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ABSTRACT 

phase w e l l s )  a t  Baca must be  i s o l a t e d  from communication wi th  a n  
ex tens ive  l i q u i d  r e s e r v o i r .  It i s  shown t h a t  such communication 
has  e x i s t e d ,  and been maintained, dur ing  t h e  h i s t o r y  of Wairakei 
and Broadlands f i e l d s .  

I n t e r p r e t  a t  i o n  of downhole measurement s i n  two-phase f i e l d s ,  
and t h e  n a t u r e  of t h e  two-phase r e s e r v o i r  f l u i d ,  i s  a l s o  t r e a t e d .  

It h a s  been argued t h a t  w e l l s  of h igh  d ischarge  en tha lpy  (two- 

INTRODUCTION 

h o l e  d a t a  from Baca f i e l d ,  New Mexico. f i g u r e  1 shows t h e  c rux  of 
T h i s  paper  st ems from c o n f l i c t i n g  i n t  e r p r e t  a t  i o n s  of down- 

t h e  most important c o n f l i c t  (4>5). 
Shown a r e  t h e  s t a b l e  p r e s s u r e  p r o f i l e s  
i n  t h r e e  w e l l s  (1-3). Wells B-6 & B-13 
show v e r y  similar p r o f i l e s ,  each w e l l  
con ta in ing  a column of water  wi th  a 
water  l e v e l  w i t h i n  t h e  cas ing ,  and t h e  
p r e s s u r e s  i n  t h e  two w e l l s  a r e  very  
s i m i l a r .  B-15 shows a markedly 
d i f f e r e n t  p r o f i l e .  The p r e s s u r e  
g r a d i e n t  i s  in t e rmed ia t e  be t  ween s t  e m  
s t a t i c  and h y d r o s t a t i c .  Beneath 5850' 
(above sea l e v e l )  B-1.5 has  a lower 
measure-; p re s su re ,  and from 5850' t o  
66101 (cas ing  shoe i n  B-15 (2,3)) t h e  
p r e s s u r e  i n  B-15 exceeds t h a t  i n  t h e  
o t h e r  two wel l s .  The p r o f i l e  i n  B-15 
was i n t e r p r e t e d  by Union O i l  (1 ,4 ,6)  
a s  r e f l e c t i n g  a zone of d i f f e r e n t  
r e s e r v o i r  p r e s s u r e ,  and because of 
this p r e s s u r e  d i f f e r e n c e ,  a zone not 
i n  communication wi th  t h e  r e s t  of t h e  
r e s e r v o i r  - an "underpre ssured  st eam 
zone" (1). 

The au tho r  has  presented  a 
d i f f e r e n t  i n t e r p r e t  a t  i o n  (5,7), which 
i n t e r p r e t a t i o n  i s  t h e  same a s  has  
been p resen ted  i n  o t h e r  publ i shed  
and unpubl ished d i s c u s s i o n s  of 
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FIG. 1 BACA PRESSURES 
s i m i l a r  wells: t h a t  a s t rong  upflow of steam and wa te r  i s  p resen t  
i n  t h e  wel lbore,  d i s g u i s i n g  the r e s e r v o i r  p r o f i l e .  

- what f l u i d  i s  i n  t h e  wel lbore? The p r o f i l e  i s  t h a t  of a f lowing 
we l l ,  d i scharg ing  not t o  su r face  'pipework but t o  a shal low feed  
zone of t h e  wel l .  .Steam and water  e n t e r  B-15 nea r  bottomhole,  f low 
up and a r e  i n j e c t e d  between 5850' and 66101. T h i s  was termed an 
l1 in te rna l  discharge" (5,7). The p res su re  p r o f i l e  does not r e f l e c t  
s t a t i c  r e s e r v o i r  p re s su res ,  no more t h a n  i n  any f lowing we l l ,  and 

The p res su re  p r o f i l e  i n  E15 immediately l e a d s  t o  t h e  ques t ion  
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so t h e r e  i s  no i n f e r e n c e  t h a t  B-15 ' d i f f e r s  i n  p r e s s u r e  from t h e  
o t h e r  Baca wel l s ,  which have p r e s s u r e s  s i m i l a r  t o  13-6 and B-13. 

da t a  i n  o t h e r  p l a c e s  where t h e  same phenomenon has  occurred.  
OTHER FIELDS 

Yellowstone 

w e l l s  d r i l l e d  a t  Yellowst one Nat ional  
Park (8). Figure 2 shows measurements 
i n  Y-13. Bottomhole t empera tu res  were 
measured during d r i l l i n g ,  and t h e s e  
show t h a t  t h e  s t a b l e  p r e s s u r e  p r o f i l e  
i n  t h e  w e l l  does not correspond t o  
t h e  p r e s s u r e s  present  i n  t h e  r e s e r v o i r  L 
b e f o r e  d r i l l i n g .  It was concluded 
!!Boiling water  and steam from a zone 
nea r  t h e  bottom of t h e  h o l e  appa ren t ly  
f low up and out. .  .near.  ,227 f t " .  To 
i n f e r ,  on t h e  b a s i s  of t h e  s t a b l e  
downhole p r e s s u r e s ,  t h a t  Y-13 was 
i s o l a t e d  from o t h e r  w e l l s  (eg t h e  
adjacent  Y-4) would b e  q u i t e  
i n c o r r e c t .  

The two i n t e r p r e t a t i o n s  can b e  t e s t e d  aga ins t  f i e l d  and wel l  

I n t e r n a l  d i scha rges  were found i n  
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Wairakei 

p r o f i l e  i n  a shut w e l l  was a column of water,  with p r e s s u r e  on t h e  
wellhead. Now it i s  a column of water  i n  t h e  lower part of  t h e  
wel l ,  above which i s  a column of s t e w  (l1steam cap" p r o f i l e ,  
r e f l e c t i n g  t h e  a r t i f i c i a l l y - c r e a t e d  vapor  zone i n  t h e  r e s e r v o i r ) .  
Between t h e s e  two s t a t e s ,  some w e l l s  showed i n t e r n a l  d i s c h a r g e s  
f o r  a p e r i o d  of t ime,  most commonly during 1959-64. T h i s  was 
r e f e r r e d  t o  as t h e  !?f izzy zone". Figure 3 shows t h e  b o r e f i e l d .  

Before l a r g e - s c a l e  d ischarge  began a t  Wairakei, t h e  s t a b l e  
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Only wells open below 2000', and d r i l l e d  b e f o r e  1962 a r e  shown. A 
few are numbered f o r  o r i e n t a t i o n .  The map i n d i c a t e s  t h e  p e r i o d  of 
t i m e  when t h e  wells e x h i b i t e d  t h e  i n t e r n a l  d i scharge  p r o f i l e :  
d iv ided  i n t o  t h o s e  t h a t  never  d id ,  t h o s e  t h a t  d i d  w i t h i n  1959-61, 
t h o s e  t h a t  d i d  w i t h i n  1961-69 (usua l ly  w i t h i n  61-64), and t h e  f i v e  
t h a t  s t i l l  do. No sys temat ic  p a t t e r n  i s  apparerrt'. Wairakei i s  so 
w e l l  known f o r  i t s  h igh  h o r i z o n t a l  un i fo rmi ty  and r a p i d  p r e s s u r e  
t r a n s m i s s i o n  tha2 a l l  modelling a t tempts  concent ra te  on a s i n g l e  
f i e l d  pressure .  The d i s p a r a t e  n a t u r e  of t h e  w e l l  behaviour  
i n d i c a t e s  that t h e  v a r i a t i o n s  i n  p r e s s u r e  p r o f i l e  from w e l l  t o  
w e l l  reflect on ly  p e c u l i a r t i e s  of each wel l ,  and t h a t  t h e  
p r e s s u r e  p r o f i l e  i n  each w e l l  cannot b e  i n t e r p r e t e d  as r e f l e c t i n g  
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s i n c e  t h e  d r i l l i n g  of BR2; 1lMany of t h e  w e l l s  a f t e r  t h e i r  i n i t i a l  
d i s c h a r g e  a r e  found t o  c o n t a i n  a column of low-density water-steam 
-gas  F i x t u r e  e x i s t i n g  ove r  a cons ide rab le  depth  and i n  an  
a p p a r e n t l y  s t a b l e  condi t ion .  Pressures  i n  such a column a r e  
u n l i k e l y  t o  r ep resen t  t h e  p r e s s u r e s  i n  t h e  surrounding a q u i f e r s .  . T I  

(9). P e r s i s t e n t  and severe  i n t e r n a l  d i s c h a r g e s  appeared i n  BR2 
(8/66-5/70), BR8 (12/67-2/70), BRI.1 (7/68-8/73), B E 5  (1/71 on),  
BR28 (12/74 on) and BR36 (3/79 on). Figure 4 above shows w e l l  
l o c a t i o n s .  I n  each case  t h e  i n t e r n a l  d i scha rge  began soon a f t e r  
complet ion of t h e  w e l l ,  a f t e r  a h e a t i n g  pe r iod  du r ing  which t h e  
w e l l  con ta ined  a water  column. 

wi th  t h e  shallow BR33. There i s  a l s o  a q u e s t i o n a b l e  o b s e r v a t i o n  of 
i n t e r f e r e n c e  with Ohaki Pool, which responds w e l l  t o  BR3. A l l  
t h e s e  w e l l s  and t h e  Pool l i e  n e a r  t h e  Ohaki Faul t .  I n t e r f e r e n c e  
between BR2 & 8 g i v e s  
r e l a t i v e  p e r m e a b i l i t i e s  (15). BR2 & 11 show a poorly-observed 
response of similar magnitude. A t  t h e i r  f e e d  depth (500m) BE,8 & 
11 a r e  so s t r o n g l y  coupled t h a t  t h e  au tho r  h a s  t ended  t o  r e g a r d  
them as one w e l l .  From 5/70 t o  8/73 t h e r e  i s  a marked c o n t r a s t  
between t h e  p r e s s u r e  p r o f i l e s  i n  B R l l  on t h e  one hand and BR2&8 on 
t h e  o the r .  From t h i s  d i s p a r i t y  it would be i n c o r r e c t  t o  conclude 
t h a t  t h e r e  i s  no communication. 

I n t e r n a l  d i s c h a r g e s  have been a f e a t u r e  of  w e l l s  a t  Broadlands 

BR2,8.& 11 a r e  c l o s e l y  s p x e d ,  i n t e r f e r e  with each o t h e r  and 

kh = 15 darcy-m (9), u s ing  f r a c t u r e  
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Changes i n  t h e  v e r t i c a l  p r e s s u r e  and f l u i d  d i s t r i b u t i o n  a t  

Broadlands have been est imated and repor ted  elsewhere ( 1 1 ) .  

RESPONSE T O  COMMENTS 
Atkinson (4) has  made s p e c i f i c  c r i t i c i s m s  of t h e  a u t h o r ' s  

i n t e r p r e t a t i o n  of Baca da ta .  Most of t h e s e  are answered by t h e  
preceeding  d iscuss ion .  However it should be noted t h a t  " l a rge  
l a t  e r a 1  p r e s s u r e  g rad ien t  s t 1  a r e  Union s i n t e r p r e t  at ion,  and no 
such g r a d i e n t s  i n  r e s e r v o i r  pressure  e x i s t  i n  t h e  au tho r ' s  
im e r p r e t a t i o n .  Carbon d ioxide  p a r t i a l  p r e s s u r e s  needed t o  
conta i i i  a n iven  amount of gas  i n  s o l u t i o n  a r e  r e a d i l y  ca l cu la t ed .  
If downhole d a t a  i s  i n t e r p r e t e d  t o  deny t h e  presence of such 
p a r t i a l  p r e s s u r e s ,  t h i s  c o n t r a d i c t s  e i t h e r  t h e  discharge sampling 
or t h e  a s s e r t i o n  t h a t  t h e  r e s e r v o i r  f l u i d  i s  wholly l i q u i d .  
P a r t i a l  p r e s s u r e s  i n  flowing w e l l s  a r e  i r r e l e v a n t  - whatever t h e  
steam f r a c t i o n  of t h e  r e s e r v o i r  f l u i d ,  a d d i t i o n a l  steam f l a s h e s  
wi th  f a l l i n g  p r e s s u r e  as f l u i d  flows t o  t h e  wel l ,  reducing p a r t i a l  
p r e s s u r e  f a r  below t h e  und i s tu rbed  r e s e r v o i r  value.  

NATURE OF TWO-PHASE FLUID 
Behind t h e  disagreement about t h e  i n t e r p r e t a t i o n  of t h e  B-1.5 

measurements a r e  a p p a r e n t l y  d i f f e r e n t  concepts of t h e  na ture  of 
two-phase f l u i d  i n  t h e  r e s e r v o i r .  The i n t e r p r e t a t i o n  of E15  a s  a 
lltwo-phase g r a d i e n t "  apparent ly  corresponds t o  t h e  concept of t w e -  
phase f l u i d  a s  a low-density steam-water mixture - a f r o t h  - with 
s t a t i c  p r e s s u r e  g rad ien t  corresponding t o  low mix-ture dens i ty .  
T h i s  concept has  been used by o the r s .  

The a u t h o r ' s  concept i s  d i f f e r e n t ,  and i s  now ou t l ined .  A 
r e s e r v o i r  conta in ing  two-phase f l u i d  has  i n  i t s  permeable 
passages  - p o r e s  o r  f r a c t u r e s  - a steam-water mixture.  Thus t h e  
average  d e n s i t y  of t h e  f l u i d  i n  p l a c e  l i e s  between t h a t  of water  
and t h a t  of steam. This  d e n s i t y  appears  f r e q u e n t l y  i n  computer 
codes f o r  two-phase flow. But t h e  v e r t i c a l  p r e s s u r e  g rad ien t  does - not correspond t o  a s t a t i c  column of t h i s  d e n s i t y ;  nor indeed i s  
t h e  r e s e r v o i r  f l u i d  ever  s t a t i c .  

Darcyrs Law f o r t h e  volume flux density of  each phase i s :  

The net p r e s s u r e  grad ien t  d r i v i n g  each phase upward i s  t h e  v e r t i c a l  
p r e s s u r e  g r a d i e n t ,  l e s s  t h e  weight of a s t a t i c  column of t h a t  phase 
a lone .  T h i s  c o n t r a s t s  wi th  t h e  f l o w  up a wel l ,  where water  flows 
upwards d e s p i t e  a subhydros ta t ic  p r e s s u r e  g rad ien t .  A s t a t i c  f r o t h  
i s  not permii ted.  There a r e  only two p o s s i b l e  s t a t i c  two-phase 
r e s e r v o i r  s t a t e s :  a r e s e r v o i r  containing immobile water,  mobile 
steam and with a s team-s ta t ic  grad ien t  ( i e  a vapor r e s e r v o i r ) ;  and 
a r e s e r v o i r  conta in ing  immobile steam, mobile water  and a hydro- 
s t a t i c  g rad ien t  (apparent ly  never  r e a l i s e d ) .  

The obse rva t ion  o f  d i scha rge  en tha lp i e s  wel l  above l i q u i d ,  
bu t  not d r y  steam, i n  r e s e r v o i r s  such a s  Baca o r  Broadlands, 
r e f l e c t s  t h e  presence i n  t h e  r e s e r v o i r  of bo th  steam and water,  
b o t h  mobile. Such a r e s e r v o i r  f l u i d  cannot b e  s t a t i c .  The presence 
of two-phase f l u i d  r e q u i r e s  a v e r t i c a l  f l u  of f l u i d ,  and so t w o -  
phase f l u i d  i n  an und i s tu rbed  r e s e r v o i r  depends upon t h e  n a t u r a l  
upf low. 
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I n  a l iquid-dominated r e s e r v o i r ,  t h e  upflow i s  p r i m a r i l y  
l i q u i d .  Water, or a mixture  of  steam and water,  f l o w  upward. To do 
t h i s ,  t h e  p r e s s u r e  g r a d i e n t  must exceed s ta t ic  f o r  b o t h  phases, 
and i n  p a r t i c u l a r  exceed h y d r o s t a t i c .  I f  t h e  steam f l u x  i s  
smaller (as i s  o f t e n  the case) t h e  steam s a t u r a t i o n  must b e  nea r  
r e s i d u a l .  It can b e  c a l c u l a t e d  from t h e  en tha lpy  of t h e  upflow 
and t h e  p r e s s u r e  g r a d i e n t  (12,13). The p r o f i l e s  so c a l c u l a t e d  
show a p r e s s u r e  g r a d i e n t  somewhat above h y d r o s t a t i c ,  and a steam 
s a t u r a t i o n  somewhat above r e s i d u a l .  F igu re  5 shows a ca l cua ted  
p r o f i l e  f o r  a simpie upflow model of Wairakei, assuming a b a s e  
t empera tu re  of  250 C and no gas .  Rather t h a n  t h e  unobservable 
s a t u r a t i o n ,  t h e  ( h o r i z o n t a l l y )  f lowing en tha lpy  i s  shown, along 
w i t h  the en tha lpy  of l i q u i d  at l o c a l  temperature .  The r e s e r v o i r  
f l u i d  p r o f i l e  i s  v e r y  s i m i l a r  t o  a column of  l i q u i d  water ,  which 
c o i n c i d e n t a l l y  happens t o  b e  at b o i l i n g  po in t .  The p r e s s u r e  
g r a d i e n t  i s  no different i n  c h a r a c t e r  from a r e s e r v o i r  conta in ing  
only l i q u i d .  The two-  
phase column could  w e l l  
b e  ad jacent  t o  a column 
of l i q u i d  (such a column 
could be  found toward 
t h e  f i e l d  margin) and 
there  i s  l i t t l e  i n  t h e  
p r e s s u r e  d i s t r i b u t i o n  t o  
cause an  l a t e r a l  f low of  
f l u i d .  The two-phase 
liquid-dominat e d  
r e s e r v o i r  c o n t a i n s  i n  
i t s  n a t u r a l  s t a t e  f l u i d  
wi th  a p r e s s u r e  p r o f i l e  
s i m i l a r  o r  i d e n t i c a l  t o  
t h a t  of  l i q u i d  water ,  
but d i s t i n g u i s h e d  by  t h e  
presence of some f r e e  
(mobile) steam. 

T h i s  steam i s  
recognised  by t h e  
presence  of s a t u r a t i o n  
p r e s s u r e / t  emperatures 
( f o r  t h e  a c t u a l  r e se rvo i i  
f l u i d )  and by d i scha rge  
e n t h a l p i e s  above l i q u i d  
( a t  t empe r a t  u r e  of  t h e  
w e l l  f e e d  o r  en t ry ) .  
Figure 5 shows t h a t  t h i s  

500 ENTHALPI. KJIKG 1000 

DEPTH, H 

300 

F I G S  MODEL 
TWO-PH. RESERVOIR 

400 P R O F I L E  
lp 2p 3p BARS I ,  

d i s cha rge  en tha lpy  can b e  l i t t l e  above l i q u i d ,  so d e s p i t e  t h e  
importance of i d e n t i f y i n g  two-phase c o n d i t i o n s  i n  a new r e s e r v o i r  
(4,14), t h i s  may b e  d i f f i c u l t .  A w e l l  pene t , ra t ing  a column of  
f l u i d  such as t h a t  i n  Figure 5 w i l l  locik l i t t l e  d i f f e r e n t  from a 
w e l l  p e n e t r a t i n g  l i q u i d .  Only t h e  t eniperat u r e  p r o f i l e  i s  
d e f i n i t i v e  - and that i s  e a s i l y  d i s g u i s e d  by convect ive e f f e c t s  i n  
the  w e l l .  

The model of Figure 5 a p p l i e s  t o  s i t u a t i o n s  of  uniform upflow. 
If t h e r e  i s  a l s o  l a te ra l  flow i n  t h e  n a t u r a l  s t a t e ,  cons ide rab ly  
h i g h e r  steam f r a c t i o n s  w i l l  occur  towards t h e  t o p  of t h e  upflow 
zone, as t h e  l o c a l  upflow enthalpy i s  i n c r e a s e d  by t h e  loss of 
water t o  la teral  outflow. Hence t h e  h ighe r  steam f r a c t i o n  i n  wel l s  
such as €3-15. 
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