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PARTICULATE CONTAMINANT RELOCATION DURING SHUTTLE ASCENT 
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The d i  ~lodgement, venting, and redeposi t i o n  of 
p a r t i c l e s  on a surface i n  the s h u t t i e  bay by the 
v ibroacoust ic ,  g r a v i t a t i o n a l  , and aerodynamic 
fo rces  present dur ing s h u t t l e  ascent have been 
invest igatea.  The p a r t i c l e s  o f  d i f f e r e n t  s izes 
which are displaced, vented, and r e d i s t r i b u t e d  
have been calculated;  and an est imate o f  the 
increased number o f  p a r t i c l e s  on c e r t a i n  surfaces 
and the decrease on others has been indicated.  
The average sizes, ve loc i t i es ,  and length  o f  
t ime f o r  c e r t a i n  p a r t i c l e s  t o  leave the bay 
fo l l ow ing  i n i t i a l  s h u t t l e  doors opening and 
thermal t e s t s  have been ca lcu la ted based on 
i n d i r e c t  data obtained dur ing  several s h u t t l e  
f l i g h t s .  Suggestions f o r  f u t u r e  measurements 
and ~ b s e v v a t i o n s  t o  character ize the p a r t i c u l a t e  
er?crironment and the techniques t o  . i t n i t  the 
i n-orbi  t r a r t i c u l a t e  contamination of surfaces 
a ~ d  environment have been of fered.  

I n t roduc t i on  

The r e d i s t r i b u t i o n  o f  contaminant p a r t i c l e s  i n  
the s h u t t l e  bay dur ing  ascent and the  release t o  
space o f  some o f  these p a r t i c l e s  f o l l ow ing  the 
bay doors opening i n  o r b i t  have been invest igated.  
The pa. - t i c les  are l e f t  i n  the bay volume and on 
surfaces before launch. TLey escape c leaning 
e f f o r t s  t o  remove them from the cargo bay and 
payloads a t  several stages o f  the f l i g h t  prepa- 
ra t i on .  The understanding o f  these p a r t i c l a '  
r e d i s t r i b u t i o n  on surfaces and t h e i r  re lease i n  
the f j e l d  o f  view o f  an instrument i s  important 
i n  view o f  the  changes they may cause t o  the 
t h e m p h y s i c a l  p roper t ies  o f  surfaces on which 
they deposi t  and t o  the  o p t i c a l  degradation of 
the environment i n  which they may escape. Some 
o f  the e f f e c t s  o f  p a r t i c l e s  on surfaces and i n  
the environment are: physical  obscuration of a 
surface; sca t te r i ng  o f  r a d i a t i o n  which changes 
the t ransmission proper t ies  o f  a surface ai id lor  
a volume; increased d i f f u s e  r e f l e c t i o n  o f  a 
surface; emission by  the p a r t i c l e s  o f  c e r t a i n  
rad ia t i ons  which may be detr imental  t o  c e r t a i n  
instruments' observations. 

Figure 1 shows p i c t o r i a l l y  the  p a r t i c u l a t e  
r e d i s t r i b u t i o n  events which may occur dur ing  
o r b i t e r  ascent. This paper i s  concerned 
u i t h  the  p a r t t c u i a t e  r e d i s t r i b u t i o n  dur ing  
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launchlascent and the  p a r t i c l e s  released 
from the o r b i t e r  bay imnediately fo l lowing 
bay door opening and a f t e r  c e r t a i n  o r b i t e r  
operat ional  tes ts .  The p a r t i c l e s  res id ing  
i n  t he  bay a t  launch are dislodged, scat tered,  
and redeposited by v ibroacoust ic ,  g r a v i t a t i o n s l ,  
and aerodynamic forces present dur ing  o r b i t e r  
ascent. Some of the released p a r t i c l e s  are 
removed by the  gaseous vent ing of t he  bay 
through the s h u t t l e  vents; o thers  w i l l  
redeposi t  on surfaces o f  the  bay according t o  
tee surface o r i e n t a t i o n  w i t h  respect t o  the 
o r b i t e r  acce lera t ion  vector. I n  the fo l lowing,  
the f rac t i on  o f  p a r t i c l e s  o f  d i f f e r e n t  s i ze  
ranges dislodged, red is t r ibu ted,  and vented are 
ca lcu la ted per u n i t  surface area, i r r espec t i ve  
o f  the  o r i g i n a l  p a r t i c u l a t e  d i s t r i b u t i o n  cover- 
age. The interchange o f  p a r t i c l e s  from a 
part ic le-covered surface t o  another surface has 
been calculated.  The r e s u l t i n g  c leaning o f  one 
surface and the increased contamination of 
another surface have been estimated. An 
est imate of the p a r t i c l e s  res id ing  on a surface 
i n  the  s h u t t l e  bay when i n  o r b i t  has been made 
based on the o r i g i n a l  p a r t i c u i a t e  cond i t ions  
before launch. Calculat ions of the diameters 
and v e l o c i t i e s  o f  the p s r t i c l e s  released from 
the o r h i  t e r  i n t o  space imnediately f o l l ow ing  
the bay opening and the cha rac te r i s t i cs  o f  
those emit ted dur ing s h u t t l e  thermal t e s t s  and 
a t t i t u d e  changes have been c a r r i e d  ou t  based on 
experimental data. Suggestions f o r  f u t u r e  
measurements o f  bay p a r t i c u l a t e  cond i t ions  
dur ing  and imnediately a f t e r  o r b i t e r  ascent 
have been o f fe red  w i t h  the i n t e n t i c n  o f  c l a r i -  
f y i n g  the generation and the mechanics o f  the 
p d r t i c l e s  dur ing  t h a t  phase o f  f l i g h t  and o f  
reducing the p a r t i c u l a t e  contamination on 
fu tu re  spacecraft.  
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Figure 1. Particulate contaminant redistribution events. 



Par t i c l es  Adhesion and Displacement Forces 
dur ing Shut t le  Ascent 

P a r t i c l e s  may be held on surfaces by the 
fo l l ow ing  adhesion forces (Ref. I ) :  
1. Van der Waals o r  molecular forces which are 
propor t iona l  t o  the p a r t i c l e  dimensions; 
2. Contact p o t e ~ t i a l  d i f fe rences due t o  
surface e f f e c t s  o f  d i s s i m i l a r  mater ia ls  produc- 
i ng  2 l e c t r o s t a t i  c  forces propor t iona l  t o  the 
two-th i rds power o f  the p a r t i c l e  dimensions; 
3. Coulomb forces a r i s i n g  from charges prodlrced 
on the p a r t i c l e  by external  e l e c t r i c  f i e l ds ;  
4. Cap i l l a r y  forces produced by water surface 
tensions a l so  propor t iona l  t o  the  s i ze  o f  the  
pa r t i c l es .  

As concluded i n  Ref. 1, the adhesion fo rce  
approaches the  Van der Waals fo rce  dur ing  
zscent when the adhesion fo rce  may change i n  a 
compl ica ted manner. This fo rce  from experiments 
and analyses (Ref. 1, 2, 3 and 4)  i s  expressed 
as F = Kd where K = 130 - 212 dyneslcm. These 
K values apply t o  quartz p a r t i c l e s  o f  about 
SOD diameter and f o r  a 50-60% removal f r a c t i o n  
n f  these p a r t i c l e s  from a glass surface. I n  
t h i s  paper, the adhesion fo rce  w i l l  be assumed, 
f o r  simp1 i c i t y  and f o r  exp lora tory  purpose, t o  
be 

F = 200 d (dynes) (1 )  

where d(cm) i s  ~ > e  p a r t i c l e  equivalent  spher ical  
diameter. 

During s h u t t l e  ascent, the p a r t i c l e s  he ld  on 
the surfaces w i l l  be a1 r x i  UPOR by g rav i t y ,  
launch acce lz ra t isn ,  v ioroacoust ic  random 
acceleratioa;, resoncr t  frequencies accelera- 
t ions . .  ~ e l a t i v e  motion o f  surfaces, and gaseous 
f l ow  momenta. The rsng~? o f  p a r t i c l e  diameters, 
which could be r e l f a s ~ d  from the surfaces by 
forces equal o r  gpeatet- than the above adhesion 
fo rce ,  Cati he esi imated as fo l lows:  

a )  Launch arc el era ti or^; 
An est imate o f  the diameters o f  spher ical  
p a r t i c i e s  which can be displaced can be obtained 
%om the balance o f  forces ac t i ng  on a pa r t ' c l e  
o f  mass m(g) subjected t o  a force F = kd(dynes) 

2 and t o  an acce lera t ion  a(cm/s ); i .e., 

F - mg = ma, so t h a t  m = -  and w i t h  the 
a+g 

3 
s u b s t i t u t i o n  o f  m = ppV = 'i pp, one obtains 

The p a r t i c l e s  dislodged by t h i s  mechanism would 
have diameters l a r g e r  than d = 0.22 cm ( 2 2 0 0 ~ )  
f o r  K = 200 dj,e!an, acce lera t ion  (a+g! = 39, 

where go = 981 cm/sz, and an average p a r t i c l e  

3 
dens i ty  o f  p P = 2 g/cm . 
b )  Random Accelerat ions 
For payload systems and components, Goddard 
Space F l i g h t  Center suggests qua1 i f i c a t i o n s  t e s t  
l e v e l s  of 12.9 grms f o r  random v ib ra t i ons  i n  the 
range o f  frequencies o f  20 t o  2000 Hz (Ref. 5). 
This l e v e l  r e f l e c t s  the  power spect ra l  dens i ty  
of accelerat ions f o r  the  e n t i r e  frequency range 
of exc i t a t i ons .  It i s  a general ized sst imate of 
the  response o f  components o f  moderate weight 
attached t o  a t y p i c a l  s t ruc tu re  exposed t o  
v ib roacoust ic  l e v e l s  i n  the  eopty STS c a r  o bay. 
The use of t h i s  acce lera t ion  i n  equation 72) 
ind ica tes  t h a t  the  released p a r t i c l e s  would have 
diameters greater  thar: 0.122 cm (1220~) .  

c )  Accelerat ion o f  Surfaces a t  Resonant 
Frequencies 
The maximum acce lera t ion  o f  a harmonic o s c i l l a t o r  

2 2 a t  resonant frequency fn i s  a = 4 r  fn xo where 

xo i s  the ampl i t ude  o f  v i b ra t i on .  The diameter 

o f  the p a r t i c l e s  which could be released by t h i s  
mechanism i s  

Accordingly, again using K = 200 dyn~,/cm, and 

p = '.g/cm'), the p a r t i c l e  diameter which could P 
be released i s  d = 2 . 2 / f n 6 ( c m ) .  A 100p 

p a r t i c l e  could be released by a f o l l ow ing  
combination o f  frequencies and amplitudes: fn = 

10 Hz and xo = 4.4  cm; fn = 10' Hz and xo = .048 

3 cm; a d  f = 2x10 Hz and xo = ,012 cm. n 

A 1p p a r t i c l e  would requ i re  a f n K =  2 .2~10  
4 

combination o f  frequency and displacement. As 
expected, the removal o f  smal ler  p a r t i c i e s  
requires h igher  frequencies and ampl i tudes. 

d )  A i r  Stream Par t i c l es  Displacement 
An estimate o f  the gas vent ing f low and i t s  
v e l o c i t y  i s  needed t o  est imate the aerodynamic 
forces ac t i ng  on a p a r t i c l e  attached t o  a 
surface o f  the s h u t t l e  bay. The bay i s  vented 
v i a  eight2vents, each having an approximate area 
o f  0.062m . The maximum pressure d i f f e r e n t i a l  
AP between the i n t e r n a l  bay pressure and the 
ex terna l  pressure dur ing  launch i s  approximately 
0.7 ps i .  This d i f f e r e n t i a l ,  which e x i s t s  f o r  a 
few seconds, occurs 50-60 sec i n t o  launch, when 
the ex terna l  pressure Po i s  about 9 ps i .  The 



f low a t  the  vents i s ,  therefore,  subscnic and 
can be estimated using T o r r i c e l l i ' s  equation as 

T AP 
Q = A + J ~  = NA+& 

O Po 0 

where 9 = 0.63 i s  i n e  discharge c o e f f i c i e n t ,  To = 
293OK i s  the  gas temperature, and 
R = 29.26 m/"K i s  the gas constant f o r  a i r .  

3 The f l ow  a t  each vent i s  ab0dt 4.3 m /s; and 

3 the  t o t a l  vent f l ow  i s  about 34.65 m /s. The 
a i r  v e l o c i t y  a t  the  vent i s  

where a = 0.9 ' i s  the v e l o c i t y  discharge 
coe f f i c i en t .  Assuming a bay sect ional  area o f  

about 18 m2, the gas v e l o c i t y  i n  the bay may be 
about 3 m/s. The v e l o c i t y  w i l l  be higher 
w i t h i n  r e s t r i c t i o n s  provided by payloads and 
systems. For these crmdi t ions ,  the Reynolds 

number f o r  a p a r t i c l e  o f  diameter d = 10-~cm, 

2 gas v e l o c i t y  V = 3x10 cm/s, a i r  densi ty 

3 p = 7.83x10-~ (g/cm ), and v i s c o s i t y  

The drag c o e f f i c i e n t  CD f o r  spher ical  p a r t i c l e  

a t  t h i s  Reyno'ld's number i s  CD = 24/Re-2 

(Ref. 6 )  so t h a t  tho drag on a p a r t i c l e  having 
a diameter d(cm) ;lot too d i f f e r e n t  from 

d = 10'~cm, w i l l  be approximately 
2 2 2 F = CD lp $ = pV = 84.5d (dynes) 

The r a t i o  o f  t h i s  fo rce  t o  the Van der Waals 
adhesion fo rce  i s  about 0.42d. A h igh  gas 
ve !oc i t j  ;- rteeded tc7 remove a p a r t i c l e  o f  
micron s i ze  from a surface even i f  only a 
component of the adhesion fo rce  needs t o  be 
overcome. Furthennore, the small p a r t i c l e s  on 
the surface are submerged, f o r  the most par t ,  
i n  2: boundary l a y e r  o f  a i r  where the  w l o c i t y  
i s  slower than i n  the r e s t  o f  the gas. Some 
p a r t i c l e s  may move some distances along the 
surfaces i n  the d i r e c t i o n  o f  the a i r  f low, and 
a very few could leave the surface due t o  
f l uc tua t i ons  o f  the a i r  v e l o c i t y  i n  the v i c i n i t y  
of the  p a r t i c l e  (Ref. 7) .  I n  any event, the  
gas f l ow  provides an add i t i ona l  f o r ce  t o  remove 
from the surfaces and accelerate t he  p a r t i c l e s .  

P a r t i c l e s  b isplaced During Ascent 

These ca lcu la t ions  show t h a t  very l a rge  
accelerat ions are needed f o r  removal o f  micron 
s i z e  p a r t i c l e s .  However, t e s t  data show t h a t  
accelerat ions i n  the range o f  those expected 
dur ing  o r b i t e r  ascent can release some f r a c t i o n s  
of the small s i ze  p a r t i c l e s .  Figure 2, taken 
from Ref. 8, presents t e s t  r e s u l t s  obtained by 
several authors showing the  f r a c t i o n  o f  res ident  
p a r t i c l e s  f o r  each s i z e  range t h a t  may be 
released from the surface and pu t  i n  temporary 
suspension by c e r t a i n  acce lera t ion  forces. As 
po in ted o u t  by the authors, the  data are subject  
t o  considerable unce r ta in t y  and provide order  o f  
magnitude i nd i ca t i ons  on r e a l  condi t ions.  The 
data obtained from Ref. 1, 2, 4, and 9 were 
co r re la ted  by Ref. 8 using a s t a t i s t i c a l  method 
developed by Rsf. 1. There a re  two per iods 
dur ing  launch when p a r t i c l e s  on surfaces have a 
good p r o b a b i l i t y  o f  being displaced, rese t t l ed ,  
and c a r r i e d  i n t o  the f i l t e r  vents. The f i r s t  
per iod  covers about 2 minutes o f  the  iaunch 
acce lera t ion  p r o f i l e ,  dur ing  which the o r b i t e r  
accelerates t o  about 39 and the  bay volume i s  
vented t o  the atmosphere as shown i n  f i g u r e  3. 
Maximum vent ing  occurs dur ing  the  t ransonic 
reg ion o f  the f l i g h t ,  when v i b r a t i o n  ~ n d  the 
pressure d i  f f e r r n t i a l  between bay and the 
ex terna l  pressure are itt t h e i r  maximum. The 
v e l o c i t y  o f  t he  exhausting a i r  i n  the bay as 
ind ica ted i s  a t  about 3 m/s. The p a r t i c l e s  
o r i g i n a l l y  i n  the  bay volume and those released 
from the sur fac ts  by v ib roacoust ic  accelerat ions 
and by o ther  fo rces  w i l l  be engulfed i n  the  
exhausting gas flow. As shown l a t e r ,  some o f  
these p a r t i c l e s  w i l l  be c a r r i e d  i n t o  the  vents; 
others, the  l a r g e r  ones, w i l l  s t r i k e  and s e t t l e  
on the  lower rea r  o f  t he  a r b i t e r  on surfaces 
perpendicular  t o  the  d i r e c ~ i n n  o f  the o r b i t e r  
accelerat ion.  Those s e t t l e d  on the  surfaces 
w i l l  no t  be dispaced again because the d i r e c t i o n  
o f  t he  acce lera t ion  i s  i n  a d i r e c t i o n  r e s t r a i n -  
i n g  them. The second period, as shown on the 
acce lera t ion  p r o f i l e ,  occurs a f t e r  about 
2 minutes i n t o  f l i g h t  whzn the o r b i t e r  resumes 
i t s  accelerat ion.  The acce lera t ion  reaches 
about 39 a t  7 minutes i n t o  the f l i g h t .  It 
remains constant a t  t h a t  value fo r  about 
1 minute, and then i t  drops t o  a n e g l i g i b l e  
value. 

The v ib roacoust ic  forces dur ing  t h i s  l a s t  
p ropu ls ive  per iod  may be more e f f e c t i v e  i n  
d i sp lac ing  p a r t i c l e s  attached t o  surfaces. The 
surface tens ion fo rces  t h a t  he lp  i n  r e t a i n i n g  
p a r t i c l e s  on the surfaces may become n e g l i g i b l e  
because o f  the  evaporation o f  the medium between 
the p a r t i c l e s  and the surfaces. I n  any case, 
those p a r t i c l e s  released dur ing  t h i s  l a s t  
per iod  w i l l  have an acce lera t ion  o f  39 and may 
acquire v e l o c i t i e s  o f  about 32 m/s a t  the bay 
aft-bulkhead, which i s  about 18m below the 
bul  khead. 



They w i l l  remain i n  the bay i n  the absence o f  
an e f f e c t i v e  gas f low and, on s t r i k i n g  a 
surface, may bounce i n  a z e w  g environment. 
The bouncing w i l l  continue u n t i l  t h e i r  k i n e t i c  
energies are dissipated by c o l l i s i o n s  among 
themselves and by t h e i r  ane las t ic  c o l l  i s i ons  
k i t h  surfaces. An estimate o f  the p a r t i c l e  
speeds required f o r  bouncing and o r  s e t t l i n g  
i s  discussed l a t e r .  

Pa r t i c l es  Vented During the 
F i r s t  Two Minutes o f  b l i g h t  

For an estimate o f  the p a r t i c l e s  released froln 
bay surfaces t h a t  w i l l  remain i n  the  bay o r  
w i l l  be t ransported t o  the vents by the vent 
gas, an analogy w i t h  the cascade impactor design 
has been used. According t o  Ref. 10, the 
separation o f  p a r t i c l e s  i n  a cascade impactor 
can be characterized by the r a t i o  of the fs rces 
o f  i n e r t i a  and drag o f  t he  p a r t i c l e s  entrained 
i n  the gas j e t .  The cascade impactor consists 
o f  a nozzle through which a i r  laden wixh 
p a r t i c l e s  o f  diameter D e x i t s  a t  ve loc i t y  V and 
o f  a p a r t i c l e  c o l l e c t o r  p l a t e  located perpen- 
d i c u l a r  t o  the nozzle a t  a distance L. The 
i n e r t i a  t o  drag force i s  re fe r red  as Stokes 
number, S t  and i s  defined as 

Ftgure 2. Particle resuspended fraction vs acceleration test 
data - glass particles on s. steel (Ref. 8). 

where p i s  t he  p a r t i c l e  density, p i s  the gas 
P 

v i scos i t y .  It has been found empirica' l ly t h a t  
f o r  St-0.2, the  p r o b a b i l i t y  t h a t  a p a r t i c l e  o f  
diameter D w i l l  s t r i k e  the  c o l l e c t o r  p l a t e  
ra the r  than fo l l ow  the def lected a i r  stream i s  

Ascent event:  T i m e  (seconas): 
1. Pre- launcn 

- 
2. SSME I g n i t l o n  6.5 
3 .  S28 i g n i t i o n  10.5 
4 .  H1gn-Q b o s r  20. 
5.  Tnrotr le-aoun SSKi's 28. 
6 .  Tnrot t le -up  SSME's 2C. 
I .  Mar  BOOS^ 32. 
8. SRB Deca. 13. 
9 .  SRu Separdtlon 10. 
10. ) 
1Oa.) 1nror:le up for  3 'G' 310. 

50% and the p a r t i c l e  diameter i s  DS0- [$I". - .  - 
The reference ind ica tes  t h a t  t o  account f o r  
pressure lower than standard, a c o e f f i c i e n t  C 
which increases w t h  decreasing gas densi ty 
should he included i n  the denominator o f  the 
equation. f o r  DS0. Ffir the  s h u t t l e  condi t ions,  
the Stokes 

11. ) 
I? .  T n r o t r l e  fcr 3 ' G o  60. 
i 3 .  SStIE shut aoun and otcay 12. 
1 4 .  E . T .  repardtrun 1 4 .  - 

536 seconar 
number--i.e., the r a t i o  o f  the p a r t i c l e  i n e r t i a  
t o  the drag force-- is 

where d(cm) i s  t he  p a r t i c l e  diameter, A i t s  
cross sect ional  area, p i s  the gas v i scos i t y ,  
V i s  the  gas ve loc i ty ,  p the  p a r t i c l e  densi ty 

P 

and the drag c o e f f i c i e n t  CD = 24/Re = 

consistent  w i t h  the gas ve loc i t y ,  gas dens i ty  
Figure 3. Acceleration versus time history for ascent 

phase. 
3 pa(gr lcm ) and f o r  a spher ical  p a r t i c l e .  The 



diameters o f  the p a r t i c l e s  having a 50% 
p r o b a b i l i t y  t o  fo l l ow  the gas are then 

The 
thr! 

T = 

same r e l a t i o n  can also be obtained tak ing 
r a t i o  o f  the p a r t i c l e  " re laxat ion  time" 

dZp /1Q (Ref. 11) t o  the gas acce lera t ion  
P 

time, t = V/g. The gas acce lera t ion  t ime used 
f o r  the cascade impactor i s  t = L/V. The 

2 subs t i t u t i on  o f  g = 3g0 = 2943 cm/s , pD = 2 

gr/cm3, S t  = 0.2, and p = 1.84 x lom4 dines/ 
* 

cm2- s ind ica tes  t h a t  the 50% diameter i s  D50 = 

4 f 3.35 x 10- (V) (cm). The diameter i s  less  than 

58p when a max gas vent ing v e l o c i t y  o f  

2 3 x 10 cmls, which l a s t s  about 5 sec, i s  used. 
The d e f i n i t i o n  of D50 = 58p may be stated i n  a 

d i f fe rent  form: 50% o f  p a r t i c l e s  w i t h  diameter 
l ess  than 58u w i l l  be transported t o  the  f i l t e r s  
and 50% o f  those o f  diameter l a rge r  than 58p 
w i l l  remain i n  the bay. However, a general 
conclusion may be t h a t  most o f  the p a r t i c l e s  
w i t h  dihmeters l a rge r  than 58p w i l l  remain i n  
the bay a f t e r  t h i s  i n i t i a l  per iod o f  launch. 
These could include p a r t i c l e s  which had become 
su f f i c i en t l y  la rge as a r e s u l t  of water super- 
sa tura t ion  on them, b ~ t  t h a t  would re tu rn  t o  
t h e i r  o r i g i n a l  small diameters a f t e r  a subsequent 
sub1 imat ion o f  the  condensate. Supersaturation 
occurs on c r i t i c a l  p a r t i c l e  diameters as a 
r e s u l t  o f  a rapid,  adiabat ic gas expansion. 

Pa r t i c l es  Released and Retained 
by a Surface During Orb i te r  Ascent -- 

The percentage of p a r t i c l e s  (JI) i n  each diameter 
range released from a surface exposed t o  a 
12.9 grms vibroacoust ic accelerat ion,  the  same 
as the value employed f o r  test ing,  i s  obtained 
from the f i g u r e  2 and i s  p l o t t e d  i n  f i gu re  4. 
These p a r t i c l e s  under the o r b i t e r  acce lera t ion  
may f a l l  on lower surfaces, where they w i l l  be 
he ld  by the same accelerat ion.  For the f i r s t  
2 min o f  ascent, some o f  the released p a r t i c l e s  
(c58p dia . )  w i l l  be dragged t o  the vents where 
those o f  less  than 351 dia. w i l l  vent ou t  o f  the  
bay and those of  diameters between 35p and 5 8 ~  
dia. w i l l  remain on the f i l t e r s  ( the bay f i l t e r s  
have a 35p GBR glass bead r a t i n g  

A t abu la t i on  o f  the percentages o f  p a r t i c l e s  
released and remaining on the surface f o r  each 
s i ze  range was prepared. The actual  number o f  
p a r t i c l e s  released and retained depends on the 

o r i g i n a l  p a r t i c l e  d i s t r i b u t i o n  per u n i t  area o f  the  
surface. The MIL-STD-1246A defines the  product 
c leanl iness on the basis o f  the  nurnber o f  
p a r t i c l e s  on a component. The number o f  p a r t i c l e s  
per square f o o t  o f  surface f o r  a l l  p a r t i c l e s  o f  
spec i f ied  s i ze  o r  l a r g e r  p l o t  as a s t r a i g h t  l i n e  
on l o g  versus log2 scales. The p a r t i c u l a t e  
c leanl iness l e v e l  i s  def lned by t h e  l i n e  crossing 
the abscissa. For example, Level 750 crosses 
the abscissa a t  one 750p part.per square foot .  
Figure 5 shows the number of p a r t i c l e s  i n  each 
range remaining on an upper bay surface, 
Rl=No(l-$), a f t e r  the  i n i t i a l  2 min accelerat ion,  

based on an assumed i n i t i a l  p a r t i c u l a t e  dens i ty  
No ( p a r t i c l e l f t z )  corresponding t o  the surface 

clean1 iness l eve l  750 o f  the MIL-STD-1246A. 
A f t e r  the  i n i t i a l  removal, the second per iod o f  
accelerat ion,  a l so  having a value of about 
13 grms vibroacoucCic accelerat ion,  w i l l  
release an add i t iond l  f r a c t i o n  o f  the 
pa r t i c l es .  The p a r t i c l e s  remaining on the 
surface a f t e r  these accelerat ions,  

2 
Rt=(l-$) No, are shown by the lower curve i n  

f i g u r e  5. This shows t h a t  a surface w i l l  
r e t a i n  a la rge number o f  small p a r t i c l e s  whi le  
re leasing a l l  p a r t i c l e s  l a rge r  than about 
85-9@. 

I S P H E R I C A L  G L A S S  P A R T I C L E S  ON 

STEEL  SURFACES 

P h , - T I C L E  D IAMETER,  uo 

Figure 4. Fraction of particlas removed by surface vibration. 

Addit ional  Pa r t i c l es  Acouired 
by a Surface ~ u r i n g m e m e n t  

From the same tabu la t ions of the released 
pa r t i c l es ,  the p a r t i c l e s  which may accumulate 
on a lower bay surface can be evaluated. 
Figure 6 shows the r e s u l t i n g  d i s t r i b u t i o n  



A1=No(l+$) on a surface assumed t o  be a t  the 

KO, corresponding t o  the 750 i n i t i a l  l e v e l ,  

which has received p a r t i c l e s  released from an 
upper surface a l so  o r i g i n a l l y  a t  750 c l e a n l i -  
ness l eve l .  As a r e s u l t  o f  the f i r s t  accel- 
erat ion,  which includes venting, the  surface 
receives only a small f r ac t i on  o f  p a r t i c l e s  
less  than 58p, since those were d i rec ted  by gas 
f low t o  the vent f i l t e r s .  The f i l t e r s  stop 
p a r t i c l e s  greater than 3 5 ~  ( f i l t e r  s izes) and 
al lows smaller p a r t i c l e s  t o  go out  o f  the bay. 
During the second accelerat ing period, a l l  the  
released p a r t i c l e s  can drop on another surface, 
since the a i r  f low w i l l  no longer remove p a r t i -  
c l es  from the bay. As shown by the p l o t ,  there 
i s  a small add i t iona l  degradation of the  
surface rece iv ing and holding those pa r t i c l es ;  
and the  t o t a l  accdmulation i s  
A =N [(l+$))+JXl-$)I. The degradation i s  more 
pFon8unced i n  the d i s t r i b u t i o n  f o r  p a r t i c l e  
greater than 581. I n  fact ,  i n  t h a t  region, the  
surface l eve l  may change from the assumed 
750 Lv t o  about 800 Lv. However, the new 
surface c leanl iness l eve l  acquired by a clean 
surface ( less  than Lv 500) exposed t o  the 
f a l l i n g  p a r t i c u l a t e  dur ing ascent i s  shown i n  
f i g u r e  7. The i n i t i a l  acce lera t ion  produces a 
l eve l  o f  about 700 f o r  the p a r t i c l e  range 
between 58 and 1001 dia.  and 750 f o r  those 
ranges beyond 1001. The subsequent second 
per iod o f  accelerat ion adds the par tdc le  o f  
diameters l ess  than 5 8 ~ .  The d i i t r i b u t i o n  f o r  
d ia.  l ess  than 58p corresponds t o  about 500- 
550 Lv showing the d i scon t inu i t y  i n  
d i s t r i b u t i o n  a t  58p. 

Product Cleanliness Levels from MIL - STD - 1246A 
,* 

Figure 5 .  Particles depletion during shuttle ascent from a 
surface not facing t!le acceleration vector, con- 
taminated to a 750 5.v of MILSTD-1246A. 

- 
Product Cleanliness Levels from MIL  - ST0 - 1246A 

PARTICLE ,m 

Figure 6. Particles accumulation during shuttle ascent on a - 

surface facing the acceleration vector at a pre- 
launch Lv 750, from a depleting surface aiso 
at 750 Lv with a one-toane field of  view. 

- 
Product Cleanliness Levels from MIL  - S X  - 1246A 
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Figure 7. Particles accumulation during shuttle ascent on a 
clean surface (pre-launch Lv 500) facing accelera- 
tion from a depletkg surface at Lv 750 - one- 
t o m e  field of view. 

Rebounding o f  Pa r t i c l es  
and Brownian Motton 

The par t ic le ;  displaced dur ing the e a r l y  2 min 
a f  the f l i g h t  and not  t ransported t o  the 
f i l t e r s  w i l l  s e t t l e  on surfaces res t ra ined by 
the o r b i t e r  accelerat ion.  During the second 
phase o f  the accelerat iun,  addi t ion91 p a r t i c i e s  
w i l l  be shaken from surfaces. Those p a r t i c l e s  



may acquire v e l o c i t i e s  given by v=(2gh)' where 
h i s  the fa l ;  distance. For a f a l l  o f  about 
l&n and a 3g accelerat ion,  the  v e l o c i t y  i s  
32.54 mls. Those p a r t i c l e s  w i t h  s u f f i c i e n t  
k i n e t i c  energies t o  overcome the adhesion fo rce  
p o t e n t i a l s  and the  c o l l i s i o n  ane las t i c  energy 
losses w i l l  rebound a t  impact. The rebound may 
continue f o r  a per iod  o f  t ime since, by t h a t  
time, the o r b i t e r  i s  no longer accelerat ing.  
The p a r t i c l e s  w i l l  rebouild i f  t h e i r  k i n e t i c  

The d i f f u s i o n  c o e f f i c i e n t  o f  these p a r t i c l e s  i s  

w;,:** ~ ( J J ) ,  and they may t r a v e l  a mean distance 

o f  x = ( D ~ ) '  un. Then, a 10 p a r t i c l e  dur ing  an 
hour could t r a v e l  a d istance o f  0.3 cm and a 
lOOp d i a  o f  0.03 cm. Therefore, some o f  the  
p a r t i c l e s  i n  the range o f  1-100p diameter, 
having l o s t  most o f  t h e i r  i n i t i a l  k i n e t i c  
energies on bouncing, may be randomly moving 
among the  outgassing molecules, t r a v e l i n g  a t  
very low speeds f o r  shor t  distances w i thout  
contac t ing  a surface. Small accelerat ions 
provided by the  o r b i t e r  a t t i  tuae changes should 
have n e g l i g i b l e  e f f e c t  on the f l o a t i n g  n a r t i c l e s  
i n  the  bay. A measure o f  t h e i r  response t o  
disturbances i s  provided by the p d r t i c l e  re laxa- 

energies (4 mv2) exceed the  adhesion fo rce  
p o t e n t i a l  of the p a r t i c l e  on the surface, P = 
FZ where F = 200 d i s  the adhesion fo rce  and 

Z = 5 x 1 0 - ~  cm i s  the range o f  the adhesion 
force. For conservation o f  energy and momentum, 
both l i n e a r  and angular, the p a r t i c l e  w i l l  
rebound when the v e r t i c a l  v e l o c i t y  component o f  
impact w e t s  the fo l l ow ing  c r i t e r i a  (Ref. 4). 

t i o n  time, r = d2p 1 1 8  al ready mentioned. 
P 

As expected, small p a r t i c l e s  respond imnediately 
t o  changes, wh i l e  l a r g e r  ones have very long where m i s  the p a r t i c l e  mass and e i s  the 

c o e f f i c i e n t  o f  r e s t i t u t i o n .  For a p a r t i c l e  o f  
response times ( l p  d ia ,  r = lo-' sec; 1@, 3 densi ty,  op = 2 gr lcm and a conservative e = 0.8 

f o r  t he  i ~ w a c t  o f  a quartz p a r t i c l e  on a quartz 
surface, t h t    article o f  diameter d ( ~ ) ,  w i l l  

32 7 rebound i f  i t s  v e l o c i t y  i s  V>-- (cm/s). d 
Pa r t i c l es  Leavin tbe Orb i te r  

Bay - Expe- 
According t o  these c r i t e r i a ,  a 1p dia.  p a r t i c l e  
w i l l  rebound when i t s  v e l o c i t y  i s  P32.7  cmls 
wh i l e  a 10Op dia.  rebounds when b0.327 cmls. 
Eventually, the  p a r t i c l e s  on c o l l i d i n g  w i t h  the 
surfaces w i l l  s top when the above c r i t e r i a  have 
been met. Hcdever, the  p a r t i c l e s  i n  the  bay 
w i  t l  be engulfed i n  a gaseous dens i ty  produced 
by the outgassing wh!r:i may be equivalent  t o  

When the o r b i t e r  bay doors are opened, the 
p a r t i c l e s  moving randomly i n  the bay w i l l  
d i f f u s e  ou t  o f  the bay. The p a r t i c l e  dep le t ion  
can be represented by the fo l lowing d i f f e r e n t i a l  
equation K 

I": L 

4 3 where V-1x10 f t  (2.83x108cm3) i s  the bay about 10 '~  t o r r  pressure, 1 hour a f t e r  launch. 
At  t h i s  pressure, the mean f r e e  path o f  the 6 2 volunle, A-86x10 cm i s  t he  bay doors' aperture 
molecules i s ~ - 2 x l 0 - '  cm and the  mean v e l o c i t y  3 area, n(cm- ) i s  the p a r t i c l e s '  concentration, 

and v (cmls) i s  t h e i r  ve loc i t i es .  The so lu t i on  
o f  the equation f o r  an i n i t i a l  densi ty,  

4 o f  the molecules i s  4.5-5.0~10 cm/s. The mean 

t ime between c o l l i s i o n s  i s  about 4.2x10-~ sec. 
Therefore, many c o l l i s i o n s  w i l l  occur between 
molecules and p a r t i c l e s  dur ing the 1-2 hours of 
c losed bay door condi t ions.  The p a r t i c l e s  w i l l  
be l os ing  energies and w i l l  randomly move 
fo l l ow ing  a Brownian motion w i t h  mean v e l o c i t i e s  
according t o  s t a t i s t i c a l  mechanics and thermal 

energies o f  v = [TI' . This mean v e l o c i t y  

= no exp ( - t l r )  ( c t 3 )  (12) 

V where 7 = ~y ( h r )  i s  the  e - fo ld ing  time. Also, 

the  r a t e  o f  p a r t i c l e s  leav ing the bay i s  amounts t o  0.11 anls f o r  a l p  d i a  p a r t i c l e  and 

dn = - 7 "0 exp ( - t l r )  (c~n-~hr - ' )  (13) 3.5x10-~ cmls f o r  a 1 0 ~  d ia  p a r t i c l e  a t  
T = 293OK. 



The on-orb1 t p a r t i c l e  environment has been 
probed w i t h  the camera-photometer dur ing  the 
STS-2,3,4 and STS-9 missions. The camera- 
photometer, which i s  one o f  the measuring 
instruments o f  the Induced Environmental 
Contamination Measurements ( IECM) package, 
takes on f i l m  32' FOV stereo p i c tu res  o f  
p a r t i c l e s  as small as 2 5 ~  a t  a d istance o f  20m 
when the p a r t i c l e s  are i l l um ina ted  by the Sun 
aga ins t  the  dark sky o r  Earth background. 
Figures 8 and 9 (Ref. 12, 13, and 14) show the 
t ime h i s t o r y  of the  p a r t i c l e s  seen by the 
camera dur ing  those missions. Figure 8 i n d i -  
cates the percent number o f  frames showing 
p a r t i c l e s  versus t ime f o r  the f i r s t  48 hours o f  
f l i g h t .  The percentage o f  frames showing more 
than 10 par t ic les / f rame appears t o  drop w i t h  an 
e - fo ld ing  time o f  about 9.5 hrs.  The bay doors 
i n  these f l i g h t s  have been opened a t  about 
2-2.5 h r  mission elapsed t ime (Met), and the 
frame takings have been i n i t i a t e d  a t  about 
4.5 hrs  Met. Pa r t i c l es  from water dumps and 
o ther  operations are no t  recorded !n these 
frames. The same p l o t  f o r  the STS-9 mission, 
f i g u r e  9, shows an e - fo ld ing  time, which has 
been estimated t o  be about 15 hrs. Figure 9 
shows a l so  a second bu rs t  o f  p a r t i c l e s  w i t h  a 
corresponding decay. This second event, which 
s t a r t e d  a t  55 hrs  MET, w i l l  be discussed l a t ~ r .  
Using the t ime conr,tant o f  7 = 9.5 hrs  f o r  
missions STS 2 - 3 4  and the t ime constant d e f i n i -  
t i on ,  one ca lcu la tes  t h a t  the average v e l o c i t y  

Figure 9. Percentage of STS-9 camera-photometer frames 
showing particles (ref. 14). 

The average mass of the p a r t i c l e  can be 
estimated by equating i t s  k i n e t i c  energy t o  i t s  
thenrlal energy. The average mass o f  the above 
p a r t i c l e s  a t  a temperature o f  T = 298OK i s  m = 

3KT 7 = 1.33~10 -9 

V 
where K = 1 .38~10- l6  ergs/K/g 

i s  the  Boltzmarm constant. 

The corresponding average diameter o f  the 

o f  the  escaping p a r t i c l e s  was p a r t i c l e  o f  dens i ty  p, = 2 gr/cm 3 

1001 

,* For the STS-9 t ime constant of 7 = 15 hrs, the 
90.. 

y I corresponding ca lcu la ted p a r t i c l e  parameters 

an.: v e l o c i t y  v = 6.08x10-~ cm/s; mass 

m = 3 . 3 2 ~ 1 0 ~ ~  g and diameter d = 2 . 4 8 ~ 1 0 ~ ~  a 
( 1 4 . 1  From the above equations, one can 
ca l cu la te  t h a t  t he  concentrat ion o f  p a r t i c l e s  
remain,ng i n  the bay w i l l  be 1% o f  t he  i n i t i a l  
a f t e r  4.67; i.e., a f t e r  43.7 hrs  f o r  the STS 

x > l o  PART/FR - 2-3-4 missions and 69 hrs  f o r  the STS-9. A f t e r  
to> x > 2 PART/FR ----.-..--. those elapsed times, the  1 i k e l  ihood of  n o t  

x - I PART/FR -.-.-.- seeing p a r t i c l e s  i s  99.48%. These ca l cu la t i ons  
x - o PART/F R - --- appear t o  conf i rm the data po in t s  and l i k e l i h o o d  

p l o t s  shown i n  the two f igures .  One should note 
t h a t  the ca lcu la ted average diameters of the 
p a r t i c l e s  leav ing the bay, 10 and 15p, a re  small 
and must have been released dur ing  the  second 
per iod  o f  accelerat ion;  otherwise they could 
have been vented ou t  by gas f low. F u r t h e m r e ,  
f i g u r e s  10 and 11 o f  Ref. 12, 13, and 15 show 
the d i s t r i b u t i o n  of p a r t i c l e s  co l l ec ted  on the 

2.7 7 11 12.17 17.22 2221 2712 ~ 2 . ~ 7  nu uh- IECM passive sample array,  which was pos i t ioned 
MISSION ELAPSED TIME (HR)  perpendicular  t o  the  Z ax i s  ( p a r a l l e l  t o  the  bay 

doors). The p l o t s  i nd i ca te  th ree p r i n c i p a l  
Figure 8. Summary of particulates observed during the peaks near 4, 12, and 221 diameters which are  

first 48 houn  of STS-2,--3, and -4. (Ref. 12). w i t h i n  the s t a t i s t i c a l  d i s t r i b u t i o n  o f  the 



dlameters ca lcb la ted here. The j u s t i f l c a t l o n  
fo r  those p a r t l c l e s  having deposlted on the 
ar ray  may be t h a t  they had l o s t  t h e l r  energies 
by c o l l i s l o n s  and s e t t l e d  on the array surface 
on which they had impfnged. The d r l f t  veloc- 
l t i e s  o f  the p a r t i c l e s  leav ing the bay have no t  
been measurerl. i'he v e l o c i t i e s  of the pa r t l c l es ,  
as estimated frm the camra  photometer observa- 
t ions,  are much higher than these calculated 
d r i f t  ve loc l t l es .  

600 
I 
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Figure 10. Passive sample array particle distributions 
(Refs.. 12,13,15). 

Figure 1 1. Passive sample array: particle-size distributions 
for STS-4, combined mission operations (Refs. 
12,13,15). 

The ra te  o f  p a r t l c l e s  leaving the bay I s  

noV h = - - exp ( - t / ~ )  ( h r - l )  T (14) 

where h ( h r - l )  i s  the r a t e  a t  tlme t (hr ) . -  

noV(par t ic le )  i s  the t o t a l  number o f  p a r t i c l e  

a t  t i n e  zero and ~ ( h r )  I s  the time constant. 
The fmc required f o r  the r a t e  t o  drop t o  a 
value n i s  t = - ~ l n  nov (hr) ,  which requires a - 

h T 
knowledge o f  T and o f  no, which I s  the densi t y  

o f  d r l f t l n g  p a r t l c l e s  I n  the bay when doors a r e  
opened. 

From the above ca lcu la t ions i nd i ca t l ng  p c r t i c l e s  
o f  mean diameters o f  10-15p d r l f t l n g  out  a f  the  

bay a t  v e l o c i t i e s  of 9-6x10-~ anls, one m y  
a lso  conclude tha t  p a r t i c l e s  greater than threk 
t o  fou r  t l m s  the above dlameters released 
dur lng the l a s t  stage o f  the o r b l t e r  accel-  
e ra t i on  lose s u f f i c i e n t  energy and s e t t l e  on 
surfaces. 

Other Pa r t i c l es  Ejected from Bayl 

The camera photometer data i n  f i g u r e  9 i nd i ca te  
a recurrence o f  p a r t i c l e s  I n  the f l e l d  o f  vlew 
a t  about 55 h r  Met of the STS-9 mlssion when the 
i n l t l a l  p a r t i c l e  emission appeared t o  have 
subsided. That emission ~ o o k  longer than the 
f i r s t  t o  decay and appeared t o  have a time 
constant o f  t he  order o f  75 hrs. The reason f o r  
t h l s  second emission not experienced on other 
f l i g h t s  may be found by comparing the frames 
w i t h  p a r t i c l e s  p l o t  versus t lme o f  f i g u r e  9 w i t h  
the p l o t  of f i g u r e  12. Figure 12 shows the 
temperature o f  the Quartz Crystal  Microbalance 
(QCM), which measured i n  bay molecular contamina- 
t l o n  and ind ica tes  s h u t t l e  a t t i t udes  and other 
operations versus t ime experlenced dur lng t h a t  
f l i g h t  mission (Ref. 16). A shu t t l e  co ld  t e s t  
was ca r r i ed  s t a r t i n g  a t  about 34 h r  Met and 
terminat lng  a t  about 57 hrs. The QCM temperature 
had dropped t o  - 8 3 O C  a t  t h a t  tlme. The co ld  
t e s t  was fo l lowed imnediately by m u l t i p l e  
a t t i t u d e  changes l a s t i n g  t i l l  about 85 hours 
Met. The a t t i t u d e  changes were resumed a t  
95 hrs  MET, but  these were not  preceded by the 
co ld  t e s t  fo l lowed by the sudden increase I n  
temperature as had occurred a t  57 hrs Met. A 
c lose examinatlon o f  the frame p l o t  i n  f i gu re  9 
shows a correspondlng behavior f o r  p a r t i c l e  
emission. A t  about 55-57 hours, there was a 
sudden increase ~f frames w i t h  pa r t i c l es ,  whlch 
l as ted  up t o  55 h r r  k t .  During tha t  period, a 
drop o f  frames w i t h  p a r t l c l e s  i s  not  apparent. 
A decay does appear a f t e r  95 hrs Met, which may 
be estimated t o  have a time decay o f  50-75 hrs. 
Using the same procedure as before, the  v e l o c i t y  
of these p a r t i c l e s  a t  a temperature o f  273K and 

f o r  a 7 = 60 hrs  i s  1 .52x l0 -~  m l s .  The corre- 

sponding mass i s  4 . 8 9 ~ 1 0 - ~ ~ ,  and the mean 
diameter i s  36.2~. These pa r t i c l es ,  l a r g e r  than 
those ca lcu la ted f o r  the i n i t i a l l y  released 



p a r t i c l e s  ( 1 0 - 1 5 ~ ) .  must have been generated by 
the sudden temperature excurs!ons and the 
a t t i t u d e  changes. Motions experienced by the 
s h u t t l e  imnediately before and dur ing p a r t i c l e  
release, d i f f e r e ~ t l a l  thermal displacements o f  
mater ia ls ,  cont rac t ions  and expansions of sur- 
face occ1usions, and f r i c t i o n  between surfaces 
could have generated these l a rge r  p a r t i c l e s .  
Speculation t h a t  the p a r t i c l e s  seen i n  the 
canera f i e l d  o f  view dur ing  t h i s  per iod could 
have been produced by frozen water p a r t i c l e s  
exhausted from the a t t i t u d e  cont ro l  engines and 
from water dumps should be excluded. Those 
frozen i c e  p a r t i c l e s  would have considerable 
exhaust v e l o c i t i e s  and would hcve dispersed 
rap ld l y ,  no t  remaining i n  the  f i e l d  of view f o r  
hours. I n  f a c t ,  water dumps p a r t i c l e s  were 
observed t o  have e - fo ld ing  times o f  about 5 min 
as shown i n  f i g u r e  13, Re:. 12. 

Other p a r t i c l e  release mechani.;ms should be 
invest igated,  such as: the diminished a t t r a c t i o n  
fo rce  o f  p a r t i c l e s  on surfaces, thermal shock 
desorpt lon o f  p a r t i c l e s ,  meteor1 t i c s  impact 
release and generation o f  surface p a r t i c l e s ,  
radiometr ic  force, and e l e c t r i c  f i e l d s  changes 
reducing the coulombic forces between par t ic le ;  
and surfaces. 

' i c l es  Ve loc l t l es  as Seen 
by the  Camera/Photomcter 

The p a r t i c l e s  leave the shut t ' le  bay along randm 

d f rec t l ons  and a t  v e l o c i t i e s  o f  6 -9x10 -~  cm/s. 
When outs ide  o f  the  bay, they are accelerated by 
drao fo rces  caused by the r a r e f i e d  atmosphere a t  
dens i ty  pa. The acceleration of a p a r t l c l e  o f  

dlameter d, dens i ty  p movlng a t  the v e l o c l t y  v 
P'  

o f  the o r b i t e r ,  i gno r i ng  the  p a r t i c l e  small e x l t  
ve loc i t y ,  I s  

The drag c o e f f i c i e n t  C depends on the r a t i o  of 
the speed o f  the  p a r t i b e  and those o f  the 
n a t u r ~ l  p a r t i c l e  and on the specular o r  d i f fuse 
r e f : e c t i v i t y  of  the  p a r t i c l e s  (Ref. 17), I t s  
vcr'rue var ies  between 2 and 4 and the  accelera- 

t i o n  i s  a = 3 V*  i f  one assumes, f o r  s impl ic -  
PP a 

i t y ,  C3 2.66. The p a r t i c l e  should acquire a 
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v e l o c i t y  v = (2 a ~ ) '  w l t h  respect t o  the  o r b i t e r  
i n  the d i r e c t i o n  o f  the a c c e l e r a t l o ~ ,  when  L i s  
the  distance the  p a r t i c l e  t rave l s  p a r a l l e l  t o  
the orb1 te r .  The dlstance depends on the 
distance r o f  the  p a r t i c l e  from the observation 
p o i n t  (bay) and on the FOV angle a o f  the 
obse2ver. It I s  approximately, L = 2 r t n  aI2 and 
the obsejved ve loc l  t y  i s  >hen 

Ind i ca t i ng  t h a t  the v e l o c l t y  i s  proportional t o  
the square r o o t  o f  the  r a t i o  o f  the obst rva t lon  
distance t o  the p a r t i c l e  diameter. The camera 
photometer w l t h  a FOV angle of a 32O, tak ing 
abcut 24 frames/hour would have Indicated, f o r  a 
25u p a r t i c l e ,  a v e l o c i t y  o f  1.49 m/s i f  photo- 
graphed a t  2011 distance and 0.33 m!s i f  a t  lm 
distance. The numerical values f o r  t he  o ther  
parameters f o r  the ca lcu la t ions are pp= 2 

3 3 g r / n  q = 7 .65~10- l4  gr/cm a t  241 km o r b i t  

5 (Ref. 18), and V = 8 .5~10 n / s .  These 
ca lcu la ted v e l o c i t i e s  seen t o  be confirmed by 
the recent evaluat ion o f  the camera photometer 
measurements (Ref. 19) and are i n  good agreement 
w i t h  those reported f o r  the Skylab (Ref. 20). 
When out  o f  the bay, the  p a r t i c l e s  w i l l  be 
accelerated and w i l l  be l os ing  energy w i t h  
respect t o  the o rb i te r .  The p a r t i c l e s  move 
away from the o r b i t e r  and enter eccentr ic  
o rb i t s .  As seen from the o r b i t e r ,  the p a r t i c l e s  
n i l  1 move down behind and then i n  f r o n t  o f  and 
up the o rb i te r .  The continuous loss o f  energy 
by rag w i l l  lower the p a r t i c l e s  o r b i t  continu- 
ously changfng t h e i r  distances from the o r b i t e r .  
Figure 14, taken from Ref. 21, shows the o r b i t 5  
as a funct ion  of  time and distance f o r  a 10Q1 
d ia  p a r t l c l e  released f r o m  a spacecraft w i t h  a 
ve loc i t y  o f  3 mls a t  var ious angles from the 
o r b i t  zeni th.  Other o r b i t  p l o t s  i n  tenns o f  
d i rec t ions,  ve loc i t i es ,  drag coeff ic ients,  and 
time are shown i n  Ref. 22, 23, and 24. 

Sumnary and Conclusions 

Par t i cu la te  contaminants on shu t t l e  bay 
surfaces and on surfaces o f  payloads ca r r i ed  by 
the s h u t t l e  w i l l  be resuspended dur ing s h u t t l e  
ascent l y  v ibroacoust lc,  g rav i ta t i ona l ,  m d  
arrodynami c 1 oadi ngs . 
Random mechanical accelerat ions o f  about 
13 g nns i n  the frequency raqge o f  20 t o  
2000 Hz experienced dur ing ascent by surfaces 
and systems are expected t o  release from 
surfaces a l l  the p a r t i c l e s  i n  excess o f  80-90p 
dia. and only 1-2s o f  p a r t i c l e s  less than 1w. 
These part icles--depending on tha d l r e c t l o n  of 
the releasing surface w i t h  respec: t o  the 
accelerat ion vector - -w i l l  f a l l  back on the 
surface, f a l l  on m o t h e r  surface proper ly 

posi t ioned w l t h  respect t o  the v e l o c i t y  vector, 
o r  be transported t o  the vent f i l  ters .  Also, 
i f  they have s u f f l c l e n t  f a l l i n g  k i n e t i c  energy, 
they nay bounce from surface t o  surface u n t i l  
e l t h e r  they deposi t  on a surface o r  are 
entrained by the outgassing molecules I n  the 
bay acquir ing the energy o f  the outgassing 
molecules which w l l l  be c o l l i d i n g  w i t h  them. 
The p a r t i c l e s  not  deposited w l l l  be m v i n  

r a r e l y  h i t t l n g  a surface. 
7 randomly i n  t h i s  r e l a t i v e l y  tcnous gas on y 

Two per iods o f  re leaslng and rese t t i ng  o f  
p a r t i c l e s  are envislcned. During these two 
r 'Iods, the  random acce iera t ion  forces have 
tl;ynltudes o f  abost 139 nns Inc lud ing some peak 
magnitudes o f  about 399. 

An i n i t i a l  number o f  p a r t i c l e s  w i l l  be released 
dur ing the i n i t i a l  2 min o f  ascent whi le 
vent ing o f  the bay volume i s  occurring. During 
the transonic region o f  f l i g h t  w l t h  max mechan- 
i c a l  disturbance a t  the surfaces and m x  vent 
ve loc i t y  i n  the b;y, released p a r t i c l e s  less  
than a b m t  581, w l l l  be entrained by the gas 
f low. Most o f  themmay be d i rec ted t o  the 
vents where they are trapped if greater than 
about 35p. Others c apped i n  a tu rbu lent  
f low w i l l  remain i n  random motion I n  the bay. 

' 0 2 .  6 7.6 10 11.6 I 6  77.6  

T lME AFTER END OF WATER DUMP  IN) 

Figure 13. Particle count decry after water dump 
termination (Ref. 12). 



are  accelerated toward the  rea r  o f  the 
s h u t t l e  o r  o f  t he  instrument. The increased 
n u h e r  of p a r t i c l e s  on these surfaces are 
main ly  those o f  diameter greater  than 5&. 
The number of p a r t i c l e s  per u n i t  area may 
double f o r  t h i s  range i f  the re  i s  a one-to-me 
view f a c t o r  between the  r e j e c t i n g  and accept- 
i n g  surfaces. I f  the  area o f  the  surfaces 
re leas ing p a r t i c l e s  i s  K times the area o f  
those surfaces rece iv ing  p a r t i c l e s ,  then the 
accomnodation i s  approximately K times the 
o r  f o r  t he  one-to-one view fac to r .  For the 
s h u t t l e  bay, the  d i s t r i b u t i o n  per u n i t  area 
on the  a f t  surface o f  the bay may be approxi-  
rnateiy 18 times t h a t  f o r  the double d i r t r i b u -  
t im  obtained fo r  the one-to-one view fac to r .  

A r e l a t i v e l y  c lean surface ( l ess  than Level 
500) w i l l  be contaminated w i t h  p a r t i c l e s  from 
o the r  surfaces greater  than 5@, and w i t h  few 
p a r t i c l e s  w i t h  diameters between 
58 and F+. Figure 14. Trajectories as viewed from the spacecraft are 

given for a dust particle with rd = 100 pm and 
Vo = 3 m/sec at a 3 5 0 h  altitude and average - 
atmospheric density. The tick marks represent 
times o f  100 sec, 500 sec, 1000 sec, 1500 sec, 
2000 sec, etc. 0 is the angle from the zenith o f  
the initiai particle velocity vectcr Vo. (Ref. 2 1). 

The r e d i s t r i b u t i o n  of p a r t i c l e s  on surfaces 
assumed t o  have a r  i n i t i a l  d i s t r i b u i i o n  o f  
p a r t i c l e s  corresponding t o  Level 750, w i t h  a 
surface corres~londence o f  a one-to-one, has 
been indicated.  These assumptions can be 
changed s ince the  losses and gains o f  p a r t i -  
c l es  are  provided i n  terms c f  the percentage 
o f  the d e n s i t y h n i t  area i n  the  c ? e c i f i c  
p a r t i c l e  s i ze  range. The ga in  on a u n i t  
s i i r face can be e!.timated by modi fy ing the  
r e s u l t s  f o r  a oncl-to-one r e l a t i o n  by the area 
r a t i o  o f  the  szr face l o s i n g  t o  the one 
ga in ing  pa r t i cu la tes .  

Released p a r t i c l e s  greater  than 58p w i  11 r e s e t t l e  
on the surface o f  o r i g i n  i f  the surface i s  
norm1 and fac ing  the  v e l o c i t y  vector. Those 
released f r o v  surfaces para1 l e l  and/or no t  
fac ing  the  v e l o c i t y  vectcr  w i l l  drop an surfaces 
fac ing  the vector  by v i r t u e  o f  the s h u t t l e  
acceleration. - Some saal l p a r t i c l e s  <5@, which d i d  n o t  

en ter  the vents o r  were released dur ing  the 
second phase of a c c e l e r a t i o ~ ,  are ent rz ined 
i n  the outgassing molecules and move randomly 
i n  the bay where the outgassing mean f ree  
p;~h i s  a few tens o f  cm. A f t e r  about 
2 hours i n  o r b i t  when the bay doors are 
opened, those p a r t i c l e s  which have mean 
diameters o f  10-15p leave the bay w i th  

During the second stage o f  the ascent, which 
terminates abogt 9 min a f t e r  iaunch, add i t i ona l  
p a r t i c l e s  are released and rese t t l ed .  Aerody- 
namic drag i n  the  bay i s  no longer e f f e c t i v e  i n  
moving pa r t i c l es ;  and those released e i t h e r  v i l l  
be accomnodated on the  surface by the  s h u t t l e  
accelerat ion o r  w i l l  be f l o a t i n g  about f n  the 
bay i n  a zerc g environment. 

average v e l o c i t i e s  oC about 1 x 1 0 - ~  cm/s. 
Outside of the bay, these p a r t i c l e s  are 
decelerated w i t h  respect t o  the o r b i t e r  by 
drag forces and wi 11 be moving away from the 
v e l o c i t y  vector .  The camera-photometer 
observing these p a r t i c l e s  a t  var ious d i s -  
tances from the bay w i l l  see the p a r t i c l e  
moving a t  about 1.5 m/s i f  the p a r t i c l e  i s  
2 i h  away and about 0 .33  m/s i f  a t  l m  away. 
These bay released p a r t i c l e s  lose energy 
w i t h  respeLt t o  the s h u t t l e  and enter  a 
d i f f e r e n t  o r b i t .  

The f o l l o w i r q  part !c le r e d i s t r i b u t i o n s  may be 
expected dur ing launch i n  the  shu t t l e  o r  i n  an 
instrument: 

- A surface fac ing  opposite the acce lera t ion  
vector  w i l l  l ose  p a r t i c l e s  as i t  cleans up. 
I n  o r b i t ,  t h a t  surface w i l l  have s l i g h t l y  
less  p a r t i c l e s  i n  the s i t e  range up to  36p 
and considerably l ess  p a r t i c l e s  o f  l a r g e r  
s i ze  than i t  had a? launch. No p a r t i c l e  
greater  than about 30p w i l l  be l e f t  on t h a t  
surface. 

Pa r t i c l es  o f  mean diameter o f  about 36p 
which had deposited on surfaces and/or d i d  
not  leave the bay w i l l  be made t o  leave the 

- - A surface look ing I n t o  the  v e l o c i t y  vec tor  
and located toward the  rea r  recovers i t s  own 
acce lera t ion  released p a r t i c l e s  and c o l l e c t s  
p a r t i c l e s  released from other  surfaces which bay a t  v e l o c i t i e s  of 1.5xl0-'cm/s by 



thermal 1 y induced effects. Thermal shock, 
d i f f e r e n t i a l  thermal expansions, f r i c t i o n  
between surfaces, photodesorption, thermo- 
phoresis , desorption from surfaces, and 
other mechanisms can be the cause o f  these 
add i t iona l  emissions, which have been 
observed by the camera photometer i n  one o f  
the s h u t t l e  f l i g h t s .  

timed t o  operate a t  s p e c i f i c  per iods of the  
ascent t o  provide p a r t i c u l a t e  densi ty data i n  
the bay a t  various times. 
e. Use QCMs w i t h  s t i c k y  surfaces t o  c o l l e c t  
pa r t i cu la tes  a t  var ious bay locat ions dur ing 
ascent. 
f. Use o p t i c a l  systems t o  get  data on 
p a r t i c u l a t e  densi ty i n  the bay as a funct ion o f  
t ime wh i l e  bay doors are closed and when opened. 

Recomnenda t i m s  

1. Clean the bav sur7aces and oavloads t o  
Acknowledgements 

. - 
optimum l e v e i  of clean1 iness before launch. Discussions w i t h  David Bundas are appreciated. 
Protect  the clean surfaces whenever possible. 

2. Surfaces normal t o  the accelerat ion vector 
should be as clean as possible, since they 
w i l l  receive add i t iona l  p a r t i c l e s  f r o m  otner 
surfaces above them not  facing the accelera- 
t i o n  vector. 
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