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In t roduc t ion  

When t e s t i n g  a product ion wel l  t o  determine t h e  cha rac t e r -  
i s t i c s  of a f l u i d  f i l l e d  r e s e r v o i r ,  one usua l ly  w a i t s  u n t i l  
wel lbore  s to rage  i s  over ,  and then one determines both t h e  s lope  
of t h e  downhole p re s su re  versus  log ( t ime)  p lo t  ( t o  c a l c u l a t e  
kh /u ) ,  and t h e  i n t e r c e p t  of t h e  l i n e  ( t o  obta in  @chre2) .  
However, i n  a geothermal f i e l d  it may not always be poss ib l e  t o  
run a t e s t  f o r  a s u f f i c i e n t l y  long time t o  in su re  an accu ra t e  
measurement of t h e s e  parameters .  The t e s t i n g  of a geothermal 
f i e l d  r e q u i r e s  ins t rumenta t ion  t h a t  can withstand high temper- 
a t u r e s  and h igh  s a l i n i t i e s ,  and, a t  p resent  , a v a i l a b l e  instrumen- 
t a t i o n  i s  l i m i t e d .  Another problem i s  t h a t  non-isothermal 
e f f e c t s  i n  t h e  bore inc rease  t h e  t ime of wel lbore s to rage .  The 
slow hea t ing  of t h e  f l u i d  i n  t h e  wel l  r e su l t s  i n  a s l i g h t  change 
i n  s lope  of t h e  p ve r sus  log t p l o t ,  and the  du ra t ion  of t h i s  
h e a t i n g  e f f e c t  can be much longer than wel lbore s to rage  due t o  
p re s su re  changes alone.  I n  a d d i t i o n ,  t h e  s lope of t h e  p ve r sus  
log t graph can be very  f l a t  because of t he  l a rge  va lues  of kh/v 
i n  geothermal f i e l d s .  With a p o s i t i v e  sk in  e f f e c t  wel lbore 
s to rage  l a s t s  longer ,  so t h e  s lope  w i l l  be even f l a t t e r  i n  t h i s  
pseudo-steady reg ion .  

Very small  changes i n  p re s su re  must be measured over  
long t imes r e q u i r i n g  accu ra t e  ins t rumenta t ion .  It i s  d e s i r a b l e  
t o  be ab le  t o  use t h e  p re s su re  t r a n s i e n t  d a t a  taken while  well-  
bore s to rage  i s  important .  The t r a n s i e n t  t e s t  can be r e l a t i v e l y  
sho r t  ( s ay  20 minutes)  and t h e  changes i n  p r e s s u r e  are s t i l l  
l a r g e  enough ( s a y  on t h e  o rde r  of a ps i /minute)  so t h a t  t h e  
error i n  t h e  measurements because of t h e  accuracy and r e s o l u t i o n  
of t h e  p re s su re  gauge i s  small .  The p res su re  d a t a  taken a t  e a r l y  
t i m e s  can be used i f  t h e  response of t h e  wel lbore i s  e l imina ted  
from t h e  w e l l  t es t  d a t a ,  and a v a r i a b l e  f lowra te  p re s su re  t r an -  
s i e n t  a n a l y s i s  i s  performed. By modeling t h e  t r a n s i e n t  flow i n  
t h e  w e l l ,  i t  i s  a l s o  poss ib l e  t o  exp la in  d i f f e r e n c e s  between t h e  
p re s su re  t r a n s i e n t  d a t a  from a geothermal f i e l d  and t h a t  of  an 
o i l  f i e l d .  

The response of t h e  flow i n  t h e  wel lbore i s  e l imina ted  by 
c a l c u l a t i n g  t h e  a c t u a l  cond i t ions  a t  t h e  sandface ( w e l l / r e s e r v o i r  
boundary).  Given t h e  sandface flow and en tha lpy  and knowing 
t h e  downhole p re s su re ,  one can use a v a r i a b l e  wel l  tes t  a n a l y s i s  
method t o  determine kh/v and @chre*. 
r e s e r v o i r ,  a v a r i a b l e  wel l  tes t  method t h a t  uses  a minimizat ion 
technique i s  a v a i l a b l e  (Benson and McEdwards, 1980).  For a 
two-phase r e s e r v o i r ,  a method of analyzing t r a n s i e n t  f low d a t a  i s  
more d i f f i c u l t  than  from a s i n g l e  phase r e s e r v o i r  f o r  even a 
cons t an t  mass f lowra te .  However, one could use a numerical  

For a l i q u i d  f i l l e d  
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s i m u l a t o r  and t r y  t o  match t h e  p r e s s u r e  d a t a  by vary ing  t h e  
r e s e r v o i r  parameters  u n t i l  a " b e s t  f i t "  i s  obtained.  

A numerical model of t r a n s i e n t ,  one-dimensional two-phase 
f low i n  a w e l l  ha s  been developed ( M i l l e r ,  1979). This  model i s  
used t o  s i n u l a t e  t h e  wel lbore  f low i n  t h e  c a l c u l a t i o n s  below. 
Numerous s t eady  s ta te  we l lbo re  f low models have been r epor t ed  
(Gould, 1974; Nathenson, -974; Sugiura  and Farouq, 1979). 
However, i n  such models, one must n a t u r a l l y  have t h e  f low i n t o  
t h e  bore equa l  t o  t h e  f low o u t  of t h e  bore. Therefore ,  t h e s e  
models cannot  be used t o  o b t a i n  t h e  sandface f l o w r a t e  when 
wel lbore  s t o r a g e  is  important.  

The main purpose of t h i s  work i s  t o  show t h a t  i t  i s  p o s s i b l e  
t o  c a l c u l a t e  t h e  sandface f l o w r a t e  g iven  wel lhead cond i t ions  and 
t h e  downhole p r e s s u r e  t r a n s i e n t s .  I t  is not  necessary  t o  know 
any th ing  about  t he  r e s e r v o i r  i t s e l f .  F i r s t ,  i t  i s  of i n t e r e s t  t o  
look a t  t h e  nonuniform p r e s s u r e  changes i n  the  w e l l ,  and t o  il- 
l u s t r a t e  nonisothermal  e f f e c t s  on p r e s s u r e  t r a n s i e n t  da t a .  

P r e s s u r e  Trans i en t s  

When c a l c u l a t i n g  t h e  amount of m a s s  that  ex i t s  the  w e l l b o r e  
du r ing  a t r a n s i e n t  t e s t ,  i t  i s  not  p o s s i b l e  t o  c a l c u l a t e  some 
average  we l lbo re  c o m p r e s s i b i l i t y ,  and then  say t h e  d i f f e r e n c e  
between t h e  wel lhead and downhole f l o w r a t e  i s  j u s t  pcs(dp/d t ) .  
The problem l i e s  i n  the  f a c t  t h a t  t h e  downhole p r e s s u r e  change 
wi th  t i m e  is no t  c h a r a c t e r i s t i c  of t he  average p r e s s u r e  change 
throughout  t h e  bore. This  problem i s  i l l u s t r a t e d  i n  F igure  1 
where both t h e  wel lhead and downhole p r e s s u r e  change w i t h  time i s  
p l o t t e d  f o r  a f l o w r a t e  change a t  wel lhead from 20 t o  40 kg / s  and 
from 40 t o  60 kg/s .  One can see t h a t  i n i t i a l l y  t h e  p r e s s u r e  a t  
wel lhead drops  suddenly t o  achieve  t h e  d e s i r e d  flowrate wh i l e  t h e  
downhole p r e s s u r e  ha rd ly  changes. Also, even a f t e r  t h e  i n i t i a l  
t r a n s i e n t s  i n  t h e  w e l l  d i e  ou t ,  t h e  p r e s s u r e  change a t  wel lhead 
i s  s lower than  t h e  change downhhole. No one p r e s s u r e  measurement 
w i l l  g ive  t h e  average p r e s s u r e  change i n  t h e  bore dur ing  a w e l l  
t e s t .  

F igure  2 shows t h e  e f f e c t  of a slow h e a t i n g  of t he  f l u i d  
i n  t h e  we l lbo re  on the  p r e s s u r e  t r a n s i e n t  da t a .  The w e l l  i s  
4500 m deep and i s  l i q u i d  f i l l e d .  
I n  one case, t h e  tempera ture  i s  he ld  cons t an t  a t  150% through- 
ou t  t h e  bore.  I n  t h e  second case, t h e  i n i t i a l  t empera ture  of 
t h e  s t agnan t  f l u i d  i n  t h e  bore goes from 20% a t  wellhead t o  
150% downhole. The mass f l o w r a t e  i n  t h e  w e l l  w a s  changed 
from 0 t o  28.7 kg/s  over  1 minute. The d u r a t i o n  of we l lbo re  
s t o r a g e  based on p r e s s u r e  changes only  should last  about 20 s 
a f t e r  t h e  f l o w r a t e  change i s  completed. One can see that t h e  
h e a t i n g  i n  t h e  bore l a s t s  o r d e r s  of magnitude longer  than  t h e s e  
i n i t i a l  p r e s s u r e  t r a n s i e n t s .  The e f f e c t  of t h e  hea t ing  i s  t o  
make t h e  sandface  f low be s l i g h t l y  less than  t h e  wel lhead f l o w  
u n t i l  t h e  energy change i n  the  w e l l  i s  n e g l i g i b l e .  The energy 
change i n  t h e  w e l l  i s  becoming small  a f t e r  40 minutes.  I f  

Two cases  are p l o t t e d  he re .  
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one c a l c u l a t e s  t h e  a c t u a l  sandface flow during t h i s  t ime,  t h e  
d a t a  taken  i n  t h e s e  f i r s t  40 minutes  could be used. 

To determine t h e  sandface f lowra te  i n  the  w e l l ,  i t  i s  
necessary  t o  know t h e  wellhead f lowra te  and en tha lpy  and t h e  
downhole p re s su re  change a s  a func t ion  of t i m e .  Enthalpy f o r  a 
f l a s h i n g  system i s  obta ined  by measuring t h e  q u a l i t y  and pressure .  
For a s i n g l e  phase system, en tha lpy  i s  obtained from p res su re  
and temperature .  I f  t h e  r e s e r v o i r  i s  s i n g l e  phase then  t h e  
en tha lpy  flowing out of t h e  r e s e r v o i r  i s  not a func t ion  of 
f lowra te ,  so it only  needs t o  be measured once. For a two-phase 
r e s e r v o i r ,  t h e  flowing en tha lpy  from t h e  r e s e r v o i r  changes when 
t h e  steam s a t u r a t i o n  i s  a l t e r e d  around t h e  bore because of 
r e l a t i v e  pe rmeab i l i t y  e f f e c t s ,  and t h e r e f o r e ,  t h e  en tha lpy  i n t o  
t h e  bore w i l l  change dur ing  a t e s t .  I n  such a case ,  one must 
measure t h e  flowing q u a l i t y  a t  wellhead and c o r r e c t  i t  t o  o b t a i n  
t h e  downhole cond i t ions .  

Examples 

The sandface f lowra te  i s  c a l c u l a t e d  f o r  two d i f f e r e n t  c a s e s .  
I n  t h e  f i r s t  ca se  t h e  r e s e r v o i r  remains l i q u i d  f i l l e d ,  while  i n  
t h e  second case  t h e  r e s e r v o i r  i s  two-phase. Included a l s o  i s  a 
c a l c u l a t i o n  of a match of t h e  p re s su re  t r a n s i e n t s  i n  a f i e l d  case  
where wel lbore  t r a n s i e n t s  a r e  important ,  and an example of t h e  
two-phase flow i n  a wel l  dur ing  shut  i n .  

Because no f i e l d  d a t a  were a v a i l a b l e ,  t h e  d a t a  needed f o r  
t h e  c a l c u l a t i o n  of t h e  sandface flow w e r e  generated numerical ly .  
To genera te  t h e  downhole p re s su re  used f o r  t h e  c a l c u l a t i o n  of 
t h e  sandface f lowra te ,  t h e  wel lbore model was connected t o  a 
r e s e r v o i r  model. For t h e  s i n g l e  phase c a s e ,  t h e  r a d i a l  d i f f u s i o n  
equat ion  was f i n i t e  d i f f e renced  with a v a r i a b l e  g r i d  spacing.  
For t h e  two-phase case ,  t h e  r e s e r v o i r  model was provided by 
M . J .  O 'Sul l ivan  and i s  a modified form of t h a t  given i n  Zyvoloski 
and O'Sullivan, 1979. A kh o f  3 x m3 w a s  used for both 
c a s e s .  The r e s u l t a n t  drawdown p res su re  f o r  t h e  s i n g l e  phase 
c a s e  i s  given i n  F igure  3a.  A s i m i l a r  drawdown p r o f i l e  was 
obtained f o r  t h e  two-phase case .  For t h e  s i n g l e  phase case ,  t h e  
temperature  downhole corresponded t o  an en tha lpy  of 1.5 MJ/kg. 

S ingle  Phase Reservoi r  

Given t h e  downhole p re s su re  and t h e  wellhead f lowra te  
change ( 2 0  t o  40 k g / s ) ,  t h e  sandface f lowra te  w a s  c a l c u l a t e d .  
Because t h e r e  i s  no change i n  en tha lpy  from t h e  r e s e r v o i r  dur ing  
t h e  t e s t ,  t h e  c a l c u l a t e d  sandface flow, p l o t t e d  i n  Figure 3b, 
and corresponding t o  s l i p  a s  a func t ion  of flow regime, is 
e x a c t l y  equal  t o  t h e  sandface flow c a l c u l a t e d  when t h e  drawdown 
p res su re  w a s  generated.  (The exact  c o r r e l a t i o n s  used f o r  s l i p  
a r e  given i n  M i l l e r ,  1980a) .  However, s i n c e  accu ra t e  co r re l a -  
t i o n s  f o r  t h e  s l i p  between t h e  phases i s  not wel l  known, t h e  
sandface f lowra te  was c a l c u l a t e d  f o r  two a d d i t i o n a l  c a s e s ,  
1 )  s = 0 ,  and 2)  s = d x  The same drawdown pressure  as 
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given i n  F igure  3a was used. Agreement i s  good except  a t  very  
e a r l y  times when s = 0. When s > 0 ,  t h e  steam q u a l i t y  of f l u i d  
i n  p l a c e  i s  less than when s = 0. The compress ib i l i t y  of t h e  
two-phase mixture  i s  g r e a t e r  f o r  a lower steam q u a l i t y  mix ture ,  
s o  t h e  wel lbore  i s  a b l e  t o  supply more of t h e  su r face  flow f o r  
l onge r  times than f o r  t h e  s = 0 c a l c u l a t i o n s .  

Two Phase Reservoi r  

It i s  more d i f f i c u l t  t o  c a l c u l a t e  t h e  sandface f l o w r a t e  
when t h e  r e s e r v o i r  f l u i d  i s  two phase. The problem t h a t  arises 
i s  t h a t  t h e  va lue  of t h e  flowing en tha lpy  from t h e  r e s e r v o i r  as a 
f u n c t i o n  of time must be known t o  c a l c u l a t e  t h e  sandface f l o w  
rate.  F igu re  4a is a p l o t  of wellhead and downhole en tha lpy  a s  a 
f u n c t i o n  of time c a l c u l a t e d  when the  downhole p r e s s u r e  d a t a  were 
generated.  (The r e s e r v o i r  w a s  i n i t i a l i z e d  a t  a l i q u i d  s a t u r a t i o n  
of .78. 
before  t h e  f low was increased  t o  25.4 kg/s  so  t h e  drawdown pres-  
s u r e  could be genera ted . )  The en tha lpy  can only be measured a t  
wel lhead,  but  changes i n  en tha lpy  occur downhole f i r s t .  The 
sandface f l o w r a t e  was c a l c u l a t e d  us ing  t h e  wellhead en tha lpy  as  
t h e  downhole en tha lpy ,  but  co r rec t ed  f o r  t h e  de lay  i n  t h e  a r r i v a l  
a t  the  w e l l h e a d .  To c a l c u l a t e  the  sandface f low,  the we l lhead  
en tha lpy  s t a r t i n g  at: 420 s was assumed t o  be the  downhole en tha lpy  
t h a t  occurred a t  time 0. F igure  4b shows both  t h e  sandface 
f l o w r a t e  c a l c u l a t e d  when the  downhole and wellhead d a t a  were 
genera ted ,  and then  the  sandface f low c a l c u l a t e d ,  us ing  t h e  
co r rec t ed  wellhead en tha lpy ,  t h e  wel lhead f l o w r a t e ,  and downhole 
pressure .  The agreement i s  reasonable  as t h i s  i s  a f i r s t  a t tempt .  
A b e t t e r  c o r r e c t i o n  of t h e  wellhead en tha lpy  would r e s u l t  i n  a 
b e t t e r  agreement. 

The system w a s  s t ead ied  out  a t  a flow of 12.7 kg/s  

F i e l d  Case 

Figure  5 i l l u s t r a t e s  how t h e  t r a n s i e n t  wel lbore  model 
p l u s  a r e s e r v o i r  can be used t o  match f i e l d  data .  The important 
p o i n t  he re  i s  t h a t  t h e  i n i t i a l  s l o p e  of l o g  p v s  l o g  t i s  g r e a t e r  
t han  uni ty .  The downhole p re s su re  d a t a  i s  from a bui ldup  tes t  a t  
Raf t  River  on RRGE2 taken  by Narasimhan and Witherspoon (1977),  
us ing  a H e w l e t t  Packard Model 2811A q u a r t z  p re s su re  gauge. The 
w e l l  was f lowing 13 kg / s  be fo re  being shu t  i n .  Because t h e  t i m e  
t o  s h u t  i n  the  w e l l  w a s  no t  recorded,  and because wc?llbore 
s t o r a g e  las ts  only about  1 s ,  i t  i s  not  reasonable  t o  look a t  
d i f f e r e n t  va lues  of kh and cpch t o  determine the  bes t  f i t  from 
t h e  e a r l y  t i m e  da t a .  The va lues  of kh and +ch g iven  i n  t h e  
f i g u r e  are c l o s e  t o  those  obta ined  previous ly .  However, p r e s s u r e  
t r a n s i e n t s  i n  t h e  w e l l  last  longer  than  we l lbo re  s t o r a g e ,  and a 
model of t h e  t r a n s i e n t  f low i n  the  w e l l  i s  needed t o  exp la in  t h i s  
very  e a r l y  da ta .  More d e t a i l  of t h i s  e f f e c t  i s  g iven  i n  Miller, 
1980b. 
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Build-up A n a l y s i s  

The t r a n s i e n t  w e l l b o r e  program c a n  a l s o  be used t o  inves-  
t i g a t e  t h e  response  of t h e  f l u i d  i n  t h e  w e l l  when t h e  b o r e  i s  
comple te ly  s h u t  i n .  One can look  a t  t h e  sandface  f low when t h e  
two phases  s e p a r a t e  out .  F i g u r e  6 i s  a p l o t  of t h e  d e n s i t y  
p r o f i l e  i n  t h e  w e l l  a f t e r  a s h u t  i n .  However, t h e s e  c a l c u l a t i o n s  
are mere ly  i l l u s t r a t i o n s  because t h e  s l i p  c o r r e l a t i o n  used h a s  
no e x p e r i m e n t a l  b a s i s .  The l i q u i d  i s  f lowing down w h i l e  steam 
i s  r i s i n g .  a 3 ( l  - a ) l I 3  where 
a i s  t h e  steam q u a l i t y  i n  p l a c e .  T h i s  f u n c t i o n  w a s  used s o  t h a t  
t h e  c o n s t r a i n t  s = 0 when a = 0 o r  1 w a s  s a t i s f i e d ,  and s o  i t  
would be approximate ly  t h e  s i z e  of t h e  s l i p  i n  t h e  bubble regime. 
The c a l c u l a t i o n  shows a t r a n s i t i o n  from steam t o  l i q u i d .  The 
d e n s i t y  p r o f i l e  i n  t h e  w e l l  a f t e r  t h i r t y - f i v e  minutes  does  show 
one p o i n t  t h a t  does n o t  f o l l o w  t h e  smooth t r a n s i t i o n .  The r e a s o n  
f o r  t h i s  d e v i a t i o n  could  be i n  t h e  choice  of a s l i p  c o r r e l a t i o n  
t h a t  i s  t o o  small. N e v e r t h e l e s s ,  one sees t h e  two phases  
s e p a r a t e  o u t  and l i q u i d  can  f l o w  back i n t o  t h e  r e s e r v o i r .  

The s l i p  f u n c t i o n  used was 5.6 

Conclus ions  

It i s  p o s s i b l e  t o  u s e  p r e s s u r e  d a t a  obta ined  d u r i n g  a w e l l  
tes t  when w e l l b o r e  s t o r a g e  i s  s t i l l  impor tan t  i f  one u s e s  a 
t r a n s i e n t  w e l l b o r e  f low model t o  c a l c u l a t e  t h e  a c t u a l  s a n d f a c e  
flow. The c a l c u l a t i o n  i s  more d i f f i c u l t  f o r  a two-phase reser- 
v o i r  and some improvement of t h e  c a l c u l a t i o n  g i v e n  i n  t h i s  s t u d y  
can  be made. Given a technique  of a n a l y z i n g  a v a r i a b l e  f low 
tes t ,  one can use  a l l  d a t a  obta ined  dur ing  a w e l l  tes t .  It i s  
p o s s i b l e  t o  e x p l a i n  t h e  i n i t i a l  s l o p e  of t h e  l o g  Pdh v s  l o g  t 
p l o t  t h a t  i s  g r e a t e r  t h a n  u n i t y .  Also,  i n  t h e  f u t u r e ,  i t  may b e  
p o s s i b l e  t o  a n a l y z e  s h u t  i n  tests where phase r e d i s t r i b u t i o n  i s  
impor tan t .  
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