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SIZE CLASSIFICATION OF SUBMICRON PARTICLES 

r 
BY A LOW-PRESSURE CASCADE IMPACTOR 

G. W.  P a r k e r  H .  Buchhols* 

ABSTRACT 

Aerosol p a r t i c l e s  i n  t h e  submicron range  are  
expec ted  t o  be r e l e a s e d  as a consequence of a more 
or less s e v e r e  c o r e  meltdown i n  a r e a c t o r  a c c i d e n t .  
The behavior  of a e r o s o l  p a r t i c l e s  is o f t e n  e x p l a i n -  
a b l e  e x c l u s i v e l y  i n  t e r m s  of t h e  l a w s  of mechanics,  
which i n v a r i a b l y  i n c l u d e  p a r t i c l e  s ize  as one pa- 
rameter. D e v i c e s  t o  measu re  pa r t i c l e  s i ze  i n  t h e  
submicron r e g i o n  are t h e r e f o r e  r e q u i r e d ;  and a 
s i m p l e ,  p a s s i v e ,  n e a r l y  f o o l p r o o f  d e v i c e  is pa r -  
t i c u l a r l y  d e s i r a b l e .  

The p r i n c i p l e  of t h e  c a s c a d e  impactor  is 
s imple .  A gas which is  c a r r y i n g  p a r t i c l e s ,  is ac- 
c e l e r a t e d  through a nozzle  and impinged on a p l a t e ;  
p a r t i c l e s  having  s u f f i c i e n t  i n e r t i a  ( i . e .  t h e  large 
p a r t i c l e s )  l e a v e  t h e  j e t  stream l i n e s  and s e t t l e  on 
t h e  p l a t e ,  S u c c e s s i v e  s t a g e s  w i t h  j e t s  of i n c r e a s i n g  
v e l o c i t y  remove s u c c e s s i v e l y  sma l l e r  p a r t i c l e s .  
O p e r a t i o n  a t  l o w  p r e s s u r e  increases t h e  mean f ree  
p a t h  of t h e  gas molecules  and t h e  Cunningham cor- 
r e c t i o n  ( f o r  t h e  s l i p  of small p a r t i c l e s  between 
gas molecu le s ) .  T h i s  e n a b l e s  one t o  d e s i g n  a cascade 
impactor  of r e a s o n a b l e  j e t  s i ze  which w i l l  s e p a r a t e  
submicron p a r t i c l e s .  

I n  t h i s  work a commercial ly  a v a i l a b l e  (Andersen) 
impactor ,  modi f ied  f o r  l o w  p r e s s u r e  o p e r a t i o n ,  and 
an  impactor  of  original d e s i g n  w e r e  b u i l t ,  t e s t e d  
and c a l i b r a t e d .  Design d a t a  and c a l i b r a t i o n  c u r v e s  
are r e p o r t e d .  The p a r t i c l e  s ize  range  s e p a r a t e d  is 
from about 0 . 0 1  p t o  s e v e r a l  microns  diameter. The 
o r i g i n a l  d e s i g n  impactor  is assembled and dis- 
assembled ve ry  s imply  and employs throw-away i m -  
p a c t o r  p l a t e s  t o  f a c i l i t a t e  decontaminat ion .  

* 
P r e s e n t  a d d r e s s :  Hahn-Mei tner - Ins t i tu t  Far 

Kernforschung,  B e r l i n ,  Germany. 
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1. INTRODUCTION 

P a r t i c l e s  having  a diameter of about  0 . 1  ,u and less  are 

h i g h l y  r e t a i n e d  i n  t h e  r e s p i r a t o r y  lract ,’  and p a r t i c l e s  i n  

t h i s  s i z e  range  a r e  expec ted  t o  be released as  a consequence 

of a more or less  s e v e r e  c o r e  meltdown i n  a r e a c t o r  a c c i d e n t .  

Large p a r t i c l e s  are removed q u i c k l y  from t h e  atmosphere by 

s e d i m e n t a t i o n  whereas p a r t i c l e s  having  a d i ame te r  less  than  

1 p remain a i r b o r n e  long enough t o  c o n s t i t u t e  a haza rd .  The 

h a m r d  is a consequence both  of  t h e i r  h i g h  r e t e n t i o n  i n  t h e  

r e s p i r a t o r y  t r a c t  and t h e i r  r a d i o a c t i v i t y .  

2 

Knowledge concern ing  the  s i ze  d i s t r i b u t i o n  of p a r t i c l e s  

r e l e a s e d  i n  s i m u l a t e d  r e a c t o r  a c c i d e n t s  and t h e  r a d i o a c t i v e  

s p e c i e s  carr ied by them is s t i l l  l a c k i n g  because s u i t a b l e  

i n s t r u m e n t s  t o  measure s i z e  d i s t r i b u t i o n  are n o t  a v a i l a b l e .  

P r e d i c t i o n s  of t h e  c o n d i t i o n s  i n  a r e a l  r e a c t o r  a c c i d e n t  

are t h e r e f o r e  u n r e l i a b l e .  

A modif ied  cascade  impactor  c a n  p rov ide  some of t h e  

needed d a t a .  T h i s  d e v i c e  n o t  o n l y  s e p a r a t e s  p a r t i c l e s  having  

d i f f e r e n t  s izes ,  bu t  a l s o  p e r m i t s  i d e n t i f i c a t i o n  of t h e  r a d i o -  

a c t i v e  s p e c i e s  which each  s i ze  group is c a r r y i n g .  Impactors  

are o r d i n a r i l y  l i m i t e d  t o  p a r t i c l e s  larger  t h a n  0 .5  p ,  whereas 

p a r - L i c k s  of 0 . 1  1-1 and smaller  are  of i n t e r e s t  i n  n u c l e a r  

s a f e t y  r e s e a r c h .  The e f f i c i e n c y  of d e p o s i t i n g  smaller p a r t i -  

cles i n  an impactor  can  be improved by o p e r a t i n g  t h e  impactor  
3 9 4  a t  low p r e s s u r e .  

2 .  THEORETICAL CONSIDERATIONS 

The b a s i c  t h e o r y  of t h e  impact ion  p r i n c i p l e  is q u i t e  

s imple .  When a g a s  j e t  c a r r y i n g  p a r t i c l e s  is d i r ec t ed  

toward a s u r f a c e ,  a l l  p a r t i c l e s  having  s u f f i c i e n t  i n e r t i a  

l eave  t h e i r  stream l i n e s  and s e t t l e  on the  s u r f a c e .  Smal le r  

p a r t i c l e s  remain w i t h i n  t h e  j e t  stream. I n  t h e  n e x t  s tage ,  
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t h e  g a s  p a s s e s  th rough  smaller h o l e s  and t h e  j e t  is ac- 

c e l e r a t e d  t o  a h i g h e r  v e l o c i t y .  The p r o b a b i l i t y  of  smaller 

p a r t i c l e s  s e t t l i n g  is t h u s  i n c r e a s e d .  T h i s  b a s i c  p r i n c i p l e  

i s  demonst ra ted  i n  Fig.  1. 

I t  w a s  f i r s t  found by K. R .  May5 t h a t  t h e  e f f i c i e n c y  

f o r  d e p o s i t i n g  p a r t i c l e s  depends on a d imens ion le s s  term, 

c a l l e d  t h e  impact ion  pa rame te r ,  which is c h a r a c t e r i s t i c  f o r  

each  t y p e  of impactor .  E f f i c i e n c y  c u r v e s  w e r e  t h e n  c a l c u -  

l a t e d  by W. E.  Ranz and J .  B .  Wong6 and by C. N .  Davies  and 

M. Aylward7 for c i r c u l a r  and r e c t a n g u l a r  j e t s  i n  d i f f e r e n t  

g e o m e t r i c a l  a r rangements .  A p l o t  of t h e  e f f i c i e n c y  ve r sus  

impact ion  parameter  a lways shows t h e  c h a r a c t e r i s t i c  S-shape. 

T h i s  t h e o r e t i c a l  r e l a t i o n  is v e r i f i e d  by e x p e r i m e n t a l  

r e s u l t s .  Using t h e  r e l a t i o n s h i p  between impact ion  parameter  

and particle d i a m e t e r ,  g iven  i n  Eq.  (11, one can  c a l c u l a t e  

t h e  e f f i c i e n c y  f o r  d e p o s i t i n g  a c e r t a i n  p a r t i c l e  s ize  f r o m  

t h e  e f f i c i e n c y  cu rves .  

J 

$ - impact ion  pa rame te r ,  d i m e n s i o n l e s s  

C - Cunningham c o r r e c t i o n ,  c o r r e c t i o n  for p a r t i c l e s  w i th  
s izes  comparable t o  t h e  mean f r e e  p a t h  of t h e  g a s  
molecu le s  

p - s p e c i f i c  g r a v i t y  of p a r t i c l e s ,  g/cc 

D - diameter of p a r t i c l e s ,  c m  

q - v i s c o s i t y  of gas, p o i s e  

v - v e l o c i t y  of j e t ,  cm/sec. 

a d i a m e t e r  of j e t ,  cm DJ 

The d e r i v a t i o n  of E q .  (1) is based on t h e  f o l l o w i n g  basic  

assumpt ions :  s p h e r i c a l  p a r t i c l e s  of n e g l i g i b l e  s ize ,  

v i s c o u s  g a s  f l o w ,  uni form v e l o c i t y  f i e l d  and no bounce of 

p a r t i c l e s .  The e f f i c i e n c i e s  c a l c u l a t e d  are somewhat h i g h e r  

than observed.  



4 

I f  l,b approaches 1, t h e  d e p o s i t i o n  e f f i c i e n c y  w i l l  become 

100%. On t h e  o t h e r  hand, i f  Z,b = 0 ,  t h e  d e p o s i t i o n  e f f i c i e n c y  

is z e r o  a l s o ,  I n  t h e  range  between $ = 1 and $ 0, t h e  

e f f i c i e n c y  i n c r e a s e s  c o n t i n u o u s l y  w i t h  $ accord ing  t o  an 

S-shape c h a r a c t e r i s t i c .  I t  is q u i t e  common t o  compare t h e  

performance of impactor  s t a g e s  by t h e  d i ame te r  of p a r t i c l e s  

d e p o s i t e d  w i t h  a 50% e f f i c i e n c y .  T h i s  diameter s h a l l  be 

c a l l e d  D 5 0  or t h e  s t a g e  c o n s t a n t  and t h e  cor responding  i m -  

p a c t i o n  parameter  Gs0.  

. 

I n  s e a r c h  of ways  t o  i n c r e a s e  t h e  e f f i c i e n c y  of de- 

p o s i t i n g  submicron p a r t i c l e s ,  Eq. (1) may be examined. 

Because $ is r e p l a c e d  by $ 
s t a g e ,  t h e  r i g h t  s i d e  of t h e  e q u a t i o n  a l so  becomes c o n s t a n t .  

T h e r e f o r e ,  three f a c t o r s  remain t o  i n f l u e n c e  t h e  v a l u e  of 

'50' 
s l i p  of p a r t i c l e s  i n  t h e  g a s  stream, t h e  j e t  v e l o c i t y  and 

t h e  j e t  d i ame te r .  

changing v and D i t  would be necessa ry  t o  exceed 113 of 

t h e  v e l o c i t y  of sound or  t o  d r i l l  h o l e s  smaller t h a n  0 . 2  mm 

i n  diameter. 3 u t  these v a l u e s  are p r a c t i c a l  l i m i t s ;  p a r t i -  

c l e s  of v e l o c i t y  g r e a t e r  t h a n  1/3 Mach bounce s i g n i f i c a n t l y  

and the d e p o s i t i o n  is lowered by an unknown f a c t o r e 8  

a d d i t i o n ,  t h e  g a s  which e n t e r s  t h e  nozz le9  expands 

a d i a b a t i c a l l y  w i t h i n  t h e  nozz le .  Boles  smaller than  0 . 2  mm 

are n o t  on ly  d i f f i c u l t  t o  d r i l l ,  e s p e c i a l l y  t h e  large number 

n e c e s s a r y  t o  ma in ta in  the g a s  flow, bu t  t h e y  a l s o  have t h e  

d i sadvan tage  of imposing s i g n i f i c a n t  p r e s s u r e  drops. 

a c o n s t a n t  of t he  impactor  
50 '  

These  are the  Cunningham-Correction d e s c r i b i n g  t h e  

I n  o r d e r  t o  lower DS0 beyond 0 . 5  p by 

j '  

I n  

The app l i cab i1 i t . y  of t h e  impact ion t h e o r y  a t  reduced 

p r e s s u r e  w a s  v e r i f i e d  by S .  C .  S t e r n  e t  a1.I' t a k i n g  i n t o  

account  t h e  p r e s s u r e  dependence of t h e  Cunningham-Correction 

i n  Eq.  (1). Another proof was g i v e n  by A .  E'* McFarland and 

H. W .  Z e l 1 e r j 8  i n  t h e i r  expe r imen ta l  r e s u l t s  of the ' 1 .  . . 
Impactor for High A l t i t u d e , "  These f i n d i n g s  i n d i c a t e  t h a t  

t h e  cascade impactor  can  be used t o  s e p a r a t e  p a r t i c l e s  i n  

t h e  s m a l l  s i ze  range of i n t e r e s t .  
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The Cunningham-Correction C ,  based on t h e  work of 

R. A .  M i l l i k a n l l  is d e f i n e d  a c c o r d i n g  t o  E q .  ( 2 ) .  8 , lO  

e - 1  + -&& I) (1.23 f 0.41  

where X is t h e  mean free p a t h  of t h e  g a s  molecules  which 

c o n s t i t u t e  t h e  g a s  phase and D is t h e  d i a m e t e r  of t h e  

p a r t i c l e s .  In a i r :  

C - l + -  (1.23 + 0.41 e -86pD 
pD 

where p is t h c  a i r  p r e s s u r e  (mm Hg) and t h e  p a r t i c l e  d iameter ,  

D ,  is i n  c m .  C i n c r e a s e s ,  i f  t h e  mean free p a t h  of t h e  gas 

molecu le s  i n c r e a s e s .  C is l a r g e r  fo r  s m a l l e r  p a r t i c l e s ,  A t  

a tmosphe r i c  p r e s s u r e ,  C is about; e q u a l  t o  u n i t y  f o r  p a r t i c l e s  

larger t h a n  1 p (see Fig .  2 ) .  By d e c r e a s i n g  t h e  p r e s s u r e ,  

C can be r e a d i l y  i n c r e a s e d  by more t h a n  two o r d e r s  af magni- 

t u d e  f o r  t h e  p a r t i c l e  s izes  of i n t e r e s t .  

by more t h a n  one o r d e r  of magnitude,  because ( C )  x (Dso)  is 

c o n s t a n t  a c c o r d i n g  t o  Eq.  (1). 

D50  is dec reased  
2 

The c o r r e c t i o n  M i l l i k a n  a p p l i e d  w a s  r e l a t i v e l y  s m a l l ,  

because  h/D was smaller t h a n  47, whereas i n  t h e  d e v i c e  

r e p o r t e d  by McFarland and Z e l l e r 8  r e a s o n a b l e  r e s u l t s  w e r e  

a l so  o b t a i n e d  for A/D = 1 0 0 0 ,  which means t h a t  C was about  

6000. Thus, t he  a p p l i c a t i o n  of E q .  ( 2 )  is  j u s t i f i e d  f o r  h igh  

c o r r e c t i o n  v a l u e s ,  t o o .  I n  t h e  expe r imen t s  r e p o r t e d  here, 

C w a s  a lways less t h a n  1000 .  

The j e t  v e l o c i t y  a t  t h e  n o z z l e  o u t l e t  may be r e p l a c e d  

by t h e  g a s  f low Q i n t o  t h e  n o z z l e ,  a f u n c t i o n  of t h e  n o z z l e  

d i a m e t e r  ~ r / 4  D2 and t h e  r a t i o  of gas d e n s i t y  a t  t h e  i n l e t  

and o u t l e t ,  p/p,. 
j 

If Q is r e p l a c e d  by t h e  e x t e r n a l  gas  f l o w  Q,,  t h e  ratio of 

e x t e r n a l  t o  i n t e r n a l  p r e s s u r e  pa/p and t h e  number of nozzles 

N ,  Eq.  ( 3 )  becomes, 
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PaQa 
2 

4 J  

v =  
p 11 D . N  P / F o  

(4) 

Denoting P ( p / p o )  - P,, i n s e r t i n g  (4)  i n t o  (1)  one o b t a i n s  

If p o ( m m  EIg) x D~~ ( c m >  < low3, c is  approximate ly ,  

and ( 5 )  becomes 

1 . 7  x l o m 2  pPaQa D50 
ir 

3 277- $50 187 D j  Po N 

Assuming a c o n s t a n t  j e t  v e l o c i t y ,  Eq.  \4)  and Eq.  (6 ,  may be 

combined t o  o b t a i n  

and Qa - D 5 0  D j  N . 
T h e s e  a r e  fundamental  r e l a t i o n s h i p s  i n  low p r e s s u r e  impactor  

o p e r a t i o n .  D50  depends oiily on t h e  i n t e r n a l  p r e s s u r e  and 

n o z z l e  s i z e ,  whereas t h e  e x t e r n a l  gas flow depends on t h e  

number of n o z z l e s  t o o .  

va lue  a t  low gas f low t h a n  a t  h i g h  g a s  f low,  

a h i g h  f low r a t e  can  be achieved  only w i t h  a g r e a t  number of 

n o z z l e s .  

' I t  is e a s i e r  t o  o b t a i n  a s m a l l  D5* 

Smal l  D5* a t  

The s l i p  e f f e c t ,  which on t h e  one hand e n a b l e s  t h e  i m -  

p a c t i o n  of s m a l l  p a r t i c l e s ,  on t h e  o t h e r  hand reduces  ac- 

c e l e r a t i o n  of t h e  p a r t i c l e s  t o  t h e  jet v e l o c i t y .  P a r t i c l e s  

n o t  a t  j e t  v e l o c i t y  would have a s m a l l e r  d e p o s i t i o n  
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e f f i c i e n c y .  An e s t i m a t e  of t h e  s l i p  i n  v e l o c i t y  is e a s i l y  

o b t a i n e d  from t h e  b a s i c  e q u a t i o n s  of t h e  impact ion  t h e o r y .  6 9 8  

The motion of p a r t i c l e s  i n  a n o z z l e  of c o n s t a n t  d i ame te r  

c a n  be d e s c r i b e d  by e q u a t i n g  t h e  f o r c e  of i n e r t i a  of t h e  

p a r t i c l e  t o  t h e  f o r c e  of v i s c o u s  d r a g  by t h e  medium as  shown 

i n  E q .  (71, 

3.rr.q D 
mir P * C (v, - Vj) , 

where v is t h e  component of v e l o c i t y  of p a r t i c l e s  i n  t h e  

d i r e c t i o n  of t h e  j e t ,  v is t h e  jet v e l o c i t y  ( p a r a l l e l  t o  t h e  

n o z z l e  a x i s ) ,  m is t h e  p a r t i c l e  mass and is equal t o  p D 

D is t h e  p a r t i c l e  d i ame te r .  

P 

j 3 
6 P ’  

P 

dv dv dx O n  t a k i n g  < = 3 . - - 3 v P dx d t  dx p 

S u b s t i t u t i n g  and r e a r r a n g i n g ,  one o b t a i n s  

and i f  v is  assumed t o  be c o n s t a n t ,  t h e n  
j 

Ai; t h e  l i m i t i n g  v a l u e s  of x, t h e  f o l l o w i n g  are t r u e ;  

at  x -  O ,  v P =  O 
a t  x = L ,  vp P 0 .  

Applying E q .  (1) i t  f o l l o w s  t h a t ,  
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T h i s  e q u a t i o n  is p l o t t e d  i n  F ig .  3 .  Beyond L/($D.) = 1 0  

t h e  s l i p  i n  v e l o c i t y  is n e g l i g i b l e .  I n  p r a c t i c e ,  t h e  r e g i o n  

i n  which v .  is cons ide red  t o  be c o n s t a n t  shou ld  be twice a s  

la rge  as t h e  d i ame te r .  

J 

J 

T h e  s i z e  d i s t r i b u t i o n  of t h e  a e r o s o l  is o b t a i n e d  from 

t h e  amounts of d e p o s i t e d  material  on t h e  s t a g e s  and t h e  

s t a g e  c o n s t a n t s .  

f e c t i v e  cu t -o f f  d i ame te r ,  ECD, r a t h e r  t h a n  t h e  mass median 

d i a m e t e r ,  MML), as t h e  s t a g e  c o n s t a n t s ,  because w i t h  t h e  

l a t t e r  one depends much more on t h e  a e r o s o l  s i ze  d i s t r i b u t i o n  

t h a n  w i t h  t h e  ECD. I n  t h e  ECD approximat ion  t h e  e f f i c i e n c y  

cu rve  is  approximated by a s t e p  f u n c t i o n .  Below ECD t h e  

c o l l e c t i o n  e f f i c i e n c y  is presumed t o  be zero and above ECD 

t h e  e f f i c i e n c y  is u n i t y .  I n  t h i s  approximation t h e  a c t u a l  

amount of ma te r i a l  c o l l e c t e d  below ECD i s  compensated by 

t h e  amount l o s t  above ECD. The fo l lowing  shows how t h e  s i z e  

d i s t r i b u t i o n  of t h e  a e r o s o l  can  be eva lua . ted  i n  t h e  ECD 

approximat ion  i f  t h e  r e l a t i v e  amount of mater ia l  on t h e  i m -  

p a c t i o n  s t a g e s  i s  known. 

s tage  i, qi(D) is t h e  e f f i c i e n c y  of d e p o s i t i o n  of p a r t i c l e s  

of d i ame te r  D. n(D) x d D  is t h e  number of p a r t i c l e s  i n  

t h e  s i z e  range  D ... D + d D .  

T. T. Mercer12 p r e f e r s  tlie u s e  of t h e  e f -  

Ni is t h e  amount of mater ia l  on 
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s" n(D) dD - n(D 
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ECD 

ECDl 

dD - n ( D  dD . 
ECDz 

Assuming i n f i n i t e s i m a l  s t e p s ,  t h e  size d i s t r i b u t i o n  is 

o b t a i n e d :  

-- . Ni 
n ( D )  = 

ECDi - - ECDi 

I t  is easy t o  see from Eq. (11) t h a t  ECD depends on t h e  

a e r o s o l  s i z e  d i s t r i b u t i o n .  

are u s u a l l y  n o t  known and t h e  smoothness  (and hence t h e  

accu racy )  of t h e  f r equency  d i s t r i b u t i o n  [ n ( D )  ] is  l i m i t e d  

by t h e  number of impactor  s t a g e s .  I n  a r e a s o n a b l e  approxi -  

ma t ion ,  ECD is r e p l a c e d  by t h e  stage c o n s t a n t s  (D50) which 

is o n l y  a c h a r a c t e r i s t i c  c o n s t a n t  of t h e  impact ion  stage and 

does  n o t  depend on t h e  aerosol s ize  d i s t r i b u t i o n .  The c l o s e r  

t h e  e f f i c i e n c y  c u r v e  approaches  a s t e p  f u n c t i o n  t h e  more 

a c c u r a t e  t h i s  approximat ion  becomes. 

T h e r e f o r e  i n  p r a c t i c e  t h e  ECDi 

3. EXPERIMENTAL APPROACH 

3.1 G e n e r a l  Assembly 

The g e n e r a l  a s sembly  used  i n  m o s t  cases is shown 

s c h e m a t i c a l l y  i n  F i g .  4, and a photograph  of t h e  assembly 

is g i v e n  i n  Fig. 5. A i r  is drawn by s u c t i o n  through t h e  

f u r n a c e  ( i n  which p a r t i c l e s  are formed by v a p o r i z a t i o n  and 

c o n d e n s a t i o n  i n  t h e  c o o l  a i r  stream) and th rough  valve V-2. 

A d r y e r  u n i t  D and a c h a r c o a l  c a r t r i d g e  F r e d u c e s  humidi ty  

and t h e  c o n c e n t r a t i o n  o f  n a t u r a l  aerosol. The air f l o w  is 
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c o n t r o l l e d  by va lve  V - l  and i n d i c a t e d  by t h e  f l o w  meter R-4 .  

A f t e r  s t e a d y  s t a t e  c o n d i t i o n s  f o r  t h e  f u r n a c e  tempera ture  

are e s t a b l i s h e d ,  t h e  by-pass t o  the 7 0 - l i t e r  containment  

t a n k  (V-2)  is  c l o s e d  and t h e  containment  t a n k  is filled w i t h  

t h e  p a r t i c l e s  by s u c t i o n  through v a l v e  V-5. F i l t e r  samples  

t aken  upstream of V-2  e n a b l e  one to check  t h e  approach of a 

s t e a d y - s t a t e  p a r t i c l e  g e n e r a t i o n  r a t e .  

The p a r t i c l e s  a r e  enc losed  i n  t h e  containment  t a n k  f o r  

a c e r t a i n  t i m e  (about  1 h r ) .  During t h i s  ag ing  p e r i o d ,  t h e  

mass median d i ame te r  i n c r e a s e s  by agglomera t ion  u n t i l  t h e  

r i g h t  s ize  for t h e  sampler  is reached .  Before  t h e  p a r t i c l e s  

are d i r e c t e d  i n t o  t h e  sampler ,  s t e a d y  f low c o n d i t i o n s  i n  t h e  

sampler  are e s t a b l i s h e d  by s u c t i o n  of t h e  pump below t h e  

sampler  and f low through an open by-pass l i n e ,  V-5 .  The 

p a r t i c l e s  are d i r e c t e d  t o  t h e  sample r ,  by c l o s i n g  v a l v e  V - 5  

and opening V-4 .  A t  t h e  same t i m e  t h e  f low from t h e  f u r n a c e  

t o  t h e  containment  t a n k  is r e p l a c e d  by a supp ly  of c l e a n e d  

a i r  

The l o w  p r e s s u r e  i n  t h e  sampler  is g e n e r a t e d  by a 

p r e s s u r e  d rop  a t  a f low n o z z l e  and by t h e  amount of a i r  

added through va lve  V-7 .  If d e s i r e d ,  t h e  a i r  f low through 

t h e  sampler  can  be changed by a n o t h e r  n o z z l e  s i z e .  The 

f i r s t  s t a g e  of t h e  sampler  is p o s i t i o n e d  i n  a d i s t a n c e  f a r  

enough f r o m  t h e  n o z z l e  (about  5 t i m e s  t h e  sampler  d i a m e t e r )  

s o  t h a t  i t  can  be assumed t h a t  the s p r e c ?  of t h e  j e t  is 

s u f f i c i e n t  to cove r  t h e  whole d i ame te r  of t h e  f i r s t  s tage .  

A l l  p a r t i c u l a t e  mat ter  p e n e t r a t i n g  t h e  s t a g e s  are h e l d  up 

i n  a back-up f i l t e r .  P r o v i s i o n s  are made t o  measure t h e  

p r e s s u r e  a t  s e v e r a l  p o i n t s  i n  t h e  sampler  as i n d i c a t e d .  

A d d i t i o n a l  flow c o n t r o l s  are provided by f low meters R-l, 
R - 2 ,  and K - 3 .  A c l o s e r  look  a t  t h e  arrangement of t h e  flow 

n o z z l e ,  impactor  s t a g e s  and back-up filter is p r e s e n t e d  by 

Fig .  6. 
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The f i r s t  o p e r a t i o n  i n  n u c l e a r  s a f e t y  r e s e a r c h  w a s  pe r -  

formed d u r i n g  a CRI  r u n ,  i n  which t h e  behav io r  of r e l e a s e d  

f i s s i o n  p r o d u c t s  w a s  t h e  main i n t e r e s t .  Two g a s  samples  

w e r e  t a k e n  and ana lyzed  w i t h  t h e  Low-Pressure Cascade Impactor .  

A d e s c r i p t i o n  of t h e  Containment Research  I n s t a l l a t i o n  (CRI) 

and t h e  release of s i m u l a t e d  f i s s i o n  p r o d u c t s  is r e p o r t e d  

e l sewhere .  l3 

S e c t i o n  3 . 6 .  

More e x p e r i m e n t a l  de ta i l s  w i l l  be g iven  i n  

3 .2  P a r t i c l e  G e n e r a t i o n  

I n  t h e  cases i n  which on ly  t h e  f u n c t i o n  of t h e  l o w -  

p r e s s u r e  c a s c a d e  impactor  was tested and a v a r i a b l e  s u p p l y  of 

a e r o s o l  w a s  a c c e p t a b l e ,  material was vapor i zed  from an open 

boat and condensed i n  a c o o l  a i r  stream. The boat w a s  i n -  

serted i n t o  a t u b e  h e a t e d  by an electric f u r n a c e  (see F i g .  4 ) .  

By t h i s  t e c h n i q u e ,  p a r t i c l e s  from nichrome w i r e ,  PbI ,  and 

CsNO, w e r e  g e n e r a t e d .  

To a c h i e v e  a more r e p r o d u c i b l e  s i z e  d i s t r i b u t i o n  and 

number c o n c e n t r a t i o n ,  t h e  material  w a s  vapor i zed  i n t o  a gas  

stream of low l i n e a r  v e l o c i t y  o v e r  t h e  hot s u r f a c e ,  so  t h a t  

t h e  so l id -vapor  e q u i l i b r i u m  w a s  only s l i g h t l y  d i s t u r b e d .  

Under t h e s e  c i r c u m s t a n c e s  the v a p o r i z a t i o n  ra te  is much less 

( t h a n  i n  t h e  case i n  which t h e  p a r t i a l  p r e s s u r e  is much 

lower than  t h e  e q u i l i b r i u m  v a l u e ) .  The v a p o r i z a t i o n  is a l s o  

more independent  of s u r f a c e  ag ing .  The g a s  volumes drawn 

from t h e  s a t u r a t e d  atmosphere a l w a y s  c o n t a i n  t h e  same amount 

of material p e r  u n i t  volume, b u t  a h i g h  f low rate r e q u i r e s  a 

h i g h  e f f e c t i v e  s u r f a c e .  A q u a r t z  t u b e ,  18 mm 1 . D .  by 200 mm 

long  was f i l l e d  w i t h  f i n e  q u a r t z  wool on which t h e  a e r o s o l  

material  (NaC1) w a s  adsorbed .  1.4 g of  f i n e  q u a r t z  w o o l  was 

wetted w i t h  2 g N a C l  i n  40  cc H,O and d r i e d  s lowly .  Care 
w a s  t a k e n  t o  l i m i t  t h e  amount of  sa l t  s o l u t i o n  so  t h a t  it 

d i d  n o t  d r i p  from t h e  q u a r t z  wool p r i o r  t o  d r y i n g .  
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F i l t e r  s amples  t a k e n  downstream i n d i c a t e d  s ~ m e  w a l l  

l o s s  a t  lower f l o w  r a t e s ,  The  N a C l  c o n c e n t r a t i o n  i n  a i r  

c o n t i n u o u s l y  i n c r e a s e s  as  a i r .  f low i .ncreases  (.Fig-* 7 ) .  T h i s  

shows t h a t  t h e  s a t u r a t e d  p a r t i a l  p r e s s u r e  a t  t h e  e v a p o r a t i n g  

s u r f a c e s  w a s  not: d i s t u r b e d ,  o t h e r w i s e  t h e  cu rve  would bend 

down. 

The a e r o s o l  t aken  i n  t h e  CRI experiment  w a s  produced 
13 as  d e s c r i b e d  by G .  W .  P a r k e r  e t  a l .  

Some exper iments  w e r e  performed a t  the U n i v e r s i t y  of 

Minnesota w i t h  s p h e r i c a l  p a r t i c l e s  of known s i z e  and  a very  

narrow s i z e  d i s t r i b u t i o n ,  i n  o r d e r  t o  c a l i b r a t e  Lhe low- 

p r e s s u r e  cascade impactor .  These particles w e r e  produced 

e i l h e r  i n  a atomizer- impactor  combinat ion from a u r a n i n e  

dye s o l u t i o n  o r  i n  a s p i n n i n g  d i s k  g e n e r a t o r  from a u r a n i n e  

d y e  s o l u t i o n  w i t h  methylene b l u e  added, as d e s c r i b e d  by 

K.  T.  Whitby e t  a l ,  l4 

p a r t i c l e s  are  summarized i n  Table  1. 

The cha rac t e r i s t i c  da ta  with t h e s e  

3 . 3  Low-Pressure Cascade Impactor  Mark X 

The f i r s t  t e s t s  were performed w i t h  t h e  Andersen 

Sampler 0101, l5 t h e  d e p o s i t i o n  e f f i c i e n c y  of which has been 

measured, f o r  i n s t a n c e ,  by J. C. Couchman. l7 

consLants  were c a l c u l a t e d  as a f u n c t i o n  of p r e s s u r e  u s i n g  

Eq.  (6 )  and assuming t h a t  t h e  r e p o r t e d  impact ion  pa rame te r ,  

$50 E 0 . 2 ,  i s  unchanged under  l o w  p r e s s u r e  o p e r a t i o n .  The 

r e s u l t s  are shown i n  F i g .  8 i n  which t h e  s tage c o n s t a n t s  are 

p l o t t e d  v e r s u s  t h e  s t a g e  number f o r  d i f f e r e n t  p r e s s u r e s  and 

s p e c i f i c  g r a v i t y  of p a r t i c l e s ,  Decreas ing  p r e s s u r e  and i n -  

c r e a s i n g  s p e c i f i c  g r a v i t y  w i l l  lower the stage c o n s t a n t s  i n  

a l l -  stages,  A t  about  4 0  mi11 I-Ig t h e  sampler  c o v e r s  j u s t  t h e  

s ize  range  of i n t e r e s t .  O n  t h i s  b a s i s  t h e  work w a s  s t a r t e d  

w i t h  t h e  Andersen Sampler 0 1 0 1  a f t e r  some m o d i f i c a t i o n s  w e r e  

done ( t h e  modi f ied  Andersen Sampler is ca l l ed  Mark-I). 

 he stage 
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T a b l e  1. C h a r a c t e r i s t i c  Data of t h e  Uranine Aerosols  

g 
0- 

G e n e r a t o r  M a t e r i a l  MMD (Y> 

Spinn ing  d i s k  M e  t h y  l ene  b l u e  
p l u s  u r a n i n e  3 . 5  1.15  

Sp inn ing  d i s k  M e  t h y  l e n e  b l u e  
p l u s  u r a n i n e  1 . 5  1.15 

Atomizer-impactor Uranine 0 .26  1 . 6 7  

Atomizer-impactor Uranine  0.10 1 . 4 1  

Atomizer-impactor Uranine  0.049 1.49 

A t  om izer  -impac t o r  Uranine  0.028 1.45 

__ ~~ - 

T h e  MMD's of t h e  p a r t i c l e s  g e n e r a t e d  i n  t h e  s p i n n i n g  

d i s k  d e v i c e  w e r e  o b t a i n e d  by c o u n t i n g  t h e  p a r t i c l e s  which 

w e r e  d e p o s i t e d  on f i l t e r  media under  t h e  l i g h t  microscope.  

The o t h e r  M ~ S  are known from p r e v i o u s  c a l i b r a t i o n s .  14 

3 The d e n s i t y  of t h e  p a r t i c l e s  w a s  1 . 3  g/cm . 

c 
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P e t r i  d i s h e s  f i l l e d  wi th  a l i q u i d  w e r e  used i n  t h e  

o r i g i n a l  d e s i g n  as sample area.  They w e r e  r e p l a c e d  i n  t h e  

modi f ied  d e s i g n  by sample p l a t e s  made o u t  of aluminum i n  

o r d e r  t o  have a more a c c u r a t e  ad jus tment  of t h e  c l e a r a n c e  

between sample p l a t e  and h o l e  pla- te ,  as  w e l l  a s  t o  p r o v i d e  a 

s imple  throw-away sample p l a t e .  T h i s  modi f ied  sampler  is 

shown i n  F i g .  9 .  The sample p l a t e  is f i x e d  wibh some vacuum 

g r e a s e  on a s u p p o r t  p l a t e .  ( I n  F ig .  9 ,  t h e  sample p l a t e  is 

b lack  and t h e  wh i t e  s p o t s  are d e p o s i t e d  NaC%. p a r t i c l e s . )  

Each suppor t  p l a t e  is connected  by t h r e e  screws t o  t h e  s t a g e .  

The  c l e a r a n c e  between sample p l a t e s  and h o l e  p l a t e s  w a s  

chosen f o r  a l l  s t a g e s  .to be t h r e e  t i m e s  t h e  h o l e  d i ame te r .  

Thus,  the performance of t h e  stages are e a s i l y  comparable.  

Smal l e r  c l e a r a n c e  would t end  t o  make t h e  e f f i c i e n c y  curve 

approach a s t e p  f u n c t i o n ,  7y16 bu t  would cause  an i n t o l e r a b l y  

h i g h  r a d i a l  p r e s s u r e  drop .  Some of t h e  i n t e r e s t i n g  d a t a  of 

t h e  Mark-I are l i s t e d  ir ,  Table  2 .  The h o l e  d i a m e t e r s  were 

measured by an o p t i c a l .  a p p a r a t u s  .I 

Tubes were connected  t o  each s t a g e  t o  a l low p r e s s u r e  

measurements. T h i s  is impor tan t  because t h e  p r e s s u r e  a t  

each s tage  h a s  t o  be known i n  o r d e r  t o  c a l c u l a t e  t h e  s t a g e  

c o n s t a n t  acco rd ing  t o  E q .  ( 6 ) .  P r e s s u r e  and p r e s s u r e  d rop  

a t  t h e  sampler  i s  shown i n  F ig .  1 0  as a f u n c t i o n  of t h e  i n l e t  

a i r  Plow (f low a d j u s t e d  upstream of t h e  sample r ) .  

A s  d e s c r i b e d  i n  t h e  Appendix, t h e  s t a g e  c o n s t a n t s *  of t h e  

Andersen Sampler under  l o w  p r e s s u r e  w e r e  o b t a i n e d  by an experi-  

men ta l  method. C a l c u l a t e d  and measured s tage c o n s t a n l s *  do 

n o t  ag ree  i n  the f i r s t  s t a g e s  bu t  become q u i t e  comparable for 

stages 4 t o  6.  Some reasons  f o r  t h i s  beliavior are d i s c u s s e d  

i n  t h e  Appendix. Based upon t h e  c a l i b r a t i o n ,  t he  s t age  

c o n s t a n t s  for each s t a g e  w e r e  c a l c u l a t e d  f o r  s e v e r a l  specjfic 

g r a v i t i e s  of p a r t i c l e s  u s i n g  E q .  ( 6 ) .  The p r e s s u r e  a t  each 

s t a g e  w a s  t aken  a t  an  a i r  f low r a t e  of 8 l i t e r s / m i n .  F i g u r e  

11 g r a p h i c a l l y  s h o w s  t h c  r e s u l t s .  

* 
P a r t i c l e  d i ame te r  c u t o f f  p o i n t  or  D50  i n  E q ,  (6). 
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T a b l e  2. H o l e  D i a m e t e r s  and Clearance Between P l a t e s  
f o r  the  Mark-I Impactor 

1 1.1 x 10-1 4 . 2  x 10-1 400 

2 8 . 9 7  x lo-'  3 . 1  x 10-1 400 

3 7 . 3 7  x 2 . 8  x lo-' 400  

4 5 . 2 2  x 10" 2 . 0  x 10-1 4 0 0  

5 3.43 x lo-' 1.25 x 10-1 400  

6 2.44 x 9 . 0  x 400 

* 
L d e n o t e s  clearance between sample p l a t e  

Denotes  number of h o l e s .  

and hole  plate. 
** 
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I n  o r d e r  t o  prove  t h e  u n i f o r m i t y  of d e p o s i t i o n ,  t h e  

b l a c k  p a i n t e d  impact ion  p l a t e s  w e r e  h e a v i l y  loaded w i t h  wh i t e  

N a C l  p a r t i c l e s .  The s i z e  d i s l r i b u t i o n  w a s  n o t  wide enough t o  

c o v e r  a l l  6 s t a g e s ,  t h e r e f o r e  only  t h e  l a s t  4 s t a g e s  show 

p a r t i c l e  d e p o s i t i o n  i n  F ig .  1 2 .  The s i z e s  of t h e  s p o t s  are 

n o t  as  e q u a l  as t h e y  should  be,  i n d i c a t i n g  s l i g h t  d i f f e r e n c e s  

i n  d e p o s i t i o n  e f f i c i e n c y  between the je ts .  

3 . 4  Low-Pressure Cascade Impactor  Mark-I1 

Bes ides  t h e  modi f ied  Andersen Sampler (Mark-I), o i ~ r  own 

d e s i g n  (Mark-11) was  b u i l t .  T h i s  model was s p e c i a l l y  des igned  

f o r  low p r e s s u r e  o p e r a t i o n ,  s m a l l  p r e s s u r e  d r o p ,  ea sy  de- 

con tamina t ion  and quick  exchange of sample p l a t e s .  Again, 

as f o r  t h e  Andersen Sampler,  t h e  sample p l a t e s  were des igned  

f o r  e a s y  f a b r i c a t i o n  so thaL t h e y  cou ld  he d i s c a r d e d  a f t e r  

one use  and reduce  t h e  e f f o r t s  r e q u i r e d  for decontaminat ion .  

Hole d i ame te r  and number of holes were c a l c u l a t e d  t o  p rov ide  

a d e s i r a b l e  i n c r e a s e  i n  D of a f a c t o r  of t h r e e  from s tage  

t o  s tage for p a r t i c l e s  of s p e c i f i c  d e n s i t y  6 g/cc.  The i m -  

p a c t i o n  parameter  w a s  assumed t o  be 0 . 1 5  i n  t h i s  c a l c u l a t i o n .  

Smal le r  c l e a r a n c e s  between sample p l a t e s  and h o l e  p l a t e s  

were used than  i n  t h e  modi f ied  Andersen Sampler t o  improve 

t h e  p a r t i c l e  s i z e  s e p a r a t i o n ,  i.e., t o  make s h a r p e r  s epa -  

r a t i o n s .  Design d a t a  are shown i n  Tab le  3 .  D e t a i l s  of t h e  

d e s i g n  may be t aken  from F i g s .  13 and 14. 

5 0  

S e a l i n g  between t h e  s t a g e s  is provided  by O-rings.  

S p r i n g  loaded p i n s  p r e s s  t h e  sample p l a t e s  a g a i n s t  t h r e e  

p o i n t s  of t h e  s u p p o r t .  T h i s  allows t h e  sampler  t o  be oper-  

a t e d  in any o r i e n t a l i o n .  Tubes a r e  connec ted  t o  t h e  stages 

t o  allow p r e s s u r e  measurements. A t  t h e  s t a n d a r d  a i r  f low 

of 8 l i t c r s / m i n ,  t h e  p r e s s u r e  d r o p s  listed i n  Tab le  4 were 

observed .  
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Table 3. Design D a t a  f o r  Sampler Mark-I1 

S t a g e  N o .  D,(cm) L**(cm) N X* (cm) y* (cm) d*  (cm) 

1 0.56  0 . 2 0  2 0  0 .50  3.3 1 .0  

2. 0.386 0.14 20 0.44 3 .3  1 . 0  

3 0.257 0.14 20  0.44 3 . 3  1 . 0  

4 0.15 0 . 1 0  38 0.40 2.8 0 .5  

5 0 .10  0.05 5 1  0.35 2.7 0.4  

6 0 . 0 7 1  0 .05  49 0.35 2.7 0.4 

*Symbols r e f e r  t o  d imens ions  shown i n  F ig .  13. 

**Denotes c l e a r a n c e  between sample p l a t e  and hole p l a t e .  

Table 4. Pressure Drops (mm H g )  

-1-6, *5 
&6 P6** 

19.5 0.9 3 . 1  14 2 2 . 7  
__ __ - 

*mi, p r e s s u r e  drop a t  s tage i. 

**p6, p r e s s u r e  a t  sample p l a t e  6. 
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A photograph of the s t a g e s  is  shown i n  F i g .  1 5 .  The wh i t e  

s p o t s  r e p r e s e n t  d e p o s i t i o n  of N a C P  p a r t i c l e s .  

I t  w a s  found i n  t h e  t e s t ,  d e s c r i b e d  i n  t h e  Appendi-x, 

t h a t  t h e  c a l c u l a t e d  s tage cons t an t s*  and t h e  expe r imen ta l  

o n e s  are p r a c t i c a l l y  i d e n t i c a l  f o r  a l l  stages,  showing t h a t  

t h e  chosen impact ion  parameter  = 0.15) w a s  J u s t  t h e  

r i g h t  one. With t h i s  v e r i f i e d  v a l u e ,  stage c o n s t a n t s  f o r  a 

g r e a t e r  v a r i e t y  of specific: g r a v i - t y  of p a r t i c l e s  were c a l c u -  

lated.  The r e s u l t s  of the c a l c u l a t i o n s  are p l o t t e d  v e r s u s  

t h e  s t a g e  number i n  F ig .  1 6 .  A s  i n  F i g .  11, t h e s e  s t a g e  

c o n s t a n t s  are t o  be expec ted  oiily a t  an a i r  f l o w  r a t e  of 

8 l i t e r s / m i n  and a t  t h e  corresponding p r e s s u r e s  a t  each 

s tage e 

The u n i f o r m i t y  01 t h e  d e p o s i t i o n  w a s  checked ( a s  il; 

w a s  f o r  Mark-I)with a heavy load of s o l i d  N a C S  p a r t i c l e s  on 

t h e  b l a c k  p a i n t e d  impact ion p l a t e s .  D e p o s i t i o n s  of p a r t i c l e s  

w e r e  found on a l l  6 stages  (see F i g ,  1 7 ) ,  and the p a r t i c l e  

s p o t s  on each  s t a g e  arc n e a r l y  e q u a l  i n  i n t e n s i t y .  The 

p a r t i c l e  six d i s t r i b u t i o n  w a s  t h e  same i n  both  expe r imen t s ,  

t h u s  F i g s .  1 2  and 1 7  a re  comparable.  E t  is  appa ren t  t h a t  

d e p o s i t i o n  w a s  more uniform and thaL more s tages  cove r  t h e  

same p a r t i c l e  s i z e  range i n  Mark-I1 (P ig .  1 7 )  than i n  Mark-I 

(F ig .  1 2 ) .  

3 .5  Method of Ana lys i s  

The s i z e  d i s t r i b u t i o n s  of t h e  a e r o s o l s  under  i n v e s t i -  

g a t i o n  w e r e  e v a l u a t e d  by t h e  material d i s t r i b u t i o n  among t h e  

impact ion  p l a t e s ,  t h e  back-up f i l t e r  and t h e  s t a g e  Cons tan t s .  

En c a s e  of urani i ie  p a r t i c l e s ,  t h e s e  p a r t i c l e s  w e r e  

removed from t h e  sample p l a t e s  by d i s s o l v i n g  i n  a known 

q u a n t i t y  of water.  The i n t e n s i t y  of f l u o r e s c e n c e  of t h e  

wash water w a s  measured. I t  was  proved t h a t  even from s i l i c o n  

c o a t e d  s u r f a c e s ,  which w e r e  u s u a l l y  used ,  n e a r l y  a l l  u r a n i n e  

* 
P a r t i c l e  d i ame te r  c u t o f f  p o i n t  o r  D i n  E q .  ( 6 ) .  50 



p a r t i c l e s  w e r e  d i s s o l v e d  and on ly  a n e g l i g i b l e  amount 

remained. By t h e  c a l i b r a t e d  r e a d i n g  on a f l u o r o m e t e r ,  t h e  

t o t a l  m a s s  of d e p o s i t i o n  c o u l d  be c a l c u l a t e d .  

The o t h e r  a e r o s o l s  w e r e  r a d i o a c t i v e  tracered, i n  order 

t o  c a l c u l a t e  t h e i r  r e l a t i v e  m a s s  d i s t r i b u t i o n  among t h e  

s t a g e s  from t h e  r a d i o a c t i v i t y  sampled on each  impact ion  p l a t e .  

A homogeneous mix tu re  between tracer and b u l k  material w a s  

ach ieved  by n e u t r o n  a c t i v a t i o n  i n  t h e  case of nichrome w i r e  

(Cr-51) and CsNO, ( C s - 1 3 4 ) .  R a d i o a c t i v e  PbI, was produced by 

mixing i n a c t i v e  i o d i n e  s o l u t i o n  w i t h  1-131 tracer s o l u t i o n  

b e f o r e  t h e  PbI, was p r e c i p i t a t e d ,  Neutron a c t i v a t e d  N a C l  

( N a - 2 4 )  was d i s s o l v e d  i n  w a t e r  and then  p r e c i p i t a t e d  on t h e  

q u a r t z  wool. A homogeneous d i s t r i b u t i o n  of N a - 2 4  i n  t he  

t o t a l  amount is t h e r e f o r e  a lso e s t a b l i s h e d .  The r e l a t i v e  

r a d i o a c t i v i t y  of t h e  d e p o s i t e d  material w a s  measured by y 

c o u n t i n g  . 
The m a s s  of t h e  N a C l  a e r o s o l  p e r  volume of a i r  was 

checked downstream of t h e  N a C l  f u r n a c e  by weighing and y 

c o u n t i n g  a Gelman GA-4 f i l t e r  sample.  T h i s  a l s o  provided  

d a t a  of t h e  mass d e p o s i t i o n  on t h e  sample p l a t e s  by compar- 

i n g  t h e  y-count of t h e  sample p l a t e s  and t h e  f i l t e r  and 

from t h e  known m a s s  d e p o s i t i o n  on t h e  f i l t e r .  

3 . 6  Containment Research  I n s t a l l a t i o n  (CRI)  Experiment 

The release of f i s s i o n  p r o d u c t s  from molten UO, and 

t h e i r  behav io r  under  reactor a c c i d e n t  c o n d i t i o n s  w a s  s t u d i e d  

i n  r u n  1 0 7  i n  t h e  Containment Research I n s t a l l a t i o n  ( C R I ) .  

I n  o r d e r  t o  lower t h e  i m p r a c t i c a l l y  h i g h  a c t i v i t y  of a h igh  

burnup f u e l  e lement ,  u n i r r a d i a t e d  UO, w a s  h e a t e d  and t h e  

released f i s s i o n  p r o d u c t s  w e r e  s i m u l a t e d  by r a d i o a c t i v e  

tracered f i s s i o n  p roduc t  e l emen t s  acco rd ing  t o  a t echn ique  

described by G. W. P a r k e r  e t  a l .  l3 

i o d i n e ,  cesium, ru thenium,  and t e l l u r i u m  passed  t h e  h o t  UO, 

zone i n  a steam atmosphere,  Most of t h e  c o n d e n s a t i o n  

S e p a r a t e l y  vapor i zed  
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p r o c e s s e s  and par t , ic l .e  c o a g u l a t i o n  took  pl.ace i n  t h e  UQ, 

f u r n a c e  t u b e  and t h e  t r a n s f e r  l i n e  t o  t h e  r e a c t o r  core.  Thexi, 

e n t e r i n g  t h e  containment  t a n k  of t h e  CRI t h e  p a r t i c l e  co- 

a g u l a t i o n  ra te  became very  s n i a l h  because o f  t h e  h igh  d i l u t i o n  

of t h e i r  number c o n c e n t r a t i o n .  D a t a  of the amount of vapor-. 

i z e d  materials and t h e i r  d i s t r i b u t i o n  on t h e  components of 

t h e  C R I  were n o t  a v a i l a b l e  a t  t h e  t i m e  t h i s  repor-L w a s  w r i t t e n .  

They w i l l .  be pub l i shed  i n  t h e  Annual Progress  Report  of t h e  

Nuclear  S a f e t y  Program 1967. 

I n  i ts  f i r s t  Containment Research I n s t a l l a t i o n  t e s t ,  

two impactor  g a s  samples  were Laken. T h e  f i r s t  g a s  sample 

of 2 7  l i t e r s  STP w a s  t aken  from the containment  atmosphere 

between 15  and 1 8 . 5  min a f t e r  meltdown and mixed w i t h  dry 

a i r  i n  a 7 0 - l i t e r  v e s s e l .  A second sample o f  36 l i t e rs  STP 

was t r a n s f e r r e d  between 63.5 and 68 min a f t e r  meltdown t o  

t h e  7 0 - l i t e r  v e s s e l  and also mixed w i t h  d r y  a i r .  The v e s s e l  

was swept w i t h  f r e s h  a i r  before the second sampling.  The 

gas f low r a t e  froin t h e  CRX i n t o  t h e  v e s s e l  was l i m i t e d  by an 

o r i f i c e  o r  nozz le .  Steam condensa t ion  in t h e  p i p e  between 

t h e  CRX and t h e  sampling v e s s e l  and t h e  flow nozzle  d e v i c e  

w a s  e l i m i n a t e d  by h e a t i n g  t h e  w a l l s  t o  about  120°C. 

S i n c e  t h e  pr imary purpose o f  t h e  cascade  impactor  is 

s i z e  c l a s s i f i c a t i o n  of  r a d i o a c t i v e  f i s s i o n  product  p a r t i c u -  

l a tes ,  t h e  p re sence  of a l a r g e  amount of gaseous  r a d i o i o d i n e  

c o u l d  confuse  t h e  r e s u l t s  by n o n - s e l e c t i v e  p l a t e o u t  on t h e  

sample p l a t e s .  I n  o r d e r  t o  minimize t h i s  e f f e c t ,  s i l v e r  

s c r e e n s  were used i n  c o n j u n c t i o n  w i t h  t h e  impactor  t o  re- 

duce t h e  f r a c t i o n  of g a s e o u s  i o d i n e .  The e f f i c i e n c y  of 

s i l v e r  s c r e e n s  (80 by 8 0  mesh s i l v e r  p l a t e d  copper  s c r e e n )  

f o r  adso rb ing  gaseous  i o d i n e  and t h e  co r re spond ing  l o w  re- 

t e n t i o n  f o r  sub-micron p a r t i c l e s  was t e s t e d .  In t h e  i o d i n e  

t e s t ,  t h e  i o d i n e  was produced b y  t h e  bichromate method and 

t h e  i o d i n e  d e p o s i t i o n  checked by t h e  r a d i o a c t i v i t y  of its 

t racer  1-131. The p e n e t r a t i o n  of N a C l  p a r t i c l e s  was a l s o  

measured w i t h  t h e  s c r e e n s  i n  p l a c e .  
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The Low-Pressure Cascade Impac to r s  were f i t t e d  w i t h  t h r e e  

s i l v e r  s c r e e n s  i n  f r o n t  of 5 impact ion  p l a t e s  fo l lowed by two 

a d d i t i o n a l  s i l v e r  s c r e e n s  and t h e  back-up f i l t e r .  Both 

sample r s  w e r e  used  i n  t h i s  expe r imen t ,  t h e  f i r s t  g a s  sample 

w a s  ana lyzed  by t h e  Mark-I and t h e  second by t h e  Mark-11. 

F i f t y - e i g h t  liters (STP) of t h e  g a s  c o n t e n t s  of t h e  v e s s e l  

w e r e  pas sed  th rough  t h e  sampler .  A l l  impact ion  p l a t e s  were 

s i l i c o n e  o i l  c o a t i n g  as d e s c r i b e d  i n  Chap te r  4.2.  

4. RESULTS AND DISCUSSION 

4.1 

f i e d  

Exper imen ta l  V e r i f i c a t i o n  of t h e  High R e t e n t i o n  
of  Smal l  P a r t i c l e s  i n  t h e  Cascade Impactor  Under 
Reduced P r e s s u r e  

I n  o r d e r  t o  t e s t  t h e  r e t e n t i o n  e f f i c i e n c y  of t h e  modi- 

Andersen Sampler f o r  s m a l l  p a r t i c l e s  under  l o w  p r e s s u r e ,  

t w o  runs  w e r e  performed,  one a t  40 mm Hg and the o t h e r  a t  

750  mm Hg.  A 3-hr agg lomera t ion  t i m e  i n  t h e  T O - l i t e r  

conta inment  t a n k  w a s  assumed t o  be s u f f i c i e n t  t o  e q u a l i z e  

s l i g h t  d i f f e r e n c e s  i n  t h e  i n i t i a l  p a r t i c l e  size d i s t r i b u t i o n  

and c o n c e n t r a t i o n  f o r  b o t h  aerosols under  test. Of c o u r s e ,  

t h e  sample c o n d i t i o n s  were n e a r l y  t h e  same i n  bo th  cases. 

CsNO, wi th  C s - 1 3 4  tracer w a s  h e a t e d  from an open b o a t ,  see 

3 . 2 .  The f r a c t i o n a l  d e p o s i t i o n  of C s - 1 3 4  a c t i v i t y  on t h e  

s t a g e s  and f i l t e r  is g i v e n  i n  F i g .  18.  I t  is e v i d e n t  t h a t  

t h e  sampler  w a s  e f f i c i e n t  enough under  l o w  p r e s s u r e  bu t  n o t  

under  normal  p r e s s u r e .  The s a m e  tes t  w a s  performed w i t h  

PbI ,  i n d i c a t i n g  t h e  h i g h  e f f i c i e n c y  f o r  s m a l l  p a r t i c l e s  t o o .  

I n  a l l  o t h e r  cases, t h e  main p o r t i o n  of t h e  a c t i v i t y  w a s  

found i n  t he  sampler  and o n l y  a s m a l l  p o r t i o n  on t h e  back- 

up f i l t e r .  T h i s  means t h a t  t h e  low-pressure  cascade  impactor  

w a s  a d e q u a t e l y  e f f i c i e n t  f o r  t h e  aerosol under  i n v e s t i g a t i o n .  

The o p e r a t i o n  of two Andersen Samplers  i n  series is also 

i n s t r u c t i v e ,  one o p e r a t i n g  i n  t h e  des igned  way ( t h a t  means 

normal p r e s s u r e ) ,  and t h e  o t h e r  one under  reduced p r e s s u r e .  
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R e s u l t s  of such  an exper iment  art7 g iven  i n  Tab le  5. The a i r  

i n  t h i s  experiment  ( N o .  5 7 )  f i r s t  passed  t h e  Andersen Sampler 

t h e n  t h e  f low n o z z l e  which produces t h e  p r e s s u r e  d rop  and 

f i n a l l y  e n t e r e d  t h e  modi f ied  Andersen Sampler (Mark-I) . 
Experiment N o .  50  i n  which t h e  f i r s t  Andersen Sampler w a s  

left ou t  is g iven  for comparison. Both exper iments  w e r e  

performed a t  8 l i t e r s / m i n  f low r a t e ,  t h e  Andersen Sampler a t  

a tmospher ic  p r e s s u r e  and t h e  Mark-1 a t  about  4 0  mm H g .  N a C l  

p a r t i c l e s  were used as t h e  aerosol. .  The d e p o s i t i o n  is ex- 

p r e s s e d  i n  pg. On comparing both expe r imen t s ,  one sees no  

s i g n i f i c a n t  d i f  fe re i ice  i n  t h e  depos i t i on .  S i z e  d i s t r i b u t i o n  

and number c o n c e n t r a t i o n  a re  p r a c t i c a l l y  n o t  a f f e c t e d  by t h e  

Andersen Sampler p l aced  b e f o r e  t h e  Wwk-1. 

The m a . t e r i a 1  found on s t a g e s  1, 2 ,  and 3 of t h e  Andersen 

Sampler is ahout  c o n s t a n t  and probably due t o  c o l l e c t i o n  by 

i n t e r c e p t i o n  and d i f f u s i o n ,  The  amount of material  d e p o s i t e d  

by impacti .on i n c r e a s e s  from s t a g e  4 t o  6 w i t h o u t  go ing  through 

a maximum d e p o s i t i o n ,  as found on t h e  Mark-1. It seems, t h a t  

t h e  s tage c o n s t a n t  of stage 6 of t h e  Andersen Sampler l a y s  

between the one o f  s t a g e  2 and 3 of t h e  Mark-I, i n d i c a t i n g  a 

s h i f t  of s t a g e  c o n s t a n t s  a t  l o w  p r e s s u r e  o p e r a t i o n  ove r  a t  

l e a s t  t h r e e  s t a g e s ,  

4 . 2  P a r t i c l e  L o s s  

P a r t i c 1 . e s  a r e  no t  o n l y  d e p o s i t e d  on t h e  impact ion p l a t e s ,  

t h e y  are  found a l s o  on t h e  w a l l s  of t h e  sampler .  S e v e r a l  

w a l l  l o s s  s t u d i e s  have been r e p o r t e d  8'1h9 l8 and l o s s  mecha- 

nisms have been d i s c u s s e d ,  h u t  the r e s u l t s  depend so much 

on t h e  impactor  d e s i g n  and o p e r a t i n g  c o n d i t i o n s  t h a t  t h e y  

cannot  be g e n e r a l i z e d .  I t  w a s  dec ided  t o  s t u d y  t h e  wal l  

l o s s  w i t h  a. p a r t i c l e  s i z e  c lose  t o  t h e  s t a g e  c o n s t a n t s  of 

s t age  number 3 or 4 and a narrow s i z e  d i s t r i b u t i o n  which 

shou ld  be more i n s t r u c t i v e ,  i n  s t u d y i n g  t h e  bounce of p a r t i -  

c les  from the impact ion  p l a t e s ,  than t h e  u s e  of a wider  s i z e  
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P 

T a b l e  5. N a C l  D e p o s i t i o n  i n  p g  

Experiment  N o .  50 Exper iment  No. 57 

Mark-I 

S t a g e  1 

S t a g e  2 

S t a g e  3 

S t a g e  4 

S t a g e  5 

S t a g e  6 

F i l t e r  

2 .5  

5.8 

213.5 

4620.0 

1 1 7 8 . 0  

102.0 

28.7 

T o t a l  6150.5 

Andersen Sampler 

S t a g e  1 

S t a g e  2 

S t a g e  3 

S t a g e  4 

S t a g e  5 

S t a g e  6 

S u b - t o t a l  

Mark-1 

9.8 

9 . 7  

9.9 

10.2 

2 8 . 2  

248.5 

316.3 

S t a g e  1 4 . 2  

S t a g e  2 6 .9  

Stage 3 665.0 

S t a g e  4 4600.0 

S t a g e  5 7 7 3 . 0  

Stage 6 38.7 

F i l t e r  23.3 

S u b - t o t a l  6 1 1 1 . 1  

GRAND-TOTAL 6427.4 
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d i s t r i b u t i o n .  Fur thermore ,  maximum d e p o s i t i o n  on t h e  middle  

s t a g e s  seetiis t o  be more r e a l i s t i c  wi th  r e s p e c t  t o  a p p l i c a t i o n  

i n  t h e  C R I  exper iment ,  see 4 . 3 .  

N a C l  p a r t i c l e s  were s e l e c t e d  f o r  t h e s e  expe r imen t s ,  

because t h e y  are  e a s i l y  washed of f  t h e  components w i t h  w a t e r  

and t h e n  r ecove red  i n  a c a t i o n  exchanges (DBWEX 50  W x 1 2 ) .  

Another advantage  is t h a t  the N a C l  a e r o s o l  g e n e r a t o r  g i v e s  

a r e p r o d u c i b l e  p roduc t ion  r a t e ,  which is n e c e s s a r y  f o r  

comparing d e p o s i t i o n s  under d i f f e r c n t  c o n d i t i o n s .  About 

1 0  mg of N a C l  p a r t i c l e s  were enc losed  i n  t h e  7 0 - l i t e r  

conLainment t a n k  f o r  1 hr. During Lhis t i m e  t h e  MMD grew 

t o  t h e  desired s i ze .  Then p a r t  of t h e  volume w a s  f i l t e r e d  

i n  e i t h e r  t h e  Mark-I o r  Max-k-11. 

4 . 2 . 1  P a r t i c l e  L o s s  on t h e  Wall. Wall l o s s  s t u d i e s  

w e r e  performed on both t y p e s  of cascade impac to r s ,  Mark-1 

anla Mark-XX. The f low r a t e  through the sampler. was a d j u s t e d  

by t h e  s i ze  of t h e  f l o w  n o z z l e  t o  8 I.iters/min i n  e x p e r i -  

inerits N o s .  48, 5 0 ,  and 56  and t o  0 .8  liters/min i n  No, 6 1 .  

The sampling t i m e  w a s  chosen acco rd ing  t o  the d e s i r e d  amount 

of deposi.ti.on. Table  6 shows t h e  amount of mater ia l  f o u n d  

on t h e  n o z z l e ,  n o z z l e  s t a g e  ( tube  between n o z z l e  and i m -  

p a c t i o n  s tage l), walls of i r n p c t i o n  s t a g e s  1 t o  6 and 

f i l t e r  s tage,  i n  p e r c e n t  of t h e  t o t a l  amount on impact ion  

p l a t e s  and back-up f i l t e r .  I n  g e n e r a l ,  a s  t h e  t o t a l  amount 

of ma te r i a l  increases the r e l a t i v e  l o s s  increases.  B u t  t h e  

r e l a t i v e  l o s s  a s  a f u n c t i o n  o f  s t a g e  number seems t o  be due 

t o  t w o  p r o c e s s e s ,  one whose importance is d e c r e a s i n g  w i t h  

i n m r r a s i n g  stage number superimposed on a second p r o c e s s  

which leads to a l o s s  p r o p o r t i o n a l  t o  t h e  am0un.t of d e p o s i t e d  

m a t e r i a l  i n  the co r re spond ing  stage. Comparing t h e  e x p e r i -  

ments Nos. 48,  56,  and 61., the f i r s t  process ( cons ide red  as 

background) depends on t h e  f l o w  r a t e ,  whereas t h e  second one  

depends on t h e  amount of d e p o s i t i o n .  The lo s s  d u e  t o  t h e  

ll_l__ 
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T a b l e  6. Pa r t i c l e  Loss on Walls 

Experiment N o .  48 No. 50 No. 56 N o .  6 1  
Mark-II Mark-I Mark-I1 Mark-II 

T o t a l  amount on plates 
and back-up f i l t e r  5529 6151 849 380 

(CLg 1 

L o s s  related to t a t a l  
amount 

( 70) 
__ ~ -~ -~ 

Nozzle 0.31 1.74 

Nozzle-Stage 0.21 
-~ 

Wall of Stage 1 

Wall sf Stage 2 

Wall of Stage 3 

Wall of Stage 4 

Wall of S t a g e  5 

Wall of Stage 6 

Filter Stage 

0.070 0.92 8 . 0 9 1  - 
0.094 0 . 1 6  0.054 0.55 

0.154 0.39 0,067 0 .17  

4 . 2 5  0 .78  0 . 3 7 5  0 . 2 4  

2 .04  0 . 2 8  0 .137  Q , l 2  

0 .04  0 . 0 3 7  0.039 0 .06  

0 .  oxo 0.0067 0 . 0 0 6  - 

Flow r a t e  ( l i t e r s / m i n )  8 8 8 0 . 8  



second p r o c e s s  seems t o  i n c r e a s e  r e l a t i v e l y  f a s t e r  than  t h e  

d e p o s i t i o n  load .  

The background e f f e c t  ( f i r s t  p r o c e s s )  is probably  re- 

l a t e d  t o  l o s s  by d i f f u s i o n ,  because i t  i n c r e a s e s  a t  lower 

f l o w  rales. P a r t i c l e  bounce from t h e  st,ages c a u s e s  t h e  

second e f f e c t .  T h i s  e f f e c t  is less  i n  t h e  Mark-1 i n  which 

t h e  j e t  number is h i g h e r ,  b u l  i t  may be n o t i c e d  t h a t  t h e  

background l o s s  is h i g h e r  i n  t h e  I’dark-1. 

M a t e r i a l  l o s s  a t  t h e  ~ i o e ~ l e ,  w i t h i n  t h e  t u b e  between 

nozz le  and f i r s t  s t a g e  and i n  t h e  f i l t e r  s t a g e ,  is s m a l l .  

The ~ O S S  on t h e  smaller nozzle  i n  Experiment N o .  6 1  is 

h i g h e r  bu t  c o u l d  lie reduced by r e d e s i g n i n g  t h e  i n t a k e  nozz le .  

4 . 2 . 2  P a r t i c l e  L o s s  from t h e  Impact ion P l a t e .  Parti .-  

c l e s  w i t h  h i g h  i n e r t i a  which shou ld  s e t t l e  by impact ion an 

a s u r f a c e  w i l l  bounce i f  the c o l l i s i o n  i s  e l a s t i c  and t h e  

k i n e t i c  energy  h i g h e r  t han  the energy  absorbed by t h e  

s u r f a c e .  I n  cases i n  which t h e  p a r t i c l e s  are deformed o r  

break  i n t o  fragments, t h e  c o l l i s i o n  i s  t o  he c o n s i d e r e d  i n -  

e l a s t i c  and p a r t  of t h e  energy  is absorbed by t h e s e  p r o c e s s e s ,  

b u t  t h i s  w i l l  n o t  n e c e s s a r i l y  reduce  bouncing, I n e l a s t i c  

c o l l i s i o n s  can a l s o  be o b t a i n e d  by c o a t i n g  t h e  s u r f a c e  wi th  

a l i q u i d ,  as r e p o r t e d  by se-veral a u t h o r s .  T h i s  wou1.d reduce  

bouncing, because k i n e t i c  energy  is absorbed  i n  t h e  l i q u i d  

and t h e  adhes ion  f o r c e  is i n c r e a s e d  too .  

e of t h e  p a r t i c l e s  which bounce o f f  t h e  impact ion 

p l a t e  w i l l  even p e n e t r a t e  the nex t  s tage,  because t h e  depo- 

s i t i o n  e f f i c i e n c y  is no t  100% for t h i s  s i z e  and bounce beconles 

easier a t  t h e  higher v e l o c i t y  on t h e  nex t  stage. Thus, some 

of t h e  p a r t i c l e s  p e n e t r a t e  all. stages i n t a c t ,  and f i n a l l y  ge t  

caught  on t h e  f i l t e r .  I f  t h e  m a t e r i a l  t r a n s p o r t  from one 

s tage t o  t h e  o t h e r  by bouncing is n e g l e c t e d ,  t h e n  t h e  s i ze  

d i s t r i b u t i o n s  based upon the  material distribution among t h e  

s t a g e s  w i l l  be i n c o r r e c t  
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The i n f l u e n c e  of c o a t i n g ,  l oad  and p a r t i c l e  v e l o c i t y  

on t h e  mater ia l  d i s t r i b u t i o n  among t h e  s t a g e s  w a s  i n v e s t i g a t e d  

i n  b o t h  sample r s .  The p a r t i c l e  s i z e  d i s t r i b u t i o n s  and number 

c o n c e n t r a t i o n s  w e r e  k e p t  as c o n s t a n t  as p o s s i b l e  i n  a l l  e x p e r i -  

ments.  The p l a t e s  w e r e  c o a t e d  w i t h  1 cc of a 7% s o l u t i o n  of 

Dow Corning S i l i c o n e  O i l  250,000 cs i n  hexane. On e v a p o r a t i o n  

of t h e  hexane,  each  impact ion  s u r f a c e  w a s  l e f t  w i t h  an o i l  

c o a t i n g  of s e v e r a l  microns  i n  t h i c k n e s s .  

From t h e  amount of material  found on each  s t a g e ,  t h e  

cumula t ive  material  d i s t r i b u t i o n  w a s  c a l c u l a t e d  and p l o t t e d  

v e r s u s  the  stage c o n s t a n t s  i n  F ig .  19  for Mark-11. I n  g e n e r a l ,  

t h e  r e s u l t s  for Mark-I a r e  t h e  same and are n o t  g iven .  Material 

found on s t a g e  1 w a s  no t  t aken  i n t o  account  because i t  w a s  

c o n s i d e r e d  as  con tamina t ion ;  p robab ly  due t o  i n t e r c e p t i o n  and 

d i f f u s i o n  losses. The p a r t i c l e  s ize  d i s t r i b u t i o n  of t he  N a C l  

a e r o s o l  is expec ted  t o  be log-normal,  t h a t  means, t h i s  s ize  

d i s t r i b u t i o n  is r e p r e s e n t e d  by a s t r a i g h t  l i n e  i n  t h e  t y p e  

of diagram used  i n  F i g .  19 .  But all c u r v e s  r e p o r t e d  d e v i a t e  

f r o m  a s t r a i g h t  l i n e  a t  s m a l l  p a r t i c l e  d i a m e t e r s .  The h i g h e r  

t h e  l o a d  of N a C l  p a r t i c l e s ,  t h e  more t h e  c u r v e s  bend down a t  

small p a r t i c l e  d i a m e t e r s .  I n  a d d i t i o n  t o  t h e  load  e f f e c t ,  

t h e  c o a t i n g  of t h e  impact ion  s u r f a c e  a p p e a r s  t o  be v e r y  i m -  

p o r t a n t  t o o ,  bu t  r e d u c i n g  t h e  p a r t i c l e  v e l o c i t y  (by a factor  

sf 5 i n  Experiment N o .  61) had no s i g n i f i c a n t  e f f e c t .  The 

e f f e c t  of less l o a d  ( t h a n  i n d i c a t e d  upon t h e  s i z e  d i s t r i b u t i o n  

c u r v e s )  c o u l d  not be i n v e s t i g a t e d  because of d i f f i c u l t i e s  i n  

d e t e c t i n g  small  amounts of r a d i o a c t i v i t y .  O n  t h e  other hand, 

t h e  s p e c i f i c  a c t i v i t y  w a s  a s  h i g h  as safe l o a d i n g  and hand- 

l i n g  of t h e  N a C l  f u r n a c e  would a l low.  

A one p e r c e n t  material  loss  f r o m  stage No.  4 would 

e x p l a i n  t h e  d e v i a t i o n  of t h e  c u r v e s  from t h e  s t r a i g h t  l i n e  

f o r  N o s .  64 and 65. If p a r t i c l e s  a r e  l o s t  from one s t a g e  and 

d e p o s i t e d  on t h e  n e x t  ones ,  a h i g h e r  a p p a r e n t  amount of s m a l l  

p a r t i c l e s  is i n d i c a t e d  t h a n  t h a t  which is i n  accordance  wi th  

a log-normal p a r t i c l e  s ize  d i s t r i b u t i o n .  . 
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P a r t i c l e  bounce from t h e  s t a g e s  seems t o  occur  by two mecha- 

nisiiis, one which is i n f l u e n c e d  by c o a t i n g  and t h e  o t h e r  one 

which depends on the load .  The f i r s t  mechanism a s s o c i a t e d  

w i t h  impact ion and adhes ion  on'io the impact ion s u r f a c e s  and 

t h e  second one is  a s s o c i a t e d  wt th  t h e  same p r o c e s s e s  o n t o  

par -Lic les  a l r e a d y  d e p o s i t e d .  P a r t i c l e  bounce from t h e  s u r f a c e  

is  reduced by t h e  s i l i c o n e  f i l m  b u t ,  on t h e  o t h e r  hand, i n t e r -  

a c t i o n  w i t h  material  a l r e a d y  d e p o s i t e d  i.s no t  much a f f e c t e d  

by t h e  coa-Ling. The w a l l  l o s s ,  s t u d i e d  i n  t h e  p r e v i o u s  

c h a p t e r ,  is n o t  as  e a s y  t o  e x p l a i n  on the basis of s imple  

p a r t i c l e  bounce, Because of %he l a r g e  open space between 

t h e  impact ion  p l a t e  and the w a l l ,  t h e  g a s  v e l o c i t y  i s  very  

l o w  and t h e  e f f i c i e n c y  f o r  e l a s t i c a l l y  bounced p a r t i c l e s  t o  

impact o n t o  t h e  wa1.1  is  very  low. But i f  f ragments  of 

p a r t i c l e s  a re  r e l e a s e d  from t h e  impact ion  p l a t e s ,  as  a 

consequence of impact ,  t h e i r  d e p o s i t i o n  e f f i c i e n c y  on to  t h e  

w a l l s  is  h i g h e r  as  a r e s u l t  of t h e i r  g r e a t e r  s l i p  and h i g h e r  

d i f f u s i o n  ra tes .  Fragmenta t ion  of p a r t i c l e s  is more e a s i l y  

o b t a i n e d  d u r i n g  impact on a bed of s e t t l e d  p a r t i c l e s  t h a n  

on t h e  i n e l a s t i c  c o a t i n g ,  T h i s  means t h a t  one h a s  to deal  

w i t h  both i n t a c t  p a r t i c l e s  and p a r t i c l e  f ragments  i n  t h e  

bounced m a t e r i a l ,  

4 . 3  Radio iodine  arid Radiocesium i n  t h e  CRP, Analyzed by 
t h e  Low-Pressure .__. Cascade Impactor  

Gaseous r a d i o i o d i n e  may p l a t e - o u t  on impact ion  p l a t e s  

and t h e r e f o r e  i n l c r f e r e  w i t h  t h e  r a d i o a c t i v e  a n a l y s i s  of 

p a r t i c u l a t e s .  But i t   as demonstrated t h a t  s i l v e r  s c r e e n s  

a t  t h e  f r o n t  end of t h e  sampler  a re  ve ry  e f f e c t i v e  i n  re- 

duc ing  t h e  amount of gaseous  i o d i n e  (molecular  i o d i n e )  

w i thou t  s i g n i f i c a n t l y  r e t a i n i n g  t h e  p a r t i c u l a t e s .  These 

tests were performed wi th  molccular  i o d i n e  produced by t h e  

bichromate method and N a C l  p a r t i c l e s .  Both r u n s  w e r e  ac- 
complished w i t h  t h e  Mark-11 f i t t e d  w i t h  t h m e  si Ivetr s c r e e n s  

i n  f r o n t  of s t a g e  1 and c o a t e d  p l a t e s ,  The r e s u l t s  are shown 
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i n  T a b l e  7. L e s s  t h a n  1% of t h e  molecu la r  i o d i n e  w a s  found 

on a l l  6 s t a g e s .  The load  of i o d i n e  on t h e  s c r e e n s  w a s  un- 

n e c e s s a r i l y  h i g h ,  so t h a t  w i t h  less i o d i n e  l o a d i n g ,  t h e  

p e n e t r a t i o n  th rough  t h e  screens s h o u l d  be even less. 1.5% 

of t h e  p a r t i c l e s  w e r e  l o s t  on t h e  screens which is a c c e p t a b l e .  

I t  w a s  a l so  dec ided  t o  p l a c e  two s i l v e r  s c r e e n s  i n  f r o n t  

of t h e  back-up f i l t e r  i n  t h e  C R I  exper iment  i n  o r d e r  t o  lower 

t h e  load  of gaseous  i o d i n e  on t h e  f i l t e r .  The t r a n s f e r  of 

t h e  g a s  sample from t h e  conta inment  t a n k  of the C R I  i n t o  

t h e  7 0 - l i t e r  v e s s e l  w a s  q u i c k l y  accomplished,  t h e  Low-Pressure 

Cascade Impactor  w a s  hooked up and a known p a r t  of t h e  atmos- 

phe re  pas sed  ove r  t h e  sampler .  The amount of r a d i o a c t i v e  

m a t e r i a l  p l a t e d  o u t  i n  the v e s s e l  and t h e  d i s t r i b u t i o n  of 

t h e  Cs-134 and 1-131 n u c l i d e s  among s c r e e n s ,  p l a t e s  and back- 

up f i l t e r  w a s  t h e n  e v a l u a t e d  by y-count ing and p u l s e  h e i g h t  

a n a l y s e s .  Tab le  8 shows t h e  r e s u l t  of b o t h  gas samples.  

The l i s t i n g  sequence of  t a n k  r e t e n t i o n ,  of s i l v e r  s c r e e n s ,  

impac t ion  p l a t e s ,  second s i l v e r  s c r e e n s  and back-up f i l t e r  

c o r r e s p o n d s  t o  t h e  a c t u a l  arrangement .  I n  cases i n  which 

a prope r  1-131 a c t i v i t y  e v a l u a t i o n  was i m p o s s i b l e  because 

of  h i g h  Cs-134 background, t h e  upper  p o s s i b l e  l i m i t  of t h i s  

n u c l i d e  w a s  e s t i m a t e d  from t h e  shape  of t h e  p r i n t e d  y-spectrum. 

I n  none of  t h e  y - spec t r a  of t h e  impact ion  p l a t e s  w a s  t h e r e  

found an i n d i c a t i o n  of 1-131. T h i s  shou ld  be t h e  case, i f  

t h e  i o d i n e  a c t i v i t y  is h i g h e r  t h a n  l ' % o f  t h e  ces ium a c t i v i t y  

i n  Sample 1 and h i g h e r  t h a n  about  2% i n  Sample 2. Because 

of some u n c e r t a i n t y  i n  t h e  i o d i n e  p l a t e - o u t  i n  t h e  second 

sample ,  t h e  r e l a t i v e  i o d i n e  d i s t r i b u t i o n  is g iven  on ly  f o r  

Sample 1. A l s o  because of h igh  Cs-134 background t h e  Te- 

125m and Ru-101 n u c l i d e s  cou ld  n o t  be d e t e c t e d  w i t h  t h e  

3" x 3" N a I  c r y s t a l .  

One i m p o r t a n t  r e s u l t  of t h i s  exper iment  is t h e  f a c t ,  

t h a t  t h e  amount of p a r t i c u l a t e  i o d i n e  i n  t h e  f i r s t  sample is 

o b v i o u s l y  v e r y  low, because t h e  i o d i n e  a c t i v i t y  on t h e  
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Tab le  7 .  Relative Distribution of Gaseous I o d i n e  and 

N a C l  Particles on Screens, Stages and Filter 

. ._____ 

R e l a t i v e  Amount i n  70 
._ 

Gaseous I o d i n e  N a C l  P a r t i c l e s  

Screen 1 . . . 3 9 8 . 0 2  

Stage 1 . . . 6 0 . 7 2  

F i l t e r  1 . 2 6  

1 . 5 0  

9 8 . 0 6  

0.44 
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Table 8. D i s t r i b u t i o n  of Rad io iod ine  and Radiocesium Between 

t h e  Sampling Tank and t h e  Low-Pressure Cascade Impactors  

1st Sample 2nd Sample 
Analyzed Analyzed 

by Mark-11 by Mark-I 
I CS C S  

( %> ( 7 0 )  ( O l d  

T o t a l  I n v e n t o r y  

P l a t e  O u t  Inven to ry  

S i l v e r  Sc reen  1 

S i l v e r  Sc reen  2 

S i l v e r  Sc reen  3 

(Sampling Tank) 

T o t a l  

Impact ion  P l a t e  2 

Impact ion  P l a t e  3 

Impact ion  P l a t e  4 

Impact ion  P l a t e  5 

Impact ion  P l a t e  6 

T o t a l  P a r t i c u l a t e s  

S i l v e r  Sc reen  4 

S i l v e r  Sc reen  5 

F i l t e r  

1 0 0  

9 7 . 6  

.55 

. 1 6  

.08  

0 . 7 0  

<. 0 2  

<. 1 2  

< . 8 2  

<. 1 

<. 0009  

<1. o* 

.11 

. 1 3 4  

, 0 0 8  

1 0 0  

55 .6  

e 15  

.11 

. 1 2  

0 . 3 8  

* 55 

7 .4  

3 3 . 6  

2 . 5  

0.002 

44. o* 

- 
- 
.02 

1 0 0  

5 2 . 4  

. 2 3  

. 1 3  

.14 

0 . 5 0  

5.1 

2 9 . 5  

1 2 . 2  

. 2 2  

.009  

47.029 

* 
S i n c e  a n  approx ima te ly  equa l  amount of Cs -134  p a r t i c u l a t e  

a c t i v i t y  p l a t e d  o u t  i n  t h e  sampl ing  v e s s e l  as was c o l l e c t e d  on 
t h e  impactor  p l a t e s ;  it is i n f e r r e d  t h a t  n o t  more than  a s i m i l a r  
r a t i o  e x i s t e d  between t h e  r a d i o i o d i n e  i n  gaseous  form and t h a t  
i n  a p a r t i c u l a t e  form i n  t h e  sampl ing  ves se l .  
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impact ion  p l a t e s  w a s  e s t i m a t e d  to be less  t h a n  l % o f  bo th  

t h e  Cs-3-34 a c t i v i t y  and t h e  t o t a l  i o d i n e  whereas t h e  r a t i o  

between i o d i n e  and cesium w a s  about  one i n  t h e  C R I  atmos- 

phe re  a t  t h e  t i m e  o f  t h e  f i r s t  sampling.  T h i s  means t h a t  

most 01 t h e  i o d i n e  i n  t h e  gas phase w a s  s t i l l  i n  thc  r e a c t i v e  

gaseous  s t a t e .  May pack samples  o f  t h e  containment  t a n k  

atmosphere i n d i c a t e  t h a t  t h e  i o d i n e  a c t i v i t y  i n  t h e  second 

sample w a s  on ly  1/4 of t h e  f i r s t  and t h e  c e s i u m  a c t i v i t y  

dropped by about  20%. But one cannot  de t e rmine  on t h i s  

b a s i s  whether  o r  no t  t h e  r e l a t i v e  amount of t h e  p a r t i c u l a t e  

i o d i n e  was h i g h e r  in t h e  second sample Lhan i n  the f i r s t .  

The amount of p a r t i c l e s  l o s t  on t h e  s c r e e n s  is o n l y  

abou t  1% which is i n  agreement w i t h  t h e  d a t a  found for N a C l  

p a r t i c l e s .  Allowing f o r  t h e  f a s t  p l a t e - o u t  of molecular  

i o d i n e  i n  t h e  connec t ing  p ipe  and t h e  7 0 - l i t e r  v e s s e l ,  the 

r e l a t i v e l y  low 1-131 a c t i v i t y  on t h e  s c r e e n s  becomes c r e d i b l e .  

I n  comparing t h e  C s - 1 3 4  d e p o s i t i o n  on t h e  Lwo sample r s ,  t h e  

d i f f e r e n t  s tage  c o n s t a n t s  f o r  t h e  s a m e  s t a g e  number has  t o  

be recognized .  Both samplers  were very  e f f e c t i v e  i n  ho ld ing  

back p a r t i c u l a t e s .  The cesium a c t i v i t y  on the back-up 

f i l t e r s  i s  supposed t o  be con tamina t ion  by bounced p a r t i -  

c les .  S t a g e  1 w a s  n o t  used i n  e i t h e r  s ample r ,  because  t h e  

s t a g e  c o n s t a n t s  were too h i g h  ove r  the  mass median d i ame te r  

of t h e  p a r t i c l e s .  

The cumula t ive  dvpos i t i o i i  of p a r t i c l e s  c a r r y i n g  C s - 1 3 4  

w a s  c a l c u l a t e d  from t h e  r e l a t i v e  d i s t r i b u t i o n  of CY a c t i v i t y  

on the  impact ion  p l a c e s  and plotLed a g a i n s t  the s t a g e  

c o n s t a n t s  i n  F i g .  20.  The r e c o r d i n g  of t h e  material t r a n s f e r  

i n t o  t h e  containment  tank of the C K I  (by y -de tec t ion )  showed 

t h a t  t h e  c e s i u m  t r a n s f e r  w a s  accomplished before the main 

p a r t  of UO, p a r t i c l e s  was r e l e a s e d .  Thus,  t h e  s p e c i f i c  

g r a v i t y  o f  cesium oxide  (4 g /cc )  was a p p l i e d  t o  o b t a i n  t h e  

s t a g e  c o n s t a n t s  from F i g s .  11 and 16.  F u r t h e r  reaction 

betwecri cesium ox ide  p a r t i c l e s  and UO, p a r t i c l e s  i n  t h e  
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Containment t a n k  would be c o a g u l a t i o n  which o c c u r s  a t  a 

n e g l i g i b l e  r a t e .  The mass median d i a m e t e r s  (MNID) found were 

0.33 p f o r  t h e  f i r s t  sample and 0 . 5 2  1-1 f o r  t h e  second one. 

I t  is assumed t h a t  t h e  p a r t i c l e s  e n t e r e d  t h e  conta inment  

t a n k  w i t h  t h e s e  r e l a t i v e  h i g h  MMD v a l u e s ,  because t h e  mass 

c o n c e n t r a t i o n  i n  t h e  t a n k  w a s  o n l y  about  0 . 0 0 1  pg/cc,  which 

is t o o  s m a l l  t o  produce such a h i g h  MWID by c o a g u l a t i o n  i n  a 

s h o r t  t i m e .  On the o t h e r  hand, t h e  p a r t i c l e  c o n c e n t r a t i o n  

was h i g h  i n  t h e  t r a n s f e r  l i n e  and t h e  t r a n s f e r  t i m e  ( i n  t h e  

r ange  of seconds )  was long enough, so t h a t  most of t h e  

c o a g u l a t i o n  took  p l a c e  t h e r e .  The p a r t i c l e  s i z e s  were 

e s s e n t i a l l y  f r o z e n  by d i l u t i o n  of t h e  number c o n c e n t r a t i o n  

i n t o  t h e  conta inment  t ank .  T h i s  e x p l a i n s  t h e  small  increase 

i n  MMD d u r i n g  a t i m e  of about  50 min between t h e  two samples .  

5. SUMMARY 

Submicron p a r t i c l e s  are an impor t an t  s u b j e c t  of i n v e s t i -  

g a t i o n  i n  n u c l e a r  s a f e t y  r e s e a r c h .  I n s t r u m e n t s  which would 

s e p a r a t e  t h e s e  p a r t i c l e s  i n t o  d i f f e r e n t  s i z e  f r a c t i o n s ,  and 

make each  s i z e  f r a c t i o n  a v a i l a b l e  f o r  f u r t h e r  analysis are 

of g r e a t  i n t e r e s t .  Cascade impac to r s  are o r d i n a r i l y  l i m i t e d  

t o  p a r t i c l e  s i z e s  greater t h a n  0 .5  p and a r e  t h e r e f o r e  n o t  

adequa te  fo r  t h i s  t a s k .  But t h i s  r ange  can be extended  t o  

v e r y  s m a l l  sizes by o p e r a t i n g  t h e  impactor  a t  low p r e s s u r e .  

This makes t h e  cascade  impactor  of genuine  u s e  i n  n u c l e a r  

s a f e t y  r e s e a r c h .  Smal l  p a r t i c l e s  which would n o t  impact 

under  normal p r e s s u r e  are d e p o s i t e d  on t h e  impact ion  p l a t e s ,  

a t  reduced p r e s s u r e ,  by a s l i p  e f f e c t  i n  t h e  gas stream. The 

r ange  of a p p l i c a t i o n  is t h u s  ex tended  to p a r t i c l e s  of less 

than 0.01 p d iame te r .  Two sample r s  w e r e  c a l i b r a t e d  and 

tested w i t h  several  a e r o s o l s .  One w a s  a modi f ied  Andersen 

Sampler (Mark-I). A second sampler  (Mark-11) w a s  des igned  and 

b u i l t  t o  b e t t e r  m e e t  ou r  r equ i r emen t s .  Both sample r s  were 



3 4  

f i rs t  demonstrated i n  n u c l e a r  s a f e t y  research  dur ing  CRI. 

Run No. 107 .  Sinnulated f i s s i o n  p r o d u c t s  w e r e  ana lyzed  and 

it  w a s  e s t i m a t e d  that t h e  p a r t i c u l a t e  i o d i n e  c o n t r i b u l e d  

no1  more t h a n  one p e r c e n t  bo t h e  t o t a l  i o d i n e  c o n t e n t .  

The Mark-%I sampler  is rcconimend’ed Sox” use  i n  Nuclear  

S a f e t y  containment  r e s e a r c h .  I t  s e p a r a t e s  p a r t i c l e s  i n  

t h c  s i ze  range about  0 . 0 1  p t o  several  microns.  I t  is 

e a s i l y  assembled o r  d isassembled  - f o r  i n s t a n c e ,  i n  a h o t  

cc 11. (Disasscmbly and reassembly f o r  a n o t h e r  sample can  

be accomplished on c o l d  material  i n  a few m i n u t e s , )  It i s  

des igned  w i t h  throw-away p l a t e s  which f a c i l i t a t e  decontami- 

n a t i o n  and measurement by r a d i o a c t i v i t y .  

Design d a t a  a re  g i v e n  i n  the x-eport, Calibration d a t a  

are g i v e n  i n  F i g .  11 ( f o r  Mark-I) and F i g .  1 6  (for Mark-11) 

for Plow ra tes  of 8 J/rnin. C a P i b r a t i o n  for  other f low rates 

can  be c a l c u l a t e d  [ b y  means of ~ q .  ( 6 ) ] .  

Bounce of p a r t i c l e s  from impact ion  p l a t e s  can be reduced 

by p r o p e r l y  c o a t i n g  t h e  impact ion  s u r f a c e  and by avo id ing  an 

ove r load  of p a r t i c l e s .  I n  g e n e r a l ,  a b a r e l y  v i s i b l e  d e p o s i t  

of s o l i d  p a r t i c l e s  represents t h e  bes t  l oad .  
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7. APPENDIX: CALIBRATION OF THE TL)W-PRESSURE 

CASCADE IMPACTORS 

Both Low-Pressure Cascade Impac to r s  w e r e  cal ibrated w i t h  

a e r o s o l s  of a v e r y  narrow s i z e  d i s t r i b u t i o n .  The c a l i b r a t i o n  

data w e r e  p r e s e n t e d  i n  3 . 2 ,  T a b l e  1. The t echn ique  of p a r t i -  

c l e  g e n e r a t i o n  h a s  been r e p o r t e d 1 4  and s h a l l  n o t  be d i s c u s s e d  

h e r e .  

Each t i m e  b e f o r e  sampling w i t h  t h e  cascade  impactor  w a s  

s t a r t e d ,  t h e  g e n e r a t o r s  w e r e  o p e r a t e d  f o r  a c e r t a i n  t i m e  t o  

e s t a b l i s h  s t e a d y  s t a t e  c o n d i t i o n s  i n  p a r t i c l e  s i ze  and number 

c o n c e n t r a t i o n .  The sampling t i m e  w a s  kep t  as s h o r t  as  p o s s i -  

b l e  t o  avo id  o v e r l o a d i n g  t h e  impact ion  p l a t e s  w i t h  p a r t i c l e s .  

Normally t h e  p a r t i c l e  s p o t s  on t h e  p l a t e  w i t h  t h e  h i g h e s t  

p a r t i c l e  d e n s i t y  w e r e  j u s t  v i s i b l e .  A l l  impact ion  p l a t e s  of 

t h e  p r e s e n t e d  expe r imen t s  were coated w i t h  s e v e r a l  microns 

of  D o w  Corning S i l i c o n e  O i l  2 5 0 , 0 0 0  cs .  

The a e r o s o l  p a r t i c l e s  w e r e  detectable by t h e  f luorescence  

o f  uranine. T h e r e f o r e  t h e  d e p o s i t e d  material on impact ion  

p l a t e s  and back-up f i l t e r  w a s  washed off w i t h  w a t e r ,  and t h e  

amount of u r a n i n e  e v a l u a t e d  i n  a f l u o r e m e t e r .  Although t h e  

p l a t e s  w e r e  coated, washing w i t h  w a t e r  w a s  ve ry  e f f e c t i v e  i n  

d i s s o l v i n g  p r a c t i c a l l y  a l l  t h e  u r a n i n e .  The amount of 

u r a n i n e  p a r t i c l e s  p e r  volume of wash w a t e r  is p r e s e n t e d  i n  

T a b l e  9.  The Mark-I impact ion  p l a t e s  w e r e  washed i n  2 0  cc 

H , O ,  t h e  Mark-I1 p l a t e s  i n  40  cc H,O. Open s p a c e s  i n  t h e  

t a b l e  i n d i c a t e  t h a t  t h e  co r re spond ing  s t a g e s  were n o t  used. 

I n  all r u n s  w i t h  t h e  e x c e p t i o n  of Nos. 1 7  and 18, t h e  

i n l e t  a i r  f low r a t e  was 8 l i t e r s / m i n .  T h i s  r a t e  was re- 

duced t o  1/10 of t h a t  v a l u e  i n  Nos. 1 7  and 18. The p r e s s u r e  

i n s i d e  t h e  cascade impactor  w a s  ma in ta ined  c o n s t a n t  by 

adding  e x t r a  a i r  (see F ig .  4 ,  v a l v e  V 7 ) .  The maximum 

deposition w a s  s h i f t e d  under  reduced  f low i n  t h e  Mark-I by 
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T a b l e  9 .  Uranine Conccntration, pg /cc  

Mark--I p l a b e s  washed in 20 cc H,O 
Mark-.IX p l a t e s  washed in 40  cc H,Q 

_.--_I_ _..... -. .__- __- 
Mark-I 

I_. I _.-.. 

Run 14  1 6  18 27, 2 0  1 2  
-_II__._ .._ 

Mrn ( c l ,  3 .5  1 . 5  1 , 5  0 .26  0 . 1  0 .049  

S t a g e  1 0 .0026  
...I_L ....- 

Stage 2 0.138 < o .  0 0 1  

Stage 3 0.64  0 . 4 3  0 .0014  0 . 0 1 0 2  0 .017  0 .0012 

S'Lage 4 0 . 0 0 5  0 . 0 9 0  0 .0046 0 .0485  0 , 0 0 4 6  0 .0295  

Stage 5 0 .0013  0 .42  1 . 2 0  0 . 6 1  0.295 

Stage 6 0 .113 0.5'35 0 .137  

F i l t e r  0 .003  < O .  0 0 3  0 .0084 0 . 0 6 0  0 .006  0 . 0 0 6 6  

T o t a l  0 . 7 8 8 6  0 . 5 2 1 3  0 .4344  1 , 4 3 1 7  1 , 2 3 2 1  0 . 4 6 9 3  
_I_..-_ ..._.._I___ " --- 

Mark,-P 1 
_I_ .- ._._ 

Run 13 1.5 1 7  2 1  1 9  11 

MMD ( P >  3.5 1 . 5  1 . 5  0 .26  0 . 1  1 . 0 4 9  
_.II~ 

S t a g e  1 0 .054  0 .0016  

Stage 3 < 0 . 0 0 1  0 . 1 5  

Stage 5 <o .  0 0 1  

Stage 6 

Stage  2 0 . 3 1 5  0 .064  

Stage 4 0 . 0 0 1 3  

F i l t e r  < O .  003 0 .0024  

T o t a l  0 .369  0 .2193  

0 . 0 0 1 2  

0 .0028  0.OOd-3 

0.054 0 . 0 0 1 1  

0 .130  0 . 1 4  

0 .0145  0 . 4 5  

0 . 0 8 0  

0 .0017 0.00'73 

0 .2042  0 .6827  
-._I_ 

<o .  0 0 1  

0. 002'75 

0 .  24 

0 , 0 7 4  

0 . 0 0 5 4  

0 , 3 2 2 1  
-I__r 

0 . 0 0 1 0  

0 . 0 0 2 2  

0 .047  

0 . 1 7 5  

0 . 0 0 7 6  "- 

0 . 2 3 2 8  . 
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2 s t a g e s ,  b u t  i n  t h e  Mark-II o n l y  by one s t a g e .  From a 

t h e o r e t i c a l  c o n s i d e r a t i o n ,  a s h i f t  by two stages is expec ted .  

T h e r e f o r e ,  i t  is p o s s i b l e ,  t h a t  a s  a r e s u l t  of confus ion  of  

t h e  d a t a  f o r  Run N o .  1 7 ,  t h e  d a t a  are p l o t t e d  on one 

stage number t o o  l o w .  I n  t h e  f i n a l  g raph ,  F i g .  2 2 ,  t h e y  are 

p l o t t e d  where t h e y  are presumably supposed t o  be. 

I n  o r d e r  t o  e v a l u a t e  t h e  s tage  c o n s t a n t s ,  f i r s t ,  t h e  

p a r t i c l e  s ize  d i s t r i b u t i o n s  w e r e  drawn as  6 s t r a i g h t  l i n e s  

i n  a l o g - p r o b a b i l i t y  diagram. MMD’s and CJ are known 

(Table  1). Then t h e  p e r c e n t  of t h e  t o t a l  u r a n i n e  p a r t i c l e s  

which p e n e t r a t e d  e a c h  s t a g e  was c a l c u l a t e d .  Tab le  10 shows 

t h e  r e s u l t s .  I n s e r t i n g  t h e  pe rcen tage  of each  s tage (Table  

10) i n  t h e  r i g h t  s t r a i g h t  l i n e ,  p a r t i c l e  sizes are o b t a i n e d  

which are i d e n t i c a l  t o  t h e  stage c o n s t a n t s  of t h e  c o r r e -  

sponding  stage.  

6 ’ s  

The q u a l i t y  of  t h i s  procedure  is bet ter  t h e  w i d e r  t h e  

s i z e  d i s t r i b u t i o n  of t h e  a e r o s o l  is w i t h  r e s p e c t  t o  t h e  s i z e  

range i n  which t h e  impact ion  e f f i c i e n c y  is i n c r e a s i n g  from 

z e r o  t o  one-hundred p e r c e n t .  For i n s t a n c e ,  a s t e p  f u n c t i o n  

would r e s u l t  i n  a v e r y  a c c u r a t e  eva lua t ion  of t h e  p a r t i c l e  

s i z e  a t  t h e  s t e p .  On t h e  o t h e r  hand, a r e a l i s t i c  e f f i c i e n c y  

c u r v e  and an i d e a l  monodisperse a e r o s o l  would n o t  be handled 

w i t h  t h i s  method. I n  p r a c t i c e  t h e  p o i n t s  c l o s e  t o  t h e  5070 

p o i n t  are of h i g h e r  accuracy .  

Only abou t  h a l f  of a l l  a v a i l a b l e  da t a  i n  Tab le  1 0  w e r e  

f i n a l l y  used ,  these v a l u e s  are i n d i c a t e d  by a star. The 

s e l e c t i o n  of j u s t  t h e s e  v a l u e s  w a s  n o t  m y s t i c a l .  Numbers 

above 99% are n o t  v e r y  r e l i a b l e  because of con tamina t ion  by 

d i f f u s i o n  or i n t e r c e p t i o n  l o s s .  A t  t h e  stages w i t h  numbers 

less t h a n  1%, con tamina t ion  by bounced p a r t i c l e s  is p o s s i b l e  

and t h e  v a l u e s  may be too  h igh .  The procedure  of o b t a i n i n g  

t h e  stage c o n s t a n t s  works b e s t  w i t h  numbers c l o s e  t o  5070. 
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T a b l e  1.0. Percentage of T o t a l  Uranine P a r t i c l e s  

Which P e n e t r a t e  Each Plate 

Mark-1 

Run 1 4  1 6  18 22  2 0  1 2  

Stage 1 

Stage 2 

S-Lage 3 

Stage 4 

Stage 5 

Stage 6 

3 . 5  l., 5 1 , 5  0 . 2 6  0.  PO 0 .049  

1 9 . 6 7  

8 1 . 2 *  

-I 

0.64  1 7 . 5 *  9 9 . 3  3 9 . 7 5  

0 . 2 5  9 8 . 9 4 *  9 5 . 8 7 *  9 9 . 6 2  9 3 . 6  

1 . 9 3 *  1 2 . 1 *  49.4* 3 0 . 6 *  

4 . 2  0 .5*  3..4* 

Mark-H I 
- 

Run 1 3  1 5  1 7 2 1  1 9  I1 

3 . 5  1 . 5  1 . 5  0 . 2 6  0 . 1 0  0 . 0 4 9  
... - 

Stage  1 85.4* 9 9 . 2 6  

S t a g e  2 < 1 , 0  7 0 .  o* 9 8 . 6  

Stage 3 0 .60*  7 2 . 0 *  99.84 3 9 . 5 7  

Stage 4 8 . 0 *  7 9 . 2 *  9 9 . 1 5 *  9 8 . 7 1  

Stage 5 

Stage 6 

0.84 1 2 . 8 *  24 .6*  7 8 . 6 *  

1 , 0 3 *  1 . 7 s  3 .4% 

.-. * 
See  t e x t ,  
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I n  Run N o s .  1 5  and 2 0 ,  t h e  v a l u e s  less t h a n  1% are a l s o  

p l o t t e d  i n  o r d e r  t o  g e t  t w o  p o i n t s  for  t h e  co r re spond ing  

s t a g e .  The r e s u l t s  of Runs No .  17  and 18 a r e  conve r t ed  t o  

t h e  s t a n d a r d  a i r  f low ra te  of 8 l i t e r s / m i n  by Eq.  ( 6 ) .  

The s t a g e  c o n s t a n t s  (DSO) o b t a i n e d  by t h i s  method a r e  

p l o t t e d  v e r s u s  t h e  s t a g e  numbers i n  F igs .  2 1  and 22.  A 
d e v i a t i o n  between t h e  c a l c u l a t e d  c u r v e  and t h e  e x p e r i m e n t a l  

one may be n o t i c e d  f o r  Mark-I. The e x p e r i m e n t a l  c u r v e  can  

be d e s c r i b e d  by E q .  ( 6 ) ,  i f  a d e c r e a s i n g  impact ion  parameter  

is assumed w i t h  i n c r e a s i n g  s t a g e  number. T h i s  is n o t  t h e  

case for Mark-11. A l l  stage c o n s t a n t s  c a l c u l a t e d  w i t h  an 

impac t ion  parameter  21) = 0.15 a g r e e  w i t h  t h e  one c a l c u l a t e d .  

Based upon t h i s  c a l i b r a t i o n ,  t h e  s t a g e  c o n s t a n t s  were 

a l s o  c a l c u l a t e d  f o r  s p e c i f i c  g r a v i t i e s  o t h e r  t h a n  1 . 3  g/cc 

by Eq .  ( 6 ) .  The r e s u l t s  are p l o t t e d  i n  Figs .  11 and 26. 

A photograph  of t h e  p a r t i c l e  d e p o s i t i o n  w a s  shown i n  

F ig .  1 2 .  I t  is o b v i o u s l y  t h a t  t h e  s p o t s  d i f f e r  i n  i n t e n s i t y .  

The same phenomenon w a s  d i s c o v e r e d  by K. R. May19 w i t h  t h e  

Andersen Sampler.  According t o  h i s  e x p l a n a t i o n  t h e  s t a g e  

c o n s t a n t s  change from t h e  i n n e r  h o l e s  t o  t h e  o u t e r  ones  

because  of a r a d i a l  p r e s s u r e  d rop .  But  t h i s  means, of c o u r s e ,  

a s u p e r p o s i t i o n  of s e v e r a l  e f f i c i e n c y  c u r v e s  of d i f f e r e n t  

s l o p e s .  The r e s u l t a n t  is of lower s l o p e  and t h e  s t a g e  c o n s t a n t  

is t h e r e f o r e  s h i f t e d  t o  a h i g h e r  v a l u e .  Because of d e c r e a s i n g  

impor tance  of t h e  r a d i a l  p r e s s u r e  d r o p  e f f e c t 1 9  wi th  h i g h e r  

s t a g e  number and h i g h e r  t o t a l  p r e s s u r e  d rop  a c r o s s  e a c h  s t a g e ,  

t h e  d e v i a t i o n  of c a l c u l a t e d  and e x p e r i m e n t a l  s t a g e  c o n s t a n t s  

becomes smaller a t  h i g h e r  s t a g e s .  La rge r  c l e a r a n c e  between 

impact ion  p l a t e  and h o l e  p l a t e  would reduce  t h e  r a d i a l  p r e s s u r e  

d r o p  bu t  lower t h e  s l o p e  of  t h e  e f f i c i e n c y  cu rve  too .  In 

c o n s i d e r a t i o n  of t h i s  known problem, t h e  Mark-I1 w a s  des igned  

w i t h  fewer  b u t  l a r g e r  h o l e s  (and t h e r e f o r e  l a r g e r  c l e a r a n c e )  

and a l s o  w i t h  a s h o r t e r  p a t h  for exhaus ted  a i r  f r o m  t he  p o i n t  
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of impac t ion  t o  the  nex t  open space. Thus,  t h e  r a d i a l  p r e s s u r e  

d r o p  is sma1.1 and t h e  d e p o s i t i o n  o c c u r s  e q u a l l y  on a l l  s p o t s  

(Fig.  1 5 ) .  A l l  s tages c a n  be d e s c r i b e d  by t h e  same impac t ion  

parameter. 
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Fig. 5 .  Impactor Assembly 
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Fig. 7. N a C l  Mass Concentration vs Flow Rate 
Downstream of the Furnace. 
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Fig .  8 .  C a l c u l a t e d  Stage C o n s t a n t  Dependence of 
Andersen Sampler on Pressure and Specific Gravity of 
Particles. 
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