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1.0 INTRODUCTION 

1.1 BACKGROUND 

T h e r e  a r e  m a n y  r e a s o n s  fo r  c o n s i d e r i n g  so l id  r o c k e t  m o t o r s  as  
s t r a p - o n  b o o s t e r s  fo r  o r b i t a l  p a y l o a d s .  B e s i d e s  the o p e r a t i o n a l  ad -  
v a n t a g e s  of s t o r a b i l i t y  and e l i m i n a t i o n  of l a s t - m i n u t e ,  o n - p a d  fue l ing ,  
t h e r e  is the cos t  e f f e c t i v e n e s s  of u s i n g  the  e x i s t i n g  t e c h n o l o g y  a v a i l a b l e  
f r o m  the  d e v e l o p m e n t  of s u c h  l a r g e  v e h i c l e s  as  the  T i t a n  s e r i e s .  

One of the  m o s t  w ide ly  u s e d  so l id  r o c k e t  p r o p e l l a n t s  u s e s  a m m o -  
n i u m  p e r  c h l o r a t e  as  the o x i d i z e r  wi th  a p o w d e r e d  a l u m i n u m  f i l l e r  w h i c h  
ac t s  in p a r t  as  a fue l  and . pa r t i a l l y  as  a s t a b i l i z e r  to c o n t r o l  the  b u r n i n g  
r a t e .  T h e  e x h a u s t  p r o d u c t s  f r o m  th i s  type  of fue l  con ta in  s i g n i f i c a n t  
a m o u n t s  of h y d r o g e n  c h l o r i d e  (HC1), a l u m i n u m  oxide (A1203), and 
w a t e r  (H20) .  In o r d e r  to a s s e s s  the  i m p a c t  of t h e s e  p r o d u c t s  on the 
a t m o s p h e r e  it is  n e c e s s a r y  to know not  only t h e i r  quan t i ty  but a l s o  t h e i r  
d i s t r i b u t i o n  in the g r o u n d  c loud  w h i c h  d e v e l o p s  at  the l a u n c h  s i t e  a f t e r  
a r o c k e t  f i r i ng .  A p a r t i c u l a r  p r o b l e m  is to d e t e r m i n e  the  f o r m  of the  
h y d r o g e n  c h l o r i d e .  It is p o s s i b l e  f o r  t h i s  c o m p o u n d  to e x i s t  as  a g a s ,  
to be d i s s o l v e d  in w a t e r  d r o p l e t s  and b e c o m e  an ac id  a e r o s o l ,  o r  to be 
a b s o r b e d  on the  a l u m i n u m  oxide p a r t i c l e s .  As is qu i te  obv ious ,  i ts  
in i t i a l  cond i t i on  in the l a u n c h  e x h a u s t  c loud  wi l l  g r e a t l y  a f fec t  i ts  s u b -  
s e q u e n t  d i s p e r s i o n  and thus  i ts  downwind  c o n c e n t r a t i o n .  

The  e x p e r i m e n t s  r e p o r t e d  h e r e i n  w e r e  d e s i g n e d  and c o n d u c t e d  in 
an a t t e m p t  to de f ine  the  s t a t e  of the  HC1 w h e n  r o c k e t  m o t o r s  a r e  f i r e d  
u n d e r  v a r i o u s  r e l a t i v e  h u m i d i t y  c o n d i t i o n s .  The  p r o g r a m  c o n s i s t e d  of 
t h r e e  p h a s e s :  

. Bu i ld ing  a s m a l l  v a r i a b l e  l oad  r o c k e t  m o t o r  so  tha t  a 
c o n t r o l l e d  quan t i ty  of e x h a u s t  p r o d u c t s  could  be p r o d u c e d  
in the  e n v i r o n m e n t a l  c h a m b e r .  

. E v a l u a t i n g  i n s t r u m e n t s  u s e d  to d e t e c t  and m e a s u r e  HC1 
c o n c e n t r a t i o n s  in the e x h a u s t  c loud and if p o s s i b l e  
d e v e l o p i n g  i n s t r u m e n t a t i o n  w h i c h  m i g h t  be u s e d  to 
d e t e r m i n e  w h e t h e r  the  HC1 e x i s t e d  in the  g a s e o u s  s t a t e  
o r  as  an ac id  a e r o s o l .  



. Moni to r ing  a s e r i e s  of t e s t  f i r i n g s  of a 6 . 4 - p e r c e n t  
s c a l e  m o d e l  of the  s p a c e  shu t t l e  which  would be 
conduc ted  at the  M a r s h a l l  Space  F l igh t  C e n t e r  (MSFC). 

1.2 EVALUATION OF SCALING PROBLEM 

Conduc t ing  such  t e s t s  in an e n v i r o n m e n t a l  c h a m b e r  o f f e r s  s o m e  
obvious  and d i s t i n c t  a d v a n t a g e s  o v e r  co l l e c t i ng  da ta  f r o m  ac tua l  r o c k e t  
f i r i n g s  in the  f r e e  a t m o s p h e r e .  T h e s e  advan tages  inc lude  the ab i l i ty  
to de f ine  the  in i t i a l  cond i t ions  of the e n v i r o n m e n t ,  the r e l a t i v e  e a s e  of 
i n s t a l l i ng  and o p e r a t i n g  m o n i t o r i n g  i n s t r u m e n t s ,  and the ab i l i ty  to 
r e p e a t  t e s t  r u n s  in o r d e r  to e v a l u a t e  m o d i f i c a t i o n s  in i n s t r u m e n t a t i o n .  

It is equa l ly  obvious ,  h o w e v e r ,  that  t h e r e  a r e  s e v e r e  l i m i t a t i o n s  
i m p o s e d  by the  s c a l i n g  r e q u i r e d  to r e d u c e  a 106-1b r o c k e t  m o t o r  
p r o d u c i n g  a g round  c loud of a p p r o x i m a t e l y  1010 ft 3 v o l u m e  to a s i z e  
su f f i c i en t l y  s m a l l  to fit  into any e n v i r o n m e n t a l  c h a m b e r .  The  in i t i a l  
cond i t ions  in the  g round  cloud at i ts  s t a b i l i z a t i o n  he igh t  a r e  an i m p o r -  
tant  input  to the  d i s p e r s i o n  m o d e l .  Thus  an a p p r o p r i a t e  m i x i n g  r~ t i o  
of e x h a u s t  p r o d u c t s  to a m b i e n t  a i r  of th i s  cloud was c h o s e n  as the 
s c a l i n g  p a r a m e t e r .  If a s m a l l  r o c k e t  m o t o r  can p r o d u c e  exhaus t  s p e c i e s  
which  a r e  r e a s o n a b l y  s i m i l a r  to t hose  f r o m  the  l a r g e  m o t o r s ,  t h e n  one 
m i g h t  expec t  to r e p r o d u c e  those  p r o c e s s e s  invo lv ing  HC1, w a t e r  vapo r ,  
and A1203 p a r t i c u l a t e s  wh ich  wi l l  o c c u r  in the  f r e e  a t m o s p h e r e  as the  
g r o u n d  cloud is f o r m e d .  It is r e c o g n i z e d  that  d e p l e t i o n  of s p e c i e s  wi l l  
o c c u r  due to wal l  e f f ec t s ,  and thus  the  abso lu te  va lue s  of s p e c i e s  con-  
c e n t r a t i o n s  m e a s u r e d  in the  c h a m b e r  a r e  not m e a n i n g f u l  in de f in ing  
c o n t a m i n a n t  l e v e l s  in f u l l - s c a l e  g r o u n d  c louds .  H o w e v e r ,  the  r a t e  of 
decay  of s p e c i e s  c o n c e n t r a t i o n s  in a c lo sed  c h a m b e r  can p r o v i d e  i n f o r -  
m a t i o n  on the  p h y s i c a l  p r o c e s s e s  caus ing  the  decay  (i. e . ,  w h e t h e r  a 
s p e c i e  is  d i f fus ing  to the  wa l l s  in the  g a s e o u s  s t a t e  o r  f a l l ing  out 
b e c a u s e  of g r a v i t a t i o n a l  se t t l ing) .  In add i t ion  to the  i n f o r m a t i o n  wh ich  
can  be g a t h e r e d  c o n c e r n i n g  the  p h y s i c a l  and c h e m i c a l  p r o c e s s e s ,  t e s t s  
in an e n v i r o n m e n t a l  c h a m b e r  can p r o v i d e  a s i m u l a t e d  exhaus t  c loud 
fo r  eva lua t ing  v a r i o u s  t ypes  of i n s t r u m e n t a t i o n  wh ich  m i g h t  be c o n s i -  
d e r e d  fo r  a t m o s p h e r i c  s a m p l i n g  at f u l l - s c a l e  r o c k e t  l a u n c h e s .  

A s s u m i n g  that  u n d e r  typ ica l  cond i t ions  a g round  cloud f o r m s  at 
1,000 m,  t hen  the  ca l cu l a t i on  conduc ted  at J P L  (Ref. 1) i n d i c a t e s  tha t  
the  c loud wi l l  con ta in  a p p r o x i m a t e l y  2 x 108 g m  of m a t e r i a l  f r o m  the 
so l i d  r o c k e t  m o t o r s .  Th i s  wi l l  i nc lude  4 . 4  x 107 g m  of HCl and 
5 .0  x 107 g m  of A1203. E x t r a p o l a t i o n  f r o m  o b s e r v a t i o n s  of a D e l t a - T h o r  



l aunch  (Ref. 2) shows  an e x p e c t e d  c loud v o l u m e  of 2 .8  x 108 m 3 as  
r e a s o n a b l e  fo r  a shu t t l e  l aunch .  Us ing  the  c o n s t r a i n t  i m p o s e d  
by the  p r o p o s e d  t e s t  c h a m b e r  v o l u m e  of 1.13 x 102 m 3 l e a d s  to a 
de f in i t i on  of a r o c k e t  m o t o r  bu rn ing  ~ 80 gm of fuel .  

Such a d r a s t i c  s c a l i n g  of the  r o c k e t  m o t o r  n a t u r a l l y  l e a d s  to a 
c o n c e r n  o v e r  the  exhaus t  s p e c i e s  that  wi l l  be p roduced .  The  g a s e o u s  
s p e c i e s  such  as HC1, H20,  CO, CO2, and H 2 a r e  obv ious ly  f o r m e d  
r e g a r d l e s s  of eng ine  s i ze .  Q u e s t i o n s  m a y  be r a i s e d  c o n c e r n i n g  the  
r e l a t i v e  e f f i c i e n c y  of the  a f t e r b u r n i n g  of the  CO and H 2 with such  a 
s m a l l  eng ine .  Howeve r ,  the  CO2 and the  add i t iona l  H20  p r o d u c e d  in 
th is  m a n n e r  a r e  not  c o n s i d e r e d  s i g n i f i c a n t  fo r  the  p u r p o s e  of t h e s e  t e s t s .  
As was no ted  p r e v i o u s l y ,  the  abso lu te  quan t i t i e s  of the exhaus t  s p e c i e s  
wi l l  be c o m p r o m i s e d  by c h a m b e r  wal l  e f f ec t s ,  and thus  any i n e f f i c i e n -  
c i e s  in the c o m b u s t i o n  p r o c e s s  l e a d i n g  to a a l ight  d e f i c i e n c y  in the 
quant i ty  of any of the  g a s e o u s  s p e c i e s  wi l l  not  be of any c o n c e r n .  

The  s p e c i e  m o s t  a f fec ted  by the  s c a l i n g  of the  r o c k e t  m o t o r  is  
the a l u m i n u m  oxide.  S e v e r a l  m e c h a n i s m s  fo r  the  f o r m a t i o n  of the  
a l u m i n u m  oxide p a r t i c l e s  have  b e e n  p r o p o s e d . ( R e f s .  3, 4, and 5), 
and it would a p p e a r  that  in the c o m p l e x  b u r n i n g - q u e n c h i n g  p r o c e s s  of 
the g a s e s  p a s s i n g  f r o m  the c o m b u s t i o n  c h a m b e r ,  t h r o u g h  the  n o z z l e ,  
and expand ing  in the  r o c k e t  p lume ,  m o r e  than  one m e c h a n i s m  wi l l  
apply. Th i s  l e a d s  not only to the v a r i e t y  of s i z e s  and types  of A1203 
p a r t i c l e s  o b s e r v e d ,  but a l s o  to the  d i f f e r e n c e s  in c r y s t a l l i n e  
s t r u c t u r e .  A m o r e  d e t a i l e d  d i s c u s s i o n  of the p o s s i b l e  m e c h a n i s m s  
and types  of a l u m i n u m  oxide  p a r t i c l e s  p r o d u c e d  is p r e s e n t e d  in 
Sec t ion  8 .1 .  

S e v e r a l  a t t e m p t s  have  b e e n  m a d e  to c o r r e l a t e  the  a l u m i n u m  oxide  
p~Lrticle s i z e  d i s t r i b u t i o n  wi th  som.e c h a r a c t e r i s t i c  of the p a r e n t  
r o c k e t .  Sehgal  (Ref. 6) found a c o r r e l a t i o n  b e t w e e n  the  a v e r a g e  p a r -  
t i c l e  s i z e  and the c o m b u s t i o n  c h a m b e r  p r e s s u r e  and r e p o r t s  a l o g a -  
r i t h m i c  r e l a t i o n s h i p  such  that  o v e r  a p r e s s u r e  r a n g e  f r o m  75 to 
1,000 ps ia ,  

log P : 1 .8 ÷ 0 . 2 5  D30 

w h e r e  P = c o m b u s t i o n  c h a m b e r  p r e s s u r e  and D30 is  the  m e a n  m a s s  
d i a m e t e r .  Crowe  et al. (Ref. 7), . r epea t ing  th is  type of e x p e r i m e n t ,  
a l so  s e e  a p a r t i c l e  s i z e  d e p e n d e n c e  for  p r e s s u r e s  up to 300 ps ia ,  wi th  
s o m e w h a t  i n d e t e r m i n a t e  r e s u l t s  above th i s  p r e s s u r e .  H o w e v e r ,  l a t e r  
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w o r k  by Dobbins  et  al .  (Ref.  8), u s i n g  the s a m e  f a c i l i t i e s  as  Sehga l ,  
r e p o r t  da t a  tha t  show no c o r r e l a t i o n  b e t w e e n  a v e r a g e  p a r t i c l e  s i z e  
and c o m b u s t i o n  c h a m b e r  p r e s s u r e .  Also ,  w o r k  by E i s e l  et  al .  
(Ref. 9) i n d i c a t e s  tha t  t h e r e  is no c o r r e l a t i o n  b e t w e e n  p a r t i c l e  s i z e s  
and c o m b u s t i o n  c h a m b e r  p r e s s u r e .  T h u s ,  it  would  s e e m  tha t  if t h e r e  
is a p r e s s u r e  c o r r e l a t i o n  then  it is  s u f f i c i e n t l y  m a s k e d  by o t h e r  e f f e c t s  
o r  l i m i t a t i o n s  of p a r t i c l e  c o l l e c t i o n  and m e a s u r e m e n t  t e c h n i q u e s  as  to 
be u n d e f i n a b l e  at th i s  t i m e .  

A s e c o n d  p a r a m e t e r  w h i c h  has  b e e n  c o n s i d e r e d  is the  n o z z l e  
t h r o a t  d i a m e t e r .  It has  b e e n  s u g g e s t e d  tha t  the a v e r a g e  p a r t i c l e  
s i z e  shou ld  i n c r e a s e  as  the t h r o a t  d i a m e t e r  i n c r e a s e s .  Radke  et  al .  
(Ref. 10) p r e s e n t  a l i m i t e d  a m o u n t  of da t a  f r o m  a v a r i e t y  of r o c k e t  
m o t o r s .  B a s e d  on t h e s e  da ta ,  W o r s t e r  et  al .  (Ref. 11) have  p r e -  
s e n t e d  a d i s . t r ibu t ion  func t ion  of p a r t i c l e  r a d i i ,  

A 4 3 - A r  
f ( r )  = - -  r e 
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w h e r e  A is a func t ion  of eng ine  t h r o a t  d i a m e t e r ,  D ¢, and is p r e s e n t e d  
in F ig .  1. 

:).5 

2.0 

1.5 

Distribution function for AI203 
particles radius (r) is given as 

f(rl - - -  A4 r 3e  "Ar 
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where A is determined from 
this curve presented by 
Worster et al. IRef. 11). 
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Figure 1. Radius d is t r ibu t ion  parameter .  
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Any a t t e m p t  to c o r r e l a t e  the p a r t i c l e  s i z e s  f r o m  v a r i o u s  r o c k e t  
m o t o r s  shou ld  inc lude  a c a r e f u l  c o n s i d e r a t i o n  of the  s o u r c e  of the 
raw data  and the  p o s s i b l e  b ias  which  m a y  be inc luded  in the  p a r t i c l e  
p roduc t ion ,  co l l ec t i on ,  and a n a l y s i s .  F o r  e x a m p l e ,  the  bulk of the  
p a r t i c l e  s i z e  da ta  fo r  s m a l l  e n g i n e s  has  b e e n  ob ta ined  f r o m  e x p e r i -  
m e n t s  which  w e r e  c o n c e r n e d  wi th  the  e f f ec t s  of p a r t i c l e  s i z e  on c o m -  
bus t ion  s t ab i l i t y  and th rus t .  In t h e s e  s t u d i e s  the  t e s t  c h a m b e r s  in 
wh ich  the  r o c k e t  m o t o r s  a r e  f i r e d  and the  p a r t i c l e s  a r e  c o l l e c t e d  a r e  
b a c k - f i l l e d  wi th  n i t r o g e n  or  a r g o n  to quench  all  bu rn ing  ou t s ide  of the  
c o m b u s t i o n  c h a m b e r .  As wi l l  be no ted  in m o r e  de t a i l  in Sec t ion  8 .0 ,  
such  q u e n c h i n g  can have  a s i gn i f i c an t  e f fec t  on p a r t i c l e  s i z e .  In add i -  
t ion,  the  p a r t i c l e  s a m p l e s  f r o m  s m a l l  m o t o r s  a r e  u sua l l y  c o l l e c t e d  in 
t anks  o r  c h a m b e r s ,  w h e r e a s  t h o s e  c o l l e c t e d  f r o m  l a r g e  e n g i n e s  a r e  
c o l l e c t e d  in the open a t m o s p h e r e  and downwind at d i s t a n c e s  v a r y i n g  
f r o m  s e v e r a l  y a r d s  to s e v e r a l  m i l e s .  In the  open  a t m o s p h e r i c  t e s t s  
the  p a r t i c l e s  pass  t h rough  a v e r y  e f f ec t ive  s i z e  f i l t r a t i o n  s y s t e m  as 
the  h igh  v e l o c i t y  p a r t i c l e s  e n c o u n t e r  the  a m b i e n t  a t m o s p h e r e .  S e l e c -  
t ive  fa l lou t  r a t e s ,  coupled  with p o s s i b l e  c o n d e n s a t i o n  of a t m o s p h e r i c  
m o i s t u r e  on s o m e  p a r t i c l e s  and t h e i r  s u b s e q u e n t  r a inou t ,  l e a v e  s e r i o u s  
q u e s t i o n s  as to how wel l  da ta  f r o m  a v a r i e t y  of l a r g e  eng ine  f i r i n g s  
u n d e r  r a n d o m  a t m o s p h e r i c  cond i t ions  can be c o m p a r e d .  

A l u m i n u m  oxide p a r t i c l e s  r e c o v e r e d  f r o m  the  s p r a y  coo l ing  w a t e r  
u s e d  in t e s t  f a c i l i t i e s  at AEDC ind i ca t e  that  t h e r e  is  l i t t l e  d i f f e r e n c e  
in the  p a r t i c l e  s i z e  r a n g e  f r o m  e n g i n e s  with t h r o a t  d i a m e t e r s  up to 3 
in. H o w e v e r ,  once aga in  the  part icl@s have  b e e n  s u b j e c t e d  to a co l -  
l e c t i o n  s y s t e m  which  obv ious ly  wil l  affect  the  s a m p l e .  I t ' h a s  b e e n  
noted ,  h o w e v e r ,  in a s e r i e s  of f u e l - b u r n i n g  t e s t s  that  e v e n  f r e e -  
b u rn in g  fuel  u n d e r  a p p r o p r i a t e  h u m i d i t y  cond i t ions  can p r o d u c e  ~1203 
p a r t i c l e s  g r e a t e r  than  60 ~ in d i a m e t e r .  Th i s  m a t c h e s  the  l a r g e s t  
s i z e  p a r t i c l e s  c o l l e c t e d  f r o m  r o c k e t  m o t o r s  wi th  12-in.  - d i a m  t h r o a t s .  
In v iew of the  above  c o m m e n t s  it is fe l t  tha t  t h e r e  is not  ye t  su f f i c i en t  
e v i d e n c e  to e s t a b l i s h  a p a r t i c l e  s i z e  v e r s u s  t h roa t  d i a m e t e r  c o r r e l a -  
t ion.  Thus ,  whi le  it is e x p e c t e d  that  the  d i s t r i b u t i o n  of p a r t i c l e  s i z e s  
wi l l  be d e p e n d e n t  on the s i z e  of the  so l id  r o c k e t  m o t o r ,  the e v i d e n c e  
ava i l ab l e  i n d i c a t e s  tha t  the s a m e  r a n g e  of p a r t i c l e s  can be p r o d u c e d  
by s m a l l  or  l a r g e  r o c k e t  m o t o r s .  The  s m a l l  r o c k e t  m o t o r  bui l t  f o r  
t h e s e  t e s t s  t h e r e f o r e  can be e x p e c t e d  to p r o v i d e  a r a n g e  of A1203 
p a r t i c l e  s i z e s  su f f i c i en t ly  r e p r e s e n t a t i v e  of t h o s e  p r o d u c e d  by the  
shu t t l e  e n g i n e s  to p e r m i t  a s tudy of t h e i r  i n f luence  in the A 1 2 0 3 - H 2 0  - 
HC1 s y s t e m .  

11 



2.0 APPARATUS 

2. 1 ROCKET MOTOR 

The  s c h e m a t i c  of the  r o c k e t  m o t o r  d e v e l o p e d  fo r  t h e s e  t e s t s  is 
shown in Fig.  2. The  o u t e r  c a s i n g  c o n s i s t s  of a h e a v y - w a l l  s t e e l  tube 
i n t e r n a l l y  t h r e a d e d  at each  end to accep t  both the t u n g s t e n  n o z z l e  and 
the  top s c r e w  cap. Two po r t s  w e r e  d r i l l e d  into th is  cas ing;  one was  
f i t t ed  with a r u p t u r e  d i sk ,  and the  o t h e r  was  u s e d  fo r  a t t ach ing  a p r e s -  
s u r e  t r a n s d u c e r .  The  c o m b u s t i o n  c h a m b e r  c o n s i s t s  of a 1 . 5 - i n .  
l e n g t h  of 2 - in .  - d i a m  s c h e d u l e  40 s t a i n l e s s  s t e e l  pipe wi th  h o l e s  d r i l l e d  
to m a t c h  the blowout  po r t  and the p r e s s u r e  tap.  Th i s  i n s e r t  was  
k e y e d  to k e e p  t h e s e  ho l e s  a l igned .  The  fue l  c a r t r i d g e s  c o n s i s t  of 
6- in .  l e n g t h s  of 2- in .  - d i a m  s c h e d u l e  40 s t a i n l e s s  s t e e l  p ipe  wi th  a 
w e l d e d  end pla te .  Th is  end p la te  was  t apped  to accep t  a l e n g t h  of 
1 / 4 - i n .  t h r e a d e d  r o d  which  was  u s e d  to l o c a t e  a s p a c e r  Mock.  Th i s  
b lock  was p o s i t i o n e d  so that  r e g a r d l e s s  of the  l e n g t h  of the  fue l  l oad  
the  f ron t  f ace  of the  fuel  was  a lways  f l u sh  wi th  the  top edge  of the  
c a r t r i d g e .  The  fuel  was  cas t  in 2 - i n . - d i a m  s t i cks  a p p r o x i m a t e l y  
12 in. long.  T h e s e  w e r e  s l i c e d  into the  a p p r o p r i a t e  l e n g t h s  ( ~  1, 2, 
and 3 in. ) r e q u i r e d  fo r  the  t e s t s  and w e r e  c e m e n t e d  into the fue l  
c a r t r i d g e s  with an epoxy c e m e n t .  The  s t a r t i n g  fuse  c o n s i s t e d  of a 
s h o r t  l eng th  of n i c h r o m e  w i r e  wh ich  was  i n s e r t e d  into the  c e n t e r  of the  
f ron t  f ace  of the  fuel .  The  e l e c t r i c a l  l e a d s  f r o m  the  n i c h r o m e  w e r e  
b rough t  out of the  r o c k e t  t h r o u g h  the n o z z l e  th roa t .  

The  fue l  c a r t r i d g e  was p o s i t i o n e d  in the  r o c k e t  ca s ing  wi th  a top 
s e a l  cap wh ich  c a r r i e d  an O - r i n g .  The  c o m p l e t e  a s s e m b l y  was  l o c k e d  
in p lace  wi th  the  s c r e w  cap. 

2.2 OPERATION OF THE ROCKET MOTOR 

S e v e r a l  m i n o r  p r o b l e m s  w e r e  e x p e r i e n c e d  with the  r o c k e t  m o t o r  
du r ing  the  f i r s t  f i r i n g s .  The  p r e s s u r e  t r a c e s  f r o m  e a r l y  f i r i n g s  a r e  
shown  in Fig.  3. Af te r  such  a p r e s s u r e  h i s t o r y  it was  n o t e d ' t h a t  
the n o z z l e  was  a l m o s t  c o m p l e t e l y  p lugged.  On s e v e r a l  f i r i n g s  the  
p r e s s u r e  d i sk  r u p t u r e d ,  and on t h e s e  o c c a s i o n s  it was  found tha t  the  
n o z z l e  was  c o m p l e t e l y  c losed .  S e v e r a l  l u b r i c a n t s  w e r e  u s e d  on 
the  nozz l e ,  i nc lud ing  a s i l i c o n e  v a c u u m  g r e a s e  and STP  ® oil  add i t ive .  
Whi le  t h i s  l u b r i c a t i o n  s e e m e d  to he lp  k e e p  the  nozz l e  c l e a n e r ,  it 
did not  so lve  the p r e s s u r e  sp ik ing  p r o b l e m .  The  cause  was  f ina l ly  
t r a c e d  to two f a c t o r s .  One was  o c c a s i o n a l l y  s e t t i ng  the fuse  too d e e p  
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into the  fue l  load ,  and the  o t h e r  was  vo ids  cas t  into one of the  fue l  
s t i c k s .  Al l  fuel  was  s u b s e q u e n t l y  X - r a y e d  b e f o r e  load ing ,  and s e c t i o n s  
of fue l  wi th  vo ids  w e r e  u s e d  fo r  open  bu rn  s t u d i e s .  A f t e r  t h e s e  p r e -  
cau t ions  w e r e  fo l lowed ,  al l  m o t o r s  f i r e d  in the  e n v i r o n m e n t a l  t e s t s  
b u r n e d  s m o o t h l y ,  and t h e i r  p r e s s u r e  p r o f i l e s  and bu rn  t i m e s  w e r e  
h igh ly  r e p e a t a b l e .  Typ ica l  da ta  f r o m  s e v e r a l  t e s t s  a r e  p r e s e n t e d  in 
Fig.  4. 
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Figure 2. 

VAR IABLE LOAD ROCKET MOTOR 

Variable load m©ket motor. 
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2.3 ROCKET SUPPORT STAND 

A i / 1 0 0 - s c a l e  m o d e l  of the  p r o p o s e d  K e n n e d y  Space  C e n t e r  l a u n c h  
c o m p l e x  was  c o n s t r u c t e d  f r o m  s t e e l  p l a t e .  T h e  f l a m e  t r e n c h  was  f i t t ed  
wi th  a g l a s s  s ide  wal l  so that  h i g h - s p e e d  m o t i o n  p i c t u r e s  cou ld  be m a d e  
of the  exhaus t  g a s e s  l e a v i n g  the r o c k e t  n o z z l e .  A s ide  v i ew of th i s  
a s s e m b l y  with  a r o c k e t  m o t o r  b u r n  is shown in F ig .  5. The  f l a m e  
t r e n c h  was  f i t t ed  with  a s p r a y  b a r  and a p r e s s u r i z e d  w a t e r  s y s t e m ,  so 
that  on s e l e c t e d  f i r i n g s  c o o l i n g  w a t e r  cou ld  be added  to the  exhaus t  g a s e s .  
The  r a t e  at wh ich  the  w a t e r  was  s p r a y e d  into the  f l a m e  t r e n c h  was  con-  
t r o l l e d  by a d j u s t i n g  the p r e s s u r e  in the s p r a y  s y s t e m .  The  to ta l  quan-  
t i ty  of w a t e r  was  d e t e r m i n e d  by  o p e r a t i o n  of the  s o l e n o i d  v a l v e .  T y p i c a l  
s p r a y  r a t e s  w e r e  6 g m / s e c  with a to ta l  of 50 gm of w a t e r  s p r a y e d  into 
the  e xha us t  f l a m e .  F i g u r e  6 p r e s e n t s  a top v i ew of the  l a u n c h  s tand  
d u r i n g  a r o c k e t  m o t o r  bu rn .  

3.0 INSTRUMENTATION 

3.1 INSTRUMENTATION TO DETECT AND MEASURE HCI 

T h e  fo l lowing  i n s t r u m e n t s  w e r e  u sed  to d e t e c t  and m e a s u r e  the  
c o n c e n t r a t i o n s  of h y d r o g e n  c h l o r i d e  in t h e s e  t e s t s :  

I .  B u b b l e r s  
2. C h e m i l u m i n e s c e n t  d e t e c t o r  (Geomet )  
3. C o u l o m e t e r  
4. Modi f ied  C o n d e n s a t i o n  N u c l e i  C o u n t e r  ( G e n e r a l  E l e c t r i c )  
5. M i l l i p o r e  f i l t e r s  
6. C o p p e r - c o a t e d  g l a s s  desks 
7. pH p a p e r s  

S e v e r a l  of t h e s e  i n s t r u m e n t s  had been  u s e d  in p r e v i o u s  a t t e m p t s  to 
ob ta in  m e a s u r e m e n t s  of HC1 c o n c e n t r a t i o n s  downwind  of a c t u a l  
launches of solid rockets at both the Kennedy Space Flight Center 
and Vandenberg Air Force Base. However, due to the problems 
involved ~ in trying to predict the path of the ground cloud and thereby 
prelocate the instruments, minimal data had been obtained. In such 
field tests it soon becomes very apparent that one must either deploy 
an extensive grid of measuring devices or have the instrumentation 
highly mobile and capable of following the cloud. Thus, in these 
environmental chamber tests one of the peripheral objectives was to 
evaluate several inexpensive HCI detectors which might reasonably 
be deployed over a large area as well as to check the operation of 
the more sophisticated detectors, which could be flown through a 
ground cloud. 
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Figure 5. Side view of motor firing. 



Figure 6. Top view of motor firing. 



3.1.1 Coulometer 

The  c o u l o m e t e r  u s e d  in t h e s e  t e s t s  was  supp l i ed  and o p e r a t e d  by 
p e r s o n n e l  f r o m  the  USA1? School  of A e r o s p a c e  M e d i c i n e ,  B r o o k s  Ai r  

F o r c e  Base ,  T e x a s .  It was  u s e d  to m o n i t o r  HC1 c o n c e n t r a t i o n s  d u r i n g  
the  f i r s t  s ix  t e s t  f i r i n g s  in the c h a m b e r  and du r ing  two of the  t e s t  
f i r i n g s  at MSFC. It is a s t a n d a r d  l a b o r a t o r y  m i c r o c o u l o m e t r i c  t i t r a t -  
ing s y s t e m  which  has  b e e n  m o d i f i e d  to accep t  a con t inuous  s a m p l e  of 
gas  bubbled  t h r o u g h  the  e l e c t r o l y t e .  The  ce l l  is c o m p o s e d  of two p a i r s  
of e l e c t r o d e s  i m m e r s e d  in a 7 0 - p e r c e n t  (vo l /vo l )  aqueous  g l a c i a l  
a c e t i c  ac id  so lu t i on  m a d e  a p p r o x i m a t e l y  1 x 10 -7 m o l a r  in s i l v e r  ions .  
One p a i r  of e l e c t r o d e s  is  u s e d  to s e n s e  the  c o n c e n t r a t i o n  of s i l v e r  ions ,  
and the  o t h e r  pa i r  is u s e d  to g e n e r a t e  s i l v e r  ions .  When  a s a m p l e  of 
HCl is i n t r o d u c e d  into the  ce l l ,  it r e a c t s  wi th  the  s i l v e r  ions  to p r o d u c e  
s i l v e r  c h l o r i d e  (Age1) as  a p r e c i p i t a t e .  As the c o n c e n t r a t i o n  of the  
s i l v e r  ions  in  the  e l e c t r o l y t e  v a r i e s ,  a change  in the  output vo l t age  
a c r o s s  the  s e n s i n g  e l e c t r o d e s  is deve loped .  Th i s  vo l t age  is  fed to an 
a m p l i f i e r  and a f t e r  be ing  a m p l i f i e d  and p r o p e r l y  p h a s e d  is app l i ed  to 
the  g e n e r a t i n g  e l e c t r o d e s  to r e p l e n i s h  the s i l v e r  ions .  

The  po ten t i a l  d r o p  a c r o s s  a p r e c i s i o n  r e s i s t o r  in s e r i e s  with the  
g e n e r a t i n g  e l e c t r o d e s  is m o n i t o r e d  by a r e c o r d e r .  Thus ,  the  to ta l  
c h a r g e  n e e d e d  to r e g e n e r a t e  the  s i l v e r  ions  a p p e a r s  as  a peak  on the  
r e c o r d e r .  The  a r e a  u n d e r  th i s  peak  is r e l a t e d  by F a r a d a y ' s  Law 
to the  C1- ion c o n c e n t r a t i o n .  The  t h r e s h o l d  d e t e c t i o n  l i m i t  fo r  ba tch  
i n j e c t i o n  of HC1 is about t h r e e  n a n o g r a m s .  The  to ta l  quan t i ty  is  
c a l c u l a t e d  f r o m  

w h e r e  

W - 36.45 g m / m o l e  x 106 
96501 c o u l o m b s  R 

W = weight of HCI, nanograms 

A = coulogram peak area, millivolt-seconds 

R = precision resistor,' ohms 

When  the  i n s t r u m e n t  is s a m p l i n g  a s t e a d y - s t a t e  m i x t u r e  of HC1 and 
a i r ,  the  r e s u l t i n g  cons tan t  c u r r e n t  s u p p l i e d  to ti~e g e n e r a t i n g  e l e c t r o d e s  
can  be d i r e c t l y  r e l a t e d  to the  HC1 c o n c e n t r a t i o n .  The  r a n g e  of HC1 ' 
c o n c e n t r a t i o n s  wh ich  can be m e a s u r e d  by the i n s t r u m e n t  can be a d j u s t e d  
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by changing the rate at which the sampled gases are drawn through the 
electrolyte. However, there are limits, imposed by the excessive 

turbulence of the electrolyte caused by high flow rates and poor mixing 
at low sampling rates, which set the optimum instrument range from 
0 .1  to 20 ppm of HC1. A t y p i c a l  s a m p l i n g  r a t e  is  0 .1  l i t e r s / m i n .  

3.1.2 Bubblers 

The three types of bubblers used in these tests are shown in Fig. 
7. The bubbler is commonly used as a gas scrubber and in this ap- 
plication was used to dissolve the HCI present in a known volume of 
sample gas drawn through the device. The amount of HCI was calcu- 
lated from a measurement of the pH or chloride ion concentration 
of the distilled water in the bubbler after sampling. 

Two of the b u b b l e r s  w e r e  m o d i f i e d  as s h o w n  in Fig .  7 to i n c l u d e  
a pH p r o b e  w h i c h  could  be u s e d  to  d e t e r m i n e  c h a n g e s  in pH on a r e a l  
t i m e  b a s i s .  

Figure 7. Types of bubblers used. 
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3.1.3 Millipore Filters 

The millipore filters were initially procured and used to determine 
the particle mass loading in the exhaust cloud. However, part way 
through the test series it was found that these filters could also be used 
to measure HC1 concentrations. These filters are supplied in a plastic 
housing and are designed for one-time use. A view of a complete unit 
and the  ind iv idua l  c o m p o n e n t s  is shown in Fig .  8. The  f i l t e r  p o r t i o n  
is a th in  m e m b r a n e  which  is s u p p o r t e d  by a c e l l u l o s e  back ing  pad. Th i s  
back ing  pad is  an e f f ec t ive  a b s o r b e r  of HC1. When th i s  pad is  s u b s e -  
quen t ly  m a c e r a t e d  in d i s t i l l e d  w a t e r ,  the  HC1 is r e l e a s e d  into s o l u t i o n  
and the  pH can be m e a s u r e d .  

Figure 8. Millipore filter. 
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3.1.4 pH Papers 

S e v e r a l  t ypes  of pH p a p e r s  w e r e  u s e d  to m o n i t o r  HC1. A g e n e r a l  
p u r p o s e  p a p e r  with a r a n g e  f r o m  0 to  11 was  d e p l o y e d  t h r o u g h o u t  the  
i n t e r i o r  of the  t e s t  c h a m b e r  to d e t e r m i n e  w h e t h e r  the HC1 r e a c h e d  the  
u p p e r  l e v e l s  of the  c h a m b e r .  In al l  c a s e s  excep t  one t h e s e  p a p e r s  
r e g i s t e r e d  pH0 upon r e c o v e r y .  The  one e x c e p t i o n  was a p i e c e  of 
the  p a p e r  which  had f a l l e n  b e t w e e n  two f l o o r  pane l s .  It had b a r e l y  
changed  c o l o r  but did have  s o m e  s m a l l  spo t s ,  i nd i ca t i ng  tha t  ac id  
d r o p l e t s  w e r e  p r e s e n t  d u r i n g  th is  t e s t .  

The  p a p e r s  w e r e  dep loyed  th roughou t  the  g r i d  n e t w o r k  of d e t e c t o r s  
d u r i n g  the  m o n i t o r i n g  of the  t e s t  f i r i n g s  at MSFC and did p r o v i d e  u se fu l  
da ta  to d e t e r m i n e  the  g e n e r a l  foo tp r in t  of the  c loud at g r o u n d  l eve l .  

3.1.5 Chemiluminescent Detector (Geomet) 

The c h e m i l u m i n e s c e n t  d e t e c t o r  i n g e s t s  the  a i r  s a m p l e  t h r o u g h  a 
c e r a m i c  tube coa ted  wi th  a s o d i u m  b r o m i d e - b r o m a t e  so lu t ion .  HC1 
gas  in the s a m p l e  r e a c t s  wi th  th is  coa t ing  f o r m i n g  h y p o c h l o r i t e  
h y p o b r o m i t e ,  which  t r a v e l s  down the  tube to the r e a c t i o n  c h a m b e r .  
The  r e a c t i o n  c h a m b e r  con ta ins  a m i x t u r e  of l u m i n o l  and h y d r o g e n  
p e r o x i d e .  The  h y p o c h l o r i t e  and h y p o b r o m i t e  act  as c a t a l y s t s  to 
t r i g g e r  the  ox ida t ion  of the l u m i n o l ,  which  in the p r o c e s s  g i v e s  off 
v i s i b l e  l ight .  The  r e s u l t i n g  photons  a r e  d e t e c t e d  by a p h o t o e l e c t r i c  
d e t e c t o r .  The  s i gna l  f r o m  the d e t e c t o r  is p r o p o r t i o n a l  to the  quan t i ty  
of HCl in the  i n g e s t e d  s a m p l e  and thus  p r o v i d e s  a con t inuous  m o n i t o r i n g  
of HCl c o n c e n t r a t i o n s  e n t e r i n g  the  i n s t r u m e n t .  C a l i b r a t i o n  was  p e r -  
f o r m e d  us ing  the  g a s - m i x i n g  s y s t e m  shown s c h e m a t i c a l l y  in Fig.  9. 
C y l i n d e r  A was f i l l ed  with n i t r o g e n  con ta in ing  a p p r o x i m a t e l y  60 ppm 
HCl. Th i s  gas  was  ob ta ined  p r e m i x e d  f r o m  a c o m m e r c i a l  gas  
supp l i e r .  C y l i n d e r  B con ta ined  d ry  N 2. The two g a s e s  w e r e  f l owed  
t h ro u g h  r o t o m e t e r s  to a c o m m o n  m i x i n g  tube,  w h e r e  the  HCl was  
thus  f u r t h e r  d i lu ted .  The  c h e m i l u m i n e s c e n t  d e t e c t o r  and the  cou lo -  
m e t e r  both s a m p l e d  f r o m  th is  c o m m o n  supply  of gas ,  and the  e x c e s s  
was  v e n t e d  t h r o u g h  va lve  C. F lows  w e r e  e s t a b l i s h e d  in the  s y s t e m  
and m a i n t a i n e d  unt i l  s t e a d y - s t a t e  r e a d i n g s  w e r e  ob ta ined  by both the  
c o u l o m e t e r  and the c h e m i l u m i n e s c e n t  d e t e c t o r .  Ca re  was  t a k e n  to 
a s s u r e  a pos i t i ve  gas  flow f r o m  the  ven t  va lve  at a l l  t i m e s ,  whi le  at 
the  s a m e  t i m e  not r a i s i n g  the  p r e s s u r e s  in the  m i x i n g - s a m p l i n g  tube 
above a m b i e n t  by any s ign i f i can t  amount .  Th i s  p r e c a u t i o n  was 
n e c e s s a r y  in o r d e r  not to in f luence  the  flow r a t e  t h r o u g h  the  s a m p l i n g  
i n s t r u m e n t s .  Flow r a t e s  t h rough  e a c h  i n s t r u m e n t  w e r e  m o n i t o r e d  by 
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a t t a c h i n g  a f l o w m e t e r  to the  e x h a u s t  po r t  of e a c h  i n s t r u m e n t ' s  p u m p i n g  
s y s t e m .  The  a c t u a l  c o n c e n t r a t i o n  of HC1 in the  s a m p l e d  m i x t u r e  w a s  
c a l c u l a t e d  f r o m  the  da ta  ob t a ined  f r o m  the c o u l o m e t e r .  Da ta  po in ts  
f r o m  1 to 50 ppm w e r e  o b t a i n e d  by a d j u s t i n g  the v a r i o u s  gas  f low r a t e s .  

S ince  th i s  m e t h o d  of c a l i b r a t i o n  r e f e r s  to the  c o u l o m e t e r  as  the  
a b s o l u t e  in d e t e r m i n i n g  HC1 l e v e l s ,  s e v e r a l  t e s t s  w e r e  m a d e  w h e r e  
the gas  m i x t u r e  was  s a m p l e d  by a b u b b l e r  a l so .  A d e t e r m i n a t i o n  of 
the HC1 c o n c e n t r a t i o n s  u s i n g  th i s  i n s t r u m e n t  a long wi th  a pH p r o b e  
y i e l d e d  v a l u e s  wi th in  5 p e r c e n t  of the c o u l o m e t e r  v a l u e s .  In e a c h  c a s e  
the b u b b l e r  v a l u e s  w e r e  l o w e r  than  t h o s e  f r o m  the  c o u l o m e t e r .  

CylinderA ~ VA I 
N 2 + HCI 

Cylinder 1] ~ AV l 
N2 

Flowmeter J ~  

Flowmeter 

Coulometer 

Q Pressure 
Gage 

~- Vent 
Valve C 

Chemiluminescent 
Detector 

Figure 9. Calibration of chemiluminescent detector. 

3.1.6 Modified Condensation Nuclei Counter 

The  c o n d e n s a t i o n  n u c l e i  c o u n t e r  w h i c h  was  m o d i f i e d  fo r  t h e s e  t e s t s  
is a c o m m e r c i a l  i n s t r u m e n t  d e s i g n e d  to m o n i t o r  the  c o n c e n t r a t i o n  of 
p a r t i c u l a t e s  in the a t m o s p h e r e .  
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The  b a s i c  c o n d e n s a t i o n  n u c l e i  c o u n t e r  (CNC) is  shown  s c h e m a t i -  
c a l l y  in F ig .  10. The  s a m p l e ,  at  a flow r a t e  of about  100 c c / s e c ,  is  
d r a w n  in t h r o u g h  a h u m i d i f i e r  to b r i n g  it  to 100 p e r c e n t  r e l a t i v e  
h u m i d i t y .  It t hen  p a s s e s  t h r o u g h  the f i r s t  s e c t i o n  of a r o t a r y ,  m o t o r  
d r i v e n  v a l v e  into the  e x p a n s i o n  c h a m b e r .  Af t e r  a b r i e f  dwel l  p e r i o d ,  
the s e c o n d  s e c t i o n  of the  r o t a r y  va lve  opens  the  e x p a n s i o n  c h a m b e r  to 
a s o u r c e  of r e g u l a t e d  vacuum.  

4 
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Figure 10. Schematic of condensation nuclei counter. 

The  sudden  e x p a n s i o n  r e s u l t s  in a d i a b a t i c  cool ing  of the s a m p l e ,  
c a u s i n g  the  r e l a t i v e  h u m i d i t y  to r i s e  about  100 p e r c e n t .  W a t e r  t hen  
c o n d e n s e s  on n u c l e i  p r e s e n t ,  and the r e s u l t i n g  d r o p l e t s  soon  g row to 
a s i z e  w h e r e  they  can s c a t t e r  l igh t .  The  e x p a n s i o n  c h a m b e r  c o n t a i n s  
a d a r k  f i e l d  op t i ca l  s y s t e m  which  p r o d u c e s  no l i gh t  on the  p h o t o m u l t i -  
p l i e r  tube in the  a b s e n c e  of fog d r o p l e t s .  Wi th  d r o p l e t s  p r e s e n t  in 
the c h a m b e r ,  t hey  cause  l i gh t  to be s c a t t e r e d  to the  p h o t o m u l t i p l i e r .  
The  amoun t  of l i gh t  is  p r o p o r t i o n a l  to the  n u m b e r  of d r o p l e t s  ( each  
con t a in ing  one nuc leus )  and to t h e i r  s c a t t e r i n g  a r e a .  
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F o r  m o s t  app l i ca t i ons  the v a c u u m  is r e g u l a t e d  to g ive  an u n d e r -  
p r e s s u r e  e x p a n s i o n  of 8 in. of m e r c u r y .  The  va lve  cyc l ing  r a t e  is 
f ive  t i m e s  a s econd ,  p r o d u c i n g  an e s s e n t i a l l y  cont inuous  m e a s u r e -  
m e n t  of n u c l e i  c o n c e n t r a t i o n .  The  r e s p o n s e  t i m e  is about 2 s e c ,  due 
in p a r t  to flow d e l ays ,  p a r t i c u l a r l y  in the  h u m i d i f i e r .  F o r  a p p l i c a -  
t i ons  r e q u i r i n g  long  in le t  l i n e s  it is p o s s i b l e  to connec t  the  s a m p l e  
in le t  t h r o u g h  a t ee  c o n n e c t i o n  to a s e c o n d  a i r  pump,  thus  i n c r e a s i n g  
the flow t h r o u g h  the  s a m p l e  l i ne  to about  500 c c / s e c ;  th is  r e d u c e s  
the t r a s n p o r t  de lay  and at the  s a m e  t i m e  m i n i m i z e s  coagu l a t i on  
l o s s e s  in the  s a m p l e  l ine .  

In i ts  n o r m a l  o p e r a t i n g  m o d e  the  c o n d e n s a t i o n  n u c l e i  c o u n t e r  is 
i n s e n s i t i v e  to HC1 gas  s i n c e  it does  not act  as a n u c l e a t i o n  s i t e .  
S i m i l a r l y ,  the  coun te r  is  not  s e n s i t i v e  to o the r  g a s e s  such  as a m m o n i a  
(NH3). H o w e v e r ,  if HC1 and NH 3 a r e  a l lowed  to m i x  b e f o r e  e n t e r i n g  
the h u m i d i f i c a t i o n  c h a m b e r ,  they  r e a c t  to f o r m  p a r t i c l e s  of a m m o n i u m  
c h l o r i d e ,  (NH4C1) which  a r e  e x t r e m e l y  e f f ec t i ve  c o n d e n s a t i o n  nuc le i .  
Thus  the  co u n t e r  was  m o d i f i e d  by adding  an a m m o n i a  add i t ion  s y s t e m  
which  could be pu l sed  on and off to the  in le t  of the  s a m p l i n g  tube.  In 
this" con f igu ra t ion ,  when  the  i n s t r u m e n t  s a m p l e s  the  exhaus t  p roduc t  
f r o m  the  t e s t  c h a m b e r  with the  NH 3 off, it r e g i s t e r s  a p a r t i c l e  count  
r e p r e s e n t a t i v e  of the  a l u m i n u m  oxide  p a r t i c l e s .  

When  the  NH 3 is p u l s e d  on, if t h e r e  is  any HC1 gas  p r e s e n t ,  t h e r e  
is  an add i t i ona l  count due to the  NH4C1 p r o d u c e d .  H o w e v e r ,  if the  
HC1 is  a d s o r b e d  on e x i s t i n g  A1203 p a r t i c l e s ,  the  NH 3 p r o d u c e s  no 
add i t i ona l  count.  The  s y s t e m  was c a l i b r a t e d  fo r  HC1 us ing  a s c h e m e  
s i m i l a r  to that  d e s c r i b e d  fo r  the  c h e m i l u m i ~ e s c e n t  d e t e c t o r ,  wi th  
the  e x c e p t i o n  that  c o m p r e s s e d  a i r  was  u s e d  to  d i lu te  the  N2-HC1 
m i x t u r e .  Th i s  p r o v i d e d  a b a c k g r o u n d  p a r t i c l e  count in the  i n s t r u m e n t .  

3.1.7 Copper-Coated Aerosol Detectors 

At the  beg inn ing  of the  t e s t  s e r i e s  a dewpoin t  h y g r o m e t e r  was  
u s e d  to m e a s u r e  the  h u m i d i t y  in the  A e r o s p a c e  C h a m b e r  (12V). 
T h i s  i n s t r u m e n t  o p e r a t e s  on the  p r i n c i p l e  of d r a w i n g  a con t inuous  
s a m p l e  of a i r  o v e r  an a l u m i n u m  m i r r o r ,  which  is  s lowly  cooled .  
A p h o t o d e t e c t o r  l ooks  at a c o l l i m a t e d  l igh t  b e a m  r e f l e c t e d  f r o m  th i s  
m i r r o r  and d e t e c t s  the  change  in r e f l e c t i v i t y  as the m i r r o r  coo l s  
to the  dewpoin t  and w a t e r  c o n d e n s e s  on i ts  s u r f a c e .  A t h e r m i s t o r  
d e t e c t s  the  t e m p e r a t u r e  of the m i r r o r  s u r f a c e  at th i s  point .  

Dur ing  t e s t  n u m b e r  6, in which  the  in i t i a l  r e l a t i v e  h u m i d i t y  was  
se t  at 89 p e r c e n t ,  the  dewpoin t  h y g r o m e t e r  s a m p l i n g  fan was  l e f t  
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on du r ing  the eng ine  f i r i ng .  Af t e r  th i s  t e s t  the  h y g r o m e t e r  would  
not o p e r a t e  p r o p e r l y  and upon d i s a s s e m b l y  it was  found that  the  
a l u m i n i z e d  m i r r o r  s u r f a c e  had b e e n  p i t t ed  by ac id  d r o p l e t s .  In the  
fo l lowing  c h a m b e r  t e s t ,  s e v e r a l  g l a s s  s l i d e s  which  had b e e n  v a c u u m  
coa ted  with a th in  l a y e r  of a l u m i n u m  w e r e  l o c a t e d  in the c h a m b e r  
to r e c o r d  acid  d r o p l e t s  which  m i g h t  s e t t l e  on t h e m .  Th i s  t e c h n i q u e  
p r o v e d  s u c c e s s f u l ,  and the s l i d e s  did r e c o r d  e v i d e n c e  of ac id  d r o p -  
l e t s .  It was  no ted  that  each  c i r c u l a r  e t c h e d  spot  con ta ined  a s m a l l ,  
so l id  p a r t i c l e  at the  c e n t e r .  In m o s t  c a s e s  it was qui te  obvious  
that  th i s  nuc l eus  was  s p h e r i c a l ,  and thus  was  m o s t  l i k e l y  an A1203 
p a r t i c l e .  H o w e v e r ,  the nuc l eus  in s o m e  c i r c l e s  a p p e a r e d  to be a 
d u s t e r  of c r y s t a l s .  Ana lyz ing  t h e s e  c r y s t a l s  by us ing  a s c a n n i n g  
e l e c t r o n  m i c r o s c o p e  (SEM) with an e l e c t r o n  p robe  and look ing  at 
the X - r a y s  p r o d u c e d  ind ica t ed  the  p r e s e n c e  of a l u m i n u m  and 
c h l o r i n e .  Since  the SEM i n s t r u m e n t  cannot  d e t e c t  the  l i g h t e r  
e l e m e n t s ,  i nc lud ing  oxygen,  it was i m p o s s i b l e  to d e t e r m i n e  w h e t h e r  
the a l u m i n u m  d e t e c t e d  c a m e  f r o m  the s u b s t r a t e  coa t ing  on the g l a s s  
s l i de  or  f r o m  an a l u m i n u m  oxide p a r t i c l e .  To avoid  th is  p r o b l e m  a 

s e c o n d  se t  of g l a s s  s l i d e s  was v a c u u m  coa ted  with copper ,  and in  the  
t e s t s  which  fo l lowed  p roved  equa l ly  capable  of r e c o r d i n g  acid  d r o p l e t  
fa l lout .  In s u b s e q u e n t  t e s t s  in the 12V c h a m b e r  a m o t o r i z e d  c a r o u s e l  
l o a d e d  with c o p p e r - p l a t e d  g l a s s  d i s k s  was  u s e d  to take  a t i m e  s e q u e n c e  
of d r o p l e t  fa l lout .  The  c a r o u s e l  was  p r o g r a m m e d  to s top at t w o - m i n u t e  
i n t e r v a l s  and c a r r i e d  s ix  d i sk s .  The  c a r o u s e l  l o a d e d  with s a m p l i n g  
d i s k s  is shown  in Fig.  11. 

In add i t ion  to being u s e d  in the  12V t e s t s  the ind iv idua l  c o p p e r -  
coa ted  d i s k s  have  b e e n  dep loyed  in a g r i d  n e t w o r k  at the ou tdoor  
r o c k e t  t e s t s  both at the Arno ld  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
(AEDC) and the M a r s h a l l  Space  F l igh t  C e n t e r  (MSFC). 

3.2 COLLECTION AND ANALYSIS OF A1203 PARTICLES 

S e v e r a l  m e t h o d s  of co l l e c t i ng  the AI203 p a r t i c l e s  w e r e  u s e d  in 
t h e s e  t e s t s .  T h e s e  inc luded  

I. Mi l l i po re  f i l t e r s  ( 8 . 0 - ,  0 . 4 - ,  and 0 .2- /~m pore  s i ze )  

2. C a s c a d e  i m p a c t o r  

3. Rota t ing  vanes  

4. Se t t l ing  p l a t e s  
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The  s a m p l e s  c o l l e c t e d  by the f i l t e r s  w e r e  u s e d  to d e t e r m i n e  th.e 
g r o s s  m a s s  load ing  of the  A1203 and p r o v i d e d  a bulk s a m p l e  of the 
p a r t i c u l a t e s .  Add i t iona l  i n v e s t i g a t i o n  of the  A1203 p a r t i c l e s  was  
conduc ted  us ing  a s cann ing  e l e c t r o n  m i c r o s c o p e  f i t t ed  with an e n e r g y -  
d i s p e r s i v e  X - r a y  s y s t e m  which  a l lowed  a l i m i t e d  c h e m i c a l  a n a l y s i s  
of the s a m p l e s .  

'vzA  ® 

A E  D C  
5 4 4 6 - 7 5  

Figure 11. Copper-plated fallout disks and carousel. 

3.2.1 Millipore Filters 

The m i l l i p o r e  f i l t e r s ,  shown in Fig.  8, w e r e  u s e d  to m e a s u r e  the  
p a r t i c l e  m a s s  load ing  in the exhaus t  c louds p r o d u c e d  in the  t e s t  c h a m b e r .  
The  f i l t e r  m e m b r a n e s  a r e  ava i l ab le  with v a r i o u s  po re  s i z e s .  M e m b r a n e s  
wi th  po re  s i z e s  of 8, 0 .4 ,  and 0 .2  p m  w e r e  e v a l u a t e d  p r i o r  to the  c h a m -  
b e r  t e s t s .  When  t h e s e  f i l t e r s  w e r e  u s e d  to s a m p l e  s m o k e  f r o m  f r e e -  
bu rn ing  fuel ,  it was no ted  that  s o m e  of the A1203 did p e n e t r a t e  the 8 - p m  
m e m b r a n e  and could be d e t e c t e d  in the c e l l u l o s e  back ing  pad. M i c r o -  
s c o p i c  e x a m i n a t i o n  of the pads beh ind  the 0 . 4 -  and 0 . 2 - p m  m e m b r a n e s  
did not r e v e a l  any a l u m i n u m  oxide,  even  though s o m e  of the  ind iv idua l  
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s m o k e  p a r t i c l e s  w e r e  d e t e r m i n e d  to be l e s s  than  0. l # m .  The  m a t e r i a l  
c o l l e c t e d  on the  f i l t e r s  showed  c o n s i d e r a b l e  a g g l o m e r a t i o n ;  h o w e v e r ,  
it is  not  c l e a r  w h e t h e r  th i s  a g g l o m e r a t i o n  o c c u r r e d  in the  f r e e  a t m o s -  
p h e r e  or  a f t e r  the A1203 c o l l e c t e d  on the  f i l t e r  m e m b r a n e .  The  0 .4 - / am 
f i l t e r s  w e r e  c h o s e n  fo r  u se  in the  12V t e s t s  s i n c e  t h e s e  f i l t e r s  r e q u i r e d  
a m i n i m u m  of ad jus t ing  to m a i n t a i n  a cons t an t  flow r a t e  t h r o u g h  t h e m  
dur ing  the c o l l e c t i o n  pe r iod .  

In the  s e r i e s  of eng ine  f i r i n g s  in the  12V c h a m b e r  the  f i l t e r s  w e r e  
c l u s t e r e d  in a g r o u p  of f ive .  E a c h  f i l t e r  was  c o n n e c t e d  to a s a m p l i n g  
pump via  a s o l e n o i d  va lve ,  a n e e d l e  va lve ,  and a r o t o m e t e r .  The  
s o l e n o i d  v a l v e s  w e r e  o p e r a t e d  s e q u e n t i a l l y  by the m a s t e r  t i m i n g  pane l  
so  that  e a c h  f i l t e r  s a m p l e d  fo r  a 1 0 - m i n  pe r i od .  An i n d i c a t o r  l i gh t  
was u s e d  to s igna l  that  a f i l t e r  was  s a m p l i n g ,  and d u r i n g  the  s a m p l e  
p e r i o d  the  n e e d l e  va lve  was m a n u a l l y  a d j u s t e d  to m a i n t a i n  a cons t an t  
flow r a t e  t h rough  the f i l t e r .  E a c h  f i l t e r  m e m b r a n e  was w e i g h e d  b e f o r e  
and i m m e d i a t e l y  a f t e r  the  t e s t .  The  f i l t e r s  w e r e  then  s t o r e d  in a 
d e s s i c a t o r  and w e i g h e d  at a l a t e r  da te  to check  to s ee  if any s i gn i f i c an t  
amoun t  of the we igh t  i n c r e a s e  was  due to the  a b s o r p t i o n  of w a t e r  by 
the  A1203. The  only se t  of f i l t e r s  which  i nd i ca t ed  any m e a s u r e a b l e  
we igh t  l o s s  a f t e r  d e s s i c a t i o n  w e r e  t h o s e  u s e d  in the  t e s t  conduc ted  
wi th  a s i m u l a t e d  m i s t i n g  r a in .  

3.2.2 Cascade Impactor 

The  c a s c a d e  i m p a c t o r  u s e d  in t h e s e  t e s t s  is d e s i g n e d  to s a m p l e  
a i r b o r n e  p a r t i c l e s  in a s i z e  r a n g e  f r o m  200 to 0 .5  /~m. The  i n s t r u -  
m e n t  e s s e n t i a l l y  c o n s i s t s  of a s y s t e m  of four  a i r  j e t s  impir~ging, in 
s e r i e s ,  on g l a s s  d i sks .  The  j e t s  a r e  p r o g r e s s i v e l y  f i n e r ,  so  that  the  
s p e e d  and t h e r e f o r e  the  e f f i c i ency  of i m p a c t i o n  of p a r t i c l e s  onto the  
d i s k s  i n c r e a s e s  f r o m  j e t  to j e t  when  a i r  is d r a w n  t h r o u g h  at a s t e a d y  
r a t e .  The  c a s c a d e  i m p a c t o r  is  shown in Fig .  12. The  s a m p l i n g  
r a t e  of 17.5 ~ / m i n  g ives  v e l o c i t i e s  t h rough  the  four  j e t s  of 2 . 2 ,  10 .2 ,  
27 .5 ,  and 77 m / s e c ,  r e s p e c t i v e l y .  The  m a n u f a c t u r e r ' s  c a l i b r a t i o n  
i n d i c a t e s  that  the  m a x i m u m  p a r t i c l e  s i z e s  found on the  s econd ,  t h i rd ,  
and fou r th  d i s k s  a r e  20, 7, and 2 . 5 / ~ m ,  r e s p e c t i v e l y .  The  l a r g e s t  
p a r t i c l e  on the  f i r s t  s t age  is  de f ined  by the u p p e r  s i z e  l i m i t  of the  
s a m p l e .  
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Figure 12. Cascade impactor. 

3.2.3 Rotating Vans 

S e v e r a l  s u g g e s t i o n s  have  b e e n  m a d e  as to p o s s i b l e  m e t h o d s  of 
r e c o v e r i n g  s a m p l e s  f r o m  ac tua l  g round  c louds  p r o d u c e d  by l a r g e  s o l i d -  
f ue l ed  r o c k e t s .  The  use  of s m a l l  r a d i o - c o n t r o l l e d  a i r c r a f t  is v e r y  
appea l ing  b e c a u s e  of the  ab i l i ty  of such  a i r c r a f t  to fol low the  c loud and 
p e n e t r a t e  it when  d e s i r e d .  Since a wide v a r i e t y  of both r a d i o  c o n t r o l  
e q u i p m e n t  and m o d e l  a i r c r a f t  have  b e e n  p r o d u c e d  fo r  the  hobby m a r k e t ,  
th i s  e q u i p m e n t  is r e a d i l y  ava i l ab l e  and r e l a t i v e l y  i n e x p e n s i v e .  An 
obvious  l i m i t a t i o n  is the s i z e  and weigh t  of the  i n s t r u m e n t a t i o n  which  
could be c a r r i e d .  Whi le  t h e r e  is s o m e  q u e s t i o n  about the  p o s s i b i l i t y  
that  an HC1 d e t e c t o r  could be d e v e l o p e d  fo r  such  a t e s t  bed,  t h e r e  is 
l i t t l e  doubt  tha t  it could s e r v e  to co l l e c t  s a m p l e s  of AI203 p a r t i c l e s .  
As a f i r s t  s t e p  in eva lua t ing  the s a m p l i n g  capab i l i t i e s  of such  a s y s t e m ,  
a m o d e l  a i r p l a n e  p r o p e l l e r  was m o u n t e d  on the  shaf t  of a h i g h - s p e e d  
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e l e c t r i c  m o t o r .  A s h o r t  s t r i p  of d o u b l e - s i d e d  s t i cky  tape  was app l i ed  
to both b l ades  to co l l ec t  the s a m p l e .  Also ,  a s h o r t  s e c t i o n  of an a i r -  
foi l  r e p r e s e n t i n g  the  l e a d i n g  edge  of a wing t ip  was  a t t ached  to a 
r o t a t i n g  a r m  to s i m u l a t e  the  f o r w a r d  v e l o c i t y  of a p lane  f ly ing  t h r o u g h  
the  cloud.  The  l e a d i n g  edge  of t h i s  a i r f o i l  was  a l so  c o v e r e d  wi th  a 
s a m p l i n g  tape.  

,3.2.4 Settling Plates 

The  s e t t l i n g  p l a t e s  u s e d  to  co l l ec t  s a m p l e s  of the  A1203 p a r t i c l e s  
a r e  d e s c r i b e d  in Sec t ion  3 . 1 . 7 ,  " C o p p e r - C o a t e d  A e r o s o l  D e t e c t o r s .  " 

4.0 TESTS IN AEROSPACE CHAMBER 12V 

4.1 DESCRIPTION 

A to ta l  of 18 t e s t  f i r i n g s  w e r e  conduc ted  in the  12V c h a m b e r .  
The  p r i m e  v a r i a b l e s  w e r e  the i n i t i a / r e l a t i v e  h u m i d i t y  and the  
add i t ion  of s p r a y  cool ing  w a t e r  in the  f l a m e  t r e n c h .  The  a m b i e n t  
t e m p e r a t u r e  v a r i e d  s l i gh t ly  f r o m  day to day and r a n g e d  f r o m  23 .9  
to 27.5°C.  A t e s t  m a t r i x  is  p r e s e n t e d  in TaMe 1. 

A typ i ca l  t e s t  c o n s i s t e d  of the fo l l owing  s e q u e n c e .  All  b u b b l e r s  
w e r e  l o a d e d  wi th  d i s t i l l e d  w a t e r  and l o c a t e d  in the  c h a m b e r .  
M i l l i p o r e  f i l t e r s  w e r e  a l so  i n s t a l l e d  and connec t ed .  The  h i g h - s p e e d  
c a m e r a  u s e d  to p h o t o g r a p h  the f l a m e  t r e n c h  was l o a d e d  and se t  on 

s tandby.  The  3 5 - r a m  s e q u e n c e  c a m e r a  was  l oaded  and a l so  s e t  on 
s tandby.  If the t e s t  was  to inc lude  s p r a y  w a t e r  in the f l a m e  t r e n c h ,  
t hen  the  r e s e r v o i r  was  l o a d e d  wi th  the  r e q u i r e d  amoun t  of w a t e r  and 
p r e s s u r i z e d .  The  r o c k e t  m o t o r  was then  m o u n t e d  on the t e s t  s t and  
and the p r e s s u r e  t r a n s d u c e r ;  t h e r m o c o u p l e s  and ign i t ion  c i r c u i t  w e r e  
connec t ed .  The  t i m i n g  s e q u e n c e r  was  t h e n  p r o g r a m m e d  and r u n  
t h ro u g h  a cyc le  with al l  s y s t e m s  d i s a r m e d  excep t  the  b u b b l e r s  and 
the m i l l i p o r e  f i l t e r s .  Dur ing  th i s  p r e c h e c k  the  flow r a t e s  t h r o u g h  the  
b u b b l e r s  and f i l t e r s  w e r e  a d j u s t e d  to the  d e s i r e d  l e v e l s .  The  c o r r e c t  
s e q u e n c i n g  of o t h e r  c o m p o n e n t s  was  c h e c k e d  by o b s e r v i n g  ' the i n d i c a -  
t o r  l i gh t s .  A typ ica l  s e q u e n c e  is shown  in Fig.  13. 

Af t e r  the  s e q u e n c e r  check ,  the  c a m e r a s  and r o c k e t  m o t o r  w e r e  
a r m e d  and the  c h a m b e r  door  l ocked .  The  h u m i d i t y  in the  c h a m b e r  was  
then  m e a s u r e d  with the  r e m o t e  h y g r o m e t e r  and a c a l c u l a t i o n  m a d e  of 
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the  a m o u n t  of w a t e r  w h i c h  n e e d e d  to be added to b r i n g  the  h u m i d i t y  
to  the  d e s i r e d  l e v e l .  T h i s  quant i ty  of d i s t i l l e d  w a t e r  w a s  t h e n  added  
to the  c h a m b e r  v i a  the  p r e s s u r e - a t o m i z i n g  s p r a y  s y s t e m .  The  two  
m i x i n g  f a n s  w e r e  t h e n  t u r n e d  on to e n s u r e  c o m p l e t e  e v a p o r a t i o n  of  
the  s p r a y  and u n i f o r m  m i x i n g  of  the  w a t e r  v a p o r .  T h e  f a n s  w e r e  
t h e n  s t o p p e d  and the  h u m i d i t y  w a s  a g a i n  m e a s u r e d  and r e c o r d e d .  T h e  
s e q u e n c e r  w a s  t h e n  s t a r t e d ,  and the  i g n i t i o n  and b u r n  w e r e  m o n i t o r e d  
by v i e w i n g  the  T V  d i s p l a y  f r o m  the  o v e r h e a d  c a m e r a .  

A f t e r  the  r o c k e t  b u r n  the  e x h a u s t  p r o d u c t s  w e r e  m o n i t o r e d  f o r  
p e r i o d s  f r o m  30 m i n  to 2 h r s ,  d e p e n d i n g  on the  p a r t i c u l a r  t e s t .  
T h e  c o u l o m e t e r ,  c h e m i l u m i n e s c e n t  d e t e c t o r ,  c o n d e n s a t i o n  n u c l e i  
c o u n t e r ,  and c o n t i n u o u s l y  m o n i t o r e d  b u b b l e r  w e r e  m a n u a l l y  o p e r a t e d  
by t e s t  e n g i n e e r s .  

A f t e r  c o m p l e t i o n  of the  t e s t ,  the  v a l v e  to  the  e x h a u s t  d u c t s  w a s  
o p e n e d  and the  m a i n  c h a m b e r  d o o r  w a s  r e l e a s e d  f r o m  i t s  l o c k s .  A s  
the  r e m a i n i n g  g a s e s  and s m o k e  p a r t i c l e s  w e r e  s w e p t  f r o m  the  c h a m b e r ,  
the  d o o r  w a s  g r a d u a l l y  o p e n e d  w i d e r .  W h e n  the  v i s i b l e  s m o k e  had  
c l e a r e d  c o m p l e t e l y ,  the c h a m b e r  w a s  e n t e r e d  and the  b u b b l e r ,  m i l l i -  
p o r e  f i l t e r s ,  and f a l l o u t  d i s k s  w e r e  r e c o v e r e d .  

Table 1. Test Matrix 

C o u l o m e t e r  Geomet CNC C o n t .  B u b b l e r  
Run Ambient  R e l a t i v e  ~ n t e r  
No T e m p e r a t u r e .  ®C H u m i d i t y .  In .Jcc t ion  

" Percent  

X 

X • 

• X 

x x 1 2 6 . 1  29 

x x 2 2 3 . 9  31 

x x 3 2 5 . 0  71 

x x 4 2 7 . 2  45  

x x 5 2 6 . 1  50  

x 6 2 6 . 7  89  

• 7 2 4 . 4  67  

• 8 2 5 . 3  69  

x x 9 2 6 . 7  72 

x • 10 2 4 . 4  67  

• • l l  2 7 . 5  4 2  

• • 12 2 4 . 4  6 7  

• 13  2 5 . 6  64  

• 14  2 5 . 6  8 7  

• • 15  2 7 . 5  82  

• • 16 2 5 . 0  75 

x 17 2 7 . 2  64  ° 

• 18 2 5 . 6  100  

Commonth 

D e f l e c t o r  P l a n e  Set  a t  48 d(.g 

Vent  Fan on  D u r i n g  F i r i n ~  

Moved C o u l o m e i c r  O u t ~ i d e  
Chamber 

M o v e d  G e o m e t  O u t ~ i d e  C h a m b e r  

D e l l e c t o r  PLate  Looered to  
21 dog 

S i m u l a t e d  L i g h t  Rain D u r i n g  
F i r i n g  

Reduced Chamber Pz~h~ure t o  
Produce Peg 

* I n l t i a l  i l w n i d i t y  a t  t = 0 
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Camera L igh ts  

Fastex Camera 

3 5 - m m  Sequence 

Strip Chart Recorder 

Flame Trench Spray 

Rocket  Ignition m 

I i L I I I I J I i I I I I I I I I I i I i m I J m I m I 
0 5 10 15 20 25 30 

Time,  sec 

Cascade I mpactor 

Fallout Plate Stepper 

Bubbler A 

Bubbler B 

Bubbler C 

B u b b l e r  D 

Bubbler E 

Millipore Filter 1 

Millipore Filter 2 

Millipore Filter 3 

Millfpore Filter 4 

Millipore FlEer 5 

mm 

m m m m  m - 

m 

m 

m 

m 

m 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

0 l0 20 30 40 50 60 
Time.  min 

Figure 13. Typical timing sequence. 

T h e  l a s t  two t e s t s  d i f f e r e d  s l i g h t l y  in tha t  f o r  t e s t  n u m b e r  17 the  
h u m i d i f i c a t i o n  s p r a y  s y s t e m  was  f i t t ed  wi th  a c o a r s e  n o z z l e  and the  
s p r a y  was  l e f t  on d u r i n g  the  f i r i n g  and p a r t  way  into the  d a t a - t a k i n g  
p e r i o d .  In t e s t  n u m b e r  18 the  c h a m b e r  r e l a t i v e  h u m i d i t y  was  r a i s e d  
to 98 p e r c e n t  by the  w a t e r  s y s t e m ,  and t h e n  a l a r g e  Roo te s  M o w e r  was  
t u r n e d  on w h i c h  d r o p p e d  the  c h a m b e r  p r e s s u r e  a p p r o x i m a t e l y  20 m m  

of m e r c u r y  in a p e r i o d  of 30 s e c .  Th i s  a d i a b a t i c  e x p a n s i o n  of the  a i r  

in the c h a m b e r  p r o d u c e d  a d e n s e  fog. The  pump v a l v e  was  t h e n  c l o s e d  
and the  e n g i n e  was  f i r e d  into the  fog. 
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4.2  R E S U L T S  

A s e r i e s  of HC1 gas  r e l e a s e  t e s t s  was  c o n d u c t e d  in w h i c h  HC1 g a s  
was  r e l e a s e d  into  the  e n v i r o n m e n t a l  c h a m b e r .  A f t e r  the gas  was  
r e l e a s e d ,  the m i x i n g  fans  w e r e  t u r n e d  on fo r  20 s e c  to d i s t r i b u t e  the 
HC1 t h r o u g h o u t  the e n t i r e  v o l u m e .  The  HC1 c o n c e n t r a t i o n  was  t h e n  
m e a s u r e d  at  1 0 - m i n  i n t e r v a l s  to d e t e r m i n e  i ts  d e c a y  r a t e .  D a t a  
w e r e  ob t a ined  f r o m  fou r  b u b b l e r s  l o c a t e d  in the c e n t e r  of the  c h a m -  
b e r .  E a c h  b u b b l e r  was  o p e r a t e d  fo r  one m i n u t e  at the a p p r o p r i a t e  
t i m e .  T h r e e  t e s t s  w e r e  m a d e ,  wi th  the  i n i t i a l  cond i t i ons  of 30, 68, 
and 82 p e r c e n t  r e l a t i v e  h u m i d i t y .  In e a c h  c a s e  19 g m  of HC1 w e r e  
r e l e a s e d .  A s s u m i n g  u n i f o r m  m i x i n g  of the  gas  wi th in  the c h a m b e r  
and no wa l l  l o s s e s ,  th i s  would y i e l d  a m a x i m u m  c o n c e n t r a t i o n  of 
100 pa.rts p e r  m i l l i o n .  

The  r e s u l t s  of t h e s e  t e s t s  a r e  p r e s e n t e d  in Fig.  14. It is  a p p a r e n t  
tha t  t h e r e  is a s i g n i f i c a n t  l o s s  of HC1 d u r i n g  the m i x i n g  p r o c e s s  s i n c e  
the e x t r a p o l a t e d  c o n c e n t r a t i o n  at t = 0 is l o w e r  than  the c a l c u l a t e d  
m a x i m u m .  The  da t a  i n d i c a t e  tha t  the  d e c a y  is l o g a r i t h m i c  and tha t  
t h e r e  is no s i g n i f i c a n t  d e p e n d e n c e  on the  in i t i a l  r e l a t i v e  h u m i d i t y .  
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4.3 ROCKET MOTOR FIRINGS 

T e s t s  1 t h r o u g h  17 w e r e  conduc ted  wi th  a r o c k e t  m o t o r  l o a d e d  
wi th  85 g m  of p r o p e l l a n t .  A s s u m i n g  u n i f o r m  m i x i n g  and no l o s s e s ,  
t h e s e  m o t o r s  would p r o d u c e  a cloud wi th  a m a x i m u m  HC1 c o n c e n -  
t r a t i o n  of ~100 ppm and an A1203 p a r t i c l e  l oad ing  of 1.97 x 10-4 
g m / l i t e r .  T e s t  No. 18 was  conduc ted  wi th  a 170-gm p r o p e l l a n t  load .  
D u r i n g  the  f i r i n g  of the  m o t o r s  the  e n v i r o n m e n t a l  c h a m b e r  p r e s s u r e  
r o s e  a n ' a v e r a g e  of 9 m m  and then  d ropped  back  to a m b i e n t  wi th in  
two m i n u t e s .  T h i s  a g r e e s  wel l  wi th  the  p r e d i c t i o n  tha t  wi th  no wal l  
l o s s e s ,  the  added g a s e s  p lus  the  hea t  of c o m b u s t i o n  would r e s u l t  in 
a m a x i m u m  o v e r p r e s s u r e  of 10 m m  of m e r c u r y .  In T e s t  No. 18 
the c h a m b e r  p r e s s u r e  had been  r e d u c e d  to p roduce  the fog. F i r i n g  
the  r o c k e t  m o t o r  b rough t  the  c h a m b e r  back  to a t m o s p h e r i c  p r e s s u r e .  
At t h i s  point  a vent  v a l v e  was  opened at  the  top of the  c h a m b e r  and the  
c h a m b e r  r e m a i n e d  at a t m o s p h e r i c  p r e s s u r e  fo r  the  d u r a t i o n  of the  
m o n i t o r i n g  pe r iod .  

M i n i a t u r e  t h e r m i s t o r s  ( l - s e c  t i m e  cons tan t )  l o c a t e d  in the e x h a u s t  
p lume  as i t  r o s e  f r o m  the f l a m e  t r e n c h  i n d i c a t e d  a t e m p e r a t u r e  r i s e  to 
70°C d u r i n g  f i r i n g  (Fig .  15). S i m i l a r  t h e r m i s t o r s  l o c a t e d  in the  top  of 
the  c h a m b e r  i n d i c a t e d  l e s s  than  a 0 .5 °C  f l u c t u a t i o n  in t e m p e r a t u r e  
t h r o u g h o u t  the  comple t e  t e s t  pe r iod .  

4.3.1 Measurement of HCl Concentrations 

M e a s u r e m e n t s  of HC1 c o n c e n t r a t i o n s  w e r e  m a d e  wi th  s e v e r a l  
i n s t r u m e n t s .  C o m p a r a t i v e  da ta  f r o m  the  Geome t  c h e m i l u m i n e s c e n t  
d e t e c t o r ,  the  m o d i f i e d  c o n d e n s a t i o n  n u c l e i  C o u n t e r  (CNC), the  con-  
t i n u o u s l y  m o n i t o r e d  bubb le r ,  and ind iv idua l  b u b b l e r s  a r e  shown  in 
F ig .  16. Ind iv idua l  b u b b l e r s  l o c a t e d  at  po in ts  1, 4, 5, and 6 (Fig .  17) 
i n d i c a t e  tha t  t h e r e  was  a s i g n i f i c a n t  g r a d i e n t  i m m e d i a t e l y  a f t e r  the  
eng ine  b u r n e d  but t ha t  t h i s  g r a d i e n t  had d i s a p p e a r e d  a f t e r  5 m i n .  The  
abso lu t e  c o n c e n t r a t i o n  of the  HC1 as  d e t e r m i n e d  by the b u b b l e r  was  
38 p e r c e n t  l o w e r  t han  the  Geome t .  T h i s  can  be e x p l a i n e d  by l a t e r  
t e s t s  wh ich  showed  tha t  the  A1203 p a r t i c l e s  i n g e s t e d  in the  b u b b l e r s  
bu f f e r ed  the HC1 so lu t ion ,  thus  r a i s i n g  the  pH s l i g h t l y .  The  m o s t  
i m p o r t a n t  a s p e c t  of t h i s  da ta  i s  the  f ac t  t ha t  t h r e e  i n s t r u m e n t s  a l l  
r e c o r d e d  the s a m e  r a t e  of decay .  T h i s  d e c a y  c o m p a r e s  we l l  w i th  the  
d e c a y  m e a s u r e d  fo r  pu re  HC1 r e l e a s e s  in the  c h a m b e r  (Fig .  14). 

The  da ta  fo r  the  HC1 d e c a y  fo r  eng ine  f i r i n g s  into a t m o s p h e r e s  of 
v a r i o u s  low h u m i d i t i e s  a r e  p r e s e n t e d  in  F ig .  18. At the h i g h e r  h u m i d -  
i t i e s  the  HC1 i n i t i a l l y  d e c a y s  at a m u c h  f a s t e r  r a t e ,  a s  is  shown  in 
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Fig.  19. A c o m p a r i s o n  of da ta  ob ta ined  f r o m  the  c o m p l e t e ,  t e s t  s e r i e s  
is  p r e s e n t e d  in Fig .  20. T h i s  i nc ludes  the s p e c i a l  c a s e s  of an i n i t i a l  
m i s t i n g  r a i n  l a s t i n g  a p p r o x i m a t e l y  10 r a in  and a s i m u l a t e d  g round  fog. 

The  a g r e e m e n t  be tween  the  HCI d e c a y  r a t e  fo r  the  m i s t i n g  r a i n  
and the h igh  h u m i d i t y  t e s t s  s u g g e s t s  tha t  the  m o r e  r a p i d  r e m o v a l  of 
HC1 is  c a u s e d  by a s i m i l a r  m e c h a n i s m  (i. e . ,  a d s o r p t i o n  of HC1 by 
w a t e r  d r o p l e t s ) .  In the  c a s e  of the  h igh  h u m i d i t y  e n v i r o n m e n t  t h i s  
would involve  c o n d e n s a t i o n  and d r o p l e t  g r o w t h  in  the e x h a u s t  c loud 
i t s e l f .  Add i t iona l  ev idence  of ac id  d r o p l e t s  p r o d u c e d  d u r i n g  the  h igh  
h u m i d i t y  t e s t s  was  ob ta ined  on the c o p p e r - c o a t e d  s e t t l i n g  p l a t e s  u s e d  
in the  l a t e r  t e s t s .  

On s e v e r a l  t e s t s ,  s p r a y  w a t e r  was  added to the  f l a m e  t r e n c h  
du r ing  the r o c k e t  m o t o r  f i r i ng .  The  to ta l  amoun t  of w a t e r  added was  
s m a l l  when  c o m p a r e d  to the  to t a l  quan t i t y  of w a t e r  a v a i l a b l e  in the  
a m b i e n t  a i r  in the t e s t  c h a m b e r  (< 2 p e r c e n t ) ,  ye t ,  as  is  i n d i c a t e d  in 

Fig .  21, t h e r e  was  a s i g n i f i c a n t  e f fec t  on the l e v e l  of HCI r e c o r d e d  in 
the t e s t  c h a m b e r .  The  da ta  ob ta ined  f r o m  the g e o m e t  i nd i ca t e  tha t  
addin~ the s p r a y  to the f l a m e  t r e n c h  i nduces  s o m e  c o n d e n s a t i o n  even  
when  the  a m b i e n t  r e l a t i v e  h u m i d i t y  is  low.  A c o m p a r i s o n  of two d e c a y  
c u r v e s  is  p r e s e n t e d  in  Fig .  22. 

4.3.2 Aluminum Oxide Particulal~ 

A s s u m i n g  no l o s s e s  and u n i f o r m  d i s t r i b u t i o n  t h roughou t  the  t e s t  
c h a m b e r  vo lume ,  the  m a s s  l oad ing  of A1203 p a r t i c l e s  p roduced  by 
85 g m  of p r o p e l l a n t  would be 2 x 10 -4 g m / ~ .  F i l t e r s  o p e r a t i n g  in 
s e q u e n c e  w e r e  u s e d  to co l l e c t  the A1203 p a r t i c u l a t e s  and m o n i t o r  the  
m a s s  load ing .  The  a v e r a g e  f i l t e r  we ighed  a p p r o x i m a t e l y  0 .05  gm 
b e f o r e  u se ,  and d u r i n g  a 1 0 - m i n  c o l l e c t i n g  p e r i o d  a v e r a g e d  a we igh t  
g a i n  of a p p r o x i m a t e l y  0 .01  gm.  All  f i l t e r s  w e r e  o r i e n t e d  wi th  t h e i r  
f r o n t  f ace  v e r t i c a l  so tha t  t hey  would not  a c c u m u l a t e  f a l lou t  b e f o r e  o r  
a f t e r  t h e i r  s a m p l i n g  per iod .  

Da ta  f r o m  al l  the  t e s t s  a r e  p r e s e n t e d  in F ig .  23. T h e r e  i s  no 
ev idence  of any e f fec t  due to i n i t i a l  h u m i d i t y  o r  add i t ion  of s p r a y  
w a t e r  to the f l a m e  t r e n c h  on the long  t e r m  c o n c e n t r a t i o n  of A1203 
p a r t i c u l a t e s .  The  one s e t  of da ta  f o r  the  s i m u l a t e d  m i s t i n g  r a i n  does  
i nd i ca t e  tha t  s o m e  dep le t ion  had o c c u r r e d  p r i o r  to the  s a m p l i n g  p e r i o d s .  

On s e v e r a l  t e s t  r u n s  s o m e  f i l t e r s  w e r e  u sed  to s a m p l e  the  /t1203 
p a r t i c l e s  d u r i n g  the  f i r s t  two m i n u t e s  a f t e r  f i r i ng .  T h e s e  da t a  a r e  
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qui te  r a n d o m ,  ind ica t ing  the  n o n u n i f o r m  d i s t r i b u t i o n  of the exhaus t  
s p e c i e s  at t h i s  t i m e .  All  t h e s e  f i l t e r s  i n d i c a t e d  p a r t i c l e  m a s s  l o a d i n g s  
in e x c e s s  of 2 x 10 -4 g i n / l i t e r  wi th  a v e r a g e  v a l u e s  a round  3 .5  x 10 -4 
g m / l i t e r .  One i n t e r e s t i n g  o b s e r v a t i o n  f r o m  t h e s e  da ta  is  that  the  
p a r t i c l e  s i z e s  on t h e s e  f i l t e r s  r a n g e  f r o m  s u b m i c r o n  to 30/~, w h e r e a s  
al l  the  p a r t i c l e s  on f i l t e r s  o p e r a t e d  f r o m  T + 2 ra in  to T + 100 m i n  
a r e  s u b m i c r o n .  Scanning  e l e c t r o n  m i c r o s c o p e  (SEM) p h o t o g r a p h s  of 
c o m p a r a b l e  s e c t i o n s  of t h e s e  two types  of p a r t i c l e  s a m p l e s  a r e  shown  
in Fig.  24. 
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5.0 SUPPLEMENTAL SMALL ENGINE TESTS 

5.1 TESTS IN ROCKET PREPARATION BUILDING 

T h e s e  e x p e r i m e n t s  w e r e  conduc ted  to d e t e r m i n e  w h e t h e r  the  da ta  
ob ta ined  f r o m  conf ined  t e s t s  w e r e  s i g n i f i c a n t l y  i n f luenced  by the  n a t u r e  
of the  e n c l o s u r e .  Of p a r t i c u l a r  i n t e r e s t  was  the  o b s e r v e d  f o r m a t i o n  of 
an ac id  a e r o s o l  at r e l a t i v e  h u m i d i t i e s  g r e a t e r  than  65 p e r c e n t .  In the  
12V c h a m b e r  t e s t s  the  s y s t e m  was c o m p l e t e l y  s e a l e d ,  and d u r i n g  the  
t e s t  f i r i n g  t h e r e  was  a s l igh t  o v e r p r e s s u r e  (~, 9 m m )  t r a n s i e n t .  T h i s  
s e t  of two f i r i n g s  was conduc ted  in a l a r g e  m e t a l  bu i ld ing  f o r m e r l y  
u s e d  as a r o c k e t  m o t o r  p r e p a r a t i o n  s i te .  The  i n t e r n a l  f r e e  v o l u m e  
was 8 ,600  cubic  fee t .  By the  v e r y  n a t u r e  of i ts  c o n s t r u c t i o n ,  th i s  
bu i ld ing  was not  su f f i c i en t l y  a i r t i gh t  to s u s t a i n  any o v e r p r e s s u r e .  

The  r o c k e t  m o t o r  and f l a m e  t r e n c h  w e r e  i n s t a l l e d  at one end  of 
the  bui ld ing ,  and i n s t r u m e n t a t i o n  s i m i l a r  to that  u s e d  in the  p r e v i o u s  
t e s t s  was  i n s t a l l e d  on t e m p o r a r y  sca f fo ld ing .  A f r a m e w o r k  m e a s u r i n g  
8 by 6 by 6 ft h igh  was c o n s t r u c t e d  i n s i d e  the s h e d  and was c o v e r e d  
and s e a l e d  wi th  d e a r  p o l e t h y l e n e  shee t .  A duct  was  p r o v i d e d  a long 
wi th  a b l o w e r  to supply  f r e s h  a i r  to th i s  e n c l o s u r e .  T e s t  p e r s o n n e l  
o c c u p i e d  th i s  r o o m  and o p e r a t e d  the s a m p l i n g  i n s t r u m e n t a t i o n  d u r i n g  
t h e s e  t e s t s .  T h i s  a r r a n g e m e n t  p r o v e d  to be qui te  u se fu l  in that  it 
l o c a t e d  the  i n s t r u m e n t s  we l l  i n s i d e  the  t e s t  v o l u m e  without  long  
s a m p l i n g  l i n e s ,  and at the  s a m e  t i m e  p r o v i d e d  i m m e d i a t e  a c c e s s  to ' 
a l l  o p e r a t i o n a l  c o n t r o l s  (Fig.  25). 

The  f i r s t  t e s t  was  conduc ted  with an a m b i e n t  t e m p e r a t u r e  of 80~F 
and a r e l a t i v e  h u m i d i t y  of 68 p e r c e n t .  The m o t o r  was  l o a d e d  wi th  
255 g m  of fuel .  T h e r e  was  no s i gn i f i c an t  d i f f e r e n c e  b e t w e e n  the  r e s u l t s  
ob ta ined  and t h o s e  r e c o r d e d  in the  p r e v i o u s  c h a m b e r  t e s t s .  The  
c o p p e r - p l a t e d  d i sks  r e c o r d e d  an ac id  a e r o s o l  which  p e r s i s t e d  fo r  
the f i r s t  few m i n u t e s .  The  decay  r a t e s  of the  HC1 showed  an in i t i a l  
r a p i d  d e c a y  fo l lowed  by a s l o w e r  decay  r a t e .  The  abso lu t e  l e v e l  of 
the  HC1 and p a r t i c u l a t e  c o n c e n t r a t i o n s  w e r e  h i g h e r  than  in c o m -  
p a r a b l e  ARC 12V c h a m b e r  t e s t s ;  h o w e v e r ,  th i s  was  e x p e c t e d  s i n c e  
the  p r e d i c t e d  m a x i m u m  l e v e l  fo r  u n i f o r m  m i x i n g  was  150 ppm. 

The  s e c o n d  t e s t  was conduc ted  wi th  170 g m  of fuel  in the  r o c k e t  
m o t o r  in o r d e r  to se t  the  exhaus t  c o n c e n t r a t i o n  to a l e v e l  c o m p a r a b l e  
to the  e n v i r o n m e n t a l  c h a m b e r  t e s t s .  The  a m b i e n t  t e m p e r a t u r e  b e f o r e  
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f i r i n g  was  72°F wi th  a r e l a t i v e  h u m i d i t y  of 52 p e r c e n t .  T h e r e  was  no 
e v i d e n c e  of any ac id  d r o p l e t s  on the  c o l l e c t i o n  d i s k s  w h i c h  w e r e  
e x p o s e d  d u r i n g  th i s  t e s t ,  a l t hough  the  e d g e s  of the  d i s k s  t u r n e d  a d a r k  
b lue .  T h i s  had b e e n  o b s e r v e d  on p r e v i o u s  o c c a s i o n s  when  the  d i s k s  
w e r e  e x p o s e d  to f a i r l y  h igh  c o n c e n t r a t i o n s  of HC1 gas .  The  HC1 d e c a y  
c u r v e s  f o r  t h e s e  two t e s t s  a r e  shown  in F ig .  26. As can  be no t ed  in 
c o m p a r i n g  t h e s e  da t a  wi th  t h o s e  f r o m  the c h a m b e r  t e s t s ,  F ig .  20, the  
p a t t e r n  of the HC1 d e p l e t i o n  is s i m i l a r .  

Rocket Motor 

I nstrument 
Enclosure 

Figure 25. Schematic of rocket preparation building. 
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5.2 OUTDOOR TEST FIRINGS 

5.2.1 Procedure 

F o u r  t e s t s  w e r e  c o n d u c t e d  in wh ich  the  n~odel of the r o c k e t  m o t o r  
and l a u n c h  pad was  l o c a t e d  o u t d o o r s  on a c o n c r e t e  ap ron .  T h e s e  t e s t s  
w e r e  c o n d u c t e d  p r i m a r i l y  to ga in  e x p e r i e n c e  in p r e p a r a t i o n  f o r  m o n i -  
t o r i n g  the t e s t  f i r i n g s  at MSFC.  A n e t w o r k  of b u b b l e r s ,  m i l l i p o r e  
f i l t e r s ,  and fa l lou t  d i s k s  was  a r r a n g e d  in a 6 0 - d e g  a r c  d o w n s t r e a m  
of the f l a m e  t r e n c h .  The  gas  s a m p l e s  w e r e  d r a w n  t h r o u g h  the HC1 
d e t e c t o r s  u s ing  the w a t e r - d r i v e n  pumping  s y s t e m  shown  in F i g s .  27 
and 28. The  to ta l  v o l u m e  of gas  s a m p l e d  can be s e t  by f i l l i ng  the  
r e s e r v o i r  wi th  the d e s i r e d  v o l u m e  of w a t e r .  The  s a m p l i n g  flow r a t e  
is a d j u s t e d  by s e t t i ng  the f low va lve .  In o p e r a t i o n  the uni t  is  f i l l ed  
wi th  w a t e r  and the f i l t e r  o r  b u b b l e r  a t t a c h e d  to the s u c t i o n  por t .  ' 
The  d r a i n  tube is he ld  in the  up r igh t  pos i t i on  wi th  a s m a l l  p i e c e  of 
p o l y e t h y l e n e  t ape  l ooped  o v e r  a s h o r t  n i c h r o m e  w i r e .  A s m a l l  r a d i o  
r e c e i v e r  and r e l a y  a long wi th  a h e a t e r  b a t t e r y  a r e  u s e d  to r e m o t e l y  
t r i g g e r  the  s a m p l e r .  At the d e s i r e d  t i m e  the p o w e r  is app l i ed  to the  
n i c h r o m e  w i r e ,  wh ich  m e l t s  t h r o u g h  the p o l y e t h y l e n e  t ape  and r e l e a s e s  
the  d r a i n  tube.  The  s u c t i o n  p r e s s u r e  of t h e s e  pumps  can  be i n c r e a s e d  
by r a i s i n g  the r e s . e r v i o r  and i n c r e a s i n g  the l e n g t h  of the d r a i n  tube.  

5.2.2 Results 

No da t a  w e r e  ob ta ined  f r o m  the f i r s t  two f i r i n g s .  On the f i r s t  
t e s t  the s a m p l e r s  w e r e  l o c a t e d  too f a r  downw'ind, and whi l e  the  e x h a u s t  
t r a v e l l e d  in the d i r e c t i o n  of the  s a m p l e r s  t h e r e  was  too l i t t l e  HC1 at 
g r o u n d  "level fo r  d e t e c t i o n .  On the s e c o n d  t e s t  a t r a n s i e n t  wind  gus t  
b lew the e x h a u s t  g a s e s  to one s ide  of the  a r r a y  of s e n s o r s .  The  t h i r d  
t e s t  was  s u c c e s s f u l ,  and a s e q u e n c e  of p h o t o g r a p h s  of the  c loud  
p a s s i n g  t h r o u g h  the f i r s t  s e t  of s e n s o r s  is shown in Fig.  29. The  
a v e r a g e  c o n c e n t r a t i o n s  of HC1 b a s e d  on the d o s a g e  m e a s u r e d  by the  
s a m p l e r s  and the e x p o s u r e  d e t e r m i n e d  f r o m  the s e q u e n c e  c a m e r a  
da t a  a r e  p r e s e n t e d  in Fig .  30. The  cloud f ron t  t r a v e l l e d  t h r o u g h  the  
s e n s o r s  at 3 . 5  m p e r  s e c o n d ,  and the to ta l  b u r n  t i m e  was  7 .5  s e c .  
F r o m  v i s u a l  o b s e r v a t i o n s  and the s e q u e n c e  p h o t o g r a p h s  it was  d e t e r -  
m i n e d  tha t  the  c r o s s - s e c t i o n a l  a r e a  of the cloud f ron t  as it p a s s e d  by 
the f i r s t  s e t  of s e n s o r s  was  a p p r o x i m a t e l y  6 m 2. Thus  a p p r o x i m a t e l y  
150 m3 of e x h a u s t  g a s e s  p a s s e d  th i s  point .  S ince  the  m o t o r  c o n t a i n e d  
170 g m  of fue l ,  38 gm of HC1 would  be e x p e c t e d  in th i s  c loud ,  y i e l d i n g  
an a v e r a g e  c o n c e n t r a t i o n  of 155 ppm. C o n s i d e r i n g  the  u n c e r t a i n t i e s  
in e s t i m a t i n g  the d i m e n s i o n s  of the  c loud v o l u m e ,  the p r e d i c t e d  and 
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m e a s u r e d  v a l u e s  a r e  in good a g r e e m e n t .  The  fac t  tha t  the  c loud path  
as  de f i ned  by the  p h o t o g r a p h s  and the  c loud  path as  de f ined  by the HC1 
m e a s u r e m e n t s  a g r e e  i n d i c a t e s  tha t  at th i s  point  in the e x h a u s t  c loud  
h i s t o r y  the  HC1 is c o n t a i n e d  wi th in  the  v i s i b l e  c loud  b o u n d a r y .  

The  a m b i e n t  t e m p e r a t u r e  fo r  th i s  t e s t  was  69°F wi th  a r e l a t i v e  
h u m i d i t y  of 55 p e r c e n t .  A l u m i n u m  oxide p a r t i c l e s  w e r e  c o l l e c t e d  on 
the f a l lou t  d i s k s ,  but t h e r e  was  no e v i d e n c e  of ac id  d r o p l e t s .  

The  fou r th  t e s t  was  an a t t e m p t  to r e p r o d u c e  t e s t  n u m b e r  3 e x c e p t  
wi th  the r e l a t i v e  h u m i d i t y  above  70 p e r c e n t .  H o w e v e r ,  the  wind  once  
aga in  sh i f t ed  as  the  eng ine  was  f i r e d ,  and the c loud was  b lown to one 
s i de  of the  a r r a y .  

To Remote 
Control Trigger 

Tygon Tube / 

! 
i 
J 

From Filter 
or Bubbler 

~ F i l l e r  Hole and 
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Figure 27. Water-driven sampling pump. 
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Figure 29. Photo sequence of outdoor firing. 



Temperature 
Humidity 
Wind 
Direction 

e~oe 
55 percent 
< 1 mph 
65 deg 

rri,l I 

B 

I -  N 

Location 

A 
B 
C 
D 
E 
F 
G 
H 
J 

K 
L 
M 

N 
7m 

D f F G 

f 

f 

9m 

Key 
x Bubbler 
0 Mlllipore 
® Fallout Disks 

K 

;( 

/ 
Figure 30. Results from Test No. 2 (AEDC). 

Sym 
® 
® 
® 
x 

x 

0 
X 

X 
0 
® 
0 
0 
0 
® 
0 
® 

M 
t 1 4 m  

19 m 

9m 

HCl 

Zero 
Particles 
Particles 
0 ppm 
17.5 ppm 
45.0 ppm 
125 ppm 
52.0 ppm 
3. 0 ppm 
Zero 
11.0 ppm 
81.0 ppm 
2.0 ppm 
Zero 
7.0ppm 
Particles 

52 



6.0 MONITORING OF 6.4-PERCENT-SCALE SSV TEST AT MSFC 

6.1 DESCRIPTION 

T h e s e  t e s t s  w e r e  conduc ted  at the  open  a i r  t e s t  s i t e  n u m b e r  4540 
at the  Marsha l3  Space F l igh t  C e n t e r  (Fig.  31) and u t i l i z ed  a d e t a i l e d  
6 . 4 - p e r c e n t - s c a l e  m o d e l  of the  s p a c e  shu t t l e  v e h i c l e  and l aunch  c o m -  
plex.  Two T E - M - 4 1 6  r o c k e t  m o t o r s  w e r e  u s e d  as  the  s t r a p - o n  so l id  
b o o s t e r s .  The  so l i d  m o t o r s  each  con ta ined  175 kg of fuel  and b u r n e d  
fo r  a p p r o x i m a t e l y  8 .5  sec .  The  p r o p e l l a n t  con ta ined  20 .4  p e r c e n t  
a l u m i n u m ,  and the  c o m b u s t i o n  c h a m b e r  p r e s s u r e  was  I, 000 ps ia .  
The  n o z z l e s  had an 8 . 3 8 - c m - d i a m  t h r o a t  wi th  an e x p a n s i o n  r a t i o  of 
6 .66  and a hal f  angle  of 15 deg.  

Some  of the  t e s t s  c o n s i s t e d  of f i r i n g  only  the  so l i d  r o c k e t  m o t o r s .  
O t h e r s  c o n s i s t e d  of f i r i n g  the  so l id  m o t o r s  and a se t  of l iqu id  H2, LOX 
e n g i n e s  l o c a t e d  in the  m o d e l  of the  shu t t l e  v e h i c l e .  Six t e s t s  w e r e  
m o n i t o r e d ,  and the  d a t e s  and a t m o s p h e r i c  cond i t ions  a r e  l i s t e d  in 
TaMe 2. 

Table 2. Mar;ball Space Flight Cenlmr Tesls 

T e a t  Da te  Temp, H u m i d i t y ,  Sp ray  Wind Wind 
No. °F P e r c e n t  C o o l i n g  Camera Speed ,  D i r e c t i o n ,  LOX mph deg E n g i n e  

1 0 8 £ 1 9 - 7 4  82 74 No .Yes < 1 300 No 

2 1 1 - 2 2 - 7 4  53 90 No Too D a r k  < 2 V a r i a b l e  No 

3 0 1 - 0 9 - 7 5  56 .5  94 No Too Dark 4 180 No 

4 0 1 - 1 9 - 7 5  5 1 . 5  72 Yes Yes 5 360 Yes 

5 0 2 - 0 8 - 7 5  48 74 Yes Yes < 1 215 Yes 

6 0 3 - 2 5 - 7 5  55 55 Yes Yes 25 315 Yes 

6.2 RESULTS 

A s c h e m a t i c  of the  t e s t  s i t e  is p r e s e n t e d  in Fig .  31. A s u m m a r y  
of the  da ta  ob ta ined  f r o m  t h e s e  t e s t s  is con t a ined  in F ig s .  32 t h r o u g h  
37, which  show the  g e n e r a l  path of the  exhaus t  c loud and the  m e a s u r e d  
HC1 c o n c e n t r a t i o n s  and d o s a g e s  at g r o u n d  l eve l .  
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6.2.1 Test .Firing No. 1 

The  HC1 s a m p l e r s  w e r e  l o c a t e d  in the s u p e r s t r u c t u r e  above  the 
t e s t  pad. Th i s  l o c a t i o n  was  c h o s e n  fo r  two r e a s o n s .  F i r s t ,  t h e r e  
was  a r a d i o  b l ackou t  d e l c a r e d  fo r  a l l  t e s t s ,  wh ich  p r e c l u d e d  u s i n g  
the  r e m o t e  s a m p l e r s  wi th  the  r a d i o - c o n t r o l l e d  t r i g g e r s ,  and the  
a l t e r n a t e  s a m p l i n g  p u m p s  r e q u i r e d  a l l 0 - v  a - c  p o w e r  s o u r c e .  Th i s  
was  r e a d i l y  a v a i l a b l e  at al l  l e v e l s  in the  t e s t  t o w e r .  Second ,  it was  
thought  tha t ,  wi th  s u c h  low winds ,  a s i g n i f i c a n t  quan t i ty  of the  e x -  
h a u s t  would  r i s e  t h r o u g h  the  s u p e r s t r u c t u r e .  

Th i s  f i r i n g  p r o v i d e d  s e v e r a l  s u r p r i s e s .  F i r s t ,  the  bulk of the  
e x h a u s t  g a s e s  l e f t  the e x h a u s t  d e f l e c t o r  at g r o u n d  l e v e l  and s t a y e d  
on the g r o u n d  we l l  beyond  the  p e r i m e t e r  of the  a s p h a l t  ap ron .  The  
s m a l l  p o r t i o n  of the  e x h a u s t  p l u m e  w h i c h  did r i s e  f r o m  the  m o t o r  b u r n  
was  swep t  to one s ide  of the  s u p e r s t r u c t u r e  and b y p a s s e d  the  s a m p l e r s .  

All  of the s a m p l i n g  d i s k s  l o c a t e d  in l i ne  wi th  the  f l a m e  t r e n c h  • 
e x c e p t  one w e r e  swep t  away  by the f o r c e  of the  exhaus t .  Th i s  one,  
h o w e v e r ,  p r o d u c e d  s o m e  good da ta  showing  tha t  t h e r e  was  an ac id  
a e r o s o l  a l r e a d y  p r e s e n t  in the e x h a u s t  c loud about  80 m f r o m  the  
f l a m e  t r e n c h .  M o r e  d e t a i l e d  da ta  f r o m  th i s  d e t e c t o r  a r e  p r e s e n t e d  
in Se c t i on  8 .0 .  G r a s s  s a m p l e s  w e r e  t a k e n  f r o m  the  h i l l s i d e  at the  
2 0 0 - m  point  and w e r e  e x a m i n e d  u n d e r  the m i c r o s c o p e .  S e v e r a l  10- 
to 50-~ A1203 s p h e r e s  w e r e  found on t h e s e  s a m p l e s .  The  g r a s s  w a s  
kep t  in w a t e r  f o r  s e v e r a l  d a y s ,  and it was  o b s e r v e d  tha t  s e v e r a l  
b r o w n  spots  a p p e a r e d  on the  s u r f a c e s  about  the  s a m e  t i m e  tha t  the  
e d g e s  of the b l a d e s  a l so  s h o w e d  e v i d e n c e  of n e c r o s i s .  U n f o r t u n a t e l y ,  
the A1203 p a r t i c l e s  had  b e e n  s h a k e n  off by th i s  t i m e ,  and it was  thins 
not d e t e r m i n e d  if the  spots  w e r e  c o i n c i d e n t  wi th  the p a r t i c l e s .  

One r e m o t e  HCi d e t e c t o r  l o c a t e d  in l i ne  wi th  the f l a m e  t r e n c h  
was  u s e d  d u r i n g  th i s  t e s t  and was  t r i g g e r e d  v i a  a long  c a b l e  s t r u n g  
to the  b l o c k h o u s e .  Th i s  d e t e c t o r  m e a s u r e d  an HC1 d o s a g e  of 410 
p p m - s e c .  A s e q u e n c e  c a m e r a  r e c o r d i n g  at 3 f r a m e s  p e r  s e c o n d  i n d i -  
c a t e s  tha t  the  HCI c loud p a s s e d  by th i s  d e t e c t o r  in a p p r o x i m a t e l y  10 s e c ,  
y i e l d i n g  an a v e r a g e  c o n c e n t r a t i o n  of 41 ppm. One of the  s e q u e n c e  f r a m e s  
f r o m  th is  t e s t  is  s h o w n  in F ig .  38. 
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6.2.2 Test Firing No. 2 

F o r  th i s  t e s t  the i n s t r u m e n t a t i o n  was  l o c a t e d  in l i ne  wi th  the  f l a m e  
t r e n c h  and we l l  beyond  the edge  of the  a s p h a l t  ap ron .  A long  e x t e n s i o n  
c o r d  was  u s e d  to p r o v i d e  p o w e r  to o p e r a t e  two s m a l l  s a m p l i n g  p u m p s  
fo r  the b u b b l e r s  and the  f i l t e r s .  The  f i r i n g  was  d e l a y e d  un t i l  a f t e r  
d a r k ,  p r e v e n t i n g  c a m e r a  c o v e r a g e  of the  c loud.  E a r l i e r  in the  e v e n i n g  
t h e r e  was  a s l igh t  g r o u n d  fog at the  edge  of the  wooded  a r e a .  

The sensors at locations A and B were again lost due to the force 
of the exhaust. The mounting brackets held, but the copper-coated 
glass covers were blown off. Only two samplers detected any evi- 
dence of the exhaust cloud. The disk at location C recorded acid 
aerosol droplets. These stains are shown in Fig. 39. As was noted 
in the AEDC chamber tests, these droplets all have relatively large 

(5 to 20 ~) AI203 spheres which served as condensation nuclei. 

T h e  d e t e c t o r  at  L was  the only  one to r e c o r d  any HC1, and,  as  
is  no ted ,  th i s  was  only a t r a c e  amoun t .  S ince  the  winds  w e r e  so  
l igh t ,  it s e e m s  m o s t  p r o b a b l e  tha t  the  e x h a u s t  c loud l o f t ed  o v e r  the  
s a m p l e r s ,  p o s s i b l y  d r i f t i n g  in a s o u t h e a s t e r l y  d i r e c t i o n .  

Figure 39. Optical microphotographs of acid droplet stains. 
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6.2.3 Test Firing No. 3 

At the  t i m e  the  HC1 and A1203 m o n i t o r s  w e r e  dep loyed ,  the  wind 
was s t e a d y  at 240 deg.  Howeve r ,  at the  t i m e  of f i r i n g  it had sh i f t ed  
to 180 deg,  wi th  the  r e s u l t  that  the  cloud m i s s e d  the  m o n i t o r  a r r a y  
c o m p l e t e l y .  Th i s  f i r i n g  was  a l so  at dusk,  and thus  t h e r e  w e r e  no 
p h o t o g r a p h s  t aken  of the cloud.  It was  o b s e r v e d  that  long  t r a c e r  
s p a r k s  t r a v e l l e d  f r o m  the  exhaus t  d e f l e c t o r  at the  pad we l l  o v e r  150 m 
down the  c e n t e r  of the d e t e c t o r  a r r a y .  S e v e r a l  A1203 s p h e r e s  w e r e  
found on the  s a m p l e  d i sk  at l o c a t i o n  D, but t h e r e  w e r e  no i n d i c a t i o n s  
of ac id  d r o p l e t s .  T h e s e  s p h e r e s  w e r e  hol low and t r a n s p a r e n t  and 
10 to 30~ in d i a m e t e r .  It is m o s t  l i k e l y  that  t h e s e  p a r t i c l e s  w e r e  p r o -  
duced  f r o m  the bu rn ing  fuel  e j e c t e d  f r o m  the r o c k e t  m o t o r .  S i m i l a r  
p a r t i c l e s  have  been  o b s e r v e d  in s a m p l e s  c o l l e c t e d  in the 12V c h a m b e r  
t e s t s  and a l so  in f r e e - b u r n i n g  fuel  in the l a b o r a t o r y .  

6.2.4 Test Firing No. 4 

T h i s  t e s t  was  s c h e d u l e d  fo r  3:30 p . m .  and the in i t i a l  d e v e l o p m e n t  
of s e n s o r s  was  m a d e  at 2:00 p . m .  wi th  a p r e v a i l i n g  wind at 330 deg.  
H o w e v e r ,  t h e r e  was  a "ho ld"  due to a r m i n g  p r o b l e m s  on the  r o c k e t s ,  
and du r ing  th i s  t i m e  the wind sh i f t ed  to 360 deg.  Dur ing  the  de lay  as 
m a n y  of the  d e t e c t o r s  as p o s s i b l e  w e r e  r e l o c a t e d .  Th i s  l a s t  m i n u t e  
change  r e s u l t e d  in ge t t ing  al l  the s e n s o r s  u n d e r  the exhaus t  cloud,  
a l though  the  s a m p l i n g  g r i d  was  s o m e w h a t  r a n d o m .  

Th i s  p a r t i c u l a r  f i r i n g  was m a d e  wi th  the  so l id  r o c k e t  m o t o r s  r a i s e d  
a p p r o x i m a t e l y  t h r e e  nozz l e  d i a m e t e r s  above the  l a u n c h  complex .  Thus ,  
whi le  m o s t  of the  exhaus t  t r a v e l l e d  t h rough  the  f l a m e  t r e n c h  a s i g n i f i -  
cant  amoun t  s p i l l e d  out a round  the pad. The  foo tp r in t  of the r e s u l t i n g  
cloud,  as shown  in Fig.  35, is b a s e d  on the  pho tog raphs  f r o m  the 
s e q u e n c e  c a m e r a  and v i s u a l  o b s e r v a t i o n s  f r o m  the m a j o r  con t ro l  bu i ld -  
ing (Fig.  31). The  m e a s u r e d  d o s a g e s  of HC1 a g r e e  f a i r l y  wel l  wi th  
t h e s e  v i s u a l  o b s e r v a t i o n s .  The  d o s a g e s  r a n g e  f r o m  32 to 100 p p m - s e c  
wi th  the c loud p a s s i n g  a c r o s s  the d e t e c t o r s  in a p p r o x i m a t e l y  12 sec .  
All of the  fa l lout  d e t e c t o r s  r e c o v e r e d  i nd i ca t ed  both A1203 p a r t i c l e s  
and acid  a e r o s o l .  Again,  the  p a r t i c l e s  fa l l ing  out on the  c o p p e r - c o a t e d  
d i s k s  w e r e  in the 5- to 30-~ s i z e  r a n g e ,  wi th  both so l id  and hol low 
s p h e r e s .  All  s t a ins ,  i nd i ca t i ng  the  acid  dropl 'e ts ,  had a l a r g e  A1203 
s p h e r e  as a nuc leus .  
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6.2.5 Test Firing No. 5 

Thi s  t e s t  was  s c h e d u l e d  f o r  an e a r l y  m o r n i n g  f i r i ng .  The  wind  
was  s l i gh t  and f r o m  the  s o u t h w e s t .  T h e r e  was  a l igh t  f r o s t  on the  
g round .  The  s e n s o r s  w e r e  l o c a t e d  as in F ig .  36. The  so l id  e n g i n e s  
w e r e  i n s t a l l e d  wi th  t h e i r  n o z z l e s  d i r e c t l y  o v e r  the  l a u n c h  pad e x h a u s t  
h o l e s ,  and thus  v e r y  l i t t l e  s p i l l a g e  a r o u n d  the  s i d e s  was  e x p e c t e d .  
Th i s  f i r i n g  a l so  i n c l u d e d  b u r n i n g  the  L H 2 - L O X  e n g i n e s  and s p r a y i n g  
coo l ing  w a t e r  in the  f l a m e  t r e n c h .  The  l aunc l l  was  d e l a y e d ,  f i r s t  due 
to a f r o z e n  w a t e r  l ine  at the  l a u n c h  pad and t hen  due to a LOX ven t  
v a l v e  f a i l u r e .  D u r i n g  th i s  p e r i o d  it was  no t ed  tha t  w a t e r  had  c o n d e n s e d  
in the  i n l e t s  of the  b u b b l e r s  and the  G e o m e t  f l o w m e t e r s  w e r e  fu l l  of 
w a t e r .  The  in l e t s  to the b u b b l e r s  w e r e  d r i e d  out and the  G e o m e t  w a s  
d i s a s s e m b l e d  and d r i e d .  The  r o c k e t  m o t o r s  w e r e  f i r e d  at  12:55 p. m . ,  
and the  v i s u a l  c loud p a s s e d  d i r e c t l y  down the  l i ne  of s e n s o r s .  H o w e v e r ,  
the c loud  s t a r t e d  to r i s e  s l i g h t l y  s o o n e r  t h a n  e x p e c t e d  and was  we] /  
above  the g r o u n d  as it  a r r i v e d  at the  G e o m e t  and the c o u l o m e t e r .  It is  
p o s s i b l e  tha t  t h i s  c loud was  a l i t t l e  m o r e  bouyan t  s i n c e  the  a m b i e n t  
t e m p e r a t u r e  was  so  low (48°F)." 

The  p h o t o g r a p h s  f r o m  the s e q u e n c e  c a m e r a  show tha t  the  L H 2 - L O X  
e n g i n e s  f i r e d  at t = 0 and the  so l id  m o t o r s  w e r e  ign i t ed  at t + 3 .3  s e c .  
The  e x h a u s t  c loud t r a v e l l e d  a long the  g r o u n d  to the 100 -m m a r k  and 

t hen  s t a r t e d  to r i s e .  The  l e a d i n g  edge  of the c loud a r r i v e d  above  the  
G e o m e t  and the  c o u l o m e t e r  at t + 15.6  s e c  and was  a p p r o x i m a t e l y  S0 ft 
above  the g round .  By t + 25 .6  s e c  a t r a i l i n g  edge  of the  c loud  had 
d r i f t e d  into the l o c a t i o n  of the G e o m e t  and the e o a l o m e t e r .  T h i s  t r a i l e r  
l i n g e r e d  fo r  a p p r o x i m a t e l y  25 s e c  and s l o w l y  d i s s i p a t e d .  A s e c o n d  
c loud f r o m  the  L H 2 - L O X  e n g i n e s  m o v e d  into the  s e n s o r s  at a p p r o x i -  
m a t e l y  t + 70 s e c  and took about  10 s e c  to d i s p e r s e .  The  fac t  tha t  
the  s e c o n d  c loud  c o n t a i n e d  HC1 was  at f i r s t  s u r p r i s i n g  s i n c e  the  l i qu id  
e n g i n e s  do not  p r o d u c e  HC1, and t h e i r  e x h a u s t  is  d u c t e d  into  a s e p a -  
r a t e  f l a m e  t r e n c h .  It is  obv ious ,  h o w e v e r ,  tha t  s o m e  m i x i n g  of the  
e x h a u s t s  m u s t  o c c u r  j u s t  be low the m a i n  s u p p o r t  pad b e f o r e  the  g a s e s  
e n t e r  the s e p a r a t e  f l a m e  duc t s .  

r e c o r d  of the  G e o m e t  r e s p o n s e  is  p r e s e n t e d  in Fig .  40. The  
r e c o r d e d  peaks  of 5 and 3 ppm a long  wi th  the  e x p o s u r e  t i m e  a g r e e  we l l  
wi th  the  c l o s e s t  m i l l i p o r e  f i l t e r ,  w h i c h  m e a s u r e d  a d o s a g e  of 50 p p m - s e c .  

The  c o u l o m e t e r  a p p e a r s  to have  had r e s p o n s e  p r o b l e m s ,  p o s s i b l y  
due to m o i s t u r e  c o n d e n s i n g  in the  in le t .  The  r a w  da ta  t r a c e  p r e s e n t e d  
in F ig .  40 shows  tha t  it did not s e n s e  the  HC1 unt i l  we l l  a f t e r  both the  
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Geomet and the sequence camera indicate that it had arrived. The 
long sensing periocl after the HCI cloud had passed and the seemingly 
random peaks which follow are all indicative of HC1 having been 
adsorbed on the inlet, and subsequently of its being released into the 
instrument as air was continually drawn through. The inlet problem 
was probably aggravated during this test because the instruments 
were deployed early in the morning when the temperature was below 
40°F, with the firing being conducted approximately four hours later, 
when the temperature had risen to 48°F. The total dosage can be 
obtained by integrating under the response curve. This yields a value 
of 72.5 nanograms of HCI or a dosage of 26.8 ppm-sec. This again 
agrees well with the nearest millipore detector, which measured 
36.0 ppm-sec. 
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Figure 40. Comparison of HCl data MSFC Test No. 5. 
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The c o p p e r - c o a t e d  fa l lout  d e t e c t o r s  l o c a t e d  at A, B, Y, and Z 
w e r e  e t c h e d  c l ean  of all  copper .  Thus ,  t h e s e  d e t e c t o r s  did not have  
the  spot  p a t t e r n s  n o r m a l l y  o b s e r v e d .  H o w e v e r ,  the r e s i d u a l  c o p p e r  
c h l o r i d e  c r y s t a l s  w e r e  c l u s t e r e d  in c i r c u l a r  p a t t e r n s  a round  l a r g e  
A1203 s p h e r e s ,  i nd ica t ing  that  the  in i t i a l  HC1 a r r i v e d  as a e r o s o l  
d r o p l e t s .  The  d i sk  at l o c a t i o n  C had  a c o l l e c t i o n  of ac id  a e r o s o l  d r o p -  
l e t s  s i m i l a r  to t hose  o b s e r v e d  both  in the  AEDC c h a m b e r  t e s t s  and the  
p r e v i o u s  MSFC t e s t s  (Fig.  41). Once again  the d r o p l e t s  w e r e  al l  
a s s o c i a t e d  wi th  the r e l a t i v e l y  l a r g e  A1203 p a r t i c l e s .  Sample  d i sk  D 

s h o w e d  a s l igh t  d i s c o l o r a t i o n  at the  edges  of the coppe r  p la t ing ,  i nd i -  
ca t ing  e x p o s u r e  to HC1 gas  and w a t e r  vapo r ,  but t h e r e  w e r e  no d r o p l e t s  
or  l a r g e  A1203 p a r t i c l e s  on th is  c o l l e c t o r .  The r e s t  of the  d i s k s  w e r e  
c l ean  and the  coppe r  coa t ings  showed  no e v i d e n c e  of d i s c o l o r a t i o n .  

Dur ing  th i s  t e s t  s e v e r a l  l a r g e  p i e c e s  of c o n c r e t e  (10 by 5 by 1 cm) 
w e r e  b lown out of the f l a m e  t r e n c h  and into the  d e t e c t o r s .  One b u b b l e r  
at l o c a t i o n  B was d e s t r o y e d .  The  s u r v i v i n g  bubb le r  at L o c a t i o n  A 
i n d i c a t e d  a to ta l  dosage  of 9 ,000 p p m - s e c  with an e x p o s u r e  of 10 s e c  
in the  t a i l i ngs .  The  a v e r a g e  c o n c e n t r a t i o n  in the  m a i n  c loud at th i s  
point  was  t h e r e f o r e  c l o s e  to 900 ppm. 

Figure 41, Variety in size of acid aerosol droplets. 
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6.2.6 Test Firing No. 6 

This  t e s t  was  conduc ted  with winds  gus t ing  to 25 mph.  Shor t ly  
a f t e r  ign i t ion ,  the  so l id  r o c k e t  m o t o r s  b r o k e  l o o s e  f r o m  t h e i r  m o u n t s .  
One caught  in the  top pa r t  of the  f r a m e w o r k  of the  t e s t  s tand ,  and 
the  o t h e r  l e f t  the  t e s t  s i t e  and a r c e d  o v e r  into a n e a r b y  wooded  a r ea .  
A s e q u e n c e  of photos  f r o m  th is  t e s t  is  p r e s e n t e d  in F ig .  42. B e c a u s e  
of th i s  s e q u e n c e  of e v e n t s  the  i n s t r u m e n t s  w e r e  e x p o s e d  to a m u c h  
l a r g e r  c o n c e n t r a t i o n  of HC1 than  was an t i c ipa t ed ,  with the  r e s u l t  
that  the  G e o m e t  and the  c o u l o m e t e r  both  s a t u r a t e d  and went  off s ca l e .  
D o s a g e s  at v a r i o u s  l o c a t i o n s  on the  'asphal t  a p r o n  r a n g e d  f r o m  211 
p p m - s e c  to 660 p p m - s e c .  The  a v e r a g e  e x p o s u r e  t i m e  as o b s e r v e d  f r o m  
the  b lock  house  was a p p r o x i m a t e l y  10 sec .  The  pH p a p e r s  i nd i ca t e  
a l a r g e  foo tp r in t  on the  aspha l t  apron .  The  p a p e r s  l o c a t e d  n e a r  the  
b u b b l e r s  and m i l l i p o r e  f i l t e r s  a g r e e  in g e n e r a l  with the  d o s a g e  
r e c e i v e d  at t h o s e  l o c a t i o n s .  The  p a p e r  at l o c a t i o n  M was unchanged ,  
i nd i ca t i ng  that  the  cloud did not r e a c h  th is  point  at g round  l e v e l .  

The  c o p p e r - c o a t e d  a e r o s o l  d e t e c t o r s  c o l l e c t e d  A1203 p a r t i c l e s  at 
al l  l o c a t i o n s .  The m a x i m u m  p a r t i c l e  s i z e  was  25/~, with one or  two 
of th is  s i z e  on each  disk .  The  d e t e c t o r  at l o c a t i o n  G had one w e l l -  
de f ined  acid  d r o p l e t  s t a in  with a 25-~ A1203 p a r t i c l e  as i ts  n u c l e u s .  
D e t e c t o r s  at C, E, and J a l so  had one or  two acid  a e r o s o l  s t a ins ;  
h o w e v e r ,  the c o m p l e t e  e t c h e d  s t a in  was  l e s s  than  150 ~ in d i a m e t e r ,  
i nd ica t ing  an e x t r e m e l y  s m a l l  a e r o s o l  d rop le t .  

One u n e x p e c t e d  o b s e r v a t i o n  f r o m  th i s  t e s t  was  the p e r s i s t e n c e  of 
the g round  c loud as a v i s i b l e  ent i ty .  With the p r e v a i l i n g  winds  it was  
e x p e c t e d  that  the cloud would d i s s i p a t e  quickly .  H o w e v e r ,  the cloud 
r e m a i n e d  r e l a t i v e l y  c lose  to the g round  and was s t i l l  wel l  de f ined  10 
rain a f t e r  the f i r ing .  

6.3 SUMMARY OF MSFC TESTS 

The m a i n  p r o b l e m  e n c o u n t e r e d  in m o n i t o r i n g  th is  s e r i e s  of t e s t  
f i r i ngs  was  in p r e l o c a t i n g  the m o n i t o r i n g  i n s t r u m e n t s .  E v e n  in th is  
r e l a t i v e l y  c o n t r o l l e d  t e s t  s e r i e s  w h e r e  one of the t e s t  c o n s t r a i n t s  was  
wind cond i t ions ,  it was e x t r e m e l y  d i f f icul t  to p r e d i c t  the cloud path. 
A f u r t h e r  c o m p l i c a t i o n  was i n t r o d u c e d  by the sa fe ty  r e q u i r e m e n t  that  
al l  p e r s o n n e l  m u s t  e v a c u a t e  the  a r e a  one hour  be fo re  the s c h e d u l e d  
f i r i n g  t i m e .  This ,  coupled  with a p r o h i b i t i o n  on any type of r a d i o  
t r a n s m i s s i o n ,  m e a n t  that  al l  s a m p l i n g  i n s t r u m e n t s  had to be s t a r t e d  
long  b e f o r e  the ac tua l  f i r i n g  and in s o m e  c a s e s  con t inued  s a m p l i n g  
we l l  a f t e r  the f i r i ng  unt i l  the  a r e a  was  d e c l a r e d  safe  fo r  a c c e s s .  

68 



O~ 

Figure 42. Photo sequence of MSFC Test No. 6. 
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Figure 42. Concluded. 



The m i l l i p o r e  f i l t e r s ,  coppe r -p la t ed  fal lout  d i sks ,  and pH paper s  
provided an inexpens ive  network of s e n s o r s  for  these  t e s t s .  The one 
t e s t  (2-8-75) in which the m o r e  soph i s t i ca t ed  Geomet  provided r e a l  
t ime  HC1 concen t ra t ions  which ag ree  with the m i l l i p o r e  data  g ives  
confidence in the r e s u l t s  f rom the f i l t e r s .  

Moni tor ing  th is  t e s t  s e r i e s  provided an oppor tuni ty  to eva lua te  
va r i ous  s ampl ing  techniques  and inc iden ta l ly  pointed out spec i f i c  p ro -  
b lem a r e a s  which can be encounte red  by ce r t a i n  i n s t r u m e n t s .  One 
example  is the wa te r  condensat ion  in both the Geomet  and the coulo-  
m e t e r  opera t ing  at t e m p e r a t u r e s  c lose  to f r eez ing .  The t e s t  mon i -  
to r ing  a l so  provided a base l ine  of data  indica t ing  the r ange  of expected  
dosages  of HC1 around the t e s t  s i t e  dur ing th i s  type of rocke t  f i r ing .  
However ,  poss ib ly  the mos t  s ign i f ican t  r e s u l t  f r o m  th is  por t ion  of 
the p r o g r a m  is the fact  that  the acid a e r o s o l s  obse rved  in the s m a l l -  
s ca l e  env i ronmen ta l  chamber  t e s t s  were  a lso obse rved  dur ing t he se  
f i r i ngs  under  s i m i l a r  a t m o s p h e r i c  condi t ions.  As in the chamber  
t e s t s ,  t hese  a e r o s o l  d rop le t s  a re  a lways  a s s o c i a t e d  with r e l a t i v e l y  
l a r g e  A1203 s p h e r e s  which evident ly  act  as condensa t ion  nuclei .  A 
m o r e  de ta i led  ana ly s i s  of the types  of A1203 p a r t i c l e s  and t h e i r  s i ze  
r ange  is p r e s e n t e d  in Sect ion 8 .0 .  

7.0 EVALUATION OF INSTRUMENTATION 

7.1 GENERAL COMMENTS 

In th is  sec t ion  comment s  a re  p r e s e n t e d  on e x p e r i e n c e s  with the 
i n s t r u m e n t s  used  dur ing these  t e s t s .  The mos t  convenient  work ing  
condi t ions for  i n s t r u m e n t  eva lua t ion  were  found in the sho r t  t e s t  s e r i e s  
in the l a r g e  rocke t  p r e p a r a t i o n  building.  The s m a l l  po lye the l ene -  
covered  igloo was v e r y  f lexib le  in that  with a r a z o r  blade and tape,  
i n s t r u m e n t s  could be mounted quickly and s imp ly  with t he i r  con t ro l s  
and i n t e rna l  components  e a s i l y  a c c e s s i b l e  in the c lean  env i ronmen t  
and t he i r  sampl ing  probes  exposed to the s imu la t ed  cloud without 
r e q u i r i n g  spec ia l  f eed throughs  or extended inlet  tubulat ion.  

For short test periods requiring small gas samples the SO-in. 
Plexiglas® smokebox provided the most economical siumlated exhaust 
cloud having a reasonable mixture of gases and particulates. With 
the initial relative humidity set high, this arrangement also produced 
a self-generated acid aerosol in the test volume. The added side 
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ef fec t ,  h o w e v e r ,  of f r e e - b u r n i n g  fue l  in s[ h igh  h u m i d i t y  a t m o s p h e r e ,  
is an e x c e s s  of hol low a l u m i n u m  oxide p a r t i c l e s .  H o w e v e r ,  it  is  f e l t  
that ,  if n e c e s s a r y ,  the  hol low p a r t i c l e s  could be s u p p r e s s e d  by 
bu rn in g  the  fue l  in a s m a l l  cavi ty  f i t t ed  wi th  a r e s t r i c t e d  o r i f i c e .  

7.2 EVALUATION OF COULOMETER 

The  c o u l o m e t e r  s h a r e s  a p r o b l e m  c o m m o n  to the  bubble 'r ,  and 
that  is a d s o r p t i o n  of HC1 on the  wa l l s  of the  g l a s s  in le t  tube l e a d i n g  to  
the  g l a s s  f r i t .  If the c o u l o m e t e r  is  s a m p l i n g  f r o m  a s t e a d y  s o u r c e ,  
t hen  the wa l l s  of the g l a s s  tube e v e n t u a l l y  s a t u r a t e ,  and the  f ina l  
s t e a d y - s t a t e  va lue  r e c o r d e d  by the i n s t r u m e n t  is r e p r e s e n t a t i v e  of the  
HC1 c o n c e n t r a t i o n  in the s o u r c e .  It was  d e t e r m i n e d  e x p e r i m e n t a l l y  
tha t  th i s  p r o c e s s  could be s p e e d e d  up by i n j ec t i ng  a s m a l l  quan t i ty  of 
HC1 d i r e c t l y  into the  in le t  tube jus t  p r i o r  to use  in o r d e r  to p r e c o n d i -  
t ion the  in le t  tube.  The  r e s p o n s e  of the  i n s t r u m e n t  is l i m i t e d  by the  
fac t  that  the i n c o m i n g  s a m p l e  has  to be d i s s o l v e d  and d i s t r i b u t e d  
t h roughou t  the  v o l u m e  of the e l e c t r o l y t e .  Thus  fo r  a s t e p  input  of 
s a m p l e  t h e r e  is a g r a d u a l  bui ldup of s igna l  which  t a k e s  f r o m  5 to 80 
s e c ,  d e p e n d i n g  on the HC1 c o n c e n t r a t i o n  and the s a m p l e  flow r a t e .  

An e x a m p l e  of the  r e s p o n s e  of the  i n s t r u m e n t  is shown  in Fig.  43. 
T h e s e  da ta  w e r e  ob ta ined  by e s t a b l i s h i n g  a s t e a d y - s t a t e  c o n c e n t r a t i o n  
of 10 ppm HC1 in an e n c l o s e d  vo lume .  At t = 0 the i n s t r u m e n t  which  
had b e e n  s a m p l i n g  r o o m  a i r  was  c o n n e c t e d  to the t e s t  v o l u m e  v ia  a 
6- in .  l e n g t h  of hea t ed  g l a s s  tubing.  Af t e r  s a m p l i n g  fo r  a p p r o x i m a t e l y  
5 min ,  the  c o u l o m e t e r  in le t  was  d i s c o n n e c t e d  f r o m  the  t e s t  v o l u m e  
and once  aga in  s a m p l e d  H C l - f r e e  r o o m  a i r .  Unde r  t h e s e  cond i t ions  
the  i n s t r u m e n t  took 48 s e c  to a t ta in  a 1 0 - p e r c e n t  r e c o v e r y .  The  
c o u l o m e t e r  t h e r e f o r e  can m o n i t o r  changes  in HC1 c o n c e n t r a t i o n s ,  but 
one m u s t  be a w a r e  of the  n a t u r a l  lag  in r e s p o n s e  due to the  s y s t e m  
i n e r t i a .  

For the first tests conducted in the 12V chamber, the coulometer 
was located inside the test volume in order to reduce the length of 
glass tubulation in the sample line to a minimum. However, the initial 
sample of HCI during the first engine firing was so large that it com- 
pletely saturated the electrolyte. Subsequent tests were made with 
the instrument located outside the test cell and a I. 5-m by 2-mm ID 
glass tube used to withdraw the sample. Operated in this fashion, the 
sampling could be started and stopped when desired, and the sample 
flow rate could be changed as needed. This additional tubulation was 
preconditioned prior to each test but still resulted in an attenuated 
response. 
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When the  h igh  h u m i d i t y  t e s t  w e r e  m a d e ,  it b e c a m e  obvious  that  
w a t e r  was  c o n d e n s i n g  on the wa l l s  of the  g l a s s  s a m p l i n g  tube.  A 
h e a t e r  tape  was w r a p p e d  a r o u n d  the tube, ,  and the  t e m p e r a t u r e  was  
m a i n t a i n e d  at 30°C fo r  the  f ina l  e n v i r o n m e n t a l  c h a m b e r  t e s t .  Thus ,  
b e c a u s e  of in le t  p r o b l e m s ,  the da ta  p r o d u c e d  by the  c o u l o m e t e r  
du r ing  t h e s e  t e s t s  a r e  q u e s t i o n a b l e .  

The  c o u l o m e t e r  was a l so  u s e d  to d e t e r m i n e  the  c h l o r i d e  c o n c e n -  
t r a t i o n  in s a m p l e s  ob ta ined  f r o m  b u b b l e r s .  Th i s  was  a c c o m p l i s h e d  by 
i n j e c t i n g  s e v e r a l  m i c r o l i t e r s  of the  l iqu id  f r o m  the  b u b b l e r  d i r e c t l y  
into the c o u l o m e t e r  e l e c t r o l y t e .  The  quan t i ty  of e l e c t r i c i t y  r e q u i r e d  
to r e b a l a n c e  the  ce l l  was  m e a s u r e d  and the  amoun t  of c h l o r i d e  in the 
s a m p l e  was  ca l cu l a t ed .  Th i s  t e c h n i q u e  was u s e d  to c o m p a r e  the  
r e s u l t s  ob ta ined  v ia  pH p r o b e s  and c h l o r i d e  ion s e l e c t i v e  p r o b e s  
d e s c r i b e d  in Sec t ion  3 . 1 . 2 .  The  i n s t r u m e n t  is i dea l ly  s u i t e d  f o r  th i s  
type  of a n a l y s i s  and is  capable  of d e t e r m i n i n g  quan t i t i e s  of c h l o r i d e s  
as low as 3 n a n o g r a m s  p e r  s a m p l e .  

The  c o u l o m e t e r  has b e e n  e m p l o y e d  as a s t a n d a r d  to check  HC1 
m i x t u r e s  u s e d  as c a l i b r a t i o n  g a s e s  fo r  o t h e r  i n s t r u m e n t s .  In th i s  
r o l e  the  c o u l o m e t e r  s a m p l e s  the  m i x t u r e  fo r  a s p e c i f i c  t i m e ;  f r o m  the  
d e t e r m i n a t i o n  of the  we igh t  of the  to ta l  c h l o r i d e  ion s e n s e d ,  the  flow 
r a t e  of the  gas  t h r o u g h  the  e l e c t r o l y t e ,  and the  t i m e  i n t e r v a l ,  the  
c o n c e n t r a t i o n  of the  HC1 is ca l cu la t ed .  Us ing  a T a y l o r  s e r i e s  a n a l y s i s  
wi th  e s t i m a t e s  on the  p r e c i s i o n  of e a c h  m e a s u r e d  quant i ty  i n d i c a t e s  
an e x p e c t e d  u n c e r t a i n t y  of +6 p e r c e n t  when  the  c o u l o m e t e r  is s a m p l i n g  
at i t s  u p p e r  l i m i t  of 17 ppm. 

7.3 EVALUATION OF BUBBLERS 

S e v e r a l  c o m m e n t s  shou ld  be m a d e  c o n c e r n i n g  the  c a r e  and f e e d i n g  
of b u b b l e r s  when  t h e y - a r e  u s e d  u n d e r  t h e s e  c i r c u m s t a n c e s .  Some  of 
t h e s e  points  a r e  wel l  known and m a y  be c o h s i d e r e d  s e l f - e v i d e n t ,  but 
o t h e r s  a r e  pos s ib ly  p e c u l i a r  to th i s  s p e c i f i c  type of t e s t .  In o r d e r  to 
obta in  the  m a x i m u m  s a m p l e  and yet  m a i n t a i n  s o m e  t i m e r e s o l u t i o n ,  it 
is d e s i r a b l e  to s e t t h e  flow r a t e  t h rough  the  b u b b l e r  as h igh  as p o s s i b l e  
and k e e p  the  s a m p l i n g  t i m e  as s h o r t  as pos s ib l e .  Th is  can  l e a d  to  two 
p r o b l e m s .  The  f i r s t  is a c a r r y o v e r  of_water  s p r a y  f r o m  the  b u b b l e r  to 
the  v a c u u m  pumping  s y s t e m .  The b u b b l e r s  d e s i g n e d  with the  e n l a r g e d  
c e n t e r  s e c t i o n  he lp  to r e d u c e  th is  p r o b l e m .  The  s e c o n d  is i n c o m p l e t e  
s c r u b b i n g  and a r e s u l t i n g  l o s s  of HC1 as it is c a r r i e d  t h r o u g h  the bubb le r .  
In o r d e r  to a s s u r e  that  th i s  was  not  o c c u r r i n g  fo r  the  flow r a t e s  u s e d  
in t h e s e  t e s t s ,  s e v e r a l  r u n s  w e r e  m a d e  wi th  ~wo b u b b l e r s  in s e r i e s .  
T h e r e  was  no d e t e c t a b l e  quant i ty  of HC1 c o l l e c t e d  in the s e c o n d  unit .  
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B e s i d e s  be ing  r e a d i l y  d i s s o l v e d  in w a t e r ,  HC1 is s t r o n g l y  a b s o r b e d  
on the in le t  tubes  and i n t e r n a l  s u r f a c e s  of the  g l a s s  b u b b l e r s .  Thus  it 
is n e c e s s a r y  that  the b u b b l e r s  be b a c k f l u s h e d  to be s u r e  that  a l l  of the  
HC1 is in so lu t ion  b e f o r e  the  pH or  the  c h l o r i d e  ion c o n c e n t r a t i o n  m e a -  
s u r e m e n t  is m a d e .  B e s i d e s  back f lu sh ing  the in le t  tube it was  a l so  found 
n e c e s s a r y  to bubble  a l i t t l e  d ry  n i t r o g e n  t h rough  the  g l a s s  f r i t  to c l e a r  
the HC1 f r o m  it and e n s u r e  i ts  c o m p l e t e  m i x i n g  in the bubb le r .  

Af t e r  u s ing  the  b u b b l e r s  fo r  t h e s e  t e s t s  it was  no ted  that  the  n o r -  
m a n y  whi te  g l a s s  f r i t s  had t u r n e d  d a r k  g r e y .  No amoun t  of wash ing  or  
back f lu sh ing  he lped  in t r y i n g  to r e m o v e  th i s  d i s c o l o r a t i o n .  Subsequen t  
a n a l y s i s  of t h e s e  f r i t s  i n d i c a t e d  tha t  they  w e r e  l oaded  with a l u m i n u m  
oxide  p a r t i c l e s .  

T e s t s  of the  A1203 p a r t i c l e s  have  shown that  both  the  cr and 7 p h a s e s  
a r e  p r e s e n t .  T h e r e f o r e ,  it  can be e x p e c t e d  that  a f l a s s  f r i t  l o a d e d  wi th  
the  A1203 p a r t i c u l a t e s  wil l  have  an e f fec t  on the  pH of the  so lu t i on  in 
the  bubb le r ,  e s p e c i a l l y  if t h e r e  is  a de l ay  b e t w e e n  t ak ing  the  s a m p l e  
and t h e n  ana lyz ing  it. In o r d e r  to d e t e r m i n e  the  o r d e r  of m a g n i t u d e  of 
th i s  e f fec t  an H C l - a i r  m i x t u r e  was  s a m p l e d  wi th  a bubb le r  con ta in ing  
a f r i t  which  was f i l l ed  with A1203 but wh ich  had b e e n  t h o r o u g h l y  r i n s e d  
in  d i s t i l l e d  w a t e r .  The  c o n c e n t r a t i o n  of HC1 c a l c u l a t e d  f r o m  the  pH 
r e a d i n g  i m m e d i a t e l y  a f t e r  s a m p l i n g  was 114 ppm.  Af t e r  s i t t i ng  with 
the  f r i t  i m m e r s e d  in the  s a m p l e  fo r  2 h r s  the  pH had i n c r e a s e d  and 
the  a p p a r e n t  c o n c e n t r a t i o n  was c a l c u l a t e d  as 82 ppm ( 2 8 - p e r c e n t  
d e c r e a s e ) .  It is  t h e r e f o r e  r e c o m m e n d e d  that  b u b b l e r s  wh ich  a r e  u s e d  
in f u t u r e  t e s t s  have r e p l a c e a b l e  f r i t s .  

The  bubb le r  which  was m o d i f i e d  to inc lude  a pH p robe  w o r k e d  
s u c c e s s f u l l y  a l though t h e r e  w e r e  s o m e  o p e r a t i o n a l  l i m i t a t i o n s .  The  
f i r s t  was  the s i gna l  no i s e  g e n e r a t e d  by the bubbles  r i s i n g  pas t  the  pH 
p robe  and caus ing  s t r e a m i n g  po ten t i a l s .  Th i s  was  o v e r c o m e  by 
o p e r a t i n g  the s y s t e m  in a pu l sed  m o d e  and t ak ing  r e a d i n g s  when  the  
gas flow s topped.  The s econd  p r o b l e m  was the in le t  a d s o r p t i o n  of HC1. 
Th i s  r e q u i r e d  that  a f t e r  e v e r y  s a m p l e  p e r i o d  the  bubb l e r  be s lowly  
p r e s s u r i z e d  unt i l  the  w a t e r  back f i l l ed  the  in le t  tube and then  d e p r e s s u -  
r i z e d  to d raw th is  w a t e r  back a round  the  pH probe .  Th i s  p r o v e d  to be 
a d e l i c a t e  p r o c e d u r e  and r e q u i r e d  v i s u a l  o b s e r v a t i o n  of the  w a t e r  
l e v e l  as the  s y s t e m  was p r e s s u r i z e d .  The  t e c h n i q u e  w o r k e d  s u c c e s s -  
ful ly a l though th is  o p e r a t i o n a l  m e t h o d  l i m i t e d  the p l a c e m e n t  of the  
bubb le r  to a l o c a t i o n  d i r e c t l y  in f ron t  of the  c h a m b e r  v i ewpor t .  In 
fu tu re  app l i ca t i ons  th i s  bubb le r  could be a u t o m a t e d  with an op t ica l  
s e n s o r  u s e d  to con t ro l  the  b a c k - f l u s h i n g  cycle .  
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T h r e e  m e t h o d s  of a n a l y s i s  of the  so lu t i on  in the  b u b b l e r s  w e r e  
u sed .  The  s i m p l e s t  was  a pH p robe  which  had been  p r e c a l i b r a t e d  
with  s t a n d a r d  bu f fe r  so lu t i ons .  A s e c o n d ,  s i m i l a r  type  of m e a s u r e -  
m e n t  was  m a d e  us ing  a c h l o r i d e  ion s e n s i t i v e  p robe .  Th i s  p r o d u c e d  
r e s u l t s  p a r a l l e l  to t h o s e  of the pH p robe .  It was  not  u s e d  in the 
c o n t i n u o u s - s a m p l i n g  bubb l e r  b e c a u s e  it was  not c o n v e n i e n t  to m o u n t  
it and i ts  r e f e r e n c e  e l e c t r o d e  in the bubb le r .  The  t h i r d  m e t h o d  invo lved  
t ak ing  s m a l l  s a m p l e s  f r o m  the b u b b l e r  and add ing  t h e m  to the  cou lo -  
m e t e r  and e l e c t r i c a l l y  t i t r a t i n g  to d e t e r m i n e  the  ch lor ide '  c o n c e n t r a t i o n .  
F o r  b u b b l e r  s a m p l e s  ob ta ined  f r o m  pure  HC1 gas  r e l e a s e s  in the  
c h a m b e r ,  the HC1 c o n c e n t r a t i o n  c a l c u l a t e d  f r o m  the c h l o r i d e  d e t e r m i -  
na t ion  and t h o s e  f r o m  the h y d r o g e n  ion m e a s u r e m e n t  (pH) a g r e e d  
wi th in  5 p e r c e n t .  H o w e v e r ,  when  s a m p l e s  w e r e  t a k e n  f r o m  a c t u a l  
r o c k e t  fue l  b u r n s ,  the r e s u l t s  ob ta ined  f r o m  pH m e a s u r e m e n t s  w e r e  
c o n s i s t e n t l y  l o w e r  by 20 to 25 p e r c e n t .  

Th i s  could i n d i c a t e  that  s o m e  of the  A1203 a l s o  i n g e s t e d  in the  
b u b b l e r  is  7 - a l u m i n a  and is  r e a c t i n g  wi th  the HCl. 

C o n s i d e r i n g  the  p r e c i s i o n  of the ind iv idua l  m e a s u r e m e n t s  r e q u i r e d  
fo r  the d e t e r m i n a t i o n  of the c o n c e n t r a t i o n  of the HC1 in the  a t m o s p h e r e  
u s i n g  a b u b b l e r  as  the s a m p l i n g  d e v i c e  l e a d s  to an e s t i m a t e  of the 
u n c e r t a i n t y  as +11 p e r c e n t  at c o n c e n t r a t i o n s  of 27 ppm wi th  s a m p l i n g  
r a t e s  of 1 £ / m i n .  

7.4 EVALUATION OF THE MILLIPORE FILTERS 

• The  ab i l i ty  of the m i l l i p o r e  f i l t e r s  to s e r v e  as  HC1 d o s a g e  m o n i t o r s  
was  d i s c o v e r e d  a f t e r  s e v e r a l  b u b b l e r s  w e r e  equ ipped  wi th  t h e m  in an 
a t t e m p t  to s e p a r a t e  the A1203 p a r t i c l e s  f r o m  the  gas  s a m p l e  so  tha t  the 
p a r t i c l e s  would not a c c u m u l a t e  in the g l a s s  f r i t s .  Af t e r  t h e s e  b u b b l e r s  
w e r e  o p e r a t e d  in the e x h a u s t  c loud,  it was  found tha t  t h e r e  was  only  a 
t r a c e  of HC1 in the bubb le r .  H o w e v e r ,  the  HC1 c o n c e n t r a t i o n s  d e t e r -  
m i n e d  f r o m  an a n a l y s i s  of tl~e f i l t e r  and back ing  pad m a t c h e d  the  HC1 
c o n c e n t r a t i o n  l e v e l s  as  m e a s u r e d  by o t h e r  i n s t r u m e n t a t i o n .  S u b s e q u e n t  
t e s t s  wi th  t h e s e  f i l t e r s  have  shown  that  u n u s e d  f i l t e r s  and c e l l u l o s e  
pads  a r e  n e u t r a l  and do not  i n t e r f e r e  wi th  a pH d e t e r m i n a t i o n .  H o w e v e r ,  
t h e r e  is a c h l o r i d e  c o n t r i b u t i o n  f r o m  the c e l l u l o s e  m a t e r i a l .  Th i s  p r e -  
c ludes  a n a l y s i s  of the  HC1 d o s a g e  f r o m  a c h l o r i d e  ion d e t e r m i n a t i o n .  

T h e s e  f i l t e r s  coup led  with the p u m p i n g  s y s t e m  d e s c r i b e d  in 
S ec t i on  5 .2  could  p r o v i d e  a r e l a t i v e l y  i n e x p e n s i v e  s a m p l i n g  s y s t e m  
fo r  f i e ld  use; '  t h e r e f o r e ,  f u r t h e r  t e s t s  w e r e  c o n d u c t e d  to b e t t e r  de f ine  
t h e i r  a d v a n t a g e s  and t h e i r  l i m i t a t i o n s .  
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T h e s e  t e s t s  c o n s i s t e d  of f lowing gas  f r o m  a bo t t l ed  m i x t u r e  of d ry  
N 2 con ta in ing  60 ppm HC1 t h r o u g h  the  f i l t e r s  at v a r i o u s  flow r a t e s .  
In addi t ion ,  t e s t s  w e r e  conduc ted  in a P l e x i g l a s  s m o k e  box, shown  in 
Fig.  44. The  box has  a v o l u m e  of 15.28 ft3, and 0. 325 g m  of fue l  
b u r n e d  in th is  e n c l o s u r e  p r o d u c e s  a cloud dens i t y  e q u i v a l e n t  to that  
p r o d u c e d  by the  8 5 - g m  r o c k e t  burn  in the  12V t e s t s .  The  s m o k e  box 
is f i t t ed  wi th  two m i x i n g  fans  and a ven t ing  s y s t e m  along with a h u m i d -  
f l i e r .  A p p r o p r i a t e  f e e d t h r o u g h s  and suppor t  s t ands  al low i n s t a l l a t i o n  
of gas  and p a r t i c l e  m o n i t o r s  as r e q u i r e d .  A r e m o t e  ign i t ion  s y s t e m  
us ing  an e l e c t r i c a l l y  hea t ed  n i c h r o m e  e l e m e n t  is u s e d  to burn  the fuel  
s a m p l e s .  

Figure 44. Burning fuel in Plexiglas ® smoke box. 
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7.4.1 Permeation of HCI through a Filter Assembly 

The  f i r s t  u s e  of t h e s e  f i l t e r s  to m e a s u r e  HC1 c o n c e n t r a t i o n s  
i n d i c a t e d  tha t  t h e r e  was  no m e a s u r a b l e  p e r m e a t i o n  of HC1 t h r o u g h  the  
f i l t e r  pad.  H o w e v e r ,  th i s  was  a s i ng l e  da ta  point  wi th  only  one flow 
r a t e .  Thus  a s e r i e s  of f i l t e r s  was  u s e d  to m e a s u r e  the  HC1 c o n c e n -  
t r a t i o n s  u s i n g  a gas  m i x t u r e  of N 2 and HC1 (60 ppm).  The  gas  m i x -  
t u r e  was  p a s s e d  t h r o u g h  two f i l t e r  a s s e m b l i e s  m o u n t e d  in s e r i e s  and 
t h e n  e x h a u s t e d  t h r o u g h  a r o t o m e t e r  wh ich  was  u s e d  to d e t e r m i n e  the 
f low r a t e .  F low r a t e s  w e r e  v a r i e d  f r o m  0 . 5  to 6 .5  ~ / m i n ,  and s a m p l e  
t i m e s  w e r e  s e t  at  60 s e c .  A f ina l  r u n  was  m a d e  wi th  the  f low r a t e  

s e t  at 5 .5  ~ / m i n  in w h i c h  the  f i r s t  f i l t e r  pad had b e e n  m o i s t e n e d  wi th  
s e v e r a l  d r o p s  of d i s t i l l e d  w a t e r .  T h e  da t a  f r o m  t h e s e  t e s t s  a r e  p r e -  
s e n t e d  in F ig .  45. The  r e s u l t s  wi th  the  m o i s t e n e d  f i l t e r  pad i n d i c a t e  
tha t  when  p r a c t i c a l ,  t h i s  is  a p r e f e r r e d  m e t h o d  of o p e r a t i o n .  S ince  
al l  s a m p l e  t i m e s  w e r e  s e t  at 60 s e c  wi th  the  f low r a t e  v a r i a b l e ,  t h e s e  
da t a  cou ld  i n d i c a t e  a c a r r y - t h r o u g h  c a u s e d  by e i t h e r  o v e r - s a t u r a t i o n  
of the  f i r s t  pad o r  i n e f f i c i e n t  t r a p p i n g  at  the  h i g h e r  flow r a t e s .  Noted  
in F ig .  45 is  a s i ng l e  t e s t  point  t a k e n  at  5 ~ / m i n  fo r  12 s e c ,  w h i c h  
would  i n d i c a t e  tha t  the  c a r r y - o v e r  i s  c a u s e d  by a c o m b i n a t i o n  of both 
of t h e s e  f a c t o r s .  Thus  f u t u r e  u s e  of the  s i ng l e  f i l t e r  pads  as  HC1 
d e t e c t o r s  shou ld  be l i m i t e d  to m a x i m u m  flow r a t e s  of 1 ~ / m i n  to 
m i n i m i z e  b l e e d  t h r o u g h  l o s s e s ,  and s a m p l i n g  t i m e s  s e t  to l i m i t  the  
d o s a g e  to l e s s  t han  3 ,600  p p m - s e c  to avo id  s a t u r a t i o n .  

7.4.2 Filter Makeup and Performance 

As was  m e n t i o n e d  p r e v i o u s l y  and can  b e . s e e n  in F ig .  8, the  f i l t e r  
a s s e m b l y  c o n s i s t s  of a f i l t e r  m e m b r a n e  and a c e l l u l o s e  s u p p o r t  pad.  
Sevei-a l  f i l t e r s  w e r e  e x p o s e d  to s a m p l e s  of the  N 2-HC1 m i x t u r e ,  and 
the m e m b r a n e s  and the  s u p p o r t  pads  w e r e  p r o c e s s e d  s e p a r a t e l y  to 
d e t e r m i n e  the  d i s t r i b u t i o n  of the  HC1 b e t w e e n  the  two e l e m e n t s .  The  
da t a  p r e s e n t e d  in T a b l e  3 i n d i c a t e  tha t  the m e m b r a n e  has  a r a t h e r  
l i m i t e d  c a p a c i t y  f o r  a d s o r b i n g  HC1, and d e p e n d i n g  on the  f low r a t e  and  
to t a l  e x p o s u r e ,  it  r e t a i n s  f r o m  3 to 9 x 10 -6 g m  HC1. The  r e l a t i v e  
c o n s i s t e n c y  of the  a m o u n t  r e t a i n e d  on the  m e m b r a n e  w h e n  c o m p a r e d  
wi th  the  wide  v a r i a t i o n  in the  to t a l  d o s a g e  of t h e s e  e x p e r i m e n t s  
(15 to 450 x 10 -6 gin) i n d i c a t e s  tha t  in e a c h  i n s t a n c e  the  m e m b r a n e  
has  r e a c h e d  s a t u r a t i o n .  

T h e  a c c u r a c y  of the  d e t e r m i n a t i o n  of an HC1 c o n c e n t r a t i o n  u s i n g  
th i s  d e v i c e  is de f ined  by the  v a r i o u s  m e a s u r e m e n t s  w h i c h  m u s t  be 
m a d e  (i. e . ,  t i m e  of e x p o s u r e ,  f low r a t e  througl~ f i l t e r ,  quan t i t y  of 
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wate r  used in the a n a l y s i s ,  and the hydrogen  ion concent ra t ion) .  
Assuming  r e a s o n a b l e  u n c e r t a i n t i e s  for  each of these ,  m e a s u r e m e n t s  
y ie ld  a net u n c e r t a i n t y  of +15 pe rcen t  in the HC1 concent ra t ion .  

n First Sampling Filter 
o Second Sampling Filter 
v Total HCI Concentration 

• • w Filters with Moist Pad 
-o--o- ~-  12-sec Sample Time 

6O 

50 

~ 2o 
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Figure 45. Evaluation of millipore filters as HCI detectors. 
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Table 3. HCI Distribution 

Flow Rate, Sampling Time, 
2/min sec 

HC1 C o l l e c t e d  

Membrane S u p p o r t  P a d ,  
(gm x 106 ) (gm x 106 ) 

0 . 8 9  10 5 . 5  + 2 . 5  8 

0 . 8 9  60 6 . 3  __+ 2 . 3  77 

0 . 8 9  120 6 . 5  __+ 3 . 5  150 

5 . 0  10 4 . 5  __+ 1 . 5  72 

5 . 0  60 6 . 5  + 2 . 5  427 

7.5 EVALUATION OF pH PAPERS 

G e n e r a l  p u r pose  pH p a p e r s  wi th  an e f f e c t i v e  r a n g e  f r o m  0 to 11 
w e r e  ob ta ined  fo r  eva lua t i on  as l o w - c o s t  HC1 d o s a g e  m o n i t o r s .  P r e t e s t  
e v a l u a t i o n  of t h e s e  p a p e r s  c o n s i s t e d  of e x p o s i n g  t h e m  to v a r i o u s  con -  
c e n t r a t i o n s  of HC1 in a s a t u r a t e d  a i r - w a t e r  a t m o s p h e r e .  T h e s e  am- '  
b ient  a t m o s p h e r e s  w e r e  ob ta ined  by p a r t i a l l y  f i l l ing  l a r g e  g l a s s  c o n t a i n e r s  
wi th  v a r i o u s  c o n c e n t r a t i o n s  of h y d r o c h l o r i c  acid ,  the  e q u i l i b r i u m  
v a p o r  p r e s s u r e  and the  r e s u l t i n g  ppm c o n c e n t r a t i o n  of HC1 in the  gas  
phase  then  be ing  de f ined  by the  c o n c e n t r a t i o n  of the ac id  and the  
t e m p e r a t u r e .  

The  r e s u l t s  of t h e s e  t e s t s  i n d i c a t e d  that  ff the  pH p a p e r s  w e r e  
e x p o s e d  fo r  15 s e c  and t h e i r  c o l o r  change  no ted  i m m e d i a t e l y ,  t h e n  
they  could be c a l i b r a t e d  to g ive  r e a s o n a b l y  r e p r o d u c i b l e  r e s u l t s .  
Suff ic ient  co lo r  changes  o c c u r r e d  to p e r m i t  an e s t i m a t e  of the  HC1 
c o n c e n t r a t i o n  as ye l low <5 ppm,  gold  5 to 20 ppm, peach  20 to 50 ppm,  
and r e d  >50 ppm. However ,  it was  no ted  that  four  t i m e s  the  e x p o s u r e  
in a s a m p l e  a t m o s p h e r e  at one q u a r t e r  the HC1 c o n c e n t r a t i o n  did not 
p r o d u c e  an a p p r o p r i a t e  co lo r  change to p e r m i t  c a l i b r a t i n g  the  pH 
p a p e r s  as t r u e  d o s a g e  m o n i t o r s  f o r  u se  w h e r e  both  the  e x p o s u r e  t i m e  
and the  HC1 c o n c e n t r a t i o n  w e r e  unknown.  F u r t h e r  t e s t s  wi th  the  pH 
p a p e r s  e x p o s e d  to the c o m b u s t i o n  p r o d u c t s  f r o m  r o c k e t  fue l  i n d i c a t e d  
r a n d o m  r e s p o n s e s .  One i m p o r t a n t  o b s e r v a t i o n  was  m a d e  with a 
fuel  b u r n  t e s t  conduc ted  at 8 9 - p e r c e n t  r e l a t i v e  humid i ty .  One of the  
pH p a p e r s  r e m o v e d  f r o m  the  bo t t om of the t e s t  c h a m b e r  was  c o v e r e d  
with spo t s ,  i nd ica t ing  that  ac id  d r o p l e t s  p o s s i b l y  had s e t t l e d  on it. 
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In g e n e r a l ,  it is s u g g e s t e d  that  pH p a p e r s  m i g h t  be u s e f u l l y  
d e p l o y e d  o v e r  a l a r g e  a r e a  downwind of a r o c k e t  l aunch  to p r o v i d e  
s o m e  ind i ca t i ons  of ac id  d r o p l e t s .  It shou ld  be noted ,  h o w e v e r ,  that  
the pH p a p e r s  can r e c o r d  such  an ac id  d r o p l e t  only when  the  co lo r  
change  of the  to ta l  pH p a p e r  caused  by the  a m b i e n t  HC1 gas  d o s a g e  is 
l e s s  than tha t  c aused  by the  drople t •  It has  a l so  b e e n  o b s e r v e d  that  ff 
the  pH pape r  is e x p o s e d  to d r o p l e t s  of d i s t i l l e d  w a t e r  and then  to d ry  
HC1 gas ,  a r e v e r s e  spo t t ed  p a t t e r n  is r e c o r d e d .  

7.6 EVALUATION OF THE CHEMILUMINESCENT DETECTOR 

The  c h e m i l u m i n e s c e n t  d e t e c t o r  r e s p o n d e d  r a p i d l y  when  e x p o s e d  
to H C l - a i r  m i x t u r e s  and d ropped  to b a c k g r o u n d  l e v e l  wi th in  a few 
s e c o n d s  a f t e r  the  HC1 s o u r c e  was r e m o v e d .  The  r e s p o n s e  t i m e  was 
a f fec ted  when  a 1 -m  g l a s s  tube was added to the  in le t ,  and thus  fo r  
the  f i r s t  t e s t s  in the  12V c h a m b e r  the  c o m p l e t e  i n s t r u m e n t  was  
l o c a t e d  in the t e s t  v o l u m e ,  and no e x t e n s i o n  tube was used .  

Some  o p e r a t i o n a l  p r o b l e m s  w e r e  e n c o u n t e r e d  du r ing  the  t e s t  s e r i e s  
which  should  be noted.  The  f i r s t  o c c u r r e d  a f t e r  s a m p l i n g  e x h a u s t  

p r o d u c t s  wh ich  had b e e n  p r o d u c e d  in a r e l a t i v e l y  d r y  e n v i r o n m e n t  
(29 p e r c e n t  r e l a t i v e  humid i ty ) .  The  s y m p t o m  was e r r a t i c  r e a d i n g s ,  
and the cause  was  d e t e r m i n e d  to be a p a r t i a l  b lockage  in the r e f e r e n c e  
ce l l  flow s y s t e m  caused  by an e x c e s s i v e  i n g e s t i o n  of A1203 p a r t i c l e s •  
Th i s  was c o r r e c t e d  by connec t ing  the  r e f e r e n c e  ce l l  in le t  to a c l ean  
a i r  supply ou t s ide  the t e s t  cel l .  In l a t e r  t e s t s ,  w h e r e  in i t i a l  r e l a t i v e  
h u m i d i t i e s  w e r e  h igh  (>70 p e r c e n t ) ,  it was no ted  that  t h e r e  was  a 
l a r g e  n o i s e  s i gna l  s u p e r i m p o s e d  on the  HC1 s igna l .  At f i r s t  t h e s e  
n o i s e  s p i k e s  w e r e  thought  to be an e l e c t r o n i c s  p r o b l e m ;  h o w e v e r ,  
f u r t h e r  i n v e s t i g a t i o n s  i nd i ca t ed  that  they  w e r e  de f in i t e ly  a s s o c i a t e d  
wi th  the  in i t i a l  h u m i d i t y  cond i t ions  in the  c h a m b e r  and w e r e  c a u s e d  by 
the p r e s e n c e  of ac id  a e r o s o l  d rop l e t s •  

Subsequen t  c a l i b r a t i o n  s tud i e s  on th i s  i n s t r u m e n t  p e r f o r m e d  a f t e r  
the r o c k e t  m o t o r  t e s t s  conduc ted  in the 12V c h a m b e r  have  r a i s e d  s o m e  
q u e s t i o n s  c o n c e r n i n g  the  va l id i ty  of c a l i b r a t i n g  with d r y  gas  m i x t u r e s  
in the  l a b o r a t o r y  and then  us ing  the  i n s t r u m e n t  at a l a t e r  t i m e  in a 
h igh  h u m i d i t y  e n v i r o n m e n t  with p o s s i b l e  ac id  a e r o s o l s  p r e s e n t .  

The  fo l lowing  s t ud i e s  w e r e  conduc ted  us ing  the  s m o k e  box shown 
in Fig.  44. The  in i t i a l  c a l i b r a t i o n  was p e r f o r m e d  as d e s c r i b e d  p r e -  
v ious ly  wi th  a d ry  N2-HC1 gas m i x t u r e .  The  fo l lowing  day the  i n s t r t i -  
m e n t ,  a long wi th  the  c o u l o m e t e r ,  was  a t t ached  to the  s m o k e  box. Both  
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instruments sampled simultaneously from this source. The HCI con- 
centrations in the box were maintained by circulating the air over a 
shallow glass base pan containing a dilute solution of hydrochloric 
acid. The HCI concentrations were established at the appropriate levels 
as indicated by the coulometer by varying the concentration of the 
hydrochloric acid. In all these tests the inlet tube to the coulometer 
was heated to prevent loss of HCI in the sample line. Under these 
conditions the HCl-air mixture was saturated with water vapor. The 
data presented in Fig. 46 show the shifts in calibration that were 
observed. 
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Figure 46, Calibration of Geomet. 

A f u r t h e r  t e s t  w a s  c o n d u c t e d  in w h i c h  a s m a l l  g l a s s  n e b u l i z e r  w a s  
i n s t a l l e d  in t he  s m o k e  box.  T h e  n e b u l i z e r  w a s  f i l l e d  w i t h  a d i l u t e  
s o l u t i o n  of  HC1 (pH 1) a n d  o p e r a t e d  to  p r o d u c e  an  a c i d  m i s t  in a d d i t i o n  
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to the  a l r e a d y  w a t e r - s a t u r a t e d  H C l - a i r  a t m o s p h e r e .  The  c o u l o m e t e r  
i n d i c a t e d  a s l i gh t  i n c r e a s e  in HC1 with  the n e b u l i z e r  o p e r a t i n g  (5 p e r c e n t ) .  
The  c h e m i l u m i n e s c e n t  d e t e c t o r  p r o d u c e d  e r r a t i c  r e s u l t s .  The  f i r s t  
nota~)le f e a t u r e  was  the  a p p e a r a n c e  of n o i s e  s p i k e s  s u p e r i m p o s e d  on 
the  b a s i c  s ignal .  Howeve r ,  the  base  s igna l  did not r e m a i n  s t e a d y  but 
s lowly  i n c r e a s e d  and d e c r e a s e d  in a r a n d o m  f a sh ion  (Fig.  47). It is 
tempting" to s u g g e s t  that  the  b a s e l i n e  r e p r e s e n t s  the HC1 in the  gas  

p h a s e  and the  s p i k e s  can be ana lyzed  to d e t e r m i n e  the  HC1 d i s s o l v e d  
in l iqu id  d r o p l e t s .  Howeve r ,  the e x p e r i m e n t s  conduc ted  to da te  a r e  
not su f f i c i en t  to suppor t  such  a h y p o t h e s i s .  At th i s  t i m e  it has  b e e n  
d e t e r m i n e d  that  when  no i se  s p i k e s  a p p e a r  th i s  is  i nd i ca t i ve  of an ac id  
a e r o s o l  in the  s a m p l e .  It is  a l so  s u s p e c t e d  tha t  the  u sab l e  l i f e t i m e  
of the  b r o m i d e - b r o m a t e  coa t ing  on the  i n n e r  s u r f a c e  of the  c e r a m i c  
tube m a y  be s i g n i f i c a n t l y  r e d u c e d  when  it is s a m p l i n g  gas  m i x t u r e s  
wi th  an a e r o s o l  p r e s e n t .  F u r t h e r  t e s t s  shou ld  be m a d e  to d e t e r m i n e  
the  m a g n i t u d e  of th i s  ef fec t .  I n so fa r  as the  c h e m i l u m i n e s c e n t  d e t e c t o r  
is c a l i b r a t e d  aga ins t  the c o u l o m e t e r ,  i t s  a c c u r a c y  is de f ined  as 
+6 p e r c e n t  when  s a m p l i n g  u n d e r  the s a m e  cond i t ions  u n d e r  wh ich  it 
was  c a l i b r a t e d .  L a r g e  changes  in t h e s e  cond i t ions  could  i n c r e a s e  
th is  u n c e r t a i n t y ,  as i nd i ca t ed  by da ta  in Fig.  46. 
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Figure 47. Geomet response with aerosol present. 
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7.7 EVALUATION OF MODIFIED CONDENSATION NUCLEI COUNTER 

In o r d e r  to c a l i b r a t e  th i s  i n s t r u m e n t  and c o r r e l a t e  a s p e c i f i c  
i n c r e a s e  in p a r t i c l e  count  to a p a r t i c u l a r  c o n c e n t r a t i o n  of HC1 gas  in 
the s a m p l e d  a t m o s p h e r e  it w a s  found n e c e s s a r y  to c a r e f u l l y  c o n t r o l  the 
r a t e  at w h i c h  the  NH 3 was  i n t r o d u c e d  into the  s a m p l i n g  in le t .  S ince  
the  r e q u i r e d  r a t e s  w e r e  v e r y  low,  the  f i r s t  m e t h o d  u s e d  was  to p r o v i d e  
a r e l a t i v e l y  h igh p r e s s u r e  s o u r c e  (15 psig)  of NH 3 and u s e  a s m a l l  
o r i f i c e  l e a k  at  the in le t  (Fig .  48a).  T h i s  r e q u i r e d  an a d d i t i o n a l  v a l v e  
and v a c u u m  pum ping  s y s t e m  to p u r g e  the  NH 3 f r o m  beh ind  the  l e a k  
and p r o v i d e  a p o s i t i v e  shutoff  of NH 3 a f t e r  e a c h  pu l se .  T h i s  t e c h n i q u e  
w o r k e d  we l l  d u r i n g  the  d e v e l o p m e n t  p h a s e  w h e n  the s y s t e m  was  
c h e c k e d  out wi th  gas  m i x t u r e s .  It was  d e t e r m i n e d  d u r i n g  t h e s e  c a l i -  
b r a t i o n  r u n s  tha t  wh i l e  the  HC1 was  a d s o r b e d  on the  w a l l s  of long  in l e t  
t ubes ,  the  a m m o n i u m  c h l o r i d e  p a r t i c l e s  w e r e  not  s i g n i f i c a n t l y  a t t e n u a t e d  
by s a m p l i n g  tube  l e n g t h s  up to 15 ft. T h u s ,  by add ing  the  a m m o n i a  at  
the  in l e t  to the  s a m p l i n g  tube ,  the  b a s i c  i n s t r u m e n t  could  be m o u n t e d  
o u t s i de  the  t e s t  v o l u m e  and the in l e t  could  be l o c a t e d  wi th  c o n s i d e r a b l e  
f r e e d o m  in s ide  the "chamber .  

A f t e r  u s e  in the  f i r s t  two c h a m b e r  f i r i n g s  the  o r i f i c e  in the  c a l i b r a t e d  
l e a k  b e c a m e  p lugged .  It was  d e t e r m i n e d  tha t  th i s  was  due  to A1203,  
e v i d e n t l y  d r a w n  into  the o r i f i c e  d u r i n g  the  p u r g e  p e r i o d  in the  c y c l e  when ,  
wi th  a n e g a t i v e  p r e s s u r e  beh ind  the l e a k ,  t h e r e  was  a r e v e r s e  f low and 
the  s a m p l e  gas  was  d r a w n  into the  o r i f i c e .  In o r d e r  to avo id  th i s  p r o -  
b l e m ,  the  NH 3 add i t ion  s y s t e m  s h o w n  s c h e m a t i c a l l y  in F ig .  48b was  
bui l t .  In t h i s  s y s t e m  t h e r e  a r e  two i d e n t i c a l  s a m p l e  i n l e t s ,  one wi th  
an a m m o n i a  add i t i on  and the  o t h e r  wi thout .  A s p e c i a l l y  c o n s t r u c t e d  

t w o - w a y  v a l v e  c o n n e c t s  t h e s e  i n l e t s  to e i t h e r  the  n u c l e i  c o u n t e r  o r  a 
v a c u u m  pump.  The  flow r a t e  t h r o u g h  the  v a c u u m  p u m p  is a d j u s t e d  to  
m a t c h  tha t  t h r o u g h  the c o n d e n s a t i o n  n u c l e i  c o u n t e r .  The  pu l se  s a m p l i n g  
is a c c o m p l i s h e d  by o p e r a t i n g  the t w o - w a y  va lve .  

T h i s  s y s t e m  w o r k e d  we l l  wi th  t e s t s  m a d e  at low r e l a t i v e  h u m i d i t i e s ,  
and a s a m p l e  da t a  t r a c e  is p r e s e n t e d  in F ig .  49a.  H o w e v e r ,  at the  
h i g h e r  r e l a t i v e  h u m i d i t i e s  the i n s t r u m e n t  e x h i b i t e d  s o m e  s t r a n g e  
b e h a v i o r  w h i c h  was  at f i r s t  a t t r i b u t e d  to i n s t r u m e n t  m a l f u n c t i o n  but 
l a t e r  w a s  d e t e r m i n e d  to be a r e a l  e f f ec t  e v i d e n t l y  a s s o c i a t e d  wi th  an 
ac id  a e r o s o l  f o r m e d  by the e x h a u s t  p r o d u c t s  in the t e s t  c h a m b e r .  

A s a m p l e  of t h i s  a n o m a l o u s  da t a  i s  p r e s e n t e d  in F ig .  49b. As 
can  be s e e n ,  the  p a r t i c l e  count  wi th  NH 3 add i t ion  has  d r o p p e d  be low 
the n o r m a l  count .  Subsequen t  t e s t s  have  b e e n  c o n d u c t e d  which  ind i -  
ca t e  tha t  when  NH 3 is  added  to the  s a m p l e  gas  w h i c h  c o n t a i n s  a m i x -  
t u r e  of w a t e r  v a p o r  and a e r o s o l  d r o p l e t s ,  s o m e  of the  NH 3 is a d s o r b e d  
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by the d r o p l e t s .  Th i s  l o w e r s  the  H20 v a p o r  p r e s s u r e  of the d r o p l e t  
and r e s u l t s  in the  d r o p l e t s '  s t a r t i n g  to g row.  T h e s e  d r o p l e t s ,  w h i c h  
would  n o r m a l l y  be s m a l l  enough  to p a s s  t h r o u g h  the  t ubu l a t i on  and 
h u m i d i f i c a t i o n  s e c t i o n  of the  c o n d e n s a t i o n  c o u n t e r ,  a r e  now e f f e c t i v e l y  
f i l t e r e d  by i m p a c t  on the  i n t e r i o r  s u r f a c e s  of the s y s t e m  and a r e  thus  
los t .  Th i s  l o s s  of a e r o s o l  r e s u l t s  in a net  d e c r e a s e  in p a r t i c l e  count  
in the  e x p a n s i o n  s e c t i o n  of the i n s t r u m e n t .  

B e c a u s e  of the  u n c e r t a i n t i e s  invo lved  in r e p r o d u c i n g  e q u i v a l e n t  
a e r o s o l  d r o p l e t s ,  it is  not d e e m e d  f e a s i b l e  to c a l i b r a t e  the  c o u n t e r  as  
an HC1 d e t e c t o r  f o r  u se  u n d e r  t h e s e  cond i t ions .  H o w e v e r ,  the  s y s t e m  
does  p r o v i d e  an i n d i c a t i o n  of the p r e s e n c e  of an ac id  a e r o s o l ,  and as 
s u c h  it was  u s e d  in the 12V c h a m b e r  t e s t .  It is of i n t e r e s t  to note  tha t  
in the  12V t e s t s  the  CNC da ta  would i n d i c a t e  that  the ac id  a e r o s o l  p e r -  
s i s t e d  fo r  a p p r o x i m a t e l y  5 rain.  

~,'~,'~,~l ~ NH3 Supply 

- - - , -  Vacuum Purge 
NH 3 
O r i f i c e - - - ~ ~ ' ~  - - -  Sample to CNC 

Exhaust J ~ ~ ~ . ~  
Gas Sample 

a. Initial NH3 system 

1 ~ = NH 3supply 

NH 3 ~ - ~ ~  ~ ~  ~ - -  
Orifice ~ /  ........ ~ l ~ l V ~ l b l  

Reversing Valve / AE0C LJ 5447 -75 

To Vacuum 
Pump 

b. Second NH3 system 
Figure 48. Inlet systems to modified CNC. 

To 
CNC 
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7.8 EVALUATION OF CASCADE IMPACTOR 

In s a m p l i n g  so l id  p a r t i c l e s  it is  d e s i r a b l e  to have  e a c h  p la te  coa ted  
wi th  a s t i c k y  f i l m  to p r e v e n t  the l a r g e r  p a r t i c l e s  f r o m  be ing  b lown 
f r o m  pla te  to p la te .  Nondry ing  f i l m s  of a s t i f f  g r e a s e  a r e  r e c o m m e n d e d .  
S e v e r a l  t e c h n i q u e s  w e r e  e v a l u a t e d  d u r i n g  t h e s e  t e s t s .  T h e y  inc luded  
g l a s s  s l i d e s  coa ted  wi th  s i l i c o n  g r e a s e ,  d o u b l e - s i d e d  a d h e s i v e  tape ,  
and t h in  a l u m i n u m  foi l .  

The  g r e a s e  and a d h e s i v e  coa t ings  p roved  equa l l y  e f f ec t i ve  in 
c o l l e c t i n g  the  s a m p l e s ;  h o w e v e r ,  t hey  both  p r e s e n t e d  a p r o b l e m  when  
the s a m p l e s  w e r e  t r a n s f e r r e d  to a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM) 
fo r  d e t a i l e d  a n a l y s i s .  F o r  o b s e r v a t i o n  u n d e r  the SEM the  p a r t i c l e s  
m u s t  f i r s t  be coa ted  with  an e l e c t r i c a l l y  conduc t ive  f i lm .  In the  c a s e  
of the  g r e a s e  f i l m  it  was  found tha t  the  s a m p l e  had to be w a s h e d  in  a 
f r e o n  so lven t  and then  r e t u r n e d  to a s a m p l e  d isk .  In th i s  p r o c e s s i n g  
m a n y  of the  p a r t i c l e s  w e r e  lo s t ,  and m a n y  coagu la t ed  to f o r m  l a r g e  
l u m p s .  A t t e m p t s  to s e p a r a t e  t h e s e  l u m p s  u s ing  an u l t r a s o n i c  ba th  to 
v i b r a t e  the  s a m p l e  whi le  the  f r e o n  so lven t  was  e v a p o r a t i n g  w e r e  not  
s u c c e s s f u l .  

S a m p l e s  c o l l e c t e d  on the  a d h e s i v e  tape  w e r e  s u c c e s s f u l l y  coa ted  
wi th  a m e t a l l i z i n g  f i lm;  howeve r ,  u n d e r  the  combined  e n v i r o n m e n t  
of the  h igh  v a c u u m  and the hea t  f r o m  the s c a n n i n g  e l e c t r o n  b e a m ,  
the a d h e s i v e  s h r i v e l e d  and d i s t o r t e d ,  m a k i n g  the p a r t i c l e  f i e ld  h a r d  
to d i s t i n g u i s h  and ana lyze .  

The  uncoa ted  a l u m i n u m  fo i l  did have  s o m e  c a r r y o v e r  of the  
l a r g e r  p a r t i c l e s  but was  b e t t e r  su i t ed  fo r  SEM a n a l y s i s .  It was  a l s o  
noted  tha t  on one s e t  of the s a m p l e  d i s k s  the  f i r s t  s t age  d i s p l a y e d  the  
c h a r a c t e r i s t i c  e t ched  s t a i n  p roduced  by ac id  d r o p l e t s ,  wh ich  had  been  
p r e v i o u s l y  no ted  on the  c o p p e r - p l a t e d  f a l lou t  d i sk s .  

S ince  th i s  t echn ique  was  deve loped  du r ing  the l a t e r  p e r i o d  of r o c k e t  
f i r i n g s ,  t h e r e  a r e  no c o m p a r a t i v e  da ta  t a k e n  o v e r  a v a r i e t y  of t e s t  
cond i t ions .  H o w e v e r ,  i t  i s  s u g g e s t e d  tha t  in "future t e s t s  t h i s  i n s t r u -  
m e n t  l o a d e d  wi th  c o p p e r - p l a t e d  g l a s s  d i s k s  in e a c h  s t age  can  s e r v e  to 
de t ec t  not only the A1203 p a r t i c u l a t e s  but a l s o  the  ac id  d r o p l e t s  wh ich  
m i g h t  be p r e s e n t  in a p a r t i c u l a r  e x h a u s t  c loud s a m p l e .  
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7.9 EVALUATION OF ROTATING VANES 

In g e n e r a l  it migh t  be s ta ted  that  th i s  s y s t e m  was too ef fec t ive  in 
co l lec t ing  p a r t i c l e s .  Even with sho r t  opera t ing  per iods  of 10 to 15 sec ,  
the A1203 p a r t i c l e s  comple te ly  coated the co l l ec to r  tape,  making  it 
v e r y  diff icul t  to s e p a r a t e  the individual  pa r t i c l e  s i ze s .  Thus,  while 
th is  s imp le  approach  can provide bulk s a m p l e s ,  it would be n e c e s s a r y  
to provide  a sample  co l l ec to r  with some r e m o t e l y  operab le  cover  to 
provide  a s h o r t e r  sampl ing  per iod.  It is fel t ,  however ,  that  in view 
of the p r e s e n t  s ta te  of the a r t  in r e m o t e  cont ro l  of model  a i r c r a f t  th i s  
would p r e sen t  no problem.  

7.10 EVALUATION OF COPPER-COATED FALLOUT PLATES 

These  p la tes  proved to be e x t r e m e l y  useful  in both confined and 
f r ee  a t m o s p h e r i c  t e s t s .  Bes ides  co l lec t ing  a r e p r e s e n t a t i v e  s a m p l e  
of the p a r t i c l e s  se t t l ing  out, they a lso  r e c o r d e d  the o c c u r r e n c e  of acid 
drople t s .  Seve ra l  methods  of p r e p a r i n g  the d i sks  have been t r i ed ,  
including copper  e l ec t rop l a t e  on pol ished a luminum s tubs ,  copper  foil ,  
al l  copper  s tubs ,  s p u t t e r - c o a t e d  g l a s s  s l ides ,  and v a c u u m - e v a p o r a t e d  
copper  on g l a s s .  The l a t t e r  method has  proven to be the mos t  ef fec-  
t ive.  The 0. 0 1 3 - c m - t h i c k  g l a s s  cover  s l ips  were  cemented  to a lu-  
minum SEM sample  buttons and then vacuum coated With app rox ima te ly  

O 

500 A of copper.  After  coating, the d i sks  were  s to red  for  s e v e r a l  
days  in d u s t - f r e e  sample  boxes.  Dur ing this  s t o r age  per iod  the 
copper  coating developed the c h a r a c t e r i s t i c  copper  color  ind ica t ive  
of a th in  oxide coating. Th i s  oxide coat ing prov ides  the r e a c t i v e  s u r -  
face for  both the acid and the gaseous  HC1, the acid producing the 
s t a in  and the gas  r e a c t i n g  with the r e m a i n i n g  su r face  so that  with 
subsequent  exposure  to sunl ight  it t u rn s  a dark  blue. 

Besides producing a record of an acid aerosol droplet, the stain 
does provide some information about the size and the acidity of the 
droplet. In an attempt to quantify this information dilute solutions of 
HCI were prepared and sprayed through an atomizer, and' the drops 
were allowed to impinge on two sampling disks. One of the disks was 
coated with silicon oil, and the other was not. The size of the drop- 
lets caught in the oil film were compared to the size of the stains. It 
was noted that the stain size is a function of both the acidity of the 
droplet and the droplet size. For a general approximation however, 
the liquid droplet diameter is close to the diameter of the inner circle 
in the stains. The pH of the dilute acids required to produce stains 
comparable to those recorded from the rocket motor tests ranged from 
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pH 1 to pH -1. F i g u r e  50 p r e s e n t s  the e q u i l i b r i u m  c o n c e n t r a t i o n  of 
g a s e o u s  HC1 in ppm that  would  e x i s t  o v e r  v a r i o u s  HC1 ac id  d i l u t i ons .  
As can" be no ted ,  ac id  d r o p l e t s  in e q u i l i b r i u m  wi th  an e x h a u s t  c loud  
con ta in ing  100 ppm of HCI and hav ing  a t e m p e r a t u r e  of 25°C can  be 

e x p e c t e d  to have  a pH as low as  - 0 . 6 8 .  
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Besides visual comparisons of the types of etched stains produced 
by various concentrations of acids, several of the SEM photos showing 
well-defined cuprous chloride crystals were used to estimate the 
acidity of the droplet which caused them. The technique used was to 
estimate the size of the droplet from the size of the inner stain. Then 
an enlarged print of the sample was used to estimate the total volume 

of cuprous chloride. Estimates of the crystal thickness were made by 
comparison to the diameter of the spherical aluminum oxide nucleus. 
The sample shown in Fig. 51 was analyzed using this method with the 
following results. The total quantity of cuprous chloride was determined 
as 3.3 x i0 -11 gm and the volume of the acid droplet as i. 16 x 10 -10 

cm 3. Assuming complete reaction, then an estimate of the acidity 
of the droplet which landed on the sampling disk is a pH of -0.4. This 
sample was taken from test No. 14 in the AEDC environmental chamber 
and was collected between t = 1 min and t = 3 min. It can be noted 
from Fig. 2 1 that the concentration of HCI in the chamber during this 
period was approximately 6 ppm. This would indicate that droplets 
produced in the exhaust cloud are in equilibrium with the maximum 
concentration of HC1 gas to which they are exposed. Estimates of the 

acidity of some droplets have been as high as pH = -0.6. 

Figure 51. Acid droplet stain (AEDC Test No. 14). 
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" Th i s  t e c h n i q u e  is only ~ppl icab le  to t h o s e  c a s e s  w h e r e  the  cup rous  
c h l o r i d e  c r y s t a l s  a r e  r e a s o n a b l y  d i s t inc t .  In m a n y  c a s e s  an add i t ion  
of a l u m i n u m  c h l o r i d e  in the d r o p l e t  c o m p l e t e l y  m a s k s  the  cup rous  
c h l o r i d e .  

8.0 PARTICULATES IN THE EXHAUST CLOUD 

8.1 AI 'UMINUM OXIDE PARTICLES 

The  A1203 p a r t i c l e s  c o l l e c t e d  and e x a m i n e d  du r ing  t h e s e  t e s t s  
cove i  ~ a wide  s i z e  r a n g e  and inc lude  a v a r i e t y  of t ypes .  

The  dus t  p a r t i c l e s  f r o m  <0.01 to 0 . 1  ~ a r e  i r r e g u l a r l y  shaped  and 
in m a n y  c a s e s  have  a g g l o m e r a t e d  into c l u s t e r s .  The  d e l i c a t e ,  l a c e -  
l ike  n a t u r e  of t h e s e  c l u s t e r s  would  s u g g e s t  that  th i s  a g g l o m e r a t i o n  
occui~s .under r e l a t i v e l y  q u i e s c e n t  cond i t ions  we l l  ou t s ide  of the  t u r -  
bulent  exhaus t  p lume.  T h o s e  p a r t i c l e s  in the  s i z e  r a n g e  f r o m  1 to 
100 ~ a r e  s p h e r i c a l .  It is qui te  c o m m o n  to f ind s o m e  of the  s m a l l e r  
s p h e r e s  a t t ached  to the  l a r g e r  ones .  F i g u r e  52 would i nd i ca t e  that  
th is  a g g l o m e r a t i o n  o c c u r r e d  whi le  the  l a r g e r  s p h e r e  was  s t i l l  m o l t e n ,  
s i n c e  the s m a l l e r  ones  a r e  i m b e d d e d  in i t s  s u r f a c e .  H o w e v e r ,  o t h e r  
g r o u p s  such  as that  shown  in Fig .  53 i nd i ca t e  that  the  a t t a c h m e n t  
o c c u r r e d  we l l  a f t e r  so l i d i f i ca t i on .  C l u s t e r s  of the  l a r g e r  s p h e r e s  
(20 to 100 ~) a r e  r a r e ,  and it is  fe l t  tha t  t h o s e  wh ich  have  b e e n  ob-  
s e r v e d  a r e  a r e s u l t  of the c o l l e c t i o n  p r o c e s s .  

When  e x a m i n e d  u n d e r  the op t ica l  m i c r o s c o p e  the  A1203 s p h e r e s  
can be. d iv ided  into t h r e e  types ,  a c c o r d i n g  to t h e i r  p h y s i c a l  a p p e a r a n c e .  
The  f i r s t  can be c o m p a r e d  to a l o o s e l y  c o m p a c t e d  snowba l l  (Fig.  54a). 
It can be b r o k e n  open e a s i l y  wi th  a m i c r o p i c k  and in m a n y  c a s e s  
r e v e a l s  a m e t a l l i c  a l u m i n u m  core .  Th i s  type of s p h e r e  is p r o d u c e d  
a l m o s t  e x c l u s i v e l y ,  whe'n so l i d  p r o p e l l a n t  fuel  is  b u r n e d  at low p r e s s u r e  
in an i n e r t  a t m o s p h e r e  of n i t r o g e n  o r  a rgon .  It is t yp ica l  of the  type  
of p a r t i c l e  p r o d u c e d  in t e s t s  which  a r e  conduc ted  in c l o s e d  e n v i r o n -  
m e n t a l  c h a m b e r s  w h e r e  the  quant i ty  of fue l  bu rned  is l a r g e  c o m p a r e d  
to the  ava i l ab l e  oxygen  in the  t e s t  c h a m b e r ,  thus  r e s u l t i n g  in a p r e -  
m a t u r e  quench ing  of the bu rn ing  a l u m i n u m  drop le t .  Th i s  type of 
p a r t i c l e  was  not  o b s e r v e d  in the  s a m p l e s  f r o m  the  r o c k e t  m o t o r s  u s e d  
in the  t e s t s  e i t h e r  at AEDC or  MSFC, but was  p r o d u c e d  by bu rn ing  
s m a l l  s a m p l e s  of fuel  in a c o m b u s t i o n  bomb (150 ps i a  m a x i m u m  
p r e s s u r e ) .  
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Figure 52. Fused AI203 spheres. 

Figure 53. AI2 03 spheres loosely attached. 

92 



Snowlike a. 

- - - r - .  ~ 

i 
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Figure 54. Varieties of AI2 03 spheres. 

The o the r  two types  a r e  shown  in Fig.  54b. One is t r a n s p a r e n t ,  
and the o t h e r  is opaque.  The  opaque s p h e r e s  a p p e a r  s m o o t h ,  wi th  
the c o l o r a t i o n  of s m a l l  p e a r l s .  In th i s  p h o t o g r a p h  a p o l a r i z e d  l igh t  
s o u r c e  was  u s e d  to b e t t e r  de f ine  the t r a n s p a r e n t  s p h e r e ,  wi th  the 
r e s u l t  that  the  whi te  opaque s p h e r e s  a p p e a r  g r ey .  

8.1.1 Transparent Spheres 

The  t r a n s p a r e n t  s p h e r e s  r a n g e  in s i z e  f r o m  10 to > 100/J.  In a 
m o r e  d e t a i l e d  e x a m i n a t i o n  with the  s cann ing  e l e c t r o n  m i c r o s c o p e  they  
a r e  found to be hol low (Fig.  55) and have  a s h e l l  t h i c k n e s s  on the  o r d e r  
of 0 .1  p (Fig.  56). An e n l a r g e d  v iew of the  s u r f a c e  s t r u c t u r e  of t h e s e  
p a r t i c l e s  is shown in Fig.  57. The  d e n d r i t i c  g rowth  of the  c r y s t a l s  as 
the  m e l t  so l i d i f i ed  can be qui te  e a s i l y  s e e n .  The s a t e l l i t e  p a r t i c l e s  
a t t a c h e d  to the  s u r f a c e  a r e  the  opaque type and obv ious ly  b e c a m e  
a t t a c h e d  a f t e r  so l i d i f i c a t i on .  

These hollow spheres have appeared in varied numbers in all of 
the tests. It has been found, however, that they can be produced in 
copious quantities by free-burning the fuel in air with a relative 
humidity greater than 80 percent. 

S e v e r a l  s u g g e s t i o n s  have  b e e n  m a d e  as  to the  m e c h a n i s m  by 
which  t h e s e  s p h e r e s  a re  p roduced .  B a r t l e t t  et  al. (Ref. 3) p r o p o s e  
a b u rn ing  m o d e l  in wh ich  the  a l u m i n u m  oxide f o r m s  on the  s u r f a c e  
of the  m o l t e n  a l u m i n u m ,  which  is  t hen  in f l a ted  by the  a l u m i n u m  vapo r .  
T h i s  v a p o r  d i f fuses  t h rough  the  s h e l l  and bu rns  on i ts  o u t e r  s u r f a c e .  
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B r z u s t o w s k i  (Ref. 12) t akes  i s s u e  with th i s  m o d e l ,  which  r e q u i r e s  a 
s t ab le  l iqu id  shel l  s u r r o u n d i n g  a l iqu id  c o r e  at the s a m e  t i m e  s u b j e c t e d  
to e x t e r n a l  a e r o d y n a m i c  f o r c e s .  He r e f e r s  to h is  own work ,  in which  
he a l so  o b s e r v e d  hol low s p h e r e s  p r o d u c e d  f r o m  bu rn ing  a l u m i n u m  
w i r e s .  No coat ing  of m e t a l l i c  a l u m i n u m  was o b s e r v e d  i n s i d e  t h e s e  
s p h e r e s ,  and thus he s u g g e s t s  that  they  a r e  not blown up by a l u m i n u m  
vapor .  His s u g g e s t i o n  is that  they  a r e  p robab ly  in f la ted  by h y d r o g e n  
which  was d i s s o l v e d  in the a l u m i n u m  s a m p l e .  Drew et  al. (Ref. 13), 
u s ing  high s p e e d  pho tog raphy  to o b s e r v e  bu rn ing  a l u m i n u m  d r o p l e t s ,  
o b s e r v e d  that  the  oxide f o r m s  a m o l t e n  l e n s l i k e  cap on one s ide  of the  
a l u m i n u m  s p h e r e  and s u g g e s t  that  the  hol low oxide s p h e r e s  a r e  m o s t  
l i k e l y  f o r m e d  by g a s e s  b lowing  bubbles  out f r o m  th i s  cap. 

Figure 55. Broken AJ203 sphere. 
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Figure 56. Edge view of shell. 

Figure 57. Surface structure of shell. 
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P r e n t i c e  (Ref. 5) r e p o r t s  that  the  f o r m a t i o n  of hol low s p h e r e s  is 
a s s o c i a t e d  with the e n v i r o n m e n t  in which  the a l u m i n u m  is  bu rned .  
A l u m i n u m  s p h e r e s  bu rn ing  in a wet  a t m o s p h e r e  w e r e  o b s e r v e d  to 
exp lode ,  r e s u l t i n g  in a s h o w e r  of a l u m i n u m  oxide  ba l loons  and so l i d  
s p h e r e s .  Add i t ion  of CO 2 to the  gas  mix tu re ,  r e s u l t e d  in an e v e n  m o r e  
v io l en t  e x p l o s i o n  of the a l u m i n u m  drop le t .  P r e n t i c e  s u g g e s t s  that  
the  so l i d  s p h e r e s  a r e  ~ - a l u m i n a  and tha t  the  ba l l oons  f o r m e d  in the  
p r e s e n c e  of CO 2 a r e  a n o n - s t o i c h i o m e t r i c  A 1 - 0 - C  s p e c i e s .  The  
a u t h o r s '  o b s e r v a t i o n s  would  c o n f i r m  P r e n t i c e ' s  r e s u l t s  fo r  cond i t ions  
of h igh  humid i ty .  Since  the so l id  r o c k e t  p r o p e l l a n t  a l so  p r o d u c e s  CO20 
t h e n  the  o x y c a r b i d e s  that  he  p r o p o s e s  a r e  a l so  a p o s s i b l e  p roduc t  of 
combus t ion .  

It would  appea r  that  t h e s e  hol low s p h e r e s  a r e  p r o d u c e d  f r o m  
a l u m i n u m  burn ing  ou t s ide  the r o c k e t  c o m b u s t i o n  c h a m b e r ,  and thus  
would  account  fo r  only a s m a l l  p r e c e n t a g e  of the  to ta l  a l u m i n u m  oxide  
p r o d u c e d  by a r o c k e t  m o t o r .  They  would  be m o s t  l i k e l y  to o c c u r  
s h o r t l y  a f t e r  ign i t ion  when  fuel  c lo se  to the  nozz l e  could be e j e c t e d  
unbu rned .  E v i d e n c e  of t h e s e  t r a c e r s  f r o m  bu rn ing  fuel  has  b e e n  
o b s e r v e d  in both the  e n v i r o n m e n t a l  c h a m b e r  t e s t s  and the  MSFC t e s t s .  

E v e n  though t h e s e  p a r t i c l e s  m a y  account  fo r  only a s m a l l  p e r -  
cen tage  of the  to ta l  /t1203, they  can play an i m p o r t a n t  r o l e  in the  
a t m o s p h e r i c  c o n d e n s a t i o n  p r o c e s s e s ,  and with a p p a r e n t  d e n s i t i e s  as 
low as 0. 024 g m / c c ,  they  can r e m a i n  in the a t m o s p h e r e  fo r  long  
p e r i o d s  of t i m e .  

8.1.2 Opaque Spheres of Aluminum Oxide 

Upon c l o s e r  e x a m i n a t i o n  the opaque s p h e r e s  of a l u m i n u m  oxide  
a r e  f a r  f r o m  the s i m p l e ,  s m o o t h  s p h e r e s  o b s e r v e d  u n d e r  the  op t i ca l  
m i c r o s c o p e .  F i g u r e s  58a, b0 and c p r e s e n t  SEM pho tog raphs  of s p h e r e s  
with a p l a t e - l i k e  s t r u c t u r e .  Sample  (a) was  t aken  f r o m  the  exhaus t  of 
a s c a l e d  M i n u t e m a n  s e r i e s  m o n i t o r  wi th  7 ,000 lb  of p rope l l an t ,  s a m p l e  
(b) f r o m  the s m a l l  m o t o r  u s e d  in the AEDC t e s t s  wi th  0 .25  lb  of p r o -  
pe l l an t ,  and s a m p l e  (c) f r o m  the  T o m a h a w k  TEM-416  m o t o r s  (400 lb 
of p rope l l an t )  f i r e d  in the  MSFC t e s t s .  The  s i m i l a r i t y  of t h e s e  s a m p l e s ,  
ob ta ined  f r o m  such  a wide  r a n g e  of m o t o r  s i z e s ,  c o n f i r m s  the  o r i g i n a l  
p r e m i s e  that  s m a l l  m o t o r s  can be used  to p r o d u c e  a r e p r e s e n t a t i v e  
s p e c t r u m  of p a r t i c l e s .  
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a. 7,000-1b scale minuteman motor 

b. 0.25-1b AEDC variable load motor 
Figure 58. Plate-like structure. 
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c. 400-1b Tomahawk (MSFC tests) 
Figure 58. Concluded. 

8.2 AEROSOL DROPLETS 

The aerosol droplets collected on the fallout disks in both the 
environmental chamber and the open test site at MSFC are associated 
with large AI20 S spheres (5 to 50 p) which apparently serve as 
condensation nuclei. Two such droplet records are presented in 
Fig. 59, showing the similarity between the environmental chamber 
and the free atmospheric tests. Figures 60a, b, and c present a se- 
quence of views of a typical droplet stain and its component parts. 
In the overall view, Fig. 60a, there are three particles which served 
as nuclei for droplets. The dark shadow areas around some of the 
other particles are caused by charging and are an artifact of the 
scanning electron microscope. The center stain enclosed by the dashed 
lines is enlarged in Fig. 60b. In this photo it is obvious that the 
large particle arrived in the droplet, whereas the smaller particles 
settled later. If they had been there first or had been in the droplet, 
then they would have served as focal points for the crystals as the 
droplet evaporated and thus would be encased in crystals. The crys- 
tals themselves (Fig. 60c) are of particular interest in that their 
basic triangular shape indicates a cubic lattice structure. This fact, 
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coup led  with  the  x - r a y  s c a n s ,  shows  t h e m  to be c u p r o u s  c h l o r i d e  (Cu 
C1). In the  x - r a y  s c a n  fo r  c h l o r i n e  and a l u m i n u m  it was  no ted  tha t  
wh i l e  the  s t r o n g e r  s i g n a l s  w e r e  c o i n c i d e n t  wi th  the A1203 s p h e r e s  and 
the c u p r o u s  c h l o r i d e  c r y s t a l s ,  t h e r e  was  a s l igh t  b a c k g r o u n d  s i g n a l  
of both a l u m i n u m  and c h l o r i n e  o v e r  the c o m p l e t e  s t r a i n  a r e a .  C a r e f u l  
e x a m i n a t i o n  of Fig .  60b shows  what  a p p e a r  to be c r a c k s  in a r a t h e r  
th in  l a y e r  of m a t e r i a l  coa t ing  the s u r f a c e  s u r r o u n d i n g  the  n u c l e u s .  T h i s  
m a t e r i a l  does  not have  the  c r y s t a l l i n e  s t r u c t u r e  of the c u p r o u s  c h l o r i d e  
and has  the  a p p e a r a n c e  of d r i e d  mud .  As wi l l  be e x p l a i n e d ,  f u r t h e r  
t e s t s  have  c o n f i r m e d  tha t  th is  is  a l u m i n u m  c h l o r i d e .  

a. AEDC Test No. 13 
(64-percent humidity) 

b. MS FC Test No. 1 
(74-percent humidity) 

Figure 59. Comparison of acid droplet stains. 

To c o n f i r m  the fac t  tha t  the  t r i a n g u l a r  c r y s t a l s  a r e  i ndeed  a p r o -  
duct  of a h y d r o c h l o r i c  ac id  d r o p l e t ,  a s a m p l e  d i sk  was  s p r a y e d  wi th  
d r o p l e t s  of d i lu te  ac id  wi th  a pH of - 0 . 6 8 .  The  r e s u l t i n g  s t a i n  is shown  
in F ig .  61a and a c l o s e u p  of the  c r y s t a l s  is  in Fig.  61b. 

S e v e r a l  g r a m s  of a l u m i n u m  oxide c o l l e c t e d  f r o m  t e s t s  in the 12V 
c h a m b e r  w e r e  m i x e d  with  5 c m  3 of h y d r o c h l o r i c  ac id  of pH - 0 . 6 8 .  
The  m i x t u r e  was  then  c e n t r i f u g e d  and the  c l e a r  l iqu id  d e c a n t e d .  Th i s  
l i qu id  was  then  s p r a y e d  t h r o u g h  a g l a s s  n e b u l i z e r  and the  d r o p l e t s  
caught  on a g l a s s  s l i de .  The  r e s u l t i n g  depos i t  a f t e r  the w a t e r  had 
e v a p o r a t e d  is shown in F ig .  62. Once aga in  the m u d - l i k e  n a t u r e  of the 
depos i t  is qui te  ev iden t .  X - r a y  a n a l y s i s  aga in  c o n f i r m s  the m a t e r i a l  
as a l u m i n u m  c h l o r i d e .  T h e r e  a r e  s e v e r a l  A1203 s p h e r e s  p r e s e n t  
w h i c h  a p p e a r  to be opaque in th i s  photo t aken  u n d e r  the  SEM. H o w e v e r ,  
when  v i e w e d  u n d e r  the op t i ca l  m i c r o s c o p e ,  t h e s e  s p h e r e s  a r e  a l l  the  
ho l low,  t r a n s p a r e n t  type .  B e c a u s e  of t h e i r  a p p a r e n t  low d e n s i t y ,  
t h e s e  s p h e r e s  r e m a i n e d  on the top of the l iqu id  d u r i n g  c e n t r i f u g i n g  and 
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thus  w e r e  decan t ed  wi th  the  l iquid .  A s u b s e q u e n t  t e s t  in wh ich  a 
s a m p l e  of the  l i qu id  was c a r e f u l l y  r e m o v e d ,  v i a  a h y p o d e r m i c  s y r i n g e ,  
f r o m  below the s u r f a c e  of the  c l e a r  l iqu id  l e f t  only  the a l u m i n u m  ch lo -  
r i d e  depos i t  and no A1203 s p h e r e .  

a. IOOX 

b. 1,000X c. IO,O00X 

Figure 60. SEM photos of sample disk. 
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a. 100X b. 1,500X 

Figure 61. Stain fTom hydrochloric acid droplet. 

Figure 62. Aluminum chloride deposit. 
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8.3 ANALYSIS OF MSFC SAMPLE (TEST NO. 1, LOCATION J) 

From the many samples of acid aerosol droplets observed at the 
MSFC tests we would like to present one example in some detail. An 
overall view of the stain has been presented in Fig. 59b. A series of 
closer views is shown in Figs. 63a, b, and c. The mud-like aluminum 
chloride is quite evident in Fig. 63b and has served to mask the typical 
triangular crystals of the cuprous chloride. However, x-ray scans 
of the material indicate the presence of chlorine, copper, and aluminum. 
The shape of the nucleus is suggestive of an aluminum oxide sphere as 
the core, but the photographs do not provide conclusive evidence. 
Figure 63c shows a fissure in the chloride coating (marked with a dot). 

a. Center of sample 
Figure 63. Sample from MSFC Test No. 1. 
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b. Nucleus 

-I- 

c. Fissure in coating 
Figure 63. Concluded. 
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The  e l e c t r o n  p robe  was  f o c u s e d  down th i s  f i s s u r e  and a lso ,  fo r  c o m -  
p a r i s o n ,  on the s u r f a c e  at the point  m a r k e d  wi th  an X. The  r e s u l t i n g  
s c a n s  a r e  p r e s e n t e d  in F igs .  64a and b. The  Ca and Cr  peaks  a r e  
f r o m  the  m e t a l  coa t ing  u s e d  to p r e p a r e  the  s p e c i m e n  fo r  the  SEM and 
a r e  not  a pa r t  of the  s a m p l e .  S i m i l a r l y ,  the  Fe  peak  is  an a r t i f a c t  of 
the  SEM s y s t e m  and is p r o d u c e d  by s t r a y  e l e c t r o n s  s t r i k i n g  the  pole  
p i e c e s  of the  m a g n e t s .  The  peak he igh t s  can be c o n s i d e r e d  s e m i q u a n o  
t i t a t i ve  in tha t  c o m p a r i s o n  of the a l u m i n u m  peaks  in both F i g s .  61 a and 
b show the  h e a v y  a l u m i n u m  c o n c e n t r a t i o n  in the  c o r e  of the  nuc l eus .  
Unfo r tu n a t e ly ,  the  i n s t r u m e n t  is not  capaMe of d e t e c t i n g  the  e l e m e n t s  
be low 10 in the  p e r i o d i c  t ab le  and thus  cannot  c o n f i r m  the  oxygen  peak  
a s s o c i a t e d  wi th  the a l u m i n u m .  Howeve r ,  two f a c t o r s  i nd ica t e  that  
the  a l u m i n u m  peak r e p r e s e n t s  an A1203 s p h e r e .  The  f i r s t  i s  that  no 
e v i d e n c e  of u n b u r n e d  a l u m i n u m  has  b e e n  found on any of the  fa l lou t  
p l a t e s  f r o m  r o c k e t  m o t o r s  s a m p l e d  du r ing  t h e s e  t e s t s ,  and the  s e c o n d  
is tha t  the  p a r t i c l e  a r r i v e d  in a h y d r o c h l o r i c  ac id  d r o p l e t  which  would  
have  d i s s o l v e d  the  nuc l eus  had it b e e n  m e t a l l i c  a l u m i n u m .  And if 
th i s  w e r e  the  case ,  t h e n  the  c o r e  shou ld  have  ju s t  as s t r o n g  a c h l o r i n e  
peak  f r o m  the  r e s u l t i n g  a l u m i n u m  c h l o r i d e  as d o e s  the  s u r f a c e .  

8.4 CONDENSATION NUCLEI 

In e x a m i n i n g  the  fa l lou t  s a m p l i n g  d i s k s  one can e a s i l y  s e e  tha t  
whi le  the  l a r g e r  p a r t i c l e s  f o r m  n u c l e i  fo r  ac id  d r o p l e t s  not  al l  of the  
l a r g e  p a r t i c l e s  p a r t i c i p a t e .  T h e r e  is  no th ing  to s u g g e s t  tha t  t h e r e  is  
a s i z e  p e r f e r e n c e  among  the  l a r g e r  s p h e r e s °  no r  a p r e f e r e n c e  fo r  
hol low v e r s u s  s o l i d  s p h e r e s .  In v iew of the  fac t  tha t  t h e r e  is  s o m e  
a l u m i n u m  c h l o r i d e  a s s o c i a t e d  wi th  the  r e s i d u e  on the  d i s k s ,  t h e n  one 
can s u g g e s t  that  t h o s e  p a r t i c l e s  p a r t i c i p a t i n g  as c o n d e n s a t i o n  n u c l e i  
m a y  c o n s i s t  of both a and ~ /phase  a lumina .  Sugges t ions  have  b e e n  
m a d e  tha t  a r a p i d l y  q u e n c h e d  s u r f a c e  and a m o r e  s l owly  coo l ing  
i n t e r i o r  could  p r o d u c e  an a - c o r e  wi th  a ~ - s u r f a c e  she l l .  Th i s  would 
be an unusua l  o c c u r r e n c e  in c r y s t a l  g r o w t h  s i n c e  the  d r i v i n g  m e c h a n i s m  
fo r  c r y s t a l  de f in i t i on  is  m o r e  s t r o n g l y  i n f luenced  by an e x i s t i n g  s t r u c -  
t u r e  than  by the  cool ing  r a t e .  And s e c o n d l y ,  s i n c e  the  v - p h a s e  con-  
v e r t s  to a ' a t  t e m p e r a t u r e s  of 1,100°C, it is h a r d  to s e e  how r a d i a t i v e  
and c o n v e c t i v e  hea t  t r a n s f e r  at the  s u r f a c e  of a 60 -~m s p h e r e  can  
m a i n t a i n  s u r f a c e  t e m p e r a t u r e s  in the  s h e l l  be low th i s  va lue  wi th  a 
2 ,045°C m o l t e n  co re .  
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Figure 64. Elemental scan. 
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In a s e a r c h  fo r  a m o r e  p robab le  exp lana t ion ,  Fig.  65 is  p r e -  
s e n t e d  as an A1203 p a r t i c l e  wh ich  is of p o s s i b l e  i n t e r e s t  as a con-  
d e n s a t i o n  nuc l eus .  Th i s  s a m p l e  t a k e n  f r o m  a r o c k e t  m o t o r  f i r i n g  in 
a 2 9 - p e r c e n t  r e l a t i v e  h u m i d i t y  e n v i r o n m e n t  has  a coa t ing  of sub -  
m i c r o n  p a r t i c l e s .  An e n l a r g e d  view of the edge  of th i s  p a r t i c l e  is  
shown  in Fig .  66a a long wi th  an e l e m e n t a l  s c a n  fo r  a l u m i n u m  shown 
in F ig .  66b. Th i s  c o n f i r m s  the fac t  tha t  t h e s e  s u b m i c r o n  p a r t i c l e s  

a r e  an a l u m i n u m  compound .  An e l e m e n t a l  s c a n  fo r  c h l o r i n e  showed  
no c h l o r i n e  p r e s e n t  and i nd i ca t e s  that  they  a r e  not a l u m i n u m  c h l o r i d e  
p a r t i c l e s  and a r e  i ndeed  s u b m i c r o n  a l u m i n u m  oxide  p a r t i c l e s .  

A l u m i n u m  oxide can e x i s t  in s e v e r a l  c r y s t a l l i n e  f o r m s .  The  m o s t  
c o m m o n l y  o c c u r r i n g  a r e  d e s i g n a t e d  a - a l u m i n a  and 7 - a l u m i n a .  The  
a-A1203 is  the  s t ab le  f o r m ;  it m e l t s  at ~ 2 , 0 4 5 ° C  and boi l s  at 2 ,980°C.  
It has  a s p e c i f i c  g r av i t y  of 3 .99 ,  is i n so lub le  in w a t e r ,  and is v e r y  
r e s i s t a n t  to a t tack  by all  aqueous  ac ids .  A l u m i n a  s lowly  so l i d i fy ing  
f r o m  the  m e l t  wi l l  f o r m  1 0 0 - p e r c e n t  a - p h a s e .  The  7-A1203 is d e s i g -  
na t ed  as a m e t a s t a b l e  phase .  It has a s p e c i f i c  g r a v i t y  of 3 .42  to 3 .64 ,  
is h y g r o s c o p i c ,  and is so lub le  in ac ids .  Upon h e a t i n g  to ~1 ,100°C 
the  7 - p h a s e  c o n v e r t s  o v e r  to the  m o r e  s t ab l e  a - p h a s e .  The  T - p h a s e  
can  be p r o d u c e d  by r a p i d l y  quench ing  the  m e l t .  

Figure 65. AI203 particle with surface deposit. 
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a. Visible photo 

b. X-ray of aluminum compounds 
Figure 66. Edge view of particle. 
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Both t ypes  of a lumina  a re  found in the s amp le s  of a luminum 
oxide f r o m  sol id  rocke t  m o t o r s .  Two bulk s amp le s  of A1203 pa r t i c l e s  
ana lyzed  by M. P. Nadler ,  of the Naval  Weapon Center ,  y i e l d e d  the 
fol lowing r e s u l t s .  

Alumina  Content,  pe rcen t  

Sample Particle Size ~-Phase ,7- Phase 

<0. I~ 0.1 to 0.5~ >0.5 

1 94 6 0 <i 99 

2 33 52 15 15 85 

These  data  would indicate  th~tt the s u b m i c r o n  pa r t i c l e s  a r e  p r e -  
dominan t ly  the 7 -phase  and that  the l a r g e r  sphe re s  a re  the m o r e  
s tab le  ~-phase .  F u r t h e r  ev idence  to conf i rm this  gene ra l i z a t i on  is 
conta ined in the fact  that  bulk s amples  f r o m  the l a r g e r  rocke t  m o t o r s  
show an i n c r e a s e  in the p r e sence  of the ~-phase  but a l so  show a 
co r r e spond ing  i n c r e a s e  in the pe rcen tage  of l a r g e r  pa r t i c l e s .  

The c r y s t a l l i n e  s t r u c t u r e  of the A1203 pa r t i c l e s  is of p a r t i c u l a r  
impor t ance  when one cons ide r s  zheir  behav io r  in the p r e sence  of 
wa te r  vapor  and hydrogen  chlor ide .  The ~-phase  can be cons ide red  
ine r t  in the p r e sence  of the H20 and HC1; however ,  the 7 -phase  is 

e x t r e m e l y  aczlve. Being hygroscop ic ,  it wil l  adsorb  water  vapor ,  and 
the r e s u l t a n t  wetted s u r i a c e  wil l  adsorb  HC1. The r e su l t i ng  hydro°  
ch lo r i c  acid wil l  then  d i sso lve  the o r ig ina l  a luminum oxide. 

The AI203 sphere shown in Fig. 65 is possibly the ideal combina- 
tion of the two types of oxide to act as a condensation nucleus. One 
can postulate that the 60-~ sphere (most probably a-phase) would 
serve as the large stable particle of sufficient radiu~" to assure that 
the resulting condensed droplet wo~Id be above the critical size for 
continued growth. The smaller particles (T-phase) provide the sur- 
face activation to initiate the condensation process at relative humid- 
ities much less than 100 percent. Since the 7-phase is soluble in 
the resulting HCI/H20 droplet, then traces of the surface coating 
would not be evident when examining droplets and particles collected 
after the condensation event. 
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This  would a lso  ag ree  with r e p o r t e d  obse rva t ions  of t r a c e s  of 
a luminum chlor ide  on the su r f ace  of l a r g e  A1203 s p h e r e s .  These  
would be s p h e r e s  which s t a r t e d  the nuc lea t ion  cycle  but were  swept  
into an env i ronmen t  of r e l a t i v e l y  low humidi ty ,  with the r e s u l t  that  
the wa te r  vapor  and exces s  HC1 evapora ted ,  l eav ing  a su r face  coat ing 
of a luminum chlor ide .  

9.0 SUMMARY 

9.1 AEDC ENVIRONMENTAL TESTS 

• ~' C o m p a r i s o n  of data  obtained both in the 12V c h a m b e r  and in the 
f r ee  a t m o s p h e r e  ind ica tes  that  t e s t s  made in an env i ronmen ta l  chambe r  
can provide  a r e a l i s t i c  method of inves t iga t ing  the condensa t ion  p ro -  
c e s s e s  which might  occur  in rocke t  exhaus t s .  The absolute  quant i t i es  
of t h e  s p e c i e s ,  as expected,  were  c o m p r o m i s e d  by l o s s e s  to the cham-  
be r  wal ls .  However ,  s ince  the absolute  quant i t i es  of spec i f i c  spec i e s  
expected  f r o m  a sca led  motor  a re  a l so  ques t ionable ,  it i s  not con- 
s i d e r e d  wor thwhi le  to pursue  the approach  of t r y i n g  to inven to ry  al l  
the spec i e s  and ba lance  a m a s s  budget. While these  chambe r  t e s t s  
cannot provide quant i ta t ive  data  which might  be ex t rapo la ted  and used  
to p red i c t  the inventory  of spec i e s  in the ground cloud produced by 
the shut t le ,  they have provided in fo rma t ion  on some of the condensa t ion  
p r o c e s s e s  which might  be expected.  These  t e s t s  sugges t  that  acid  
a e r o s o l s  wil l  be produced in the ground cloud whenever  the r e l a t i v e  

humid i ty  at the launch s i te  is g r e a t e r  than 65 percen t .  The ac id i ty  of 
these  d rop le t s  is d e t e r m i n e d  by the m a x i m u m  concen t ra t ion  of HC1 
gas  to which it is  exposed af te r  it ~-~S fo rmed .  In the env i ronmen ta l  
chambe r  t e s t  d rople t s  were  col lec ted  with ac id i t i e s  e s t i m a t e d  at 
pH = -0 .6 .  These  drople t s  contained a r e l a t i v e l y  l a r g e  A1203 nuc leus  
(5 to 50 ~) and t r a c e s  of a luminum chlor ide  as well  as .the h y d r o c h l o r i c  

acid. 

The s ize  r ange  and type of a luminum oxide p a r t i c l e s  co l lec ted  
dur ing  the c h a m b e r ' t e s t s  were  comparab le  to those  col lec ted  f r o m  a' 
7 ,000-1b sca led  Minuteman,  a lso  f i r ed  at AEDC, and the 400-1b 
Tomahawk rocke t s  f i r ed  at MSFC. In gene ra l ,  it has  been obse rved  
that  the.' s u b m i c r o n  p a r t i c l e s  a re  p redominan t ly  7 -phase  a lumina  and 
the l a r g e  p a r t i c l e s  the a -phase .  T h e r e  is evidence r e p o r t e d  in the 
l i t e r a t u r e  which sugges t s  that  some of the l a r g e ,  hollow s p h e r e s  
obse rved  among the A1203 p a r t i c l e s  may  be a luminum oxicarb ide ,  
al though th i s  has  not been conf i rmed.  
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It is  s u g g e s t e d  tha t  the  A1903 p a r t i c l e s  wh ich  ac t  as c o n d e n s a t i o n  
n u c l e i  c o n s i s t  of l a r g e  ~ - p h a s e  s p h e r e s  wi th  a s u r f a c e  coa t ing  of the 
"y=phase s u b m i c r o n  p a r t i c l e s .  S a m p l e s  of s u c h  p a r t i c l e s  have  b e e n  
o b s e r v e d .  

S e v e r a l  i n s t r u m e n t s  u s e d  to de t ec t  bo th  HC1 and A1203 p a r t i c l e s  
w e r e  e v a l u a t e d  d u r i n g  t h e s e  t e s t s .  O p e r a t i o n a l  as  we l l  as  c a l i b r a t i o n  
p r o b l e m s  w e r e  d i s c o v e r e d ,  and s o m e  c o r r e c t i v e  a c t i o n s  w e r e  t aken .  
The  s e c o n d a r y  t e s t  s e r i e s  conduc ted  in  the  l a r g e  r o c k e t  p r e p a r a t i o n  
bu i ld ing  wi th  i t s  i n t e r n a l  ig loo which  housed  both i n s t r u m e n t a t i o n  and 
t e s t  p e r s o n n e l  was  m o r e  conven i en t  fo r  t h i s  type  of work .  C o m p a r i s o n  
of da t a  f r o m  t e s t s  in the  l a r g e r  f a c i l i t i e s  wi th  the  r o c k e t  m o t o r s  to 
f r e e = b u r n i n g  fue l  in a s i m p l e  P l e x i g l a s  s m o k e  box i n d i c a t e s  tha t  f o r  
m a n y  t y p e s  of t e s t s  t h i s  l a t t e r  i n e x p e n s i v e  a p p r o a c h  can  p r o v i d e ' a n  
adequa t e  s a m p l e  of e x h a u s t  s p e c i e s .  Wi th  an a p p r o p r i a t e  i n i t i a l  
h u m i d i t y  the  s m o k e  box wi l l  a l so  p r o v i d e  a s e l f = g e n e r a t e d  ac id  a e r o s o l  
w i th in  the e x h a u s t  cloud. 

9.2 RECOMMENDATIONS 

A m o r e  d e t a i l e d  s tudy  shou ld  be conduc ted  to c o n f i r m  the n u c l e a t i o n  
p r o c e s s  p r o p o s e d  as  a r e s u l t  of the  o b s e r v a t i o n s  f r o m  t h e s e  t e s t s .  The  
c o n d e n s a t i o n  n u c l e i  a r e  s u f f i c i e n t l y  l a r g e  tha t  i t  shou ld  be p o s s i b l e  to  
s e t  up an e x p e r i m e n t  to o b s e r v e  the p r o c e s s  of condensa t i on ,  as  s u c h  
p a r a m e t e r s  as  h u m i d i t y  and HC1 c o n c e n t r a t i o n  a r e  v a r i e d .  

F u r t h e r  work  i s  r e q u i r e d  to d e t e r m i n e  the b e h a v i o r  of the  ac id  
a e r o s o l s  as  they  e n c o u n t e r  v a r i o u s  e n v i r o n m e n t s .  The  d r o p l e t s  ob-  
s e r v e d  in t h e s e  t e s t s  have  al l  been  c o l l e c t e d  e i t h e r  i n s ide  o r  on the  
bo t tom edge of the  e x h a u s t  cloud. H o w e v e r ,  in the  l a r g e r  s c a l e  
shu t t l e  c loud,  d r o p l e t s  e m e r g i n g  f r o m  the  l o w e r  edge wi l l  have  an  
oppo r tun i t y  fo r  g r owth  or  e v a p o r a t i o n  b e f o r e  r e a c h i n g  g round  l e v e l .  
D r o p l e t s  l e a v i n g  the c loud but e v a p o r a t i n g  b e f o r e  r e a c h i n g  g round  
l e v e l  would have  the  e f fec t  of r e m o v i n g  HC1 g a s  f r o m  wi th in  the v i s i b l e  
c loud b o u n d a r y  and r e - e m i t t i n g  it we l l  below the  cloud. The  f ac t  
tha t  t h e s e  d r o p l e t s  con ta in  v a r y i n g  a m o u n t s  of a l u m i n u m  c lRor ide  
f u r t h e r  c o m p l i c a t e s  any  a t t e m p t  to p r e d i c t  t h e i r  b e h a v i o r  when  t h e y  
a r e  g r o w i n g  or  e v a p o r a t i n g .  

A c o m p a r i s o n  of p a r t i c l e s '  and ac id  d r o p l e t s  p roduced  both  in  the  
c h a m b e r  t e s t s  at  AEDC and c lose  to the  l a u n c h  c o m p l e x  du r ing  the  
MSFC t e s t s  ha s  shown that  r e s u l t s  of the  two t e s t s  w e r e  s i m i l a r .  
An e x t e n s i o n  of t h e s e  da ta  should  be m a d e  by u s i n g  s i m i l a r  p a s s i v e  
p a r t i c l e  and a e r o s o l  d e t e c t o r s  s u c h  as  the  c o p p e r - p l a t e d  d i s k s  at  the  
l a u n c h e s  f r o m  K e n n e d y  or  V a n d e n b u r g .  
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