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The purpose o f  t h i s  paper i s  t o  i l l u s t r a t e  and d iscuss  p r a c t i c a l  
a p p l i c a t i o n  o f  p ressure  b u i l d u p  t e s t  theory  i n  The Geysers steam r e s e r v o i r .  
T h i s  f i e l d ,  l o c a t e d  i n  Sonoma County i n  Nor thern  C a l i f o r n i a ,  has i n s t a l l e d  
g e n e r a t i n g  c a p a c i t y  o f  522 MW. T o t a l  wi thdrawal  r a t e  i s  approx imate ly  
8.5 m i l l i o n  pounds per  hour f rom 93 w e l l s .  

The r e s e r v o i r  i s  n a t u r a l l y  f r a c t u r e d  greywacke, a very  competent rock  
w i t h  l o w  i n t e r s t i t i a l  p o r o s i t y  and p e r m e a b i l i t y .  I t  i s  underpressured, 
i n i t i a l  pressure be ing  approx imate ly  520 p s i a  a t  sea l e v e l  datum. S t a t i c  
p ressure  g r a d i e n t  i s  t h a t  o f  s a t u r a t e d  steam t o  t o t a l  depths reached t o  da te .  

Appl i c a t  ion  

P r a c t i c a l  a p p l i c a t i o n  o f  pressure b u i l d u p  a n a l y s i s  a t  The Geysers has 
been used t o  make q u a l i t a t i v e  i n t e r p r e t a t i o n s  about such t h i n g s  as f r a c t u r e  
geometry and boundary c o n d i t i o n s .  

Q u a n t i t a t i v e  es t imates  o f  r e s e r v o i r  p e r m e a b i l i t y  a r e  made on a r o u t i n e  
b a s i s .  Q u a n t i t a t i v e  e s t i m a t i o n  o f  p o r o s i t y  u s i n g  pressure b u i l d u p  a n a l y s i s  
r e q u i r e s  a very  a c c u r a t e  knowledge o f  r e s e r v o i r  geometry, so t h i s  
a p p l i c a t i o n  must be approached w i t h  c a u t i o n ,  s i n c e  t h e  r e s e r v o i r  i s  s t i l l  
be ing  d e l i n e a t e d  by e x p l o r a t o r y  d r i l l i n g .  

The pressure  b u i l d u p  can c o n v e n i e n t l y  be d i v i d e d  up i n t o  t h r e e  genera l  
p e r i o d s  for  purposes o f  d i s c u s s i o n :  ( 1 )  s h o r t - t i m e ,  ( 2 )  r a d i a l  f l o w ,  and 
( 3 )  l a t e - t i m e .  Dur ing s h o r t - t i m e ,  pressure b u i l d u p  i s  dominated by e i t h e r  
w e l l b o r e  s to rage and s k i n  e f f e c t ,  l i n e a r  f l o w  a long a f r a c t u r e  p lane,  o r  
a combinat ion o f  these. 
becomes a l i n e a r  f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t ime. T h i s  semi- log s t r a i g h t  
p e r i o d  w i l l  be c a l l e d  r a d i a l  f l o w  fo r  purposes o f  d i s c u s s i o n  i n  t h i s  paper. 
A t  l a t e - t i m e ,  p ressure  depar ts  f rom semi- log s t r a i g h t  i n  vari0u.s ways 
depending upon boundary c o n d i t i o n s .  

A f t e r  these s h o r t - t i m e  e f f e c t s  d i e  o u t ,  p ressure  

Any o r  a l l  o f  t h e  above t h r e e  p e r i o d s  t y p i c a l  o f  p ressure  b u i l d u p  
behavior  a t  w e l l s t i n  The Geysers r e s e r v o i r  may be masked by such 
u n p r e d i c t a b l e  t h i n g s  as condensat ion i n  t h e  w e l l b o r e .  

Shor t  -T i me Behav i o r  

The s h o r t - t i m e  behavior  des ignated by s t r a i g h t  l i n e s  on F igs .  1 and 2 
commonly l a s t s  for  no more than a few minutes.  T h i s  da ta ,  recorded by 
hand u s i n g  a t e s t  gauge and a s top  watch, i s  v a l u a b l e  i n  c h a r a c t e r i z i n g  



f r a c t u r e  geometry and i n  d o i n g  t y p e  c u r v e  match ing t o  i d e n t i f y  t h e  proper  
semi- log s t r a i g h t  l i n e .  The we l l head  da ta  i s  conve r ted  t o  datum ( u s u a l l y  
m i d p o i n t  o f  steam e n t r i e s )  u s i n g  t h e  Cul lender-Smi th Method o f  c a l c u l a t i n g  
bot tomhole p ressu re  ( 1 ) .  

S h o r t - t i m e  b u i l d u p  behav io r  a t  The Geysers g e n e r a l l y  f a l l s  i n t o  one 
o f  t h e  two types:  ( 1 )  h a l f - s l o p e  as i n  F i g .  1 ,  and (2) u n i t  s lope ,  as i n  
F i g .  2.  Ramey ( 2 ) i d e n t i f i e d  t h e  s i g n i f i c a n c e  o f  these two types,  showing 
t h a t  u n i t  s l o p e  behav io r  i s  c h a r a c t e r i s t i c  o f  a w e l l  w i t h  s to rage  and s k i n ,  
and t h a t  h a l f - s l o p e  behav io r  i s  c h a r a c t e r i s t i c  o f  f l o w  a long  a l i n e a r  
f r a c t u r e  p lane .  U n i t  s l o p e  behav io r  i s  most common a t  The Geysers; 
however, f r a c t u r e d  w e l l s  commonly e x h i b i t  s to rage  e f f e c t s  w i t h  e a r l y  
behav io r  showing a n y t h i n g  f rom 1/2 t o  u n i t  s lope .  C e r t a i n  methods o f .  
a n a l y s i s  d iscussed i n  Reference 3 a r e  used t o  a v o i d  l a b e l i n g  a p a r t i c u l a r  
b u i l d u p  a s to rage  case when i t  i s  a c t u a l l y  a f r a c t u r e  case w i t h  s to rage .  

For p ressu re  b u i l d u p  a n a l y s i s  i n  w e l l s  e x h i b i t i n g  f r a c t u r e  f l o w ,  
Wat tenbarge r ' s  "double d e l t a  p" r u l e ,  d iscussed i n  Reference 3, has been 
used s u c c e s s f u l l y  t o  f i n d  t h e  s t a r t  o f  t h e  proper  semi- log s t r a i g h t  l i n e .  
A s  n o t i c e d  by Wattenbarger ( 4 1 ,  dimensionless p ressu re  a t  t h e  s t a r t  o f  t h e  
semi- log s t r a i g h t  l i n e  i s  app rox ima te l y  t w i c e  t h e  d imensionless p ressu re  a t  
t h e  t o p  o f  t h e  o n e - h a l f  s l o p e  l i n e .  T h i s  r u l e  a l s o  h e l p s  t o  d i f f e r e n t i a t e  
between f r a c t u r e  cases w i t h  w e l l b o r e  s to rage ,  and cases t h a t  a r e  o n l y  
s t o r a g e  and s k i n  e f f e c t  because i n  t h e  l a t t e r  case, a p p l i c a t i o n  o f  t h e  
"double d e l t a  p" r u l e  w i l l  l ead  t o  a p ressu re  d i f f e r e n c e  f o r  g r e a t e r  than 
p o s s i b l e  f o r  t h e  s t a r t  o f  a semi- log s t r a i g h t  l i n e .  A p p l y i n g  t h e  "double 
d e l t a  p" r u l e  t o  F i g .  2 shows t h a t  t h i s  b u i l d u p  m igh t  be a f r a c t u r e  case, 
even though i t  has a u n i t  s lope .  Comparison o f  t h i s  b u i l d u p  t o  t y p e  curves 
f o r  a v e r t i c a l l y  f r a c t u r e d  w e l l  hav ing  w e l l b o r e  s to rage  e f f e c t s  v e r i f i e d  t h a t  
t h i s  was a f r a c t u r e  case. 

Log- log graphs such as F i g s .  1 and 2 r e q u i r e  an a c c u r a t e  knowledge o f  
f l o w i n g  p ressu re  p r i o r  t o  s h u t - i n .  F low ing  p ressu re  measured a t  t h e  
we l l head  i s  g e n e r a l l y  n o t  d i r e c t l y  usab le  f o r  c o n s t r u c t i n g  a l o g - l o g  graph. 
T h i s  i s  because we l l head  f l o w i n g  p ressu re  r e f l e c t s  f r i c t i o n  p ressu re  l o s s e s ,  
and smal l  i n a c c u r a c i e s  i n  e s t i m a t i n g  f r i c t i o n  p ressu re  d rop  lead t o  v e r y  
s u b s t a n t i a l  changes i n  t h e  l o g - l o g  graph. The most u s e f u l  procedure f o r  
i d e n t i f y i n g  t h e  p roper  v a l u e  to  use f o r  g raph ing  has been t o  r e c o r d  s h o r t -  
t i m e  d a t a  a t  5-second i n t e r v a l s  f o r  t h e  f i r s t  m inu te  o f  t h e  b u i l d u p ,  t hen  
v i s u a l l y  i n s p e c t  t h e  d a t a  t o  de te rm ine  incrementa l  r i s e  i n  p ressu re  per  
5-second i n t e r v a l .  Best e s t i m a t e  o f  t h i s  can u s u a l l y  be made u s i n g  da ta  
beyond 10 seconds. Pressure a t  t i m e  ze ro  i s  t hen  c o r r e c t e d  t o  make i t  
c o n s i s t e n t  w i t h  t h e  observed incrementa l  p ressu re  r i s e  beyond 10 seconds. 

Rad ia l  Flow Behavior  

Pressure b u i l d u p  beyond t h e  s h o r t - t i m e  p e r i o d  i s  a l i n e a r  f u n c t i o n  o f  
t h e  l o g a r i t h m  o f  t ime .  F i g .  3,  showing t h i s  behav io r  f o r  a steam w e l l  a t  
The Geysers, d e s c r i b e s  a semi- log s t r a i g h t  l i n e  f o r  f i v e  l o g  c y c l e s .  
Q u a n t i t a t i v e  e s t i m a t e s  o f  p e r m e a b i l i t y - t h i c k n e s s ,  kh, made f rom graphs 
such as t h i s ,  g i v e  remarkably  c o n s i s t e n t  va lues  f rom t e s t  t o  t e s t  on a 
g i v e n  we1 1 .  
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The most p r e v a l e n t  problem w i t h  t e s t i n g  t h e  d r y  steam w e l l s  a t  The 
Geysers has been condensat ion,  which causes e r r a t i c  p ressu re  behav io r .  
I n  s e r i o u s  cases, we l l head  p ressu re  may even drop as t h e  w e l l b o r e  loads 
w i t h  water  condensat ion.  The da ta  s c a t t e r  on F i g .  3 i s  p robab ly  due t o  
condensat ion and r e v a p o r i z a t i o n  e f f e c t s .  F i g .  4 i s  a more d ramat i c  case, 
showing t h a t  a p a r t  o f  t h e  semi- log s t r a i g h t  l i n e  has been masked by these 
two-phase w e l l b o r e  e f f e c t s .  I n  v e r y  s e r i o u s  cases, a l ong  v a p o r i z i n g  
p e r i o d  may be m is taken  f o r  a semi- log s t r a i g h t  l i n e .  T h i s  m i s t a k e  can 
be avoided by comparing t h e  b u i l d u p  t o  t h e  a p p r o p r i a t e  l o g - l o g  t y p e  cu rve .  

The two-phase e f f e c t s  i l l u s t r a t e d  i n  F i g .  4 have been most common 
i n  w e l l s  s h u t - i n  o n ’ s m a l l  vents’, i . e . ,  1/2” o r  l e s s .  T h i s  problem i s  
e l i m i n a t e d  by do ing  t w o - r a t e  b u i l d u p  t e s t s .  The t w o - r a t e  t e s t s  r e q u i r e  
t h a t  t h e  w e l l  be choked back t o  a second r a t e  h i g h  enough t o  a v o i d  
condensat ion.  The p ressu re  b u i l d u p  a n a l y s i s  method, developed f rom 
Chapter 6 o f  Reference 5,  f o r  use a t  The Geysers, accounts f o r  t h i s  second 
r a t e ,  r e s u l t i n g  i n  t h e  a n a l y t i c  method shown on F i g .  5 .  The t w o - r a t e  
method g i v e s  r e s u l t s  t h a t  compare w e l l  w i t h  conven t iona l  b u i l d u p  t e s t s .  
For example, kh o b t a i n e d  f rom F i g .  5 was w i t h i n  13% o f  t h e  k h  v a l u e  o b t a i n e d  
on t h e  same w e l l  u s i n g  conven t iona l  b u i l d u p  t e s t  procedures.  

Late-Time Behavior  

When d ra inage  boundar ies o r  o t h e r  r e s e r v o i r  h e t e r o g e n e i t i e s  beg in  t o  
a f f e c t  p ressu re  b u i l d u p  a t  a w e l l ,  t h e  da ta  w i l l  no l onger  be a semi- log 
s t r a i g h t  f u n c t i o n  o f  t i m e .  Boundary c o n d i t i o n s  a t  The Geysers a r e  n o t  w e l l  
understood,  so t h a t  ou r  a n a l y s i s  o f  boundary e f f e c t s  on p ressu re  b u i l d u p  
must be c o n f i n e d  t o  q u a l i t a t i v e  comparisons w i t h  t ype  cu rves .  For example, 
t h e  t h e o r e t i c a l  behav io r  f o r  t h e  case o f  a v e r t i c a l l y  f r a c  u ed w e l l  i n  a 
c l o s e d  square ( F i g .  6)  was p u b l i s h e d  by G r i n g a r t e n ,  -- e t  a1 i 6 r .  T h e o r e t i c a l  
behav io r  f o r  t h e  system shown on F i g .  6, w i t h  un i fo rm f l u x  a l o n g  t h e  
f r a c t u r e ,  i s  i l l u s t r a t e d  on F i g .  7. The f i e l d  da ta  shown on F i g .  7, f rom 
a non-commercial w e l l  a t  The Geysers, matches a t ype  c u r v e  f rom t h e  f i r s t  
d a t a  p o i n t ,  recorded a t  10 seconds s h u t - i n  t ime ,  up u n t i l  a s h u t - i n  t i m e  
of  147 hours.  
t i m e  da ta .  F i e l d  cases o f  t h i s  t y p e  a r e  ex t reme ly  r a r e .  

F i g .  7 shows t h e  importance o f  r e c o r d i n g  a c c u r a t e  s h o r t -  

The most common t y p e  o f  l a t e - t i m e  behav io r  observed a t  The Geysers 
conforms t o  t h e  t h e o r e t i c a l  behav io r  f o r  t h e  d ra inage  system i l l u s t r a t e d  
i n  F i g .  8. T h i s  system, and t h e  corresponding t e curves shown on 
F i g .  9, a r e  f rom work pub l i shed  by Ramey, e t  a1 y y ) .  F i e l d  da ta  graphed 
on F i g .  9 f o l l o w  t h e  genera l  shape and t i m i n g  o f  events  c h a r a c t e r i s t i c  o f  
t h e  t y p e  curves;  d e v i a t i o n  o f  t h e  f i e l d  da ta  f rom t h e  t y p e  curves d u r i n g  
l a t e - t i m e  i s  p robab ly  due t o  t h e  condensat ion e f f e c t s  d iscussed e a r l i e r .  
The t y p e  curves s h i f t  upward and t o  t h e  r i g h t  c o r r e s p o n d i n g l y  as p roduc ing  
t i m e  p r i o r  t o  s h u t - i n  i s  increased. T h i s  behav io r ,  p e c u l i a r  t o  systems 
w i t h  s t r o n g  p ressu re  suppor t ,  i s  e x h i b i t e d  by most w e l l s  i n  The Geysers 
r e s e r v o i r .  

Type c u r v e  matches, such as F i g .  9, can be used t o  make r e l i a b l e ,  
q u a n t i t a t i v e  es t ima tes  o f  r e s e r v o i r  po re  volume and p o r o s i t y ,  p r o v i d e d  t h e  
system i s  a t  i n i t i a l  c o n d i t i o n s  and l o c a t i o n  and n a t u r e  o f  d ra inage  
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boundar ies can be reasonably i d e n t i f i e d .  P r a c t i c a l  ap l i c a t i o n  o f  t h i s  has 

g e o l o g i c  and eng ineer ing  i n v e s t i g a t i o n s  must be a j o i n t  c o o p e r a t i v e  e f f o r t .  

been demonstrated i n  a n a t u r a l l y  f r a c t u r e d  gas f i e l d  ( 1 1. Obvious ly ,  

Concludina Remarks 

Pressure b u i l d u p  behavior  recorded a t  w e l l s  i n  The Geysers d r y  steam 
f i e l d  has been v a l u a b l e  i n  g a i n i n g  i n s i g h t  i n t o  r e s e r v o i r  mechanics. Modern 
w e l l  t e s t  a n a l y s i s  methods have been a p p l i e d  s u c c e s s f u l l y  t o  d e s c r i b e  f i e l d  
da ta  and e x t r a c t  p r a c t i c a l  i n f o r m a t i o n .  Bu i ldup t e s t i n g ,  however, i s  n o t  an 
end i n  i t s e l f ,  b u t  must be harmonized w i t h  o t h e r  eng ineer ing  and g e o l o g i c a l  
methods. A n a l y s i s  o f  p ressure  b u i l d u p  behavior  a long w i t h  g e o l o g i c  
i n f o r m a t i o n ,  i s  a l o g i c a l  f i r s t  s tage o f  a n a l y s i s  l e a d i n g  t o  more 
s o p h i s t i c a t e d  methods such as r e s e r v o i r  s i m u l a t i o n  u s i n g  d i g i t a l  computers. 

Nomenclature 

L = F r a c t u r e  
P = Pressure 
T = F lowing T 

AT = S h u t - i n  T 
W = Flow Rate 

ength,  w e l l b o r e  t o  t i p  

me 
me 

1 bs/hr  
XE = L i n e a r  Dis tance,  boundary t o  boundary 
X F  = L i n e a r  Dis tance,  f r a c t u r e  t i p  t o  t i p  

Subscr i p t s  

D = Dimensionless 
TF = Wellhead f l o w i n g  
TS = Wellhead s h u t - i n  
WF = Bottomhole f l o w i n g  
WS = Bottomhole s h u t - i n  
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