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©  Free  piston  pump. 
©  A  pumping  system  which  converts  a  source  of  gas  under 
pressure  to  hydraulic  fluid  under  pressure.  The  system 
includes  three  free  floating  pistons  (PlPj.Ps)  coupled 
through  control  valves  (V-i,V2,V3)  to  the  pressurized  gas 
source  on  one  side  and  through  appropriate  check  valves  to 
hydraulic  fluid  on  the  other  side  (P^P^Pe).  The  pistons  are 
reciprocated  within  respective  cylinders  by  application  of  the 
pressurized  gas  to  one  side  thereof  and  by  application  of  the 
return  pressure  of  the  hydraulic  fluid  to  the  other  side 
thereof.  Appropriate  porting  on  the  gas  side  of  the  pistons 

Vs  sequentially  applies  the  gas  under  pressure  to  the  three 
^   pistons  to  synchronize  reciprocation  of  them  so  as  to  provide 

a  continuous  flow  of  fluid  under  pressure,  upon  demand,  to  a 
(Q  load. 
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 A   pumping  system  which  converts  a  source  of  gas  under 
pressure  to  hydraulic  fluid  under  pressure.  The  system 
includes  three  free  floating  pistons  (P1,P2,P3)  coupled 
through  control  valves  (V1,V2,V3)  to  the  pressurized  gas 
source  on  one  side  and  through  appropriate  check  valves  to 
hydraulic  fluid  on  the  other  side  (P4,P5,P6).  The  pistons  are 
reciprocated  within  respective  cylinders  by  application  of  the 
pressurized  gas  to  one  side  thereof  and  by  application  of  the 
return  pressure  of  the  hydraulic  fluid  to  the  other  side 
thereof.  Appropriate  porting  on  the  gas  side  of  the  pistons 
sequentially  applies  the  gas  under  pressure  to  the  three 
pistons  to  synchronize  reciprocation  of them  so  as  to  provide 
a  continuous  flow  of fluid  under  pressure,  upon  demand, to  a 
load. 





BACKGROUND  OF  THE  INVENTION 

The  use   of  gas   u n d e r   p r e s s u r e   f o r   d r i v i n g   f r e e  

f l o a t i n g   p i s t o n s   to  pump  h y d r a u l i c   f l u i d   has  l ong   b e e n  

known.   Such  pumps  have   been  u t i l i z e d   to  e l i m i n a t e   t h e  

n e c e s s i t y   of  e m p l o y i n g   mo to r   d r i v e n   pumps  of  t he   e l e c t r i c a l  

t y p e .   The  mos t   p e r t i n e n t   p r i o r   a r t   known  to  a p p l i c a n t s  

is  d i s c l o s e d   in  U.S .   P a t e n t   2 , 8 5 8 , 7 6 7 ,   to  N.  V.  S m i t h  

w h i c h   e m p l o y s   a  d u a l   pump  f o u r - w a y   c o n t r o l   v a l v e .   S u c h  

a p p a r a t u s   is  d i f f i c u l t   to  s y n c h r o n i z e   and  to  m a i n t a i n  

o p e r a b l e   u n d e r   a l l   l oad   c o n d i t i o n s .   In  a d d i t i o n   t h e r e t o ,  

s i n c e   o n l y   two  p i s t o n s   a re   u t i l i z e d   the   o u t p u t   f l u i d   i s  

p u l s a t i n g .  

SUMMARY  OF  THE  INVENTION 

A  gas   o p e r a t e d ,   f r e e   p i s t o n   p u m p i n g   a p p a r a t u s  
w h i c h   has  at  l e a s t   t h r e e   p i s t o n   a s s e m b l i e s ,   e a c h   of  w h i c h  

is  o p e r a b l y   c o n n e c t e d   to  a  s e p a r a t e   t h r e e - w a y   c o n t r o l  

v a l v e .   Each  of  t he   c o n t r o l   v a l v e s   has  f i r s t   and  s e c o n d  

p o s i t i o n s .   Means  is  p r o v i d e d   f o r   p o s i t i o n i n g   the  c o n t r o l  

v a l v e   in  i t s   f i r s t   p o s i t i o n   r e s p o n s i v e   to  a n o t h e r   p i s t o n  

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

s t r o k e .   When  in  i t s   f i r s t   p o s i t i o n ,   gas   u n d e r   p r e s s u r e   i s  



p r o v i d e d   f rom  t h e   s o u r c e   t h e r e o f   to  the   c o n t r o l   v a l v e s  

a s s o c i a t e d   p i s t o n   a s s e m b l y .   Means  is  a l s o   p r o v i d e d   f o r  

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

i t s   a s s o c i a t e d   p i s t o n   a s s e m b l y   is  c o m p l e t i n g   i t s   e x h a u s t  

s t r o k e .   When  in  i t s   s e c o n d   p o s i t i o n   the   gas   u n d e r   p r e s s u r e  

is   r e m o v e d   f rom  i t s   a s s o c i a t e d   p i s t o n   a s s e m b l y   and  t h e  

a s s e m b l y   i s   v e n t e d .  

More  s p e c i f i c a l l y ,   e a c h   of  t he   at   l e a s t   t h r e e  

p i s t o n   a s s e m b l i e s   is   p o s i t i o n e d   to  r e c i p r o c a t e   w i t h i n  

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

and  a  h y d r a u l i c   p o r t i o n .   The  s o u r c e   of  g a s   u n d e r   p r e s s u r e  
is  c o n n e c t e d   t h r o u g h   a p p r o p r i a t e   c o n t r o l   v a l v e s   to  t h e  

gas   p o r t i o n   of  e a c h   of  the   c y l i n d e r s .   Each  of  t he   g a s  

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

p o s i t i o n e d   in  s p a c e d   a p a r t   p o r t i o n s   at  t he   end  of  t h e  

p i s t o n   e x h a u s t   ( p o w e r )   s t r o k e .   As  t h e   f i r s t   p o r t   i s  

o p e n e d   by  t he   p i s t o n ,   gas   p r e s s u r e   is  a p p l i e d   t h r o u g h   a n  

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

a  s e c o n d   p i s t o n   a s s e m b l y   to  commence  i t s   p o w e r   s t r o k e .  

As  the   s e c o n d   p o r t   i s   o p e n e d   at  the   end  of  t h e   p o w e r  
s t r o k e   of  t he   f i r s t   p i s t o n   a s s e m b l y ,   t he   c o n t r o l   v a l v e  

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

f rom  t he   s o u r c e   of  gas   u n d e r   p r e s s u r e   and  to  c o n n e c t   i t  

to  r e t u r n .   T h e r e f o r e ,   i t   can  be  s e e n   t h a t   e a c h   of  t h e  

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

to  t h e   end  of  t he   power   s t r o k e   of  t he   p r e c e d i n g   c y l i n d e r  

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

t i m e s .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

The  s i n g l e   F i g u r e   i s   a  s c h e m a t i c   d i a g r a m   of  a  
f r e e   p i s t o n   pump  a s s e m b l y   c o n s t r u c t e d   in  a c c o r d a n c e   w i t h  

the   p r i n c i p l e s   of  the   p r e s e n t   i n v e n t i o n .  



DESCRIPTION  OF  THE  DISCLOSED  EMBODIMENT 

As  is  shown  in  the  d r a w i n g ,   t h e r e   is  d i s c l o s e d  

a  f r e e   p i s t o n   pump  s y s t e m   10  wh ich   i n c l u d e s   a  h o u s i n g   12 

w i t h i n   w h i c h   t h e r e   is  d i s p o s e d   a  pumping   p o r t i o n   14 

h a v i n g   a s s o c i a t e d   t h e r e w i t h   gas   c o n t r o l   v a l v e s   1 6  a n d  

h y d r a u l i c   c o n t r o l   v a l v e s   18.  The  gas  c o n t r o l   v a l v e s   16 

c o n t r o l   the   a p p l i c a t i o n   of  gas   u n d e r   p r e s s u r e   from  a  

s o u r c e   20  t h e r e o f   to  t he   gas  p o r t i o n   of  the   p u m p i n g  

p o r t i o n   14.  The  h y d r a u l i c   v a l v e   s e c t i o n   18  c o n t r o l s   t h e  

f l o w   of  h y d r a u l i c   f l u i d   u n d e r   p r e s s u r e   from  the   h y d r a u l i c  

p o r t i o n   of  the   pumping   p o r t i o n   14  to  the   l o a d   22  and  f r o m  

the   r e s e r v o i r   2 4 .  

The  gas  c o n t r o l   v a l v e s   16  f u n c t i o n   r e s p o n s i v e  

to  p o s i t i o n i n g   of  the   p i s t o n s   w i t h i n   the  p u m p i n g   p o r t i o n  

14.  As  a  p i s t o n   a p p r o a c h e s   t he   c o m p l e t i o n   of  i t s   p o w e r  
s t r o k e   i t   a c t i v a t e s   a  c o n t r o l   v a l v e   to  s e q u e n t i a l l y   a p p l y  

t he   p r e s s u r i z e d   gas   to  a  n e x t   s u c c e s s i v e   p u m p i n g   s e c t i o n .  

As  the   p i s t o n   a p p r o a c h e s   the   end  of  i t s   power   s t r o k e  

i t   v e n t s   the   gas  p o r t i o n   of  t he   c y l i n d e r   to  gas   r e t u r n   o r  

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

r e s e r v o i r   p r e s s u r e   to  r e t u r n   the  p i s t o n   and  f i l l ' t h e  

h y d r a u l i c   s e c t i o n   of  t he   v a l v e   p r e p a r a t o r y   to  the   n e x t  

p o w e r   or  e x h a u s t   s t r o k e .   Thus  a  c o n t i n u o u s   f l ow  o f  

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

t he   a p p l i c a t i o n   of  gas  u n d e r   p r e s s u r e   to  the   p u m p i n g  

p o r t i o n   14  of  the   f r e e   p i s t o n   pump  a s s e m b l y .  

The  pumping   p o r t i o n   14  i n c l u d e s   t h r e e   s e p a r a t e  

pump  s e c t i o n s   PS1,  PS2  and  PS3.   PS1  is  shown  in  a  

p o s i t i o n   such  t h a t   the   e x h a u s t   or  power   s t r o k e   w h e r e  

h y d r a u l i c   f l u i d   u n d e r   p r e s s u r e   has  been  e x p e l l e d  

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

has  been  c o m p l e t e d .   PS2  is   shown  at  the   c o m m e n c e m e n t   o f  

i t s   power   s t r o k e .   PS3  is   at  the   r e a d y   p o s i t i o n   to  , 



commence  the   power   s t r o k e ;   in  t h i s   p o s i t i o n   the   h y d r a u l i c  

s e c t i o n   of  PS3  i s   c o m p l e t e l y   f i l l e d   w i t h   f l u i d   r e a d y  

f o r   e x p u l s i o n   in  r e s p o n s e   to  the   a p p l i c a t i o n   of  gas   u n d e r  

p r e s s u r e .   H o w e v e r ,   no  gas   u n d e r   p r e s s u r e   is  b e i n g  

a p p l i e d   to  P S 3 .  

PS1  i n c l u d e s   c y l i n d e r   1  w h i c h  i s   d i v i d e d   i n t o  

c h a m b e r s   Cl  and  Hl,   gas   u n d e r   p r e s s u r e   b e i n g   a p p l i e d   t o  

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

Hl.   R e c i p r o c a l l y   p o s i t i o n e d   w i t h i n   c y l i n d e r   1  a r e  

p i s t o n s   Pl  and  P4  i n t e r c o n n e c t e d   by  p i s t o n   rod  2 6 .  

P i s t o n   Pl  is   p o s i t i o n e d   w i t h i n   c h a m b e r   Cl ,   w h i l e   p i s t o n  

P4  i s   p o s i t i o n e d   w i t h i n   t he   c h a m b e r   Hl.   C h a m b e r   C l  

d e f i n e s   a  p a i r   of  l o n g i t u d i n a l l y   d i s p l a c e d   p o r t s   A  and  B 

a d j a c e n t   t h a t   p o r t i o n   of  the   c h a m b e r   Cl  o c c u p i e d   by  t h e  

p i s t o n   P1  at   the   end  of  t he   power   s t r o k e   t h e r e o f .  

I t   s h o u l d   be  n o t e d   t h a t  p o r t   A  i s   o p e n e d   by  p i s t o n   P l  

p r i o r   to  p o r t   B.  H o w e v e r ,   a t   the   end  of  the   p o w e r   s t r o k e  

of  p i s t o n   P1,  b o t h   p o r t s   A  and  B  a r e   o p e n .  

Pump  s e c t i o n   PS2  is   c o n s t r u c t e d   s i m i l a r l y   t o  

t h a t   of  PS1  and  i n c l u d e s   a  c y l i n d e r   2  d i v i d e d   i n t o  

c h a m b e r s   C2  and  H2  w i t h i n   w h i c h   a re   p o s i t i o n e d   p i s t o n s   P2  

and  P5,  r e s p e c t i v e l y   The  p i s t o n s   P2  and  P5  a r e   i n t e r -  

c o n n e c t e d   by  p i s t o n   rod  28.  P o r t s   C  and  D  a r e  p o s i t i o n e d  

w i t h i n   c h a m b e r   C2  and  a r e   d i s p o s e d   as  d e s c r i b e d   w i t h  

r e s p e c t   to  c h a m b e r s   A  and  B .  

P i s t o n   s e c t i o n   PS3  is   s i m i l a r   to  t he   p r e v i o u s l y  

d e s c r i b e d   s e c t i o n s   and  i n c l u d e s   a  c y l i n d e r   3  d i v i d e d   i n t o  

c h a m b e r s   C3  and  H3  w i t h i n   w h i c h   a re   p o s i t i o n e d   p i s t o n s   P3  

and  P6  w h i c h   a re   i n t e r c o n n e c t e d   by  a  p i s t o n   rod   3 0 .  

Chamber   C3  d e f i n e s   p o r t s   E  and  F  which   are   p o s i t i o n e d   a s  

p r e v i o u s l y   d e s c r i b e d .  

The  gas   c o n t r o l   v a l v e   s e c t i o n   16  i n c l u d e s   t h r e e  

v a l v e s   Vl ,   V2  and  V3.  C o n t r o l   v a l v e   Vl  is  a s s o c i a t e d  

w i t h   pump  s e c t i o n   PS1,   c o n t r o l   v a l v e   V2  is   a s s o c i a t e d  



w i t h   pump  s e c t i o n   PS2  and  c o n t r o l   v a l v e   V3  is  a s s o c i a t e d  

w i t h   pump  s e c t i o n   PS3.  Each  of  the  v a l v e s   VI,  V2  and  V3 

c o n t r o l s   the  a p p l i c a t i o n   of  gas   u n d e r   p r e s s u r e   from  t h e  

s o u r c e   20  to  t he   c h a m b e r s   C l ,   C2  and  C3,  r e s p e c t i v e l y ,   o r  

a l t e r n a t i v e l y   c o n t r o l s   t he   v e n t i n g   of  the   c h a m b e r s   Cl ,   C2 

and  C3  to  gas   r e t u r n   or  a t m o s p h e r e   as  shown  at  the   o u t l e t  

p o r t   3 2 .  

The  v a l v e   Vl  i n c l u d e s   a  s p o o l   34  p o s i t i o n e d  

w i t h i n   a  c y l i n d e r   36  w h i c h   d e f i n e s   p o r t s   38,  40  and  4 2 .  

L a n d s   44  and  46  upon  s p o o l   34  open  and  c l o s e   p o r t s   38  a n d  

42,  r e s p e c t i v e l y ,   to  c o n n e c t   c h a m b e r   Cl  to  t he   s o u r c e   o f  

gas   u n d e r   p r e s s u r e   20  or   r e t u r n ,   r e s p e c t i v e l y .   S p o o l   34 

is   p o s i t i o n a b l e   in  o n l y   one   of  two  p o s i t i o n s   w h i c h   i s  

c o n t r o l l e d   by  a  d e t e n t   48  w h i c h   when  p o s i t i o n e d   in  t h e  

r e c e s s   52  h o l d s   the   s p o o l   34  in  t h e  

p o s i t i o n   shown  in  F i g u r e   1  and  when  p o s i t i o n e d   in  t h e  

r e c e s s   50  h o l d s   i t   in  s u c h   a  p o s i t i o n   t h a t   p o r t   42  i s  

c l o s e d   and  p o r t   38  is  o p e n e d .  

The  v a l v e   V2  is   c o n s t r u c t e d   s i m i l a r l y   to  t h e  

v a l v e   V1  and  i n c l u d e s   a  s p o o l   54  m o v a b l y   m o u n t e d   w i t h i n   a  

c y l i n d e r   56  w h i c h   d e f i n e s   p o r t s   58,  60  and  62.  The  l a n d s  

64  and  66,  r e s p e c t i v e l y ,   o p e n   and  c l o s e   the   p o r t s   58  a n d  

62.  A  d e t e n t   68  p o s i t i o n s   t he   s p o o l   54  in  i t s   t w o  

p o s i t i o n s   r e p r e s e n t e d   by  the   r e c e s s e s   or  g r o o v e s   70  a n d  

72.  When  in  the   p o s i t i o n   shown  in  the   d r a w i n g s ,   l a n d   64 

o p e n s   p o r t   58  and  s u p p l i e s   p r e s s u r e   to  c h a m b e r   C 2 .  

V a l v e   V3  i s   s i m i l a r   to  v a l v e s   Vl  and  V2  a n d  

i n c l u d e s   the   s p o o l   74  p o s i t i o n e d   w i t h i n   t he   c y l i n d e r   76 

w h i c h   d e f i n e s   p o r t s   78,  80  and  82.  The  l a n d s   84  and  86 

open   and  c l o s e   the  p o r t s   78  and  82,  r e s p e c t i v e l y .   The  '  

d e t e n t   88  is  p o s i t i o n e d   w i t h i n   the   r e c e s s e s   or  g r o o v e s   90  
and  92  to  p o s i t i o n   the   s p o o l   74  in  one  of  i t s   r e s p e c t i v e  
p o s i t i o n s .   When  in  the   p o s i t i o n   as  shown  in  F i g u r e   1 ,  



p o r t   82  is   o p e n ,   c o n n e c t i n g   the   gas   r e t u r n   or  a t m o s p h e r e  

to  c h a m b e r   C 3 .  

The  h y d r a u l i c   v a l v e   s e c t i o n   18  i n c l u d e s   t w o  

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

c h e c k   v a l v e s   CVl,   CV2  and  CV3  c o n t r o l   the   a p p l i c a t i o n   o f  

h y d r a u l i c   f l u i d   f rom  t h e   r e s e r v o i r   24  to  t he   c h a m b e r s   H l ,  

H2  and  H3,  r e s p e c t i v e l y .   CV1  i n c l u d e s   a  p o p p e t   v a l v e   1 0 0  

w h i c h   is   c o n t i n u o u s l y   u r g e d   t o w a r d   the   r i g h t   as  v i e w e d   i n  

t h e   F i g u r e   by  the   s p r i n g   102.  The  p o p p e t   100  d e f i n e s   a  

p o r t   104  t h r o u g h   w h i c h   h y d r a u l i c   f l u i d   f l o w s   i n t o   t h e  

c h a m b e r   Hl  when  the   p o p p e t   100  is   in  the   p o s i t i o n   a s  

shown  in  the  F i g u r e .   A  v a l v e   s e a t   106  r e c e i v e s   t h e  

p o p p e t   100  to  p r e c l u d e   t h e   f low  of  h y d r a u l i c   f l u i d   f r o m  

t h e   r e s e r v o i r   24  i n t o   the   c h a m b e r   Hl  when  gas  p r e s s u r e   i s  

a p p l i e d   to  c h a m b e r   Cl  and  the   p i s t o n   P4  i s   p u m p i n g  

h y d r a u l i c   f l u i d   as  w i l l   be  d e s c r i b e d   more  f u l l y   b e l o w .  

CV2  i s   i d e n t i c a l   to  CV  1  and  i n c l u d e s   a  p o p p e t  

110  w h i c h   is  c o n t i n u o u s l y   u r g e d   t o w a r d   the   r i g h t   by  t h e  

s p r i n g   112  and  w h i c h   d e f i n e s   the   p o r t   114.   A  s e a t   1 1 6  

r e c e i v e s   the   p o p p e t   110  to  b l o c k   the   f l ow  of  f l u i d   a s  

d e s c r i b e d   b e l o w .  

The  v a l v e   CV3  is   i d e n t i c a l   to  t he   v a l v e s   CV1  a n d  

CV2  and  i n c l u d e s   a  p o p p e t   120  w h i c h   i s   s p r i n g   l o a d e d  

t o w a r d   the   r i g h t   by  the   s p r i n g   122  and  w h i c h   d e f i n e s   a  

p o r t   124  t h r o u g h   w h i c h   f l u i d   f l o w s   f rom  the   r e s e r v o i r   24 

i n t o   the   c h a m b e r   H3.  A  s e a t   126  r e c e i v e s   a  p o p p e t   120  t o  

s e a l   and  b l o c k   t he   f l o w   of  the   f l u i d   i n t o   the   c h a m b e r  

H 3 .  

V a l v e s   EV1,  EV2  and  EV3  a r e   s p r i n g   l o a d e d  

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

u n d e r   p r e s s u r e   f rom  t he   c h a m b e r s   H1,  H2  and  H3  d u r i n g   t h e  

p o w e r   s t r o k e   of  the   pump  s e c t i o n s   PS1,   PS2  and  P S 3 ,  

r e s p e c t i v e l y .   EV1  i n c l u d e s   the   p o p p e t   130  wh ich   i s  



s p r i n g   l o a d e d   by  the   s p r i n g   132  u p w a r d l y   as  v i ewed   in  t h e  

F i g u r e   to  c l o s e   the   p o r t   134  when  in  t h e   p o s i t i o n   s h o w n  

and  t h u s   to  b l o c k   the   f low  of  f l u i d   t h r o u g h   the  o u t l e t   t o  

t h e   l o a d   22.  I t   w i l l   t h u s   be  r e c o g n i z e d   t h a t   the  p i s t o n  

P4  has   t r a v e l e d   to  the   end  of  i t s   p o w e r   s t r o k e   so  t h a t   n o  

more   h y d r a u l i c   f l u i d   is  b e i n g   pumped  f rom  the   chamber   H l  

to  t he   l oad   22.  Thus  the   s p r i n g   132  has   p o s i t i o n e d  

t h e   p o p p e t   130  to   s e a l   the   p o r t   134.   S i n c e ,   as  w i l l   b e  

d e s c r i b e d   more  f u l l y   b e l o w ,   s p o o l   34  has   o p e n e d   p o r t   4 2 ,  

c h a m b e r   Cl  is  v e n t e d   to  a t m o s p h e r e   and  t h e r e f o r e   t h e  

f l u i d   u n d e r   r e s e r v o i r   p r e s s u r e   has  o p e n e d   v a l v e   CVI  t o  

a l l o w   t he   h y d r a u l i c   f l u i d   to  e n t e r   c h a m b e r   Hl  and  c o m m e n c e  

to  move  p i s t o n s   P1,  P4  t o w a r d   the   l e f t   t h e r e b y   f i l l i n g  

t h e   c h a m b e r   Hl  w i t h   h y d r a u l i c   f l u i d .  

V a l v e   EV2  is   s i m i l a r   to  t h e   v a l v e   EV1  a n d  

i n c l u d e s   the   p o p p e t   136  w h i c h   is  s p r i n g   l o a d e d   by  t h e  

s p r i n g   138  to  c o n t r o l   the   p o r t   140.   As  w i l l   be  r e c a l l e d  

f rom  the   p r e v i o u s   d e s c r i p t i o n   as  a  r e s u l t   of  the   p o s i t i o n  

of  the   s p o o l   54  of  v a l v e   V2,  gas   u n d e r   p r e s s u r e   i s  

a p p l i e d   t h r o u g h   the   p o r t   58  and  60  to   t he   chamber   C2 

t h e r e b y   p r e s s u r i z i n g   i t   and  c a u s i n g   t he   p i s t o n s   P2  and  P5  

to  move  to  t he   r i g h t   as  shown  in  t he   F i g u r e .   S u c h  

m o v e m e n t   a p p l i e s   p r e s s u r e   to  the   h y d r a u l i c   f l u i d   in  t h e  

c h a m b e r   H2,  t h e r e b y   o p e n i n g   the   p o r t   140  a g a i n s t   t h e  
f o r c e   of  the   s p r i n g  1 3 8   and  a l l o w i n g   h y d r a u l i c   f l u i d  

u n d e r   p r e s s u r e   to  f low  t h r o u g h   the   o u t l e t   and  to  the  l o a d  

2 2 .  

V a l v e   EV3  is   s i m i l a r   to  v a l v e s   EV1  and  EV2  a n d  

i n c l u d e s   the   p o p p e t   142  w h i c h   is  s p r i n g   l o a d e d   to  t h e  

p o s i t i o n   shown  in  t he   F i g u r e   by  the   s p r i n g   144  to  c l o s e  
t he   p o r t   146.  As  w i l l   be  p r e v i o u s l y   r e c a l l e d   s p o o l   7 4 ,  
in  t he   p o s i t i o n   shown ,   c o n n e c t s   a t m o s p h e r e   t h r o u g h   t h e  

p o r t s   82  and  80  to  the   c h a m b e r   C3.  H y d r a u l i c   f l u i d   h a s  

p r e v i o u s l y   f l o w e d   t h r o u g h   CV3  to  f i l l   c h a m b e r   H3  in  s u c h  



a  f a s h i o n   t h a t   the   p i s t o n   a s s e m b l y   of  PS3  has  m o v e d  

t o w a r d   the  l e f t ,   c o m p l e t e l y   f i l l i n g   the  c h a m b e r   H3  w i t h  

h y d r a u l i c   f l u i d   t h u s   r e a d y i n g   pump  s e c t i o n   PS3  to  pump 
the   h y d r a u l i c   f l u i d   t h e r e f r o m   when  gas  u n d e r   p r e s s u r e   i s  

a p p l i e d   from  the   s o u r c e   t h e r e o f   to  the   c h a m b e r   C 3 .  

As  is  shown  p a s s a g e w a y s   G,  H  and  I  c o n n e c t   t h e  

c h a m b e r s   C3,  C2  and  Cl ,   r e s p e c t i v e l y   to  the   p o r t s  8 0 ,   60 

and  40,   r e s p e c t i v e l y .   The  o u t l e t   p o r t   32  w h i c h   e x h a u s t s  

to   a t m o s p h e r e   is  c o n n e c t e d   by  the   p a s s a g e w a y   150  to  t h e  

p o r t s   42,  62  and  82.  On  the   o t h e r   hand ,   the   p a s s a g e w a y  
153  a p p l i e s   gas   u n d e r   p r e s s u r e   f rom  the   s o u r c e   20  t h e r e o f  

t h r o u g h   the   i n l e t   31  to  t he   p o r t s   38,  58  and  7 8 .  

OPERATION  OF  THE  SYSTEM 

I t   w i l l   be  r e c o g n i z e d   by  t h o s e   s k i l l e d   in  t h e  

a r t   t h a t   t h e   s y s t e m   as  d i s c l o s e d   in  the  d r a w i n g   as  a b o v e  

d e s c r i b e d   w i l l   f u n c t i o n   in  such   a  manne r   t h a t   e ach   of  t h e  

t h r e e   pump  s e c t i o n s   w i l l   s e q u e n t i a l l y   be  a c t i v a t e d   t o  

pump  h y d r a u l i c   f l u i d   u n d e r   p r e s s u r e   from  e a c h   of  t h e  

c h a m b e r s ,   r e s p e c t i v e l y ,   t h r o u g h   t he   o u t l e t   and  to  t h e  

l o a d .   The  n e x t   s u c c e e d i n g   pump  s e c t i o n   w i l l   be,  

p r e s s u r i z e d   and  w i l l   commence   to  pump  as  t he   p r e c e d i n g  

pump  s e c t i o n   p i s t o n   n e a r s   the   c o n c l u s i o n   of  i t s   p o w e r  
s t r o k e .   T h e r e   w i l l   t h u s   be  m o m e n t a r i l y   two  p i s t o n  

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

l o a d .   In  t h i s   f a s h i o n   p u l s a t i o n s   in  the  o u t l e t   f low  a r e  

s u b s t a n t i a l l y   e l i m i n a t e d .  

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

t h a t   p i s t o n   Pl  i s   in  a  p o s i t i o n   such   t h a t   i t   is  t o w a r d  

t he   l e f t   from  t h a t   shown  in  t he   F i g u r e   so  t h a t   p o r t s   A 

and  B  a r e   bo th   c l o s e d   and  i t   w i l l   f u r t h e r   be  a s s u m e d   t h a t  

t he   s p o o l   34  is  in  i t s   p o s i t i o n   t o w a r d   the   r i g h t   f r o m  



t h a t   shown  in  the  d r a w i n g   so  t h a t   p o r t   42  is   c l o s e d   a n d  

p o r t   38  is   o p e n e d ,   t h e r e b y   p r e s s u r i z i n g   c h a m b e r   Cl .   I n  

t h i s   c o n d i t i o n   the   p i s t o n s   in  pump  s e c t i o n   PS1  are   in  t h e  

power   s t r o k e   bu t   a re   n e a r i n g   the   end  t h e r e o f .   As  t h e  

p i s t o n   Pl  p a s s e s   p o r t   A,  i t   is  o p e n e d   t h e r e b y   a p p l y i n g  

t he   p r e s s u r e   p r e s e n t   in  the  c h a m b e r   Cl  t h r o u g h   t h e  

p a s s a g e w a y   151  to  the   c h a m b e r   152  at   t he   l e f t   s i d e   o f  

t he   s p o o l   54  of  v a l v e   V2.  Such  p r e s s u r i z a t i o n   moves  t h e  

v a l v e   V2  to  the  p o s i t i o n   i l l u s t r a t e d   in  t he   F i g u r e ,   t h u s  

o p e n i n g   t he   p o r t   58  and  a p p l y i n g   t he   gas   u n d e r   p r e s s u r e  

t h r o u g h   the   p a s s a g e w a y   H  to  the   c h a m b e r   C2  t h u s  

p r e s s u r i z i n g   the   same  and  s t a r t i n g   t h e   p i s t o n s   of  pump 
s e c t i o n   PS2  t o w a r d   the   r i g h t ,   t h e r e b y   s t a r t i n g   the  f l o w  

of  h y d r a u l i c   f l u i d   t h r o u g h   the   p o r t   140  and  t h r o u g h   t h e  

o u t l e t   to   t he   l o a d   22.  At  the   same  t i m e   p i s t o n   P l  

c o n t i n u e s   to  move  t o w a r d   the  r i g h t   s i n c e   c h a m b e r   Cl  i s  

s t i l l   p r e s s u r i z e d   u n t i l   such   a  t ime   as  p o r t   B  is   o p e n e d .  

When  p o r t   B  i s   o p e n e d   the  p r e s s u r e   w i t h i n   the   c h a m b e r   C l  

is   a p p l i e d   t h r o u g h   the  p a s s a g e w a y   154  to  the   c h a m b e r   1 5 6  

at   the   r i g h t h a n d   s i d e   of  the  s p o o l   34.  The  gas  t h u s   a p p l i e d ,  

moves   the   s p o o l   34  t o w a r d   the   l e f t   to  the  p o s i t i o n   a s  

shown  in  t he   F i g u r e ,   t h u s   c l o s i n g   t h e   p o r t   38  and  r e m o v i n g  

gas   from  the   c h a m b e r   Cl  and  at  the   same  t ime   o p e n i n g  t h e  

p o r t   42  and  c o n n e c t i n g   c h a m b e r   Cl  to  the   p o r t   32  w h i c h  

l e a d s   to  a t m o s p h e r e .   Thus  c h a m b e r   Cl  is  now  v e n t e d  

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

i n l e t   p a s s a g e w a y   to  move  CVl  to  t he   l e f t   as  shown  in  t h e  

d r a w i n g .   Such  movemen t   a l l o w s   h y d r a u l i c   f l u i d   to  p a s s  
t h r o u g h   the   p o r t   104  in  the   p o p p e t   100  and  to  e n t e r   t h e  

c h a m b e r   H1,  t h e r e b y   mov ing   p i s t o n s   P4  and  Pl  t o w a r d   t h e  

l e f t   as  v i e w e d   in  the   d r a w i n g .  

A  s i m i l a r   o p e r a t i o n   to  t h a t   d e s c r i b e d   a b o v e  
w i l l   o c c u r   w i t h   r e s p e c t   to  pump  s e c t i o n s   PS2  and  P S 3 .  
For  e x a m p l e ,   as  p i s t o n   P2  o p e n s   p o r t   C,  gas   u n d e r   p r e s s u r e  



i s   a p p l i e d   t h r o u g h   p a s s a g e w a y   158  to  t he   c h a m b e r   160  a t  

t he   l e f t   s i d e   of  the   s p o o l   84  moving  i t   to  the   r i g h t   s o  

t h a t   d e t e n t   88  e n g a g e s   the  g r o o v e   90  t h e r e b y   c l o s i n g   p o r t  

82  to  r emove   a t m o s p h e r e   from  the   c h a m b e r   C3.  At  the  s a m e  

t i m e   p o r t   78  i s   o p e n e d   to  a p p l y   gas   u n d e r   p r e s s u r e  

t h r o u g h   p a s s a g e w a y   G  to  the   c h a m b e r   C3.  T h i s   a c t i o n  

s t a r t s   t he   p i s t o n s   in  pump  s e c t i o n s   PS3  t o w a r d   the   r i g h t  

w h i c h   w i l l   p r e s s u r i z e   t he   h y d r a u l i c   f l u i d   in  c h a m b e r  

H3.  Such  p r e s s u r i z a t i o n   o p e n s   p o r t   146  by  p u s h i n g   t h e  

p o p p e t   142  d o w n w a r d l y   to  t h u s   commence  to  a p p l y   h y d r a u l i c  

f l u i d   u n d e r   p r e s s u r e   t h r o u g h   the   o u t l e t   and  to  t he   l o a d ,  

j u s t   p r i o r   to  t he   c o m p l e t i o n   of  the   power   s t r o k e   by  t h e  

pump  s e c t i o n   PS2.   As  p o r t   D  is   o p e n e d   by  p i s t o n   P2,  g a s  

u n d e r   p r e s s u r e   in  c h a m b e r   C2  is  a p p l i e d   t h r o u g h   t h e  

p a s s a g e w a y   162  to  the   c h a m b e r   164  at  t he   r i g h t   of  t h e  

s p o o l   54.  T h i s   c a u s e s   the   s p o o l   54  to  move  t o w a r d   t h e  

l e f t   so  t h a t   d e t e n t   68  e n g a g e s   the  g r o o v e   72,  t h e r e b y  

f i x i n g   the   s p o o l   54  in  i t s   o t h e r   p o s i t i o n   to  open   c h a m b e r  

C2  to  a t m o s p h e r e   t h r o u g h   now  open  p o r t   62  and  at  t h e  

same  t i m e   c l o s i n g   o f f   p o r t   58  from  t he   s o u r c e   of  p r e s s u r e .  
As  t he   p i s t o n s   in  pump  s e c t i o n   PS3  c o n c l u d e   t h e i r   s t r o k e s ,  

p i s t o n   P3  f i r s t   w i l l   open  p o r t   E  a p p l y i n g   gas   p r e s s u r e   i n  

c h a m b e r   C3  t h r o u g h   t he   p a s s a g e w a y   166  to  t he   c h a m b e r   1 6 8  

a t   t h e   l e f t   of  s p o o l   34  moving  i t   t o w a r d   the   r i g h t   s o  

t h a t   t he   d e t e n t   48  e n g a g e s   the   g r o o v e   50  to   t h e r e b y   c l o s e  

t h e   p o r t   42  and  open   the   p o r t   38  t h u s   a p p l y i n g   gas   u n d e r  

p r e s s u r e   to  the   c y l i n d e r   Cl  c a u s i n g   i t   to  move  t o w a r d   t h e  

r i g h t   t h u s   r e p e a t i n g   the   c y c l e   as  p r e v i o u s l y   d e s c r i b e d .  
The  v a l v e s   IV1  and  IV2  and  IV3  a r e   e a c h   a s s o c i a t e d  

w i t h   t h e   c o n t r o l   v a l v e s   Vl,   V2  and  V3,  r e s p e c t i v e l y .   T h e  

v a l v e s   I V I ,   IV2  and  IV3  are   used   to  p r e p o s i t i o n   the   c o n t r o l  

v a l v e s   b e f o r e   s y s t e m   s t a r t   up.  I t   is   n o t e d   t h a t   e ach   o f  

I V l ,   IV2,   and  IV3  i n c l u d e s   a  s p r i n g   l o a d e d   p l u n g e r   168  

w h i c h   in  r e s p o n s e   to  the  u r g i n g   of  the   s p r i n g   a n d  



in  the   a b s e n c e   of  gas   u n d e r   p r e s s u r e   w i l l   p o s i t i o n   v a l v e  

Vl  in  i t s   r i g h t m o s t   p o s i t i o n   and  v a l v e s   V2  and  V3  i n  

t h e i r   l e f t m o s t   p o s i t i o n   as  v i e w e d   in  the  F i g u r e .   Upon 

t he   a p p l i c a t i o n   of  gas   u n d e r   p r e s s u r e   to  the   c o n d u i t   153 

e a c h   of  the  p l u n g e r s   is  r e t r a c t e d   to  the   p o s i t i o n   s h o w n  

in  the   d r a w i n g   and  w i l l   not   f u n c t i o n   u n t i l   the   gas  u n d e r  

p r e s s u r e   is  r e m o v e d   f rom  t he   s y s t e m .   The  p o s i t i o n i n g   o f  

t h e   v a l v e s   Vl ,   V2  and  V3  by  the   p l u n g e r s   I V l ,   IV2  and  IV3 

p l a c e s   the  v a l v e s   in  an  a p p r o p r i a t e   p o s i t i o n   so  t h a t   t h e  

s e q u e n c i n g   as  above   d e s c r i b e d   w i l l   a l w a y s   o c c u r   u p o n  

a p p l i c a t i o n   of  p r e s s u r e   to  the   s y s t e m .  

I t   w i l l   a l s o   be  n o t e d   t h a t   the   n o n - p r e s s u r e  
s i d e s   of  c y l i n d e r s   1,  2  and  3  a re   v e n t e d   to  a t m o s p h e r e   a s  

shown  at  167  and  169.   T h e r e b y   any  l e a k a g e   wh ich   o c c u r s   o f  

e i t h e r   the   gas   or  t he   h y d r a u l i c   f l u i d   p a s t   the  r e s p e c t i v e  

gas   or  h y d r a u l i c   p i s t o n s   and  v a l v e s   of  the   pump  s e c t i o n s  

PS1,   PS2  and  PS3  w i l l   v e n t   to  a t m o s p h e r e .  

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

p i s t o n   a s s e m b l i e s   in  pump  s e c t i o n s   PS1,  PS2  and  P S 3 ,  

t h e r e   is  p r o v i d e d   a  f l u i d   c a p t u r e   v o l u m e ,   which   is  b e s t  

i l l u s t r a t e d   in  PS1  and  PS3.   As  shown  in  the  d r a w i n g ,  

when  the  p i s t o n   a s s e m b l y   is  a l l   the   way  to  the  r i g h t  

(PS1)  an  a n n u l a r   vo lume   170  of  h y d r a u l i c   f l u i d   is  c a p t u r e d  
b e t w e e n   the  p i s t o n   P4  and  the   w a l l   of  the   c h a m b e r   H l .  

The  c a p t u r e d   vo lume   of  f l u i d   r e s t r i c t s   t he   f u r t h e r   m o v e m e n t  

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

t h e r e o f .   By  r e f e r e n c e   to  PS3  a  s i m i l a r   c a p t u r e   volume  1 7 2  

is   p r o v i d e d   in  a  r e e n t r a n t   b o r e   174  d e f i n e d   by  the  rod  3 0 .  

The  b o r e   r e c e i v e s   a  g u i d e   rod  176  t h e r e i n .   The  bo re   174 

is   v e n t e d   by  a  p a s s a g e w a y   178  to  d e f i n e   the   vo lume  1 7 2 .  

Thus  when  the   end  of  the   rod  176  p a s s e s   the   v e n t   178,  t h e  
f l u i d   ( g a s )   r e m a i n i n g   in  t he   vo lume  172  f u n c t i o n s   t o  
l i m i t   t r a v e l   of  the   p i s t o n   a s s e m b l y   b e y o n d   the   c o m p r e s s -  
i b i l i t y   t h e r e o f .  



T h e r e   has  t h u s   been  i l l u s t r a t e d   and  d e s c r i b e d  

a  t h r e e   p i s t o n   pump  w h i c h   c o n v e r t s   gas   p r e s s u r e   t o  

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

o n l y   upon  demand  by  the   load   wh ich   f low  is  n o n - p u l s a t i n g .  



1.  In  a  gas   o p e r a t e d   f r e e   p i s t o n   p u m p i n g  

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

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

r e c i p r o c a t i o n   t h e r e i n   t h r o u g h   i n t a k e   and  e x h a u s t   s t r o k e s  

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

a p p l i c a t i o n   of  gas   u n d e r   p r e s s u r e   t h e r e t o ,   the   i m p r o v e m e n t  

c o m p r i s i n g :  

a  t h r e e   way  c o n t r o l   v a l v e   fo r   each   p i s t o n  

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

s e c o n d   p o s i t i o n s ;  

f i r s t   means   f o r   p o s i t i o n i n g   the  c o n t r o l   v a l v e  

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

to  p r o v i d e   gas   u n d e r   p r e s s u r e   to  i t s   a s s o c i a t e d   p i s t o n  

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

c o m p l e t i o n   of  i t s   pump  e x h a u s t   s t r o k e ;   a n d  

s e c o n d   means   fo r   p o s i t i o n i n g   the   c o n t r o l   v a l v e  

a s s o c i a t e d   w i t h   each   p i s t o n   a s s e m b l y   in  i t s   s e c o n d  

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

c o m p l e t i n g   i t s   pump  e x h a u s t   s t r o k e   fo r   r e m o v i n g   gas   u n d e r  

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

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

2.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   1  w h e r e i n  

e a c h   of  s a i d   c o n t r o l   v a l v e s   i n c l u d e s   d e t e n t   means   f o r  

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

in  i t s   f i r s t   and  s e c o n d   p o s i t i o n s .  

3.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   2  f u r t h e r  

i n c l u d i n g   means   f o r   p o s i t i o n i n g   each  of  s a i d   c o n t r o l   t 
v a l v e s   in  a  p r e d e t e r m i n e d   p o s i t i o n   in  the   a b s e n c e   of  g a s  
u n d e r   p r e s s u r e   a p p l i e d   t h e r e t o .  



4.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   3  w h e r e i n  

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

p l u n g e r   fo r   e ach   c o n t r o l   v a l v e   d i s p o s e d   to  c o n t a c t   i t s  

a s s o c i a t e d   c o n t r o l   v a l v e   in  the  a b s e n c e   of  gas   u n d e r  

p r e s s u r e   and  to  r e t r a c t   to  a  n o n - c o n t a c t i n g   p o s i t i o n   u p o n  

a p p l i c a t i o n   of  g a s   u n d e r   p r e s s u r e   to  s a i d   a p p a r a t u s .  

5.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   1  w h e r e i n  

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

p i s t o n s   i n t e r c o n n e c t e d   by  a  p i s t o n   r o d ,   and  a  gas   c y l i n d e r  

c h a m b e r   and  a  l i q u i d   c y l i n d e r   c h a m b e r   f o r   r e c e i v i n g   s a i d  

f i r s t   and  s e c o n d   p i s t o n s   r e s p e c t i v e l y .  

6.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   5  w h e r e i n  

s a i d   f i r s t   means   i n c l u d e s   a  f i r s t   n o r m a l l y   c l o s e d   p o r t  
d e f i n e d   by  e a c h   of  s a i d   gas  c y l i n d e r s   and  p a s s a g e w a y  

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

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

7.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   6  w h e r e i n  

s a i d   s e c o n d   means   i n c l u d e s   a  s e c o n d   n o r m a l l y   c l o s e d   p o r t  
d e f i n e d   by  e a c h   of  s a i d   gas  c y l i n d e r s   and  p a s s a g e w a y  

means   c o n n e c t i n g   e a c h   s a i d   s e c o n d   p o r t   to  t h e   c o n t r o l  

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

8.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   7  w h e r e i n  

s a i d   f i r s t   and  s e c o n d   p o r t s   a re   o p e n e d   by  s a i d   f i r s t  

p i s t o n ,   s a i d   f i r s t   p o r t   b e i n g   o p e n e d   as  s a i d   f i r s t   p i s t o n  

a p p r o a c h e s   the   end  of  i t s   e x h a u s t   s t r o k e   and  s a i d   s e c o n d  

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

e x h a u s t   s t r o k e .  



9.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   5  w h e r e i n  

s a i d   l i q u i d   c y l i n d e r   and  s a i d   s e c o n d   p i s t o n   d e f i n e   a 

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

e x h a u s t   s t r o k e   to  l i m i t   the  t r a v e l   of  s a i d   p i s t o n  

a s s e m b l y .  

10.  A p p a r a t u s   as  d e f i n e d   in  c l a i m   5  w h e r e i n  

s a i d   gas  c y l i n d e r   and  s a i d   f i r s t   p i s t o n   d e f i n e   a  c a p t u r e d  

vo lume   of  gas   at  the   c o m p l e t i o n   fo  t he   i n t a k e   s t r o k e   t o  

l i m i t   the   t r a v e l   of  s a i d   p i s t o n   a s s e m b l y .  
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