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RAFT R I V E R  STIiWL4TION TREATMENT RESULTS 

b y  C .  W .  iJIorris 

ABSTRACT 

T h e  G e o t h e r m a l  Reservoir Well S t i m u l a t i o n  P rogram 
(CRWSP) g r o u p  p l a n n e d  and e x e c u t e d  two f i e l d  e x p e r i m e n t s  a t  
t h e  Ra f t  River K G R A  d u r i n g  1979. ‘ d e l l  RRGP-4 was s t i m u l a t e d  
u s i n g  ii d e n d r i t i c  o r  t lKiel t l  h y d r a u l i c  f r a c t u r e  t e c h n i q u e ,  
and  Well RACP-5 was s t i m i l l a t e d  u s i n g  a c o n v e n t i o n a l  n a s s i v e  
h y d r a s l l i c  f rac ture  t e c h n i q u e .  T h i s  p r e s e n t a t i o n  s u m m a r i z e s  
t h e  a n a l y s D s  and r e s u l t s  of  t h e s e  s t i m u l a t i o n  t r e a t m e n t s .  

B o t h  s t i m u l a t i o n  r x p c r i m e n t s  zit Raf t  R i v e r  were t e c h n i -  
c a l l y  success fu l ;  h o w e v e r ,  t h e  p o s t -  s t i m u l a t i o n  p r o d u c t i v i t y  
o f  t h e  wel l s  was d i s a p p o i n t i n g .  The p r o d u c t i v i t y  i n d i c e s  
(PI) of  Wells RRGP-4 and RRCP-5 x a r e  found t o  bz 0.6 g p m / p s i  
and  2.0 g p m l p s i ,  r e s p e c t i v e l y .  

‘dell RRGP-4 p r o d u c t i v i t y  was g r e a t l y  i n c r e a s e d  over  i t s  
w p r e - s t i m u l a t i o n  c o n d i t i o n ,  b u t  t h e  a r t i f i c i a l l y  c r e a t e d  

f r a c t u r e  a n d / o r  t h e  n a t u r a l  f r a c t u r e  s y s t e m  d i d  not p r o v i d e  
a h i g h  t r a n s m i s s i v i t y  z o n n w t i o n  w i t h  t h e  source of t h e  
g e o t h e r m a l  f l u i d .  T h e  a r t e s i a n  flow r a t e  was 60 gpm. The  
a r t i f i c i a l l y  c r e a t e d  f r a c t u r e  i n  ‘dell RRCP-5 a p p a r e n t l y  con- 
nected w i t h  e x i s t i n g  n a t u r a l  f r a c t u r e s  v e r y  n e a r  t h e  

@ w e l l b o r e .  T h i s  c o n n e c t i o n  d i d  not, s i g n i f i c a n t l y  a f f e c t  t h e  
a l r e a d y  h i g h  t r a n s m i s s i v i t y  o f  these  f r a c t u r e d  zanes ( a r t e -  
s i a n  p r o d u c t i o n  r a t e  a b o u t  200 gpm). The low t e m p e r a t u r c  o f  
the produced f l u i d s  from RRGP-5 sugges t s  t h a t  t h e s e  frat- 
tures  e x t e n d  u p n a r d  t o  cooler  zofies of  t h e  r e s e r v o i r .  

w Pressure t r a n s i e n t  d a t a  i n d i c a t e  a n  a r ea  of r e d u c e d  
t r a n s n i s s i v i t y  o r  l i m i t e d  e n t r y  nea r  t h e s e  wel l s  and a n  area 
of  h i g h  t r a n s m i s s i v i t y  ( g r e a t e r  t h a n  530,000 m d - f t / c p )  
l b c a t e d  a t  some d i s t a n c e  wh ich  a c t s  as  a c o n s t a n t  p r e s s u r e  

s u s p e c t e d  of  b e i n g  t h e  major source o f ,  t h e  g e o t h e r m a l  
Y f l u i d s .  F u r t h e r  l o n g - t e r i n  t e s t i n g  is  n e e d e d  t o  confirm t h i s  

f a c t .  

, b o u n d a r y .  The m a j o r  f a u l t  l i n e s  n e a r  t h e s e  wells a r e  
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I N T R 3 D U C T I O N  

The purpose of t h i s  p re sen ta t ion  is  t o  summarize t h e  
r e s u l t s  o f  t h e  Raft River s t ih iu la t ion  experiinents. Discus- 
s ion  of  t h e  gene ra l  well  s e l e c t i o n  process ,  mechanical 
p repa ra t ion  of t he  wells,  and t h e  s p e c i f i c  f r a c t u r e  s t imula-  
t i o n  procedures a t  Raft  River werzf presented e a r l i e r  and 
t h e r e f o r e ,  w i l l  not be repeated here .  

The ope ra to r  of t h e  Raft  River geothermal f i e l d ,  E G S S ,  
coiiipleted and t e s t e d  the  %ells RRGP-q and RRCP-5 a s  p a r t  o f  
t h e  normal f i e l d  development program. Figure 1 shows t h e  
Raf t  River K G R A  and t h e  well  l o c a t i o n s .  The pre-s t imula t ion  
wel l  c o n d i t i o n s  a r e  d iscussed  here in  and compared w i t h  t h e  
pos t - s t imu la t ion  t e s t  resu l t s .  I t  should be remembered, 
however, t h a t  a l a r g e  por t ion  of t he  o r i g i n a l  open-hole com- 
p l e t i o n  i n t e r v a l  was cased o f f  ("Planning and Execution of  
Raft  River S t imula t ion  Treatments," I?. V .  Ve r i ty )  p r i o r  to  
t h e  f r a c t u r e  t r ea tmen t s  and t h e  d i r e c t  comparison may not  
n e c e s s a r i l y  be an accu ra t e  r e p r e s e n t a t i o n .  

P R E - S T I fl U L A T I  0 N 'd ELL C 0 N D I T  I 0 N S 

A l l  t h e  Raft River production we l l s  a r e  conpleted 
w i t h i n  t h e  n a t u r a l l y  f r a c t u r e d  zone from about 3,403 f e e t  t o  
6 , 5 4 3  f e e t .  The formation producing i n t e r v a l s  a r e  comprised 
p r imar i ly  of s i l t s t o n e ,  sands tone ,  metamorphosed q u a r t z ,  
q u a r t z  s c h i s t ,  e l b a  q u a r t z i t e ,  and qua r t z  monzonite. Pre- 
s t i m u l a t i o n  borehole te lev iewer  surveys ,  d i scussed  p r e v i -  
ous ly  ( t rApplicat ion o f  Acoustic Televiewer t o  t h e  Character-  
i z a t i o n  of  Hydraulic F r a c t u r e s  i n  Geothermal Wel l s tn l  S c o t t  
K e y s ) ,  i nd ica t ed  t h a t  both Wells RRGP-9 and RRGP-5 have 
n a t u r a l  f r a c t u r e s  i n t e r s e c t i n g  the i r  wcl lbores;  however, 
R R G P - 4  showed much less f r a i t u r i n g  i n  t h e  e n t i r e  well  
(open-hole i n t e r v a l  3 ,526 f e e t  t o  5,115 f e e t )  as compared t o  
o t h e r  Raft  River wel l s .  Well RRGP-5 had nurnerous h o r i z o n t a l  
and v e r t i c a l  f r a c t u r e s  throughout t h e  open-hole s e c t i o n  from 
3,408 f e e t  t o  4 ,925  f e e t .  

After  l e g  B o f  Well RRSP-4 was deepened t o  15,115 f e e t ,  
an at tempt  was made b y  E G G  t o  flow t e s t  the  wel l .  T h e  well  
was found t o  be non-commercial and would not s u s t a i n  an 
a r t e s i a n  flow r a t e  g r e a t e r  than approximately 10 gpm. The 
maximum bottom-hole temperature  was measured b y  borehole  
geophysical  l o g s  a t  254 degrees  F. 

Well RRGP-5 ( l e g  B) p r o d u c t i v i t y  was t e s t e d  by EG&G 
s e v e r a l  times a f t e r  completion. The w e l l  was a r t e s i a n  flow 
t e s t e d  f o r  72 hours  a t  a r a t e  of 143 gpm i n  November 1978. 
Short-term flow pe r iods  (approximately 1 hour) p r i o r  t o  t h i s  
t e s t  obtained r a t e s  i n  excess  o f  230 gpm; however, t h e  well- 
head pressure was d e c l i n i n g  v e r y  r a p i d l y  and t h e  well could 
not  s u s t a i n  t h i s  r a t e .  No downhole t r a n s i e n t  p re s su re  d a t a  
were obtained during these  t e s t s  w i t h  which t o  c a l c u l a t e  a 
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p r o d u c t i v i t y  i n d e x .  A maxinum bot tom-hole  t e i n p c r a t u r e  of 
2 7 4  d e g r e e s  F was m e a s u r e d  i n  t h e  we l l .  As d i s c u s s e d  p r e v i -  
o u s l y  ( p a p e r  by  R .  V .  V e r i t y ) ,  l e g  B i s  b e l i e v e d  t o  h a v e  
p e n e t r a t e d  a z o n e  e x t e n s i v e l y  damaged b y  c e m e n t  d u r i n g  t h e  
w o r k o v e r  of  l e g  A .  S u f f i c i e n t  volumt.  of c e m e n t  had b e e n  
i n j e c t e d  i n t o  l e g  A t o  f i l l  t h e  wellbore a n d  t h e  n e a r - w e l l  
n a t u r a l  f r a c t u r e s .  Some c o n f u s i o n  r e ! n a i n s  a s  t o  t h e  a c t u a l  
p r o d u c t i v e  p o t e n t i a l  of  RRGP-5 a f t e r  i t  was c o m p l e t e d .  F l o w  
t e s t  r e s u l t s  v a r y  from o v e r  1 , 0 0 3  gpm t o  1 4 0  gpm. I t  s h o u l d  
be s t a t e d  t h a t  s e v e r a l  v e r y  short-term p r o d u c t i o n  tests were 
a t t e m p t e d  d u r i n g  t h e  d r i l l i n s  o p e r a t i o n s  and  s h o r t l y  
t h e r e a f t e r .  T h e s z  t e s t s  were n o t  f u l l y  d o c u m e n t e d  and  n o  
d o w n h o l e  t r a n s i e n t  pressure d a t a  were o b t a i n e d .  I t  seems 
c l ea r  t h a t  fo r  a number  o f  r e a s o n s ,  m o s t l y  r e l a t e d  t o  t h e  
d r i l l i n g  o p e r a t i o n s  o r  t h e  t e s t  p r o c e d u r e s ,  t h e  well d a t a  
m i g h t  i n d i c i i t e  these r a t e s  were o b s e r v e d  f o r  s h o r t  p e r i o d s  
o f  time. However ,  p r e s s u r e  d a t a  o b t a i n e d  d u r i n g  l a t e r  tes ts  
i n d i c a t e  t h a t  t h e  bottom-hole p r e s s u r e  m u s t  have b e e n  
d e c r e a s i n g  r a p i d l y  d u r i n g  t h e s e  e a r l y  flow t e s t s  and  t h a t  
t h e  well would  n o t  h a v e  c o n t i n u e d  t o  s u s t a i n  a n y w h e r e  n e a r  
t h e  h i g h  f low r a t e s  o r i g i n a l l y  a s c r i b e d  t o  t h i s  well. None 
o f  the c u r r e n t  R a f t  R i v e r  wel ls  a r e  c a p a b l e  of v e r y  h i g h  
a r t e s i a n  f low r a t e s .  T h e  most l i k e l y  !naxiriiun f l b w  r a t e  of 
Well RRGP-5 p r i o r  t o  t h e  s t i m u l a t i o n  t r e a t m e n t  was a b o u t  
140-200  gpm. 

b, 
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As d e s c r i b e d  a b o v e ,  t h e s e  wel l s  o r i g i n a l l y  had l o n g  
o p e n - h o l e  i n t e r v a l s .  A ? - i n c h  c a s i n g  l i n e r  was c e m e n t e d  i n  
t h e  ho le  s u c h  t h a t  a 200-foot o p e n - h o l e  i n t e r v a l  was iso-  
l a t e d  for  s t i m u l a t i o n  t r e a t m e n t .  W i t h  t h e  l i n e r  i n  p l a c e ,  
b o t h  wel ls  were e s s e n t i a l l y  n o n - p r o d u c t i v e  a s  t h e  f o r m a t i o n  
n a t u r a l  f r a c t u r e s  f e e d i n s  t h e  we l lbo re  were. cased-off .  
T h e r e f o r e ,  n o  p r o d u c t i o n  t e s t s  were p e r f o r m e d  u n d e r  t h e s e  
c o n d i t i o n s  prior t o  t h e  f r a c t u r e  e x p e r i i n e n t s .  

u 
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B o t h  Wells RRGP-4 and RRGP-5 were p r o d u c t i o n  t e s t e d  
. f o l l o w i n g  t h e  f r a c t u r e  s t i m v l a t i o n  t r e a t i n e n t s .  ECSG 

a s s i s t e d  i n  t h i s  t e s t  p rogra rn  and  p r o v i d e d  t h e  su r f ace  
e q u i p m e n t  r e q u i r e d  t o  m o n i t o r  the flow c o n d i t i o n s .  The g e n -  
e r a l  p r o c e d u r e  was t o  c o n s t r u c t  a f low l i n e  from t h e  well- 
h e a d  t o  t h e  n e a r b y  ! i o l d i n g  p o n d .  T h e  flow l i n e  was i n s t r u -  
mented w i t h  a n  o r i f i c e  p l a t e  a n d  a d i f f e r e n t i a l  p r e s s u r e  
gauge t o  m o n i t o r  t h e  s i n g l e  p h a s e  f l u i d  flow r a t e .  T h e  flow 
l i n e  was a l s o  i n s t r u m e n t e d  t o  measyre w e l l h e a d  p r e s s u r e  a n d  
t e m p e r a t u r e ,  a n d  p o r t s  were p r o v i d e d  f o r  f l u i d  s a m p l i n g  
c a p a b i l i t y .  I n  some cases  t h e  w e l l h e a d  p r e s s u r e  was meas- 
u r e d  with a c o n v e n t i o n a l  Bourdon  guage a n d ,  i n  o t h e r s ,  w i t h  
a d i g i q u a r t z  p r e s s u r e  t r a n s d u c e r .  T h e  d e e p  g e o t h e r m a l  wells 
a n d  t h e  s h a l l o w  water  wells i n  t h e  Raf t  R i v e r  a r ea  were mon- 
i t o r e d  c o n t i n u o u s l y  b y  EGhG f o r  p o s s i b l e  i n t e r f e r e n c e  p r e s -  
s u r e  d a t a .  

Y 
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Downhole p r e s s u r e  ( a n d  t e m p e r a t u r e )  i n s t r u m e n t a t i o n  was 
u t i l i z e d  d u r i n g  t h e  f l o N  tes ts  t o  o b t a i n  t h e  t r a n s i e n t  p r e s -  
sure  drawdown and b u i l d u p  r e s p o n s e .  I n  :nost i n s t a n c s s ,  t h e  
d o w n h o l e  p r e s s u r e  e q u i p m e n t  was a q u a r t z  c r y s t a l  p r e s s u r e  
g a u g e  p r o v i d e d  b y  e i t h e r  EG&G 3r Lawrence  B e r k e l e y  Labora- 
t o r y  (LBL). However ,  s e v e r a l  i n s t r u m e n t  f a i l u r e s  occurred 
d u r i n g  t hese  t e s t s .  I n  t h e  c a s e  of t h e  S e p t e m b e r  1 9 7 3  flow 
t e s t  of  Well R R G P - 4 ,  a c o n v e n t i o n a l  A a e r a d a  t y p e  d o w n h o l e  
p r e s s u r e  g a u g e  w 3 s  used t o  o b t a i n  t h e  p r e s s u r e  b u i l d u p  d a t a .  
Downhole t e m p e r a t u r e  neasureinents Mere o b t a i n e d  t o  a i d  i n  
t h e  a n a l y s i s  o f  t h e  pressure  d a t a ,  wh ich  c a n  be s i g n i f i -  
c a n t l y  a f f e c t e d  b y  a c h a n g e  i n  t h e  f l u i d  t e n p e r a t u r e ,  and  t o  
d o c u m e n t  t h e  f l o w i n g  t e m p e r a t u r e  of  t h e  we l l .  

F l u i d  s a m p l e s  wq-e t a k e n  p e r i o d i c a l l y  d u r i n g  a l l  p o s t -  
s t i m u l a t i o n  flow t e s t s .  T h e s e  s a . n p l e s  were a n a l y z e d  fo r  
f r a c t u r e  f l u i d  and t r a c e r  t n a t e r i a l  r e t u r n s  b y  Vetter 
R e s e a r c h .  Also, ths  U.S.  G e o l o g i c a l  S u r v e y  r a n  b o r e h o l e  

0 t e l e v i e w e r  s u r v e y s  i n  ,12ch of  t h e  wel l s  t o  d e t e r m i n e  t h e  
e x t e n t  o f  t h e  newly  c rea ted  v e r t i c a l  f r a c t u r e  a t  t h e  
wellbore.  

TEST RESULTS AND ANALYSIS 

0 T h e  p r e s s u r e  t e s t i n g  df t h e  Wells RRGP-4 a n d  RRGP-5 
u n d e r  t h e  CRWSP w i l l  b e  d i s c u s s e d  i n  c h r o n o l o g i c a l  o rde r .  
The  p r e s s u r e  d a t a  were a n a l y z e d  u s i n g  c o n v e n t i o n a l  p r e s s u r e  
a n a l y s i s  t e c h n i q u e s ,  t y p e  curve ( l o g - l o g )  m a t c h i n g  t e c h -  
n i q u e s ,  and  n i l t n e r i c a l  s i m u l a t i o n  m e t h o d s .  

1 .  RRCP-4 0, - -- 

W 

W e l l  RRGP-4 was s t i m u l a t e d  w i t h  a d e n d r i t i c  h y d r a u l i c  
f r a c t u r e  t r e a t m e n t  i n  A u g u s t  1973 .  A 2 0 - h o u r  flow t e s t  was 
r u n  o n  Augus t  25-26, 1979.  The flow r a t e  d e c l i n e d  froin an  
i n i t i a l  250 gpin t o  a b o u t  6.3 gpm; hoWzver, a t  t h a t  p o i n t  
t w o - p h a s e  flow b e g a n  t o  o c c u r  a t  t h e  o r i f i c e  meter u s e d  t o  
m e a s u r e  t h e  f low r a t e .  T h e  t e s t  was t e r n i n a t e d  and p l a n s  
were made t o  re- tes t  t h e  w e l l  f o r  a l o n g e r  pe r iod  w i t h  
i m p r o v e d  flow c o n t r o l  e q u i p m e n t .  A b o r e h o l e  t e l e v i e w e r  sur- 

. v e y  c o n f i r m e d  t h e  e x i s t e n c e  of a 203 foot v e r t i c a l  f r a c t u r e  
c rea ted  b y  t h e  s t i m u l a t i o n  t rea tment .  T h e  f r a c t u r e  was 
o r i e n t e d  i n  a n  e a s t - n e s t  d i r e c t i o n  w h i c h  would p a r a l l e l  t h e  
Narrows F a u l t .  

W 

W 

Y 

The  S e p t e m b e r  1973 p r o d u c t i o n  t e s t  of  Well RRGP-4 was  
s i m i l a r  t o  t h e  f i r s t  t e s t  i n  flow r a t e s  and t h e  r a p i d  
d o w n h o l e  p r e s s u r e  r e s p o n s e .  F i g u r e  2 g i v e s  t h e  p r o d u c t i o n  
d a t a  an3 F i g u r e s  3 t h r o u g h  5 show t h e  p r e s s u r e  d a t a  p l o t s .  
The  d o w n h o l e  i n s t r u m e n t a t i o n  f a i l e d  about  8 h o u r s  i n t o  t h e  
drawdown p h a s e .  The t e s t  c o n t i n u e d  u n t i l  S e p t e m b e r  1 2 ,  
19’73, a t  which  p o i n t  Amerada t y p e  d o w n h o l e  p r e s s u r e  and tem- 
p e r a t u r e  i n s t r u m e n t s  were u t i l i z e d  t o  o b t a i n  t h e  r e s e r v o i r  
b u i l d u p  d a t a  g i v e n  i n  F i g u r e  3 .  The well  was flowed a t  a 
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r a t e  of about  63 gprn f o r  1 5 0  h o u r s  be fo re  s h u t - i n .  T h e  
f r a c t u r e  flow e f f e c t s  a r e  i n d i c a t e d  t o  l a s t  about 6 h o u r s  b y  
t h e  e a r l y - t i m e  p r e s s u r e  versus s q u a r e  r o o t  o f  time p l o t  i n  
F i g u r e  6 .  The  b o t t o t n - h o l e  p r e s s u r e  a p p a r e n t l y  r e a c h z d  t h e  
i n i t i a l  r e s e r v o i r  p r e s s u r e  a f t e r  a p p r o x i m a t e l y  1 5  h o u r s  of  
b u i l d u p  time. The d a t a  show a v e r y  f l a t  p r e s s u r e  c u r v e  from 
15 h o u r s  t o  4 7  hoars .  T h e  s i g n i f i c a n c e  of t h i s  is  d i s c u s s e d  
l a t e r .  The c o n v e n t i o n a l  f r a c t u r e  t y p e  c u r v e  a n a l y s i s  ( log-  
l o g  p l o t )  y i e l d s  a f r a c t u r e  l e n g t h  o f  a p p r o x i m a t e l y  335 f e e t  
and  a p e r m e a b i l i t y - t h i c k n e s s  ( k h )  of 800 m d - f t .  The H o r n e r  
p l o t  i n d i c a t e d  t h e  p r e s e n c e  o f  two s t r a i g h t  l i n e  s e g m e n t s ,  
one e a r l y - t i m e  ( less  t h a n  15 h o u r s )  and o n e  l a t e - t ime  
( g r e a t e r  t h a n  15  h o u r s )  s e g m e n t .  These two d a t a  s e g m e n t s  
g i v e  kh v a l u e s  o f  1070 rnd-ft  and '35,000 m d - f t ,  r e s p e c t i v e l y ,  
and  s u g g e s t  t h e  p o s s i b i l i t y  o f  more t h a n  o n e  p e r n e a b l e  z o n e  
n e a r  t h e  wellbore.  Also a n e g a t i v e  s k i n  f a c t o r  (-5.0) i n d i -  
c a t e s  a s t i m u l a t e d  z o n e  c lose  t o  t h e  we l lbo re .  T h i s  is 
f u r t h e r  c o n f i r m e d  by  t h z  fact; t h a t  t h e  b u i l d u p  c u r v e  
a p p r o a c h - ? s  t h e  H o r n e r  s t r a i g h t  l i n e  f rom a b o v e .  T a b l e  I 
suinnarizes t h e  c a l c u l a t i o n s  o f  reservoi r  p r o p e r t i e s  d e r i v e d  
from t h i s  t e s t .  Wellbore t e m p e r a t u r e  c h a n g e s  were smal l  
d u r i n g  t h e  r e s e r v o i r  b u i l d u p  p e r i o d  and d i d  n o t  s i g n i f i -  
c a n t l y  a f f e c t  t he  p r e s s u r e  d a t a .  

The  naximum b o t t o m - h o l e  t e m p e r a t u r e  recorded d u r i n g  t h e  
S e p t e m b e r  1979  f low tes 'c  was 270 degrees F. T h i s  t e m p e r a -  
t u r e  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  p a s t  m e a s u r e m e n t s  h a v e  
shown ,  i . e . ,  a b o u t  241) d e g r e e s  'I: before s t i m u l a t i o n .  T h i s  
f a c t  s u g g e s t s  t h a t  t h e  n e w  a r t i f i c i a l  f r a c t u r e  is p r o d u c i n g  
f l u i d  from a d e e p  r e se rvo i r  z o n e  n o t  o p e n  i n  t h e  o r i g i n a l  
h o l e .  

- 2. - RRCP-5 

Well R R G P - 5  was s t i m u l a t e d  o n  November 1 2 ,  1979 .  T h e  
p o s t - s t i m u l a t i o n  p r o d u c t i o n  t e s t  was performed d u r i n g  
November 25-26, 1979 a f t e r  t h e  well  had b e e n  p r o d u c e d  
s e v e r a l  t imes t o  c l e a n  o u t  s a n d .  F i g u r e  7 i l l u s t r a t e s  t h e  
p r o d u c t i o n  d a t a  o b t a i n e d  d u r i n g  t h ?  6 h o u r  flow p e r i o d .  'The 
w e l l h e a d  and downho le  p r e s s u r c  and t e m p e r a t u r e  c o n d i t i o n s  
s t a b i l i z e d  v e r y  r a p i d l y  ( a b o u t  2 m i n u t e s ) .  An a v e r a g e  flow 
r a t e  of a b o u t  209 gpm was m a i n t a i n e d  w i t h  a wellhead p r e s -  
s u r e  of a b o u t  30 p s i a .  The  p r e s s u r e  drawdown of 103 p s i  was 
e x t r e m e l y  r a p i d  ( l e s s  t h a n  1 m i n u t e )  and no  e a r l y - t i m e  d a t a  
were o b t a i n e d .  A p l o t  o f  t h e  p r e s s u r e  b u i l d u p  d a t a  v e r s u s  I 

s q u a r e '  roo t  o f  t ime, shown i n  F i g u r e  3 ,  i n d i c a t e s  t h e  frac- 
t u r e  flow e f f e c t  n e a r  t h e  ye l lbo re  pers i s t s  f o r  o n l y  a b o u t  
38 s e c o n d s .  T h i s  s h o r t  l i n e a r  f low p e r i o d  and t h e  r e s u l t i n g  
c a l c u l a t e d  f r a c t u r e  length v a l u e  i s  so s m a l l  t h a t  no s i n g l e  
, f r a c t u r e  flow e x i s t s .  T h e  H o r n e r  p l o t  and t y p e  c u r v e  p l o t  
o f  t h e  p r e s s u r e  d a t a ,  i n  F i g u r e s  9 and  10, show only a s h o r t  
t r a n s i t i o n  p h a s e  between t h e  f r a c t u r e  d o m i n a t e d  p e r i o d  and 
t h e  l a t e - t ime  c o n s t a n t  p r e s s u r e  p e r i o d .  The  r e s u l t s  i n d i -  
c a t e  a h i g h e r  t r a n s m i s s i v i t y  t h a n  was f o u n d  i n  RRCP-4.  

Y 
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E s t i m a t e s  of t h e  l a t e - t i m e  f o r m a t i o n  kh a r e  l a r g e ,  i . e . ,  
g r e a t e r  t h a n  100,000 m d - f t .  

T h u s ,  t h e  h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n  t r e a t m s n t  may 
h a v e  r e o p e n e d  e x i s t i n g  n a t u r a l  f r a c t u r e s  n e a r  t h e  x e l l b o r e  
a n d l o r  i n t e r s e c t e d  l e g  A which d i s s i p a t e d  t h e  i n j e c t e d  f r a c  
f l u i d  and e n e r g y .  The  borehole  televiewer s u r v e y  d i d  i n d i -  
c a t e  a n e w l y  c r ea t ed  v e r t i c a l  f r a c t u r e  a t  t h e  wellbore of 
a b o u t  140 f e e t  i n  l e n g t h  and o r i e n t e d  i n  a n o r t h e a s t -  

. s o u t h w e s t  d i r e c t i o n  wh ich  i s  p a r a l l e l  t o  t h e  Br idge  F a u l t .  
These r e o p e n e d  n a t u r a l  f r a c t u r e s  d i d  n o t  s i g n i f i c a n t l y  
a f f e c t  t h e  a l r e a d y  h i g h  p e r m e a b i l i t y  o f  t h i s  f r a c t u r e d  z o n e .  
The H o r n e r  a n a l y s i s  i n d i c a t e d  a v e r y  l a r g e  p o s i t i v e  s k i n  
f a c t o r ;  however, t h i s  s k i n  f a c t o r  is n o t  d u e  t o  a n y  forma-  
t i o n  d a n a g e  b u t  t o  t h e  l i m i t e d  e n t r y  n a t u r e  o f  t h e  comple-  
t i o n .  A l i m i t e d  e n t r y ,  t h e o r e t i c a l  s k i n  e f f e c t  c a l c u l a t i o n  

y i e l d s  a s k i n  f a c t o r  of  t h e  sane order  o f  m a g n i t u d e .  

The maximum f l o w i n g  b o t t o m - h o l e  t e m p e r a t u r e  was meas- 
u r e d  a t  264 degrees  F a t  t h e  shoe o f  t h e  ' ? - inch  l i n P r .  F i g -  
u r e  11 i l l u s t r a t e s  t h r e e  s e p a r a t e  t e m p e r a t u r e  s u r v e y s  !nade 
i n  Well RHCP-5. 

I n  March 1930, 'dell  RRGP-5 g a s  f low t e s t e d  a g a i n  u s i n g  
a d o w n h o l e  s u b m e r s i b l e  pump. T h e  maximum r a t e  o b t a i n e d  d u r -  
i n g  t h i s  t e s t  was 553 gpm. The  p r o d u c t i v i t y  i n d e x  o b t a i n e d  
from t h e  a r t e s i a n  flow t e s t  (2  g p m / p s i )  is i n  close a g r e e -  
men t  w i t h  t h e  v a l u e s  o b s e r v e d  d u r i n g  t h i s  pumped flow t e s t .  
T a b l e  2 s u m m a r i z e s  t h e  r e s e r v o i r  p r o p e r t y  c a l c u l a t i o n s  
d e r i v e d  from t h e s e  tests.  

P r e s s u r e  I n t e r f e r e n c e  - Data 

The d e e p  e x p l o r a t i o n  wells and sha l low water we l l s  i n  
t h e  a r e a  were m o n i t o r e d  f o r  wel lhead  p r e s s u r e  c h a n g e s  d u r i n g  
b o t h  s t i m u l a t i o n  t r e a t m e n t s  and s u b s e q u e n t  p r o d u c t i o n  tests.  
No i n t e r f e r e n c e  was i n d i c a t e d  d u r i n g  t h e  RRGP-4 f r a c t u r e  j o b  
o r  i t s  two p r o d u c t i o n  tes ts ;  h o w e v e r ,  t h e  RRGP-5 f r a c t u r e  
t r e a t m e n t  a p p a r e n t l y  d i d  c a u s e  a p r e s s u r e  s p i k e  a t  RRGE-1 
d u r i n g  t h e - i n j e c t i o n  of t h e  f r a c  , n a t e r i a l s .  The  f i r s t  flow 
t e s t s  of RRGP-5 d i d  not cause a n y  p r e s s u r e  c h a n g e s  a t  t h e  
o b s e r v a t i o n  wel ls  

R e s e r v o i r  Model 

Bo th  Wells RRGP-4 a n d  RRGP-5 show r e m a r k a b l y  s i m i l a r  
p r e s s u r e  r e s p o n s e  f o l l o w i n g  t h e  f r ac tu re  t r e a t m e n t s .  ' d e l l  

. RRCP-4 i s  a p p a r e n t l y  i n  a l e s s  f r a c t u r e d ,  t i g h t e r  a rea  of 
t h e  reservoir compared t o  a l l  t h e  o t h e r  p r o d u c t i o n  wells. 
The  t r a n s i e n t  p r e s s u r e  d a t a  i n d i c a t e  t h r e e  d i s t i n c t  f low 
r e s p o n s e  pe r iods :  
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(1  ) f r a c t u r e  flow ( 2 ) e a r l y - t i m e  low e f f e c t i v e  kh f low 
( n e a r  wel lbore) ;  and  ( 3 ) l a t e - t i m e  h i g h  e f f e c t i v e  kh 
flow (some d i s t a n c e  f rom we l lbo re ) .  

T h e  l a t e - t i m e  p r e s s u r e  resul ts  s u g g e s t  t h e  p r e s e n c e  of 
a c o n s t a n t  p r e s s u r e  b o u n d a r y .  I t  is  p o s s i b l e  t o  s a t i s f y  t h e  
observed p r e s s u r e  r e s u l t s  o f  b o t h  w e l l s  w i t h  two t y p e s  o f  
r e s e r v o i r in od e 1 s : uls, 

1 .  A f r a c t u r e d  r e se rvo i r  w i t h  low t r a n s i n i s s i v i t y  n e a r  
t h e  wellbore and a cons tan t  p r e s s u r e  b o u n d a r y  ( o r  v e r y  h i g h  
t r a n s m i s s i v i t y  a r ea  some r e l a t i v e l y  s h o r t  d i s t a n c e  from t h e  

0 wellbore)  or  

2 .  A reservoir w i t h  h i g h  e f f e c t i v e  t r a n s m i s s i v i t y  b u t  
w i t h  a l a r g e  s k i n  a t  t h e  wellbore.  

w 

T h e  s e c o n d  model docs  n o t  c o n f o r m  t o  t h e  known reser- 
v o i r  p h y s i c a l  c h a r a c t e r i s t i c s  a n d ,  t h e r e f o r e  was n o t  con-  
s i d e r e d  a v a l i d  model. N u m e r i c a l  s i m u l a t i o n s  were p e r f o r m e d  
u s i n g  t h e  f r ac tu red  r e s e r v o i r  model t o  c o n f i r m  t h e  f i r s t  
h y p o t h e s i s .  I t  was p o s s i b l e  t o  r e p r o d u c e  t h e  p r e s s u r e  t r a n -  
s i e n t  d a t a  for  b o t h  RRGP-4 a n d  RRCP-5 w i t h  e s s e n t i a l l y  t h e  
same model (RRGP-4 was  g i v e n  a lower n e a r - w e l l b o r e  t r a n s m i s -  
s i v i t y ) . ’  The  s i n g l e  l a y c r  model c o n s i s t e d  o f  a v e r t i c a l  ,‘ 

f r a c t u r e  t h r o u g h  t h e  Insellbore, a r e l a t i v e l y  low t r a n s m i s -  
s i v i t y  n e a r  the wel lbore ,  and a c o n s t a n t  p r e s s u r e  b o u n d a r y  
l o c a t e d  a l o n g  o n e  s h o r t  s i d e  of a two-to-one r e c t a n g u l a r  
d r a i n a g e  a r ea .  F i g u r e  1 2  i l l u s t r a t e s  t h ?  model g e o m e t r y .  
O b v i o u s l y ,  t h e  n u m e r i c a l  s i m u l a t i o n  a p p r o a c h  does n o t  y i e l d  
a u n i q u e  s o l u t i o n  t o  t h e  t r a n s i e n t  r e s e r v o i r  p r e s s u r e  
response, b u t  i t  does p r o v i d e  a c o n f i r t n a t i o n  o f  t h e  conven-  
t i o n a l  and t y p e  curve p r e s s u r e  s n a l y s i s  r e su l t s .  T a b l e s  3 
a n d  4 summarize t h e  p r e -  and  p o s t - s t i m u l a t i o n  we l l  c h a r a c -  
terist ics.  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  well d i s t a n c e  from 
t h e  known or  s u s p e c t e d  f a u l t s  i n  t h e  Raf t  River a rea  a r e  
c l o s e  t o  t h e  d i s t a n c e  i n d i c a t e d  i n  t h e  r e s e r v o i r  model c a l -  
c u l a t i o n s  f o r  t h e  c o n s t a n t  p r e s s u r e  b o u n d a r y .  The  r e s u l t s  
d i s c u s s e d  h e r e i n  s u g g e s t  t h a t  t h e  n a t u r a l l y  f r a c t u r e d  rock 
f o r m a t i o n ,  a t  some d i s t a n c e  from a f a u l t ,  i s  n o t  s u f f i -  
c i e n t l y  p e r m e a b l e  t o  s u p p o r t  a h i g h  p r o d u c t i v i t y  we l l .  
Also,  h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n  d o e s  n o t  a p p e a r  t o  be 
a n  e c o n o m i c  a l t e r n a t i v e  t o  r e c o m p l e t i o n  of  a well s i n c e  t h e  
r i s k  of  n o t  c o m m u n i c a t i n g  e f f e c t i v e l y  w i t h  t h e  h i g h  
t r a n s m i s s i v i t y  zones is g r e a t .  

Y 
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V C h e m i c a l  A s p e c t s  - of F i e l d  E x p e r i m e n t s  

1 .  RRGP-4 - -- 
I n  a d d i t i o n  t o  tkie c o n v e n t i o n a l  c h e i n i c a l  a n a l y s e s ,  

s e v e r a l  a n a l y t i c a l  n e t h o d s  were d e v e l o p e d  and a p p l i e d  b y  
Vet ter  R e s e a r c h  t o  t h e  c h a r a c t e r i z a t i o n  o f  t h e  p r o d u c e d  
f l u i d s  from p o s t - s t i m u l a t i o n  flow t e s t s  a t  RRCP-4. T h e s e  
m e t h o d s  i n c l u d e d  t o t a l  o r g a n i c  c a r b o n  and c a r b o n a t e  
a n a l y s i s .  U e l l b o r e  and n e a r - w a l l b o r e  c o o l i n g  was i n d i c a t e d  
b y  t h z  l a c k  o’f p o l y m e r  d e g r a d a t i o n  i n  s a m p l e s  c o l l e c t e d  d u r -  
i n g  t h e  c l e a n - u p  flow p e r i o d  c o n d u c t e d  soon a f t e r  t h e  f r a c -  
t u re  t r e a t m e n t  had b e e n  c o i n p l e t e d .  S i g n i f i c a n t  p o l y m e r  
d e g r a d a t i o n  was o b s z r v e d  d u r i n g  t h e  two p r o d u c t i o n  t e s t s ,  
b u t  t h e  p r o d u c t s  o f  d e g r a d a t i o n  a p p e a r  t o  b e  water s o l u b l e  
and  were o b s e r v e d  i n  t h e  p r o d u c e d  f l u i d .  O f  t h e  f r a c  p o l y -  
mer i n j e c t e d ,  o n l y  45 p e r c e n t  c a n  b e  a c c o u n t e d  fo r  w i t h  cer- 
t a i n t y  ( s e e  F i g u r e  1 3 ) .  Some o f  t h e  f r a c  m a t e r i a l  a s  well 
a s  w a t e r  s o l u b l e  d e g r a d a t i o n  p r o d u c t s  were s t i l l  b e i n g  p ro -  
d u c e d  b a c k  when t h e  f low tes ts  were t e r m i n a t e d .  

0 

0 

0 
2. RRGP-5 - -- 

S i m i l a r  a n a l y t i c a l  m e t h o d s  ‘rlhre u t i l i z e d  t o  c h a r a c t e r -  
i z e  t h e  f l u i d s  p r o d u c e d  from p o s t - s t i n i u l a t i o n  flow a t  RRGP- 
5. I n  a d d i t i o n ,  a c h e m i c a l  t r a c e r  ( a a m o n i u a  n i t r a t e ) ,  wh ich  
was c o - i n j e c t e d  w i t h  t h e  frat f l u i d ,  was a n a l y z e d  f o r  d u r i n g  
t h e  flow tests. Based upon a l l  t h e  c h e m i c a l  work ,  i t  
a p p e a r s  t h a t  a m a j o r  p o r t i o n  af t h e  f r a c  f l u i d  e n t e r e d  a 
c o l d  zone of l i m i t e d  p r o d u c t i v i t y ,  T h i s  c o n c l u s i o n  i s  b a s e d  
on two f a c t s :  ( 1 )  t h e r e  was l i t t l e  t h e r m a l  d e g r a d a t i o n  of 
t h e  p o l y m e r  a f t e r  a one-month  p e r i o d  i n  t h e  r e s e r v o i r ;  a n d  
( 2 )  less t h a n  50 p e r c e n t  o f  e i t h e r  p o l y n e r  o r  t r a c e r  was 
p r o d u c e d  b a c k  e v e n  a f t e r  a c u m u l a t i v e  vo lume  of 2.5 times 
the i n j e c t e d  v o l u m e  had b e e n  p r o d u c e d  from t h e  wel l .  The 
a n a l y t i c a l  r esu l t s  a r e  i l l u s t r a t e d  i s  F i g u r e s  14 a n d  1 5 .  
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0 
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W 

W 

co I4 c L u s ION 

Well RRCP-4 Mas s u c c e s s f u l l y  s t i m u l a t e d  u s i n g  t h e .  den -  
d r i t i c  f r a c t u r e  t r e a t m e n t  m e t h o d .  The p r o d u c t i v i t y  i n d e x  
was i n c r e a s e d  from e s s e n t i a l l y  zero t o  0.6 g p m / p s i  and t h 3  
p r o d u c e d  f l u i d  t e i n p e r a t u r e  i n c r e a s e d  a p p r o x i m a t e l y  20 
d e g r e e s  F. 

Well RRCP-5 was s u c c e s s f u l l y  s t i m u l a t e d  u s i n g  a conven- 
t i o n a l  m a s s i v e  h y d r a u l i c  f r a c t u r e  t r e a t m e n t  t e c h n i q u e ;  how- 
e v e r ,  t h e  a r t i f i c i a l l y  c r e a t e d  f r a c t u r e  p r o b a b l y  i n t e r s e c t e d  
e x i s t i n g  n a t u r a l  f r ac tu re s  n e a r  t h s  w c l l b o r e  a n d / o r  i n t e r -  
s e c t e d  l e g  A. No s i g n i f i c a n t  i nc rease  i n  p r o d u c t i v i t y  was 
a c h i e v e d .  The  p o s t - s t i m u l a t i o n  P I  w a s  2.0 g p m l p s i .  

W i t h  t h e  e x c e p t i o n  of low m a t e r i a l  r e t u r n  i n  b o t h  f i e l d  
e x p e r i m e n t s ,  t h e r e  were no s t r i k i n g  s i m i l a r i t i e s  b e t w e e n  t h e  
c h e m i c a l  b e h a v i o r  o f  t h e  p o s t - s t i n u l a t i o n  f l u i d s  p r o d u c e d  a t  

e 

Y 
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RRGP-4 and RRGP-5. T h e  f r a c  f l u i d  i n j e c t e d  a t  HRGP-4 
e n t e r e d  a h o t t e r  zone t h a n  a t  RRSP-5. While t h e  t e m p e r a t u r e  
a t  t!ie t o p  o f  t h e  p r o d u c i n g  i ' n t e r v a l  i n  RRGP-4 i s  s l i g h t l y  
warmer t h a n  i n  RRGP-5 ( i . e . ,  270 degrees  F. v s .  264 degrees 
F.  r e s p e c t i v e l y ) ,  t h i s  t e n p e r a t u r c  d i f f e r e n c e  is  n o t  l a r g e  
e n o u g h  t o  a c c o u n t  fo r  the  e x c e n s i v e  d i f f e r e n c e s  i n  poly!ner  
d e g r a d a t i o n  t h a t  were observed.  
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R EF E RE N C ES 

1 K i e l ,  O t h a r ,  Kie l  F r a c t u r i n g  Process,  
U.S. P a t e n t  No. 3,933,205 

2 U n p u b l i s h e d  d a t a  r e p o r t s  on t h e  R a f t  River P r o j e c t ,  
p r e p a r e d  by  EC.%C, 1979. 
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TA’3LE 1 

RAFT R I V E R  R8GP-q 

TEST 2 - SEPTEYBER 6-14 ,  197’3 

Flow Rate = 53 &pin 

Produc t ion  Tin12 = 150 h r s  

Maxiinurn Bottom-!4ole Temperature = 273 degrees  F. 

BUILDUP DATA 

A .  FRACTURE TYPE C U f i V E  RNALYSIS: 

L = 335 f t  

K H  = SO0 m d - f t  

B. HORNER PLOT AN4LYSIS: 

Kti  = 1,0‘/0 md-ft ( E a r l y  T i m e )  

K H  = 35,000 md-ft ( L a t e  Tirut?) ( 1  1 

s = 6.0 

( 1 )  S o n s t a n t  Pressure Boundary E f f e c t  
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bi 
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TdSLS 2 

RAFT R I V E R  RRSP -4 

u 

v 

TEST 1 - NSVEASEEI 25-25, 1373 

Flow R q L c  = 290 gp11 

Pro;lucr;ion T i lne  = 5 :Irs 

Xaximurn Bottoin-F13le T e : i i p e r a t u r e  - 2G4 d e g r e e s  F. 

w 

A .  H O R N Z R  PLqT ANALYSIS:(l) 

K H  > lOr3,009 mJ-ft ( L a t e  T ine )  ( 2 )  
Y 

TEST 2 - EG&G: USIHS DOXr:JF13LS RED4 PUHP ( X a r c h  1 9 9 3 )  

Flow R a t e  z 659 g p a  

P r o d u c t i o n  T i m e  = 61.3 nrs 

P r o d u c t i v i t y  I n d e x  = 2.05 gprn/psi 

Haxitliuin T e , u p e r a t u r e  = 257 di.3recs F. (Wellhead) 
Y 

W 

( 1  No t r a n s i t i o n  or  s t e a d y - s t a t e  d a t a  b e f o r e  constant 
pressure b o u n d a r y  e f f e c t s  

( 2 )  Constant p r e s s u r e  b o u n d a r y  e f f e c t  
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TAEILE 3 

RAFT R I V E R  R R G P  -4 

, 

V 
I 

PRE-STIHULATION $ELL C O N D I T I O ? ? :  

Open-hole I n t e r v a l  3526 f t  - 5115 f t  

Maximam 3otto:n-hole Temperature = 254 degrees  F.  
from geophysical  logs 

Flow R d L t  = J e l l  Woald Not S u s t a i n  Flow 

Natural  F r a c t u r e s  i n  Wellbore 

POST-STIMUL4TION WELL C O N D I T I O N :  

Open-hole I n t e r v a l  4705 f t  - 49’33 f t  

V e r t i c a l  F r a c t u r e  i n  Wellbore (230  f t  h e i g h t )  

Flow Rate = 60 gp:n ( a r t e s i a n )  

Maximum Bottom-hole Temperature = 270 degrees  F. 
a t  3200 f t ’  

F r a c t u r e  E f f e c t s  S h w  L = 335 f t  

Near Wellbore E f f e c t i v e  KH = 890-1,003 md-f t  

Con st a n t  Pres sur t? Bo und a r  y 
w i t h  Yigh E f f e c t i v e  K t l  > 133,000 md-ft 

Communicates w i t h  n a t u r a l  f r a c t u r e s  o r  m a t r i x  per- 
m e a b i l i t y  i n  a r e a .  Did not communicate e f f ec -  
t i v e l y  w i t h  :najor source o f  r e s e r v o i r  f l u i d s  
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TABLE 4 W 
Y 

RAFT RIVER RRSP-5 

* 
P R E -S T I :4 U L A TI 0 N iJ E LL C ON 13 I T I i) N : 

Open-hole I n t e r v a l  3403  f t  - 4923 f t  

Maximwn Botton-hole Temperature = 2-74 degrees F. 

Flow Hate = 1 4 3  gpm ( a r t e s i a n )  

Near 'del lbore Cement Dari;a&e 

Natural  F r a c t u r e s  i n  Wellbore 

Y 

W 

POST-STIMULATION 'AELL SONDITION: y3 

Open-hole In te rga l .  453'7 f t  - US03 f t  

Maxirnum Bottom-hole Tenpcrature  = 264 dsg rees  F .  
a t  4,G03 ft 

Flow Rate = 203 gpm ( a r t e s i a n )  
0 

ea 

Y 

W 

Near Xcl lbore Effective K H  > l i ) O , O O 3  m d - f t  with 
Limited E n t r y  

Coastant  Pressure  3ouiidary with 

V e r t i c a l  F r a c t u r e  in Yellbore ( 1 0 3  f t  height;) 

Communicates w i t h  n a t u r a l  f r a c t u r e s  o r  m a t r i x  pe r -  
m e a b i l i t y  i n  a r e a .  Did  not communicate e f f e c -  
t i v e l y  w i t h  inzjor sOtlrce of r e s c r v o i r  f l u i d s  

Appears t o  have  l i m i t e d  p rcs su re  communication 

High E f f e c t i v e  K i i  > 103,009 nil-ft 

w i t h  RRGE-1 
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FIGURE 7 

RRGP -5 PRODUCTION DATA 
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RRGP 5 
TEMPERATURE SURVEYS 

RAFT RIVER, IDAHO w 
W 

0 

W 

2 Y 

E 
0 
W 

0 

n 

W 

U 

w 



Y 

W 

w 

FIGURE 12 

RESERVOIR SIMULATION *A 

VERTICAL 
FRACTURE 
IN WELL BORE 
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FIGURE 13 

TOTAL ORGANIC CARBON- AND CARBOHYDRATE 

CONCENTRATION OF RRGP-4 PRODUCED FLUID 
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FIGURE 14- 

AMMONIUM AND NITRATE TRACER 

CONCENTRATION IN RRGP-5 PRODUCED FLUID 
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TOTAL ORGANIC CARBON AND CARBOHYDRATE 

CONCENTRATION OF RRGP--5 PRODUCED FLUID 
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