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I N  T H E  P H Y S I C A L  S C I E N C E S  

V O L U M E  3 :  E A R T H  S C I E N C E S  

G E O L O G Y  A N D  H Y D R O L O G Y  

T H E  S T R A T I G R A P H Y  O F  T H E  U P P E R M O S T  P A R T  O F  T H E  B A S A L T  S E Q U E N C E  A N D  I T S  

I M P L I C A T I O N S - R .  E .  B r o w n  

Thc s t r , a t i g r a p h y  o f  t h e  L n s a l t  s e q u e n c e  was c a r r i e d  b e n e a t h  t h e  H a n f o r d  
n r e a  and i n t o  t h e  R a t t l e s n a k e  No. I w e l l  o f  t h e  s t a n d a r d  O % Z  Company o f  
Cal I : for ,n / :a  t o  a  d e p t h  o f  2000 S t .  F icg ion-wide  d a t a  t h e n  f u r t h e r  c o n -  
f i r m e d  two  Oregon  s o u r c e s  o f  t h e  b a s a l t  f l o w s .  D i v e r s i o n  a n d  p o n d i n g  
O J  t h e  Colurnhia H i v c r  b y  f l o ~ ~ s  e n c r o a c h i n g  on  i t  f r o m  t h e  s o u t h e a s L  w e r e  
i r n p o r l a n t  i n  Lhe d e p o s i t i o n  o f  b e d s  (now a q u i f c r s l  o f  t h e  B e v e r l y  Mem- 
b e r  o f  t h e  E l l c n s b u r y  Pormat-Lon.  f l n t i c l i n a l  r i d g e s  b e g a n  t o  r i s e  a t  
uar iou , ;  t-irnes t o  a f f e c t  t h e  Colurnbia R i v e r  c o u r s e ,  t h e  d e p o s i t i o n  o f  i t s  
s c d % r n c n t s ,  and  t h e  c x t d n t  o f  t h e  h a s a l t  f l o w s .  Knowledge  o f  t h o  s t r a -  
tr:gr.aphy p e r m i t s  determination oj" t h e  h y d r o l o g i c  c h a r a c L e r i s  t i c s  o f  t h e  
b a . s a l t  sequancci  and  o f  i n d i v i d u a  L a q u i l c r s .  T h e  f e a s i b i l i t y  o f  d i s p o s -  
a l  o r  sLouaagc o f  u a : ; t e s  w iLh  rr/azimum s u f e t y  i n  t h e  b a s a l t  c a n ,  -in t u r n ,  
b e  b e t  t a r  a p p r a i s e d .  

R e g i o n a l  g e o l o g i c  s t u d i e s  c o n t i n u e d  

t o  d e t e r m i n e  t h e  e x t e n t  and  c o n t i n u -  

i t y  o f  t h e  s t r a t i g r a p h i c  u n i t s  o f  t h e  

1 1 a s n l t  s e q u e n c e  b e n e a t h  t h e  I l an fo r t l  

a r e a  a n d  t h e i  r c h a r a c t e r i s t  i c s  fro111 

p l a c e  t o  p l a c e .  Waste  w a t e r s  i n  t h e  

u p p e r m o s t  c o n f i n e d  nqu i  f e r  i n  t h e  s e -  

q u e n c e  ( t h e  u p p e r  p a r t  o f  t h e  B e v e r l y  

Member) a n d  i n t e r e s t  i n  p o s s i b l e  s t o r -  

a g e  o f  w a s t e s  t h o u s : ~ n d s  01- f e c t  d e e p  

i n  t h e  b a s a l t  h a v e  i n c r e a s e d  t h e  n e e d  

Tor b e t t e r  knowledge  oT t h e  s e q u e n c e  

and t h e  o c c u r r e n c e  and movement 01 

w a t e r  w i t h i n  i t .  

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

p l e t c d  work  o f  o t h e r s  i n  a d j o i n i n g  

a r e a s  on o p p o s i t e  s i d e s  o f  H a n f o r d .  

F i f t e e n  b a s a l t  f l o w s  and  s e d i m e n t a r y  

l n t e r b e d s  l ~ e t ~ i e c n  f l o w s  c o n s t i t u t e  

t h a t  p a r t  o f  t h e  s e c t i o n .  F o u r  01 

t h e s e  u n i t s  a r e  s i g n i f i c a n t  a q u i f e r s  

t h a t  a r e  u s e d  i n  some s i t e s  f o r  w a t e r  

s u p p l i e s  . 
An i s o p a c h  map o f  t h e  P r i e s t  R a p i d s  

Member ( f o u r  b a s a l t  f l o w s )  was c o n -  

s t r u c t e d  c o v e r i n g  a b o u t  6 0 0 0  m i 2  i n  

w h i c h  t h i c k n e s s e s  a r e  a v a i l a b l e .  The 

s e q u e n c e  s t e a d i l y  a n d  r a p i d l y  t h i c k e n s  

s o u t h w a r d  f rom FIanford a n d ,  t o g e t h e r  

w i t h  known c a s t  and  w e s t  l i m i t s  o f  t h e  

o f  t h e  u p p e r m o s t  1000 f t  o r  t h e  s e -  member, i n d i c a t e s  n o r t h w a r d  movernent 

q u c n c c  was c a r r i e d  b e n e a t h  t h e  Man- f rom s o u r c e s  i n  n o r t h  c e n t r a l  O r e g o n .  

f o r d  a r e a  f r o m  t h e  v e r y  r e c e n t l y  corn- The member i s  g e n e r a l l y  a  p o o r  a q u i f e r ,  



a n d  t h a t  o n l y  where  t h e  f l o w s  a r e  h i g h -  

l y  a l t e r e d  i n  a s - y e t  u n d e t e r m i n e d  r e -  

g i o n a l  p a t t e r n s .  Knowledge o f  i t s  

s o u r c e  and  t h i c k n e s s  t r e n d s  now p e r -  

m i t s  improved  e s t i m a t e s  o f  i t s  t h i c k -  

n e s s  a n d  c o n t i n u i t y  a t  s i t e s  where  i t  

c a n n o t  b e  o b s e r v e d ,  s u c h  a s  b e n e a t h  

t h e  H a n f o r d  a r e a .  

Above t h e  P r i e s t  R a p i d s  Member a r e  

t h e  s t r e a m - d e p o s i t e d  s e d i m e n t s  o f  t h e  

B e v e r l y  Member o f  t h e  E l l e n s b u r g  Form- 

a t i o n .  F i g u r e  1 shows t h e  g e n e r a l i z e d  

p i e z o m e t r i c  h e a d s  e n c o u n t e r e d  i n  t h e  

u p p e r  p a r t  o f  t h e  B e v e r l y  Member a q u i f -  

e r  and  i n d i c a t e d  d i r e c t i o n s  o f  f l o w .  

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

r e p r e s e n t s  a  main s t r e a m  d e p o s i t  o f  t h e  

Columbia  R i v e r .  The s e d i m e n t s  become 

f i n e r - g r a i n e d  a n d  g e n e r a l l y  t h i n n e r  

away f rom t h e  g r a v e l  z o n e ,  g r a d e  i n t o  

s i l t s  a n d  c l a y s ,  t h e n  p i n c h  o u t .  

Ground w a t e r  f l o w  d i r e c t i o n s ,  f l o w  

r a t e s  and  f l o w  vo lumes  a r e  t h e  i n t e -  

g r a t e d  e f f e c t s  o f  a q u i f e r  t h i c k n e s s  

( n o t  s h o w n ) ,  t h e  l i t h o l o g y  ( t h e  pe rme-  

a b l e  g r a v e l  v e r s u s  t h e  l e s s  p e r m e a b l e  

s i l t  and  c l a y ) ,  s t r u c t u r e  ( t h e  f o l d e d  

a q u i f e r s ) ,  c u r r e n t  s i t e s  o f  n a t u r a l  

a n d  a r t i f i c i a l  r e c h a r g e ,  and  t h e  r e -  

s p e c t i v e  amounts  o f  r e c h a r g e  a t  v a r i -  

o u s  s i t e s .  Waste  w a t e r s  e n t e r i n g  t h e  

a q u i f e r  i n  t h e  m i d d l e  o f  t h e  map a r e a  

on t h e  H a n f o r d  P r o j e c t  p r o b a b l y  m i g r a t e  

i n t o  an  o v e r l y i n g  h i g h l y  j o i n t e d  b a s a l t  

f l o w  a s  t h e y  move s o u t h e a s t w a r d  t o w a r d  

s t e a d i l y  l e s s  p e r m e a b l e  s e d i m e n t s  and 

a  t h i n n e r  b e d .  E n t r a n c e  i n t o  t h e  Co- 

l u m b i a  R i v e r  p r o b a b l y  o c c u r s  n e a r  t h e  

Snake  R i v e r  j u n c t i o n  ( j u s t  s o u t h e a s t  

o f  t h e  map a r e a )  o v e r  a  w i d e l y  d i s -  

p e r s e d  a r e a .  

I n  p a r t  i n t e r c a l a t e d  w i t h i n  a n d  i n  

p a r t  o v e r l y i n g  t h e  B e v e r l y  Member b e d s  

a r e  b a s a l t  f l o w s  o f  t h e  S a d d l e  Moun- 

t a i n s  Member t h a t ,  a c c o r d i n g  t o  t h e  

r e c e n t  work o f  o t h e r s ,  o r i g i n a t e d  i n  

n o r t h e a s t e r n  Oregon and  s p r e a d  w e s t -  

ward  t o  n o r t h w e s t w a r d  a c r o s s  c e n t r a l  

W a s h i n g t o n .  They t h u s  moved n e a r l y  a t  

r i g h t  a n g l e s  t o  t h e  d i r e c t i o n  o f  t h e  

e a r l i e r  P r i e s t  R a p i d s  f l o w s  a n d  e n -  

c r o a c h e d  upon t h e  Columbia  R i v e r  t o  

f o r c e  i t s  c o u r s e  f a r t h e r  w e s t w a r d .  

The s o u t h  t o  s o u t h w e s t w a r d  c o u r s e  o f  

t h e  Columbia  R i v e r  f rom H a n f o r d ,  i n -  

d i c a t e d  by t h e  B e v e r l y  Member b e d ,  

a p p e a r s  t o  b e  due t o  t h e  n o r t h w e s t -  

ward l a n d  s u r f a c e  g r a d i e n t  imposed  

by t h e  e n c r o a c h i n g  l a v a  f l o w s .  The 

y o u n g e s t  f l o w  o f  t h e  member b e n e a t h  

H a n f o r d  i s  t h e  E l e p h a n t  Mounta in  f l o w  

t h r o u g h  which t h e  w a s t e  w a t e r s  e v i -  

d e n t l y  u l t i m a t e l y  move. 

The e a r l i e s t  s e d i m e n t s  o f  t h e  R i n g -  

o l d  F o r m a t i o n  were  d e p o s i t e d  i n  a  s h a l -  

low l a k e ,  p r o b a b l y  c a u s e d  by p o n d i n g  

o f  t h e  Columbia  R i v e r  by f l o w s  o f  t h e  

S a d d l e  Mounta ins  Member l a t e r  t h a n  

t h o s e  d i v e r t i n g  t h e  r i v e r  i n  B e v e r l y  

Member t i m e .  A n t i c l i n a l  u p l i f t  o f  t h e  

Horse  Heaven H i l l s ,  c l a s s i c a l l y  b e l i e v -  

e d  t o  h a v e  c a u s e d  d e p o s i t i o n  o f  t h e  

e n t i r e  R i n g o l d  F o r m a t i o n ,  now a p p e a r s  

t o  h a v e  begun s u b s e q u e n t  t o  d e p o s i t i o n  

o f  t h e  lowermos t  s e d i m e n t s .  

A n t i c l i n a l  u p l i f t  e v i d e n t l y  b e g a n  

a t  d i f f e r e n t  t i m e s  i n  t h e  d i f f e r e n t  

r i d g e s  and  p o s s i b l e  i n  d i f f e r e n t  p a r t s  

o f  t h e  same r i d g e s ,  a s  i n d i c a t e d  by 

t h e  d i s t r i b u t i o n  o f  f l o w s  a n d  s e d i -  

ments  o v e r  t h e  r i d g e s .  I n  t h e  P a s c o  

B a s i n ,  Umtanum Ridge  b e g a n  t h e  r i s e ,  



FIGURE I .  G e n e r a l i z e d  Piezorne t r i c  Heads 
i n  t h e  Upper  P a r t  o f  t h e  B e v e r l y  Member, 
P a s c o  B a s i n ,  W a s h i n g t o n  



f o l l o w e d  by R a t t l e s n a k e  H i l l s ,  Yakima 

R i d g e ,  and  t h e  S a d d l e  Mounta ins  ( a t  

a b o u t  t h e  same t i m e ) ,  and  l a s t l y  by 

H o r s e  Heaven H i l l s .  U p l i f t  t h u s  may 

h a v e  p r o g r e s s e d  s o u t h w a r d  a l t h o u g h  

w h e t h e r  t h e  p r o g r e s s i o n  c o n t i n u e d  i n t o  

Oregon and  i s  s i g n i f i c a n t ,  i s  p r o b l e m -  

a t i c a l .  

P u r c h a s e  o f  t h r e e  h i g h l y  s e n s i t i v e  

s t r o n g - m o t i o n  t y p e  s e i s m o g r a p h s  was 

a u t h o r i z e d  d u r i n g  t h e  y e a r .  The u s e  

o f  t h e s e  i n s t r u m e n t s  w i l l  h e l p  a n s w e r  

e a r t h q u a k e  e n g i n e e r i n g  p r o b l e m s  and  d e -  

d e t e r m i n e  t h e  s e i s m i c  c h a r a c t e r i s t i c s  

o f  t h e  r e g i o n .  With  d e t a i l e d  knowledge 

o f  t h e  r e g i o n a l  g e o l o g y  a n d  g e o l o g i c  

h i s t o r y  t h e y  w e l l  may l e a d  t o  improved  

knowledge o f  o r i g i n  and  d e v e l o p m e n t .  

D r i l l i n g  o f  d e e p  i r r i g a t i o n  w e l l s  

f o r  r a n c h e s  w e s t  o f  H a n f o r d  p r o v i d e d  

a b u n d a n t  s a m p l e s  o f  t h e  b a s a l t  s e q u e n c e  

t o  a  d e p t h  o f  1700 f t .  Those  s a m p l e s  

a n d  o t h e r  a v a i l a b l e  i n f o r m a t i o n  p e r -  

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

i n  t h e  S t a n d a r d  O i l  Company o f  C a l i -  

f o r n i a  R a t t l e s n a k e  No. 1 t e s t  w e l l  

t o  1000 f t  d e p t h ,  The r e s e r v o i r  r o c k  

i n  t h e  R a t t l e s n a k e  H i l l s  Gas F i e l d  was 

d e t e r m i n e d  t o  b e  Sand Hol low b a s a l t  

f l o w  o f  t h e  Frenchman S p r i n g s  Member, 

and  t h e  c a p  r o c k  i s  t h e  Squaw C r e e k  . 
bed o f  a l t e r e d  v o l c a n i c  t u f f .  I n  

o t h e r  s i t e s  t h e  Sand I Iol low b a s a l t  

f l o ~  i s  an  i m p o r t a n t  a q u i f e r .  

R e s o l u t i o n  i s  a n t i c i p a t e d  o f  t h e  

s t r a t i g r a p h i c  s e q u e n c e  i n  t h e  R a t t l e -  

s n a k e  No. 1 w e l l  t o  c o n s i d e r a b l y  more 

t h a n  1000 f t  t o  which  i t  h a s  b e e n  i d e n -  

t i f i e d .  

V A R I A T I O N S  I N  T H E  E A R T H ' S  G R A V I T Y  F I E L D  A T  H A N F O R D- D .  E .  P e t e r s o n  

S e v e r a l  h u n d r e d  m e a s u r e m e n t s  o f  t h e  a c c e l e r a t i o n  o f  g r a v i t y  w e r e  made t o  
d e t e r m i n e  t h e  n a t u r e  o f  t h e  g r a v i $ y  f i e l d  i n  t h e  H a n f o r d  a r e a .  O b s e r v e d  
v a l u e s  r a n g e  f r o m  9 8 0 . 4 7 8 6  c m / s e c  , a t  t h e  p o i n t  o f  h i g h e s t  a l t i t u d e  i n  
t h e  R a t t l e s n a k e  H i l l s ,  t o  9 8 0 . 7 1 2 0  c m / s e c 2  a t  t h e  h o r n  o f  t h e  C o l u m b i a  
R i v e r .  B o u g u e r  a n a m a l i e s  r e d u c e d  f rom t h e  o b s e r v e d  v a l u e s  a r e  b e i n g  c o r -  
r e l a t e d  w i t h  g e o l o g i c  i n f o r m a t i o n ,  i n c l u d i n g  d e p t h  t o  b a s a l t ,  t o  o b t a i n  a 
more  c o m p l e t e  p i c t u r e  o f  t h e  g e o l o g i c  e n v i r o n m e n t  a t  H a n f o r d .  I n  1 9 6 5 ,  
d e n s e  b a s a l t  was  e n c o u n t e r e d  b y  a  d r i l l  a p p r o x i m a t e l y  1 7 0  f t  a b o v e  t h e  
d e p t h  a t  w h i c h  b a s a l t  n o r m a l l y  o c c u r s  i n  s e c t i o n  2 o f  T12A7, R26E.  G r a v i t y  
o b s e r v a t i o n s  compared  w i t h  g r a v i t y  v a l u e s  f rom a  t h e o r e t i c a l  m o d e l  o f  a  b e -  
s a l t  h i g h  i n d i c a t e  t h a t  a  f i e l d  o f  l a r g e  b o u l d e r s  i s  t h e  p r o b a b l e  e x p l a n -  
a t i o n  f o r  t h e  a n o m a l o u s  b a s a l t .  

A s t u d y  o f  t h e  e a r t h ' s  g r a v i t y  f i e l d  t h e  primary g o a l  of the was t o  

i n  t h e  H a n f o r d  a r e a  was begun i n  O c t o -  s u p p l e m e n t  a v a i l a b l e  g e o l o g i c  i n f o r m a -  

b e r ,  1 9 6 5 .  B e c a u s e  a  w e l l  d e f i n e d  b e d -  t i o n  t o  improve t h e  c o n t o u r  map o f  t h e  

r o c k  s u r f a c e  i s  r e q u i r e d  f o r  u t i l i z a -  b a s a l t  b e d r o c k .  The s u c c e s s  o f  t h i s  

t ion  o f  e x i s t i n g  t h r e e - d i m e n s i o n a l  u n d e r t a k i n g  was p r e d i c a t e d  upon i n f o r -  

p u t e r  p r o g r a m s  f o r  t h e  p r e d i c t i o n  o f  m a t i o n  f rom w e l l  l o g s  which  i n d i c a t e d  

g r o u n d  w a t e r  movement w i t h i n  t h e  a r e a ,  t h a t  a  r e l a t i v e l y  c o n s t a n t  d e n s i t y  d i f -  

f e r e n c e  o f  0 . 8  e x i s t s  b e t w e e n  t h e  s e d -  



imentary deposits and the underlying 2 
g$ = ge (1 + B sin $ + E sin

2 
2$) 

basalt flows. Bougi~t?r anomalies, which 

are differences between the observed . . . (1) 

and the theoretical values of the ac- where : = acceleration of gravity at 
gU any given latitude 

celeration of gravity at a given point 
ge = acceleration of gravity at 

(the observed gravity is adjusted to the equator 

sea level datum), are of particular 

value in delineating variations in den- 

sity within the earth's crust. 

The observed gravity survey was com- 

pleted in January, 1966, with a preci- 

sion of 1 0 ' ~  normal gravity. The data 

were collected with a gravimeter yield- 

ing relative values; however, the val- 

ues were converted to an absolute base 

by a tie between the local base station 

at the Richland, Washington, Airport 
2 (g = 980.6724 cm/sec ) and an internat- 

ional gravity network station at the 

Pendleton, Oregon, Airport (g = 980.51118 
2 cm/sec ) . The absolute acceleration 

$ = latitude 

B = gravitational flattening of 
the earth 

E = a coefficient which is a 
function of the geometric 
flattening of the earth, 
the equatorial centrifugal 
acceleration, and the equa- 
torial gravity. 

The international formula, Equation 

(2), which was adopted by the Interna- 

tional Geodetic and Geophysical Union 

in 1930, is the variation of Equation 

(1) that is presently applied in most 

gravity analyses : 

2 
% = 978.0490(1 + 0.0052884 sin $ 

9 

of gravity in the IIanford area ranges - 0.0000059 sin
L 

2~). (2 1 
from 980.4786 cm/secL at the point of In the Hanford area, Bouguer anomalies 
greatest altitude (3581 ft, TllN, of approximately -50 2 5 milligals 
R25E, Section 25) in the Rattlesnake 2 (1 milligal = cm/sec ) are obser- 
Hills to 980.7120 cm/sec2 at the horn ved. These values ~rimarilv reveal 
of the Columbia River (380 ft, Tl4N, 

R26E, Section 12). Theoretical gravity 

is obtained from the International for- 

mula of 1930. This and other semiempir- 
ical expressions for normal gravity at 

sea level stem from a derivation 

(neglecting infinitesimals of great- 

er than second order) by early geode- 

sists based upon the assumptions that 

the mass of the earth is concentrated 

at its center, that the surface is an 

equipotential (niveau) surface, and 

that the earth behaves as a nonrigid 

body with the same general density dis- 

tribution as the real earth. The re- 

sulting equation is of the form: 

deeply seated variations within the 

earth's crust, e.g., the nature of the 

Mohorovicic Discontinuity. The local 

anomalies, those within the 2 5 milli- 

gal range, are currently being computed 

and will help determine the configura- 

tion of the basalt bedrock. 

In 1965, a drilling rig operating in 

Section 2 of T12N R26E encountered 

dense basalt approximately 330 ft be- 

low land surface. Basalt had been en- 

countered at 500 ft in a well 600 ft 

to the south, and another well, 300 ft 

to the north, was bottomed in clay at 

400 ft. Evidence from other wells dril- 



led in the vicinity indicated that the 

basalt surface locally had an aproxi- 

mately uniform dip of lo toward the 

south. This newer information indica- 

ted that either a small buried hill ex- 

isted at the well site or that the an- 

omalous basalt was due to a lens of 

large boulders. To test the hypoth- 

esis of a buried hill a theoretical 

model was constructed, which consist- 

ed of three spherical masses, each 

50 ft diam, stacked so that they 

formed a 150 ft body, the crown of 

which was 350 ft below land surface. 

A density differential of 0.8 was 

assumed between the basalt and the am- 

bient sediments. The resulting cal- 

culations indicated that a maximum 

gravity anomaly of 0.2 milligal could 

be expected directly above the hypothe- 

tical mass. The effect of the body was 

less than 0.02 milligal at 1000 ft. A 

2200 ft north-south gravity traverse, 

with 100 ft spacing between stations, 

was established to ascertain the nature 

of the gravity field near the well. 

Station 14 (1400 ft from the south end 

of the traverse) was located near the 

well. The resulting Bouguer anomalies 

ranged from -51.7 milligal at the north 

end of the line to -52.7 milligal at the 

south end. Variations about a uniform 

trend were 0.1 milligal or less. These 

variations were within the resolution 

imposed upon the survey by an uncertain- 

ty of approximately 2.0 ft in altitude 

control. The results indicate that it 

is unlikely that a hill of these dimen- 

sions exists on the buried basalt slope, 

because the 0.2 milligal maximum to be 

expected from the feature was not obser- 

ved near the well itself. No statement 

can presently be made (based on grav- 

ity data alone) concerning the exist- 

ence of a hill with the same 150 ft 

vertical dimension but with a small 

diameter, since the gravitational effect 

of such a body would be less than the 

resolution (0.1 milligal) of the obser- 

ved anomalies. However, improved al- 

titude control is being secured which 

will reduce the resolution limitation 

to 0.01 milligal. 

Aside from the primary purpose of 

this study, these gravity data are of 

value where instrumental accuracy de- 

pends upon a precise determination of 

the absolute acceleration of gravity. 

If the location and altitude of an 

instrument are known (this applies to 

the Hanford area only) it should be 

possible to calculate the gravity at 

the point to normal gravity. An 

exception to this would be instruments 

situated on steep slopes; accur- 

acy or better could be expected at 

these locations. The data are also of 

importance for studies of the earth's 

crust in that few gravity measurements 

have been obtained previously from 

south-central Washington. Determina- 

tion of major structural trends, devi- 

ations from isostatic equilibrium, and 

deflection of vertical determinations 

are examples of crustal studies that 

depend upon an accumulation of gravity 

data. 



P R E D I C T I O N  O F  V E R T I C A L  I N F I L T R A T I O N  A S  I N F L U E N C E D  B Y  E R R O R S  I N  M E A S U R I N G  

C A P I L L A R Y  P R E S S U R E- L .  G .  K i n g  

T h e  s o i l  c h a r a c t e r i s t i c s  ( p e r m e a b i l i t y ,  c a p i l l a r y  p r e s s u r e ,  and s a t u r -  
a t i o n )  measured d u r i n g  s t e a d y  f l o w  o r  e q u i l i b r i u m  c o n d i t i o n s  were  u s e d  
t o  s o l v e  t h e  o n e - d i m e n s i o n a l ,  t r a n s i e n t  b o u n d a r y- v a l u e  prob lems  f o r  v e r -  
t i c a l l y  downward f l o w  d u r i n g  i n f i l t r a t i o n .  The  c a l c u l a t e d  r e s u l t s  were  
compared w i t h  e x p e r i m e n t a l  d a t a  from a c t u a l  t r a n s i e n t  f l o w  c o l u m n s .  Pre-  
d i c t e d  and e x p e r i m e n t a l  r e s u l t s  a g r e e d  v e r y  w e l l  a f t e r  t h e  c a p i l l a r y  p r e s -  
s u r e  v a l u e s  o f  t h e  measured  p e r m e a b i l i t y  and c a p i l l a r y  p r e s s u r e  r e l a t i o n -  
s h i p  were  c o r r e c t e d  f o r  manometer e r r o r s .  

The t r a n s i e n t  f l o w  of  l i q u i d  t h r o u g h  d o e s  n o t  s p e c i f y  w h e t h e r  t h e  p r e s e n t  

a  p a r t i a l l y  s a t u r a t e d  p o r o u s  medium i s  s t a t e  f l o w  i s  s t e a d y  o r  t r a n s i e n t .  The 

d e s c r i b e d  by t h e  p a r t i a l  d i f f e r e n t i a l  measurements  o f  p e r m e a b i l i t y  a s  a  f u n c -  

e q u a t i o n ,  t i o n  o f  c a p i l l a r y  p r e s s u r e  w e r e  made 

d u r i n g  s t e a d y  downward . f l o w ,  w h i l e  
d i v  (D g r a d  S )  + % ak = ?? 

~4 a z  a t  (1 ) t h e  s a t u r a t i o n - c a p i l l a r y  p r e s s u r e  r e -  

where  : 

Both t h e  d i f f u s i v i t y ,  D ,  and t h e  perme-  

a b i l i t y ,  k ,  a r e  f u n c t i o n s  o f  t h e  s a t u r -  

a t i o n ,  S .  The a b i l i t y  ( o r  i n a b i l i t y )  

o f  t h i s  e q u a t i o n  t o  p r e d i c t  e x p e r i m e n t -  

a l l y  measured  r e s u l t s  h a s  been  t h e  s u b -  

j e c t  o f  c o n s i d e r a b l e  r e s e a r c h  o v e r  t h e  

p a s t  2 d e c a d e s .  I f  t h e  e q u a t i o n  a c t u -  

a l l y  d e s c r i b e s  t h e  p h y s i c a l  f l o w ,  t h e n  

t h e  d i f f u s i v i t y  c a n  b e  c a l c u l a t e d  [by 

E q u a t i o n  ( 2 ) ]  a s  a  f u n c t i o n  o f  S  f rom 

t h e  p r o d u c t  o f  t h e  s l o p e  o f  t h e  s a t u r -  

a t i o n - c a p i l l a r y  p r e s s u r e  r e l a t i o n s h i p  

a n d  t h e  p e r m e a b i l i t y  a t  e a c h  v a l u e  o f  

s a t u r a t i o n .  

For  t h i s  s t u d y ,  a l l  measurements  

were  made d u r i n g  i m b i b i t i o n ( ' )  w i t h  

S o l t r o l  C *  a s  t h e  l i q u i d .  The word 

" i m b i b i t i o n "  i s  u s e d  t o  d e n o t e  a  h i s -  

t o r y  s u c h  t h a t  any change  o f  s a t u r a -  

t i o n  i s  a n  i n c r e a s e  o f  s a t u r a t i o n  and  

l a t i o n s h i p s  were  measured  on s e p a r a t e  

s m a l l  s a m p l e s  d u r i n g  e q u i l i b r i u m  c o n d i -  

t i o n s .  T h e s e  d a t a  were  u s e d  t o  c a l -  

c u l a t e  t h e  d i f f u s i v i t y  and p e r m e a b i l i t y  

a s  f u n c t i o n s  o f  s a t u r a t i o n  f o r  u s e  a s  

i n p u t  t o  P h i l i p ' s  ( 2 - 4 )  methods f o r  s o l -  

v i n g  E q u a t i o n  (1 )  t o g e t h e r  w i t h  t h e  a p -  

p r o p r i a t e  b o u n d a r y  c o n d i t i o n s .  

For  t h e  t r a n s i e n t  f l o w  m e a s u r e m e n t s ,  

a column o f  1 cm l e n g t h s  o f  p l a s t i c  

c y c l i n d e r  was t a p e d  t o g e t h e r  and  p a c k e d  

w i t h  a n  a i r - d r y  s o i l .  D u r i n g  any one 

r u n ,  t h e  s a t u r a t i o n  a t  t h e  t o p  o f  t h e  

column was h e l d  c o n s t a n t  by m a i n t a i n -  

i n g  a  c o n s t a n t  c a p i l l a r y  p r e s s u r e  a t  

t h e  i n f l o w  b a r r i e r  t h r o u g h  which  t h e  

l i q u i d  e n t e r e d  t h e  column. A t  t i m e  

t = 0 ,  t h e  i n f l o w  b a r r i e r  was b r o u g h t  

i n t o  c o n t a c t  w i t h  t h e  s o i l .  S i m u l t a n -  

e o u s  o b s e r v a t i o n s  were  made o f  t h e  

downward a d v a n c e  o f  t h e  ( v i s u a l )  w e t -  

t e d  f r o n t ,  t h e  volume o f  l i q u i d  i n f l o w ,  

and  t h e  t i m e .  When t h e  w e t t e d  f r o n t  

was s t i l l  s e v e r a l  c e n t i m e t e r s  f rom t h e  

d r y  end  o f  t h e  column,  t h e  f l o w  was 

*A c o r e  t e s t  f l u i d  o b t a i n e d  from P h i l l i p s  

P e t r o l e u m  Company. 



s t o p p e d  and  t h e  column was i inmedia te ly  

s e c t i o n e d  i n t o  1 cm l e n g t h s  and  w e i g h -  

e d  t o  d e t e r m i n e  t h e  s a t u r a t i o n  p r o f i l e  

a t  t h a t  t i m e .  

A f t e r  a l l  e x p e r i m e n t a l  d a t a  were  

c o l l e c t e d ,  i t  was d i s c o v e r e d  t h a t  t h e  

t y p e  o f  manometers  u s e d  t o  measure  c a p -  

i l l a r y  p r e s s u r e  f o r  t h e  p e r m e a b i l i t y -  

c a p i l l a r y  p r e s s u r e  r e l a t i o n s h i p s  c o u l d  

h a v e  c a u s e d  t h e  m e a s u r e d  v a l u e s  o f  c a p -  

i l l a r y  p r e s s u r e  t o  h a v e  b e e n  a s  much a s  

2 mbars  l e s s  t h a n  t h e  t r u e  v a l u e s .  The 

n a t u r e  o f  t h e  manometer  e r r o r  i s  s u c h  

t h a t  t h e  e r r o r  i s  e x p e c t e d  t o  b e  g r e a t -  

e r  f o r  c o a r s e - t e x t u r e d  s o i l s  t h a n  f o r  

f i n e - t e x t u r e d  s o i l s .  The c a p i l l a r y  

p r e s s u r e  v a l u e s  were  a d j  u s t e d  by a d d i n g  

a  c o n s t a n t  t o  e a c h  o b s c r v e d  PC v a l u e .  

F i g u r e  2 shows a  0 . 5 5  mbar a d j u s t m e n t  

f o r  Crab Creek  s a n j  a n d  no a d j u s t m e n t  

f o r  G .  E .  No. 2 s a n d .  The c u r v e s  o f  

F i g u r e  2 ,  t o g e t h e r  w i t h  t h e  c u r v e s  o f  

F i g u r e  3 o f  King w e r e  u s e d  f o r  i n -  

p u t  f o r  a l l  t h e  t r a n s i e n t  f l o w  c a l c u -  

l a t i o n s .  

F i g u r e  3 shows t h e  c o m p a r i s o n  o f  

c a l c u l a t e d  a n d  m e a s u r e d  s a t u r a t i o n  p r o -  

f i l e s .  F i g u r e s  4 and  5 show t h e  e l e v a -  

t i o n  o f  w e t t e d  f r o n t  and  t h e  a c c u m u l a t e d  

volume o f  i n f l o w  a s  f u n c t i o n s  o f  t i m e  

s i n c e  t h e  f l o w  b e g a n .  F i g u r e s  3 and  5 

show t h a t  t h e  0 . 5 5  mbar a d j u s t m e n t  o f  

PC v a l u e s  g i v e s  good a g r e e m e n t  be tween  

c a l c u l a t e d  and  m e a s u r e d  r e s u l t s  f o r  

Crab  Creek  s a n d .  The v a l u e  tA i s  t h e  

t i m e  a t  which  t h e  e x p o n e n t i a l  e a u a -  

t i ~ n ( ~ )  r e p l a c e d  t h e  s e r i e s  s o l u t i o n  

f o r  i n f i l t r a t i o n  r a t e ;  t h e  + 6 e s i g n a -  

t i o n s  on F i g u r e s  4  and  5 show t h e  v a l u e  

I t  i s  c o n c l u d e d  t h a t  E q u a t i o n  ( 1 )  

d o e s  a d e q u a t e l y  d e s c r i b e  t h e  v e r t i c a l  

i n f i l t r a t i o n  o f  l i q u i d  i n t o  r e l a t i v e l y  

d r y  s o i l .  Ex t reme  c a r e  s h o u l d  b e  t a k e n  

i n  m e a s u r i n g  t h e  s o i l  c h a r a c t e r i s t i c s ,  

e s p e c i a l l y  c a p i l l a r y  p r e s s u r e ,  s i n c e  a  

s m a l l  e r r o r  i n  c a p i l l a r y  p r e s s u r e  c a n  

c a u s e  a  l a r g e  e r r o r  i n  p r e d i c t e d  f l o w  

r e s u l t s .  

1 10 LOO ID00 

C APILLARY P R E S S U R E ,  pr l m b l  

FIGURE 2 .  R e l a t i v e  P e r m e a b i l i t y  a s  a  
F u n c t i o n  o f  C a p i l l a r y  P r e s s u r e .  

o f  t i m e  n e a r  which  a  minimum i n  t h e  

s e r i e s  s o l u t i o n  f o r  i n f i l t r a t i o n  r a t e  

o c c u r r e d  



G. E. NO. 2 S A N D  

0 R U N  5 1  - 

0 

- 

T I M E ,  t ( S E C I  TIME, t I S E C )  

FIGURE 3 .  C o m p a r i s o n  o f  C a l c u l a t e d  and  
Measured  S a t u r a t i o n  P r o f i  l e s  S h o w i n g  
E f f e c t s  oS A d j u s t e d  p on t h e  C a l c u -  
l a t e d  V a l u e s  

S A T U R A T I O N ,  5  S A T U R A T I O N ,  S  

FIGURE 4 .  E v a l u a t i o n  o f  W e t t e a  F r o n t  
and  C u n u l a t i v e  I n f l o u  a s  F u n c t i o n s  o f  
T ime f o r  G .  E .  No.  2 S a n d  



C R A B  C R E E K  S A N D  

0 R U N  49 
- 
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T I M E ,  t ( S E C )  

FIGURE 5 .  E l e v a t i o n  o f  W e t t e d  F r o n t  a s  
a  F u n c t i o n  o f  T ime f o r  Crab C r e e k  Sand 

HORIZONTAL INFILTRATION OF LIQUIDS INTO POROUS SOLIDS-L. G. K i n g  

The  d i f f u s i v i t y  f u n c t i o n s  c o m p u t e d  f rom s t e a d y  f l o w  and e q u i l i b r i u m  meas-  
u r e m e n t s  o f  p e r m e a b i  
s o l v e  t h e  o n e - d i m e n s  
t u l  f l o w  d u r i n g  i n f i  

l i t y ,  c a p i l l a r y  p r e s s u r e ,  and s a t u r a t i o n  w e r e  u s e d  t o  
i o n a  2, t r a n s i e n t  b o u n d a r y  va  Zue p r o b  l e m s  f o r  h o r i z o n -  
l t r a t i o n .  S t r i c t l y  l i n e a r  f l o w  i n  t h e  h o r i z o n t a l  d i r -  

e c t i o n  c a n n o t  o c c u r  e v e n  f o r  s a m p l e s  w h i c h  a r e  q u i t e  t h i n  i n  t h e  v e r t i c a l  
d i r e c t i o n .  I n  t h e  a c t u a l  p h y s i c a l  s y s t e m ,  v e r t i c a l  c o m p o n e n t s  o f  f l o w  do  
e x i s t .  T h e  i m p o r t a n c e  o f  t h e  v e r t i c a l  c o m p o n e n t s  i s  g r e a t e r  f o r  c o a r s e -  
t e x t u r e d  s o i l s  t h a n  f o r  f i n e - t e x t u r e d  s o i l s .  

For transient flow of liquid through where the diffusivity, D, is a functiorL 

a partially saturated medium in the hor- of the saturation, S. The diffusiv- 
izontal direction only, the equation (6) ity(6) was used as input to Philip's 

describing the flow reduces to method for solving Equation (1) together 
with the appropriate boundary condi- 

a 
(1 ) tions. The calculated results were 



compared w i t h  e x p e r i m e n t a l  d a t a  f rom 

a c t u a l  t r a n s i e n t  s y s t e m s .  

F o r  t h e  t r a n s i e n t  f l o w  measurements ,  
p l a s t i c  c y l i n d e r s  3 . 2  cm diam were p a c k -  
e d  w i t h  a i r - d r y  s o i l  and p l a c e d  w i t h  

t h e i r  a x e s  h o r i z o n t a l .  D u r i n g  any one 

pc d i f f e r e n c e ,  S c a n n o t  b e  c o n s t a n t  i n  

t h e  c e n t e r l i n e  o f  t h e  i n f l o w  b a r r i e r  

was h e l d  c o n s t a n t .  A t  t i m e  t = 0 ,  t h e  

i n f l o w  b a r r i e r  was b r o u g h t  i n t o  c o n t a c t  

w i t h  t h e  end o f  t h e  s o i l  s a m p l e .  When 

t h e  w e t t e d  f r o n t  was s t i l l  s e v e r a l  c e n -  

t i m e t e r s  f rom t h e  d r y  end of  t h e  s a m p l e ,  

t h e  f l o w  was s t o p p e d  and t h e  c y l i n d e r  

was i m m e d i a t e l y  s e c t i o n e d  i n t o  1 cm 

l e n g t h s  and weighed  t o  d e t e r m i n e  t h e  

d i s t r i b u t i o n  o f  s a t u r a t i o n  a t  t h a t  t i m e .  

F i g u r e  6 compares e x p e r i m e n t a l  and 

c a l c u l a t e d  r e s u l t s  f o r  Crab Creek s a n d  

and G .  E .  N o .  2 s a n d .  The a b s c i s s a ,  

A ,  i s  t h e  Boltzmann t r a n s f o r m a t i o n  

v a r i a b l e :  A = x / J T ,  where x i s  

t h e  h o r i z o n t a l  d i s t a n c e  from t h e  i n f l o w  

b a r r i e r  t o  a  p a r t i c u l a r  v a l u e  o f  S ,  and 

t i s  t i m e  s i n c e  c o n t a c t  o f  i n f l o w  b a r -  

r i e r  and s o i l .  Each c a l c u l a t e d  c u r v e  

assumes s t r i c t l y  l i n e a r  f l o w  w i t h  a  

boundary  s a t u r a t i o n  g i v e n  by t h e  i n d i -  
c a t e d  v a l u e  a t  = 0 ,  i . e . ,  a t  t h e  i n -  

f l o w  b a r r i e r .  T h a t  t h e  boundary  s a t -  

u r a t i o n  i s  n o t  c o n s t a n t  w i t h  v e r t i c a l  

d e p t h  o f  sample  i s  i m m e d i a t e l y  e v i d e n t .  

F o r  t h e  l i q u i d c 6 )  u s e d ,  t h e  3 . 2  cm v e r -  

t i c a l  d e p t h  c o r r e s p o n d s  t o  a  p c  d i f -  

f e r e n c e  from t o p  t o  b o t t o m  of t h e  sam- 

p l e  e q u a l  t o  n e a r l y  2 . 4  m b a r s .  From 

F i g u r e  7 i t  i s  s e e n  t h a t  f o r  t h i s  much 

pc d i f f e r e n c e ,  S c a n n o t  b e  c o n s t a n t  i n  

t h e  v e r t i c a l  d i r e c t i o n .  L i n e a r  f l o w  

c o u l d  s t i l l  b e  p o s s i b l e  i f  t h i s  s t a t i c  

e q u i l i b r i u m  p  d i f f e r e n c e  would be main-  
C 

t a i n e d  t h r o u g h o u t  t h e  l e n g t h  o f  t h e  

w e t t e d  s a m p l e .  T h a t  t h i s  i s  n o t  t h e ,  

c a s e  w i l l  b e  shown below.  

I f  s t r i c t l y  l i n e a r  h o r i z o n t a l  f l o w  

e x i s t s ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  

s e p a r a t e l y  t h e  f l o w  i n  any h o r i z o n t a l  

l a m i n a  i n d e p e n d e n t  o f  a27 o t h e r  h o r i -  

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

c a l c u l a t e d  f o r  t h r e e  s u c h  l a m i n a s  ( t o p ,  

c e n t e r l i n e ,  and bo t tom of  s a m p l e )  a r e  
shown i n  F i g u r e  6 .  For  Crab Creek s a n d ,  

t h e  d i s t r i b u t i o n s  were c a l c u l a t e d  u s i n g  

t h e  pc  v a l u e s  a d j u s t e d  f o r  manometer 

e r r o r s .  ( 6 )  The f l o w  i s  n o t  a d e q u a t e l y  

p r e d i c t e d  by u s i n g  t h e  boundary  s a t u r -  

a t i o n  a t  t h e  c e n t e r l i n e  o f  t h e  s a m p l e ;  

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

e x p e r i m e n t a l  d i s t r i b u t i o n  f o r  b o t h  

s o i l s .  

For  s t r i c t l y  l i n e a r  h o r i z o n t a l  f l o w ,  

t h e  v e r t i c a l  component o f  t h e  g r a d i e n t  

o f  p o t e n t i a l  must e q u a l  z e r o  everywhere  

t h r o u g h o u t  t h e  sample .  From F i g u r e s  6  

and 7 t h e  v e r t i c a l  component was c a l c u -  

l a t e d  a s  a  f u n c t i o n  o f  A by t a k i n g  d i f -  

f e r e n c e s  o v e r  t h e  3 . 2  cm d i s t a n c e  f rom 

t o p  t o  b o t t o m  of  t h e  sample .  The h o r -  
i z o n t a l  component was c a l c u l a t e d  a l o n g  

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

a  3 cm d i s t a n c e  c e n t e r e d  on e a c h  v a l u e  

o f  A .  A measure  o f  t h e  t e n d e n c y  f o r  

v e r t i c a l  f l o w  i s  g i v e n  by r a t i o  o f  

v e r t i c a l  t o  h o r i z o n t a l  components  o f  
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FIGURE 6 .  E x p e r i m e n t a Z  S a t u r a t i o n  D i s -  
t r i b u t i o n s  Compared t o  D i s t r i b u t i o n s  
C a l c u Z a t e d  on t h e  A s s u m p t i o n  o f  S t r i c t l y  
L i n e a r  H o r i z o n t a l  Flow 
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FIGURE 7 .  S a t u r a t i o n  a s  a  F u n c t i o n  
o f  Capi  Z Zary P r e s s u r e  



the gradient of potential. Such ratios 

calculated for t = lo4 sec are shown in 

Figure 8. That is, if strictly linear 

horizontal flow could have occurred un- 

til lo4 sec, conditions shown in Fig- 

ure 8 would exist. Of course, in the 

actual flow system, the vertical com- 

ponents of flow would already have 

raised the saturation of the upper 

parts of the sample beyond the satura- 

tion given by linear flow. Hence, the 

entire wetted front would advance fast- 

er than predicted by linear horizontal 

flow with the boundary saturation 

at the centerline of the sample. Thus 

a contradiction is reached, and the as- 

sumption of strictly linear horizontal 

flow in such a system is invalid. Fig- 

ure 8 shows that the tendency for upward 

flow is from three to four times more 

important in Crab Creek sand than in 

G. E. No. 2 sand. This explains why 

the results of Figure 6 agree more 

closely for the latter than for the 

former. 

It is concluded that for precise 

prediction of the experimental flow 

system described herein, the boundary 

value problem must be solved in three 

space dimensions. If a rectangular 

rather than circular cross-section were 

used, the problem could be solved in 

two space dimensions. Methods of meas- 

uring soil characteristics based on 

linear horizontal flow systems can be 

significantly in error if the soil is 

coarse-textured and (or) the vertical 

depth is too large. 

FIGURE 8 .  R a t i o s  o f  V e r t i c a l  t o  H o r i -  
z o n t a l  Componen t s  o f  P o t e n t i a l  a s  Func-  
t i o n s  o f  A f o r  t = l o 4  s e e  



" S T R E A M , "  A  G E N E R A L  R O U T I N E  F O R  G E T T I N G  S T E A D Y  G R O U N D  W A T E R  F L O W  P A T H S  A N D  

T R A V E L  T I M E S- R .  W. N e l s o n  

A c o m p u t e r  p rogram i s  b r i e f l y  d e s c r i b e d  w h i c h  u s e s  t h e  e q u a t i o n s  d e r i v e d  
p r e v i o u s l y  f o r  s t r e a m l i n e s  i n  h e t e r o g e n e o u s  mad ia  t o  p r o v i d e  u s e f u l  r e -  
s u l t s  f o r  w a s t e  t r a n s p o r t  a n a l y s i s .  T h e  program g e n e r a t e s  p a t h s  o f  f l o w ,  
d e t e r m i n e s  t h e  p e r m e a b i l i t y  a l o n g  e a c h  p a t h ,  g i v e s  t h e  a s s o c i a t e d  t r a v e l  
t i m e s  f o r  a  v e r y  w i d e  c Z a s s  o f  f l o w  p r o b l e m s  i n  p o r o u s  m e d i a .  T e s t s  o f  
t h e  a c c u r a c y  o f  t h e  n u m e r i c a l  r e s u l t s  h a v e  i n d i c a t e d  t h a t  v e r y  s a t i s f a c t -  
o r y  a n s w e r s  a r e  o b t a i n e d  w i t h  t h e  p r o g r a m s .  

In waste transport studies, the puter carries out numerically four op- 

paths of ground water flow and times of erations as follows: 

travel along those paths are fundamental (1) Simultaneously solves the set 

to an overall analy~is.'~) Any method of characteristic differential 

for determining this information must equations to determine the paths 

be very flexible in view of the variety of water flow 

of practical problems encountered. (2) Evaluates the permeability inte- 

Earlier theoretical work(8) on steady gral along the path obtained in 

paths of flow for heterogencous media Step 1 to determine the permea- 

resulted in a general formulation for bility along the path 

writing of the computer program capable (3) Evaluates the travel time in- 

of providing numerically the informa- tegral along the flow path using 

tion needed for waste transport predic- the permeability found in Step 2 

tions. The programs have been prepared 

in Fortran 4 and are operational on the 

IBM 7090 and Univac 1107. TWO programs 

were prepared, one for two-dimensional 

problems and the other for three-dim- 

ensional. Fundamentally, the programs 

are the same and were written separate- 

ly only to save computing time for the 

former case. 

Once the required starting coordin- 

ates, permeabilities, and potential 

functions, i.e., the potential equa- 

and the potential 

(4) Calculates the flux distribu- 

tion in the flow system. 

The first three operations are car- 

ried out in steps, a single path at a 

time, until all are completed; the flux 

indices are then evaluated for each of 

the steady path lines generated prev- 

iously. 

Careful evaluation of the numerical 

errors involved in the methods used in 

these steps has shown accuracies which 

tion and its first and second partial far exceeded original expectation. The 

derivatives, are introduced the corn- error analysis also showed the accur- 

acy to be independent of the path- 

length. 



E X T E N S I O N  O F  S O L U T I O N  C A P A B I L I T I E S  B Y  F I N I T E  D I F F E R E N C E S  M E T H O D  T O  A  L A R G E  C L A S S  

O F  S T E A D Y - S T A T E  F L O W  P R O B L E M S- A .  E .  R e i s e n a u e r  

T h e  H a n f o r d - d e v e l o p e d  c o m p u t e r  p rogram STEADY DARICAN FLOW I N  SOILS h a s  
b e e n  e n l a r g e d  and e x t e n d e d  t o  i n c l u d e  c a p a b i l i t i e s  f o r  s o l v i n g  a  l a r g e  
c l a s s  o f  f l o w  p r o b l e m s .  T h e s e  new f e a t u r e s  i n c l u d e  a  v a r i a b l e  mesh  s i z e  
f o r  t h e  f i n i t e  d i f f e r e n c e s  e x p r e s s i o n ,  a  f l u x  i n p u t  i n d e p e n d e n t l y  c o n t r o l -  
Zed a t  e v e r y  n o d e ,  a n  e n l a r g e d  number  o f  n o d e  p o i n t s ,  and  t h e  a b i l i t y ,  i n  
p a r t i a l l y  s a t u r a t e d  s o i  2 ,  t o  v a r y  t h e  c a p i  l l a r y  c o n d u c t i v i t y  c o m p l e t e l y  by  
i n p u t i n g  s o i l  t y p e  c u r v e s  and  v a r y i n g  t h e  b a s e  p e r m e a b i l i t y  o f  t h e  s o i l  a t  
any  n o d e .  

The e q u a t i o n s  d e s c r i b i n g  m a c r o s c o p i -  The b a s i c  p a r t i a l  d i f f e r e n t i a l  e q u a -  
c a l l y  a  r a t h e r  l a r g e  c l a s s  o f  s t e a d y -  t i o n  ( p r e s e n t e d  h e r e  i n  t h r e e - d i m e n -  

11 

s t a t e  f l o w  p r o b l e m s  i n  p o r o u s  med ia  s i o n s )  d e v e l o p e d  f rom D a r c y ' s  Law and  
were  p r e s e n t e d  by N e l s ~ n , ( ~ ) a l o n ~  w i t h  t h e  p r o p e r  e q u a t i o n s  o f  s t a t e  and  c o n -  
a  means o f  s o l u t i o n  by c o m p u t e r  t e c h -  s e r v a t i o n  o f  mass i s  a s  f o l l o w s :  

n i q u e s .  The compute r  p r o g r a m  was d e -  

v e l o p e d  and i t s  u s e  and  c a p a b i l i t i e s  d e -  a ~ a $  a K a 4  
+ + -  

s c r i b e d  by R e i s e n a u e r ,  e t  a l .  i n  axax ayay 

1 9 6 4 .  ( 1 0 - 1 2 )  
a K a 4  

A l t h o u g h  t h e  b a s i c  p r o g r a m  i s  a d a p t -  +-  
a z a z  + Q = O  (1) 

a b l e  t o  many b o u n d a r y  v a l u e  p r o b l e m s ,  

c e r t a i n  c l o s e l y  r e l a t e d  p r o b l e m s  c o u l d  

n o t  b e  mode led .  The c h a n g e  t o  t h e  Un- 

i v a c  1107 compute r  w i t h  i t s  l a r g e r  mem- 

o r y  c a p a c i t y  and  t h e  deve lopment  o f  a d -  

v a n c e d  program111:ing t e c h n i q u e s  p e r m i t t e d  

t h e  e x p a n s i o n  o f  t h e  STEADY DARCIAN 

FLOiY I N  SOILS p r o g r a m .  The new v e r s i o n  

h a s  l a r g e r  r a p a c i t y  and g r e a t e r  f l e x i -  

b i l i t y  t o  a i d  i n  e n c o m p a s s i n g  a  l a r g e r  

c l a s s  o f  f l o w  p r o b l e m s .  

where  @ i s  t h e  p o t e n t i a l ,  K i s  t h e  

p e r m e a b i l i t y ,  a n d  Q i s  a  f l u x  q u a n t i t y  

The x ,  y ,  a n d  z a r e  C a r t e s i a n  c o o r d i n -  

a t e s .  The e x p a n s i o n  o f  t h e  e q u a t i o n  

i n t o  i t s  f i n i t e  d i f f e r e n c e s  r e p r e s e n -  

t a t i o n  was made w i t h  Ax f Ay # Az. 

T h i s  r e s u l t e d  i n  t h e  f o l l o w i n g  e q u a -  

t i o n  which  a l l o w s  f o r  a  g r i d  w i t h  a  

v a r i a b l e  mesh i n  a l l  d i r e c t i o n s .  



2K: : I -  I AX, ax, 

where i, j, and k are the index inte- 

gers of the grid points in the x, y, 

and z directions, respectively; and 

Ax1, Ax2, by1, Ay2, Azl and C b 2  are 

the distances to surrounding nodes, 

with the subscript 1 denoting the pos- 

itive direction along the axis. Equiv- 

alent expressions for the one- and 

two-dimensional and axisymmetrical 

cases are used in the program when re- 

quired. These equations may be obtain- 

ed by appropriately modifying Equations 

(1) and (2). 

The most significant use of the 

feature is that larger flow systems 

may be modeled with a close-mesh grid 



in regions of greatest changes in po- 

tential and the mesh may be gradually 

expanded for movement into regions of 

small changes. The extended grid will 

permit flow models to reach distant 

fixed (known) boundaries rather than 

setting arbitrary, possibly erroneous 

boundaries close in. 

Another feature changed in the equa- 

tions is the addition of Q (flux) at 

any node where the potential changes 

during iteration. A list of Q values 

and the associated indices is stored 

for every node. may be used to sim- 

ulate any flow ichich is constant yet 

does not maintain a constant potential. 

The ability to model heterogeneous 

soil in partially saturated flow is 

greatly enlarged by alloxqing use of 

15 soil-type curves of capillary pres- 

sure,capillary conductivity and a base 

permeability. Since the soil curves 

are dimensionless, a neri base perme- 

ability for each curve which may be 

varied from node to node adds great 

flexibility. Previous programs per- 

mitted blocking of soil types rihich 

resulted in sharp unrealistic changes 

in soil characteristics. This change 

will allow more natural blending 

across soil-type boundaries. 

A  T H E O R E T I C A L  B A S I S  F O R  U S I N G  O N L Y  T H E  P R E S E N T  E N E R G Y  D I S S I P A T I O N  P A T T E R N  T O  

P R E D I C T  N E W  G R O U N D  W A T E R  P O T E N T I A L  D I S T R I B U T I O N  I N  H E T E R O G E N E O U S  P O R O U S  M E D I A -  

R .  W .  N e l s o n  

An e q u a t i o n  i s  p r e s e n t e d  t h a t  a l l o w s  i n c l u d i n g  t h e  e f f e c t s  o f  nonhomogeneous  
s o i l s  on  new p o t e n t i a l  d i s t r i b u t i o n s  w i t h o u t  d i r e c t l y  s o l v i n g  f o r  t h e  s o i l  
p e r m e a b i l i t y  d i s t r i b u t i o n .  I n  s i t u a t i o q s  where  t h e  t r a v e l  t i m e s  o r  f l u x e s  
a r e  n o t  r e q u i r e d  t o  a n s w e r  t h e  p r o b l e m  a t  h a n d ,  t h e n  c o n s i d e r a b l e  economy i n  
c o m p u t a t i o n a l  e f f o r t  i s  b r o u g h t  a b o u t  t h r o u g h  u s e  o f  t h e  e q u a t i o n s  d e r i v e d  
h e r e .  

In preceding papers (8,13- 15) thee- 

retical considerations were given to 

the more basic theory for steady flow 

in heterogeneous media. In-place 

measurement was shown to be possible. 

The search for effective solution meth- 

ods for the permeability culminated in 

derivation of the "Permeability Inte- 

gral, ff(16) which was needed to deter- 
mine travel times and which reappears 

in solving for the new potential dis- 

tribution. Further study has shown 

that for steady flow systems, the per- 

meability is required to obtain travel 

times. The new potential distribution 

can be determined using the equations 

derived here. 

Consider an existing steady flow 

system in soil of permeability k(x,y,z) 

and with an associated potential dis- 

tribution $(x,y, z) . The partial dif- 

ferential equation describing the flow 

system (13-17) is (using the del op- 

erator, V): 
2 k V @ + V k .  v $ = O  (1) 

or 

2 
V $ + V l n k * v g = O  ( 2  ) 



which can be shown to reduce to the But, 

set of ordinary differential equations 

when k is considered as dependent: 

Starting with the identity: 

and substituting from Equation (3) 

gives : 

d r ( )  (*) (a) , ( $ . _ = a x  9.2 dy a z  dy 
ds a $  ds a@ ds 

+ ds - 

therefore, 

But, the respective dot products of two 

vectors with the same vector are 

equal only if 

which is the general relationship de- 

sired. If a new flow systein is to be 

solved in the same soil mass then one 

would seek the new potential distribu- 

tion, say n ( x , y , z ) ,  which again must 

satisfy the form of Equation (2) in Q: 

v 2 ~ + v I n k . v n = 0 .  (11) 

Then, substituting Equation (11) for 

the permeability term gives 

where the rightmost expression is a 

substitution again from Equation (3), 

using the one relationship not used 

previously. Rearranging kquation (6) 

gives : 

which shows that if the potential @ ,  

for the present flow system is known 

then solution of Equation (12) for Q ,  

subject to the boundary conditions, pro- 

vides the potential distribution di- 

rectly in the new flow system. Hence, 

the permeability distribution per se 

need never be known to determine the 

potential in the new flow system. 



E Q U A T I O N S  D E S C R I B I N G  T H E  S I M U L T A N E O U S  F L O W  O F  T W O  I M M I S C I B L E  F L U I D  P H A S E S  I N  

H E T E R O G E N E O U S  P O R O U S  M E D I A - R .  W. N e l s o n  

T h e o r e t i c a l  work l e a d i n g  t o  t h e  d e s c r i p t i o n  o f  f l u i d  f low i n  a  h e t e r o g e -  
n e o u s  porous  medium h a s  d e v e l o p e d  s l o w l y  and somewhat s p o r a d i c a l l y  e v e n  
t h o u g h  t h e  a r e a s  o f  e n g i n e e r i n g  a p p l i c a t i o n s  p r e d o m i n a n t l y  i n v o l v e  f l o w  
i n  nonhomogeneous m e d i a .  I n  p r o v i d i n g  a  t h e o r e t i c a l l y  c o n s i s t e n t  b a s i s  
f o r  a n a l y s i s ,  t h e  s p e c i a l  c h a r a c t e r i s t i c s  o f  m a c r o s c o p i c a l l y  h e t e r o g e n e -  

O M S  m a t e r i a l s  a r e  d i s c u s s e d  t o  p r o v i d e  a c c u r a t e  d e f i n i t i o n s .  The d e f i n i -  
t i o n s  e s t a b l i s h  t h e  f u n c t i o n a l  dependence  and make m a t h e m a t i c a l  r e p r e s e n -  
t a t i o n  p o s s i b l e .  The s p e c i a l  i m p l i c a t i o n s  o f  h e t e r o g e n e i t y  on  Darc ian-  
t y p e  dynamic  r e l a t i o n s h i p s  f o r  e a c h  o f  t h e  f l u i d  phases  a r e  c o n s i d e r e d .  
The end r e s u l t  i s  a  s e t  o f  r a t h e r  g e n e r a l  E u l e r i a n  e q u a t i o n s  d e s c r i b i n g  
two- phase  f low i n  a  m a c r o s c o p i c a l l y  h e t e r o g e n e o u s  medium. T h e s e  equa-  
t i o n s  and t h e i r  r e d u c e d  forms i n c l u d e  d e s c r i p t i o n  o f  some 4 0  d i f f e r e n t  
f l o w  s y s t e m s .  Such  a  v a r i e t y  o f  f l o w  c o n d i t i o n s  i s  c a t e g o r i z e d  t h r o u g h  
t h e  u s e  o f  a s p e c i a l  t a b u l a r  scheme w h i c h  makes i t  p o s s i b l e  t o  w r i t e  t h e  
a p p r o p r i a t e  e q u a t i o n s  v e r y  e f f i c i e n t l y .  

Analysis 

A macroscopic description of fluid 

flow in nonhomogeneous media is 

needed. Precise statements of the 

properties of the fluids and porous 

media, along with a characterization 

of flow, provide the equations of 

state and dynamics. These equations, 

when combined with the equations of 

Accordingly, gross measurements of 

physical properties of density, visos- 

ity and surface tension are appropriate. 

The fluids are considered to be compres- 

sible and the flow system isothermal; 

therefore, the mass density, p ,  is at 

most a function of the pressure, p; 

that is: 

P = f(p). (1 1 
conservation of mass, provide a corn- Starting the formulation in a general- 

plete hydrodynamic description that ized form makes it possible to consider 

yields the required fundamental ex- barotropic compressible fluids; yet in- 

pressions. Description of each fluid compressible fluids are handled auto- 

phase will be required, so twice the matically for the reduced case of con- 

number of relationships will be in- stant density 

volved for two phases. 
Dynamic Equations 

Fluid Properties A statement of the physical princi- 

The fluids are assumed to be effec- ples governing motion is needed to de- 

tively continuous and homogeneous in velop the required basic equations. The 

structure. This implies that the prop- usual working hypothesis that Darcy's 

erties of the smallest subdivisions are Law is valid for eachof the flowing 
phases will be the starting point the same as those of large samples. 

Strictly speaking this is not the case; here. (18)" Therefore, the dynamic re- 

lationship assuming isothermal flow but, in this application, the dimen- 
- 

sions concerned are large compared to 

molecular structure, and the assumed 
* 
A l t h o u q h  w i d e l y  a c c e p t e d  f o r  macro- 

continuum is both acceptable and useful. s c o ~ i ~ - d ~ ~ ~ r i ~ i i o ~  03 f l o w  in h e t e r O -  
geneous  m e d i a ,  and c e r t a i n l y  t h e  a u t h o r  
b e l i e v e s  t h e  Darcy e x p r e s s i o n  t o  be  



for the wetting phase is: 

The difference in pressure across 

the interface between the two phases is 

the capillary pressure, pc, defined as 

The capillary pressure represents 

the pressure discontinuity across the 

interface separating the two immiscible 

fluids, and it thereby interrelates 

Equations (2) and (3). The permeability 

and fluid content characteristics of 

the porous media are related to the cap- 

illary pressure. Accordingly, the per- 

meability, k, and fluid content on a 

pore-volume basis, s, are functions of 

the capillary pressure, PC. 

and 

The functional relationships are 

uniquely dependent upon the properties 

v a l i d ,  n e v e r t h e l e s s  i t  m u s t  b e  i n t r o -  
d u c e d  h e r e  a s  a p o s t u l a t e ,  s i n c e  n o  
g e n e r a l i z e d  s t a t i s t i c a l  t r e a t m e n t  
f o r  h e t e r o g e n e o u s  p o r o u s  m e d i a  i s  now 
a v a i l a b l e .  I n  f a c t ,  o n l y  q u i t e  r e -  
c e n t l y  h a s  t h e  p o s t u l a t e  b a s i s  f o r  
C a r c i a n  d e s c r i p t i o n  o f  f l o w  i n  homo- 
g e n e o u s  p o r o u s  m e d i a  b e e n  s u p p o r t e d  on 
t h e o r e t i c a l  g r o u n d s  t h r o u g h  s t a t i s t i -  
c a l  t r e a t m e n t  s t a r t i n  f rom t h e  
E r g o d i c  H y p o t h e s i s .  1 9 )  S i n c e  t h e  
E r g o d i c  H y p o t h e s i s  i n  p r e s e n t  f o rm  d o e s  
n o t  e n a b l e  s t a t i s t i c a l  c o n s i d e r a t i o n  
f o r  h e t e r o g e n e o u s  p o r o u s  m e d i a ,  we 
m u s t  b e  c o n t e n t  a t - p r e s e n t  t o  a c c e p t  
t h i s  p o s t u l a t e  l a r g e l y  f rom i n t u i t i v e  
a n d  p h y s i c a l  a r g u m e n t s .  S p e c i f i c a l Z 3 ,  
t h e  a u t h o r  w o u l d  s u g g e s t  c a r e f u l  c o n -  
s i d e r a t i o n  o f  t h e  e x t r a p o l a t e d  f u n c -  
t i o n a l  p r o p e r t i e s  i n  H u b b e r t ' s  1 9 5 6  
p a p e r .  (20) 

of the material phases involved and the 

geometrical properties of the phase in- 

terfaces. The interfaces are in turn 

dependent on the pore geometry of the 

porous medium and the previous history 

of fluid content. The latter, hystere- 

sis effect, will not be considered here 

since theoretical analysis is only now 

starting to emerge for homogeneous 

media. 

The similarity of Equations (2) and 

(3) makes it convenient to drop the sub- 

scripts of the latfer compressible flow 

equation for the discussion of dynamic 

characteristics to follow. Since the 

incompressible flow result [Equation 

( Z ) ]  is a special case, any derived re- 

sults can be written directly at the 

end of the analysis. Therefore, 

The special features in Equation (7) are 

in using it as the form for the dynamic 

equations for describing flow in heter- 

ogeneous porou5 media. Careful consid- 

eration of these features enables one 

to arrive at precise definitions which 

form the basis of the mathematical work 

to follow. 

"Heterogeneous" as used here implies 

differing in kind, having unlike quan- 

tities, or possessing different charac- 

teristics. Accordingly, a heterogene- 

ous porous medium has unlike quantities 

or differing characteristics at differ- 

ent locations. More precisely, if a 

porous medium is heterogeneous with 

respect to some property then that prop- 

erty is functionally dependent on the 



spatial location. Specifically consid- discussed. The reduced forms for in- 

ering the permeability, k, as hetero- 

geneous then: 

k vk(x,y,z), ( 8 )  

or the permeability is a scalar func- 

tion, u ,  of the location. We note in 

passing that spatial variation of sev- 

eral other properties, of which poros- 

ity, dispersivity, and medium compres- 

sibility are but a few, is implied by 

4 the broad term "heterogeneous . ' I  In 
this work the phrase will be used, al- 

though not always stated, to imply only 

heterogeneity with respect to the per- 

meability. 

The mathematical result of defining 

heterogeneity, Equation ( 8 ) ,  can be 

combined with the multiple phase effects 

of Equation (5) to provide a rigorous 

description of the permeability in 

Equation (7). That is: 

k = F[P~(x,Y,z,~) ,x,y,zI. ( 9 )  

The F denotes a function of the space 

coordinates x, y, and z, and the capil- 

lary pressure, pc, which through Equa- 

tion (4) is again dependent upon the co- 

ordinates x, y, and z, and time, t. The 

needed definitions are incorporated in 

the dependence Equation (9). 

Equations of Continuity 

The equations of continuity (conser- 

vation of mass) are the remaining re- 

quirement for a complete Eulerian form- 

ulation for this class of problems. 

Again consistent with the earlier prac- 

tice, only the continuity equation for 

the more general compressible phase is 

compressible flow will be presented 

later with appropriate subscripts from 

the more general cases that are derived 

here. 
For enclosing surface c ,  the integ- 

ral of the instantaneous mass inflow 

and outflow must equal the change in 

saturation density. Therefore, 

where I is the surface encompassing the 

volume V, and n is the unit vector nor- - 
ma1 to I. To change the surface integ- 

ral to a volume integral, on the left 

side of Equation (10) (the macroscopic 

description assures conditions suffi- 

cient to allow interchanging the order 

of differentiation and integration) 

Gauss' theorem may be used; hence, 

div p g  = - 

and after substituting Equation (7) into 

(12) the result is 

P K a (PSI. div (- grad () - P- 
l~ at 

The functional dependence arising from 

the original definitions is fundamental 

to expanding Equation (13) properly. 

Define the potential, $ ,  of the form 

then expansion of Equation (13), con- 

sistent with Equations (I), (9), and 

(14), gives for use with Figure 9 
L 

!'I& 2pn Fn dfn div grad $n + - % grad Pn grad @, 
"n ' n 

L 
afn (15) 

grad pc + grad ' grad m n  = P [Sn + pn a t 



I [ ~ e q u i r e d :  2 Equat~ons Linked by Eq 41 1 
F L O W  REGIME 

O N E  P H A S E  S T A T I C  
t 

D Y N A M I C  W E T T I N G  P H l i t  D Y M I M I C  l O N ~ W E T l l N G  P I l A S t  

. 
i 

I A S I N G L E  FLUID I 

I 

C O M P R E S S I B L E  1 F L Y I D  / 

TWO IMMISCIBLE F L U I D S  

1 

FIGURE 9. Outline of F l o w  Systems 
Considered and a Guide to Writing 
the Descriptive Equation. 

Write Eq. 15 Dropp~ng the n 

Subscript and Set dF=dS=~ 
) P C  d t  

where : 

p is the fluid mass density 

1 

F is the functional describing in- 
trinsic capillary permeability or 
reduced forms [see Equation ( 9 ) ]  

f is the functional describing the 
pressure dependence of p 

K is the functional describing the 
permeability, k, dependence on 
capillary pressure, pc [See Equa- 
tion (5)] 
is the dynamic viscosity 

@ is the fluid potential of the 
phase denoted by the subscript 
used 

p is the fluid pressure of the 
phase denoted by the subscript 
used 

n used as a subscript denotes the 
fluid phase to which the variable 
that is subscripted applies, that 
is: 

n=l denotes the fluid phase which 
wets the porous medium, and 

n=2 denotes the fluid phase which 
does not wet the porous medium 

pc=p2 - pl is the capillary 
pressure 

P is the porosity, i.e., the volume 
of pores per unit volume 



s is the fluid saturation on a pore shading used in the lower right part of 
volume basis the fieure indicate the s~ecial com~at- " 

S is the functional describing the ibilities required between the wetting 
saturation de~endence on c a ~ i l -  
lary pressure, pc,[See Equation and nonwetting phases. If condition of 
( 6 )  1 shading type is used in the wetting 

t is time. phase, then the same shaded condition 

Equation (15) is general and contains 

as special cases some 40 different types 

of flow systems. Such a large number 

of equations and the associated descrip- 

tion is prohibitive to present here. 

However, they are obtained from Equa- 

tion (IS), through use of Figure 9. 

The special cases are given by perform- 

ing the suggested operations indicated 

in the figure. The cross-hatching and 

is required for the nonwetting phase. 

That is, if the wetting phase is tran- 

sient then the nonwetting phase could 

not be steady but of necessity would 

be transient also. Similarly, the 

medium is either heterogeneous or homo- 

geneous; hence it must be consistent 

for both phases (the same shading is 

used in Figure 9). This material is 

presented and discussed in more de- 

tail in Reference (21). 

M I N E R A L  C H E M I S T R Y  

M O N T M O R I L L O N I T E  E X C H A N G E  E Q U I L I B R I A  W I T H  S T R O N T I U M - S O D I U M - C E S I U M - J .  R .  E l i a s o n  

The ion exchange isotherms and the free energy changes of -2278, -331, 
and -4019 cal/mole for the cesium-sodium, strontidm-sodium, and cesium- 
strontium systems respectively were determined for the Bayard, mew Mexico 
montmoriZZonite. The same measurement gave -2035 cal/mole for the cesium- 
sodium system on the Chambers, Arizona montmorillonite. A surprising in- 
crease in selectivity for cesium and strontium at high loadings was ob- 
served in the cesium-sodium and strontium-sodium systems. The selectivity 
increases were presumed to be related to changes in the c-axis spacings. 

Determination of the influence of 
clay minerals on the behavior of 

radioactive wastes in soil systems 

requires a better understanding of 

the cation exchange characteristics 

of the clay minerals. This study was 

to determine several exchange iso- 

therms and associated free-energy 

changes for a montmorillonite of hy- 

drothermal origin and to make a com- 

parison of the exchange characteris- 

tics of two montmorillonites of dif- 

ferent origin. 

Studies of the ion exchange iso- 

therms and the determination of the 

related free-energy changes on clay 

minerals are limited. The Chambers, 

Arizona, montmorillonite (reference 

Clay Mineral No. 23 of the American 

Petroleum Institute) has been studied, 

and the ion exchange isotherms and re- 

lated free-energy changes were deter- 

mined by Lewis and Thomas (22) and 

earlier by Frysinger and Thomas. (23) 

The Chambers, Arizona, montmorillonite 

is believed to (24) have originated 



from volcanic tuff of a basic ex- 1.0 

trusive which was deposited as ash in 

a lake basin and altered in place. The 
0.8 

montmorillonite chosen for this study 

was Reference Clay Mineral No. 30a of 

the American Petroleum Institute, 0.6 
" - 

from Bayard, New Mexico. The Bayard, a 

New Mexico,montmorillonite is believed ( 2 4 )  0.4 

to be of hydrothermal origin from 

solutions penetrating a rhyolitic and 

andesitic tuff. 0.2 

The exchange isotherm and the free- 

energy change for the sodium-cesium 

system on the Chambers, Arizona, 

- 

- 

- 
o Bayard. New Mexico - 

Montmor i l loni te 
- 

A Chambers. Ar izona 
Montmor i  I Ion ite - 

b - 

- 
P I I I I I I I . .  

montmorillonite were redetermined for Csefs 

comparison with previous work. ( 2 2 )  FIGURE 1 1 .  The  25 O C  I s o t h e r m  f o r  t h e  

The exchange isotherms for the stron- Reac t ion  C s s  + * I a s  + C s c  O n  the  

tium-sodium, cesium-sodium, and cesium- B a y a r d ,  New M e x i c o ,  and  Chambers ,  A r i -  
z o n a ,  Montmori  l l o n i t e s .  T o t a l  E q u i l i -  

strontium systems plotted in Figures 10, b r i u m  S o l u t i o n  N o r m a l i t y  was C o n s t a n t  

11, and 12 respectively show that both a t  0 -  0 5 -  ( s u b s c r i p t  eft = E q u i v a l e n t  
F r a c t i o n  on t h e  C l a y ;  S u b s c r i p t  e f s  = 

montmorillonites have a preference for E q u i v a l e n t  F r a c t i o n  i n  t h e  S o l u t i o n . )  

FIGURE 1 0 .  The 25 O C  I s o t h e r m  f o r  t h e  FIGURE 12 .  The  25 O C  I s o t h e r m  f o r  t h e  
+ 

R e a c t i o n  S r  + 2Nac + 2Nas + S r Z c  on  R e a c t i o n  2Cs + S r z c  * S r s  + 2Csc o n  
S s 

t h e  B a y a r d ,  New M e x i c o  MontmoriZ Lon- t h e  B a y a r d ,  New M e x i c o ,  M o n t m o r i l l o n -  

i t e .  T o t a l  E q u i Z i b r i u m  S o l u t i o n  Norm- i t e .  T o t a l  E q u i l i b r i u m  S o l u t i o n  Norm- 

a l i t y  was C o n s t a n t  a t  0 . 0 5 .  ( S u b -  a l i t y  was C o n s t a n t  a t  0 . 0 5 .  ( S u b s c r i p t  

s c r i p t  e f c  = E q u i v a l e n t  F r a c t i o n  on t h e  e f c  = E q u i v a l e n t  F r a c t i o n  on  t h ?  C l a y ;  

C l a y ;  S u b s c r i p t  e f s  = E q u i v a l e n t  Frac -  S u b s c r i p t  e f s  = E q u i v a l e n t  F r a c t i o n  i n  
t i o n  i n  t h e  S o l u t i o n .  ) t h e  S o l u t i o n .  ) 



cesium over sodium and that a preference 

for strontium over sodium and for cesium 

over strontium is shown by the Bayard, 

New Mexico, montmorillonite. 

The values of the Gibbs free-energy 

changes for the reactions studied on 

the montmorillonites are presented in 

Table 1. 
The acturacy of the equilibrium 

results can be checked by balancing 

the Gibbs free-energy changes determined 
-1 for three related reactions. From the 

equation 

2 AF' (Nac + Csc) - AF" (2Nac + SrZc) 

= AF" (SrZc + 2Csc) 

the free-energy change in the strontium- 

cesium system was predicted to be -4225 

cal/mole, and the actual measured value 

was -4019 cal/mole. The free-energy 

of -2035 cal/mole determined for the 

Chambers, Arizona, montmorillonite also 

is in good agreement with the free-energy 

of -2152 cal/mole reported by Lewis 

and Thomas. 

The In Kc' values of the equilibrium 

reactions of the Bayard, New Mexico, 

montmorillonite are plotted in Figure 13. 

The In Kc's values and the In Kc' curve 

presented by Lewis and Thomas for the 

sodium-cesium system are shown in 

Figure 14. The sodium-cesium system of 

the Bayard, New Mexico, montmorillon- 

ite shows a surprising increase in the 

selectivity for cesium above 90% 

cesium loading. The selectivity for 

strontium increased over the entire 

range of strontium loading in the sodium- 

strontium system on the Bayard, New Mex- 

ico, montmorlllonite. Over the range 

from 0 to 40% strontium loading the 
montmorillonite was sodium selective. 

Above 40% it became strontium selective, 

with a marked increase in strontium 

selectivity above 90% strontium loading. 

In the strontium-cesium system of the 

Bayard, New Mexico, montmorillonite, 

the initial selectivity for cesium was 

greater than in the sodium-cesium 

system, and a decrease in cesium select- 

ivity was noted above 40% cesium loading. 

In the sodium-cesiulil system of the 

Chambers, Arizona, montmorillonite a 

gradual decrease in selectivity for 

cesium, followed by a definite increase 

in cesium selectivity above 90% cesium 

loading, was observed. The increase in 

cesium selectivity above 90% cesium load- 

ing corresponds to the cesium selectivity 

change observed in the Bayard, New 
Mexico sample, but the increase was not - .  

T a b l e  I, Free- Energies of Exchange at 2 5  OC 

Bayard, New Mexico, Montmorillonite 

Reaction AF", cal/mole 

Chambers, Arizona, Montmorillonite 



F I G U R E  1 3 .  The S t o i c h i o m e t r i c  E q u i l -  - 
i b r i u m  C o e f f i c i e n t s  o n  t h e  B a y a r d ,  ?Jew 
M e x i c o  M o n t m o r i l l o n i t e  a t  2 5  OC ( S u b -  
s c r i p t  e f c  = E q u i v a l e n t  F r a c t i o n  on t h e  
C l a y .  i 

A-Sr s  + 2Wac * 2Nas + S r Z c  In  K c '  

V e r s u s  S r  
e  f c  

+ o-Cs + Na * # a s  + Csc In  K c '  V e r s u s  
S 

Cs 
e  S c  + V-2Cs + S r Z c  * S r s  + 2Csc In Kc '  

V e r s u s  Cs 
e f c  

FIGURE 1 4 .  The S t o i c h i o m e t r i c  E q u i l -  
i b r i u m  C o e f f i c i e n t s  o n  t h e  Chambers ,  
A r i z o n a ,  M o n t m o r i Z Z o n i t e  a t  2 5  OC ( S u b s c r i p t  
e f c  = E q u i v a l e n t  F r a c t i o n  on t h e  C l a y . )  

0- Css + Nac * Nas + Csc  

- - Css  + Nac 2 Na + Csc  Lewis  and 

Thomas ( 1 9 6 3 1 .  



observed by Lewis and Thomas. The cesi- 

um selectivity above 90% cesium loading 

showed a marked decrease in the equili- 

brium results given by them. The dif- 

ference in the cesium selectivity change 

reported by Lewis and Thomas, as com- 

pared to this study, may be due to dif- 

ferences in the clay samples, sample 

preparation methods, equilibrium column 

techniques, or other unknown differ- 

ences between the two studies. Lewis 

and Thomas' treatment of the Chambers, 

Arizona, montmorillonite with sodium 

hexametaphosphate during sample prep- 

aration is a good example of the dif- 

ferences between the two studies. 

The effect of increased selectivity 

with increased loading of cesium and 

strontium on the sodium clay may be due 

to the difference in the c-axis spacing 

noted in X-ray work with the Bayard, 

New Mexico, montmorillonite. Samples 

of that montmorillonite based with so- 

dium, strontium, and cesium were air- 

dried at 25 O C .  X-ray patterns indic- 

ated one molecular interlayer of water 

in each case. The sodium, strontium, 

and cesium X-ray mounts were equili- 

brated with a saturated glycol atmo- 

sphere at 70 O C  and a normal spacing 
0 

of about 17.7 A was found. Samples of 

the sodium, strontium, and cesium-bas- 

ed clay were saturated with 0.05N chlor- 

ide solutions of sodium, strontium, and 

cesium respectively and X-ray patterns 

indicated an interlayer spacing change 

from the air-dried samples. The stron- 

tium-based clay had approximately a 
0 

20 A c-axis spacing and the sodium c- 
0 

axis spacing was greater than 40 A. 

The cesium-based clay maintained its 

one molecular interlayer of water or 
0 

about 12.5 A. Clay minerals with smal- 

ler c-axis spacings have been shown to 

be more selective for cesium by Tamura. (25) 

The increase in the selectivity for ces- 

ium over sodium at 90% cesium loading 

presumably corresponds to a decrease 

in the c-axis spacing from greater 
0 0 

than 40 A to 12.5 A. A cesium selec- 

tivity increase does not occur until 

nearly 90% of the sodium has been 

exchanged, allowing a relatively o 

rapid approach to the 12.5 A c-axis 

spacing for cesium. The increase 

in the strontium selectivity over 

sodium presumably corresponds to a 

c-axis spacing change from greater to 
0 0 

40 A to 20 A. The strontium exchange 

for sodium allows a progressive c-axis 

spacing change from greater than 
0 0 

40 A to the 20 A strontium spacing. 

The c-axis spacings of strontium and. 
0 

cesium are close enough (about 20 R 
0 

and 12.5 A, respectively) to result in 

the "usual" type of isotherm in a 

cesium-strontium system where cesium 

selectivity decreases with increasing 

fraction of cesium on the clay. 



S E L F - D I F F U S I O N  O F  S O D I U M  I N  V E R M I C U L I T E- B .  F .  Hajek  a n d  J .  R .  E l i a s o n  

P a r t i c l e  s e l f - d i f f u s i o n  c o e f f i c i e n t s  o f  sod ium were  d e t e r m i n e d  i n  a  f r a c -  
t i o n  o f  n e a r l y  pure  v e r m i c u l i t e  u t i l i z i n g  a  t h i n  b e d  t e c h n i q u e .  The s i z e  
f r a c t i o n s  were  o b t a i n e d  by s i e v i n g  and s e d i m e n t a t i o n .  The s e l  d i f f u s i o n  %- c o e f f i c i e n t  o f  sod ium a t  exchange  h a l f - t i m e  was 0 . 5 6  x  cm / s e c .  

The f a c t  t h a t  t h e  r a t e -  d e t e r m i n i n g  a p p a r a t u s  d e s c r i b e d  by Ames ( 3 2 )  and 

s t e p  i n  i o n  e x c h a n g e  i s  t h e  i n t e r d i f -  shown i n  F i g u r e  1 5 .  The r a t e s  were  

f u s i o n  c z u n t e r  i o n s  h a s  b e e n  e s t a b l i s h -  d e t e r m i n e d  by r e c o r d i n g  t h e  remova l  

e  d. (26) A c o m p r e h e n s i v e  r e v i e w  of t h i s  of 2 2 h a  f rom a  t h i n  bed  column p o s i -  

p rob lem a n d  i t s  s i g n i f i c a n c e  t o  t h e  t i o n e d  i n  f r o n t  o f  a  NaI (T1)  s c i n t i l  

m a t h e m a t i c a l  t r e a t m e n t  o f  i o n  exchange  l a t i o n  c r y s t a l .  A column t e c h n i q u e  was 

column p e r f o r m a n c e  i s  g i v e n  by u s e d  t o  d e t e r m i n e  t h e  c a t i o n  e x c h a n g e  

H e l f f e r i c h .  ( 2 7 )  Most r e s e a r c h  which  c a p a c i t y  which  was s i m i l a r  t o  t h a t  d e -  

shows t h e  r o l e  o f  p a r t i c l e  d i f f u s i o n  s c r i b e d  by Lewis a n d  Thomas. (23)  

i n  i o n  e x c h a n g e  h a s  b e e n  done on e x -  The r a t e  o f  i s o t o p i c  e x c h a n g e  o f  

change  r e s i n s  a n d  i n  n a t u r a l  and s y n -  sodium f o r  a  2 0  t o  5 3  p f r a c t i o n  o f  

t h e t i c  z e o l i t e s .  Less  e f f o r t  h a s  b e e n  v e r m i c u l i t e  i s  shown i n  F i g u r e  1 6  

g i v e n  t o  t h e  s t u d y  o f  i o n  exchange  Time t o  c o m p l e t i o n  i s  n o t  shown a l -  

k i n e t i c s  i n  s o i l s  and c l a y  m i n e r a l s ,  t h o u g h  e x c h a n g e  was c o n t i n u e d  u n t i l  

a l t l l o u g h  t h e  n e e d  f o r  s u c h  i n f o r m a t i o n  t h e  r e a c t i o n  was a t  l e a s t  99% c o m p l e t e .  - 

h a s  o f t e n  b e e n  e x p r e s s e d .  ( 2 8 ,  29) 

T h i s  p a p e r  g i v e s  e x p e r i m e n t a l  r e -  

s u l t s  o f  sodium i s o t o p i c  r e a c t i o n  r a t e  

m e a s u r e m e n t s  on a  f r a c t i o n  o f  a n  e s s e n -  

t i a l l y  p u r e  v e r m i c u l i t e .  T h i s  m i n e r a l  

was s e l e c t e d  b e c a u s e  o f  i t s  c o n t r i b u -  

t i o n  t o  t h e  e x c h a n g e  c a p a c i t y  o f  l o c a l  

and many o t h e r  s o i l s  and b e c a u s e  f r a c -  

t i o n s  l a r g e r  t h a n  c l a y - s i z e  c a n  b e  o b -  

R e a c t i o n  t i m e  t o  99% c o m p l e t i o n  was 

1 . 5  min .  The e x c h a n g e  c a p a c i t y  o f  t h i s  

f r a c t i o n  was d e t e r m i n e d  t o  be  236 

meq/100 g .  

The d i f f u s i o n s  c o e f f i c i e n t s ,  C / C i  

shown i n  T a b l e  I were  d e t e r m i n e d  f r o m  

a  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  

g i v e n  by J o s t .  (33)  

t a i n e d  by g r i n d i n g .  C a l c u l a t e d  sodium ac 1 
= &(r D g )  

s e l f - d i f f u s i o n  c o e f f i c i e n t s  a r e  a l s o  

r e p o r t e d .  i n  which  C = c o n c e n t r a t i o n ,  r = 

A v e r m i c u l i t e  s a m p l e  which  i s  e s -  r a d i u s ,  t = t i m e ,  and  D = d i f f u s -  

s e n t i a l l y  t h e  p u r e  magnesium end mem- s i o n  C o e f f i c i e n t .  T h i s  e q u a t i o n  d e -  

6 e r  o f  t h e  m i n e r a l  was s t u d i e d .  ( 3  0  ) s c r i b e s  r a d i a l  d i f f u s i o n  i n  a  c y c l i n d e r  

The s a m p l e  was w e t - g r o u n d  i n  a  f o o d  

b l e n d e r ,  washed t w i c e  w i t h  sodium 
a c e t a t e  s o l u t i o n  a t  pH 5 ,  f r e e d  of 

i r o n  o x i d e s ( 3 1 )  and  d i s p e r s e d  i n  

T A B L E  II. S e l f - d i f f u s i o n  C o e f f i c i e n t s  
o f  Sod ium i n  t h e  I n t e r l a y e r  Space  
o f  V e r r n i c u Z i t e  

Na CO s o l u t i o n .  F r a c t i o n a t i o n  was Average P a r t i c l e  Diffusion Coef f i c i en t  
2  3  S ize ,  u c/ci- cm '/set 

a c h i e v e d  by s i e v i n g  and  s e d i m e n t a t i o n .  3  4  0 . 6  0 . 5 7  - 

D i f f u s i o n  r a t e s  w e r e  d e t e r m i n e d  by 3  4  0 . 5  0 . 5 6  
34 0 . 4  0 . 4 9  

a  s h a l l o w  hed t e c h n i q u e ( 2 7 )  w i t h  a n  
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o f  i n f i n i t e  l e n g t h  o r  i n  a  f i n i t e  c y -  

l i n d e r  w i t h  s e a l e d  e n d  f a c e s .  The s o l u -  

t i o n  o f  t h i s  e q u a t i o n  g i v e n  by J o s t  i s  

f o r  t h e  f o l l o w i n g  i n i t i a l  and  boundary  

c o n d i t i o n s :  

C = C .  = O f o r O < r < r  a n d t = O ,  
1 

C = C f  = 0  f o r  r = r o  a n d  t > 0 .  

I n  

t r a  

r a d  

was 

0 f 

i s  

t h e  s o l u t i o n ,  C. = i n i t i a l  c o n c e n -  
1 

t i o n  i n  t h e  c y l i n d e r ,  r = c y l i n d e r  
0 

ium, Cf = f i n a l  c o n c e n t r a t i o n  which 

z e r o  i n  t h i s  s t u d y ,  and  5" = r o o t s  

t h e  e q u a t i o n  J o ( x )  = 0 where  J o ( x )  

t h e  B e s s e l  f u n c t i o n  o f  z e r o  o r d e r .  

The f i r s t  f o u r  t e r m s  o f  t h e  summa- 

t i o n  and  e x p e r i m e n t a l  v a l u e s  f rom F i g -  

u r e  16 were  u s e d  i n  a  g r a p h i c a l  s o l u -  

t i o n  f o r  D; h o w e v e r ,  l i t t l e  e r r o r  

would h a v e  b e e n  i n t r o d u c e d  i f  o n l y  t h e  

f i r s t  t e r m  i s  u s e d  and  t h e  s o l u t i o n  

f o r  D i s  made a t  C / C i  = 0 . 5 .  I n  t h i s  

c a s e ,  c o n s i d e r i n g  t h e  h a l f - t i m e  o f  e x -  

change  ( t  ) D i s  r e a d i l y  e s t i m a t e d  
l / 2  

f rom 

0 . 0 5 5 7 r  2 D = 
t 
1/ 2 

o r ,  u t i l i z i n g  t h e  f i r s t  f o u r  t e r m s ,  

By t h e  u s e  o f  an  a v e r a g e  sod ium s e l f -  

d i f f u s i o n  c o e f f i c i e n t ,  t h e  h a l f - t i m e  o f  

sodium i s o t o p i c  exchange  i n  t h i s  s y s t e m  

c a n  b e  r e l a t e d  t o  p a r t i c l e  r a d i u s  by 

t h e  e x p r e s s i o n  

t 6 
= r 2  x  0  . 

C o n s i d e r i n g  t h a t  t h e  d i f f u s i o n  c o e f f i c -  

i e n t  i s  t h e  same f o r  2 p  p a r t i c l e s  ( c l a y  

s i z e  u p p e r  l i m i t ) ,  t h e  r e a c t i o n  t i m e  
" 

f o r  5 0 %  c o m p l e t i o n  would b e  s e c .  

The r e a c t i o n  r a t e s  o f  c l a y  f r a c t i o n s  

( 0 . 2  t o  ZP) f rom t h e  A h o r i z o n  o f  a n  

E p h r a t a ,  W a s h i n g t o n ,  s o i l  ( m o s t l y  

m o n t m o r i l l o n i t e  a n d  v e r m i c u l i t e )  a n d  

f rom a  Kew Mexico m o n t m o r i l l o n i t e  w e r e  

t o o  r a p i d  t o  b e  m e a s u r e d  a c c u r a t e l y  

w i t h  t h i s  a o p a r a t u s ;  t h a t  i s ,  t h e  e x -  

change  was c o m p l e t e  i n  l e s s  t h a n  3 s e c .  

D e s p i t e  a d i s t r i b u t i o n  o f  p a r t i c l e  

s i z e s  w i t h i n  t h e  f r a c t i o n ,  t h e  c a l c u -  

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

i e n t  o f  sodium i s  w i t h i n  t h e  l i m i t s  o f  

e x p e c t e d  d i f f u s i o n  c o e f f i c i e n t s .  (31)  

L a r g e r  s i z e  f r a c t i o n s  a l s o  were  u s e d ,  

and v a r i a t i o n  be tween  p a r t i c l e  s i z e s  

was n o t  c o n s i d e r e d  g r e a t .  The d a t a  

f u r t h e r  s u b s t a n t i a t e  t h a t  i o n  e x c h a n g e  

r e a c t i o n s  i n  s o i l  and  c l a y s  c a n  r e a c h  

c o m p l e t i o n  i n  a  v e r y  s h o r t  t i m e .  I n  

f a c t ,  measurements  o f  t i m e  i n  t h e  m i l l i -  

s e c o n d  r a n g e  would b e  n e c e s s a r y  t o  r e -  

c o r d  some c l a y  exchange  r a t e s  i f  p a r t i -  

c l e  d i f f u s i o n  i s  t h e  r a t e  l i m i t i n g  

s t e p .  



E X C H A N G E  O F  A L K A L I  M E T A L  C A T I O N S  3Pl A  N A T U R A L  S T I L B I T E  - L .  L .  A m e s ,  J r .  

C a t i o n  e x c h a n g e  r e a c t i o n s  i n v o l v i n g  s o d i u m ,  p o t a s s i u m ,  and c e s i u m  w i t h  
a  n a t u r a l  s t i l b i t e  w e r e  i n v e s t i g a t e d .  E q u i l i b r i u m  c o n s t a n t s  o f  7 . 0 3 ,  
0 . 1 3 2 ,  and 1 .  0 3  were  d e r i v e d  f rom t h e  2 3  O C  i s o t h e r m s  f o r  s o d i u m  on  t h e  
z e o l i t e  r e p l a c e d  by  c e s i u m ,  p o t a s s i u m  o n  t h e  z e o l i t e  r e p l a c e d  by  s o d i u m ,  
and p o t a s s i u m  o n  t h e  z e o l i t e  r e p l a c e d  by  c e s i u m ,  r e s p e c t i v e l y .  T h e  e q u i l i -  
b r i u m  c o n s t a n t  f o r  s o d i u m  o n  t h e  z e o l i t e  r e p l a c e d  by  c e s i u m  f a l l s  t o  1 . 6 5  
a t  8 5  O C .  

The s t i l b i t e  u s e d  i n  t h i s  s t u d y  was 

p r e d o m i n a n t l y  from t h e  Bay o f  Fundy r e -  

g i o n  i n  Nova S c o t i a .  The s t i l b i t e  was 

a s s o c i a t e d  w i t h  b a s a l t  f rom which  i t  

4 was removed by h a n d  b e f o r e  c r u s h i n g .  

The 0 . 2 5  t o  0 . 5  mm s t i l b i t e  f r a c t i o n  

was f u r t h e r  p u r i f i e d  by s e v e r a l  p a s s e s  

t h r o u g h  a  h i g h  f i e l d  s t r e n g t h  m a g n e t i c  

s e p a r a t o r ,  r e s u l t i n g  i n  a  f i n a l  s t i l -  

b i t e  s a m p l e  t h a t  was by X- r a y  and  o p t i -  

c a l  e x a m i n a t i o n  o f  g r e a t e r  t h a n  9 5 %  

p u r i t y .  The p u r i f i e d  s t i l b i t e  s a m p l e  

was t h e n  g r o u n d  i n  an a l u m i n a  b a l l  m i l l  

t o  - 100  mesh ,  washed  w i t h  d i s t i l l e d  

w a t e r ,  and  a i r - d r i e d .  A l l  e q u i l i b r i u m  

d a t a  a r e  b a s e d  on a  g i v e n  w e i g h t  o f  t h e  

a i r - d r i e d  m a t e r i a l  w i t h  an a v e r a g e  

w a t e r  c o n t e n t  o f  1 6 . 6 %  by w e i g h t .  A 

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

b i t e  i s  g i v e n  i n  T a b l e  11. 

Cesium and sodium c a t i o n  e x c h a n g e  

c a p a c i t y  d e t e r m i n a t i o n s  on t h e  s t i l b i t e  

a r e  g i v e n  i n  T a b l e  111. Though t h e  c e -  

s i u m  c a p a c i t y  o f  t h e  s t i l b i t e  f i n a l l y  

e q u a l l e d  t h e  sod ium c a p a c i t y ,  t h e  t i m e  

r e q u i r e d  s u g g e s t s  t h a t  a  p o r t i o n  o f  t h e  

s t i l b i  t e  s t r u c t u r e  t h r o u g h  which  c a t i o n s  

must  d i f f u s e  d u r i n g  exchange  r e a c t i o n s  

a p p r o a c h e s  t h e  d i a m e t e r  o f  t h e  c e s i u m  

c a t i o n  i n  s i z e .  The s l o w  ces ium d i f f u s -  

i o n  may t a k e  p l a c e  t h r o u g h  " s t a c k i n g  

f a u l t s "  o r  d i s t o r t e d  e i g h t - m e m b e r e d  

T a b l e  112, C h e m i c a l  A n a l y s i s  and D e r i v e d  

A n h y d r o u s  O z i d e  ~ o r m u l a  o f  t h e  P u r i f i e d ,  

A s - R e c e i v e d ,  S t i l b i t e  S a m p l e .  

C o n s t i t u e n t  Weight  Formula  

SiO, 7 1 . 8  
t. 

*'2O3 1 9 . 6  ( 0 . 1 8  Na, 0 . 8 2  Ca) O.Al2O3.6.Z S i 0 2  

Na20 2 . 1  

CaO 8 . 9  
1 0 2 . 4  

-- - 

T a b l e  I I I .  V a r i a t i o n  i n  S t i l b i t e  C a p a c i t y  

a s  a  F u n c t i o n  o f  E q u i l i b r a t i o n  T ime  

E q u i l i b r a t i o n  
Time, h r  Sodium,  Meq/g Cesium,  bleq/g 

0 . 9 8 1  

1 . 5  10 

1 . 7 6 4  



r i n g s  i n  t h e  s t i l b i t e  c r y s t a l  s t r u c t u r e .  

The s t r u c t u r e  o f  s t i l b i t e  i s ,  u n f o r t u -  

n a t e l y ,  unknown ( 3 4 )  s o  t h a t  s t r u c t u r a l  
i n t e r p r e t a t i o n  o f  t h e  c a u s e s  o f  t h e  r e -  

l a t i v e l y  s l o w  ces ium d i f f u s i o n  i s  n o t  

p o s s i b l e  a t  t h i s  t i m e .  These  r e s u l t s  

a l s o  show t h a t  up t o  4 days  i s  r e q u i r e d  

t o  r e a c h  e q u i l i b r i u m  when ces ium i s  

p r e s e n t  i n  t h e  s y s t e m .  

I s o t h e r m s  a t  2 3  O C  f o r  t h e  s y s t e m s  

sod ium-  c e s i u m ,  s o d i u m - p o t a s s i u m ,  p o t a s -  

s i u m - c e s i u m ,  a n d  s t r o n t i u m - c e s i u m  w i t h  

s t i l b i t e  a r e  g i v e n  i n  F i g u r e s  1 7 ,  1 8 ,  

a n d  19 r e s p e c t i v e l y .  The 8 5  O C  i s o t h e r m  

f o r  s o d i u m- c e s i u m  w i t h  s t i l b i t e  a l s o  i s  

i n c l u d e d  i n  F i g u r e  1 7 .  The p o i n t s  i n  

e a c h  s y s  tem r e p r e s e n t  t h e  e x p e r i m e n t a l  

v a l u e s  w h i l e  t h e  l i n e  i s  t h e  p r o b a b l e  

b e s t  i n t e r p o l a t i o n  b e t w e e n  t h e  e x p e r i -  

m e n t a l  p o i n t s .  Graphs  o f  I n  K c  v e r s u s  
0 

c a t i o n  on t h e  z e o l i t e  a t  2 3  C a r e  

shown f o r  s t i l b i t e  i n  s o d i u m - c e s i u m ,  

FISUFZ 1 7 .  The 23 ' C  and 85 ' C  I s o t h e r m s  
:or t h e  i ? e a c t i o n  ila + Cs z C s ,  + Wa s  s  
c i t h  S t i l b i t e ;  T o t a l  E q u i l i b r i u m  S o l u t i o n  
B o r v a Z i t g  was C o n s t a n t  a t  1 .  0 (Cs  = E q u i -  

v a l e n t  F r a c t i o n  o f  Ces ium on t h e  Z e o l i t e ;  
Cs -  = E q u i v a l e n t  F r a c t i o n  o f  Ces ium i n  
t h z  E q u i l i b r i u m  S o l u t i o n .  i 

5IGUFE 18 .  The 23 O C  I s o t h e r m  f o r  t h e  
- p e a c t i o ~  K Z  + 3 a s  2 30, + K s  w i t h  S t i l -  
5 i t e ;  T o t a l  E q u i l i b r i u m  S o l u t i o n  Normal-  
ity ~ 1 a s  Cons t a n  t a t  1. 0 (Ca ,  = E q u i v -  
a l e n t  F r a c t i o n  o f  Sod ium on t h e  Z e o l i t e ;  
.!as = E q u i v a l e n t  F r a c t i o n  o f  Sod ium i n  
t h e  Z o u i  l i b r i u m  S o l u t i o n .  ) 

FIGURE 1 9 .  The 23 'C I s o t h e r m  f o r  t h e  
R e a c t i o n  K Z  + Css  f C s ,  + K s  w i t h  S t i l -  
b i t e ;  T o t a l  Equ i  l i b r i u m  So Z u t i o n  Norm- 
a l i t y  was C o n s t a n t  a t  1 .  0 ( C s ,  = E q u i v a-  
l e n t  F r a c t i o n  o f  Ces ium on t h e  Z e o l i t e ;  
Css = E q u i v a Z e n t  F r a c t i o n  o f  Ces ium i n  
t h e  Equ i  l i b r i u m  S o Z u t i o n .  ) 



sodium-potassium, and potassium-cesium 

systems in Figures 20, 21, and 22 re- 

spectively. The 85 OC plot also is 

given in Figure 21. Note that a straight 

line results in each case in Figures 

20, 21, and 22. The rational thermo- 

dynamic equilibrium constant, r ,  then is 

equal to the value of In Kc at the frac- 

tion of cation on the zeolite of 0.5. 

A list of the k values for the various 

systems is given in Table I V ,  along with 

related free-energy changes. Stilbite 

falls between Type X and phillipsite 
PICURE 2 0 .  C o r r e c t e d  S e l e c t i v i t y  Quo-  
t i e n t ,  K c ,  V e r s u s  t h e  E q u i v a l e n t  Frac-  
t i o n  o f  Cesium on t h e  Z e o l i t e ,  a t  23 
and 8 5  O C  f o r  t h e  R e a c t i o n  &'aZ t Cs,  * 
Cs ,  + lVa, w i t h  S t i Z b i t e  

in the cesium selectivity data reported 

by Ames . ( 3 5 )  The free-energy changes 

for the various exchange reactions bal- 

ance quite well. The AGO for the reac- 

tion (NaZ + Css * CsZ + Was) plus the 

A G O  for the reaction (Csz + Ks * Kz + 

Cs,) should equal the @Go for the reac- 

tion [Naz + Ks Kz + Nas), or (-1156) 

+ (+IS) = (-1204). The above balance 

is in error by 63 calories, a fortui- 

tously small amount considering that such 

results are usually 100 to 200 calories 

from a balance. 

According to Barrer and Meier, ( 3 6 )  

curves of the type shown in Figures 20, 

21, and 22 are described by the relat- 
FIGURE 2 1 .  C o r r e c t e d  S e l e c t i v i t y  Quo-  
t i e n t ,  K c ,  V e r s u s  t h e  E q u i v a l e n t  Frac-  
t i o n  o f  Sodium on  t h e  Z e o l i t e ,  !fa,, f o r  
t h e  R e a c t i o n  K + Na, * Na, + K ,  a t  
2 3  O C  w i t h  S t i f b i t e  

t2.0 

ionship In K = In Kc + C(1 - 2BZ), 

based on the Kielland equation, where 

BZ is the fraction of cation B on the 

zeolite and C is a constant. The C 

values for each system were computed, 

and are listed in Table IV. 

The single reaction enthalpy shown 

in Table IV for a stilbite in a sodium- 

cesium system would seem rather high; 

but, in view of the steric difficulties 

with cesium diffusion, the reaction en- 

thalpy may tend to be high. Loss of 

cesium selectivity could result from 

thermal effects on a restricted cesium 

Csz 

FIGURE 2 2 .  C o r r e c t e d  Se  Z e c t i v i t y  Quo-  
t i e n t ,  K c ,  V e r s u s  t h e  E?u ivaZen t  Frac-  
t i o n  o f  Cesium on  t h e  Z e o l i t e ,  Cs,, f o r  
t h e  R e a c t i o z  iY + Cs,  * C s ,  + K s  a t  
23 'C w i t h  S t i f b i t e  cavity or absorption site. 



T a b l e  I V .  S t i l b i t e  Thermodynamic  Da ta ;  K i s  a  R a t i o n a l  

Thermodynamic  C o n s t a n t ,  A G O  i s  t h e  S t a n d a r d  G i b b s  F r e e -  

E n e r g y  Change,  and  AH' i s  a  R e a c t i o n  E n t h a l p y  ( t h e  Sub-  

s c r i p t  " z "  R e f e r s  t o  t h e  C a t i o n  on  t h e  Z e o l i t e  and  t h e  

S u b s c r i p t  " s n  t o  t h e  C a t i o n  i n  t h e  S o l u t i o n .  l 

Exchange R e a c t l o n  T e m p e r a t u r e ,  O C  K A G O ,  c a l / m o l e  A H 0 ,  c a l / m o l e  C 
NaZ + C s s  2 C s ,  + Nas 2 3  7 .03 -1156 - 2 . 5  

+ 
Na, + C s s  + C s ,  + Nas 8 5 1 . 6 5  -297 

I-1920 
1 - 3 . 7  

A L K A L I  M E T A L  C A T I O N  E Q U I L I B R I A  W I T H  C H A B A Z I T E - L . L .  Ames, J r  

C h a b a z i t e  e u q i l i b r i a  w e r e  s t u d i e d  i n  t h e  s y s t e m s  s o d i u m - p o t a s s i u m ,  
s o d i u m- c e s i u m ,  and c e s i u m - p o t a s s i u m  a t  2 3  O C .  The G i b b s  f r e e -  
e n e r g y  c h a n g e  d e r i v e d  - f r o m  t h e  i s o t h e r m  f o r  t h e  r e a c t i o n  Nuzeo -  

Z i t e  + K s o ~ u t i o n  ' K z e o ~ i t e  + N a s o ~ u t i o n  showed good a g r e e m e n t  

w i t h  B a r r e r ' s  c h a b a z i t e  r e s u l t s  f o r  t h e  same s y s t e m .  O n l y  8 5 %  
o f  t h e  3 . 5 3  s o d i u m  a t o m s  p e r  u n i t  c e l l ,  o r  3 . 0 0  c e s i u m  a t o m s ,  
w e r e  c o n t a i n e d  i n  t h e  c h a b a z i t e  c e l l  a t  e q u i l i b r i u m .  T h e s e  e q u i l i -  
b r i a  c a n  b e  e z p l a i n e d  i n  t e r m s  o f  t h e  c h a b a z i t e  c r y s t a l  s t r u c t u r e  
g i v e n  b y  S m i t h .  

The c h a b a z i t e  u s e d  i n  t h i s  s t u d y  was 

o r i g i n a l l y  f rom t h e  Bay o f  Fundy r e g i o n  

o f  Nova S c o t i a .  The a s - r e c e i v e d  c h a b a -  

z i t e  c o n t a i n e d  b a s a l t  r o c k  a s  t h e  m a j o r  

i m p u r i t y .  C o n s e q u e n t l y ,  t h e  c h a b a z i t e  

was h a n d  p i c k e d  f r e e  o f  b a s a l t ,  a s  f a r  

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

c r u s h e d .  The 0 . 2 5  t o  0 . 5  mm s i z e  o f  

t h e  c l e a n ,  c r u s h e d  f r a c t i o n  was p a s s e d  

t h r o u g h  a n  e l e c t r o m a g n e t i c  s e p a r a t o r  

s e v e r a l  t i m e s  t o  i n s u r e  a  b a s a l t - f r e e  

c h a b a z i t e  f r a c t i o n  f o r  s t u d y .  The r e -  

s u l t i n g  c l e a n  f r a c t i o n  was c r u s h e d  t o  

-100  mesh,  washed w i t h  d i s t i l l e d  w a t e r ,  

and a i r - d r i e d  a t  room t e m p e r a t u r e .  

Water  l o s s  on i g n i t i o n  t o  7 0 0  O C  o f  t h e  

c l e a n ,  powdered ,  a i r - d r i e d  z e o l i t e  was 
1 9 . 1  w t  %. A l l  s u b s e q u e n t  z e o l i t e  c a p -  

a c i t y  d e t e r m i n a t i o n s  i n c l u d e  t h e  above 

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

z e o l i t e  w e i g h t .  A c h e m i c a l  a n a l y s i s  

o f  t h e  a s - r e c e i v e d  b u t  p u r i f i e d  c h a b a -  

z i t e  i s  g i v e n  i n  T a b l e  V .  

T a b l e  I/. C h e m i c a l  A n a l y s i s  o f  t h e  A n h y d r o u s  C h a b a z i t e  
Sample  Used i n  T h i s -  S t u d y  and D e r i v e d  U n i t  C e l l  C o n t e n t s  

C o n s t i t u e n t  W t  % U n i t  C e l l  C o n t e n t s  - 
S i 0 2  6 6 . 6  

*'2'3 22 .8  

CaO 1 2 . 3  N a 0 . 0 9 C a l .  72A13.47Si8. 51'24 



The c h a b a z i t e  i s o t h e r m  f o r  sod ium-  

.po tass ium e q u i l i b r i u m  a t  23 O C  i s  
g i v e n  i n  F i g u r e  23 .  Note t h a t  t h e  

c h a b a z i t e  i s  h i g h l y  u n s e l e c t i v e  f o r  

sodium i r ~  t h e  p r e s e n c e  o f  p o t a s s i u m .  

The s e l e c t i v i t y  c o e f f i c i e n t s  o f  t h e  e x -  

p e r i m e n t a l  p o i n t s  g i v e n  i n  F i g u r e  23 

were  d e t e r m i n e d ,  c o r r e c t e d  w i t h  t h e  a p -  

p r o p r i a t e  mean a c t i v i t y  c o e f f i c i e n t  

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

o f  t h e  c o r r e c t e d  s e l e c t i v i t y  q u o t i e n t  

( I n  Kc) v e r s u s  t h e  e q u i v a l e n t  f r a c t i o n  

o f  sod ium on t h e  z e o l i t e  (Naz) a s  

shown i n  F i g u r e  2 4 .  The thermodynamic 

e q u i l i b r i u m  c o n s t a n t  ( K )  d e r i v e d  f rom 

t h e  d a t a  o f  F i g u r e  24 was 0 . 0 7 0 8 ,  a n d  

t h e  f r e e - e n e r g y  change  was + 1570 c a l /  

m o l e .  The above v a l u e s  may be  d i r e c t -  

l y  compared t o  v a l u e s  g i v e n  by B a r r e r  

and  Sammon ( 3 7 )  f o r  a  c h a b a z i t e  v e r y  

s i m i l a r  i n  c h e m i c a l  c o m p o s i t i o n  t o  

t h a t  u t i l i z e d  i n  t h i s  s t u d y .  The com- 

FIGURE 2 3 .  The 2 3  O C  I s o t h e r m  f o r  t h e  
R e a c t i o n  K Z  + Nas f Na, + K s  w i t h  Chaba- 
s i t e ;  T o t a l  Equ i  l i b r i u m  S o l u t i o n  Normal-  
i t y  was C o n s t a n t  a t  1 .  0 ( K Z ,  NaZ = E q u i v -  
a l e n t  F r a c t i o n  o f  P o t a s s i u m  o r  S o d i u m  on 
t h e  Z e o l i t e ;  K s ,  Nas = E q u i v a l e n t  Frac-  
t i o n  o f  P o t a s s i u m  o r  Sod ium i n  t h e  E q u i l -  
i b r i u m  S o l u t i o n .  l 

p a r a b l e  e q u i l i b r i u m  c o n s t a n t  g i v e n  by 

B a r r e r  a n d  Sammon was 0 .0752  ( 1 / 1 3 . 3 )  

and  a  f r e e  e n e r g y  change  o f  + I 5 3 0  c a l /  

m o l e .  W i t h i n  t h e  e x p e r i m e n t a l  e r r o r ,  

t h e y  a r e  t h e  same v a l u e s .  The r e l a t -  

i o n s h i p  I n  K = I n  Kc + C ( l  - 2 N a z ) ,  

b a s e d  on t h e  K i e l l a n d  e q u a t i o n ,  d e -  

s c r i b e s  t h e  c u r v e  shown i n  F i g u r e  24.  

NaZ i s  sod ium on t h e  z e o l i t e  and  C i s  

a  c o n s t a n t ,  - 0 . 4 2  i n  t h e  above c a s e .  

C h a b a z i t e  b i n a r y  s y s t e m s  c o n t a i n i n g  

ces ium were  o f  s p e c i a l  i n t e r e s t  b e -  

c a u s e  t h e  ces ium c a p a c i t y  was n o t  t h e  

same a s  t h e  sod ium o r  p o t a s s i u m  c a p a c -  

i t y .  C h a b a z i t e  sod ium a n d  p o t a s s i u m  

c a p a c i t i e s  a v e r a g e d  2 .59  meq/g,  w h i l e  

t h e  cesiurn c a p a c i t y  was 2 .20 meq/g.  

E x t e n d e d  e q u i l i b r a t i o n s  (up  t o  10 d a y s )  

y i e l d e d  ces ium c a p a c i t y  r e s u l t s  v e r y  

s i m i l a r  t o  t h e  2  day e q u i l i b r a t i o n s .  

E q u i l i b r i u m  was a t t a i n e d  i n  a  n o r m a l  

2 day e q u i l i b r a t i o n  t i m e ,  s o  t h a t  p o o r  

ces ium k i n e t i c s  w e r e  n o t  a  c o n t r i b u t i n g  

f a c t o r  t o  t h e  low ces ium c a p a c i t y .  

The p l o t t i n g  o f  c a t i o n  e x c h a n g e  d a t a  

i n  t h e  s t a n d a r d  form o f  an i s o t h e r m  

r e q u i r e d  m o d i f i c a t i o n s  b e c a u s e  o f  t h e  

d i f f e r e n t  e x c h a n g e  c a p a c i t i e s  o f  t h e  

two c a t i o n s .  

Na, 

Y I G U R E  24. I f a t u r a l  Log o f  t h e  Cor-  
r e c t e d  S e l e c t i v i t y  Q u o t i e n t s  I l n  Kc 
V e r s u s  t h e  E q u i v a l e n t  F r a c t i o n  o f  
S o d i u m  on  t h e  Z e o l i t e  (Na,)  f o r  t h e  
R e a c t i o n  K Z  + Na, f la,  + K s  a t  
2 3  O C  w i t h  C h a b a z i t e  



Two s c a l e s  w e r e  u s e d  f o r  t h e  e q u i v -  

a l e n t  f r a c t i o n  o f  c a t i o n  on t h e  z e o -  

l i t e  a s  s e e n  i n  t h e  d a t a  o f  F i g u r e  2 5 .  

Cesium on t h e  z e o l i t e  a t  1 . 0  i s  2 . 2 0  

meq /g ,  a n d  s o d i u m  on t h e  z e o l i t e  a t  

1 . 0  i s  2 . 5 9  meq /g .  No te  t h a t  c e s i u m  

z e o l i t e  l o a d i n g  b e g i n s  a t  1 5 %  sod ium 

l o a d i n g ,  o r  t h e  e q u i v a l e n t  f r a c t i o n  on 

t h e  z e o l i t e  a t  1 . 0  c e s i u m  i n  t h e  s o l u -  

t i o n  i s  8 5 %  c e s i u m  on t h e  z e o l i t e  p l u s  

1 5 %  sod ium on t h e  z e o l i t e .  The p o t a s -  

s i u m - c e s i u m  i s o t h e r m  i s  p r e s e n t e d  i n  

t h e  same manner  i n  F i g u r e  2 6 .  

The f a i l u r e  o f  c h a b a z i t e  t o  e x c h a n g e  

sod ium f o r  c e s i u m  c o m p l e t e l y  c a n  b e  e x -  

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

FIGURE 2 5 .  The  2 3  O C  I s o t h e r m  f o r  t h e  
R e a c t i o n  Na, + Css  ' C s ,  + Nus w i t h  
C h a b a z i t e ;  T o t a l  Equ i  l i b r i u m  S o l u t i o n  
N o r m a l i t y  was C o n s t a n t  a t  1 .  0 (Cs , ,  
Nu,  = E q u i v a l e n t  F r a c t i o n  o f  Ces ium o r  
S o d i u m  on  t h e  Z e o l i t e ;  t h e  E q u i v a l e n t  
F r a c t i o n  o f  S o d i u m  on t h e  Z e o l i t e  i s  
P l o t t e d  a s  a  F r a c t i o n  o f  t h e  C h a b a z i t e  
S o d i u m  C a p a c i t y  o f  2 .  59 meq /g ;  t h e  
E q u i v a l e n t  F r a c t i o n  o f  C e s i u m  on t h e  
Z e o l i t e  i s  P l o t t e d  a s  a  F r a c t i o n  o f  
t h e  C h a b a z i t e  C e s i u m  C a p a c i t y  o f  2 .20  
m e q / g ;  C s s .  iVas = E q u i v a l e n t  F r a c t i o n  
o f  C e s i u m  o r  S o d i u m  i n  t h e  E q u i l i b r i u m  

o f  c h a b a z i t e  a s  e l u c i d a t e d  by  S m i t h .  (381 

The b a s i c  f e a t u r e  o f  t h e  c h a b a z i t e  

s t r u c t u r e  i s  a  d i s t o r t e d  d i t r i g o n a l  

p r i s m  o f  two s i x - m e m b e r e d  r i n g s .  The 

main  c h a b a z i t e  a b s o r p t i o n  c a v i t y  i s  
0 0 

6 t o  7 A d i am,  10 A l o n g ,  a n d  c o n t a i n s  

f o u r - ,  s i x - ,  a n d  e i g h t - m e m b e r e d  r i n g s .  

As S m i t h  r e p o r t e d ,  some o f  t h e  
l a r g e r  c a t i o n s  s u c h  a s  c e s i u m  s h o u l d  

0 

b e  a b l e  t o  occupy  t h e  3 t o  4 A ,  e i g h t -  

membered r i n g s ,  b o n d i n g  a c r o s s  t h e  

a p e r t u r e .  T h e r e  a r e  s i x  e i g h t - m e m b e r e d  

r i n g s  p e r  u n i t  c e l l  s o  t h a t  t h e  t h e o r e -  

t i c a l  f o u r  e x c h a n g e a b l e  sod ium c a t i o n s  

p e r  u n i t  c e l l  wou ld  b e  d i s p l a c e d  by  

o n l y  t h r e e  c e s i u m  i o n s  p e r  u n i t  c e l l  

( e a c h  e i g h t - m e m b e r e d  r i n g  i s  s h a r e d )  

FIGURE 2 6 .  The  23  O C  I s o t h e r m  f o r  t h e  
R e a c t i o n  K, + Css  2 CsZ  + K s  w i t h  Chaba-  
z i t e ;  T o t a l  E q u i l i b r i u m  S o l u t i o n  Normal-  
i t y  was C o n s t a n t  a t  1 .  0 (Cs , ,  K ,  = E q u i v -  
a l e n t  F r a c t i o n  o f  C e s i u m  o r  P o t a s s i u m  
on  t h e  Z e o l i t e ;  t h e  E q u i v a l e n t  F r a c t i o n  
o f  P o t a s s i u m  on t h e  Z e o l i t e  i s  P l o t t e d  
a s  a  F r a c t i o n  o f  t h e  C h a b a z i t e  P o t a s s i u m  
C a p a c i t y  o f  2 . 5 9  m e q / g ;  t h e  E q u i v a l e n t  
F r a c t i o n  o f  Ces ium on t h e  Z e o l i t e  i s  
P l o t t e d  a s  a  F r a c t i o n  o f  t h e  C h a b a z i t e  
C e s i u m  C a p a c i z y  o f  2 . 2 0  m e q i g ;  C s s ,  
K s  = E q u i v a l e n t  F r a c t i o n  o f  Cesiurr 
o r  P o t a s s i u m  i n  t h e  E q u i v a l e n t  S o l u t i o n .  



p l u s  a  r e m a i n i n g  sod ium i o n  w i t h i n  t h e  

main a d s o r p t i o n  c a v i t y  t h a t  c o u l d  n o t  

b e  d i s p l a c e d  b e c a u s e  o f  t h e  ces ium 

s p a t i a l  r e q u i r e m e n t s .  The u n i t  c e l l  

c o n t e n t s  o f  e x c h a n g e a b l e  sodium f o r  

t h e  c h a b a z i t e  o f  t h i s  s t u d y  i s  3 . 5 3  

a toms p e r  u n i t  c e l l ,  a s  sho1v.n i n  T a b l e  

V .  I f  t h e  f i n a l  ces ium c o n t e n t  o f  t h e  
c h a b a z i t e  u n i t  c e l l  i s  85% of  t h e  o r -  

i g i n a l  sodium c o n t e n t ,  t h e  ces ium c o n -  

t e n t  i s  8 5 %  o f  3 . 5 3  sodium atoms o r  

3 . 0 0  ces ium atoms p l u s  0 . 5 3  sodium 

atoms p e r  u n i t  c e l l .  I t  would seem,  

t h e r e f o r e ,  t h a t  t h e  ces ium atom d o e s  

occupy  t h e  e i g h t - m e m b e r e d  r i n g  a p e r -  

t u r e ,  w h i l e  sodium and  p o t a s s i u m ,  b e -  

i n g  s m a l l e r  i n  d i a m e t e r ,  p r o b a b l y  o c -  

cupy p o s i t i o n s  w i t h i n  t h e  main a d s o r p -  

t i o n  c a v i t y  o f  c h a b a z i t e .  

U N I T  C E L L  S I Z E  A N D  C E S I U M  L O A D I N G  ON T Y P E  A  ArdD T Y P E  X Z E O L I T E S  - L .  L .  A M E S ,  JR. 

A s t u d y  was ~ a d e  t o  J e t e r ~ q i n e  ~ k e ~ h e r  a  c o r r e l a t i o n  e z i s t e C  b e t a e e n  c e -  . . 4  siwm i o a z i n g  and z e o l i t e  u n i t  c e l l  s t s e  s emebar  t o  a  r e T o r t e d  c o r r e l a -  
C  on . S e t w e e n  c a l c i h ~  l o a d i n g  a n 2  Tgpe d u n i t  c e l l  s i z e .  The  l a t t e r  c o r -  

r e  l a t i o n  was c o n f i r v e ? ,  b u t  n o  3 ~ o ~ ; o u n c e C  c e s i u m  Z o a C i n g - u n i t  c e l l  s i z e  
., . - . c o r r e  Z a t i o n  was n o t e 2 .  T h e  p o s s e u z  L Z L ~  e z i s  t s  t h a t  c k a n g e s  i n  a a t e r  p l u s  

c a t i o n  vo lume  c o u - d  g i v e  r t s e  t o  a  cwrve  cf t h e  r e f l e c z i v e  s o r t .  

B a r r e r  and Sammon ( 3 7 )  and  B a r r e r  

and  h ie ie r  ( 3 9 )  have  r e p o r t e d  a  maximum 

i n  u n i t  c e l l  d i m e n s i o n s  o f  c h a b a z i t e  

and  Type A z e o l i t e s  which  r e f l e c t s  a  

maximum i n  t h e  s o d i u m- c a l c i u m  exchange  

d a t a .  They have  s u g g e s t e d  t h a t  t h e  

d i s t r i b u t i o n  o f  c a t i o n s  w i t h  minimum 

f r e e - e n e r g i e s  e x i s t s  f o r  c e r t a i n  sodium 

p l u s  c a l c i u m  c o m p o s i t i o n s  i n  Type A 

a n d  c h a b a z i t e  and  e x p l a i n s  t h e  p r e s e n c e  

o f  r e f l e c t i v e  maxima. The p r e s e n t  i n -  

v e s t i g a t i o n  was t o  c o n f i r m  t h e  p r e s e n c e  

o f  t h e  maxima and  t o  d e t e r m i n e  w h e t h e r  

t h e y  a l s o  o c c u r e d  i n  s o d i u m - c e s i u ~ i i  

s y s t e m  w i t h  Type A o r  Type X .  

The maximum i n  t h e  Type A h a l f - u n i t  

c e l l  d i m e n s i o n s  when p l o t t e d  v e r s u s  t h e  

f r a c t i o n  o f  c a l c i u m  on t h e  z e o l i t e  a t  

70 O C  r e s e m b l e s  t h e  c u r v e  g i v e n  by 

B a r r e r  and  ~ e i e r ' ~ ' )  a t  100 O C  a s  sholin 

i n  F i g u r e  2 7 .  The main d i f f e r e n c e  i s  

t h a t  t h e  maximum o f  t h e  c u r v e  shown i n  

F i g u r e  2 7  does  n o t  a t t a i n  t h e  maximum 

l o g  c C  v a l u e  shorin i n  B a r r e r  and  M e i e r ' s  

c u r v e .  The r e a s o n s  f o r  t h e  c u r v e  may 

be  t e m p e r a t u r e  o r  z e o l i t e  c o m p o s i t i o n a l  

d i f f e r e n c e s  ( 3 5 )  ( t h e  25 O C  c u r v e  showed 

no  maximum of t h e  above t y p e )  ("1 o r  

d i f f e r e n t  d a t a  t r e a t m e n t  m e t h o d s .  The 

p o i n t  t o  b e  made i s  t h a t  t h e  maxima do 

e x i s t  and a r e  a p p r o x i m a t e l y  r e f l e c t i v e .  

FIGURE 2 7 .  Log K c  V e r s u s  Ca and H a l f -  
u n i t  c e  21. 3 i r n e n s ~ o n s  v e r s u s  Fa, . f o r  
Type  A Z e o l i t e  i n  a  Sodium-CaZczum 
S y s t e m  a t  7 0  OC ( K c  = a  Mass A c t i o n  Q u o -  
t i e n t  C o r r e c t e d  f o r  E q u i l i b r i u m  SoZu-  
t i o n  A c t i v i t i e s ;  CaZ = a n  E q u i v a l e n t  
F r a c t i o n  of C a l c i u m  on t h e  Z e o l i t e .  l 



B a r r e r  a n d  M e i e r  (36)  g i v e  v a l u e s  o f  
0 

a n d  1 2 . 2 5 3  ? 0 . 0 0 3  A f o r  c a l c i u m - T y p e  

A ,  w h i l e  t h e  v a l u e s  f o u n d  i n  t h i s  work 
0 

were  1 2 . 2 9 6  2 0 . 0 0 3  A a n d  1 2 . 2 5 8  
0 

2 0 . 0 0 3  A f o r  sod ium and  c a l c i u m- T y p e  A ,  
r e s p e c t i v e l y .  The a g r e e m e n t  i s  good 

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

i n  z e o l i t e  h y d r a t i o n  s t a t e s .  The h a l f -  

u n i t  c e l l  i s  u s e d  h e r e  b e c a u s e  i t  i s  

t h e  d i m e n s i o n  o b t a i n e d  i n  t h i s  i n s t a n c e  

r a t h e r  t h a n  t h e  u n i t  c e l l .  

The l o g  K~ v e r s u s  ces ium on t h e  z e o -  

l i t e  a r e  shown f o r  Type X i n  F i g u r e  28.  

The two c u r v e s  do n o t  show maxima i n  a  

sod ium-  c a l c i u m  s y s  t e n ,  b u t  t h e  c u r v e s  

a r e  r e f l e c t i v e  i n  t h a t  t h e y  f a l l  and  

r i s e  t o g e t h e r .  The s o d i u m - c e s i u m  

c u r v e s  f o r  Type A a r e  n o t  r e f l e c t i v e  

a s  s e e n  i n  F i g u r e  2 9 .  The c u r v e  o f  

l o g  K~ v e r s u s  c e s i u m  on t h e  Type A 

f a l l s  r a p i d l y  w h i l e  t h e  c u r v e  o f  h a l f -  

u n i t  c e l l  v e r s u s  c e s i u m  on t h e  Type A 

a c t u a l l y  r i s e s .  I f  t h e  r e l a t i v e l y  

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

shown i n  F i g u r e  2 7  a r e  c a u s e d  by d i f f e r -  

e n c e s  i n  c a t i o n  p l u s  w a t e r  volume w i t h i n  

Type A ,  a t  l e a s t  a n  e q u a l l y  l a r g e  e f f e c t  

FIGURE 2 8 .  Log K c  V e r s u s  C s ,  and U n i t  
C e l l  D i m e n s i o n s  V e r s u s  C s ,  f o r  T y p e  X 
Z e o l i t e  i n  a  S o d i u m- C e s i u m  S y s t e m  a t  
2 5  O C  (Kc = a  Mass A c t i o n  Q u o t i e n t  
C o r r e c t e d  f o r  E q u i l i b r i u m  S o l u t i o n  
A c t i v i t i e s ;  C s ,  = a n  E q u i v a l e n t  Frac-  
t i o n  o f  C e s i u m  on t h e  Z e o l i t e .  l 

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

s h o u l d  b e  f o u n d  i n  a  c e s i u m - s o d i u m  s y s -  

t em.  B a r r e r  and  M e i e r  ( 3 9 )  c o n s i d e r  t h e  

i o n - e x c h a n g e d  fo rms  o f  Type A b u t  do 

n o t  g i v e  d a t a  f o r  t h e  i n t e r m e d i a t e  i o n -  

e x c h a n g e d  fo rms  w i t h  t h e  e x c e p t i o n  o f  

t h e  sod ium-  c a l c i u m  s y s  tem c o m p o s i t i o n s .  

T h e r e f o r e ,  t h e  s h a p e  o f  t h e  c u r v e  o f  

h a l f - u n i t  c e l l  v e r s u s  t h e  i n t e r m e d i a t e  

s o d i u m - c e s i u m  c o m p o s i t i o n s  was unknown. 

T h a t  t h e r e  a r e  s l i g h t  d i f f e r e n c e s  i n  

u n i t  c e l l  d i m e n s i o n s  due t o  c h a n g e s  i n  

t h e  volume o f  c a t i o n s  p l u s  w a t e r  i s  

p r o b a b l e  from t h e  d a t a  shown i n  F i g u r e  

2 9 .  The m a g n i t u d e  o f  t h e  u n i t  c e l l  

d i m e n s i o n s  c h a n g e s  i n  F i g u r e  29 a r e  

r e l a t i v e l y  s m a l l  compared t o  t h e  u n i t  

c e l l  c h a n g e s  shown i n  F i g u r e  2 7  f o r  

t h e  s o d i u m - c a l c i u m  s y s t e m .  I t  i s  con-  

c l u d e d ,  t h e r e f o r e ,  t h a t  t h e  c a t i o n  

p l u s  w a t e r  c h a n g e s  o f  Type A a r e  

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

f o r  t h e  r e l a t i v e l y  l a r g e  u n i t  c e l l  

FIGURE 2 9 .  L o g  K c  V e r s u s  C s Z  and  
H a l f - u n i t  Ce E l  D i m e n s i o n s  V e r s u s  C s ,  
f o r  T y p e  A  Z e o l i t e  i n  a  Sod ium- Ces ium 
S y s t e m  a t  2 5  O C  ( K c  = a  Mass A c t i o n  Q u o-  
t i e n t  C o r r e c t e d  f o r  E q u i l i b r i u m  S o i u -  
t i o n  A c t i v i t i e s ,  C s ,  = a n  E q u i v a l e n t  
F r a c t i o n  o f  Ces ium on t h e  Z e o l i t e . )  



s i z e  changes  o f  Type A i n  a  sodium- o t h e r  h a n d ,  t h e  d a t a  f o r  Type X shown 

c a l c i u m  s y s t e m .  B a r r e r  and  M e i e r ' s  i n  F i g u r e  28 s u g g e s t  t h a t  c h a n g e s  i n  

s u g g e s t i o n  of  a  minimum f r e e - e n e r g y  w a t e r  p l u s  c a t i o n  volume p r o b a b l y  c a n  

f o r  c e r t a i n  s o d i u m- c a l c i u m  composi-  g i v e  r i s e  t o  c u r v e s  o f  t h e  r e f l e c t i v e  

t i o n s  i s  s t i l l  p e r t i n e n t .  On t h e  s o r t  f o r  o t h e r  z e o l i t e s .  

C A T I O N  EXCHANGE P R O P E R T I E S  O F  W A I R A K I T E  AND A N A L C I M E  - L .  L .  A m e s ,  J r .  

S t r o n t i u m  and c a l c i u m  b a s e d  a n a l c i m e s  were s y n t h e s i z e d  and t h e i r  
c a t i o n  exchange  p r o p e r t i e s  compared w i t h  t h o s e  o f  n a t u r a l  and s y n -  
t h e t i c  w a i r a k i t e s .  Not e v e n  c a l c i u m  s e l f - e x c h a n g e  was e x h i b i t e d  by  
t h e  w a i r a k i t e s .  S t r o n t i u m  s e l f - e x c h a n g e  was a b s e n t  on  c a l c i u m  and 
s t r o n t i u m  a n a l c i m e s .  W a i r a k i t e  o c c u p i e s  a  p o s i t i o n  i n  t h e  a n a l c i m e  
s e r i e s  a n a l o g o u s  t o  p o l l u c i t e .  

Calc ium-  and s t r o n t i u m - b a s e d  

a n a l c i m e s  were  made by a  method s i m-  

i l a r  t o  t h a t  r e p o r t e d  by Hoss and 

Roy. (41) Sod ium-based  n a t u r a l  p h i 1  

l i p s i t e  from Nevada, a p p r o x i m a t e l y  

Na2O'Al2O3'4SiO2'5H20,  was b a s e d  w i t h  

c a l c i u m  o r  s t r o n t i u m ,  p l a c e d  i n  a  150 

m l  bomb w i t h  2 g  o f  c a l c i u m  o r  s t r o n -  

t i u m  h y d r o x i d e ,  and h e l d  a t  1 5 , 0 0 0  

p s i  h y d r o s t a t i c  p r e s s u r e  and 280 O C  

f o r  7 d a y s .  Two s u c h  t r e a t m e n t s  were  

g i v e n  t h e  m a t e r i a l  i n  one i n s t a n c e ,  

b u t  t h e  X- ray  d i f f r a c t i o n  p a t t e r n  

showed l i t t l e  change  a s  a  r e s u l t  o f  

t h e  e x t r a  h y d r o t h e r m a l  t r e a t m e n t .  

The w a i r a k i t e  was s y n t h e s i z e d  

from Ludox SM s i l i c a  s u s p e n s i o n  and 

c a l c i n e d  n i t r a t e s  o f  aluminum and 

c a l c i u m  i n  a  150 m l  bomb f o r  30 days  

a t  315 O C  and 1 5 , 0 0 0  p s i  h y d r o s t a t i c  

p r e s s u r e .  The s t a r t i n g  c o m p o s i t i o n  

was CaO'A1203 '5S i02 .  

The n a t u r a l  w a i r a k i t e  was f rom 

t h e  2750 f t  l e v e l  o f  D r i l l h o l e  218 

a t  W a i r a k e i ,  New Z e a l a n d .  The w a i r a -  

k i t e  o c c u r r e n c e  a t  W a i r a k e i  was d e -  

s c r i b e d  by S t e i n e r .  ( 4 2 y 4 3 1  X- ray  

d i f f r a c t i o n  p a t t e r n s  o f  t h e  w a i r a -  

k i t e  and Nevada p h i l l i p s i t e  u s e d  i n  

4C 35 30 2 5  2 3  I 0 
D e g r e e s  le I C u  K a l  

FIGURE 3 0 .  X-Ray D i f f r a c t i o n  T r a c i n g s  
o f  ( A )  N a u t r a l ,  C a l c i u m- b a s e d ,  Nevada 
Phi Z Z i p s i t e ;  I B )  S y n t h e t i c ,  Ca lc ium-  
b a s e d  AnaZcime D e r i v e d  from ( A ) ;  ICl Syn-  
t h e t i c ,  S t r o n t i u m - b a s e d  AnaZcime De- 
r i v e d  from S t r o n t i u m - b a s e d  ( A ) ;  and 
I D )  N a t u r a l  W a i r a k i t e  Used i n  t h i s  S t u d y  

t h i s  s t u d y  a r e  g i v e n  i n  F i g u r e  30 .  



The a n a l c i m e  c a t i o n  e x c h a n g e  c a p -  i s  t h e n  washed  c l e a n  a f  e x t r a n e o u s  

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

a s  s o d i u m  a n d  s t r o n t i u m ,  a r e  m a r k e d l y  s o l u t i o n  c o n t a i n i n g  a known number  o f  

d i s s i m i l a r .  Whi l e  a  p r e v i o u s l y  em- m i l l i e q . u i v a l e n t s  o f  b a s i n g  c a t i o n  

p l o y e d ,  d o u b l e - t r a c i n g  t e c h n i q u e  f o r  p l u s  t h e  same r a d i o a c t i v e  t r a c i n g  

z e o l i t e  c a p a c i t y  d e t e r m i n a t i o n s  may c a t i o n .  F o r  s o d i u m ,  f o r  e x a m p l e ,  t h e  

b e  s a t i s f a c t o r y  f o r  t h e  d e t e r m i n a t i o n  z e o l i t e  i s  b a s e d  w i t h  s o d i u m ,  w a s h e d  

o f  a  c o m p o s i t e  b i n a r y  s y s t e m  c a p a -  

c i t y ,  i t  u o u l d  b e  o f  v a l u e  i n  t h e  

p r e s e n t  s t u d y  t o  know t h e  a b s o l u t e  

z e o l i t e  c a p a c i t y  f o r  e a c h  c a t i o n .  

Hence a n o t h e r  t e c h n i q u e ,  t h a t  o f  l s o -  

t o p i c  d i l u t i o n ,  was u s e d .  I s o t o p i c  

d i l u t i o n  a s  a p p l i e d  t o  e x c h a n g e  c a -  

p a c i t y  d e t e r m i n a t i o n s  c a n  b e  sum- 

~ ~ i a r i  zed  a s  f o l l o w s  : 

ivhere 

X 3  = c a t i o n  e x c h a n g e  c a p a c i t y  

N = m i l l i e q u i v a l e n t s  o f  c a t i o n  

i n  t h e  e q u i l i b r a t i n g  s o l u t i o n  

Aa = o r i g i n a l  t r a c e r  i o u r l t s  i n  t h e  

e q u i l i b r a t i n g  s o l u t i o n  
As = f i n a l  t r a c e r  c o u n t s  i n  t h e  

e q u i l i b r a t i n g  s o l u t ' o n .  

The z e o l i t e  s a m p l e  i s  f l r s t  b a s e d  

u s i n g  t n e  c a t i o n  w i t h  w h i . ~ h  t h e  s a p a -  

c i t y  i s  t o  be  m e a s u r e d .  The z e o l i t e  

u n t i l  s o d i u m - f r e e  wash w a t e r  i s  o b -  

t a i n e d ,  a n d  c o n t a c t e d  w i t h  a  s o l u t i o n  

c o n t a i n i n g  sod ium p l u s  2 2 ~ a .  The c a -  

p a c i t y  f o r  t h e  g i v e n  c a t i o n  i s  d e t e r -  

mined by u s i n g  t h e  r e l a t i o n s h i p  g i v e n  

i n  E q u a t i o n  ( 1 ) .  

The e x c h a n g e  c a p a c i t i e s ,  a s  d e -  

t e r m i n e d  w i t h  s o d i u m ,  c a i c i u m ,  and 

s t r o n t i u m ,  o f  t h e  a n a l c i m e s  a n d  w a i r -  

a k i t e s  a r e  g i v e n  i n  T a b l e  V I .  The  

p u r e  s y n t h e t i c  a n a l c i m e  h a d  a  n e g l i -  

g l b l e  c a l c i u m  a n d  s t r o n t i u m  c a p a c i t y ,  

a s  r e p o r t e d  p r e v i o u s l y  by  B a r r e r .  
0 

C a t i o n  d i a m e t e r  r i s e s  f r o m  1 . 8 8  A f o r  
7 + 

3 ~ a +  t o  2 . 2 4  .; f o r  S r d  . C a t i o n  

s i z e  i s  n o t  t h e  w h o l e  e x p l a n a t i o n  

s i n c e  ~ o t a s s i u n - ,  ammonium-, r u b i d i u m - ,  

and  t h a l l i u m - b a s e d  a n a l c i m e s  a r e  

known, (44' c o n t a i n i n g  t w i c e  a s  many 

c a t i o n s  a s  a  s t r o n t i u m - b a s e d  a n a l c i m e  

and  o f t e n  o f  l a r g e r  d i a m e t e r  t h a n  
S r 2 +  

" a b l e  I,:. The  e x c h a n g e  c a p a c i t i e s  o S  t lqe  c a r i o u s  anaZcirnas and d a i r a -  
k i t s s  a s  ,neasured b y  a n  i s o t o p i c  u i ' u t i ~ n  ~ e t h o d  a t  5 5  OC ( T h e  s y n t h e t -  
i c  ana 'Ycimes  were  made by  h ~ u r o t h e u ~ v a S  t r e a t ~ e n t  o f  n a t u r a l  o h - ; l S i p s i t e . l  

C a t i o n  Exchange  C a p a c i t y ,  

Z e o l i t e  Sample  

W a i r a k e i  W a i r a k i t e  ( n a t u r a l )  

C a l c i u m - b a s e d  a n a l c i m e  ( s y n t h e t i c )  

S t r o n t i u m - b a s e d  a n a l c i m e  ( s y n t h e t i c j  

N a i r a k i t e  ( s y n t h e t i c ]  

( a ;  n d  = l e s s  t h a n  0 . 0 3  meq/g  -- -- --- - 



(45) trln A c c o r d i n g  t o  I(. k?. T a y l o r ,  

a p e r t u r e  s i z e  o f  a n a l c i m e  i s  2 . 8  11, 

c e r t a i n i y  l a r g e  enough  t o  accommodate 

a  2 . 2 4  A d i a m e t e r  s t r o n t i u m  c a t i o n .  

P e r h a p s  a  c o m b i n a t i o n  o f  u n f a v o r a b l e  

c a t i o n  s i z e  and c a t i o n  s p a t i a l  d i s t r i -  

h u t i o ~ l  i s  r e s p o n s i b l e  f o r  t h e  lo \<  

s t r o n t i u m  c a p a c i t y  o f  n a t u r a l  a n a l  - 

c i m e ,  a s  s u g g e s t e d  bv B a r r e r .  ( 4 3 )  

The r e s u l t s  o f  t h i s  s t u d y  s u g g e s t ,  i n  

a d d i t i o n ,  t h a t  t h e  c a u s e  o f  a n a l c i m e  

h a v i n g  c a l c i u m  c a p a c i t y  a t  a l l  i s  t h e  

p r e s e n c e  o f  c a l c i u m  o r  s t r o n t i u m  d u r -  

i n g  t h e  f o r m a t i o n  o f  t h e  a n a l c i m e .  

C a l c i u m - b a s e d  a n a l c i m e ,  however ,  

sho1v.s t h e  samc: sodiurri and  c a l c i u m  c a -  

p a c l t y  b u t  a  negligible s t r o n t i u m  c a  

p a c l t y .  Strontium-based a n a l c i m e  

l l k e w i s e  h a s  t h e  same sod ium a s  c a l -  

cium c a p a c l t y  a s  h e l l  a s  a  n e g l i g i b l e  

s t r o n t i u m  c a p a c i t y -  ( l e s s  t h a n  0 . 6 3  

m e q / g ) .  Assuming t h a t  t h e  c a t i o n  e x -  

c h a n g e  b e h a v i o r  o f  t h e  c a l c i u m -  and  

s t r o n t i u m - b a s e d  a n a l c i m e s  a l s o  i s  i n -  

f l u e n c e d  by a  c o m b i n a t i o n  o f  c a t i o n  

s ~ z e  and s p a t i a l  distribution i n  r e -  

s p e c t  t o  t h e  a n i o n l c  s l t e s ,  c e r t a i n  

s t r u c t u r a l  d i f f e r e r l c e s  anlong t h e  a n a l -  

c imes  a r e  a p p a r e n t .  The s p a t i a l  p o s i -  

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

t h e i r  r e s p e c t i v e  a n a l c i m e s  can be  

s p e c i f  i c a l i y  " t a i l o r e d "  t o  h e l d  t h o s e  

c a t i o n s  when s y n t h e s i z e d  w i t h  c a l c i u m  

o r  s t  ront. ium o n l y ,  'This " t . a i l o r i n g I r  

p r o b a b l y  r e s u l t s  I n  a d i s t o r t e d  

s o d i u m - a n a l c i m e  s t r u c t u r e .  

The l a c k  o f  s t r o n t i u m - s t r o n t i u m  

exchai lge  bv ever! t h e  s t r o n z i u m - b a s e ?  

a n a l c i m e  p r o b a b l y  I n d i c a t e s  t h a t  t h c  

. i t r o n t i u m  c a t i o r !  , i s  t o o  l a r g e .  COT;- 

s i d e r i n g  t h e  s t r u c t u r a l  " t a i ! o r i n g l '  

n e c e s s a r i l y  imposed on t h e  normal  af i -  

a l c i m e  s t r u c t u r e  by s v n t h e s i s  f rom 

s t r o n t i u r n  c a t i o n s  o n l y ,  t o  a l l o w  two-  

way s t r o n t i u m  s e l f - d i f f u s i o n  and s e l f -  

e x c h a n g e .  The s m a l l e r  c a l c i u m  and  s o -  

dium c a t i o n s  c a n  d i f f u s e  a n d  e x c h a n g e  

w i t h  t h e  s t r o n t i u m .  W a i r a k i t e  i s  

a n o t h e r  s t r u c t u r e ,  e n t i r e l y  a d a p t e d  t o  

accommodate d i v a l e n t  c a l c i u m  i o n s  

o n l y .  F u r t h e r ,  t h e  c a l c i u m  i o n s  a r e  

n o t  e x c h a n g e a b l e - - a s  i n d i c a t e d  by l a c k  

o f  a  m e a s u r a b l e  c a l c i u m  o r  sod ium c a t -  

i o n  exchange  c a p a c i t y .  W a i r a k i t e ,  

t h e n ,  o c c u p i e s  a  p o s i t i o n  I n  t h e  a l -  

k a l i n e  e a r t h  m e t a l  c a t i o n  s e r i e :  a n a l -  

ogous  t o  p o l l u c i t e  I n  t h e  a l k a l i  m e t a l  

c a t i o n  s e r i e s .  Based on t h e  X - r a y  

d a t a  and a p p a r e n t l y  m e t a s t a b l e  c h a r -  

a c t e r  o f  B a r r e r  and  M a r s i l a i l ' s  s t r o n -  

t i u m  a n a l c i m e ,  i t  i s  d o u b t f u i  t h a t  a  

s t a b l e  s t r o n t i u m - a n a l c i m e  e x i s t s .  The 

i o n  exchange  c h a r a c t e r  o f  s t r o n t i u m -  

and  c a l c i u m - b a s e d  a n a l c i m e s  I s  a p p a r -  

e n t  f rom t h e  i s o t h e r m s  p r e s e n t e d  i n  

F i g u r e  3 1 .  Note t h a t  w h i l e  t h e  sod ium 

and c a l c i u m  exchange  c a p a c i t i e s  o f  t h e  

two a n a l c i m e s  a r e  n o t  t h e  same ,  t h e i r  

e x c h a n g e  i s o t h e r m s  a r e  q u i t e  s i m i l a r  
when p l o t t e d  on f r a c t i o n a l  s c a l e s  a s  

shown i n  F i g u r e  3 1 .  The s t r o n t i u m -  

a n a l c i m e  was e x c h a n g e d  t o  c a l c i u m -  

a n a l c i m e  b e f o r e  e q u i l i b r a t i o n  w l t h  

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

e r e n c e  o f  b o t h  z e o l i t e s  f o r  sod ium i s  

marked i n d i c a t i n g ,  i n  t h e  a u t h o r ' s  

o p i n i o n ,  t h a t  a n a l c i m e s  o f  t h i s  t y p e  

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

p a r t i a l l y  r e v e r t  t o  t h e  s i m p l e  c u b i c  

s t r u c t u r e  o f  s o d i u m - a n a l c i m e  when c o n -  

t a c t e d  w i t h  sod ium c a t i o n s .  The o c -  

c u r r e n c e  o f  c a l c i u n -  o r  s t r o n t i u m -  

b a s e d  a n a l c i m e s  i n  n a t u r e  would be 



h i g h l y  u n u s u a l  b e c a u s e  o f  t h e i r  t e n -  S t e i n e r  ( 4 3 )  and  o f  Coombs ( 4 6 )  who s u g -  
d e n c y  t o  r e v e r t  t o  a  n o r m a l ,  b u t  n o n -  g e s t e d  t h a t  i f  an a n a l c i m e - w a i r a k i t e  

c u b i c ,  s o d i u m - a n a l c i m e .  These  c a t i o n  s e r i e s  e x i s t e d ,  i s o m o r p h o u s  s u b s t i t u -  

e x c h a n g e  r e s u l t s  s u p p o r t  t h e  v iew o f  t i o n s  o f  c a l c i u m  f o r  sod ium were  v e r y  

l i m i  t e d .  

Na, 

Na, 

FIGURE 3 2 .  The 2 5  'C I s o t h e r m  f o r  t h e  
R e a c t i o n  Ca, + 2Na, 2 2Na, + Cas ( T o t a l  
E q u i l i b r i u m  S o l u t i o n  ~ V o r m a l i t y  was Con- 
s t a n t  a t  One; Na, = t h e  E q u i v a l e n t  
F r a c t i o n  o f  Sod ium on  t h e  Z e o l i t e ;  
Was = t h e  E q u i v a l e q t  F r a c t i o n  o f  So-  
dium i n  t h e  E q u i l i b r i u m  S o l u t i o n .  l 

= E q u i l i b r i u m  C o m p o s i t i o n  o f  C a l -  
c i u m- b a s e d  A n a l c i m e  and S o  Z u t i o n  
w i t h  t h e  A n a l c i m e  Wade b y  Hydro-  
t h e r m a l  T r e a t m e ~ t  o f  C a l c i u m -  
b a s e d  P h i  l l i p s i t e ;  C a t i o n  Ex-  
change  C a p a c i t y  = 1 . 5  m e q / g .  

+ = E q u i Z i b r i u m  C o m p o s i t i o n s  o f  C a l -  
c i u m - b a s e d  A n a l c i m e  and S o l u t i o n  
w i t h  A n a l c i m e  Made f rom C a l c i u m  
Exchange  o f  S t r o n t i u m - b a s e d  A n a l -  
c i m e ,  i n  T u r n  Made from Hydro-  
t h e r m a l  t r e a t m e n t  of S t r o n t i u r n -  
b a s e d  Ph i  l l i p s i  t e ;  C a t i o n  Exchange  
C a p a c i t y  = I .  I m e q / g .  



R A D I O N U C L I D E  M I G R A T I O N  I N  S O I L  C O L U M N S  - D E V E L O P M E N T  O F  A  C O M P U T E R  P R O G R A M  - 
B .  F .  H a j e k  

A method t o  p r e d i c t  r a d i o n u c l i d e  d i s t r i b u t i o n  and b r e a k t h r o u g h  con-  
c e n t r a t i o n s  was d e v e l o p e d  f o r  s i m p l e  s o i l - s o l u t i o n  s y s t e m s .  I n p u t  
d a t a  c o n s i s t  o f  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t ,  w e i g h t  o f  
s o i l  and volume o f  s o i l  s o l u t i o n .  E x p e r i m e n t a l  and c a l c u l a t e d  3 2 ~  
b r e a k t h r o u g h  c u r v e s  a g r e e d  s a t i s f a c t o r i l y  w i t h  t h e  r e l a t i v e  b r e a k-  
t h r o u g h  c o n c e n t r a t i o n  o f  6 0 % .  

A method t o  p r e d i c t  r a d i o n u c l i d e  

d i s t r i b u t i o n  and  b r e a k t h r o u g h  c o n c e n -  

t r a t i o n s  i n  s o i l  columns h a s  been  d e -  

v e l o p e d  f o r  s i m p l e  s y s t e m s .  The method 

i s  s i m i l a r  t o  one d e v e l o p e d  by G .  R .  

D u t t  t o  p r e d i c t  t h e  q u a l i t y  o f  p e r c o -  

l a t i n g  w a t e r .  ( 4 7 )  A p r o g r a m  o f  t h e  

method h a s  b e e n  p r e p a r e d ,  and c a l c u -  

l a t e d  r e s u l t s  have  been  compared t o  an 

e x p e r i m e n t a l .  p h o s p h a t e  ( 3 2 ~ , 1  b r e a k -  

t h r o u g h  c u r v e .  R e a c t i o n  r a t e s  and f l o w  

r a t e  v a r i a b l e s  have  n o t  b e e n  i n c l u d e d ;  

A s  n  + - t h e  l a s t  t e r m  i n  E q u a t i o n  ( 2 )  

would b e  t h e  i n t e g r a l  o f  t h e  change  i n  

r a d i o n u c l i d e  c o n c e n t r a t i o n  f rom 0 t o  L ,  

and  ACi  would a p p r o a c h  t h e  d i f f e r e n c e  

be tween  t h e  c o n c e n t r a t i o n  r e s u l t i n g  

when t h e  e n t e r i n g  s o l u t i o n  was b r o u g h t  

i n t o  e q u i l i b r i u m  w i t h  segment  i .  

.4 me thod  f o r  c a l c u l a t i n g  e q u i l i b r i u m  

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

i s  a v a i l a b l e  from t h e  e q u i l i b r i u m  d i s -  

t r i b u t i o n  coefficient ( K  ) e x p r e s s i o n ,  d 

however ,  when e x p r e s s i o n s  f o r  t h e s e  e f -  
- 

m l  
f e c t s  a r e  d e v e l o p e d , t h e y  c a n  b e  i n c l u d e d .  

The method c o n s i d e r s  t h e  s o i l  c o l -  

umn t o  b e  made up o f  n  s e g m e n t s  A X  i n  

l e n g t h .  The t o t a l  column l e n g t h  i s  
i n  which  W i s  t h e  w e i g h t  o f  s o i l ,  m l  i s  

g i v e n  by t h e  e x p r e s s i o n  
t h e  volume o f  s o l u t i o n ,  a n d  C 1  i s  t h e  

n  

L =I A X .  1 

i = l  

( 1  
e q u i l i b r i u m  c o n c e n t r a t i o n .  E q u a t i o n  

( 3 )  can  be w r i t t e n  t o  i n c l u d e  an i n i -  - - 
t i a l l y  a d s o r b e d  q u a n t i t y ,  t h a t  i s  

where  i d e s i g n a t e s  t h e  p a r t i c u l a r  s e g -  

m e n t s .  I f  C i s  t h e  i n i t i a l  c o n c e n t r a -  

t i o n  o f  t h e  r a d i o n u c l i d e  i n  s o l u t i o n  

and q i s  t h e  amount o f  s o l u t i o n  i n  

e a c h  segment  i , t h e  f i n a l  c o n c e n t r a -  

t i o n  C '  i n  t h e  f i r s t  a l i q u o t ,  q ,  com- 

i n g  f rom t h e  column w i l l  b e  
n  

C T  = C +I Aci ( 2 )  

i= 1 

where  AC. i s  t h e  c h a n g e  i n  c o n c e n t r a -  
1 

t i o n  o f  t h e  r a d i o n u c l i d e  b h e n  t h e  a l l -  

q u o t  q  i s  p a s s e d  t h r o u g h  segment  i .  

i n  which  y  i s  t h e  amount o f  a c t i v i t y  p e r  

gram o f  s o i l  l e a v i n g  o r  e n t e r i n g  t h e  

s o i l  e x c h a n g e  complex when b r o u g h t  i n t o  

c o n t a c t  w i t h  a  s o l u t i o n  w i t h  i n i t i a l  

c o n c e n t r a t i o n  b ,  a n d  Q i s  t h e  i n i t i a l  

a d s o r b e d  c o n c e n t r a t i o n  p e r  gram o f  

s o i l .  I t  i s  e v i d e n t  t h a t  a t  e q u i l i -  

b r i u m  Q + y  i s  a d s o r b e d  a c t i v i t y  o r  



I 
(C - C1) m l / K  a n d  b - yW/nll = e q u i l i -  ;,.H t 

I P b r i u m  s o l u t i o n  c o n c e n t r a t i o n  o r  C 1 .  i 
I 

I 
The c o m p u t e r  p r o g r a m  was d e v e l o p e d  t.o k 

I P "  i I compute  C 1  a n d  Q v a l u e s  f o r  e a c h  s e g -  

ment  i .  I n p u t  d a t a  c o n s i s t e d  o f  I ".., t -  ! 
i 
I 

v a l u e s  f o r  t h e  i n i t i a l  c o n c e n t r a t i o n ,  

K ~ ,  t i l e  w e i g h t  o f  s o i l  p e r  s e g m e n t ,  1 
and t h e  volume o f  s o l u t i o n  p e r  s e g m e n t .  i i 

I I I 

I . 
F i g u r e  32  shows t h e  a g r e e m e n t  b e -  5 .41 i 

I 
d 

tween e x p e r i m e n t a l  a n d  c a l c u i a t e d  r e -  I 

i I 
s u l t s .  Agreement  t o  C / C  = 0 . b  i s  s a t -  i 0 L ./ 
i s  f a c t o r y ;  h o w e v e r ,  p r e d i c t i o n  o f  I 

I I I 
b r e a k t h r o u g h  b e y o n d  t h i s  c o n c e n t r a t i o n  I I 

0 . 2  t- 4/ F: .?..I" , t a ,  

I 
w i l l  n e c e s s i t a t e  t h e  adc l i t i o r i  o f  t c r ~ n s  I 
t o  t h e  Kd e x p r e s s i o n .  % 

I 
! 
I 
1 

/. 1 u I 
1 I I 1 ! 

2 3 

8. < , I  <I ,I, \ ,> 1,t,nc, 

P I S % i ? E  3 2 .  C a l c u l a t e d  and E x p e r i m e n t a Z  
S ? p , 5  B r c a k t k r o u g h  
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D < s p e r s i o n  e x p e r i m e n t s  w e r e   conduct^% r i t i !  s ' r o z t i u m  i n  s o i l  
coZumns.  A m a t k e m a t i c a l  made l  was compzrleJ t o  t h e  e z p e ~ q i m e n -  
t a 2  d a t a  and was f ound  t o  p r e 2 i - t  a 2 e c ; u a t c Z . ~  z h e  s t r o n t i u m  
d i s t r i b u t i o n  i n  s o i l  coZumns.  

The d i s p e r s i o n  c h a r a c t e r i s t i c s  w e r e  

s t u d i e d  o f  a  0 .1N - s t r o n t i u m  s o l u t i o n ,  

t r a c e d  w i t h  " ~ r ,  w h i c h  r e p l a c e s  and i s  

r e p l a c e d  by  a  D . l X  - c a l c i u m  s o l u t i o r i  

i n  s o i l  c o l u m n s .  The e x p e r i m e n t s  w e r e  

c o n d u c t e d  t o  a s c e r t a i n  t h e  u s e f u l n e s s  

o f  a  m a t h e m a t i c a l  model i n  p r e d i c t i n g  

t h e  d i s t r i b u t i o n  w i t h i n  columns and t h e  

s h a p e s  o f  b r e a k t h r o u g h  c u r v e s .  The 

d i s t r i b u t i o n  o f  s t r o n t i u m  was d e t e r r i n -  

e d ,  a f t e r  v a r i o u s  i n t e r v a l s  o f  f l o w ,  h y  

s c a n n i n g  t h e  column w i t h  a  N a I ( T l j  

s c l n t ~ l ? a t l o ~ i  c r y s t a l  c o u p l e a  t o  a s l n -  

p l e - c l ~ a n n e l  a n a l )  z e r .  The a c t l v l t y  h a i  

r e c o r d e d  a s  a  f u n c t i o n  of al . , tanct -  fro111 

t h e  co lu~n i i  i n f l u e n t  e n d .  

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

t o  d e s c r i b e  t h e  c o n c e n t r a t i o n  d i s t r i -  

b u t i o n  o f  a  s o l u t e  i n  a  o n e - d i m e n s i o n a l  

p o r o u s  rnediun~ f l o w  s , ~ s t e a ' ~ ~ ~  i s  E q u a -  

t i o n  ' 1 ) .  



The s o l u t i o n  o f  t h i s  e q - u a t i o n  w i t h  s p o n d i n g  t o  t h o s e  i n  t h i s  s t u d y  h a s  

i n i t i a l  and b o u n d a r y  c o n d i t i o n s  c o r r e  - b e e n  a s  

l i  wh ich :  
D = d i s p e r s i o n  c o e f f i c i e n t  

v  = s e e p a g e  v e l o c i t y  

x = d i s t a n c e  

0 = p o r o s i t y  

X = v o l u m e t r i c  e x c h a n g e  
c a p a c i t y  

N = s o l u t i o n  n o r m a l i t y  
t = t i m e  

. . D i m e n s i o n l e s s  q u a n t i t i e s  can  b e  i n -  
5 = 1 + ' 1 8  

N t r o d u c e d  a n d  t h e  e q u a t i o n  can  be  e x -  
p r e s s e d  a s :  

/ 
C 1 - 5 :  + exp  1 e r f c  

i n  which 

V v =  - = s o l u t e  v e i o c l t y  b 

I t  h a s  been  shown that f o r  v a l u e s  

- -  c < 0 . 1 ,  t h e  s e c o n d  t e r m  i n  t h e  

b r a c k e t  i s  n e g l i g i b l e .  ' 4 8 )  Then t h e  

c , l i ~ a t  i o n  r e d u c e s  t o  : 

an,- a  l o g a r i  thrnic p r o b a b i l i t y  1310 t o f  

C / C o  v e r s u s  g i v e s  e s s e n t i a i l y  a 

V a l u e s  o f  D may b e  o b t a i n e d  by 

m a t c h i n g  e x p e r i m e n t a l  d a t a  t o  a fam- 

i l y  o f  C / C o  c u r v e s  p l o t t e d  f o r  v a r -  
i o u s  v a l u e s  o f  K i n  e q u a t i o n  ( 3 ) .  

Measured a n d  c a l c u l a t e d  d i s t r i b u -  

t i n n  c u r v e s  o f  s t r o r l t i u m  a f t e r  210 

and  270 min o f  f l o w  a t  0 . 1 7 5  ml /cm2/  

min a r e  shown i n  F i g u r e  5 3 .  The d i s -  

p e r s i o n  c o e f f i c i e n t  was o b t a i n e d  from 

t h e  m e a s u r e d  d i s t r i b u t i o n  a f t e r  6 0  

nlin Flow. 
F i g u r e  34  shows a  m e a s u r e d  a n d  c a l -  

c u l a t e d  d i s t r i b u t i o n  o f  a 60 min p u l s e  

o f  0. llu' s t r o r l t l u m  f o l l o w e d  by a  0.1N 
- - 

c a l c i u r ~ ~  e l u t i n g  s o l u t i o n .  D i s p e r s i o n  

c o e f f i c i e n t s  o f  b o t h  t h e  i n v a d i n g  and 
e l u t i o n  f r o n t s  were  d e t e r m i n e d  f rom 

s e p a r a t e  l o a d i n g  and  e l u t i o n  e x p e r i -  

s t r a i g h t  l i n e  f o r  a l l  v a l u e s  o f  

u c 0 . 1 .  

men t c  . 



F I G U R E  3 3 .  C a l c u l a t e d  C u r v e s  and  L x p e r i -  
m e n t a l  P o i n t s  f o r  S t r o n t i u n  D i s t r i b ~ . -  
t i o n  i n  S o i l  C o S u ~ n  

FICURE 3 4 .  CaZcuZa ted  and E ' x p e r i v e n t a l  
S t r o n t i u m  D i s t r i b u t i o n  F o z l o v i n g  a  S l u g  
I n j e c t i o n  i n t o  S o i l  Column 



The d i s t r i b u t i o n  c u r v e  shown i n  e d  f o r  a  f i n i t e  t i m e  t ' ,  i .  e . ,  f rom 

F i g u r e  3 4  was c a l c u l a t e d  f o r  a  s l u g  z e r o  t o  to .  By i n t r o d u c i n g  t h i s  t i m e  

i n j e c t i o n  where  t h e  s o l u t e  i s  i n j e c t -  i n t o  E q u a t i o n  ( 3 )  t h e  e q u a t i o n  f o r  
b r e a k t h r o u g h  o f  a  s l u g  i n j e c t i o n  i s ,  

t t v  
where  t '  = bx 

however ,  p r e v i o u s  s t u d i e s  h a v e  i n -  

d i c a t e d  t h a t  t h e  d i s p e r s i o n  c o e f f i c i e n t  

i s  n o t  a  c o n s t a n t  a t  a l l  f l o w  v e l o c i t i e s .  

F o r  t h i s  r e a s o n  f u r t h e r  s t u d i e s  a r e  n e e d -  

e d  f o r  o t h e r  s y s t e m s  and  a t  v a r i o u s  f l o w  
The a g r e e m e n t  b e t w e e n  m e a s u r e d  and  

r a t e s .  
c a l c u l a t e d  d i s t r i b u t i o n s  i s  s a t i s f a c t o r y ;  

C E S I U M  F N D  S T R O N T I U M  D I S T R I B U T I O N  i 3 E N E A T H  L I Q U I D  W A S T E  D I S P O S A L  S I T E S -  
J .  2 .  Qayrnond 

I n v e s t i g a t i o n  was made o f  r a d i o c o n t a m i n a n t  c o n c e n t r a t i o n s  and 
d i s t r i b u t i o n  b e n e a t h  s e l e c t e d  l i q u i d  w a s t e  d i s p o s a l  f a c i l i t i e s .  
A d d i t i o n a l  w e l l s  w e r e  d r i l l e d  and c o r e  s a m p l e s  t a k e n  o f  t h e  
e a r t h  m a t e r i a l s  f o r  l a b o r a t o r  a n a l y s i s  The b u l k  o f  t h e  l o n g -  
l i v e d  r a d i o i s o t o p e s ,  s u c h  a s  y37Cs and I0sr,  was f o u n d  r e t a i n e d  
h i g h  i n  t h e  s o i l  co lumn  some 1 0 0  f t  o r  more  a b o v e  t h e  r e g i o n a l  
w a t e r  t a b l e .  T h u s  t h e  e f f e c t i v e n e s s  o f  t h e  s o i l  i n  r e m o v i n g  
c e r t a i n  r a d i o i s o t o p e s  bp a b s o r p t i o n  and i o n  e x c h a n g e  i s  c o n f i r m e d .  

Low and  i n t e r m e d i a t e  l e v e l  l i q u i d  t h e  w e l l  w a t e r  i s  r o u t i n e l y  ;ampled 

r a d i o a c t i v e  w a s t e s  have  been  d i s p o s e d  t o  d e t e c t  p r e s e n c e  o f  r a d i o a c t i v i t y  

t o  t h e  g r o u n d  a t  H a n f o r d  f o r  t h e  p a s t  

2 2  y e a r s .  S t u d i e s  o f  t h e  a r e a l  and 

v e r t i c a l  d i s t r i b u t i o n  o f  t h e  r a d i o -  

c o n t a m i n a n t s  i n  t h e  s u b s o i l s  a t  d i s -  

p o s a l  s i t e s  h a v e  g e n e r a l l y  o e e n  q u a l i -  

t a t i v e .  P r e d i s p o s a l  m o n i t o r i n g  w e l l s  

a r e  l o g g e d  w i t 1 1  s c i n t i l l a t i o n  d e t e c -  

t i o n  e q u i p m e n t  t o  d e t e r m i n e  l o c a t i o n  

o f  g r o s s  gamma e m i t t i n g  i s o t o ~ e s ,  and 

i n  t h e  g r o u n d  w a t e r  a d j a c e n t  t o  t h e  

d i s p o s a l  s i t e s .  The l o g g i n g  and  sam- 

p l i n g  g i v e  l i t t l e  o r  no i n f o r m a t i o n  

a b o u t  t h e  d i s t r i b u t i o n  o f  t h e  r a d i o -  

i s o t o p e s  i n  t h e  g r o u n d  a n d  o n l y  r e l a -  

t i v e  g r o s s  gamma c o n c e n t r a t i o n s .  S e v -  

e r a l  w a s t e  d i s p o s a l  l o c a t i o n s  w e r e  s e l -  

e c t e d  f o r  f u r t h e r  i n v e s t i g a t i o n  t o  

d e t e r m i n e  t h e  m i g r a t i o n ,  l o c a t i o n  a n d  



c o n c e n t r a t i o n  o f  c r i t i c a l  i s o t o p e s  g a m m a- e m i t t i n g  i s o t o p e s  by d i r e c t  

( m a i n l y  1 3 ? c s  a n d  9 0 ~ r )  i n  t h e  s u b -  

s o i l s .  The w a s t e  f a c i l i t i e s  f o r  s t u d y  
were  c h o s e n  on t h e  b a s e s  o f  w a s t e s  

r e c e i v e d ,  o p e r a t i o n a l  h i s t o r y ,  and  

p o t e n t i a l  h a z a r d  f rom r a d i o i s o t o p e  

b r e a k t h r o u g h .  
I n v e s t i g a t i o n  was c o n d u c t e d  by 

d r i l l i n g  w e l l s  t h r o u g h  o r  v e r y  n e a r  

t h e  d i s p o s a l  c r i b s  and by s a m p l i n g  

and a n a l y z i n g  t h e  s o i l .  The d r i l -  

l i n g  was done w i t h  a  c a b l e - t o o l  ma- 

c h i n e ,  u t i l i z i n g  a  d r i v e - t y p e  c o r e  

b a r r e l .  The h o l l o w  c o r e  s a m p l i n g  

b a r r e l  was d r i v e n  i n t o  t h e  g r o u n d  

w i t h  t h e  d r i l l  s t e m  and  j a r s  and t h e n  

e x t r a c t e d .  The s o i l  m a t e r i a l  r e m a i n e d  

i n  t h e  c o r e  b a r r e l  and was removed a t  

g r o u n d  s u r f a c e .  No f l u i d  o r  e x t r a n e o u s  

m a t e r i a l s  were  a d d e d  t o  t h e  h o l e  d u r -  

i n g  d r i l l i n g  t o  a s s u r e  t h a t  t h e  s u b s u r -  

f a c e  s a m p l e s  were  u n c o n t a m i n a t e d  and  

l a r g e l y  u n d i s t u r b e d .  A c l e a n  h o l e  

t e c h n i q u e  was u s e d  by k e e p i n g  c a s i n g  

d r i v e n  v e r y  n e a r  t o  h o l e  b o t t o m  t o  

m i n i m i z e  c r o s s  c o n t a m i n a t i o n  o f  t h e  

s o i l  m a t e r i a l .  Samples  were  t a k e n  

r o u t i n e l y  a t  5  f t  d e p t h  i n t c - v a l s  

w i t h  a d d i t i o n a l  s a m p l e s  t , k e n  where  

f o r m a t i o n  m a t e r i a l  s i z e  o r  c o m p o s i -  

t i o n  c h a n g e d  o r  where  a  change  o c -  

c u r r e d  i n  r a d i a t i o n  l e v e l .  

D r i l l i n g  s a m p l e s  w e r e  s e n t  t o  t h e  

l a b o r a t o r y  f o r  r a d i o m e t r i c  a n a l y s i s  

when t h e  f i e l d  s u r v e y  i n d i c a t e d  p r e s -  

e n c e  o f  r a d i o c o n t a m i n a n t s .  D e t e r m i n a -  

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

f i e l d  was made w i t h  p o r t a b l e  s u r v e y  

i n s t r u m e n t s  when r a d i a t i o n  l e v e l s  

w e r e  r e l a t i v e l y  h i g h  a n d  w i t h  a  

s h i e l d e d  s c i n t i l l a t i o n  s a m p l e - c o u n t e r  

f o r  low r a d i a t i o n  l e v e l s .  L a b o r a t o r y  

r a d i o m e t r i c  a n a l y s e s  were  made f o r  

s c i n t i l l a t i o n  c o u n t i n g  i n  a  w e l l  c r y s -  

t a l  w i t h  a  m u l t i c h a n n e l  s p e c t r u m  a n -  

a l y z e r .  a n a l y s i s  was made by 

s o i l  f u s i o n ,  c h e m i c a l  s e p a r a t i o n ,  and  

b e t a  c o u n t i n g .  

Wel l  l o c a t i o n s  were  s e l e c t e d  by 

a n a l y s i s  o f  s c i n t i l l a t i o n  p r o b e  d a t a  

f rom e x i s t i n g  m o n i t o r i n g  w e l l s  a n d  by 

e v a l u a t i o n  o f  f a c i l i t y  i n p u t  h i s t o r i e s .  

I n  g e n e r a l ,  w e l l  p l a c e m e n t  was d e s i g n e d  

t o  sample  t h e  w o r s t  c o n d i t i o n  a t  e a c h  

f a c i l i t y  and t o  p e n e t r a t e  zones  o f  

h i g h e s t  r a d i o a c t i v i t y  d e n s i t y .  

F i g u r e  35 shows t h e  1 3 7 ~ s  and  'OSr 

c o n c e n t r a t i o n s  i n  s a m p l e s  f rom t e s t  

w e l l  E33-2A a d j a c e n t  t o  one c r i b  i n  an  

e i g h t - c r i b  d i s p o s a l  f a c i l i t y  t h a t  r e -  

c e i v e d  a  m o d e r a t e  volume o f  a  h i g h -  

s a l t ,  i n t e r m e d i a t e  l e v e l  w a s t e .  The 

d i s p o s a l  s i t e  was i n  s e r v i c e  f rom De- 

cember ,  1 9 5 4 ,  t o  December ,  1 9 5 5 ,  and  

r e c e i v e d  3 . 4  x  l o 7  l i t e r s  and  4 . 1  x  

10' g r o s s  b e t a  C i  o f  s c a v e n g e d  w a s t e .  

The w a s t e  c o n t a i n e d  3300 C i  o f  1 3 7 ~ s  

and  1 2 , 9 0 0  C i  o f  ''ST. C o n c e n t r a t i o n  

i n  m i c r o c u r i e s  p e r  gram o f  s o i l  ( C i / g )  

i s  p l o t t e d  a g a i n s t  d e p t h  b e l o w  g r o u n d  

s u r f a c e .  The r a d i o a c t i v i t y  c o n t e n t  

i s  p l o t t e d  on a  l o g a r i t h m i c  s c a l e  b e -  

c a u s e  o f  t h e  l a r g e  r a n g e  o f  v a l u e s .  

1 3 7 ~ s  was f i r s t  d e t e c t e d  a t  1 7  f t  b e -  

low g r o u n d  s u r f a c e  ( a p p r o x i m a t e  c r i b  

b o t t o m )  a t  a  c o n c e n t r a t i o n  o f  1 8 . 4  

C i / g  o f  s o i l .  The 1 3 7 ~ s  c o n t a m i n a t i o n  

r i s e s  t o  a  h i g h  o f  2 8 . 7  C i / g  a t  20 f t  

and  t h e n  r a p i d l y  d e c r e a s e s  w i t h  d e p t h .  

S e v e r a l  a d d i t i o n a l  maxima o c c u r  l o w e r  

i n  t h e  s o i l  column b u t  o n l y  on t h e  

o r d e r  o f  1 x  t o  1 x  o f  t h e  

p e a k  c o n c e n t r a t i o n .  Ground w a t e r  i s  

220 f t  be low g r o u n d  s u r f a c e  a t  t h i s  



s i t e ,  ' O S T - ~ O Y  f o l l o w s  t h e  same g e n -  

e r a l  p a t t e r n  a s  ces ium w i t h  a  h i g h  

c o n c e n t r a t i o n  o f  44 C i / g  o f  s o i l  o c -  

c u r r i n g  a t  2 4 . 8  f t  below g r o u n d  s u r -  

f a c e .  Samples  below 75  f t  c o n t a i n  

l e s s  t h a n  5  x  1 0 - 3  C i / g  o f  ' O S ~ .  

1 0 6 ~ ~ - 1 0 6 ~ h ,  a  m a j o r  i n p u t  i s o t o p e ,  

was n o t  d e t e c t e d ,  which  i n d i c a t e s  a l -  

most  c o m p l e t e  decay  d u r i n g  t h e  10 y e a r  

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

o f  s e r v i c e .  

F i g u r e  36 shows t h e  s u b r u r f a c e  

r a d i o a c t i v i t y  c o n c e n t r a t i o n  a t  w e l l  

s i t e  C24-lA a d j a c e n t  t o  a  35 f t  s q u a r e  

c r i b  t h a t  r e c e i v e d  a  l a r g e  volume of  

low l e v e l ,  l o w - s a l t  p r o c e s s  c o n d e n s a t e  

w a s t e  from hovember ,  1 9 5 5 ,  t o  O c t o b e r ,  

1961 .  T o t a l  d i s p o s a l  was 3400 g r o s s  

b e t a  C i  ( m o s t l y  1 0 6 ~ u - 1 0 6 ~ h )  i n c l u d i n g  

o n l y  an e s t i m a t e d  4 C i  e a c h  o f  "Sr 

and 1 3 7 ~ s .  Iiowever,  column volume 

t h r o u g h p u t  was t h e  h i g h e s t  o f  any 

w a s t e  d i s p o s a l  f a c i l i t y  on t h e  H a n f o r d  

P r o j e c t  ( 1 . 8  x 10' l i t e r s  o r  180 c o l -  

umn v o l u m e s ) .  F i g u r e  36 shows t h a t  

1 3 7 ~ s  d e c r e a s e s  r a p i d l y  - f rom a  moder-  

a t e  l e v e l  o f  5 . 4  x C i / g  a t  35 f t  

t o  a  low l e v e l  o f  1 x l o - '  C i / g  a t  

a b o u t  65 f t .  Throughou t  t h e  r e s t  of 

t h e  s o i l  co lumn,  1 3 7 ~ s  v a l u e s  a r e  a t  

o r  below t h e  d e t e c t i o n  l i m i t  o f  

C i / g  . 1 0 6 ~ ~ - 1 0 6 ~ h  c o n c e n t r a t i o n ,  

though  o f  n o  c o n c e r n  b e c a u s e  o f  t h e  

s h o r t  h a l f - l i f e ,  i s  p l o t t e d  t o  show 

t h e  r e l a t i o n s h i p  t o  1 3 7 ~ s  c o n c e n t r a -  

t i o n .  was n o t  d e t e c t e d  i n  any o f  

t h e  s a m p l e s  a t  t h i s  s i t e .  Ground w a t e r  

o c c u r s  a t  314 f t  below g r o u n d  s u r f a c e .  

F i g u r e  37 shows t h e  s u b s u r f a c e  c e -  

s ium and  s t r o n t i u m  c o n c e n t r a t i o n  a t  

w e l l  E13-3A a d j a c e n t  t o  one c r i b  o f  a  

s i x - c r i b  f a c i l i t y  t h a t  r e c e i v e d  a  mod- 

e r a t e  volume o f  i n t e r m e d i a t e  l e v e l ,  

h i g h - s a l t  s c a v e n g e d  w a s t e  f rom 1956 t o  

F I G U R E  3 5 .  We22 E33-2A Radioisotope 
Concentration 



FIGURE 36. We22 E 2 4 - 1 A  Radioisotope 
Concentration 

FIGURE 3 7 .  We 2 2  El 3-3A Radioisotope 
Concentration 



1957 .  T o t a l  d i s p o s a l  was 3 . 9  x 1 0 '  

l i t e r s  and 3.2  x 10' g r o s s  b e t a  C i ,  

i n c l u d i n g  1560 C i  o f  1 3 7 ~ s  and 1700 C i  

o f  ''ST. F i g u r e  37 shows t h a t  1 3 7 ~ s  

d e c r e a s e s  r a p i d l y  from a  modera te  l e v e l  

o f  3 .5  x  1 0 ' ~  ,Ci /g  a t  1 2  f t  below 

ground  s u r f a c e  t o  l e s s  t h a n  1 x  l o T 6  

uCi/g a t  55 f t .  Two minor  c o n c e n t r a -  

t i o n  peaks  o f  a b o u t  1 x  l o - '  uCi /g  

o c c u r  a t  65 and 90 f t .  Cesium i s  b e -  

low d e t e c t i o n  l i m i t s  i n  t h e  r e s t  of 

t h e  s o i l  column. A 9 0 ~ r  h i g h  o f  4 . 7  

x  uCi/g  o c c u r  a t  65 and 90 f t .  

Cesium i s  below d e t e c t i o n  l i m i t s  i n  t h e  

r e s t  o f  t h e  s o i l  column. A ' O S ~  h i g h  

o f  4 . 7  x  uCi/g o c c u r s  a t  15 f t  and 

d r o p s  t o  l e s s  t h a n  1 . 8  x  ~ C i / g  a t  

60 f t .  c o n c e n t r a t i o n  r e m a i n s  a t  

a b o u t  2 x uCi/g t h r o u g h o u t  t h e  

r e s t  of t h e  s o i l  column. Ground w a t e r  

i s  335 f t  below ground  s u r f a c e  a t  t h i s  

l o c a t i o n .  

Data  f rom w a s t e  d i s p o s a l  s i t e  f i e l d  

i n v e s t i g a t i o n s  g e n e r a l l y  s u p p o r t  l a b o r -  

a t o r y  s o i l  column s t u d i e s  which show 

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

1 3 7 ~ s  and a r e  r e t a i n e d  h i g h  i n  

t h e  column by a d s o r p t i o n  and i o n  e x -  

change .  E s s e n t i a l l y  a l l  o f  t h e  ces ium 

and s t r o n t i u m  a r e  s t o r e d  some 100 f t  o r  

more above t h e  w a t e r  t a b l e .  

P A R T I C L E S  A N D  G A S E S  

A P P L I C A T I O N  A N D  P E R F O R M A N C E  O F  A  S P I N N I N G  D I S C  A E R O S O L  G E N E R A T O R  - G .  A .  

Sehmel 

A s p i n n i n g  d i s c  a e r o s o l  g e n e r a t o r  was a p p l i e d  i n  s t u d i e s  o f  t h e  t u r b u l e n t  
d e p o s i t i o n  o f  m o n o d i s p e r s e  p a r t i c l e s .  Uran ine  and m e t h y l e n e  b l u e  s o l u t i o n s  
were  u s e d  a s  t h e  m a t e r i a l  t o  g e n e r a t e  p a r t i c l e s  from 1 t o  1 0  u .  Obser-  
v a t i o n s  r e g a r d i n g  t h e  c a l i b r a t i o n  and u s e  o f  t h i s  i n s t r u m e n t  a r e  r e p o r t e d .  
The r e l a t i v e  h u m i d i t y  o f  t h e  sweep a i r  i s  a n  i m p o r t a n t  f a c t o r  i n  d e t e r -  
m i n i n g  t h e  f i n a l  m o i s t u r e  c o n t e n t  o f  t h e  p a r t i c l e s  g e n e r a t e d  and i t  
m a t e r i a l l y  i n f l u e n c e s  t h e  p h y s i c a l  q u a l i t y  o f  t h e  p a r t i c l e s .  The s p i n -  
n i n g  d i s c  g e n e r a t o r  c o n t i n u e d  t o  prove  i t s  w o r t h  a s  a  v a l u a b l e  t o o l  i n  
t h e  s t u d y  o f  b e h a v i o r  o f  p a r t i c l e s  i n  t h e  1 t o  10 s i z e  r a n g e .  

The s p i n n i n g  d i s c  a e r o s o l  g e n e r a -  

t o r  d e s i g n e d  (51) and f a b r i c a t e d  l o -  

c a l l y  was u s e d  t o  g e n e r a t e  p a r t i c l e s  

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

i n  l o n g  v e r t i c a l  c o n d u i t s .  The gen-  

e r a t o r  c o n s i s t s  b a s i c a l l y  o f  a  1 i n .  

diam d i s c  d r i v e n  by a n  a i r  motor  up 

t o  s p e e d s  o f  a b o u t  70 ,000  rpm. A l -  

c o h o l i c  s o l u t i o n s  o f  m e t h y l e n e  b l u e  

and u r a n i n e  a r e  m e t e r e d  a t  a b o u t  0 . 7  

ml/min t h r o u g h  a  number 2 2  hypodermic  

n e e d l e  t o  t h e  c e n t e r  o f  t h e  d i s c .  

D r o p l e t s  o f  t h i s  s o l u t i o n  a r e  formed 

a t  t h e  s p i n n i n g  d i s c  edge  and evapo-  

r a t e  i n  t h e  a i r  t o  form p a r t i c l e s  o f  

c o n t r o l l e d  s i z e .  The p a r t i c l e s  a r e  

swept  from t h e  g e n e r a t o r  w i t h  f i l t e r -  

e d  ambien t  a i r  i n t o  a  7  f t 3  chamber 

from which t h e  p a r t i c l e s  a r e  drawn 

f o r  e x p e r i m e n t a l  u s e .  

During t h e  c o u r s e  o f  t h i s  r e s e a r c h  

t h e  o p e r a t i n g  c o n d i t i o n s  were b e t t e r  

d e f i n e d  and some of  t h e  l i m i t a t i o n s  

o f  t h e  g e n e r a t o r  were d e t e r m i n e d .  



T a b l e  V I I .  T y p i c a l  S o l u t i o n  C o n c e n t r a t i o n s  

S o l u t e  S o l v e n t  
P a r t i c l e  U r a n i n e  , M e t h y l e n e  B l u e ,  CH30H, C2H50H, 
S i z e ,  p A m 1 : - m 1 

1 0 . 0 2 6  0 . 0 1 4  5  995 
2 0 . 1 9  0 . 0 9 3  3  0  9  70 
4  0 . 5 0  0 . 2 7  9  0  9 10 
6 0 . 5 8  0 . 2 8  100 9 0  0  

10 0 . 9 0  0 . 4 8  300 7 0  0  

D i s c  S p e e d ,  
rpm 

6 4 , 0 0 0  
6 7 , 0 0 0  
3 5 , 0 0 0  
23 ,000  
2 0 , 0 0 0  

The p a r t i c l e  s i z e  was d e t e r m i n e d  a s  

a  f u n c t i o n  o f  f e e d  c o n c e n t r a t i o n  a n d  

d i s c  s p e e d .  R e s u l t s  o f  t h i s  c a l i b r a -  

t i o n  a r e  shown i n  T a b l e  V I I .  
A c a s c a d e  i m p a c t o r  was u s e d  t o  c o l -  

l e c t  p a r t i c l e s  on an  o i l  c o a t e d  c o l -  

l e c t o r  t o  s p o t  c h e c k  p r i m a r y  p a r t i c l e  

s i z e .  I t  was a p p a r e n t  t h a t  t h e  p a r t -  

i c l e s  would d i f f e r  i n  m o i s t u r e  c o n -  

t e n t  a s  j u d g e d  by t h e  h a r d n e s s  and  

c o m p r e s s i b i l i t y  o f  t h e  p a r t i c l e s .  I f  

p a r t i c l e s  c o n t a i n e d  s u f f i c i e n t  mois  - 

t u r e ,  t h e y  would  c r y s t a l l i z e  and  l o s e  

t h e i r  s p h e r i c a l  fo rm when c o l l e c t e d  

on membrane f i l t e r s .  Dry p a r t i c l e s ,  

however ,  wou ld  r e m a i n  s p h e r i c a l  and  

" h a r d . "  Humid i ty  o f  t h e  a m b i e n t  a i r  

was an i m p o r t a n t  f a c t o r  i n  d e t e r m i n -  

i n g  w h e t h e r  p a r t i c l e s  would r e t a i n  

t h e i r  s h a p e  a f t e r  s a m p l i n g .  P a r t i -  

c l e s  would  r e t a i n  s p h e r i c i t y  and  

a p p e a r  " h a r d"  and  d r y  a t  a m b i e n t  r e -  

l a t i v e  h u m i d i t y  o f  a b o u t  6 5 % .  On 

days  when t h e  h u m i d i t y  e x c e e d e d  a -  

b o u t  6 5 %  t h e  p a r t i c l e s  would  b e  s o f t  

and  would  c r y s t a l l i z e  a f t e r  c o l l e c -  

t i o n .  

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

s t u d i e s  were  made by s a m p l i n g  f rom 

t h e  chamber  on membrane f i l t e r s  d u r -  

i n g  5 - h r  g e n e r a t i o n  p e r i o d s .  Samples  

were  c o l l e c t e d  a t  t i m e s  when d r y  p a r -  

t i c l e s  were  a s s u r e d ,  h e n c e  d e t a i l e d  

s i z e  measurements  c o u l d  b e  made. 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  o f  s e v e r a l  

s a m p l e s  i s  shown a s  h i s t o g r a m s  i n  

F i g u r e  38.  The s i z e  d i s t r i b u t i o n s  

a r e  q u i t e  n a r r o w .  A s m a l l  f r a c t i o n  

o f  " s a t e l l i t e "  p a r t i c l e s  i s  c r e a t e d  

from t h e  t a i l  o f  p r i m a r y  d r o p l e t s  . 

upon l e a v i n g  t h e  s p i n n i n g  d i s c .  F o r  

Parllcle Diameter. microns 

FIGURE 3 8 .  T y p i c a l  W e i g h t  Frequency  
His tograms  f o r  Methy Zene B l u e- U r a n i n e  
P a r t i c l e s  Produced by  t h e  S p i n n i n g  
D i s c  A e r o s o l  G e n e r a t o r  f o r  NominaZ 
P a r t i c l e  D i a m e t e r s  o f  About  1 ,  3 ,  5, 
7 ,  and 10 1~ 



t h e  most  p a r t  t h e s e  a r e  p u l l e d  o u t  p a r t i c l e s  a r e  p r e s e n t .  The s i z e  

o f  t h e  s y s t e m  and  t r a p p e d  b e f o r e  t h e y  r a n g e  s h o u l d  be  narrolved f o r  a  s h o r t -  

can  e n t e r  t h e  maill a e r o s o l  s t r e a n .  e r  s a m p l i n g  p e r i o d  d u r i n g  ~ v h i c h  t h e r e  

Occasional a g g r e g a t e s  o f  t h e  p r i m a r y   could l i k e l y  be  l e s s  change  i n  g e n -  

e r a t o r  v a r i a b l e s .  

S U E I S O K I N E T I C  S A Y F L I N G  O F  P A R T I C L E S  -- 114 A N  A I R  S T R E A M  - G .  A .  S e h m e l  

m - e?li>ol,s ass;cisted i;i $ h  sai-p7,iv6 at u2ilter face veloc<t<es 
- .  , .  

~zc;: DGS;J tic carI7?ins stre=,: vzigcit, ( ~ ~ c z s c x ~ n e ~ d c )  weye . - 
i s t .  For re Zaz,Lq)a iv r : ; c n  g:>srgach ye locities an& 
2rgll tiG f-"tdil L , u 4  CP &c- .a vzloc<tS :s o ~ z Z ?  a .?r>action of isokindtic, . < . <  . . 
La?-.;c?1> ca??tirles .rr; ccllcczct,; gl'lw~y:~) C) ? v ~ p x c t i ~ ~ .  Skoii.ii 
$ h a  air coqcen.Lr~g<cr 3 2  cs-r%ted f r ~ y  coligc-ed payticies 2nd ,. - T,'C UcZb.1~ t ? y c i q k  t 2 ~  -r<Zt~yj, the - ~ q < i c a t e ~  csncenfrg- 
C ' - . .  . 
+zcns 2:' ?-a ':>J*: ~:YL;/LC:P ; ; ,nib tke ac',:ial ca'r,cc;ltrat,Lnn, A re- 
~n$ioxsl~i; ,;as es;abllskk;.f ~ ; ~ i ~ ; "  cpy-izs yeasonabZe estiyazae 

, . c f  corrzc,kcqs as a fii.?;~tig;~ 0' s ~ b , i s 3 > L ~ q t i ~  fZnw ay;i the a-7- 
r- ?reach 2 6  . '. ~alat5crsh:a < 3  .+a~c?C X C C Z  Zrpaction iatn 

. s-;n<ne(-j t;2t' ;-' b r ? l i p .  7' C ' ; : ~ C  21-6 :kg.;./ +-._̂ y, 2 : 2 5  -~glsc%ties 
'ro- 2 .  7 31, -;zb an: -c;:c:lc:2 ~:'?ss 'r-; 4 5 6  2lP 

.A r e p r e s e n t a t i v e  s z m p l e  o f  a11 a e r o -  When t 'le s a m p l i n g  r a t e  1 s  s u b i s o -  

s o l -  l a d e n  a i r  strear11 i s  o b t a i n e d  o n l y  k i n e t i c ,  some a i r  i n i t i a l l y  i n  t h e  

i f  t h e  c o l l e c t e d  a e r o s o l  h a s  t h e  same p r o j e c t e d  a r e a  u p s t r e a m  of t h e  f i l -  

s i z e  d i s t r i b u t i o n  and  t i le  sa:nc r e l a -  t e r  c o l l e c t o r  t i i l l  be  d e f l e c t e d  a -  

t i v e  c o n c e n t r a t i o n  a s  t h e  a i r  s t r e a m .  round  t h e  c o l l e c t o r .  L a r g e r  and  

Sampl ing  u n d e r  t h e s e  c o n d i t i o n s  i s  h e a v i e r  p a r t i c l e s  w i l l  n o t  b e  a b l e  

t e rmed  i s o k i n e t i c  and r e q u i r e s  t h a t  t o  f o l l o w  t h e  a i r  p a t h  and wi l l  i m -  

t h e  s a m p l e  h e  1cit1idral;n p a r a l l e l  t o  p a c t  on t i le  f i l t e r .  A n o n r e p r e s e n t a  

t h e  a i r  s t rcnr i i  f l o r i  and t h a t  t i le  sam- t i v c  number o f  l a r g e r  p a r t i c l e s  ~ i ~ i l l  

p l c  be  l i i t l l d r a ~ i n  a t  an a i r  v e l o c i t y  be  c o l l e c t e d .  I n  t h e  c x t r e ~ r ~ e  c a s e  

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

Sampl ing  may b e  e i t h e r  re i i lo te ly  c o l l e c t o r  i n  a  c y l i n d e r  o f  a i r  o f  

t h r o u g h  a  t u b e ,  as  i n  a d u c t ,  o r  d i r -  d i a m e t e r  e q u a l  t o  t h e  f i l t e r  dia11:eter 

e c t l y  t h r o u g h  a  f i l t e r  p l a c e d  I n  t h e  would b e  c a u g h t  on t h e  f i l t e r  r e g a r d -  

a l r  s t re ' lm.  The l a t t e r  i s  t h e  c a s e  l e s s  o f  t h e  amount of a i r  drawn 

i n  a t m o s p h e r i c  d i f f u s i o n  and  washou t  t h r o u g h  t h e  f i l t e r .  Very s m a l l  p a r -  

s t u d i e s  (52) which  have  employed f l u -  t l c l e s  \;ill f o l l o w  t h e  a i r  p a t h s  

o r e s c e n t  ZnS a s  t h e  t r a c e r  m a t e r i a l .  b e c a u s e  o f  t h e i r  v e r y  low i n e r t i a .  

The ZnS i s  c o l l e c t e d  on f i l t e r s  l o -  The p u r p o s e  o f  t h i s  s t u d y  was t o  

c a t e d  i n  t h e  f i e l d  a n d  a t  s e v e r a l  e s t a b l i s h  c o r r e c t i o n  f a c t o r s  f o r  v a r -  

f i x e d  f l o w  r a t e s  f rom 0 . 3  t o  4 f t /  i o u s  p a r t i c l e  s i z e s  and  s u b i s o k i n e t i c  

min which f r e q u e n t l y  a r e  l e s s  t h a n  s a m p l i n g  r a t e s  f o r  ZnS p a r t i c l e s .  The 

i s o k i n e t i c  [ s u S i s o k i n e t i c ) - i n  some membrane f i l t e r s  and t h e  p o l y e t h y l e n e  

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



d i f f u s i o n  s t u d i e s  w e r e  t o  b e  employed For  p a r t i c l e  i m p a c t i o n  on a  f i l t e r ,  

i n  t h e s e  m e a s u r e m e n t s .  The f i l t e r  

h o l d e r  c o n s i s t s  o f  a  p o l y e t h y l e n e  f i l -  

t e r  s u p p o r t  a n d  i t s  componen t s :  a  

b a s e  w i t h  i t s  c u p - l i k e  c a v i t y ,  a  b a c k -  

i n g  f o r  t h e  f i l t e r ,  t h e  membrane f i l -  

t e r ,  a n d  a  r e t a i n i n g  r i n g  t o  s e a l  t h e  

f i l t e r  e d g e .  The b a c k i n g  c o n s i s t s  o f  

a  s t r i p  o f  c r e p e  p a p e r  c o n t i n u o u s l y  

wound a r o u n d  a  c e n t r a l  wooden dowel  

a b o u t  l / 2  in .  d iam.  

Theory  c a n  b e  u s e d  t o  s e t  up t h e  

g e n e r a l i z e d  d i m e n s i o n l e s s  e q u a t i o n  o f  

m o t i o n  f o r  p a r t i c l e s .  T h a t  i s ,  

i n  which  t h e  d i m e n s i o n l e s s  c o o r d i n a t e  
f 

r o f  t h e  p a r t i c l e  i s  $ = F.  R i s  t h e  
+ 

r a d i u s  o f  t h e  f i l t e r ,  V,($) = v/v, i s  

t h e  d i m e n s i o n l e s s  f l u i d  v e l o c i t y  a s  

a  f u n c t i o n  o f  t h e  d i m e n s i o n l e s s  f l u i d  

v e l o c i t y  a s  a  f u n c t i o n  o f  t h e  d imen-  

s i o n l e s s  p a r t i c l e  c o o r d i n a t e ,  v, i s  

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

t h e  c o r r e l a t i n g  p a r a m e t e r  f o r  v a r i o u s  

p a r t i c l e  s i z e s  i s  t h e  S t o k e s  number ,  

S t k ,  f o r  any  a i r  v e l o c i t y  s i n c e  s i m -  

i l a r i t y  e x i s t s  b e t w e e n  a e r o s o l  s y s -  

t e m s ,  and E q u a t i o n  ( 1 )  i s  a p p l i c a b l e .  

The S t o k e s  number i s  r e l a t e d  t o  t h e  

s t o p  d i s t a n c e ,  S ,  d e f i n e d  a s  t h e  d i s -  

t a n c e  a  p a r t i c l e  w i t h  a n  i n i t i a l  

v e l o c i t y ,  u  would t r a v e l  i n  t h e  
0 '  

h o r i z o n t a l  d i r e c t i o n  i n  a  s t i l l  g a s  

b e f o r e  coming t o  r e s t .  For  p a r t i c l e s  

o b e y i n g  S t o k e s  l a w ,  t h e  S t o k e s  number 

i s  t h e  r a t i o  o f  t h e  s t o p  d i s t a n c e  

d i v i d e d  by t h e  f i l t e r  r a d i u s .  F o r  

p a r t i c l e s  w i t h  Reyno lds  numbers  a s  

h i g h  a s  1 8 ,  t h e  p a r t i c l e .  d r a g  c o -  

f f i c i e n t  i s  more h i g h l y  d e p e n d e n t  on 

Reyno lds  number t h a n  i n d i c a t e d  by 

S t o k e s  l aw,  and  h e n c e  t h e  S t o k e s  nuni- 

b e r  i s  g r e a t e r  t h a n  t h e  r a t i o  o f  t h e  

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

r a d i u s .  I n  t h e  r a n g e  o f  s t o p  d i s -  

t a n c e s  o f  i n t e r e s t ,  t h e  v a r i a b l e  d r a g  

i s  i m p o r t a n t .  For  e x a m p l e ,  t h e  S t o k e s  

V m t  s t o p  d i s t a n c e  i s  1 . 6  t i m e s  t h e  t r u e  
T = - i s  t h e  d i n l e n s i o n l e s s  t i m e ,  a n d  R s t o p  d i s t a n c e  f o r  a  20 p ZnS p a r t i c l e  S t k  i s  t h e  S t o k e s  number d e f i n e d  by 

7 i n i t i a l l y  i n  a  30 m i / h r  a i r  s t r e a m .  

(2 1 A d j u s t e d  S t o k e s  numbers  w e r e  c a l c u l a -  

t e d  by d i v i d i n g  t h e  t r u e  s t o p  d i s -  

The S t o k e s  number c o n t a i n s  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  s y s t e m :  t h e  

p a r t i c l e  d e n s i t y ,  p p ;  p a r t i c l e  d iam-  

e t e r ,  d ;  a i r  v i s c o s i t y ,  u ;  and f i l t e r  

r a d i u s ,  R .  I n  t h e o r y ,  i n t e g r a t i o n  o f  

E q u a t i o n  ( 1 )  would y i e l d  t h e  o u t e r  

mos t  t r a j e c t o r i e s  o f  p a r t i c l e s  which 

would b e  c o l l e c t e d  on a  f i l t e r  and 

t h u s  t h e  s a m p l i n g  e r r o r  p r o b l e m  would 

b e  s o l v e d .  U n f o r t u n a t e l y ,  t h e  a i r  

f l o w  p a t t e r n s  a r e  unknown, and  t h e  

r e q u i r e d  i n t e g r a t i o n  c o u l d  n o t  b e  p e r -  

f o r m e d .  

t a n c e  by t h e  f i l t e r  r a d i u s .  The a d -  

j u s t e d  S t o k e s  numbers  a r e  u s e d  a s  

t h e  c o r r e l a t i n g  p a r a m e t e r  f o r  i m -  

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

s a m p l i n g  e r r o r  i n v o l v e s  i n t r o d u c i n g  

t h e  p a r t i c l e s  i n t o  a n  a i r  s t r e a m  c i r -  

c u l a t i n g  i n  a  c l o s e d  l o o p  d u c t  a t  a  

g i v e n  v e l o c i t y .  W i t h i n  t h e  d u c t  a r e  

two a d j a c e n t  c o l l e c t o r s :  one  f i l t e r  

s a m p l i n g  a t  a n  i s o k i n e t i c  f l o w  r a t e  

a n d  t h e  s e c o n d  s a m p l i n g  a t  a  s u b i s o -  

k i n e t i c  f l o w  r a t e .  A f t e r  s a m p l i n g  i s  



c o m p l e t e ,  t h e  number of p a r t i c l e s  i n  e x c e e d s  one i s  t h e  c o r r e c t i o n  ( d i v i s o r )  

s e v e r a l  s i z e  i n c r e m e n t s  i s  d e t e r m i n e d  t o  b e  a p p l i e d  t o  t h e  a p p a r e n t  a i r  c o n -  

m i c r o s c o p i c a l l y  f o r  t h e  two f i l t e r s .  c e n t r a t i o n ,  C ,  d e t e r m i n e d  f rom a  s u b i -  

The q u a n t i t y ,  N / N o ,  f o r  a  g i v e n  p a r t i -  s o k i n e t i c  s a m p l e  t o  o b t a i n  t h e  t r u e  
c l e  s i z e  i s  d e t e r m i n e d .  N o  i s  t h e  a i r  c o n c e n t r a t i o n ,  C o .  

number o f  p a r t i c l e s  c o l l e c t e d  f o r  a  A s  l o w e r  and  l o w e r  r a t i o s  o f  - u a r e  

g i v e n  s i z e  r a n g e  on t h e  i s o k i n e t i c  Uo 
u s e d ,  t h e  f r a c t i o n  o f  p a r t i c l e s  c o l -  

s a m p l e ;  N i s  t h e  number f o u n d  o f  t h e  l e c t e d  e v e n t u a l l y  becomes e q u a l  t o  t h e  

same s i z e  on t h e  s u b i s o k i n e t i c  s a m p l e .  i m p a c t i o n  e f f i c i e n c y ,  d e f i n e d  a s  t h e  

I f  t h e r e  i s  no e r r o r  i n  t h e  s a m p l i n g  number o f  p a r t i c l e s  c o l l e c t e d  o f  t h o s e  
method ,  t h i s  r a t i o  s h o u l d  be  i d e n t i c a l  a p p r o a c h i n g  t h e  f i l t e r  i n  an  a r e a  e q u a l  

t o  t h e  r a t i o  o f  t h e  a i r  f l o w s  t h r o u g h  t o  t h e  c r o s s  s e c t i o n  o f  t h e  f i l t e r ,  

t h e  s u b i s o k i n e t i c  f i l t e r ,  u ,  t o  t h e  when t h e  f l o w  t h r o u g h  t h e  f i l t e r  i s  

a i r  f l o w  t h r o u g h  t h e  i s o k i n e t i c  f i l t e r ,  z e r o .  The e x p e r i m e n t a l  i m p a c t i o n  

u . The f a c t o r  by which  t h e  c o n c e n -  o e f f i c i e n c i e s ,  ( 5 3 )  a. LIO' a r e  shown i n  
t r a t i o n  r a t i o  F i g u r e  39 f o r  a i r  s p e e d s  f r o m  2 . 7  t o  

FIGURE 3 9 .  I n e r t i a l  D e p o s i t i o n  o f  Par-  
t i c l e s  on  F i l t e r s  a s  a  F u n c t i o n  o f  
W i n d s p e e d  



30 m i / h r .  For  f i n i t e  s a m p l i n g  r a t e s  

t h e  a s s u m p t i o n  i s  j u s t i f i a b l y  made 

t h a t  t h e  p a r t i c l e s  i n  t h e  a i r  drawn 

t h r o u g h  t h e  f i l t e r  would  b e  c o l l e c t e d  

w i t h  a n  e f f i c i e n c y  o f  1 . 0  I n  c o n -  

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

f rom t h e  d e f l e c t e d  a i r  would b e  d e t e r -  

mined by a n  i n e r t i a l  i m p a c t i o n  e f f i c -  

i e n c y .  F o r  a  g i v e n  a p p r o a c h  v e l o c i t y  

one m i g h t  a p p r o x i m a t e  t h e  a c t u a l  im-  

p a c t i o n  e f f i c i e n c y  f o r  p a r t i c l e s  i n  

a i r  n o t  p a s s i n g  t h r o u g h  t h e  f i l t e r  by 

u s i n g  a c t u a l  i m p a c t i o n  e f f i c i e n c y  

a  f o r  t h i s  a p p r o a c h  v e l o c i t y .  T h u s ,  
U o  a n  e x p r e s s i o n  f o r  t h e  r a t i o  o f  p a r -  

t i c l e s  c o l l e c t e d  by s a m p l i n g  a t  a  

f a c e  v e l o c i t y ,  u ,  when t h e  a p p r o a c h  

v e l o c i t y  i s  u,  m i g h t  b e  e x p e c t e d  t o  b e  

i n  which  b e p r e s e n t s  a  f r a c t i o n  o f  
uo  

p a r t i c l e s  c o l l e c t e d  i n  t h e  volume o f  

a i r  p a s s i n g  t h r o u g h  t h e  f i l t e r .  The 

s e c o n d  t e r m ,  a u o  (1 - EJ, r e p r e s e n t s  

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

by i m p a c t i o n  f rom t h e  a i r  w h i c h  a p -  

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

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

The e x p e r i m e n t a l  a n d  c a l c u l a t e d  

c o l l e c t i o n  r a t i o s  f r o m  t h e  above e q u a -  

t i o n  a r e  shown i n  F i g u r e  40 f o r  a  9 

m i / h r  w i n d s p e e d .  S i m i l a r  t y p e s  o f  

c u r v e s  w e r e  o b t a i n e d  f o r  w i n d s p e e d s  

o f  2 . 7 ,  5 . 4 ,  1 6 . 5 , a n d  30 m i / h r .  As 

may b e  s e e n  f rom t h e  f i g u r e ,  we c o u l d  

n o t  a c c u r a t e l y  s u p p o r t  e x p e r i m e n t a l l y  

n o r  t h e o r e t i c a l l y  t h e  a s s u m p t i o n  t h a t  

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

e f f i c i e n c y  f rom t h e  d e f l e c t e d  a i r  w i l l  

r e m a i n  c o n s t a n t  f o r  p a r t i c l e s  o f  a  

g i v e n  s i z e  a t  a  g i v e n  a p p r o a c h  v e l o -  

c i t y ,  u . The d a t a  o b t a i n e d  i n  t h i s  

s t u d y ,  however ,  a g r e e  b e t t e r  w i t h  t h e  

a s s u m p t i o n s  s t a t e d  above  t h a n  w i t h  

o t h e r  t h e o r i e s  p r o p o s e d .  Even s o ,  

c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  e x -  

p e r i m e n t a l  c o r r e c t i o n s  a n d  t h o s e  p r e -  

d i c t e d  f rom t h i s  s i m p l e  model  do 

e x i s t .  These  d i f f e r e n c e s  a r e  b e l i e v e d  

t o  r e s u l t  f rom t h e  i n h e r e n t  d i f f i c u l -  

t i e s  i n  a c h i e v i n g  a c c u r a t e  p a r t i c l e  

s i z i n g  a n d  c o u n t i n g ,  a c h i e v i n g  u n i -  

fo rm p a r t i c l e  d i s t r i b u t i o n  i n  t h e  a i r ,  

and a c h i e v i n g  f l o w  p a t t e r n s  m e e t i n g  

t h e  a s s u m p t i o n s .  

One o f  t h e  e a r l y  o b s e r v a t i o n s  i n  

t h i s  s t u d y ,  f o r  e x a m p l e ,  was t h a t  t h e  

p a r t i c l e  d e p o s i t  on t h e  s u b i s o k i n e t i c  

f i l t e r s  was f r e q u e n t l y  n o t  u n i f o r m ,  

a l t h o u g h  g e n e r a l l y  s y m m e t r i c a l .  V i s -  

u a l  e x a m i n a t i o n  o f  many f i l t e r s  showed 

a  g e n e r a l  r e l a t i o n s h i p  b e t w e e n  t h e  

a p p e a r a n c e  o f  t h e  d e p o s i t  a n d  f l o w  

c o n d i t i o n s  p r e v a i l i n g  d u r i n g  s a m p l i n g .  

A r e g i m e  o f  w i n d s p e e d s  a n d  s a m p l i n g  

r a t e s  e x i s t s  w i t h i n  which  h e a v y  c o l -  

l e c t i o n  o c c u r s  n e a r  t h e  p e r i p h e r y  

o f  t h e  f i l t e r .  O u t s i d e  t h e s e  combina-  

t i o n s  o f  w i n d s p e e d s  a n d  s a m p l i n g  f l o w s  

t h e  p a r t i c l e  c o l l e c t i o n  i s  u n i f o r m  

f rom t h e  e d g e  o f  t h e  1 / 2  i n ,  d iam low-  

f l o w  c e n t e r  a r e a  t o  t h e  e d g e  o f  t h e  

r e t a i n i n g  r i n g .  These  c o n d i t i o n s  a r e  

shown i n  F i g u r e  41 .  A t r a n s i t i o n  r e -  

g i o n  i d e n t i f i e s  a  band  o f  c o n d i t i o n s  

w i t h i n  which  c o l l e c t i o n  may show some 

i n t e r m e d i a t e  o r  u n d i f f e r e n t i a t e d  

p a t t e r n .  I t  i s  f u r t h e r  r e c o g n i z e d  

t h a t  e a c h  w i n d s p e e d - s a m p l i n g  r a t e  

c o m b i n a t i o n  may b e  p r e f e r e n t i a l l y  

a f f e c t i n g  l a r g e r  p a r t i c l e s  p r e s e n t  

w i t h  r e s p e c t  t o  where  on t h e  f i l t e r  

t h e y  come t o  r e s t .  These  o b s e r v a t i o n s  

a r e  e v i d e n c e s  o f  t h e  complex  n a t u r e  

o f  t h e  c o l l e c t i o n  mechanisms d u r i n g  

s u b i s o k i n e t i c  f l o w .  
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A l t h o u g h  t h e  model u s e d  i n  t h i s  

s t u d y  i s  o v e r s i m p l i f i e d  s i n c e  i t  i s  

b e i n g  a p p l i e d  t o  a  c o l l e c t o r  o f  f a i r -  

l y  complex g e o m e t r y ,  i t  d o e s ,  n e v e r -  

t h e l e s s ,  c u r r e n t l y  p e r m i t  s a m p l i n g  

e r r o r s  t o  b e  e s t i m a t e d  f rom E q u a t i o n  ( 5 1  

V a l u e s  o f  t h e  i m p a c t i o n  e f f i c i e n c y  

n u  a r e  t h o s e  t a k e n  f rom t h e  smoothed  

cuFves  i n  F i g u r e  4 0 .  

ERRORS IN SAMPLING WITH NOZZLES DESIGNED T O  ACHIEVE ISOKINETIC F L O W  - G .  A .  Sehmel 

N o z z l e s  w e r e  u s e d  t o  o b t a i n  i s o k i n e t i c  s a m p l e s  o f  ZnS p a r t i c l e s  
a t  a i r  v e l o c i t i e s  f r o m  5 .  4 t o  30 r n i / h r .  P a r t i c l e  d e p o s i t i o n  on  
t h e  n o z z l e  w a l l s  was m e a s u r e d  and i s  r e p o r t e d  a s  t h e  f r a c t i o n  
d e p o s i t e d  o f  t h o s e  e n t e r i n g  t h e  n o z z l e .  The d e p o s i t i o n  i n c r e a s e d  
w i t h  p a r t i c l e  s i z e  and v e l o c i t y  up t o  7 0 % .  

To d e t e r m i n e  a c c u r a t e l y  t h e  c o n c e n -  

t r a t i o n  and  n a t u r e  o f  a n  a e r o s o l  i n  an  

a i r  s t r e a m  one mus t  s a m p l e  i s o k i n e t i -  

c a l l y  t o  a s s u r e  a  r e p r e s e n t a t i v e  s a m p l e  

o r  have  a v a i l a b l e  t h e  n e c e s s a r y  c o r r e c -  

t i o n  f a c t o r s  t o  a p p l y  t o  s a m p l e s  o b t a i n e d  

n o n - i s o k i n e t i c a l l y .  S a m p l i n g  s i t u a t i o n s  

f r e q u e n t l y  a r i s e  i n  which  a  sample  mus t  

b e  wi thdrawn f rom an  a i r  s t r e a m  o f  r e l a -  

t i v e l y  h i g h  v e l o c i t y .  When i s o k i n e t i c  

s a m p l i n g  i s  a t t e m p t e d ,  i t  i s  q u i c k l y  

r e a l i z e d  t h a t  t h e  f a c e  v e l o c i t y  t h r o u g h  

t h e  f i l t e r  f a c e  h e l d  i n  t h e  a i r  s t r e a m  

c a n  n e v e r  b e  made t o  m a t c h  t h e  s t r e a m  

v e l o c i t y  b e c a u s e  o f  t h e  h i g h  p r e s s u r e  

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

a  t a p e r e d  i n l e t  s e c t i o n  p r e c e d i n g  t h e  

f i l t e r  h a s  f r e q u e n t l y  b e e n  u s e d .  T h i s  

t r a n s i t i o n  s e c t i o n  ( n o z z l e )  w i l l  t h e o r -  

e t i c a l l y  a l l o w  a  l o w e r  t o t a l  f l o w  

t h r o u g h  t h e  f i l t e r  a n d  p e r m i t  t h e  i s o -  

s l o w e d  i n  t h e  e x p a n d i n g  s e c t i o n  t o  a  

v e l o c i t y  a t  t h e  f i l t e r  f a c e  c o m p a t i b l e  

w i t h  t h e  p e r m i s s i b l e  p r e s s u r e  d r o p  

t h r o u g h  t h e  f i l t e r  . S a m p l i n g  n o z z l e s  

were  r e q u i r e d  i n  r e c e n t  s t u d i e s  o f  e r -  

r o r s  i n  s u b i s o k i n e t i c  s a m p l i n g .  I t  was 

s o o n  f o u n d ,  however ,  t h a t  p a r t i c l e  
l o s s e s  i n  t h e  n o z z l e s  u s e d  would  b e  

s i g n i f i c a n t .  I t  i s  t h e  p u r p o s e  o f  

t h i s  r e p o r t  t o  p r e s e n t  t h e  o b s e r v a -  

t i o n s  a n d  c o n c l u s i o n s  r e g a r d i n g  t h e  

u s e  o f  t h e s e  s a m p l i n g  n o z z l e s .  

B r a s s  n o z z l e s  shown s c h e m a t i c a l l y  

i n  F i g u r e  4 2  were  u s e d  t o  o b t a i n  

i s o k i n e t i c  s a m p l e s  o f  ZnS p a r t i c l e s  i n  

a  wind t u n n e l  o p e r a t i n g  a t  a i r  v e l o c -  

i t i e s  r a n g i n g  f rom 5 . 4  t o  30  m i / h r .  

The l a r g e r  e x i t  e n d  o f  t h e  n o z z l e  was 

s i z e d  f o r  a  p r e s s  f i t  o n t o  a  p o l y -  

e t h y l e n e  f i l t e r  h o l d e r  1 . 6  i n .  d iam 

a t  t h e  f i l t e r  f a c e .  The f i l t e r  r e -  

k i n e t i c  c o n d i t i o n  t o  b e  a c h i e v e d  a t  t h e  t a i n i n g  r i n g  was s e a t e d  a g a i n s t  a  

i n l e t  o f  t h e  n o z z l e .  A i r  a t  h i g h  v e l o -  s h o u l d e r  i n  t h e  b r a s s  n o z z l e .  A 

c i t y  a t  t h e  n o z z l e  e n t r a n c e  w i l l  be  smooth unbroken  s u r f a c e  w a l l  s u r f a c e  



from n o z z l e  i n l e t  t o  t h e  f i l t e r  f a c e  

was t h u s  p r o v i d e d .  Membrane f i l t e r s  

o f  0 . 8  p o r e  s i z e  were  u s e d .  

A f t e r  e a c h  r u n  t h e  n o z z l e  was 

c a r e f u l l y  removed a n d  v i s u a l l y  exam- 

i n e d  u s i n g  u l t r a v i o l e t  i l l u ~ : l i n a t i o n  

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

e x a m i n a t i o n  gave  a  q u a l i t a t i v e  e s t i -  

mate o f  t h e  d e p o s i t i o n  p a t t e r n .  

V i s u a l  e x a m i n a t i o n  showed,  f o r  exam- 

? l e ,  t h a t  a t  t h e  lower  f l o w  r a t e s  

u s e d  g r a v i t y  d e p o s i t i o n  was s i g n i f i -  

c a n t  a n d  r e s u l t e d  i n  a  h e a v i e r  d e -  

p o s i t  on t h e  l o w e r  p o r t i o n  o f  t h e  

n o z z l e .  A t  h i g h e r  f l o w  r a t e s  t u r b u -  

l e n c e  becomes more i m p o r t a n t  and  p a r -  

t i c l ~ e s  a p p e a r e d  t o  b e  u n i f o r m l y  d e -  

p o s i t e d  t h r o u g h o u t  t h e  n o z z l e .  

The f r a c t i o n  a n d  s i z e  d i s t r i b u t i o n  

o f  p a r t i c l e s  c o l l e c t e d  on t h e  w a l l  

were  d e t e r m i n e d .  The n o z z l e ,  a f t e r  

b e i n g  g e n t l y  removed,  was r e p l a c e d  

on t h e  sarne f i l t e r  h o l d e r  i n t o  which  

h a d  b e e n  i n s e r t e d  a  f r e s h  f i l t e r .  

A i r  TGas drawn t h r o u g h  t h e  f i l t e r  a n d  

n o z z l e .  A i r  f rom a s m a l l  g l a s s  j e t  

was p l a y e d  a g a i n s t  t h e  i n t e r n a l  s u r -  

f a c e s  o f  t h e  n o z z l e  u n t i l  a l l  t h e  

p a r t i c l e s  were  a i r - w a s h e d  o n t o  t h e  

f i l t e r .  The i n t e r n a l  s u r f a c e  o f  t h e  

f i l t e r  r e t a i n i n g  r i n g  was c o n s i d e r e d  

p a r t  o f  t h e  n o z z l e  w a l l  and  was a l s o  

a i r - w a s h e d  o n t o  t h e  l i l t e r .  C u r i n g  

t h e  a i r - w a s h i n g ,  p a r t i c l e s  removed 

c o l l e c t e d  p r e f e r e n t i a l l y  n e a r  t h e  p e r i -  

p h e r y  o f  t h e  f i l t e r  and  r e l a t i v e l y  few 

p a r t i c l e s  were  c o l l e c t e d  i n  t h e  c e n t r a l  

a r e a  o f  t h e  f i l t e r .  The p a r t i c l e s  on 

t h e  f i l t e r  w e r e  m i c r o s c o p i c a l l y  s i z e d  

and  c o u n t e d .  The f r a c t i o n  d e p o s i t e d  

on t h e  w a l l s  o f  t h o s e  i n i t i a l l y  e n -  

compar ing  t h e  number o f  n o z z l e - d e p o s -  

i t e d  p a r t i c l e s  w i t h  t h e  sum o f  p a r t i -  

c l e s  f o u n d  i n  t h e  n o z z l e  a n d  on t h e  

o r i g i n a l  f i l t e r .  

'The f r a c t i o n  o f  p a r t i c l e s  d e p o s i t e d  

on t h e  n o z z l e  w a l l  i s  shown i n  F i g u r e  

4 2  a s  a  f u n c t i o n  o f  t h e  u p p e r  l i m i t  

o f  e a c h  o f  t h e  s e v e n  r a n g e s  i n t o  which  

t h e  p a r t i c l e s  w e r e  s i z e d .  The c o l l e c -  

t i o n  i s  a  marked f u n c t i o n  o f  p a r t i c l e  

s i z e ;  t h e  l a r g e r  p a r t i c l e s  a r e  d e p o s -  

i t e d  t o  a  much g r e a t e r  d e g r e e  t h a n  

t h e  s m a l l e r  p a r t i c l e s .  I n  t h e  e x t r e m e  

c a s e  r e p r e s e n t e d  by t h e  d a t a  a s  many 

a s  7 0 %  of  t h e  p a r t i c l e s  w e r e  d e p o s i t e d  

on  t h e  w a l l s .  P a r t i c l e s  s m a l l e r  t h a n  

5 L, a r e  n o t  s e r i o u s l y  d e p o s i t e d  

( 8  1 9 )  e x c e p t  f o r  t h e  h i g h e s t  f l o w  

r a t e  u s e d  o f  30 m i / h r .  

T h i s  s t u d y  e m p h a s i z e d  t h e  i m p o r -  

t a n c e  o f  e r r o r s  which  may be  i n t r o d u c -  

e d  t h r o u g h  u s ~ n g  n o z z l e s  p r e c e e d l n g  

a  f l l t e r  t o  a c h l e v e  l s o k l n e t i c  f l o w .  
1'1 ' ' I "  

t e r i n g  t h e  n o z z l e  was d e t e r m i n e d  by - FIGURE .- 4 2 .  -- CoZlection of ParticZes on 
Nozz l e s  at I s o k i n e t i c  Entrance Ve l o c i -  
ties 
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T h e  d e p o s i t i o n  o f  1 -  t o  10p d i a m  p a r t i c l e s  was m e a s u r e d  i n  v e r t i c a l ,  
5 0 - f t  l o n g  a luminum t u b e s  o f  0 .  5 2 ,  1 . 1 5 ,  and 2 .  8 1  i n .  I .  D .  U r a n i n e -  
m e t h y l e n e  b l u e  p a r t i c l e s  o f  n a r r o w  s i z e  r a n g e  g e n e r a t e d  w i t h  a  s p i n -  
n i n g  d i s c  a e r o s o l  g e n e r a t o r  w e r e  u s e d .  S i g n i f i c a n t  d i f f e r e n c e s  f rom 
e a r l i e r  d e p o s i t i o n  d a t a  a r e  b e l i e v e d  t o  b e  due  t o  t h e  b e t t e r  r e s o l u t i o n  
a c h i e v e d  w i t h  t h e  n e a r l y  m o n o d i s p e r s e  p a r t i c l e s  f rom t h e  s p i n n i n g  d i s c .  
T h e  s i g n i f i c a n t l y  l o w e r  d e n s i t y  o f  t h e  u r a n i n e - m e t h y l e n e  b l u e  p a r t i c Z e s  
t h a n  o f  p a r t i c l e s  u s e d  p r e v i o u s l y  may a l s o  c o n t r i b u t e  t o  t h e  a p p a r e n t  
d i f f e r e n c e .  T h e  d e p o s i t i o n  r a t i o ,  K / V ,  i s  shown t o  b e  a  more  c o m p l e x  
f u n c t i o n  o f  t h e  " r e d u c e d  s t o p p i n g  d i s t a n c e , ' !  sf, t h a n  f o r m e r l y  - ' n d i c a t -  
e d .  Flow c o n d i t i o n s  w h i c h  r e s u l t  i n  s i g n i f i c a n t  r e - e n t r a i n m e n t  w e r e  
i d e n t i f i e d  and  shown t o  b e  c o n s i s t e n t  w i t h  a  c o n c l u s i o n  t h a t  e d d y  
f l u c t u a t i o n s  p e n e t r a t e  d e e p l y  i n t o  t h e  Zarninar s u b l a y e r .  

R e p r e s e n t a t i v e  s a m p l e s  f rom g a s e o u s  

s t r e a m s  c o n t a i n i n g  f i n e  p a r t i c l e s  o f  

r a d i o a c t i v e  m a t e r i a l s  a r e  commonly r e -  

q u i r e d  i n  p l a n t s  w h i c h  p r o c e s s  n u c l e a r  

m a t e r i a l s .  S i n c e  t h e  s a m p l e  d e l i v e r y  

l i n e s  a r e  u s u a l l y  u n a v o i d a b l y  l o n g ,  

i n f o r m a t i o n  on t h e  i m p a c t i o n ,  d e p o s i -  

t i o n ,  a n d  r e - e n t r a i n m e n t  o f  t h e s e  p a r -  

t i c l e s  i s  r e q u i r e d  t o  i n t e r p r e t  t h e  

s a m p l e  r e s u l t s  i n  t e r m s  o f  t h e  c o n c c n -  

t r a t i o n  i n  t h e  g a s e o u s  s t r e a m s .  I d e n -  

t i f i c a t i o n  o f  t h e  p a r a m e t e r s  c o n t r o l -  

l i n g  d e p o s i t i o i l  on s u r f a c e s  will a l s o  

c o n t r i b u t e  t o  a  b e t t e r  u n d e r s t a n d i n g  

o f  d e p o s i t i o n  o f  a i r b o r n e  p a r t i c l e s  

on t e r r a i n  a n d  v e g e t a t i o n .  The r e t e n -  

t i o n  o f  p a r t i c l e s  on  s u r f a c e s  i s  a l s o  

o f  i n t e r e s t  i n  e v a l u a t i n g  c o n t a m i n a -  

t i o n  s p r e a d  and  t!le d e g r e e  o f  h a z a r d  

f r o m  u n u s u a l  i n c i d e n t s  r e l e a s i n g  a p p r e -  

c i a b l e  q u a n t i t i e s  o f  r a d i o a c t i v e  a e r o -  

s o l s .  

I t  i s  t h e  p u r p o s e  o f  t h i s  s t u d y  t o  

d e t e r m i n e  t h e  q u a n t i t a t i v e  r e l a t i o n -  

s l l i 2 s  a!:lcnp t h e  variables g o v e r r i i n g  

? a r t i c l e  d e p o s i t i o n  i n  c o n d u i t s  a n d  t o  

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

s u p p o r t e d  by t h e  d a t a .  

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

by a  d e p o s i t i o n  v e l o c i t y ,  K, d e f i n ~ d  a s  

t h e  number o f  p a r t i c l e s  d e p o s i t e d  p e r  

u n i t  a r e a  p e r  s e c o n d  p e r  u n i t  c o n c e n -  

t r a t i o n  i n  t h e  g a s  o v e r  t h e  s u r f a c e .  

P a r t i c l e s  c a r r i e d  i n  a n  a i r  s t r e a m  

t h r o u g h  a  c o n d u i t  a r e  d e p o s i t e d  on  t h e  

w a l l s  t o  a  d e g r e e  d e p e n d i n g  upon t h e  

d e p o s i t i o n  v e l o c i t y ,  t u b e  l e n g t h ,  d i a m -  

e t e r ,  t h e  a v e r a g e  v e l o c i t y  i n  t h e  s t r e a m ,  

a n d  p e r h a p s  o t h e r  v a r i a b l e s .  The d e -  

p o s i t i o i l  v e l o c i t y  may b e  c a l c u l a t e d  f r o m  

a  p a r t i c l e  mass h a l a n c e  a r o u n d  t h e  t u b e  

f r o m  t h e  m o d e l ,  

i n  wh ich  C i s  t h e  a v e r a g e  c o n c e n t r a t -  

i o n  o f  p a r t i c l e s  i n  t h e  a i r  a t  a  d i s -  

t a n c e ,  L ,  d o w n s t r e a m  o f  i n i t i a l  e n -  

t e r i n g  c o n c e n t r a t i o n ,  C , ;  Vav i s  t h e  

a v e r a g e  a i r  v e l o c i t y ;  a n d  I )  i s  t h e  

t u b e  i n s i d e  d i a m e t e r .  

D e p o s i t i o n  was m e a s u r e d  hy F r i e d -  

l a n d e r  and  J o h n s t o n e  (54' who p r e d i c t e d  



t h a t ,  i n  t u r b u l e n t  f l o w ,  t h e  d e p o s i -  

t i o n  r a t i o ,  K / V a V ,  s h o u l d  b e  a  f u n c -  

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

d i s t a n c e  

i n  which  

d  = p a r t i c l e  d i a m e t e r  

f = F a n n i n g  f r i c t i o n  f a c t o r  

Vav = a v e r a g e  a i r  v e l o c i t y  

I,I = a i r  v i s c o s i t y  

p = p a r t i c l e  d e n s i t y  
P  

p = a i r  d e n s i t y .  
g 

These  a u t h o r s  d e v e l o p e d  e q u a t i o n s  

t o  p r e d i c t  t h e  d e p o s i t i o n  v e l o c i t y .  

The e q u a t i o n s  r e q u i r e d  v a l i d i t y  o f  t h e  

R e y n o l d ' s  a n a l o g y  and  t h a t  eddy d i f f -  

u s i v i t y  e q u a t i o n s  c o u l d  b e  u s e d  t o  e x -  

p r e s s  mass f l u x  o f  p a r t i c l e s  t o  w i t h i n  

one s t o p p i n g  d i s t a n c e  o f  t h e  w a l l .  

The r a d i a l  component  of v e l - c i t y  was 

assumed t o  c a r r y  t h e  p a r t i c l e  t h e  r e -  

m a i n i n g  d i s t a n c e  t o  t h e  w a l l .  Each 

o f  t h e  r e l a t i o n s  r e q u i r e d  f o r  t h e  s y n -  

t h e s i s  o f  t h e  f i n a l  e q u a t i o n s  f o r  t h e  

d e p o s i t i o n  v e l o c i t y  was e m p i r i c a l l y  

d e r i v e d  f rom o t h e r  w o r k e r s '  e x p e r i -  

m e n t a l  o b s e r v a t i o n s .  The r e s u l t i n g  

d e r i v e d  e q u a t i o n s  r e f l e c t  t h e  l i m i t a -  

t i o n s ,  a s s u m p t i o n s ,  and  e x p e r i m e n t a l  

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

t h e  e a r l i e r  d a t a .  I t  i s  t h u s  u n d e r -  

s t a n d a b l e  t h a t  t h e  e q u a t i o n s  d e v e l o p e d  

f o r  t h i s  complex phenomenon a g r e e  o n l y  

q u a l i t a t i v e l y  w i t h  t h e  measurements  

o f  d e p o s i t i o n  v e l o c i t y .  L a t e r  d e p o s i -  

t i o n  s t u d i e s ,  n e v e r t h e l e s s ,  h a v e  b e e n  

i n t e r p r e t e d  making u s e  o f  t h e  e q u a -  

t i o n s  o f  F r i e d l a n d e r  a n d  J o h n s t o n e  

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

t o  improve  c o r r e l a t i o n .  ( 5 5 )  The 

c u r r e n t  work i s  an  e f f o r t  t o  e s t a b l i s h  

f i r m l y  c o r r e l a t i o n s  which  w i l l  p e r m i t  

r e l i a b l e  p r e d i c t i o n s  o f  d e p o s i t i o n  

u n d e r  a  wide  r a n g e  o f  c o n d i t i o n s .  

I n  t h e  p r e s e n t  s t u d y  p a r t i c l e  d e -  

p o s i t i o n  was m e a s u r e d  i n  50 f t  l o n g  

v e r t i c a l  t u b i n g  o f  0 . 6 2 ,  1 . 1 5  and  2 . 8 1  

i n .  I .  D .  Long t u b e s  were  u s e d  t o  im- 

p r o v e  s e n s i - ~ i v i t y  and  t o  p e r m i t  i d e n -  

t i f i c a t i o n  and  measurement  o f  v a r i -  

a b l e s  s u c h  a s  j o i n t  e f f e c t s ,  wh ich  

would n o t  b e  a p p a r e n t  f rom d a t a  f o r  

s i n g l e  s h o r t  t u b e s .  The t o t a l  l e n g t h  

c o n s i s t e d  o f  1 2 - f t  o r  s h o r t e r  s e c t i o n s  

o f  t u b i n g  which  were  c a r e f u l l y  b u t t e d  

and  c lamped t o g e t h e r  w i t h i n  s t i f f  

r u b b e r  s l e e v e s  a t  t h e  j o i n t s .  Mono- 

d i s p e r s e d  u r a n i n e - m e t h y l e n e  b l u e  p a r -  

t i c l e s  f rom a  s p i n n i n g  d i s c  g e n e r a t -  

o r  (51) w e r e  p a s s e d  i n t o  t h e  t u b e  and 

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

c o l l e c t e d  on a  f i l t e r .  A f t e r  a  d e -  

p o s i t i o n  e x p e r i m e n t  t h e  t u b i n g  was 

c u t  i n t o  s e c t i o n s  1 i n  o r  l o n g e r  a n d  

t h e  i n t e r n a l  s u r f a c e s  were  washed .  

The d i s s o l v e d  u r a n i n e  was measured  

f l u o r i m e t r i c a l l y ,  and E q u a t i o n  ( 1 )  

was u s e d  t o  c a l c u l a t e  t h e  d e p o s i t i o n  

v e l o c i t y .  

Da ta  o b t a i n e d  i n  t h e  c u r r e n t  e x -  

p e r i m e n t s  a r e  shown i n  F i g u r e  4 3 .  A 

l i n e  b e s t  (561  r e p r e s e n t i n g  t h e  com- 

b i n e d  e a r l i e r  d a t a  o f  F r i e d l a n d e r  and  

Postma and  ~ c h w e n d i m a n ( ~ ~ )  i s  a l s o  

shown f o r  c o m p a r i s o n .  The i n d e p e n d e n t  

v a r i a b l e  shown i s  S+ a s  e a r l i e r  d e -  

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

t e d  t h e  b e s t  c o r r e l a t i o n  n o t w i t h s t a n d -  

i n g  t h e  e x p e r i m e n t a l  d a t a  s c a t t e r .  

We n o t e  t h a t  t h e  e x p e r i m e n t a l  me thods  

employed i n  t h e  c u r r e n t  s t u d i e s  a r e  

more s t r a i g h t f o r w a r d  t h a n  any  o f  t h e  

e a r l i e r  m e t h o d s .  
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FIGURE 4 3 .  D e p o s i t i o n  R a t i o  a s  a  Func-  
t i o n  o f  A i r  Flow R a t e  f o r  M e t h y l e n e  
EZue -Uran ine  P a r t i c l e s  i n  1 . 1 5 2  i n  
ID V e r t i c a l  T u b e s  

I t  i s  r e a d i l y  a p p a r e n t  t h a t  t h e  

c u r r e n t  d a t a  d i f f e r  f rom e a r l i e r  r e -  

p o r t e d  d a t a  when S+ i s  u s e d  a s  t h e  

c o r r e l a t i n g  p a r a m e t e r .  A t  an  S +  o f  

a b o u t  o n e ,  t h e  c u r r e n t  d a t a  y i e l d  a 

d e p o s i t i o n  r a t i o ,  K / V ,  o f  a b o u t  1 / 5 0  

t h a t  o f  t h e  e a r l i e r  e x p e r i m e n t s .  I t  

may b e  s i g n i f i c a n t  t h a t  t h e  p a r t i c l e s  

u s e d  i n  t h e  c u r r e n t  s t u d y  had a  d e n -  

s i t y  o f  v e r y  n e a r l y  o n e ,  c o n s i d e r a b l y  

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

A t e n a b l e  c o n c l u s i o n  i s  t h a t  t h e  d e -  

f i n e d  r e d u c e d  s t o p p i n g  d i s t a n c e ,  s+, 
may n o t  r e p r e s e n t  t h e  p r o p e r  g r o u p i n g  

o f  t h e  v a r i a b l e s  i n v o l v e d ,  o r  may e x -  

c l u d e  a  s i g n i f i c a n t  v a r i a b l e .  The 

s e r i e s  o f  e x p e r i m e n t s  i n c l u d e d  s e v -  

e r a l  c o n d u c t e d  u n d e r  f l o w  r a t e s  d e -  

l i b e r a t e l y  c h o s e n  t o  p e r m i t  r e - e n -  

t r a i n r n e n t .  The n e t  r e s u l t  was t h a t  

Tube Surface Condl!an 

0 Clean 

6 coated 

FIGURE 4 4 .  D e p o s i t i o n  R a t i o  a s  a  Func-  
t i o n  o f  one  C o r r e l a t i n g  P a r a m e t e r -  
t h e  Reduced  S t o p p i n g  D i s t a n c e  

t h e  a p p a r e n t  d e p o s i t i o n  r a t i o ,  K / l ' ,  

r e a c h e d  a  maximum w i t h  s+,  t h e n  f e l l  

r a p i d l y .  The c u r v e s  f o r  l U b  p a r t i -  

c l e s  i n  F i g u r e  4 3  i l l u s t r a t e  t h i s .  

S i n c e  r a t h e r  i n a d e q u a t e  c o r r e l a -  

t i o n s  w i t h  S' w e r e  e s t a b l i s h e d  f o r  

t h e  c u r r e n t  e x p e r i m e n t s  t a k e n  a s  a  

g r o u p ,  t h e  d a t a  f o r  e a c h  d i a m e t e r  

t u b e  were  c o n s i d e r e d  s e p a r a t e l y .  The 

d e p o s i t i o n  r a t i o ,  K / V ,  i s  shown a s  a  

f u n c t i o n  o f  f l o w  r a t e  a n d  p a r t i c l e  

s i z e s  f o r  one  t u b e  s i z e  i n  F i g u r e  4 4 .  

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

e q u a l  p a r t i c l e  s i z e s  show t h a t  p a r t i -  

c l e  d e p o s i t i o n  a t  e q u a l  t u r b u l e n t  

f l o w  r a t e s  i n c r e a s e s  u n t i l  r e - e n t r a i n -  

ment o c c u r s .  A s  shown,  r e - e n t r a i n -  

ment d o e s  n o t  r e a d i l y  o c c u r  i f  t h e  

t u b e  s u r f a c e  i s  made " s t i c k y . "  I n  

g e n e r a l  t h e  d a t a  f o r  t h e s e  c u r v e s  f o r  



i n d i v i d u a l  t u b e  d i a m e t e r s  a r e  more 

c o n s i s t e n t  t h a n  shown i n  F i g u r e  43 

a n d  show e x p e c t e d  t r e n d s .  I t  was a l s o  

f o u n d  t h a t  when d e p o s i t i o n  r a t i o s  r e a d  

f rom t h e  smoothed c u r v e s  w e r e  s u b s e -  

q u e n t l y  p l o t t e d  a g a i n s t  s + ,  t h e  i n a d e -  

q u a c i e s  o f  S+ a s  a  c o r r e l a t i n g  p a r a -  

m e t e r  became a p p a r e n t .  An improved  

c o r r e l a t i o n  p a r a m e t e r  beyond  S+ i s  

n e e d e d  which  w i l l  more f u l l y  c o n s i d e r  

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

p e r t i e s  upon any d e p o s i t i o n  v e l o c i t y  

c o r r e l a t i o n .  

To i l l u s t r a t e  t h e  m a g n i t u d e  o f  d e -  

p o s i t i o n  and  t h e  c o n v e r s i o n  o f  d e p o s i -  

t i o n  v e l o c i t i e s  t o  a c t u a l  d e p o s i t i o n ,  

a n  a i r  f l o w  r a t e  o f  16 f t / 3 m i n  i n  a  

1 . 1 5  i n .  I .  D .  t u b i n g  w i l l  be c o n s i d e r  

e d  f o r  u r a n i n e - m e t h y l e n e  b l u e  p a r t i -  

c l e s .  Us ing  t h e  d e p o s i t i o n  r a t i o s  

f rom F i g u r e  4 4 ,  t h e  f o l l o w i n g  t h r o u g h -  

p u t s  were  c a l c u l a t e d  f rom L q u a t i o n  (1) 

THROUGHPUTS, C / C o L  
A S  A FUNCTION OF TUBE LENGTH 

P a r t i c l e  S i z e  - Tube L e n g t h , f t  
!J K/V 1 0  5 0  -- 

The t h r o u g h p u t  i s  s e e n  t o  i n c r e a s e  

r a p i d l y  w i t h  i n c r e a s e  i n  p a r t i c l e  s i z e  

a n d  t u b e  l e n g t h .  E x p e r i m e n t a l l y ,  

t h r o u g h p u t s  h a v e  b e e n  measured  which  

a r e  l e s s  t h a n  1% i n  a  50 f t  l e n g t h  o f  

t u b i n g .  

P a r a m e t e r s  d e t e r m i n i n g  t h e  o n s e t  o f  

r e - e n t r a i n m e n t  w e r e  s o u g h t  f rom t h e  

l i m i t e d  d a t a .  A s i g n i f i c a n t  c o n c l u -  

s i o n  was r e a c h e d  t h a t ,  a t  t h e  o n s e t  o f  

r e - e n t r a i n m e n t ,  t u r b u l e n t  e d d i e s  mus t  

b e  p e n e t r a t i n g  d e e p l y  i n t o  t h e  " c l a s s i  - 

c a l "  l a m i n a r  s u b - l a y e r .  The f o l l o w i n g  

c o n s i d e r a t i o n  l e d  t o  t h i s  c o n c l u s i o n .  

The l a m i n a r  s u b - l a y e r  d e p t h  i s  g e n -  

e r a l l y  c o n c e d e d  t o  be  t h a t  d i s t a n c e  

f rom t h e  t u b e  w a l l  which  makes t h e  d i -  

m e n s i o n l e s s  p a r a m e t e r ,  y', e q u a l  t o  5 ,  

w i t h  y +  d e f i n e d  by 

i n  which  y i s  t h e  d i s t a n c e  f rom t h e  

w a l l  t o  t h e  p o i n t  b e i n g  c o n s i d e r e d  i n  

t h e  f l u i d .  

A d i s t a n c e  f rom t h e  w a l l  e q u a l  t o  

t h e  p a r t i c l e  d i a m e t e r ,  d  may be  s p e c i -  
P ' 

f i e d  and  e x p r e s s e d  i.n t e r m s  o f  y'; 

t h e n ,  

T h i s  r e l a t i o n  i s  m e r e l y  a  s t a t e m e n t  

t h a t  t h e  d i m e n s i o n l e s s  y; h a s  b e e n  

c a l c u l a t e d  a t  a  p o s i t i o n  gway f rom t h e  

w a l l  e q u a l  t o  d p .  I f  dp i n  t h i s  r e l a -  

t i o n  i s  s u b s t i t u t e d  i n  E q u a t i o n  ( 2 )  f o r  

t h e n  an  e x p r e s s i o n  f o r  y +  f o l l o w s :  
dP 

T h i s  e q u a t i o n  p e r m i t s  t h e  c a l c u l a -  

t i o n  o f  a  y; c o r r e s p o n d i n g  t o  a  d i s -  

t a n c e  f rom tRe  w a l l  e q u a l  t o  d  i n  t e r m s  
P  

o f  a  s t a t e d  s+ .  T h i s  r e l a t i o n  i s  p l o t -  

t e d  a t  t h e  b o t t o m  o f  F i g u r e  4 3 .  



R e - e n t r a i n m e n t  was f o u n d  t o  o c c u r  

t S+ v a l u e s  o f  a b o u t  1 0 .  From Equa-  

i o n  ( 5 ) ,  y: 3 0 . 5 .  The s i g n i f i c a n c e  

f  t h i s  r e s u y t  i s  t h a t  a  y +  o f  0 . 5  r e p -  

r e s e n t s  a  p o i n t  a b o u t  1 / 1 0  t h e  d i s t a n c e  

f rom t h e  w a l l  t o  t h e  b o u n d a r y  o f  t h e  

l a m i n a r  s u b l a y e r  ( y +  = 5 ) .  U n l e s s  t u r -  

b u l e n t  e d d i e s  p e n e t r a t e  t o  w i t h i n  

a b o u t  one p a r t i c l e  d i a m e t e r ,  i t  i s  u n -  

l i k e l y  t h a t  t h e  p a r t i c l e s  w i l l  be  r e -  

e n t r a i n e d .  A n e c e s s a r y  c o n c l u s i o n  i s  

t h a t  t h e  l a m i n a r  s u b - l a y e r  must  be  f r e -  

q u e n t l y  d e e p l y  p e n e t r a t e d  by e d d i e s  

w i t h  s u f f i c i e n t  e n e r g y  t o  r e - e n t r a i n  

10p p a r t i c l e s .  From t h e  d a t a  d e v e l o p -  

e d ,  a  c r i t e r i o n  f o r  r e - e n t r a i n m e n t  i s  

t h a t  yi be g r e a t e r  t h a n  a b o u t  0 . 5 .  
P 

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

p e n e t r a t e  t h e  l a m i n a r  s u b - l a y e r ,  ( 5 8 )  

and  t h e  c u r r e n t  d a t a  on o n s e t  o f  r e -  

e n t r a i n m e n t  a n d  i t s  i n t e r p r e t a t i o n  

s u p p o r t  t h i s  c o n c l u s i o n .  

A l t h o u g h  t h e  u s e  o f  m o n o d i s p e r s e  

a e r o s o l s  f rom t h e  s p i n n i n g  d i s c  g e n e r a -  

t o r  h a s  p e r m i t t e d  a  v e r y  s t r a i g h t f o r -  

ward  e x p e r i m e n t a l  a p p r o a c h  i n  t h e s e  

s t u d i e s ,  t h e  r e s u l t s  c o n f i r m  t h a t  d e -  

p o s i t i o n  and  r e - e n t r a i n m e n t  a r e  complex  

phenomena,  s e n s i t i v e  t o  many v a r i a b l e s ,  

some o f  them v e r y  s u b t l e  i n  t h e i r  e f -  

f e c t .  A c o n s i s t e n t ,  d e f i n i t i v e  model  

s u p p o r t e d  by d a t a  f o r  t h e  s e v e r a l  w i d e  

r a n g i n g  v a r i a b l e s  i s  y e t  t o  b e  d e s -  

c r i b e d .  

A  FI 1 3 ' 1  G E N E R A T O R  FOR F I E L D  R E L E A S E  S T U D I E S- L .  C .  S c h w e n d i m a n  

1 5 1  
S t u d i e s  o f  a t m o s p h e r i c  d i s p e r s i o n  and  d e p o s i t i o n  o f  I r e c u i r e  a  
s o u r c e  w h i c h  g i v e s  a  s t e a d y  e v o l u t i o n  o f  t h e  v a p o r  form o f  t h e  i s o t o p e  
o v e r  a  s e l e c t e d  p e r i o d  o f  t i m e .  The  o x i d a t i o n  o f   in a c i d i f i e d  NaNOZ 
was c h o s e n  a s  a  s u i t a b l e  r e a c t i o n  t o  l i b e r a t e  i o d i n e  i n  t h e  d e s i r e d  
form.  S t e a d y  e v o l u t i o n  d a s  o b t a i n e d  by  m e t e r i n g  i o d i d e  c a r r i e r  and  t h e  
t r a c e r  '321 a t  a  f i z e l  known r a t e  i n t o  ar. e x c e s s  o f  t h e  o x i d i z i n g  a g e n t  
w h i c h  was c o n t i n o u s l ~  s p a r g e d  w i t h  N 2  o r  a i r .  T h e  s p a r g i n g  g a s  f l o w  
r a t e  was s e l e c t e d  s o  t h a t  t h e  1311 was r e l e a s e d  a t  a  r a t e  d e t e r m i n e d  
e f f e c t i v e l y  by  t h e  t r a n s f e r  o f  t h e  c a r r i e r  and t r a c e r  t o  t h e  r e a c t i o n  
v e s s e l .  ~ l t h o u g h  t r a c e r  l e v e l  r u n s  w e r e  s u c c e s s f u l l y  c o m p l e t e d  o n  a  
l a b o r a t o r y  s c a t e ,  a  f i r s t  a t t e m p t  i n  a  f i e l d  d i s p e r s i o n  s t u d y  r e s u l t e d  
i n  a  p a r t i a l  r e l e a s e ,  w h i c h  was t r a c e d  p r i m a r i l y  t o  p l a t i n g  o f  t h e  h i g h  
l e v e l  s p i k e  d u r i n g  t h e  w a i t i n g  p e r i o d  o n t o  t h e  s t a i n l e s s  s t e e l  w a l l s  
o f  t h e  r e s e r v o i r ,  A s e c o n d  r u n  w i t h  a n  a l l - g l a s s  r e s e r v o i r  was s u c c e s s f u l .  

S e v e r a l  me thods  h a v e  b e e n  s u g g e s t e d  

a n d  a p p l i e d  i n  s t u d i e s  r e q u i r i n g  t h e  

r e l e a s e  o f  m o l e c u l a r  i o d i n e .  The s o l i d  

e l e m e n t  and  s e v e r a l  compounds c o n t a i n -  

i n g  i o d i n e  h a v e  b e e n  u s e d ,  f r e q u e n t l y  

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

One o f  t h e  l i m i t a t i o n s  o f  mos t  methods  

i s  t h e  d i f f i c u l t y  i n  c o n t r o l l i n g  t h e  

r a t e  o f  r e l e a s e  which  i s  an  i m p o r t a n t  

r e q u i r e m e n t  i n  d i s p e r s i o n  e x p e r i m e n t s .  

A n o t h e r  q u a l i f i c a t i o n  o f  a  g e n e r a t o r  

i s  t h a t  t h e  l3'1 r e l e a s e d  b e  m o l e c u l a r  

v a p o r  w i t h  a  n e g l i g i b l e  q u a n t i t y  a s s o c i -  

a t e d  w i t h  p a r t i c l e s .  P r o p e r  s h i e l d i n g  

and  e a s e  o f  m a n i p u l a t i o n  i n  t h e  f i e l d  

s i t u a t i o n  a r e  o t h e r  i m p o r t a n t  c o n s i d e r -  

a t i o n s .  



A g e n e r a t o r  d e s i g n e d  t o  meet  t h e  r e -  

q u i r e m e n t s  was s t u d i e d  i n  t h e  l a b o r a -  

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

tem t r a n s f e r s  t h e  t r a c e d  i o d i n e  a s  I-  

a t  a  f i x e d  r a t e  from a  r e s e r v o i r  t o  a  

r e a c t i o n  v e s s e l .  I n  t h e  r e a c t i o n  

v e s s e l  t h e  I -  i s  q u i c k l y  and c o n t i n u o u s -  

l y  o x i d i z e d  t o  e l e m e n t a l  i o d i n e  which 

i s  r a p i d l y  s p a r g e d  from t h e  v e s s e l .  

Warmed a i r  d i r e c t e d  t h r o u g h  and a r o u n d  

of  0.1N - NaN02 t o  which 2 m l  o f  6Q 

H2S04 was added  j u s t  b e f o r e  t h e  r u n .  

D r i e d  and f i l t e r e d  a i r  was b u b b l e d  

t h r o u g h  t h e  s o l u t i o n  a t  a  r a t e  e i t h e r  

3 o r  5 l i t e r s / m i n .  E s s e n t i a l l y  l i n e a r  

e v o l u t i o n  o f  I 2  was shown by t r a p p i n g  

t h e  e v o l v e d  i o d i n e  on a  c h a r c o a l  t r a p  

and c o n t i n u o u s l y  r e c o r d i n g  t h e  r a d i o -  

a c t i v i t y  b u i l d u p .  I o d i n e  was e v o l v e d  

i m m e d i a t e l y  a t  s t a r t - u p ;  however ,  a  

t h e  d e l i v e r y  n o z z l e  i n s u r e s  t h a t  mois - few m i n u t e s  were needed  t o  r e a c h  t h e  

t u r e  c a r r i e d  o u t  does  n o t  condense  and s t e a d y  r e l e a s e  r a t e .  S i m i l a r l y ,  n e a r  

e l i m i n a t e s  r e t e n t i o n  o f  13'1 on t h e  t h e  end o f  t h e  r u n  a  s l i g h t  t r a i l i n g  

n o z z l e .  S e v e r a l  o x i d a n t s  m i g h t  be u s e d  was shown, a s  e x p e c t e d .  The s p a r g e -  

p r o v i d e d  t h a t  t h e  o x i d a t i o n  c o n d i t i o n s  o u t  r a t e  was s u c h  t h a t  a  h a l f - t i m e  i n  

would n o t  r e s u l t  i n  h i g h e r  v a l e n c e  t h e  g e n e r a t o r  o f  a b o u t  30 s e c  was e s -  

s t a t e s  o f  i o d i n e  b e i n g  fo rmed .  Sodium t i m a t e d .  The r a t e  i s  c o n t r o l l e d  p r i -  

n i t r i t e  and s u l f u r i c  a c i d  were c h o s e n  m a r i l y  by t h e  s p a r g e  r a t e  s i n c e  r e a c -  

b e c a u s e  i t  i s  known t h a t  I -  i s  e f f e c -  t i o n  i s  r a p i d  i n  t h e  e x c e s s  o f  o x i d a n t  

t i v e l y  o x i d i z e d  t o  I 2  by n i t r o u s  a c i d .  p r e s e n t .  
- 

The c o n c e p t  o f  t h e  g e n e r a t o r  was S e v e r a l  e x p e r i m e n t s  were l a t e r  p e r -  

d e m o n s t r a t e d  i n  s c o u t i n g  s t u d i e s  by formed i n  t h e  a p p a r a t u s  e s s e n t i a l l y  a s  

pumping 

i n  

. o d i d e  s o l u t i o n  t r a c e d  w i t h  shown i n  F i g u r e  4 5 ,  b u t  u s i n g  a  s t a i n -  

v e s s e l  c o n t a i n i n g  50 cm 3 l e s s  s t e e l  r e s e r v o i r  w i t h  s t a i n l e s s  

s t e e l  b a l l  v a l v e s .  The 13'1 a s  i o d i d e  

F I G U R E  4 5 .  1 3 ' 1  G e n e r a t o r  



s o l u t i o n  i s  p i p e t t e d  i n t o  t h e  s h i e l d e d  

r e s e r v o i r  which  i s  c o n n e c t e d  t o  t h e  

pump a t  t h e  a p p r o p r i a t e  t i m e .  S m a l l  

b o r e  t u b i n g  w i t h  b a l l s o c k e t  c o n n e c t o r s  

i s  u s e d  f o r  t h e  t r a n s f e r  l i n e s .  The 

v a l v e s  c a n  b e  opened  t h r o u g h  p o r t s  i n  * 
t h e  s h i e l d .  A Beckman p i s t o n  pump, 

a d j u s t e d  t o  d e l i v e r  2 . 0  ml /min ,  was 

u s e d  t o  t r a n s f e r  t h e  i o d i d e  s o l u t i o n  

f rom t h e  r e s e r v o i r  t o  t h e  g e n e r a t o r  

v e s s e l .  A medium f r i t  b u b b l e r  was 

p r o v i d e d  t o  i n s u r e  good m i x i n g  and  

r a p i d  f l u s h i n g  o f  t h e  i o d i n e  g e n e r a t e d .  

T h e s e  l a t e r  e x p e r i m e n t s  were  i n  

e s s e n t i a l  a g r e e m e n t  w i t h  t h e  s c o u t i n g  

e x p e r i m e n t s ,  b u t  s u g g e s t e d  some 

c h a n g e s  t o  i n c r e a s e  t h e  r a t e  o f  r e -  

l e a s e  a f t e r  e n t r y  o f  t h e  I -  i n t o  t h e  

v e s s e l .  S p a r g e  r a t e  was i n c r e a s e d ,  

t h e  g e n e r a t i o n  v e s s e l  was warmed i n  

a  w a t e r  b a t h ,  a n d  0.3N - NaN02 u s e d  w i t h  

1 0  m l  6 u  H2S04.  

The fo rm o f  t h e  i o d i n e  r e l e a s e d  was 

s t u d i e d  by t a k i n g  s a m p l e s  w i t h  a 

Maypack** f rom a  4 5  l i t e r  aluminum 

a e r o s o l  chamber  t h r o u g h  which  t h e  g e n e r -  

a t e d  1311 was p a s s e d .  R e t e n t i o n  

o n  t h e  s i l v e r  p l a t e d  s c r e e n  r a n g e d  f rom 

7 8  t o  9 6 % ;  t h e  r e m a i n i n g  i o d i n e  was 

t r a p p e d  on t h e  c h a r c o a l  p a p e r  and  t h e  

c h a r c o a l  b e d .  T h e r e  was v i r t u a l l y  no 

i o d i n e  a s s o c i a t e d  w i t h  p a r t i c l e s  a s  

judged  by l e s s  t h a n  0 . 3 %  o f  t h e  i o d i n e  

removed by t h e  membrane f i l t e r  p r e c e d i n g  

t h e  s i l v e r  p l a t e d  s c r e e n s .  T h e s e  

* R e g i s t e r e d  t r a d e  name o f  Beckman 
I n s t r u m e n t s ,  I n c . ,  F u l l e r t o n ,  C a l i f  

e x p e r i m e n t s  d i d  n o t  p r o v e  t o  be  u n e q u i v -  

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

a t m o s p h e r e  upon r e l e a s e  f rom t h e  s o l u -  

t i o n ;  t h i s  i s  s o  b e c a u s e  i t  was e s t a b -  

l i s h e d  t h a t  t h e  a e r o s o l  chamber  w a l l s  

c o l l e c t e d  some i o d i n e  a n d  l a t e r  r e -  

l e a s e d  i t  a t  a  s i g n i f i c a n t  r a t e .  The 

q u a n t i t a t i v e  a s p e c t s  o f  t h i s  i n t e r a c t i o n  

was n o t  s t u d i e d .  

A f i e l d  r e l e a s e  e x p e r i m e n t  was c o n -  

d u c t e d  w i t h  t h e  a p p a r a t u s  a s  d e s c r i b e d .  

A s o u r c e  o f  2 . 8  C i  13'1 i n  40 m l  was 

d e l i v e r e d  t o  t h e  s t a i n l e s s  s t e e l  r e s -  

e r v o i r  w i t h  5 mg I -  c a r r i e r  a n d  1 0  mg 

o f  sodium b i s u l f i t e  a d d e d  t o  i n s u r e  a  

r e d u c i n g  a t m o s p h e r e .  More t h a n  2 

weeks e l a p s e d  b e f o r e  t h e  a t m o s p h e r i c  

c o n d i t i o n s  w e r e  f a v o r a b l e .  The a p p a r -  

a t u s  o p e r a t e d  e x a c t l y  a s  i n  t h e  l a b o r -  

a t o r y ,  y e t  o n l y  a  f r a c t i o n  o f  t h e  i o -  

d i n e  a p p e a r e d  t o  have  b e e n  r e l e a s e d  

t o  t h e  f i e l d  g r i d .  A n e g l i g i b l e  f r a c -  

t i o n  r e m a i n e d  i n  t h e  g e n e r a t o r  v e s s e l ,  

a  few m i l l i c u r i e s  i n  t h e  d e l i v e r y  

g l a s s  l i n e s  a n d  pump. Over  h a l f  was 

f o u n d  t h r o u g h  s u b s e q u e n t  a n a l y s e s  t o  

b e  r e t a i n e d  on t h e  w a l l s  o f  t h e  

s t a i n l e s s  s t e e l  r e s e r v o i r .  

P r e p a r a t i o n s  were  e x p e d i t e d  f o r  a  

s e c o n d  r e l e a s e  w i t h  g l a s s  r e s e r v o i r  

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

F i f t y  m i l l i g r a m s  o f  c a r r i e r  i o d i d e  

and  50 mg o f  sod ium s u l f i t e  w e r e  

a d d e d ,  a n d  t h e  pH was a d j u s t e d  t o  8 

t o  1 0 .  Two r e l e a s e s  were  p e r f o r m e d  

u n d e r  f i e l d  c o n d i t i o n s  u s i n g  a b o u t  3 

m C i  i n  e a c h  t o  a s s u r e  t h e  s u c c e s s  o f  

t h e  n e x t  f u l l  s c a l e  r e l e a s e .  The i o -  

* *  Y'ke Maypack i s  a  c o l l e c t o r  made up d i n e  r e l e a s e d  was t r a p p e d  i n  a  May- 
o f  med ia  i n  t h e  f o l l o w i n g  s e q u e n c e :  pack  a t  t h e  n o z z l e  o u t l e t .  I n  t h e  
1 ,  membrane f i l t e r  2 ,  f o u r  o r  more 
200-mesh s i l v e r  p l a t e d  c o p p e r  s c r e e n s  f i r s t  o f  t h e  two r u n s  i n  w h i c h  t h e  
3 ,  c h a r c o a l  i m p r e g n a t e d  f i l t e r  paper  
4 ,  a c t i v a t e d  c o c o a n u t  c h a r c o a l .  1311  was d e l i v e r e d  t o  50 m l  0 . 3 N  - 

NaN02 t o  w h i c h  had  b e e n  a d d e d  1 0  m l  



6N - E12S04, the radioactivity buildup of the 13'1 to the reaction vessel 

on the blaypack leveled off at a rad- 

iation reading below that anticipated 

for 100% release. Virtually complete 

release was accomplished by adding 

assitional NaIio2. A provision for de- 

livering additional NaN02 remotely was 

made, a more concentrated NaN02 solution 

was used, and the second trial release 

of 3 mCi under field conditions was 

performed. The iodine release was 

linear with time and complete within 

about 2 min of the calculated spike 

pumping time. Some 25 ml of 1N NaN02 - 
was added during the last half of the 

run using a remote syringe and inter- 

connecting plastic tubing. 

Laboratory analyses of the Maypacks 

on which the 13'1 was collected are 

shown in Table VI. 

A field release of 1.92 Ci of 1311 

was accomplished using conditions as 

nearly identical as possible to the 

second trial run described above. The 

run progressed as planned with transfer 

accomplished in 20 min and the release 

completed in 22 to 24 min. 

13'1 retained on the component parts 

of the system after the release was 

measured by washing and laboratory 

assay and found to be 40 mCi with a 

distribution as follows: 

nlC i 
Washed from pump 26 
Residual on pump % 5 
Generator residual 4 
Glass lines 2.0.4 
Reservoir residual 5 

.\.40 

Experience gained in this study 

should be of considerable benefit in 

future dispersion and deposition 

studies. The method for releasing 

iodine was proven in principle and a 

set of conditions established for ef- 

fective release. The method should 

be studied at gTeater length for full 

understanding of the kinetics of the 

system. 

T A B L E  VI1-T. M a y p a c k  ~ n a l y s e s  

--- Run 1 - 

Location 13'1 (a), di s/min Percent -, 

7 
bIP Filter 0.13 x 10 neg. 

7 
Silvered Screens 465 x 10 80.2 

7 
Charcoal Paper 8.4 x 10 1.5 

7 
Charcoal 10 6 x 10 18.3 

7 
579.4 x 10 100.0 

Run 2 

1 3 L I  , dis/min Percent 
7 

0.6 x 10 neg . 
7 

(a) Corrected to ori lnal assay time 
of the prepared q511 source. 



R E L E A S E  O F  N O B L E  G A S E S  F R O M  A Q U E O U S  S O L U T I O N *  - A .  K .  P o s t m a  

R e l e a s e  r a t e  o f  a  d i s s o l v e d  n o b l e  g a s  f rom a  p o o l  o f  w a t e r  i s  
e f f e c t i v e l y  g o v e r n e d  b y  t h e  t r a n s p o r l  r a t e  t h r o u g h  t h e  l i q u i d  
f i l m  a d j a c e n t  t o  t h e  a i r - w a t e r  i n t e r f a c e .  A t h e o r e t i c : a Z  s t u d y  

w h i c h  made u s e  o f  t h e  l i ~ i t e d  a v a i l a b l e  d a t a  showed t h a t  a  
h a l f - t i m e  o f  r e l e a s e  may v a r y  f rom a b o u t  7 t o  o v e r  5000 h r  f o r  
a  p o o l  5 f t  d e e p .  B e t t e r  d e f i n i t i o n  o f  l i q u i d  f i l m  t r a n s p o r t  
c o e f f i c i e n t s  t h r o u g h  e x p e r i m e n t a l  s t u d i e s  i s  r e q u i r e d  t o  b e t t e r  
d e f i n e  t h e  r e l e a s e  r a t e .  

The r a t e  a t  which  r a d i o a c t i v e  n o b l e  An i n i t i a l  t h e o r e t i c a l  s t u d y  was 

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

o f  w a t e r  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  which  n o b l e  g a s  d i s s o l v e d  i n  w a t e r  

i n  an a c c i d e n t  a n a l y s i s  f o r  n u c l e a r  would e s c a p e  when t h e  p a r t i a l  p r e s s u r e  

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

f rom t h e  c o n f i n e m e n t  zone .  Water  u s e d  

f o r  emergency c o o l i n g  i n  N - R e a c t o r ,  

f o r  e x a m p l e ,  may c o n t a i n  s i g n i f i c a n t  

q u a n t i t i e s  o f  t h e s e  n o b l e  g a s e s  a f t e r  

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

f a i l e d  f u e l  e l e m e n t s .  A l t h o u g h  t h e  

s o l u b i l i t i e s  o f  xenon a n d  k r y p t o n  a r e  

r e l a t i v e l y  low,  t h e  d i s c h a r g e  o f  t h i s  

w a t e r  t o  an  open b a s i n  p r o v i d e s  t h e  

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

l e v e l  r e l e a s e  and e x p o s u r e  t o  p e o p l e  

downwind. The s e r i o u s n e s s  o f  t h e  e x -  

p o s u r e  d e p e n d s  t o  a  l a r g e  e x t e n t  on 

t h e  r a t e  a t  which  t h e  d i s s o l v e d  g a s e s  

e s c a p e  f rom t h e  w a t e r .  For  r e l e a s e  

r a t e s  c o r r e s p o n d i n g  t o  d u r a t i o n  o f  

r e l e a s e  o f  many h o u r s ,  t h e  p o t e n t i a l  

h a z a r d  i s  r e d u c e d  by normal  c h a n g e s  

i n  wind d i r e c t i o n  which  would a f f o r d  

d i s p e r s i o n  o v e r  a  w i d e r  a r e a  a n d  

l o w e r  downwind c o n c e n t r a t i o r l s .  f l igh 

r e l e a s e  r a t e s  would g i v e  r i s e  t o  

h i g h e r  n o b l e  g a s  c o n c e n t r a t i o n s  i n  

t h e  a t m o s p h e r e  a n d  would r e s u l t  i n  a  

more s e r i o u s  s i t u a t i o n .  

* N o t  c h a r g e d  t o  t h e  D i v i s i o n  o f  
B i o l o g y  and  M e d i c i n e .  

o f  t h e  g a s  o v e r  t h e  w a t e r  was r e d u c e d  

e s s e n t i a l l y  t o  z e r o .  

From a  mass t r a n s f e r  s t a n d p o i n t ,  

t h e  r e l e a s e  o f  d i s s o l v e d  n o b l e  g a s  

f rom a q u e o u s  s o l u t i o n s  would b e  

c l a s s i f i e d  a s  an  a b s o r p t i o n  p r o b l e m  

i n v o l v i n g  a s l i g h t l y  s o l u b l e  g a s .  

The r e l e a s e  r a t e  f rom a  w a t e r  p o o l  

would b e  g o v e r n e d  by t h e  g a s  t r a n s -  

p o r t  r a t e  t h r o u g h  a  t h i n  l i q u i d  f i l m  

a d j a c e n t  t o  t h e  a i r - w a t e r  i n t e r f a c e ,  

o r  e q u i v a l e n t l y ,  by t h e  l i q u i d  f i l m  

c o e f f i c i e n t .  The m a g n i t u d e  o f  t h e  

l i q u i d  f i l m  c o e f f i c i e n t  d e p e n d s  on 

t h e  r a t e  a t  w h i c h  t h e  s u r f a c e  l a y e r s  

a r e  mixed w i t h  t h e  b u l k  o f  t h e  l i q u i d .  

Thus ,  i m p o r t a n t  f a c t o r s  would he  p o o l  

g e o m e t r y ,  f l o w  r a t e ,  t e m p e r a t u r e  

d i f f e r e n c e  b e t w e e n  t h e  l i q u i d  s u r f a c e  

and t h e  a t m o s p h e r e ,  a n d  s u r f a c e  d i s -  

t u r b a n c e s  c a u s e d  by w i n d .  

For  a  g i v e n  b a s i n  o r  p o o l  a n  a c c u -  

r a t e  a v e r a g e  l i q u i d  f i l m  c o e f f i c i e n t  

c a n  be  o b t a i n e d  o n l y  t h r o u g h  e x p e r i -  

m e n t a l  measurements  c a r r i e d  o u t  on a  

s i l n i l a r  b a s i n .  S i n c e  t h e  s c o p e  o f  

t h e  s t u d y  p r e c l u d e d  e x p e r i m e n t a l  i n -  

v e s t i g a t i o n ,  we e s t i m a t e d  f i l m  c o -  

e f f i c i e n t s  f rom a  r a t h e r  few p u b -  

l i s h e d  s m a l l  s c a l e  l a b o r a t o r y  e x p e r i -  



m e n t s .  Based o n  t h e s e  few e x p e r i m e n t s ,  

t h e  l i q u i d  f i l m  c o e f f i c i e n t s  i n  a n  

open  b a s i n  would b e  e x p e c t e d  t o  f a l l  

be tween  0 . 1  crn/hr and  1 5  cm/hr .  ( 5 9 )  

For  a  b a s i n  h a v i n g  a  c o n s t a n t  d e p t h  o f  

5 f t  and  f o r  t h e  s i t u a t i o n  where  t h e r e  

i s  no i n p u t  o r  o u t p u t  o f  w a t e r ,  t h e s e  

l i q u i d  f i l m  c o e f f i c i e n t s  c o r r e s p o n d  t o  

r e l e a s e  h a l f  - t i r e s  o f  1-070 h r  and 7 h r ,  

r e s p e c t i v e l y  . 

A l t h o u g h  t h e s e  e s t i m a t e s  l e a v e  a 

wide  m a r g i n  f o r  e r r o r ,  t h e  i n v e s t i g a -  

t i o n  showed t h a t  t h e  r e l e a s e  may b e  

s l o w  enough  t o  e f f e c t i v e l y  r e d u c e  t h e  

p o t e n t i a l  f o r  s e r i o u s  c o n s e q u e n c e s  f rom 

a  g r o u n d  l e v e l  r e l e a s e  o f  n o b l e  g a s e s  

f rom a  p o o l  o r  b a s i n .  The v e r y  l i m i t e d  

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

t h i s  p r o b l e m  e m p h a s i z e s  t h e  n e e d  f o r  

f u r t h e r  e x p e r i m e n t a l  work .  
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