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54)  Particle-containing  foams. 

(57)  A  foam  comprising  liquid,  gas  and  particulate  matter  has 
a  foam  quality  and  a  particulate  matter  concentration  as 
defined  by  the  area  enclosed  by  the  trapezium.  A,  B,  C,  D,  in 
Figure  3.  Such  a  foam  is  particularly  useful  as  a  fracturing 
fluid  or  the  like  having  very  high  ratios  of  proppant  particu- 
late  material  to  the  liquid  phase  of  the  foam.  These  ratios  can 
be  substantially  higher  than  even  the  theoretical  maximum 
ratio  available  when  the  proppant  is  introduced  into  a  foam- 
ing  apparatus  as  a  proppant/liquid  slurry.  This  is  accom- 
plished  by  a  dry  sand  foam  generation  process  wherein  the 
sand  or  other  particulate  material  is  introduced  into  a  foam 
generator  apparatus  as  a  dry  particulate  material  in  a  stream 
of  gas  which  is  subsequently  mixed  with  a  second  liquid 
stream. 
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T h i s   i n v e n t i o n   r e l a t e s   g e n e r a l l y   to   p a r t i c l e -  

c o n t a i n i n g   foams   and  p a r t i c u l a r l y ,   b u t   n o t   e x c l u s i v e l y ,  

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

p r o p p a n t   m a t e r i a l .  

5  D u r i n g   t h e   c o m p l e t i o n   of  an  o i l   or  gas  w e l l ,   o r  

t h e   l i k e ,   one  t e c h n i q u e   w h i c h   i s   s o m e t i m e s   u s e d   to   s t i m u -  

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

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

at   a  v e r y   h i g h   p r e s s u r e   and  r a t e   i n t o   t h e   f o r m a t i o n   t o  

10  h y d r a u l i c a l l y   c r e a t e   a  f r a c t u r e   e x t e n d i n g   f rom  t h e   w e l l  

b o r e   ou t   i n t o   t h e   f o r m a t i o n .   In  many  i n s t a n c e s ,   a  p r o p p a n t  

m a t e r i a l   such  as  sand   i s   i n c l u d e d   in  t h e   f r a c t u r i n g   f l u i d ,  

and  s u b s e q u e n t l y   d e p o s i t e d   in   t h e   f r a c t u r e   to   p rop   t h e  

f r a c t u r e   so  t h a t   i t   r e m a i n s   open  a f t e r   f r a c t u r i n g   p r e s s u r e  

15  has   been   r e l e a s e d   f rom  t h e   f o r m a t i o n .  

In  r e c e n t   y e a r s ,   i t   ha s   b e c o m e   p o p u l a r   to  u t i l i z e  

a  f r a c t u r i n g   f l u i d   w h i c h   has   b e e n   f o a m e d .   T h e r e   a re   a  

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

'  a t   t h i s   p o i n t   g e n e r a l l y   r e c o g n i z e d .   For  e x a m p l e ,   o n e  

20  a d v a n t a g e   is   t h a t   t h e y   h a v e   low  f l u i d   l o s s   c h a r a c t e r i s t i c s  

r e s u l t i n g   in  more  e f f i c i e n t   f r a c t u r e   t r e a t m e n t s   and  r e d u c e d  

damage   to  w a t e r   s e n s i t i v e   f o r m a t i o n s .   A n o t h e r   a d v a n t a g e   i s  

t h a t   foamed   f r a c t u r i n g   f l u i d s   have   a  r e l a t i v e l y   l o w  

h y d r o s t a t i c   head' ,   t h u s   m i n i m i z i n g   f l u i d   e n t r y   i n t o   t h e  

25  f o r m a t i o n   and  i t s   r e s u l t s i n g   d a m a g e .   A l s o ,   foamed   f r a c -  
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t - u r i n g   f l u i d s   have   a  h i g h   e f f e c t i v e   v i s c o s i t y   p e r m i t t i n g  

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

f r a c t u r e s   h a v i n g   g r e a t e r   a r e a .   F u r t h e r m o r e ,   f o a m e d  

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

5  c a p a c i t y ,   a l l o w i n g   more   p r o p p a n t   t o   be  d e l i v e r e d   t o   t h e  

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

u n t i l   t h e   f r a c t u r e   h e a l s .  

C u r r e n t l y   a v a i l a b l e   f o a m e d   f r a c t u r i n g   f l u i d s  

do  h a v e   a t   l e a s t   one  m a j o r   d i s a d v a n t a g e ,   and  t h i s   p e r t a i n s  

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

p r a c t i c e d   foam  g e n e r a t i o n   t e c h n i q u e s .   T y p i c a l l y ,   c u r r e n t  

t e c h n i q u e s   i n v o l v e   b l e n d i n g   a  m i x t u r e   of  p r o p p a n t   and  l i q u i d  

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

t o   h i g h   p r e s s u r e   a f t e r   w h i c h   a  g a s e o u s   p h a s e ,   t y p i c a l l y  

5  n i t r o g e n   or   c a r b o n   d i o x i d e ,   i s   a d d e d   t o   p r o d u c e   t h e   f o a m e d  

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

T h i s   t e c h n i q u e   i n v o l v e s   an  i n h e r e n t   p r o p p a n t  

c o n c e n t r a t i o n   l i m i t a t i o n   due  t o   t h e   c o n c e n t r a t i o n   l i m i -  

t a t i o n   of  t h e   p r o p p a n t   / l i q u i d   m i x t u r e .   The  t h e o r e t i c a l  

10  maxmi  urn  c o n c e n t r a t i o n   of  a  s a n d / l i q u i d   m i x t u r e   i s  

a p p r o x i m a t e l y   34  lb  of  s a n d   p e r   g a l l o n   ( 4 - l g / c m 3 )   of  l i q u i d .  

T h i s   c o r r e s p o n d s   t o   a  l i q u i d   v o l u m e   j u s t   s u f f i c i e n t   to   f i l l  

t h e   v o i d   s p a c e s   of  b u l k   s a n d .   In  common  p r a c t i c e ,   t h i s  

maximum  i s   f u r t h e r   l i m i t e d   by  t h e   b l e n d i n g   and  p u m p i n g  

25  e q u i p m e n t   c a p a b i l i t i e s   and  l i e s   in   a  r a n g e   of   1  5  t o   25  

l b / g a l   ( 1 . 8   t o   3 - O g / c m 3 ) .  

T y p i c a l l y ,   f oams   a r e   p r o d u c e d   w h i c h   h a v e   a p p r o -  

x i m a t e l y   t h r e e   u n i t   v o l u m e s   of  g a s e o u s   p h a s e   p e r   u n i t  

v o l u m e   of  l i q u i d   p h a s e   c o r r e s p o n d i n g   t o   a  foam  q u a l i t y ,  

30  t h a t   i s   a  g a s e o u s   v o l u m e   f r a c t i o n ,   of  75%'  H e r e i n   l i e s  

t h e   p r o b l e m :   when  t h e   l i q u i d   p h a s e   i s   f o a m e d ,   t h e   g a s  

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

o r i g i n a l   v o l u m e .   A  s a n d   c o n c e n t r a t i o n   of   25  p o u n d s   o f  

s a n d   pe r   g a l l o n   ( 3 - 0 g / c m 3 )   of  l i q u i d   in   a  s a n d / l i q u i d  

35  s l u r r y   i s   r e d u c e d   to   a p p r o x i m a t e l y   6  p o u n d s   of  s a n d   p e r  
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g a l l o n   ( 0 . 7 g / c m 3   )  of  c a r r i e r   f l u i d ,   t h a t   i s   f o a m ,   by  t h e  

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

c o n c e n t r a t i o n   of  34  l b / g a l   ( 4 . 1 g / c m 3 )   in  t h e   s a n d / l i q u i d  

s l u r r y   w o u l d   o n l y   p r o d u c e ,   an  8 .5   l b / g a l   ( l . 0 g / c m 3 )  

5  c o n c e n t r a t i o n   in   a  75%  q u a l i t y   f o a m .  

The  c o n c e n t r a t i o n   of  p r o p p a n t   in  t h e   f r a c t u r i n g  

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

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

f l u i d   w i t h   a  s a n d   c o n c e n t r a t i o n   of  34  p o u n d s   of  s a n d   p e r  
10  g a l l o n   ( 4 - l g / c m 3   )  of  c a r r i e r   f l u i d   c o u l d   t h e o r e t i c a l l y  

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

A n o t h e r   p r o b l e m   e n c o u n t e r e d   w i t h   many  f r a c -  

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

c o n c e n t r a t i o n   and  t h i s   p e r t a i n s   to   t h e   f r a c t u r i n g   f l u i d ' s  

1  5  c o m p a t i b i l i t y   w i t h   t h e   f o r m a t i o n   c o r e   and  f o r m a t i o n   f l u i d s  

p a r t i c u l a r l y   in   gas   w e l l s .   For  e x a m p l e ,   many  f o r m a t i o n s  

c o n t a i n   c l a y s   w h i c h   s w e l l   when  c o n t a c t e d   by  w a t e r   b a s e   f l u i d s  

r e s u l t i n g   in  r e d u c e d   f o r m a t i o n   p e r m e a b i l i t y .   F o a m e d  

f r a c t u r i n g   f l u i d s   r e d u c e   t h i s   p r o b l e m   due  to   t h e i r   low  f l u i d  

20  l o s s   and  low  h y d r o s t a t i c   h e a d   c h a r a c t e r i s t i c s ,   b o t h   o f  

w h i c h .   r e s u l t   in   l e s s   f l u i d   e n t e r i n g   t h e   f o r m a t i o n .   H o w e v e r ,  

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

s a n d   c o n c e n t r a t i o n   i s   34  p o u n d s   of  s a n d   pe r   g a l l o n   ( 4 - 1  

g/cm3  )  of  l i q u i d   p h a s e   of  t h e   foam  and ,   as  p r e v i o u s l y  

2  5  m e n t i o n e d ,   t h e   c u r r e n t   p r a c t i c a l   l i m i t   is«  a b o u t   2  5  p o u n d s  

p e r   g a l l o n   ( 3 . 0 g / c m 3 ) .   A  foamed   f r a c t u r i n g   f l u i ! d   w i t h   a  

g r e a t e r   c o n c e n t r a t i o n   of  s a n d   to   l i q u i d   would   be  h i g h l y  

d e s i r a b l e   f o r   w a t e r   s e n s i t i v e   f o r m a t i o n s   s i n c e   a  g i v e n  

a m o u n t   of  s a n d   c o u l d   be  d e l i v e r e d   to   t h e   f o r m a t i o n   w i t h  

30  l e s s   l i q u i d   in  t h e   c a r r i e r   f l u i d .  

P r i o r   to   t h e   p r e s e n t   i n v e n t i o n ,   one  a p p r o a c h  

to  t h e s e   p r o b l e m s   of  t h e   i n h e r e n t   l i m i t a t i o n   of  s a n d  

c o n c e n t r a t i o n   in   foam,   c r e a t e d   by  t h e   l i m i t a t i o n s  

on  t h e   p r o p o r t i o n   of  s a n d   which   can  be  c a r r i e d   by  t h e   l i q u i d  

3  5  p r i o r   to   f o a m i n g ,   has   been   to   c o n c e n t r a t e   t h e   s a n d   in  t h e  
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s a n d - l i q u i d   s l u r r y   p r i o r   t o   f o a m i n g .  

One  e x a m p l e   of   a  foam  s a n d   c o n c e n t r a t o r .   of  t h a t  

t y p e   w h i c h   a l s o   g e n e r a l l y   e x p l a i n s   t h e   i n h e r e n t   l i m i -  

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

5  U . S .   P a t e n t   No.  4 , 4 4 8 , 7 0 9   t o   B u l l e n .   B u l l e n   i n d i c a t e s  

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

u t i l i z e d   in   h i s   p r o c e s s   l i m i t ' s   t h e   s a n d   c o n c e n t r a t i o n   i n  

t h e   i n i t i a l   l i q u i d / s a n d   s l u r r y   t o   a b o u t   10  p o u n d s   o f  

s a n d   p e r   g a l l o n   ( 1 . 2 g / c m 3 )   of   l i q u i d .   When  s u c h   a  s l u r r y   i s  

0  f o a m e d   t o   a  75%  q u a l i t y ,   t h e   r e s u l t i n g   foam  c a r r i e s   2 - l / 2  

p o u n d s   of  s a n d   p e r   g a l l o n   ( 0 . 3 g / c m 3 )   of  f o a m ,   i f   n o  

c o n c e n t r a t i o n   i s   u s e d .   The  B u l l e n   c o n c e n t r a t o r   i s   s t a t e d  

t o   be  c a p a b l e   of  r e m o v i n g   a b o u t   50%  of  t h e   l i q u i d   f r o m  

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

5  t h e   s u b s e q u e n t   foam  t o   a  maximum  of  a b o u t   5  p o u n d s   p e r  

g a l l o n   ( 0 . 6 g / c m 3 )   of  75%  q u a l i t y   f o a m ,   t h a t   i s   20  p o u n d s  

p e r   g a l l o n   ( 2 . 4 g / c m 3 )   of   l i q u i d   in   t h e   r e s u l t i n g   f o a m .  

O t h e r   e x a m p l e s   of   d e v i c e s   w h i c h   c o n c e n t r a t e  

s a n d   i n   t h e   s l u r r y   p r i o r   t o   f o a m i n g   a r e   d i s c l o s e d   in  U . S .  

:0  P a t e n t   Nos .   4 , 1 2 6 , l 8 l   and  4 , 3 5 4 , 5 5 2 .   Such  p r o c e s s e s  

h a v e   u t i l i z e d   m e c h a n i c a l   d e v i c e s   s u c h   as  c e n t r i f u g a l  

s e p a r a t o r s   or  c y c l o n e   s e p a r a t o r s   t o   r e m o v e   a  p o r t i o n   o f  

t h e   l i q u i d   p r e s e n t   in   t h e   s o l i d s - c o n t a i n i n g   s l u r r y   p r i o r  

t o   f o a m i n g   of  t h e   c o n c e n t r a t e d   s l u r r y .   In  g e n e r a l ,   t h e s e  

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

of  no  more   t h a n   a b o u t   20  p o u n d s   p e r   g a l l o n   ( 2 . 4 g / c m 3 )  

of   l i q u i d .  

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

a r t   h a s   r e c o g n i z e d   t h e   p r o b l e m   of   t h e   i n h e r e n t   l i m i t a t i o n s  

30  on  s a n d   c o n c e n t r a t i o n   i n   f o a m e d   p r o p p a n t   c a r r y i n g   f r a c -  

t u r i n g   f l u i d s ,   no  s a t i s f a c t o r y   s o l u t i o n   to   t h e   p r o b l e m  

h a s   b e e n   p r o v i d e d   p r i o r   t o   t h e   p r e s e n t   i n v e n t i o n .  

The  p r e s e n t   i n v e n t i o n   p r o v i d e s   f o a m e d   c o m p o s i -  

t i o n s   in   w h i c h   s a n d   c o n c e n t r a t i o n s   many  t i m e s   g r e a t e r   t h a n  

35  e v e n   t h e   t h e o r e t i c a l   maximum  s a n d   to   l i q u i d   c o n c e n t r a t i o n  
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of  s a n d - c o n t a i n i n g   s l u r r i e s   of  34  p o u n d s   s a n d   p e r  

g a l l o n   ( 4 . 1 g / c m 3 )   of  l i q u i d   p h a s e   can  be  a c h i e v e d .   T e s t s  

h a v e   p r o d u c e d   s t a b l e   f o a m s   h a v i n g   s a n d   to   l i q u i d   r a t i o s  

up  to   100  p o u n d s   of  s a n d   p e r   g a l l o n   ( I 2 g / c m 3 )   of  l i q u i d  

5  p h a s e   i n   t h e   f o a m .  

A c c o r d i n g   to   t h e   p r e s e n t   i n v e n t i o n ,   t h e r e   i s  

p r o v i d e d   a  foam  c o m p o s i t i o n   c o n t a i n i n g   a  foam  c o m p r i s i n g  

l i q u i d ,   gas   and  p a r t i c u l a t e   m a t t e r ,   c h a r a c t e r i s e d   by  a  

foam  q u a l i t y   and  a  p a r t i c u l a t e   m a t t e r   c o n c e n t r a t i o n   a s  

10  d e f i n e d   by  t h e   a r e a   e n c l o s e d   by  t h e   t r a p e z i u m   A , B , C , D   i n  

F i g u r e   3  of  t h e   a c c o m p a n y i n g   d r a w i n g s .  

T h e s e   c o m p o s i t i o n s   of  t h e   p r e s e n t   i n v e n t i o n   c a n  

be  p r o d u c e d   by  i n t r o d u c i n g   s a n d   at   h i g h   p r e s s u r e s   w i t h   a 

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

15  p r e s s u r e   l i q u i d   s t r e a m   s e p a r a t e l y   i n t o   t h e   v e s s e l ,   t h u s  

m i x i n g   t h e   g a s ,   l i q u i d   and  s a n d   a t   h i g h   p r e s s u r e   in  t h e   f o a m  

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

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

a  s a n d / l i q u i d   s l u r r y .  

20  In  o r d e r   t h a t   t h e   i n v e n t i o n   may  be  more  f u l l y  

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

w h e r e i n   : 

FIG.  1  shows  a  s e c t i o n e d   e l e v a t i o n   v iew  of  a  d r y  

s a n d   foam  g e n e r a t o r   in   c o m b i n a t i o n   w i t h   a  s c h e m a t i c   i l l u s -  

2  5  t  r a t i o n   of  a s s o c i a t e d   e q u i p m e n t   u t i l i z e d   .w i th   t h e   f o a m  

g e n e r a t o r ,   in  one  e m b o d i m e n t   of  t h e   p r o c e s s   of  t h e   i n v e n t i o n ;  

FIG.  2  i s   a  g r a p h i c a l   i l l u s t r a t i o n   of  t h e   c o m p o -  

s i t i o n s   of  t h e   p r e s e n t   i n v e n t i o n   as  w e l l   as  t h e   t h e o r e t i c a l  

maximum  s a n d   c o n c e n t r a t i o n s   of  t h e   p r i o r   a r t   wet  s a n d  

30  foam  g e n e r a t i o n   t e c h n i q u e s   as  a  f u n c t i o n   of  foam  q u a l i t y .  

On  t h e   l e f t - h a n d   v e r t i c a l   a x i s   of  F i g .   2,  t h e   foam  s a n d  

c o n c e n t r a t i o n s   a r e   e x p r e s s e d   r e l a t i v e   to   t h e   vo lume   o f  

f o a m ,   and  on  t h e   r i g h t - h a n d   v e r t i c a l   a x i s ,   t h e   l i q u i d   s a n d  

c o n c e n t r a t i o n s   a r e   d i s p l a y e d   r e l a t i v e   to   t h e   vo lume  o f  

35  l i q u i d   p h a s e   c o n t a i n e d   in  t h e   f o a m .  
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FIG.   3  i s   a  g r a p h i c a l   d e f i n i t i o n   of  t h e   c o m p o -  

s i t i o n s   of   t h e   p r e s e n t   i n v e n t i o n   as  a  f u n c t i o n   of  f o a m  

q u a l i t y   and   p a r t i c u l a t e   c o n c e n t r a t i o n .  

R e f e r r i n g   now  to   t h e   d r a w i n g s ,   and  p a r t i c u l a r l y  

5  t o   F i g .   I ,   a  s y s t e m   g e n e r a l l y   d e s i g n a t e d   by  t h e   n u m e r a l  

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

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

a c c o r d a n c e   w i t h   t h e   p r i n c i p l e s   of  t h e   p r e s e n t   i n v e n t i o n .  

The  s y s t e m   10  i s   b a s e d   upon   t h e   u se   of  a  d ry   s a n d   f o a m  

0  g e n e r a t i n g   a p p a r a t u s   g e n e r a l l y   d e s i g n a t e d   by  t h e   n u m e r a l  

1 2 .  

A l t h o u g h   t h e   i n v e n t i o n   i s   d e s c r i b e d   in  t h e   c o n -  

t e x t   of  t h e   p r o d u c t i o n   of  a  p r o p p a n t   c a r r y i n g   foam  f o r  

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

I  5  i n   o t h e r   a r e a s   u t i l i z i n g   f o a m e d   f l u i d s ,   s u c h   as  f o a m e d  

g r a v e l   p a c k i n g   w h e r e i n   s a n d   or  t h e   l i k e   i s   p a c k e d   in  a n  

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

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

be  d i s c u s s e d ,   i t   i s   t o   be  u n d e r s t o o d   t h a t   any  o t h e r   p a r t i -  

20  c u l a t e   may  be  u t i l i z e d   s u c h   a s ,   f o r   e x a m p l e ,   s i n t e r e d  

b a u x i t e ,   g l a s s   b e a d s ,   c a l c i n e d   b a u x i t e   and  r e s i n   p a r t i c l e s ,  

as   w e l l  
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s  any  o t h e r   c o n v e n t i o n a l l y   known  p a r t i c u l a t e s   f o r   u s e   i n  

ie  t r e a t m e n t   of  s u b t e r r a n e a n   f o r m a t i o n s .  

The  f o a m   g e n e r a t i n g   a p p a r a t u s   12  has   a  body   14  w i t h  

s t r a i g h t   v e r t i c a l   m a i n   f l o w   p a s s a g e   16  - d i s p o s e d   t h e r e -  

i r o u g h .   Main   f l o w   p a s s a g e   16  has   an  i n l e t   18  a t   i t s   u p p e r  

ad,  and   an  o u t l e t   20  a t   i t s   l o w e r   e n d .  

Foam  g e n e r a t i n g   a p p a r a t u s   12  i n c l u d e s   an  u p p e r  

i r s t   n o z z l e   i n s e r t   22  t h r e a d - a b l y   e n g a g e d   a t   24  w i t h   an  u p p e r  

h r e a d e d   c o u n t e r b o r e   26  of  b o d y   14.   N o z z l e   i n s e r t   22  has   a n  

n n e r   end   28  r e c e i v e d   in   t h e   b o d y   14  and  a d j u s t a b l y   p o s i -  

i o n e d   r e l a t i v e   to   an  a n n u l a r   c o n i c a l l y   t a p e r e d   f i r s t   s e a t  

0  s u r r o u n d i n g   m a i n   f l o w   p a s s a g e   1 6 .  

I n n e r   end   28  of  n o z z l e   i n s e r t   22  has   a  c o n i c a l l y  

. a p e r e d   a n n u l a r   s u r f a c e   32  d e f i n e d   t h e r e o n .   The  c o n i c a l  

: a p e r   of  s u r f a c e   32  i s   c o m p l e m e n t a r y   w i t h   t h a t   of  a n n u l a r  

s ea t   30,  t h a t   i s ,   t h e   t a p e r   on  b o t h   t h e   s u r f a c e   32  and  s e a t  

50  a r e   s u b s t a n t i a l l y   t h e   s a m e .   In  t h e   e x a m p l e   s h o w n ,   s u r -  

f ace   32  and  s e a t   30  a r e   e a c h   t a p e r e d   60°  f r o m   t h e   h o r i z o n -  

t a l .  

An  a n n u l a r   c o n i c a l   f i r s t   f l o w   p a t h   34  i s   d e f i n e d  

b e t w e e n   t a p e r e d   s u r f a c e   32  and   s e a t   30  and   has   w i d t h   d e f i n e d  

v e r t i c a l l y   in  F i g .   1  w h i c h   i s   a d j u s t a b l e   by  a d j u s t m e n t   o f  

t h e   t h r e a d e d   e n g a g e m e n t   24  b e t w e e n   i n s e r t   22  and  body   1 4 .  

B e l o w   t h e   t h r e a d e d   e n g a g e m e n t   24 ,   i n s e r t   22  has   a  

r e d u c e d   d i a m e t e r   c y l i n d r i c a l   o u t e r   p o r t i o n   36  c l o s e l y  

r e c e i v e d   w i t h i n   an  u p p e r   c y l i n d r i c a l "   b o r e   38  of  body  14  w i t h  

a  s e a l   b e i n g   p r o v i d e d   t h e r e b e t w e e n   by  O - r i n g   4 0 .  
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Be low  c y l i n d r i c a l   p o r t i o n   36  is   a  f u r t h e r   r e d u c e d  

i i a r n e t e r   n o z z l e   end   p o r t i o n   42  of  i n s e r t   2 2 .  

An  u p p e r   a n n u l a r   p l e n u m   44  is   d e f i n e d   b e t w e e n  

n o z z l e   p o r t i o n   42  of  i n s e r t   22  and   u p p e r   b o r e   38  of  b o d y   14  f 

and  s u r r o u n d s   t h e   m a i n   f l o w   p a s s a g e   1 6 .  

A  t r a n s v e r s e   l i q u i d   i n l e t   p a s s a g e   46,   w h i c h   m a y  

g e n e r a l l y   be  r e f e r r e d   t o   as  a  s e c o n d   f l o w   p a s s a g e   46,   i s  

d i s p o s e d   in  t h e   b o d y   14 .   I n l e t   p a s s a g e   46  has   an  o u t e r  

i n l e t   end  48  ,  a n d   an  i n n e r   s e c o n d   e n d   50  w h i c h   i s   c o m -  

m u n i c a t e d   w i t h   t h e   a n n u l a r   p l e n u m   4 4 .  

As  i s   f u r t h e r   e x p l a i n e d   b e l o w ,   l i q u i d   i n l e t   p a s s a g e  

46  i s   u t i l i z e d   t o   i n t r o d u c e   a  l i q u i d   s t r e a m ,   g e n e r a l l y   a  

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

g e n e r a t i n g   a p p a r a t u s   12 .   The  l i q u i d   s t r e a m   a l s o   may  c o n t a i n  

o t h e r   a d d i t i v e s   s u c h   as  a  v i s c o s i f y i n g   a g e n t ,   c r o s s l i n k i n g  

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

v a r i o u s   s a l t s   s u c h   as  p o t a s s i u m   c h l o r i d e   and  t h e   l i k e   w h i c h  

a r e   w e l l   known  c o n v e n t i o n a l   a d d i t i v e s   to   f l u i d s   u t i l i z e d   i n  

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

The  v i s c o s i f y i n g   a g e n t   can   c o m p r i s e ,   f o r   e x a m p l e ,  

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

t i o n   and   r e a c t i v e   p o s i t i o n ,   one   or  more   of  t h e   f u n c t i o n a l  

g r o u p s ,   s u c h   a s ,   h y d r o x y l   or   h y d r o x y a l k y l ,   c i s - h y d r o x y l ,  

c a r b o x y l ,   s u l f a t e ,   s u l f o n a t e ,   a m i n o   or  a m i d e .   P a r t i c u l a r l y  

'  s u i t a b l e   s u c h   p o l y m e r s   a r e   p o l y s a c c h a r i d e s   and   d e r i v a t i v e s  

t h e r e o f ,   w h i c h   i n c l u d e   b u t   a r e   n o t   l i m i t e d   t o ,   g u a r   gum  a n d  

d e r i v a t i v e s   t h e r e o f ,   l o c u s t   b e a n   gum,  t a r a ,   k o n j a k ,  
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t a m a r i n d ,   s t a r c h ,   k a r a y a ,   t r a g a c a n t h ,   c a r r a g e e n a n ,   x a n t h a n  

and  c e l l u l o s e   d e r i v a t i v e s .   H y d r a t a b l e   s y n t h e t i c   p o l y m e r s  

i n c l u d e ,   b u t   a r e   no t   l i m i t e d   t o ,   p o l y a c r y l a t e ,   p o l y m e t h a c r y -  

l a t e ,   p o l y a c r y l a m i d e ,   m a l e i c   a n h y d r i d e - m e t h y l v i n y l   e t h e r  

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

V a r i o u s   c r o s s l i n k i n g   a g e n t s   f o r   t h e   a b o v e -  

v i s c o s i f y i n g   a g e n t s   a r e   w e l l   known  and  i n c l u d e ,   b u t   a r e   n o t  

l i m i t e d   t o ,   c o m p o u n d s   c o n t a i n i n g   t i t a n i u m   (IV)  s u c h   a s  

v a r i o u s   o r g a n o t i t a n i u m   c h e l a t e s ,   c o m p o u n d s   c o n t a i n i n g   z i r -  

c o n i u m   IV  s u c h   as  v a r i o u s   o r g a n o z i r c o n i u m   c h e l a t e s ,   v a r i o u s  

b o r a t e - c o n t a i n i n g   c o m p o u n d s ,   p y r o a n t i m o n a t e s   and  t h e   . l i k e .  

A  l o w e r   s e c o n d   n o z z l e   i n s e r t   52  is   t h r e a d a b l y  

e n g a g e d   a t   54  w i t h   an  i n t e r n a l l y   t h r e a d e d   l o w e r   c o u n t e r b o r e  

56  of  body   1 4 .  

S e c o n d   n o z z l e   i n s e r t   52  i s   c o n s t r u c t e d   s i m i l a r   t o  

f i r s t   n o z z l e   i n s e r t   22,  e x c e p t   t h a t   i t s   u p p e r   i n n e r   end  h a s  

a  r a d i a l l y   i n n e r   c o n i c a l   t a p e r e d   s u r f a c e   58  w h i c h   i s   c o m p l i -  

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

a n n u l a r   s e a t   60  d e f i n e d   on  body   14  and  s u r r o u n d i n g   m a i n   f l o w  

p a s s a g e   16.   In  t h e   e x a m p l e   s h o w n ,   s u r f a c e   58  and  s e a t   60 

a r e   e a c h   t a p e r e d   15°  f rom  t h e   h o r i z o n t a l .  

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

w i t h   s e a t s   30  and  60  a r e   e a c h   t a p e r e d   d o w n w a r d l y   in  F i g .   1 ,  

t h e   a p p a r a t u s   12  can  be  i n v e r t e d   w i t h   t h e   s e a t s   30  and  60 

t h e n   b e i n g   t a p e r e d   u p w a r d l y   so  t h a t   t h e   c o n i c a l   f l u i d   j e t s  

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

gas   and  s a n d   t h r o u g h   f l o w   p a s s a g e   1 6 .  
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A  l o w e r   s e c o n d   a n n u l a r   p l e n u m   62  is   d e f i n e d   b e t w e e n  

: e c o n d   n o z z l e   i n s e r t   52  and  l o w e r   c o u n t e r b o r e   64  of  b o d y   1 4 .  

A  t r a n s v e r s e   s u p p l e m e n t a l   gas   i n l e t   p a s s a g e   66  i s  

l i s p o s e d   in   body   14  and   c o m m u n i c a t e s   a  s u p p l e m e n t a l   g a s  

. n l e t   68  t h e r e o f   w i t h   t h e   s e c o n d   p l e n u m   6 2 .  

As  i s   f u r t h e r   e x p l a i n e d   b e l o w ,   t r a n s v e r s e   gas   i n l e t  

p a s s a g e   66  and  t h e   a d j u s t a b l e   l o w e r   n o z z l e   i n s e r t   52  a r e  

i t i l i z e d   t o   p r o v i d e   s u p p l e m e n t a l   g a s ,   i f   n e c e s s a r y ,   to   t h e  

D r o p p a n t   c a r r y i n g   f o a m .   In  some  i n s t a n c e s ,   h o w e v e r ,   s u c h  

s u p p l e m e n t a l   gas   may  n o t   be  n e c e s s a r y ,   and  t h e   t r a n s v e r s e  

gas  i n l e t   p a s s a g e   66  w i l l   n o t   be  u s e d .   In  f a c t ,   t h e   m e t h o d s  

of  t h e   p r e s e n t   i n v e n t i o n   can  in   many  i n s t a n c e s   be  s a t i s f a c -  

t o r i l y   p e r f o r m e d   w i t h   a  foam  g e n e r a t o r   in   w h i c h   t h e   l o w e r  

s e c o n d   n o z z l e   i n s e r t   52  and  t h e   a s s o c i a t e d   t r a n s v e r s e   g a s  

i n l e t   p a s s a g e   66  a r e   e l i m i n a t e d .  

The  m a i n   f l o w   p a s s a g e   16  can   g e n e r a l l y   be  d e s c r i b e d  

as  i n c l u d i n g   an  u p p e r   p o r t i o n   70  d i s p o s e d   t h r o u g h   f i r s t  

n o z z l e   i n s e r t   22,   a  m i d d l e   p o r t i o n   72  d e f i n e d   w i t h i n   t h e  

body   14  i t s e l f ,   and  a  l o w e r   p o r t i o n   74  d e f i n e d   in  s e c o n d  

n o z z l e   i n s e r t   5 2 .  

A l s o   s c h e m a t i c a l l y   i l l u s t r a t e d   in  F i g .   1  a r e   a  

p l u r a l i t y   of   a s s o c i a t e d   a p p a r a t u s   w h i c h   a r e   u t i l i z e d   w i t h  

t h e   foam  g e n e r a t i n g   a p p a r a t u s   12  to   p r o d u c e   a  p r o p p a n t   l a d e n  

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

A  h i g h   p r e s s u r e   s a n d   t a n k   76  is  l o c a t e d   v e r t i c a l l y  

d i r e c t l y   a b o v e   t h e   foam  g e n e r a t i n g   a p p a r a t u s   12 .   Sand  t a n k  

76  i s   s u b s t a n t i a l l y   f i l l e d   w i t h   a  p a r t i c u l a t e   m a t e r i a l   s u c h  
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as  s a n d   78  t h r o u g h   a  s a n d   f i l l   i n l e t   v a l v e   8 0 .  

The  s a n d   t a n k   76  i s   t h e n   f i l l e d   w i t h   h i g h   p r e s s u r e  

n i t r o g e n   gas   f r o m   a  n i t r o g e n   gas   s u p p l y   82  t h r o u g h   p r i m a r y  

n i t r o g e n   s u p p l y   l i n e   84 .   A  p r e s s u r e   r e g u l a t o r   86  and  o t h e r  

5  c o n v e n t i o n a l   e q u i p m e n t   ( n o t   s h o w n )   f o r   c o n t r o l l i n g   t h e  

p r e s s u r e   of  t h e   gas   s u p p l i e d   to   s a n d   t a n k   76  a r e   i n c l u d e d   i n  

s u p p l y   l i n e   84.   W h i l e   g a s   s u p p l y   82  is  d i s c l o s e d   h e r e i n   a s  

c o m p r i s i n g   n i t r o g e n ,   many  o t h e r   g a s e s   a r e   s u i t a b l e   f o r   u s e  

in  g e n e r a t i n g   a  foam  a c c o r d i n g   to   t h e   m e t h o d   and  u s i n g   t h e  

3  a p p a r a t u s   of  t h e   p r e s e n t   i n v e n t i o n .   Such  o t h e r   g a s e s  

i n c l u d e   w i t h o u t   l i m i t a t i o n   a i r   and  c a r b o n   d i o x i d e ,   as  w e l l  

as  any   i n e r t   g a s ,   s u c h   as  any   of  t h e   n o b l e   g a s e s .  

As  t h e   s a n d   t a n k   76  i s   f i l l e d   w i t h   s a n d   78,  i t   i s  

p r e s s u r i z e d   w i t h   n i t r o g e n   gas   to   a  r e l a t i v e l y   h i g h   p r e s s u r e ,  

5  p r e f e r a b l y   a b o v e   500  p s i   ( 3 - 4 5   MPa)  f o r   r e a s o n s   t h a t   a r e  

f u r t h e r   e x p l a i n e d   b e l o w .  

T h i s   d r y   s a n d   78  i s   i n t r o d u c e d   i n t o   t h e   f o a m  

g e n e r a t i n g   a p p a r a t u s   12  by  o p e n i n g   a  v a l v e   88  in  s a n d   s u p p l y  

l i n e   90  w h i c h   e x t e n d   f r o m   a  b o t t o m   92  of  s a n d   t a n k   76  t o  

0  i n l e t   18  of  m a i n   f l o w   p a s s a g e   16  of  foam  g e n e r a t i n g   a p p a r a -  

t u s   12.   The  s a n d   s u p p l y   l i n e   90  p r e f e r a b l y   is  a  s t r a i g h t  

v e r t i c a l   c o n d u i t ,   and   t h e   v a l v e   88  i s   p r e f e r a b l y   a  f u l l  

o p e n i n g   t y p e   v a l v e   s u c h   as  a  f u l l y   o p e n i n g   b a l l   v a l v e .  

When  t h e   v a l v e   88  i s   o p e n e d ,   a  s t r e a m   of  gas   a n d  

5  s a n d   is  i n t r o d u c e d   i n t o   t h e   ma in   f l o w   p a s s a g e   16  of  a p p a r a -  

t u s   12  t h r o u g h   i n s e r t   -22 .   The  d ry   s a n d   78  f l o w s   by  t h e  

a c t i o n   of  g r a v i t y   and  d i f f e r e n t i a l   gas  p r e s s u r e   d o w n w a r d  
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t h r o u g h   s a n d   s u p p l y   l i n e   50  i n t o   t h e   v e r t i c a l   b o r e   16  o f  

f o a m   g e n e r a t i n g   a p p a r a t u s   1 2 .  

A  w a t e r   b a s e d   l i q u i d   94  i s   c o n t a i n e d   in '   a  l i q u i d  

s u p p l y   t a n k   96.   A  h i g h   p r e s s u r e   pump  98  t a k e s   t h e   l i q u i d   94  

f r o m   s u p p l y   t a n k   96  t h r o u g h   a  s u c t i o n   l i n e   100  and  d i s c h a r g e s  

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

d i s c h a r g e   l i n e   102  to   t h e   i n l e t   48  of  t r a n s v e r s e   l i q u i d  

i n l e t   p a s s a g e   4 6 .  

The  l i q u i d   94  in  s u p p l y   t a n k   96  w i l l   h ave   a  s u f -  

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

w i t h   in   t a n k   96,   so  t h a t   upon   m i x i n g   t h e   l i q u i d   94  w i t h   g a s  

and   s a n d   in   f l o w   p a s s a g e   16,   a  s t a b l e   foam  w i l l   be  f o r m e d .  

S u i t a b l e   s u r f a c t a n t s   a r e   w e l l   known  in   t h e   a r t ,   and  i n c l u d e ,  

by  way  of  e x a m p l e   and  n o t   l i m i t a t i o n ,   b e t a i n e s ,   s u l f a t e d   o r  

5  s u l f o n a t e d   a l k o x y l a t e s ,   a l k y l   q u a t e r n a r y   a m i n e s ,   a l k o x y l a t e d  

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

ClO  -  c20  a l k y l d i p h e n y l   e t h e r   s u l f o n a t e s   and   t h e   l i k e .  

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

v e r s e   l i q u i d   i n l e t   p a s s a g e   46  i n t o   t h e   a n n u l a r   p l e n u m   4 4 .  

!0  The  l i q u i d   and  s u r f a c t a n t   t h e n   f l o w   f r o m   t h e   a n n u l a r   p l e n u m  

44  in   t h e   f o r m   of  a  s e l f   - i m p i n g i n g   c o n i c a l   j e t   f l o w i n g  

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

p a s s a g e   34  and  i m p i n g i n g   upon   t h e   v e r t i c a l l y   downward   f l o w -  

i n g   s t r e a m   of  gas   and   s a n d   f l o w i n g   t h r o u g h   m a i n   f l o w  

25  p a s s a g e   16  . 

T h i s   h i g h   p r e s s u r e ,   h i g h   s p e e d ,   s e l f   - i m p i n g i n g   c o n -  

i c a l   j e t   of  w a t e r   b a s e d   l i q u i d   and  s u r f a c t a n t   m i x e s   w i t h   t h e  
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downward   f l o w i n g   s t r e a m   of  gas   and  d ry   s a n d   in  a  h i g h l y   t u r -  

b u l e n t   m a n n e r   so  as  to   p r o d u c e   a  foam  c o m p r i s e d   of  a  l i q u i d  

n a t r i x   of  b u b b l e s   f i l l e d   w i t h   n i t r o g e n   g a s .   T h i s   f o a m  

c a r r i e s   t h e   s a n d   in  s u s p e n s i o n   t h e r e i n .  

I f   s u p p l e m e n t a l   g a s ,   in  a d d i t i o n   to  t h e   gas   i n t r o -  

d u c e d   w i t h   t h e   d ry   s a n d   f r o m   s a n d   t a n k   76,  is  r e q u i r e d   t o  

a c h i e v e   t h e   d e s i r e d   foam  q u a l i t y ,   t h a t   gas   is  s u p p l i e d   f r o m  

n i t r o g e n   gas   s u p p l y   82  t h r o u g h   a  s u p p l e m e n t a l   gas   s u p p l y  

L i n e   110  h a v i n g   a  s e c o n d   p r e s s u r e   r e g u l a t o r   112  d i s p o s e d  

t h e r e i n .   S u p p l e m e n t a l   gas   s u p p l y   l i n e   110  c o n n e c t s   t o  

s u p p l e m e n t a l   gas   i n l e t   68  of  t r a n s v e r s e   gas   i n l e t   p a s s a g e   66  

so  t h a t   gas   is   i n t r o d u c e d   i n t o   t h e   s e c o n d   a n n u l a r   p l e n u m   62 

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

c o n i c a l l y   t a p e r e d   s u r f a c e   58  on  t h e   i n n e r   end  of  l o w e r  

n o z z l e   i n s e r t   52  and  t h e   t a p e r e d   a n n u l a r   l o w e r   s e t   60  o f  

body   14  . 

In  t h e   t e s t i n g   of  t h e   foam  g e n e r a t i n g   a p p a r a t u s   12 

w h i c h   has   been   done   to   d a t e ,   h o w e v e r ,   i t   has  been   d e t e r m i n e d  

t h a t   in  many  i n s t a n c e s   s u f f i c i e n t   gas  can  be  i n t r o d u c e d   w i t h  

t h e   d r y   s a n d   78  f rom  t h e   s a n d   t a n k   76,  and  t h a t   t h e   d e s i r e d  

foam  q u a l i t y   can  be  c o n t r o l l e d   by  c o n t r o l l i n g   t h e   a m o u n t   o f  

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

4 6 .  

The  p r o p p a n t   l a d e n   foam  g e n e r a t e d   in  t h e   f o a m  

g e n e r a t i n g   a p p a r a t u s   12  e x i t s   t h e   o u t l e t   20  and  i s   c o n d u c t e d  

t h r o u g h   c o n d u i t   114  to   a  w e l l   116 .   As  w i l l   be  u n d e r s t o o d  

by  t h o s e   s k i l l e d   in  t h e   a r t ,   t h e   foam  f r a c t u r i n g   f l u i d   i s  
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. r e c t e d   d o w n w a r d l y   t h r o u g h   t u b i n g   ( n o t   shown)   in  t h e   w e l l  

l6  to   a  s u b s u r f a c e   f o r m a t i o n   ( n o t   shown)   w h i c h   i s   to   b e  

r a c t u r e d .  

When  c o n d u c t i n g   a  h y d r a u l i c   f r a c t u r i n g   o p e r a t i o n ,  

he  p r e s s u r e   of  t h e   f r a c t u r i n g   f l u i d s   c o n t a i n e d   in   c o n d u i t  

14  when  i n t r o d u c e d   i n t o   t h e   w e l l   h e a d   116  a r e   s u b s t a n t i a l l y  

n  e x c e s s   of  a t m o s p h e r i c   p r e s s u r e .   W e l l   .head   p r e s s u r e s   in  a  

a n g e   f r o m   1000  p s i   t o   1 0 , 0 0 0   p s i   ( 6 . 8 9   to   6 8 . 9   MPa)  a r e  

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

The  d e l i v e r y   r a t e   of   d r y   s a n d   78  i n t o   t h e   f o a m  

r e n e r a t o r   12  i s   c o n t r o l l e d   by  t h e   d i f f e r e n t i a l   gas   p r e s s u r e  

b e t w e e n   t h e   s a n d   t a n k   76  and  t h e   b o r e   16  of  t h e   foam  g e n e r a -  

:o r   a p p a r a t u s   12.   F o r   a  g i v e n   s a n d   d e l i v e r y   r a t e ,   f l o w   r a t e  

3f  t h e   l i q u i d   j e t   e n t e r i n g   t r a n s v e r s e   l i q u i d   i n l e t   p a s s a g e  

46  d e t e r m i n e s   t h e   l i q u i d   s a n d   c o n c e n t r a t i o n ,   t h a t   i s ,   t h e  

p o u n d s   of  s a n d   p e r   g a l l o n   of  l i q u i d   p h a s e   in  t h e   c a r r i e r  

f l u i d ,   of  t h e   g e n e r a t e d   f o a m .   The  v o l u m e   r a t e   of  g a s  

t h r o u g h   s a n d   s u p p l y   l i n e   90  r e q u i r e d   to   d e l i v e r   t h e   d r y   s a n d  

t o g e t h e r   w i t h   t h e   v o l u m e   r a t e   of   s u p p l e m e n t a l   g a s ,   i f   a n y ,  

s u p p l i e d   t h r o u g h   t r a n s v e r s e   gas   i n l e t   p a s s a g e   66  d e t e r m i n e  

t h e   q u a l i t y ,   t h a t   i s ,   t h e   g a s e o u s   v o l u m e   f r a c t i o n   of  f l u i d  

p h a s e s   of  t h e   g e n e r a t e d   f o a m .  

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

78  i n t o   t h e   foam  g e n e r a t i n g   a p p a r a t u s   12,  t h a t   w i l l   g e n e r -  

a l l y   be  a c c o m p l i s h e d   by  v a r y i n g   t h e   n i t r o g e n   p r e s s u r e  

s u p p l i e d   to   t h e   s a n d   t a n k   76  . 

I f   i t .   is   d e s i r e d   to   v a r y   t h e   f l o w   of  l i q u i d   to   t h e  
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r a n s v e r s e   l i q u i d   i n l e t   p a s s a g e   46  of  foam  g e n e r a t o r   1 2 ,  

.ha t   w i l l   be  a c c o m p l i s h e d   by  v a r y i n g   t h e   p u m p i n g   r a t e   o f  

>ump  9 8 .  

The  s e t t i n g   of  t h e   t h r e a d e d   e n g a g e m e n t   of  u p p e r  

l o z z l e   i n s e r t   22  w i t h   body   14 ,   p e r m i t s   a d j u s t m e n t   of  t h e  

j i d t h   of  a n n u l a r   f l o w   p a s s a g e   34.   T h i s   a d j u s t m e n t   g e n e r a l l y  

Ls  u t i l i z e d   f o r   t h e   p u r p o s e   of  a c h i e v i n g   an  a p p r o p r i a t e  

a i x i n g   e n e r g y   a n d ,   t h u s ,   a  s a t i s f a c t o r y   f o a m i n g   of  t h e  

n a t e r i a l s   w h i c h   a r e   m i x i n g   w i t h i n   t h e   ma in   f l o w   p a s s a g e .   1 6 .  

A l t h o u g h   n o t   shown  in   F i g .   1,  s u i t a b l e   f l o w m e t e r s  

nay  be  p l a c e d   in  l i n e s   84 ,   102  and  1 1 0 ,   i f   d e s i r e d .   F l o w   o f  

sand   o u t   of  t a n k   76  can  be  m e a s u r e d   by  m e a s u r i n g   a  c h a n g e   i n  

w e i g h t   of  t h e   t a n k   76  and  i t s   c o n t e n t s .  

R e f e r r i n g '   now  to   !  F i g .   2,  a  g r a p h i c a l   r e p r e s e n t a t i o n  

is  p r e s e n t e d   of  t h e   t h e o r e t i c a l   max imum  s a n d   c o n c e n t r a t i o n  

of  a  foam  as  a  f u n c t i o n   of  foam  q u a l i t y ,   b o t h   f o r   wet   s a n d  

foam  g e n e r a t i o n   s u c h   as  has   b e e n   p r a c t i c e d   in  t h e   p r i o r   a r t  

w h e r e   t h e   s a n d   i s   i n t r o d u c e d   in  a  s a n d / l i q u i d   s l u r r y ,   a n d  

f o r   d ry   s a n d   foam  g e n e r a t i o n   as  d i s c l o s e d   in  t h e   p r e s e n t  

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

g a s .   T h e r e   a r e   two  s e t s   of  d a t a   d i s p l a y e d   in  F i g .   2.  F o a m  

s a n d   c o n c e n t r a t i o n ,   e . g . ,   t h e '   p o u n d s   of  s and   pe r   g a l l o n  

of  f o a m ,   is  d i s p l a y e d   . v e r t i c a l l y   on  t h e   l e f t   s i d e   of  t h e  

g r a p h .   The  v a l u e s   d i s p l a y e d   on  t h e   r i g h t - h a n d   v e r t i c a l   a x i s  

of  F i g .   2  a r e   f o r   l i q u i d   s a n d   c o n c e n t r a t i o n s ,   e . g . ,  

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

L o o k i n g   f i r s t   a t   t h e   foam  s a n d   c o n c e n t r a t i o n s  
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i s p i a y e d   on  t h e   l e f t - h a n d   v e r t i c a l   a x i s   of  F i g .   2,  t h e  

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

oam  g e n e r a t i o n   p r o c e s s   l i k e   t h a t   u t i l i z e d   in  t h e   p r i o r   a r t  

s  shown  by  t h e   d a s h e d   l i n e   118  and  is  s e e n   to   be  a  d e c r e a s -  

ng  l i n e a r   f u n c t i o n   of   f o a m   q u a l i t y .   The  p l o t t e d   m a x i m u m  

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

e p r e s e n t e d   by  l i n e   118  a r e   o b t a i n e d   by  a d d i n g   s u f f i c i e n t  

•as  v o l u m e   to   t h e   l i q u i d   o c c u p y i n g   t h e   v o i d   v o l u m e   of  b u l k  

;and  to   o b t a i n   a  g i v e n   f oam  q u a l i t y .  

The  t h e o r e t i c a l   max imum  foam  s a n d   c o n c e n t r a t i o n   f o r  

:he  d r y   s a n d   f o a m   g e n e r a t i o n   p r o c e s s   of  t h e   p r e s e n t   i n v e n -  

t i o n   i s   r e p r e s e n t e d   by  t h e   s o l i d   l i n e   120  and  i s   s e e n   t o   b e  

an  i n c r e a s i n g   l i n e a r   f u n c t i o n   of  foam  q u a l i t y .   The  p l o t t e d  

maximum  c o n c e n t r a t i o n s   f o r   t h e   d r y   s a n d   foam  g e n e r a t i o n   p r o -  

c e s s   as  r e p r e s e n t e d   by  s t r a i g h t   l i n e   120  a r e   o b t a i n e d   b y  

a d d i n g   s u f f i c i e n t   l i q u i d   t o   t h e   gas  v o l u m e   o c c u p y i n g   t h e  

v o i d   v o l u m e   of  b u l k   s a n d   t o   o b t a i n   a  g i v e n   foam  q u a l i t y .  

I t   i s   n o t e d   t h a t   t h e   t h e o r e t i c a l   maximum  l i n e s   1 1 8  

and  120  i n t e r s e c t   a t   a  p o i n t   122  c o r r e s p o n d i n g   t o   a  50%  f o a m  

q u a l i t y .   At  a  50%  f o a m   q u a l i t y ,   b o t h   t h e   wet   s a n d   f o a m  

g e n e r a t i o n   p r o c e s s   r e p r e s e n t e d   by  l i n e   118  and  t h e   d r y   s a n d  

foam  g e n e r a t i o n   p r o c e s s   r e p r e s e n t e d   by  l i n e   120  w o u l d   p r o -  

v i d e   an  i d e n t i c a l   f o a m   s i n c e   t h e y   b o t h   c o n t a i n   e q u a l   v o l u m e s  

of  gas   and  l i q u i d   and   an  i d e n t i c a l   a m o u n t   of  s a n d .   I t   m u s t  

' b e   r e m e m b e r e d ,   h o w e v e r ,   t h a t   t h e   v a l u e s   shown  in  F i g .   2  a r e  

t h e o r e t i c a l   m a x i m a   w h i c h   d i f f e r   s u b s t a n t i a l l y   f rom  t h e  

p r a c t i c a l   maxima  w h i c h   c an   be  o b t a i n e d   in  wet  s a n d   f o a m  
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g e n e r a t i o n s   p r o c e s s e s .  

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

p r o d u c e d   by  t h e   p r e s e n t   i n v e n t i o n   h a v e   a  " M i t c h e l l   q u a l i t y " ,  

t h a t   i s ,   a  v o l u m e   r a t i o   of  t h e   g a s e o u s   p h a s e   t o   t h e   t o t a l  

5  g a s e o u s   and   l i q u i d   p h a s e s   and  d i s r e g a r d i n g   t h e   v o l u m e   of  t h e  

p a r t i c u l a t e   s o l i d s ,   in   t h e   r a n g e   f r o m   a b o u t   0 . 5 3   t o   0 . 9 9  

d u r i n g   a t   l e a s t   some  p o r t i o n   of  t h e   t r e a t m e n t   of  a  s u b t e r r a -  

n e a n   f o r m a t i o n   w i t h   s u c h   €<>am  c o m p o s i t i o n .   T h i s   can   a l s o   b e  

e x p r e s s e d   as  a  q u a l i t y   in   t h e   r a n g e   f r o m   a b o u t   53%  to   a b o u t  

0  99%.  A  g e n e r a l   d i s c u s s i o n   of  t h e   M i t c h e l l   q u a l i t y   c o n c e p t  

can  be  f o u n d   in   U . S .   P a t e n t   Nos .   4 , 4 8 0 , 6 9 6   t o   A l m o n d   e t   a l ?  

4 , 4 4 8 , 7 0 9   t o   B u l l e n   and   3 , 9 3 7 , 2 8 3   to   B l a u e r   e t   a l   . 

Fo r   t h e   p u r p o s e s   of  t h e   p r e s e n t   i n v e n t i o n ,   i t   i s  

p r e f e r r e d   t h a t   an  u p p e r   l i m i t   of  foam  q u a l i t y   be  a b o u t   96% 

5  b e c a u s e   t h e   p r o p e r t i e s   of  t h e   foam  b e c o m e   s o m e w h a t   u n p r e d i c -  

t a b l e   a t   h i g h e r   q u a l i t y   l e v e l s   w h e r e   t h e   foam  may  c o n v e r t   t o  

a  m i s t .   T h u s ,   t h e   g e n e r a l l y   p r e f e r r e d   r a n g e   of  q u a l i t y   f o r  

foams  g e n e r a t e d   by  t h e   d ry   s a n d   foam  g e n e r a t i o n   p r o c e s s   o f  

t h e   p r e s e n t   i n v e n t i o n   i s   in  a  r a n g e   f r o m   a b o u t   53%  to   a b o u t  

20  96%. 

R e f e r r i n g   now  t o   t h e   l i q u i d   s a n d   c o n c e n t r a t i o n s  

d i s p l a y e d   on  t h e   r i g h t - h a n d   v e r t i c a l   a x i s   of  F i g .   2,  t h e  

t h e o r e t i c a l   maximum  l i q u i d   s a n d   c o n c e n t r a t i o n s   f o r   t h e   p r i o r  

a r t   wet   s a n d   foam  g e n e r a t i o n   p r o c e s s   and   f o r   t h e   d r y   s a n d  

25  foam  g e n e r a t i o n   p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   a r e   s h o w n  

by  d a s h e d   l i n e   124  and  s o l i d   l i n e   126 ,   r e s p e c t i v e l y .  

For   t h e   p r i o r   a r t   wet  s a n d   foam  g e n e r a t i o n   p r o -  
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c e s s e s ,   l i n e   124  s h o w s   a  c o n s t a n t   34  l b / g a l   ( 4 . 1 g / c m 3 )  

t h e o r e t i c a l   maximum  l i q u i d   s a n d   c o n c e n t r a t i o n .   As  p r e -  

v i o u s l y   e x p l a i n e d ,   t h i s   i s   d e t e r m i n e d   by  t h e   v o l u m e   o f  

l i q u i d   r e q u i r e d   to   f i l l   t h e   v o i d   s p a c e s   in   t i g h t l y   p a c k e d  

5  s a n d .  

H o w e v e r ,   f o r   t h e   d r y   s a n d   foam  g e n e r a t i o n  

p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   as  r e p r e s e n t e d   by  s o l i d  

l i n e   126 ,   t h e   maximum  l i q u i d   s a n d   c o n c e n t r a t i o n   i s   u n b o u n d e d  

as  t h e   foam  q u a l i t y   a p p r o a c h e s   1 0 0 % .  

0  As  i s   a p p a r e n t   f r o m   t h e   g r a p h i c a l   c o m p a r i s o n s  

s h o w n   in   F i g .   2,  t h e   p o t e n t i a l   f o r   a c h i e v i n g   h i g h   s a n d  

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

t h e   d r y   s a n d   foam  g e n e r a t i o n   t e c h n i q u e s   of  t h e   p r e s e n t   i n -  

v e n t i o n   i s   many  t i m e s   g r e a t e r   t h a n   t h a t   u s i n g   p r i o r   a r t   w e t  

5  s a n d   f o a m   g e n e r a t i o n   t e c h n i q u e s .  

W i t h   t h e   m e t h o d s   of  t h e   p r e s e n t   i n v e n t i o n ,   p r o p p a n t  

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

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

t h e   f o a m ,   t h a t   i s ,   a  l i q u i d   s a n d   c o n c e n t r a t i o n   such   as  t h a t  

10  r e p r e s e n t e d   on  t h e   r i g h t - h a n d   v e r t i c a l   a x i s   of  F i g .   2 ,  

s u b s t a n t i a l l y   in   e x c e s s   of  b o t h   t h e   t h e o r e t i c a l   m a x i m u m  

r a t i o   of  p a r t i c u l a t e   m a t e r i a l   t o   l i q u i d   w h i c h   c o u l d   h a v e  

b e e n   c o n t a i n e d   in   t h e   l i q u i d ,   s u c h   as  34  l b s / g a l   ( 4 . 1 g / c m 3 ) ,  

and  t h e   s o m e w h a t   l o w e r   p r a c t i c a l   maximum  r a t i o ,   s u c h   a s  

25  15  t o   25  l b s / g a l   ( 1 . 8   to   3 . 0 g / c m 3 ) ,   w h i c h   c o u l d   have   b e e n  

c o n t a i n e d   in   t h e   l i q u i d   as  a  r e s u l t   of  l i m i t a t i o n s   o n  

p u m p i n g   e q u i p m e n t   and  t h e   l i k e .   In   t h i s   r e g a r d ,   r e f e r r i n g  

now  t o   F i g .   3,  t h e   c o m p o s i t i o n s   of  t h e   p r e s e n t   i n v e n t i o n  

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

30  t h e   p o i n t s   A , B , C   and  D .  

A  n u m b e r   of   l a b o r a t o r y   t e s t s ,   w h i c h   a r e   d e s c r i b e d  

b e l o w ,   h a v e   b e e n   p e r f o r m e d   w i t h   t h e   d r y   s a n d   foam  g e n e r a -  

t i o n   p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n ,   and  i t   has   b e e n  

d e t e r m i n e d   t h a t   w i t h   t h e   a p p a r a t u s   i l l u s t r a t e d   in  F i g .   1 ,  

35  i t   i s   d e s i r a b l e   t h a t   t h e   p r o c e s s   be  p e r f o r m e d   w i t h   a  n i -  
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t r o g e n   gas   p r e s s u r e   w i t h i n   t h e   s a n d   t a n k   76  a t   l e a s t  

e q u a l   t o   a b o u t   500  ps i   ( 3 - 4 5   MPa) .   At  s u c h   s u p p l y  

p r e s s u r e s ,   t h e   p r e s s u r e   d r o p   b e t w e e n   t a n k   76  and  b o r e   16 

of  foam  g e n e r a t i n g   a p p a r a t u s   12  i s   o n l y   a b o u t   5  p s i   (  34  •  5  k P a ) ,  

5  so  t h a t   t h e   p r e s s u r e   a t   w h i c h   t h e   foam  i s   g e n e r a t e d   in   b o r e  

16  i s   a l s o   e q u a l   t o   a t   l e a s t   a b o u t   500  p s i   ( 3 * 4 5   M P a ) .  

T e s t s   h a v e   b e e n   c o n d u c t e d   u t i l i z i n g   a  g a s  

p r e s s u r e   in   s a n d   t a n k   76  r a n g i n g   f rom  a b o u t   50  p s i   (345  kPa  ) 

up  t o   a b o u t   1 , 0 0 0   p s i   ( 6 . 8 9   MPa) .   At  n i t r o g e n   p r e s s u r e s  

10  in   s a n d   t a n k   76  l o w e r   t h a n   a b o u t   500  p s i   ( 3 - 4 5   MPa) ,   i t  

has   b e e n   o b s e r v e d   t h a t   t h e r e   i s   an  e x c e s s   of  g a s   p r e s e n t  

in   t h e   foam  g e n e r a t i n g   a p p a r a t u s   12,  and  a  c o n t i n u o u s  

u n i f o r m   foam  i s   n o t   p r o d u c e d ;   i n s t e a d ,   t h e   f l u i d   e x i t i n g  

o u t l e t   20  has   i n t e r m i t t e n t   s l u g s   of  gas   c o n t a i n e d   in   t h e  

1  5  f o a m .  

Wi th   n i t r o g e n   gas  p r e s s u r e s   in   s a n d   t a n k   76  i n  

e x c e s s   of  a b o u t   500  p s i   ( 3 - 4 5   MPa),   a  c o n t i n u o u s   s u b s t a n -  

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

The  t e s t s   to   d a t e   h a v e   a l l   b e e n   run   w i t h   w a t e r  

20  b a s e d   f l u i d s ,   v a r y i n g   f rom  p l a i n   w a t e r   up  t o   a  v i s c o s i f i e d  

f l u i d   c o n t a i n i n g   4 0 - p o u n d s   of  d e r i v a t i z e d   g u a r   p e r   1 0 0 0  

g a l l o n s   of  w a t e r   (4  .  8g/cm3  )  ,  a l l   w i t h   s a t i s f a c t o r y   r e s u l t s .  

Al l   t e s t s   to   d a t e   h a v e   b e e n   run   u t i l i z i n g   a  

s u r f a c t a n t   s o l d   u n d e r   t h e   t r a d e   name  "Howco  S u d s " ,   a  

2  5  w a t e r - s o l u b l e   b i o d e g r a d a b l e   s u r f a c t a n t   b j e n d ,   w h i c h   can  b e  

o b t a i n e d   f rom  H a l l i b u r t o n   S e r v i c e s   in   D u n c a n ,   O k l a h o m a .  

E x a m p l e   1 

An  e a r l y   t e s t   was  c o n d u c t e d   u t i l i z i n g   a  p r e s s -  

30  u r i z e d   a i r   s o u r c e   a t   82  r a t h e r   t h a n   p r e s s u r i z e d   n i t r o g e n .  

The  s a n d   t a n k   76  was  p r e s s u r i z e d   to   a p p r o x i m a t e l y   75  p s i  

(520  kPa)   w i t h   c o m p r e s s e d   a i r .   The  d i f f e r e n t i a l   p r e s s u r e  

b e t w e e n   s a n d   t a n k   76  and  main   f l o w   p a s s a g e   16  of  t h e   f o a m  

g e n e r a t o r   was  a b o u t   50  p s t   (345  kPa  )  .  The  t e s t   was  r u n  
—  2 

3  5  u n t i l   a  f i v e - g a l l o n   b u c k e t   ( 1 . 9   x  10  m3  )  was  f i l l e d  
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w i t h   foam-  e x i t i n g   o u t l e t   20.  The  w e i g h t   of  s a n d   d e l i v e r e d  

f r o m   s a n d   t a n k   76,  and  w a t e r   d e l i v e r e d   f r o m   s u p p l y   t a n k  

96  w e r e   d e t e r m i n e d ,   and  c o n v e r t e d   on  a  v o l u m e   b a s i s .   I n  

t h a t   m a n n e r   i t   was  d e t e r m i n e d   t h a t   t h e   f i v e   g a l l o n s  
—  2 

5 ( 1 . 9 x 1 0   m 3 ) o f   foam  c o l l e c t e d   i n c l u d e d   I.   3  2  g a l l o n s  

( 5 . 0   x  10~3  m3  )  of  s a n d   and  0 . 3 7   g a l l o n s   ( 1 . 4   x  10~3  m3  ) 

of  w a t e r .   The  r e m a i n i n g   v o l u m e   of  t h e   f i v e   g a l l o n s  
—  2  —  2 

( 1 . 9   x  10  m3  )  of   f o a m ,   s u c h   a s ,   3.  31  g a l l o n s   ( 1 . 3   x  10  m3  ) 

was  c o m p r i s e d   of  a i r .   From  t h i s   d a t a ,   a  f oam  q u a l i t y   o f  

10  89 .9%  was  c a l c u l a t e d .   The  l i q u i d   s a n d   c o n c e n t r a t i o n   w a s  

c a l c u l a t e d   t o   be  74»9  p o u n d s   of  s a n d   p e r   g a l l o n   ( 9 . 0   g/cra3  ) 

of  w a t e r   in   t h e   f o a m ,   w h i c h   c o r r e s p o n d s   t o   7 - 5 3   p o u n d s   o f  

s a n d   p e r   g a l l o n   ( 0 . 9   g/cm3  )  of  foam.   In  t h i s   t e s t ,   t h e  

l i q u i d   was  a c t u a l l y   i n t r o d u c e d   t h r o u g h   p a s s a g e   66  r a t h e r  

15  t h a n   p a s s a g e   46,   so  t h a t   t h e   l i q u i d   e n t e r e d   f l o w   p a s s a g e  

1  6  as  a  c o n c e n t r i c   c o n i c a l   j e t   t a p e r e d   d o w n w a r d l y   a t   a n  

a n g l e   of  15°  to   t h e   h o r i z o n t a l .   The  f oam  g e n e r a t i n g   a p p a -  

r a t u s   12  u t i l i z e d   in   t h i s   t e s t   had  a  b o r e   16,  w i t h   a  d i a m e t e r  

of   3 /8   i n c h   ( 9 . 5 m m ) .  

20  

E x a m p l e   2 

A  l a t e r   t e s t   was  r u n ,   a g a i n   u s i n g   a  foam  g e n e r a -  

t o r   w i t h   a  3 / 8 - i n c h   (9 .5mm)  b o r e .   In  t h i s   e x a m p l e ,   t h e  

l i q u i d   s t r e a m   was  i n j e c t e d   i n t o   p a s s a g e   46  so  t h a t   i t  

2  5  e n t e r e d   t h e   ma in   f l o w   p a s s a g e   16  at   a  d o w n w a r d   a n g l e   o f  

60°  t o   t h e   h o r i z o n t a l .   A i r   p r e s s u r e   s u p p l i e d   t o   t h e   t o p  

of   t a n k   76  was  a t   69  p s i   (475  k P a ) .   A i r   p r e s s u r e   m e a s u r e d  

in  l i n e   90  i m m e d i a t e l y   a b o v e   t h e   a p p a r a t u s   12  was  50  p s i  

(345   k P a ) .   A  l i q u i d   f l o w   r a t e   t h r o u g h   l i n e   102  of  0 . 3 4  

30  g a l l o n   ( 1 . 3   x  10  m3  )  p e r   m i n u t e   at   a  p r e s s u r e   of  175  p s i  

( 1 2 0 6   k P a )   was  m e a s u r e d .   A  t o t a l   w e i g h t   of   s a n d   i n j e c t e d  

was  m e a s u r e d   to   be  4 1 - 6 4   p o u n d s   (  1  8  .  9  k g ) .   A g a i n ,   t h e  
—  2 

t e s t   was  r u n   u n t i l   a  f i v e - g a l l o n   ( 1 - 9 x 1 0   m3)  can   o f  

foam  was  p r o d u c e d .   The  s a n d   v o l u m e   in  t h e   foam  was  c a l c u -  

35  l a t e d   t o   be  1  .  89  g a l l o n s   ( 7 - 2   x  10-3  m3  )  .  The  l i q u i d  
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v o l u m e   in  t h e   foam  was  c a l c u l a t e d   to   be  0 . 4 2   g a l l o n  

( 1 . 6   x  10 -3   m3  )  .  T h i s   l e f t   an  a i r   v o l u m e   in  t h e   f o a m  

of  2 . 6 9   g a l l o n s   ( 1 . 0   x  10"  m3  )  .  From  t h i s   a  q u a l i t y  

of  86 .5%  was  d e t e r m i n e d .   A  l i q u i d   s a n d   c o n c e n t r a t i o n   o f  

5  99*9  p o u n d s   of  s a n d   p e r   g a l l o n   ( 1 2 . 0 g / c m 3 )   of  l i q u i d  

p h a s e   of  t h e   foam  was  c a l c u l a t e d .   T h i s   foam  was  o b s e r v e d   t o  

be  a  good   s t a b l e   f o a m .  

In  b o t h   of  E x a m p l e s   1  and  2  d e s c r i b e d   a b o v e ,   i t  

was  o b s e r v e d   t h a t   t h e r e   was  s u b s t a n t i a l   e x c e s s   a i r   p r e s e n t  

L0  in  t h e   p r o c e s s ,   as  s l u g s   of  a i r   were   i n t e r m i t t e n t l y   p r o -  

d u c e d   f r o m   o u t l e t   20  b e t w e e n   s l u g s   of  f o a m .  

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

m o d i f i c a t i o n s   w e r e   made  to   a t t e m p t   t o   e l i m i n a t e   t h i s   e x c e s s  

a i r .   T e s t i n g   was  done   u t i l i z i n g   c e n t r i f u g a l   s e p a r a t o r s   t o  

15  s e p a r a t e   t h e   foam  f r o m   t h e   e x c e s s   a i r .  

F i n a l l y ,   l a t e r   t e s t i n g   showed   t h a t   t h e   p r o b l e m  

of  e x c e s s   a i r   was  e l i m i n a t e d   when  t h e   p r e s s u r e   of  g a s  

s u p p l i e d   t o   s a n d   t a n k   76  e x c e e d e d   a b o u t   500  p s i   ( 3 - 4 5   M P a ) .  

T h i s   i s   shown  in  t h e   f o l l o w i n g   E x a m p l e   3 '  

20 

Example   3 

T h i s   t e s t   was  run   u s i n g   a  foam  g e n e r a t o r   w i t h   a  

5/8  i n c h   ( 1 5 . 9 m m )   b o r e .   The  l i q u i d   s t r e a m   was  i n j e c t e d  

i n t o   p a s s a g e   46  so  t h a t   i t   e n t e r e d   t h e   main   f l o w   p a s s a g e  

25  16  a t   a  d o w n w a r d   a n g l e   of  60°  to   t h e   h o r i z o n t a l .   The  t e s t  

a p p a r a t u s   was  m o d i f i e d   to   a l l o w   t h e   g e n e r a t e d   foam  t o   b e  

c o l l e c t e d   in   a  r e c e i v e r   v e s s e l   ( n o t   shown)   at   a p p r o x i m a t e l y  

t h e   same  p r e s s u r e   a t   w h i c h   i t   was  g e n e r a t e d .   The  v o l u m e   o f  

g e n e r a t e d   foam  was  d e t e r m i n e d   by  m e a s u r i n g   a  v o l u m e   o f  

30  w a t e r   d i s p l a c e d   f r o m   t h e   r e c e i v e r   v e s s e l .   An  a v e r a g e  

n i t r o g e n   p r e s s u r e   in   s a n d   t a n k   76  was  756  p s i g   ( 5 - 2   MPa 

g a u g e ) .   A v e r a g e   p r e s s u r e   in  t h e   b o r e   1  6  of  foam  g e n e r a t i n g  

a p p a r a t u s   12  was  750  p s i g   (5 -2   MPa  g a u g e ) .   A v e r a g e   p r e s s u r e  

in  t h e   foam  r e c e i v e r   v e s s e l   was  730  p s i g   ( 5 - 0   MPa  g a u g e ) .  

35  The  t e s t   was  run  f o r   5-0  m i n u t e s .   T o t a l   s a n d   w e i g h t  



0 2 4 6 8 0 0  

-  22  -  

d e l i v e r e d   was  292  l b .   (133  kg)  f o r   a  s a n d   r a t e   o f  

5 8 . 4   l b / m i n   ( 2 6 . 5   k g / m i n ) .   T o t a l   l i q u i d   s u p p l i e d   w a s  

3 . 0   g a l   ( 1 . 1   x  10~2  m3  )  f o r   a  l i q u i d   r a t e   of   0 . 6 0  

g a l l o n s   p e r   m i n u t e   ( 2 . 3   x  10  m3  p e r   m i n u t e ) .   The  g a s  

5  f l o w   r a t e   of  t h e   a p p a r a t u s   12  was  c a l c u l a t e d   to   be  5 5 - 7  

s t a n d a r d   c u b i c   f e e t   (  1  .  56  m3  )  p e r   m i n u t e .   T o t a l   f o a m  

g e n e r a t e d   was  5 7 - 3 7   g a l   ( 0 . 2 2   m3  )  .  From  t h i s   d a t a ,  

a  f o a m   q u a l i t y   a t   t h e   foam  g e n e r a t o r   12  of  93%  was  c a l c u -  

l a t e d .   A  l i q u i d   s a n d   c o n c e n t r a t i o n   of  9 7 - 3   p o u n d s   o f  

10  s a n d   p e r   g a l l o n   ( I 1 . 7 g / c m 3   )  of  l i q u i d   p h a s e   of  t h e   f o a m  

was  c a l c u l a t e d .   T h i s   c o r r e s p o n d s   to   a  foam  s a n d   c o n -  

c e n t r a t i o n   of   6 . 8   p o u n d s   of  s a n d   p e r   g a l l o n   ( 0 . 8 g / c m 3   ) 

o f   f o a m .   A  v o l u m e t r i c   r a t e   of  foam  p r o d u c t i o n   a t   t h e  

g e n e r a t o r   was  1 1 . 2 6   g a l l o n s   ( 4 . 3   x  10  m3  )  p e r   m i n u t e .  

1  5  F i n a l l y ,   i t   has   been   d e t e r m i n e d   s u b s e q u e n t   to   t h e  

t e s t i n g   d e s c r i b e d   a b o v e ,   t h a t   a t   h i g h   gas   s u p p l y   p r e s s u r e s ,  

e . g . ,   900  p s i   ( 6 . 2   MPa) ,   i t   i s   n o t   n e c e s s a r y   to   d i r e c t   t h e  

l i q u i d   p h a s e   i n t o   t h e   foam  g e n e r a t o r   as  a  s e l f   - i m p i n g i n g  

c o n i c a l   j e t ;   i n s t e a d   a  s i m p l y   " t e e "   can  be  u s e d   t o   m i x  

20  t h e   l i q u i d   w i t h   t h e   gas   and  dry  s a n d .  

T h u s ,   i t   i s   s e e n   t h a t   t h e   a p p a r a t u s   and  m e t h o d s  

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

a d v a n t a g e s   m e n t i o n e d   as  w e l l   as  t h o s e   i n h e r e n t   t h e r e i n .  

W h i l e   c e r t a i n   p r e f e r r e d   e m b o d i m e n t s   of  t h e   i n v e n t i o n   h a v e  

2  5  b e e n   i l l u s t r a t e d   f o r   t h e   p u r p o s e s   of  t h e .   p r e s e n t   d i s -  

c l o s u r e ,   n u m e r o u s   c h a n g e s   in  t h e   a r r a n g e m e n t   and  c o n s t r u c -  

t i o n   of  p a r t s   and  s t e p s   may  be  made  by  t h o s e   s k i l l e d   i n  

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

s p i r i t   of  t h e   p r e s e n t   i n v e n t i o n .  
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CLAIMS; 

1,  A  foam  c o m p r i s i n g   l i q u i d ,   gas   and  p a r t i c u l a t e  

m a t t e r ,   c h a r a c t e r i s e d   by  a  foam  q u a l i t y   and  a  p a r t i c u l a t e  

m a t t e r   c o n c e n t r a t i o n   as  d e f i n e d   by  t h e   a r e a   e n c l o s e d   by  t h e  

t r a p e z i u m   A , B , C , D   in  F i g u r e   3  of  t h e   a c c o m p a n y i n g   d r a w i n g s .  

5 

2.  A  foam  a c c o r d i n g   to   c l a i m   1,  w h e r e i n   t h e   g a s  

i s   one  or  more  of  a i r ,   n i t r o g e n ,   c a r b o n   d i o x i d e   and  t h e  

n o b l e   g a s e s .  

0  3.  A  foam  a c c o r d i n g   to   c l a i m   1  or  2,  w h e r e i n   t h e  

p a r t i c u l a t e   m a t t e r   c o m p r i s e s   a t   l e a s t   one  of  s a n d ,   s i n t e r e d  

b a u x i t e ,   c a l c i n e d   b a u x i t e   and  g l a s s   b e a d s .  

4.  A  foam  a c c o r d i n g   to   c l a i m   1 ,2   or  3,  w h i c h   a l s o  

5  i n c l u d e s   a  v i s c o s i f y i n g   a g e n t .  

5.  A  foam  a c c o r d i n g   to   any  of  c l a i m s   1  t o   4  w h i c h  

has   b e e n   p r o d u c e d   b y :  

(a)   i n t r o d u c i n g .   a  q u a n t i t y   of  l i q u i d   i n t o   a  v e s s e l ,  

>0  (b)  i n t r o d u c i n g   a  gas   and  a  p a r t i c u l a t e   m a t e r i a l   i n t o   s a i d  

v e s s e l ,  

(c)   m i x i n g   s a i d   l i q u i d   w i t h   s a i d   gas   and  p a r t i c u l a t e  

m a t e r i a l   and  t h e r e b y   f o r m i n g   a  foam*  c o m p o s i t i o n   a s  

d e f i n e d .  

15 
6.  A  foam  a c c o r d i n g   t o   c l a i m   5,  w h e r e i n   in  p r o c e s s  

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

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

s a i d   v e s s e l   and  c o m m u n i c a t i n g   w i t h   s a i d   b o r e   by  an  a n n u l a r  

30  o p e n i n g   s u r r o u n d i n g   s a i d   b o r e ;   and  in   p r o c e s s   s t e p   ( b )  

s a i d   gas   and  p a r t i c u l a t e   a r e   a d m i x e d   and  i n t r o d u c e d   as  a  

s e c o n d   s t r e a m   i n t o   s a i d   c y l i n d r i c a l   b o r e   of  s a i d   v e s s e l   ; 

and  in  p r o c e s s   s t e p   ( c ) ,   s a i d   l i q u i d   f i r s t   s t r e a m   f l o w s  
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■ a d i a l l y   i n w a r d   t h r o u g h   s a x d   a n n u l a r   o p e n i n g   -co  i m p i n g e  

ipon  s a i d   s e c o n d   s t r e a m .  

f.  A  foam  a c c o r d i n g   t o   c l a i m   5  or  6,  w h e r e i n   t h e  

, r o c e s s   s t e p s   ( a ) ,   (b)  and   (c)   a r e   p e r f o r m e d   a t   p r e s s u r e s  

>f  a t   l e a s t   a b o u t   500  p s i   ( 3 - 4 5   M P a ) .  
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