t e t h a t  t h e  meaning o f  M changes he re )  of t h e  sub- 
d iv ided  s u r f a c e  element ( f o r  t h e  p r i n t o u t  o f  t h e  molecular f l u x  to  t h e  s u r f a c e ) ,  
t h e  v e l o c i t y  components o f  t h e  r e f l e c t e d  molecule, and t h e  d i r e c t i o n  c o s i n e s  
o f  t h e  normal to t h e  i n t e r s e c t i o n  po in t .  Should no c o l l i s i o n  occur  with t h e  
s u r f a c e ,  t h e  v a r i a b l e  M is  re turned  as -1. 

The c a l c u l a t i o n ,  i n  t h e  subrout ine SRM, of t h e  d i r e c t i o n  cos ines  (k,m,n) 
of t h e  s u r f a c e  normals t o  t h e  c o l l i s i o n  p o i n t  (xc,yc,zc) i s  based on t h e  
s tandard  q u a d r i c  s u r f a c e  theorem, 

where L - a l l x c  + a 1 2 ~ ,  + a13zc + a14 

M = a21xc + azzy, + a23zc + a 2 4  

N = a31xc + a3zyC + a33zc + a 3 4  

A = t ( L ~  + r4* + N 2 3 5  I and 

The s i g n  of A must be chosen such t h a t  t h e  s u r f a c e  normal is d i r e c t e d  cutward 
from t h e  s u r f a c e .  I t  i s  r e a d i l y  seen t h a t  t h e  negat ive s ign  a p p l i e s  only to 
t h e  glove f a i r i n g ,  t h e  f l a t  por t ion  of t h e  lower s u r f a c e  of  t h e  wing, t h e  out-  
s i d e  of t h e  payload bay doors  and to  t h e  rear bulkhead o f  t h e  payload bay. 
The s i g n  parameter appears  as SP i n  t h e  argument l i s t  of  SR4. 

5 Thc f u n c t i o n  subrout ine  SALR(A) c a l c u l a t e s  t h e  funct ion A(-ln ( r f )  1 where 
rf 
i n  t h e  e q u a t i o n s  for t h e  s e l e c t i o n  of a p a i r  of  v e l o c i t y  components i n  a 
s t a t i o n a r y  e q u i l i b r i u m  gas  (ref. 1, p. 210, eq(D11)) and for t h e  normal v e l o c i t y  
components of a d i f f u s e l y  r e f l e c t e d  molecule ( r e f .  1, p. 130, e q ( 7 . 9 ) ) .  I n  t h e  
subrout ine SRN it i s  used i n  both contex ts ,  f i r s t  f o r  t h e  normal v e l o c i t y  com- 
ponent o f  t h e  r e f l e c t e d  molecule and then f o r  t h e  p a i r  of  p a r a l l e l  veloc- 
i t y  components up and u The d i s t r i b u t i o n  of t h e  p a r a l l e l  components is 
identical  wi th  t h a t  f o r  t h e  componcnts i n  a s t a t i o n a r y  equi l ibr ium gas. These 
velocit ies must then  be transformed t o  t h e  (u,v,w) components p a r a l l e l  to  
(x,y,z)  d i r e c t i o n s .  The requi red  t ransformation i s  

is  a uniformly d i s t r i b u t e d  random f r a c t i o n  between 9 and 1. This  appears 

Un 
9' 

U 

v = u,,m + up"/("* + m 2 4  I + uqtm/(n2 + m 2 %  1 

and W 

and forms t h e  basis o f  t h e  f i n a l  steps i n  subrout ine SRM. 

Returning now to t h e  main program, t h e  cal l  o f  VIM during t h e  adjustment 
of t h e  ce l l  volumes is  for t r a j e c t o r i e s  i n  t h e  p o s i t i v e  and negat ive y 
d i r e c t i o n s  over a network of values  o f  x and z. The y coord ina te  o f  t h e  



9 

i n t e r s e c t i o n  point i s  t h e  cn ly  output  q u a n t i t y  requi red  here .  
each element between t h e  upper i n t e r s e c t i o n  and t h e  lower boundary of block 1 
is mbtracted from t h e  cell volumes and t h a t  between t h e  lower i n t e r s e c t i o n  
and t h e  boundary is added. 

The volume of 

The areas of t h e  s u r f a c e  elements appear d i r e c t l y  i n  t h e  program as 
numerical cons tan ts .  This  is done i n  order  t o  save computation t i m e ,  s j  :ce 
t h e  c a l c u l a t i o n  of  t hese  q u a n t i t i e s  i n  an o p t i o n a l  subrout ine SETA r e q u i r e s  
s i g n i f i c a n t  computing e f f o r t .  
VIM and its subs id ia ry  subrout ines .  
angular  block surrounding t h e  vehic le  is divided i n t o  a g r i d  with each element 
having t h e  area dA. T r a j e c t o r i e s  normal to  t h e  g r i d  elements ( t h a t  is i n  t h e  
positive and negat ive x and y d i r e c t i o n s  and t h e  nega t ive  z d i r e c t i o n )  
are then  generated and t h e  p o i n t s  of  i n t e r s e c t i o n  wi th  t h e  vehic le  are cal- 
culated.  Then, i f  t h e  d i r e c t i o n  cos ine  b with t h e  t r a j e c t o r y  d i r e c t i o n  is  
l a r g e r  than t h e  o t h e r  t w o  d i r e c t i o n  cos ines ,  t h e  a r e a  dA/b i s  added t o  t h e  
appropriate sur face  element.  
t r i b u t e d  by t h e  trajectories "looking" i n  t h e  var ious  d i r e c t i o n s  i s  a l s o  
recorded and i s  used i n  t h e  generat ion o f  t h e  uniform outgassed f lux .  The 
t o t a l  number o f  outgassed molecules per DTX i s  c a l c u l a t e d  as DENT. 

This  subrout ine also employs t h e  subrout ine  
The general  p r i n c i p l e  i s  t h a t  a rect-  

The f r ac t ion ,  o f  t h e  t o t a l  sur face  area con- 

The main loop of t h e  program starts a t  label 103 and t h i s  is  i n d i c a t e d  
i n  f i g .  4. The o u t e r  loop i s  over  t h e  p r i n t i n g  i n t e r v a l  and, i f  t h e  number 
of p r i n t i n g  i n t e r v a l s  have no t  reached t i h i t  a t  which s teady flow is assumed, 
t h e  flow sampling v a r i a b l e s  a r c  reset t o  zero.  A t  t h e  s teady flow time, t h e  
time step i s  reset from t h e  unsteady t o  t h e  s teady flow value.  The loop over  
t h e  sampling i n t e r v a l s  i n  one prin':;.ng i n t e r v a l  and over  t h e  DT'I ' s  i n  one 
sampling i n t e r v a l  commence j u s t  a f t e r  label 104 and extend to  l a b e l s  111 
and 1 1 2 ,  respec t ive ly .  The f i r s t  ste;? i n  t h e  i n n e r  loop i s  t o  advance t h e  
overall t i m e  parameter TINE by DTM. This  is followed by the  r o u t i n e s  f o r  
t h e  movement of t h e  molecules ( including boundary i n t e r a c t i o n s  and t h e  e n t r y  
of new molecules) and f o r  t h e  c a l c u l a t i o n  of  c o l l i s i o n s .  These a r e  t h e  key 
r o u t i n e s  i n  t h e  program and w i l l  be d iscussed  i n  de ta i l .  

The total  number N M  o f  molecules changes during t h e  molecular movement 
r o u t i n e ,  so t h e  loop v a r i a b l e  N is i n i t i a l l y  s e t  to  ze ro ,  it is advanced 
by one a t  t h e  s ta tement  l a b e l l e d  116 and an e x i t  from t h e  loop t o  l a h c l  117 
occurs  when N i s  g r e a t e r  than P I X .  The procedure i s  s i m i l a r  t o  t h a t  des- 
c r i b e d  i n  Appendix H of r e f .  1, but  i s  more complex i n  t h e  present  case 
because t h e r e  is a second r e t u r n  t o  l a b e l  116 to  d e a l  with t h c  e n t e r i n g ,  
outgassed arid j e t  molecules. Up t o  tht- f i r s t  e x i t  t o  label 117, t h e  loop 
d e a l s  with rnolccules t h a t  arc a l ready  i n  t h e  f l o w  and t h i s  is flagged by a 
nega t ive  value of  t h e  v a r i a b l e  IFT. The i n i t i a l  p o s i t i o n  of t h e  molecule is 
i n d i c a t e d  by ( X I ,  YI, 21) and t h e  t i m e  i n t e r v a l  over  which t h e  molccules move 
by AT. The v a r i a b l e  AT is  equal t o  DTM when IE'T i s  negat ive  b u t ,  f o r  t h e  
e n t e r i n g  molecules with IFT p o s i t i v e ,  AT is  se t  q u a l  t o  a random f r a c t i o n  of 
DT!4. The v a r i a b l e  A T  i s  a l s o  se t  equal  t o  a random f r a c t i o n  of  DTY for und i s t -  
urbed molecules t h a t  a r e  generated a t  a block boundary due to  t h e  opera t ion  of 
t h e  weighting f a c t o r s .  
IP(1,N).  This  usage of I P ( 1 , N )  i s  independent of i t s  main funct ion which is 
not rcqui red  i n  t h e  molccular move r o u t i n e  and which i s  reset i n  the  molecular 

Thcse nolcculcs  a r c  flagged by a negat ive  value of 
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indexing  rou t ine  which immediately follows t h e  movement rou t ine .  
r o u t i n e  Q I X  is called to  set a l l  va lues  of  t h e  a r r a y  Q to t h e  d e f a u l t  value 
of 1.1 and the v a l u e s  of (~(1) , Q ( 2 )  , Q(3)  corresponding to  t h e  d i s t a n c e  r a t i o s  
to  t h e  X,Y,Z  block Munl tries a r e  ca lcu la ted .  The smallest of t h e s e  is set a s  
Q(KC).  The t r a j e c t o r y  c a l c u l a t i o n  is recommenced from a 2 o i n t  j u s t  wi th in  t h e  
block boundary when a molecule crosses t o  a new block so t h a t  c o l l i s i o n s  wi th  
t h e  vehicle need o n l y  be considered i f  t h e  number o f  t h e  i n i t i a l  hlock I B  i s  
equal to  1. The subrout ine  VIM is  then c a l l e d  i f  t h e  i n i t i a l  and f i n a l  p o i n t s  
of t h e  t r a j e c t o r y  are such t h a t  a c o l l i s i o n  with t h e  s u r f a c e  i s  poss ib le .  
t h e  s u b r o u t i n e  r e t u r n s  wi th  3l .I -1, no c o l l i s i o n  occurs  and t r a n s f e r  i s  aga in  
made to label 703. 

The sub- 

If 

When a c o l l i s i o n  w i t h  t h e  s u r f a c e  occurs, t h e  event  is recorded i n  t h e  
a r r a y  W, AT is set to the time i n t e r v a l  remaining and a t r a n s f e r  i s  made t o  
label 90 for t h e  c a l c u l a t i o n  of  t h e  remainder of t h e  trajecto-ry. This  could 
involve  f u r t h e r  i n t e r a c t i o n s  q i th  t h e  v e h i c l e  o r  i n t e r a c t i o n s  with t h e  block 
bounaaries .  I n  order to avo;? problems with round-off errors, t h e  i n i t i a l  
p o i n t s  o f  t h e  remaining t r a j e c t o r y  elements are se t  j u s t  o u t s i d e  t h e  v e h i c l e  
s u r f a c e  or j u s t  i n s i d e  t h e  new block, as t h e  case may be. 
s u r f a c e  i n t e r a c t i o n s ,  a f u r t h e r  safeguard a g a i n s t  i n f i n i t e  loops i s  provided by 
d i s c a r d i n g  any molecule t h a t  s u f f e r s  mor( than twenty sur face  i n t e r a c t i o n s  with- 
i n  a s i n g l e  t i m e  s t e p .  A d i a g n o s t i c  message is p r i n t e d  when t h e  number of  
i n t e r a c t i o n s  exceeds twelve. 
QUADD and 5Y3 have a l r e a d y  been discussed i n  genera l  terms. 
case, :he va lue  of Q(3)  for t h e  f r a c t i o n a l  d i s t a n c e  to  t h e  block boundary 
normal t o  the z axis  is  c a r r i e d  i n t o  t h e  subrout ine  and an i n t e r s e c t i o n  with 
the p l a n e  of symmetry 

I n  t h e  cas? of the 

The subrout ine V I M  and i t s  subs id ia ry  subrout ines  
Note t h a t ,  i n  t h i s  

z = 0 before  t h e  s u r f a c e  i n t e r a c t i o n  causes an e x i t  
wi th  W = -1. 

I n  t h e  absence of c o l l i s i o n s  wi-,h t h e  suzface,  a t r a n s f e r  is  made to  
label 703 and, if Q(KC) i s  less thac one, t h e  molecule i n t e r a c t s  with a block 
boundary. 
it crosses t h e  p l a n e  2 = 0 and is discarded i f  it crosses t h e  planes 2 = Z?!, 
Y = YB, Y = YT, X = X F  or  X = XR. A molecule is discarded through being replac-  
ed by t h e  f i n a l  molecule i n  t h e  a r r a y  N = NM. This  process  commences a t  l a b e l  
120. The f a c t o r e d  number FNM and t h e  number NM of molecules is reduced by t h e  
weight ing f a c t o r  o f  t h e  discarded nmleculc and one, respec t ive ly .  The molecule 
counter  N is  also reduced by one so t h a t ,  on r e t u r n  t o  label 116 t h e  molecule 
t h a t  has been moved down t h e  l i s t  i x  t h e  next  one t o  he d e a l t  with.  The cross- 
i n g  of a n  in te r -b lock  boundary has no e f f e c t  on d is turbed  molecules, b u t  a c t i o n  
must be taken on t k e  basis of t h e  change i n  weighting f a c t o r s  f o r  t h e  undis t -  
urbed molecules. 
c u l a t e d  as A. If A is less than one t h e r e  is t h e  p r o b a b i l i t y  l - A t h a t  
the molecule w i l l  be discarded while,  i f  A is g r e a t e r  than u n i t y ,  I N T ( A  - 1) 
new molecules  w i l l  be generated a t  t h e  boundary with t h e  p r o b a b i l i t y  FW\C(A - 1) 
of a f u r t h e r  one being generated.  These p r o b a b i l i t i e s  a r e  handled hy t h e  
r o u t i n e  employing t h e  i n t c g e r  LL. This  is  based d i r e c t l y  on t h e  r o u t i n e  pres-  
e n t e d  i n  Appendix !i of r e f .  1.  The new molecules m u s t  be chosen from t h e  d i s t -  
r i b u t i o n  of molecules flowing across  a s u r f a c e  and t h i s  v a r i e s  with t h e  o r i c n t -  
ation of t h e  s u r f a c e .  T h i s  is handled by t h e  set  of computed CO To statements. 
The parallel and normal v e l o c i t y  components of  t h e  new molecule a r e  generated 

For t h e  o u t e r  boundaries,  t h e  molecule i s  specular ly  reflected i f  

? I &  rat io of t h e  i n i t i a l  t o  t h e  new weighting f a c t o r  is cal- 
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i n  the subroutines SETVC and EX, respectively. The pos i t ion  coordinates 
are duplicated from those of the o r i g i n a l  molecule. 'Ine i n i t i a l  pos i t i on  of 
t h e  o r i g i n a l  molecule is then set j u s t  within t h e  ncw black (statement labelled 
704 and following statements) t h e  t i m e  remaining is set as AT and a t r ans fe r  
made back to label 90 f o r  the computaticn of the  remaipder of t h e  t r a j ec to ry .  

Should th5 lac,ecule remain i n  t h e  same biock and not  collide with t h e  
vehicle surface,  t h e  new ell number is calculated (statements around 1-1 
76) and is set i n  IP(2,N). This and t h e  previous s e t t i n g  of t h e  new pos i t ion  
coordinates i n  P ( 1 , N )  to P(3,N) are t h e  only changes and t h e  program 
t r ans fe r s  back to label 116 t o  deal with t h e  new molecule. 

A f t e r  the first e x i t  to  label 117, IFl? is set equal t o  one and new m o l -  
ecules e n t e r  across the f ive  o u t e r  bounding planes. 
cause t h e  number of mlecules NH to  rise above t h e  l i m i t  !MSl set by t h e  
dimensions of P and IP, t h e  subroutine ClTWL i s  ca l l ed  to discard one 
of the molecules a t  random and to  ad jus t  t h e  overall weighting factor O W  
accordingly. while t h i s  is preferable to  having t o  stop t h e  calculat ion,  it 
is desirable to  set data t h a t  avoids the ' ca l l i ng  of t h i s  subroutine as far 
as possible. Three of the bounding planes cons i s t  of t h e  faces of a number 
of  individual blocks and, s i n c e  these generally have d i f f e r e n t  weighting 
factors, not a l l  locations on t h e  boundary plane are equally l i k e l y  for t h e  
point  of  en t ry  of t h e  new mlecules .  
generated by a siaplc acceptance-re j x r  ion procedure employing t h e  minimum 
weighting factors on t h e  various bases 
earlier. 
boundary and the veloL .ty components are again generated by t h e  subroutines 
E X  and SETVC. The va r i ab le  I P ( 1 , N M )  is not required a t  t h i s  s t age  and is 
set equal t o  th? dummy value NX; while IP(2,NM) need no t  i nd ica t e  t h e  
ac tua l  cell a t  t h i s  stage bu t  n u s t  i nd ica t e  t h e  correct block. 
thLrefore pu t  equal t o  the number of t h e  f i r s t  cell i n  t h e  block, while 
IP(3,NfI) is  set to 1 to in3 ica t e  an u n d i s t u r k d  molecule. 

Should t h i s  process 

The p o i n t s  of en t ry  are, therefore ,  

(WF:41 etc.) which had been calcclated 
The i n i t i a l  p o i n t  on t h e  trajectories are set  j u s t  within t h e  

I P ( 2 , W  is 

The generation of t h e  i n i t i a l  posi t ion of t h e  uniformly outgassed mol- 
ecules poses a non-tr ivial  problem. A solut ion is again provided by t h e  sub- 
routine V I %  The f r ac t ion  of t h e  surface area obtained from t h e  trajectories 
"looking" i n  each d i r ec t ion  w a s  recorded when the  subroutine SETA w a s  included 
and t h i s  is used i n  an acceptance-rejection rout ine t o  determine t h e  d i r ec t ion  
of the  "look" t h a t  w i l l  produce t h e  next i n i t i a l  posi t ion.  A locat ion on t h e  
plane normal t o  t h i s  d i r ec t ion  is then selected a t  random and t h e  relative 
magnitude of  t h e  contr ibut ion to  the area t h a t  t h e  t r a j ec to ry  through t h i s  
location would make is calculated.  This  is  zero i f  t h e  t r a i e c t o r y  do:s n o t  
i n t e r s e c t  with the surface or if the  d.: -2ction cosine A w i t , .  t h i s  d i r ec t ion  
of the  normal to  the  su r face  a t  the p- of  in t e r sec t ion  is not  t h e  largest 
of t he  thr,  e direction cosines.  OtYc. vi-e the  r e l a t i v e  contr ibut ion (nonnalised 
to a maximum of unity) is 
jec t ion  rout ine to  select t h e  point. 
areas, t he  case with open payload bay doors i s  t r e a t e d  separately with an 
ana ly t i ca l  treatment being possible for Lire addi t ional  elements because of t h e i r  
simple geometry. 

(&A)" and t n i s  is  Jsud i n  another acceptance rc- 
As i n  t he  ca l cu la t ion  of the  surface 
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The generation of t h e  jet molecules from the  je t  does not  pose any 
d i f f i c u l t i e s .  The polar angle frun the  j e t  d i r ec t ion  is sclected from the  
d i s t r ibu t ion  exp(-108/lr) with 8 between 0 and II by an acceptance - 
r e j ec t ion  rout ine  and the azimuth angle is uniformly d i s t r ibu ted  between 0 
and 27T. This enables a ve loc i ty  component UN in the j e t  d i r ec t ion  and t w o  
mutually perpendicular components, UP and w, i n  t he  plane normal to  it to  
be generated. These compnents are then transformed to the  (x,y,z) direct- 
ions by a fu r the r  appl ica t ion  of e q ( l O ) . .  

The program then t r a n s f e r s  back to label 116 f o r  a l l  the  enter ing m o l -  
ecu les  to move through t h e  appropriate  dis tances  and, i n  some cases, boundary 
in te rac t ions .  The next t r a n s f e r  to label 117 (with IFT = 1) r e s u l t s  i n  a 
t r a n s f e r  to label 132 for the molecular indexing to  be reset. 

The idea of t h e  indexing is to enable t h e  molecules i n  a qiven cell to 
be chosen readi ly  from t h e  P and IP ar rays  i n  which they are stored a t  
random. 
1 and the  o the r  than type 1 molecules separately and the  a r ray  
contains  the  m l e c u l e  numbers arranged i n  order of  t he  cells and with the  
o ther  than type one molecules f i r s t .  The molecule number is t h e  value of N 
i n  P(M,N) and i n  IP(X,fJ) f o r  W # 1. Note t h a t  t h e  second s u b x r i p t  has  
a completely d i f f e r e n t  meaning i n  IP(1 ,N)  t h m  in t h e  P ar ray  and i n  the 
remainder of the  IP array.  The o the r  s t r a y s  involved in  t h e  indexing are 
IC(1,L)  and IC(2,L) which corrtain the  s t a r t i n g  address -1 (adriress here  
r e f e r s  to t he  index N i n  IP(l , !J))  of t he  o the r  than type 1 and type 1 
m l e c o l e s ,  respect ively,  i n  cel l  L. The number IC(3,L) of o the r  than type 
1 and t h e  number IC(4.L) of type 1 molecules i n  cell  L are also set 
during the  indexing process. These numbers are f i r s t  set to zero (loop over  
cells to label 151) then, i n  a loop over the  molecules t o  l a k l  152, the  
exis tence of the  cell number i n  IP(2,N) enables them t o  be set to  t h e i r  
correct values. I C ( 1 , L )  
and IC(2,L) to t h e i r  f i n a l  values,  bu t  sets the  IC(3,L) and IC(4,L) back 
to zero. The f i n a l  loop is over the  molecules t o  label 154 and, f o r  each 
m l e c u l e ,  e i t h e r  IC(3,L) or IC(4,L) are advanced by uni ty  and, s ince 
I C ( 1 , L )  and IC(2,L) are now known, t he  cross reference array IP(1,N) can 
be set. A t  the end of t h i s  loop, IC(3,L) and I C ( 4 , L )  have returned t o  
t h e i r  correct values. 

For t h i s  appl ica t ion ,  it is neceisary to  be able to choose the type 
I P ( 1 , N )  

The loop over the  cells to labcl 153 then sets 

The c o l l i s i o n s  are then calculated f o r  each cel l  i n  turn (outer  loop to 
label 155) and, s ince  t h e  type 1 and o ther  than type 1 molecules are t r ea t ed  
separately,  t he  procedures resemble those f o r  a gas mixture ( re f .  1, ch. 10) .  
There is a double inner loop over the  t w o  sets of molccules to  label 1 5 5 .  In  
each case the  index 1 corresponds to  o the r  than type 1 and 2 to  type 1. The 
three-dimensional ?may CTIM(2,2,N) i s  a t i m e  parameter for each type of 
co l l i s ion  i n  each ce l l ,  and c o l l i s i o n s  are computed mti l  t h i s  parameter 
reaches the ove ra l l  t i m e  parameter TIME. The d e t a i l s  of the  c o l l i s i o n  com- 
putat ion follow the  theory and examples in re f .  1 (p 130 for hard sphere 
co l l i s ions ,  p 139 f o r  invcrsc n in th  power l a w  molecules, and p 170 for the  
co l l i s ion  of molecules with d i f f e ren t  weighting f ac to r s ) .  The major com- 
pltcation here i s  t h a t  the  c l a s s  of molecule may change during a c o l l i s i o n  
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since a type 1 molecule becomes type 3 on c o l l i s i o n  with any molecule o f  type 
o t h e r  than one. This must happen irrespective of t h e  weighting f ac to r  of t h e  
type 1 molecule because the type 3 has  a u n i t  weighting factor .  
opt ions,  depending on whether t h e  acceptance-rejection procedure applied to t h e  
inverse of t h e  weighting factor ( j u s t  before label 243) decides t h a t  t he  vel- 
o c i t y  components of t he  type 1 molecule are, or are not ,  to  be changed by t h e  
co l l i s ion .  I f  they are changed, the  type of the  molecule is simply changed 
from 1 to 3. H o w e v e r ,  i f  the veloci ty  components were not  changed during the  
loop to label 159 (i.e. t h e  c o l l i s i o n  w a s  no t  "counted" f o r  t he  type 1 
molecule), it is dupl icated as an addi t iona l  type 1 molecule and t h e  modified 
velocity components (which had been s tored  i n  VRC(3) are subs t i tu ted  a t  t h i s  
stage and its type is changed f r o m  1 to 3. 
molecules during the  c o l l i s i o n  process introduces some of the  procedures t h a t  
are required for the simulat ion of chemical react ions.  

Thcre are two 

This generation o f  addi t iona l  

Label 112 appealsinmediately a f t e r  the termination of the  c o l l i s i o n  
A t  t i m e  i n t e r v a l s  o f  NXS DTM, t h i s  inner  loop is  rou t ine  a t  label 155. 

completed and t h e  f l o w  properties are sampled. 
cells to label 164 ir. which t h e  cross-reference variable I P ( 1 , N )  is  again 
used to choose the  re levant  molecules. A t  a l t e r n a t i v e  system would have 
looped over t h e  molacules and used the  cell number to  place the  
information i n  t h e  correct locat ion.  
to label 451 for t h e  sampling of t h e  flow densi ty  and the  upstream moving 
molecules within t h e  set of l a r g e  cubic cells t h a t  are used j u s t  for t h i s  
purpose. 
turn.  

F i r s t  there  is a loop over t h e  

IP(2,!1) 
There is  then a loop over these molecules 

In this case, the cell number is worked ou t  for each molecule i n  

The f i n a l  step, following the  e x i t  from the  loop terminating a t  label 111 
a t  i n t e r v a l s  of NIS NSP I f i M  p r i n t s  o u t  the r e su l t s .  The semi-pictor ia l  
r e s u l t s  for t h e  d e n s i t i e s  w i l l  be one of  t he  most frequent ly  s tud ied  q u a n t i t i e s  
and, i n  o rde r  to  give some indicat ion of t he  statist ical  scatter t h a t  should 
be associated with these ,  t h e  "minimum densi ty  resolut ion" has been pr inted.  
This  is the dens i ty  value t h a t  would be pr in ted  i f  j u s t  one molecule had 
appeared a t  one o f  the sampling in te rva ls .  
t h a t  would appear i f  one molecule is  sampled a t  each sampling in te rva l .  
t h a t  these q u a n t i t i e s  assume u n i t  weighting factor and the  resolut ion would be 
much worse f o r  t he  type 1 molecules. For the q u a n t i t i e s  i n  the  molecular f l u x  
to t h e  sur face  and i n  t h e  overall flow table the expected scatter may be 
deduced from the  size of the  sample. 

A value is a l s o  given for t he  value 
Xote 



14 

Reference 

1. Bird, G.A.; Molecular Gas Dynamics. Oxford University Press tlondorl) 
1976. 



15 . c 0
 
4
 

U
 

(d
 

U
 

C
 

al 
W

 
aJ b4 
a
 

al 
k
 
4
 

a u 
4
 

b4 
U

 
al 

al P
 

al 
r
l 

U
 

4J 
3
 

c
 

v1 

9
) 
c
 

B
 e 

r
l a 
b

\ 
4
 

f4
 



I6 

. (Y
 



17 

Fig. 3.  The block s truc tures  i n  t h e  simulated flowficld. 



18 

NSP TIMES OVER 112 

rdovE ALL MOLECULES THROUGH 
DISTANCES APPROPRIATE TO DTM 

~ AND CALCULATE BOUNDARY INTERACTIONS. 

NEW MOLECULES ENTER 1 
RESET MOLECULAR INDEXING ] 

t 

+ 117 

COMPUTE TYPICAL COLLISIONS 
APPROPRIATE TO DTM 

I SAMPLE FLOW PROPERTIES 1 
1 111 

A 

112 
PRINT W U I T S  \ - 

@TOP- 

I 

Fig. 4 .  Schematic flow chart. 



Appendix A 



A 1  

Definition of Surface Elements 

1. Upper Nose 

Non-zero quadric coef f icieirts (el l ipsoid)  

ail = 69.84 

a 2 2  = 441 

= 331.24 

a14 - 1425.88 

Region of val id i ty  

x < 7, 

Y ’ 0 ,  

and outside surface 3 .  

2. Lower Nose 

Non-zero quadric coef f ic ients  (e l l ipsoid)  

a11 = 36 

a22 = 441 

a33 = 196 

i l l 4  = -252 

Region of val idity 

x < 7, 

y < 0. 

3. Windshield 

Non-zero quadric coef f ic ients  (e l l ipsoid)  

a18 = 36 

a 2 2  = 9 

aS3  = 16 

a l b  - -252 

abb = 1620 

Region of val id i ty  

x < 7, 

y > O8 

and outside surface 1. 



A 2  
4. Upper Fuselage 

Non-zero quadric coeff ic ients  ( e l l i p t i c  cylinder) 

a22 = 9 

a33 = 16 

as4 = -144 

Region of va l id i ty  

7 < x < 32, 

Y < 0 ,  

and outside surface 6 .  

A l s o ,  i f  payload bay doors are open, y < 2 for 8 < x < 27. 

5. Lower Fuselage 

Non-zero quadric coeff ic ients  ( e l l i p t i c  cylinder) 

a22 - 9 

a33 = 4 

ass = -36 
Region of val idity 

7 < x < 32, 
and y < 0. 

6. OMSPod 

Won-zero quadric coeff ic ients  (e l l ipsoid)  

a11 = 1 
a 2 2  = 16 

as3 = 16 

a l l  -32 

azt, - -48 

a34 = -32 

8 4 4  - 1191.04 

Region of val ia i ty  

x < 32, 

and outside surface 4 .  

Also, i f  payload bay doors are open, x < 32. 



A 3  

7. Fin 

Non-zero quadr ic  c o e f f i c i e n t  (plane) 

a31, = 0.5 

Region of  v a l i d i t y  

4 < y < 11.8, 

y < x - 22.2, 

y > 2~ - 61.8, 

y > 0 .4286~  - 8.857. and 

8. Ease 

Non-zero quadric c o e f f i c i e n t s  (plane) 

ais  = 0 . 5  

a44 = -32 

Region of v a l i d i t y :  

(y > 0 and (y - 31' + (z - 2)' (2.56 or y < (144 - 16z2)'/3) 
(y < 0 and y - (36 - 4 2*)/3). 

or  

9. Glove Fa i r ing  

Non-zero quadric c o e f f i c i e n t s  (portion of e l l ip t ic  cone) 

a11 = 1 

a22 = -1296 

a 3 3  = -36 

ais = 9 

a24 = -1296 

a s 4  - -1215 

R e g i a  of v a l i d i t y  

6 < x < 22, 

and outs ide  o the r  surfaces. 

10. Wing Leading Edge 

Non-zero quadric c o e f f i c i e n t s  (port ion of e l l i p t i c  cone) 

all - 195.4999006 

a12 = 6400 

a a a  = 35.50009932 

aal  = -115.5000687 

a l s  = -4112.49603 

a2,, - 6400 



A 4  

8 3 4  = 2912.500578 

a 4 4  = 85787.37332 

Region of v a l i d i t y  

11.3 > z > 2.67165829~ - 64.73123913, 

an8 outside o the r  surfaces.  

11. Wing Upper Rear 

Non-zero quadric c o e f f i c i e n t s  (portion of plane) 

ai4 = 5.384525625 

a 2 4  = 50.19715575 

a 3 b  = 1.031079375 

a 4 4  = -250.4018047 

Region of v a l i d i t y  

z 2.67165829~ - 64.73123913, 

Zc < 170.1111111 - 5.222222~, 
C 

zc < 11.3 

and outs ide ot'a 7 surfaces.  

12. Wing Lower Rear 
Non-zero quadric c o e f f i c i e n t s  (plane) 

8 1 4  = -5.38452625 

8 2 4  - 50.19715 75 

a34 -1.031079375 

a 4 4  = 451.1904277 

Region of v a l i d i t y  

As €or surface 11. 

13. Wingtip 

Non-zero quadric c o e f f i c i e n t s  (plane) 

0.5 

6 4 s  = -11.3 

Region of v a l i d i t y  

30.4106 > x > 26.29999703 

and 

i f  x < 28.458448, otherwise 

[ y  + I1 < (-195.4999006~~ + 10832.29361~ - 149742.894) s /BO 

< 3.262074498 - 0.107267544~. 
Surfaces 14 t o  17 apply when payload bay doors are open. 



A 5  
l d .  

Non-zero quadric  c o e f f i c i e n t s  (plane) 

Payload Bay Base and Inside of Doors 

a24 = 0.S 

a44 = -2 

Region of v a l i d i t y  

8.  < x C 27. and 

z c 5.9. 

15.  

Non-zero quadric  coe f f i c i en t s  

Outside o f  Payload Bay mors 

As €or su r face  14 

Region of v a l i d i t y  

0 < x < 2 7  

z c 5.9 

and outs ide  other sur faces .  

16. 

Non-zero quadric  c o e f f i c i e n t s  (plane) 

Forward Bulkhead of Payload Bay 

a14 = 0 . 5  

a44 = -6 

Region of v a l i d i t y :  

9 y 2  + 162' - 144 C 0 

and ou t s ide  o the r  surfaces.  

17. 

Non-zero quadric  c o e f f i c i e n t s  (plane) 

Rear Bulkhead of  Payload Bay 

i l l 4  .I 0 .5  

a 4 4  p -27 

Region of v a l i d i t y  

( y  - 3)'  + (z - 2)  < 0.9975 or y C (144 - 16z2)'/3 



Appendix B 

Tbe main propam and all require4 subroutines 

are l i s t e d  on pages 81 thru Fh3. 

set of input data is  l i s t e d  at the  end of the 

program on m.5 Bi3. 

A typical 
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Appendix C 

The optional program SETA, used for calculating 

the area of the surface elements of the Shuttle, 

is listed on pages ~1 thru C4. 
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Appendix D 

Tyo segments of a typical program output are 

listed on pages D1 thru ~ 6 2 .  

D38 list the 1st output (during the tra?sient ) 

and pages D39 thru D62 list the at" output 

(during steady s tate) .  

by the input data l i s t ed  on page B43. 

Pq:es D 1  thru 

Thl's output is produced 
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