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AB STR ACT 

I n j e c t i o n  t e s t s  a re  commonly performed i n  geothermal w e l l s  t o  o b t a i n  

r e s e r v o i r  and w e l l  parameter data. Most o f  t h e  t e s t s  a re  analyzed assuming 

t h a t  e i t h e r  t h e  i n j e c t e d  f l u i d  i s  the  same temperature as t h e  r e s e r v o i r  f l u i d  

or  t h a t  a s t a t i o n a r y  boundary separates t h e  r e s e r v o i r  reg ions  o f  d i f f e r e n t  

f l u i d  p roper t i es .  I n  genera l ,  n e i t h e r  o f  these assumptions are approp r ia te  

f o r  t h e  a n a l y s i s  o f  nonisothermal  i n j e c t i o n  t e s t s .  Pressure t r a n s i e n t s  i n  

response t o  nonisothermal  i n j e c t i o n  a r e  c o n t r o l l e d ,  t o  a g rea t  ex ten t  by t h e  

temperature-dependent f l u i d  p roper t i es ,  v i s c o s i t y  and dens i ty .  I n  t h i s  study, 

numer i ca l l y  s imu la ted  pressure t r a n s i e n t s  d u r i n g  i n j e c t i o n  and f a l l o f f  t e s t s  

a re  analyzed t o  develop methods f o r  o b t a i n i n g  t h e  c o r r e c t  pe rmeab i l i t y - th i ck -  

ness o f  t h e  r e s e r v o i r  and t h e  s k i n  f a c t o r  f o r  t h e  we l l .  

The r e s u l t s  show t h a t  t o  c o r r e c t l y  analyze pressure t r a n s i e n t s  governed 

by a moving thermal  f r o n t ,  t h e  va lues used f o r  t h e  f l u i d  p r o p e r t i e s  must 

correspond t o  t h e  temperature o f  t h e  i n j e c t e d  f l u i d .  On t h e  o the r  hand, 

fo r  pressure f a l l o f f  t e s t s  and f o r  i n j e c t i o n  t e s t s  conducted i n  a w e l l  

cooled by prev ious  i n j e c t i o n  o r  d r i l l i n g ,  t h e  p h y s i c a l  p r o p e r t i e s  o f  t he  

i n  s i t u  r e s e r v o i r  f l u i d s  must be used. I t  i s  a l s o  shown t h a t  t h e  a p p l i c a t i o n  

of convent iona l  i so thermal  methods fo r  c a l c u l a t i n g  skin values from i n j e c t i o n  

and f a l l o f f  da ta  w i l l  g i v e  erroneous r e s u l t s .  A new method i s  presented f o r  

c a l c u l a t i n g  s k i n  va lues from i n j e c t i o n  and f a l l o f f  da ta  t h a t  accu ra te l y  

c o r r e c t s  f o r  nonisothermal  e f fects .  A number o f  d e t a i l e d  examples are  g i ven  

t h a t  i l l u s t r a t e  t h e  suggested method o f  ana lys is .  The technique i s  app l i ed  

t o  t h e  a n a l y s i s  o f  i n j e c t i o n  t e s t  da ta  from a w e l l  l oca ted  i n  t h e  East Mesa 

geothermal f i e l d  i n  southern C a l i f o r n i a .  
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INTRODUCTION 

I n j e c t i o n  t e s t s  i n  geothermal w e l l s  a re  commonly performed f o r  t h r e e  

s p e c i f i c  purposes: 

r e s e r v o i r  t r a n s m i s s i v i t y  and s k i n  f a c t o r  o f  t h e  w e l l  can be ca l cu la ted ,  (2 )  

t o  s t i m u l a t e  n a t u r a l l y  f r a c t u r e d  geothermal we l l s ,  and (3 )  t o  determine t h e  

cause o f  r e i n j e c t i o n  problems. Usua l ly ,  t h e  temperature o f  t h e  i n j e c t e d  

f l u i d  i s  d i f f e r e n t  from t h a t  o f  t h e  i n  s i t u  r e s e r v o i r  f l u i d .  I n  order  t o  

i n t e r p r e t  t h e  pressure t r a n s i e n t  da ta  c o r r e c t l y  from any o f  these t e s t s ,  t h e  

e f f e c t  o f  nonisothermal  r e s e r v o i r  c o n d i t i o n s  must be understood. For t h e  

i n t e r p r e t a t i o n  o f  w e l l  t e s t  data, t h e  two most impor tan t  temperature-dependent 

p r o p e r t i e s  o f  water a re  t h e  dynamic v i s c o s i t y  and dens i t y .  

dynamic v i s c o s i t y  and d e n s i t y  o f  water a re  p l o t t e d  as a f u n c t i o n  o f  temperature. 

Between 20°C and 300°C t h e  v i s c o s i t y  changes by an order  o f  magnitude: 

major  change occur ing  between 20°C and 100°C. 

approx imate ly  30% between 20°C and 300°C. 

(1)  t o  o b t a i n  pressure t r a n s i e n t  da ta  from which t h e  

I n  F igu re  1, t h e  

t h e  

The f l u i d  d e n s i t y  decreases by 

Dur ing  nonisothermal  i n j e c t i o n ,  a r a d i a l  t he rma l -d i scon t inu i t y  i s  formed 

around t h e  w e l l .  With increased i n j e c t i o n ,  t h e  d i s tance  t o  t h e  d i s c o n t i n u i t y  

increases.  

t h e  moving thermal  f r o n t  on t h e  pressure  t r a n s i e n t  response must be considered 

t o  c o r r e c t l y  i n t e r p r e t  nonisothermal  i n j e c t i o n  and f a l l o f f  t e s t s .  

Both the  e f f e c t  o f  t h i s  r a d i a l  d i s c o n t i n u i t y  and t h e  e f f e c t s  o f  

Numerous s t u d i e s  have been pub l ished on t h e  ana lys i s  o f  w e l l  t e s t  da ta  

i n  r e s e r v o i r s  with r a d i a l  d i s c o n t i n u i t i e s .  Many o f  these have d e a l t  wi th 

d i s c o n t i n u i t i e s  c rea ted  by water f lood ing ,  steam i n j e c t i o n  o r  i n  s i t u  combus- 

t i o n .  One o f  t h e  e a r l i e s t  papers, authored by Hazebroek e t  d . l ,  presented 

a method f o r  ana lyz ing  pressure f a l l o f f  t e s t s  i n  water i n j e c t i o n  we l ls .  The 
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method i s  based on a t r i a l  and e r r o r  procedure i n  which t h e  l a t e  t ime  pressure 

t r a n s i e n t  da ta  a re  ad jus ted  t o  make them l i n e a r  on a pressure vs. l o g  ( t i m e )  

p l o t .  Using t h i s  procedure, t h e  c o r r e c t  average r e s e r v o i r  pressure, t h e  

pe rmeab i l i t y - th i ckness  o f  t h e  r e s e r v o i r  and t h e  s k i n  f a c t o r  o f  t h e  t h e  w e l l  

can be determined. Several o the r  au thors  have repo r ted  on t h e  development o f  

a n a l y t i c  s o l u t i o n s  o r  approximate a n a l y t i c  s o l u t i o n s  f o r  c a l c u l a t i n g  pressure 

t r a n s i e n t s  i n  composite r e s e r v o i r  systems wi th  a s t a t i o n a r y  boundary separa t ing  

t h e  r e s e r v o i r  reg ions  o f  d i f f e r e n t  f l u i d  or rock  These 

s t u d i e s  show t h a t  two semi-log s t r a i g h t  l i n e s  should be observed, t h e  f i r s t  

corresponding t o  the  rock o r  f l u i d  p r o p e r t i e s  o f  t h e  i n n e r  reg ion,  and t h e  

second one t o  t h e  p r o p e r t i e s  o f  t h e  ou te r  region. 

of  t h e  two r e s e r v o i r  reg ions  can be c a l c u l a t e d  from t h e  s lopes o f  t h e  two 

semi-log s t r a i g h t  l i n e s .  The skin fac to r  for  t h e  w e l l  can be c a l c u l a t e d  w i t h  

conven t iona l  methods from t h e  f i r s t  semi-log s t r a i g h t  l i n e .  The r a d i a l  

d i s tance  t o  t h e  d i s c o n t i n u i t y  can be evaluated from t h e  t ime  a t  which t h e  two 

semi-log s t r a i g h t  l i n e s  i n t e r s e c t .  

s imu la te  t h e  pressure f a l l o f f  i n  systems w i t h  r a d i a l  d i s c o n t i n u i t i e ~ ~ ' ~ .  

These authors have i n v e s t i g a t e d  the e f fec ts  o f  d i f f e r e n t  m o b i l i t y  r a t i o s ,  

s to rage capac i t y  r a t i o s ,  a f t e r f l o w ,  and t h e  presence o f  r e s e r v o i r  boundaries 

on t h e  pressure t r a n s i e n t  data. They show t h a t  un less t h e  s torage capac i t y  i s  

n e a r l y  t h e  sane on bo th  s ides  o f  t h e  d i s c o n t i n u i t y ,  t h e  s lope o f  t h e  second 

semi-log s t r a i g h t  l i n e  can no t  be used t o  c a l c u l a t e  t h e  permeab i l i t y - th ickness  

o f  t h e  ou te r  region. Furthermore, i f  t h e  a f t e r f l o w  i s  l a r g e ,  i t  may n o t  be 

p o s s i b l e  t o  determine t h e  p r o p e r t i e s  o f  t h e  i nne r  reg ion  and t h e  c a l c u l a t e d  

d i s tance  t o  the  d i s c o n t i n u i t y  i s  erroneous. I n  these papers, g u i d e l i n e s  are 

g i v e n  t o  avoid m i s i n t e r p r e t a t i o n  o f  f a l l o f f  da ta  a f f e c t e d  by these problems. 

The pe rmeab i l i t y - th i ckness  

Numerical methods have a l so  been used t o  
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Satman e t  a1.l0 compared and summarized some o f  t h e  s tud ies  on pressure 

t r a n s i e n t s  i n  systems w i th  r a d i a l  d i s c o n t i n u i t i e s .  

More r e c e n t l y ,  seve ra l  papers have been pub l ished t h a t  d iscuss  t h e  

i n t e r p r e t a t i o n  o f  pressure b u i l d u p  and f a l l o f f  t e s t s  i n  geothermal i n j e c t i o n  

we l l s .  

pressure t r a n s i e n t  response d u r i n g  c o l d  water i n j e c t i o n  i n t o  a h o t  water 

r e s e r v o i r .  They i l l u s t r a t e d  t h e  e f f e c t s  o f  t h e  temperature dependent f l u i d  

p r o p e r t i e s  ( v i s c o s i t y  and d e n s i t y )  and t h e  i n f l u e n c e  o f  a moving thermal  

boundary on t h e  pressure response. 

a n a l y t i c  s o l u t i o n  f o r  c a l c u l a t i n g  t h e  pressure b u i l d u p  du r ing  nonisothermal  

i n j e c t i o n .  Th is  work v e r i f i e d  t h e  r e s u l t s  o f  prev ious  n u n e r i c a l  s t u d i e s  

and prov ided an approximate semi -ana ly t i c  method f o r  p r e d i c t i n g  t h e  pressure 

behav io r  i n  an i d e a l i z e d  w e l l / r e s e r v o i r  system. 0' S u l l i v a n  and Pruess13 

and Garg and P r i t c h e t t 1 4  s t u d i e d  t h e  problem o f  c o l d  water i n j e c t i o n  i n t o  

a two-phase geothermal r e s e r v o i r .  

t h e  pe rmeab i l i t y - th i ckness  o f  t h e  r e s e r v o i r  can be ca l cu la ted  from pressure 

bu i l d -up  d a t a  by us ing  convent iona l  a n a l y s i s  methods. Methods for  calcu-  

l a t i n g  t h e  s k i n  f a c t o r  o f  t h e  w e l l  d u r i n g  non-isothermal t e s t s  have no t  been 

presented. 

Bodvarsson and Tsang l l  used a numer ica l  s imu la to r  t o  s tudy t h e  

. 

Tsang and Tsang12 developed a semi- 

A l l  o f  t h e  above s tud ies  demonstrate t h a t  

I n  t h e  present  study, a n a l y s i s  methods f o r  eva lua t i ng  t h e  pe rmeab i l i t y -  

t h i ckness  o f  t h e  r e s e r v o i r  and t h e  s k i n  f a c t o r  o f  t h e  w e l l  are developed. 

Several non-ideal f a c t o r s  are considered, i n c l u d i n g  t h e  e f f e c t s  o f  a d i f f u s e  

and moving thermal  f ron t ,  t h a t  o f  a p r e - e x i s t i n g  c o l d  spot  around t h e  wells 

and we l l bo re  storage. 
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APPROACH 

For  t h e  purpose o f  t h i s  study, a numer ica l  s imu la to r  was used t o  

generate pressure t r a n s i e n t  da ta  d u r i n g  nonisothermal  i n j e c t i o n  and f a l l -  

o f f  t e s t s .  S imu la t ions  o f  b o t h  ho t  water i n j e c t i o n  i n t o  a c o l d  r e s e r v o i r  

and c o l d  water i n j e c t i o n  i n t o  a ho t  r e s e r v o i r  were performed. However, 

because o f  t h e  p r a c t i c a l  importance o f  t h e  case o f  c o l d  water i n j e c t i o n  i n t o  

a ho t  r e s e r v o i r  (geothermal r e i n j e c t i o n ) ,  t h e  examples c i t e d  i n  t h i s  paper 

a re  l i m i t e d  t o  t h i s  case. The r e s u l t s  a re  j u s t  as a p p l i c a b l e  t o  t h e  i nve rse  

problem, t h a t  i s ,  ho t  water i n j e c t i o n  i n t o  a c o l d  r e s e r v o i r .  

The d e s c r i p t i o n  o f  t h e  r e s e r v o i r / w e l l  model used i n  t h i s  s tudy i s  as 
fo l l ows :  

1) The r e s e r v o i r  i s  o f  un i fo rm and constant  po ros i t y ,  compress ib i l -  
i t y ,  pe rmeab i l i t y ,  heat capac i ty ,  and thermal  c o n d u c t i v i t y .  

2 )  The r e s e r v o i r  i s  h o r i z o n t a l ,  i n f i n i t e ,  o f  constant  th ickness,  
and bounded above and below by impermeable rock. 

3 )  Thermal conduct ion t o  t h e  cap rock  and bedrock i s  neglected. 

4 )  The r e s e r v o i r  i s  complete ly  f i l l e d  w i t h  s l i g h t l y  compressible 
l i q u i d  water. 

5) G r a v i t y  slumping o f  t h e  c o l d  water f r o n t  i s  neglected. 

6 )  The w e l l  has a f i n i t e  r a d i u s  and f u l l y  penet ra tes  t h e  r e s e r v o i r .  

7 )  The i n t r i n s i c  p e r m e a b i l i t y  o f  t h e  fo rmat ion  i s  independent o f  
temperature. 

Severa l  o f  t h e  c o n s t r a i n t s  on t h e  present  s tudy warrant d iscuss ion.  

F i r s t ,  d u r i n g  nonisothermal  i n j e c t i o n  i t  i s  w e l l  known t h a t  t h e  d e n s i t y  

c o n t r a s t  between t h e  f l u i d s  c rea tes  a t i l t i n g  o f  t h e  thermal  f r o n t .  The 

degree o f  t i l t i n g  depends on a number o f  f a c t o r s  i n c l u d i n g  t h e  v e r t i c a l  

p e r m e a b i l i t y  o f  t h e  rock  and t h e  d u r a t i o n  o f  i n j e c t i o n .  As many porous 
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medium fo rmat ions  c o n s i s t  o f  in terbedded sands and shales, t h e  v e r t i c a l  

p e r m e a b i l i t y  i s  lower  than  t h e  h o r i z o n t a l  pe rmeab i l i t y .  Th is  tends t o  

i n h i b i t  t i l t i n g  o f  t h e  f r o n t .  Also,  s ince  t h e  present study i s  concerned 

p r i m a r i l y  wi th i n j e c t i o n  t e s t i n g  when t h e  thermal  f r o n t  has not  advanced 

very  f a r  away from t h e  we l l ,  t h e  importance o f  f r o n t  t i l t i n g  i s  minimal. A 

second c o n s t r a i n t  i n  t h i s  work i s  t h a t  t h e  abso lu te  pe rmeab i l i t y  o f  t h e  rock  

i s  independent o f  t h e  temperature. There are  s t u d i e s  which suggest t h a t  t h e  

rock p e r m e a b i l i t y  might  be temperature s e n ~ i t i v e l ~ ~ ~ ~ .  

t h e  problem considered here t h e  thermal  f r o n t  remains r e l a t i v e l y  c lose  t o  t h e  

w e l l ,  temperature dependent rock  p r o p e r t i e s  should be r e f l e c t e d  by changes i n  

t h e  s k i n  f a c t o r  o f  t h e  we l l ,  r a t h e r  than  t h e  o v e r a l l  pe rmeab i l i t y  o f  t h e  

system. 

presented i n  t h i s  paper. Therefore, t h i s  l a t t e r  c o n s t r a i n t  does no t  l i m i t  t h e  

g e n e r a l i t y  o f  t h e  approach presented here. 

However, because i n  

Changes i n  t h e  s k i n  f a c t o r  can be evaluated us ing  t h e  methodology 

Numerical Model 

The numer ica l  s imu la to r  PT (pressure-temperature) was used t o  s imu la te  

t h e  nonisothermal  i n j e c t i o n  and f a l l o f f  t e s t s .  The s imu la to r  i s  three-  

d imensional  and so lves  t h e  mass and energy t r a n s p o r t  equat ions f o r  a l i q u i d -  

saturated,  heterogeneous, porous and/or f r a c t u r e d  medium. I t  employs t h e  

" i n t e g r a t e d  f i n i t e  d i f f e r e n c e  method" f o r  d i s c r e t  i z i n g  t h e  medium and formulat -  

i n g  t h e  govern ing equations1'. The s e t  o f  l i n e a r  equat ions i s  so lved a t  

each t imestep  by d i r e c t  means us ing  an e f f i c i e n t  sparse m a t r i x  solver.18 

The s imu la to r  i s  q u i t e  genera l ,  as i t  a l l ows  f o r  temperature- and/or 

pressure-dependent f l u i d  and rock  p roper t i es .  The f l u i d  dens i t y  i s  c a l c u l a t e d  
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as a f u n c t i o n  o f  pressure and temperature, us ing  a po lynomia l  approx imat ion 

t h a t  i s  accurate t o  w i th in  1%. F l u i d  v i s c o s i t y  i s  c a l c u l a t e d  as a f u n c t i o n  

o f  temperature us ing  an accurate (w i th in  1%) exponent ia l  expression. The 

s imu la to r  has been v a l i d a t e d  aga ins t  many a n a l y t i c a l  s o l u t i o n s  as w e l l  as 

f i e l d  experiments. l9 A d e t a i l e d  d e s c r i p t i o n  o f  t h e  s imu la to r  i s  g i ven  by 

Bodvarsson. 2o 

G r i d  S ize  and Time Steps 

A s i n g l e - l a y e r  1-m t h i c k  r a d i a l  mesh ( c o n c e n t r i c  c i r c l e s )  wi th a r e a l i s t i c  

we l l bo re  r a d i u s  o f  0.1 m was used i n  t h e  study. Close t o  t h e  w e l l  very  f i n e  

elements (10 X O. lm,  8 X 0.2 m and 5 X 1 m) were used f o r  accurate modeling 

o f  temperature v a r i a t i o n s  d u r i n g  i n j e c t i o n  and f a l l o f f .  Fa r the r  away from 

t h e  w e l l ,  t h e  mesh spacing increases l o g a r i t h m i c a l l y  f o r  accurate modelinq o f  

t he  pressure response. A t o t a l  o f  86 elements were used. The ou te r  boundary 

o f  t h e  mesh, a t  20,000 m from t h e  a x i s  o f  t h e  system, i s  s u f f i c i e n t l y  d i s t a n t  

so t h a t  boundary e f f e c t s  do no t  i n f l u e n c e  t h e  c a l c u l a t i o n s .  

The t ime  s teps  a r e  au tomat i ca l l y  se lec ted  by t h e  numer ica l  code, based 

upon use r -spec i f i ed  c r i t e r i a  f o r  t h e  maximum a l l owab le  pressure and temper- 

a t u r e  changes d u r i n g  each t ime step. For  most runs a maximum a l lowab le  

pressure and temperature change o f  1 bar  and 1 ° C  were spec i f i ed .  

a s e n s i t i v i t y  study o f  t h e  e f f e c t s  o f  g r i d  s i z e  and t ime steps on t h e  r e s u l t s  

and found t h a t  t h e  r e s u l t s  were p r a c t i c a l y  independent o f  t h e  g r i d  s i z e  and 

We conducted 

t ime s teps  se lected.  
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PRESSURE TRANSIENT BEHAVIOR DURING NONISOTHERMAL INJECTION 

To i l l u s t r a t e  t h e  pressure t r a n s i e n t  behavior  du r ing  nonisothermal 

2 ( c o l d  water)  i n j e c t i o n ,  a graph o f  t h e  s imu la ted  pressure vs. l o g  ( t / r D )  

i s  shown i n  F i g u r e  2. The temperatures o f  t h e  i n j e c t e d  and r e s e r v o i r  f l u i d s  

a re  95°C and 250"C, r e s p e c t i v e l y .  A t  e a r l y  t imes, t h e  pressure t r a n s i e n t s  

a re  i d e n t i c a l  t o  those f o r  250°C i so the rma l  i n j e c t i o n  (see 250°C t h i s  l i n e  

i n  F i g u r e  2 ) .  A f t e r  a p e r i o d  o f  t ime, t h e  s lope o f  t h e  semilog s t r a i g h t  l i n e  

changes and becomes i d e n t i c a l  t o  t h a t  for  i so the rma l  95°C i n j e c t i o n  (see 95°C 

Th is  l i n e  i n  F i g u r e  2). Note t h a t  t h e  pressure t r a n s i e n t s  a t  seve ra l  r a d i i  

a re  p l o t t e d .  A l l  o f  t h e  da ta  p o i n t s  f a l l  on t h e  same curve when p l o t t e d  i n  

terms o f  ( t / r g ) .  

j e c t i o n  w e l l  a re  a l s o  p l o t t e d  i n  t h e  t o p  o f  F igu re  2. 

t h e  change i n  s lope  o f  t h e  semi-log s t r a i g h t  l i n e  occurs when t h e  thermal  

f r o n t  passes. 

The temperature da ta  a t  seve ra l  d is tances  from the  in- 

Note t h a t  i n  each.case, 

The r e l a t i o n s h i p  between t h e  change o f  s lope on t h e  semilog p l o t  and 

t h e  movement o f  t h e  thermal  f r o n t  can be de r i ved  as fo l l ows .  Assuming p i s ton -  

l i k e  displacement, t h e  p o s i t i o n  o f  t h e  thermal  f r o n t  i s  expressed as 21 

I f  Eq. 1 i s  d i v i d e d  by t h e  d imensionless r a d i a l  d i s tance  t o  the  f r o n t  r2 

then  t h e  movement o f  t h e  f r o n t  can be expressed as 
D f '  

t 'ac, nh  r2 
2 - pWcw Q w 
D f  

- - - -  
r 

( 2 )  
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By eva lua t i ng  Eq. 2 a t  t h e  w e l l  i t  can be seen t h a t  t h e  change o f  s lope 

on t h e  semi-log s t r a i g h t  l i n e  occurs a t  

4. 4. 'aCa nhr 2 
t o  pWcw Q w ( 3 )  

For example, a t  an i n j e c t i o n  r a t e  o f  I X 10-4 m3/s/m, wi th an i n j e c t e d  f l u i d  

d e n s i t y  o f  900 kg/m3, and t h e  r e s e r v o i r  p r o p e r t i e s  l i s t e d  i n  Table 1; to i s  

equal t o  240 s. 

Numerous s imu la t i ons  were conducted t o  determine t h e  dependence o f  to 

on t h e  rock pe rmeab i l i t y ,  p o r o s i t y ,  c o m p r e s s i b i l i t y ,  i n j e c t i o n  temperature, 

r e s e r v o i r  temperature, and f l o w  ra te .  These s t u d i e s  v e r i f i e d  t h a t  Eq. 3 

g i v e s  a reasonable approx imat ion f o r  t h e  i n t e r s e c t i o n  of t h e  two l i n e s  o f  

d i f f e r e n t  slopes. For example, F igu re  3 shows t h e  pressure t r a n s i e n t  behavior  

due t o  i n j e c t i n g  f l u i d s  a t  50 C, 100 C, and 150 C i n t o  a 250 C r e s e r v o i r  

(see Table 1 f o r  r e s e r v o i r  p r o p e r t i e s ) .  I n  each case, t h e  pressure da ta  f a l l  

f i r s t  on t h e  "hot  slope" and then on t h e  corresponding "co ld  slope". Note 

t h a t  t h e  t ime  o f  i n t e r s e c t i o n ,  to, is n e a r l y  i d e n t i c a l  f o r  each case. 

0 0 0 0 

Because i n j e c t i o n  t e s t s  a re  o f t e n  conducted a f t e r  t h e  w e l l  has been 

cooled by d r i l l i n g ,  o r  a f t e r  an extended p e r i o d  o f  i n j e c t i o n ,  t h e  e f f e c t  o f  a 

" co ld  spot" around t h e  i n j e c t i o n  w e l l  must a l s o  be considered. 

t h e  pressure t r a n s i e n t s  d u r i n g  1 0 0 ° C  water i n j e c t i o n  where p re -ex i s t  i n g  1-m, 

5-m, and 10-m c o l d  ( l O O ° C )  spots  a re  present. 

t h e  same as those used i n  t h e  preceding examples (see Table 1). 

a t  e a r l y  t imes, t h e  r e s e r v o i r  a c t s  as a composite system wi th  an inner - reg ion  

m o b i l i t y  o f  k / u i  and an ou ter - reg ion  m o b i l i t y  o f  k/pr .  

F igu re  4 shows 

The r e s e r v o i r  p r o p e r t i e s  a re  

I n  essence, 

I n  t h i s  l i g h t ,  t h e  
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s imu la ted  da ta  shown i n  F i g u r e  4 i s  e a s i l y  understood. The pressure da ta  

i n i t i a l l y  f o l l o w  t h e  s lope corresponding t o  t h e  c o l d  spot ( m o b i l i t y  = k / v i ) .  

When t h e  dra inage r a d i u s  exceeds t h e  r a d i u s  o f  t h e  c o l d  spot, a t r a n s i t i o n  

occurs d u r i n g  which t h e  s lope changes t o  t h a t  o f  t h e  ho t  ou te r  r e g i o n  ( m o b i l i t y  

k / lJ r ) .  Th is  w i l l  occur a t  a t ime  g i v e n  by 22 

2 
+viBtrf - ( 4 )  

t f  - 4k 

For  t h e  r e s e r v o i r  p r o p e r t i e s  l i s t e d  i n  Table 1, t h e  dra inage r a d i u s  w i l l  

exceed a 10-m c o l d  spot i n  140 s, a 5-m c o l d  spot i n  35 s and a 1 - m  c o l d  

spot i n  approx imate ly  1 seconds. 

A f te r  a p e r i o d  o f  t ime, t h e  pressure da ta  again change s lope (see 

F ig .  4 )  and become i d e n t i c a l  t o  t h e  no-cold-spot pressure t r a n s i e n t .  

t ime a t  which second t r a n s i t i o n  occurs can be approximated by 

The 

'aCa ah  r2 --- tb - pWcw Q f ' 
( 5 )  

. 

For a f l o w  r a t e  o f  1 X m 3 / s / m  and t h e  r e s e r v o i r  p r o p e r t i e s  l i s t e d  i n  

Table 1, t', i s  20 days f o r  a 10-m c o l d  spot, 5 days f o r  a 5-m c o l d  spot, 

and 5 hours f o r  a 1 - m  c o l d  spot. 

E f f e c t  o f  Sk in  Fac to r  

S imu la t i on  o f  nonisothermal  i n j e c t i o n  i n t o  w e l l s  wi th  b o t h  p o s i t i v e  

and nega t i ve  s k i n  f a c t o r s  has a l s o  been c a r r i e d  out. The s k i n  i s  modeled 
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. 

as an annular  reg ion  o f  reduced or  enhanced p e r m e a b i l i t y  around t h e  we l l .  

The corresponding s k i n  f a c t o r s  are g i ven  by22 

( 6 )  

F igu re  5 shows s imu la ted  pressure t r a n s i e n t  da ta  a t  t h e  w e l l  f o r  seve ra l  s k i n  

fac to rs .  

Table 1.) 

(The r e s e r v o i r  p r o p e r t i e s  used i n  these s imu la t i ons  are  g i ven  i n  

The e f f e c t  o f  t h e  s k i n  f a c t o r  i s  t o  d i sp lace  t h e  abso lu te  pressure 

change and s h i f t  to by a f a c t o r  o f  e-2s. 

i s  mod i f i ed  and becomes 

Therefore, t h e  t r a n s i t i o n  t ime 

The problem i s  more complex i f  t h e r e  i s  a p r e - e x i s t i n g  c o l d  spot around 

t h e  we l l .  The system i s  then d i v i d e d  i n t o  t h r e e  reg ions:  t he  s k i n  reg ion  w i t h  

a m o b i l i t y  o f  ks/Pi, t h e  c o l d  spot wi th  m o b i l i t y  k / P i ,  and t h e  ho t  

r e s e r v o i r  w i th  a m o b i l i t y  k / p r .  

100°C water i n j e c t i o n  i n t o  a 250°C r e s e r v o i r  w i t h  a 3-m c o l d  spot (100°C) a re  

g i ven  f o r  seve ra l  o f  t h e  s k i n  fac to rs .  The f i g u r e  shows t h a t  t h e  s k i n  f a c t o r  

on l y  d i sp laces  t h e  curve, w i thout  changing t h e  s lopes o r  t r a n s i t i o n  times. 

I n  F i g u r e  6 ,  t h e  pressure t r a n s i e n t s  f o r  
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. 
Wellbore E f f e c t s  

I n  t h e  preceding d iscuss ions  t h e  i n f l u e n c e  o f  we l lbore  e f f e c t s  have 

been neglected.  Both t h e  thermal  t r a n s i e n t s  i n  t h e  we l lbore  and t h e  e f f e c t s  

o f  we l l bo re  s to rage must be considered. 

i n  t h e  wel lbore,  s to rage e f f e c t s  w i l l  be l a r g e  and may mask much o f  t h e  

ea r l y - t ime  pressure data. Therefore, t h e  f i r s t  semi-log s t r a i g h t  l i n e  may 

n o t  be apparent. The ana lys i s  methods presented i n  t h i s  paper do no t  r e q u i r e  

t h e  presence o f  t h e  f i r s t  semi-log s t r a i g h t  l i n e .  I t i s  s u f f i c i e n t  t o  

eva lua te  t h e  d u r a t i o n  o f  we l lbore  s to rage us ing  convent ional  methods and t o  

check t h a t  t h e  semi-log s t r a i g h t  l i n e  used for  t h e  ana lys i s  begins a f t e r  

s to rage  e f f e c t s  have ceased. 

I f  a f r e e  l i q u i d  l e v e l  i s  present  

Thermal t r a n s i e n t s  may a l s o  i n f l u e n c e  t h e  ear ly - t ime pressure data. If  

t h e  w e l l  i s  deep o r  t h e  cas ing diameter i s  l a r g e ,  i t  w i l l  t ake  a s i g n i f i c a n t  

p e r i o d  o f  t ime be fo re  t h e  bottomhole i n j e c t i o n  temperature s t a b i l i z e s .  The 

importance o f  t h i s  w i l l  depend p r i m a r i l y  on t h e  p r e - i n j e c t i o n  temperature 

p r o f i l e  i n  the  w e l l ,  t h e  i n j e c t i o n  r a t e ,  t h e  depth o f  t h e  i n t e r v a l  be ing  

tes ted ,  and t h e  p re - tes t  w e l l  h i s t o r y .  For a w e l l  t h a t  i s  cooled by prev ious  

i n j e c t i o n  t h e  thermal  t r a n s i e n t s  a re  n e g l i g i b l e .  On t h e  o the r  hand, i f  t h e  

w e l l  i s  ho t ,  t h e  e f f e c t  o f  i n i t i a l l y  i n j e c t i n g  a column o f  h o t  f l u i d  must be 

considered. Because t h e  p re - tes t  temperature p r o f i l e  and t h e  w e l l  complet ion 

a re  s i t e - s p e c i f i c ,  i t  i s  no t  p o s s i b l e  t o  develop a simple c o r r e c t i o n  f o r  these 

e f f e c t s .  However, to w i l l  be delayed u n t i l  t h e  bottomhole temperature 

s t a b i l i z e s .  I f  thermal  t r a n s i e n t s  are s i g n i f i c a n t ,  to, must be evaluated 

w i th  a w e l l / r e s e r v o i r  s imu la to r .  

t h e  e f f e c t s  o f  thermal  t r a n s i e n t s  on t h e  data. For instance,  f o r  composite 

r e s e r v o i r  behavior  and f a l l o f f s ,  t h e  pressure da ta  are unaf fec ted  by thermal  

we l lbore  t r a n s i e n t s .  

Care fu l  t e s t  p lann ing  can be used t o  avoid 
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Discuss ion  

The pressure t r a n s i e n t  response o f  nonisothermal  i n j e c t i o n  w i t h  a 

moving thermal  f r o n t  has been demonstrated. 

da ta  can be used t o  c a l c u l a t e  t h e  r e s e r v o i r  t r a n s m i s s i v i t y ,  kh/u, from one 

of t h e  semi-log s t r a i g h t  l i n e s  on t h e  pressure vs. l o g  ( t ime)  p l o t .  I f  t h e  

f l u i d  p r o p e r t i e s  t o  which t h e  s lope corresponds can be determined, then kh 

o f  t h e  r e s e r v o i r  can be determined. Furthermore, i f  t h e  f i r s t  s lope i s  

apparent, e i t h e r  i n  t h e  case o f  a c o l d  spot o r  a moving thermal  f r o n t ,  then 

t h e  c o r r e c t  sk in  va lue  can be ca lcu la ted .  

C lea r l y ,  t h e  pressure t r a n s i e n t  

s 

I n  p r a c t i c e ,  however, t h e  f i r s t  s lope and t h e  f i r s t  break i n  s lope 

may be masked by w e l l  bore storage. 

w i t h  a p r e - e x i s t i n g  c o l d  spot )  w i l l  u s u a l l y  no t  be detected du r ing  a t e s t ,  

because i t  occurs a t  f a i r l y  l a t e  t imes, even f o r  smal l  c o l d  spots. Therefore, 

i t  i s  impor tan t  t o  be ab le  t o  determine independently t h e  f l u i d  p r o p e r t i e s  

t o  which t h e  analyzed p o r t i o n  o f  t h e  da ta  correspond and t o  develop a method 

f o r  c a l c u l a t i n g  t h e  s k i n  i n  t h e  absence o f  t h e  f i r s t  slope. 

The second break i n  s lope ( f o r  i n j e c t i o n  

By examining F igu res  2 ,  3 ,  and 5 ,  i t  can be seen t h a t  t h e  pressure 

t r a n s i e n t  response wi th  no c o l d  spot  i s  i d e n t i c a l  t o  t h a t  o f  c o l d  i so thermal  

i n j e c t i o n ,  except f o r  a sho r t  p e r i o d  d u r i n g  which t h e  pressure changes 

correspond t o  t h e  r e s e r v o i r  f l u i d  p roper t i es .  The pressure o f f s e t  t h a t  i s  

c rea ted  between t h e  two curves i s  a f u n c t i o n  o f  to, Ur, P i ,  and t h e  

d e n s i t y  c o n t r a s t  o f  t h e  f l u i d s .  This o f f s e t ,  Apo, can e a s i l y  be c a l c u l a t e d  

i f  k h  and OBth a r e  known. 

vs. l o g  ( t i m e )  graph and OBth can be est imated from w e l l  l o g  data, t h e  

o f f s e t  between t h e  curves can be c a l c u l a t e d  from 

Since kh/Pi can be determined from t h e  pressure 
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where 

0 
k t  

0 
k t  

2 , and (t ) = 
Do i Wif3 pw Do r @r8 t r w  

2 (t 1 = 

c 

I f  t h e  we l lbore  s to rage e f f e c t s  a re  sma l l  and the  we l lbore  thermal  

t r a n s i e n t s  can be neglected, to can be c a l c u l a t e d  by Eq. 3 .  

As s t a t e d  be fore ,  a r e s e r v o i r  with p c o l d  spot  can be env is ioned 

as a composite r e s e r v o i r  w i th  an i nne r - reg ion  m o b i l i t y  o f  k / P i  and an 

ou ter - reg ion  o f  m o b i l i t y  k / P r o  

rw), i t  can be t reated as a pseudo-skin around the we l l ,  with a radius o f  

rf. 

c a l c u l a t e d  i n  a manner analogous t o  the  c a l c u l a t i o n  o f  a convent iona l  s k i n  

(Eq.  6)  except t h a t  t h e  m o b i l i t y  i s  s u b s t i t u t e d  f o r  t h e  pe rmeab i l i t y  and 

I f  t h e  i n n e r  reg ion  i s  smal l  enough (<ZOO X 

The pseudo-skin, hence fo r th  r e f e r r e d  t o  as t h e  thermal  skin, can be 

i s  g i ven  by 

Since k i s  t h e  sane i n  bo th  reg ions,  t h e  thermal  s k i n  i s  be g i ven  by 

The steady s t a t e  pressure change associated w i t h  s t  can be c a l c u l a t e d  from 



. 
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* 

I n  t h e  f o l l o w i n g  sec t ions ,  procedures f o r  ana lyz ing  nonisothermal  

i n j e c t i o n  and f a l l o f f  t e s t s  a re  developed. 

above d iscuss ions  and f o l l o w  convent iona l  a n a l y s i s  methods as c l o s e l y  as 

poss ib le .  

bu t  i n  t h e  a p p l i c a t i o n  t o  a f i e l d  example g iven i n  t h e  f i n a l  sec t ion ,  

t h e  formulas a r e  conver ted t o  correspond t o  s tandard o i l  f i e l d  u n i t s .  

The procedures are  based on t h e  

S.I. u n i t s  a re  used throughout t h e  development o f  t h e  methods, 

A N A L Y S I S  OF NONISOTHERMAL INJECTION TESTS 

Methods f o r  ana lyz ing  i n j e c t i o n  da ta  f a l l  i n t o  two ca tegor ies :  t h a t  

used when t h e r e  has been no i n j e c t i o n  p r i o r  t o  t h e  t e s t  and t h a t  used when 

t h e  w e l l  has been used f o r  i n j e c t i o n  p r i o r  t o  t h e  t e s t .  The f i r s t  case 

may occur when an i n j e c t i o n  t e s t  is be ing  used t o  determine t h e  r e s e r v o i r  

c h a r a c t e r i s t i c s  or  perhaps when i n j e c t i o n  i s  be ing  c a r r i e d  out  i n  an 

attempt t o  s t i m u l a t e  t h e  we l l .  

t i c  purposes w i l l  f i t  i n t o  t h e  l a t t e r  case. The ana lys i s  method f o r  each 

An i n j e c t i o n  w e l l  be ing  t e s t e d  f o r  diagnos- 

case i s  developed separate ly .  

Ana lys is  o f  No-Cold-Spot I n j e c t i o n  Tests 

I n i t i a l l y ,  i n  t h e  case o f  nonisothermal  i n j e c t i o n  w i thout  a c o l d  spot t h e  

pressure b u i l d u p  i s  c o n t r o l l e d  by t h e  i n  s i t u  f l u i d  temperature. L a t e r  t h e  

inc rease i n  s lope a t  to (Eq. 3 )  i n d i c a t e s  t h a t  t h e  pressure b u i l d u p  i s  

governed by t h e  temperature o f  t h e  i n j e c t e d  f l u i d .  

w i t h i n  t h e  f i r s t  seve ra l  minutes o f  t h e  t e s t  and may t h e r e f o r e  be masked by 

Th is  u s u a l l y  happens 

we l l bo re  s to rage e f f e c t s .  Thus t h e  s lope corresponding t o  i n j e c t e d  f l u i d  i s  

o f ten  t h e  o n l y  one t h a t  w i l l  be apparent. The f o l l o w i n g  procedure i s  used t o  

es t imate  t h e  r e s e r v o i r  kh  and s k i n  f a c t o r  when t h e  thermal  wel lbore t r a n s i e n t s  

a re  n e g l i g i b l e .  I f  they are s i g n i f i c a n t ,  to must be evaluated us ing  a 
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numer ica l  s imu la to r .  

1) Use Eq. 3 t o  es t imate  t h e  t ime  a t  which t h e  s lope o f  t h e  pressure 

t r a n s i e n t  changes t o  t h a t  o f  t h e  i n j e c t e d  f l u i d .  

2 )  

3 )  On a p l o t  o f  pressure vs. l o g  ( t ime) ,  f i nd  a s t r a i g h t  l i n e  from which 

Es t imate  t h e  d u r a t i o n  o f  we l l bo re  s to rage by convent iona l  methods. 

kh can be c a l c u l a t e d  (make sure  t h a t  t h e  da ta  be ing analyzed a re  

a f t e r  to and t h a t  we l l bo re  s to rage e f f e c t s  have ceased). 

cu la te .  

Then, c a l -  

A kh = 0.183 - 
Pimi 

4 )  Use Eq. 8 t o  c a l c u l a t e  t h e  pressure o f f s e t  f o r  t h e  iso thermal  and 

nonisothermal  i n j e c t i o n .  

E x t r a p o l a t e ' t h e  semilog s t r a i g h t  l i n e  ( m i )  t o  1 second and determine 

APls*  Ca lcu la te  

5 )  

6 )  Ca lcu la te  the  s k i n  f a c t o r ,  

k 
2 

WiBt rw 
s = 1.151 (""iI - l o g  (14) 

7 )  Re-evaluate to us ing  Eq. 7 t o  ensure t h a t  t he  da ta  used t o  c a l c u l a t e  

t h e  s lope o f  t h e  semi-log s t r a i g h t  l i n e  corresponds t o  the  p r o p e r t i e s  

o f  t h e  i n j e c t e d  f l u i d .  Repeat t h e  above procedure i f  t h e  i n c o r r e c t  

da ta  were used. 
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. 

The da ta  shown i n  F igu re  5 were analyzed us ing  t h i s  procedure. The 

r e s u l t s  a re  summarized i n  Table 2 where t h e  s k i n  fac to rs ,  c a l c u l a t e d  s k i n  

f a c t o r s  and apparent s k i n  f a c t o r s  are given. The e f f e c t  o f  i g n o r i n g  noniso- 

thermal  pressure t r a n s i e n t s  d u r i n g  c o l d  water i n j e c t i o n  ( w i t h  no c o l d  spot )  i s  

t o  underest imate t h e  s k i n  f a c t o r .  I n  fac t ,  even a w e l l  w i t h  a p o s i t i v e  s k i n  

may appear t o  have a nega t i ve  sk in .  

t h e  i n j e c t e d  and i n  s i t u  f l u i d s  t h e  more t h e  s k i n  f a c t o r  w i l l  be underestimated. 

The l a r g e r  t h e  v i s c o s i t y  c o n t r a s t  between 

Ana lys is  o f  "Composite Reservo i r "  I n j e c t i o n  Tests 

The pressure response t o  i n j e c t i o n  o f  c o l d  water i n t o  a ho t  r e s e r v o i r  

w i t h  a c o l d  spot around t h e  w e l l  can be descr ibed i n  terms o f  t h r e e  per iods.  

The f i r s t  corresponds t o  t h e  pressure t r a n s i e n t  assoc iated wi th t h e  c o l d  spot 

o f  r a d i u s  rf, t h e  second t o  t h e  ho t  r e s e r v o i r  o u t s i d e  t h e  c o l d  spot, and 

t h e  t h i r d  t o  t h e  behavior  dominated by t h e  moving f r o n t .  F o r  a s u f f i c i e n t l y  

l a r g e  c o l d  spot, t h e  f i r s t  s lope may be apparent; i f  so, i t  can be used t o  

c a l c u l a t e  kh and t h e  s k i n  factor.2-6 However, t h e  f i r s t  s lope i s  commonly 

masked by t h e  e f f e c t s  o f  we l lbore  s torage,  i n  which case another method o f  

a n a l y s i s  i s  needed. 

To o b t a i n  a reasonably accurate a n a l y s i s  o f  t h e  pressure t r a n s i e n t  

data, i t  i s  impor tan t  t o  have an es t imate  o f  t h e  cummulative i n j e c t i o n  (C) 

i n t o  t h e  r e s e r v o i r .  I f  t h i s  i s  a v a i l a b l e ,  then t h e  f o l l o w i n g  procedure can 

be used. 
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1) Est imate  t h e  s i z e  o f  t h e  c o l d  spot from 

2 )  Use Eq. 4 t o  c a l c u l a t e  t h e  t ime  a t  which t h e  ho t  s lope w i l l  begin; 
and Eq. 5 t o  compute t h e  t ime  a t  which t h e  second c o l d  s lope w i l l  
begin. 

Est imate t h e  d u r a t i o n  o f  we l lbore  s to rage by convent iona l  methods. 

From t h e  s lope m r  on a p l o t  o f  pressure vs. l o g  ( t ime)  c a l c u l a t e  

3 )  

4 )  

'r 9 

'r "r 
kh = 0.183 -- (16) 

Make sure  t h a t  t h e  c o r r e c t  s lope has been chosen by comparing 
the beg inn ing  and ending t i m e s  t o  t h e  va lues  obta ined i n  s teps 
2 and 3. 

5) Use Eq. 10 t o  c a l c u l a t e  t h e  thermal  s k i n  f a c t o r  assoc iated wi th  t h e  
c o l d  spot. 

6 )  Use Eq. 11 t o  c a l c u l a t e  t h e  pressure drop a t t r i b u t e d  t o  the  
c o l d  spot. 

7) E x t r a p o l a t e  m r  t o  o b t a i n  Ap ls  and c a l c u l a t e  

8 )  Ca lcu la te  t h e  s k i n  . f ac to r  f o r  t h e  w e l l  

'rPi 'PIS k 
s = 1.151 - (7 - l o g  2 

"iPr + ' A  r w  

Example 

( 1 8 )  

I 

I n  t h i s  example, 100°C water i s  i n j e c t e d  i n t o  a 250°C r e s e r v o i r  with a 

. 

. 
3-m c o l d  spot around t h e  we l l .  

t h e  i n j e c t e d  f l u i d ,  and t h e  i n j e c t i o n  r a t e  is 0.1 kg/s/m. 

The c o l d  spot i s  t h e  same temperature as 

Table 1 g ives  
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t i  

t h e  r e s e r v o i r  p r o p e r t i e s  used f o r  t h i s  s imu la t ion .  The w e l l  has a s k i n  

f a c t o r  o f  +2. F igu re  7 shows t h e  pressure t r a n s i e n t  data. The da ta  i n i t i a l l y  

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

A f t e r  20 s, t h e  da ta  f a l l  on t h e  s lope corresponding t o  t h e  f l u i d  p r o p e r t i e s  

o f  t h e  h o t  r e s e r v o i r .  

again change t o  t h e  c o l d  slope. This  l a s t  t r a n s i t i o n  corresponds t o . t h e  t ime  

a t  which t h e  moving thermal  f r o n t  s t a r t s  t o  dominate t h e  pressure response. 

The depar tu re  from t h e  f i r s t  s lope can be c a l c u l a t e d  from Eq. 4:  

A t  approx imate ly  1.5 x l o5  s (-42 hours), t h e  da ta  

The depar tu re  from t h e  second s lope can be c a l c u l a t e d  from Eq. 5: 

Both o f  these show good agreement w i t h  t h e  observed data. From t h e  s lope 

mr on t h e  p l o t  o f  pressure vs .  log ( t i m e )  and from Eq. 16, 

The thermal  s k i n  f a c t o r  is c a l c u l a t e d  from Eq. 10, 
I 

(2.79 - 811 - 1) In (A) = 4.1 , 
(1.07 x 960 S t =  ( 
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and Eq, 11 g i v e s  

APst = 0. 7 x 1  

E x t r a p o l a t i n g  mr t o  1 second g i ves  

. I )  = 7 - 8  X 05 Pa. 

Apls = 2.44 x lo6 Pa, 

and from Eq. 17, 

i+ 6 = 1.66 x 10 Pa e A P l s  

The s k i n  f a c t o r  is c a l c u l a t e d  from Eq. 18: 

s = 1.151 

- 0.351 = 2.1  , I - l o g  1 10- l~  

(0.2)(1.07 10-~)(1 10-~)(0.1)~ 

which i s  i n  good agreement w i t h  t h e  i n p u t  data, s = 2. 

I f  t h e  nonisothermal  e f f e c t s  a re  neglected, an apparent s k i n  v a l u e . o f  +10.3 

i s  c a l c u l a t e d  by convent iona l  methods. The i n p u t  s k i n  values, non iso thermal ly  

c a l c u l a t e d  s k i n  values, and t h e  apparent s k i n  va lues f o r  t h e  pressure t r a n s i e n t  

da ta  i n  F i g u r e  6 are  summarized i n . T a b l e  3. 

r e s e r v o i r  w i th  a c o l d  spot, a f a i l u r e  t o  account f o r  nonisothermal behavior  r e s u l t s  

i n  a very l a r g e  ove res t ima t ion  o f  t h e  s k i n  f a c t o r .  

For  c o l d  water i n j e c t i o n  i n t o  a ho t  
* 

. 

PRESSURE FALLOFF BEHAVIOR AFTER NONISOTHERMAL INJECTION 

A f t e r  shut-in, immediately f o l l o w i n g  nonisothermal  i n j e c t i o n ,  t h e  

r e s e r v o i r  behaves l i k e  a composite system w i t h  an i n n e r  r e g i o n  o f  m o b i l i t y  
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k/IJi, a t r a n s i t i o n  r e g i o n  w i t h  m o b i l i t y  rang ing  from k / P i  t o  k/IJr, and 

an ou ter  r e g i o n  o f  m o b i l i t y  k/Pr. I n  t h i s  case t h e  e f f e c t s  o f  t h e  d i f f u s e  

thermal  t r a n s i t i o n  were i nves t i ga ted .  I t  was found t h a t  f o r  a l l  p r a c t i c a l  

purposes, t h e  system cou ld  be t r e a t e d  i n  terms o f  a t w o - f l u i d  composite 

system. That i s ,  t h e  pressure t r a n s i e n t  response o f  a system w i t h  a d i f f u s e  

thermal  f r o n t  i s  p r a c t i c a l l y  i d e n t i c a l  t o  t h a t  o f  one wi th  a sharp f r o n t .  

Dur ing  t h e  pressure f a l l o f f ,  t h e  thermal  f r o n t  moves away from t h e  w e l l  a t  a 

n e g l i g i b l e  ra te .  

i n  terms o f  t h i s  composite system. 

t h e  f i r s t  corresponding t o  t h e  i n n e r  r e g i o n  and, even tua l l y ,  a second s lope 

corresponding t o  t h e  i n  s i t u  r e s e r v o i r  f l u i d s .  Th is  i s  demonstrated i n  

F i g u r e  8, which shows a p l o t  o f  f a l l o f f  da ta  a f t e r  l o5  s o f  c o l d  water 

(100°C) i n j e c t i o n  (100°C) a t  a r a t e  o f  0.1 kg/s/m. The r e s e r v o i r  p r o p e r t i e s  

f o r  t h i s  s i m u l a t i o n  are  g i ven  i n  Table 1, except t h a t  t h e  p o r o s i t y  i s  0.1 and 

t h e  f l u i d  d e n s i t y  was h e l d  constant  a t  1000 kg/m3. 

vs. l o g  [ ( t  + A t ) / A t ] ,  t h e  f i r s t  slope, m i ,  i s  apparent immediately a f t e r  

shut - in .  Once t h e  r a d i u s  o f  i n v e s t i g a t i o n  i s  g r e a t e r  than t h e  s i z e  o f  t h e  c o l d  

spot c rea ted  by lo5  s o f  i n j e c t i o n ,  t h e  s lope  changes t o  t h a t  o f  t h e  ho t  

r e s e r v o i r .  The second s lope  ex t rapo la tes  t o  t h e  c o r r e c t  r e s e r v o i r  pressure 

( z e r o  i n  t h i s  case because Ap i s  p l o t t e d ) .  I f  t h e  f i r s t  break i n  s lope i s  

apparent, t h e  s i z e  o f  t h e  c o l d  spot can be Conversely, i f  

the  s i z e  o f  t h e  c o l d  spot i s  known (e.g. us ing  Eq. 15) ,  t h e  t ime a t  which t h e  

break i n  s lope w i l l  occur can be ca l cu la ted .  

Therefore, a l l  o f  t h e  pressure t r a n s i e n t s  can be understood 

There a re  two s lopes i n  t h e  f a l l o f f  data, 

On t h e  p l o t  o f  pressure 

The ana lys i s  o f  f a l l o f f  da ta  i s  analogous t o  t h a t  o f  i n j e c t i o n  da ta  with 

an e x i s t i n g  c o l d  spot. Most l i k e l y ,  t h e  f i r s t  s lope w i l l  be masked by 
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we l l bo re  s to rage e f f e c t s ,  so t h a t  a procedure s i m i l a r  t o  t h a t  discussed i n  

t h e  prev ious  s e c t i o n  w i l l  be requ i red ,  t h a t  i s ,  

1) Est imate  r f  from Eq. 15. 

2) Ca lcu la te  A t f  from Eq. 4. 

3 )  Ca lcu la te  t h e  d u r a t i o n  o f  we l l bo re  s to rage ( a f t e r f l o w )  e f f e c t s  us ing  
convent iona l  methods. 

4) P l o t  p ressure  vs. log  [ ( t  + A t / A t ] ,  t o  o b t a i n  t h e  s lope from which 
kh can be c a l c u l a t e d  by means o f  Eq. 16. 
A t f  a re  no t  used f o r  t h e  ana lys is .  
analyzed are  no t  a f f e c t e d  by we l l bo re  storage. 

Make sure t h a t  da ta  be fo re  
Also make sure t h a t  t h e  da ta  

5) Ca lcu la te  s t  from Eq. 10 and Apst from Eq. 11. 

6 )  E x t r a p o l a t e  m r  t o  1 second t o  determine p i s .  

Ca lcu la te  t h e  co r rec ted  f l o w i n g  pressure 

* - Pis - P l s  + "st 

7 )  Ca lcu la te  t h e  s k i n  f a c t o r  

(19) 

Example 

I n  t h i s  example, a pressure f a l l o f f  d a t a  a f t e r  lo5 s (-1 day) o f  i n j e c t i o n  

are  analyzed (see F i g u r e  8). The r e s e r v o i r  p r o p e r t i e s  used i n  t h i s  example are  

g i ven  i n  Table 1, except t h a t  i n  t h i s  case t h e  p o r o s i t y  is 0.1. 

temperature i s  250°C and t h e  i n j e c t e d  f l u i d  temperature i s  100°C. 

example the  f l u i d  d e n s i t y  i s  h e l d  constant  a t  1000 kg/m3. 

The r e s e r v o i r  

For t h i s  

. 

. 
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A f t e r  l o5  s of  i n j e c t i o n  a t  0.1 kg/s/m, t h e  thermal  f r o n t  has 

advanced 2 . 3  m i n t o  t h e  r e s e r v o i r  ( f rom Eq. 15).  Therefore, t h e  f i r s t  

slope, m i ,  w i l l  end 4 s a f t e r  s h u t - i n  ( f r o m  Eq. 4). 

t h e  pressure vs. l o g  [ t + A t / A t ]  p l o t ,  m,, can be used t o  c a l c u l a t e  

kh = 9.8 x 10-15 ( f rom Eq. 1 6 ) .  The thermal  s k i n  e f f e c t  i s  c a l c u l a t e d  from 

Eq. 10, s t  = 5.0, and t h e  pressure b u i l d u p  c rea ted  by a thermal  s k i n  o f  5.0 

i s  7.56  x l o 5  Pa. 

The second s lope on 

E x t r a p o l a t i n g  mr t o  1 second g i ves  

= 1.05 x lo6 Pa, p1 s 

from Eq. 19 

i+ 6 6 = 1.05 x 10 + 7.56 x l o 5  = 1.8 x 10 Pa . 
P ls  

The s k i n  f a c t o r  i s  c a l c u l a t e d  from Eq. 2 0 :  

6 (1 .07  x (1000) x lo6 - 1.8 x 10 

(2 .79  7 m -  2 l o 5  
s = 1.151 

This  i s  i n  agreement wi th  t h e  input va lue  o f  s = 0. 

c a l c u l a t e d  us ing  convent iona l  i so thermal  methods, a value o f  s = 4.4 i s  

I f  t h e  s k i n  va lue i s  

obta ined . 
A very impor tant  consequence o f  t h e  apparent p o s i t i v e  s k i n  i s  t h a t  i t  

w i l l  con t inue t o  grow w i t h  repeated i n j e c t i o n  t e s t i n g  or  i n j e c t i o n .  Th is  

r e s u l t s  from t h e  growing c o l d  spot which w i l l  appear an i nc reas ing  thermal  

sk in ,  s t .  For  example, Table 4 summarizes the  apparent s k i n  f a c t o r s  f o r  
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f a l l o f f  t e s t s  a f t e r  l o 4 ,  105, and 106 s o f  i n j e c t i o n  a t  an i n j e c t i o n  r a t e  

o f  0.1 kg/s/m ( f o r  t h e  r e s e r v o i r  p r o p e r t i e s  used i n  t h e  prev ious  example). 

c o r r e c t l y  c a l c u l a t e d  s k i n  va lues a re  a l s o  i nc luded  i n  t h e  t a b l e  f o r  comparision. 

The 

FIELD EXAMPLE" 

The f o l l o w i n g  t e s t  da ta  were obta ined from an i n j e c t i o n  w e l l  a t  t h e  East 

Mesa geothermal f i e l d  i n  C a l i f ~ r n i a . ~ ~  Cold f l u i d  (-50°C) was i n j e c t e d  i n t o  

w e l l  5-1 f o r  four  days, d u r i n g  which downhole pressures were measured w i th  a 

s i l i c o n - o i l - f i l l e d  c a p i l l a r y  tub ing .  

The t e s t  segment discussed here comes from a b u i l d u p  midway through t h e  t e s t .  

Table 5 summarizes t h e  w e l l  t e s t  data. 

The t e s t  cons i s ted  o f  seve ra l  s tep  ra tes .  

Knowing the  cumula t ive  volume o f  water i n j e c t e d  p r i o r  t o  the  t e s t  

segment t o  be analyzed, t h e  th i ckness  o f  t h e  r e s e r v o i r ,  and t h e  thermal  

p r o p e r t i e s  o f  t h e  r e s e r v o i r  rock; t h e  p e n e t r a t i o n  o f  t h e  thermal  f r o n t  i n t o  

t h e  fo rmat ion  can be est imated from 

PWCWC 

Pacanh 

Thus, r f  = 12.5 f e e t  f o r  a cumula t ion  i n j e c t i o n  o f  2.3 x lo4 BBL o f  f l u i d .  

( 2 1  1 

Wellbore s to rage e f f e c t s  a re  sma l l  because t h e  w e l l  i s  complete ly  f i l l e d  w i t h  

l i q u i d  water. 

a response t ime o f  -20 min f o r  t r a n s m i t t i n g  l a r g e  pressure ~ h a n g e s . 2 ~  

dra inage r a d i u s  w i l l  exceed t h e  s i z e  o f  t h e  c o l d  spot  when 

However, t h e  method used t o  measure t h e  downhole pressure has 

The 

4Y 6 
= 1189.0 k' r'f t f  (22) 

. 

The equat ions i n  t h i s  s e c t i o n  have been mod i f i ed  f o r  use wi th  o i l  f i e l d  u n i t s .  
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F o r  a 12.5-ft  c o l d  s p o t  ( k  is e s t i m a t e d  a t  10 md), t h i s  w i l l  o c c u r  a t  approx i -  

mately 50 seconds .  

occu r  a t  

The second change i n  s l o p e ,  from h o t  t o  c o l d ,  w i l l  

'aCa nh  2 / 
t = 4.28 -- r 

0 PWCW 0 f 
(23 )  

approx ima te ly  43 h o u r s  a f t e r  t h e  s t a r t  o f  t h i s  test  segment. 

a l l  o f  t h e  p r e s s u r e  d a t a  between 50 seconds  and 43 h o u r s  w i l l  co r r e spond  t o  

T h e r e f o r e ,  

t h e  f l u i d  p r o p e r t i e s  o f  t h e  i n  s i t u  r e s e r v o i r  f l u i d s .  

F i g u r e  10 i s  a p l o t  of t h e  downhole p r e s s u r e  vs. l o g  ( t ime).  

log s t r a i g h t  l i n e  b e g i n s  a t  approx ima te ly  20 minutes .  

t h i c k n e s s  can  b e  c a l c u l a t e d  from 

The semi- 

The p e r m e a b i l i t y -  

The 12.5-f t  cold s p o t  w i l l  create a t h e r m a l  s k i n  t h a t  is c a l c u l a t e d  from 

Eq. 10: 

- -  St = (-- 0.55 0.18 61.8 57.4 -9 (12.5) 0.32 - 6.7 . 

Ap,t c a n  b e  c a l c u l a t e d  f rom Eq. 11: 

Apst = 0.87 (48.) (6.7) = 281 p s i  

From t h e  s t r a i g h t  l i n e  on t h e  p r e s s u r e  vs. log ( t i m e )  p l o t ,  

plhr = 560 p s i ;  
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and from Eq. 1 7 ,  

= 560 - 281 = 279 p s i  i 6  

l h r  

The s k i n  value is calculated 

r +  1 

r L w L 

I n  a previous analysis,  which ignored t h e  nonisothermal behavior, a 

s k i n  value o f  +3.7 was ~ a l c u l a t e d . ~ ~  The posi t ive s k i n  value was contrary 

to  the evidence, which suggested tha t  t h e  well had been inadvertently 

hydraulically fractured a t  an e a r l i e r  date. 

calculated here suggests t ha t  a f rac ture  in t e r sec t s  t h e  well. 

The small negative s k i n  value 

T h i s  is 

consis tent  w i t h  t h e  well his tory.  
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CONCLUSIONS 

A numer ica l  s imu la to r  was used t o  s tudy pressure t r a n s i e n t  behavior  

when f l u i d  a t  one temperature i s  i n j e c t e d  i n t o  a r e s e r v o i r  a t  another 

temperature. The f o l l o w i n g  r e s u l t s  have been obtained. 
I 

1) When t h e  pressure t r a n s i e n t  behavior  i s  c o n t r o l l e d  by 
a moving thermal  f r o n t ,  t h e  downhole p r o p e r t i e s  o f  t h e  
i n j e c t e d  f l u i d  must be used t o  c a l c u l a t e  kh o f  t h e  
r e s e r v o i r  . 

2 )  I f  t h e r e  i s  a p r e - e x i s t i n g  thermal  d i s c o n t i n u i t y ,  c rea ted  
by p rev ious  i n j e c t i o n ,  t h e  moving thermal  f r o n t  w i l l  not  
c o n t r o l  t he  pressure t r a n s i e n t  behavior  u n t i l  f a i r l y  l a t e  
times. For most p r a c t i c a l  t imes, t h e  system may be 
t r e a t e d  as a composite r e s e r v o i r  with an inner .  r e g i o n  o f  
m o b i l i t y  k / P i  and an ou te r  r e g i o n  o f  m o b i l i t y  k/Pr. 

3 )  Pressure f a l l o f f  da ta  can be analyzed assuming a composite 
r e s e r v o i r  model, t h e  i nne r  r e g i o n  hav ing a m o b i l i t y  o f  
k /P i  and t h e  ou te r  r e g i o n  hav ing a m o b i l i t y  o f  k / P r .  If 
the  r a d i u s  t o  t h e  f r o n t  i s  sma l l  enough t h e  i nne r  r e g i o n  can 
be t r e a t e d  as a thermal  s k i n  e f f e c t .  

4) Changes i n  t h e  s lope o f  t h e  semi-log s t r a i g h t  l i n e  o f  t h e  
pressure vs. l o g  ( t i m e )  da ta  due t o  non-isothermal e f f e c t s  
may be i n c o r r e c t l y  i n t e r p r e t e d  as r e s e r v o i r  boundaries. 

5) I f  nonisothermal  pressure t r a n s i e n t s  a re  ignored, t h e  s k i n  
va lue can be g r o s s l y  overest imated ( i n  t h e  case o f  c o l d  
water i n j e c t i o n  i n t o  a ho t  r e s e r v o i r  w i th  a c o l d  spot )  
o r  underestimated ( i n  t h e  case o f  c o l d  water i n j e c t i o n  
i n t o  a ho t  r e s e r v o i r  w i t h  no c o l d  spot ) .  

6 )  Correc t  s k i n  va lues can be c a l c u l a t e d  f o r  nonisothermal 
w e l l  t e s t s  i f  Plhr (or p i s )  i s  co r rec ted  t o  account 
f o r  nonisothermal  pressure t r a n s i e n t s .  

The r e s u l t s  o f  t h i s  study a re  q u i t e  genera l  and are  a p p l i c a b l e  t o  

many problems i n  which t h e  f r o n t  moves a t  a r a t e  t h a t  i s  p r o p o r t i o n a l  t o  

t / r$  and when t h e  f l u i d  c o m p r e s s i b i l i t y  i s  n e a r l y  i d e n t i c a l  on bo th  

s ides  o f  t he  f r o n t .  Moreover, t h e  proposed method o f  determin ing the  s k i n  

value, i n  t h e  absence o f  t h e  f i r s t  slope, may be a p p l i c a b l e  t o  many 

t w o - f l u i d  composite rese rvo i r s .  
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NOMENCLATURE 

B W 

C 

C 

h 

k 

m 

P 

* Po 

PD 

* Pst 

P w f  

P1  s 

9 

P l s  

9 

Q 

r 

r f  

rD 

rD f 

r W  

S 

S t  

t 

water fo rmat ion  volume fac tor ,  RB/STB 

heat  c a p a c i t y  (J/kg°C) BTU/(lb"F) 

cumula t ive  i n j e c t i o n  (m3), BBL 

r e s e r v o i r  th ickness  ( m ) ,  ft 

r e s e r v o i r  p e r m e a b i l i t y  (m2), md 

s lope o f  l i n e a r  p o r t i o n  o f  semilog p l o t  o f  pressure 
t r a n s i e n t  da ta  (Pa/cy), ps i / cy  

pressure (Pa), p s i  

pressure curve  o f f se t  for nonisothermal  i n j e c t i o n  wi th  
a moving f r o n t  (Pa), p s i  

dimensionless pressure 

Steady s t a t e  pressure drop a t t r i b u t e d  t o  t h e  reg ion  i n s i d e  
t h e  f r o n t  (Pa), p s i  

pressure p r i o r  t o  w e l l  shu t - i n  (Pa), p s i  

ex t rapo la ted  pressure a t  1 s on a pressure vs. l og  ( t i m e )  p l o t  
(Pa), p s i  

co r rec ted  pressure on the  ex t rapo la ted  semilog s t r a i g h t  
l i n e ,  (Pa), p s i  

mass f l ow  r a t e  (kg/s), lbm/D 

vo lumet r i c  f l ow  r a t e  (m3/s), STB/D 

r a d i u s  t o  an observa t ion  p o i n t  ( m ) ,  ft 

r a d i a l  d i s tance  t o  t h e  "thermal" f r o n t  (m), ft 

dimensionless rad ius ,  r/rw 

dimensionless d i s tance  t o  t h e  thermal  f r o n t  

well r a d i u s  ( m ) ,  ft 

s k i n  f a c t o r  

thermal  s k i n  f a c t o r  

t ime (s), h r  

dimensionless va lue  o f  to 



-30- 

l 
a -  - t 0  

S u b s c r i p t s  

i n t e r s e c t i o n  time o f  t h e  i n n e r  r e g i o n  and r e s e r v o i r  s l o p e s  
f o r  i n j e c t i o n  i n t o  a h o t  r e s e r v o i r  w i th  no c o l d  s p o t  (s) h r  

i n t e r s e c t i o n  time f o r  t h e  change from t h e  ho t  s l o p e  t o  t h e  
c o l d  s l o p e  f o r  i n j e c t i o n  wi th  an e x i s t i n g  c o l d  s p o t  ( s ) ,  h r  

time when t h e  d r a i n a g e  r a d i u s  exceeds t h e  s i ze  o f  t h e  c o l d  
s p o t  ( s ) ,  h r  

d i m e n s i o n l e s s  time 

t o t a l  system c o m p r e s s i b i l i t y  (Pa - l )  p s i -1  

d i f f e r e n c e  

thermal c o n d u c t i v i t y  ( J/ms°C) , BTU/(h f t ° F )  

v i s c o s i t y  (Paas) ,  c p  

p o r o s i t y  

d e n s i t y  (kg/m3), lbm/f t3  

r e s e r v o i r  

f r o n t  

i n j e c t e d  f l u i d  

und i s t u r  bed r e s e r v o i r  f 1 u i d  

water 

. 
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Table 1. Reservo i r  parameters used i n  t h e  s imu la t ion .  

Paca 

A 

1.0 x 1014 m2 

1.0 m 

0.2 

2.57 x lo6 J/m3'C 

0.1 J/m"C s 

0.1 m 

1 x 10-9 pa-1 

250'C 

Table 2 .  Skin  f a c t o r  ana lys i s  f o r  pressure t r a n s i e n t  
da ta  shown i n  F igu re  5. 

Calcu la ted  Sk in  Apparent 
I n p u t  Sk in  ( noniso thermal  ) Sk in  

5.7 

3.6 

1.6 

0.0 

-2.3 

5.6 

3.6 

1.6 

0.1 

-2.3 

3.0 

0.9 

-1.1 

-2.7 

-4.9 

+Apparent s k i n  f a c t o r s  a re  c a l c u l a t e d  us ing  s tandard iso thermal  ana lys i s  
methods. (See reference 2 2 ) .  
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Table  3 .  Comparison between i n p u t  and c a l c u l a t e d  s k i n  
values f o r  t h e  p r e s s u r e  t r a n s i e n t  d a t a  i n  
F i g u r e  6 .  

C a l c u l a t e d  S k i n  Apparent 
Inpu t  S k i n  ( n o n i s o t h e r m a l )  Skin  

5.0 

2.0 

0.0 

-2.0 

5.0 

2.1 

-0.2 

-2.0 

1 8 . 3  

10.3 

3 .6  

0.2 

Table  4. Sk in  f a c t o r  a n a l y s i s  a f t e r  l o 4 ,  105, and 
lo6 s o f  100°C i n j e c t i o n  i n t o  a 250°C 
r e s e r v o i r .  

Cumulat ive Inpu t  C a l c u l a t e d  Sk in  Apparent 
I n j e c t  i o n  rf Skin  ( n o n i s o t h e r m a l )  Skin  

( k g )  ( m )  
~~ 

1 103 0.7 0.0 -0.2 2.5 

1 104 2.2 0.0 -0.2 4.4 

1 105 7 .  0.0 0.0 6.0 
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Table  5. Well and test d a t a  f o r  well 5-1 a t  Eas t  Mesa. 

Well r a d i u s  

Well d e p t h  

Open i n t e r v a l  

I n j e c t i o n  i n t e r v a l  (h)  

R e s e r v o i r  t e m p e r a t u r e  

I n j e c t i o n  t e m p e r a t u r e  
( sand  f a c e )  

Rock t y p e  

P o r o s i t y  ( 0 )  

T o t a l  c o m p r e s s i b i l i t y  ( B t )  

B W  

Flow r a t e  (Q) - surface r a t e  

S t a t i c  pressure ( P i )  

C u m u l a t i v e  i n j e c t i o n  

0.32 f t  

6000 ft 

4000-6000 f t  

4000-4400 f t  

150°C 

50°C 

Sands t  one 

0.2 

7.0 x 10-6 p s i - 1  

1.08 RB/STB 

1 .27  x 104 STB/D 

135 p s i *  

2 . 3  104 BBL 

* T h i s  is on ly  a r e l a t i v e  v a l u e  because  downhole p r e s s u r e s  were 
measured w i t h  an o i l - f i l l e d  c a p i l l a r y  t u b e .  
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F igure  1. Dynamic v i s c o s i t y  and dens i ty  o f  water between 0°C and 300°C 
a t  a pressure o f  100 bars. 
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Figure 2 .  Pressure transient  data for in jec t ion  o f  9 5 ° C  water i n t o  a 
2 5 0 ° C  reservoir .  
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a 250°C reservoir  w i t h  co ld  spots around the well. 
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Figure 6 .  Pressure trans ient  data for 100°C i n j e c t i o n  i n t o  a 250°C 
reservoir  with a 3-m cold  spot and several  s k i n  va lues .  
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2.0 

I .6 

1.2 

.8 

.4 

0 

. . . i 

Falloff oftea seconds ~d injection 

- Calculated 
rn,=2.0~ lo5 Pa QI Extrapolated 

IO0 IO' IO2 IO3 IO4 io5 

XBL 827 - 896 

c 
w 

Figure  8.  Pressure f a l l o f f  da ta  f o r  Example 2: 
seconds o f  100°C i n j e c t i o n  i n t o  a 250°C r e s e r v o i r .  
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Figure 9. Pressure b u i l d u p  data from well 5-1 a t  t h e  East Mesa Geothermal 
F i e l d ,  Cal i fornia .  
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